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(Max Planck)
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Hiermit erkläre ich, dass die vorliegende Abhandlung, abgesehen von der wissenschaftlichen Be-
ratung durch meine Betreuerin Frau Prof. Dr. Swetlana Schauermann, nach Inhalt und Form
meine eigene Arbeit ist. In dieser Dissertation werden die Ergebnisse zweier Forschungsprojekte
zur Untersuchung heterogener Katalyse auf Metalloberflächen vorgestellt, deren Messungen im
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Abstract

One of the key challenges in chemistry is imparting selectivity to a multi-pathway reaction.
Slight differences in the activation barriers often result in kinetic control over a chemi-
cal reaction – regardless of the thermodynamic stability of the products. By employing a
suitable catalyst, the outcome of a chemical reaction may be promoted toward the desired
product. Nowadays, heterogeneous catalysts are preferred over their homogeneous counter-
parts in most industrial processes because they offer a number of advantages for in-process
application. However, heterogeneous catalysts are usually less selective as compared to
homogeneous catalysts. A novel strategy in the research of catalysis is to combine the
advantages of both heterogeneous and homogeneous catalysis functionalized with organic
compounds on metal surfaces. The resulting hybrid materials thus provide both the capa-
bility to establish lateral interactions between adsorbates as well as the direct interaction
of reaction intermediates with the metal surface. For the development of new catalysts, it
is important to understand the fundamental processes at the catalyst surfaces. However,
both the structural complexity as well as the dynamic transformation of a catalyst under
operational conditions hinder the detailed structural investigation of the active surface. A
strategy to overcome this deficit is to study chemical reactions on model systems under
well-defined and reproducible conditions to obtain a fundamental-level understanding on
the processes at the catalytic interface.
Toward this goal, the model catalyst approach was employed in this work to investigate
the processes on the catalytic surfaces on microscopic scale. We employ a combination
of surface-sensitive tools along with the molecular beam techniques to obtain detailed
information on the mechanisms and kinetics of surface reactions. Specifically, infrared
reflection absorption spectroscopy (IRAS) is employed to identify and follow the evolution of
the surface species, including the preadsorbed ligands and the reaction intermediates, under
the reaction conditions. Complementary, their spacial distribution on the catalytic surface is
monitored by scanning tunneling microscopy (STM). In this thesis, the results of different
mechanistic studies are presented that address the role of intermolecular interactions in
chemical reactions in terms of promoting selectivity in multi-pathway reactions, weakening
of specific chemical bonds by coadsorbates and stabilizing unstable surface species via
lateral interactions. First, we investigated the formation of a ligand layer that promotes
the chemoselective partial hydrogenation of α,β-unsaturated aldehyde acrolein toward the
unsaturated alcohol propenol. Specifically, we created ligand-overlayers containing different
types of organic adsorbates on Pd(111) to address the electronic and the geometric effects
as well as the effects induced by formation of enol-containing ligand complexes, which play a
crucial role in rendering the catalytic surface highly selective toward the hydrogenation of the
C O entity. In the second study, we investigated the adsorption and lateral interaction of an
α-ketoester, ethyl pyruvate, on Pt(111) under different surface conditions. We could show
a strong weakening of the ester bond due to intermolecular interactions that is potentially
capable of affecting the reactivity of α-ketoesters. And finally, we demonstrate by the
example of acetophenone that the formation of ketone–enol dimers, in which the unstable
enol form is stabilized by the neighboring ketone molecule, is the first step of the low-barrier
hydrogenation reaction of acetophenone. The results of these studies provide atomistic-level
insights in the mechanisms of surface processes mediated by coadsorbed ligand molecules
that give a starting idea of how lateral interactions can be employed as useful tools for the
rational design of new catalytic materials with tailor-made catalytic properties.
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Kurzzusammenfassung

Eine der größten Herausforderungen in der Chemie besteht darin, einer Reaktion mit meh-
reren Reaktionswegen Selektivität zu verleihen. Geringe Unterschiede in den Aktivierungs-
barrieren führen oft zu einer kinetischen Kontrolle über eine chemische Reaktion – un-
abhängig von der thermodynamischen Stabilität der Produkte. Durch den Einsatz eines
geeigneten Katalysators kann das Resultat einer chemischen Reaktion in Richtung des
gewünschten Produkts verändert werden. Heutzutage werden heterogene Katalysatoren
in den meisten industriellen Prozessen gegenüber homogener Katalysatoren bevorzugt, da
diese eine Reihe von Vorteilen für die Prozessführung bieten. Allerdings ist die Selektivität
heterogener Katalysatoren in der Regel geringer als bei homogenen Katalysatoren. Eine
neue Strategie in der Katalyseforschung besteht darin, die Vorteile sowohl der heteroge-
nen als auch der homogenen Katalyse durch den gezielten Einsatz organischer Moleküle
auf Metalloberflächen zu kombinieren. Die so entstehenden Hybridmaterialien ermöglichen
sowohl laterale Wechselwirkungen zwischen Adsorbaten als auch die direkte Wechselwirkung
von Reaktionszwischenprodukten mit der Metalloberfläche. Für die Entwicklung neuer
Katalysatoren ist es wichtig, die grundlegenden Prozesse an den Katalysatoroberflächen
zu verstehen. Allerdings erschweren sowohl die strukturelle Komplexität als auch die dy-
namische Veränderung eines Katalysators unter Betriebsbedingungen die detaillierte struk-
turelle Untersuchung der aktiven Oberfläche. Eine Strategie zur Überwindung dieses Defizits
besteht darin, chemische Reaktionen an Modellsystemen unter genau definierten und repro-
duzierbaren Bedingungen zu untersuchen, um ein grundlegendes Verständnis der Vorgänge
an der katalytischen Grenzfläche zu erlangen.

Um dieses Ziel zu erreichen, wurde in diesen Studien der Modellkatalysator-Ansatz verwen-
det, um die Prozesse auf den katalytischen Oberflächen auf mikroskopischer Ebene zu unter-
suchen. Wir verwenden eine Kombination von oberflächensensitiven Werkzeugen zusammen
mit Molekularstrahltechniken, um detaillierte Informationen über die Mechanismen und die
Kinetik von Oberflächenreaktionen zu erhalten. Insbesondere wird die Infrarot-Reflexions-
Absorptionsspektroskopie (IRAS) eingesetzt, um die Entwicklung der Oberflächenspezies,
einschließlich der vorab adsorbierten Liganden sowie der Reaktionszwischenprodukte, unter
den Reaktionsbedingungen zu identifizieren und zu verfolgen. Ergänzend dazu wird ihre
räumliche Verteilung auf der katalytischen Oberfläche mit Hilfe der Rastertunnelmikroskopie
(RTM) abgebildet. In dieser Arbeit werden die Ergebnisse verschiedener mechanistischer
Studien vorgestellt, die sich mit der Rolle intermolekularer Wechselwirkungen bei chemi-
schen Reaktionen befassen und zwar in Bezug auf die Förderung der Selektivität bei parallel
ablaufenden Reaktionen, die Schwächung spezifischer chemischer Bindungen durch Coad-
sorbate sowie die Stabilisierung instabiler Oberflächenspezies durch laterale Wechselwirkun-
gen. Zunächst untersuchten wir die Bildung einer Ligandenschicht, die die chemoselektive
partielle Hydrierung von α,β-ungesättigtem Aldehyd Acrolein zu dem ungesättigten Alkohol
Propenol fördert. Konkret haben wir verschiedene Liganden-Überstrukturen mit unter-
schiedlichen Arten von organischen Adsorbaten auf Pd(111) erzeugt, um die elektronischen
und geometrischen Effekte sowie die durch die Bildung von enolhaltigen Ligandenkom-
plexen induzierten Effekte zu untersuchen, die eine entscheidende Rolle dabei spielen die
katalytische Oberfläche hochselektiv für die Hydrierung der C O-Bindung zu machen. In
der zweiten Studie untersuchten wir die Adsorption und laterale Wechselwirkung eines α-
Ketoesters, Ethylpyruvat, auf Pt(111) unter verschiedenen Oberflächenbedingungen. Wir
konnten eine starke Schwächung der Esterbindung durch intermolekulare Wechselwirkungen
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nachweisen, die höchstwahrscheinlich die Reaktivität von α-Ketoestern maßgeblich beein-
flusst. Und schließlich zeigten wir am Beispiel von Acetophenon, dass die Bildung von
Keton–Enol–Dimeren, in denen das instabile Enol durch das benachbarte Keton stabili-
siert wird, der erste Schritt der Hydrierungsreaktion von Acetophenon ist. Die Ergebnisse
dieser Studien liefern tiefe Einblicke in die Mechanismen von Oberflächenprozessen, die
durch coadsorbierte Ligandenmoleküle vermittelt werden, und geben eine erste Vorstellung
davon, wie laterale Wechselwirkungen als nützliche Werkzeuge für die rationelle Entwick-
lung neuer katalytischer Materialien mit maßgeschneiderten katalytischen Eigenschaften
eingesetzt werden können.

VI



Contents

1 List of Publications XII

2 Introduction 1

3 Theoretical Background 10
3.1 Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2 Physisorption and Chemisorption . . . . . . . . . . . . . . . . . . . . . . 11
3.3 Hydrogen Adsorption on Pd and Pt . . . . . . . . . . . . . . . . . . . . . 15
3.4 Adsorption and Sticking . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.5 Desorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.6 Diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.7 Lateral Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.8 Reaction Mechanisms at Gas–Solid Interfaces . . . . . . . . . . . . . . . . 23

4 Experimental Techniques 25
4.1 Molecular Beam Techniques . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.1.1 Supersonic Molecular Beams (SMB) . . . . . . . . . . . . . . . . 26
4.1.2 Effusive Molecular Beams (EB) . . . . . . . . . . . . . . . . . . . 28

4.2 Quadrupole Mass Spectrometry (QMS) . . . . . . . . . . . . . . . . . . . 29
4.3 Scanning Tunneling Microscopy (STM) . . . . . . . . . . . . . . . . . . . 31
4.4 Infrared Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.4.1 Detectors in Infrared Spectroscopy . . . . . . . . . . . . . . . . . 34
4.4.2 Fourier Transform Infrared Spectroscopy (FTIR) . . . . . . . . . . 34
4.4.3 Infrared Reflection Absorption Spectroscopy (IRAS) . . . . . . . . 37

4.5 UHV IRAS/Molecular Beam Setup . . . . . . . . . . . . . . . . . . . . . 38

5 Selective Partial Hydrogenation of Acrolein over Functionalized Pd(111) 41
5.1 Experimental Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.1.1 Analysis of the IR Spectra of Acrolein under Reactive Conditions . 51
5.1.2 Parameters that Affect the Hydrogenation of Acrolein over Pd(111):

Reaction Temperature . . . . . . . . . . . . . . . . . . . . . . . . 53
5.1.3 Parameters that Affect the Hydrogenation of Acrolein over Pd(111):

Flux Rates of the Reactants Acrolein and Hydrogen . . . . . . . . 54
5.1.4 Parameters that Affect the Hydrogenation of Acrolein over Pd(111):

Hydrogen Pretreatment of the Catalyst . . . . . . . . . . . . . . . 56
5.1.5 Parameters that Affect the Hydrogenation of Acrolein over Pd(111):

Artificial Ligand Layer . . . . . . . . . . . . . . . . . . . . . . . . 58
5.2 Hydrogenation of Acrolein over 2-Methyl-2-Pentenal-Functionalized Pd(111) 62
5.3 Hydrogenation of Acrolein over Allyl Cyanide-Functionalized Pd(111) . . . 66
5.4 Hydrogenation of Acrolein over Acetophenone-Functionalized Pd(111) . . . 74
5.5 Microscopic Model in Ligand-Directed Catalysis . . . . . . . . . . . . . . . 78

Contents VII



6 Lateral Interactions of Prochiral Adsorbates on Simple Crystalline Pt(111)
Surfaces 81
6.1 Adsorption Geometry and Lateral Interaction of Ethyl Pyruvate on Pt(111) 86
6.2 Adsorption Study of Acetophenone on Pristine Pt(111) . . . . . . . . . . . 94
6.3 Adsorption Study of Acetophenone on Hydrogen-covered Pt(111) . . . . . 99

7 Conclusions 105

8 Reprints of Publications 107
8.1 Understanding Ligand-Directed Heterogeneous Catalysis: When the Dynam-

ically Changing Nature of the Ligand Layer Controls the Hydrogenation Se-
lectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

8.2 Competing Reaction Pathways in Heterogeneously Catalyzed Hydrogenation
of Allyl Cyanide: The Chemical Nature of Surface Species . . . . . . . . . 114

8.3 Mechanisms Acting in Ligand-Directed Heterogeneous Catalysis: Electronic,
Geometric and Enol-Induced Effects . . . . . . . . . . . . . . . . . . . . . 130

8.4 Tuning the Strength of Molecular Bonds in Oxygenates via Surface-Assisted
Intermolecular Interactions: Atomistic Insights . . . . . . . . . . . . . . . 145

8.5 Disordered Two-Dimensional Self-Organization of Ethyl Pyruvate Molecules
on the Pt(111) Surface . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

8.6 Surface-Driven Keto-Enol Tautomerization: Atomistic Insights into Enol
Formation and Stabilization Mechanisms . . . . . . . . . . . . . . . . . . 170

8.7 Formation and Stabilization Mechanisms of Enols on Pt through Multiple
Hydrogen Bonding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

8.8 Keto–Enol Tautomerization as a First Step in Hydrogenation of Carbonyl
Compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

8.9 Temperature-Dependent Formation of Acetophenone Oligomers Accompa-
nied by Keto-Enol Tautomerism: Real Space Distribution . . . . . . . . . . 194

8.10 Formation and Real-Space Distribution of Acetophenone Dimers on H-containing
Pt(111) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

8.11 Adsorption geometry and self-assembling of chiral modifier (R)-(+)-1-(1-
naphthylethylamine) on Pt(111) . . . . . . . . . . . . . . . . . . . . . . . 220

ContentsVIII



List of Figures

2.1 Energy Diagram for Heterogeneous Catalysis . . . . . . . . . . . . . . . . 1
2.2 Trial-and-Error vs. Surface Science Approach . . . . . . . . . . . . . . . . 2
2.3 Model Catalyst Approach . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.4 Energy Diagram for Heterogeneous Catalysis . . . . . . . . . . . . . . . . 4
2.5 Hydrogenation Products of Acrolein over Pd-NP and Pd(111) . . . . . . . 6
2.6 Experimental Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.7 The Orito Reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3.1 Simple Model for the Scattering Process . . . . . . . . . . . . . . . . . . 10
3.2 Lennard-Jones(12,6) Potential . . . . . . . . . . . . . . . . . . . . . . . . 12
3.3 Visualization of Different Types of Chemisorption . . . . . . . . . . . . . . 13
3.4 Visualization of Chemisorbed and Physisorbed Hydrogen . . . . . . . . . . 14
3.5 Model of the Precursor-Mediated Adsorption . . . . . . . . . . . . . . . . 18
3.6 Sticking Coefficient as a Function of Surface Coverage . . . . . . . . . . . 19
3.7 Reaction Mechanisms in Heterogeneous Catalysis . . . . . . . . . . . . . . 24

4.1 Schematic Drawing of a Supersonic Molecular Beam . . . . . . . . . . . . 26
4.2 Continuum Free-Jet Expansion . . . . . . . . . . . . . . . . . . . . . . . 27
4.3 Schematic Drawing of an Effusive Molecular Beam . . . . . . . . . . . . . 28
4.4 QMS Measurement Principle . . . . . . . . . . . . . . . . . . . . . . . . 30
4.5 STM Measurement Principle . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.6 Schematic Drawing of the Bruker Vertex 80v . . . . . . . . . . . . . . . . 35
4.7 Illustration of the Fourier Transformation in Infrared Spectroscopy . . . . . 36
4.8 Metal Surface Selection Rule . . . . . . . . . . . . . . . . . . . . . . . . 37
4.9 Schematic Drawing of the Functional Parts of the Experimental Setup . . . 39
4.10 Technical Drawing of the Experimental Setup . . . . . . . . . . . . . . . . 40

5.1 Enzyme-Derived Catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.2 Hydrogenation Study on Substituted α,β-Unsaturated Aldehydes . . . . . . 43
5.3 Feasible Hydrogenation Products of Acrolein . . . . . . . . . . . . . . . . 43
5.4 Hydrogenation of Oxopromegestone over Different Transition Metals . . . 44
5.5 Ligand-Directed Heterogeneous Catalysis . . . . . . . . . . . . . . . . . . 45
5.6 Temperature-Dependent Kinetic Study on Acrolein Hydrogenation over Pris-

tine Pd(111) and Pd Nanoparticles . . . . . . . . . . . . . . . . . . . . . 46
5.7 Kinetic and Spectroscopic Study on Acrolein Hydrogenation over Pristine

Pd(111) at 270 K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5.8 Acting Surface Species in the Hydrogenation Reaction of Acrolein over Pris-

tine Pd(111) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.9 Chemical Structures of Molecules to Investigate Geometric and Electronic

Effects of Preadsorbed Ligands . . . . . . . . . . . . . . . . . . . . . . . 49
5.10 IR Spectra of Acrolein on H/Pd(111) at 250 K . . . . . . . . . . . . . . . 53

List of Figures IX



5.11 Formation Rates of Propenol over H/Pd(111) at 250 K as a Function of
Acrolein Flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.12 Formation Rates of Propenol over H/Pd(111) at 250 K as a Function of
Hydrogen Pretreatment Time . . . . . . . . . . . . . . . . . . . . . . . . 57

5.13 Model of the Dense Oxopropyl Ligand Layer . . . . . . . . . . . . . . . . 58
5.14 Artificial Ligands for the Selective Partial Hydrogenation of Acrolein . . . . 59
5.15 Suggested η1 and η2 Geometry for Adsorbed Nitriles . . . . . . . . . . . . 60
5.16 Experimental Design for Investigating Ligand-Directed Catalysis . . . . . . 61
5.17 Kinetic Study on Acrolein Hydrogenation over MP/Pd(111) at 250 K . . . 63
5.18 Hydrogenation of Acrolein over MP/Pd(111) at 250 K . . . . . . . . . . . 64
5.19 Artificial Ligands: Geometric Effects . . . . . . . . . . . . . . . . . . . . . 65
5.20 Kinetic Study on Acrolein Hydrogenation over AC/Pd(111) at 250 K . . . 66
5.21 Hydrogenation of Acrolein over AC/Pd(111) at 250 K . . . . . . . . . . . 67
5.22 Artificial Ligands: Electronic Effects . . . . . . . . . . . . . . . . . . . . . 68
5.23 Microscopic Investigation of the Active AC Layer . . . . . . . . . . . . . . 69
5.24 Adsorption Study on AC on Pristine Pd(111) as a Function of Temperature 70
5.25 Chemical Transformation of AC on H/Pd(111) . . . . . . . . . . . . . . . 71
5.26 Identification of the Active Ligand Species in AC/Pd(111) . . . . . . . . . 72
5.27 Dynamic Transformation of AC under Operational Conditions . . . . . . . 73
5.28 Kinetic Study on Acrolein Hydrogenation over AP/Pd(111) at 250 K . . . 74
5.29 Kinetic Study on Acrolein Hydrogenation over AP/Pd(111) at 250 K at

Different Coverages of AP . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.30 Hydrogenation of Acrolein over AP/Pd(111) at 250 K . . . . . . . . . . . 76
5.31 Artificial Ligands: Enol-Induced Stabilization of the Oxopropyl Ligand . . . 78
5.32 Summary of Different Effects in Ligand-Directed Hydrogenation of Acrolein 79

6.1 The Orito Reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.2 Natural and Synthetic Chiral Modifiers . . . . . . . . . . . . . . . . . . . 84
6.3 Proposed Adsorption Geometries of α-Ketoesters . . . . . . . . . . . . . . 86
6.4 IR Spectra of 12C-EP and 13C-EP on Pristine Pt(111) at 100 K . . . . . . 87
6.5 Combined IRAS and STM Study on EP Adsorbed on Pt(111) at 100 K . . 88
6.6 Statistic of EP Surface Species on Pt(111) Obtained by STM . . . . . . . 90
6.7 Proposed Models for the Formation of EP Oligomers on Pt(111) . . . . . 91
6.8 Simulated IR Spectrum of EP Adsorbed on Pt(111) . . . . . . . . . . . . 92
6.9 Real-Space STM Images of AP Adsorbed on Pt(111) at 200 K . . . . . . 95
6.10 IRAS Study on AP Adsorbed on Pt(111) as a Function of Temperature . . 96
6.11 Real-Space STM Images of AP Adsorbed on Pt(111) at 280 K . . . . . . 97
6.12 IRAS and STM Study on AP Adsorbed on H/Pt(111) at 200 K . . . . . . 100
6.13 Statistics and STM Images of AP Dimers on H/Pt(111) at 190 K . . . . . 101
6.14 IRAS and STM Study on AP Adsorbed on H/Pt(111) at 240 K . . . . . . 102
6.15 Proposed Hydrogenation Mechanism of Acetophenone . . . . . . . . . . . 103

List of FiguresX



Acronyms

� AC - Allyl cyanide

� AC/Pd(111) – Pd(111) functionalized with allyl cyanide

� AP – Acetophenone

� AP/Pd(111) – Pd(111) functionalized with acetophenone

� B3LYP – B3LYP (Becke, 3 parameter, Lee-Yang-Parr) DFT functional

� BET – BET (Brunauer, Emmett and Teller) isotherm

� DFT – Density Functional Theory

� DLa-TGS – Deuterated L-alanine TriGlycerine Sulfate detector

� DOS – Density of States

� EI – Electron Ionization

� EP – Ethyl pyruvate

� FT – Fourier Transformation

� FTIR – Fourier Transform Infrared Spectroscopy

� GCA – Glass Capillary Array

� H,D/Pd(111) – Hydrogen/deuterium-covered Pd(111)

� H,D/Pt(111) – Hydrogen/deuterium-covered Pt(111)

� HREELS – High Resolution Electron Energy Loss Spectroscopy

� IR – Infrared

� IRAS – Infrared Reflection Absorption Spectroscopy

� MB – Molecular Beam

� MCT – Mercury-Cadmium-Telluride (HgCdTe) Detector

� MIR – Mid-infrared

� MP – 2-Methyl-2-pentenal

� MP/Pd(111) – Pd(111) functionalized with 2-methyl-2-pentenal

� MSSR – Metal Surface Selection Rule

� OPD – Optical Path Difference

� QMS – Quadrupole Mass Spectrometry

� R-NEA – R–Naphthylethylamine

� STM – Scanning Tunneling Microscopy

� TFAP – 2,2,2-Trifluoroacetophenone

� TPD – Temperature Programmed Desorption

� UHV – Ultra-high Vacuum (< 10-8 mbar)

� ZPD – Zero Path Difference
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Katrin Baumann and Swetlana Schauermann, Phys. Chem. Chem. Phys. 2020, 22,
15696–15706.

1 List of PublicationsXII



9. Keto–Enol Tautomerization as a First Step in Hydrogenation of Carbonyl Compounds
Smadar Attia, Marvin C. Schmidt, Carsten Schröder, Jann Weber, Ann-Katrin
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2 Introduction

In these days, heterogeneous catalysis is the basis for modern chemical industry. A vast
majority of over 90 % of chemical products have at least one catalytic step in the pro-
duction. [1] The application for catalysts is not limited to manufacturing processes but is
also used in environmental technologies, such as exhaust gas treatment in automobiles. [2]

Over the past decades, the demand for alternative energy sources and storage has increased
tremendously in order to enable the transition from fossil fuels to renewable energies. [3]

The classification of catalysis is usually according to the state of aggregation of the catalyst
and the reactants: i) either both consist of the same physical state, e.g. liquid, then it
is denoted as homogeneous catalysis or ii) catalyst and reactants have a different physical
state, e.g. solid catalyst and liquid or gaseous reactants, then it is named heterogeneous
catalysis. The fraction of heterogeneously catalyzed processes exceeds the homogeneously
catalyzed processes by almost a factor of 10. Heterogeneous catalysis has several major
advantages over homogeneous catalysis: i) simple separation of reactants, products and
catalysts, ii) wide range of operating conditions in terms of temperature and pressure, iii)
simple and effective realization in continuous flow processes. [4–7]
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Figure 2.1: Energy diagram of a heterogeneously catalyzed bimolecular reaction A + B → C.
The activation barrier (Ea) of the catalyzed reaction (black line) is significantly lower than the
uncatalyzed reaction (dashed line) in the gas phase. Adapted from Ref.[5,6,8].

The major benefit of an efficient catalyst is that it promotes a specific desired reaction path.
Hence, the activation barrier may be lower compared to the uncatalyzed reaction and the
reaction becomes kinetically more favorable. Because of the lower activation barrier, the
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reaction rate increases compared to the uncatalyzed reaction but the change in enthalpy
still equals the uncatalyzed reaction. Thus, catalysts can only change the kinetics of a
chemical reaction while the thermodynamics and equilibrium constant remain the same. A
catalyst accelerates both the product formation A + B → C as well as the reverse process
of product decomposition C → A + B to the same extent. [8] Figure 2.1 illustrates the main
steps of a heterogeneously catalyzed bimolecular reaction of two gaseous species (black
line) and, for comparison, the uncatalyzed reaction in the gas phase (dashed line). The
adsorbed reactants (Aads, Bads) form the product Cads on the surface which desorbs in a
subsequent step into the gas phase. The overall reaction rate over a catalytic surface de-
pends on several factors: while the activity of a catalyst increases with decreasing activation
energy, the bonding strength of both the reactants and products on the surface still may
change it in different directions. [9] A weak bonding of the reactants on the surface results
in low surface concentrations of the reactants and hence a low conversion into the product.
However, a strong bonding of either reactants or the product on the surface results in the
accumulation of surface species and a self-poisoning of the catalyst with reduced activity.

The interdisciplinary research in the field of heterogeneous catalysis is crucial for the devel-
opment of new industrial processes. That involves, among others, scientists who discover
new reactive materials, engineers who address the limitations of the heat and mass trans-
port as well as business economists who design the entire process profitable. While some
performance data, e.g. catalyst lifetime, can be obtained directly from commercial cat-
alysts, the investigation of the underlying atomistic-level mechanisms of heterogeneously
catalyzed reactions cannot be performed in industrial plants. [6]

There are basically two different approaches for the research of advanced catalytic materials
that are illustrated in Figure 2.2: i) trial-and-error method, in which structural parameters
of a catalyst are systematically changed and ii) understanding the fundamental processes
at the interfaces. The former is a well-established method for the synthesis of e.g. zeolites
where high throughput reactors allow the fast screening and characterization of new mate-
rials. [10,11] The latter is a rational approach in which the structure–reactivity relationships
are investigated with the aid of rigorous surface-sensitive tools.

(b) (c)(a)

Figure 2.2: Two different scientific approaches in catalysis research: (a) automated high through-
put robotic system (Figure reprinted with permission from Ref.[12]), (b) ultra-high vacuum (UHV)
apparatus with surface-sensitive methods and (c) a Pd(111) single crystal inside of an UHV cham-
ber which was used in this work.
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Obtaining a microscopic-level understanding on the kinetics and dynamics on the catalytic
surfaces is the main research field of surface science, which has been established and im-
proved with various spectroscopic and microscopic tools in the last decades. [5,13,14]

A major drawback in the research of real powdered materials is the structural and com-
positional complexity that hinders a detailed and direct investigation of the principles on
the catalytic surface at atomistic scale. An illustration of the composition of an industrial
catalyst is presented in Figure 2.3.
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Figure 2.3: Catalysis at industrial scale and the model catalyst approach to address specific
properties of real catalysts at well-defined model surfaces. Any modification of the support or
doping of the surface can be achieved under reproducible conditions. Adapted from Ref.[15–17]
and reprinted with permission from BASF SE [18].

The reactor inside of an industrial plant is usually filled with pellets that contain the catalyst.
The term catalyst often refers to several different components, e.g. support material and
catalytic active material, that have different functions and which may be present in multiple
phases. [19] While both the pellets and the usually porous support are necessary to control
the mass and heat flow through the reactor, the desired chemical reaction is performed
over the catalytic active surface. This surface may contain supported nanoparticles, e.g.
oxide-supported metal nanoparticles, in which either the support, the nanoparticles or both,
the support and the nanoparticle, can selectively be modified by incorporation of specific
chemical elements that change the electronic structure. The variation on the supporting
material or active surface are usually based on empirical observations in which additions
were made to improve the performance or correct deficits of a catalyst. [6]

One of the key issues in catalysis is the dynamic change of the real catalytic surfaces under
operative conditions. A catalytic material can be prepared under well-defined conditions but
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its properties, such as structure, morphology or composition, may change drastically upon
transfer to industrial process conditions. A well-known phenomenon of such a dramatic
change of the surface structure during the course of a chemical reaction is the sintering of
particles that can be described by the models of Ostwald ripening [20] and particle migra-
tion. [21] The thermal deactivation of a nanoparticle-based catalyst due to the formation of
larger particles is an important process that results in the loss of the active metal surface
area. Besides changes in morphology, the catalytic material can also be chemically altered
by reducing the oxide supports, oxidizing reactive metal sites or decomposition of reac-
tant molecules. Thus, the dynamic change of the real catalytic surfaces under operative
conditions is one of the most important issues in catalysis that affects the performance
of catalysts. These are just a few examples that directly affect the lifetime of a catalyst,
which is one of the most critical parameters for industrial catalysts, along with selectivity,
cost and integrability into economic processes. [22]

To achieve an atomistic-level understanding of the catalytic processes in terms of specific
reaction mechanisms, interaction of the reactants with the surface, identification of the
chemical nature of the intermediates and lateral interactions of coadsorbed surface species,
the model catalyst approach was developed. [15–17,23–25] This approach on simplified model
systems under well-defined and reproducible conditions allows the finding of a direct cor-
relation between a microscopic picture and catalytic properties. Figure 2.3 visualizes the
model catalyst approach as well as how a great variety of issues from real catalysis can be
addressed and investigated on simplified model systems. Studies can be performed on sim-
ple single crystals or structurally more complex supported nanoparticles. Both, the support
and surface of the nanoparticles can be selectively functionalized or poisoned to create a
tailor-made and well-defined catalytic surface.
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Figure 2.4: Activation energies and selectivity of multi-pathway reactions A + B→ C (desired
product) and A + B → D (undesired product). Illustrated is the influence of a catalyst (solid
line) on the activation barrier (Ea) of the uncatalyzed reaction (dashed line). [5]
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One of the key challenges in heterogeneous catalysis is imparting selectivity to a multi-
pathway reaction with different feasible products. Slight differences in the activation barriers
often result in kinetic control over a chemical reaction – regardless of the thermodynamic
stability of the possible products. A strategy to overcome this issue is the development
of selective catalysts that promote the outcome of chemical reactions toward the desired
products. Various examples from biocatalysis and photochemical reactions already show
that catalysts are not only able to accelerate chemical reactions but also selectively produce
a target molecule. [26,27]

The concept of a selective catalyst influencing the activation barrier and thus the outcome
of a multi-pathway reaction from an undesired product (A → D) to a desired product
(A → C) can easily be transferred to heterogeneous catalysis (Fig. 2.4). In this case, the
uncatalyzed reaction of A + B → D (dashed line) is related to the kinetically preferred
reaction that also yields the thermodynamically more stable product. The utilization of
a suitable heterogeneous catalyst can promote the reaction A + B → C by lowering the
activation barrier of this reaction path and thus change the outcome of the chemical reaction
toward the desired product C. However, it remains a challenging task to design a selective
catalytic material.
A recent approach in catalysis has been to combine the advantages of heterogeneous and
homogeneous catalysis by employing adsorbed ligands to promote the selectivity of a multi-
pathway surface reaction toward a desired product. [28–33] The resulting hybrid materials
thus provide lateral interactions between the adsorbed ligands and the reactants, which is
typical phenomenon in homogeneous catalysis, as well as interactions with the metal surface
which is a typical property of heterogeneous catalysis.

One type of multi-pathway reactions with particular importance to industrial application is
the partial hydrogenation of unsaturated ketones and aldehydes to unsaturated alcohols.
This is a very challenging task for heterogeneous catalysis since almost every commercially
employed efficient hydrogenation catalyst selectively yields the thermodynamically more
stable saturated aldehyde as the hydrogenation product. [32–35] Another complicating factor
in the hydrogenation reactions of these classes of molecules is the very stable C O double
bond, which is difficult to activate as compared to the more reactive C C bond. [36–38]

Therefore, from both the thermodynamic as well as kinetic points of view, the selective
hydrogenation of unsaturated ketones and aldehydes to unsaturated alcohols is particularly
difficult.
A strategy to overcome this deficit is the rational-based functionalization of the catalytically
active metal surface with organic adsorbates that are capable of establishing lateral inter-
actions with the desired reaction intermediates and thus also promote the formation of the
unsaturated alcohol. This has been investigated for the α,β-unsaturated cinnamaldehyde
on different surfaces. [32,33] In particular, Kahsar et al. [32] reported the chemoselective hy-
drogenation of cinnamaldehyde toward cinnamyl alcohol over Pt/Al2O3 functionalized with
thiolate self-assembled monolayers. A similar observation was reported by Wu et al. [33] for
a CoPt3 surface which was functionalized with the primary amine oleylamine as a ligand.

To understand the fundamental processes of the adsorption and reactivity of α,β-unsaturated
aldehydes on commonly used hydrogenation catalysts, our group previously performed a
detailed mechanistic study on the smallest α,β-unsaturated aldehyde acrolein adsorbed on
different Pd model surfaces in the UHV. [39–42] In particular, both the hydrogenation over
Pd(111) nanoparticles, which consists mainly of Pd(111) facets and a smaller amount of
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(100) facets, as well as a Pd(111) single crystal surface, that serves as a reference for
an extended counterpart to the (111) facets of the nanoparticles, were investigated. [43]

While the hydrogenation of acrolein over oxide-supported Pd nanoparticles resulted mainly
in the formation of the saturated aldehyde propanal, which also was obtained in other stud-
ies [44,45] on different powdered materials, the unsaturated alcohol was formed with nearly
100 % selectivity on the Pd(111) single crystal surface (Fig. 2.5).

OH

OH

Acrolein PropenolPropanal

+ H2 + H2OO

Pd NP Pd(111)

Figure 2.5: Hydrogenation products of acrolein over oxide supported nanoparticles (NP) and
Pd(111) single crystal surface.

The investigation of the reaction kinetics in combination with operando infrared spec-
troscopy revealed that the selective hydrogenation occurs not on the clean Pd(111), but on
the surface covered by a densely packed overlayer of oxopropyl species spontaneously formed
from acrolein at the initial stages of the reaction. [39–42] This densely packed layer renders
the catalytic surface highly reactive and selective toward the desired product propenol.
However, on Pd nanoparticles, acrolein molecules decompose on the surface to CO instead
of forming a ligand layer. [39]

These are just a few examples of ligand-directed catalysis which have been reported so far.
All of them point to geometric and/or electronic effects of the ligand and thus the resulting
lateral interactions between the adsorbed ligands and the reactants impart selectivity toward
a desired product. No systematic or atomistic investigation on the influence of the chemical
structure of the adsorbed ligand was performed yet and therefore, the great potential of
this new topic in catalysis is by far not fully understood.

A mechanistic study on the chemoselective hydrogenation of acrolein toward the unsaturated
alcohol propenol over Pd(111), functionalized with different artificial organic ligands, was
one major research project in the presented work. Several key questions were addressed in
this study:

� Which structure, in terms of chemical structure, adsorption geometry or possibly self-
organized layer consisting of numerous molecules, of a ligand is required to potentially
promote chemoselectivity toward the unsaturated alcohol?

� How do the ligands interact with the metal surface and acrolein molecules?

� How do adsorbed molecules influence the reactivity and selectivity?

� Are the adsorbed ligands stable under reactive conditions?

The model catalyst approach was applied to systematically study the influence of geomet-
ric and/or electronic effects of the ligands employing a combination of surface-sensitive
spectroscopic and microscopic tools.
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The apparatus comprises infrared reflection absorption spectroscopy (IRAS), scanning tun-
neling microscopy (STM), low energy electron diffraction (LEED) and molecular beam tech-
niques (MB). The evolution of products in the gas phase was monitored by an attached
quadrupole mass spectrometer (QMS). This unique combination of techniques (Fig. 2.6)
allows the in-situ investigation of surface processes and reactions under well-defined and
reproducible conditions to obtain a mechanistic picture at atomistic scale.
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Figure 2.6: Visualization of the experimental techniques employed in this study: adsorbed
molecules, dosed via molecular beams onto the surface, are investigated by means of infrared
reflection absorption spectroscopy (IRAS) and scanning tunneling microscopy (STM).

In the second project of this study, we performed detailed investigations of surface–adsorbate
and adsorbate–adsorbate interactions with respect to the hydrogenation reaction of prochiral
α-methyl ketones. For hydrogenation reactions performed over metal surfaces, no selectivity
toward one of the two feasible enantiomers is reported, as metal surfaces are achiral and
two enantiomeric products are formed in equal quantities.
However, chirality is a very important aspect for chemical industry and the ability to selec-
tively produce a specific enantiomer is of particular interest for the production of pharmaceu-
ticals, flavors and agrochemicals. There are numerous examples in which two enantiomers
may have different properties. For instance, the enantiomers of the terpenoid carvone of
which (4S)-(+)-carvone smells like caraway and is the main constituent of dill seed oils
while (4R)-(–)-carvone has a mint-like odor and is the main constituent of spearmint. [46]

The importance of enantioselective hydrogenation reactions obtained with homogeneous
catalysts was acknowledged by the Nobel Prize for Knowles [47], Noyori [48] and Sharpless [49]

in 2001. Starting in the mid 1950s by Akabori et al. [50], great effort in many studies has
been made to investigate enantioselective reactions in heterogeneous catalysis to combine
the huge potential of heterogeneous catalysis with an economically and environmentally
profitable chemical reaction process. However, homogeneous catalysis still contributes the
main part to the industrial application of asymmetric hydrogenation reactions. [51]

For the hydrogenation of C O double bond containing prochiral molecules, several different
systems for ketones were found to yield a high amount of selectivity over naturally-occurring
as well as synthetic chirally-modified metal surfaces. [52–56]
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One of the first studies in that field was performed by Orito et al. [56] on the α-ketoester
methyl pyruvate (MePy) over chirally-modified Pt(111). The authors reported a high yield
of (+)-methyl lactate over Pt/C which was chirally-modified with cinchonidine prior to the
reaction. Figure 2.7 shows the reaction published in their first work. [56]

O
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78.7% 

Pt/C, modified with cinchonidine, 78°C

CH2

H
N

HO

N

Figure 2.7: Reaction scheme for the originally reported Orito reaction. Methyl pyruvate was
hydrogenated over cinchonidine-modified Pt/C. [56]

As reported in later studies by various authors, which are summarized in the review by Mallat
et al. [52], the selective hydrogenation over modified Pt(111) is not limited to methyl pyruvate
as a reactant or cinchonidine as a modifier, but can be applied on various combinations of
different modifiers and so called activated ketones. The term activated ketone in organic
chemistry refers to as a ketone that has an electron-withdrawing substituent in α-position
and for a few examples even in β-position. [52] Thus, this selective type of chemical reaction
over chirally-modified surfaces is named after Yoshio Orito.

The fundamental processes of the lateral interactions between different, both natural or
artificial chiral modifiers and prochiral molecules were topic of several surface science studies
over the last decades. [53,57–82] In this type of reaction, the reactant undergoes a direct
interaction with the chiral modifier, forming a chiral 1:1 docking complex on the surface.
In this complex, the reactant has a specific orientation toward the underlying metal surface,
so it can only be hydrogenated from one side. [69–71] For instance, Mahapatra et al. [79]

investigated the coadsorption of methyl pyruvate (MePy) and an artificial chiral modifier
R-1-(1-naphthyl)ethylamine (R-NEA) and suggested the enol form of MePy, resulting from
the keto–enol tautomerization of the ketone group, to form the docking complex with R-
NEA. The hydrogenation of the enol form of α-methyl ketones, that are stabilized by the
chiral modifier, thus provides a plausible explanation for the enhanced catalytic performance
in the Orito reaction.

The keto–enol tautomerization as a first step for the hydrogenation reaction of carbonyl
compounds was recently suggested in theoretical studies as an alternative low–barrier mech-
anism that has significantly lower activation barriers than the direct hydrogenation of the
ketone. [83–86] However, the enol tautomer of a ketone is in general thermodynamically less
stable than the ketone and thus needs to be stabilized either via a chelated ring-like keto–
enol tautomer or via the formation of oligomers. [86–92] The experimental confirmation of
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this mechanism as well as the fundamental understanding of the elementary steps in the
hydrogenation of α-methyl ketones are not fully investigated. Despite the recent progress in
the field of enantioselective heterogeneous catalysis, the deep atomistic-level understanding
of adsorbate–adsorbate interactions has only been investigated and understood for a few
reactive systems. Because of both, the numerous possibilities to build molecular complexes
that consist of two or more adsorbates as well as the challenging task of the experimental
identification of lateral interactions of single adsorbates, the mechanisms involved in the
hydrogenation of simple α-methyl ketones are poorly understood.

In this project, we studied the adsorption geometry of two different types of α-methyl
ketones as well as the chemical transformation of both over pristine Pt(111) and Pt(111)
pretreated with hydrogen. In particular, ethyl pyruvate (EP), an α-keto ester, and acetophe-
none (AP), a methyl phenyl ketone, were investigated under a broad range of temperature
and different surface conditions. This combination of α-methyl ketones was selected as
prototypes for a possible intramolecular stabilization of an enol form via a chelated ring-like
enol tautomer, in the case of EP, and for the intermolecular stabilization of the enol form
as in the case of AP. The different mechanisms in the stabilization of the enol form may
therefore most likely be the reason for the Orito reaction to perform better with ketones
that are capable of establishing an intramolecular stabilization of the enol form.

A key aspect with particular importance for obtaining an atomistic understanding of the
hydrogenation mechanism of ketones has been addressed in the both parts of this project.
First, the effect of an electron-withdrawing substituent, i.e. the α-ester group, on the
lateral interactions of the adsorbed molecules on pristine Pt(111) and Pt(111) pretreated
with surface hydrogen has been studied. In the second part of the project, we studied the
adsorption geometry, dynamic transformation and lateral interactions of acetophenone over
both pristine Pt(111) and Pt(111) pretreated with surface hydrogen. The detailed inves-
tigation of the structural and chemical properties of both molecules adsorbed on Pt(111)
provides a deeper understanding of the fundamental processes in the hydrogenation reaction
of α-methyl ketones in terms of stabilization of reaction intermediates.

The present thesis is divided into the following chapters: At first, Chapter 3 provides an
introduction into the processes at the gas–solid interface and the basic kinetic adsorption
models. The experimental methods employed in this study are briefly described in Chap-
ter 4. In Chapter 5, the concept and results from the systematical study on the partial
hydrogenation of acrolein over three different functionalized Pd(111) surfaces, i.e. i) 2-
methyl-2-pentenal, ii) allyl cyanide and iii) acetophenone, as well as the characterization
of the ligand molecules are elaborated. In Chapter 6, the experimental results of the com-
bined spectroscopic and microscopic adsorption studies on two different ketones i) ethyl
pyruvate and ii) acetophenone on pristine and hydrogen-covered Pt(111) are presented.
Both projects were investigated theoretically in collaboration with the Hartke group (CAU
Kiel, Germany) for ethyl pyruvate and the Liu group (Nanjing University, China) for ace-
tophenone adsorbed on Pt(111) and Pd(111). In Chapter 7 the results of both projects
investigated in this work are summarized and future trends, related to lateral interactions
for selective heterogeneous catalysts are illustrated. The reprints of the publications, that
build the basis for this cumulative thesis, are presented in Chapter 8.
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3 Theoretical Background

Heterogeneous catalysis is a process that starts with the adsorption of reactants on the
surface of the catalyst. In this thesis, the focus is on the interactions of gaseous molecules
with solid surfaces and the processes on this interface are described in detail. Recently,
several comprehensive reviews had been published on interactions at the solid–solid interface
that can be found in the work of Meiwes-Broer [93], at the solid–liquid interface in the work
of Zaera [94], Uhlmann et al. [95] as well as Neto et al. [96] and at the liquid–gas interface in
the work of Nathanson [97] and Oron et al. [98]

3.1 Scattering

The fraction of atoms or molecules, which do not irreversibly remain on the surface, are
scattered from the surface. The direct scattering process can be divided into i) direct
elastic scattering, in which the molecule preserves its impact momentum and energy upon
reflection back into the gas phase, and ii) direct inelastic scattering, in which both the
vibrational and rotational state of the molecule may change. [99,100]

Figure 3.1 visualizes the process on an inert surface as a simple model of elastic and inelastic
scattering.

(c) Corrugated surface
    + attractive well

(b) Corrugated surface,
    purely repulsive

(a) Flat surface, 
    purely repulsive

attractive potential

Figure 3.1: Scattering processes for a molecule (red) on (a) a purely repulsive flat surface, (b)
corrugated, purely repulsive surface and (c) corrugated surface with an attractive well potential
(blue). Adapted with permission from Ref.[100].

Assuming the metal surface to be perfectly flat (Fig. 3.1a), the momentum along the surface
is conserved and thus the angle of incidence approximately equals the scattering angle. As
a result, the angular distribution (∆θ) of the scattered particles is very narrow. This is
an appropriate assumption in case of large mass differences between the surface and the
scattered atoms or molecules, for helium scattering on a metal surface as an example. [100]

When the mass difference between the scattered molecule, e.g. CO, N2 or O2, and the metal
surface atoms is similar, a transfer of perpendicular momentum from the molecule to the
surface or vice versa is possible, resulting in a heating or cooling of the surface. Depending
on the involved states, the scattering process can thus be divided into i) vibrationally, ii)
rotationally or iii) both vibrationally and rotationally inelastic scattering.

3 Theoretical Background10



The morphology of the surface has a decisive influence on the scattering process. Assuming
the surface not to be perfectly flat but corrugated (Fig. 3.1b), the momentum parallel to
the surface is not conserved. The scattered molecules thus have an angular distribution
which has a broader width with increasing energy of the particle.
Taking into account that attractive forces between the surface and the molecule may be
involved in the interaction, the model becomes more complicated (Fig. 3.1c). Upon contact
with the surface, a physisorbed or chemisorbed state may appear in which exchange of
thermal energy is possible. In this trapping process, the perpendicular component of the
momentum is fully transferred from the molecule to the surface. When the thermal energy
of the surface is higher than the desorption energy, the molecule overcomes the chemisorbed
state and desorbs again. This process is often named trapped-desorption which results in
a cos(θ) angular dependence of the scattered particles. [99–102]

3.2 Physisorption and Chemisorption

When a particle (A) impinges from the gas phase (gas) on a surface and remains on a site
of a surface (◦), it is adsorbed (ad) on the surface (Eq. 3.1).

Agas + ◦ kad−→ Aad (3.1)

The process is usually divided into two different attractive forces: physisorption and chemi-
sorption. The physisorbed molecule is hardly perturbed on a surface upon adsorption and
the bonding mechanism can be related to dispersive interactions. The correlated electron
fluctuation sets up a dipole in the adsorbed molecule, which induces an image dipole in
the polarizable solid. [103] Dispersive interactions are long-range attractive forces that are
relatively weak and in the range of less than 30 kJ·mol-1. [5,8]

These attractive forces are limited by the Coulomb repulsion. When an atom approaches
the surface, the electrons start to interact strongly with the electrons of the surface re-
sulting in strong repulsive forces at very short distance. A simple model of the potential
function (u(r)) which combines the short range repulsive Coulomb forces (urepulsive(r)) and
the long-range attractive dispersive interactions (uattractive(r)),

u(r) = uattractive(r) + urepulsive(r), (3.2)

is the Lennard-Jones potential,

u(r) = ϵ
n

n-m

( n

m

)(m/(n-m)) [(σ
r

)n
−
(σ
r

)m]
, (3.3)

where ϵ describes the potential well depth, σ the width of the potential at u(r) = 0 and r
is the internuclear distance. Usually a specific form of the Lennard-Jones(12,6) potential
(Eq. 3.4) is used. The value of the exponent m = 6 represents the assumption that the
attractive forces are only based on induced dipoles and values of n were found empirically,
ranging from 9 to 12. [99]

u(r) = 4ϵ

[(σ
r

)12
−
(σ
r

)6]
(3.4)

Figure 3.2 visualizes the Lennard-Jones(12,6) potential.
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Figure 3.2: Visualization of the Lennard-Jones(12,6) potential (u) as a function of the distance
(r) from the surface. ϵ is the potential well depth and σ the potential well width. Adapted from
Ref.[104].

Physisorption potentials usually have their energy minimum several angstroms outside the
surface and a depth of 3–30 kJ·mol-1. Thus, physisorption is often a low temperature
adsorption process, since molecules have a mean kinetic energy of 3.5 kJ·mol-1 at room
temperature and can easily overcome the potential well barrier. [8,103]

These dispersive interactions are not limited to molecule–surface interface but also occur
between adsorbed molecules on the surface or intermolecular interactions in condensed mat-
ter where the correlated fluctuating charge in neighboring molecules induces an attractive
force. [103] Therefore, the infrared signatures of physisorbed molecules are similar to unper-
turbed molecules in the gas phase.
When a surface strongly interacts with an adsorbed molecule, the adsorption geometry and
electronic structure of a molecule is strongly perturbed, forming new covalent or ionic bonds
between the surface and the adsorbed molecule. In contrast to physisorption, chemisorbed
molecules and atoms are closer and stronger bonded to the surface.

In case of simple molecules, like hydrogen adsorbed on transition metals, this may lead
to a dissociative adsorption forming a new chemical bond with the surface atoms. The
interactions between adsorbate and metal surface have a decisive influence on whether the
chemisorption of a molecule is direct or dissociative.

Hammer et al. [105] studied the adsorption of CO on various surfaces in an extended the-
oretical study. They reported the change from molecular to dissociative adsorption of 4d
transitions metals with decreasing atomic number. The authors explained this trend with
the upshift of the energy of the d states with respect to the Fermi level of the metal atoms
involved in the bonding with the adsorbate. Brodén et al. [106] came to the same conclusion
in an experimental study on the chemisorption of CO on different transition metals using
synchrotron radiation.
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In case of chemisorption of C C bonds containing small molecules, e.g. ethylene, the
binding state has two limiting types of interactions between complete (sp2 → sp3) rehy-
bridization, resulting in a strong di-σ arrangement and a weaker binding π mode in which
the double bond character is preserved. [107] The reality of adsorbed olefins show seamless
transition between both types of adsorption depending on the nature of the substrate or the
conditions. [108] Description of the process of physi- or chemisorption via a single Lennard-
Jones potential, which is only dependent on the distance from the surface, has two major
disadvantages. The attractive potential is monotonically decreasing while the molecule ap-
proaches the surface until the equilibrium position is reached. This does not reflect the
experimental data obtained for e.g. dissociative adsorption of hydrogen on Cu(110), where
Campbell et al. [109] reported an activation energy of (14.3 ± 1.4) kcal·mol-1. Furthermore,
this model excludes different adsorption sites with differing adsorption energies.

Figure 3.3 schematically shows four different cases of chemisorption: (a) direct, (b) precur-
sor-mediated, (c) unactivated dissociative and (d) activated dissociative chemisorption.
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u(r)

r
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(c) Unactivated dissociative 
     chemisorption

(d) Activated dissociative 
     chemisorption

(a) Direct chemisorption (b) Chemisorption via
     precursor state
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Figure 3.3: 1D potential energy curves along the r axis for four different cases of chemisorption
of a diatomic molecule on a solid surface. In (a) direct chemisorption, (b) precursor-mediated
chemisorption, (c) unactivated and (d) activated dissociative precursor-mediated chemisorption.
Reproduced with permission from Ref.[110].
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The direct chemisorption (Fig. 3.3a) equals the previously mentioned Lennard-Jones po-
tential. If there are several different adsorption sites available on the surface, each of
them can be described with its own potential curve. Those potential wells may cross each
other resulting in a precursor-mediated chemisorption with respect to the lowest lying state
(Fig. 3.3b). A typical example for precursor-mediated chemisorption is the crossing of ph-
ysisorption with chemisorption in which molecules first adsorb weakly upon impingement
on surfaces. This is commonly called “intrinsic precursor state” for occurrence above the
free surface or “extrinsic precursor state” for occurrence above islands of already adsorbed
particles on the surface. [99,110]

Experimentally, this precursor-mediated adsorption was identified by, e.g. Redulic et al. [111]

for nitrogen adsorbed on W(100) in a broad range of temperature. The authors showed
that the sticking probability of N2 initially decreases with both increasing kinetic energy and
surface temperature. The latter is a general trend since the sticking coefficient is higher on
cold surfaces but the kinetic energy has no such trend.

The sticking probability in relation to kinetic energy of the adsorbed species is dependent
on the adsorption path. While the sticking probability of the nitrogen on W(100) on the
precursor-mediated adsorption path initially decreases with higher kinetic energy, it increases
once a second activated adsorption path is accessible. The decrease of the sticking probabil-
ity with higher kinetic energy is explained by the need of energy dissipation of the particle in
the precursor state. While the particle equilibrates in the precursor state, both the desorp-
tion as well as transition into a lower lying chemisorbed state are two competing processes
with different energy barriers. The probability to overcome the desorption energy barrier
is higher with increasing kinetic energy. The precursor-mediated chemisorption model can
also be applied to dissociative adsorption (Fig. 3.3c-d). The dissociation process becomes
activated once the energy barrier is above the potential well of the weaker bond precursor
state. Otherwise it becomes an unactivated precursor-mediated dissociative chemisorption.

r

u(r)
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Ediss

Eact

2 M + 2 H

2 M-H

2 M + H2
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Figure 3.4: Potential curves as a function of the distance (r) between the Cu(110) metal surface
(M) and the hydrogen atom (H) and molecule (H2) of activated dissociative chemisorbed hydrogen
via a physisorbed precursor state. The corresponding energies are binding energy (Eb), desorption
energy (Edes), activation energy (E act) and dissociation energy (Ediss). Adapted from Ref.[103].
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The activated dissociative chemisorption of hydrogen on Cu(110) via a physisorbed pre-
cursor state according to Campbell et al. [109] is shown in Figure 3.4. The figure shows a
simplified model of the potential wells dependent on the distance between the surface and
the adsorbed particle of chemisorbed and physisorbed hydrogen on a Cu(110) surface (M)
including an energy barrier for the dissociation. The corresponding energies are binding en-
ergy (E b), desorption energy (E des), activation energy (E act) and dissociation energy (E diss).

A detailed description and experimental detection of precursor states in adsorption can also
be found in an review about kinetic measurements on solid surfaces using molecular beams
by Francisco Zaera. [110]

3.3 Hydrogen Adsorption on Pd and Pt

The dissociative chemisorption (Eq. 3.5) of hydrogen on a metal surface (◦) plays an im-
portant role in hydrogenation reactions.

H2, gas + 2 ◦ −−⇀↽−− 2Had (3.5)

In contrast to Cu(110), the dissociation of hydrogen on Pd surfaces has no activation bar-
rier and thus already occurs at very low temperature. [112] Mitsui et al. [113] showed in a low
temperature scanning tunneling microscopy (STM) study on H2 adsorbed on a Pd(111)
surface that hydrogen can dissociate already at 37 K. Chemisorbed surface hydrogen is able
to diffuse into the metal bulk. This is an activated process and was reported to occur below
130 K on Pd(110) single crystals. [112,114]

This results in two different forms of hydrogen with different binding energy (Ebind): i)
strongly bonded surface hydrogen with Ebind about 0.5 eV/H atom and ii) weakly bonded
subsurface hydrogen with Ebind ranging between 0.3 eV/H atom for low hydrogen uptakes
and 0.1 eV/H atom for higher hydrogen uptakes. [112,115] A more detailed description of
chemisorbed subsurface hydrogen and the experimental technique resonant nuclear reac-
tion analysis to investigate hydrogen concentration as a function of material depth can be
found in the publications of Markus Wilde. [116,117]

In early hydrogen temperature programmed desorption (TPD) studies on Pt(111), a similar
observation of two energetically different hydrogen species was also observed: a weakly
bound β1- and a strongly bound β2-species.

[112] A different TPD study by Greenlief et al. [118]

proposed the involvement of subsurface adsorption sites for the adsorption of hydrogen
on Pt(111).This general opinion is nowadays outdated, since several other studies could
prove that the previously assigned different surface species were related to both stepped or
defected surfaces. [119–123]

There are numerous publications in surface science by many different authors reporting both
experimental and theoretical results about the adsorption of hydrogen on various surfaces.
The works of Klaus Christmann provide an extended overview on the adsorption of hydrogen
over various metal surfaces. [99,112]
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3.4 Adsorption and Sticking

As described in the previous section, when a particle (A) impinges on a surface area (Asurface),
it can either be scattered back directly into the gas phase (Agas) or be adsorbed on the
surface (Aad). The change of the number of adsorbed particles per area and time equals
the adsorption rate (rad) (Eq. 3.6).

rad =
∂Aad

Asurface∂t
=
∂θ

∂t
(3.6)

The coverage (θ) is the ratio of adsorbed molecules in relation to the number of surface
atoms (Eq. 3.7).

θ =
number of adsorbed particles

number of surface atoms
(3.7)

Initially, all molecules usually stick on a non-repulsive pristine surface unless the surface
temperature is too high. This can be explained by the transition into a strong chemisorbed
state. With increasing coverage, the reactivity of the surface decreases and therefore the ad-
sorption rate correspondingly. According to the simplified Langmuir adsorption model [124],
each adsorption site can adsorb a single particle. When a particle impinges on an occupied
site, it is scattered back from the surface whereas a vacant adsorption (◦) site results in
the adsorption. In case of atomic associative adsorption, the kinetic model [99] is

Agas + ◦ kad−−⇀↽−−
kdes

Aad, (3.8)

with the rates of adsorption (rad) and desorption (rdes)

rad = kad · Agas · ◦ = kadpA(1− θ), (3.9)

rdes = kdes · Agas = kdesθ. (3.10)

This can be rewritten in equilibrium rad = rdes as

θ

1− θ
=

kad
kdes

· pA. (3.11)

Using the equilibrium constant KA and the activation energies for adsorption (E ′
ad) and

desorption (E ′
des)

KA =
kad
kdes

=
kad,0
kdes,0

· exp
(
− (E ′

ad − E ′
des)

kBT

)
, (3.12)

where Ead = E ′
ad − E ′

des and E ′
ad is zero for atomic and associative adsorption, this results

in

θ

1− θ
=

kad,0
kdes,0

· pA · exp
(
Ead

kBT

)
. (3.13)

The ratio of adsorbed and scattered molecules is the sticking coefficient (S, Eq. 3.14) which
describes the probability for a particle to stick on the surface. [99]
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S =
Aad

Agas
(3.14)

The value of the sticking coefficient is between 0 and 1 and is assumed to be 1 at low
temperature as well as low coverage. The coverage-dependent sticking probability (SL(θ))
according to the Langmuir model is therefore

SL(θ) = S0 (1− θ)n = S0

(
1+

θ

1− θ

)−n

, (3.15)

where S0 is the initial sticking coefficient, which corresponds to the sticking coefficient on
a pristine surface, and n is the reaction order.

The Langmuir adsorption isotherm has been modified several times to extend its application
to a wider range of adsorption models. Fowler and Guggenheim [125] introduced an energy
term which reflects the intermolecular interactions between adsorbed molecules. The ad-
sorption energy is dependent on the lateral interaction and thus the Langmuir equation
(Eq. 3.13) becomes

θ

1− θ
=

kad,0
kdes,0

· pA · exp
(
(Ead + z w θ)

kBT

)
, (3.16)

where z is the number of neighbor sites and w the lateral interaction energy.

The equal treatment of all adsorption sites is one of the most striking deficits of the
Langmuir model. Initially, the particles occupy the energetically lowest lying sites upon
adsorption on the surface. With increasing coverage, particles also adsorb on energetically
different lying sites. Temkin [126] and Freundlich [127] suggested a model which reflects the
heterogeneity of the surface in which they propose the adsorption energy being dependent
on the surface coverage. The former assumes a linear decrease of the adsorption energy
with increasing coverage, the latter an exponential decrease of the adsorption energy. In
case of the linear decrease of the adsorption energy, the Langmuir equation (Eq. 3.13)
becomes

θ

1− θ
=

kad,0
kdes,0

· pA · exp
(
(Ead · (1− θ))

kBT

)
, (3.17)

where the adsorption energy decreases linear with the coverage.

These models may be sufficient for direct adsorption, but are insufficient for the previously
discussed more complex precursor-mediated adsorption model.

Kisliuk [128] expanded the model of Langmuir including parameters for the precursor state
(Eq. 3.18). This kinetic model is visualized in Figure 3.5. A gaseous species (A) can
chemisorb on a surface via two different precursor states, intrinsic and extrinsic. The
intrinsic precursor (Pi) is a weakly bond state above the free surface and an extrinsic
precursor (Pe) is a weakly bond state above a specific area of the surface where adsorbed
particles are already present.

A
k1−−−⇀↽−−−

ke2, k
i
2

Pi ,Pe
k3−−→ Aad

k4−−→ Agas (3.18)

The corresponding adsorption rates for this model are
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Figure 3.5: Kisliuk adsorption model for the precursor-mediated adsorption. A gaseous species
(A) adsorbs on a surface via an intrinsic precursor (Pi) or extrinsic precursor (Pe). Adapted from
Ref.[99].

rad = r1 − r2 − r4, (3.19)

where r1 is the adsorption into the precursor states Pi (intrinsic) or Pe (extrinsic), r2 the
desorption rate of the precursors and r4 the desorption rate of the chemisorbed particle.
Assuming a very low precursor concentration on the surface, the stationary principle results
in

∂Pi,e

∂t
≈ 0 → r3 = r1 − r2 (3.20)

for the reaction rate of the precursor. That simplifies (Eq. 3.19) to (Eq. 3.21) where the
adsorption rate is only dependent on the reaction rate of the precursor and the desorption
rate of the chemisorbed species. For low coverage (θ < 0.95) [99], the desorption rate of
chemisorbed particles is significantly lower compared to the reaction rate of the precursor
(r3 ≫ r4).

rad = r3 − r4 ≈ r3 = r1 − r2 (3.21)

The reaction rates r1, r2 and r3 can be expressed as

r1 = Sp · Aimpact · F, (3.22)

r2 = ri2 + re2 = Np

[
ki2 (1− θ) + ke2θ

]
, (3.23)

r3 = k3Np (1− θ) , (3.24)

with Sp sticking coefficient of the precursor, Np the number of precursors, Aimpact area of
impact, F impact rate of gaseous particles and θ surface coverage. The sticking coefficient
S is

S =
rad

Aimpact · F
. (3.25)

Equations 3.20-3.25 can be summarized to

rad =
k3 · Sp · Aimpact · F (1− θ)[

ki2 (1− θ) + ke2θ
]
+ k3 (1− θ)

, (3.26)
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S =
k3Sp (1− θ)

ki2 + k3 − θ(ki2 − ke2 + k3)
. (3.27)

Dividing (Eq. 3.27) by S0 =
k3

ki2 + k3
, which equals the sticking coefficient for θ = 0,

results in an expression for the sticking coefficient that is normalized to the initial sticking
coefficient

S

S0
=

Sp (1− θ)

1− θ +
ke2

k3 + ki2
θ

, (3.28)

which can be rewritten as (Eq. 3.30) using the precursor state parameter (K p) (Eq. 3.29).

Kp =
ke2

k3 + ki2
(3.29)

S

S0
=

Sp

1+ Kp
θ

1− θ

= Sp

(
1+ Kp

θ

1− θ

)-1

(3.30)

Figure 3.6 shows the graph of sticking coefficient depending on the surface coverage ac-
cording to Equation 3.30 at different values of K p.
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Figure 3.6: Coverage-dependent sticking coefficient normalized on the initial sticking coefficient
(S/S0) for the precursor-mediated adsorption at different values of the precursor state parameter
Kp. The sticking coefficient of the precursor Sp = 1. Adapted from Ref.[128].

The precursor state parameter is Kp = 1 for a Langmuir-type of adsorption and a molecule
becomes sticky on a surface when Kp ≪ 1. This applies for either a low desorption rate for
an extrinsic precursor or a high desorption rate of an intrinsic precursor.
There are many examples for non-Langmuirian behavior in adsorption on surfaces caused
by precursor states. Just to mention a few, there are Hirsimäki et al. [129], showing an
increasing sticking probability compared to the Langmuirian adsorption for the adsorption
of CO on Pd(110) and NO on Pd(320), and Youngs et al. [130], for formic acid adsorbed on
Cu(110).
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Besides the coverage, the temperature has a significant influence on the sticking probability
on surfaces. The temperature- and coverage-dependent sticking coefficient (S(T, θ)) [103]

of a molecule with the mass (m) is expressed by

S(T, θ) =

√
2πmkBT

p

∂θ

∂t
, (3.31)

with Boltzmann constant kB. Experimentally, the sticking coefficients can be determined
by measuring the coverage (θ) as a function of dosage using a combination of molecular
beam techniques and either surface-sensitive spectroscopy or mass spectrometry. [100] On
the one hand, sticking coefficients are important for the determination of the absolute
coverages in spectroscopic studies; on the other hand, a good estimation of the exposure
to coverage relation can be achieved by the determination of the exposure limit when no
more molecules chemisorb on the surface. This can clearly be identified in infrared studies
when the molecules retain the spectroscopic signatures of the gas phase species where no
chemisorption potential of the underlying surface perturbs the molecule.

The previously described models are suitable for the adsorption of particles up to a full
monolayer. At either high pressure or very low temperature, the particles may also adsorb
in layers more distant from the surface. In case of low temperature, thermal energy is not
sufficient to overcome the energy barrier for physisorption. A commonly used method for
multilayer adsorption is the BET isotherm, named after Brunauer, Emmett and Teller. [131]

Their model is based on the assumption of a Langmuirian behavior without any interaction
between particles in the first layer and every adsorbed particle in the adjacent layers being
an allowed adsorption site for particles of the next higher layer. The BET isotherm using an
inert gas, e.g. N2, Ar or Kr, is nowadays a well-established method for the determination
of surface areas of porous materials. [132]

3.5 Desorption

If all of the molecules impinging on a surface were either adsorbed or scattered, heteroge-
neous catalysis would not have such wide range application. Therefore desorption (des),
which is the reverse process of adsorption, is of great importance as it critically deter-
mines the steady-state concentration of the reactants on the surface. During desorption, a
surface-bonded species desorbs from the surface, leaving a free surface area.

Aad
kdes−−→ Agas + ◦ (3.32)

This process is favored once the energy of the particle is higher than the binding energy so
that the activation barrier of the attractive potential well can be overcome.

kdes = Ades · exp
(
−Edes

kBT

)
(3.33)

The most common way to bring energy into a system is heating the surface. Desorption
energies can be measured by the temperature-dependent desorption rate (Eq. 3.34). This
equation is often called Polanyi-Wigner equation where the order (n) of desorption reaction
and the coverage (θ) needs to be considered. [133]
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rdes(T, θ) = Ades · θ(T)n · exp
(
−Edes

kBT

)
(3.34)

Examples for different desorption orders are i) 0th order: Ag desorption on Ru(001) [134], ii)
1st order: CO desorption on Pt(112) [135] and iii) 2nd order: N2 desorption on Rh(100) [136].
Desorption is an important process being applied in the temperature programmed desorption
(TPD), a widely used technique to determine the desorption temperature, desorption order
and energy. After adsorbing molecules on a cold surface (T 0), the sample is heated with a
constant heating rate (β) up to several hundred Kelvin. The temperature becomes therefore
a time-dependent parameter.

T(t) = T0 + β · t (3.35)

The time-dependent desorption rate, which can directly be measured with mass spectrom-
etry, can be expressed as

rdes(t, θ) = Ades · θ(T)n · exp
(
− Edes

kB (T0 + β · t)

)
. (3.36)

Recently, several comprehensive reviews had been published on TPD methods and their
application that can be found in the work of David King [137], a microkinetic simulation of
TPD spectra in the work of Wang et al. [138] and a more theoretical analysis of first-order
kinetics TPD data treatment in the work of Patrick Barrie. [139]

3.6 Diffusion

In Section 3.2 the chemisorbed molecule is illustrated as a particle being “trapped” at the
bottom of a potential well along the surface normal coordinate. The molecule may only
leave this potential well when the energy is high enough to overcome the desorption barrier.
This is true when the desorption from the surface is considered but neglects the three
dimensionality of the surface. There are different adsorption sites on surfaces, at which
the molecular species might have different adsorption energy. The energy barrier between
two local energy minima is usually significantly lower than the desorption energy. Being
chemisorbed on the surface does not necessarily mean being immobile on the surface. [140]

The residence time (τ) of an adsorbed particle at an adsorption site (i) with an activation
barrier (Ediff, diffusion energy) and pre-exponential factor (Adiff) is expressed by

τi = Adiff · exp
(
Ediff

kBT

)
. (3.37)

The diffusion energy barrier is usually 10–20 % of the adsorption energy allowing molecules
to move between different sites before having sufficient thermal energy to leave the chemi-
sorption potential. The mobility and residence time at a specific adsorption site is depen-
dent on the thermal energy. A high energy barrier Ediff ≳ 10kBT means immobile particles
whereas a low energy barrier of Ediff ≲ kBT corresponds to unhindered diffusion across the
surface. [99]
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3.7 Lateral Interactions

The previously mentioned adsorption and desorption models are based on the assumption
of non-interacting atoms or molecules on the surface. This ideal model usually collapses
on highly covered surfaces where lateral interactions of neighboring molecules become im-
portant.
Upon adsorption on a surface, there are two different types of bonding that prevent the
molecule from immediate desorption: the molecule may interact with the surface (surface–
adsorbate interaction) or with other adsorbed molecules (adsorbate–adsorbate interaction).
Lateral interactions can either be attractive or repulsive. The former is the driving force
for molecules that are mobile on the surface to form adsorbate oligomers. There are many
publications in surface science in which the authors show that attractive lateral interactions
of adsorbed molecules result in the formation of self-assembled structures on surfaces, hence
this is not a rare phenomenon. In addition, attempts are also being made to build chemically
customized interfaces via attractive lateral interactions of adsorbed molecules. Some of the
latest scientific results on how 2D self-assembled molecular networks can be employed to
customize interfaces are summarized in the review by Verstraete et al. [141]

Repulsive lateral interactions may result in a weakening of the surface–adsorbate bonding.
On transition metals, a weakening of the bonding of the adsorbate with the surface, as
the coverage of adsorbed molecules increases, may be related to a smaller overlap of the
individual molecular orbitals of the molecules with the underlying d-orbitals of the metal
surface or be related to a change in the π electron donation/back donation interaction. [105]

The difference in adsorption energy of a species (i) due to lateral interactions with a neigh-
boring species (n) can be expressed as

E i
ad = E i

0 −
∑
j

njwi,j, (3.38)

where E i
0 equals the adsorption energy of non-interacting molecules, (j) the number of

neighbors and wi,j the interaction energy. Attractive lateral interactions result in negative
values of w and repulsive forces in positive values of w. [8] Lateral interaction energies can
significantly influence the adsorption behavior on surfaces. There are several studies in
which the authors propose examples that show repulsive lateral interactions.
Just to mention a few, van Bavel et al. [142] measured the repulsion energies between nitrogen
and CO on Rh(100) using temperature programmed desorption. They reported coadsorbed
nitrogen reduces the desorption temperature of CO from 500 K on pristine Rh(100) to 240 K
on nitrogen coadsorbed Rh(100). They calculated the reduction of adsorption energy of CO
on pristine Rh(100) from 135 kJ·mol-1 to 59 kJ·mol-1 when each CO molecule is surrounded
by four nitrogen atoms. Thus the interaction energy ωCO N is 19 kJ·mol-1 per neighbor.
Fernandez-Torrente et al. [143] investigated the adsorption of tetrathiafulvalene (C6H4S4,
TTF) on Au(111) in a combined STM and DFT study. The authors showed that the
charge transfer from the molecule to the gold surface results in the spontaneous formation
of a superlattice of charged monomers due to a long-range repulsive potential.
Not only the adsorption energies but also activation barriers of competing chemical reactions
may be influenced by lateral interactions. Surfaces and their reactivity may be significantly
altered by adsorbing molecules prior to the reaction. The adsorbate–adsorbate interaction is
the principle of ligand-directed catalysis as adsorbate-functionalized surfaces have different
geometric or electronic characteristics compared to pristine surfaces. [144]
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3.8 Reaction Mechanisms at Gas–Solid Interfaces

The interaction of atoms or molecules with a surface and the models that describe the
processes at the interface have been presented in the previous sections. The microscopic-
level understanding of the elementary processes occurring on the catalytic surfaces, such
as details of e.g. the reaction mechanisms, kinetics and the adsorbate–surface bonding, are
crucial for achieving a rational-based design of new catalysts for industrial applications.

The fundamental model of a bimolecular surface reaction of A and B (Eq. 3.39) can be
expressed in two different ways: i) both reactants are adsorbed on the surface prior to the
reaction or ii) one reactant is adsorbed on the surface and reacts with a gaseous species.

A+ B −−⇀↽−− C (3.39)

The first is called Langmuir-Hinshelwood mechanism which was proposed by Irving Langmuir
in 1922 [145] and further developed by Cyrill Hinshelwood in 1926. [146] A typical example for
a Langmuir-Hinshelwood reaction mechanism is the CO oxidation on Pt(111). [147] This
reaction involves the dissociative adsorption of O2, the chemisorption of CO, diffusion of
both adsorbed species on the surface and the formation with subsequent desorption of
CO2. The processes involved in the Langmuir-Hinshelwood mechanism are presented in
Equations 3.40-3.43.

Adsorption of A on a vacant surface site (◦)

Ag + ◦ −−⇀↽−− Aad. (3.40)

Adsorption of B on a vacant surface site (◦)

Bg + ◦ −−⇀↽−− Bad. (3.41)

Diffusion of A and B on the surface with formation of product (P)

Aad + Bad −−⇀↽−− Pad. (3.42)

Desorption of P, leaving vacant surface sites

Pad −−⇀↽−− Pg + 2 ◦. (3.43)

The second reaction mechanism is called the Eley-Rideal mechanism which was proposed
for the isotopic exchange of hydrogen and deuterium on a tungsten surface published in
1938. [148] An additional example for this mechanism was proposed by Jenkins et al. [149] for
the catalytic hydrogenation of ethylene on a nickel catalyst. However, reactions involving
the Eley-Rideal mechanism are extremely rare and there are only a few dynamic studies for
which this mechanism was proven. [8] The processes involved in the Eley-Rideal mechanism
are presented in Equations 3.44-3.46.

Adsorption of A on a vacant surface site (◦)

Ag + ◦ −−⇀↽−− Aad. (3.44)
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Reaction of Aad with Bg forming Pad

Aad + Bg −−⇀↽−− Pad. (3.45)

Desorption of P, leaving a vacant surface site

Pad −−⇀↽−− Pg + ◦. (3.46)

Both the Langmuir-Hinshelwood and the Eley-Rideal mechanism exclude the occurrence of
physisorbed reactants. Harris and Kasemo [150] suggested an intermediate process in which
one adsorbed reactant is chemisorbed and the other being trapped in a hot precursor state.
Chemisorption of A on a vacant surface site (◦)

Ag + ◦ −−⇀↽−− Aad. (3.47)

Physisorption of B in a precursor state (pre)

Bg −−⇀↽−− + Bpre. (3.48)

Reaction of Aad with Bpre forming Pad

Aad + Bpre −−⇀↽−− Pad. (3.49)

Desorption of P, leaving a vacant surface site

Pad −−⇀↽−− Pg + ◦. (3.50)

Figure 3.7 visualizes the Langmuir-Hinshelwood (a), Eley-Rideal (b) and Harris-Kasemo
model (c) for reaction mechanism in heterogeneous catalysis.

(a) Langmuir-Hinshelwood (b) Eley-Rideal (c) Harris-Kasemo

Figure 3.7: Reaction mechanisms in heterogeneous catalysis: (a) Langmuir-Hinshelwood model
of both chemisorbed species forming the product, (b) Eley-Rideal model where only one reactant is
chemisorbed on the surface, reacting with a molecule in the gas phase and (c) the Harris-Kasemo
model of a precursor reacting with a chemisorbed particle.

3 Theoretical Background24



4 Experimental Techniques

The brief introduction into the processes and kinetics at the gas–solid interface, provided
in the previous Chapter 3, shows that a precise control over the reactants under well-
defined conditions is essential for an atomistic study in heterogeneous catalysis. Both the
experimental approach and technical realization of how molecules can be investigated on
surfaces will be presented in the following chapter.

4.1 Molecular Beam Techniques

The microscopic investigation of surface kinetics and dynamics depends on two points, a
well-defined as well as a reproducible flux of molecules. This controlled flux of spatially
directed and collision-free molecules is denoted as a molecular beam (MB). The typical
generation of such a controlled flux of molecules is achieved by the expansion of a gaseous
species from a high-pressure reservoir into the vacuum. Once a directed flux of molecules
is formed, this beam can further be temporally or physically modified. The former can be
achieved via implementation of a mechanical chopper or shutter which allows a specific
temporal modulation with a tunable rotation velocity or opening frequency. In the latter
case, e.g. a laser is crossed onto the formed molecular beam which allows a photoexcitation
creating atomic or molecular radicals. [151]

For this work, the application of molecular beams was essential to investigate the hydro-
genation behavior of hydrocarbons under well-defined and reproducible reaction conditions.
There are several more applications of molecular beams in physical chemistry and surface
science which are described in detail in the book on atomic and molecular beam methods
by Scoles [151] or the reviews on molecular beam methods applied in surface science by Za-
era [110] as well as Libuda and Freund. [23] In the following part, the physical principle of the
two different ways to create molecular beams via i) a supersonic expansion and via ii) an
effusive beam source are briefly described.

In fluid dynamics, the dynamic of the system is characterized by the dimensionless Knudsen
number (Kn), which describes the ratio of the mean free path of the particle (λ) and the
diameter (d) of the tube.

Kn =
λ

d
=

kBT√
2π(2r)2p · d

(4.1)

with the Boltzmann constant (kB), the temperature of the gas (T ), hard sphere radius of
the gaseous particle (r) and the total pressure (p). The Knudsen number ranges from small
values Kn ≪ 1 where the flux is dominated by intermolecular collisions and Kn ≥ 1 where
the flux of molecules is almost collision-free. [152] For the operation of molecular beams,
collision-free conditions are required.
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4.1.1 Supersonic Molecular Beams (SMB)

One way to create a constant flux of molecules is the supersonic expansion of a gaseous
species from a high pressure reservoir into an evacuated vessel. These supersonic molecular
beams operate at low Knudsen numbers in the stagnation stage. The schematic drawing
of the supersonic molecular beam used in this work, including its typical pressure in the
different stages and the required pump size, is shown in Figure 4.1.

A compressed gas (p > 1 bar) is being expanded into the vacuum (stage 1) by passing
through a nozzle. This nozzle controls the flux of molecules and can also be operated in
a pulsed mode. The expanded gaseous molecules pass a skimmer, which is placed in front
of the nozzle, and two different apertures in stages 2 and 3 before entering into the main
measurement chamber. In stage 2, the beam can on top be modulated by e.g. a mechanical
chopper.

Pump
590 l/s

Pump
65 l/s

Stage 2Stage 1 Stage 3

Skimmer

Nozzle

-6p ≈ 10  mbar -7p ≈ 10  mbar -8p ≈ 10  mbar 

Aperture

Pump
2100 l/s

-10p ≈ 10  mbar 

Aperture

p ≈ 1 bar 

ChamberSource

Sample

Figure 4.1: Drawing of a supersonic molecular beam (red). The gaseous molecules expand
through the nozzle into the evacuated vessel. The skimmer and apertures subsequently form
the molecular beam. The typical pressure range and pumping speed specifically applied in our
experimental setup is indicated at each stage. Adapted from Ref.[151].

Inside the gas reservoir, high pressure and correspondingly low Knudsen numbers causes
frequent intermolecular collisions. Figure 4.2 shows a schematic visualization of the contin-
uum free-jet expansion which corresponds to a permanently opened nozzle. The supersonic
expansion is an isentropic process in which the inner energy of a gaseous species is con-
verted into kinetic energy in direction of the expanded mass flow. [153] As a consequence
upon expansion, both the vibrational and rotational states of the molecules as well as the
radial velocity distribution are cooled down. Numerous collisions of the gaseous species in
the early stage of the expansion and thus an equilibrium of the individual velocities are the
reasons for a narrow velocity distribution in the direction of the mass flow.

The pressure difference between the gas reservoir (stagnation stage) and the evacuated
stages accelerates the gaseous particles. [153] This is expressed by the Mach number (M)
which equals the ratio of the flow velocity with respect to the speed of sound. There are
different zones arising from the supersonic expansion of which only the zone along the
direction of flow will be described briefly.
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Figure 4.2: Schematic visualization of a continuum free-jet expansion with their corresponding
zones and Mach numbers (M). The resulting flux of molecules is indicated as a red arrow. Adapted
from Ref.[151].

The zone of isentropic expansion between the nozzle exit and the so called Mach disk is the
zone of silence where M ≫ 1. A typical length of this zone is usually several centimeters
long, depending on the nozzle diameter, the ratio of the pressure in the stagnation stage
and the background pressure. The skimmer is placed into the zone of silence selecting
only the gaseous molecules that have the narrow radial velocity distribution, i.e. molecules
with a small velocity component perpendicular to the expansion direction, for forming the
molecular beam. This is also referred to as geometric cooling. [154]

Behind the Mach disk, the velocity of the molecules becomes subsonic. The resulting
velocity distribution of the molecules in a supersonic expansion is presented in (Eq. 4.2).

N(v) ∝ v3 · exp
(
−
M(v− v∥)

2

2kBTtrans

)
(4.2)

with

v∥ ≈

√
2kBT0

⟨M⟩

(
γ

γ − 1

)
, γ =

Cp

Cv
(4.3)

and the parallel particle velocity (v∥), flow velocity (v), the Boltzmann constant (kB), mo-
lar Mass (M), average molecular mass (⟨M⟩), heat capacities (Cp/v), initial temperature in
the stagnation stage (T0) and the translational temperature (Ttrans). Typical translational
temperatures are Ttrans ≤ 1 K. [152] Apart from the translational cooling, vibrational and
rotational cooling also occurs. Spectroscopic studies on molecules expanded in free-jet
expansions showed typical rotational temperature of Trot = 10 K and vibrational tempera-
ture Tvib ≈ 100 K. [155] This allows, for instance, the investigation of usually unstable van
der Waals clusters in the gas phase. [156] Another major advantage of supersonic molecular
beams, compared to any other source of molecular fluxes, is the well-controllable energy
distribution, which render them the preferential source in scattering and adsorption experi-
ments. [110]
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4.1.2 Effusive Molecular Beams (EB)

The second method to create molecular beams is the effusive molecular beam technique
which operates at very high Knudsen numbers. Thus, effusive molecular beam sources have
a negligible number of intermolecular collisions after exiting the source. The schematic
drawing of the general setup is presented in Figure 4.3.

Pump
245 l/s

GCA

Inner stage Outer stage Chamber

Aperture

-3 -7p ≈ 10 -10  mbar -4 -8p ≈ 10 -10  mbar -6 -10p ≈ 10 -10  mbar

p ≈ 1-0.01 mbar 

Tube

Sample

Pump
245 l/s

Figure 4.3: Visualization of an effusive molecular beam. The gaseous particles pass through the
glass capillary array (GCA) into the inner and outer pumping stage, creating a collision-free flux
of molecules (molecular beam). Adapted from Ref.[151].

The molecular beam consists of two differentially pumped stages. The gas source passes
through a multi-array channel tube (glass capillary array, GCA), which consists of very
narrow tubes of several µm diameter directing the molecules along the direction indicated
with the red arrow. Only particles with a narrow velocity distribution are able to pass the
GCA and following apertures. The resulting velocity distribution (N(v)) is expressed by

N(v) ∝ v3 · exp
(
− Mv2

2kBT0

)
, (4.4)

with the flow velocity (v), the Boltzmann constant (kB), molar Mass (M) and the temper-
ature in the stagnation stage (T0). Since the total number of molecules passing the GCA
is dependent on the transmission probability (W) of the molecules that pass through the
GCA, the intensity of the velocity distribution has to be multiplied by a peaking factor (κ).
The peaking factor is proportional to the ratio (β) of the diameter (2r) of the GCA and its
length (L).

β =
2r

L
(4.5)

According to Clausing [157], the values for the transmission probability are

W(β → ∞) = 1 and W(β → 0) =
4β

3
. (4.6)

The former represents a short tube with a large diameter and the latter represents many
long tubes with a small diameter, which is the case for the description of GCA. The peaking
factor (κ) of effusive molecular beams operating at small values of β is therefore

κ =
1

W
=

4β

3
=

8r

3L
. (4.7)
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Because of both, the lower operating pressure and lower pumping flux compared to super-
sonic molecular beams, effusive beams are very efficient ways to produce stable fluxes of
molecules with a very low consumption of molecules. On the other hand, stable fluxes in
effusive beams are at some point limited to the vapor pressure of the substances. While in
supersonic molecular beams stable fluxes can be formed even with molecules having a very
low vapor pressure, using a seed gas as a carrier, this is not the case with effusive beams as
the GCA usually renders it impossible for the molecules to pass. For specific application in
surface science, e.g. determination of the sticking coefficients, the use of molecular beams
are obligatory. Although sticking coefficients can in general be measured via both effusive
and supersonic molecular beams, the variation of the energy of the impinging molecules and
thus the energy-dependence can only be realized by using supersonic expansion molecular
beams. Additional information on effusive and supersonic molecular beams are available in
various surface science publications. [23,110,151]

Apart from the well-controlled transport of the molecules to the reaction chamber, a suitable
detection of the reactants and products formed during the course of the reaction is needed
to investigate the kinetics of a chemical reaction.

4.2 Quadrupole Mass Spectrometry (QMS)

Mass spectrometry is a widely used method in vacuum systems to detect reactants in the gas
phase. The basic principle of mass spectrometry consists of three parts: i) the generation
of ions from the chemical compound under investigation, ii) subsequent separation of the
generated ions by their mass-to-charge ratio (m/z) and finally, iii) the detection of the
ions. [158] There are several different methods to generate ions of chemical compounds
which are more or less destructive. The former mentioned are related to hard ionization
techniques since they cause the ions to fragment intensely and the latter are usually indicated
as soft ionization techniques which usually result in larger and only slightly fragmented ions.
One of the most common methods is the electron ionization (EI) which is hard ionization
technique. In the EI, electrons (e−) emitted by a filament are accelerated by an electric
field onto the target molecules. The electrons have a kinetic energy of approximately 70 eV
which is sufficient to either ionize the molecule (M, Eq. 4.8) or force molecules to further
decompose into its characteristic fragments (A, B, Eq. 4.9).

M+ e− → M·+ + 2e− (4.8)

M·+ → A·+ + B (4.9)

In the next step, the ions need to be separated by a mass analyzer according to their m/z
ratio. One of the simplest mass analyzers is the quadrupole which is schematically drawn in
Figure 4.4. The quadrupole consists of four cylindrical shaped rods with each comprising a
direct current (DC, U) and an alternating current (AC, V ) component. The ions entering
the quadrupole along the z-axis are influenced by an attractive force by the rod having the
opposite charge of the ion. Since the charge of the rods are altered periodically, the ions
start to oscillate along x- and y -axis due to changing repulsive and attractive forces.
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Figure 4.4: Visualization of the QMS principle. The ions may have a stable trajectory (red)
through the quadrupole analyzer or collide with the quadrupole rods (blue). The desired m/z
ratio can be selected by applying a specific AC voltage. Adapted from Ref.[99,158].

The equations of motion in x and y direction are

∂2x

∂τ 2
+ (ax + 2qx cos(2τ))x = 0, (4.10)

∂2y

∂τ 2
+ (ay + 2qy cos(2τ))y = 0, (4.11)

with the parameters

ax = −ay =
4eU

mir20ω
2
, qx = −qy =

2eV

mir20ω
2
, τ =

ωt

2
, (4.12)

and the mass of the fragment (mi), the DC voltage (U), the AC voltage (V ) with its
frequency (ω) and the distance between two rods (2r0). Therefore, only a specific m/z
ratio can have a stable trajectory through the quadrupole rods (Fig. 4.4, red trajectory)
while other ions collide with the rods and lose its charge (Fig. 4.4, blue trajectory). The
separated ions are afterwards detected by a secondary electron multiplier (SEM).

In addition to the detection of the species in the gas phase, several surface-sensitive tech-
niques were applied in the works presented in this thesis to detect adsorbed molecules on
the surface.
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4.3 Scanning Tunneling Microscopy (STM)

The STM measurements were conducted in a complementary apparatus by a different per-
son, so that the principle of the STM technique will be described here only briefly.

STM is a surface-sensitive technique which provides a direct real-space image of a con-
ductive surface by moving a tiny metal tip in close proximity across a surface area without
being in direct contact with the surface. The basic physical principle of STM is the quantum
chemical effect of tunneling electrons through a potential barrier between the surface and
the metal tip. The image itself is obtained by recording the electrical tunnel current (I) as
a function of the position on the surface. The tunnel current (I(z), Eq. 4.13) is dependent
on several parameters which are explained below.

I(z) ∝ Vb · ρ(0,EF) · exp
(
−2 · d

√
2mϕ

ℏ

)
(4.13)

The work function (ϕ) is the minimum energy to release an electron from the bulk into
the vacuum, which is usually in the range of a few eV. The bias voltage (Vb) which is
the voltage applied on the metal tip to allow electrons to tunnel into the surface or vice
versa. The density of states (DOS, ρ(z,E)) for an electron with the wave function (ψn) is
presented in Equation 4.14. This is often referred to as the local density of states (LDOS,
ρ(0,EF)) at the Fermi energy (EF). The Fermi level is the upper limit of occupied states
in a metal. [99] The LDOS is the number of electrons per unit and its volume, at a specific
point in space at a given energy. [159]

ρ(z,E) =
1

ϵ

E∑
ϵn=E−ϵ

|ψn(z)|2 (4.14)
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Figure 4.5: Visualization of the STM principle in general. The metal tip is attached to a movable
piezoelectric x, y, z- translator. The different measuring modes are illustrated as: constant current
and constant height mode. Adapted from Ref.[99,103,159].

Lastly, the tunneling current is dependent on the gap distance (d) between the sample
and the tip. The resulting STM image is therefore a convolution of the topographic and
electronic structure of the molecule adsorbed on a surface.
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A simplified schematic visualization of the STM setup is shown in Figure 4.5. The metal
tip, e.g. made out of tungsten, is attached to a piezoelectric element which allows the
movement along the x-, y - and z-axis. The tunnel current is measured while the tip scans
across the sample surface. There are two different measuring modes: i) constant current
mode, where the sample tip follows the topology of the surface and ii) the constant height
mode, where the tunneling current varies with the topology of the surface. A detailed
theoretical and experimental description of STM can be found in the book by Chen. [159]

STM is a technique that provides a microscopic picture of a possible self-organization of
molecules on surfaces or the morphology of a catalyst. However, this technique is not
able to create an image of the chemical bond with the surface. Infrared spectroscopy of
adsorbed molecules, which is described below, is one of the methods required for this.

4.4 Infrared Spectroscopy

Experiments on the interaction of electromagnetic radiation with matter show that only
discrete portions of energy can be absorbed by a molecule. The energy of the photon has
to be equal to the difference of neighboring energy states to excite a molecule from a lower
level E1 to a higher level E2.

∆E = E2 − E1 = h · ν (4.15)

Upon absorption, the energy is temporarily conserved in the molecule, forming an excited
state. In the simplest case, this excited state becomes deactivated after emitting a photon
of the same energy. Depending on the energy of the electromagnetic radiation, different
levels in the molecular system can be excited. The total energy (Etotal, Eq. 4.16) of a
molecule is therefore the sum of all molecular levels (electronic (Eel), vibrational (Evib) and
rotational (Erot)) as well as the translational energy (Etrans).

Etotal = Etrans + Eel + Evib + Erot (4.16)

Using electromagnetic radiation in the ultraviolet and visible light allows the spectroscopy on
electronic states of a molecule. Both the rotational and infrared spectroscopy are powerful
techniques to investigate the structure of molecules which require less-energetic radiation
in the infrared light or below. In particular, infrared spectroscopy is a suitable method for
the characterization of adsorbed molecules on surfaces. [160]

A classical model for the description of molecular vibrations is the harmonic oscillator

V =
1

2
kx2, (4.17)

where the potential energy is dependent on the force constant (k) and the elongation
coordinate (x). Applied on molecular vibrations, the vibrational term (G (v)) thus becomes

G(v) =
1

2πc

√
k

µ

(
v+

1

2

)
, (4.18)

where k is the force constant, µ the reduced mass and v the vibrational level. The selection
rule for vibrational transitions is ∆v = ± 1. The descriptions of vibrations as a harmonic
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oscillator disregards the possibility of dissociation. An improved description of molecular
vibrations is the anharmonic oscillator (Eq. 4.19), which can be expressed as a power series

in

(
v+

1

2

)
,

G(v) =
1

2πc

√
k

µ

((
v+

1

2

)
− xe

(
v+

1

2

)2

+ ye

(
v+

1

2

)3

− ...

)
, (4.19)

with the anharmonicity constants (xe, ye) showing the deviation from the harmonic oscilla-
tor. [99]

The intensity of a transition from a state ψ1 to a state ψ2, resulting from the absorption
of electromagnetic radiation, can in general be described as Equation 4.20. [161]

I ∝
∫
ψ1µψ2dτ , (4.20)

where µ is the transition dipole moment operator. The transition dipole moment operator
usually has the form

µ =
∑
i

qixi +
∑
i

qiyi +
∑
i

qizi, (4.21)

where q is the charge of the particle (i) and x,y,z are the Cartesian coordinates.

The state function (ψ) can be separated into an electronic (e) and a nuclear (n) compound
using the Born-Oppenheimer separation (BO, Eq. 4.22) [162] in which the nuclear compound

is dependent on the nuclear coordinates (R⃗) and the electronic compound is dependent on
both, the nuclear and electronic (⃗r) coordinates.

ψ(⃗r, R⃗) = ψe(⃗r, R⃗) · ψn(R⃗) (4.22)

According to Cotton [163], a transition by infrared radiation is allowed if one or more integrals
of

I ∝
∫
ψ1 x ψ2dτ , I ∝

∫
ψ1 y ψ2dτ or I ∝

∫
ψ1 z ψ2dτ (4.23)

will be ̸= 0, where x,y,z refers to the orientation of the oscillating electric vector of radiation
relative to the Cartesian system, which is fixed in the molecule. This can be expressed as the
variation of the dipole moment, which originates from two particle charges ±δq, separated
by the internuclear distance R = Re + d

µ = Rδq = Reδq+ dδq = µ0 + dδq (4.24)

with d the displacement from the equilibrium distance and µ0 the dipole moment operator
for equilibrated internuclear distance for the nuclei. For the transition from ψ1 to ψ2 thus
follows

⟨ψ1|µ|ψ2⟩ = µ0 ⟨ψ1|ψ2⟩+ δq ⟨ψ1|d|ψ2⟩ , (4.25)

where the transition dipole moment equals the non-equilibrium part in Equation 4.26 and
the former part containing µ0 is zero. The variation of the distance between two charges
equals the change in the dipole moment, resulting in
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⟨ψ1|µ|ψ2⟩ = δq ⟨ψ1|d|ψ2⟩ =
(
∂µ

∂d

)
⟨ψ1|d|ψ2⟩ ≠ 0 (4.26)

for the transition dipole moment. So a vibration is IR active when the dipole moment varies
with displacement of d which is the selection rule for infrared spectroscopy. [164]

4.4.1 Detectors in Infrared Spectroscopy

Detectors in the infrared spectroscopy convert the IR radiation into an electrical signal.
There are two common types of detectors: i) liquid nitrogen cooled semiconductors, e.g.
HgCdTe (mercury-cadmium-telluride, MCT), which convert absorbed photons into an elec-
trical signal and ii) pyroelectric detectors, e.g. DLa-TGS (Deuterated L-alanine TriGlycerine
Sulfate), which convert the spontaneous variation in polarization as a function of temper-
ature into an electrical signal. [160,165]

The experimental setup comprises two of these detectors – their characteristics being briefly
presented. The DLa-TGS detector is less sensitive compared to the MCT detector, since
the change in capacitance with temperature in the DLa-TGS detector is less sensitive to
small intensity changes than the direct photon absorption in the MCT detector. On the
other hand, DLa-TGS detectors can be operated at room temperature and have no cooling
nor stabilization time as required for liquid nitrogen cooled semiconductors.
The MCT detector has its best sensitivity in the spectral region between 800 and 2500 cm-1

which renders the detector preferentially being used in studies on molecules involving carbon
and atoms of the V-VII group. Above 3000 cm-1, the sensitivity is approximately half of
the maximum which is around 1800 cm-1. For studies on hydrocarbons the InSb (indium
antimonide) detector is preferentially applied having a significantly higher sensitivity in the
region related to the stretching vibrations of C H bonds.

4.4.2 Fourier Transform Infrared Spectroscopy (FTIR)

The implementation of the Fourier transformation (FT) into infrared spectroscopy induced
IR spectroscopy to become a widely used analytic method. Before, the infrared spectroscopy
was performed by slow scanning instruments containing gratings as the dispersive element.
The wavelength was selected by changing the incidence angle. In FTIR spectrometers, the
entire spectral range of the mid-infrared (MIR, 400–4000 cm-1 in this study) is measured
simultaneously, granting a significant reduction in acquisition time. The general setup of
the FTIR spectrometer (Bruker Vertex 80v) is shown in Figure 4.6. The broad band MIR
spectrum, emitted by a globar (silicon carbide, SiC), is focused by a parabolic mirror and
passes through the aperture (APT, 1.2x6 mm slit). The parabolic mirror collimates and
reflects the IR beam into the interferometer consisting of a beam splitter (BMS, KBr)
which splits the IR beam into two parts where the first half is reflected onto a fixed mirror
and the second half is reflected onto a movable mirror. Depending on the path difference,
constructive inference of different wavelengths can occur. The wavelength is determined by
a helium neon laser (He Ne) which allows a spectral resolution ≤ 0.2 cm-1. The IR beams
reflected from both, the fixed and the movable mirrors, are subsequently collated, reflected
and focused by different plane and parabolic mirrors onto the sample in the UHV chamber
after passing a p-polarizing filter (P). The IR beam is then detected by an external liquid
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nitrogen cooled MCT detector. The Bruker Vertex 80v comprises also a DLa-TGS detector
inside the sample compartment, which was only used for testing the intensity of the MIR
source.

MIR
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M

M

DLa-
TGS

Bruker Vertex 80v

Internal 
detector

Internal sample 
(unused) Chamber

Single crystal

M

M

M

APT

MCT

M

P

Detector

Figure 4.6: Illustrated beam path of the Bruker Vertex 80v. The IR beam is emitted by a globar,
the beam profile was selected by different apertures (APT). The spectral information was obtained
using a Michelson-type interferometer. The (p-pol) IR beam was focused onto the sample crystal
inside the UHV chamber and detected by a liquid nitrogen cooled MCT detector. See text for
details.

The typical detector signal, dependent on the optical path difference (OPD, δ) of the
interferometer mirror, is shown in Figure 4.7. At δ = 0 (zero path difference, ZPD), all the
wavelengths are in phase and a constructive interference resulting in a strong signal at the
detector (centerburst). The intensity at the detector decreases with increasing δ in both
directions from the ZPD because of the wavelengths being out of phase and are unable
to interfere constructively. In this case, the light returns to the source instead of traveling
toward the detector. The intensity of the light beam with λ0 at the detector (I ′(δ)) as a
function of optical path difference is expressed by

I ′(δ) =
1

2
· I(λ0) ·

(
1+ cos

(
2π

δ

λ0

))
=

1

2
· I(λ0) +

1

2
· I(λ0) · cos

(
2π

δ

λ0

)
, (4.27)

where only the modulated component (I(δ)) is important in spectroscopic measurements
(Eq. 4.28).

I(δ) =
1

2
· I(λ0) · cos

(
2π

δ

λ0

)
=

1

2
· I(ν̃0) · cos (2πν̃0δ) (4.28)

The amplitude of the signal at the detector (S(δ)) is dependent on various effects, as
there are detector response, beam splitter efficiency and amplifier characteristics which are
summarized as a instrumental parameter (B(λ0), Eq. 4.29).

[160]

S(δ) = B(λ0) · ν̃0 · cos (2πν̃0δ) (4.29)
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The mathematical operation which transforms the experimentally obtained interferogram
(Fig. 4.7a) into a single beam spectrum (Fig. 4.7b) is the Fourier transformation which is
represented by the integral

S(δ) =

∫ +∞

−∞
B(ν̃) · cos(2πν̃δ)dν̃. (4.30)
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Figure 4.7: (a) Typical experimentally obtained double-sided interferogram of the light intensity,
i.e. the detector voltage (U(δ)), as a function of the optical path difference (δ) in the interfero-
meter. At δ = 0, both beams have the same beam path length. (b) Fourier transformation of an
interferogram resulting in a single beam IR spectrum. Below ν̃ = 750 cm-1, the MCT detector
has reached its detection limit.

The major reason for FTIR spectrometers being applied in a wide range of applications are
their advantages over single channel dispersive spectrometers:

� Connes’ advantage: the wavenumber precision is very high due to the very accurate
determination of the position of the movable mirror via the He Ne laser.

� Fellgett’s advantage: simultaneous detection of all wavenumbers result in a reduction
of the intensity fluctuation at the detector and therefore an improved signal-to-noise-
ratio.

� Jacquinot’s advantage [166]: the optical throughput (Θ) of spectrometers with a dis-
persive element (grating) is dependent on the focal length (f ) of the collimating
mirror, the effective area of the grating (AG) and the grating constant (a) of the
grating. Both optical elements are absent in a FTIR spectrometer. The optical
throughput in a FTIR spectrometer is dependent on the effective area of the inter-
ferometer mirrors. According to Griffiths [160], achieved improvements are in the order
of

ΘI

ΘG
=

2π · AM ·∆ν̃
ν̃max

h · AG ·∆ν̃
f · a · ν̃2

≥ 100. (4.31)
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In addition, dispersive spectrometers have less optical throughput with increasing spectral
resolution, while the optical throughput is independent of the spectral resolution (interfero-
meter length) in FTIR spectrometers. The combination of all three advantages mentioned
above allows FTIR spectrometers to be up to 1000 times more sensitive than grating spec-
trometers. [160]

4.4.3 Infrared Reflection Absorption Spectroscopy (IRAS)

The geometry of adsorbed molecules on catalytic surfaces consisting of transition metals
is a key question that is addressed in various mechanistic studies. An important tool for
determining this geometry on metal interfaces is the selection rule for adsorbed molecules,
which is presented below. Figure 4.8a shows two limiting cases of adsorbed molecules on
a metal surface: a flat-oriented and a perpendicular-oriented molecule with respect to the
surface normal. In both cases, the adsorbed molecule induces an image dipole moment
below the surface with opposite charge distribution. In case of a dipole moment parallel to
the surface, the image dipole is also parallel to the surface.
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Figure 4.8: Visualization of the phenomena of: (a) metal surface selection rule, (b) the physical
basics for an IRAS setup, (c) reflectance and (d) phase change for s- and p-polarized light as a
function of the angle of incidence (α). Adapted from Ref.[99,167,168].
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The result is a cancellation of the effective dipole moment. In the case of a dipole moment
perpendicular to the surface, the resulting image dipole has the same orientation, resulting
in a constructive reinforcement of both dipole moment vectors. This results in the metal
surface selection rule (MSSR) which explains why only vibrations with a transition dipole
moment non-parallel to the surface are visible in IRAS on metal surfaces. [168] The vibrations
with a dipole moment perpendicular to the surface can only be excited by p-polarized light,
so that the IRAS experiments are performed with p-polarized (Bruker F351) MIR light to
improve the signal-to-noise ratio. Additionally to the interaction of IR light with molecules
adsorbed on metal surfaces being restricted to the p-polarized component of the light,
Greenler [169], Francis and Ellison [170] showed that the resulting electrical field vector of the
reflected beam, the phase change (δ) and reflectance (R) depends on the angle of incidence
(α). This can be explained by the complex index of refraction (ñ, Eq. 4.32) which is valid for
metals in a broad spectral range of IR light [171] and the Fresnel equations (Eq. 4.33-4.35).

ñ = n+ ik, (4.32)

Rp =
(n− sec(α))2 + k2

(n+ sec(α))2 + k2
, (4.33)

Rs =
(n− cos(α))2 + k2

(n+ cos(α))2 + k2
, (4.34)

tan(δp − δs) =
2k tan(α) sin(α)

tan2(α)− (n2 + k2)
, (4.35)

where α is the angle of incidence and p, s polarization components.

Figure 4.8b shows a schematic drawing of a typical experimental setup of IRAS on a metal
surface. The angle of incidence (α) is usually chosen to be between 82 ◦ and 88 ◦ [172]

and the (unpolarized) incident light has p and s components which change phase upon
reflection. The quintessence of the Fresnel equations is visualized in Figure 4.8c-d for
the parameters of Pd (0.66 eV, n = 3.34 and k = 9.89) obtained from the work of
Johnson and Christy. [171] While the reflectance and phase change of s-polarized light is
almost independent on the angle of incidence, both change significantly for p-polarized
light. At 82 ◦ ≤ α ≤ 88 ◦ both the reflectance and phase change are optimal for
most of the metals to provide a good sensitivity. A detailed description on the solution
of the Fresnel equation for reflection on metal surfaces can be found in the Handbook of
Optics. [167] The combination of high reflectivity, phase change and the selection rule for
s-polarized light renders IRAS an excellent method to study the adsorption geometry of
molecules on metal catalysts.

4.5 UHV IRAS/Molecular Beam Setup

A schematic drawing of the functional parts of the experimental setup is provided in Fig-
ure 4.9. The UHV IRAS/molecular beam setup comprises the unique combination of spec-
troscopic and molecular beam techniques for the in-situ investigation of surface reactions
in heterogeneous catalysis under well-defined and reproducible conditions.
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The main part of the setup consists of two effusive molecular beams and a third source for
dosing a well-defined flux of molecules onto a sample plate which is centered in a ultra-high
vacuum (UHV) chamber. The third source can either be a supersonic molecular beam or a
gas doser. The molecular beams are aligned onto the sample surface. A quadrupole mass
spectrometer is used in two respects, first one to detect the evolution of products in the
gas phase as well as to check the purity of the reactants. All three molecular beams and
the IR beam are crossed at the same point. The IR beam is used to characterize adsorbed
species spectroscopically. The setup allows an in-situ IR-measurement of adsorbed species
and the simultaneous detection of reactants and formed products in the gas phase by the
mass spectrometer.

Infrared beam

Quadrupole mass 
spectrometer

Effusive 
molecular 
beam 1

Effusive 
molecular 
beam 2

Gas doser or 
Supersonic 
molecular beam

Sample

Figure 4.9: Schematic illustration of the functional parts of the experimental setup. Two effusive
molecular beams, a gas doser or supersonic molecular beam and the IR beam are crossed at the
same point on the sample plate.

In the following section the experimental setup of the apparatus used in this work will be
briefly described. Further information on the setup, technical details and alignment proce-
dures are summarized in the review [173] and thesis [174] by Attia. The technical drawing of the
experimental setup is provided in Figure 4.10. The apparatus consists of two independent
vacuum chambers. The first is used for preparation of the sample plate and the second for
the kinetic and spectroscopic measurements. The sample (MaTecK GmbH) can be trans-
ferred between both chambers without breaking the vacuum. The preparation chamber
comprises standard tools for sample preparation: a sample holder which allows temperature
selection and precise control between 100 and 1300 K, a sputter gun (SPECS, IQE 11/35),
a gas doser for oxidation, two metal evaporators (Omicron, EFM3-EVC 300), a quartz
microbalance (tectra, QMB-im-mod), LEED/AES (SPECS, ErLEED 150 4-grids) and a
QMS (Hiden, Hal/3F 301 PIC system type 553201) for temperature-controlled desorption
(TPD-QMS). The main chamber comprises two effusive molecular beams (glass capillary
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array GCA, Collimated Holes, Inc., holes size 50 µm, holes density 2·106 holes/cm2, 1 mm
thickness), a supersonic molecular beam (orifice diameter: 100 µm, Parker, General Valves
Series 9) or a gas doser (VAT, 59024-GE01), an infrared spectrometer (angle of incidence:
83 ◦, Bruker, Vertex 80v) and a QMS (Hiden, Hal/3F 301 PIC system type 553201). The
UHV is generated by a combination of turbomolecular pumps supported by rotary vane
pumps with subsequently heating the chamber for 48 h at 100–120 ◦C.

(a) Top view

(b) Side view

Gate valve

LEED

TPD

Sputtergun
IR detector

QMS

Gas doser/
SMB 

Vertex 80v

Transfer rod

Main chamber Preparation chamber

Transfer rodEffusive beam

LEED

Figure 4.10: Technical drawing of the experimental setup employed in this study: (a) the top
view onto the plane in which the sample plate is crossed with both effusive beams, the third
source and the IR beam and (b) the side view into both chamber centers.
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5 Selective Partial Hydrogenation of

Acrolein over Functionalized

Pd(111)

This chapter provides a summary of the published studies in

Angewandte Chemie from Ref.[175]. (Full text in Section 8.1.)

Carsten Schröder, Marvin C. Schmidt, Philipp A. Haugg, Ann-Katrin Baumann, Jan Smy-
czek and Swetlana Schauermann, Angew. Chem. Int. Ed. 2021, 60, 16349–16354.,

Chemistry - A European Journal from Ref.[176]. (Full text in Section 8.2.)

Carsten Schröder, Philipp A. Haugg, Ann-Katrin Baumann, Marvin C. Schmidt, Jan
Smyczek and Swetlana Schauermann, Chem. Eur. J. 2021, 27, 17240–17254.

and

The Journal of Physical Chemistry C from Ref.[177]. (Full text in Section 8.3.)

Carsten Schröder, Ann-Katrin Baumann, Marvin C. Schmidt, Jan Smyczek, Philipp A.
Haugg, Ole-Christian Graap and Swetlana Schauermann, J. Phys. Chem. C 2022, 126,
4907–4920.

Improving the selectivity of chemical reactions has gained great importance in modern chem-
istry and is one of the most challenging topics in catalysis research. Chemical processes
often include non-selective catalytic steps which are economically inefficient and produce
waste. The undesired byproducts need to be separated from the target product in sub-
sequent separation and purification steps to yield the chemical in the purity and quality
which is needed for further application. This increases the demand for selective catalysts
to provide a more economical and sustainable use of resources.

Various examples of chemical reactions including both high selectivity and activity are well-
known from biocatalyzed reactions. [178] In the recent years, the application of enzymatic
reactions in the production of pharmaceuticals has gained high interest. Especially for
simple types of reactions, e.g. hydrolysis, the use of enzymes enables feasible reaction
paths without using protecting groups. [179] A major drawback of enzymatic reactions is
the design of new catalysts: the tremendous 3D structural complexity hinders the rational
development of new catalytic reactions. A strategy to overcome this inherent problem is
i) the identification of the active site , ii) transfer to simpler chemical environment and iii)
investigation by means of theoretical and experimental techniques. [180] The investigation
and design of new enzyme-derived catalysts are illustrated in Figure 5.1 for the nitrogenase
enzyme 1M1Y (Fig. 5.1a) as an example, which was characterized by Schmid et al. [181]
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This enzyme allows diazotrophic microorganisms to convert nitrogen as N2 into building
blocks for nucleic acids and proteins. [182] After the identification of the active site (FeMo
cofactor, Fig. 5.1b), less complex models can be applied to investigate the nature of the
activity and selectivity by means of both theoretical and experimental techniques (Fig. 5.1c).

(a) (b) (c)

Figure 5.1: Illustration of the adaption of enzyme-derived model catalysts (PDB ID 1M1Y). (a)
After characterizing the enzyme and (b) identifying the active site, (c) a model system can be
obtained and investigated by means of both theoretical and experimental techniques. [181,183]

The detailed mechanistic studies can therefore be performed on simplified model systems
that only contain the atoms involved in the desired chemical reactions. This also allows,
for instance, the improvement and optimization of specific chemical reactions to develop
new and better performing types of catalysts for industrial purpose. There are some ex-
amples where highly reactive sites were successfully implemented in homogeneous catal-
ysis. [47,184] Specifically, the selectivity in the epoxidation for styrene derivatives as well as
non-conjugated terminal alkenes was promoted by the modification of active iron atom with
porphyrin ligands.
A similar strategy for the rational design of new selective catalysts in heterogeneous catalysis
is currently in development. [29–31] The selectivity of surface reactions is difficult to control as
it is conditional on the differences in the height of the activation barrier of parallel reaction
pathways. Applying subtle changes to the electronic structure or morphology of the surface
may impart selectivity toward the desired target product but can also influence the activity
of the catalysts. Tuning catalytic surfaces to both a high activity and selectivity is the main
goal of the research in catalysis.

The partial hydrogenation reaction of polyunsaturated hydrocarbons is a typical example of
a multi-pathway reaction in which different products are kinetically accessible. For industrial
application, the selective partial hydrogenation of α,β-unsaturated ketones and aldehydes
is of broad interest. However, the hydrogenation at the C C bond yields the thermody-
namically more stable saturated aldehyde and therefore, a selective hydrogenation toward
the desired unsaturated alcohol can only be performed over catalysts that significantly
lower the activation barriers of the corresponding reaction paths. The activation barriers of
heterogeneously catalyzed chemical reactions are dependent on numerous parameters, e.g.
electronic, geometric or structural properties of both the reactant and the surface.
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Augustine [185] investigated the hydrogenation reaction of different α,β-unsaturated alde-
hydes over Ir/C catalyst in ethanol. In this study, the author systematically changed the
geometric structure of the reactant and analyzed the yield of both feasible partial hydro-
genation products, the unsaturated alcohol and the saturated aldehyde, as a function of
increasing number of substituents adjacent to the ethylenic double bond. The author re-
ported that the selectivity toward the formation of the unsaturated alcohol decreases with
less steric hindrance of the substituents (Fig. 5.2). Thus, the selective hydrogenation of
acrolein at the C O entity is one of the most challenging tasks due to the absence of any
major steric hindrance to the hydrogenation of the C C bond. [45]

O
O O O

Cinnamaldehyde 3-Methylcrotonaldehyde Crotonaldehyde Acrolein

> > >

Figure 5.2: Study on the selectivity of the hydrogenation reaction of substituted α,β-unsaturated
aldehydes toward the formation of the unsaturated alcohol over Ir/C according to Augustine. [185]

However, acrolein is an α,β-unsaturated aldehyde with particular importance because of
the relevance of its partial hydrogenated product, the unsaturated alcohol allyl alcohol
(2-propenol), for industrial application, e.g. the synthesis of glycerol, allyl esters and epox-
idation. The reaction scheme of the three possible products obtained from the first hydro-
genation step is presented in Figure 5.3.

OH

OH

Acrolein PropenolPropanal

+ H2 + H2OO

Figure 5.3: Feasible products of the partial hydrogenation of acrolein over Pd(111).

Among the three hydrogenation products, 1-propenol, 2-propenol and propanal, the latter
is the thermodynamically most stable species in the gas phase. [186] In an experimental
study by Frantǐsek Tureček [187], the heats of formation of both 1-propenol and propanal
were determined by employing mass spectrometry. The author reported that 1-propenol,
which is the enol tautomer of propanal, is by 17–22 kJ·mol-1 less stable than the saturated
aldehyde. These experimental observations are further supported by results of a theoretical
investigation by Bellarosa et al. [188], in which the authors reported a difference in energy
between both tautomers of about 38 kJ·mol-1 as well as an activation barrier for this
tautomerization reaction of about 56 kJ·mol-1 in water as a solvent.
Propanal is by 35 kJ·mol-1 more stable than isomeric species 2-propenol (allyl alcohol) and
thus, from both kinetic and thermodynamic points of view, the partial hydrogenation of the
more reactive C C bond is favored, providing propanal as a product and the formation of
1-propenol is usually not observed. This is in good agreement with the results obtained from
the hydrogenation of acrolein over conventional supported catalysts based on monometallic
Pd, Pt or Ni that only yield the saturated aldehyde instead of the unsaturated alcohol. [35,189]
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One idea to overcome the problem of minor selectivity toward the unsaturated alcohol is
the application of less active but more selective hydrogenation catalysts or bimetallic sur-
faces. Nørskov et al. [190,191] investigated the electronic factors that determine the catalytic
reactivity of metal surfaces in a theoretical DFT (Density Functional Theory) approach. Ac-
cording to their model, the trends in catalytic reactivity of transition metals can directly be
correlated with the hybridization energy between the bonding and anti-bonding adsorbate
states and the d-band of the metal. The d-band was further analyzed in theoretical studies
by İnoğlu et al. [192] and Li et al. [193]. Both authors reported that the width of the d-band
decreases with increasing group number. The correlation between the width of the d-band
of transition metals and the selectivity in the hydrogenation of α,β-unsaturated aldehydes
toward the unsaturated alcohols was proposed. [45,194]

In a systematic study performed by Ryndin et al. [194], both the selectivity and activity of
the partial hydrogenation reaction of the multi-functional oxopromegestone (17α-methyl-
17β-(1,2-dioxopropyl)-estra-4,9-dien-3-one, Fig 5.4) molecule over different metal surfaces
were investigated. The author showed that the order of chemoselectivity (Os > Ir > Pt =
Pd > Rh) toward the hydrogenation of the terminal ketone group was almost inverse to
the order of the activity (Pd > Rh > Pt > Ir > Os).

O

O

O O

O

OH

H

M, H2

Oxopromegestone Trimegestone

Figure 5.4: Chemoselectivity of the hydrogenation reaction of the multi-functional molecule
oxopromegestone over different transition metals (M) investigated by Ryndin et al. [194].

Rylander [195] reported a similar observation in the experimental hydrogenation study of cin-
namaldehyde, crotonaldehyde and acrolein over Os/C in isopropanol in which the conversion
rate of the unsaturated alcohol was relatively high (95 % cinnamyl alcohol, 90 % crotyl
alcohol and 73 % allyl alcohol). Mäki-Arvela suggested that the increasing width of the
d-band (Pd < Pt < Ir ≊ Os) and thus repulsive interaction between the metal surface and
the molecule hinders the chemisorption of the C C bond. [45] However, pristine Os is not an
active hydrogenation catalyst and despite the high selectivity not attractive for industrial
application.

A general attempt to combine the advantages of both, active and selective catalytic mate-
rials, is the formation of bimetallic surfaces, in which one highly selective metal is paired
with a highly active metal. [196] The degree of the filling of the d-band can be altered by
varying the composition of the alloy and thus the catalytic activity can be controlled. This
is a very promising approach but it has one severe weak point when transferring it into real
catalysis. After dispersing the bimetallic alloy onto a carrier, the resulting catalyst rather
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consists of bimetallic clusters than a bimetallic alloy. The component with the lower heat
of sublimation usually accumulates on the surface rendering the composition of the active
surface difficult to control.

In several studies, the authors focused on the investigation of the partial hydrogenation
reaction of acrolein toward propenol over different bimetallic surfaces. [35,36,39,41,197] Marinelli
et al. [36] investigated the activity and selectivity in the hydrogenation of acrolein over
different bimetallic Pt-containing surfaces. Compared to pristine Pt, the selectivity toward
the unsaturated alcohol could be enhanced from 1.6 % (Pt) to 27.5 % after adding Sn
as a promoter to the Pt. A similar trend was shown in the study by Claus et al. [35] who
reported an increase of selectivity toward propenol formation from 34 % (Au/ZnO) to
63 % (Au-In/ZnO) after adding indium to the gold nanoparticles. The opposite trend of
decreasing selectivity was reported by Muir et al. [197] in a temperature-programmed reaction
spectroscopy study on Ag(111) and Pd/Ag(111). While on pristine Ag(111), the authors
obtained a maximum value of 19 % selectivity toward propenol, adding Pd to the metal
surface reduced this dramatically to 3 % for (0.9 %)Pd/Ag(111).

A novel strategy is to combine the advantages of heterogeneous and homogeneous catalysis
by employing adsorbed ligands on a metal surface to promote the selectivity of a multi-
pathway surface reaction toward a desired product. [29–33] Over these hybrid materials, the
reactants can interact with the underlying metal surface, which is typical for heterogeneous
catalysis, and on top, the surface adsorbates may additionally establish lateral interactions
with the reactants, which is a typical property of homogeneous catalysts. A chemical
reaction thus may have improved selectivity toward a desired product as compared to the
pristine metal surface. In Figure 5.5, the cartoon of the general concept of ligand-directed
catalysis is illustrated.

A
B

C

A

Figure 5.5: Concept of ligand-directed heterogeneous catalysis: Adsorbed ligands (blue) on the
surface prior to the reaction of A to B. Lateral interactions (dashed line) between the A and the
ligands promote the formation of the desired product B of a multi-pathway reaction.

A heterogeneously catalyzed reaction of the type

A
surface−−−→ B+ C (5.1)

usually yields both the products B and C. Adsorbing a specific adsorbate on the surface prior
to the reaction promotes the formation of the desired species B by, for instance, lowering
the activation barrier of the corresponding reaction path, and equation 5.1 becomes

A
functionalized surface−−−−−−−−−−−→ B+ ��SSC. (5.2)

45



A few model studies on ligand-directed chemoselective catalysis were published in the
recent years. [32,33,198–203] Chen et al. [198] reported the chemoselective partial hydrogena-
tion of nitrobenzene toward N-hydroxylanilines over platinum nanowires functionalized with
ethylenediamine. Tsunoyama et al. [200] demonstrated the electron-donating effect of ad-
sorbed poly(N-vinyl-2-pyrrolidone) (PVP) to the small gold clusters (d less than 1.5 nm)
rendering the PVP-Au more active for the aerobic oxidation of alcohol than the same
nanoparticles being stabilized by a larger ligand (poly(allylamine), PAA). The PVP ligand
was also used as a capping for Au/SiO2 nanoparticles in liquid phase by Huang and co-
workers [199] who showed the enhancement in selectivity of the partial oxidation of benzyl
alcohol to benzaldehyde from 43 % to close to 100 %.

The chemoselective hydrogenation of different α,β-unsaturated aldehydes was shown in
recent studies by Kahsar et al. [32] over Pt/Al2O3, functionalized with thiolate self-assembled
monolayers, by Wu et al. [33] over primary amine functionalized Pt3Co and by Cano et
al. [202,203] over secondary phosphine oxides (SPOs) functionalized gold nanoparticles. The
Au-SPO system in combination with acrolein was also investigated by Almora-Barrios et
al. [201] in a theoretical study. The authors identified a cooperative effect at the interface
of the Au-SPO nanoparticle that enables the heterolytic cleavage of the hydrogen molecule
with its kinetically favorable concerted addition to the carbonyl group of acrolein.
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Figure 5.6: Results from the previous kinetic study on acrolein hydrogenation over 12 nm Pd
nanoparticles (a and c) and Pd(111) single crystal (b and d). The formation rates of the products
propanal (a-b) and propenol (c-d) are shown for both experiments at indicated temperatures.
Reprinted with permission from the Journal of the American Chemical Society from Ref.[39].

5 Selective Partial Hydrogenation of Acrolein over Functionalized Pd(111)46



Our group previously investigated the hydrogenation reaction of acrolein on 12 nm Pd
nanoparticles and Pd(111) single crystals as an extended Pd surface. [39,41,42] In Figure 5.6,
the main results from the kinetic study are presented. In the experiments on Pd nanopar-
ticles, it could be confirmed what was already known from real catalysis on powdered
material: it is not possible to hydrogenate acrolein at the C O entity while keeping the
C C bond intact. The catalyst consisting of 12 nm Pd nanoparticles was 100 % selective
toward the formation of the undesired aldehyde propanal. However, the experiments under
the same conditions performed on a Pd(111) single crystal surface revealed a completely
different outcome: acrolein was selectively hydrogenated toward propenol.

A detailed spectroscopic investigation of the chemical composition of the active surface
revealed the different temporal evolution of adsorbed species during the course of the
reaction. In Figure 5.7, the results of the combined kinetic and spectroscopic study on
a Pd(111) surface being exposed to a continuous flux of H2 and acrolein molecules at
270 K are summarized, as they build the basis for the studies conducted in this work. The
kinetic curves related to the formation rates of propenol (blue) and propanal (black) in the
gas phase (Fig. 5.7a) show that the reaction is 100 % selective toward the formation of
propenol, although it is important to note that the surface is not immediately turning over
acrolein to propenol.
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In the IR spectra obtained during the course of the reaction (Fig. 5.7b), the evolution of
several vibrational bands at different stages of the reaction can be identified. The surface
species with particular importance to the hydrogenation reaction of acrolein over Pd(111)
are presented in Figure 5.8.
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Figure 5.8: Visualization of the proposed acting surface species in the hydrogenation reaction of
acrolein over initially pristine Pd(111): the oxopropyl ligand imparts selectivity toward the forma-
tion of the propenoxy intermediate and the ethylidine species deactivates the catalyst. [39,41,42,204]

The band with its characteristic vibration located at 1755 cm-1 was assigned to the stretch-
ing vibration (ν(C O)) of an oxopropyl ligand species (Fig. 5.8a), 1120 cm-1 to the stretch-
ing vibration (ν(C O)) of the reaction intermediate (Fig. 5.8b) and 1330 cm-1 to the de-
formation vibration (δs(Pd C CH3)) of an ethylidine spectator species (Fig. 5.8c). This
assignment based on i) the spectroscopic signatures in the IR spectrum and the correlation
of the temporal evolution of ii) adsorbates on the surface (Fig. 5.7c) as well as iii) the
formation of propenol in the gas phase (Fig. 5.7a).

Thus, the hydrogenation reaction of acrolein over initially pristine Pd(111) could be divided
into three different stages: i) the induction period, in which the acrolein molecules form
the active oxopropyl ligand layer, ii) the period of growing formation rate of propenol, in
which the propenoxy reaction intermediate could be detected spectroscopically and iii) the
deactivation of the catalyst, in which the ethylidine species poisons the catalyst.

Based on the experimental data on the hydrogenation reaction of acrolein obtained in this
combined spectroscopic and kinetic study, it was concluded, that the acrolein molecules form
a densely packed oxopropyl layer in the early stage of the reaction, which renders the surface
nearly 100 % selective toward the formation of the propenoxy reaction intermediate and thus
also toward the unsaturated alcohol as a product. Derived therefrom, it was hypothesized
that the spontaneous formation of a reactive ligand layer by acrolein molecules is the decisive
prerequisite for rendering the initial pristine surface selective toward the formation of the
desired product.

This conclusion sets up the starting point for the present study: a detailed investigation of
both, the geometric and electronic structure of the reactive ligand layer, that is required
to promote selectivity in the hydrogenation reaction of acrolein over Pd(111). Obtaining a
full atomistic-level understanding of the related surface phenomena allows the design of a
tailor-made functionalized surface with desired catalytic properties.
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Two key parameters, i.e. the lateral interactions between the adsorbed ligands and reac-
tants as well as the induction period, have a decisive effect on the chemical reaction. The
former is required as in experiments performed over both, the initially pristine Pd(111)
surface and the supported Pd nanoparticles, no formation of the desired product propenol
was reported. Propenol was formed only over the Pd(111) surface covered with the densely
packed oxopropyl ligand layer, which is formed on initially pristine Pd(111) during the in-
duction period by acrolein molecules. Thus, the reduction of the induction period is an
important kinetic parameter, which indicates that the surface has already been rendered
selective toward the formation of propenol.

The potential influence of lateral interactions on the hydrogenation reaction of acrolein in
terms of coverage of adsorbed species on the surface was also addressed by a theoretical
DFT study by Tuokko et al. [186] The authors showed for acrolein and the partial hydro-
genated reaction intermediates adsorbed on Pd(111) and Pt(111) at different coverage,
that geometric effects influence the potential energy surfaces and hence the chemoselectiv-
ity. In the same study, the authors also suggested larger space requirements for reactions
at the C O entity of acrolein than at the C C tail. Thus, the selectivity toward propenol
formation is more favorable at low coverages of adsorbed species, while the hydrogenation
of the C C bond toward propanal is kinetically favored at high coverages of reactants.

Both the experimental and theoretical studies provided some starting ideas about the role of
the ligand layer in terms of promoting the chemoselective hydrogenation of the C O entity
in α,β-unsaturated aldehydes and ketones. However, the atomistic-level understanding of
the related surface phenomena are still missing. In particular, it is not well-understood what
type of ligand-directed effects, i.e. the pure geometric and/or electronic effects, play a role
in rendering the catalytic surface highly selective toward hydrogenation of the C O bond.
To obtain deeper insights into these aspects of ligand-assisted catalysis, a systematic study
on the chemoselective partial hydrogenation of acrolein to propenol is presented.
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Figure 5.9: Model systems to investigate geometric and electronic effects as well as a potential
stabilization of reaction intermediates via keto–enol tautomerization of surface complexes.
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Three different prototypes of ligands were utilized for the functionalization of the Pd(111)
surface: 2-methyl-2-pentenal (MP, Fig. 5.9a), allyl cyanide (AC, Fig. 5.9b) and acetophe-
none (AP, Fig. 5.9c). The combination of these ligands allows an investigation of the
mechanistic details of the related surface processes in presence of i) a ligand structurally
similar to previously identified oxopropyl ligand, but possessing a larger aliphatic tail (MP),
in order to address the geometric effects, ii) surface adsorbates possessing a functional
group with high electron density (AC) to address the electronic effects, and iii) an adsor-
bate capable of undergoing keto–enol tautomerization followed by 1:1 lateral interactions
with coadsorbed reactants or intermediates (AP).

We employ an unique combination of surface-sensitive operando spectroscopy (infrared re-
flection absorption spectroscopy, IRAS) with multi-molecular beam techniques, scanning
tunneling microscopy (STM) and mass spectrometry, that allows the investigation of re-
action kinetics under well-defined isothermal conditions and simultaneously monitor the
evolution of the desired reaction intermediates on the surface as well as the formation of
products in the gas phase. Additionally, real-space information on the ligand layer were
obtained by STM and the chemical composition of the ligand layer as well as its dynamic
transformations under operational conditions were monitored by IRAS.

In this project, we focused on several key questions related to ligand–acrolein and ligand–
surface interaction. After confirming the hypothesis of a reactive ligand layer promoting
chemoselectivity, several questions remained:

� Are there artificial ligands promoting chemoselectivity toward propenol formation?

� Which type of chemical structure is required to impart selectivity to a metal surface?

� Is the promotion of selectivity related to geometric and/or electronic effects?

� How does a ligand interact with the metal surface?

� How does a ligand affect the activity and selectivity of the reaction?

� How does the ligand layer self-assemble on the surface?

� How stable are ligand overlayers under reaction conditions?

In this chapter, the main results from the combined reactivity and adsorption studies of
acrolein hydrogenation over different functionalized surfaces are presented. In particular,
the influence of three effects of the ligand, i.e. geometric, electronic and the capability
to undergo a keto–enol tautomerization of a neighboring molecule followed by 1:1 inter-
molecular interactions, are pointed out on the example of i) 2-methyl-2-pentenal-, ii) allyl
cyanide-, and iii) acetophenone-functionalized Pd(111). Important general considerations
for the experimental planning, choice of ligands and the design of the measurements, are
discussed at the beginning.
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5.1 Experimental Design

Investigating the influence of a specific new parameter on a chemical system requires a
deep understanding of the reference system. This can be illustrated by an example from
homogeneous catalysis as described hereafter.

In organic synthesis, the choice of the right solvent may also have a key influence on the
kinetics of the reactions. Chase et al. [205] reported in their recent study a strong correlation
of the reaction rate with the solvents basicity in the photo-induced isomerization reaction
of propenol to propanal using Fe(CO)4 as a catalyst. [206] The authors showed that solvents
with high basicity were able to coordinate with the unsaturated Fe(CO)4 and thus most
likely prevent the ethylene group of propenol from binding to the metal atom. In this case,
the effect of a new parameter on the kinetics of the reaction, i.e. different ligand at the
iron atom, needs to be analyzed with respect to the entire parameters of the reaction.

Although heterogeneous catalysis is a solvent-free way to promote lower-energetic reaction
paths for chemical reactions, the situation is not simpler. Especially for hydrogenation reac-
tions, the conditions under which the reactions are performed, can be decisive. For obvious
reasons, the reaction temperature and the stoichiometric composition of the reactants are
important for the hydrogenation reaction of acrolein over Pd(111). Moreover, there were
additional parameters that needed to be optimized to allow a systematic investigation of
the effect of different ligands on the partial hydrogenation of acrolein over Pd(111).

In the following section, the conditions of the reaction are evaluated with respect to the
experimental methods used in this study to obtain a clear kinetic, spectroscopic and mi-
croscopic picture of the investigated system. At first, a detailed analysis of the IR spectra
obtained during the hydrogenation reaction of acrolein over pristine Pd(111) at 250 K will
be presented.

5.1.1 Analysis of the IR Spectra of Acrolein under Reactive

Conditions

This section reflects a brief summary of the results that are presented in

The Journal of Physical Chemistry C from Ref.[177]. (Full text in Section 8.3.)
Carsten Schröder, Ann-Katrin Baumann, Marvin C. Schmidt, Jan Smyczek, Philipp A.
Haugg, Ole-Christian Graap and Swetlana Schauermann, J. Phys. Chem. C 2022, 126,
4907–4920.

and

Angewandte Chemie from Ref.[175]. (Full text in Section 8.1.)
Carsten Schröder, Marvin C. Schmidt, Philipp A. Haugg, Ann-Katrin Baumann, Jan Smy-
czek and Swetlana Schauermann, Angew. Chem. Int. Ed. 2021, 60, 16349–16354.

In the study by Dostert et al. [39], the authors presented a spectroscopic analysis of the
reactive species during the hydrogenation of acrolein. Based on the time-resolved IRAS
spectra shown in Figure 5.7, three different surface species were identified: i) oxopropyl
ligand species, ii) propenoxy reaction intermediate and iii) ethylidine species. (cf. Fig 5.8.)
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The oxopropyl ligand species originates from acrolein in which the former C C bond es-
tablishes a strong attractive interaction with the underlying Pd(111) surface (cf. Fig 5.8a).
The ligand is formed on the surface prior to the surface is turning over acrolein to propenol,
as it is formed during the induction period, and remains on the surface even when the
formation of propenol decreases again. This surface species is identified by its characteris-
tic vibration at 1755 cm-1, which is in the typical range for the C O stretching vibration
ν(C O) of saturated aldehydes. [40,207–209]

The ethylidine species (cf. Fig 5.8c) is a well-known thermal decomposition product that
arises from unsaturated olefins, e.g. ethylene, over transition metals. [204] The ethylidine
spectator species is continuously formed on the surface during the entire course of the
reaction and thus has the highest concentration when the Pd(111) surface is exposed to
acrolein for a long time. This species has no positive effect on the catalyst in terms of
promoting selectivity or reducing the induction period and is most likely only blocking
surface sites, resulting in the decrease of reactivity of the metal surface. Its spectroscopic
signature is the symmetric deformation vibration δs(CH3) of the CH3 group at 1330 cm-1.
(Full discussion and detailed analysis in Ref.[175] and Section 8.1.)

A careful look at the IR spectrum 3 shown in Figure 5.7b reveals the presence of an
additional shoulder red-shifted to the reaction intermediate at approximately 1097 cm-1.
This vibrational band has not been discussed in detail in the previous investigation of the
reaction at 270 K. The band lies in the typical vibrational range for the stretching vibration
of C O single bonds, in which the oxygen atom is attached to the Pd(111) surface, as it
was demonstrated for dissociated esters [73,75] and alcohols [210–213] adsorbed on transition
metals. An additional red-shift of a vibrational band, that is related to a stretching vibration
of a C O single or C O double bond, was previously observed in systems where hydrogen
bonding between the oxygen atom and acidic hydrogen atoms of neighboring molecules
were established, as a strong H-bonding of an O atom usually weakens the C O or C O
bond. [214–217]

However, a similar temporal behavior as the propenoxy reaction intermediate (cf. Fig 5.8b)
can be identified. This led to the important question whether this band belongs to the same
reaction intermediate or it can be assigned to a different intermediate species. It cannot
be unambiguously deduced from the spectra provided in Figure 5.7 and thus, a detailed
spectroscopic analysis of the hydrogenation reaction of acrolein on pristine Pd(111) at
250 K was performed in this work.

In Figure 5.10, the results from the spectroscopic study on a pulsed acrolein exposure
onto hydrogen-covered Pd(111) at 250 K are presented. Initially, the vibrational band at
1097 cm-1 grows and almost saturates in intensity before the band at 1120 cm-1 appears.
At higher exposure of acrolein (spectrum 4 and 5), the intensity of the band located at
1120 cm-1 exceeds the intensity of the band at 1097 cm-1. The different growth in intensity
of the bands suggests that it is rather unlikely that those bands correspond to the same
surface species. Both vibrational bands are located in the typical range of ν(C O) vibra-
tions and thus, we propose that they correspond to individual surface species in different
chemical environments. We assign the reaction intermediate with the higher frequency R2

(1120 cm-1) to a free-standing propenoxy species while R1 (1097 cm-1) can most likely be
related to an intermediate that is stabilized by an intermolecular hydrogen bonding and
the vibration is thus red-shifted compared to the one of R2. (cf. Ref.[ 177] as well as
Sections 5.2 and 8.3.)

5 Selective Partial Hydrogenation of Acrolein over Functionalized Pd(111)52



1800 1400 1200 1000

-1Wavenumber / cm

1750

1120 (RI )2
n ...(C–O Pd)

1097 (RI )1

1330
d(Pd≡C CH )3–

0.02%

n(C=O)

(1)

(2)

(3)

(4)

(5)

H  + Acrolein on pristine Pd(111)2

Pd

O

Reaction intermediate
-1RI (1120 cm ):2 

free-standing

O

Pd Pd

OH

Reaction intermediate, 
-1RI (1097 cm ),1 

H-bonded to oxopropyl ligand

O

Pd

Ligand: Oxopropyl

Intermediate: Propenoxy

Figure 5.10: IRAS spectra of acrolein dosed on H/Pd(111) at 250 K. The sample was exposed
to continuous flux of hydrogen of 7.7·1014 molecules·cm-2s-1 for 10 min prior the exposure to
acrolein. Acrolein was dosed at a flux of 2.4·1012 molecules·cm-2s-1; total exposures for the IR
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Having assigned all vibrational bands of acrolein under reactive conditions at 250 K, we will
point out the effect of tunable parameters, i.e. temperature and fluxes of the reactants, on
the reaction kinetics in the following sections.

5.1.2 Parameters that Affect the Hydrogenation of Acrolein over

Pd(111): Reaction Temperature

Dostert et al. [39] reported that acrolein reacts to propenol over Pd(111) in the range be-
tween 220 K and 290 K. Above 290 K, acrolein decomposes on the surface to CO. The
authors performed a detailed study at 270 K where they reported a fairly high conversion
rate as well as detectable intermediates on the surface. For lower reaction temperature,
the formation rate of propenol in the gas phase decreases. That has a direct influence on
the quality of the kinetic data: the lower the formation rate, the lower the signal-to-noise
ratio of the kinetic data.

However, the reaction temperature chosen in this study was set to 250 K because of the
following reasons. First, different types of ligands were planned to be investigated which do
not necessarily have a similar desorption behavior like acrolein. As discussed in Sections 3.5
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and 3.6, both the desorption and diffusion rate increase at elevated temperature. Related to
the desorption rate, both the in-situ spectroscopic characterization of reaction intermediates
and the real-space microscopic identification of the reactive ligand layer on the catalyst is
usually less difficult at lower temperature. The diffusion is especially important in STM
experiments. Secondly, the influence of ligands on the induction period was one key factor
to be investigated in this study. The higher the temperature, the less distinct would be
the effect with respect to the temporal resolution of the experiment, which is in the range
of a few seconds. Lastly, the formation rate of propenol in the gas phase at 250 K was
sufficiently high enough to obtain a clear picture of the kinetics of the reaction.

5.1.3 Parameters that Affect the Hydrogenation of Acrolein over

Pd(111): Flux Rates of the Reactants Acrolein and

Hydrogen

This section reflects a brief summary of the results that are presented in

The Journal of Physical Chemistry C from Ref.[177]. (Full text in Section 8.3.)
Carsten Schröder, Ann-Katrin Baumann, Marvin C. Schmidt, Jan Smyczek, Philipp A.
Haugg, Ole-Christian Graap and Swetlana Schauermann, J. Phys. Chem. C 2022, 126,
4907–4920.

In this section, the influence of the acrolein and hydrogen fluxes on the propenol formation
rates as well as the optimization of both fluxes with respect to experimental parameters is
described.

For the efficiency of hydrogenation reactions, the quantitative relationship between the
reactants is crucial. A general phenomenon in surface-mediated chemical reactions is com-
petitive adsorption of the reactants. The reaction mechanisms in heterogeneous catalysis
at the gas–solid interface (cf. Section 3.8 and Figure 3.7) usually involve the adsorption of
both reactants that form the product on the surface in subsequent steps.

Therefore, it is highly desired to maintain a suitable high steady-state concentration of
both adsorbed reactants species on the surface. When the hydrogen concentration is too
low, the conversion rate could be too low or partial hydrogenated species could be formed.
When the hydrogen concentration is too high with respect to the other reactant, compet-
itive adsorption may hinder the reactant from being hydrogenated. For the investigation
of the kinetics of a reaction, the variation of the fluxes of the reactants in a broad range
is highly desired. From a technical point of view with respect to the experimental setup
employed in this study, the signal-to-noise ratio and thus the quality of the data increases
with higher flux rate.

In molecular beam apparatuses, however, flux rates cannot be increased infinitely to meet
both criteria equally. As mentioned in Section 4.1, an effusive source can only generate
a stable flux of molecules when collision-free conditions are present inside of the GCA.
With increasing inlet pressure at the inner stage of the beam, the effective flux reaches a
maximum and does not increase further linearly (cf. Ref. [173]). Thus, the parameter space
was limited by the flux generated for hydrogen molecules of 8.5·1014 molecules·cm-2s-1.
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All hydrogenation experiments in this work were performed with a hydrogen flux of 7.7–
8.5·1014 molecules·cm-2s-1. Since the flux rate of hydrogen was set to a fixed value, the
flux rate of acrolein had to be adjusted to meet the following criteria: i) the signal-to-noise
ratio of the kinetic data had to be high enough to obtain a clear picture of the influence of
an artificial ligand on the reaction; ii) the flux rate must not be too high to have a partial
turnover of acrolein, leaving non-reactive acrolein molecules on the surface; iii) the flux rate
must not be too low to have a duration of a single experiment of a few hours.

In Figure 5.11a, the results of different hydrogen to acrolein ratios at different fluxes of
acrolein and in (b) a close-up on the induction period are presented.
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Figure 5.11: Propenol formation rate in the gas phase as a function of acrolein flux at 250 K.
Pd(111) was exposed to a continuous flux of hydrogen (7.7·1014 molecules·cm-2s-1) and different
continuous exposures of acrolein (2.4–15·1012 molecules·cm-2s-1). See text for details.

5.1 Experimental Design 55



A very low flux of acrolein (2.4·1012 molecules·cm-2s-1) results in a slow rise in the forma-
tion rate of acrolein where the identification of a clear onset point is hard to determine.
Thus, this acrolein flux was not used for kinetic investigations, however, it was suitable for
spectroscopic studies. A too high flux of acrolein results in a very short induction period
that complicates a quantitative interpretation with respect to the reduction or elongation
of the induction period. This high flux also results in adsorbed, but partly non-reacting
acrolein molecules. These could be identified spectroscopically via the stretching vibration
of the carbonyl group (ν(C O) band at 1660 cm-1) which is the spectroscopic signature
of molecular adsorbed acrolein. (Data not shown, cf. Ref.[40] for details.)

Figure 5.11c shows the same kinetic curves as in (a) of the same figure, with time axis
scaled with the acrolein flux. The duration of the induction period is directly proportional
to the acrolein flux and thus, the change of flux does not change the kinetics of the reaction
on the surface. Additional scaling of the propenol formation rate axis with the acrolein flux
yields the normalized kinetic curves presented in in Figure 5.11d. The maximum value of
the formation rate is also proportional to the acrolein flux. (cf. Ref.[177] and Section 8.3.)

As a summary of all these considerations and observations, for all experiments conducted in
this work, the hydrogen flux was set to 7.7–8.5·1014 molecules·cm-2s-1 and acrolein fluxes
were set to 2.4–11·1012 molecules·cm-2s-1.

5.1.4 Parameters that Affect the Hydrogenation of Acrolein over

Pd(111): Hydrogen Pretreatment of the Catalyst

In this section, the effect of the pretreatment of the Pd(111) surface with hydrogen on the
propenol formation rate, the induction period and the catalytic performance is elaborated.

As addressed in the previous section, a low hydrogen to acrolein ratio results in a partial
molecular adsorption of acrolein molecules which do not react with hydrogen to form any
reactive intermediates. Thus, acrolein molecules can most likely inhibit the adsorption of
hydrogen in a competitive adsorption process if it is adsorbed as an intact molecule. Based
on this, it can be deduced, that the presence of hydrogen on the surface prior to the
exposure to acrolein is essential for the kinetics of the reaction.

In Figure 5.12, the formation rates of propenol over initially pristine Pd(111) as a function of
hydrogen exposure, ranging from very low to high exposure of hydrogen onto the surface, are
presented. The Pd(111) surface was pretreated with i) a single pulse (30 s pulse duration,
green curve) of hydrogen as well as a continuous hydrogen exposure for ii) a short (30 s,
blue curve) and iii) a long (10 min, black curve) time prior to the exposure of acrolein to the
surface at 250 K. The kinetic curve obtained after a the single pulse (Fig 5.12, green curve)
of hydrogen shows a very long induction period of approximately 35 s and a low maximum
formation rate. The latter can easily be explained by the consumption of hydrogen atoms
from the surface by acrolein molecules. The former may indicate that the pretreatment
time of the catalyst may have an influence on the induction period. To further clarify this
aspect, two additional experiments were conducted with continuous exposure of hydrogen
at different pretreatment times.

Interestingly, the induction period for both experiments is shorter compared to the single
pulse exposure to hydrogen, but the difference between 10 min (induction period 25 s) and
30 s (induction period 28 s) pretreatment time is rather small albeit present.
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Figure 5.12: (a) Formation rates of propenol in the gas phase over Pd(111) as a function of
hydrogen pretreatment time shown for a continuous experiment of 600 s at 250 K and (b) close-up
of the induction period. Pd(111) was exposed to a flux of hydrogen (8.5·1014 molecules·cm-2s-1)
for the indicated time and continuously to acrolein (1.1·1013 molecules·cm-2s-1) hereinafter. The
induction periods are: 35 s (green), 28 s (blue) and 25 s (black).

In consideration of the fact that there are drastic differences in the duration of the induction
period as a function of pretreatment time, it can be speculated that some hydrogen, which
is not regular surface hydrogen, may be formed on the surface upon long exposure, e.g.
hydrogen adsorbed below the uppermost layer of the Pd(111) surface, that may have a
stronger binding energy. However, at this particular reaction temperature, no subsurface
hydrogen should be present in this system. [112,117]

It is important to point out is that the absolute turnover rate of the catalyst depends
on the hydrogen pretreatment time. The catalyst is turning over more acrolein molecules
to propenol when the surface is conditioned with hydrogen for a longer duration. As a
consequence of these observations, the Pd(111) catalyst surfaces used in the presented
studies were exposed to a continuous flux of hydrogen for 10 minutes prior to the onset of
the acrolein exposure and then further continuously exposed to hydrogen.

The next crucial consideration for the investigation of ligand-directed catalysis is the choice
of the chemical structure that most-likely promotes chemoselectivity which will be presented
in the next section.
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5.1.5 Parameters that Affect the Hydrogenation of Acrolein over

Pd(111): Artificial Ligand Layer

In this section, important considerations for the choice of the prototypes of the ligands for
the investigation of geometric, electronic and keto–enol tautomerization effects on ligand-
directed catalysis as well as the design of the measurements are presented.

The model of the chemoselective ligand-directed hydrogenation of acrolein over initially
pristine Pd(111) is based on the hypothesis of a reactive ligand layer. This ligand layer,
consisting of oxopropyl surface species, is formed by acrolein molecules in the early stage of
the reaction. Based on the spectroscopic data, the ligands most likely adsorb via the former
C C bond onto the metal surface. [39] This is illustrated in Figure 5.13 with the oxopropyl
ligand in black and the propenoxy reaction intermediate in blue.

H
OO

O

O
O

O

Figure 5.13: Hypothesized model of a ligand layer consisting of oxopropyl surface species (black)
promoting selectivity of the Pd(111) surface toward the formation of the propenoxy reaction
intermediate (blue) on the surface and, correspondingly, propenol in the gas phase.

An important property of organic adsorbates for ligand-directed catalysis is their stability
under operating conditions. Unwanted side reactions, e.g. decomposition or the formation
of hydrogenated species, may result in the self-poisoning and thus deactivation of the cat-
alyst. The stability of the oxopropyl ligand under hydrogen was previously shown in the
experimental study by Dostert et al. [39]

The major focus of this study was the investigation of the electronic and geometric effects
of the adsorbed ligands as well as their role in the partial hydrogenation of acrolein over
Pd(111). Thus, our first approach was to slightly alter the chemical structure of the
acrolein molecule by i) adding additional aliphatic side groups to the acrolein backbone and
ii) replacing the C O group by a C N group. The chemical structures of both acrolein-
derived ligand molecules, detailed investigated in this work, are drawn in Figure 5.14a-b.

2-Methyl-2-Pentenal (MP)

The adsorption and thermal chemistry of both acrolein and its C4-homolog (crotonaldehyde)
were investigated in a combined IRAS and TPD study by de Jesús et al. [218] The authors
showed crotonaldehyde being less reactive compared to acrolein.
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Figure 5.14: Model systems derived from acrolein: (a) 2-methyl-2-pentenal and (b) allyl cyanide
as well as acetophenone that is capable of undergoing keto–enol tautomerization, followed by 1:1
lateral interaction.

For the study on the influence of the geometric effects of the ligand on the hydrogenation
reaction of acrolein, 2-methyl-2-pentenal (MP) was selected, as it equals the chemical struc-
ture of acrolein with additional alkyl side groups. A potentially stable ligand possessing the
same functional groups but a longer alkyl chain thus reflects the following two assumptions
as compared to acrolein: i) less reactivity toward formation of the unsaturated C6-alcohol
and ii) similar oxoalkyl ligand species formed on the surface. The former assumption can
be supported by the previously mentioned trend of lower reactivity with increasing steric
hindrance of the alkyl chain that was reported in the study by de Jesús et al. [218] as well as
the observations from experiments performed in this study, since none of the hydrogenation
attempts on MP over Pd(111) at 250 K resulted in the desorption of either the saturated
aldehyde (2-methyl-2-pentanal) nor saturated or unsaturated alcohol (2-methyl-2-pentenol)
into the gas phase (data not shown). The latter will be discussed in the next Section 5.2.

Allyl Cyanide (AC)

Nitriles are molecules possessing a functional group with high electron density (C N) that
are well-suited prototypes for studying the electronic effects of electron-rich coadsorbed
molecules. In many different surface science studies by various authors, the investigation
of the adsorption behavior of nitriles and isocyanides over different pristine metal surfaces
had been addressed. [219–231]

However, the adsorption of unsaturated nitriles was investigated in none of them and
thus remains poorly understood. For saturated nitriles and isocyanides, two different ad-
sorption configurations (η1(N) or η2(N,C)) are suggested for acetonitrile (MeCN) [222,228],
methyl isocyanide (MeNC) [224,229], HCN [230], HCNH [232] and azomethane [231] adsorbed on
Pt(111), MeCN and MeNC on Pd(111) [224], MeCN on TiO2-supported Au [227], MeNC on
Rh(111) [223] and HCNH on Ru(001) [226]. (See Ref.[176] and Section 8.2 for full discussion.)
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Both discussed adsorption geometries are shown in Figure 5.15. In the η1(N) configuration
(Fig. 5.15a), only the nitrogen and surface metal atoms are involved in the interaction. The
C atom of the nitrile group is pointing away from the surface, having no direct contact to
the underlying metal. In the η2(N,C) configuration (Fig. 5.15b), both the C and N atoms
of the nitrile group are interacting with the metal surface, resulting in a close to parallel
orientation of the adsorption geometry with respect to the surface plane, depending on
the steric hindrance of the alkyl chain R. Allyl cyanide (Fig. 5.15c) with its two functional
groups, the C N and C C group, has various possibilities to interact with the metal surface.
The nitrile group may adopt a η1 or η2 configuration while the interaction of the C C bond
can range from a weakly-bound π type to a strong perturbed di-σ type of bonding.

N

Metal Metal

Configuration h (N)1 Configuration h (N,C)2

N

R

N R

R

N

Allyl cyanide 

(a) (b) (c)

Metal

Figure 5.15: Proposed adsorption geometry for nitriles adsorbed on metal surfaces. [219–231]

The adsorption and reaction mechanisms of nitriles in the presence of hydrogen on transition
metals are insufficiently researched. Vogt et al. [233] investigated the reaction of acetonitrile
and hydrogen on Al2O3-supported Pt in a combined in-situ infrared and DFT study. The
authors reported an imine intermediate and amine reaction product performing their studies
at 313 K. The reduction of nitriles to amines is a well-known reaction which can be per-
formed at relatively mild conditions at 60–80 ◦C. [234] The reactivity of unsaturated nitriles
over Pd(111) in the presence of hydrogen at low temperatures (approximately 250 K) has
not been investigated so far.

The unsaturated C4-nitrile (allyl cyanide) became preferred over the homologous C3-nitrile
(2-propennitrile) as well as C5-nitrile (2-pentennitrile) because of two considerations. First,
the conjugated π system of 2-propennitrile may result in an undesirable perfectly flat-
oriented geometry upon adsorption on the Pd(111) surface, which may hinder the adsorp-
tion of acrolein and is on top, according to the metal surface selection rule (MSSR) [168],
difficult to detect by IRAS, as the IR spectra only contain the out-of-plane vibrations of
the olefinic hydrogen atoms. Secondly, the 2-pentennitrile molecule would address both
geometric and electronic effects at the same time. Because of both reasons, allyl cyanide
with the methylene group ( CH2 ) adjacent to the C N group was selected as a ligand,
despite the facts of various possibilities to interact with the surface as well as the forma-
tion of hydrogenation products as unwanted side reactions which both will be addressed in
Section 5.3.
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Acetophenone (AP)

The third ligand examined for suitability to promote chemoselectivity was acetophenone
(AP). In our recent studies on acetophenone adsorbed on Pt(111) [215,235–239], we revealed
several interesting phenomena of self-assembly and keto–enol tautomerization. Depending
on the reaction conditions, there are acetophenone monomers or oligomers present on the
surface. The type of lateral interactions between acetophenone molecules is also sensi-
tive to the surrounding hydrogen concentration. Therefore, acetophenone was a promising
molecule for a tunable ligand capable of undergoing keto–enol tautomerization followed by
1:1 lateral interactions with coadsorbed ligands or reaction intermediates.

The stability of a molecule under reactive conditions is one of the key properties for a ligand
to promote a catalytic reaction. Furthermore, the capability of the metal surface to remain
a highly active and effective hydrogenation catalyst must be preserved. For instance, it is
well-known that CO is a very effective and persistent catalyst poison for metals of the plat-
inum group. In a DFT study by Lischa et al. [240] on hydrogen adsorption on CO-precovered
Pd(210), the authors reported an inhibition of hydrogen adsorption in the presence of CO
at the surface. To avoid a potentially irreversible self-poisoning of the catalytic surface due
to decomposition reactions of the ligand molecules on the pristine and thus highly reactive
metal surface, the catalyst was saturated with hydrogen prior to the reaction.

Time

Hydrogen 
saturation

Ligand 
deposition

Acrolein 
exposure

Hydrogen

AcroleinLigand

Pd(111)

Figure 5.16: Design of the experiments to investigate ligand-directed catalysis for the selective
partial hydrogenation of acrolein.

As a result of all these considerations, the surface was prepared in-situ both under isothermal
conditions and in the presence of hydrogen. The molecules were dosed via three individual
inlet sources: two effusive molecular beams and a gas doser. This separation of the reactants
provides a prevention of two points, mutual contamination and undesirable reactions outside
the reaction chamber. The experimental design is illustrated in Figure 5.16. Prior to the
reaction of the organic molecules, the surface was saturated with hydrogen and further
exposed to a continuous flux of hydrogen throughout the entire reaction. This ensures
that no decomposition reaction of organic molecules emerge on the highly reactive, pristine
metal surface that would not occur in the presence of hydrogen. As a next step, the ligand
was dosed onto the surface in a desired amount. The ligand-functionalized surface was
thereafter exposed to acrolein molecules in a defined pulsed sequence or continuous mode.
The formation of products in the gas phase was continuously monitored by employing
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the QMS. This design of the measurements thus allowed to create a tunable and tailor-
made surface with a desired amount of adsorbed ligands. Bringing together unsaturated
molecules in combination with hydrogen and a good hydrogenation catalyst at sufficiently
high temperature always enables chemical reactions. Thus, the possible dynamic change of
the ligand at the catalyst upon exposure to hydrogen also had to be considered. This will
be addressed in the following sections that contain the characterization of the ligands in
broad range of temperature on pristine and hydrogen-covered Pd(111).

5.2 Hydrogenation of Acrolein over

2-Methyl-2-Pentenal-Functionalized Pd(111)

This section reflects a brief summary of the results that are presented in

The Journal of Physical Chemistry C from Ref.[177]. (Full text in Section 8.3.)
Carsten Schröder, Ann-Katrin Baumann, Marvin C. Schmidt, Jan Smyczek, Philipp A.
Haugg, Ole-Christian Graap and Swetlana Schauermann, J. Phys. Chem. C 2022, 126,
4907–4920.

In this section, the influence of geometric effects of an artificial ligand, that has a larger steric
hindrance as compared to acrolein, on the hydrogenation reaction of acrolein is presented
by the example of 2-methyl-2-pentenal (MP).

The experiments over Pd(111), which is functionalized with 2-methyl-2-pentenal (MP),
were conducted in two respects: i) in order to confirm the proposed ligand layer and ii) to
address the geometric effects of an artificial ligand, that has a similar geometric structure
as the oxopropyl ligand, on the hydrogenation reaction of acrolein over Pd(111). Since
2-methyl-2-pentenal (MP) does not have any additional functional groups that can interact
directly with the surface, the adsorption geometry was assumed to be most likely similar to
the previously suggested oxopropyl species. (cf. Section 5.1.1)

In Figure 5.17a, the kinetic curves of the formation rates of propenol in the gas phase for the
hydrogenation reaction of acrolein over MP-functionalized Pd(111) at 250 K are presented
for two different exposures of MP (0.3 L and 0.8 L) as well as on initially pristine Pd(111)
for reference. Most interestingly, the induction period is strongly reduced with increasing
MP exposure. On initially pristine Pd(111), the formation of the reactive ligand layer during
the induction period is the decisive step for rendering the surface chemoselective toward the
formation of propenol. It is important to emphasize that the reduction or even the complete
disappearance of this induction period shows that a reactive ligand layer has already been
formed on the surface prior to the exposure of acrolein molecules.

The kinetic curves of the formation rates of both propenol and propanal, presented in
Figure 5.17b, highlight that the reactive MP-functionalized surface also remains selective
toward the formation of propenol. The conversion rate is approximately 33 % during the
period of largest conversion and approximately 8 % in the later stages of the reaction. This
demonstrates that the functionalization of Pd(111) with MP results in a highly selective
and active catalyst for the partial hydrogenation of acrolein toward the unsaturated alcohol.
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Figure 5.17: Results of the kinetic study on acrolein hydrogenation over MP-functionalized
Pd(111) for two different MP coverages (0.3 and 0.8 L). (a) Formation rate of propenol in
the gas phase over MP-functionalized Pd(111) and pristine Pd(111) for reference; (b) conversion
rate and selectivity of the MP-functionalized (0.3 L) Pd(111) toward propenol.

As a next step, we identify the surface species that promote chemoselectivity using in-
frared spectroscopy. Figure 5.18 summarizes the results of acrolein hydrogenation over
two different surfaces: (a) pristine Pd(111) and (b) MP-functionalized Pd(111). (Detailed
description in Ref.[177] as well as Section 8.3.)

Each catalyst was conditioned with hydrogen for 10 min prior to the exposure to the
identical sequence of acrolein pulses (Fig. 5.18c-d). The MP-functionalized surface instantly
produces propenol while on pristine Pd(111), there is a pronounced induction period. The
results from this pulsed sequence are in good agreement with the experiments conducted
over the same Pd(111), both initially pristine as well as MP-functionalized, surfaces but in
a continuous manner.

On initially pristine Pd(111), there are two individual bands at 1120 and 1097 cm-1 that
appear with a different temporal evolution. Both bands may most likely be related to the
same type of reaction intermediate R2 (1120 cm-1) and R1 (1097 cm-1) on different adsorp-
tion sites. A plausible explanation for the red-shift of the vibration in R1, as compared to
R2, is the stabilization of the reaction intermediate via an intermolecular hydrogen bonding.
The band at 1097 cm-1 appears prior to the band at 1120 cm-1 which has not been reported
before. (cf. Ref.[177] as well as Sections 5.1.1 and 8.3.)

On the Pd(111) surface functionalized with MP, two bands evolve during the course of
the reaction. The first band can be related to the same intermediate R2 as observed on
pristine Pd(111) while the second band is located at 1088 cm-1, which is by additional
9 cm-1 more red-shifted than the band related to the intermediate R1 on pristine Pd(111).
The temporal evolution of this band on the surface is similar to the one assigned as R1

at 1097 cm-1 for pristine Pd(111). To clarify whether this band originates from the ligand
MP itself, the dynamic transformation of the MP ligand from non-reactive to reactive
conditions was investigated. The results are shown in Figure 5.18b (spectrum 1b) for the
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Figure 5.18: Combined spectroscopic and kinetic investigation of acrolein hydrogenation over
(a, c) pristine and (b, d) MP-functionalized Pd(111) at 250 K. Both surfaces were exposed to
a continuous flux of hydrogen throughout the entire reaction (7.7·1014 molecules·cm-2s-1) and
acrolein was exposed to the surface in a pulsed sequence shown in (c) and (d). The spectrum
1b is the multilayer spectrum of 47 L MP at 100 K on pristine Pd(111), 2b: 0.58 L MP under
reactive conditions (H2, 250 K) and 1a-5a and 3b-6b different exposures of acrolein at a flux of
2.4·1012 molecules·cm-2s-1. Exposure times were: 20 s (1a, 3b), 40 s (2a, 4b), 60 s (3a), 100 s
(5b), 120 s (4a), 500 s (6b), 600 s (5a).

unperturbed multilayer spectra at 100 K and for operational conditions at 250 K in the
presence of hydrogen (Fig. 5.18b, spectrum 2b). It is important to point out that there are
no vibrational bands between 1050 and 1150 cm-1 present in either the unperturbed MP
molecule or in the MP spectrum for the catalyst at operational conditions. This part of the
spectrum contains no vibrational bands in both cases. Thus, the band located at 1088 cm-1

can be most likely related to the same reaction intermediate R1 as on pristine Pd(111),
which has a stronger red-shift due to a different chemical surrounding. The intensity of the
band related to the intermediate R2 is much lower compared to pristine Pd(111). While on
pristine Pd(111), the band related to the intermediate R2 is much more intense than the
one of R1, this changes on MP-functionalized Pd(111) where the band related to R2 is less
intense than the one of R1.
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The study on MP-functionalized Pd(111) demonstrated that Pd(111) can be functionalized
with an artificial ligand, which is structurally similar to acrolein, that renders the surface
selective toward propenol formation. MP forms a structurally similar surface species which
promote the formation of the same types of the reaction intermediates (RI1 and RI2) as
previously reported for acrolein.

However, the distribution as well as the temporal evolution of both surface species strongly
differ from the case of methyl-oxopentyl ligand. The species RI1 appears first and saturates
at approximately the same quantity as on the oxopropyl-covered surface, but the reaction
intermediate RI2 appearing in the following remains only minor surface species.
Derived from the combination of the observation on both, initially pristine and ligand-
functionalized, Pd(111) surfaces let us to propose the following scenario that is summarized
in Figure 5.19.
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Figure 5.19: Illustration of the geometric effect of the MP ligand, with respect to the hydro-
genation of acrolein, in comparison with initially pristine Pd(111) surface.

The reaction intermediate RI1 appears first and establishes an hydrogen bonding to the
neighboring ligand species (either oxopropyl or methyl-oxopentyl) forming 1:1 complexes.
After nearly all ligand species become involved into these complexes, the other type of
the reaction intermediate RI2 is formed, that has not established intermolecular hydrogen
bonding and thus remains free-standing.

The amounts of the free-standing reaction intermediate RI2, that can be formed on the
surface, is dependent on the available surface space. The more spacious methyl-oxopentyl
ligands cover a larger area on the surface, as compared to the smaller oxopropyl ligand,
reducing the available surface area for the free-standing reaction intermediate RI2.
Only this scenario can explain i) the saturation of the RI1 at similar coverages, ii) frequency
shift of RI1 and iii) the formation of different quantities of RI2. (cf. Ref.[ 177] and Sec-
tion 8.3 for detailed discussion.)

As a next step, the influence of electronic effects of the ligand onto the hydrogenation
reaction of acrolein is addressed by the detailed investigation of the reaction over allyl
cyanide-functionalized Pd(111).
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5.3 Hydrogenation of Acrolein over Allyl

Cyanide-Functionalized Pd(111)

This section reflects a brief summary of the results that are presented in

Angewandte Chemie from Ref.[175]. (Full text in Section 8.1.)
Carsten Schröder, Marvin C. Schmidt, Philipp A. Haugg, Ann-Katrin Baumann, Jan Smy-
czek and Swetlana Schauermann, Angew. Chem. Int. Ed. 2021, 60, 16349–16354.

and

Chemistry - A European Journal from Ref.[176]. (Full text in Section 8.2.)
Carsten Schröder, Philipp A. Haugg, Ann-Katrin Baumann, Marvin C. Schmidt, Jan Smy-
czek and Swetlana Schauermann, Chem. Eur. J. 2021, 27, 17240–17254.

In this section, the influence of the electronic effect of an artificial ligand, that exhibits an
electron-rich nitrile group, on the hydrogenation reaction of acrolein as well as the charac-
terization of the ligand species under non-operating and operating conditions are presented
by the example of allyl cyanide (AC).

To investigate the potential influence of an electronic effect of an electron-rich nitrile entity
at the coadsorbed ligand molecule on the hydrogenation of acrolein, a kinetic study on
the reaction of acrolein with hydrogen under isothermal conditions over AC-functionalized
Pd(111) catalysts at different coverages of allyl cyanide was performed. In Figure 5.20a,
the kinetic curves related to the propenol formation rates over three functionalized Pd(111)
surfaces at different exposures of allyl cyanide (0.3 L, 0.8 L and 2.1 L) as well as on initially
pristine Pd(111) for reference are presented.
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Figure 5.20: Results of the kinetic study on acrolein hydrogenation over different Pd(111) surfaces
at 250 K. (a) Formation rates of propenol over initially pristine and AC-functionalized Pd(111).
(b) Formation rates of propenol and propanal over Pd(111) functionalized with 0.8 L AC. (Full
experimental details, see Section 8.1 and Ref.[175].)
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At the time indicated as zero, the second effusive beam was opened to expose the surface
to a continuous flux of acrolein. The experiments performed over the surface functionalized
with allyl cyanide clearly show that the induction period could be significantly reduced and
even completely removed by functionalizing the catalyst with AC, rendering the catalyst
immediately reactive toward the formation of propenol.
Increasing the activity of a catalyst toward the desired product is one major achievement
in catalyst research, however, the key factor remains the selectivity toward propenol. Fig-
ure 5.20b shows the kinetic curves related to the formation rates of both feasible products,
the desired propenol and the undesired propanal, as well as acrolein for reference. The
functionalized surface is close to 100 % selective toward propenol formation at fairly high
conversion rate of about 32 % at maximum turnover rate and approximately 10 % in the
region of low reactivity. The results of this kinetic study clearly demonstrate that the cat-
alyst can be activated by an artificial non-aldehyde ligand and the formation of propenol is
not dependent on the spontaneous formation of an oxoalkyl ligand layer.

As a next step, we probed the composition of the catalytic surface under reactive con-
ditions employing infrared spectroscopy. Figure 5.21 shows the results of the combined
kinetic and spectroscopic study. The time slots (1–5) indicated in the kinetic curves related
to the formation rate of propenol (Fig. 5.21a) equal the time in which the IR spectra were
obtained after the same acrolein pulse (Fig. 5.21b). On the AC-functionalized Pd(111),
there are different surface species which can be identified by their characteristic IR sig-
natures. Briefly, there are N-butylimine species (ν(C N· · ·Pd) at 1746–1755 cm-1) and
amines species (δ(NH2) at 1582 cm-1), which exact nature and formation will be discussed
in detail later. The former species is formed via the partial hydrogenation of AC at the
C C and C N bonds, resulting in the surface-bonded species containing an electron-rich
imine group (C N· · ·Pd). The amine species is formed via an alternative reaction pathway
in which both, the C C and C N bonds, are fully hydrogenated.
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Figure 5.21: Hydrogenation of acrolein over Pd(111) precovered with 1.0 L allyl cyanide at 250 K.
(a) Propenol formation rate measured in a pulsed experiment. (b) IR spectra of 1.0 L AC prior
the beginning of the reaction (spectrum 0) and IR spectra obtained on the same surface after the
beginning of the reaction. The spectra 1–5 were obtained during the time slots indicated in (a)
as 1–5. (Full experimental details, see Section 8.1 and Chapter II of SI in Ref.[175].)
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In spectra 1–5 of Figure 5.21b, the IR spectra of the same functionalized surface as in
spectrum 0, that is exposed to a pulsed sequence of acrolein, are presented. It is important
to point out that the evolution of propenol in the gas phase can again be correlated with the
appearance of a vibrational band on the surface, located at 1166 cm-1. This band appears
in the range that is typical for the stretching vibration of C O bonds (ν(C O)) and the
related surface species is thus denoted as the reaction intermediate RI3. In contrast to both
oxoalkyl-functionalized Pd(111) surfaces, there are not two individual IR bands for reaction
intermediates. (cf. Ref.[175] and Section 8.1 for detailed discussion.)

However, the vibrational frequency of RI3 (1166 cm-1) is strongly blue-shifted by 69 and
46 cm-1 compared to both reaction intermediates RI1 and RI2 that are observed on the
initially pristine Pd(111) surface that is rendered active by the oxopropyl ligand layer. (cf.
Sections 8.3 and 5.1.1.) These large frequency shifts with respect to the reaction interme-
diates RI1 and RI2 may be related to a strong perturbation of the electronic structure of the
reaction intermediate RI3 resulting from the interaction with the ligand layer consisting of
N-butylimine species. There are two possible scenarios for the strengthening of the C O
bond that is most likely the reason for the observed significant blue-shift of the related
vibrational band. (See Refs.[175] and [177] as well as Sections 8.3 and 8.1 for details.)

First, the filling of the d-band of the underlying metal surface may be strongly altered
on the N-butylimine containing surface. As a consequence, the degree of the donation
and backdonation of electron density between the metal and the molecular orbitals of the
reaction intermediate may change. Both the depletion of electron density from the anti-
bonding molecular orbitals of the reaction intermediate into the d-orbitals of the Pd as well
as the donation of electron density from the d-orbitals of the metal surface into bonding
molecular orbitals of RI3 result in a strengthening of the C O bond. This will be denoted
as surface-mediated, as this mechanism involves the electronic states of the surface. The
other scenario is related to the direct lateral interactions between the adsorbed N-butylimine
species and the reaction intermediate RI3, in which electron density from the imine group
is donated into a bonding molecular orbital associated with the C O entity of RI3.

Derived from the experimental observations, the illustrated scenario in Figure 5.22 summa-
rizes the electronic effect of the AC ligand on the hydrogenation reaction of acrolein.
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Figure 5.22: Illustration of the electronic effect of the AC ligand with respect to the hydrogenation
reaction of acrolein in comparison to the initially pristine Pd(111) surface.
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On the surface functionalized with the allyl cyanide, the desired propenoxy reaction in-
termediate RI3 is formed. In contrast to the initially pristine Pd(111) surface, only one
reaction intermediate is observed that also has a strong blue-shift as compared to both RI1
and RI2. The electron-rich imine group thus most likely interacts directly with the reaction
intermediate or changes the electronic structure of the underlying metal surface, resulting
in either a direct or surface-mediated electronic ligand effect.

To get more atomistic-level insights into the chemical and geometric structure of the active
ligand layer that forms and dynamically changes under the reaction conditions, a com-
bined microscopic and spectroscopic study was performed on AC adsorbed on pristine and
hydrogen-precovered Pd(111) in a broad range of temperature. Figure 5.23 shows the re-
sults from the STM experiments under non-reactive (Fig. 5.23a-c) and reactive (Fig. 5.23d)
conditions. Under non-reactive conditions, allyl cyanide forms a well-ordered 2D layer that
consists of individual molecules having brighter (head) and darker (tail) protrusions. Each
molecule has a two-point interaction with neighboring molecules which is realized via a two
head and one tail and vice versa interaction.
The geometric parameters obtained from the microscopic study are presented in Fig-
ure 5.23b. The 2D layer consists of two parallel rows R1 and R2 which are inclined with
respect to the axis R3 by 69 ± 1◦. The intermolecular distance with respect to the under-
lying metal (dPd Pd = 2.75 Å) between two AC heads along R3 is d1 ≈ 3 dPd Pd and along
R1 and R2 is d2 ≈ 5 dPd Pd. Bringing the surface from non-reactive to reactive conditions
(Fig. 5.23d) changes the pattern of the ligand layer dramatically. The species formed in
the STM have a more roundish footprint and the intermolecular distance along both b1 and
b2 axes are approximately 3 dPd Pd. Both axes are inclined by ω = 53 ± 2◦ resulting in a
hexagonal structure. (Full discussion in Section 8.1 and Ref.[175].)
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Figure 5.23: STM images of AC: (a) pristine Pd(111) at 230 K (15.9 × 19.1 nm2), (b) close-up
image from (a) (5.8 × 4.6 nm2) with indication of the three main rows in the 2D layer, (c) close-
up image on the unit cell of the AC layer and (d) AC on hydrogen-precovered Pd(111) at 250 K
(10.6 × 10.8 nm2). Reprinted with permission from Ref.[175], Angewandte Chemie International
Edition. Copyright 2021 John Wiley and Sons.
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Figure 5.24: IRAS adsorption study on AC on pristine Pd(111). (a) IR spectra of AC obtained
on Pd(111) at submonolayer coverage in the temperature range 100 – 250 K. AC was dosed at a
flux of 7.2·1012 molecules·cm-2s-1; the total AC exposure amounts to 4.3·1014 molecules·cm-2; (b)
suggested adsorption geometries based on spectroscopic data; (c-h) visualization of the vibrational
modes related to the characteristic vibrational bands of a single AC molecule in the gas phase
obtained from a DFT calculation using Gaussian 16 [241] and GaussView 6.1. [242] (Full description
in Ref.[176].)

The microscopic picture obtained from STM experiments shows that allyl cyanide forms a
well-ordered 2D ligand layer under both reactive as well as non-reactive conditions. However,
the structure of the self-assembled molecule layers exhibit strongly different patterns in
terms of structure and periodicity. To fully understand and correlate the microscopic picture
with the spectroscopic data of the chemical transformation leading to the active catalytic
surface, we performed an IRAS study under the same reactive and non-reactive conditions.
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Figure 5.24a shows the results of the IRAS study of allyl cyanide adsorbed at submonolayer
coverage on pristine Pd(111) at indicated temperatures. The most prominent vibrational
bands in the IR spectra are labeled with their frequencies and the visualization of the
corresponding vibrational mode is shown in Figure 5.24c-h. As a result of the spectral
shifts of the vibrational bands and according to the metal surface selection rule, the following
adsorption model can be deduced that is summarized in Figure 5.24b. The absence of any
vibrational band in the region of the nitrile stretching vibration (ν(C N, Fig. 5.24c) in the
IR spectra obtained between 100 – 250 K indicates that this part of the molecule adopts a
nearly parallel orientation with respect to the metal surface.
Below 160 K, the spectroscopic signature of the C C bond, i.e. ν(C C) (Fig. 5.24d),
ωoop( CH2) (Fig. 5.24h) and ωoop( CH) (Fig. 5.24g), can be detected that has no spectral
shift compared to the value of the unperturbed molecule in the multilayer. We propose that
this part of the molecules is tilted away from the surface. Once the temperature increases,
any vibrational bands related to an olefin group are absent. The vanishing of all vibrational
bands related to the olefin group can originate either from the formation of a π complex in
which the intact C C bond is orientated nearly parallel to the surface or due to the formation
of a di-σ complex, in which each C atom forms a covalent bond to the underlying Pd atom.
Above 200 K, the vibrational band related to the former methylene ( CH2 ) group disap-
pears which most likely indicates the abstraction of an H atom at the related part of the
molecule. This observation is in good agreement with the microscopic picture of AC at the
same temperature, in which the formation of long-range ordered structures are shown, rather
than the decomposition of the molecules. (Full discussion in Ref.[176] and Section 8.2.)

Having characterized the ligand spectroscopically under non-reactive conditions, we put the
focus on the investigation of the chemical transformation of allyl cyanide to a catalytic
active species.
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Figure 5.25: Chemical transformation of allyl cyanide over Pd(111) in the presence of hydrogen.
(a) IR spectra obtained for AC adsorbed on Pd(111) at indicated temperature and (b) the proposed
adsorption model based on the spectroscopic data. (Full discussion in Ref.[176] and Section 8.2.)
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In the next study, a detailed investigation on the dynamic transformation of the catalytic
surface under reactive conditions was performed. In Figure 5.25a, the IR spectra of AC
in the presence of hydrogen are presented. On pristine Pd(111) at 100 K (Fig. 5.25a,
spectrum 1), there are two major bands present which can be assigned to the ν(C C) and
δ(CH2) vibration. The presence of these two bands in combination with the absence of the
ν(C N) vibration indicates flat-oriented AC molecules, with the nitrile group being parallel
to the surface while the C C bond is inclined with respect to the surface plane. Upon
exposure of hydrogen to the surface, a new vibrational band at 1755 cm-1 appears which
is not present on pristine Pd(111) at temperatures between 100 and 250 K. This band can
be assigned to the ν(C N· · ·Pd) vibration of a surface-bound imine group.

Heating the catalyst to operational conditions, a step-wise hydrogenation of first the C C
group and then the formerly C N group can be observed. Based on the spectroscopic data,
two different reaction pathways can be proposed that result in the C-butylamine species (S6)
and the N-butylimine ligand (S4). The former species (S6) is considered to be unstable
because of two reasons: Figure 5.25a, spectrum 5 shows the resulting IRAS spectra of
an AC layer that is annealed in the presence of hydrogen at 250 K. The intensity of the
vibrational band at 1580 cm-1 decreases with time. The second reason can be deduced
from the experiment presented in Figure 5.26a, which shows the kinetic curve related to
the formation rate of propenol in the gas phase over AC-functionalized Pd(111) at 250 K.
Additionally, the integrals of the vibrational bands related to two surface species, i.e. amine
(1580 cm-1) and the ethylidine 1330 cm-1, that are formed during the course of the reaction,
are added to the same part of the figure. (Full discussion in Ref.[176] and Section 8.2.)

Prior to the catalyst is turning over acrolein toward propenol, the remaining S6 spectator
species desorb from the catalyst. The latter species (S4) is present both during annealing of
the catalyst in hydrogen atmosphere and during the course of the reaction when the catalyst
is turning over acrolein. The amine species is thus denoted as an unstable spectator species.
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Figure 5.26: Detailed spectroscopic and kinetic analysis of the temporal evolution of two species
on the surface and the propenol formation rate in the gas phase. The amine surface species vanish
prior to the catalyst producing propenol and the ethylidine species is constantly formed on the
surface and results in the deactivation of the catalyst. (Full discussion in Ref.[175].)
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Furthermore, the temporal evolution of the integral related to the band of the ethylidine-like
surface species can directly by correlated with the deactivation of the catalyst. The curves
in Figure 5.26a show that this surface species grows continuously upon exposure of acrolein
to the surface. It can be deduced that the decomposition reaction of acrolein to ethylidine,
as it was reported on pristine Pd(111), cannot be inhibited by functionalizing the surface
with allyl cyanide.

The study on AC-functionalized Pd(111) demonstrated that the electronic structure of the
coadsorbed ligand has a dramatic effect on the hydrogenation reaction of acrolein. In
contrast to both oxoalkyl ligand species, i.e. oxopropyl and methyl-oxopentyl, only one re-
action intermediate RI3 was observed in the presence of allyl cyanide ligands on the surface.
The vibrational band related to this intermediate was significantly blue-shifted by 69 and
46 cm-1 as compared to the initially pristine Pd(111) surface. The analysis of the chemical
and structural properties of allyl cyanide adsorbed on Pd(111) revealed that AC forms a
layer consisting of reactive ligand molecules that is capable of promoting the selectivity
toward propenol formation. As it was presented in the results of the microscopic study,
AC adsorbates form ordered layers in the temperature range between 100 and 250 K on
pristine Pd(111) as well as on Pd(111) that is covered with coadsorbed surface hydrogen.
However, the presence of hydrogen causes the dynamic transformation of the chemical na-
ture of the ligand and thus both layers exhibit a strongly different pattern. The results
from the detailed spectroscopic investigation show that AC molecules undergo a chemical
transformation as the catalytic surface dynamically changes from non-reactive to reactive
conditions. Several surface species, i.e. amines and imines, are formed via independent
reaction paths. The latter species, N-butylimine, form a ligand layer that is capable of
promoting selectivity toward propenol formation in the partial hydrogenation of acrolein.

These experimental observations are summarized in Figure 5.27. One of the most striking
conclusions we could draw from this combined study was that allyl cyanide molecules do
not form a reactive ligand layer on pristine Pd(111), but only on Pd(111) surface covered
with hydrogen at sufficiently high temperature.
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Figure 5.27: Dynamic transformation of allyl cyanide over Pd(111) from non-reactive to reactive
conditions in the presence of hydrogen. Adapted from Ref.[175].
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5.4 Hydrogenation of Acrolein over

Acetophenone-Functionalized Pd(111)

This section reflects a brief summary of the results that are presented in

The Journal of Physical Chemistry C from Ref.[177]. (Full text in Section 8.3.)
Carsten Schröder, Ann-Katrin Baumann, Marvin C. Schmidt, Jan Smyczek, Philipp A.
Haugg, Ole-Christian Graap and Swetlana Schauermann, J. Phys. Chem. C 2022, 126,
4907–4920.

In this section, the influence of a ligand, that is capable of undergoing a keto–enol tautomer-
ization followed by 1:1 lateral interactions with adsorbed reactants and intermediates, on
the hydrogenation reaction of acrolein is presented by the example of acetophenone (AP).

The adsorption geometry and dynamic transformation of acetophenone on pristine and H-
containing Pt(111) was previously investigated by our group. [215,235–239] The observation
with particular importance to this project is, briefly summarized, that acetophenone is
capable of undergoing a keto–enol tautomerization upon adsorption on Pt(111) above
136 K that results in the formation of ketone–enol dimers, in which the enol form of one
acetophenone molecule is being stabilized by a neighboring AP molecule in the keto form.
The capability to undergo a keto–enol tautomerization followed by 1:1 lateral interactions
with coadsorbed reactants, thus potentially also with the propenoxy reaction intermediate,
was the main aspect investigated in this study.

The results from the kinetic study on AP-functionalized Pd(111) are shown in Figure 5.28 for
two different AP exposures and pristine Pd(111) for reference. Interestingly, low exposure
(0.12 L) of acetophenone results in the elongation of the induction period whereas a higher
exposure (0.78 L) renders the catalytic surface immediately active.
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Figure 5.28: Results of the kinetic study on acrolein hydrogenation over AP-functionalized
Pd(111) at 250 K. (a) Kinetic curves of the formation rates of propenol related to two dif-
ferent exposures of AP (0.12 and 0.78 L) and pristine Pd(111) for reference; (b) conversion rate
and selectivity of the AP-functionalized (0.78 L) Pd(111) toward propenol.
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The comparison of the kinetic curves for the propenol formation rate over AP-functionalized
Pd(111) and pristine Pd(111) reveals that the maximum turnover rate for the low exposure
of AP is similar to that on pristine Pd(111), albeit there is a pronounced delay in the onset.
However, the high exposure of AP results in a decrease of both, the induction period and
maximum turnover rate of the catalyst. The selectivity and conversion rate (Fig 5.28b)
toward propenol are rather high, although lower compared to an AC- or MP-functionalized
catalyst. Since the activity of the catalyst dramatically changes with the coverage of
acetophenone, a detailed analysis of the reactivity with respect to the AP coverage was
performed as a first step.

Figure 5.29 presents the results of the kinetic curves related to the formation rate of
propenol over AP-functionalized Pd(111) with exposures of AP between 0.12 L and 1.10 L
at 250 K. For low exposure of AP (0.12 L and 0.18 L), the induction period prolongates.
For a medium exposure of 0.30 L, the induction period is similar to the one of pristine
Pd(111) whereas for high exposure, this period is reduced. Once the induction period is
being reduced compared to initially pristine Pd(111), the maximum turnover rate of the
catalyst is lower than on pristine Pd(111).
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Figure 5.29: Results of the kinetic study on acrolein hydrogenation over AP-functionalized
Pd(111) for different AP exposures between 0.12 L and 1.10 L at 250 K. (a) Formation rate
of propenol for a time frame of 300 s of the reaction and (b) close-up on the induction period.

As a next step, we probed the composition of the catalytic surface under operational con-
ditions employing infrared spectroscopy. Two aspects especially needed to be addressed: i)
which effect promotes the reduction of the induction period and ii) how does the adsorption
state of AP molecules on the surface change from low to high coverage inducing a change
of the induction period.

The results of the spectroscopic data for the functionalized surfaces exposed to 0.12 L and
1.10 L AP from this study are presented in Figure 5.30. The IR spectra were obtained during
the reaction of acrolein over AP-functionalized Pd(111) at different stages, including the
induction period, time of maximum turnover rate as well as the late stages of low propenol
formation rate. The IR spectrum of the unperturbed multilayer of acetophenone molecules
at 100 K is shown in Figure 5.30a (spectrum 1).
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This spectrum serves as a reference for the characteristic vibrational bands of acetophenone
molecules that are not directly interacting with the Pd surface. A detailed assignment of
the characteristic vibrational bands of acetophenone can be found in the works of Gambi et
al. [243], Chen et al. [244] and Attia et al. [215] Briefly, the most prominent bands are ν(C O)
at 1686 cm-1, δ(CH3) at 1361 cm-1 and νip(C Cring-acetyl) at 1275 cm-1.

The IR spectra 1a-5a were obtained for low coverage of AP (0.12 L) under reactive con-
ditions, i.e. hydrogen precovered Pd(111) at 250 K. Spectrum 1a is related to pure AP
adsorbed on Pd(111) and spectra 2a-5a were recorded upon acrolein exposure onto the
same surface as in 1a. The absence of all characteristic bands related to the AP multilayer
spectrum most likely indicates, according to the metal surface selection rule (MSSR), that
AP molecules are oriented flat with respect to the surface, i.e. both the axis of the C O
group as well as the phenyl ring lie parallel with respect to the surface plane.
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Figure 5.30: Spectroscopic study on acrolein over AP-functionalized Pd(111) at 250 K for two
different AP exposures: (a) 0.12 L and (b) 1.1 L. The spectra of unperturbed AP multilayer at
100 K is shown in (a) spectrum 1 and high coverage exposure of AP adsorbed on H/Pd(111)
at 250 K in (b) spectrum 1b. Spectra 1a–5a and 2b–5b were obtained during the course of the
reaction of acrolein over the same surfaces related to spectra 1a and 1b.
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Upon exposure of acrolein to the surface, the evolution of the surface species closely resem-
bles that one observed on the initially pristine Pd(111) surface. A pronounced vibrational
band at 1745 cm-1 evolves, that was previously assigned to the stretching vibration of the
C O bond of the oxopropyl ligand, which is spontaneously formed by acrolein molecules.
There are also two vibrational bands with small intensity present at 1097 and 1120 cm-1,
that are related to the propenoxy reaction intermediates RI1 and RI2. (See Ref.[ 177] as
well as Section 8.3 for full text and complete discussion.)

Overall, these observations suggest that on the surface functionalized with small amounts
of AP, the same surface species, i.e. ligand and reaction intermediates, are formed as on
the initially pristine surface, just at smaller concentrations and with a larger time delay.
This observation is in good agreement with the elongation of the induction period and the
combination of both might be related to the same fact that randomly distributed coadsorbed
AP species possibly hinder the formation of the ordered oxopropyl ligand layer.

After adsorbing large amounts of AP onto Pd(111) at 250 K in the presence of hydrogen,
the spectrum of pure AP looks different (spectrum 1b). There is a new vibrational band
at 1220 cm-1 that is not present in the multilayer spectra of AP at 100 K or under reactive
conditions at 250 K. In our investigations on the adsorption of AP on Pt(111), we assigned
this band as the ν(C O) stretching vibration of the enol form of acetophenone. [235–238]

(See Ref.[177] as well as Section 8.3 for full text and complete discussion.)

Upon exposure of acrolein to the surface functionalized with a high amount of acetophenone,
this enol band of AP remains on the surface. There are no vibrational bands in the range that
is typical for the reaction intermediates. Interestingly, a new vibrational band at 1715 cm-1

evolves that is not present in the spectra of i) AP multilayer at 100 K, ii) AP on H/Pd(111)
at 250 K, iii) acrolein on H/Pd(111) or iv) acrolein on H/Pd(111) functionalized with low
coverage of AP. However, the frequency is in the typical range of the stretching vibrations
of C O bonds, in which the C O group is not conjugated to a C C group. Moreover,
the frequency is red-shifted by 30 cm-1 as compared to both Pd(111) precovered with low
amounts of AP as well as initially pristine Pd(111). This is a typical value of a red-shift
for carbonyl compounds where the ketone group is being stabilized by an intermolecular
hydrogen bond of a neighboring hydroxyl group. [214,245–248] Since this prominent frequency
shift of the carbonyl group was observed to occur only in the presence of the enol form
of AP, it can be quite safely concluded that it results from hydrogen bonding between the
carbonyl group of the oxopropyl species and the H atom of the OH group belonging to the
enol form of AP.

Derived from the experimental observations, the illustrated scenario in Figure 5.31 sum-
marizes the effect of the keto–enol tautomerization of acetophenone on the hydrogenation
reaction of acrolein. While low concentrations of acetophenone only hinder the formation
of the oxopropyl ligand layer, that are spontaneously formed by acrolein molecules, high
concentrations of AP have a positive effect. As a consequence for this hindrance, the
induction period is elongated and less surface species are formed as compared to initially
pristine Pd(111). We propose, that the reduction on the induction period for high cover-
age of AP thus results from the lateral interaction between the enol form of AP and the
oxopropyl surface species formed by acrolein itself. The newly formed oxopropyl/enol-AP
complex serves as a complex ligand in the hydrogenation of acrolein as indicated by the
strong reduction of the induction period in propenol formation rate.
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Figure 5.31: Illustration of the enol-induced stabilization of the oxopropyl ligand via the AP
ligand in comparison with initially pristine Pd(111) surface.

5.5 Microscopic Model in Ligand-Directed Catalysis

In summary, Pd(111) functionalized with three different organic molecules that serve as
active ligands, 2-methyl-2-pentenal, allyl cyanide and acetophenone, were investigated with
respect to their role and activity in the catalytic hydrogenation reaction of acrolein. The
organic ligand layers formed upon surface functionalization under the operational conditions
promote the formation of the desired propenoxy reaction intermediate on the surface and
thus render the catalyst highly active and close to 100 % chemoselective with respect to
the target product propenol.

To address the mechanistic details of the underlying surface process, we employed an
unique combination of surface-sensitive operando infrared reflection absorption spectroscopy
(IRAS) with multi-molecular beam techniques, allowing to study the reaction kinetics under
well-defined isothermal conditions and simultaneously monitor the evolution of the desired
reaction intermediate on the surface. Complementary to the spectroscopic investigation,
the real-space information on the ligand layer were obtained by scanning tunneling mi-
croscopy (STM) and the evolution of products in the gas phase was monitored by means of
a quadrupole mass spectrometer (QMS). By employing the combination of three types of
ligands, we addressed different aspects of ligand–reactant interaction: electronic and geo-
metric effects as well as the effect arising from the strong lateral interactions with ligands
capable of forming 1:1 carbonyl/enol complexes with surface adsorbates which all three are
summarized in Figure 5.32.

Specifically, electronic effects were observed on the surface containing N-butylimine species
formed under the operational conditions after deposition of allyl cyanide (Fig. 5.32c). The
presence of the electron-rich imine group results in a strong frequency shift of the vibrational
band related to the stretching vibration of the C O single bond in the propenoxy reaction
intermediate by more than 40 cm-1, indicating that this bond is considerably strengthened
on this surface.
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These effects might arise either via the direct interaction of the reaction intermediate
with the coadsorbed imines or be mediated by the surface, i.e. the degree of donation /
backdonation of the electron density between the underlying Pd and the reaction interme-
diate might be strongly changed in the presence of the electron-rich imine species. The
N-butylimine layer also results in the pronounced shortening of the induction period as
compared to the one on initially pristine Pd(111), pointing to the fact that the functional-
ized surface provides the correct environment for a fast formation of the desired reaction
intermediate.
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Figure 5.32: Summary of the proposed lateral interactions promoting chemoselectivity. For each
investigated model system, the suggested active species are (a) oxopropyl-, (b) methyl-oxopentyl-,
(c) N-butylimine- and (d) enol-stabilized oxopropyl-ligand.

The comparison of the two structurally similar ligand layers, methyl-oxopentyl (Fig. 5.32b,
formed from 2-methyl-2-pentenal) and oxopropyl (Fig. 5.32a, formed from acrolein) species,
allows us to deduce the role of the geometric effects in the formation of the propenoxy re-
action intermediate. First, two different types of the reaction intermediates, i.e. RI1 and
RI2, were identified, which are separated by 23 cm-1. The reaction intermediate RI1 (lower
frequency) appears first at low acrolein exposures and saturates at similar amounts on both
surfaces. The second reaction intermediate (RI2) evolves at higher acrolein exposures on
both surfaces but its final surface concentration strongly differs on both functionalized sur-
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faces: it is low on the surface covered with a spacious methyl-oxopentyl species (MP),
while it is considerably more abundant on the surface functionalized with a less spacious
oxopropyl ligand. The observed behavior arises most likely from the fact that the RI1 un-
dergoes H-bonding with the coadsorbed ligand, which leads to the pronounced red-shift of
the vibrational band related to the C O bond in RI1. As soon as nearly all ligands become
involved into 1:1 complexes with the reaction intermediate RI1, the evolution of RI2 starts.
RI2 is most likely a free-standing adsorbate and can be formed in larger amounts on the
surface precovered with the smaller ligand (oxopropyl species) and in smaller amounts on
the surface covered with a spacious methyl-oxopentyl ligand.

Finally, functionalization of Pd(111) with acetophenone (Fig. 5.32d) results in two types
of reactive behavior: at low acetophenone coverages, the presence of the ligand elongates
the induction period and does not exhibit any significant effect on the reaction interme-
diates. In contrast, at high acetophenone coverages, the enol form of acetophenone is
formed, which builds a 1:1 complex with the oxopropyl species spontaneously formed by
acrolein molecules. The presence of these oxopropyl/enol-AP complexes strongly reduces
the induction period suggesting that this surface provides a beneficial ligand environment
for formation of propenol.
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6 Lateral Interactions of Prochiral
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Pt(111) Surfaces
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The hydrogenation of carbonyl compounds is of particular importance for the synthesis
of agrochemicals and pharmaceuticals as the transformation of a C O bond into a C O
single bond usually creates a new chiral center. As a result, two different enantiomers are
accessible that may have dramatic different chemical properties. [251] However, one of the
major challenges in the hydrogenation of carbonyl groups remains the activation of the
stable C O bond, which is usually realized by employing a suitable catalyst.

For instance, the chiral molecule (R)-1,2-pentanediol, which is a key intermediate for the
production of various fungicides at industrial scale, is obtained by the hydrogenation of the
prochiral 1-hydroxypentan-2-one by employing homogeneous catalysis. [252,253]

The infamous thalidomide story is one of the most well-known and documented cases that
demonstrate the dramatic effects of different enantiomers to the human body which under-
lines the importance of pure enantiomers in pharmaceutical industry. [254,255]Administered to
pregnant women as a sleeping pill in the early 1960s, soon dramatic effects on the newborn
babies were monitored that could be traced back to different enantiomers of thalidomide.
While the (R)-enantiomer was found out to have a sedating effect, the (S)-enantiomer was
found out to be toxic to reproduction. The need for pure enantiomers is not limited to
pharmaceutical application or synthesis of agrochemicals, but is also needed for materials
with specific optical properties. The traditional approach for the synthesis of pure enan-
tiomers is the separation of a racemic pool. [256] A more elegant and economically as well
as an environmentally more profitable way is the enantioselective catalysis where only one
enantiomer with a high enantioselective excess (ee, Eq. 6.1) can be built out of a prochiral
precursor molecule.

ee(%) = 100 · ([R]− [S])

([R] + [S])
, (6.1)

with the concentration of two different enantiomers [R] and [S].

In the last century, great effort has been made to perform enantioselective chemical re-
actions at a large scale. An early strategy to overcome the deficit of achirality of metal
surfaces was to deposit an active catalytic material onto a chiral support to impart chiral-
ity. However, none of the tested substrates quartz [257], synthetic chiral polymers [258–260] or
cellulose [261] were reported to have a good performance with respect to the promotion of
enantioselectivity toward one enantiomer.

Yoshio Orito performed experiments applying the opposite approach and reported in 1979
that the prochiral molecule methyl pyruvate (MePy) can be selectively hydrogenated toward
(+)-methyl lactate after functionalizing a Pt surface with cinchonidine as a chiral modifier
(Fig. 6.1). [56] In contrast to the hydrogenation reactions performed over functionalized
Pt(111), no selectivity toward an enantiomer is reported on pristine Pt(111), as low-index
facets, e.g. (111), (110) and (100), of metal surfaces are in general achiral. [52]

However, a novel idea in enantioselective catalysis is to employ naturally chiral metal sur-
faces in which the intrinsic chirality arises from surface defects, i.e. step and kink atoms,
of high-index metal facets, e.g. Cu(643) or Pt(531). [262,263] In recent experimental [264–267]

and theoretical [268–270] surface science studies, it was proven that either the difference in
adsorption energies or the extend of the uptake of the formed enantiomers result in the pro-
motion toward one enantiomer, although the available area for enantiospecific adsorption
is not large. [271]
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Figure 6.1: Reaction scheme for the originally reported Orito reaction. Methyl pyruvate was
hydrogenated over cinchonidine-functionalized Pt/C. The catalyst was preheated in hydrogen
atmosphere at 200–400 ◦C prior to functionalization with cinchonidine. [56]

Further studies in the last decades showed that the enantioselective reaction is not limited
to the combination of cinchonidine and α-ketoesters, in which an ester group is adjacent
to the ketone group (Fig. 6.2a). A more general classification for suitable substrates is the
presence of an electron-withdrawing substituent in α-position and for a few examples even
in β-position. [52] The enantioselective hydrogenation of these types of ketones is thus named
after Yoshio Orito. There are several different classes of naturally-occurring chiral modifiers,
e.g. cinchona alkaloids and derivatives (Fig. 6.2c), as well as synthetic modifiers, e.g. R-
naphthylethylamine (R-NEA, Fig. 6.2d) that consist of a naphthalene frame with a nitrogen
or oxygen substituted ethyl or propyl side chain, which can impart strong stereochemical
control in hydrogenation reactions over noble metal catalysts, like Pt, Rh or Ir. [57]

A wide range of systems of α-ketoacids, α-ketoamides, α-diketones and α-ketoacetals hy-
drogenated with a large enantioselective excess over different chirally-functionalized surfaces
are known and are summarized in the review by Mallat et al. [52]

The investigation of the fundamental processes and atomistic details leading to the enantios-
electivity was topic of various different surface science studies on different metal surfaces.
Just to mention a few, the adsorption of some natural [53,58,59,61,82] and synthetic [57,60–63,76,81]

chiral modifiers, prochiral ketones [62,64–69,71–78] as well as the coadsorption of both natu-
ral [53,59,61,66,79] or synthetic [57,61,64,66,69–71,77,80,81] modifier with a prochiral molecule were
studied on different metal surfaces.

The most simple type of α-ketoester, methyl pyruvate, was investigated in atomistic-level
studies on pristine or chirally-functionalized Pt(111) [64,65] and Pd(111) [68,75,79] surfaces by
several groups. On pristine Pd(111), the enol form of MePy, which results from the keto–
enol tautomerization of the carbonyl group, was suggested by Garvey et al. [68] to be involved
in the reaction mechanism. The same enol form of MePy was also proposed by Mahapatra
et al. [79] to be the active species in the 1:1 chiral docking complex between MePy and NEA.
In this complex, the reactant has a specific orientation toward the underlying metal surface,
so it can only be hydrogenated from one side, resulting in the selective hydrogenation toward
one enantiomer. [69–71]
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Interestingly, the Orito reaction was reported to yield a higher excess of an enantiomer
for ketones with an electron-withdrawing CF3 group in α-position, as compared to their
α-methyl ketone counterparts, although the CF3 group may prevent a feasible keto–enol
tautomerization. For instance, in a hydrogenation study over cinchonidine-functionalized
Pt, the authors showed that the enantioselective excess changes dramatically from 92 %
(trifluoroacetophenone, TFAP, Fig. 6.2b) [54] to 20 % (acetophenone). [272]

In a different study on TFAP, the authors reported to yield a high selectivity toward
the formation of the (R)-alcohol upon hydrogenation over cinchona alkaloid-functionalized
Pt/Al2O3.

[54] The TFAP/NEA system had been investigated in surface science studies in
the group of McBreen. [63,66,70,80] Goubert et al. [70] showed in a combined STM and DFT
study of TFAP and NEA on Pt(111) that both molecules form a similar 1:1 docking com-
plex which was previously reported for α-ketoesters and R-NEA, that was shown to consist
of the enol form of MePy and R-NEA.

Rasmussen et al. [83] performed a theoretical investigation on the hydrogenation reaction
of TFAP on Pt(111), showing that the ketone group is being remotely activated by the
chemisorbed phenyl ring. This chemisorbed phenyl ring enables the migration of the C C
bond toward the ketone group, forming an enol species that is being hydrogenated in a
subsequent step. The hydrogenation of the enol form of the prochiral molecule, that forms
a chiral complex on the surface, thus provides a plausible explanation for the enhanced
catalytic performance in the Orito reaction. However, the enol tautomer of a ketone is in
general thermodynamically less stable than the ketone form and thus needs to be stabilized
either via a chelated ring-like keto–enol tautomer or via the formation of oligomers. [86–92]

6 Lateral Interactions of Prochiral Adsorbates on Pt(111)84



The activation barriers for the hydrogenation of ketones in the enol form were predicted to
be significantly lower than the direct hydrogenation route as shown by recent theoretical
studies. [83,85] According to the DFT calculations by De Vrieze et al. [85], the activation barrier
of the enol hydrogenation pathway of acetol over copper is favored by about 30 kJ·mol−1

as compared to the direct hydrogenation of the ketone. The experimental confirmation of
this reaction path as well as the fundamental understanding of the elementary steps in the
hydrogenation of prochiral α-methyl ketones are not fully investigated.

Despite the numerous amount of studies on this topic, there is no distinct adsorption model
of α-ketoesters as well as α-methyl ketones on Pt(111) and thus the fundamental-level
understanding of adsorbate–adsorbate interactions is still poorly understood. Because of
both, the challenging task of the experimental identification of lateral interactions of single
adsorbates as well as the numerous possibilities to build molecular complexes that consist of
two or more adsorbates, the mechanisms involved in the hydrogenation of simple α-methyl
ketones are by far not fully understood. In this project, we studied the adsorption geometry
and lateral interactions of two different types of α-methyl ketones as well as the chemical
transformation of both over pristine Pt(111) and Pt(111) pretreated with hydrogen.

In particular, ethyl pyruvate (EP), an α-keto ester, and acetophenone (AP), a methyl
phenyl ketone, were investigated under a broad range of temperature and different surface
conditions. This combination of α-methyl ketones was selected as a prototype for a possible
intramolecular stabilization of an enol form via a chelated ring-like enol tautomer, in case of
EP, and for the intermolecular stabilization of the enol form as in case of AP. The different
mechanisms in the stabilization of the enol form may therefore most likely be the reason
for the Orito reaction to perform better with ketones that are capable of establishing an
intramolecular stabilization of the enol form.

A key aspect with particular importance for obtaining an atomistic understanding of the
hydrogenation mechanism of ketones has been addressed in the both parts of this project.
First, the effect of electron-withdrawing substituent, i.e. the α-ester group, on the adsorp-
tion geometry of a molecule as well as on the lateral interactions between adsorbed molecules
on pristine Pt(111) and Pt(111) pretreated with surface hydrogen has been studied. In the
second part of the project, we investigated the adsorption, chemical transformation and
lateral interaction of acetophenone over both pristine Pt(111) and Pt(111) pretreated with
surface hydrogen.

The detailed analysis of the adsorption geometry and lateral interactions of both molecules
over Pt(111) provides a deeper understanding on the fundamental processes of the hydro-
genation reaction of α-methyl ketones in terms of stabilization of intermediates. In this
chapter, the main results from the adsorption studies on pristine and hydrogen precovered
Pt(111) surfaces of two different ketones i) ethyl pyruvate and ii) acetophenone in a broad
range of temperature and coverage are presented. Additionally, the results of theoretical
calculations are reported that were conducted in collaboration with the Hartke group (CAU
Kiel).
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6.1 Adsorption Geometry and Lateral Interaction of

Ethyl Pyruvate on Pt(111)

This section reflects a brief summary of the results that are presented in

The Journal of Physical Chemistry C from Ref.[249]. (Full text in Section 8.4.)

Carsten Schröder, Marvin C. Schmidt, Christopher Witt, Smadar Attia, Jann Weber,
Ann-Katrin Baumann, Bernd Hartke and Swetlana Schauermann, J. Phys. Chem. C 2020,
124, 51, 28159–28168.,

and

The Journal of Physical Chemistry C from Ref.[250]. (Full text in Section 8.5.)

Christopher Witt, Marvin C. Schmidt, Carsten Schröder, Swetlana Schauermann and
Bernd Hartke, J. Phys. Chem. C 2021, 125, 47, 26167–26179.

One of the key issues in hydrogenation reactions of unsaturated hydrocarbons is the in-
fluence of coadsorbed hydrogen on the adsorption state, geometry and lateral interactions
of molecules adsorbed on metal surfaces. The adsorption of unsaturated hydrocarbons on
metal surfaces has been discussed in literature for a long time. There are two limiting cases
of a strong di-σ and a weaker π bonding where the initial C C bond remains almost unper-
turbed. [107,273–275] Studies on the hydrogenation reaction of ethylene on Pt(111) indicate
that the adsorption state in the presence of coadsorbed hydrogen can be described as a
π-bonded state. [108,276,277] The adsorption of ketones on metal surfaces enables a third type
of interaction that involves the lone electron pair of the oxygen atom. [278]

There is an ongoing debate about the chemical nature of the surface species of α-ketoesters
adsorbed on various transition metals that are summarized in Figure 6.3.
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Figure 6.3: Proposed structures of α-ketoesters adsorbed on transition metal surfaces. [64,65,73–75]

6 Lateral Interactions of Prochiral Adsorbates on Pt(111)86



For methyl pyruvate adsorbed on both Ni(111) [73,74] and Pt(111) [64,65] at low temperature,
the enediolate species (Fig. 6.3b) was proposed, while a more parallel orientation of the ad-
sorption geometry with respect to the metal surface was reported on Pd(111) [75]. Further, a
keto–enol tautomerization (Fig. 6.3a) was observed on Pt(111) at elevated temperature. [65]

However, none of these studies addressed the lateral interactions of structurally more com-
plex α-ketoesters which we report in this study on ethyl pyruvate (EP). We employed a
combination of surface-sensitive techniques, including infrared reflection absorption spec-
troscopy (IRAS), molecular beams and scanning tunneling microscopy (STM), capable of
providing both spectroscopic information about the chemical nature of adsorbed surface
species and microscopic information about their distribution in real space, to address the
details of mutual lateral interactions of EP adsorbed on Pt(111) surfaces. In order to obtain
insights into the adsorption geometry, we performed an adsorption study with 12C-EP and
13C-EP on both pristine and H-covered Pt(111) under well-defined conditions in the UHV.

Figure 6.4 presents the results from the IRAS study of 12C-EP (spectra 2 and 4) and 13C-EP
(spectra 3 and 5) at submonolayer and multilayer coverage adsorbed on pristine Pt(111)
at 100 K. The most intense bands of the ketone and ester groups are assigned by the
comparison of the multilayer IR spectra to the calculated IR spectrum of a single molecule
in the gas phase using DFT/B3LYP.
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Figure 6.4: (1) Calculated gas phase IR spectrum of EP using DFT (B3LYP/aug-cc-pvqz with
gd3 correction term). IR spectra of EP adsorbed on Pt(111) at 100 K: (2) 12C-EP and (3) 13C-EP
multilayer (exposure: (2) 2.9·1015 and (3) 1.1·1015 molecules·cm-2); (4) 12C-EP and (5) 13C-EP
at submonolayer coverage (7.2·1013 molecules·cm-2). Adapted from Ref.[249].
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Briefly, the most important vibrational bands in the multilayer spectrum are the stretching
vibrations of the ester carbonyl group ν (C Oester) at 1753–1750 cm-1, keto group ν
(C Oacetyl) at 1741 cm-1 and the mixed vibration vibration at 1314 cm-1 that includes
mostly the stretching vibration of the C O single bond ( (C O)C OC2H5) in the ester
group (ν (C Oester)). (A detailed assignment of all vibrational bands of EP are summarized
in the SI of Ref.[249] and Section 8.4.)

The most important observation is the appearance of a vibrational band at submonolayer
coverage at 1530 cm-1, which has no spectral shift upon isotopic labeling of the ketone
carbon atom with 13C. This observation strongly suggests that this vibrational band is
neither related to the C C stretching vibration (ν(C C)) of enols formed by surface-
induced keto–enol tautomerization nor related to a surface enediolate (cf. Fig. 6.3b), where
both carbonyl atoms are perpendicular to the surface.

Therefore, we assigned this vibration to the isotopically unlabeled ester carbonyl atom
which must be strongly shifted from its unperturbed vibrational frequency in the gas phase
(ν(C O)ester, gas= 1750 cm-1). This shift most likely results from a strong rehybridization
of the molecular orbitals of EP with the d-orbitals of underlying Pt atom(s). The ketone
group on the other hand is most likely oriented parallel to the surface and therefore absent
in the IRAS spectra.
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Figure 6.5: IRAS spectra of EP adsorbed on Pt(111) at 100 K. EP exposures in (a): (1) 1.4·1013,
(2) 4.3·1013, (3) 7.2·1013, (4) 1.0·1014, (5) 1.1·1014, (6) 1.3·1014 molecules·cm-2 and (b) during
in-situ H2 exposure at a constant coverage of EP. The initial coverage of EP (spectrum 1) amounts
to 7.2·1013 molecules·cm-2. The spectra 2–5 were acquired after H2 exposures indicated on the
right side of (b). (c) Close-up STM images of different oligomers with in S1(STM) (dimers D1,
D2 and D3) and (d) S2(STM) (dimer D4, trimer T1 and tetramer O1) species. The dimer D4 was
observed only on H-covered Pt(111) surface. (Full experimental details in Ref.[249].)
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The second observation we obtained from the spectroscopic data was two different types
of intermolecular interactions, based on the spectral shift of the ν(C O)ester vibration.
Both bands at 1296 and 1268 cm-1 can be assigned to the same vibration in a different
chemical environment. To further address the chemical nature of the adsorbed species,
two additional experiments at 100 K were performed in which IR spectra were recorded at
different coverage of EP on pristine Pt(111) (Fig. 6.5a) as well as on Pt(111) that was
continuously exposed to a flux of hydrogen at constant EP coverage (Fig. 6.5b).

Both the vibrations at 1530 and 1296 cm-1 are observed on pristine Pt(111) at lowest cov-
erage, while the band at 1268 cm-1 is initially absent and only grows in intensity at higher
coverages. It should be emphasized that the intensity distribution between the vibrational
bands at 1268 and 1296 cm-1 is clearly changing with increasing coverage and the species
related to the band at 1268 cm-1 is either not present at the lowest coverage or is present
at a negligibly small concentration. (Full discussion in Ref.[249] and Section 8.4)

This distribution dramatically changes when the surface is exposed to hydrogen. While
initially on pristine Pt(111) (Fig. 6.5b, (1)), the combination of both bands at 1530 and
1296 cm-1 are the most prominent bands in the IR spectra, the band located at 1268 cm-1

becomes dominant under H-containing conditions. We concluded from the combination of
these two experiments that there exist at least two different species on the surface. The
first species, denoted as S1(IRAS), exhibiting a combination of two characteristic vibrational
bands at 1530 and 1296 cm-1, while the second species, denoted as S2(IRAS), exhibiting a
prominent band at 1268 cm-1. Their relative abundance is dependent on both, coverage
and the presence of hydrogen on the surface. The species S1(IRAS) appears already at low
coverage on pristine Pt(111), while S2(IRAS) evolves at both high coverage and coadsorbed
hydrogen. However, the species S1(IRAS) can convert into the species S2(IRAS) in the pres-
ence of hydrogen. (Full discussion in Ref.[249] and Section 8.4.)

We performed STM experiments under the same conditions on pristine and H-covered
Pt(111) to clarify whether the spectroscopic observations of a different chemical environ-
ment can be supported by a microscopic picture. Briefly, the majority of all adsorbed
species are agglomerated in assemblies of two, three or four individual molecules. The
close-up images of these structures measured with submolecular resolution are displayed in
Figure 6.5c-d. The species formed on the surface consist of a combination of elongated
protrusions exhibiting a brighter spot and a darker area. All molecular assemblies can be
divided into two classes, denoted as S1(STM) and S2(STM). In the former class of surface
species, the intermolecular interaction is between two bright protrusions (Fig 6.5c, D1–D3)
whereas in the latter class of surface species the interaction between the bright and the dark
protrusions is present (Fig 6.5d, D4, T1, O1). (Full discussion in Ref.[249] and Section 8.4.)

In collaboration with the Hartke group (CAU Kiel), we performed a theoretical modeling of
the adsorption geometry of an EP monomer species on Pt(111) as well as the corresponding
STM images at the DFT level to identify the parts of the molecules that exhibit the bright
and dark protrusions. According to this modeling of the STM images, the position of the
bright protrusion is related to the acetyl group of ethyl pyruvate whereas the dark protrusion
is related to the ester group. (Full text and related discussions in Ref.[249] and Ref.[250]
as well as Section 8.4 and Section 8.5.)

6.1 EP adsorbed on Pt(111) 89



80%

53%

34%

8%

20%

47%

66%
92% 

increasing EP coverage

S1(STM)

S2(STM)

(a)

re
la

ti
ve

 n
u

m
b

e
r 

o
f 

o
lig

o
m

e
rs

64%
51%

7%

36%
49%

91%

93%

(b)

re
la

tiv
e

 n
u

m
b

e
r 

o
f 

o
lig

o
m

e
rs

9%

Pure EP 5 L 50 L 200 L

increasing H  exposure2

Figure 6.6: Relative abundance of the two types of surface species S1(STM) and S2(STM) for two
different cases: (a) as a function of EP coverage and (b) as a function of hydrogen exposure.
Adapted from Ref.[249]. (Full description and related STM data in Ref.[249], Fig. 4–5.)

Based on the statistical evaluation of the surface species detected by STM as a function of
EP coverage (Fig 6.6a) as well as a function of hydrogen exposure (Fig 6.6b), a strong corre-
lation between the evolution of the surface assemblies detected by STM and the vibrational
bands in the IR spectra can be established: S1(IRAS)/S1(STM) as well as S2(IRAS)/S2(STM).

In Figure 6.7, the results from the experimental and theoretical studies are summarized. In
the IRAS, the combination of several vibrational bands was detected that can be related
to individual surface species. In the STM experiments, two classes of lateral interactions
were shown. Both observations let us propose that individual surface species were formed
that are sensitive to specific surface conditions. While the S1(IRAS)/S1(STM) species, is the
most abundant species at low coverage, the S2(IRAS)/S2(STM)species is present at both high
coverage as well as in the presence of hydrogen.

The first species, denoted as S1(IRAS), exhibiting a combination of two characteristic vi-
brational bands at 1530 and 1296 cm-1, while the second species, denoted as S2(IRAS),
exhibiting a prominent band at 1268 cm-1. The microscopic picture obtained by STM re-
vealed, that the species S1(IRAS) can be correlated with a specific intermolecular interaction
in which two EP molecules interact via their bright protrusion. The second species S2(IRAS)
can be correlated with an intermolecular interaction in which one EP molecule interacts
with its dark protrusion with a bright protrusion of a neighboring EP molecule. According
to the DFT modeling, the bright protrusion can be related to the ketone group and thus,
we propose the following adsorption model which is consistent with all experimental obser-
vations made in this study. (Full text and related discussions in Ref.[249] and Ref.[250] as
well as Section 8.4 and Section 8.5.)

Figure 6.7a-b shows a proposed configuration of the dimer species D1, D3 (Fig. 6.7a)
and D2 (Fig. 6.7b), in which the interaction is established between two acetyl groups
of EP, which are predicted to appear as a bright protrusion in the STM images (species
S1(IRAS)/S1(STM)). Here, a hydrogen atom of the methyl group establishes hydrogen bond-
ing with the acetyl-carbonyl group of the second EP molecule.
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Figure 6.7: Suggested models for different types of EP oligomers and their corresponding close-
up STM images: (a) and (b) dimer assemblies formed between two acetyl groups related to the
species S1(IRAS)/S1(STM); (c) selected dimer and (d) trimer assemblies formed between the acetyl
and ester groups related to the species S2(IRAS)/S2(STM). The dimer D4 was observed only on
H-covered Pt(111) surface. Reproduced with permission from JPC C from Ref.[249].

In this configuration, the ester C O bond is not directly involved in lateral interactions,
which is consistent with the spectroscopic observation that the vibrational frequency at
1296 cm-1 is only slightly red-shifted as compared to the multilayer value of 1314 cm-1.
The number of the frequencies of the ν(C O)ester vibrational bands are highlighted in the
models with blue color. Both acetyl-carbonyl groups of the dimer are most likely oriented
close to parallel with respect to the underlying metal surface, since the corresponding
vibrational bands are not seen in the IR spectra. The only other observed prominent band
at 1530 cm-1 is most likely related to the ester-carbonyl group of ethyl pyruvate.
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The second type of interaction is based on establishing a connection between the brighter
and the darker protrusions of the surface species and is exemplified for selected oligomer
structures D4 (Fig. 6.7c). In this type of species (S2(IRAS)/S2(STM)), the ester group of
one molecule is involved into hydrogen bonding with the methyl group of the neighboring
species. As a result, the stretching vibration of the ester group ν(C Oester) is strongly
red-shifted to 1268 cm-1 which is observed by IRAS. The absence of all vibrational bands
in the range that is typical for the stretching vibration of C O groups is an indication that
all carbonyl groups are oriented nearly parallel to the surface.

The Hartke group (CAU Kiel) theoretically analyzed ethyl pyruvate adsorbed both, as a sin-
gle molecule and clusters, on Pt(111) employing a force field (FF) method that is optimized
for geometry, frequency and non-covalent interactions (GFN). [279] (Detailed discussion in
Ref.[250] and full text in Section 8.5.)

The computational standard for molecules adsorbed on (metal) surfaces is nowadays DFT
calculations which requires a lot of computational capacity. An approach to reduce the
computational costs significantly, lower level semiempirical methods, e.g. GFN-1 [280] and
GFN-2 [281], and force field methods, e.g. GFN-FF [279], are an alternative to provide good
results for both adsorption geometries and IR spectra of adsorbed molecules. One aspect
that is in good agreement with the experimentally obtained data is presented in Figure 6.8.
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Figure 6.8: (a) Simulated IR spectrum of ethyl pyruvate adsorbed on Pt(111) and (c-d) the
visualization of the vibrational mode related to the band at 1560 cm-1. Adapted from Ref.[250].
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The simulated IR spectra of a single EP molecule in the gas phase as well as EP adsorbed
on Pt(111) are shown in Figure 6.8a. A similar shift of the stretching vibration of the ester
carbonyl group ν(C Oester), as observed in the IRAS data, was obtained. The simulated
value of 1560 cm-1 is close to the experimentally observed frequency at 1530 cm-1. Fig-
ure 6.8b-d provides the visualization of the displacement vector (blue) of the atoms involved
in the vibration of interest, located at 1560 cm-1 in the calculated spectrum, from three
different views. According to the results of the calculation, the experimentally observed IR
band at 1530 cm-1 can indeed be assigned to the ester carbonyl group. However, a more
accurate description of the calculated vibrational mode itself is rather a displacement of the
C-atom in the Pt O C O Pt bond than a true ν(C O)ester vibration.

In this study, we investigated the details of mutual lateral interactions in ethyl pyruvate
oligomers adsorbed on a well-defined Pt(111) surface employing a combination of IRAS,
STM, molecular beam techniques as well as theoretical modeling at the DFT level. We
pointed out that the proposed enediolate geometry as well as the keto–enol tautomerization
of ethyl pyruvate are unlikely models to describe the adsorption state of EP on Pt(111) at
low temperature. The IRAS data strongly suggest an upright-standing ester carbonyl group
and close to parallel orientation of the ketone carbonyl group with respect to the surface
plane. The microscopic study showed a large variety of different oligomers formed on the
surface without long-range ordering.

Based on the combination of spectroscopic and microscopic observations, all species can
be attributed to two large classes of oligomers exhibiting different types of intermolecular
binding. The first class, denoted as S1(IRAS)/S1(STM), exhibits a nearly unperturbed ν(C O)
and a strongly perturbed ν(C Oester) vibration. The intermolecular interaction in these
species is realized via H-bonding between two acetyl groups, in which an oxygen atom of
the carbonyl group is bonded to a hydrogen atom of the methyl group of a neighboring
molecule. In the STM images, these species appear as dimers, in which the individual
molecules are connected to each other via their bright protrusions. DFT modeling of the
STM images performed for EP monomer species confirms that the position of the bright
protrusion is related to the acetyl group of EP.

The second class of species S2(IRAS)/S2(STM) exhibits a characteristic vibrational band re-
lated to a strongly red-shifted C O stretching vibration of the ester group. The shift is
proposed to arise from a second type of intermolecular interaction involving hydrogen bond-
ing between the oxygen atom of the C Oester group and the methyl group of a neighboring
EP molecule that significantly weakens of the C O bond. In the STM images, the corre-
sponding surface species show an interaction between the bright and the dark protrusions
of the neighboring molecules.

The relative abundance of the species formed on the surface is strongly dependent on the
chemical surrounding and are sensitive to surface hydrogen. While the S1(IRAS)/S1(STM)

species are predominantly present on pristine Pt(111) at low coverage, the S2(IRAS)/S2(STM)

species are only present at high coverage and in the presence of surface hydrogen.

In the next study, we investigated the adsorption geometry and lateral interactions of an
α-methyl ketone, acetophenone, over Pt(111) in a broad range of temperatures and surface
coverages.

6.1 EP adsorbed on Pt(111) 93



6.2 Adsorption Study of Acetophenone on Pristine

Pt(111)

This section reflects a brief summary of the results that are presented in

Angewandte Chemie from Ref.[236]. (Full text in Section 8.6.)
Smadar Attia, Marvin-Christopher Schmidt, Carsten Schröder, Pascal Pessier, Swetlana
Schauermann, Angew. Chem. Int. Ed. 2018, 57, 16659–16664.,

ACS Catalysis from Ref.[237]. (Full text in Section 8.7.)
Smadar Attia, Marvin C. Schmidt, Carsten Schröder, Swetlana Schauermann, ACS Catal.
2019, 9, 8, 6882–6889.,

and

The Journal of Physical Chemistry C from Ref.[235]. (Full text in Section 8.9.)
Marvin C. Schmidt, Smadar Attia, Carsten Schröder, Ann-Katrin Baumann, Swetlana
Schauermann, J. Phys. Chem. C 2020, 124, 26, 14262–14271.

The hydrogenation of carbonyl compounds is an important class of chemical reactions with
particular relevance for industrial application. There are numerous examples for heteroge-
neously catalyzed reactions, e.g. hydrogenation of unsaturated aldehydes [45] or enantiose-
lective hydrogenation of prochiral ketones [54,252,253], in which a generally very stable C O
bond is chemically transformed into a C O bond. However, one of the major challenges in
the hydrogenation of carbonyl groups remains the activation of the C O bond.

In several recent theoretical studies, the keto–enol tautomerization as a first step in the
hydrogenation reaction of carbonyl compounds was suggested as an alternative low–barrier
mechanism that has significantly lower activation barriers than the direct insertion of hydro-
gen atoms into the C O entity of the ketone. [83–86] The enol tautomer is in general thermo-
dynamically less stable than the corresponding ketone itself and thus needs to be stabilized
either via a chelated ring-like keto–enol tautomer or via the formation of oligomers. [86–92]

The intramolecular stabilization of enols in compounds comprising multiple carbonyl groups
is well-understood, whereas the intermolecular stabilization of enols via lateral interactions
with neighboring molecules is poorly investigated.

In a combined scanning tunneling microscopy (STM) and high-resolution electron energy
loss spectrometry (HREELS) study by Demers-Carpentier et al. [72] on prochiral ketones
adsorbed on Pt(111), the authors reported for acetophenone the formation of surface ag-
glomerates containing three acetophenone molecules, after heating the sample surface to
300 K. Based on the spectroscopic data obtained in the same study, the authors proposed
that these oligomers comprise exclusively the enol species of acetophenone.

The atomistic-level understanding of the mechanisms and energetics of lateral interactions
that result in the formation of the proposed enol-containing oligomers is, however, not
fully understood. To address the details of the transformation of acetophenone toward the
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enol tautomer and specifically the stabilization of the unstable enol form, we employed an
unique combination of surface-sensitive techniques including infrared reflection absorption
spectroscopy (IRAS), STM and molecular beam techniques to identify the chemical nature
of the formed surface species and to obtain the real space information on their distribution
over the surface as well as on the lateral interactions between the individual molecules.

Ketone-Ketone

Dimer D1

Ketone-Enol

Dimer D2

D1

D2

(a) (b)

(c)

Figure 6.9: (a) 15×15 nm2 STM image of acetophenone adsorbed on pristine Pt(111) at 200 K.
Scanning temperature was 115 K after deposition. Close-up STM images of (b) the symmetric
D1 dimer and (c) the anti-symmetric D2 dimer. (Experimental details in Refs.[236,237].)

The STM images obtained of acetophenone at 200 K (Fig 6.9) revealed the presence of
two different types of dimer species that represent the majority (82 %) of all molecules on
the surface. The remaining fraction (18 %) of molecules are monomers which are imaged
as a protrusion enclosing a brighter and a darker area. The larger fraction among the dimer
species (84 % of the dimer species, D1, Fig 6.9a) consists of two identical protrusions
with a bright spot at one end, in which both acetophenone molecules are interacting via
the brighter protrusion. The less abundant dimer species (16 % of the dimer species, D2,
Fig 6.9b) is imaged as an anti-symmetric protrusion. In this type of dimer, one molecule is
imaged as a bright and dark spot whereas the second molecule is imaged as an elongated
structure without a bright protrusion. The lateral interactions between the two molecules
in this dimer can be attributed to the bright spot of one molecule interacting with the dark
protrusion of the second molecule. (Full discussion in Ref.[ 236] and Ref.[ 235] as well as
Section 8.6 and Section 8.9.)

As a next step, we investigated the chemical nature of the surface species that are formed by
acetophenone molecules in a broad range of temperature employing infrared spectroscopy.
The infrared spectra of the unperturbed acetophenone molecule in the gas phase, which
serves as a reference, was previously characterized by Gambi et al. [243], Chen et al. [244] as
well as Attia et al. [215].
Briefly, the most prominent bands are related to the C O stretching vibration (ν(C O))
at 1686 cm-1, the deformation vibration of the methyl group (δ(CH3)) at 1361 cm-1 and
the stretching vibration of the C C bond between the phenyl ring and the acetyl group
(νip(C Cring-acetyl)) at 1275 cm-1.
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In Figure 6.10, the results of the infrared spectra recorded on acetophenone adsorbed on
Pt(111) at indicated temperatures (115–280 K) are presented. (Full discussion in Ref.[236]
and Ref.[237] as well as Section 8.6 and Section 8.7.)

The adsorption of acetophenone on Pt(111) at 115 K results in an unperturbed ketone
form of AP which is characterized by the ν(C O) vibration that is located at the same
frequency (1683 cm-1) as in the multilayer spectra. [215] With increasing temperature, addi-
tional vibrational bands evolve that are not present in the infrared spectrum related to the
unperturbed molecule. In particular, above 136 K, there are vibrational bands at 1203 as
well as 1634 cm-1 and above 280 K a third vibrational band at 1663 cm-1 appears.

It is important to emphasize that there is a strong correlation between the appearance of
the bands at 1203 and 1663 cm-1. Both vibrational bands are evolving above 136 K and are
present in the infrared spectra recorded in a broad range of temperature. According to the
frequency shifts of the bands in the infrared spectra obtained in the experiments performed
with isotopically labeled acetophenone, in which the carbon atom of the carbonyl group was
isotopically labeled (13C O), we assigned the band at 1203 cm-1 to the stretching vibration
of the C O bond (ν(C O)) of the enol tautomer of acetophenone that is formed on the
metal surface. (Full discussion and related data in Ref.[236] and Section 8.6.)
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Figure 6.10: IRAS spectra of acetophenone at submonolayer coverage adsorbed on Pt(111) at
indicated temperatures and surface species imaged by STM. (Experimental details in Ref.[237].)

The microscopic picture obtained by STM under the same conditions revealed the presence
of acetophenone monomers on the surface, in which the molecule is imaged as a protrusion
that encloses each a brighter and a darker area, as well as the formation of two types of
dimers. The first type of dimer, D1, consists of two identical protrusions that enclose each
a brighter and a darker area, similar as compared to the acetophenone monomer, and thus
we assumed that the lateral interactions between the molecules in this dimer do not result
in a large shift in the vibrational frequencies.
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However, the second type of dimer, D2, consists of a combination of different protrusions
in which one part encloses a darker and a brighter area whereas the second part consist of
a dark area. The resulting dimer is therefore asymmetric. Based on both the microscopic
and spectroscopic observations, we concluded that the dimer species D2 consists of two
acetophenone molecules, in which one molecule is present in the enol form and the second
remains in the ketone form. Therefore, we assigned the vibrational band at 1663 cm-1, which
always appears in combination with the vibrational band at 1203 cm-1, to the stretching
vibration of the C O bond in the ketone of the D2 dimer. The band related to the
stretching vibration of the carbonyl group is red-shifted by 20 cm-1 which is in a typical
range of frequency shifts for ketones that establish a hydrogen bonding toward an acidic
hydrogen atom, i.e. in this case the H atom of the enol. [214] We therefore concluded that the
enol form of acetophenone is formed on the Pt(111) surface but can only exist while being
stabilized by surrounding ketones. Above 280 K, an additional vibrational band evolves at
1634 cm-1. To clarify whether this additional red-shift of a band is related to the formation
of new types of oligomers on the surface, we performed a STM study at this temperature.
The microscopic picture of acetophenone adsorbed on Pt(111) at 285 K is presented in
Figure 6.11a and the close-up images of the AP oligomers in Fig. 6.11b-e. (Full discussion
in Ref.[236] and Ref.[237] as well as Section 8.6 and Section 8.7.)
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Figure 6.11: (a) STM images of AP adsorbed on pristine Pt(111) (exposure 285 K, scanning
temperature 285 K, 15 × 15 nm2), (b-e) close-up images and (f-g) proposed structures of the
trimers (exposure at 285 K, scanning temperature 115 K). (Experimental details in Ref.[237].)
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There are two different types of trimers observed at this temperature: a more roundish
self-assembly of three AP molecules (trimer T1) and a more linear (trimer T2). The cor-
relation of the formation of trimers on the surface and the appearance of an additional
vibrational band, that is more red-shifted than the band related to the C O stretching
vibration in the ketone–enol dimer, let us assign this vibrational band to the C O group
of an acetophenone ketone that is connected to two AP molecules in the enol form via
hydrogen bonding. The vibrational band is red-shifted by 49 cm-1 as compared to the
same frequency of the unperturbed molecule in the gas phase. This red-shift is about
twice as much as in the ketone–enol dimer, where the interaction of the H atom of the
enol entity with the oxygen atom of the C O bond in the ketone results in a shift of 20 cm-1.

Based on the strong temperature dependence that is observed for the formation of dif-
ferent types of dimers and trimers of acetophenone on Pt(111), we concluded that the
kinetic effects exhibit a key role in the process. The formation of ketone–ketone dimers
at low temperature indicate that the acetophenone molecules have sufficient kinetic energy
to overcome the diffusion barrier. As evidenced by the spectra obtained from IRAS, the
first kinetic barrier for the keto–enol tautomerization can be overcome above approximately
136 K. The activation barrier to form a second enol form, resulting in a ketone–enol–enol
trimer, however, is significantly higher as compared to the formation of the first enol and
is thus observed at around 280 K. This is most likely an indication for the mechanism
being a concerted process within a complex of molecules (dimers or trimers) rather than
the tautomerization of an individual acetophenone monomer adsorbed on the surface. If
the latter case was true, the rate-limiting step of the overall process would be keto–enol
tautomerization of the monomer with a formation of dimer or trimer in a second step, that
most likely has a lower activation barrier. As a consequence of this scenario, the activa-
tion barriers for the formation of both ketone–enol dimers and ketone–enol–enol trimers
would exhibit a similar activation barrier, which strongly contradicts the experimental ob-
servation. (Full discussion in Ref.[236] and Ref.[237] as well as Section 8.6 and Section 8.7.)

In the study on acetophenone adsorbed on pristine Pt(111), we could show with two com-
plementary methods that the molecule undergoes a keto–enol tautomerization. The enol
form of acetophenone on Pt(111) needs to be stabilized via a neighboring ketone form
of acetophenone. This stabilization results in the formation of different oligomers, dimers
or trimers, depending on the adsorption temperature. The spectroscopic study of ace-
tophenone on pristine Pt(111) revealed the presence of several surface species appearing at
different temperatures: i) a low temperature species where acetophenone remains almost
unperturbed in the ketone form, ii) a ketone–enol complex which is most dominant around
240 K and iii) a ketone-enol-enol complex above 280 K.

As a next step, we investigated the influence of coadsorbed hydrogen on i) the adsorption
geometry, ii) the strength of intermolecular interaction and iii) the hydrogenation reaction
of acetophenone.
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6.3 Adsorption Study of Acetophenone on

Hydrogen-covered Pt(111)

This section reflects a brief summary of the results that are presented in

Angewandte Chemie from Ref.[236]. (Full text in Section 8.6.)

Smadar Attia, Marvin-Christopher Schmidt, Carsten Schröder, Pascal Pessier, Swetlana
Schauermann, Angew. Chem. Int. Ed. 2018, 57, 16659–16664.,

ACS Catalysis from Ref.[237]. (Full text in Section 8.7.)

Smadar Attia, Marvin C. Schmidt, Carsten Schröder, Swetlana Schauermann, ACS Catal.
2019, 9, 8, 6882–6889.,

and

The Journal of Physical Chemistry C from Ref.[239]. (Full text in Section 8.10.)

Marvin Schmidt, Smadar Attia, Carsten Schröder, Ann-Katrin Baumann and Swetlana
Schauermann, J. Phys. Chem. C 2021, 125, 35, 19311–19324.

To further understand the chemical transformation of acetophenone in the presence of hy-
drogen, we performed a combined IRAS and STM adsorption study of acetophenone on
hydrogen precovered Pt(111). It is important to note that the adsorption of hydrogen on
surfaces does not always result in one adsorption state equally distributed over the entire
surface. Not only different adsorption sites on the surface but also sites in the subsurface
or the bulk itself may absorb hydrogen, depending on the condition of the catalyst.

In early TPD studies on the desorption behavior of hydrogen on Pt(111), two different
species of chemisorbed hydrogen were suggested: a weakly bound β1- and a strongly bound
β2-species.

[112] The former β1-species desorbs above 225 K while the latter β2-species is
present up to approximately 325 K. These experiments are summarized in the review by
Christmann. [112] This interpretation of those two desorption peaks in the TPD spectra has
been discussed intensively over the last decades. [119–123,282] In more recent studies on the
hydrogen desorption behavior on different Pt surfaces, the double (β1, β2)-peak structure
was shown to be an artifact which is most likely related to surface defects, e.g. steps. [119–121]

Poelsema et al. [119] showed in TPD studies hydrogen on defect-free Pt(111) with a step
density of ≈ 0.1 % that a single desorption peak results from a Pt(111) surface. This
assignment of a single desorption peak TPD spectra was also confirmed by Jo [121] on flat
Pt(111). The author also showed in the study that the same Pt(111) surface yielded a
multi-peak desorption spectra after being intentionally defected via argon sputtering. The
experiments on stepped Pt(533) and Pt(553) surfaces by van der Niet et al. [122] and Gee
et al. [123] further supported that both stepped and defected surfaces result in multi-peak
desorption TPD spectra. An investigation of the isosteric heat of adsorption by Poelsema
et al. [119] revealed a linear decrease from about 75 to 50 kJ·mol-1 with increasing coverage
(0< Θ <1) of surface hydrogen. This results in strong repulsive lateral interactions with
an energy of about 5 kJ·mol-1 per neighboring hydrogen atom. The authors suggested a
hydrogen capture into a molecular precursor state to explain these observed phenomena.
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A more accurate explanation of the obtained experimental results can thus be related to a
different coverage of surface hydrogen. However, our first interpretation of the experimental
results based on the outdated hypothesis of β1- and β2-H-species. To clarify whether
the adsorption state or coverage of the coadsorbed hydrogen influences the adsorption
geometry and lateral interactions of acetophenone, we performed combined microscopic
and spectroscopic studies at 200 K and 240 K.

The results of the microscopic study at 200 K are presented in Figure 6.12b-d. Most
interestingly, the STM images show that the majority of acetophenone molecules adsorb as
monomers (79 %) and only a negligible amount of dimers (21 %) are formed on the surface.
This is a dramatic change as compared to the STM data obtained for the adsorption of AP
on pristine Pt(111), in which the majority of acetophenone molecules form dimers (82 %)
and only a small fraction of monomers (18 %) are present on the surface. (Full discussion
of the STM data in Ref.[239] and [237] as well as Sections 8.10 and 8.7.)
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Figure 6.12: (a) IRAS spectra of acetophenone on pristine Pt(111) (grey) and D/Pt(111) (black)
at 200 K. Acetophenone exposures: (1) 3.1, (2) 1.7, (3) 5.8, (4) 2.1, (5) 20, (6) 6.5, (7) 39, (8)
12·1014 molecules·cm-2. (b) 23×23 nm2 STM image of acetophenone adsorbed on H/Pt(111)
(Exposure at: 150 K (H2), 190 K (acetophenone), acquisition temperature 115 K), (c-d) close-up
images of acetophenone monomers. (Experimental details in Ref.[238].)

6 Lateral Interactions of Prochiral Adsorbates on Pt(111)100



The spectroscopic data from the adsorption study of AP on D/Pt(111) and pristine Pt(111)
for reference at 200 K are shown in Figure 6.12 for different exposures of acetophenone.
Most interesting to point out here is that the combination of both vibrational bands located
at 1663 and 1203 cm-1, that was related to the spectroscopic signature of the ketone–enol
dimer formed on pristine Pt(111) at 200 K, is absent. We therefore concluded that the
presence of hydrogen at 200 K prevents the formation of ketone–enol dimers. The only
important vibrational band, that is visible in the IR spectra recorded for acetophenone ad-
sorbed on hydrogen covered Pt(111) at 200 K, is located at 1683 cm-1 which was previously
assigned as the unperturbed stretching vibration of the C O group in acetophenone and
thus related to the ketone form of AP as monomers or in ketone–ketone dimers. (Full
discussion of the IRAS data in Ref.[237] as well as Section 8.7.)
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Figure 6.13: (a) STM image of AP adsorbed on the H precovered (Θ ≈0.95 ML) Pt(111) surface
(exposure at 190 K, acquisition temperature of 120 K, 19×19 nm2); (b) Close-up images of the
species present on the surface; (c-f) proposed structures of dimer species shown in (b) and (g)
statistical distribution of different dimer species. (Full experimental details in Ref.[239].)

A detailed analysis of the dimers formed in the presence of surface hydrogen reveal the
formation of a new type of dimers that are not observed on pristine Pt(111). Figure 6.13
shows the STM data of AP being exposed to H/Pt(111) at 190 K. In addition to the dimers
formed on pristine Pt(111), where both acetyl groups of AP are involved in the lateral
interactions, the newly formed dimers interact with the phenyl hydrogen atoms and the
acetyl group (Fig 6.13b). The additional three dimers correspond to the lateral interactions
between the acetyl group and the ortho- (o-D1, Fig 6.13d), meta- (m-D1, Fig 6.13e) or
para-hydrogen (p-D1, Fig 6.13f) of the phenyl ring. This type of interaction was previously
suggested for TFAP on pristine Pt(111) by McBreen and coworkers. [66,283–285]

Both, the higher amount of ortho- and meta-H-atoms as well as the high acidity of the
ortho-hydrogen, are most likely responsible for the distribution of the relative abundance of
the phenyl-H/acetyl dimers: o-D1 dimer (43 %), m-D1 (31 %) and p-D1 (10 %) (Fig 6.13g).
(Full discussion of the STM data in Ref.[239] as well as Section 8.10.)
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As the next step, we investigated the adsorption of acetophenone on hydrogen precovered
Pt(111) at 240 K. Figure 6.14 shows the results of acetophenone adsorbed on D/Pt(111)
at 240 K and on pristine Pt(111) for reference. The images obtained from STM clearly
show the presence of dimers on the surface that represent the absolute majority of all
surface species. The protrusions of the dimer species are different as compared to the
dimers observed on pristine Pt(111) at the same temperature. The IR spectra for the same
system also contain the typical combination of two vibrational bands, one related to the enol
vibration at 1203 cm-1 and the other vibration at 1663 cm-1 related to the C O stretching
vibration of the ketone form of AP in the ketone–enol dimer. Interestingly, there is an
additional vibrational band at 1036 cm-1 which does not appear on i) pristine Pt(111), ii) in
the unperturbed multilayer spectra of AP or iii) at elevated temperature on pristine Pt(111).
This vibration was only observed in the presence of hydrogen on the surface. Based on the
spectral position in the IR spectra, we assigned this band to a ν(C O) vibration. There
is a significant shift of 150 cm-1 toward lower wavenumbers compared to the ν(C O)
vibration in the ketone–enol dimer which implies that the chemical environment of the
C O group dramatically changes compared to the enol form. This frequency was also not
reported in the HREELS spectra of the hydrogenated form of AP, 1-phenylethanol, that
was investigated by Demers-Carpentier et al. [72]
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Figure 6.14: (a) IRAS spectra of AP adsorbed on pristine (black) and D/Pt(111) (grey) at
240 K. AP exposures: (1) 4.0, (2) 2.7, (3) 5.4, (4) 4.0·1014 molecules·cm-2. (b) 30×30 nm2

STM image of AP adsorbed on H/Pt(111) (H2 exposure at 150 K followed by heating to 240 K
and AP exposure at 240 K; acquisition temperature 115 K). (c-e) Close-up STM images of the
species obtained at this experiment. (Full experimental details in Ref.[238].)
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In combination with the vibration, related to the newly formed C O single bond, a second
vibrational band at 2892 cm-1 evolves that has a similar frequency as the vibrational band
related to the C H stretching vibration of the methyl group in 1-phenylethanol (2886 cm-1).
(Full discussion in Ref.[237] as well as Section 8.7.)

Based on the spectroscopic data, we assigned this vibrational band to a C O stretching
vibration related to a partially hydrogenated ketone–enol dimer in which one additional
hydrogen is inserted into the C C bond of the enol group. We propose the model presented
in Figure 6.15 as a possible scenario for the mechanism of the H-insertion into the ketone–
enol dimer. There are two carbon atoms in the C C bond of the enol in which the hydrogen
can possibly be inserted, that are denoted as carbon atoms C(1) and C(2) in Figure 6.15.
Therefore, two different pathways can be discussed: i) C(1) is connected to the underlying
Pt surface and the hydrogen is inserted into the CH2 group (forming species A) and ii)
the opposite case in which C(2) is attached to the Pt surface and the hydrogen binds with
the C(1) atom (forming species B).
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Figure 6.15: Proposed reaction mechanism of the hydrogenation of ketone-enol dimer of ace-
tophenone. Reproduced from Ref.[238].
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Both, species A and B, exhibit a similar spectroscopic signature that contains the stretching
vibration of the C O bond, however, the formation of species A is most likely in better
agreement with the strong red-shift by 150 cm-1 of the related vibration as compared to
the ν(C O) vibration in the ketone–enol dimer.

In case of species A, in which the C(1) atom establishes a bonding with the underlying
Pt surface, the resulting reduced mass of the (Pt)C O entity should strongly increase and
thus, a significant red-shift of the related stretching vibration of the C O bond is expected
that should exceed the shift of the same group in case of species B. A third plausible
scenario is the insertion of a hydrogen atom into the ketone at the oxygen atom of the
ketone group. In this case, the chemical nature of the keto group changes as the oxygen
atom of the former carbonyl group is not available for intermolecular hydrogen bonding
and as a consequence, the dimers should fall apart. Assuming the molecule in the enol
form of the original dimer can possibly transfer back to its ketone form to reestablish the
intermolecular hydrogen bonding (pathway C), however, results in the identical species A.

Based on the experimental data, it cannot be unambiguously deduced if the hydrogen
atom is inserted into the C C or C O bond. A plausible scenario is the former case
as theoretical calculation predicted this pathway to be the one with the lower activation
barrier as compared to the direct hydrogenation of the C O bond. [83–86] The red-shift of the
stretching vibration related to the carbonyl group indicates that the intermolecular hydrogen
bonding with the acidic hydrogen of the enol group weakens the C O bond significantly
and with this potentially also lowers the activation barrier for the direct insertion of the
hydrogen. Both scenarios are in agreement with the spectroscopically observed reaction
intermediate. However, it is important to point out that the formation of dimers on the
surface, which forms partly hydrogenated acetophenone, appears to be the crucial first step
in the hydrogenation of acetophenone. The mechanism can be most likely described as the
stabilization of the C C bond of the enol, that can be hydrogenated via a lower activation
barrier pathway, or weakening of the C O bond due to the acidic hydrogen of the enol.

In summary, we conclude that the normally unstable enol form of acetophenone is stabilized
by acetophenone ketones on the surface via hydrogen bonding. The formation of enols can
be prevented at high surface coverage of hydrogen (200 K, Θ ≈ 0.95 ML). This observa-
tion suggests that high concentration of surface hydrogen either prevents the formation of
the enol species or forces the disaggregation of the ketone-enol dimers. At lower hydrogen
coverage (260–240 K, Θ ≈ 0.5–0.57 ML), enols can be formed again, creating ketone–enol
dimers on the surface. Additionally, a new type of dimer is observed in the presence of hy-
drogen at 240 K that is not formed on pristine Pt(111) at the same temperature. By means
of an additional spectroscopic study, we identified a partially hydrogenated acetophenone
species that is most likely attached to the second acetophenone molecule via hydrogen
bonding. This observation suggests that dimers are preserved during the hydrogenation
process and the formation of dimers appears to be crucial for the first hydrogenation step
in this reaction.

Recently, we started a collaboration with the group of Wei Liu (Nanjing University of Science
and Technology) to further support the experimental results on acetophenone over Pt(111)
and H/Pt(111) with DFT calculations.
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7 Conclusions

The aim of the present work was to investigate the fundamental processes of heterogeneous
catalysis at the gas–solid interface under well-defined and reproducible conditions using the
model catalyst approach. In particular, we focused on studying the influence of surface–
adsorbate as well as adsorbate–adsorbate interactions on the hydrogenation of reactants
containing C O double bonds over Pt(111) and Pd(111) metal surfaces. Understanding
important aspects of the coadsorbates, for instance, the influence on the adsorption geom-
etry of the reactants, the role of intermolecular interactions, stabilization of the reaction
intermediates as well as their potential to promote the selectivity of the overall chemical
reaction were the main points of this investigation.
An unique combination of surface-sensitive spectroscopic (infrared reflection absorption
spectroscopy, IRAS) and microscopic (scanning tunneling microscopy, STM) tools as well
as molecular beam techniques was employed to investigate the surface reactions under
operational conditions. In particular, we investigated the influence of lateral interactions on
chemical reactions in heterogeneous catalysis by the example of i) artificial ligands which
promote chemoselectivity, ii) lateral interactions weakening specific chemical bonds in a
molecule and iii) stabilization of usually unstable enols via intermolecular interactions.

Partial Hydrogenation of Acrolein over Functionalized Pd(111) In this study,
we provided for the first time a comprehensive atomistic-level description of ligand-directed
heterogeneous catalysis for the chemoselective partial hydrogenation of the α,β-unsaturated
aldehyde acrolein. Moreover, we investigated systematically the influence of geometric and
electronic effects of ligand molecules as well as the stabilization of adsorbates via keto–enol
tautomerization. It was shown that the functionalization of the Pd(111) with i) allyl cyanide,
ii) 2-methyl-2-pentenal and iii) acetophenone results in the instantaneous and selective for-
mation of the desired unsaturated alcohol (propenol) which is thermodynamically less stable
as compared to the saturated aldehyde (propanal). The spectroscopic investigation revealed
that the chemical structure of the ligand dramatically influences the electronic structure of
the reaction intermediates formed on the surface. Thus, on the surface functionalized with
allyl cyanide, the vibrational band related to the desired propenoxy reaction intermediate
is strongly blue-shifted as compared to the pristine Pd(111) surface. The more spacious
methyloxopentyl ligand results, however, in a strong change in the distribution of the abun-
dance of the same reaction intermediates that are also observed on pristine Pd(111). This
ligand is thus most likely occupying some of the active surface sites. The effect of the
interaction of acetophenone with acrolein is strongly dependent on the AP coverage. While
low coverage of AP hinders the hydrogenation of acrolein, high coverage of AP promotes
the formation of the reactive ligand layer by acrolein molecules that can be most likely
related to the intermolecular interaction of the oxopropyl ligand and the enol form of AP
that results from the keto–enol tautomerization of acetophenone. The microscopic picture
of the coadsorbed ligands show the formation of ligand layers that dynamically transforms
their patterns upon bringing the catalyst to operational conditions.
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Intermolecular Interactions of Ethyl Pyruvate Adsorbed on Pt(111) In this
combined experimental and theoretical study, we investigated the adsorption and lateral
interactions of ethyl pyruvate on Pt(111) and hydrogen precovered Pt(111) surfaces. EP
molecules were shown to form a variety of different types of dimers, trimers and tetramers
upon adsorption on Pt(111). Based on the correlation of both microscopic and spectro-
scopic data as well as according to DFT modeling, these surface species can be attributed
to two large classes of oligomers that exhibit different types of intermolecular binding. The
first class of species show lateral interactions that can most likely be related to the methyl
group of one molecule and the ketone group of the neighboring molecule. In the second
class of species, the interactions between the ester-O and the neighboring methyl group,
that result in a strong weakening of the corresponding ester-O bond, fits best to the ex-
perimental data as well as the theoretical modeling. The lateral interactions are sensitive
to surrounding hydrogen and can be transformed from one species to the other via in-situ
hydrogen adsorption.

Keto–Enol Tautomerization as the First Step in the Hydrogenation of Carbonyl
Compounds In this study, we investigated the surface-driven keto–enol tautomerization
of the α-methyl ketone acetophenone. It was found out that the enol form of acetophe-
none is not formed from a monomer but exists only in combination with a neighboring
ketone molecule forming different types of ketone–enol oligomers. According to the ex-
perimental observations, there are a ketone–enol dimers that most likely exhibit a strong
hydrogen bonding between the OH group of the enol and the C O entity of the ketone,
which points to a significant perturbation of the electronic structure. It was also shown
that at elevated temperature, the evolution of ketone–enol–enol trimers are observed. The
hydrogenation process occurs in these ketone–enol dimers that results in the formation of
partly hydrogenated acetophenone species attached via hydrogen bonding to the second
acetophenone molecule.

In summary, for all the systems studied, we observed strong effects of lateral interactions
between coadsorbed molecules that significantly affect the chemical processes occurring
at the catalytic surfaces, i.e. a reactive ligand layer promoting chemoselectivity toward a
desired product, formation of ketone–enol dimers as the first step of the hydrogenation
reaction of acetophenone and a strong weakening of the ester bond due to intermolecu-
lar interactions in the case of ethyl pyruvate. The results of these studies provide deep
atomistic-level insights in the mechanisms of surface processes mediated by coadsorbed
ligand molecules. We could show that one of the most important aspects in heterogeneous
catalysis, i.e. controlling the activation barriers of competing chemical reactions, can be
addressed by ligand-directed catalysis. Moreover, the experimental results presented in this
work provide a starting idea of how lateral interactions can be employed as useful tools for
rational design of new catalytic materials with tailor-made catalytic properties.
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Heterogeneous Catalysis Hot Paper

Understanding Ligand-Directed Heterogeneous Catalysis: When the
Dynamically Changing Nature of the Ligand Layer Controls the
Hydrogenation Selectivity
Carsten Schrçder, Marvin C. Schmidt, Philipp A. Haugg, Ann-Katrin Baumann, Jan Smyczek,
and Swetlana Schauermann*

Abstract: We present a mechanistic study on the formation and
dynamic changes of a ligand-based heterogeneous Pd catalyst
for chemoselective hydrogenation of a,b-unsaturated aldehyde
acrolein. Deposition of allyl cyanide as a precursor of a ligand
layer renders Pd highly active and close to 100% selective
toward propenol formation by promoting acrolein adsorption
in a desired configuration via the C=O end. Employing
a combination of real-space microscopic and in-operando
spectroscopic surface-sensitive techniques, we show that an
ordered active ligand layer is formed under operational
conditions, consisting of stable N-butylimine species. In
a competing process, unstable amine species evolve on the
surface, which desorb in the course of the reaction. Obtained
atomistic-level insights into the formation and dynamic
evolution of the active ligand layer under operational con-
ditions provide important input required for controlling
chemoselectivity by purposeful surface functionalization.

One of the major challenges in heterogeneous catalysis is
a precise control over the selectivity of a catalytic process,
which depends on subtle differences in the energy barriers of
competing reaction pathways. A promising strategy to tackle
this problem is to introduce a specific selective interaction
between a reactant and an active site, which governs the
chemical transformations in the desired direction. This idea
has been successfully realized in enantioselective heteroge-
neous catalysis via functionalization of metal surfaces with
ligand-like adsorbates—chiral modifiers—with many of these
systems being nowadays well-understood at the mechanistic
level.[1] Recently, a new type of ligand-directed heterogeneous
catalysis—chemoselective catalysis—gained more attention
as new highly chemoselective powdered catalysts were
developed for partial hydrogenation of multi-unsaturated

oxygenates or semi-hydrogenation of alkynes.[2] These devel-
opments demonstrate a great potential of this emerging
technology to controllably tune the surface structure and the
lateral reactant-ligand interactions in order to provide the
tailor-made environment for the desired reaction steps.

Despite the impressive progress in this field demonstrated
on powdered materials, the mechanistic details of the under-
lying ligand-directed surface processes remain only poorly
understood for the most systems. Recently, we reported
a mechanistic study on selective hydrogenation of an a,b-
unsaturated aldehyde acrolein over Pd(111), in which the C=

O bond was hydrogenated with 100 % selectivity to produce
the target product propenol.[3] This chemistry occurs, how-
ever, not on pristine Pd(111), but on the surface densely
packed with oxopropyl ligands, which are spontaneously
formed on the early stages of partial acrolein hydrogenation.
Although this mechanistic study provided some starting ideas
about the microscopic origin of the ligand-related effects, an
in-depth atomistic understanding of the active ligand layer is
largely missing. Specifically, the elementary steps leading to
formation of an active ligand layer, its chemical composition
and the possible dynamic changes under the reaction
conditions needs to be understood, in order to approach
rational design of this new promising class of materials with
tailor-made catalytic properties.

Here, we report the proof-of-principal mechanistic study
on purposeful formation of a catalytically highly efficient
ligand layer based on model Pd(111) catalyst functionalized
with allyl cyanide (AC) for selective hydrogenation of
acrolein. By combination of in operando infrared reflection
absorption spectroscopy (IRAS), scanning tunnelling micros-
copy (STM) and molecular beam techniques, formation and
dynamic changes of the ligand layer under reaction conditions
were investigated at the atomistic level. While AC forms
a self-assembled 2D layer under non-reactive conditions, in
which the flat lying molecules largely preserve their chemical
nature, strong changes occur under the reactive conditions
both in terms of the chemical nature and the spatial
distribution of the ligand species. Specifically, AC transforms
to N-butylimine species resulting from partial hydrogenation
of the original ligand, which are adsorbed in a more upright
configuration and form a more densely packed layer, adopt-
ing the hexagonal symmetry of the underlying metal. On this
active layer, acrolein nearly instantaneously forms the desired
propenoxy reaction intermediate followed by evolution of the
target product propenol. The dynamic changes of the ligand
layer induced by the reaction conditions were identified as
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a crucial process rendering the surface highly active and
selective in partial hydrogenation of acrolein at the C=O
bond. Obtained insights provide a deep atomistic level
understanding of the most important working principles of
ligand-directed heterogeneous catalysis.

Selective partial hydrogenation of acrolein, leading to
formation of propenol as a target and propanal as a non-
desired product (Figure 1a), was investigated on Pd(111)
surface functionalized with AC. The catalytic activity was
probed by molecular beams combined with quadrupole mass
spectrometry (QMS) under isothermal conditions in an
apparatus described elsewhere.[4] Figure 1 b shows the time
evolution of the propenol formation rate in the gas phase for
pristine and AC-precovered Pd(111) at different AC cover-
ages. In each experiment, the surface was first exposed
continuously to a H2 beam, at a time indicated as zero the
second molecular beam was opened to dose acrolein (for
details see Supporting Information, SI; in the following, the
simultaneous exposure to H2 and acrolein at the reaction
temperature will be denoted as “reaction conditions” for the
reactivity measurements). On pristine Pd(111), a prolonged
induction period is observed before the onset of propenol
evolution. Previously, we have shown that during the induc-
tion period an oxopropyl ligand layer is formed as a result of
a single H insertion into the C=C bond of adsorbed acrolein,
which turns the surface close to 100 % selective toward C=O
bond hydrogenation.[3,5] On Pd(111) functionalized with AC
prior the reaction, the induction period becomes either
strongly reduced at intermediate AC coverages or even
completely vanishes at coverages close to a monolayer. For all
functionalized surfaces propenol is formed with the estimated
selectivity in the range 95–100%, which will be denoted in the
following as “close to 100 %”, and fairly high conversion (up
to 32%) as exemplarily shown in Figure 1c. These observa-
tions demonstrate that surface functionalization with AC

renders it highly selective and
can be used for rational design
of ligand-containing catalysts
without relying on spontaneous
formation of the oxopropyl
ligand layer.

To get more insights into
the formation of the active
ligand layer and the reaction
intermediate, a combination of
in operando IRAS and kinetic
studies via molecular beams
was performed in a broad reac-
tion parameter range. Fig-
ure 2a shows the propenol for-
mation rate over AC-function-
alized Pd(111) at 250 K upon
pulsing of acrolein onto the
surface continuously exposed
to H2. During the indicated
periods of time (1–5), IR spec-
tra were obtained on this sur-
face, shown in Figure 2b as
spectra 1–5. The spectrum 0

corresponds to the same surface prior to exposure to acrolein.
On this non-reactive surface, two most important peaks are
observed at 1746 and 1582 cm�1, which are not present in non-
perturbed AC and are related to a partly hydrogenated
derivatives of AC. The band at 1746 cm�1 was previously
described as a (C=N···Pd) stretching vibration for structurally
similar acetonitrile and methyl isocyanide.[6] The band at
1582 cm�1 is typical of d(NH2) deformation vibration in
simple amines.[7] While the exact nature and formation of
these species will be discussed the detail later, it is important
to point out that AC does not retain its original chemical
structure in presence of H2 and transforms to two new species
with spectroscopic signatures characteristic of imines and
amines. Upon dosing of acrolein (spectra 1–4), a new band at
1166 cm�1 appears nearly instantaneously on AC-functional-
ized Pd(111), which presence strongly correlates with the
evolution of propenol in the gas phase, and vanishes when the
acrolein beam is interrupted (spectrum 5). Following the
assignment made in our previous study on pristine Pd(111),
we attribute this band to a C-O vibration in a direct reaction
intermediate (RI) propenoxy-species CH2=CH�CH�O···Pd,
in which the C-O entity is attached to Pd through the O atom
(for details see SI, Chapter IV). Importantly, on the AC-
covered surface, this band shifts by 46 cm�1 pointing to
a strong lateral interaction between the RI and the ligand
layer.

Another striking observation is that the evolution of two
prominent AC-related surface species is not directly corre-
lated with the reactant supply or evolution of the target
product propenol: the imine species containing a C=N···Pd
bond (1746–1755 cm�1) remain constantly present on the
surface irrespectively of the reactant supply, while the species
containing a -NH2 group slowly disappear in the course of the
reaction. Additionally, a band at 1330 cm�1 evolves, which
results from partial decomposition of acrolein to ethylidyne-

Figure 1. a) Competing reaction pathways for acrolein hydrogenation (b) Formation rates of propenol on
pristine and AC-precovered Pd(111) at 250 K; c) formation rates of propenol and propanal on Pd(111)
precovered with 0.8 L AC at 250 K.
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like species.[8] The evolution of these species is responsible for
reactivity decrease after the initial period of high propenol
formation rate (more details on reactivity decrease in
Chapter VIII in SI).

These datasets provide a clear indication that formation of
the direct RI propenoxy (CH2=CH�CH�O···Pd) species and
the target product propenol is strongly affected by the ligand
formed under the reaction conditions on the AC-functional-
ized surface.

To get more atomistic level insights into the chemical and
geometric structure of the active ligand layer forming and
dynamically changing under the reaction conditions, a com-
bined microscopic and spectroscopic study was performed on
AC adsorbed on pristine and H-containing Pd(111) in a broad
temperature range. Figure 3 shows the STM images obtained

under non-reactive (Figure 3a–c) vs. reactive conditions
(Figure 3d). Note that the term “reaction conditions” for
STM measurements is related to AC adsorbed on Pd(111) in
presence of H2 at the specific reaction temperature. In both
cases, AC adsorbates form ordered layers on these surfaces,
exhibiting, however, strongly different patterns. To the best of
our knowledge, this is the first experimental proof of the
formation of an active ligand layer obtained by real space
microscopy (Figure 3d), which exhibits a high degree of
ordering and by this provides a specific confinement, allowing
for a desired adsorption configuration of the reactant. In our
previous studies on acrolein hydrogenation, formation of an
ordered oxopropyl ligand layer was hypothesized,[3a] but was
not yet proven experimentally. Complementarily, the chem-
ical nature of the adsorbed species was investigated by IRAS

on both types of surfaces
(Figure 4).

Under non-reactive condi-
tions, AC forms a 2D self-
assembled layer (Figure 3 a–c),
which consists of individual
entities, each showing a brighter
(head) and darker (tail) protru-
sions. Generally, each adsor-
bate in this layer exhibits a 2-
point interaction, which is real-
ized via interaction of each
head with two tails and each
tail with two heads. Figure 3b
shows this structure in more
detail: there are two parallel
rows R1 and R2 of adsorbates,
which are inclined with respect
to the axis R3 by 69� 18. The
distance between the heads in
the row R3 d1 = 8.3� 0.2 �,

Figure 2. a) Formation rate of propenol on Pd(111) precovered with 1.0 L AC at 250 K measured in a pulsed experiment; b) IR spectra of 1.0 L AC
prior the beginning of the reaction (spectrum 0) and IR spectra obtained on the same surface after the beginning of the reaction. The spectra 1–5
were obtained during the time slots indicated in (a) as 1–5; full details can be found in Chapter II in SI.

Figure 3. a) STM image of allyl cyanide on pristine Pd(111) at 230 K (15.9 � 19.1 nm2); b) close-up image
(5.8 � 4.6 nm2) from (a) indicating three main rows in the 2D self-organized AC layer; c) close-up image
showing the unit cell of the 2D AC layer; d) STM image of allyl cyanide on H-precovered Pd(111) at 250 K
(10.6 � 10.8 nm2). Full experimental details can be found in Chapter II in SI.
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which corresponds to (3.0� 0.1) � dPd-Pd with dPd-Pd being the
spacing between two Pd atoms (2.75 �). The distance d2

between two heads along the rows R1 and R2 amounts to
(4.8� 0.1) � dPd-Pd. The main axis R4 of the molecules lying in
the row R1 is inclined with respect to the axis R3 by a = 61�
18, while the main axis R5 of the molecules constituting the
row R2 is tilted by the angle b = 37� 18 with respect to R3.
Figure 3c shows the unit cell of the AC 2D self-organized
layer with the lattice parameters d2 = (4.8� 0.1) � dPd-Pd; d3 =

(7.6� 0.1) � dPd-Pd and g = 106� 18.
The IR spectra related to non-reactive conditions are

shown in Figure 4a (spectrum 1, 100 K) and in Figure SI_2 in
SI (100–250 K). At 100 K, only two major vibrational bands
are observed: at 1648 (n(C=C)) and 1419 cm�1 (d(CH2)),
while the normally intense band related to the CN-group
(2250 cm�1) is not seen.[9] The latter observation originates
most likely from the nearly parallel orientation of the CN-
group with respect to the metal plane making it invisible for
IRAS due the metal surface selection rule (MSSR).[10] At
elevated temperatures, the intensity of both bands (1648 and
1419 cm�1) strongly decrease most probably due to the
changes in the adsorption configuration making the entire
molecule oriented nearly flat with respect to the metal plane
(for additional discussion see SI, Chapter V), which is
consistent with the elongated form of the adsorbates imaged
by STM. Combined microscopic and spectroscopic informa-
tion result in the atomistic model of this ligand layer under
non-reactive conditions shown in Figure 5a. The adsorbates
are separated by 5 � dPd-Pd along the row R3, while the distance
between R1 and R2 corresponds to the separation by 3 � dPd-Pd.
The angles between the molecular axes with respect to R3 (a

and b) amount to � 378 and 618, respectively. The mutual

intermolecular interactions between the adsorbates are most
likely based on H-bonding between the N-atom of each
molecule and the H atoms of the terminal CH2 group of two
neighboring adsorbates (visualized by red dotted lines). It
should be noted that while the exact position of the CN
groups cannot be derived unambiguously from the STM data,
it is likely that the electron rich CN group is related to the
brighter part of the molecule, that is, the head-position.

Upon transition to the reactive conditions, the 2D self-
assembled ligand layer undergoes dramatic changes both in
terms of the geometric structure and the chemical nature of
the adsorbates. Here, an ordered layer of the hexagonal
symmetry is formed (Figure 3d) with the adsorbates exhibit-
ing a nearly round footprint in STM. The spacing between the
adsorbates along the axes shown in Figure 3d is b1 = (2.7�
0.3) � dPd-Pd and b2 = (3.1� 0.1) � dPd-Pd (red vectors b1 and b2

show the unit cell of this layer; w = 53� 28). This transition is
also accompanied by substantial changes in the chemical
composition of the originally deposited AC ligand. Figure 4a
shows the IR spectra obtained on H-precovered Pd(111)
surface at successively increasing temperatures (spectra 2 and
3), which finally reaches the state of the catalyst under
operational conditions (spectra 4 and 5). At 100 K, AC
adsorbed on H-covered surface still retains two peaks typical
of molecularly adsorbed AC: 1648 (n(C=C)) and 1419 (d-
(CH2)) cm�1.[9] Importantly, a new peak at 1755 cm�1 appears,
which is present neither in multilayer nor in the gas phase
AC.[9] Previously, this vibration was observed for structurally
similar molecules acetonitrile and methyl isocyanide upon
adsorption on Pd(111)[6b] and was attributed to imine species,
in which the band at 1755 cm�1 is related to the stretching
vibration of the (C=N) bond in the (-C=N···Pd) fragment. This

Figure 4. a) IR spectra of AC adsorbed on Pd(111) at indicated temperatures. The spectrum 1 is obtained on pristine and the spectra 2–4 on H-
precovered Pd(111). Spectrum 5 is recorded during continuous H2 exposure under the reaction conditions (full details can be found in Chapter II
in SI); b) Reaction Scheme showing chemical transformations of AC according to two competing reaction pathways as deduced from (a).
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observation suggests partial reduction of the C�N triple to the
C=N double bond accompanied by formation of the species
strongly bound to Pd. Generally, two possible configurations
of these species are possible: bound either through the N or
the C atom, which are shown in the scheme of the Figure 4b
and indicated as N- and C-butenylimine (S2 and S3,
respectively).

At 160 K, the further hydrogenation step occurs giving
rise to (i) disappearance of the peaks at 1648 (n(C=C)) and
1419 (d(CH2)) cm�1 and (ii) appearance of a new peak at
1454 cm�1 corresponding to the CH3 deformation vibration
(d(CH3)).[11] The combination of these observations suggest
that the C=C bond becomes hydrogenated in this temperature
range and a new terminal -CH3 group appears.

At 250 K (spectra 4 and 5), further hydrogenation steps
occur mainly resulting in (i) significant growth of the peak at
1755 cm�1 (-C=N···Pd) and (ii) appearance of two new peaks
at 1580 and 1280 cm�1, which are characteristic of -NH2 and
HNC deformation vibrations, respectively.[12] Simultaneous
appearance of these bands means that both imine and amine
species are formed and co-exist in this temperature range. It
also suggests that at least two reaction pathways run in
parallel to transfer the originally deposited AC to co-existing
imine and amine surface species.

Figure 4b displays a model for the proposed AC reaction
pathways, which is consistent with all spectroscopic observa-
tions. For all species, the characteristic bands employed for
assignment are given next to the proposed structure. At
100 K, AC deposited on pristine Pd(111) exhibits an adsorp-
tion geometry with the CN group oriented nearly parallel to
the surface, while the C=C group is inclined and hence visible
in IRAS (species S1). When H is co-adsorbed at 100 K,
a fraction of these species is capable of forming the imine
group (-C=N···Pd, 1755 cm�1). The formed butenylimine
species can be bound to the surface either via the N-end (N-
butenylimine, S2 species) or via the C-atom (C-butenylimine,
S3 species) and undergo further partial hydrogenation steps.
In the first pathway, the N-butenylimine species (S2) is
hydrogenated at the C=C bond producing the N-butylimine
(S4) species in the temperature range 160–250 K. In the
second pathway, the C-butenylimine (S3) species are also

hydrogenated at the C=C bond forming C-butylimine species
(S5). However, hydrogenation does not stop at this stage and
in the fraction of S5 species, the imine group is hydrogenated
to amine forming C-butylamine species (S6). The species S5
and S6 co-exist on the surface and evolve in a very similar
way: they appear in the same temperature range and both
disappear in a correlated way upon prolonged H2 exposure in
the course of the reaction as can be deduced from the
comparison of the spectra 4 and 5 in Figure 4b. Note that the
characteristic vibrations used to identify the species S5 and S6
(d(HNC) at 1280 and d(NH2) at 1580 cm�1) cannot originate
from the same surface species. On the other hand, the nearly
identical evolution of these species upon temperature varia-
tion and prolonged exposure to H2 suggest that the species S5
and S6 are strongly correlated, most likely as a precursor (S5)
and the product (S6). Thus, the combination of all spectro-
scopic data suggest that the originally adsorbed AC species S1
becomes partly hydrogenated under the reaction conditions
along two competing reaction pathways: the first one leads to
formation of the N-butylimine (S4) species, while the second
results in the formation of the mixture of C-butylimine (S5)
and C-butylamine (S6) species.

It is important to emphasize that one type of species—N-
butylimine (S4)—remains present on the catalytic surface
under the reaction conditions and serves as an active ligand
layer. The other two species—C-butylimine (S5) and C-
butylamine (S6)—quickly disappear after prolonged H2

exposure (see Figure 4b, spectra 4 and 5; Figure 2, spectra
0–5), most likely as a result of successive hydrogenation of the
C=N bond of C-butylimine (S5) to C-butylamine (S6)
followed by H insertion into the C···Pd bond to produce
molecular butylamine that is able to desorb (for additional
discussion on the stability of S5 and S6 species see SI, Chapter
X; the stability of the S4 species is additionally discussed in SI,
Chapter III). This observation suggests that species building
an active ligand layer under the reaction conditions are the
stable N-butylimine (S4) species, while the mixture of the
unstable species C-butylimine (S5) and C-butylamine (S6) are
the spectators disappearing in the course of the reaction
without effecting the catalytic efficiency.

Figure 5. Model of adsorbed AC-derived species under a) non-reactive and b) operational conditions in presence of H2 and acrolein. For
additional discussion on the AC structure in (a), see SI, Chapter V.
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Figure 5b shows the model of the geometric orientation of
the active N-butylimine (S4) species based on the STM data:
all ligand molecules are separated by approx. 3 � dPd-Pd,
meaning that each third Pd atom along the main axis is
covered by the ligand. The clearly visible band at 1755 cm�1

characteristic of the imine species suggests a rather upright
adsorption geometry, which is also reflected in this model.

Summarizing, we provide for the first time a comprehen-
sive atomistic level description of a ligand-based heteroge-
neous catalyst for chemoselective hydrogenation of a,b-
unsaturated aldehyde acrolein. Deposition of allyl cyanide
as a precursor of an active ligand layer renders the catalyst
highly active and close to 100 % selective toward propenol
formation and eliminates the induction period observed on
pristine surfaces. Formation and dynamic evolution of the
active ligand layer under the reaction conditions were
investigated by combination of in operando spectroscopic
and microscopic surface sensitive techniques. On pristine Pd
and under non-reactive conditions, AC forms a self-assem-
bled 2D layer with the species oriented close to parallel to the
surface and exhibiting a two-point interaction between the
-CN and the CHx groups of neighboring molecules. Upon
transferring to the reaction conditions, both the chemical
nature of the adsorbates and the geometric configuration of
the ligand layer drastically change. In two competing reaction
pathway, both stable N-butylimine active ligand species and
unstable spectator species are formed. These latter species
comprising C-butylamine and C-butylimine desorb in the
course of the reaction after prolonged H2 exposure. The stable
N-butylimine species forms an ordered ligand layer acting
under the reaction conditions, in which every third Pd atom is
covered by N-butylimine adsorbate. With this we provide for
the first time a direct microscopic proof that ordered layers of
active ligand species are formed, which govern the interaction
of acrolein with the catalyst by lateral interactions and by this
render the surface highly chemoselective.

Obtained atomistic-level insights highlight the excep-
tional importance of controlling the chemical and geometrical
structure of dynamically changing active ligand layer under
operational conditions. Related effects are expected to play
a key role for chemoselective hydrogenation of all types of
multi-unsaturated hydrocarbons over ligand-functionalized
catalysts including practically relevant powdered materials.
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Competing Reaction Pathways in Heterogeneously
Catalyzed Hydrogenation of Allyl Cyanide: The Chemical
Nature of Surface Species
Carsten Schröder,[a] Philipp A. Haugg,[a] Ann-Katrin Baumann,[a] Marvin C. Schmidt,[a]

Jan Smyczek,[a] and Swetlana Schauermann*[a]

Abstract: We present a mechanistic study on the formation of
an active ligand layer over Pd(111), turning the catalytic
surface highly active and selective in partial hydrogenation of
an α,β-unsaturated aldehyde acrolein. Specifically, we inves-
tigate the chemical composition of a ligand layer consisting
of allyl cyanide deposited on Pd(111) and its dynamic
changes under the hydrogenation conditions. On pristine
surface, allyl cyanide largely retains its chemical structure and
forms a layer of molecular species with the CN bond oriented
nearly parallel to the underlying metal. In the presence of
hydrogen, the chemical composition of allyl cyanide strongly
changes. At 100 K, allyl cyanide transforms to unsaturated

imine species, containing the C=C and C=N double bonds. At
increasing temperatures, these species undergo two compet-
ing reaction pathways. First, the C=C bond become hydro-
genated and the stable N-butylimine species are produced. In
the competing pathway, the unsaturated imine reacts with
hydrogen to fully hydrogenate the imine group and produce
butylamine. The latter species are unstable under the hydro-
genation reaction conditions and desorb from the surface,
while the N-butylimine adsorbates formed in the first reaction
pathway remain adsorbed and act as an active ligand layer in
selective hydrogenation of acrolein.

Introduction

Controlling selectivity in chemical transformations of multi-
unsaturated hydrocarbons is one of the most important
challenges in modern heterogeneous catalysis. Specifically for
the competing reaction pathways exhibiting only small differ-
ences in the activation barriers, the distribution of the products
might be very broad and is difficult to control by using typical
single-metal heterogeneous catalysts. Thus, a catalytic surface
showing high activity for the desired reaction route might also
greatly accelerate the unwanted reaction paths. A strategy to
overcome this problem is to introduce a specific selective
interaction between a reactant and a catalytically active site,
which can govern the chemical transformations only into the
desired direction. Such highly specific reactant/active site
interactions are ubiquitous in enzymes[2] and have been
successfully implemented into homogeneous catalysts through

for example modification of an active metal site with specific
organic ligands.[3]

Currently, a similar approach is being developed for
heterogeneously catalyzed reactions by combining two func-
tionalities inherent to heterogeneous and homogeneous catal-
ysis: high activity of a catalytic metal surface and a specific
interaction between the reactant and the active site, directing
the chemical transformations towards the desired reaction
route.[4] One of the most successful strategies within this
approach is the functionalization of a catalytic surface with
ligand-like adsorbates, for example organic adsorbates or
covalently bonded functional groups, allowing for a selective
promotion of the desired reaction pathway. Recently, such
surface modification has gathered significant interest for the
development of ”ligand-directed” heterogeneous catalysis for a
variety of reactions,[4b,e,5] in which the pre-adsorbed surface
ligands induce specific adsorbate-adsorbate interactions with
the reactant and by this turn the catalytic surface highly
chemoselective. Thus, the deposition of n-alkanethiol onto Pd
nanoparticles was reported to dramatically enhance the cata-
lytic selectivity in 1-epoxy-3-butene selective hydrogenation on
the olefinic bond from 10 to 94%.[4a] Kunz et al.[5b] reported that
the modification of Pt nanoparticles with proline results both in
strong increase of chemoselectivity in hydrogenation of
acetophenon to phenylethanol and considerable raise of the
conversion to almost 100%. Binghui at al[6] demonstrated that
the presence of surface oleyamine array on PtCo nanocrystals
leads to >90% selectivity towards C=O bond hydrogenation in
α,β-unsaturated aldehydes containing both C=C and C=O
double bonds. Recently, Medlin et al.[5f] demonstrated in a
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number of studies that “surface crowding” with thiolate-based
self-assembled monolayers and other organic surface modifiers
can be used to control the orientation of various multi-
unsaturated reactants and considerably improve the selectivity
towards the desired reaction pathway. Glorius et al.[7] reported
significantly enhanced selectivity and activity in selective hydro-
genation of acetophenone, trans-stilbene and phenylacetylene
over Pd/Al2O3 and Ru/Al2O3 catalysts functionalized with N-
heterocyclic carbens.

In our recent mechanistic studies[8] on chemoselective
hydrogenation of an α,β-unsaturated aldehyde acrolein to
unsaturated alcohol propenol over model Pd catalysts, we have
shown that surface functionalization with ligands turns the
catalyst highly active and nearly 100% selective toward the
target product unsaturated alcohol. Specifically, it was shown
that Pd(111) functionalized with allyl cyanide (AC) prior the
reaction becomes highly active and selective toward the
formation of the desired product propenol. In that study, we
found indications that the chemical nature of the originally
deposited AC dynamically changes under the reactive con-
ditions – in presence of hydrogen and at elevated temperatures
– allowing formation of a specific ligand layer, which enables
acrolein adsorption in the desired adsorption geometry – via
the O-end – and by this promotes its selective hydrogenation.
The surface ligand species were identified as N-butylimine
species, which remain stable under the reaction conditions
applied for acrolein hydrogenation.[8]

While some aspects of the chemical transformation of AC
on Pd(111) under the reaction conditions were addressed in the
latter study, the full atomistic-level details of adsorption and
reactivity behavior of AC under hydrogenation reaction con-
ditions resulting in formation of an active ligand layer remain
unknown. Specifically, AC is able to transform not only to N-
butylimine species but also undergo alternative reaction path-
ways resulting in formation of the different partly hydrogenated
surface species (e.g. amines). These competing processes might
crucially affect the final composition of the surface turning over
and by this decisively determine the overall efficiency of the
catalyst. It appears feasible to control the surface composition
of the ligand layer by tuning the pre-treatment and reaction
parameter such, that mainly the desired ligand species would
be produce and the competing reaction pathways of AC would
be minimized. However, the control over the chemical
composition requires detailed knowledge of the competing
surface processes and how they specifically depend on the
experimentally controllable parameters such as reaction tem-
perature, AC coverage and hydrogen flux. This detailed
information on these dependencies is not available at the
moment. The main goal of this study is to obtain detailed
atomistic-level understanding of the competing reaction path-
ways of AC under hydrogenation conditions resulting in
formation of either the desired ligand layer (N-butylimine
species) or the undesired side products of partial or full AC
hydrogenation. Specifically, the effects of the experimentally
controllable parameters, such as reaction temperature, presence
of hydrogen and AC coverage, on the competing surface
processes need to be explored, which will allow to prepare

tailor-made active ligand layers with the desired catalytic
properties.

Previously adsorption behavior of structurally similar mole-
cules – simple nitriles and isocyanides – was addressed by a
variety of surface sensitive spectroscopies on pristine transition
metal surfaces.[9] Specifically, two possible adsorption config-
urations – η1(N) or η2(N,C) – were proposed for acetonitrile,[9d,j]

methyl isocyanide,[9g,k] azomethane,[9l] HCNH[10] and HCN[9m]

adsorbed on Pt(111), methyl isocyanide and acetonitrile[9f] on
Pd(111), acetonitrile on TiO2-supported Au,[9i] methyl isocyanide
on Rh(111)[9e] and HCNH on Ru(001).[9h] In the η1(N) config-
uration, the N atom directly interacts with the underlying metal,
while the nearest C atom is attached only to N. In the η2(N,C)
configuration, both N and the nearest C establish bonds to the
underlying metal surface. Adsorption and reactivity behavior of
these compounds on H-containing transition metal surfaces
and/or under hydrogenation reaction conditions at elevated
temperatures was not yet investigated in surface science
studies to the best of our knowledge.

To obtain a deeper microscopic understanding of the
processes resulting in the formation of the active ligand layer,
we performed a comprehensive spectroscopic study on
adsorption and reactivity behavior of AC on pristine and H-
containing Pd(111) surface. A combination of infrared reflection
absorption spectroscopy (IRAS) and molecular beam techniques
was employed in this study in a broad range of temperature
and coverage conditions. Specifically we show, that on the
pristine Pd(111) surface at 100 K AC adopts an adsorption
configuration with the CN-entity oriented nearly parallel to the
surface, while the C=C bond is tilted with respect to the surface
plane. With increasing temperature, the spectroscopic observa-
tions suggest a strong rehybridization of the C=C bond
resulting in formation of either π- or di-σ bonded adsorbates on
pristine Pd(111). The presence of co-adsorbed H dramatically
changes both the chemical structure and the adsorption
configuration of originally adsorbed AC. Already at the lowest
investigated temperature (100 K), molecular AC transfers to
butylimine species, in which a C=N entity is formed exhibiting a
characteristic vibrational band at 1755 cm� 1. At elevated
temperatures, the imine adsorbates can undergo two compet-
ing reaction pathway: (i) one resulting in hydrogenation of the
C=C bond and leading to formation of strongly bound
saturated imine adsorbates (N-butylimine species); (ii) the other
resulting in a stepwise hydrogenation of the C=C and the C=N
bonds and formation of the saturated amine species, which can
desorb as molecular butylamine. The saturated N-butylimine
species formed in the first reaction pathway was found to be
stable under the reaction condition and form an active ligand
layer governing chemoselective acrolein hydrogenation. The
amine species formed in the second pathway are unstable and
readily desorb in presence of hydrogen. Obtained results
provide important atomistic-level details on chemical trans-
formations of AC under the hydrogenation reaction conditions,
which play a key role in formation of active ligand layers in
ligand-directed heterogeneous catalysis.
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Experimental Section
All experiments were performed in an ultrahigh vacuum (UHV)
apparatus combining molecular beam techniques, IRAS and
quadrupole mass spectrometry (QMS). The apparatus is equipped
with a dedicated preparation chamber, which is separated from the
experimental chamber by an UHV gate valve. After preparation, the
sample can be transferred from the preparation to the experimental
chamber without breaking the vacuum. Both chambers are
operating at a base pressure <2.0 · 10� 10 mbar. Full details on the
apparatus design can be found elsewhere.[11]

The Pd(111) single crystal (10×10 mm, MaTeck GmbH) was cleaned
prior to use in the preparation chamber by repeated cycles of Ar+

ion bombardment at room temperature, followed by annealing at
1100 K and subsequent oxidation in 1 ·10� 6 mbar O2 at 700–750 K.
The last step contains the rapid flash of the sample to 900 K. Shortly
before each experiment the sample was flashed to 600–800 K
before cooling to the required temperature to remove CO
adsorbates. The long range order and cleanliness of the Pd(111)
single-crystal were checked by Low Energy Electron Diffraction
(LEED), Auger Electron Spectroscopy (AES) and additionally by IRAS
of adsorbed CO to probe the abundance of adsorption sites. Allyl
cyanide (Sigma-Aldrich, 98%) was purified with multiple pump-
freeze-thaw cycles before each experiment. Hydrogen (Linde HiQ
6.0) was used without any further purification.

Two doubly differentially pumped effusive molecular beams were
used for dosing the molecules onto the surface. Typical flux rates
were 8.5 · 1014 molecules · cm� 2 · s� 1 for H2 and 7.2 · 1012

molecules · cm� 2 · s� 1 for allyl cyanide. The IRAS data were obtained
using a vacuum Fourier transform infrared (FTIR) spectrometer
(Bruker Vertex 80v) with a spectral resolution of 2 cm� 1 combined
with a mid-infrared (MIR) polarizer and using p-polarized IR light.
The spectrometer was equipped with a narrow band Mercury-
Cadmium-Telluride (MCT) detector.

The deposition of molecules as well as the evolution of reaction
products was monitored by a quadrupole mass spectrometer (QMS)
(Hiden HAL 301/3F). A detailed description of the setup can be
found elsewhere.[11]

The vibrational spectra were calculated at the B3LYP level with the
aug-cc-pvqz basis set of a single molecule in the gas phase using
the Gaussian16 software.[12] The computed frequencies were used
to assign the specific vibrational modes to the experimentally
measured vibrational frequencies of the unperturbed molecules
adsorbed in the multilayer coverage regime.

Results and Discussion

Adsorption of AC was investigated on well-defined Pd(111)
surface under UHV conditions in the temperature range 100–
250 K by combination of IRAS and molecular beam techniques.
The surface coverage was varied in a broad range – from
submonolayer to multilayer coverages. The spectra obtained for
AC multilayers at 100 K were used as a reference for molecular
species, which are not perturbed by the direct interaction with
the underlying metal surface. The assignment of the exper-
imentally observed vibrational band was performed by compar-
ison of these spectra with the known gas phase spectra[13] and
theoretical calculations performed in this study.

Assignment of vibrational bands in allyl
cyanide

Figure 1 shows multilayer IR spectra of AC obtained at 100 K
during increasing exposure (1–4) and a theoretical spectrum (5)
resulting from harmonic B3LYP/aug-cc-pvqz gas phase calcu-
lation using the Gaussian16 software.[12] At this temperature, a
simultaneous continuous growth of all vibrational bands was
observed, which is characteristic for the formation of multi-
layers. The calculated IR spectrum was corrected by a factor of
0.965, scaled on the ν(C=C) vibrational band at 1648 cm� 1,
which can be clearly identified in the experimentally measured
multilayer spectra. A detailed assignment of all vibrational
bands, based on the harmonic B3LYP gas phase frequency
calculation, is summarized in Table 1. The last column of this
table also shows the references to the previously published
reports that were used for additional verification of the assign-
ment made in this study.

There is a good agreement in spectral position as well as
simulated intensities of the calculated spectra compared to the
experimental data, which provides a sufficient level of accuracy
for comparison of theoretically computed and experimentally
measured spectra. In the region of the C� H stretch vibrations,
the IR bands are observed at 3093 (νas(=CH2)), 3032 (ν(=CH))
and 2990 (νs(=CH2)) cm� 1, which can be assigned to the
asymmetric and symmetric =C� H stretching modes containing
the olefinic C atom. The C� H stretching vibrations related to the
aliphatic � CH2� entity exhibit lower vibrational frequencies: at
2940 (νas(CH2)) and 2918 (νs(CH2)) cm� 1. The nitrile stretching
vibration ν(C�N) is observed at 2250 cm� 1 with a small shoulder
at 2265 cm� 1, which can be related to intermolecular inter-
actions of AC in the multilayer ice as previously shown in
experimental spectroscopic[13b] and theoretical studies.[13a] Spe-
cifically, it was reported that the nitrile stretching vibration
ν(C�N) is highly sensitive to the chemical surrounding. Thus,
the IR experiments of Getahun et al.[14] on nitrile containing
amino acids in water and tetrahydrofuran (THF) solvent show a
frequency blue-shift of up to 10 cm� 1 when THF was replaced
by water. A similar trend was reported by Lindquist et al.[15] in a
theoretical study on acetonitrile/water and acetonitrile/THF
clusters. The very sharp band at 1648 cm� 1 can be assigned to
the ν(C=C) stretching vibration. The assignment of the stretch-
ing vibrations ν(CHx), ν(C�N) and ν(C=C) are in good agreement
with previously reported assignment performed in the studies
on gaseous, liquid and solid AC by Durig[13a] and Verma.[13b]

The intense band at 1419 cm� 1 is related to the asymmetric
deformation vibration δas(CH2) of the methylene group. A small
shoulder visible at 1402 cm� 1 can be assigned to the in plane
deformation vibration δip(=CH2) of the terminal vinyl group. The
vibrational band at 1325 cm� 1 is typical for the symmetric
deformation vibration δs(CH2) of the methylene group. The
band at 1296 cm� 1 is assigned according to the calculations to
the in-plane bending vibration δip(=CH) of the C� H bond with
carbon being involved in the olefinic group. Previously, the
bands at similar frequencies 1287 and 1294 cm� 1 were reported
by Verma et al.[13b] for solid AC adsorbed on CsBr plate at 90 K
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and at 1285 cm� 1 for liquid AC. Durig assigned the band at
1300 cm� 1 measured in gaseous and at 1288 cm� 1 in solid AC to
the same δip(=CH) vibrational mode.[13a] This slight difference
between 1296 cm� 1 observed in our study and 1288 cm� 1

reported for solid AC by Durigmay be related to intermolecular
interactions in the multilayer AC ice.

The weak band at 1214 cm� 1 is related to the twisting
vibration τ(CH2) of the methylene group. The vibrational band

Figure 1. IR spectra of allyl cyanide (AC) obtained at 100 K on Pd(111) in the multilayer coverage range. AC was dosed at a flux of 1.0 · 1014 molecules · cm� 2 · s� 1.
Allyl cyanide exposures: (1) 6.0 · 1015, (2) 3.0 · 1016, (3) 4.2 · 1016, (4) 5.4 · 1016 molecules · cm� 2. The spectrum (5) results from theoretical calculation by using
B3LYP-aug-pvqz gas phase calculation of allyl cyanide with a correction factor of f=0.965.

Table 1. Assignments of vibrational modes of allyl cyanide and its partly hydrogenated derivatives. ν: stretching, δ: deformation, τ: twisting, 1: rocking, ω:
wagging, γ: scissoring vibrations.

Frequency [cm� 1] Assignment Ref.
Multilayer
(100 K)

Sub monolayer
(140 K)

Sub monolayer (H2,
250 K)

Theoretically calculated spectrum (B3LYP / aug-cc-pvqz,
f=0.965)

3093 3113 νas(=CH2) [13]
3032 3040 ν(=CH) [13a]
2990 3030 νs(=CH2) [13a]
2940 2935 νas(� CH2) [13a]
2918 2914 νs(� CH2) [13b]

2879 νas(� CHx) [18]
2864 νs(� CHx) [18]

2250 2275 ν(C�N) [13]
1755 ν(C=N) [9d,f,k, 22]

1648 1648 1650 ν(C=C) [13]
1608, 1580 δ(NH2) [9 h,m,

24,25]
1419 1419 1413 δas(CH2) [13]
1402 1402 δip(=CH2) [13b]
1325 1308 δs(CH2) [13]
1296 1282 δip(=CH) [13a]

1275 δ(HNC) [9 l, 10, 20]
1214 1196 τ(CH2) [13a]
1072 1057 1(=CH2) [13a]
998 990 993 ωoop(=CH) [13b]
937 934 948 ωoop(=CH2) [13a]
927 915 924 ν(C� C)/

ν(C� CN)
[13]
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at 1072 cm� 1 can be assigned to the rocking vibration of the
vinyl group 1(=CH2) according to our calculations. Previously,
Durig et al.[13a] reported the band at 1066 cm� 1 in the gas phase,
1070 cm� 1 in the liquid phase and 1075 cm� 1 in solid AC and
assigned them to the same rocking vibration of the vinyl group
1(=CH2). On the other hand, Verma et al.[13b] assigned a band at
1070 cm� 1 measured for liquid AC to a combination vibration of
a valence and torsion vibration of the C� C�N entity. The very
intense bands at 998 (ωoop(=CH)) and 937 cm� 1 (ωoop(=CH2)) are
assigned to the out-of-plane wagging vibrations of the vinyl
hydrogens. Both assignments are in a good agreement with the
assignment of Durig et al.,[13a] while Verma assigned the
vibration at 936 cm� 1 in liquid AC and 947 cm� 1 in solid AC to
the stretching mode of the C� C�N entity (ν(C� C�N)). The same
author assigned the vibration at 906 cm� 1 in liquid AC to out-
of-plane wagging mode of the vinyl hydrogen.[13b] Based on our
calculations, the vibration at 927 cm� 1 can be assigned to a
mixed mode of the ν(C� C�N) and ν(C� C) stretching vibrations,
which rather agrees with the assignment suggested by
Durig.[13a]

Generally, the previous assignments of the vibrational bands
of AC performed by Durig and Verma can be confirmed with
just a few exceptions related to the low-frequency range, in
which contradictory assignments were suggested by these two
groups. A detailed visualization of the most prominent and for
further discussion most important vibrational bands are shown
in Figure 2. The blue arrows show the displacement vector of
the individual atoms involved in each vibrational mode, while
the gold arrow displays the resulting dynamic dipole moment.
The arrow related to the resulting dynamic dipole moment is
arbitrarily placed in the center of mass of AC. In the following,
the orientation of the dynamic dipole moments with respect to
the metal surface plane will be discussed for the selected
vibrations. On metal surfaces, only those vibrational modes are
visible in IR spectra, whose dynamic dipole moment has a non-
zero projection onto the surface normal as a consequence of
the metal surface selection rule (MSSR).[16] Consequently, the

absence of certain IR vibrational peaks indicates that the related
bonds are oriented nearly parallel to the surface and therefore
not visible. It should be also kept in mind that the geometrical
structure of adsorbed species might significantly differ from the
alone-standing unperturbed molecules shown in Figure 2.

IR spectra of allyl cyanide adsorbed on Pd(111)
at 100 K: coverage dependence

Having identified the vibrational modes in the multilayer, we
studied adsorption of AC as a function of coverage to obtain
detailed understanding of the chemical nature and the
adsorption geometry of molecular species closely interacting
with Pd surface. Figure 3 shows the IR spectra recorded on
pristine Pd(111) at 100 K after successive exposure to AC in the
range 7.2 ·1013 to 4.3 · 1015 molecules · cm� 2. Importantly, the
highest AC coverage corresponds to a few monolayers, which
allows us to directly follow the evolution of the individual
vibrational bands starting from sub-monolayer to multilayer
coverage. This approach ensures a univocal assignment of the
vibrational bands detected at submonolayer coverages by
direct comparison with the bands observed for multilayers,
whose assignment was discussed in the previous section
(Figure 1).

At the lowest coverage (Figure 3 spectra 1 and 2), only one
vibrational band at 1419 cm� 1 is visible in the spectra, which is
related to the asymmetric deformation vibration of the meth-
ylene group δas(CH2). This observation indicates that AC adopts
a flat lying adsorption geometry with both the nitrile and vinyl
group being oriented parallel to the surface. The presence of
the vibrational band at 1419 cm� 1 further indicates that the
original geometric structure of AC becomes strongly perturbed
upon adsorption on the metal surface. The dynamic dipole
moment of the δas(CH2) vibration lies in the same plane as the
dynamic dipole moments of the C�N and C=C stretching

Figure 2. Visualization of selected vibrational modes of allyl cyanide in the gas phase using GaussView 6.1.[1] Blue arrows indicate the displacement vector of
the individual atoms involved in the vibrational mode, gold arrows show the resulting dynamic dipole moment vector of the corresponding mode.
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vibrations for the gaseous AC (Figure 2). The fact, that the latter
two vibrations are not seen in the infrared spectra suggests that
the related bands are oriented nearly parallel to the surface and
not visible due to MSSR. If the geometrical structure of AC
would be retained upon adsorption, also the band at 1419 cm� 1

(δas(CH2)) would be invisible due to the same effect. Since this
band is observed in the adsorbed AC, the related dynamic
dipole moment must be inclined with respect to the plane
containing the C=C and C�N bonds (see Figure 2). Most likely,
this means that the H atoms of the -CH2-group become lifted
above the surface, so that the resulting dynamic dipole moment
of δas(CH2) vibration is inclined with respect to the C=C/C�N
plane and the plane of the metal surface. With increasing AC
coverage, the band at 1419 cm� 1 grows in intensity and a band
at 1648 cm� 1 appears in spectrum 3, which is related to the C=C
stretching vibration ν(C=C). Simultaneously, the bands at 998
(ωoop(=CH)) and 937 cm� 1 (ωoop(=CH2)) related to wagging
vibrations of the vinyl group evolve. The spectrum 5 obtained
at the highest exposure 4.3 · 1015 molecules · cm� 2 contains three
additional bands at 3093 (νas(=CH2)), 2250 (ν(C�N)) and
1072 cm� 1 (1(=CH2)). Taking into account the density of surface
Pd atoms on Pd(111), which amounts to 1.5 · 1015 atoms ·cm� 2,
and assuming that the sticking coefficient of AC is close to unity
at 100 K, it might be concluded that the transition from the
(sub-)monolayer to multilayer coverage occurs approximately
between the spectra 2 and 4. In our previous STM studies,[8]

adsorption of AC was investigated on a pristine Pd(111) surface
in a broad range of temperature conditions. Based on the
adsorption model developed for pristine Pd(111), the space
demand for a single AC molecule was estimated to be

approximately 8.5 Pd atoms. Assuming this space requirement,
we estimate the saturation coverage of AC laying in the range
1.6 ·1014–1.8 · 1014 molecules · cm� 2, which roughly correspond to
the spectra 1 and 2 in Figure 3. In this case, in might be
concluded that when adsorbed below the monolayer coverage,
most of AC surface species are lying flat on the surface with the
C=C and C�N bonds being oriented close to parallel to the
underlying metal and therefore invisible in IRAS due to MSSR.[16]

Upon transition to the second and the further layers, the newly
incoming molecules adopt a random orientation with respect
to the surface, so that first the C=C and then the C�N bonds
become visible.

At sub-monolayer coverages (spectra 1–2), the absence of
both vibrational bands related to out-of-plane wagging vibra-
tions of the vinyl hydrogens (ωoop(=CH) and ωoop(=CH2)) at 998
and 937 cm� 1 may indicate that the vinyl group undergoes
strong rehybridization losing the π-bond character. There are
two limiting types of interactions usually discussed in the
literature:[17] a strong di-σ-interaction resulting in a rehybridiza-
tion of both carbon atoms and a weaker π-bonded type of
interaction. If the C=C bond would be preserved and participate
in a π-type bonding, either the out-of-plane wagging (ωoop-
(=CH) at 988 and ωoop(=CH2) at 937 cm� 1) or in-plane deforma-
tion (δip(=CH2) at 1402 cm� 1) vibrations of the olefinic hydrogen
atoms would be expected to be visible in the infrared spectra,
which is not the case. On the other hand in case of a di-σ-
bonding, one could expect the appearance of new or spectrally
shifted vibrational bands in the region of CH stretching or CH
deformation vibrations, which was either not observed here.
Based on the available experimental data, it seems not to be

Figure 3. IR spectra of AC obtained at 100 K on Pd(111) in sub- and multilayer coverage range. AC was dosed at a flux of 7.2 · 1012 molecules · cm� 2 · s� 1. AC
exposures: in (1) 7.2 · 1013, (2) 2.9 · 1014, (3) 3.6 · 1014, (4) 7.2 · 1014, (5) 4.3 · 1015 molecules · cm� 2
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possible to distinguish between these two conceivable bonding
types. At increasing coverages (spectra 3–5), all bands related to
the C=C bond – 1648, 998 and 937 cm� 1 – become visible in
the spectra, pointing to a lesser extent of the olefin bond
perturbation in the high coverage regime. A similar coverage-
dependent change of the adsorption configuration from a di-σ
bonding at low coverages to a π-complex at higher coverages
have been reported by Lee et al.[18] in an IRAS adsorption study
of C4-olefins on Pt(111) at 80 K.

Previously, adsorption behavior of simplest types of nitriles
and isocyanides, such as HCN, acetonitrile and methyl
isocyanide, was investigated in surface science studies on a
variety of metals.[9a,c–g,i–k,m,19] Koerdsch et al. investigated the
adsorption behavior of HCN on Pd(111) in a combined high
resolution energy loss spectroscopy (HREELS) performed in an
off-specular mode and temperature programmed desorption
(TPD) study.[9a] The authors proposed a di-σ bonded η2(C,N)
adsorption configuration for the C=N bond, in which the
formed nitrile groups show an imine character as concluded
based on the observed strong frequency shift from 0.259 meV
(2089 cm� 1) to 0.191 meV (1540 cm� 1). The NEXAFS study by
the same authors confirmed this conclusion by showing that
the C� N axis is oriented parallel to the surface.[9b] In a more
recent IRAS study on acetonitrile and methyl isocyanide
adsorbed on Pd(111) at 80 K, Murphy et al. reported a close to
parallel orientation of the isocyanide group at low coverages
and a more upright η1(C)-configuration in the higher coverage
regime.[9f] In this study, a prominent shift of the nitrile stretching
vibration from 2249 to 1755 cm� 1 was observed for acetonitrile,
which was explained by a strong weakening of the nitrile group
due to interaction with the underlying Pd. This considerable
shift was interpreted as a consequence of a strong rehybridiza-
tion of the related orbitals and formation of a η2(C,N) adsorption
configuration of the original nitrile groups, in which the original
triple C�N bond rather turns to double C=N imine bond. In a
combined EELS and TPD study by Avery et al.[9g] on adsorption
of methyl isocyanide on Pt(111), two types surface species were
suggested: (i) a terminally bonded species observed at low
coverage with a characteristic vibrational band at 2265–
2240 cm� 1 and (ii) an imine-like species observed at higher
coverages, exhibiting a vibrational band in the range 1600–
1770 cm� 1. In the same group, the adsorption of acetonitrile
was investigated on Pt(111) by a combination EELS, X-ray
photoelectron spectroscopy (XPS) and TPD,[9d] in which an
η2(C,N)-configuration was deduced for acetonitrile, showing the
characteristic vibrational band at 1615 cm� 1 in the typical imine
region (ν(C=N)). A similar imine-related vibrational band at
1660 cm� 1 was also observed in an IR study by Szilágyi et al.[9c]

on acetonitrile and methyl isocyanide adsorption on Pt(111)/
SiO2. In a combined EELS, Auger electron spectroscopy (AES)
and TPD study by Semancik et al.[9e] on adsorption of methyl
isocyanide on Rh(111), two different adsorption species were
reported: (i) a low-coverage species, exhibiting a vibrational
band at 1710 cm� 1, which were assigned to a bridged-bonded
geometry, and (ii) a second type of species related to the high
coverage range, showing a vibrational band at 2170 cm� 1 and
interpreted as on-top bonded species. Friend et al.[19] inves-

tigated acetonitrile and methyl isocyanide on Ni(111) surfaces
at 100 K by HREELS and TPD and reported vibrational bands for
acetonitrile at 1680–1700 cm� 1 (low coverage) and 2240 cm� 1

(high coverages). For methyl isocyanide, these features appear
at 1760 cm� 1 at low coverage and at 2160 cm� 1 at high
coverage. In both cases, the strongly red-shifted vibrational
band was assigned as an η2(C,N)-configuration with both the C
and N atom of the nitrile and isocyanide group being bonded
to the surface.[19] The adsorption geometry of nitriles was
hypothesized to play a crucial rule in hydrogenation of nitrile
compounds. A combined theoretical and FTIR study on
acetonitrile hydrogenation to ethyl amine on Pt nanoparticles
supported on Al2O3 by Vogt et al.[20] proposed η2(C,N) adsorp-
tion configuration for chemisorbed nitriles and identified an
imine species as the key reaction intermediate.

Thus, formation of two possible surface species was
hypothesized in previous experimental reports on structurally
similar molecules containing a nitrile or an isocyanide group.
For the most of investigated surfaces,[9a,c–g,i-k,m,19] the adsorption
configuration of the CN entity – either in nitrile or isocyanide
compounds – was discussed to be oriented nearly parallel to
the metal surface. Most of the authors hypothesized a η2(C,N)
adsorption configuration with both C and N atoms establishing
σ bonds with the underlying metal. At increasing coverage, a
more upright adsorption configuration was reported for the
most investigated systems. These general observations are in a
good agreement with the adsorption behavior of AC deduced
from the IR spectra shown in Figure 3. It should be noted,
however, that on the pristine Pd(111) surface no vibrational
peaks in the range 1600–1750 cm� 1 were observed in our work,
which were interpreted in the earlier studies as imine � C=N
species formed due to the strong interaction with the under-
lying metal and/or donation of the electron density from the
metal to the C�N bond. In the following, we will demonstrate
and discuss formation of imine-like species on H-precovered
Pd(111).

Adsorption of allyl cyanide on Pd(111) in the
temperature range 100–250 K

As a next step, adsorption of allyl cyanide was investigated on
pristine Pd(111) in the temperature range from 100 to 250 K at
sub-monolayer coverages. For each temperature, the surface
was exposed to 4.3 1014 molecules · cm� 2 allyl cyanide. Note that
the identical exposure does not result in the same surface
coverages at different surface temperatures as the sticking
coefficients may vary as a function of temperature.

Figure 4 shows the IR spectra obtained for this experimental
series. At 100 K, intense vibrational bands at 1648 (ν(C=C)),
1419 (δas(CH2)), 990 (ωoop(=CH)), 934 (ωoop(=CH2)), 915 (ν(C� C)/
ν(C� CN)) cm� 1 are visible at this particular exposure, while
neither noticeable bands in the ν(CHx) nor in ν(C�N) regions
could be observed, most likely due to MSSR. The combination
of these observations suggests that the nitrile group of AC is
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oriented nearly parallel to the surface, while the C=C bond is
tilted with respect to the surface plane.

Only minor changes occur transition to 140 K: the band at
1648 cm� 1 (ν(C=C)) loses some intensity compared to the out-
of-plane modes of the vinyl H-atoms (ωoop(=CH) and ωoop-
(=CH2)), which are related to the same functional group of the
molecule. That observation indicates that the C=C bond is still
present in the molecular species but the orientation of the vinyl
group becomes more parallel with respect to the surface than
at 100 K resulting in higher relative intensity of the out-of-plane
modes. Importantly, two vibrational bands appear at 2879 and
2864 cm� 1, which is a typical range for C� H stretching
vibrations in alkanes.[18] Note that the vibrational bands at these
frequencies do not appear in the multilayer and therefore
cannot be related simply to the � CH2� groups of the originally
deposited AC. With increasing temperature (160–200 K), these
new vibrational bands grow in intensity, while the bands
associated with the vinyl group at 1648 (ν(C=C)), 990 (ωoop-
(=CH)) and 934 (ωoop(=CH2)) vanish. The absence of both in-
plane (ν(C=C)) and out-of-plane vibrations related to the vinyl
group most likely indicates that the C=C bond is either strongly
rehybridized or does not exist anymore under these temper-
ature conditions. Also the original � CH2� group is affected by
temperature-induced structural changes since the band at
1419 cm� 1 (δas(CH2)) strongly decreases in intensity and a small
new band at 1396 cm� 1 evolves, which is most likely related to
a similar C� H deformation vibration of the CHx entity formed in
the modified AC surface species.

Based on these spectroscopic observations, it is impossible
to undoubtedly deduce the chemical composition of AC-related

species formed in the temperature range 140–200 K on pristine
Pd(111). Vanishing of the C=C bond can originate either (i) from
formation of the π-complex with the intact C=C bond being
nearly parallel oriented to the metal surface or (ii) due to
formation of a di-σ complex, in which each C atom forms a
covalent bond to the underlying Pd atom, so that the C=C
bond does not exist anymore. There is an ongoing debate on
this issue in the literature for different types of olefins, which is
– to the best of our knowledge – not finally resolved.[17]

Specifically, similar evolution of C=C-related spectroscopic
signatures was reported by Lee et al.[18] for adsorption of simple
olefins – butenes – on Pt(111) and assigned to the formation of
a di-σ-bonded surface intermediate. On the other hand, notable
changes of the spectral region related to the CHx deformation
vibrations (bands at 1419 and 1396 cm� 1) suggest that also the
methylene group of original AC is strongly affected in the high
temperature range. Similar behavior was previously reported for
a close type of nitrile compounds – alkoxybenzonitriles, in
which strong changes of the CHx deformation vibrational bands
were detected and linked to self-assembling of these species
graphene.[21] In our previously published work, we reported that
also AC self assembles in the 2D layers in the high temperature
region and deduced the precise atomistic model of these
adsorption layers (for more details, see[8]). In view of this fact, it
is likely that also the changes of the vibrational bands at 1419
and 1396 cm� 1 observed in this study are associated with the
self-assembling process, in which strong intermolecular inter-
actions keeping the molecular species together might be
responsible for the observed behavior.

Figure 4. IR spectra of AC obtained on Pd(111) at submonolayer coverages in the temperature range 100–250 K. AC was dosed at a flux of 7.2 · 1012

molecules · cm� 2 · s� 1 ; the total AC exposure amounts to 4.3 · 1014 molecules · cm� 2. Acquisition temperatures are indicated next to the spectra.
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Above 250 K, no IR vibrational can be detected on the
surface, even though that according to the STM data, the
surface is almost completely covered by AC.[8] Vanishing of all
vibrational bands occurs most likely due to the nearly flat
orientation of all main bands parallel to the surface plane,
making them not detectable by IRAS due to MSSR.[16] Poten-
tially, also some hydrogen atoms of AC can be stripped off at
elevated temperatures, however, their desorption from Pd
cannot be observed experimentally in this temperature range
since the barrier for desorption of surface-adsorbed H can be
overcome only above 300 K. It should be noted that the ability
of the AC-derivatives to efficiently diffuse at elevated temper-
atures, which is proven by formation of the long-range ordered
structures (2D self-assembled layers), allow us to exclude a high
degree of dissociation rather safely in these adsorbates. Indeed,
if H would be stripped off the molecules in substantial amounts,
it should form surface species strongly bound to Pd, which are
most likely not capable to efficiently diffuse and strongly
rearrange to form large areas of self-assembled 2D layers that
are observed experimentally.

Figure 4b shows the proposed configuration of the AC
species adsorbed on pristine Pd(111) in the temperature range
100–250 K. At the lowest temperatures, the nitrile group it
oriented nearly parallel to the metal surface, while the C=C
bond is inclined. The latter conclusion is based on the
simultaneous observation of the stretching vibration of the C=C
bond as well as wagging out-of-plane vibrations related to the
vinyl group. In the range 140–160 K, a transition to new surface
species occurs, in which the C=C bond seems to be highly

rehybridized, forming most likely either di-σ or π-bonded
complexes, in which all main bonds are oriented flat with
respect to the surface. As reflection of these considerations, we
replace the C=C double bond via the dotted line between two
C atoms. Above 250 K no spectroscopic signatures of adsorbed
species were detected by IRAS, while in STM AC coverages close
to a monolayer were detected. These observations suggest a
flat-lying adsorption configuration of all main bonds in AC-
derivatives formed at this temperature.

Adsorption of allyl cyanide on H-precovered
Pd(111) in the temperature range 100–250 K

To further understand the chemical transformation of AC in
presence of co-adsorbed H and the state of the ligand layer
under the reaction conditions – at elevated temperatures and
under continuous H2 exposure – adsorption of AC on the H-
containing Pd(111) was investigated in the same temperature
range as described in the previous section. Figure 5 shows the
IR spectra obtained on H-containing Pd(111) surface at
successively increasing temperatures.

In the temperature range 100–140 K, AC adsorbed on H-
precovered surface still retains a number of peaks typical of
molecularly adsorbed AC: 1648 (ν(C=C)), 1419 (δas(CH2)), 990
(ωoop(=CH)), 934 (ωoop(=CH2)) and 915 cm� 1 (ν(C� C)/
ν(C� CN)).[13a] Importantly, a new vibrational band at 1755 cm� 1

appears on H-precovered Pd(111), which is present neither in

Figure 5. IR spectra of AC obtained on H-containing Pd(111) at submonolayer coverages in the temperature range 100–250 K. AC and H2 were continuously
dosed via independent molecular beams at fluxes 7.2 · 1012 molecules · cm� 2 · s� 1 and 8.5 · 1014 molecules · cm� 2 · s� 1, respectively. Prior to the deposition of AC,
H2 was continuously dosed for 10 min onto the surface. The total AC exposure is 4.3 · 1014 molecules · cm� 2. Surface temperatures are indicated next to the
spectra.
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multilayer nor in the gas phase AC.[13a] As discussed above, the
bands appearing in the vibrational range 1600–1770 cm� 1 after
adsorption of structurally similar nitriles and isocyanides were
previously attributed to the imine � C=N species both in
experimental[9a,d,f,22] and theoretical[9k] studies. Following this
assignment, we attribute the new band at 1755 cm� 1 to the
imine-like species, in which the original C�N triple bond is
partially reduced to a C=N double bond. It should be noted
that the vibrational band is located at a similar frequency on
Pd(111) precovered with D instead of H. Figure 6 shows a series
of the related IR spectra obtained at 250 K on the D-precovered
surface at different AC coverages, in which the evolution of the

band at 1755 cm� 1 can be observed, which has the same
frequency as measured on the H-covered surface. This observa-
tion suggests that the frequency of the newly formed imine
(C=N) group is not strongly affected by the nature of hydrogen
isotope (H vs. D) inserted into the C�N bond to form imine
species.

Generally, two possible types of imine species evolving on
H-precovered surface at 100–140 K are possible, which can be
formed in two competing reaction pathways as shown in
Figure 7. The species formed in the pathway 1 are bound
through the N atom to Pd, producing the � C=N···Pd entity,
which will be denoted later as N-butenylimine species (or

Figure 6. IR spectra of AC obtained at 250 K on D-containing Pd(111). AC and D2 were continuously dosed via independent molecular beams at fluxes 7.2 · 1012

molecules · cm� 2 · s� 1 and 8.5 · 1014 molecules · cm� 2 · s� 1, respectively. Prior to the AC exposure, the surface was exposed to D2 for 10 min. The total AC exposures
are: (1) 2.2 · 1014, (2) 4.3 · 1014, (3) 1.1 · 1015 molecules · cm� 2.

Figure 7. Proposed adsorbate structures and chemical transformation of AC on pristine and H-containing Pd(111). Reaction pathways 1 and 2 show the
proposed partial hydrogenation steps in different temperature ranges. The frequencies of the vibrational bands used for assignment of the individual surface
species are indicates next to the corresponding structures.
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species S2). In the alternative reaction pathway 2, the species
S3 is formed, which is connected to Pd via the C atom and will
be denoted as C-butenylimine species. The geometric config-
uration of AC adsorbed on pristine Pd(111) at 100 K (as
discussed above) is also shown in Figure 7 and denoted as
species S1. It is important to note, that the spectroscopic
signature of both proposed imine species S2 and S3 is the same
and comprises two characteristic vibrations: the band at
1755 cm� 1 related to the imine fragment � C=N and the band at
1648 cm� 1 assigned to the C=C stretching vibration (ν(C=C)).
The latter band clearly indicates that the C=C double bond is
preserved in the species formed at 100–140 K at H-precovered
Pd(111) surface.

At 160 K (Figure 5), the peaks at 1648 (ν(C=C)) and 1419
(δas(CH2)) cm� 1 disappear, while a new peak at 1454 cm� 1

corresponding to the CH3 deformation vibration (δas(CH3))
evolves. The combination of these observations might suggest
that the C=C bond becomes hydrogenated in this temperature
range and a new terminal -CH3 group appears. It should be
noted, however, that the bands at 990 (ωoop(=CH)) and 934
(ωoop(=CH2)) cm� 1 are still visible in the spectra, even though
they are strongly reduced in the intensity as compared to the
low temperature regime. Most likely, a stepwise transition from
the unsaturated butenylimine species (CH2=CH� CH2� CN) to
saturated butylimine species (CH3� CH2� CH2� CN) occurs in this
temperature range and a combination of these both surface
species temporarily exists on the surface. This hypothesis would
explain the coexistence of the new band at 1454 cm� 1 related
to the terminal CH3 group, which can originate only from
hydrogenation of the C=C bond on one hand, and the bands at
990 (ωoop(=CH)) and 934 (ωoop(=CH2)) cm� 1 suggesting that
some surface species still preserve their C=C bond, on the other
hand. At the temperatures above 160 K, all vibrations related to
C=C double bond (ν(C=C), ωoop(=CH) and ωoop(=CH2)) com-
pletely vanish, suggesting that in the higher temperature range
this transition is completed and all olefinic groups become fully
hydrogenated (see spectra above 160 K in Figure 5). It should
be emphasized that the conclusion on the hydrogenation of
the C=C bond above 160 K is based on the combination of two
observations: vanishing of the C=C stretching vibration (ν(C=C))
and disappearance of the bands related to the C� H out-of-
plane wagging vibrations (ωoop(=CH) and ωoop(=CH2)). As the
dynamic dipole moments of these vibrational modes lie not in
the same plane, their simultaneous disappearance cannot be
related to the metal surface selection rule and therefore arises
most likely from the hydrogenation of the C=C bond. This
observation is in an agreement with earlier hydrogenation
studies on simple olefins adsorbed on Pd(110) and Pd(111),
where the onset of C=C bond hydrogenation was reported to
occur around 160 K[23]

At 200 K (Figure 5), additional new bands appear at 1609
and 1580 cm� 1. Both bands lie in the vibrational region typical
for deformation vibration of amino groups δ(NHx). In previous
studies, formation of vibrational bands in the range 1560–
1616 cm� 1 upon adsorption of simple amines at different
transition metal surfaces was reported.[9h,m,24] Interestingly, both
bands appear first at 200 K at comparable intensities. However,

the band at 1609 cm� 1 decreases in intensity at 250 K, while the
band at 1580 cm� 1 simultaneously grows (Figure 5), suggesting
that these bands may be correlated as an intermediate (species
related the band at 1609 cm� 1) and the final product (species
related the band at 1580 cm� 1). Another observation pointing
to the same hypothesis was made in a series of experiments
shown in Figure 8. Here, the surface was continuously exposed
to H2, and to AC at different exposures (from 7.2 · 1013 to
7.2 ·1014 molecules · cm� 2). At the lowest exposures (spectra 2–
3), the band at 1609 cm� 1 dominates the spectrum, while the
band at 1580 cm� 1 is hardly seen. With increasing exposure, the
band at 1609 cm� 1 decreases in intensity and finally vanishes,
while the band at 1580 cm� 1 concomitantly grows and the
eventually becomes the dominant band in the spectrum 5. This
correlated behavior, which was observed as a function of both
temperature (Figure 5) and the exposure (Figure 8), suggests
that the species related to the band at 1609 cm� 1 might be the
surface precursor, which completely transforms into surface
amines (-NH2) exhibiting the band at 1580 cm� 1 (δ(NH2)). The
exact chemical nature of the species related to the band at
1609 cm� 1 is unclear yet. It should be a structurally similar
species, containing an amino group, which can be for example
adsorbed at a different adsorption sites or having a different
local environment (e.g. different intermolecular interactions)
than the species related the band at 1580 cm� 1. As a possible
scenario, it can be hypothesized that the band at 1580 cm� 1 can
be related to the amine species, which are involved in
intermolecular interactions with neighboring molecules and are
formed at higher coverages, while the band at 1609 cm� 1 can
be rather associated with alone-standing amines present in the
low coverage range. This hypothesis is in good agreement with
the previous studies on intermolecular interactions of amines,
in which the amine group was shown to be involved into
hydrogen bonding with foreign molecules. Thus, for aniline/
dimethyl sulfoxide (DMSO) complex the deformation vibration
δ(NH2) was observed to blue shift by 12 cm� 1 per intermolecular
hydrogen bond with a neighboring DMSO molecule.[25] Addi-
tionally, IR studies on intermolecular interactions of aniline in
liquid phase revealed a blue-shift of 20–30 cm� 1 for the NH2

deformation vibration δ(NH2) when aniline forms adducts with
other aniline molecules.[26]

At 250 K, the spectra (Figure 5) show intense vibrational
bands at 1755 (ν(� C=N)), 1580 (δ(NH2)) and 1280 cm� 1. The
latter band is new and was assigned in the previous theoretical
study to the deformation vibration of the imine fragment H-
N=C� in the hydrogenation of acetonitrile, which was calcu-
lated as one of the products in nitrile hydrogenation.[20]

Following this assignment, we will denote this vibration as
δ(HNC). It is important to emphasize that the calculated
vibration at 1280 cm� 1 is related to the fragment, in which a
N=C exist and a H atom is attached to N. This fragment should
be discriminated from the N-butenylimine species S2 shown in
Figure 5, in which N is attached to Pd but not to a H atom.

Simultaneous appearance of the bands at 1755, 1580 and
1280 cm� 1 means that both imine and amine species are
formed and co-exist in this temperature range. It also suggests
that at least two reaction pathways run in parallel to transfer
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the originally deposited AC to co-existing imine and amine
surface species.

It is also important to emphasize that the bands at 1580
(δ(NH2)) and 1280 (δ(HNC)) cm� 1 show a strongly correlated
evolution upon prolonged H2 exposure at a constant temper-
ature. Figure 9 displays a series of IR spectra obtained at 250 K
and a continuous exposure of H2 during different times. At the
lowest H2 exposure (spectrum 1–2), both bands at 1580 and
1280 cm� 1 are clearly visible. While the exposure increases
(spectra 5–6), a strong simultaneous intensity decrease of both
bands is observed, which occurs in a correlated way. The
possible reasons of this behavior will be discussed in the
following.

Figure 7 shows the proposed model for the competing
reaction pathways in successive AC hydrogenation, which is
consistent with all spectroscopic observations. For all proposed
species, the most important vibrational bands employed for
assignment are displayed next to the proposed structure.

At 100 K, AC adsorbed on pristine Pd(111) exhibits an
adsorption configuration with the C=C bond is inclined with
respect to the surface plane (and therefore visible in IRAS),
while the CN group is oriented nearly parallel to the surface
(species S1). Upon adsorption of AC on H-precovered surface at
100 K, a fraction of the surface species forms the imine group
(� C=N) giving rise to a characteristic vibrational band at
1755 cm� 1. The formed butenylimine species still contain the
C=C double bond (band at 1648 cm� 1) and can be principally
bound to Pd either via the N atom (N-butenylimine, S2 species)
or via the C atom (C-butenylimine, S3 species). Both types of

butenylimine species can undergo further hydrogenation steps,
which can be divided into two competing reaction pathway
resulting in formation of saturated N-butylimine (pathway 1)
and C-butylamine species (pathway 2). In the first pathway, the
N-butenylimine species (S2) is hydrogenated at the C=C bond
producing the N-butylimine (S4) species in the temperature
range 160–250 K. This process is accompanied by stepwise
disappearance of all vibrational signatures characteristic for C=C
bonds (bands at 1648, 990 and 934 cm� 1). In the second
pathway, the C� butenylimine (S3) species become also hydro-
genated at the C=C bond in the same temperature range
forming C-butylimine species (S5), which exhibits a combination
of characteristic bands at 1755 (C=N) and 1280 (HNC) cm� 1. In
contrast to the first reaction pathway, further hydrogenation
steps occur at the imine group of S5 species: the imine group
becomes hydrogenated to amine forming C-butylamine species
(S6), showing a typical deformation vibration of the amino
groups at 1580 cm� 1 (δ(NH2)). It is important to emphasize that
the species S5 and S6 co-exist on the surface and evolve in a
correlated fashion: they appear in the same temperature range
and both disappear in a correlated way upon prolonged H2

exposure in the course of the reaction (Figure 9). Note that the
characteristic vibrational bands used to assign the species S5
and S6 (δ(HNC) at 1280 and δ(NH2) at 1580 cm� 1, correspond-
ingly) cannot originate from the same surface species. On the
other hand, the nearly simultaneous evolution of these species
with increasing temperature and simultaneous disappearance
upon prolonged exposure to H2 suggest that the species S5 and
S6 are strongly correlated, most likely as a precursor (S5) and

Figure 8. IR spectra of AC obtained on H-containing Pd(111) at 200 K. AC and H2 were dosed via independent molecular beams at fluxes 7.2 · 1012

molecules · cm� 2 · s� 1 and 8.5 · 1014 molecules · cm� 2 · s� 1, respectively. AC exposures are: (1) 7.2 · 1013, (2) 2.9 · 1014, (3) 3.6 · 1014, (4) 4.3 · 1014, (5) 7.2 · 1014

molecules · cm� 2.
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the product (S6). These considerations are reflected in the
proposed reaction mechanism for the reaction pathway 2,
showing that the species C-butylimine species (S5) is the direct
precursor to the C-butylamine species (S6).

Summarizing, the combination of all spectroscopic data
allows us to conclude that the originally adsorbed AC species
S1 undergo successive hydrogenation steps along two compet-
ing reaction pathways: in the first pathway, the N-butylimine
(S4) species are formed, while the second pathway leads to the
formation of the mixture of C-butylimine (S5) and C-butylamine
(S6) species. It is important to note that under the hydro-
genation reaction conditions (prolonged H2 exposure, temper-
atures around 250 K), only one type of species – N-butylimine
(S4) – remains present on the catalytic surface, while the other
two species – C-butylimine (S5) and C-butylamine (S6) – readily
disappear from the surface after prolonged H2 exposure (see
Figure 9). Most likely, the surface species S5 and S6 become
fully hydrogenated to molecular butylamine, which is able to
desorb. This observation suggests that the active ligand layer,
acting in the reaction of chemoselective hydrogenation of
acrolein over AC-functionalized Pd(111) catalyst, consists of the
stable N-butylimine (S4) species formed in the first pathway. In
contrast, the mixture of the unstable C-butylimine (S5) and C-
butylamine (S6) species are the spectator species, which readily
disappear in the early stages of the reaction.

It should be also noted that the existence of two reaction
pathways most likely originates from different adsorption
configurations of butenylimine species S2 and S3. While

attached to Pd through the N-atom, the N-butenylimine (S2)
species remain protected from further hydrogenation of the
imine part of the molecule. In case of C-butenylimine (S3)
adsorbates, the non-bonded N-atom can be further attacked by
hydrogen and become hydrogenated to amine as observed for
the second reaction pathway.

Formation of the stable ligand layer consisting of S4 species
turns Pd(111) surface highly active and nearly 100% selective
for acrolein hydrogenation.

The different surface species formed as a result of partial AC
hydrogenation should be verified in the future theoretical
studies to obtain deeper insights in the competing reaction
pathways of AC leading to formation of a highly active ligand
layer. The structures of all AC-related surface species deduced
from the above discussed spectroscopic information provide
important starting structures for the future computational
studies.

Conclusions

Adsorption of allyl cyanide on pristine and H-containing Pd(111)
was investigated by a combination of IRAS, molecular beam
techniques and theoretical calculations at B3LYP level.

On pristine Pd(111) surface allyl cyanide adsorbs in the
configuration, in which the nitrile groups are oriented parallel
to the surface plane, while the C=C bond is tilted. With
increasing temperature, the spectroscopic observations suggest

Figure 9. IR spectra of AC obtained at H-containing Pd(111) at 250 K. AC and H2 were dosed via independent molecular beams at fluxes 7.2 · 1012

molecules · cm� 2 · s� 1 and 8.5 · 1014 molecules · cm� 2 · s� 1, respectively. AC exposure is 1.0 L, H2 beam was continuously running. Spectra 1–6 correspond to
different H2 exposure times: (1) 0, (2) 135, (3) 270, (4) 405, (5) 540, (6) 675 sec.
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that strong rehybridization of the C=C bond occurs, which
might result in formation of π- or di-σ-bonded surface species
on the olefinic part of the molecule.

In presence of hydrogen, allyl cyanide undergoes dramatic
changes in both the chemical structure of the adsorbed species
and their adsorption configuration. At 100 K, allyl cyanide
converts to unsaturated imine species – butenylimine –
exhibiting characteristic vibrational bands at 1755 cm� 1 related
to the � C=N fragment and at 1648 cm� 1 corresponding to the
C=C bond. At increasing temperatures, these species can
undergo two competing reaction pathways, including stepwise
partial hydrogenation at different functional groups. In the first
pathway, the C=C bond becomes hydrogenated in the temper-
ature range 160–200 K to produce saturated imine – N-
butylimine species – which remain stable under the reaction
conditions up to at least 250 K. We hypothesized that these
species are strongly bound to Pd via the N-atom as
(� C=N· · · Pd), which protects the imine group from further
hydrogenation. In the competing reaction pathway, the
butenylimine species are fully hydrogenated to butyl amine,
which desorbs from the surface as molecular species after
prolonged hydrogen exposure. In this pathway, both C=C and
C=N groups become hydrogenated in the temperature range
160–200 K (for C=C bond) and 200–250 K (for C=N bond). Based
on all spectroscopic observations, we propose a mechanistic
model explaining the evolution of stable saturated butylimine
species resulting from the first reaction pathway and the
unstable butylamine adsorbates formed in the second reaction
pathway. According to this model, the originally adsorbed allyl
cyanide can form butenylimine species in two different
configurations: bound via the N- vs. C-atom of the original
nitrile group. While attached to Pd through the N-atom, the
butenylimine species remain protected from further hydro-
genation of the imine part of the molecule. In the opposite case
of bonding through the C-atom, the non-bonded N-atom can
be further attacked by hydrogen and become hydrogenated to
amine as observed for the second reaction pathway. Under the
reaction conditions relevant for chemoselective hydrogenation
of acrolein (250 K, high hydrogen flux), only the strongly bound
N-butylimine species remain on the surface and act as a ligand
layer, while the butylamine species desorb.

Obtained microscopic-level insights into the chemical
structure of adsorbates formed on AC-functionalized Pd surface
and their dynamic changes under the reaction conditions
provide important information for purposeful modification of
metal catalysts by functionalization with ligand layers to
achieve better catalytic performance.
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ABSTRACT: We present a mechanistic study on the role of the ligand layer in promoting
chemoselective hydrogenation of an α,β-unsaturated aldehyde acrolein toward propanol
over functionalized heterogeneous catalysts. By creating a ligand-containing overlayer on
Pd(111) via deposition of different types of organic adsorbates, we address the electronic
and the geometric effects as well as the effects induced by formation of enol-containing
ligand complexes, which play a crucial role in rendering the catalytic surface highly selective
toward the hydrogenation of the CO bond. Toward this goal, we apply a rigorous surface
science approach by measuring the isothermal reaction kinetics via multiple molecular beam
techniques and by simultaneous monitoring the evolution of the reaction intermediates via
operando infrared reflection absorption spectroscopy (IRAS). Additionally, the chemical
composition of the ligand layer and its dynamic changes under the operational conditions
are addressed by IRAS. Specifically, three types of ligand precursors were employed to
functionalize the Pd(111) surface: allyl cyanide, 2-methyl-2-pentenal, and acetophenone.
We show that principally different fundamental effectsgeometric, electronic as well as the effects related to more complex lateral
interactions with keto−enol complexesare acting in catalysis on different types of ligand-functionalized surfaces. It was
demonstrated that, by changing the functional groups and the chain length of the ligand, it becomes possible to efficiently tune the
interaction of acrolein with the ligand-modified surface to produce the desired reaction intermediatepropenoxy speciesand
finally the target product propenol. The outcome of this study provides deep atomistic-level insights in surface processes underlying
ligand-directed heterogeneous catalysis and offers a prospect of rational design of new catalytic materials with tailor-made catalytic
properties.

■ INTRODUCTION

Production of numerous industrially important unsaturated
hydrocarbons often relies on heterogeneously catalyzed
hydrogenation of their multiunsaturated precursors. In these
types of reactions, high chemoselectivity of the overall process
is of a pivotal importance as it allows economical production of
the target product without expensive separation steps from the
undesired components. One of the most challenging tasks here
is to improve the chemoselectivity of the multipathway
reactions, in which either the undesired products are
thermodynamically more stable than the target product or
activation barriers to the unwanted components are lower.
Indeed, in many cases, the adjustment of the surface structure
of the catalytically active material, such as, e.g., changing the
particle size, addition of foreign atoms, etc., may result in the
acceleration of all reaction pathways including the unwanted
reactions, so that the overall selectivity remains poor. One of
the important developments of the recent years in the rational
design of new catalysts introduces a promising approach based
on functionalized interfaces, which are capable of controllable

tuning of the interaction of the reactants with the catalyst. In
the scope of this approach, the reactant interacts not only with
the underlying metal but also with the coadsorbed organic
ligands, exhibiting lateral interactions with the reactants.1−7 On
these catalytic surfaces functionalized with organic ligands, two
independent parametersthe interaction with the underlying
catalytically active metal and the lateral interactions with the
coadsorbed ligandscan be independently tuned, which
should allow selective formation of only one desired reaction
intermediate resulting in the preferential formation of the
desired reaction product. This approach was recently
successfully applied for a broad range of catalytic processes
on a variety of functionalized surfaces, such as, e.g., the
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following: selective hydrogenation of acetophenone, trans-
stilbene, and phenylacetylene over Pd and Rh nanoparticles
functionalized with N-heterocyclic carbenes;1,2 selective hydro-
genation on the olefinic bond in 1-epoxy-3-butene on n-
alkanethiol precovered Pd nanoparticles;3 nearly 100% chemo-
selective hydrogenation of acetophenone to phenylethanol on
Pt nanoparticles functionalized with proline;4 above 90%
chemoselective hydrogenation of the CO bond in α,β-
unsaturated aldehydes in the presence of surface oleylamine
array on Pt3Co nanocrystals;5 control of the orientation of
various multiunsaturated reactants and considerable improve-
ment of the selectivity in studies on thiolate-based self-
assembled monolayers and other organic surface modifiers.6

Earlier, a similar approach was utilized to promote
enantioselective reactions on heterogeneous catalysts function-
alized with chiral organic ligand layers or with individually
adsorbed chiral modifier-molecules.7

Despite the recent developments in this field, the atomistic-
level understanding of the highly selective catalytic systems
based on ligand-functionalized surfaces remains rather limited.
Thus, in the catalytic literature on ligand-functionalized
powdered materials, different possible atomistic origins of the
enhanced chemoselectivity were put forward, comprising
mostly geometric and/or electronic effects.1−13 The geometric
effects are usually discussed in terms of the modification of the
geometric structure of the surface by adsorbed ligands, such as,
e.g., building of ligand ensembles being able to specifically
interact with a reactant, molecular recognition leading to
formation of 1:1 modifier−reactant complexes, or surface
restructuring.11 The electronic effects are commonly explained
by the ligand-induced changes in the distribution of the
electron density near the surface.8,11−13 This type of surface
modification can result from, e.g., dipole−dipole coupling
producing electrostatic forces on the surface that alter the way
the nearby adsorbates bind or via electron donation or
withdrawal from the surface by a ligand, especially when the
ligand is significantly more electropositive or electronegative
than the metal. Also, a competition for the d-electrons of an
underlying metal between different adsorbatesthe ligands

and the reactantscan be related to the electronic effects,
which might affect the binding strength and the adsorption
geometry of the reactants on the ligand-functionalized
surfaces.12,14,15 Although these hypotheses provide some useful
starting ideas about the possible microscopic origins of the
ligand-related effects, their experimental verification is still
lacking, mainly due to a vast complexity of the real powdered
catalysts and a strong heterogeneity of the different adsorption
sites on these materials.
In our recent studies, employing a rigorous surface science

approach, we addressed the mechanistic aspects of ligand-
induced heterogeneous catalysis.16−19 Specifically, selective
hydrogenation of acroleinthe simplest α,β-unsaturated
aldehydeto the desired product unsaturated alcohol
(propenol) over ligand-functionalized surfaces was investi-
gated. For this system, we provided first microscopic-level
insights into the mechanisms acting in ligand-directed catalysis.
It was shown that a densely packed ligand layer can be formed
on Pd(111) under the operational conditions, which promotes
the adsorption of acrolein in the desired adsorption
configurationvia the CO double bondthus enabling
hydrogenation of this bond to form propenol with close to
100% selectivity. Two different types of ligand surface species
were identified in these studiesoxopropyl18,19 and N-
butylimine16,17 surface specieswhich are formed and
dynamically change under the operational condition. In
contrast to the ligand-functionalized surfaces, the other
entitythe CC double bondtends to be predominantly
hydrogenated on the pristine Pd(111) surface.18,19

These studies provided some starting ideas about the role of
the ligand layer in promoting the selective hydrogenation of
CO bond in α,β-unsaturated aldehydes and ketones.
However, the full atomistic-level understanding of the related
surface phenomena is still missing. Specifically, it is not well
understood what type of ligand-induced effectsthe pure
geometric and/or electronic effectsplay a role in rendering
the catalytic surface highly selective toward hydrogenation of
the CO bond. To obtain deeper insights into these aspects
of ligand-assisted catalysis, we performed a systematic study on

Figure 1. Propenol formation rates on pristine and ligand-modified Pd(111) at different exposures of (a) allyl cyanide (AC), (b) 2-methyl-2-
pentenal (MP), and (c) acetophenone (AP) at 250 K (full experimental details in Supporting Information). The exposures in langmuir of all three
ligands are indicated next to the kinetic curves. The estimated saturation surface coverages of the ligands deduced from a combination of
spectroscopic, kinetic, and scanning tunneling microscopy (STM) results amount to approximately 0.25 monolayer (ML) for AC, 0.25 ML for MP,
and 0.2 ML for AP ligands as references to the number of surface Pd atoms.
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chemoselective hydrogenation of acrolein to propenol, in
which three different types of ligands were utilized for surface
functionalization of Pd(111): allyl cyanide (AC), 2-methyl-2-
pentenal (MP), and acetophenone (AP). The combination of
these ligands allowed us to study the mechanistic details of the
related surface processes (i) in the presence of surface
adsorbates possessing a functional group with high electron
density (AC) to address the electronic ef fects, (ii) in the
presence of a ligand structurally similar to already known
oxopropyl ligand, but possessing a larger aliphatic tail (MP) in
order to address the geometric ef fects, and (iii) in the presence
of an adsorbate capable of undergoing keto−enol tautomeriza-
tion followed by 1:1 lateral interactions and with coadsorbed
reactant (AP). We employ a unique combination of surface
sensitive operando spectroscopy (infrared reflection absorption
spectroscopy, IRAS) with multimolecular beam techniques,
which allows one to study the reaction kinetics under well-
defined isothermal conditions and simultaneously monitor the
evolution of the desired reaction intermediate on the surface.
Additionally, the chemical composition of the ligand layer and
its dynamic changes under the operational conditions were
monitored by IRAS. Specifically, we show that principally
different effectsgeometric and electronic as well as the
effects related to more complex interactions with keto−enol
complexesare acting in catalysis on different types of ligand-
functionalized surfaces. We demonstrate that by changing the
functional groups of the ligand and the chain length, it
becomes possible to effectively tune the interaction of acrolein
and the desired reaction intermediatepropenoxy species
(CH2CH−CH−O···Pd)with the ligand-modified surface.
The results of this study provide deep atomistic-level insights
in surface processes underlying ligand-directed heterogeneous
catalysis and offer important tools for rational design of new
catalytic materials.

■ RESULTS AND DISCUSSION
Acrolein conversion to the target product propenol was
investigated on four different catalytic surfaces: pristine
Pd(111) and Pd(111) functionalized with three different
ligandsallyl cyanide (AC), 2-methyl-2-pentenal (MP), and
acetophenone (AP). Full experimental details are given in the
Supporting Information. Figure 1 shows the formation rates of
the target product propenol measured on three surfaces
functionalized with (i) allyl cyanide (Figure 1a), (ii) 2-methyl-
2-pentenal (Figure 1b), and (iii) acetophenone (Figure 1c). All
functionalized surfaces were pretreated with H2 at the reaction
temperature for an extended period of time as described in the
Supporting Information, followed by the ligand deposition and
further H2 treatment to allow for possible chemical trans-
formations of the ligand layer under the reaction conditions. In
the kinetic measurements, each surfaceeither pristine or
functionalized with the ligandwas continuously exposed to
H2 at the reaction temperature (prior the reaction) via an
effusive molecular beam; at the time moment indicated as zero,
the acrolein beam was opened. Formation rates of both feasible
partial hydrogenated products propenol (target molecule) and
propanal (undesired, not shown) were monitored in the gas
phase by quadrupole mass spectrometry (QMS), while the
evolution of different adsorbate species formed on the surface
turning over was followed by operando IRAS. Each graph
shown in Figure 1 contains also the kinetic curve measured on
pristine Pd(111) under identical conditions plotted as a
reference, while the colored lines are related to the kinetic

curves obtained on functionalized surfaces for different ligand
coverages. It can be clearly seen that kinetic behavior of this
reactions is strongly affected by the presence of the ligand
layer. Thus, the propenol formation rate measured on pristine
Pd(111) (Figure 1a) exhibits a clear induction period (the
time between zero and the onset of propenol formation rate)
of about 25 s. The origin of this behavior was addressed in our
previous studies.16,18−20 Briefly, acrolein adsorbs on the
pristine surface during this time and forms a densely packed
ligand layer consisting of oxopropyl species, which occupy
approximately every second Pd atom (corresponding to the
surface coverage of approximately 0,4 oxopropyl species per
surface Pd atom18,19). The oxopropyl species are formed from
acrolein via an addition of one H atom to the CC double
bond.20 After a complete oxopropyl layer is formed, acrolein
starts adsorbing in the desired adsorption geometry−via the
CO end−and forms the target reaction intermediate
propenoxy species (CH2CH−CH−O···Pd) via an addition
of an H atom to the CO bond, which can be further
hydrogenated to propenol.19,20 Thus, the induction period
observed on pristine Pd(111) is related to the prolonged
formation of the oxopropyl ligand layer, rendering the surface
active toward acrolein hydrogenation to propenol.19 It should
be emphasized that the reaction of selective acrolein
hydrogenation to propenol occurs not on the pristine
Pd(111) surface, but on the surface already covered by a
densely packed layer of oxopropyl ligand species (absolute
coverage 0,4 oxopropyl adsorbates per surface Pd atom), which
is completely formed by the end of the induction period. For
this reason the term “initially pristine” Pd(111) is related to
the surface covered by an oxopropyl ligand layer.
Once the surface was pretreated with allyl cyanide at

different coverages (blue and green lines in Figure 1a), the
induction period is nearly eliminated, and almost instantaneous
formation of propenol is observed.16 The absolute formation
rates of propenol reach the similar level as on pristine Pd(111);
however, at higher AC coverage, the propenol formation rate
starts declining earlier than that on the initially pristine
Pd(111). The reason for the reactivity decline was discussed in
our previous studies and was referred to acrolein decom-
position producing ethylidine(-like) species.18,19 A very similar
scenario can be also observed in case of Pd(111) function-
alized with 2-methyl-2-pentenal (MP, Figure 1b). Also here,
the induction period is nearly eliminated when the surface was
pretreated with MP prior the reaction, suggesting that the
functionalized surface immediately offers the environment,
which is capable of promoting the formation of the desired
reaction intermediate propenoxy species and the target product
propenol. In contrast, the effect of acetophenone (AP) as a
ligand appears more complex (Figure 1c): at lower AP
coverages, a significant increase of the induction period is
observed (from 25 to 33 s), while at the higher AP ligand
coverages, the induction period drastically decreases as
compared to that for the pristine surface. Note that in neither
case was formation of the undesired product propanal
detected. Also note that the acrolein flux used in the
experiments shown in Figure 1b was chosen to be about a
factor of 2 lower than the acrolein flux related to Figure 1. parts
a and c. In this case (Figure 1b), the induction period on
pristine Pd(111) amounts to about 50 s, which is twice longer
than the induction period of approximately 25 s measured on
the same pristine surface with the higher acrolein flux (see the
black traces in the Figure 1, parts a and c). This effect is related
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not to the irreproducibility of the measurement but merely to
the fact that the oxopropyl ligand, which is formed on the
initially pristine Pd(111) surface during the induction period,
is built up at a factor of 2 slower rate when acrolein is dosed at
a factor of 2 lower flux. More detailed discussion on the
dependency of the reactivity curves on acrolein flux can be
found in Chapter 4 in the Supporting Information.
These observations suggest that strongly different mecha-

nisms may act in rendering the surface highly selective toward
acrolein hydrogenation. To explore the atomistic-level details
of the underlying surface processes and the effects related to
the chemical structure of the ligand layer under the reaction
conditions, we performed operando IRAS studies on the
surfaces turning over, allowing us to monitor the time
evolution of different adsorbate species.
Figure 2 shows the comparison of the surface composition

under the reaction conditions monitored as a function of the
reaction time for two different surfaces−pristine Pd(111)
(Figure 2a) and Pd(111) functionalized with AC (Figure 2b).
On initially pristine Pd(111), three major surface species can
be identified in the course of the reaction: the oxopropyl ligand
species (1750 cm−1, ν(CO); this species results from
attachment of a single H atom to the CC double bond of
acrolein), the propenoxy reaction intermediate (the bands at
1120 and 1097 cm−1, ν(C−O); the species results from
attachment of a single H atom to the CO of acrolein), and
ethylidine species resulting from decomposition of acrolein
(the band at 1330 cm−1, δ(PdC−CH3)).

19 The proposed
structures for each species are shown next to the corresponding
bands in Figure 2a. It is important to note that these three
species were shown to evolve at different stages of the reaction:
the oxopropyl ligand species appears at the early stages of
acrolein exposurein the induction period of the reaction
and forms a densely packed overlayer on Pd(111), in which
approximately every second Pd atom is covered by the ligand.
The time-resolved IR spectra clearly showing this effects are
discussed in the previous study.19 Importantly, the evolution of
the oxopropyl ligand is not correlated to the evolution of
propenol in the gas phase: even when the propenol formation

rate decreases to zero, the oxopropyl ligand remains adsorbed
on the surface indicating that this cannot be the direct reaction
intermediate.18 In contrastthe propenoxy species (bands at
1120 and 1097 cm−1) show a very clear correlation with the
evolution of propenol in the gas phasethe intensity of these
bands grows and later declines, showing a strong correlation
with the formation rate of propenol in the gas phase.18,19 Based
on this very strong correlation (for more details see ref 19), we
assign the propenoxy species to the direct reaction
intermediate, which can be transferred to propenol via an
insertion of a single H atom into the O···Pd bond. It is
important to emphasize that by performing operando IR
measurements with higher time resolution, it was possible to
prove that the reaction intermediate appears not on the clean
Pd(111) surface but on the surface containing a densely
packed layer of the oxopropyl species.19 This observation
suggests that the overlayer of ligand species critically affects the
interaction of acrolein with the functionalized metal surface
and promotes formation of the desired reaction intermediate.
The third surface species identified on this surface is ethylidine
species21 (1330 cm−1, δ(PdC−CH3)), which is formed as a
result of acrolein decomposition and poisons the catalytic
surface leading to reactivity decline. The latter effect is
observed for all investigated ligand-functionalized systems and
will not be further discussed separately for each of them.
Based on this correlation, two vibrational bandsat 1097

and 1120 cm−1can be related to the propenoxy reaction
intermediate. Both bands lie in the typical vibrational range of
a C−O single bond with O attached to Pd as it was
demonstrated for a broad range of dissociated alcohols22−25

and esters26,27 adsorbed on transition metals. In the following,
these species will be indicated as RI1 (band at 1097 cm−1) and
RI2 (band at 1120 cm−1) species. Note that both bands show
strong correlation with the formation rate of propenol in the
gas phase. The reason for the appearance two different types of
the propenoxy reaction intermediate is not quite clear though
it can be potentially related (i) to the different adsorption sites
on Pd (111)on-top vs bridge vs hollow sitesor (ii) to the
possible lateral interactions with the neighboring surface

Figure 2. IR spectra obtained during acrolein hydrogenation on (a) pristine Pd(111) and (b) Pd(111) functionalized with AC at the reaction
temperature 250 K (AC coverage 0.25 ML). The acrolein exposure times: 110 s (1a) to 1100 s (6a); 120 s (3b) to 1030 s (6b). The spectra 1b and
2b were recorded for pure AC under nonreactive conditions at 100 K and under the reactive conditions (in the presence of H2 but prior to acrolein
exposure, 250 K, AC exposure 1.0 L), correspondingly (full information on exposure times and fluxes in Chapter 3 in the Supporting Information).
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species, e.g., oxopropyl ligand species. Indeed, it is well-known
that the lateral interaction, e.g., hydrogen bonding between an
O atom of one molecule and an acidic H atom of the other
molecule, might result in a strong frequency shift of the band
related to the involved atoms. Such effects were previously
described for a broad range of hydrocarbon compounds, both
in the gas phase and adsorbed on surfaces.28,29 As strong H-
bonding of an O atom with the neighboring molecules usually
weakens the C−O bond containing this O, a red shift of this
band can be expected.30 In the scope of this model, the band at
1097 cm−1 would be related to a H-bonded reaction
intermediate RI1, while the less perturbed band at 1120
cm−1 (RI2) would rather correspond to the free-standing
species. Figure 3a shows the proposed model of such a

complex between an oxopropyl ligand and the O atom of the
propenoxy reaction intermediate RI1. Note that significant
frequency shifts are expected only if an acidic H atom is
involved,30,31 so that the most likely candidate for such an
oxopropyl−propenoxy complex might involve the H atom of
the aldehyde group.
In the following, we will specifically focus on the appearance

of the bands related to the reaction intermediatetheir
frequencies and the relative intensitiesas a function of the
chemical composition of the catalytic surface functionalized
with different types of ligands.
The first example of this surface composition on the

functionalized catalyst is shown in Figure 2b for the case of
allyl cyanide. Spectrum 1b is related to the multilayer of AC
adsorbed on pristine Pd(111) at 100 K in absence of hydrogen,
which serves as a reference for a largely unperturbed form of
AC. Two major peaks can be identified in this spectrum, which
are related to the CC stretching vibration (ν(CC)) at
1648 cm−1 and C−H deformation vibration (δ(CH2)) at 1419
cm−1. Note that the band related to the other prominent C
N vibration lies outside the shown range, but can be seen in
the full range spectrum in the Supporting Information (Figure
S1). Spectrum 2b shows the composition of the surface, which
was pretreated with AC and H2 at the reaction temperature
250 K. It can be clearly seen that the chemical nature of the
adsorbed species drastically changes under these conditions.

Previously we have shown16,17 that the main surface species
formed are N-butylimine species, resulting from partial
hydrogenation of AC at the CC and CN bonds, with
the CC bond being hydrogenated to C−C bond and the
CN bond forming imine species (CN···Pd bond, ν(C
N), appearing at 1755 cm−1 in spectrum 2b). There is also a
second AC derivativethe amine species (the characteristic
band δ(NH2) at 1582 cm−1) resulting from the alternative
reaction pathway of AC hydrogenation. Importantly, only the
N-butylimine species remain stable in the course of the
reactionwhen the AC-functionalized surface is exposed to
acrolein and H2 simultaneously at 250 Kwhile the amine-
related species disappear already at the early stages of the
reaction, desorbing from the surface as fully hydrogenated
butylamine.16 This conclusion can be deduced from the series
of spectra 2b−4b shown in Figure 2b, which were obtained
during acrolein and H2 exposure: while the band at 1755 cm−1

(stable N-butylimine ligand) remains present and intense
during the entire course of the reaction, the amine-related
species (δ(NH2), 1582 cm−1) quickly disappear. Additionally,
the chemical transformations of originally deposited AC under
the reaction conditions were found to be accompanied by
strong changes of the spacial distribution of adsorbed AC
species and formation of a densely packed N-butylimine ligand
layer. More details on the microscopic structure of the formed
ligand layer resolved by STM can be found elsewhere.16 The
most interesting observation was done, however, for the
reaction intermediate (RI3), which appears in approximately
the same range typical for C−O single bond stretching
vibration and whose time evolution is also strongly correlated
with the formation rate of propenol detected in the gas phase.
However, its vibrational frequency (1166 cm−1) is strongly
blue-shifted with respect to the reaction intermediates RI1 and
RI2 observed on the surface covered with oxopropyl ligand
layer (see Figure 2a). This exceptionally large frequency shift
(by 69 and 46 cm−1) with respect to the reaction intermediates
RI1 and RI2 suggests a strong perturbation of the electronic
structure of the reaction intermediate RI3 by the interaction
with ligand layer consisting of N-butylimine species containing
an electron-rich imine group. Indeed, the blue shift suggests
the strengthening of the C−O bond in the reaction
intermediate, which can potentially arise from two possible
reasons. First, the degree of donation and backdonation of the
electron density between the molecular orbitals of the reaction
intermediate and the metal might be strongly altered on the N-
butylimine containing surface. Indeed, previous theoretical
calculations on acrolein interaction with Pd(111)32 showed
that a strong rehybridization of the molecular orbitals of
acrolein and the d-orbitals of Pd occurs, resulting in a
substantial depletion of the electron density mostly on the
(former) HOMO−1 orbital of acrolein and gaining the
electron density on the (former) LUMO orbital. In the same
study, it was also demonstrated that the electron density
redistribution between acrolein and the underlying metal
might be strongly affected by coadsorbates, such as, e.g., H. In
the case of Pd(111) functionalized with N-butylimine, similar
effects can be expected to play a rolethe presence of the
electron-rich imine group might affect the availability of d-
electrons and change the degree of donation/backdonation
between the molecular orbitals of RI3 and the d-orbitals of Pd,
so that the C−O bond in the reaction intermediate becomes
strengthened and the corresponding frequency shifts to higher

Figure 3. Proposed structures of the reaction intermediates RI1 and
RI2. In the scope of the suggested model, RI1 is capable of building a
complex with the coadsorbed ligand, either oxopropyl (a) or
methyloxopentyl (b) species, while RI2 is a free-standing adsorbate
(c).
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values. In the following, we will refer to this mechanism as to
“surface mediated”.
The other possible scenario might be related to the direct

intermolecular interaction between coadsorbed N-butylimine
species and the reaction intermediate RI3, e.g., donation of the
electron density from the electron-rich imine group to the
molecular orbital associated with the C−O entity. In order to
result in the experimentally observed blue frequency shift, i.e.,
strengthening of the C−O bond, the corresponding molecular
orbital of RI3 must be bonding. The exact origin of the C−O
bond strengthening on N-butylimine containing Pd(111)
should be addressed in the upcoming theoretical calculations.
Even though the exact reason for the strong frequency shift

in RI3 cannot be unambiguously deduced from the available
experimental data set, it can be rather confidently concluded
that these exceptionally large shifts are rather related to the
electronic effects, i.e., to the (direct or surface mediated)
interaction between the electron-rich imine groups and the
molecular orbitals related to the C−O entity, and it cannot be
explained merely by crowding and/or dipole coupling effects.
Indeed, the ligand densities are comparable in both reactive
systems, so that about similar distributions of ligand-adsorbates
and the associated dipoles are expected on these two surfaces.
In this case, no strong differences in the frequencies (RI1, RI2
vs RI3) can be expected merely due to the crowing and/or
dipole coupling effects. In contrast, different electronic
coupling between the adsorbateseither in a direct way or
through the Pd surface as described abovemight potentially
result in significant shifts of the band positions.
To further investigate the possible role of the electronic vs

geometric effects, we studied hydrogenation of acrolein and
evolution of the surface species on Pd(111) functionalized
with 2-methyl-2-pentenal, which is structurally very similar to
acrolein itself and was expected to build the ligand layer similar
to oxopropyl ligand species. Figure 4 shows the comparison of

the propenol formation rate measured on the initially pristine
Pd(111) and the same catalyst precovered with 2-methyl-2-
pentenal under otherwise identical reaction conditions. Both
kinetic experiments were carried out in a pulsed manner: the
surface was first continuously exposed to H2 and at the time
moment zero acrolein was dosed for 20 s pulses with a flux of
2.4 × 1012 molecules·cm−2·s−1, while the time between pulses
amounted to 110 s. It can be easily seen that the onset of
propenol formation rate in the gas phase occurs significantly
earlier on the surface functionalized with 2-methyl-2-pentenal:
the measurable reaction rate can be seen already in the second
pulse, while on the initially pristine Pd(111), approximately the
same formation rate of propenol was reached in the fifth pulse.
Similar to the case of N-butylimine ligand described above, this
observation suggests that preadsorbed ligand turns the surface
active and chemoselective and enables nearly instantaneous
formation of the desired propenoxy reaction intermediate.16

To obtain more atomistic-level insights into the composition
of the surface turning over, an operando IRAS study was
simultaneously performed during the pulsed kinetic experi-
ments shown in Figure 4. Figure 5 shows the comparison of
the surface composition under the reaction conditions
obtained on pristine Pd(111) (Figure 5a) and Pd(111)
precovered with 2-methyl-2-pentenal (Figure 5b). Note that
the reactant fluxes were deliberately chosen to be low, so that
the evolution of two possible reaction intermediates RI1 and
RI2, previously observed on pristine Pd(111), could be
measured in the time-resolved way. Specifically, Figure 5a
shows a series of IR spectra obtained during the acrolein pulses
displayed in Figure 4a. From this data set, it can be clearly seen
that the peak at 1097 cm−1 related to the reaction intermediate
RI1, appears first and dominates the spectrum at low acrolein
exposures (spectra 1a−2a). However, with increasing total
amount of deposited acrolein, the band at 1120 cm−1 related to
the reaction intermediate RI2 starts to grow (spectrum 4a), and
finally its intensity prevails over the intensity of RI1 species
(spectrum 5a). This noncorrelated time evolution of these
vibrational peaks additionally confirms our initial hypothesis
that the bands at 1120 and 1097 cm−1 are related to two
independent reaction intermediates.
Figure 5b shows the IR spectra obtained on Pd(111)

precovered with 2-methyl-2-pentenal. The uppermost spec-
trum was measured for a multilayer of 2-methyl-2-pentenal
serving as a reference for the unperturbed state of MP, in
which the absolute majority of the molecular species are not in
the direct contact with the metal surface. The most prominent
peak in this spectrum is the band at 1683 cm−1 related to the
ν(CO) stretching vibration,33,34 which is conjugated to the
CC double bond of MP. The shoulder at 1643 cm−1 is
attributed to the stretching vibration ν(CC).33,34 Spectrum
2b shows 2-methyl-2-pentenal adsorbed on Pd(111) in the
presence of hydrogen and at 250 K, which corresponds to the
reaction temperature used in the kinetic studies shown in
Figure 4b. It can be clearly seen that the chemical structure of
the ligand undergoes strong changes under the reaction
conditions: the band at 1683 cm−1 and the shoulder at 1643
cm−1 disappear, while an intense band at 1745 cm−1 is formed.
This chemical changes are most likely related to partial
hydrogenation of 2-methyl-2-pentenal: one H atom becomes
incorporated into the CC double bond producing the
methyloxopentyl ligand, whose proposed structure is shown
close to the band at 1745 cm−1. In this surface species, the C
O double bond is preserved but is not conjugated to the CC

Figure 4. Propenol formation rates of propenol on (a) pristine
Pd(111) and (b) Pd(111) functionalized with MP obtained at 250 K
under continuous H2 exposure and acrolein dosed as a sequence of
pulses. For each surface, the evolution of acrolein in the UHV
chamber is plotted as a reference (full description in Supporting
Information).
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double bond, so that the frequency of the carbonyl group shifts
by approximately 60 cm−1 to 1745 cm−1. Previously, nearly
identical frequencies in the similar range were detected for a
range of carbonyl compounds with the nonconjugated
carbonyl groups.33,35−37 A very similar half-hydrogenation of
the CC bond was previously observed in our studies on
acrolein in the same temperature range, producing oxopropyl
surface species,18−20 whose chemical structure is shown in
Figure 5a close to the band at 1750 cm−1. Similar vibrational
frequencies of the major visible bands (1750 cm−1 for the
oxopropyl species and 1745 cm−1 for the methyloxopentyl
species) arise from the very similar chemical structures of these
ligands. Indeed, the local configuration of the CO group in
the ligand remains the same for both species: they contain a
nonconjugated CO double bond with the β-C atom being
attached to Pd, while the only difference is related to the length
of the aliphatic tail.
The similar chemical nature of both ligandsoxopropyl and

methyloxopentylresults in formation of very similar reaction
intermediates exhibiting vibrational bands at 1120 cm−1 (RI2)
and 1088 cm−1 (RI1). Note that the latter frequency slightly
differs from the frequency of the RI1 observed on the
oxopropyl-covered surface (1097 cm−1).18−20 However, as
these bands are still very close in frequencies and exhibit a
similar temporal evolution, which will be discussed later, we
will denote both species as RI1. The appearance of two bands
related to the reaction intermediate on this surface, which are
very similar to the RI observed on the surface covered with
oxopropyl ligand, additionally confirms our hypothesis
discussed above for the case of N-butylimine ligand: the
electronic structure of the ligand might strongly affect the
strength of the C−O bond in the reaction intermediates: (i) it
becomes stronger when the electronically rich CN group is
introduced into the ligand, and (ii) it remains unchanged when
only the length of the aliphatic tail is changed but electronic
properties of the functional groupthe unconjugated CO
groupremain preserved, as in the case of oxopropyl vs
methyloxopentyl species.
The more spacious methyloxopentyl ligand results, however,

in a strong change in the distribution of the RI1 vs RI2 species.

While on both surfaces the formation of the reaction
intermediate begins with the RI1 species, the final distribution
of the reaction intermediates RI1 vs RI2 is drastically different.
On the oxopropyl-covered surface (Figure 5a), the species RI2
start to significantly grow in spectrum 3a (after the band at
1097 cm−1 reaches the saturation) so that the species RI2
eventually dominates the spectrum (spectra 4a and 5a). In
contrast, on the surface precovered with methyloxopentyl
(Figure 5b), the species RI2 grow somewhat in intensity with
increasing acrolein exposure (also after the band at 1088 cm−1

reaches the saturation); however, the intensity of RI2 always
remains minor. Interestingly, the integral intensities of the
bands related to the species RI1, which were reached after
saturation, are approximately similar on both surfaces (Figure
S3 in Supporting Information). Even though the IR spectra do
not provide accurate quantitative information, the amounts of
the RI1 species produced on both surfaces seem to be
comparable. In contrast, the oxopropyl-covered surface appears
to be able to additionally accommodate large amounts of RI2
species after the surface was saturated with RI1 adsorbates, so
that the RI2 species finally prevail. In contrast, on the surface
covered with more spacious methyloxopentyl species, the RI2
species can still be formed after the saturation coverage of RI1
was reached, but the absolute amount of RI2 remains, however,
very small (see Figure S3 and the related discussion in
Supporting Information).
These observations suggest that comparable and finite

amounts of RI1 reaction intermediates can be built on both
surfaces. In contrast, the surface covered with the smaller
ligand (oxopropyl) can additionally accommodate large
quantities of the second reaction intermediate RI2, while on
the surface covered with the more spacious ligand (methyl-
oxopentyl) substantially smaller amounts of RI2 can be formed.
One of the possible scenarios for this type of behavior is
consistent with our previously described hypothesis that the
species RI1 and RI2 are related to the reaction intermediate
bound via an H bonding to the aldehyde-H of the ligand
surface species (RI1) and to a free-standing reaction
intermediate (RI2), correspondingly. The schematic illustra-
tions of the H-bonding between the reaction intermediate RI1

Figure 5. IR spectra obtained during acrolein hydrogenation on (a) pristine Pd(111) and (b) Pd(111) functionalized with MP at the reaction
temperature 250 K. The spectra 1b and 2b were recorded for pure MP under nonreactive conditions at 100 K and under the reactive conditions (in
the presence of H2 but prior to acrolein exposure, 250 K), correspondingly (full description in the Supporting Information).
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and both, the oxopropyl and methyloxopentyl species, are
shown in Figure 3. Indeed, establishing of H bonding between
the RI1 and the aldehyde-H of the ligand results in formation
of 1:1 complexes, which absolute amount is limited by the
number of ligand adsorbates on the surface. This hypothesis
might explain why the RI1 species are formed at about
comparable amounts on both surfaces since the absolute
amounts of the ligand adsorbates in the densely packed ligand

layers are comparable. In contrast, the free-standing species RI2
form at higher acrolein exposures after the intensity of the
bands related to RI1 saturates. This might occur via formation
of RI2 at the empty spaces between the 1:1 ligand/RI1
complexes. On the surface covered with the smaller ligand
(oxopropyl), more space is potentially available, so that larger
amounts of RI2 species can be formed, which corresponds to
the experimental observation. On the surface covered with

Figure 6. (a) Propenol formation rates on Pd(111) functionalized with AP at different exposures measured at 250 K. The black trace was obtained
on pristine Pd(111) under otherwise identical reaction conditions (full description in Supporting Information). (b) Inset showing the changes of
the induction period as a function of AP exposure.

Figure 7. IR spectra obtained during acrolein hydrogenation at 250 K on Pd(111) functionalized with AP for two different AP exposures: (a) 0.12
L and (b) 1.1 L. Spectrum 1 corresponds to pure AP adsorbed as multilayer under nonreactive conditions at 100 K. Spectra 1a and 1b were
recorded for pure AP adsorbed on Pd(111) under the reactive conditions (in the presence of H2 but prior to acrolein exposure, 250 K) for low
(0.12 L) and high (1.1 L) AP coverages, correspondingly (full description in the Supporting Information).
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more spacious ligand (methyloxopentyl), less empty space is
most likely available, resulting in a minor formation of the free-
standing RI2. In our view, this is the only hypothesis that
explains two experimentally observed facts: (1) the saturation
of the reaction intermediate RI1 at comparable coverages on
both types of surfaces and (2) drastically different amounts of
the additionally formed reaction intermediate RI2, whose
abundance is anticorrelated with the size of the aliphatic tail. In
the scope of this model, the slight differences in the
frequencies of the reaction intermediate RI1 might be related
to their slightly different chemical bonding to the ligands
(oxopropyl vs methyloxopentyl). For the proposed free-
standing RI2, the frequencies (1120 cm−1) coincide on both
surfaces suggesting that they are not affected by the
coadsorbed ligand.
To further explore the possible effects of strong lateral

interactions between the coadsorbed ligands and the reaction
intermediates, the reactivity of acrolein hydrogenation was
investigated on the surface precovered with acetophenone,
which was shown in our previous studies to be capable of
undergoing strong intermolecular interactions.29,38−42 Figures
6 and 7 show the kinetic data of propenol formation and the
related IR spectra obtained under operational conditions,
correspondingly. In these experiments, the surface was covered
with different amounts of acetophenone, which can be
tentatively divided into low (exposure: 0.12−0.30 L) and
high (exposure: 0.78−1.10 L) AP coverages. Depending on the
AP coverage range, strongly different kinetic behavior and
formation of surfaces species was observed. Figure 6a shows
the formation rate of the target product propenol on Pd(111)
covered with low (blue lines) and high (green lines) AP
coverages. The black line is related to propenol formation rate
on the initially pristine Pd(111), i.e., covered with sponta-
neously formed oxopropyl species. It can be clearly seen that
the induction period is strongly affected by the AP coverage, as
shown in Figure 6b, displaying the induction period on a
shorter time scale. While functionalization of Pd(111) with
small AP coverage results in the significant elongation of the
induction period (from approximately 20 s on the pristine
surface to 35 s on Pd(111) exposed to 0.12 L of AP), the
induction period drastically shortens (below 5 s) on the surface
exposed to more than 0.78 L of AP. In this latter case, the
structure of the formed ligand layer obviously allows for nearly
instantaneous formation of the desired propenoxy reaction
intermediate leading to a quick evolution of propenol in the
gas phase. It is important to note that the presence of AP on
the metal surface exhibits a pronounced nonlinear behavior on
the reactivity: at small coverage it strongly inhibits the target
reaction, while it greatly promotes it at high coverages. This
observation suggests a complex interplay of the ligand layer
and acrolein coadsorbed on the surface, which must critically
depend on AP coverage.
To investigate the mechanistic details on the underlying

surface processes, operando IR spectroscopic studies were
carried out on the functionalized Pd(111) surfaces turning
over. Figure 7a shows the composition of the surface under the
reaction conditions for low AP coverage (exposure: 0.12 L),
while the Figure 7b displays the IR spectra obtained on the
surface exposed to 1.1 L of AP. The uppermost spectrum (1)
was obtained for an AP multilayer at 100 K and shows the
most important spectroscopic signatures of acetophenone,
which is not in direct contact with the underlying metal surface
and should serve as a reference for an unperturbed AP

molecule. The detailed assignment of the AP vibrational bands
was performed in the previous studies.29,43,44 Briefly, the major
band at 1686 cm−1 is related to the stretching vibration of the
CO bond, the band at 1361 cm−1 to the symmetric
deformation vibration of the methyl group (δs(CH3)), and the
prominent band at 1275 cm−1 mostly to the in-plane skeletal
deformation of the ring, which involves also at part the acetyl
group.
Spectra 1a−5a were collected for low AP exposure (0.12 L)

under the reaction conditions, i.e., at 250 K and in the
presence of hydrogen. Spectrum 1a is related to pure AP
adsorbed at 250 K on H/Pd(111) surface, while spectra 2a−5a
were collected on this AP-functionalized Pd(111) upon
continuous exposure to H2 and acrolein. Importantly, the
spectrum of AP on H/Pd(111) surface at 250 K (spectrum 1a)
strongly differs from the multilayer spectrum of AP collected at
100 K: nearly no bands can be seen for this low AP coverage.
This observation is most likely related to the fact that AP
molecules are oriented flat with respect to the surface, i.e., both
the phenyl ring and the axis of the CO vibration lie parallel
with respect to the surface plane. As a consequence, these
vibrations cannot be seen due to the metal surface selection
rule (MSSR) allowing only the vibrations with a nonzero
perpendicular component of the dynamic dipole moment.45

Once H2 and acrolein are dosed on this surface, the evolution
of the surface species closely resembles that one observed on
the initially pristine Pd(111) surface (see Figure 2a and 5a):
(i) the prominent vibrational band at 1745 cm−1 appears,
which was previously assigned to the CO bond of oxopropyl
surface ligands, that spontaneously forms due to partial
hydrogenation of acrolein itself, followed by (ii) the evolution
of the (very minor) vibrational bands at 1097 and 1120 cm−1

related to the propenoxy reaction intermediates RI1 and RI2
discussed above. The intensities of these both bands remain,
however, significantly smaller than that on the initially clean
Pd(111). Overall, it seems that on the surface functionalized
with small amounts of AP, the same surface species are formed
as on the initially pristine surface, just at smaller concentrations
and with a larger time delay. These observations suggest that
the ligand layer acting in this surface process is most likely the
oxopropyl layerthe same ligand layer as formed on the
pristine Pd(111) surface. We did not find any spectroscopic
evidence that small amounts of coadsorbed AP species play any
positive role in this catalytic process. In contrast, the presence
of small amounts of AP results in the elongation of the
induction period as compared to pristine Pd(111) surface, i.e.,
the slower formation of the active oxopropyl ligand layer and
the desired reaction intermediates. The elongation of the
induction period might be related to the fact that randomly
distributed coadsorbed AP species possibly hinder the
formation of the ordered oxopropyl ligand layer, which is
required for the formation of the desired propenoxy
intermediate.
In contrast, when AP was predeposited in large amounts

(exposure: 1.1 L) the reaction was pronouncedly promoted as
compared to the pristine Pd(111) surface. Spectrum 1b
(Figure 7b) shows the composition of the H-precovered
Pd(111) surface at 250 K, which was functionalized with AP at
high coverage. The major vibrational band visible in this
spectrum is at 1220 cm−1, which is typical for a stretching
vibration of a C−O single bond. In our previous studies,39,40,46

this band was identified as the C−O single bond formed in the
enol form of acetophenone, which occurs in a broad
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temperature range above approximately 140 K. Spectra 2b−5b
were obtained under continuous H2 and acrolein exposure on
the surface functionalized with AP at high coverage. Under
these conditions, a new band at 1715 cm−1 is formed, with the
frequency being still typical for the range of the stretching C
O vibration, which is not conjugated to the CC double
bond. Obviously, also on this surface, formation of oxopropyl
species occurs, which is the result of a single H addition of the
CC double bond of acrolein. However, the frequency of this
band is pronouncedly red-shifted by 30 cm−1 as compared to
two other surfaces−initially pristine Pd(111) and Pd(111)
containing low coverage of APboth showing formation of
oxopropyl ligands. Such strong red shift is indicative of the
strong lateral interaction between the carbonyl group of
oxopropyl and a neighboring molecule, most likely due to
hydrogen bonding. The comparable frequency shifts were
described both for the adsorbed surface species on transition
metals38−40 as well as in solutions and in chelating
complexes.47−55 Since this prominent frequency shift of the
carbonyl group was observed to occur only in the presence of
the enol form of AP, it can be quite safely concluded that it
results from hydrogen bonding between the carbonyl group of
the oxopropyl species and the H atom of the OH group
belonging to the enol form of AP. Also note that a pronounced
frequency shift of CO group is expected for H bonding
involving acidic H,56 such as, e.g., the one in the OH group of
enol, while H bonding to nonacidic H (e.g., of the CH3-group
of AP in ketone form) usually does not lead to a notable
shift.55,56 The proposed structure of the resulting oxopropyl/
AP-enol complex is shown next to the band at 1715 cm−1, in
which the band at 1220 cm−1 is related to the C−O single
bond in AP-enol, while the band at 1715 cm−1 is the stretching

vibration (ν(CO)) of the carbonyl group in oxopropyl
species. The combination of these bands remains stable in the
course of the reaction, suggesting that this complex might act
as a ligand turning the surface chemoselective. It should be
noted, however, that no vibrational bands related to the
reaction intermediates were observed at any notable intensity
on this particular surface, even though relatively large amounts
of propenol were desorbed into the gas phase. This might be
most likely due to the low surface concentration of the reaction
intermediate, which quickly converts into the final product and
desorbs. Another possible reason for missing vibrational
signatures of the reaction intermediate might be related to
its specific adsorption configuration on the oxopropyl/AP-enol
containing surface, in which the C−O bond might be oriented
close to parallel to the underlying metal and therefore be not
visible due to the MSSR.45 This reason is, however, less likely
as it implies highly strained adsorption configuration of the
reaction intermediated.
Figure 8 summarizes the different types of ligands formed

under the reaction conditions and their effects on the
propenoxy reaction intermediates. On the initially pristine
Pd(111) surface (Figure 8a), oxopropyl ligand species are
formed spontaneously as a result of partial acrolein hydro-
genation at the CC bond. In our previous studies18−20 it was
shown that they form a closely packed ligand layer, which
promotes formation of the desired propenoxy reaction
intermediate. Two types of the reaction intermediates (RI1
and RI2) can be distinguished on this surface with RI1
appearing first and saturating at lower acrolein exposures. In
the following, the second reaction intermediate RI2 appears
and finally becomes the dominant RI species.

Figure 8. Proposed ligand structures formed on the surface under the reaction conditions: (a) oxopropyl spontaneously formed form acrolein on
pristine Pd(111), (b) methyloxopentyl on Pd(111) modified with MP, (c) N-butylimine formed on AC-modified Pd(111), and (d) oxopropyl/AP-
enol complexes formed on Pd(111) functionalized with AP at high AP exposure. Next to each surface, the characteristic frequencies of the reaction
intermediates are indicated.
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The ligand structurally similar to acrolein2-methyl-2-
pentenalforms the methyloxopentyl surface species shown in
Figure 8b, which are structurally similar to oxopropyl. The
same types of the reaction intermediates (RI1 and RI2) are
formed on this surface, however, their distribution strongly
differs from the case of oxopropyl ligand: the species RI1
appears first and saturates at approximately the same quantity
as on the oxopropyl-covered surface, but the reaction
intermediate RI2 appearing in the following remains only
minor surface species. This is in contrast to the case of
oxopropyl ligand layer, at which RI2 was found to be built at
amounts exceeding RI1. The combination of the observation
on two ligand-modified surfaces lets us to propose the
following scenario: the reaction intermediate RI1 appears first
and forms an H bond to the neighboring ligand species (either
oxopropyl or methyloxopentyl) building 1:1 complexes. After
nearly all ligand species become involved into these complexes,
the other type of the reaction intermediate RI2 is formed,
which is most likely not involved into hydrogen bonding and
remains free-standing. Depending on the available surface
space, different amounts of RI2 can be formed: larger
concentrations on the surface covered with relatively small
oxopropyl ligand and smaller concentrations on the surface
functionalized with structurally similar but more spacious
ligand methyloxopentyl. Only this scenario can explain both
the saturation of the RI1 at similar coverages on both surfaces
and formation of pronouncedly different quantities of RI2. The
discussed observation might be related to the geometric effects
imposed by the ligand layer since structurally and electronically
similar ligand species result in the formation of the same types
of reaction intermediates, which differ only in the intensity
distribution in the IR spectra.
On the surface functionalized with the allyl cyanide

containing an electron-rich functional group, electronic effects
of the ligand layer on the reaction intermediate could be clearly
deduced (Figure 8c). Under the reaction conditions, allyl
cyanide converts to N-butylimine species, serving as an active
ligand layer in acrolein hydrogenation. The propenoxy reaction
intermediate (RI3) formed on this surface exhibit a strongly
blue-shifted (by more than 40 cm−1 as compared to RI1 and
RI2) vibrational band related to the C−O single bond,
suggesting its considerable strengthening. This effect might
arise either from the direct interaction between the reaction
intermediate and the electron-rich imine group of the ligand,
or can be related to a “surface-mediated” process, in which
donation of the d-electrons from the metal to the reaction
intermediate and backdonation of the electron density form
the molecular orbitals of the reaction intermediate to the metal
are strongly affected by the presence of the coadsorbed ligand
possessing an electron-rich functional group.
The third investigated case of acetophenone, serving as a

ligand at high acetophenone coverage, represent the complex
case, which we denote as “enol-induced” effect (Figure 8d). In
this case, the enol form of acetophenone formed under the
reaction conditions exhibits a strong lateral interaction with the
oxopropyl ligand that is spontaneously formed in a partial
hydrogenation of acrolein at the CC bond. Most likely, the
OH group of enol-AP establishes H bonding with the carbonyl
group of the oxopopyl species, leading to a strong red-shift of
the latter vibrational band. The newly formed oxopropyl/enol-
AP complex serves as a complex ligand in hydrogenation of
acrolein as indicated by the strong reduction of the induction
period in propenol formation rate. It should be also noted that

all three functionalized surface show high catalytic perform-
ance both in terms of selectivity and absolute acrolein
conversion rate. More detailed discussion on this issue can
be found in Chapter 6 of Supporting Information.

■ CONCLUSIONS
In summary, Pd(111) functionalized with three different
organic ligandsallyl cyanide, 2-methyl-2-pentenal, and
acetophenonewas investigated with respect to its catalytic
activity in the reaction of acrolein hydrogenation. The organic
ligand layers formed upon surface functionalization under the
reaction conditions turn the surface highly active and close to
100% chemoselective with respect to the target product
propanol and promote formation of the desired propenoxy
surface reaction intermediate.
To address the mechanistic details of the underlying surface

process, we employed a combination of surface sensitive
operando IRAS with multimolecular beam techniques, allowing
to study the reaction kinetics under well-defined isothermal
conditions and simultaneously monitor the evolution of the
desired reaction intermediate on the surface. By employing the
combination of three types of ligands, we addressed different
aspects of ligand/reactant interaction: electronic and geometric
effects as well as the effect arising from the strong lateral
interactions with ligands capable of forming 1:1 carbonyl/enol
complexes.
Specifically, electronic effects were observed on the surface

containing N-butylimine species formed under the reaction
conditions after deposition of allyl cyanide. The presence of
the electronically rich imine group results in a strong frequency
shift of the C−O single bond in the propenoxy reaction
intermediate by more than 40 cm−1, indicating that this bond
is considerably strengthened on this surface. These effects
might arise either via the direct interaction of the reaction
intermediate with the coadsorbed imines or be mediated by
the surface, i.e., the degree of donation/backdonation of the
electron density between the underlying Pd and the reaction
intermediate might be strongly changed in the presence of the
electron-rich imine species. The N-butyl imine layer also
results in the pronounced shortening of the induction period
(as compared to the pristine Pd(111)), pointing to the fact
that the functionalized surface provide the correct environment
for a fast formation of the desired reaction intermediate.
Comparison of the two structurally similar ligand layers

methyloxopentyl (formed from 2-methyl-2-pentenal) and
oxopropyl (formed from acrolein) speciesallows us to
deduce the role of the geometric effects in the formation of
the propenoxy reaction intermediate. First, two different types
of the reaction intermediatesRI1 and RI2were identified,
which are separated by 23 cm−1. The reaction intermediate RI1
(lower frequency) appears first at low acrolein exposures and
saturates at similar amounts on both surfaces. The second
reaction intermediate (RI2) evolves at higher acrolein exposure
on both surfaces, but its final surface concentration strongly
differs on both functionalized surfaces: it is low on the surface
covered with a spacious methyloxopentyl species, while it is
considerably higher on the surface functionalized with a less
spacious oxopropyl ligand. The observed behavior arises most
likely from the fact that the RI1 undergoes H bonding with the
coadsorbed ligand, which leads to the pronounced red-shift of
the C−O bond in RI1. As soon as nearly all ligands become
involved into 1:1 complexes with reaction intermediate RI1,
the RI2 starts evolving. RI2 is most likely a free-standing
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adsorbate and can be formed in larger amounts on the surface
precovered with the smaller ligand (oxopropyl species) and in
smaller amounts on the surface covered with a spacious
methyloxopentyl ligand.
Finally, functionalization of Pd(111) with acetophenone

results in two types of reactive behavior: at low acetophenone
coverages, the presence of the ligand elongates the induction
period and does not exhibit any significant effect on the
reaction intermediates. In contrast, at high acetophenone
coverages, the enol form of acetophenone is formed, which
builds a 1:1 complex with the oxopropyl species spontaneously
formed in acrolein partial hydrogenation. The presence of
these oxopropyl/enol-AP complexes strongly reduces the
induction period, suggesting that this surface provides a
beneficial ligand environment for formation of propenol.
The results of this study provide deep atomistic level insights

in the mechanisms of ligand-directed heterogeneous catalysis
and the different effects that can be employed as useful tools
for rational design of new catalytic materials with tailor-made
catalytic properties.
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ABSTRACT: Lateral interactions between coadsorbed hydrocarbon species play
an important role in their chemical transformations on catalytic metal surfaces. In
this report, we present a mechanistic study on mutual lateral interactions of the α-
ketoester ethyl pyruvate adsorbed on a well-defined Pt(111) surface, resulting in a
strong weakening of ester bonds. By employing a combination of surface-sensitive
spectroscopic and microscopic techniques as well as theoretical calculations, we
address the atomistic-level structure of surface assemblies containing several ethyl
pyruvate species. We report formation of different types of surface oligomers
comprising topologically different dimer, trimer, and tetramer species. Based on a
combination of spectroscopic and microscopic observations, all species can be attributed to two large classes of oligomers exhibiting
different types of intermolecular bonding. In the first class of species, the intermolecular interaction is realized via H-bonding
between two acetyl groups of ethyl pyruvate, that is, a carbonyl and a methyl group of the neighboring molecules, while in the second
type of species the bonding interaction involves the ester-O of one molecule and the acetyl group of a neighboring adsorbate. For the
latter type of species, a strong IR frequency shift of the ester C−O vibration was observed pointing to a significant weakening of the
related ester bonds, which might exert a strong impact on the chemical transformations involving this group. We demonstrate that
the particular type of intermolecular interaction in ethyl pyruvate assemblies can be effectively tuned by controlling the adsorption
parameters, such as surface coverage and the presence of coadsorbed hydrogen. Obtained results provide important insights into the
details of lateral interactions of complex multifunctional molecules adsorbed on catalytically relevant surfaces. We show that the
parameter space in a catalytic process involving ester compounds can be purposefully varied to tune the strength of the ester bond
toward improving the catalytic performance.

■ INTRODUCTION

Lateral interactions between molecular species adsorbed on a
metal surface might play a crucial role in controlling activity
and selectivity of heterogeneously catalyzed multipathway
reactions. Particularly for reactions involving hydrocarbons, the
selectivity often depends on subtle differences in the activation
barriers of individual reaction routes,1 which are determined
not only by the bonding of the reactants to the underlying
catalyst but also by their intermolecular interactions with the
surrounding adsorbates. The latter type of interactions can
greatly modify the overall energy landscape and by this
strongly alter the selectivity toward the desired reaction. There
are two types of new emerging fields in heterogeneous catalysis
based on this phenomenonenantioselective2,3 and ligand-
assisted4,5 heterogeneous catalysisthat strongly rely on
intermolecular interactions between coadsorbed reactants and
the modifier molecules. The latter species are employed for
surface functionalization rendering the catalyst highly active
and selective toward the desired reaction path. Recently, an
atomistic-level understanding of such complex functionalized
catalysts was achieved in studies combining surface-sensitive
spectroscopies and microscopy with the theoretical approach

for a number of enantio- and chemoselective catalytic
systems,2,3,5−17 allowing to develop first rational ideas for
optimizing lateral interactions in this type of reaction.
Despite this recent progress in the field, the deep

fundamental-level understanding of adsorbate−adsorbate
interactions is available only for a very limited number of
reactive systems because of their vast complexity and
numerous possibilities to build molecular complexes compris-
ing two or more adsorbates. Experimental identification of
adsorbed surface species and a microscopic-level under-
standing of the mutual lateral interactions between single
adsorbates still remain a highly challenging task.
One of the most important reactive systems in the field of

enantioselective heterogeneous catalysis involves α-ketoesters,
which can be efficiently hydrogenated over chirally modified
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surface to corresponding chiral lactates. Several groups
reported atomistic-level studies on surface chemistry of the
simplest α-ketoester methyl pyruvate (MP), over either
pristine or chirally modified Pd(111)18−20 and Pt(111)21,22

metal surfaces. On pristine Pd(111), formation of enol species
as a result of keto−enol tautomerization of the carbonyl group
of MP was proposed.18 The same enol form of MP was also
suggested to be the active species in the 1:1 chiral docking
complexes between MP and the chiral modifier (1-naphthyl)-
ethylamine (NEA).19 On Pt(111), formation of enediolate
species was put forward,22 in which both carbonyl groups
directly interact with two underlying Pt atoms. These and
some other studies23 provided first valuable ideas about the
interaction of α-ketoesters with transition metal surfaces.
However, a number of important questions still remain
unresolved. Specifically, there is no general agreement on the
chemical nature of the adsorbed surface species and on the
possibility of keto−enol tautomerization vs enediolate
formation upon adsorption on transition metal surfaces. Also,
the interaction of structurally more complex α-ketoesters and
the details of their lateral interaction with coadsorbed
molecular species remain largely unexplored.
To address the details of mutual lateral interactions in

structurally more complex α-ketoesters, we performed a
mechanistic study of ethyl pyruvate (EP) adsorbed on a
well-defined Pt(111) surface, both pristine and H-containing.
We employed a unique combination of experimental
techniques24 including molecular beams, infrared reflection−
absorption spectroscopy (IRAS), and scanning tunneling
microscopy (STM), capable of providing both spectroscopic
information about the chemical nature of adsorbed surface
species and microscopic information about their distribution in
real space. Complementarily, theoretical modeling of the
adsorption structure of EP monomer and modeling of the
STM images were performed at the density functional theory
(DFT) level to understand the details of lateral interactions
between neighboring surface species. Specifically, we show that
EP forms a large number of oligomers including different types
of dimer, trimer, and tetramer species, the relative abundance
of which strongly depends on the adsorption parameters such
as surface coverage and the presence of hydrogen. Based on a
combination of spectroscopic and microscopic observations, all
species can be attributed to two large classes of oligomers
exhibiting different types of intermolecular bonding. In the first
class of species the intermolecular interaction involves two
acetyl groups of neighboring EP species, while in the second
type of species the bonding interaction is realized via H-
bonding between the ester-O of one molecule and the acetyl
group of a neighboring EP species. This latter type of
interaction significantly weakens the ester bond as suggested
by a strong frequency shift of the related C−O ester vibration,
which might potentially exert a strong impact on the chemical
transformations involving the ester group. The intermolecular
interaction in ethyl pyruvate assemblies can be effectively
tuned by changing the adsorption parameters, such as surface
coverage and the presence of coadsorbed hydrogen, providing
by this an experimentally accessible tool to affect the strength
of the ester bond by changing the nature and the concentration
of coadsorbed species. Additionally, by performing spectro-
scopic investigation with isotopically labeled (13C)EP, we
addressed the previously proposed adsorption models put
forward for α-ketoester MP with transitions metal surfaces.
The spectroscopic observations obtained in our study suggest

that both previously discussed models suggesting enol or
enediolate formation are not valid for a structurally more
complex α-ketoester EP.
The obtained results provide important benchmarks for

theoretical modeling of mutual lateral interactions in complex
molecular assemblies formed on transition metal surfaces.
Currently, theoretical modeling of mutual lateral interaction in
large assemblies of ethyl pyruvate is being performed by global
structure optimization employing a combination of semi-
empirical and force-field approaches.

■ METHODS
All experiments were performed in two independent ultrahigh-
vacuum (UHV) apparatusesUHV-IRAS/molecular beam
and UHV-STM apparatuseach equipped with a dedicated
preparation chamber. After the preparation the samples were
transferred in situ in the main part of each apparatus.

Sample Preparation. The Pt(111) single crystal (MaTeck
GmbH) was cleaned prior to use in a dedicated preparation
chamber (base pressure < 2 × 10−10 mbar) by repeated cycles
of Ar+ ion bombardment at room temperature, followed by
annealing at 1200 K and subsequent oxidation in 1 × 10−7

mbar of O2 at 650−750 K to remove residual carbon. The last
step contains the rapid flash of the sample to 1000 K. Shortly
before each experiment the sample was flashed to 600−800 K
before cooling to the required temperature to remove CO
adsorbates. The long-range order and cleanliness of the
Pt(111) single-crystal were checked by low-energy electron
diffraction (LEED), Auger electron spectroscopy (AES), and
additionally IRAS of adsorbed CO to probe the abundance of
adsorption sites.
Ethyl pyruvate (Sigma-Aldrich, purity >97%) and 13C-ethyl

pyruvate (Sigma-Aldrich, 99% 13C, purity 98%) were purified
prior to each experiment by repeated freeze−pump−thaw
cycles.

IRAS/Molecular Beam Experiments. The IRAS/molec-
ular beam experiments were performed in a specially designed
UHV apparatus (base pressure > 2 × 10−10 mbar). The
apparatus contains two effusive doubly differentially pumped
multichannel array sources operated at room temperature.
Further details on the apparatus can be found elsewhere.25

Ethyl pyruvate and hydrogen were independently dosed via
two molecular beams at typical fluxes of 7.2 × 1012 and 5 ×
1014 molecules s−1 cm−2, respectively.
IRAS data have been acquired by using a vacuum Fourier

transform infrared (FT-IR) spectrometer (Bruker Vertex 80v)
with a spectral resolution of 2 cm−1, a mid-infrared (MIR)
polarizer, and using p-polarized IR light. The spectrometer is
equipped with a narrow-band mercury cadmium telluride
(MCT) detector. All IRAS spectra were acquired at the same
surface temperature that was used for ethyl pyruvate
deposition (100 K). An automated quadrupole mass
spectrometer (QMS) system (Hiden, HAL 301/3F) was
employed for continuous monitoring of the partial pressures of
gaseous species.

STM Experiments. The STM measurements were
performed in an UHV (base pressure < 1 × 10−10 mbar)
apparatus by employing a variable temperature (90−300 K)
Aarhus 150 SPM (SPECS). All measurements were performed
in a constant current mode, and the bias voltage UT was
applied to the sample. The etched W-Tip was commercially
produced by SPECS and in situ sharpened by repeated cycles
of 1.25 keV Ar+ bombardment with 5 × 10−6 mbar back-

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c09659
J. Phys. Chem. C 2020, 124, 28159−28168

28160

8.4 J. Phys. Chem. C 2020, 124, 28159–28168. 147



pressure for 5 min. The sharpness of the W-Tip was validated
on the pristine Pt(111) surface. The quality of the sample was
additionally verified by acquiring STM images prior to the
deposition. EP was dosed through an individual gas doser onto
the Pt(111) surface kept at the desired deposition temperature
and then transferred to the STM chamber for measurements.
For the hydrogen deposition, the measurement chamber was
backfilled with hydrogen through an individual gas doser with
1 × 10−6 mbar during the STM experiment.
DFT Calculations. DFT calculations of the adsorption

geometry of EP monomer adsorbed on Pt(111) were
performed by using a Quantum ESPRESSO26-27 with the
PBE28 functional and projector-augmented-wave pseudopo-
tential Pt.pbe-n-kjpaw_psl.1.0.0.UPF from ref 29, and the
analogue pseudopotentials for the other elements have been
used. The kinetic energy cutoff for the wave functions was set
to 50 Ry, and a 2 × 2 × 2 k-point grid was used to sample the
Brillouin zone. These values have been arrived at by sampling
different values for a platinum slab until the energy was
converged to within 10−4 Ry. To separate the images in the z-
direction, a 90 Å vacuum was used. The energy convergence
cutoff for the optimization itself was set to 10−6 Ry. For the
STM calculation, the Tersoff−Hamann30 approach was used.
The sample bias was 120 meV, and the isovalue was set to 0.5
× 10−6.
Vibrational frequencies of an isolated EP molecule were

calculated within the harmonic approximation at the B3LYP
level with the aug-cc-pvqz basis set and gd3 correction of single
molecules in the gas phase using the Gaussian16 software.31

■ RESULTS AND DISCUSSION

Experimentally, interaction of EP with the Pt(111) surface was
investigated by a combination of molecular beam techniques,
IRAS and STM in two independent ultrahigh-vacuum
apparatuses.24 Figure 1 shows the IR spectrum theoretically
calculated at the DFT level for the gas phase (spectrum 1) and
experimentally measured spectra of EP adsorbed on Pt(111) at
100 K (spectra 2−5). The assignment of the vibrational bands

was performed based on the comparison of the theoretical
spectrum with the experimental spectra (2, regular EP) and
spectra (3, 13C-labeled EP) obtained for multilayer coverages.
The spectra of EP multilayers, in which the absolute majority
of the molecules is not in immediate contact with the
underlying metal, serve as a reference for the nearly
unperturbed molecular state of EP. In the isotopically labeled
component, the carbon atom involved in the carbonyl group of
the acetyl entity (CH3(CO)−) was labeled with 13C (see
Figure 1). In the further discussion, we will denote this
carbonyl group as the acetyl−carbonyl group, while the
carbonyl group involved into the ester entity (−(CO)C−
O−C2H5) of EP will be denoted as ester−carbonyl. Table S1
of the Supporting Information summarizes the experimentally
observed and theoretically computed vibrational bands.
The most important vibrational bands in the multilayer

spectrum comprise the CO stretching vibration at 1741
cm−1 (1701 cm−1 for the 13C-isotope) in the acetyl−carbonyl
group (ν(CO)acetyl),

20 the CO stretching vibration at
1749−1753 cm−1 in ester−carbonyl (ν(CO)ester),

20,25 and
the mixed vibration at 1314 cm−1 including mostly the
stretching mode of the C−O single bond (−(CO)C−O−
C2H5) in the ester group (ν(C−O)ester).20,26 Further visible
vibrations are related to the deformation vibrations of the
−CH2− and −CH3 groups in the range 1360−1476 cm−1

(δ(CHx)), a mixed mode at 1162 cm−1 (νmixed(C−C−C))
mostly involving the stretching vibration of all skeletal carbons,
and the stretching vibration of the CHx groups (ν(CHx)) lying
around 3000 cm−1. Upon isotopic labeling of the acetyl−
carbonyl group by 13C, the vibrational band (ν(CO)acetyl)
shifts from 1741 to 1701 cm−1. The shift by 40 cm−1 is in an
excellent agreement with the previously reported values of 30−
40 cm−1 for simple carbonyl compounds, for example,
acetophenone.9,10 As expected, the other major vibrational
bands related to the ester group (ν(CO)ester and ν(C−
O)ester) do not experience any major shifts upon isotopic
labeling of the acetyl−carbonyl group. The band at 1162 cm−1

assigned to the mixed mode vibration νmixed(C−C−C) shifts
by 19 cm−1. The displacement vectors related to this
vibrational band νmixed(C−C−C) are shown in the Supporting
Information (Figure S1), demonstrating that the labeled 13C
atom is strongly involved in this vibrational mode.
Adsorption of EP at submonolayer coverages was inves-

tigated at the same temperature both with regular and 13C-
labeled species. Spectra 4 and 5 in Figure 1 are related to the
coverage close to saturation for the regular and 13C-labeled EP,
respectively. In this coverage range, the intensity distribution of
the most important vibrational peaks drastically changes: while
both bands at 1753 and 1741 cm−1 completely vanish, the
band ν(C−O)ester remains very pronounced and shifts from
1314 to 1296 cm−1. Additionally, two new bands at 1268 and
1530 cm−1 evolve; their positions are not affected by isotopic
labeling of the acetyl−carbonyl group.
Vanishing of the bands involving both carbonyl groups

might be potentially related to two microscopic reasons: (i)
the orientation of the CO bonds can be nearly parallel to the
underlying metal and the related vibrations becomes invisible
because of the metal surface selection rule;27 (ii) the CO
bond is considerably perturbed due to strong interaction with
the underlying metal and/or coadsorbed species and the
related vibrational band significantly shifts. The red-shift of the
ν(C−O)ester vibration (from the gas phase value 1314 cm−1 to
1296 cm−1) lies in the range typical for adsorption of gaseous

Figure 1. (1) Calculated gas phase spectrum of EP using DFT. IR
spectra of EP adsorbed on Pt(111) at 100 K: (2, 3) EP and 13C-EP
multilayer (total exposure 2.9 × 1015 and 1.1 × 1015 molecules cm−2);
(4, 5) EP and 13C-EP at submonolayer coverage (7.2 × 1013

molecules cm−2).
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hydrocarbon species on metal surfaces28−30 and can be
explained by possible rehybridization of the related molecular
orbitals upon interaction with the underlying metal as well as
by the wall effect.27 The band at 1268 cm−1 lies close to the
band ν(C−O)ester 1296 cm−1 and can be assigned to the same
vibrational mode, which is red-shifted from the less perturbed
state (1296 cm−1) due to, for example, H-bonding. Previously,
pronounced red-shifts due to H-bonding between an O atom
and a H atom of two neighboring molecules were reported for
a number of different hydrocarbon compounds,31,32 for
example, adsorbed acetophenone forming dimer species on
Pt(111).9,11 In the following, we will distinguish between two
ν(C−O)ester vibrational bands and will denote the band at
1296 cm−1 as ν(C−O)ester,1 and the band at 1268 cm−1 as
ν(C−O)ester,2.
The band at 1530 cm−1 is present neither in the multilayer

nor in the gas phase spectra of EP and therefore must arise
from a strong interaction of the adsorbed EP species with Pt.
Importantly, this vibrational band does not shift upon isotopic
labeling of the acetyl−carbonyl group, indicating that the C
atom of the acetyl−carbonyl is not involved into the
appearance of this new band. The exact assignment of the
band at 1530 cm−1 is rather ambiguous. In the previous studies
on structurally more simple MP adsorbed on Pt(111) by
McBreen et al., a band at a similar frequency (1543 cm−1) was
assigned to ν(C−O) or the mixed ν(C−O) + ν(C−C) mode
of an enediolate species,22 in which both carbonyl groups
establish two bonds to underlying two Pt atoms forming a
structural fragment Pt···O···C···C···O···Pt. In the latter studies
from the same group performed at higher temperatures (300
K), a band in a similar frequency range was observed at 1594
cm−1 on Pt(111), which was interpreted as a νCC) mixed
mode of enol species formed after keto−enol tautomerization
of the acetyl groups of MP.21 The group of Tysoe investigated
MP adsorption on Pd(111), where formation of a weak band
in the same frequency range (1558 cm−1) was observed.20 In
this report, the band was assigned to a CC bond formed in
the enol or enolate form of MP, implying that keto−enol
tautomerization of the acetyl group of MP must have occurred.
The hypothesis of enol or enolate formation was supported by
a study from the same group, combining STM and theoretical
modeling of MP species adsorbed on Pd(111).18 On the basis
of the comparison of the experimentally measured STM line

profiles across the adsorbates and theoretically modeled
profiles for ketone and enol forms of MP, the authors
concluded that only the enol form of the adsorbed species can
explain the experimental observations.
It should be emphasized that both models recently proposed

in the literature−formation of enol or enediolate species−are
in strong disagreement with our experimental observations
obtained by IR spectroscopy. If the band at 1530 cm−1

observed in our study would originate either from the CC
bond (as suggested by the enol model) or from enediolate
species, it must shift upon 13C isotopic labeling of acetyl−
carbonyl since this 13C atom would be directly involved in the
corresponding CC bond of the enol species or the Pt···O···
C···C···O···Pt fragment of enediolate. No isotopic shift of the
band at 1530 cm−1 was observed in our IR spectra, so it can be
quite safely concluded that the labeled 13C atom is not
involved in the related vibration. The only remaining
possibility to assign this band is the hypothesis that this
vibration originates from the ester−carbonyl, which must be
strongly shifted from its unperturbed value due to pronounced
mixing of its molecular orbitals with the d-orbitals of
underlying Pt atom(s). Such a scenario for interaction of
carbonyl compounds with transition metals is in agreement
with the adsorption model of acetone previously suggested by
Ibach et al. Investigating acetone adsorption on Pt(111) by a
combination of IRAS and off-specular high-resolution electron
energy loss spectroscopy (HREELS), the authors observed
formation of vibrational peaks in the range 1520−1585 cm−1

(IRAS) and 1550 cm−1 (HREELS), which were assigned to a
side-on η2(CO) adsorption configuration of acetone,33 in
which the carbonyl group forms a fragment Pt···C···O···Pt, in
either the π or di-σ configuration. This conclusion was
additionally corroborated by the earlier studies on decom-
position of isopropanol, producing the η2(CO) configuration
in the same frequency range (1584 cm−1).34 The band at 1530
cm−1 observed in our study can be thus most likely related to
the η2(CO) configuration, that is, to the fragment Pt···C···O···
Pt formed for the ester−carbonyl group. In the studies by the
Tysoe and McBreen groups, the bands in the frequency range
1540−1590 cm−1 were rather assigned to the CC bond of
enols, enolates, or enediolates. While this might be true for
MP, in the case of EP adsorption on Pt(111) the assignment of
the band at 1530 cm−1 to the CC bond (formed in the

Figure 2. IRAS spectra of EP adsorbed on Pt(111) at 100 K. The spectra were obtained for (a) increasing EP exposure and (b) during in situ H2
exposure at a constant coverage of EP (full details are given in the Supporting Information).
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original acetyl−carbonyl group) can be excluded as in the
opposite case an isotopic shift must be observed for the labeled
component.
Summarizing the observations obtained in this coverage

range, the absence of the CO vibrational band related to
acetyl−carbonyl arises from the nearly parallel the orientation
of this band with respect to the metal surface.27 In contrast, the
CO vibration of the ester−carbonyl is most likely visible but
significantly red-shifted due to strong rehybridization of the
related molecular orbital with the d-orbitals of underlying Pt
leading to formation of η2(CO) adsorption configuration. The
earlier suggested models based on formation of enol, enolate,
or enediolate species involving the original acetyl−carbonyl
groups are inconsistent with the obtained IR spectra for
isotopically labeled EP.
To further address the chemical nature of the adsorbed

species and the origin of the band at 1530 cm−1, the IR spectra
were recorded at different EP coverages on pristine Pt(111)
(Figure 2a) and on the same surface continuously exposed to
H2 at a constant EP coverage (Figure 2b). On pristine Pt(111),
a combination of bands at 1530 and 1296 cm−1 is observed at
the lowest coverage, while the band at 1268 cm−1 is missing.
With increasing coverage, both bands at 1530 and 1296 cm−1

simultaneously grow in intensity (spectrum 2) and eventually
saturate (spectra 3 and 4). The vibrational band ν(C−O)ester,2
at 1268 cm−1 appears at higher coverages (spectra 2 and 3)
and grows in intensity when the EP coverage increases. It
should be emphasized that the intensity distribution between
the peaks at 1268 and 1296 cm−1 is clearly changing with
increasing coverage. While at the lowest coverage the peak at
1268 cm−1 is not seen and the peak at 1296 cm−1 has a
noticeable intensity, this difference becomes less pronounced
at the highest coverage, at which the intensity of the band at
1268 cm−1 is just about factor of 2 lower than that of the band
at 1296 cm−1. This observation suggest that the species related
to the band at 1268 cm−1 is either not present at the lowest
coverage or is present at a negligibly small concentration.
Interestingly, if the EP-containing surface is continuously
exposed to H2, the intensity distribution of these bands
drastically changes: while the bands at 1530 and 1296 cm−1

gradually and simultaneously disappear, the band at 1268 cm−1

grows in intensity and becomes the dominant vibrational peak
after prolonged H2 exposure (Figure 2b).
The observed evolution of the vibrational bands suggests

that at least two distinct types of surface species exist on
Pt(111): (i) the species S1(IRAS), exhibiting a combination of
two characteristic peaks at 1530 and 1296 cm−1, and (ii) the
species S2(IRAS), showing a prominent vibrational band at 1268
cm−1. The relative abundance of these species strongly
depends on the coverage conditions and the presence of
coadsorbed H: (i) species S1(IRAS) appears already at the lowest
coverage on pristine Pt(111) surface, while the species S2(IRAS)
starts evolving with growing coverage of EP; (ii) the species
S1(IRAS) almost completely converts into the species S2(IRAS)
after prolonged H2 exposure. It should be noted that
quantitative information about the relative population of
both types of EP species cannot be unambiguously deduced
from the IR spectra. First, because of the metal surface
selection rule,27 the IR intensity depends on the projection of
the dynamic dipole moment on the surface normal. With this,
if a given bond is only slightly inclined with respect to the
metal surface, the related vibrational band is seen as a low-
intensity vibration. Additionally, dipole coupling effects, such

as for example intensity transfer to high-frequency bands,27,35

might result in diminishing the IR intensity of the low-
frequency vibration. Despite these complications, it can be
quite safely concluded that surface species with two distinctly
different spectroscopic signatures can be distinguished on
Pt(111), which exhibit different dependencies on the coverage
condition and the presence of coadsorbed H.
The appearance of two distinct vibrational bands related to

C−O vibration in the ester group suggests that this group can
be involved in different type of interactions with the underlying
metal and/or with the coadsorbed species. The adsorption
configuration of these species was investigated by STM under
temperature conditions nearly identical with those of the IRAS
experiments (118 and 100 K, respectively). Figure 3a displays

an image obtained on pristine Pt(111) showing the overview
of different surface assemblies. Interestingly, nearly all
adsorbed species are agglomerated in assemblies of two,
three, or four individual molecules. The close-up images of
these structures measured with submolecular resolution are
displayed in Figure 3b. Generally, all assemblies consist of a
combination of elongated protrusions exhibiting a brighter
spot and a darker area. Specifically, four types of dimers (D1−
D4), two types of trimers (T1, T2), and two types of tetramers
(O1, O2) were identified in our studies. Note that dimer D4
evolves only on H-covered surface and is not present on
pristine Pt(111). Figure 4a−c shows the full data set of STM
images obtained as a function of coverage on pristine Pt(111),
which changes in the range (1.8−70.7) × 1012 molecules/cm2

as well as the statistical evaluation of the abundance of different
types of oligomers. The STM images obtained on Pt(111)
precovered with EP during continuous H2 exposure and the
statistical evaluation of the oligomer distribution obtained
during this treatment are displayed in Figure 5a,b.
To find a correlation between the structure of the molecular

assemblies as observed by STM and the type of intermolecular
bonding in these assemblies deduced from IR spectra, we
analyzed the structure of the assemblies with respect to the
intermolecular intensity distribution. All molecular assemblies
can be divided into two classes: (i) species S1(STM)the
species interacting exclusively via the bright spots (D1−D3)
and (ii) species S2(STM)the species interacting via the bright
spot and a darker protrusion either exclusively (D4, T1, O1) or
at least at part (T2, O2). For the latter species (T2, O2), the
interaction between the bright and the dark protrusions is
present as well as the interaction between two bright spots.

Figure 3. (a) STM image of EP adsorbed on pristine Pt(111) at 118
K (52.2 × 52.2 nm2, full details in the Supporting Information). (b)
Close-up images of different oligomers divided in S1(STM) (dimers D1,
D2, and D3) and S2(STM) (dimer D4, trimers T1 and T2, tetramers
O1 and O2) species. The dimer D4 was observed only on H-covered
Pt(111) surface.
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Figures 4b,c and 5b show the relative abundance of the species
S1(STM) and S2(STM) as a function of increasing coverage
(Figure 4b,c) and increasing H2 exposure (Figure 5b). There is
a clear trend observed in these plots on pristine Pt: the species
S1(STM) prevails at low coverages, while at higher coverages the
concentration of S2(STM) starts growing and this species
eventually dominates. Note that the absolute amount of
species S1(STM) in Figure 4b rather quickly levels off and
remains almost constant up to the highest coverage (IV), while
the abundance of species S2(STM) grows almost by 2 orders of
magnitude between the lowest and the highest coverages (I
and IV). For a series of the experiments involving H2 exposure,
the initial coverage distribution is chosen such that the relative
population of surface oligomers on pristine Pt(111) surface
amounts to 64% for the species S1(STM) (Figure 5a,b). During a
continuous H2 exposure, nearly full conversion of the species
S1(STM) to S2(STM) is observed, while the overall concentration

of adsorbed EP molecules does not notably change during H2
treatment.
A strong correlation between the evolution of the surface

assemblies detected by STM and the vibrational bands in the
IR spectra can be established. The combination of two peaks
appearing first on the pristine Pt(111) surface (1530 and 1296
cm−1, species S1(IRAS)) can be clearly correlated to the
evolution of the species S1(STM), while the band at 1268
cm−1 (species S2(IRAS)), evolving at higher coverages, correlates
with the appearance of the species S2(STM). The evolution of
the surface species on the H-containing surface is also in very
good agreement with this assignment: while on the pristine
surface the bands at 1530 and 1296 cm−1 are clearly visible in
IR spectra and a large fraction of the microscopically observed
assemblies are S1(STM) species, prolonged H2 exposure results
in nearly full conversion of the assemblies to S2(STM) species
accompanied by the full conversion of the bands at 1530 and
1296 cm−1 (S1(IRAS)) to the band 1268 cm−1 (S2(IRAS)). With
this, both investigated adsorption systems suggest a clear
correlation between the spectroscopically detected species
S1(IRAS) and microscopically observed assemblies S1(STM).
Similarly, the appearance of the species S2(IRAS) correlates
with the evolution of the surface assemblies S2(STM). On the
basis of these correlations, it can be concluded that the lateral
interaction typical for the species S1(STM) occurring via two
bright spots leads to the vibrational signature comprising a
combination of the bands 1530 and 1296 cm−1, while the
interaction via the bright sport and the dark protrusion results
in the evolution of the vibrational band at 1268 cm−1.
Based purely on intensity distribution in the STM data, it is

not possible to assign a specific fragment of the EP molecule
the esteror the acetylpart of EPto a bright or a dark
protrusion seen in the STM images. In the previous studies on
MP adsorbed on Pd(111), assignment of the STM intensity
distribution was performed based on theoretical modeling of
STM images.18 Specifically, adsorption of the original MP
molecule was found to result in a homogeneous intensity
distribution, while the pattern comprising a bright and a dark
protrusion was predicted for the enol form of MP, in which the
acetyl−carbonyl group undergoes keto−enol tautomerization.
In this enol species, the bright part of adsorbed MP was
assigned to the ester part of the molecule. This assignment
cannot be, however, transfer to EP adsorbed on Pt(111), as we
can safely exclude formation of enol species involving the
original acetyl−carbonyl group of EP on this surface.
It is important to note that the intensity distribution in the

individual molecules constituting all oligomer species is very
similar. Figure 6 shows three selected oligomersdimer,
trimer, and tetramer species (Figure 6a)and the correspond-
ing line profiles measured along the main axes connecting the
bright and the dark protrusions (Figure 6b). All line profiles
exhibit two maxima with typical distances between them
indicated in Figure 6b. Each value was obtained from the
statistical evaluation of line scans measured for 10−15
oligomers with the same structure. It can be seen that the
intensity distribution and the distances between the intensity
peaks in each individual molecule are very similar for all
oligomers, suggesting that the chemical nature of the monomer
species does not drastically alter due to lateral intermolecular
interactions in the particular oligomer species. To address the
intensity distribution in these individual EP molecules, we
performed theoretical modeling of EP adsorption geometry in
monomer species adsorbed on Pt(111) and the corresponding

Figure 4. (a) STM images (37.3 × 37.3 nm2) of EP adsorbed on
pristine Pt(111) at different coverages at 100 K (full details in the
Supporting Information). (b) Absolute number and (c) relative
abundance of two types of surface species S1(STM) and S2(STM) shown
for different EP surface coverages.

Figure 5. (a) STM images (32.9 × 32.9 nm2) of EP adsorbed on
Pt(111) obtained after different H2 exposures indicated on the
horizontal axis (full details in the Supporting Information). (b)
Relative abundance of two types of surface species S1(STM) and
S2(STM) shown for different H2 exposures.
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STM image at the DFT level. The structural calculations were
performed with the PBE functional and projector-augmented
wave pseudopotentials; the STM images were simulated with
the Tersoff−Hamann approach (for more details see the
Methods section). Figure 7 shows the calculated structure of

the EP monomer (Figure 7a) together with the experimental
(Figure 7b) and modeled STM image (Figure 7c). Figure 7d
displays the line profile derived from the experimental (lines 1a
and 1b) and modeled (line 2) STM images along the main
axis. Note that line 1b is related to the experimental STM
image shown in Figure 7b, while line 1a is an average from 14
experimental line scans measured for D1 species. In the

computed configuration both carbonyl groups are inclined and
point down toward two Pt atoms, while the (C2H5)C−O−
group is lifted above the surface. It should be noted that the
adsorption configuration of EP agglomerated in oligomers
might differ from the one calculated for a monomer species.
Currently, we perform detailed theoretical calculations at DFT,
semiempirical, and force field levels to describe the
intermolecular interactions in the whole variety of oligomer
species, which will be the subject of upcoming reports. In this
study, we mostly focus on the intensity distribution in the
monomer species to draw conclusions on the position of
brighter vs darker spots seen by STM in the individual
molecule. For the computed adsorption configuration of the
monomer, the modeled STM image exhibits an inhomoge-
neous intensity distribution with the higher intensity
positioned at the acetyl part and the lower intensity relating
to the ester part of EP. If this intensity distribution remains the
same in the individual EP molecules involved in oligomers, the
following conclusion can be made on the two observed types
of lateral interactions. First, in the STM species S1(STM)
exhibiting interaction between two bright spots, a H of the
methyl group of one monomer is bonded to the acetyl−
carbonyl of the other monomer. In this case, the ester groups
are not directly involved in H-bonding between two
monomers, which is consistent with the spectroscopic
observation that the C−O bond of the ester group remains
nearly unperturbed and the corresponding vibrational band has
only a minor frequency shift with respect to the multilayer
value (19 cm−1). Second, in the STM species S2(STM) showing
the interaction between the bright and the dark protrusions, a
methyl group of one monomer must be H-bonded to one of
the O atoms of the ester group. Taking into account the fact
that the frequency of the C−O single bond (1268 cm−1) is
strongly red-shifted in this type of species (by 47 cm−1 as
compared to the multilayer value), it can be quite safely
concluded that the ester-O is involved in H-bonding with the
H atom of the methyl group. This hypothesis is in excellent
agreement with earlier IR studies reported for a large variety of
O-containing hydrocarbon compounds in the liquid phase, in
which the effects of H-bonding on vibrational frequencies of
CO bonds were investigated.31,32 Generally, the CO bonds
show frequency shifts of 10−40 cm−1 from their unperturbed
value upon establishing a H bond with a foreign molecule. Also
in our earlier studies on adsorption of acetophenone on
Pt(111), frequency shifts of 20−50 cm−1 were found for CO
vibration involved in H-bonding with one or two neighboring
molecules.9,11 The frequency shift of 28 cm−1 observed in this
study (as compared to the value of nearly unperturbed species
S1(IRAS) 1296 cm

−1) is in good quantitative agreement with the
earlier reported typical range of a few tens of wavenumbers.
On the basis of these considerations, we propose adsorption

configurations for different types of surface species shown in
Figure 8, which are consistent with all experimental
observations made in this study. Figure 8 shows a proposed
configuration of the dimer species D1 and D3 (Figure 8a) and
D2 (Figure 8b), in which the interaction is established between
two acetyl groups of EP, which are predicted to appear as a
bright protrusion in STM images (species S1(IRAS)/S1(STM)).
Here, a H atom of the methyl group establishes H-bonding
with the acetyl−carbonyl group of the second EP molecule. In
this configuration, the ester C−O bond is not directly involved
in intermolecular interaction, which is consistent with the
spectroscopic observation that its vibrational frequency (1296

Figure 6. (a−c) Close-up images of selected oligomer species: dimer
D1, trimer T1, and oligomer O1. (d) Line profiles measured along the
axes 1−9 indicated at the close-up images.

Figure 7. (a) Adsorption geometry of EP monomer calculated at the
DFT level. (b, c) Experimental and theoretically calculated STM
images. (d) STM line profiles along the axes shown in (b) and (c):
(1a) is an average of 14 line profiles in individual EP monomers
agglomerated in dimers D1 as shown in (b); (1b) is measured for a
single EP monomer along the axis 1b; (2) is derived from the
computed STM image shown in (c).
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cm−1) is only slightly shifted as compared to the multilayer
value (1314 cm−1). The frequencies of the ν(C−O)ester
vibrational bands are highlighted in the models with blue
color. Both acetyl−carbonyl groups of the dimer are most
likely oriented close to parallel to the underlying metal surface,
since the corresponding vibrational bands are not seen in the
spectra. The only other observed prominent band at 1530
cm−1 is most likely related to one or both ester−carbonyl(s) of
EP. As discussed above, the strong red-shift of this band can
arise from substantial rehybridization of the related molecular
orbital with the d-electrons of Pt and might be indicative of a
η2(CO) configuration suggested in earlier studies for acetone
adsorption. The experimentally observed configurations of the
dimers D1 and D3 differ slightly with respect to the relative
orientation of the individual molecules (see Figure 3b), which
is most likely dictated by the underlying metal support. The
stabilities of D1, D2, and D3 dimers on Pt(111) seem to be
similar as these species are observed simultaneously.
The second type of interaction based on establishing a

connection between the brighter and the darker protrusions of
the surface species is exemplified for selected oligomer
structures D4 and T1 (Figure 8c,d). In this type of species
(S2(IRAS)/S2(STM)), the ester group of one molecule is involved
into H-bonding with the methyl group of the neighboring
species. This interaction results in a strong red-shift of the
ν(C−O)ester vibration to 1268 cm−1 observed spectroscopi-
cally. Because no other vibrational bands in the range of
carbonyl groups could be observed for this species, it can be
concluded that all CO groups are oriented nearly parallel to
the surface for this type of adsorption configuration. It should
be noted that the species T2 and O2 exhibit not only the
interaction between the bright and the dark protrusions but

also the interaction between the bright and the bright
protrusions. In this case, one molecule with be involved on
one side into the acetyl−carbonyl/acetyl−methyl interaction,
the same as in species S1(IRAS), and on the other side, the ester-
O will be involved in the interaction with the methyl group of
the acetyl entity of the neighboring species, the same as in
species S2(IRAS).
It should be emphasized that the strong red-shift of the

ν(C−O)ester vibration observed for the second type of surface
species S2(IRAS)/S2(STM) implies that this bond is significantly
weakened by the lateral interaction with the neighboring
molecules as compared to the less perturbed S1(IRAS)/S1(STM)
state. This observation suggests that the chemical trans-
formations involving this notably weakened ester bond might
be significantly facilitated in the second type of complex. This
phenomenon opens a prospect of rational control of the
catalytic transformations involving ester groups by tuning the
parameter space of a catalytic reaction, such as the
concentration of surface adsorbates and the presence of
coadsorbed H to create the second type of EP assembly with
strongly weakened ester bonds.
Exposure of the EP-precovered surface to H2 results in a

complete switching of the intermolecular interaction from type
S1(IRAS)/S1(STM) to type S2(IRAS)/S2(STM). In terms of the
model discussed above, this means that H-bonding involving
an acetyl−carbonyl group disappears, and the other type of
bonding involving the ester-O atom evolves. This hypothesis is
in an excellent agreement with our earlier studies on a the
simple carbonyl compound acetophenone adsorbed on the
Pt(111) surface.9,12 While acetophenone was observed to form
two types of dimers involving a carbonyl group on pristine
Pt(111), exposure to H2 below 240 K resulted in rupture of all
H bonds and falling apart of all dimer species. This
phenomenon originates most likely from a high propensity of
carbonyl groups to build a quasi-H-bonding to H atoms
adsorbed on the metal. In this case, the bonding of the
carbonyl groups to surface-adsorbed H seems to produce a
more stable surface species than acetophenone dimers
connected via H-bonding between the carbonyl and the
methyl group of the neighboring molecules. In the case of EP,
a similar behavior is observed−in the presence of surface-
adsorbed H the bonding involving a carbonyl group
disappears. However, a different type of H-bonding involving
the ester-O is possible in EP, which cannot be realized in a
simple carbonyl acetophenone. As a result, a new type of
intermolecular interaction prevails on H-covered surfaces,
producing the S2(IRAS)/S2(STM) species binding via the ester-O
atom.

■ CONCLUSIONS
Summarizing, in this study the details of mutual lateral
interactions in ethyl pyruvate oligomers adsorbed on well-
defined Pt(111) surface were addressed by a combination of
IRAS, STM, molecular beam techniques, and theoretical
modeling at the DFT level. It was shown that EP forms a
large number of different oligomer species including different
types of dimers, trimers, and tetramers. Based on a
combination of spectroscopic and microscopic observations,
all species can be attributed to two large classes of oligomers
exhibiting different types of intermolecular binding. The first
class of speciesS1(IRAS)/S1(STM)comprising three topolog-
ically different types of dimers, shows two characteristic
vibrational bands, related to nearly unperturbed C−O

Figure 8. Proposed models for different types of EP oligomers: (a, b)
the dimer assemblies formed between two acetyl groups related to the
species S1(IRAS)/S1(STM); (c, d) selected dimer and trimer assemblies
formed between the acetyl and ester groups related to the species
S2(IRAS)/S2(STM).
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stretching vibration of the ester group and most likely strongly
perturbed ester−carbonyl vibration. Intermolecular interaction
in these species is realized via H-bonding between two acetyl
groups, in which an O atom of the carbonyl group is bonded to
a H atom of the methyl group of a neighboring molecule. In
STM images, this species appears as dimers connected to each
other via two bright protrusions. DFT modeling of the STM
images performed for EP monomer species confirms that the
position of the bright protrusion is related to the acetyl group
of EP. The second class of speciesS2(IRAS)/S2(STM)
comprising a dimer and four different types of trimers and
tetramers, exhibits a characteristic vibrational band related to a
strongly red-shifted C−O stretching vibration of an ester group
ν(CO)ester,2. The shift is proposed to arise from a second type
if intermolecular interaction involving H-bonding between the
ester-O and the methyl group of neighboring EP. In STM
images, the corresponding surface species show an interaction
between the bright and the dark protrusions of the neighboring
molecules. The latter type of interaction significantly weakens
the ester bond as evidenced by a strong frequency shift, which
might exert a considerable impact on the chemical trans-
formations involving the ester group.
The abundance of both types of surface species depends on

surface coverage of EP and on the presence of coadsorbed H.
On the pristine surface, the species S1(IRAS)/S1(STM) prevail at
low coverages, while the species S2(IRAS)/S2(STM) dominate in
the high coverage regime. In the presence of H, the species
S1(IRAS)/S1(STM) become fully converted into the species
S2(IRAS)/S2(STM), suggesting that the binding via acetyl groups
converts to binding via the acetyl−ester entities on H-
containing surfaces. With this, the type of intermolecular
interaction in ethyl pyruvate assemblies can be effectively
tuned by changing the adsorption parameters, such as surface
coverage and the presence of coadsorbed hydrogen, providing
by this an experimentally accessible way to affect the strength
of the ester bond by changing the nature and concentration of
coadsorbed species.
The obtained results provide important insights into the

details of lateral interactions of complex multifunctional
molecules adsorbed on catalytically relevant surfaces. We
show that the parameter space in a catalytic process involving
ester compounds can be purposefully varied to tune the
strength of the ester bond toward improving the catalytic
performance.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09659.

Assignment of vibrational modes of ethyl pyruvate
(Table S1); full figure caption for Figures 2−5 (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Swetlana Schauermann − Institut für Physikalische Chemie,
Christian-Albrechts-Universität zu Kiel, 24118 Kiel,
Germany; orcid.org/0000-0002-9390-2024;
Email: schauermann@pctc.uni-kiel.de

Authors
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ABSTRACT: Ethyl pyruvate on a pristine Pt(111) surface in submonolayer coverage
neither forms regular superstructures nor a completely random distribution. Instead, a
random, widely scattered pattern of a few typical ethyl pyruvate oligomers is found.
With global structure optimization of ethyl pyruvate clusters on Pt(111) and without
prescribing any adsorption locations or configurations, we can simulate this behavior
qualitatively. From an in-depth analysis of our simulation results, we propose that (1) a
mix of a large number of possible adsorption configurations leads to disorder, (2)
repulsion from molecular charges and dipoles leads to typically large distances between
ethyl pyruvate molecules and oligomers, and (3) residual attractive quadrupole
interactions lead to remnants of order, in particular to the experimentally observed ethyl pyruvate oligomers with short intraoligomer
distances and with typical relative molecular orientations. Additionally, we propose that an experimentally observed, characteristic
infrared absorption band for ethyl pyruvate on Pt(111) arises from the surface-perpendicular component of an ester carbonyl
vibration directly bound to surface Pt atoms.

■ INTRODUCTION

Molecules on surfaces are key players in heterogeneous
catalysis1 and on-surface synthesis.2−4 One obvious reason is
the influence of the surface on each single adsorbed molecule,
steric or electronic or by strong local electric fields,5 leading to
intramolecular changes, as for example, in surface-driven keto-
enol tautomerization.6 However, intermolecular interactions
between several surface-adsorbed molecules are also clearly
important, as demonstrated by ligand-directed heterogeneous
catalysis.7,8

Hence, molecular interaction and self-assembly on (metal)
surfaces9−11 is not only a research field on its own, ranging from
investigations of interaction modes12,13 to two-dimensional
crystal engineering14 but also an important ingredient for on-
surface synthesis and heterogeneous catalysis. There, it is vital to
fully understand the intricate interplay between molecule−
molecule and molecule−surface interactions, to be able to
advance from trial-and-error to systematic, rational design.
Likewise, in the ecosystem of computational methods in

catalysis,15−17 molecular interaction and self-assembly on
surfaces is also a key area. In contrast to the same situation in
vacuo, however, there are substantial additional challenges. For
molecules of nontrivial size, finding the preferred adsorption
site(s) and conformations of just one molecule already requires
an expensive conformational search, as shown, e.g., for a single
camphor molecule on Au(111).18 Theoretical studies of many
adsorbate molecules quickly drown in the deluge of possibilities
that arises from combining all of the intra- and intermolecular
arrangements and conformations with all of the different

positions and orientations relative to the underlying surface.
Therefore, many studies apply simplifications at this juncture.
For example, they perform Monte Carlo simulations on
predefined monomer adsorption grids19−21 or employ ma-
chine-learning on coarse-grained models assembled from single-
molecule adsorption data.22,23

However, since a few decades, nondeterministic global
optimization techniques24−29 have been developed and applied
to such vast search spaces, with considerable success. Tools like
evolutionary algorithms (EA) are well established in chemistry,
for example, for global cluster structure optimization in vacuo,30

in solvents31,32 and on surfaces,33,34 and also for different aims
like abstract point charges for catalysis by optimized external
electric fields.35,36

EAs have also been applied to simplified models of molecular
interaction on surfaces, for example, to study complex, charged
molecules under electrochemical conditions, by system-specific,
simple force fields,37 or to optimize graph representations for
NO on Pt2Sn(111) and for propyne on a PdIn(021) step
surface.38 However, as we33,34 and others39 have shown, it is also
possible and useful to apply EA methods to such systems
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directly, without strong a priori model assumptions on
intermolecular interactions.
Here we are presenting results of such an approach to ethyl

pyruvate (EP) on the Pt(111) surface. This is one family of the
broader class of α-ketoesters on transition-metal surfaces, which
was extensively investigated in previous studies, employing
rigorous surface-science approaches.40−48 α-Ketoesters belong
to the most important prochiral precursors for enantiopure
lactates, which are produced in a heterogeneously catalyzed way
over chirally modified transition-metal surfaces.49 Several
groups reported atomistic-level studies on the surface chemistry
of the simplest α-ketoesters methyl pyruvate or ethyl pyruvate,
either over pristine or chirally modified Pd(111)40−42 and
Pt(111)43,46,47 metal surfaces. On pristine Pd(111),40 methyl
pyruvate was proposed to undergo keto-enol tautomerization on
the carbonyl group to the enol form of the adsorbate. In the
study from the same group, the enol isomer of methyl pyruvate
was also discussed to be the active species in 1:1 chiral
complexes between the chiral modifier (1-naphthyl)ethylamine
(NEA) and methyl pyruvate.41 In contrast to these adsorbate
structures derived for Pd(111), McBreen et al.46 proposed the
formation of enediolate species formed frommethyl pyruvate on
the pristine Pt(111) surface. In this adsorption configuration,
both carbonyl groups directly interact with two underlying Pt
atoms. A more recent study from the same group43 provided
indications that the enol form of methyl pyruvate can be formed
on Pt(111); however, only at elevated temperatures. Adsorption
of ethyl pyruvate on Pt(111) was reported by Bürgi et al.,47 who
suggested a tilted adsorption configuration, binding via the O-
atom lone pair of the ketone group in the full coverage range
under low-temperature conditions (150 K). It was also
concluded that the alternative adsorption configuration (via π-
or di-σ-bonding) is rather unlikely. In contrast, a further report
on EP adsorption on Pt(111) proposed two coexisting
adsorption configurations, which were identified in the presence
of hydrogen by X-ray absorption near-edge spectroscopy
(XANES).44 Along with the already proposed configuration
bonded to Pt via the O-atom lone pair of the ketone group,
coexisting π-bonded ethyl pyruvate was identified in this study.
Additionally, the authors suggested that EP bonded via the O-
atom lone pair serves as a precursor state to the final π-bonded
species that are relevant for building the transition state complex
during hydrogenation.44 In our own recent studies on
adsorption of EP on Pt(111) performed with a combination
of infrared reflection-absorption spectroscopy (IRAS) and
scanning tunneling microscopy (STM) in the low-temperature
regime,50 we were able to safely exclude the formation of the
enol and enediolate species proposed in the earlier studies for
methyl pyruvate on Pt(111).46

In the temperature range close to 300 K, several reports
suggest possible polymerization of α-ketoesters.45,48 Thus, in the
absence of coadsorbed hydrogen, methyl pyruvate was found to
polymerize on Pt(111) at 300 K, yielding polymer chains, partly
dendritic, and of average length equivalent to ∼9 monomer
units, which results in irreversible deactivation of the Pt
catalyst.45 The observed strongly tilted CO bond suggests
that the polymer is bound to the surface predominantly via the
oxygen lone pairs. Based on a combination of near-edge X-ray
absorption fine structure (NEXAFS), STM, and temperature-
programmed reaction (TPR) spectroscopy, the authors
suggested that polymerization occurs by hydrogen elimination
from the monomer followed by an aldol condensation involving
the elimination of methanol. Additionally, coadsorbed hydrogen

was shown to completely suppress this process, as only
monomer units were found by STM under these conditions.45,48

Given this context of other works on similar systems and the
initially sketched considerations regarding intermolecular
interactions on surfaces, EP was chosen in this study for two
major reasons. From the practical perspective, EP is an
important prochiral precursor for heterogeneously catalyzed
production of the enantiopure compound ethyl lactate, which
can be formed with high enantioselective excess49 on transition
metals functionalized with chiral modifiers. To understand this
type of reaction at the atomistic level, it is crucial to address the
mutual intermolecular interactions of ethyl pyruvate molecules
on metal surfaces. From the fundamental point of view, many-
body intermolecular interactions of adsorbates on metals are
highly interesting, as they play an important role in affecting the
energy barriers for a large range of surface-mediated processes,
such as diffusion, adsorption, bond activation, chemical
transformations in heterogeneously catalyzed reactions. To
investigate these types of phenomena, it is crucial to identify the
factors determining the interaction strength and the ordering of
molecular adsorbates on surfaces. Ethyl pyruvate combines a
number of the most relevant structural features in governing
intermolecular interactions, such as the presence of two
nonequivalent carbonyl groups, one of them being an ester
group and each of them being capable of forming hydrogen
bonds with the neighboring adsorbates, a less symmetric charge
distribution than methyl pyruvate, and the presence of spatially
separated dipole and quadrupole moments across the molecule,
which can potentially contribute to intermolecular interactions.
Particularly this latter feature was already recognized to play an
important role in intermolecular interactions of various
molecules in the gas phase and in bulk phases51,52 but was not
broadly addressed in studies on molecular species adsorbed on
surfaces so far. Last but not least, EP combines rigid molecular
parts (e.g., the COO ester group) with floppy degrees of
freedom (e.g., the C−C bond between the two carbonyl C-
atoms), enabling an interesting interplay between intra-
molecular distortions and intermolecular interactions. The
combination of these structural and electronic parameters is
highly interesting, and our comparisons of experiment and
theorymake it possible to test them, deducing the factors playing
the most important roles in the ordering of these molecular
species on metal surfaces.
In a previous report on EP@Pt(111),50 we focused on the

experimental perspective and on infrared (IR) spectra. In the
present contribution, we focus on theoretical modeling of EP
molecules on Pt(111) and its relations to experimental STM
images.
These experimental STM images show no tendency of EP

molecules to form regular superstructures at submonolayer
coverages. However, the EP arrangement is also not completely
random. Instead, oligomers of two, three, or four EP molecules
are found, irregularly scattered over the Pt(111) surface, with
interoligomer distances being much larger than the intra-
oligomer ones and with a few typical intraoligomer EP
arrangements.
This strong disorder with some interspersed remnants of

order does not seem to lend itself to any obvious explanations.
Nevertheless, with global structure optimization techniques
applied to the system EP@Pt(111), we can theoretically
reproduce these experimental findings at least qualitatively,
and we can rationalize this behavior with simple explanations
based on our calculations.
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■ METHODS

Theoretical Approaches. Global Structure Optimization.
To arrive at low-energy structures of (EP)n@Pt(111), we have
used global structure optimization by evolutionary algorithms,
as implemented in the OGOLEM program,53−55 which contains the
global optimization expertise accumulated in the Hartke group
since 1992. OGOLEM was originally designed for clusters in vacuo
but was later extended to clusters in liquids31 and recently to
clusters on surfaces.33,34 All EA techniques, including crossover
and mutation operators, are the same as used in those previous
on-surface applications.33,34

The typical system behavior during global optimization is also
very similar. The optimizations start from randomly generated,
compact but noncolliding clusters of a prescribed number of EP
molecules directly above the surface. To model this surface, a
slab of six Pt layers, prearranged as a (111) single-crystal surface,
is supplied and remains rigid during all global and local
optimization steps. In the Supporting Information, we supply
evidence that this number of layers can be considered converged
and that the assumption of a fully rigid Pt(111) surface is
reasonable. EP molecules are input as gas-phase trans or cis
minima (with respect to the carbon−carbon bond between the
two carbonyl groups), but during the global optimization, the
internal structures of all EP molecules are free to change
completely during the local optimizations that follow each
successful global optimization step. In particular, no adsorption
locations or conformations are prescribed at any point, nor any
EP−EP distances or relative orientations. Nevertheless, a
characteristically structured submonolayer of adsorbed EP
molecules quickly forms in every case, with all EP molecules
in direct contact with the Pt(111) surface. If the EP number
density is too high for the given surface area, one or several EP
molecules remain without surface contact, van-der-Waals bound
to other surface-attached EP molecules. We have discarded
these cases as likely not relevant for the experimental situation.
This finding also indicates already that tight EP packings are not
easy to achieve.
As usual in nondeterministic global search, there is no strict

“convergence” criterion. To ensure arriving at sufficiently
reproducible, low-energy results, we have done repeated EA
runs for each number n of the (EP)n@Pt(111) system (n = 1, 2,
..., 12), with a number of global optimization steps in each run
that is large enough to have proceeded beyond the typical, initial,
exponential fall-off in best-so-far energies. For the larger cases n
≥ 8, these were 20 000−60 000 global steps in each EA run
(corresponding to at least the same number of local
optimizations). The final structures from these runs were not
exactly the same but invariably shared the same characteristics
(reported below) and had total energies within 0.7% of each
other. For the smaller cases like n = 1,2,3, a total of 1 000 000
steps has been used in each run.
Note that we have no periodicity in our calculations, not even

along the surface-parallel xy-plane. Instead, our surface slabs
were large enough (between 40 Å× 40 Å and 60 Å× 60 Å in xy)
to accommodate the chosen number n of EP molecules, plus
sufficient empty space to the slab borders, to avoid artifacts
there. As clearly shown in our previous study of triazatriangulene
(TATA) on Au(111),34 adsorbed molecules with a tendency
toward regular superstructures will indeed form ordered 2D-
structures easily and reproducibly in such a setting. Hence,
missing order in our simulations cannot be ascribed to missing
xy-periodicity.

Intermolecular Interactions. DFT is the standard computa-
tional approach for molecules on (metal) surfaces. Basic
difficulties, however, are well known. Treating clusters of several
surface-adsorbedmolecules in this manner and in quasi-isolation
of one cluster from the other becomes computationally
challenging or even impossible since this implies big periodic
supercells in 2D or, in conjunction with the requirement to
include several surface layers, big periodic supercells in 3D.
Hence, with such an approach, it is impossible to treat systems of
several molecules on a surface, even with supercomputer
resources.56 Furthermore, while DFT overcomes some of the
fundamental deficiencies of HF in the description of solids,
organic−inorganic interfaces pose a long list of further
challenges,57 and additionally, the strong correlation remains
an unsolved problem for DFT in surface-science settings,58

irrespective of the functional chosen.
Stepping down to lower levels of theory, modern semi-

empirical methods are an attractive alternative, in particular,
Grimme’s GFN-xTB59 that offers high-quality parameters for
the whole relevant part of the periodic table (Z ≤ 86). Sadly, for
metallic surfaces, the self-consistent charge cycles in these
methods fail to converge. This does work, however, for the force-
field cousin of these methods, GFN-FF.60 While organic
molecules on transition-metal surfaces were not the intended
design aim of GFN-FF, transition-metal complexes with organic
ligands were contained in the GFN-FF training and validation
sets, with good results. For example, GFN-FF-optimized
structures of huge metal−organic framework compounds of a
few thousand atoms, containing many Pd-, V-, Fe-, or Co-atoms,
show heavy-atom root-mean-square deviations (RMSD) of only
0.43−1.22 Å compared to the experiment.60 For the TMG145
benchmark set of transition-metal complexes, mean absolute
deviations (MAD) of only 9.7 pm and 8.4° were reported,60 for
bond distances and bond angles, respectively, relative to high-
end DFT calculations and essentially on par with semiempirical
GFN2-xTB results. For supramolecular noncovalent interaction
energies in the S30L benchmark, GFN-FF achieved a MAD of
4.15 kcal/mol compared to DLPNO-CCSD(T)/CBS reference
data, “outperforming most of the semiempirical methods and on
par with some dispersion-corrected DFT methods”.60 The
results reported below indicate reasonable performance of GFN-
FF for EP@Pt(111) at least at a qualitative level. Of course, the
strength of this choice is that it allows us to globally optimize
(EP)n@Pt(111) for nontrivial values of n and with several
10 000 global and local optimization steps at the GFN-FF level,
without any simplifying assumptions and within a few wall-clock
days on high-end desktop workstations with moderate
parallelization of a few dozen threads.

Infrared Spectra. Infrared (IR) spectra were calculated from
MD trajectories of EP oligomers on Pt(111) at the GFN-FF
level, followed by Fourier transformation of the dipole moment
autocorrelation.61−63 For this purpose, we employed a version of
Grimme’s xtb program64 locally modified to write out the total
dipole moment vector as a function of time during MD runs at
the GFN-FF level. In contrast to the standard, static approach of
diagonalizing a mass-weighted Hessian matrix (normal-mode
analysis), this time-dependent IR approach avoids approximat-
ing vibrations as uncoupled and purely harmonic, and in contrast
to simulated single-molecule gas-phase IR spectra, it directly
probes EP vibrations in their relevant environment, i.e.,
adsorbed to the Pt(111) surface in several different intra-
molecular structures strongly deviating from the gas phase and
in direct neighborhood to several other EP molecules.
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To extract molecular vibrations corresponding to given IR
peaks, we employed a filtering technique similar to the one of ref
65. The full set of (EP)n nuclear coordinates as a function of time
was Fourier-transformed to frequency space, the desired, narrow
frequency interval of one IR spectral peak (taken from visual
inspection of the IR spectrum) was filtered out with a narrow,
Gaussian-shaped band-pass function, and Fourier-transformed
back to coordinate space, resulting in a trajectory in which only
the atoms involved in this vibrational mode move significantly.
This technique and our implementation of it were verified by
extracting IR-peak-specific motions for well-known test
molecules like water. An artifact that is hard to avoid arises
from terminal methyl groups that start and stop to rotate around
their central, C-bonded axis in a seemingly random manner in
typical MD trajectories. These terminal methyl groups tend to
appear with H-atoms collapsed upon their C-atoms in the band-
pass-filtered trajectories. Fortunately, however, this does not
affect the IR spectra themselves but only the peak-dependent
motion extraction, and within that only the appearance of the
terminal methyl groups in the filtered trajectories. In fact, these
methyl group rotations are of no interest for the present study of
EP on Pt(111).
To avoid artifacts from special initial conditions and limited

MD times, we have averaged IR spectra over at least 10
trajectories, with initial atom velocities randomly sampled from
a room-temperature distribution with pseudorandomized
random seeds.
Unless noted otherwise, figures of molecules in vacuo or on

surfaces were generated with Jmol.66

Experimental Procedures. Experimental procedures were
already described in ref 50; for completeness, we repeat relevant
parts here briefly.

All experiments were performed in two independent ultra-
high vacuum (UHV) apparatuses, UHV-infrared reflection/
absorption spectroscopy (IRAS)/molecular beam and UHV-
STM, each equipped with a dedicated preparation chamber.
After preparation, the samples were transferred in situ into the
main part of each apparatus.

Sample Preparation. The Pt(111) single crystal (MaTeck
GmbH) was cleaned prior to use in a dedicated preparation
chamber (base pressure better than 2× 10−10 mbar) by repeated
cycles of Ar+ ion bombardment at room temperature, followed
by annealing at 1200 K and subsequent oxidation in 1 × 10−7

mbar O2 at 650−750 K, to remove residual carbon. The last step
contains a rapid flash of the sample to 1000 K. Shortly before
each experiment the sample was flashed to 600−800 K before
cooling to the required temperature to remove CO adsorbates.
The long-range order and cleanliness of the Pt(111) single-
crystal were checked by low-energy electron diffraction (LEED),
Auger electron spectroscopy (AES), and additionally by IRAS of
adsorbed CO to probe the abundance of adsorption sites.
Ethyl pyruvate (Sigma-Aldrich, purity >97%) was purified

prior to each experiment by repeated freeze−pump−thaw
cycles.

STM Experiments. The STMmeasurements were carried out
in n UHV (base pressure better than 1 × 10−10 mbar) apparatus
by employing a variable temperature (90−300 K) Aarhus 150
SPM (SPECS). All measurements were carried out in a constant
current mode, and the bias voltage UT was applied to the
sample. The etched W-Tip was commercially produced by
SPECS and in situ sharpened by repeated cycles of 1.25 keV Ar+-
bombardment with 5 × 10−6 mbar back pressure for 5 min. The
sharpness of the W-Tip was validated on the pristine Pt(111)
surface. The quality of the sample was additionally verified by

Figure 1. (a) STM image of EP adsorbed on pristine Pt(111) (exposure at 135 K, acquisition temperature 118 K, 611 mV, 0.267 nA, 44.8× 42.5 nm2).
(b) Close-up images of different oligomer species: dimers D1, D2, D3, and D4, trimers T1 and T2, and tetramers O1 and O2. Note that the dimer D4
was observed only on the H-covered Pt(111) surface. Reproduced with permission from ref 50.

Figure 2. Two typical low-energy structures of eight ethyl pyruvate molecules on Pt(111), shown from above, with the Pt(111) surface in the picture
plane. The top-layer Pt-atoms are indicated in transparent-gray.
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acquiring STM images prior to the deposition at 293 K. EP was
dosed through an individual gas doser onto the Pt(111) surface,
kept at the desired deposition temperature, and then transferred
to the STM chamber for measurements.

■ RESULTS AND DISCUSSION

In a previous study employing a similar global structure
optimization approach,34 we could computationally confirm
the repeated experimental finding that TATA molecules on

Au(111) form closely spaced, regular superstructures with fixed
relation to the underlying Au top layer.
In stark contrast, a quick look at any STM image of EP

molecules on Pt(111) (cf. “Disorder” section) reveals several
qualitative but robust observations that are very different: EP
molecules neither form regular superstructures on Pt(111) nor
do they tend toward close packing, and their positions and
orientations do not seem to be related to the Pt atom grid.
However, there appears to be a tendency to form dimers,
trimers, and tetramers, with several specific versions of each, and
the interoligomer distances are much larger than the intra-
oligomer ones.
With our global structure optimization approach, we find

exactly the same qualitative tendencies. Note that we have not
biased the global search in any way toward this result; instead,
we have used the same global optimization strategy as in ref 34,
where it produced regular, closely spaced superstructures. In our
optimized EP oligomers on Pt(111), we can identify dimer,
trimer, and tetramer arrangements very similar to those seen
experimentally by STM.

Figure 3. (a) Local minimum-energy geometry of an EPmonomer at the DFT level, from 3 different viewpoints. (b) Experimentally measured and (c)
theoretically simulated STM images. (d) STM line profiles along the vectors indicated in (b) and (c): (1a) is an average of 14 line profiles of EP
molecules in dimers as shown in (b); (1b) wasmeasured for a single EPmonomer; (2) is derived from the theoretically simulated STM image shown in
(c). Reproduced with permission from ref 50.

Figure 4. Comparisons of experimental EP-dimer structures (STM pictures in the insets, cf. Figure 1) with calculated EP dimers from global
optimization. (a) dimer D3 and the 2nd best calculated dimer, (b) dimer D2 and the 3rd best calculated dimer, (c) dimer D1 and the 4th best
calculated dimer. White lines are drawn along the same molecular axes as in Figure 3.

Table 1. Comparison of Theoretical and Experimental
Distances and Anglesa

dimer exp. dist. (Å) theor. dist. (Å) exp. angle (deg) theor. angle (deg)

D3 7.1 ± 0.2 7.24 181 ± 2 167.19
D2 8.2 ± 1.1 7.59 61 ± 6 59.22
D1 7.6 ± 0.4 7.92 106 ± 4 147.92

aThe experimental values are an average of 5 exemplary individuals
from the STM images.
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Furthermore, by examining individual adsorbed EP molecule
structures as well as low-order multipoles (molecular charge,
dipole, quadrupole) derived from atomic partial charges, we
arrive at tentative explanations for all of the EP arrangement
observations just mentioned.
Finally, with IR spectra extracted from GFN-FF MD

trajectories of multiple EP molecules on Pt(111) and by

examining the vibrational motions corresponding to IR peaks of
interest, we provide an alternative interpretation of the
characteristic IR spectral features of this system, reported in
ref 50.
In the following, we present and discuss all of these findings

and explanations in some detail.

Figure 5. Comparisons of experimental EP trimer structures (STM pictures in the insets, cf. Figure 1) with calculated EP trimers from global
optimization. (a) trimer T1 and the best calculated trimer, (b) trimer T2 and the 2nd best calculated trimer.

Figure 6. Trans and cis minimum-energy structures of ethyl pyruvate in vacuo, with the molecular electrostatic potential color-coded from positive
(blue) to negative (red) on a solvent-accessible molecular surface. Additionally, atomic partial charges are shown as atomic labels, and the molecular
dipole as a vector originating from the center of charges. All heavy atoms and the dipole moment vectors are in the drawing plane.

Figure 7.Two typical examples of ethyl pyruvate molecules adsorbed on Pt(111), taken from global optimizations with 8 EPmolecules. For clarity, the
Pt surface is not shown; it is parallel to the xy-plane (x-axis: red, y-axis: green, z-axis: blue). Molecular dipole moments are shown as orange vectors.

Figure 8. Eigenvalue-scaled quadrupole eigenvectors of cis and trans pyruvate molecules in the gas phase. Blue and green vectors have different
eigenvalue signs. For clarity, the cis vectors have been scaled up by 75%.
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Adsorption Conformations.Rotating a single EPmolecule
in vacuo around the C−C bond between the two carbonyl C-
atoms only has a small energy barrier of about 10.5 kJ/mol, and
the trans and cis minima differ by only 5.25 kJ/mol (as an order-
of-magnitude estimate, both at B97-D3/cc-pVDZ, using a
relaxed scan in Gaussian09;67 at the GFN-FF level, the minima
differ by 8.9 kJ/mol and the barrier is 12.7 kJ/mol). For
comparison, one single hydrogen bond between two water
molecules has a greater bonding energy of about 21 kJ/mol. In
all of our optimized adsorption structures, there are several
bond-like Pt−C and Pt−O interactions per EP molecule. At the
GFN-FF level, we used for global adsorption structure
optimizations, the adsorption energy of one EP molecule that
is at least 16 kJ/mol (in the most unfavorable adsorption
conformation); more typical values are around 300 kJ/mol
(with sometimes two but in most cases three bond-like Pt−O
interactions per EP molecule).
In other words, even in comparatively unfavorable adsorption

geometries, the interaction energy between the Pt surface and an
EP molecule is much larger than the energy needed to twist the
EP molecule internally. Therefore, it is not surprising that EP
molecules do not adsorb in their planar trans or cis
conformations (gas-phase minimum-energy structures) but in
strongly distorted ones. Additionally, it appears reasonable that
at temperatures significantly above zero Kelvin (100−150 K),
there is not one single distorted adsorption structure for EP but
many different ones. This is not only consistent with all
experimental STM pictures (cf. the following subsections for a
few examples) but also with our theoretical global optimizations.
Disorder (and SomeOrder). The spatial distribution of EP

molecules on Pt(111) was investigated experimentally by STM
on a well-defined Pt(111)model surface under UHV conditions.
Figure 1 shows an STM image displaying typical different
surface assemblies formed at cryogenic temperatures on the
pristine Pt(111) surface.50 Note that, on the one hand, no self-
ordering of EP was observed on Pt(111) in a broad range of
temperature conditions as well as in the presence of coadsorbed
hydrogen. On the other hand, nearly all adsorbed EP molecules
are agglomerated in oligomers comprising two, three, or four
individual molecules. Close-up images of all types of observed

oligomers measured with the submolecular resolution are shown
in Figure 1b. Specifically, four types of dimers (D1−D4), two
types of trimers (T1, T2), and two types of tetramers (O1, O2)
can be identified. Note that dimer D4 was not observed on
pristine Pt(111); it evolves only on an H-precovered surface.50

These experimental observations are qualitatively very similar
to what we find by our global structure optimizations. Figure 2
shows two typical lowest-energy final structures from our global
optimization runs (i.e., possible candidates for global minima),
here for a total of eight EP molecules. Again, there is no
propensity toward forming regular superstructures, in stark
contrast to our findings for TATA molecules on Au(111),34

where we used the same global optimization strategy. There also
is a clear tendency to form short-distance, few-membered
oligomers with bigger distances between them. Further details
are successively discussed in the following subsections.

Oligomer Structures. Already in our previous study,50 the
intensity distribution across an individual EP molecule
measured experimentally by STM was compared to STM-
image simulations with the Tersoff−Hamann approach, based
on a locally optimized EP structure on Pt(111), employing the
PBE functional and projector-augmented-wave pseudopoten-
tials. For further technical details, we refer to ref 50 but
reproduce the main result here for completeness. Figure 3a
shows the employed EP monomer structure from different
perspectives, Figure 3c shows the simulated (2D-periodic) STM
image, and Figure 3b shows an experimental EP-dimer STM
image. Figure 3d compares two experimental STM line profiles
with the simulated one, with these line profiles indicated as
arrows in panels (b) and (c).
The black arrow in the simulated image of Figure 3c is drawn

along the main axis of the molecule, containing the two carbon
atoms involved in the two carbonyl groups. Since the
experimental and simulated images show excellent agreement
in their intensity distributions and line profiles, it may be
concluded that the main axis is drawn in an identical way along
the individual protrusion in the experimental STM image (white
arrow in Figure 3b) also connects the same two carbonyl carbon
atoms.
Based on the above analysis, and assuming that the electronic

structure of EP molecules in oligomers is similar to that in the
monomer, globally optimized clusters of EP and the STM
images can be compared directly, which we do for representative
examples in the remainder of this subsection.
For the dimer structures, three of the four best candidates

from our global optimization runs can be matched directly with
the typical three dimers found in the STM images, cf. Figure 4.
Table 1 shows a quantitative comparison of the angles and

distances in these computational minimum-energy structures
and the experimental STM images.

Figure 9. Favorable and unfavorable quadrupole−quadrupole inter-
actions (adapted from ref 51).

Figure 10. Eigenvalue-scaled quadrupole eigenvectors of pyruvate molecules adsorbed on Pt(111) for the best isolated EP dimer in our global
optimizations. For clarity, the Pt surface is not shown; it is parallel to the xy-plane (x-axis: red, y-axis: green, z-axis: blue). Blue and green quadrupole
vectors have different eigenvalue signs. Left: side view along the y-axis (vacuum top, surface bottom); right: top view along the z-axis (from the vacuum
onto the surface).
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Similar direct comparisons can be made for the trimers, cf.
Figure 5, again resulting in a very good qualitative agreement in
one case but some visible deviations in the other, where relative
positions and angles of two of the three EP molecules are quite
good, but the third one is in a shifted position.
Molecular Charge. At the GFN-FF level, EP molecules

physisorbed onto Pt(111) only via van der Waals interaction are
charge-neutral. If actually bound to the surface via O-atoms (as

is the case for all structures shown below), however, EP
molecules exhibit a net charge ranging from −0.8 to −1.2.
Considering electronegativity values, this makes sense. On the
Pauling scale, we have 3.44 for O-atoms, 2.55 for C-atoms, 2.20
for H-atoms, and 2.28 for Pt-atoms. On the Allen scale, we have
3.61 for O-atoms, 2.54 for C-atoms, 2.30 for H-atoms, and 1.72
for Pt-atoms. Hence, in any case, partial charges on O-atoms
should be negative, compared to Pt and the alkyl groups.
In the EP@Pt(111) DFT calculations performed for our

previous paper,50 we found an EP net charge of +0.95 using the
Mulliken scheme and −0.17 using atoms-in-molecules (AIM)
charges for the very same DFT calculation, although a GFN-FF
single-point calculation of this locally optimized DFT geometry
produces (again) a total EP charge of −1.04. These
discrepancies also translate into strongly different dipole
moment magnitudes, ranging from 1.79 Debye for GFN-FF to
2.87 Debye for DFT/Mulliken and 13.9 Debye for DFT/AIM.
This illustrates that getting atomic partial charges right in first-
principles calculations for a molecule on a metal surface is
nontrivial57 and that (as expected) different partial-charge
prescriptions have a big influence on the outcome.
The directional properties of vectors and tensors, however,

are affected much less. For this same DFT-optimized EP
monomer geometry on Pt(111) (shown in Figure 3a), all
molecular dipole moment directions are within 7−18° of each
other, for GFN-FF, DFT/Mulliken, and DFT/AIM. Quadru-
pole moment eigenvector directions differ between 10 and 30°.

Figure 11. For the low-energy structure of 8 ethyl pyruvate molecules shown in the left panel, the right panel displays the in-plane quadrupole
eigenvector of the largest eigenvalue, scaled by this eigenvalue and centered at the molecular partial-charge center, indicated by the (randomly
assigned) molecule number. T-shaped configurations are visible for the pairs 2−5 and 3−7, slipped-parallel configurations for the pairs 3−8 and 4−6.

Figure 12. Another low-energy structure of 8 ethyl pyruvate molecules and its quadrupole pattern, displayed as in Figure 11. T-shaped configurations
are formed by the pairs 1−8 and 2−8, slipped-parallel configurations by the pairs 4−6 and 7−8. The quadrupole eigenvectors of molecule 5 are less well
aligned with the Pt surface.

Figure 13. Simulated IR spectra in the wavenumber region of interest,
comparing trans ethyl pyruvate in vacuo with the EP octamer of Figure
12.
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Hence, it can be expected that the directional issues discussed
below, obtained at the GFN-FF level, are qualitatively reliable.
Dipole Moments. In line with our global structure

optimization calculations, we report dipole and quadrupole
moments for EP molecules on Pt(111) at the GFN-FF level. To
provide a gauge for the reliability of these results, at this same
level, a single water molecule in vacuo has a dipole moment of
1.72 Debye, which is in fairly good agreement with the accepted
literature value of 1.8546 Debye.68 In clusters and condensed
phases, the dipole moment of water is enhanced up to around
2.5 Debye due to polarization by the surrounding water
molecules.69,70

In the gas phase, EP has two planar minimum-energy
structures, trans and cis with respect to the two carbonyl
groups, twisted by 180° around the central carbon−carbon bond
between the two carbonyl C-atoms. For symmetry reasons, the
molecular dipole moment vectors also have to be in-plane, as
shown in Figure 6.
The dipole moment values for trans and cis are 2.48 and 7.91

Debye, respectively. Although the EP molecule is substantially
larger than the above-mentioned water molecule, the dipole
moment of trans-EP is very similar to that of water, simply
because the alternating alkyl-carbonyl-alkyl arrangement in the
trans-EP molecule leads to compensation effects for the dipole.
In cis-EP, the partial-charge distribution is less alternating and,
in fact, similar to that in water, leading to a larger dipole moment
because of the larger molecular size.
As mentioned above in the Adsorption Conformations

section, EP molecules adsorb on the Pt surface in many
differently distorted, nonplanar conformations. Interestingly,
however, all of these different structures lead to similar changes
in the molecular dipole moments, as depicted in Figure 7.
As is qualitatively obvious from Figure 7, the EP molecules

tend to bind to the Pt surface via some or all of their oxygen
atoms. In many cases, this leads to central C−C dihedral angles
rotated by 45−135°. However, even for adsorption conforma-
tions with a nearly planar CO−COO core of the EP molecule,
the somewhat bulky methyl and ethyl moieties need to be
distorted away from the Pt surface. All of this results in
negatively polarized O-atoms being closer to the Pt surface and
positively polarized methyl/ethyl group being farther away. This
translates into a dipole moment vector that is not in the
(frequently ill-defined) molecular plane anymore but acquires a

significant component perpendicular to the Pt surface
(perpendicular to the xy-plane).
The left panel of Figure 7 shows a case with an almost-planar,

central CO−COO moiety. Here, collision avoidance between
the methyl and ethyl groups and the Pt surface suffices to twist
the dipole moment vector out of the (approximate) CO−COO
plane (the xy-plane) into forming an angle of 54.6° with the z-
axis. Since the methyl and ethyl groups cannot distort away from
the Pt surface very far, a fairly small dipole moment of 2.8 Debye
results, even smaller than for the gas-phase trans structure. The
xy-plane component of it (along the Pt surface) is 2.4 Debye.
In the right panel of Figure 7, the almost 90° twist around the

central C−C bond places the methyl group much farther away
from the surface, leading to a somewhat stronger dipole moment
of 3.4 Debye. Additionally, the dipole moment direction is closer
to perpendicular to the Pt surface, with an angle of 24.3° to the z-
axis. This leaves a residual dipole moment component in the xy-
plane of only 1.74 Debye, even smaller than for the structure in
the left panel.
Note that including the Pt surface in these calculations does

not change these findings significantly since the amount of
partial charge on every Pt atom is very small. Also, these findings
shown here are representative of the many different EP
adsorption conformations we have seen in our calculations.
Upon adsorption, EP molecules develop dipole moment vectors
with a significant component perpendicular to the Pt surface
through intramolecular distortions alone. Dipole moments with
a larger remaining component in the xy-plane (parallel to the Pt
surface) are smaller, while larger dipole moments are closer to
being perpendicular to the Pt surface, hence leaving a smaller xy-
component.
All of this suggests that surface-parallel dipole moment

components (in the xy-plane) possibly do not play a major role
in the intermolecular ordering phenomena of EP molecules on
the Pt surface. They could provide attractive interactions but
presumably simply are too small in magnitude. Surface-
perpendicular dipole moment components (along the z-axis)
are larger but necessarily parallel to each other and of the same
directionality (negatively polarized O-atoms down, positively
polarized alkyl groups up), resulting in a repulsive dipole
interaction between two neighboring EP molecules, in addition
to repulsions from overall molecular charges.

Figure 14. Three different views of the same Pt-adsorbed ethyl pyruvate molecule, the one with the largest contribution to the 1560 cm−1 band in the
ethyl pyruvate octamer IR spectrum shown in Figure 13. For clarity, only a small section of the topmost Pt layer is shown. The blue arrow indicates the
displacement direction of the central C atom in the ester group, which is by far the largest component of this collective vibration. Sticks between the
ethyl pyruvate molecule and Pt atoms indicate small distances, not bonds.
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Quadrupole Moments. In contrast to molecular charges
and dipoles, EP quadrupoles can and do lead to attractive EP−
EP interactions. Traceless quadrupole moments are shown here
as their 3D eigenvectors, with eigenvector length scaled by the
corresponding eigenvalue and color-coded by eigenvector sign.
For cis- and trans-EP in vacuo, the quadrupole eigenvector
orientations are determined by symmetry, with two of them in
the molecular plane and the third one perpendicular to it, as
shown in Figure 8. While alternating positively and negatively
chargedmolecular regions partially cancel in the dipolemoment,
as argued above, they can and do directly contribute to the
quadrupole moment. Hence, while dipole moments of water and
EP are similar, the quadrupole eigenvalues of EP are factors of 10
and 20 larger than those of water, for cis and trans, respectively.
The partial-charge alternation character and with it the
quadrupole moment is larger in the trans geometry than in cis,
as shown in Figure 8 (note the scaled-up vectors for cis), while
for the same reason the dipole moment of cis is larger than that
of trans, as noted above.
In adsorption structures of EP, the magnitude of the

quadrupole eigenvalues remains the same, but we observe
reorientations of the quadrupole eigenvectors, even more
strongly determined by the Pt surface than for the dipole
vectors. In all cases, we find one quadrupole eigenvector almost
exactly perpendicular to the Pt surface and the other two parallel
to it. As argued above, this effect can be understood qualitatively
by the negatively polarized O-atoms being closer to the Pt
surface and the positively polarized alkyl groups being farther
away from it. As an overall qualitative result, EP molecules
adsorbed on Pt(111) have small in-plane dipole components
that are not very effective for inducing multi-EP ordering, but
they exhibit large in-plane quadrupole moments that may have
an influence on this ordering.
For easy reference, Figure 9 displays a few characteristic

quadrupole−quadrupole configurations, with their relative
favorable or unfavorable energy contributions, adapted from
ref 51.
Such a quadrupole influence on EP molecule ordering can

indeed be seen for EP molecules that are not too far away from
each other (due to repulsion of their overall charges). As one
example, Figure 10 shows quadrupole eigenvectors for the best
isolated EP dimer from our global optimization runs. The two
blue eigenvectors are in a favorable “slipped-parallel” arrange-
ment.51 The long green eigenvectors (corresponding to big
eigenvalues) are largely perpendicular to the Pt surface (which is
in the xy-plane), and the short green eigenvectors are largely
parallel to the Pt surface but correspond to small eigenvalues.
In surface-adsorbed oligomers of more EP molecules,

alignment of the quadrupole eigenvectors parallel and
perpendicular to the Pt surface tends to be close to perfect,
and for a significant portion of close EP pairs, typical good
quadrupole−quadrupole interactions can be found, either
slipped-parallel (as above) or T-shaped. Figure 11 displays the
first example with one of the best (EP)8 structures from our
global optimizations. In each of its EP molecules, one
quadrupole eigenvector is very close to surface-perpendicular,
with z-axis angles ranging from 10.9° to 0.4°. From the two in-
plane quadrupole eigenvectors, we focus on the one for the
larger eigenvalue; the other eigenvalue is smaller by a factor
between 3.6 and 14.3. Two slipped-parallel and two T-shaped
close-pair configurations can be discerned. Of similar signifi-
cance is that the worst quadrupole−quadrupole interaction
configurations (parallel and aligned)51 are completely avoided.

Figure 12 shows a second example, again one of the best (EP)8
structures from our global optimizations. Here, the quadrupole
eigenvectors of molecule 5 are less well aligned with the Pt
surface, deviating by 36.4° from the surface normal. Most of the
other EP molecules, however, do exhibit a significant degree of
quadrupole−quadrupole ordering. The most disfavorable
quadrupole interactions are again absent.
Figure S4 shows yet another example to further illustrate that

these are not singular observations but rather the general
behavior found in all of our global optimizations.
Note that the (EP)8@Pt(111) structures shown in Figures 11,

12, and S4 differ by only 0.4% in their optimized energies. In fact,
in our global optimizations with more than just a few EP
molecules, we find a huge set of low-energy structures of similar
energies. This may suggest that the energy landscape
presumably is not a rugged funnel that, despite its ruggedness,
can direct the system to a unique structure, significantly lower in
energy than all others (as surmised in the folding of well-ordered
proteins), but rather has a “Banyan tree” shape,71 in which
barriers between low-energy minima are significantly larger than
the very small energy differences between them.

Infrared Spectra. IR spectra were simulated as described in
the “Methods: Infrared Spectra” section. Figure 13 shows a
direct comparison between IR spectra generated for trans-IP in
vacuo and for the (EP)8@Pt(111) case of Figure 12.
In vacuo, the bands at 1666 and 1730 cm−1 correspond to

combinations of free ester carbonyl and keto carbonyl
vibrations, while those between 1200 and 1400 cm−1 exclusively
involve vibrations of the methyl and ethyl groups. In the
adsorbed situation, a new absorption band appears in the region
1530−1560 cm−1 (depending on which (EP)8 we use). This
coincides with the same observation in the experiment,50 where
such an additional band was reported at 1530 cm−1 and assigned
to the ester carbonyl (not the keto one) via 13C-isotopic labeling.
Fourier-filtering analysis of the MD trajectories used for IR
spectra simulation, centered at this wavenumber value, reveals
that this band corresponds to what can be called a Pt-bound
ester carbonyl vibration. A more accurate description would be a
central C-atom displacement in a Pt−O−C−O−Pt′ group (cf.
Figure 14), resulting in an antisymmetric vibration of these two
CO groups.
In our Pt-adsorbed (EP)8 cases, not all EP molecules

contribute to this vibration. One reason for this simply is that
not all EP molecules are adsorbed to the underlying Pt-atoms in
a way that forms such a Pt−O−C−O−Pt′ group, with the
central C-atom having sufficient remaining freedom to oscillate
significantly. Additionally, the metal-surface selection rule72,73 is
operative, which we can enforce in our IR spectra simulation by
Fourier-transforming only the z-component of the dipole
moment vector (perpendicular to the metal surface); in other
words, those CO bond directions need a significantly non-zero
z-component to be able to contribute to the IR spectrum.

■ CONCLUSIONS
In summary, with unconstrained global structure optimization
of EP clusters on Pt(111) at the GFN-FF level, we have
assembled a consistent set of possible explanations for the key
experimental observations of EP@Pt(111). The EP−Pt
interaction is fairly strong, and intramolecular energy barriers
between different EP conformations are quite small; this favors
EP attachment to Pt surfaces in several different conformations,
which in turn disfavors the formation of regular patterns.
Additionally, each EP molecule on Pt may have a substantial
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non-zero total charge (at least in the submonolayer conditions
considered here); this is a possible explanation for large
distances between most adsorbed EP molecules. Due to its
molecular constitution, EP contains both rather rigid molecular
parts (e.g., the ester group) and floppy degrees of freedom (e.g.,
the bond between the two carbonyl C-atoms), such that the
intramolecular conformation changes upon adsorption are
present but rather systematic. According to these systematics,
EP dipoles are relatively small and tend to have a large
component perpendicular to the surface in typical adsorption
configurations, leading to another repulsion contribution.
However, EP quadrupoles are rather large, and although they
also tend to align to the surface normal, their tensorial nature
leaves the other quadrupole components aligned parallel to the
surface. In our global (EP)n@Pt(111) optimizations, these
surface-parallel quadrupole components avoid repulsive ar-
rangements and favor attractive ones. Hence, quadrupole
interactions may be responsible for the residual tendency to
form aggregates of a few EP molecules, with small EP−EP
distances and with a small set of intermolecular orientational
preferences. Last but not least, while GFN-FF-based simulated
IR spectra of these systems certainly cannot claim quantitative
accuracy, they do offer an explanation for the additional ester
carbonyl absorption band observed experimentally50 for EP@
Pt(111).
Overall, while regular surface adsorption patterns may be

aesthetically more pleasing and easier to analyze, this study
shows that there may also be ways to interpret and understand
disordered adsorbate submonolayers. Of course, the first steps
made here at a rather low level of theory should be confirmed by
higher-level follow-up studies, but the many points of agreement
between theory and experiment already are encouraging. In any
case, the present work indicates further avenues to explore when
choosing and designing adsorbed molecular assemblies for on-
surface synthesis and heterogeneous catalysis.
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Swetlana Schauermann*

Abstract: Tautomerisation of simple carbonyl compounds to
their enol counterparts on metal surfaces is envisaged to enable
an easier route for hydrogenation of the C=O bond in
heterogeneously catalyzed reactions. To understand the mech-
anisms of enol formation and stabilization over catalytically
active metal surfaces, we performed a mechanistic study on
keto–enol tautomerization of a monocarbonyl compound
acetophenon over Pt(111) surface. By employing infrared
reflection adsorption spectroscopy in combination with scan-
ning tunneling microscopy, we found that enol can be formed
by building a ketone–enol dimer, in which one molecule in the
enol form is stabilized through hydrogen bonding to the
carbonyl group of the second ketone molecule. Based on the
investigations of the co-adsorption behavior of acetophenone
and hydrogen, we conclude that keto–enol tautomerization
occurs in the intramolecular process and does not involve
hydrogen transfer through the surface hypothesized previously.

Chemical transformations of carbonyl compounds is an
important step in many applications in heterogeneous catal-
ysis, such as selective hydrogenation of unsaturated ketones,
enantioselective hydrogenation of ketoesters, aldol conden-
sation, and others.[1] This class of reactions is, however,
experimentally highly challenging as it requires the activation
of a normally very stable C=O bond to be hydrogenated to
a C@O bond. There are only a few atomistic-level studies on
surfaces, in which the product of direct hydrogenation of the
C=O bond with H was confirmed spectroscopically.[2]

There is an ongoing discussion on an alternative feasible
mechanism to activate the C=O bond, which involves keto–
enol tautomerization as a first step. In this mechanism, a H
atom transfers to oxygen in an intramolecular process to
produce a C@O(H) single bond, leaving behind a C=C double
bond and forming the enol species. Several theoretical studies
predict a significantly lower activation barrier for hydro-
genation of the C=C bond in enol as compared to the direct
hydrogenation of the C=O bond in ketone for different

classes of mono- and dicarbonyl compounds.[3] In line with
these predictions, keto–enol tautomerization was frequently
discussed as a first step in heterogeneously catalyzed hydro-
genation of the C=O bond.[4] A microscopic-level confirma-
tion of this mechanism and a detailed understanding of the
elementary steps leading to keto–enol tautomerization on
surfaces is still largely missing. To approach the rational
design of the catalytic processes involving keto–enol tauto-
merization as a first step in activation of carbonyl compounds
on surfaces, enol formation and stabilization need to be
understood at the atomistic scale.

Generally, the ketone form of neutral carbonyl com-
pounds is more stable than the enol form,[5] therefore the
formation of enol species usually requires stabilization by for
example, hydrogen bonding. The most commonly discussed
mechanism of the enol stabilization is related to diketones or
ketoesters containing two carbonyl groups. In these com-
pounds, a chelated ring-like keto–enol tautomer can be
formed with one of the carbonyls being transformed to a @
C@O@H entity and the other carbonyl participating in the
stabilization of the enol part of the molecule through
hydrogen bonding between the @C=O and H@O@C@ func-
tional groups. Numerous studies provided solid experimental
proof for the mechanism leading to formation of chelated
keto–enol tautomers in diketones and ketoesters.[6]

While the enol stabilization is well understood for the
compounds comprising two carbonyls, significantly less is
known about the enol formation and stabilization for mono-
carbonyls, in which the intramolecular stabilization is not
possible. In a recent study by Demers-Carpentier et al[7] on
monocarbonyls adsorbed on Pt, an interesting observation on
formation of different oligomers, consisting of two or three
acetophenone molecules, was reported, which were inter-
preted as structures comprising exclusively the enol species.
As thermal activation, up to 300 K was needed to obtain these
enol-containing oligomers, the authors put forward a disso-
ciative type of keto–enol tautomerization mechanism, involv-
ing dissociation of a C@H bond in methyl group followed by
a H diffusion through the Pt surface to the C=O group.[7] The
experimental verification of this hypothesized dissociative
mechanism is not available yet.

In order to obtain a microscopic-level understanding of
the enol formation and stabilization mechanisms on surfaces,
we performed a mechanistic study on the interaction of
acetophenone with well-defined Pt(111) surface in a broad
range of temperature and coverage conditions. We employed
a unique combination of surface sensitive techniques includ-
ing infrared reflection absorption spectroscopy (IRAS),
scanning tunneling microscopy (STM), and molecular beam
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techniques to address the chemical nature of the formed
surface species and to obtain the real space information on
their distribution over the surface and on the intermolecular
interactions between the individual molecules. Two inde-
pendent molecular beams were employed to controllably
deposit acetophenone and the second reactant of interest (H2)
to scrutinize the intermolecular interactions involved in keto–
enol tautomerization on pristine and H-containing Pt surface.
Specifically, it was observed that above 140 K acetophenone
forms dimers; this process is accompanied by the evolution of
new vibrational bands detected by IRAS, which are related to
the enol tautomer. The stabilization of the enol species occurs
by intermolecular interaction with the second molecule, that
is the ketone form of acetophenone, through hydrogen
bonding resulting in surface dimers. The second observed
type of surface dimers involves two ketone molecules.
Surprisingly, the presence of large amounts of H on Pt was
found to destabilize both types of dimers leading to formation
of acetophenone monomers in the ketone form. A concom-
itant vanishing of all vibrational bands related to enol species
was detected on H-containing surface. This finding clearly
disproves the previously hypothesized dissociative-type tau-
tomerization mechanism based on the H-transfer through the
Pt surface. Instead, it points to an intramolecular H-transfer
to form the enol tautomer, which exists only if stabilized by
hydrogen bonding to a neighboring ketone molecule.
Obtained atomistic-level details on intermolecular ketone–
enol interactions provide important insights into the mecha-
nisms of enol formation and stabilization for single-carbonyl
compounds on surfaces, which were not available so far.

Experimentally, interaction of acetophenone with Pt(111)
surface was investigated in the temperature range from 115 to
300 K, both on pristine and H-precovered surfaces. The STM
images of acetophenone obtained on the pristine surface
(Figure 1a) show that the majority of the molecules (82%)
form dimer species at 200 K. A large fraction of the dimers
(about 84%) are imaged as two identical elongated protru-
sions with a bright feature at one end (the species D1 in the
insert of Figure 1a), which are interacting by the ends
containing the bright spots. The other type of the dimers
consists of two unequal species, an elongated protrusion with
a bright spot and an elongated structure without a bright
feature (species D2 in the insert of Figure 1a). A small
fraction of the surface species are monomers (species M, 18%
of all adsorbed molecules) imaged as an elongated protrusion
with a bright spot at one end, which appear to be identical to
a half of the dimer D1.

To clarify the chemical nature of the imaged species,
infrared spectra were obtained on this surface, which are
shown in Figure 1c. The spectra (1) and (2) are related to
acetophenone adsorbed at different sub-monolayer cover-
ages, while the spectrum (3) was recorded on acetophenone
multilayer and is shown as a reference for unperturbed
molecules. The most prominent bands in the multilayer
spectrum comprise the C=O stretching vibration at 1683 cm@1

and several vibrational bands in the range 1260–1450 cm@1

related to deformation vibrations of the methyl and benzene
groups[8] (for more details see the Supporting Information).
The same vibrational frequencies (marked with the grey
dotted lines) are also observed in the spectra (1) and (2)

Figure 1. a) STM image of acetophenone on pristine Pt(111) (exposure at 200 K, acquisition temperature 115 K, 1 V, 0.29 nA, 15 W 15 nm2).
b) Close-up images of a monomer (M) and two types of dimers (D1 and D2). c) (1) and (2): IR spectra of acetophenone adsorbed on pristine
Pt(111) at different sub-monolayer coverages at 170 K; (3) the spectrum of a multilayer (for the details see the Supporting Information).
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obtained at sub-monolayer coverages. Remarkably, the
interaction of acetophenone with Pt almost does not affect
the frequencies of these bands, pointing to weak interaction of
the ketone species with the underlying metal. Besides of the
ketone-specific vibrations, two new prominent bands appear
at 1203 and 1663 cm@1 (marked with blue lines) at sub-
monolayer coverages, which are present neither in multilayer
of acetophenone nor in the gas phase spectra.[8]

The evolution of the IR spectra investigated as a function
of acetophenone coverage suggests that at least two types of
surface species exist on the surface: a) the species exhibiting
a combination of the bands at 1203 and 1663 cm@1; and b) the
species showing the bands characteristic for largely unper-
turbed acetophenone with the most prominent band at
1683 cm@1. Figure 2 shows the IR spectra obtained at different

coverages at 200 K. The uppermost spectrum (1, lowest
coverage) shows almost exclusive formation of the species
containing the bands at 1203 and 1663 cm@1, whose intensity
grows simultaneously with growing coverages and finally
saturates. In the spectrum (2), the onset of the vibration at
1683 cm@1 is detected; this band further grows in intensity and
finally dominates the spectra in the high coverage range. A
similar coverage-dependent trend can be also observed in the
spectra shown in Figures 3a and b obtained for normal and
isotopically labelled acetophenone. While the appearance of
the bands at 1203 and 1663 cm@1 and their intensities are
strongly correlated in all datasets, the band at 1683 cm@1

develops fully independently: it is less pronounced at low
coverages and has the highest intensity in the high coverage
range. Based on this strikingly different coverage depend-
ence, we assign the combination of the bands at 1203 and
1663 cm@1 to one type of surface species, and the band at
1683 cm@1 to a different type of adsorbates.

The species exhibiting the prominent band at 1683 cm@1

can be safely assigned to the largely unperturbed ketone form
of acetophenone as the related frequencies coincide with that
once of acetophenone ice. Considering the fact that the
majority of acetophenone molecules is combined in dimers
and two different types of dimers are imaged by STM, we
assume that one of these dimer species consists of two ketone
molecules and the intermolecular interaction between them
does not strongly affect their vibrational frequencies. Note
that the monomers, which are also present in small amounts,
are expected to have the same vibrational frequencies.

The vibrational range 1050–1250 cm@1 is typical for the
stretching vibration of a single C@O bond in alcohols and
alkoxy groups.[9] Taking into account feasible keto–enol
tautomerization in carbonyl compounds, we assign the band
at 1203 cm@1 to the stretching vibration of the C@O single
bond in the enol form of acetophenone. This assignment is in
a close agreement with the previous theoretical and exper-
imental studies on enol formation for a broad class of
carbonyl compounds including acetone, diketones and
ketoesters.[6d, 10]

The bands in the vibrational range close to 1663 cm@1 were
previously observed in experimental studies on keto–enol
tautomerization in diketones and ketoesters and explained
theoretically by formation of a chelated ring-like keto–enol
tautomers, in which one carbonyl group transforms into the
C@O(H) bond to form enol, while the O atom of the second
carbonyl group stabilizes the newly formed OH group of the
enol by hydrogen bonding leading to the @C=O····H@O@
structure.[6d, 10b, 11] In these type of chelated keto–enol species,
two phenomena can affect the C=O frequency: 1) the mixing
of the C=O and C=C stretching vibrations, which was
theoretically predicted to shift the C=O vibrational band by
about 20 cm@1 to 1660 cm@1 in keto–enol tautomerized b-
dicarbonyl compounds;[11a] and 2) hydrogen bonding between
the @C=O bond and H@O@ group of the enol part of the
molecule, which was shown to result in downward shift of the

Figure 2. IR spectra of acetophenone adsorbed on pristine Pt(111)
recorded at 200 K at different exposures (for the details see the
Supporting Information).

Figure 3. IR spectra: a) acetophenone and b) acetophenone isotopi-
cally labelled with 13C at carbonyl-carbon position recorded at different
exposures at 170 and 155 K, correspondingly (for the details see the
Supporting Information).
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C=O vibrational frequency for carbonyl compounds.[12] The
latter phenomenon of a frequency shift due to donor–
acceptor hydrogen bonding, has a general nature and is
predicted to obey the following trend: the higher the acidity
of the donor (in this case H@O group) the larger the
frequency shift of the acceptor (@C=O group).[12, 13] For this
reason, the frequency shifts of the C=O group are expected to
be largest when it interacts with the OH group and
significantly lower when it is hydrogen-bonded to, for
example, a H of a methyl group.

Taking into account the fact that the majority of the
surface species are involved in dimers and based on the
previous theoretical calculations for b-dicarbonyl com-
pounds,[11a] we assign the combination of the vibrational
bands at 1203 and 1663 cm@1 to a dimer, containing one enol
and one ketone molecule, which are interacting through
hydrogen bonding. The vibration at 1203 cm@1 is related to
a single C@O bond in enol, while the vibrational band at
1663 cm@1 can be assigned to the C=O in ketone with O atom
being involved in hydrogen bonding with the OH group of
enol. The latter conclusion is based on the fact that the
individual acetophenone molecules are not covalently
bonded in the dimer, and therefore the downward frequency
shift of the C=O bond in ketone most likely originates from
the hydrogen bonding with the OH group of the enol and not
due to the strong mixing between the C=C and C=O
vibrations as calculated for chelated keto–enol dicarbo-
nyls,[11a] in which the ketone and the enol parts of the same
molecule are connected covalently.

To further verify the assignment of these new vibrations,
adsorption of acetophenone isotopically labelled with 13C at
carbonyl-carbon position was investigated by IRAS. Figur-
es 3a and b show two sets of coverage-dependent IR spectra
obtained for two isotopes. The band at 1683 cm@1 related to
the C=O stretching vibration in the nearly undisturbed ketone
shifts downwards by 40 cm@1 upon isotopic labelling, agreeing
with the estimated shift of about 38 cm@1 in the scope of
harmonic approximation. Importantly, both new bands also
shift upon replacement of the carbonyl-carbon by 13C: the
band at the 1663 cm@1 shifts by 40 cm@1, while the vibrational
frequency 1203 cm@1 decreases by 20 cm@1. Both downward
shifts confirm the assignment to the bonds involving the a-
carbon of acetophenone. Additionally, the shift of the band at
1663 cm@1 assigned to the ketone–enol dimer, is identical to
the shift of the band at 1683 cm@1 related to the C=O vibration
in the largely unperturbed ketone–ketone dimers and ketone
monomers, additionally supporting our assignment of the
band at 1663 cm@1 to the stretching vibration mainly exhibit-
ing the C=O character.

Combining the spectroscopic and microscopic informa-
tion, we conclude that two different types of dimers can be
formed on Pt(111). Figure 4a and b shows the most feasible
dimer structures, which are consistent with all experimental
observations.

The first type of dimers consists of two largely unpertur-
bed ketone molecules, as suggested by the IR frequencies, and
dominates the spectra at high coverages. Most likely, the most
abundant dimer D1, comprising two identical protrusions
with a bright spot close to the contact position (Figure 1a),

can be ascribed to these ketone–ketone dimer species. It can
be speculated that the elongated protrusion is related to the
phenyl group and the bright spot to either CH3 or C=O groups
sticking out of the surface plane, with the lifted CH3 group
being a more likely configuration. It should be pointed out
that the monomeric species are also imaged by STM as
elongated protrusions with a bright spot, which is identical to
the half of the ketone–ketone dimer. This STM pattern is
likely related to the ketone form of acetophenone since no
stabilization mechanism for enol is available for monomers.
This observation additionally supports the assignment of the
species D1 to ketone–ketone dimer as it consists of the same
building blocks as the ketone monomeric species.

Based on the observation that the individual molecules in
this type of dimers are connected at the positions containing
the bright spots, and in view of the fact that the vibrational
frequencies of the C=O bonds are hardly affected by dimer
formation, we believe that that two ketone molecules interact
through hydrogen bonding between the carbonyls and the H
atoms involved in the methyl group. As discussed above,
rather weak hydrogen bonding is expected between the C=O
and the methyl groups, resulting in a negligible effect on the
C=O vibrational frequency.

The dimer D2 consists of one acetophenone molecule in
the enol form, and one in the ketone form with the H atom of
the OH group of the enol being involved in hydrogen bonding
with the O atom of the ketone. The strong hydrogen bonding
between the C=O and OH groups leads to a downward
frequency shift of the C=O bond to 1663 cm@1 as compared to
the largely unperturbed ketone form of acetophenone
(1683 cm@1). The formation of the C@O single bond results
in the vibrational band at 1203 cm@1. The chemical structure
of such ketone–enol dimer, consisting of two different forms
of acetophenone, most likely establishes itself in non-sym-
metric dimers D2 displayed in Figure 1b and Figure 4 b.

Figure 4. a) Suggested structures of two types of surface dimers: D1:
ketone–ketone dimer; D2: ketone–enol dimer superimposed with the
STM images from Figure 1. b) Schematics of the suggested structures;
the hydrogen bonds are indicated by blue dotted lines.
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Generally, two major phenomena can be responsible for
enol formation on Pt surface: 1) reduction of the activation
barrier for the intramolecular H transfer from the methyl to
the carbonyl group, for example, due to weakening of the C@
H bonds, and/or 2) energetic stabilization of the otherwise
unstable enol form by the formation of surface dimers
through H-bonding between O@H and C=O groups of the
enol and ketone species, correspondingly. The detailed
discussion on the feasibility of these mechanisms is provided
in the Supporting Information.

It should be noted, that formation of surface dimers and
trimers of acetophenone on Pt was previously observed by the
group of McBreen[7] at room temperature and they were
assigned exclusively to enol–enol oligomers. Further, the
dissociative mechanism of enol formation was hypothesized
in this study, which is based on the assumption that a H atom
of a methyl group is abstracted by the underlying metal and
transfers to the carbonyl group through the Pt surface. The
authors discussed the probability of enol formation as being
related to the availability of H atoms on the metal surface.

To clarify this feasibility of this mechanism, we inves-
tigated keto–enol tautomerization on H-precovered Pt(111).
Figures 5a and b show the STM image obtained on Pt surface
saturated with H after adsorption of acetophenone and the IR
spectra recorded on this surface, correspondingly. Remark-
ably, predominantly monomers could be observed on this
surface by STM, which appear as elongated protrusions with
a bright spot. In line with this observations, only vibrational
bands related to the unperturbed form of acetophenone were
found, while the vibrations characteristic to ketone–enol
dimers (1203 and 1663 cm@1) did not appear. Obviously,
formation of the enol form of acetophenone as well as of
ketone–enol surface dimers does not occur at this surface.
Possible reasons for this observation might include 1) weaker
perturbation of the electronic structure of the acetophenone
on H-covered Pt, resulting in stronger C@H bonds of the
methyl group and hindered intramolecular H-transfer to the
carbonyl or/and 2) hindered ketone–enol dimer formation

due to the fact that co-adsorbed H might compete with the
O@H group of the enol species for hydrogen bonding to the
C=O group of the ketone (see the Supporting Information for
detailed discussion).

It becomes also apparent that enol formation on pristine
Pt cannot be linked merely to the availability of adsorbed H
originating from H-transfer through the surface suggested by
Demers-Carpentier et al.,[7] but rather relies on the intra-
molecular process involving H-transfer to the carbonyl group
to form a C@O@H entity, which is stabilized by hydrogen
bonding with the neighboring ketone molecule (see the
Supporting Information for detailed discussion). With this,
the enol formation and stabilization mechanism of mono-
carbonyl compounds on surface is similar to that occurring in
the intramolecular process in dicarbonyl molecules.

Summarizing, we investigated the surface-driven keto–
enol tautomerization in single carbonyl compound acetophe-
none by combination of microscopic, spectroscopic, and
molecular beam techniques on Pt(111) to scrutinize the
mechanisms of enol formation and stabilization on catalyti-
cally-relevant metal surfaces. It was found that enol species
exist not as monomers but are stabilized by the intermolecular
interaction with a ketone form of acetophenone and form
ketone–enol dimers. The spectroscopic signatures of this
dimer point to a significant perturbation of the electronic
structure of the involved molecules and suggest strong
hydrogen bonding between the -OH group of the enol and
the C=O entity of the ketone form of acetophenone. Addi-
tionally, a second type of the surface dimers, consisting of two
largely unperturbed ketone molecules, was found as well as
a small fraction of monomeric species. Co-adsorbed H
destabilize both types of dimers leading to predominant
formation of ketone monomers and a concomitant vanishing
of all vibrational bands related to ketone–enol dimers. This
finding suggests that the previously hypothesized dissociative
type of enol formation depending on H transfer through the
metal surface is rather improbable and this process more
likely proceeds by intramolecular H-transfer from the methyl
to the carbonyl group.

Obtained atomistic-level insights into mechanisms of enol
stabilization for single-carbonyl compounds highlight the
exceptional importance of intermolecular interactions in this
processes. It can be feasibly tuned by co-adsorption of stable
well-ordered layers of foreign molecules, such as specifically
designed different types of carbonyl compounds, which would
be able to stabilize enols even in presence of hydrogen.
Related effects are envisaged to play a key role in controlling
the keto–enol tautomerization of simple carbonyls to enable
low-barrier chemical transformations and hold a great poten-
tial for further development of new catalytic materials, such as
for instance, ligand-modified catalysts optimized for enol
stabilization.
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Figure 5. a) STM image of acetophenone adsorbed at H-precovered
Pt(111) (exposure at 175 K, acquisition temperature 115 K, 1 V,
0.29 nA, 15 W 15 nm2). b) Blue lines: IR spectra of acetophenone a-13C
adsorbed on h-precovered Pt(111) obtained at two different submono-
layer coverages; black lines: IRAS spectra of acetophenone a-13C
adsorbed on pristine Pt(111).

Angewandte
ChemieCommunications

16663Angew. Chem. Int. Ed. 2018, 57, 16659 –16664 T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

8.6 Angew. Chem. Int. Ed. 2018, 57, 16659–16664. 175



Conflict of interest

The authors declare no conflict of interest.

Keywords: carbonyl compounds · keto–
enol tautomerization on metals ·
model heterogeneous catalysis ·
scanning tunneling microscopy ·
vibrational spectroscopy on surfaces

How to cite: Angew. Chem. Int. Ed. 2018, 57, 16659–16664
Angew. Chem. 2018, 130, 16901–16906

[1] a) P. M-ki-Arvela, et al., Appl. Catal. A 2005, 292, 1 – 49; b) F.
Meemken, A. Baiker, Chem. Rev. 2017, 117, 11522 – 11569.

[2] a) K.-H. Dostert, et al., J. Am. Chem. Soc. 2015, 137, 13496 –
13502; b) C. J. Kliewer, et al., J. Am. Chem. Soc. 2009, 131,
9958 – 9966.

[3] a) B. Yang, et al., Phys. Chem. Chem. Phys. 2011, 13, 21146 –
21152; b) A. M. H. Rasmussen, et al., ACS Catal. 2014, 4, 1182 –
1188; c) B. Bandyopadhyay, et al., J. Phys. Chem. A 2012, 116,
3836 – 3845.

[4] a) K. H. Schulz, D. F. Cox, J. Phys. Chem. 1993, 97, 3555 – 3564;
b) W.-S. Sim, et al., J. Am. Chem. Soc. 2002, 124, 4970 – 4971;
c) M. Mahapatra, et al., Nat. Commun. 2016, 7, 12380.

[5] Z. Rappoport, The Chemistry of Enols, Wiley, Chichester, 1990.
[6] a) V. Humblot, et al., Surf. Sci. 2003, 537, 253 – 264; b) M.

Garvey, et al., J. Phys. Chem. C 2013, 117, 4505 – 4514; c) T. E.
Jones, C. J. Baddeley, Langmuir 2006, 22, 148 – 152; d) T. E.
Jones, C. J. Baddeley, J. Phys. Chem. C 2007, 111, 17558 – 17563;
e) D. B. Skliar, et al., Surf. Sci. 2007, 601, 2887 – 2895; f) J.
Ontaneda, et al., J. Phys. Chem. C 2016, 120, 27490 – 27499.

[7] V. Demers-Carpentier, et al., J. Phys. Chem. C 2010, 114, 7291 –
7298.

[8] A. Gambi, et al., Spectrochim. Acta A 1980, 36, 871 – 878.
[9] a) W. J. Mitchell, et al., J. Am. Chem. Soc. 1995, 117, 2606 – 2617;

b) M. K. Weldon, C. M. Friend, Chem. Rev. 1996, 96, 1391 – 1412.
[10] a) M. Xu, et al., Ind. Eng. Chem. Res. 2014, 53, 5451 – 5454;

b) T. P. Roubin, et al., Chem. Phys. Lett. 1990, 175, 655 – 659.
[11] a) N. V. Belova, et al., J. Phys. Chem. A 2004, 108, 3593 – 3597;

b) E. I. Matrosov, M. I. Kabachnik, Spectrochim. Acta Part A
1972, 28, 191 – 196.

[12] S. D. Fried, et al., J. Am. Chem. Soc. 2013, 135, 11181 – 11192.
[13] M. M. Nolasco, P. J. Ribeiro-Claro, ChemPhysChem 2005, 6,

496 – 502.

Manuscript received: July 23, 2018
Revised manuscript received: September 7, 2018
Accepted manuscript online: October 12, 2018
Version of record online: November 25, 2018

Angewandte
ChemieCommunications

16664 www.angewandte.org T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2018, 57, 16659 –16664

8 Reprints of Publications176



8.7 Formation and Stabilization Mechanisms of Enols

on Pt through Multiple Hydrogen Bonding

Publication Data and Reprint

Reference: Smadar Attia, Marvin C. Schmidt, Carsten
Schröder, Swetlana Schauermann

DOI: 10.1021/acscatal.9b01481

Submitted: 10.04.2019

Accepted: 05.07.2019

Contribution: IRAS measurements, scientific discussions,
preparation of parts of the manuscript

Copyright: Reprinted with permission from ACS Catalysis
from Ref.[237]. Copyright 2019 American Chem-
ical Society.

8.7 ACS Catal. 2019, 9, 6882-6889. 177

https://doi.org/10.1021/acscatal.9b01481


Formation and Stabilization Mechanisms of Enols on Pt through
Multiple Hydrogen Bonding
Smadar Attia, Marvin C. Schmidt, Carsten Schröder, and Swetlana Schauermann*
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ABSTRACT: Lateral interactions between coadsorbed molecules on surfaces might trigger
specific reaction pathways and stabilize otherwise energetically unstable reaction intermediates.
These phenomena can crucially affect the overall activity and selectivity of catalytic processes
and can be employed for purposeful functionalization of surfaces to improve their catalytic
efficiency. In this report, we present a study on the atomistic-level details of intermolecular
interactions between acetophenone adsorbates on Pt. We show that these interactions trigger
an important reaction of keto−enol tautomerization producing an enol reaction intermediate,
which is envisaged to enable low-barrier hydrogenation of simple carbonyl compounds. By
combining scanning tunneling microscopy and infrared reflection−absorption spectroscopy, we
found that several types of hydrogen-bonded oligomer species can be formed, including
ketone−enol dimers and ketone−enol−enol trimers. Their evolution exhibits a strong
temperature dependence, suggesting that oligomer formation promotes keto−enol tautomerization by lowering the activation
barrier for hydrogen transfer from the methyl to the carbonyl group. This process occurs most likely in a concerted way, in
which the energy barrier for hydrogen transfer can be compensated by formation of strong hydrogen bonds between enol and
ketone species assembled in an oligomer. Additionally, hydrogen bonding between the ketone and the enol parts of surface-
adsorbed oligomers stabilizes the otherwise unstable enol species, making them accessible for further reaction steps.
Importantly, formation of more than one enol molecule per one ketone species through multiple hydrogen bonding was
provena finding which might contribute to the rational design of functionalized surfaces capable of enol formation and
stabilization at high surface concentrations.

KEYWORDS: keto−enol tautomerization, model heterogeneous catalysis, carbonyl compounds, surface dimers, infrared spectroscopy,
scanning tunneling microscopy, Pt(111), surface reactivity

■ INTRODUCTION

Lateral interactions between different coadsorbed surface
species may play a crucial role in controlling reactivity on
surfaces. In particular, for multipathway heterogeneously
catalyzed reactions, the selectivity depends oftentimes on
small differences in the activation barriers of different reaction
pathways.1 These barriers are determined not only by the
interaction of the reactants and the reaction intermediates with
the underlying catalytic surface but also by their intermolecular
interactions with the surrounding adsorbates, which can
significantly modify the overall energy landscape and with
this dramatically affect the selectivity toward individual
reaction pathways. While the intermolecular interactions have
been successfully employed in many homogeneous catalysts to
control the selectivity,2,3 e.g., via modification of an active
metal site with specific organic ligands, only a limited number
of studies on heterogeneous catalysts relying on this principle
have been reported. The majority of the reported studies in
this field is related to enantioselective heterogeneous catalysis
on surfaces functionalized with chiral adsorbates, which exhibit
enantiospecific interaction with a pro-chiral reactant and by
this direct the catalytic process toward formation of only one
enantiomeric form of the product.4−7 Besides enantioselective
heterogeneous catalysis, ligand-induced catalysis for nonchiral

systems is gaining more importance in the recent decade.8−13

This type of catalytic process is based on the lateral adsorbate−
adsorbate interactions between a preadsorbed ligand and a
reactant molecule, which makes the surface highly chemo-
selective.14−20 Mechanistically, two types of interactions are
typically invoked to explain the ligand-induced effects: building
of individual 1:1 complexes between a ligand and the reactant4

and formation of extended well-ordered overlayers of adsorbed
ligands offering reactive pockets for the reactant.8,9,11 In both
types of discussed mechanisms, the lateral interactions between
the ligand (or the ligand overlayer) and the reactant affect the
reactant’s electronic structure and/or its adsorption geometry
to trigger the desired chemical transformations.
Despite these recent impressive developments, the atomistic-

level understanding of the intermolecular interactions between
coadsorbed molecular species on surfaces is rather limited.
Further progress in understanding the mechanisms and
energetics of intermolecular interaction need to be made in
order to approach rational design of functionalized surfaces
with tailor-made catalytic properties. Toward this goal, we
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report a combined spectroscopic and microscopic study on
lateral interactions between acetophenone molecules adsorbed
on a well-defined Pt(111) surface. In this paper, we specifically
address acetophenone transformation to its enol form, which is
assisted by the intermolecular interaction with the ketone
counterpart. The process of keto−enol tautomerization of
normally more energetically stable ketones to less stable
enols21 is theoretically predicted to play a decisive role in
hydrogenation of the CO bond in simple carbonyl
compounds.22−25 The activation barrier is normally rather
high to directly hydrogenate the CO bond; however, it is
predicted to be reduced if the process would occur via two
consecutive steps including (i) keto−enol tautomerization to
form enol species followed by (ii) low-barrier hydrogenation of
the CC bond. For this reason, formation and stabilization of
the enol form of simple carbonyls can potentially be one of the
most crucial steps in hydrogenation of carbonyl compounds. In
line with the theoretical predictions, keto−enol tautomeriza-
tion as a first step in catalytic hydrogenation of the CO bond
is a subject of ongoing discussion in catalytic studies on real
powdered materials.26−28

It should be pointed out that the enol-based mechanism of
hydrogenation of carbonyl compounds relies on two largely
independent processes: (i) formation and stabilization of
normally energetically unstable enol species followed by (ii)
hydrogenation of the CC bond. In order to experimentally
realize this predicted low-barrier hydrogenation pathway, both
parts of the problem need to be solved in a catalytic process. In
particular, formation and stabilization of enol species as a
reaction intermediate is a highly challenging task, as enols

normally undergo the reverse process to form a more stable
ketone form of the molecule.21

In this report, we address the first issuestabilization of
enols on a catalytic surface under the reaction conditionsand
demonstrate that enols can be formed and stabilized on Pt by
hydrogen bonding with the coadsorbed ketone form of the
same molecule. Importantly, we provide clear spectroscopic
evidence that multiple hydrogen bonds can be formed with a
single carbonyl group resulting in formation and stabilization
of more than one enol per single ketone molecule. Formation
of different types of ketone−enol oligomersdimers and
trimerswas observed in this study, where evolution exhibits a
strong temperature dependence pointing to the decisive role of
the kinetic effects in these processes. Obtained results provide
important insights into the mechanisms of formation and
stabilization of enols on transition metal surfaces, which can be
applied for purposeful functionalization of catalytic surfaces to
make them capable of stabilizing large amounts of enol
intermediates.

■ RESULTS AND DISCUSSION

In order to obtain these microscopic insights, we carried out a
mechanistic study on acetophenone adsorption and chemical
transformations over Pt(111) surface in a broad range of
temperature conditions. We employed a unique combination
of experimental techniques including molecular beams,
scanning tunneling microscopy (STM), and infrared reflection
absorption spectroscopy (IRAS) capable of providing both
microscopic real space information on the distribution of
surface species as well as the spectroscopic information on

Figure 1. (a) (1 and 2) IR spectra of acetophenone adsorbed at different submonolayer coverages obtained on pristine Pt(111) at 170 K
(exposures are as follows: (1) 4.5 × 1015, (2) 6.1 × 1015 molecules·cm−2). (3) Spectrum of a multilayer. (b) STM image of acetophenone on
Pt(111) (exposure at 200 K; acquisition temperature 115 K; 1 V, 0.29 nA, 15 × 15 nm2. Reproduced with permission from ref 29. Copyright 2018
Wiley). (c and d) Close-up images of two types of dimers (D1 and D2). (e and f) Proposed structures of the dimer species D1 and D2, respectively.
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their chemical nature. Acetophenone was chosen as a model
molecule, which can undergo ketone−enol tautomerization,
has a relatively high binding energy on Pt(111) to remain on
the surface under the high-temperature reaction conditions,
and exhibits quite simple chemical structure resembling a large
variety of carbonyl compounds. In our earlier studies
performed in the low-temperature range, formation of two
different types of dimers was detected.29 Figure 1 summarizes
the most important observations of this study, which are
relevant for further discussion. Briefly, above ca. 200 K the
majority of acetophenone molecules are agglomerated to
dimers on Pt(111). Two types of dimer species can be imaged
by STM, which are shown in the inset of the Figure 1b. The
first and more abundant type of dimer (D1) consists of two
identical protrusions, each of them exhibiting a bright spot
related to an acetyl group and a darker area related to the
aromatic ring. The second dimer (D2) is imaged as
asymmetric species, with one-half being identical to one-half
of the dimer D1 and the other half not exhibiting the bright
spot. A small fraction (16%) of acetophenone is adsorbed as
monomers and imaged as a protrusion with a bright spot and a
darker area, which is identical to the half of the symmetric
dimer D1. The IRAS spectra shown in Figure 1a allowed for
spectroscopic identification of both types of dimers. Spectra (1
and 2) obtained at submonolayer acetophenone coverages
show in general the same vibrational bands as the spectrum
obtained for acetophenone multilayer (3) representing non-
perturbed molecular species. The most prominent vibrational
band at 1683 cm−1 is related to the CO stretching bond
vibration in acetophenone.30 At submonolayer coverages, there
are two new vibrational bands, which are not present in the
unperturbed spectrum of the multilayer: the band at 1203
cm−1, which is typical for a single C−O bond in alkoxy groups
and alcohols,31,32 and the band at 1663 cm−1, which can be

attributed to the CO bond involved in hydrogen
bonding.33−36 The observed strong correlation in the
appearance of these two new bands allows us to conclude
that they are related to the dimer species, in which one of the
molecules is transformed to the enol form as indicated by a
vibration of the C−O single bond (1203 cm−1), and the other
molecule is present in the ketone form, in which the carbonyl
group is involved in hydrogen bonding with the OH group of
the enol and therefore is strongly red shifted to 1663 cm−1.29

This latter assignment is in an excellent agreement with the
earlier experimental and theoretical studies on the keto−enol
tautomerization in diketones and ketoesters leading to
formation of chelated ring-like ketone/enol tautomers.33−36

In these structures, one carbonyl group converts to the C−
O(H) bond and forms enol while the oxygen atom of the
second carbonyl group stabilizes the OH group of the newly
formed enol by H bonding, thus resulting in the −CO····H−
O− structure. Generally, two phenomena can lead to a red
shift of the CO bond in these types of keto−enol species: (i)
mixing of the CC and the CO stretching vibrations and
(ii) H bonding between the −CO and H−O− groups in the
dimer, which results in a downward shift of the CO
stretching frequency for different carbonyl compounds.37 This
latter effect is related to the donor−acceptor nature of H
bonding and was predicted to comply with the following trend:
the higher acidity of the donor participating in the hydrogen
bond (H−O group) results in the larger frequency shift of the
acceptor (−CO group).37,38 Since the dimers discussed in
this study consist of two individual molecules and the mixing
of the CC and CO bonds is not possible to the same
extent as it would be feasible for a single ring-like ketone/enol
tautomer of diketones and ketoesters, the observed strong
frequency shift (20 cm−1) can be mostly related to hydrogen
bonding between the acidic hydrogen of the OH group in the

Figure 2. (a) (1−3) IR spectra of acetophenone obtained for different submonolayer coverages recorded on Pt(111) at 280 K (exposures are (1)
1.3 × 1014, (2) 2.7 × 1014, and (3) 9.0 × 1014 molecules·cm−2). (b) STM image of acetophenone on Pt(111) (exposure at 285 K; acquisition
temperature 285 K; 1 V, 0.29 nA, 15 × 15 nm2). (c and d) Close-up images of two type of trimers (T1 and T2) obtained under the conditions
described in b. (e and f) Close-up images of two type of trimers (T1 and T2) obtained after exposure at 285 K followed by the acquisition at 115 K.
(g and h) Proposed structures of the trimer species T1 and T2, correspondingly.
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enol and the oxygen involved in the carbonyl group of the
ketone. The other type of dimers (D1) as well as the
monomers exhibit a vibrational frequency of the CO bond at
1683 cm−1, which is close to the unperturbed value detected in
the multilayer spectra and in the gaseous acetophenone.30 This
observation allows us to suggest that the dimer D1 consists of
two ketone molecules, which are not strongly perturbed by the
intermolecular interaction and which interact most likely via
the hydrogen bonding between the carbonyl group and the
hydrogen atoms of the methyl groups. These hydrogen atoms
are considerably less acidic than that involved in the OH
group, and therefore, their interaction with the carbonyl group
does not significantly shift the vibrational frequency of the C
O bond. The hypothesized structures of both types of dimers
are shown as the insert in Figure 1e and 1f. It should be
emphasized that the vibrational spectrum (3) of acetophenone
multilayer is related to the ketone form acetophenone as it is
the thermodynamically most stable configuration,21 and for
this reason it does contain spectroscopic signatures of the enol
species. To form and stabilize the normally unstable enol form
of acetophenone, an interaction with the underlying metal
surface is required, which is most likely responsible for two
processes: (i) perturbation of the electronic structure which
promotes H transfer to form the enol and (ii) providing two
adjacent adsorption sites to enable ketone−enol dimer
formation in which the enol species is stabilized by strong
hydrogen bonding to the carbonyl group of the ketone.
It is interesting to note that the dimers D1 are found in two

enantiomeric forms as S,S and R,R dimers according to the
definition given in ref 39, while dimers D2 are heterochiral. For
more extended discussion on the chirality of the both dimers
see the Supporting Information.
With increasing temperature, new species appear on the

surface as evidenced both by vibrational spectra as well as by
STM. Figure 2a displays the IR spectra obtained at different
submonolayer coverages at 280 K, which show the appearance
of a new vibrational band at 1634 cm−1. This band is strongly
shifted by 49 cm−1 with respect to the frequency of the CO
vibration in the unperturbed molecule (1683 cm−1) and by 29
cm−1 with respect to the CO bond involved in hydrogen
bonding with a single enol molecule (1663 cm−1) as discussed
above. This new band appears already at the lowest coverage as
the most prominent vibration simultaneously with the band at
1203 cm−1, which is related to the stretching mode of the
single C−O bond in the enol form of acetophenone. With
increasing coverage, both bands grow in intensity and the
additional band at 1663 cm−1 evolves and becomes more
pronounced. Taking into account the fact that the CO
double bond strongly shifts when involved in hydrogen
bonding with acidic hydrogen and there are no other possible
prominent vibrations, i.e., exhibiting a large dynamic dipole
moment, in this vibrational region other than the CO bond,
the band at 1634 cm−1 can be most likely assigned to the
stretching mode of the CO bond, which is involved in
hydrogen bonding with two enol molecules via the HO groups.
This hypothesis is corroborated by the microscopic observa-
tions. Figure 2b shows the STM images obtained after
acetophenone deposition at 285 K followed by the image
acquisition at the same temperature. It can be clearly seen that
a new type of surface speciesacetophenone trimersare
populated under these conditions. Two types of trimers were
observed in our study, which are indicated as T1 (Figure 2c)
and T2 (Figure 2d) with T1 exhibiting a flower-shaped form,

while the trimer T2 appears as a hat-shaped species. Note that
the surface species are very mobile at room temperature, which
results in quite noisy STM images. For this reason, the
intramolecular structure of the surface trimers could not be
resolved at the high-temperature conditions. When the surface
was cooled to 115 K, the trimer species appear less noisy
(Figure 2e and 2f); however, it should be kept in mind that the
intermolecular structure observed at low temperature might
deviate from the structure of the trimers under the high-
temperature conditions. The strong shift of the CO
stretching mode in the trimers is in excellent agreement with
the previous spectroscopic observations obtained for the
danthron molecule,40 which is shown in the Figure 3. In this

molecule, the free-standing CO double bond exhibits a
stretching mode at 1680 cm−1, which is typical for carbonyl
compounds. On the other hand, the second carbonyl group
involved in hydrogen bonding with two neighboring hydroxyl
groups shows a strong red shift by 53 cm−1. This observation
obeys the vibrational frequency shift rule discussed above: the
stronger the hydrogen bonding interaction, the stronger the
shift of the CO vibrational band. The very similar frequency
shifts49 cm−1 in this study and 53 cm−1 for the CO bond
involved in hydrogen bonding with two hydroxyl groups in
danthronadditionally support the assignment of the vibra-
tional peak at 1634 cm−1 to the stretching vibration of the
carbonyl group involved into H bonding with two enol
molecules. The schematic representation of the possible trimer
structures based on both the spectroscopic and the micro-
scopic information is shown in Figure 2g and 2h.
Previously, formation of acetophenone oligomers was

reported by Demers-Carpentier et al.41 at room temperature,
who hypothesized formation of trimers consisting of solely
enol molecules based on the STM and HREELS results. The
most intense vibrational band at 1640 cm−1 observed in their
study was assigned to a CC stretching vibration of enol
species, which is, however, quite unlikely as this bond exhibits
a small dynamic dipole moment resulting in low-intensity
bands as compared to the CO and C−O vibrations. Taking
into account the highest intensity of the vibration at 1640 cm−1

and lower resolution of HREELS, we hypothesize that this
band might be rather related to CO stretching vibration
involved into hydrogen bonding with two enol molecules.
Thus, two types of surface species containing enols were

observed in our study at Pt(111) at room temperature: (i)
ketone−enol−enol trimers, characterized by the vibrational
modes at 1634 and 1203 cm−1, which are related to the double

Figure 3. Molecular structure of danthron molecule. Vibrational
frequencies of a free-standing and double H-bonded CO group are
given as numbers on the right.40
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hydrogen-bonded CO bond in the ketone form of
acetophenone and the C−O single bonds in two enol
molecules, correspondingly, and (ii) ketone−enol dimers
exhibiting the bands at 1663 and 1203 cm−1, related to the
hydrogen-bonded carbonyl of the ketone and the C−O
vibration of a single enol molecule, respectively. No ketone−
ketone dimers or monomers are present above 240 K on the
surface as evidenced by the missing band at 1683 cm−1 related
to these mostly unperturbed surface species.
It should be emphasized that we obtained spectroscopic

evidence that a single ketone molecule is able to stabilize
multiple enol molecules on surfaces: the phenomenon, which
is to the best of our knowledge not known for single carbonyl
compounds for the liquid and gas phase. This phenomenon
can be potentially based on different surface-related effects
including (i) kinetic effects, i.e., the decrease of the energy
barrier for the intramolecular H transfer from the CH3 to the
carbonyl group to form enol and/or (ii) energetic stabilization
of the otherwise unstable enol form via formation of trimer
species (or dimers as observed in the lower temperature range)
through hydrogen bonding between O−H and CO groups
of the enol and ketone species, correspondingly.
The reduction of the energy barrier for intramolecular

hydrogen transfer can potentially arise for two reasons: first,
the interaction with the underlying metal might strongly
weaken the C−H bond of the methyl group so that hydrogen
can be easier transferred to the carbonyl group. A similar effect
was previously reported, e.g., for alkanes adsorbed on transition
metals as evidenced by appearance of soft C−H stretching
vibrational modes in IR spectra,42−44 which, however, were not
observed in this study. Second, the activation barrier might be
potentially reduced due to the formation of oligomer species
(trimers or dimers) interacting via hydrogen bonding, as it was
recently demonstrated, e.g., for the gaseous dimers of β-
cyclohexandione45 and cyclopentanone.46 In such concerted
process, high energy costs for H transfer to the carbonyl group
is compensated by simultaneous establishing strong hydrogen
bonding between an OH group of the enol and the CO
group of the ketone. In this case, the surface can provide
adjacent adsorption sites enabling oligomer formation and by
this assisting the keto−enol tautomerization process.
The next feasible phenomenonenergetic stabilization of

the enol species by H bonding in an oligomeris related to
the fact that the enol form is usually energetically less favorable
than the ketone one.21 However, the interaction between the
carbonyl group of the ketone and the OH group of the enol
can potentially stabilize the latter species on the surface via
strong hydrogen bonding. In this scenario, the surface also acts
as a support providing adjacent adsorption sites.
It should be pointed out that all three mechanisms might

potentially contribute to the formation and/or stabilization of
the enol species on the surface. Even though the degree of their
contributions to the overall process is not clear so far, it can be
quite reliably claimed that at least one of the mechanisms
related to dimer/trimer formation must be acting since the
enol form was observed spectroscopically only if oligomers
were present on the surface.
In order to obtain more insights into the formation

mechanisms of dimer and trimer species, we performed
spectroscopic studies systematically varying the temperature
in the range from 115 to 280 K. The corresponding IR spectra
related to the coverages close to saturation are shown in the
Figure 4. At the lowest temperature (115 K), only the band at

1683 cm−1 can be observed, which is related to the CO
stretching vibrational frequency of a nearly unperturbed
molecule. At this temperature acetophenone is present on
the surface only as monomer species as evidenced by STM
(not shown). Starting from 136 to 190 K, two new bands
evolveat 1663 cm−1, which appears first as a shoulder, and at
1203 cm−1pointing to formation of ketone−enol dimers.
These bands gain in absolute and relative intensity with
increasing temperature and become the most prominent
vibrational peaks in the temperature range 200−240 K. It
should be noted that at least up to 200 K not only ketone−
enol dimers but also ketone−ketone dimers are present on the
surface as seen by STM and IRAS (see Figure 1). In the
temperature range 240−280 K, the vibrational band at 1634
cm−1 evolves pointing to the formation of the ketone−enol−
enol trimers, which coexist with the ketone−enol dimers as
suggested both by IRAS and by STM.
On the basis of the strong temperature dependence

observed for the evolution of the ketone−enol(s) dimers and
trimers on Pt surface and taking into account the above
discussion on the possible mechanisms of the ketone−enol(s)
oligomer formation, it can be concluded that the kinetic effects
play most likely the major role in this process. Obviously, a
kinetic barrier for hydrogen transfer to form the enol species
must be overcome in the reaction of keto−enol tautomeriza-
tion. This becomes possible above ca. 136 K (as evidenced by
IRAS) to form the first enol molecule involved in a ketone−
enol dimer and at around 280 K to form the second enol
molecule accommodated in a ketone−enol−enol trimer. This
significant difference in the activation barriers for the
formation of the first and second enols involved in a dimer
or trimer, correspondingly, indicates that keto−enol tautome-
rization occurs most likely in a concerted process within a
complex of molecules (dimers or trimers) and not in an
individual acetophenone monomer adsorbed on the surface. If
the opposite were true and the rate-limiting step (i.e.,

Figure 4. IR spectra of acetophenone adsorbed on Pt(111) at the
temperatures indicated at the right side. Only the CO and C−O
stretching regions are shown. All spectra were obtained at
submonolayer coverages after acetophenone exposures of 2.3 × 1015

(115 K), 3.8 × 1014 (136 K), 1.0 × 1016 (190 K), 6.5 × 1014 (200 K),
4.0 × 1014 (240 K), and 9.0 × 1014 (280 K) molecules·cm−2.
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exhibiting the highest activation barrier) of the overall process
would be keto−enol tautomerization in the adsorbed
monomer species followed by an easier (i.e., considerably
less activated) attachment of the formed enol to the carbonyl
group of the ketone, very similar activation barriers for dimers
and trimers formation can be expected, which strongly
contradicts the experimental observation. On the contrary,
the concerted process suggests formation of a surface dimer
(trimer), in which high energy costs for H transfer from the
methyl to the carbonyl group are compensated by simulta-
neous formation of hydrogen bonds between an OH group of
the enol and the CO group of the ketone. In this case,
different activation energies can be expected for dimer and
trimer formation since significantly different reacting species
are involved in the concerted tautomerization process: two
individual monomer species for ketone−enol dimer formation
vs dimer and monomer species for building a ketone−enol−
enol trimer. In the latter process, formation of a trimer can be
expected to have a higher overall activation barrier since the
formation of a second hydrogen bondbetween a second enol
and a carbonyl group of the ketone−enol dimermight
compensate for the barrier for hydrogen transfer most likely
only to a low extent since the CO bond is already involved
in H bonding with the first enol molecule. In contrast,
formation of ketone−enol dimer involves strong hydrogen
bonding of the enol to a nonbonded carbonyl group, which can
compensate for the energy barrier for H transfer to a greater
extent and therefore might result in a lower apparent activation
energy.
It should be pointed out that at all investigated temperatures

the enol form of acetophenone was observed always as a
complex with a ketone moleculeeither in a dimer or in a
trimer. Individually adsorbed enol species were detected
neither by IRAS nor by STM at all investigated reaction
conditions, suggesting that the enol form can be present on the
surface only if stabilized via hydrogen bonding with the
carbonyl group of the ketone species. Thus, two phenomena
might be considered as being most likely responsible for enol
evolution on Pt: (i) formation of the enol species in the
concerted process within a dimer (trimer) complex and (ii)
energetic stabilization of the enol form of acetophenone via H
bonding between the OH group(s) of the enol(s) and the
carbonyl group of the ketone.

■ CONCLUSIONS
In summary, formation of acetophenone oligomersdimers
and trimerswas observed on Pt(111) in a broad range of
temperature conditions by STM. The spectroscopic studies
performed by IRAS on these oligomer-containing surfaces
revealed the chemical structure of the adsorbed species. The
trimer species most likely consist of one ketone molecule
attached to two enol molecules via hydrogen bonding between
the carbonyl group of the ketone and the OH groups of the
enols. This strong interaction between the carbonyl group and
two hydroxyl groups results in a pronounced characteristic
frequency shift of the CO bond by 49 cm−1. Additionally,
two types of dimer speciesketone−ketone and ketone−enol
dimerswere detected. A strong temperature dependence of
dimers and trimers formation was observed in this study,
providing atomistic-level details on the surface-assisted keto−
enol tautomerization process. Most likely, hydrogen transfer
from the methyl group to the carbonyl group to produce enol
is the rate-limiting step, which might occur in a concerted way

within a complex of either two or three acetophenone
molecules. In this process, the energy barrier for hydrogen
transfer can be potentially compensated by simultaneous
formation of a hydrogen bond between the OH group of the
enol and the carbonyl group of the ketone. Importantly, enol
species were detected only as a part of dimers or trimers,
suggesting that energetic stabilization of the normally less
stable enol form of acetophenone via hydrogen bonding with a
ketone molecule plays an important role in the overall process.
One of the most important results of this study is obtaining
clear microscopic and spectroscopic evidence that one ketone
molecule can participate in formation and energetic stabiliza-
tion of more than one enol molecule via multiple hydrogen
bonding. This type of interaction might be utilized for
purposeful functionalization of catalytic surfaces with carbon-
yl-containing species, which can promote formation and
stabilize multiple enols per single carbonyl group. These
types of surfaces are envisaged to have a high potential for
enabling a low-barrier hydrogenation route of carbonyl
compounds relying on keto−enol tautomerization as a first
step followed by low-barrier hydrogenation of the CC bond.
The results of this study provide important atomistic-level
insights contributing to rational design of such type of
functionalized catalytic surfaces.
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Schröder, Jann Weber, Ann-Katrin Baumann,
Swetlana Schauermann

DOI: 10.1021/acs.jpcc.9b10181

Submitted: 30.10.2019

Accepted: 12.11.2019

Contribution: IRAS measurements, scientific discussions,
preparation of parts of the manuscript

Copyright: Reprinted with permission from JPC C from
Ref.[ 238]. Copyright 2020 American Chemical
Society.

8 Reprints of Publications186

https://doi.org/10.1021/acs.jpcc.9b10181


Keto−Enol Tautomerization as a First Step in Hydrogenation of
Carbonyl Compounds
Smadar Attia, Marvin C. Schmidt, Carsten Schröder, Jann Weber, Ann-Katrin Baumann,
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ABSTRACT: Keto−enol tautomerization of carbonyl compounds to their enol
form is theoretically predicted to enable a low-barrier pathway for hydrogenation
of normally very stable CO bond. In the scope of this anticipated mechanism,
the reaction can proceed via two consecutive steps, including the formation of
enol followed by an H insertion into the enolic CC bond, and exhibits a lower
activation barrier than the direct H insertion into the carbonyl group. Here, we
present an experimental study on atomistic level details of hydrogenation of a
simple carbonyl compound acetophenone over Pt(111) providing experimental
evidence that keto−enol tautomerization plays a crucial role in this reaction. By
employing a combination of spectroscopic and imaging techniques, we show that
acetophenone forms ketone−enol dimers, in which the normally unstable form of
enol is stabilized by H-bonding with the carbonyl group of the neighboring
acetophenone molecule. These ketone−enol dimers can attach an H atom to form
a reaction intermediate consisting of a partly hydrogenated acetophenone species and nonhydrogenated acetophenone. Based
on the spectroscopic assignment of the reaction intermediate, we conclude that H atom can be attached either to the CC
bond of the enol part, or to the strongly weakened CO bond of the ketone part of the ketone−enol dimer. In both cases, the
formation of ketone−enol dimer species was found to be a crucial step in acetophenone hydrogenation. Observed phenomena
provide atomistic level insights into the mechanisms of heterogeneously catalyzed hydrogenation of simple carbonyl compounds
and can be employed for purposeful modification of catalysts with functional groups capable of stabilizing the enol species.

■ INTRODUCTION

Heterogeneously catalyzed hydrogenation of carbonyl com-
pounds is an important step for many technically relevant
applications, such as aldol condensation, enantioselective
hydrogenation of ketoesters, selective hydrogenation of
unsaturated ketones, and others.1,2 Despite the significance
of this process, the mechanistic aspects of CO bond
hydrogenation are poorly understood and were addressed only
in a limited number of microscopic level studies.3−7 Generally,
this class of reactions is highly challenging since it requires the
activation of a normally very stable CO bond for further
chemical transformations with hydrogen and hence relies on
the catalytic materials capable of effective weakening of the
carbonyl bond.
Recently, an alternative low-barrier mechanism for hydro-

genation of carbonyl compounds was suggested in a number of
theoretical studies, which involves keto−enol tautomerization
as a first step.8−11 In the scope of this mechanism, the H atom
attached to the neighboring α-carbon transfers to the oxygen
atom of the carbonyl group in an intramolecular process to
form a C−O(H) single bond. Simultaneously, a CC double
bond is formed on the neighboring α-carbon thus producing
the enol species. According to the theoretical predictions, the
activation barrier to hydrogenate the CC bond in enol can
be significantly lower than the activation barrier for direct

hydrogenation of the CO bond for different classes of
mono- and dicarbonyl compounds.8−11 Thus, the overall
process might proceed via two consecutive steps involving
keto−enol tautomerization followed by hydrogenation of the
CC bond with both of them exhibiting lower energy barriers
than the direct hydrogenation of the carbonyl group. This
scenario would result in an alternative low-barrier hydro-
genation pathway and was frequently discussed as a
conceivable mechanism for hydrogenation of carbonyl
compounds over powdered catalytic materials.12−14 However,
the experimental confirmation of this mechanistic picture and a
detailed understanding of the individual elementary steps
involved are largely missing.
The major problem of this mechanism is related to the

instability of enol species that, even if formed, would readily
convert to normally more stable ketone form.15 In our recent
studies on acetophenone interaction with Pt(111), we
demonstrated that the enol species can be produced on this
surface. However, they exist only in the form of ketone−enol
dimers16 or ketone−enol−enol trimers17 (Supporting In-
formation), in which strong hydrogen bonding between the
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OH group of the enol and the CO group of the ketone
ensures stabilization of the enol species. The stabilization
mechanisms of enols on surfaces in the form of dimers and
trimers found in these studies are similar to those previously
described for chelated ketone/enol tautomers in diketones and
ketoesters in the gas phase and solutions.18−23

Despite this recent progress in the understanding of the
stabilization mechanisms of adsorbed enol species, no
experimental evidence of the involvement of enols into the
low-barrier hydrogenation pathway of carbonyl compounds
was reported so far. To address this issue, we performed a
mechanistic study on hydrogenation of acetophenone over
well-defined Pt(111) surface in a broad range of temperature
and coverage conditions. We employed a unique combination
of surface sensitive techniques including infrared reflection
absorption spectroscopy (IRAS), scanning tunneling micros-
copy (STM), and molecular beam techniques, allowing to
address the chemical nature of the surface species and to
obtain the real-space information on the intermolecular
interactions between the individual molecules. We demon-
strate that the formation and stabilization of enol species are
strongly dependent on the presence of two different types of
adsorbed hydrogen species, weakly bound β1 and strongly
bound β2, on the Pt surface reported in earlier studies.24 When
both H species are present, no formation of ketone−enol
dimers could be observed, neither spectroscopically nor by
imaging techniques. However, if the weakly bound β1-H is
selectively removed and only strongly bound β2-H remains on
the surface, acetophenone forms ketone−enol dimers, as well
as a second type of surface species is formed, which can be
spectroscopically assigned to partly hydrogenated form of
acetophenone involved in a dimer with the second
acetophenone molecule. These observations indicate that (i)
the weakly bound β1-H species prevent the formation and/or
stabilization of enol form of acetophenone, while ketone−enol
species can be formed in the presence of strongly bound β2-H;
(ii) the first hydrogenation step involves ketone−enol dimer
species, suggesting that keto−enol tautomerization plays
indeed an important role in opening up a low-barrier
hydrogenation pathway of carbonyl compounds. The spec-
troscopically derived reaction intermediates suggest two
feasible mechanisms that might be responsible for dimer-
induced hydrogenation: (i) formation of the CC bond in the
enol part of the dimer, which might exhibit a lower activation
barrier for hydrogenation according to theoretical predic-
tions,8−11 and (ii) weakening of the CO bond in the ketone
part of the dimer due to the strong interaction with the acidic
hydrogen of the OH group of the enol, which might potentially
result in easier H insertion into this highly perturbed carbonyl
group.
Obtained atomistic level details on partial hydrogenation of

carbonyl compounds provide important insights into the
mechanisms of this technologically highly relevant class of
reactions. Related phenomena can be employed for controlling
keto−enol tautomerization of single carbonyl compounds to
enable their low-barrier chemical transformations via e.g.,
controllable surface functionalization with carbonyl-containing
ligands capable of effective stabilization of enol form of ketones
and aldehydes.

■ RESULTS AND DISCUSSION
To investigate adsorption and reactivity of acetophenone on
Pt(111), we employed a combination of molecular beam

techniques, IRAS and STM to obtain detailed information on
the nature of the adsorbed surface species and their spatial
distribution under the isothermal reaction relevant conditions.
Previously, we detected the formation of surface ketone−enol
dimers16 and ketone−enol−enol trimers17 on this surface.
Figure 1 summarizes the most important observations of this

study, which are relevant for further discussion. Figure 1a
shows the STM image of acetophenone adsorbed on Pt(111)
at 200 K. The majority of the adsorbed molecules (84%) are
agglomerated into dimer species of two different types: (i) the
more abundant symmetric D1 species, consisting of two
identical protrusions with a brighter and darker areas (Figure
1b) and (ii) the less abundant asymmetric D2 dimer (Figure
1c). In the latter species, one half exhibits the same contrast as
half of the dimer D1 (combining the brighter and the darker
area), while the second half is lacking this structure. A small
fraction (16%) of adsorbed species appear as monomers and
imaged as a protrusion with a bright spot and a darker area
identical to the half of the symmetric dimer D1.
To identify the chemical structure of the adsorbed species,

IR spectra were obtained at the submonolayer coverages
(Figure 1d, spectra (2) and (3)) and at multilayer coverages
(Figure 1d, spectrum (1)), with the latter serving as a reference
for unperturbed acetophenone species. Most of the vibrational
bands observed at submonolayer coverages can be found in the
spectrum of acetophenone ice with the most prominent band
at 1683 cm−1, which is related to the CO stretching
vibration in unperturbed acetophenone.25 There are, however,

Figure 1. (a) STM image of acetophenone on pristine Pt(111)
(exposure at 200 K; acquisition temperature 115 K; 1 V, 0.29 nA, 15
× 15 nm2); (b) and (c) close-up images of two types of dimers (D1
and D2); on the right the suggested structures of the ketone−ketone
(D1) and ketone−enol (D2) dimers are displayed. (d) (1): IR
spectrum of acetophenone multilayers obtained at 156 K, (2, 3): IR
spectra of acetophenone adsorbed on pristine Pt(111) at different
submonolayer coverages obtained at 170 K.
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two new bands, appearing at the submonolayer coverages
(marked with blue lines in the Figure 1d): the band at 1203
cm−1, which is related to a single C−O bond in enol species,
and the band at 1663 cm−1, which was assigned to the CO
bond involved in hydrogen bonding with strongly acidic
hydrogen and therefore vibrationally red shifted by 20 cm−1

from the unperturbed value.21,26−28 Based on the observed
strong correlation in the appearance and coverage-dependence
of these two bands as well as the microscopic observation that
most of the adsorbed molecules are agglomerated in dimers in
this temperature range, we concluded that an adsorbed
ketone−enol dimer species is formed, in which the enol part
of the dimer is stabilized by strong H-bonding between the
OH group of the enol and the carbonyl group of the ketone
molecules.16 This assignment was additionally confirmed by
obtaining IR spectra for isotopically labeled 13C acetophe-
none.16 Note that the frequency shift of the H-bonded
carbonyls is generally accepted to obey the following
trend:29,30 the higher is the acidity of the donor (in this case
H−O group), the larger is the frequency shift of the acceptor
(−CO group). Thus, the frequency shifts of the CO
group are expected to be the highest when it interacts with the
OH group and significantly low when it is hydrogen-bonded to
e.g., an H of a methyl group. The suggested structure of the
ketone−enol dimer is shown in Figure 1 (right). The ketone−
enol dimer is most likely related to the asymmetric dimer
species D2 imaged by STM (Figure 1c) and is characterized by
a unique combination of the vibrational bands at 1203 and
1663 cm−1. The other type of dimer − D1 − was assigned to a
combination of two ketone molecules, which are connected via
H-bonding between a carbonyl group of one molecule and the
nonacidic H of the methyl group of the other molecule. In this
case, no or very small vibrational shift of the CO bond from
the unperturbed value (1683 cm−1) is expected due to the low
acidity of methyl-H,29,30 which is observed experimentally. A
more detailed discussion on the assignment of different types
of dimers can be found elsewhere.16

It should be noted that the formation of ketone−enol dimers
exhibits a strong temperature dependence: with increasing
temperature the fraction of the ketone−enol dimers grows and
at the temperature 240 K only ketone−enol dimers are
spectroscopically observed17 (see also Figure S1 in the
Supporting Information). Additionally, the third type of
acetophenone oligomers appears above 280 K, in which one
carbonyl group of the ketone form of acetophenone is
connected to two OH groups of the enols. This interaction
results in a further frequency shift of the H-bonded CO
vibration to 1634 cm−1.
To obtain more atomistic level insights into initial steps of

acetophenone hydrogenation on Pt(111), its adsorption and
reactivity behavior were investigated on H-precovered Pt(111)
surface. Previously, H adsorption on the Pt(111) surface was
comprehensively studied by temperature-programmed desorp-
tion (TPD); the review by Christmann24,31 summarizes the
most important conclusions of this study. Briefly, H forms two
distinct states on Pt (111) − the weakly bound β1-H state,
exhibiting the maximum of the desorption rate at about 225 K,
and the strongly bound β2-H state, desorbing at approximately
325 K.
To understand how the nature of adsorbed hydrogen affects

the adsorption and reactivity behavior of acetophenone,
coadsorption of these species was studies on two types of
surfaces: (i) Pt containing both β1- and β2-H states and (ii) Pt

precovered with the β2-H only. The latter surface was
produced by H adsorption at 150 K, at which both states are
populated, followed by heating the surface to 240 K, at which
the weakly bound β1-H desorbs, while the stronger bound β2-
H remains on the surface.
Figure 2 shows the results of STM and IRAS studies carried

out on H-precovered Pt(111) in the temperature range 190−

200 K, in which both β1- and β2-H states are populated. It can
be clearly seen that the majority of the surface species on this
surface are monomers, which appear as elongated protrusions
with a bright spot (Figure 2b−d), similar to those observed on
the pristine Pt surface. In line with this observation, the
vibrational spectra exhibit only the vibrational features
characteristic for unperturbed acetophenone in the ketone
form with the most prominent band at 1683 cm−1 related to a
CO bond (Figure 2a). Both vibrational features character-
istic for ketone−enol dimer (1203 and 1663 cm−1) are absent
on the H-precovered surface suggesting the inhibition of dimer
formation by coadsorbed hydrogen.
There are several reasons that can be invoked as a possible

explanation of this phenomenon. First, the formation of any
kind of dimerseither ketone−enol or ketone−ketone ones
 requires the formation of hydrogen bonds between the
carbonyl group of the ketone and a hydrogen atom of the
neighboring molecule, incorporated either into the OH group
in case of ketone−enol or into the CH3 group in case of
ketone−ketone species. If H is present on the surface, it might
interact with the carbonyl groups via a bond similar to
hydrogen bonding thus preventing hydrogen bonding between

Figure 2. (a) IR spectra of acetophenone obtained on pristine (grey
lines) and D-precovered (black lines) Pt(111) at different
submonolayer coverages at 200 K. Acetophenone exposure (grey
lines) (1) 1.7 × 1014 molecules cm−2, (2) 2.1 × 1014 molecules cm−2,
(3) 6.5 × 1014 molecules cm−2, and (4) 1.2 × 1015 molecules cm−2;
(black lines) (1) (1) 3.1 × 1014 molecules cm−2, (2) 5.8 × 1014

molecules cm−2, (3) 2.0 × 1015 molecules cm−2, and (4) 3.9 × 1015

molecules cm−2; (b−d) STM image of acetophenone adsorbed at H-
precovered Pt(111) (H2 exposure at 150 K; acetophenone exposure
at 190 K; acquisition temperature 115 K, 1 V, 0.29 nA, (b): 23 × 23
nm2).
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neighboring molecules. Second, the formation of ketone−enol
species relies on H transfer from the CH3group to the O atom
of the carbonyl group to form the enol part of the dimer. This
process might require considerable perturbation of the
molecule’s electronic structure by the underlying metal,
which might occur effectively on pristine Pt(111) but be
hindered on the H-containing surface as a result of weaker
interaction between acetophenone and H-precovered Pt. In
this case, the inhibition of intramolecular H transfer in
acetophenone by coadsorbed H can be a potential reason for
missing ketone−enol dimer formation. It should be noted,
however, that the second phenomenon might explain the
missing ketone−enol dimer formation but not the fact that the
ketone−ketone dimers are also not formed. For this reason, the
first explanation based on hindered intermolecular hydrogen
bonding due to competition with adsorbed hydrogen seems to
be a more likely scenario as it could account for the lack of the
formation of both types of dimers.
In the next step, the surface containing only one type of

hydrogenstrongly bound β2-H specieswas investigated
with respect to the interaction with acetophenone. Figure 3a
shows the comparison of the vibrational spectra obtained on
this surface at 240 K with those recorded at the same
temperature on pristine Pt(111). Note that on the pristine
Pt(111) surface only ketone−enol dimers are populated at 240
K as evidenced by the presence of the bands at 1203 and 1663
cm−1 and the absence of the band at 1683 cm−1 (black lines,
see also Figure S1). The STM image obtained on β2-H-
containing Pt(111) is displayed in Figure 3b−d. It can be
clearly seen that acetophenone dimers are formed on this
surface again and the absolute majority of the adsorbates is
accommodated in dimer species. The IR spectra reveal the
formation of ketone−enol dimers on the β2-H-covered surface
as evidenced by the presence of the vibrational bands at 1203
and 1663 cm−1. Importantly, a new and very prominent band
at 1036 cm−1 appears on this surface, which is present neither

on the pristine Pt(111) surface nor on the surface containing a
combination of β1- and β2-H species. The intensity of this band
is comparable to the intensity of the C−O single bond in the
ketone−enol dimers (1203 cm−1) suggesting that noticeable
amounts of the new species are formed. The vibrational range
1000−1200 cm−1 is typical for a single C−O bond, which was
reported for gaseous species and a number of oxygenates on
different surfaces.32−34 Note that the frequency of the new
band is approximately 150 cm−1 lower than the frequency of
1203 cm−1 found ketone−enol dimers, suggesting that the
chemical environment of this bond strongly differs from that
one existing in the enol form. One of the most likely
explanations for this strong frequency shift could be the fact
that the C atom connected to O is not involved in the CC
double bond on the other side as in the case of enol species.
Indeed, typical C−O vibrational frequencies in saturated
alcohols lie in the range 1000−1150 cm−1.32 More specifically,
the C−O(H) bond in the nondissociated form of 1-
phenylethanolthe hydrogenation product of acetophe-
noneexhibits a vibrational frequency at 1082 cm−1,35

which is close to our experimentally observed value of 1036
cm−1. Concomitantly with the appearance of a new C−O
single bond, a strong vibrational band evolves at 2892 cm−1,
which is typically assigned to C−H stretching vibrations in
methyl (−CH3) or methylene-bridge (−CH2−) groups5,34 and
nearly coincides with the C−H stretching frequency of the
methyl group in 1-phenylethanol (2886 cm−1).35 Importantly,
this frequency is typical for C−H vibrations with C atom being
involved in the C−C single bond. In contrast, if the C atom
would be involved in the CC double bond, the C−H
stretching vibration would appear at significantly higher
frequencies in the range 2960−3060 cm−1.5

Simultaneous evolution of new intense vibrational bands
related to (i) C−O single bond and (ii) C−H single bonds
with C atom not being involved into the CC double bond
strongly suggests the formation of a new type of surface

Figure 3. (a) IR spectra of acetophenone adsorbed on pristine (black lines) and D-precovered (grey lines) Pt(111) obtained at 240 K at different
submonolayer coverages. Acetophenone exposure: (1) 4.0 × 1014 molecules cm−2, (3) 5.4 × 1014 molecules cm−2; (black lines), (2) 2.7 × 1014

molecules cm−2, and (4) 4.0 × 1014 molecules cm−2; (b−e) STM image of acetophenone adsorbed at H-precovered Pt(111) (H2 exposure at 150 K
followed by heating to 240 K; acetophenone exposure at 240 K; acquisition temperature 115 K, 1 V, 0.29 nA, (b): 30 × 30 nm2).
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species, which most likely originates from partial hydro-
genation of acetophenone with one H atom. It should be
emphasized that the formation of hydrogenated species occurs
in the temperature regime, where the absolute majority of the
adsorbates is associated to dimers. Thus, at 240 K the pristine
Pt(111) surface contains only ketone−enol dimers but no
ketone−ketone dimers or monomers since the bands at 1203
and 1663 cm−1 are observed, while the band at 1683 cm−1 is
not present. At β2-H-containing surface, a fraction of these
dimers is still present in the ketone−enol form according to
spectroscopic observations, while the rest of the dimers
roughly a similar amount as judged by the similar intensities of
two C−O single bonds (1203 vs 1036 cm−1)undergoes
partial hydrogenation forming H-bonded dimer species
consisting of one half-hydrogenated acetophenone molecule
and one original acetophenone. It should be pointed out that
since the reactantsthe ketone−enol dimersand the
productsthe partly hydrogenated acetophenone forming a
dimer with the original acetophenone moleculeare found on
the surface only in the form of dimers, the hydrogenation step
occurs most likely in dimers and not in monomers. Note that
the conclusion on the partial hydrogenation of the surface
species was deduced from the new spectroscopic signature
appearing in the infrared spectra shown in Figure 3a and not
from the STM images. The possible full hydrogenation
product1-phenylethanolwas not observed in the gas
phase, most likely due to two reasons: (1) the second half-
hydrogenation step might require higher reaction temperatures
and (2) the detection of the product might be difficult in view
of the fact that such heavy molecules as 1-phenylethanol stick
to the chamber walls and cannot desorb to eventually reach the
mass spectrometer.
Based on the spectroscopic observations, the new species

contains a C−O single bond and the C−H bonds with C atom
not being involved in the CC double bond. If this scenario is
true, there are two possible reaction mechanisms resulting in
the partially hydrogenated product, which is consistent with all
spectroscopic and microscopic observations: (1) H insertion
into the CC bond of the enol molecule and (2) H insertion
into the CO bond of the ketone molecule, which is involved
into H bonding with OH group of enol. Figure 4 shows the
feasible reaction mechanisms that can potentially result in the
observed product. Note that H-bonding between two halves of
the product dimer should be possible in order to ensure the
stability of the newly formed dimer species under the reaction
conditions.
Insertion of H into the CC bond of enol can occur along

two pathways: (i) if H attaches to the C(2) atom, a methyl
group is formed, while the C(1) atom becomes connected to
Pt (Figure 4, species A) and (ii) if H connects to C(1) atom, a
−CH2− bridge group is produced with C(2) being attached to
the surface (Figure 4, species B). Both possible species should
generally produce a similar spectroscopic pattern consistent
with the spectroscopic observations. However, the species A
seems to be more likely as its structure better explains the
strong downward shift of the C−O single bond observed
experimentally. If the involved carbon C(1) is directly attached
to the metal, the reduced mass of the C−O entity strongly
increases, which should result in a noticeable decrease of the
related vibrational frequency.36 Also, the newly formed CH3
group of the species A should have high flexibility with respect
to the surface so that it can principally attain a close-to-upright
configuration with respect to the surface resulting in the high

intensity of the C−H stretching vibrations in accordance with
the metal surface selection rule (MSSR).36 In species B, the
C−H vibrations of the methylene-bridge group, in which a
C(2) atom is connected to Pt, are expected to be more parallel
to the underlying metal surface and therefore to exhibit low or
no intensity in this vibrational region.
The ketone part of the ketone−enol dimer can be principally

hydrogenated on the CO bondeither at the O or C(3)
positionproducing either Pt−C(3)−OH entity (species C in
Figure 4) or −HC(3)−O−Pt entity (not shown). In both
cases, the carbonyl group of the ketone molecule will not be
available for H-bonding with the neighboring molecule
anymore and the dimers should fall apart. At this stage, the
enol form of the original dimer can possibly transfer back to
ketone and build a dimer with the newly formed Pt−C(3)−
OH entity to form the species C. Note that the species C is
identical to the species A and its structure is also consistent
with the experimental observations. In contrast, the formation
of the −HC(3)−O−Pt entity can be excluded as in this case
the molecule has no possibility to form H-bonded dimers
(between the CO and HO− groups) and should appear as a
monomer on the surface, which contradicts the experimental
observations.
In both discussed cases, the dimer consisting of one ketone

and one partly hydrogenated molecule containing an OH-
group is produced; however, it cannot be unambiguously
deduced from our experimental observations if the H atom is
inserted into the CC double bond of the enol form or into
the H-bonded CO bond of the ketone form. H insertion
into the enol form of acetophenone seems to be more likely
based both on the theoretical predictions and frequently
experimentally observed easier hydrogenation of olefins.
However, the electronic structure perturbation of the CO
bond via H-bonding with the neighboring HO− group can be
quite substantial, as indicated by the strong red shift of the
carbonyl frequency from 1683 to 1663 cm−1 upon H-bonding
with enol. This strong interaction between acidic hydrogen of
the enol and the carbonyl group of the ketone part of the

Figure 4. Proposed reaction mechanisms leading to H insertion into
the ketone−enol dimer on Pt(111) surface.
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dimer weakens the CO bond quite significantly and with this
can potentially lower the activation barrier for H insertion into
the carbonyl group. Thus, both mechanisms can potentially
lead to the spectroscopically observed reaction intermediates.
It should be pointed out, however, that the formation of

ketone−enol dimers appears to be crucial for the first
hydrogenation step in this reaction as both the reactants
(ketone−enol dimers) and the products (dimers consisting of
a ketone and partly hydrogenated acetophenone) are present
on the surface in the dimer form. The mechanisms described
above can be enabled only via dimer formation: (i) either due
to the formation and stabilization of the CC bond, which
can be hydrogenated with the low activation barrier, or (ii) due
to weakening of the CO bond as a result of strong hydrogen
bonding with the acidic hydrogen of the enol species.

■ CONCLUSIONS

In summary, the mechanisms of acetophenone hydrogenation
were investigated on Pt(111) using a unique combination of
molecular beam techniques, in operando IRAS and STM under
well-defined UHV conditions. The absolute majority of
acetophenone was found to form ketone−enol dimers under
the reaction-relevant conditions, in which one molecule
undergoes keto−enol tautomerization to produce the enol
form, while the other remains present as ketone. The normally
unstable enol form of acetophenone is stabilized on the surface
by strong hydrogen bonding between the OH group of the
enol and the CO group of the ketone. We show that the
target processhydrogenation of the carbonyl groupoccurs
in the ketone−enol dimers and results in the formation of a
partly hydrogenated acetophenone species attached via
hydrogen bonding to the second acetophenone molecule.
This observation suggests that dimers are preserved during the
hydrogenation process. The spectroscopically derived reaction
intermediates suggest that two possible mechanisms can be
responsible for dimer-induced hydrogenation of the carbonyl
group: (i) formation of the CC bond in the enol part of the
dimer, which might exhibit a lower activation barrier for
hydrogenation according to theoretical predictions, and (ii)
weakening of the CO bond in the ketone part of the dimer
due to the strong interaction with the acidic hydrogen of enol,
which might potentially result in easier H insertion into this
highly perturbed carbonyl group. The formation of ketone−
enol dimers was found to crucially depend on the presence of
different hydrogen species that can be populated on the Pt
surface. While weakly bound β1-H prevents the formation of
dimers, most likely due to competition for H-bonding with the
carbonyl groups, strongly bound β2-H does not exhibit such an
effect and participates in the hydrogenation of acetophenone
dimers.
Obtained mechanistic insights into hydrogenation of

carbonyl compounds highlight the exceptional importance of
intermolecular interactions in governing the catalytic activity.
Observed phenomena can be employed for purposeful
functionalization of catalytic surfaces by coadsorption of layers
of functional groups capable of effective stabilization of enol
species to enable low-barrier hydrogenation pathways. Related
effects are expected to play the key role in controlling
hydrogenation of all types of carbonyl compounds and hold
great potential for further development of new powdered
catalysts such as ligand-functionalized catalytic materials.
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ABSTRACT: We present a mechanistic study addressing formation, adsorption
configuration, and stability of acetophenone oligomers on a catalytically active Pt(111)
surface by a combination of scanning tunneling microscopy (STM) and infrared reflected
absorption spectroscopy. Different types of acetophenone dimers and trimers were
observed, with formation and relative distribution strongly depending on the surface
temperature. In a low-temperature range, acetophenone is adsorbed mostly in the form of
monomer species, while with increasing temperature, trans-dimers are formed starting
from about 140 K followed by evolution of cis-dimers as well as symmetric and
asymmetric trimers at 300 K. Spectroscopically, we can distinguish between ketone−ketone and ketone−enol dimers. In the latter
species, the enol form of acetophenone is stabilized via hydrogen bonding to the carbonyl group of the ketone counterpart. Trimers
consist mostly of one ketone molecule interacting via hydrogen bonding with two enol species and can form two different adsorption
configurations on the surfacesymmetric and asymmetric. The ketone−ketone dimers are the predominant species at 170−200 K,
while at 240 K, all dimer adsorbates convert to ketone−enol species. The adsorption configuration of different types of oligomers
with respect to the underlying metal surface was determined with atomic resolution. The stability and mobility of oligomers were
addressed by STM in the low- and high-temperature range. At 115 K, the trans-dimers appear to be immobile on Pt(111), while the
monomers can undergo frustrated rotation of the acetyl group with respect to the phenyl moiety. At 300 K, the transformation of the
trans-dimer to the symmetric trimer by attaching a neighboring acetophenone molecule was observed followed by the rearrangement
to the asymmetric dimer and its disintegration to a trans-dimer and a monomer. The interconversion of the symmetric to the
asymmetric trimer appears to occur as an intramolecular restructuring without losing the integrity of the whole complex.

■ INTRODUCTION

Lateral interactions between hydrocarbon species adsorbed on
catalytically active surfaces might greatly affect their chemical
transformations along competing reaction pathways. There are
a large number of reports on the strongly altered catalytic
activity of transition-metal catalysts induced by coadsorption of
different types of hydrocarbon-based surface modifiers,
including, e.g., chiral adsorbates to trigger asymmetric
hydrogenation catalysis1−4 or adsorbed organic ligands to
induce chemoselective hydrogenation of multi-unsaturated
carbonyl compounds.5−17 In these studies, the efficiency of
heterogeneously catalyzed reactions in terms of activity and
selectivity is controlled via tuning the lateral interactions
between the adsorbed organic modifier and the reactant, which
is typically achieved by varying the chemical nature and
adjusting the adsorption geometry and coverage of the
adsorbed surface ligands. This concept opens up a new
prospect of controllable tuning the catalytic activity and
selectivity of heterogeneously catalyzed transformations of
hydrocarbons, especially those relying on subtle differences in
the activation barriers of competing reactions pathways, which
is otherwise very difficult to control.18 The atomistic-level

understanding of the lateral interaction between different types
of hydrocarbons on catalytically active surfaces is therefore of
crucial importance for developing knowledge-based design of
catalytic materials with tailor-made properties.
Our recent studies on hydrogenation of simple carbonyl

compounds including simple and multi-unsaturated aldehydes
and ketones, such as acetophenone,19−22 isophorone,23−26 and
acrolein,16,17,27−30 over transition-metal surfaces (Pd and Pt)
also demonstrate that lateral interactions between the
neighboring molecules can critically control their adsorption
geometry and induce formation of new reaction intermediates
and alternative catalytic routes, which are not possible in the
absence of adsorbate−adsorbate interactions. Particularly,
acetophenone was shown to form surface dimers and
trimers,19,20 in which at least one molecule undergoes keto−
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enol tautomerism to form the enol form of acetophenone. In
this process, a H atom of the methyl group is transferred to the
CO group of the same molecule to form the C−OH entity
and leaving behind the CC double bond. The enol species,
which is normally highly unstable in the gas phase and readily
converts back to ketone,31 is stabilized on the surface via
formation of a strong hydrogen bond between the HO- group
of enol and the CO group of the ketone form of
acetophenone involved in the ketone−enol dimer.19 The
ketone−enol dimers turned out to be the crucial reaction
intermediate in hydrogenation of the carbonyl bond of
acetophenone.22 This observation is in line with the recent
theoretical predictions on hydrogenation of simple carbonyl
compounds, which suggest that a low-barrier reaction pathway
occurs via two consecutive steps: keto−enol tautomerism
producing a CC bond, which can be easily hydrogenated by
insertion of atomic hydrogen.32−34 This consecutive mecha-
nism was computed to result in a lower activation barrier than
the direct hydrogenation of the carbonyl group for a broad
class of carbonyl compounds.
In view of these striking results demonstrating the crucial

role of dimer formation in hydrogenation of the carbonyl
compounds, it becomes evident that oligomer formation and
stabilization mechanisms of the thermodynamically unstable
enol species need to be understood at the atomistic level.
Currently, only a limited number of studies are available
dealing with the stabilization mechanisms of oligomers
consisting of simple carbonyl compounds on transition-metal
surfaces. McBreen et al.35−37 reported formation of different
types of oligomers, including dimers and trimers, for 2,2,2-
trifluoroacetophenone on Pt(111), which are stabilized via H
bonding between the carbonyl group and a H atom of the
phenyl ring of the adjacent molecule. More recently, formation

of acetophenone dimers and trimers was reported by the same
group38 at room temperature, who hypothesized formation of
both types of oligomers consisting of solely enol molecules.
To address the details of the lateral interactions between

carbonyl compounds, we performed an atomistic-level study
on formation of acetophenone oligomers on a catalytically
active Pt(111) surface under a broad range of temperature and
coverage conditions by employing a combination of STM
(scanning tunneling microscopy) and IRAS (infrared reflection
absorption spectroscopy). Particularly, we show that the
abundance and the relative distribution of different types of
acetophenone dimers and trimers strongly depend on the
surface temperature. In a low-temperature range, oligomer
formation starts with evolution of trans-dimer species above ca.
140 K, which can exist in the form of ketone−ketone or
ketone−enol dimers. At elevated temperatures, new types of
oligomers are formed including cis-dimers as well as two types
of trimers, with the latter species being adsorbed in symmetric
or asymmetric configuration. We report the adsorption
configuration of different types of oligomers with respect to
the underlying metal surface determined with atomic
resolution. The stability and mobility of oligomers were
addressed by STM in the low- and high-temperature range. At
low temperatures, the trans-dimers appear to be immobile on
Pt(111), while the monomers can undergo frustrated rotation
of the acetyl group with respect to the phenyl moiety. Close to
room temperature, the transition between different
oligomersa trans-dimer and monomer to a symmetric trimer
followed by its interconversion to an asymmetric trimer
without losing the integrity of the whole complexwas also
detected as a function of time. The obtained results provide
important atomistic-level insights into the intermolecular
lateral interaction of adsorbed carbonyl compounds.

Figure 1. (a) STM image of acetophenone on pristine Pt(111) (exposure at 200 K, acquisition temperature of 115 K, 1 V, 0.29 nA, 13,1 × 13,1
nm2). (b and c) Close-up images of two types of dimers D1 and D2, respectively, indicating the selected axes. (d and e) Comparison of the line
profiles obtained along the selected axes indicated in (b) and (c) (see text for details). (f) Structure and characteristic distances of acetophenone in
the gas phase (from NIST53). All distances are given in pm.
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■ EXPERIMENTAL SECTION

Sample Preparation. The Pt(111) single crystal (MaTeck
GmbH) was cleaned prior to use in ultrahigh vacuum (UHV)
chambers by repeated cycles of Ar+-ion bombardment at room
temperature followed by annealing at 1150 K and subsequent
oxidation in 1 × 10−7 mbar O2 at 650−750 K to remove
residual carbon. The last step involves the rapid flash of the
sample to 1000 K. Shortly before each experiment, the sample
was flashed to 600 K before cooling to the required
temperature to remove CO adsorbates. The long range order
and cleanliness of the Pt(111) single crystal were examined by
low-energy electron diffraction, Auger electron spectroscopy,
and additionally (in the case of IRAS apparatus) IRAS of
adsorbed CO to probe the abundance of adsorption sites.
STM. The STM measurements were carried out in a UHV

(base pressure better than 1 × 10−10 mbar) apparatus by
employing a variable temperature (90−300 K) Aarhus 150
SPM (SPECS). All measurements were carried out in constant
current mode, and the bias voltage UT was applied to the
sample. The etched W-tip was commercially produced by
SPECS and in situ sharpened by repeated cycles of 3 keV Ar+

bombardment with 5 × 10−6 mbar back pressure for 5 min.
The sharpness of the W-tip was validated on the pristine
Pt(111) surface.
The Pt(111) single crystal was cleaned according to the

cleaning procedure described above. The quality of the sample
was additionally verified by acquiring STM images prior to the
deposition at 293 K. Acetophenone (Sigma-Aldrich, purity of
≥99.5%) was purified prior to the experiments by repeated
freeze−pump−thaw cycles, dosed through an individual gas
doser onto the Pt(111) surface, which was held at various
temperatures ranging from 160 to 300 K, and then transferred
to the STM chamber for measurements.
IRAS. The IRAS experiments were performed in a specially

designed UHV apparatus (base pressure of 2·10−10 mbar)
containing two effusive doubly differentially pumped multi-
channel array sources and a supersonic beam operated at room
temperature.39 IRAS data have been acquired using a vacuum
Fourier transform infrared (FT-IR) spectrometer (Bruker
Vertex 80v) with a spectral resolution of 2 cm−1 and a mid-
infrared polarizer and p-polarized IR light. The spectrometer is
equipped with a narrow-band mercury−cadmium−telluride
detector. IR spectra were acquired at the same surface
temperature that was used for acetophenone deposition
(115−300 K). An automated quadrupole mass spectrometer
system (Hiden, HAL 301/3F) was employed for the
continuous monitoring of the partial pressures of gaseous
species during acetophenone deposition.

■ RESULTS AND DISCUSSION

Adsorption of acetophenone was investigated on a well-defined
Pt(111) surface under UHV conditions in the temperature
range 115−300 K by combination of STM and IRAS.
Acetophenone was dosed either via a dedicated gas doser in
an STM apparatus or via an effusive molecular beam in a
molecular beam/IRAS apparatus at constant flux. Figure 1a
shows the STM image obtained at 115 K after exposure to
acetophenone at 200 K. The acetophenone coverage
corresponds to approximately 4 × 1013 molecules·cm−2.
Three different types of surface adsorbates can be distin-
guished on this surface, which are shown enlarged in the close-
up images on the right: monomers (M), symmetric trans-

dimers (D1), and asymmetric trans-dimers (D2). Here, the
term “trans” is related to the relative position of the individual
molecules, which are situated at the opposite sides of the axes
Aacet‑acet (Figure 1b) and Aacet‑enol (Figure 1c) connecting the
smaller protrusions, i.e., the interacting parts of the molecules.
The more abundant symmetric trans-dimer D1 consists of two
identical protrusions, each enclosing a brighter and darker area
(Figure 1b). The brighter area appears as a small spot, while
the darker area is somewhat larger in size. These identical
molecular species are connected to each other via the
functional groups appearing brighter in STM, particularly
acetyl groups, as shown previously based on a combination of
spectroscopic and microscopic observations (see ref 19 and the
discussion below). The acetyl groups form strong hydrogen
bonds between the H atoms of the methyl group of one
molecule and the O atom of the carbonyl group of the
neighboring molecule. In the less abundant asymmetric trans-
dimer D2 (Figure 1c), one of the molecules also appears as a
combination of the brighter and darker areas and exhibits the
same contrast as the half of the trans-dimer D1. The second
molecule in D2 has approximately the same shapea
combination of a larger and smaller spotsbut the intensity
of both moieties is similar. This dimer D2 was previously
assigned to a combination of a ketone and an enol
acetophenone species, in which a normally unstable enol is
stabilized via H bonding between the OH group of enol and
the carbonyl group of ketone.19 The majority of monomers M
exhibits the same contrast as the half of the trans-dimer D1,
showing a small bright protrusion at one end and the larger
darker area at the other, suggesting the ketone form of the
monomer species.
The exact chemical nature of the trans-dimers D1 and D2

was previously identified by infrared spectroscopy. Figure 2

summarizes the most important observations of this study,
which are relevant for further discussion of the STM data. The
spectrum 1 shows the fingerprint region of acetophenone with
the main vibrational bands at 1683, 1663, and 1203 cm−1. The
vibrational band at 1683 cm−1 is assigned to the CO
vibration of acetophenone, either in a monomer or in a
ketone−ketone trans-dimer D1, in which the CO bond is

Figure 2. IR spectra of acetophenone adsorbed on Pt(111) at 200,
240, and 280 K. Only the CO and C−O stretching regions are
shown. All spectra are related to sub-monolayer coverages and were
obtained after exposures to 6.5 × 1014 (200 K), 4.0 × 1014 (240 K),
and 9.0 × 1014 (280 K) molecules·cm−2.
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not strongly perturbed by H bonding between the carbonyl
group and the methyl group of the neighboring molecules.19,21

For this reason, this vibrational frequency coincides with that
one of the nonperturbed acetophenones in the gas phase40 or
adsorbed in the multilayers (1683 cm−1). The combination of
the vibrational bands at 1203 and 1663 cm−1, which always
appear in a correlated fashion, is related to the C−O single
bond in the enol form of acetophenone and the CO double
bond in the ketone form, respectively.19 These vibrational
bands were assigned to a ketone−enol dimer D2, in which the
H atom of the OH group of enol is hydrogen-bonded to the O
atom of the carbonyl group of the ketone. This strong
interaction stabilizes the normally unstable enol form of
acetophenone, which would otherwise quickly transfer back to
ketone. The large shift of the CO vibrational frequency (20
cm−1 as compared to an unperturbed value of 1683 cm−1

observed in the gas phase and acetophenone multilayers) in
the ketone part of the ketone−enol dimer D2 is related to the
fact that the carbonyl group is hydrogen-bonded to highly
acidic H of the enol, which is known to result in pronounced
changes in carbonyl vibrational frequency.41,42 Further details
on the spectroscopic assignment of the surface species can be
found elsewhere.19,20 The assignment of the bright protrusions
seen in STM to the acetyl group and the darker areas to the
phenyl moiety is consistent with the spectroscopic data,
showing that the acetyl group of the ketone and the HO group
of the enol are directly involved in hydrogen bonding. The
particular structure of both trans-dimers in the form of a ball
model can be found in our previous report.19

The largest fraction of the surface species is related to the
symmetric ketone−ketone trans-dimer D1 (69%), while the
abundance of the asymmetric ketone−enol trans-dimers D2
(13%) and monomers M (18%) is significantly lower at this
temperature (Figure 1a). Figure 1d,e shows the line profiles for
different types of surface dimers (D1 and D2) along the
selected axes Aacet‑acet and Aphen‑acet (Figure 1b) and Aacet‑enol,
Aphen‑acet, and Aphen‑enol (Figure 1c) shown in the close-up
images for the species D1 and D2, respectively. The axes
Aphen‑acet (Figure 1b) are drawn between the centers of the
phenyl ring and the acetyl group (Figure 1b, dimer D1) and
are rotated by 115 ± 4° with respect to the axis Aacet‑acet. The
axes Aphen‑acet and Aphen‑enol (Figure 1c, dimer D2) are drawn
between the centers of the phenyl ring and the acetyl group or
the ethenol group, for ketone and enol, respectively, and are
rotated by 113 ± 5° with respect to the axis Aacet‑enol.
Figure 1d,e shows the line profiles measured along the above

described axes. For the symmetric trans-dimer D1, the line
profiles along both the axes Aphen‑acet of the two individual
ketone molecules (Figure 1d, lines 1a and 1b) look very
similar, showing a plateau-like region related to the phenyl
group and a maximum at the position of the bright spot
corresponding to the acetyl group. The characteristic distances
between the center of the phenyl ring and the maximum of the
bright protrusion dphen‑acet amounts to 4,2 ± 0,2 Å. Based on
our experimental results, it is difficult to unambiguously
determine which part of the acetyl group is imaged as a bright
protrusion. In our previous IRAS studies on adsorption
configuration of the acetophenone monomer species, which
was determined to be consistent with the η1(O) geometry,21

we hypothesized that most likely the methyl group is imaged as
a bright spot. If this assumption is true also for the species
investigated in this study (both monomers and dimers), the
measured characteristic distance dphen‑acet = 4,2 ± 0,2 Å is close

to the distance 3,87 Å between the center of the phenyl ring
and the methyl group of a free-standing acetophenone
molecule (see calculated characteristic distances for gas-phase
acetophenone in Figure 1f, blue numbers). It should be noted,
however, that also the distance between the center of the
phenyl ring and the O atom (3,68 Å, Figure 1f) is quite similar
to the experimentally measured value (dphen‑acet = 4,2 ± 0,2 Å).
In view of the possible distortion of the adsorbed
acetophenone species, e.g., elongation of the molecular
bonds or changing angles, the experimentally measured
distance dphen‑acet was found to be in good quantitative
agreement with the corresponding characteristic dimensions
of gas-phase acetophenone, i.e., the distance between the
center of the phenyl ring and the methyl group or the O atom
of the carbonyl group.
The line profiles measured along the axis Aacet‑acet connecting

two acetyl groups in the D1 dimer (Figure 1e, line 1c) exhibit
two maxima with the distance between them dacet‑acet being
equal to 4,6 ± 0,2 Å. This relatively short distance, which is
comparable to the characteristic length of the molecule (e.g.,
dphen‑acet = 4,2 Å), additionally confirms a strong interaction
between both parts of dimers capable of bringing the individual
molecules in very close contact.
The line profile measured along the central axis Aphen‑acet for

the ketone part of the asymmetric trans-dimer D2 (Figure 1d,
line 2a) shows the same dimensions and a very similar shape to
the line profile of a ketone molecule in the symmetric trans-
dimer D1. Specifically, it exhibits a plateau-like region at the
position of the phenyl ring and a maximum at the acetyl group.
The characteristic distance dphen‑acet in this line profile (4,2 ±
0,2 Å) is the same as the distance in the individual ketone
molecules in the ketone−ketone trans-dimer D1. In contrast,
the line profile along the central axis Aphen‑enol in the enol part
of D2 (Figure 1d, line 2b) shows a clearly different shape
without a maximum at the position of the ethenol group.
However, the characteristic distance dphen‑enol = 4,3 ± 0,5 Å
remains close to the distance dphen‑acet measured for the ketone
part of the molecule. The line profile connecting the centers of
the acetyl and ethenol groups (Figure 1e, line 2c) also exhibits
a different shape in the ketone−enol trans-dimer D2 as
compared to ketone−ketone trans-dimer D1, showing a
pronounced maximum at the position of acetyl and a
significantly less intense peak at the position of the ethenol
group. Interestingly, the distance between these groups dacet‑enol
(4,8 ± 0,4 Å) is nearly the same as the characteristic distance
dacet‑acet (4,6 ± 0,2 Å) measured for the ketone−ketone trans-
dimer D1. This observation suggests a strong interaction also
between two individual molecules in the ketone−enol trans-
dimer D2 capable of bringing two species in close contact.
For the monomer M, the line profile along the central axis

appears to be identical to the half of the ketone−ketone trans-
dimer. The characteristic distance dphen‑acet amounts to 4,2 ±
0,2 Å (Figure 1d, line 3a), which is very close to the
corresponding value measured in the individual molecules of
the ketone−ketone trans-dimer D1 and the ketone part of the
ketone−enol trans-dimer D2.
The distribution of the surface species between monomers

and dimers exhibits very strong temperature dependence.
Figure 3a shows the STM images of acetophenone at similar
surface coverages obtained after exposure in the temperature
range 160−200 K while imaging was performed at 115 K. The
statistical evaluation of the distribution of different adsorbates
is displayed in Figure 3b. A clear trend can be observed here:
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the fraction of the dimer species significantly grows with
increasing temperature from 15% at 160 K to 82% at 200 K.
Generally, two conditions have to be fulfilled to form a
ketone−ketone dimer, which is the prevalent form of dimers at
200 K: (i) two individual molecules have to be able to diffuse
to approach each other and (ii) a hydrogen bond between two
acetyl groups has to be established. The low abundance of
dimer species at 160 K can be most likely related to the limited
diffusion of the adsorbed species since establishing of hydrogen
bonding is usually an easy and less activated process, which
was previously observed for carbonyl compounds under
cryogenic conditions.43 The increasing surface temperature
has a pronounced effect not only on the relative distribution
between the monomer and dimer species but also on the
relative amounts of the ketone−ketone (D1) and ketone−enol
(D2) trans-dimers.20 The fraction of the latter species grows
significantly with increasing temperature, and the ketone−enol
trans-dimers D2 become the only species at around 240 K.
This observation clearly indicates that keto−enol tautomerism
is an activated process and the ketone−enol dimers D2 are
more stable surface species than ketone−ketone dimers D1. It
should be also noted that van der Waals interaction plays an
important role in adsorption of organic molecules on metal
surfaces, as shown in a number of recent theoretical
studies.44,45 We expect that the formation and stability of
oligomer species studied here might be also greatly affected by
the dispersive interactions with the underlying metal support.
Further theoretical studies are needed to shed light on the
atomistic details of these processes.
In the next step, the mobility of different surface species

dimers vs. monomerswas investigated by continuous
imaging the adsorbate-covered surface for 32 min. Figure 4a
shows the composition of the surface produced by
acetophenone exposure at 170 K followed by cooling down
to the imaging temperature 115 K, at which the mobility of the
surface species was investigated. The close-up images on the
right show the time evolution of different species marked with
the symbols D1, M1, and M2, related to the ketone−ketone
trans-dimer and two different types of monomers, respectively.
The species D1 remain immobile during the entire observation
time (Figure 4b), suggesting thestrong binding energy of the
ketone−ketone trans-dimer D1 on the Pt(111) surface, which
prevents its movement or rotation at 115 K. Interestingly,

some of the monomers also appear to be immobile on the time
scale of the experiment, while others show frustrated rotation
of the acetyl group, which can be either thermally driven46 or
induced by electrons ejected from the STM tip, as shown
previously for various atoms and molecules adsorbed on metal
substrates.47,48 The series of close-up images shown in Figure
4c provide an example of the immobile monomer species,
which preserve their position on the surface and the adsorption
configuration as deduced from the relative positions of the
acetyl and phenylgroups during the observation time. The
time evolution of the second monomer is displayed in Figure
4d, clearly showing a change in the position of the acetyl group
with respect to the phenyl ring between 7 and 11 min as well as
its flip back between 25 and 32 min. If the frustrated rotation is
a thermally driven process, this observation implies that the
corresponding activation barrier in acetophenone monomers
can be overcome at 115 K. Note that this process cannot be
related to keto−enol tautomerism under these temperature
conditions, as the onset of enol formation was detected by
IRAS only above 140 K. The line profiles for the flipping
molecule along the phenyl−acetyl axis Aphen‑acet are displayed in
Figure 4e. The first two lines exhibit a profile characteristic for
a more abundant adsorption configuration of acetophenone
monomer M1, containing a plateau-like region and a maximum
at the position of the acetyl group. In the time range between 7
and 11 min, the profile changes drastically and the maximum
becomes less pronounced, pointing to a change in the relative
position of the acetyl group with respect to the phenyl ring.
After 25 min, the original form of the line profiles is restored,
suggesting that the ketone acquires the initial most abundant
adsorption configuration M1. Earlier literature reports
suggested the η1(O) configuration (with the O atom of the
carbonyl group pointing down to the metal surface and the
methyl group pointing away) being the most stable adsorption
configuration for a variety of different carbonyl com-
pounds.49−52 Our more recent IRAS studies on the adsorption
configuration of acetophenone monomers on Pt(111) at 115 K
were consistent with this model.21 It can be speculated that
acetophenone molecules, normally adsorbed in η1(O)
configuration, might gain enough energyeither thermally
or through electronic excitationto perform the frustrated
rotation of the acetyl group and transfer it into a different less

Figure 3. (a) STM images (20 × 10 nm2) of acetophenone adsorbed
on pristine Pt(111) at different temperatures. The images were
obtained at 105−115 K after exposure to acetophenone at the
temperatures indicated on the left. Imaging conditions: 1 V and
typical current of 0,26−0,31 nA. (b) Statistical evaluation of the
distribution of different surface species obtained on larger STM scans.

Figure 4. (a) STM image (19 × 19 nm2) of acetophenone on Pt(111)
(exposure at 170 K, acquisition temperature of 118 K, 1 V, 0.3 nA).
(b−d) Consecutive close-up images of a trans-dimer (D1) and two
monomer species (M1 and M2) obtained after a time interval
indicated on the right: 0, 7, 11, 18, 25, and 32 min. (e) Corresponding
line profiles measured along the Aphen‑acet axis of the monomer species
shown in (d). The numbers on the right show the time interval (the
same as indicated in the close-up images).
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stable position, e.g., with the O atom pointing upwards or with
the entire acetyl group adopting a flat-lying configuration on
the surface. With time, the acetyl group flips back to the stable
and more abundant η1(O) configuration M1.
Figure 5a shows the distribution of surface species on

Pt(111) after acetophenone exposure at 300 K and cooling

down to the acquisition temperature 115 K. At 300 K, a new
type of adsorbate evolves, containing three molecules
appearing as a combination of large and small protrusions,
attached to each other via the acetyl groups or their derivatives.
Figure 5b−e displays the close-up images of the individual
oligomer species found on the surface, while Figure 5f shows
the statistical distribution of the monomer, dimer, and trimer
species obtained from a larger STM scan. The spectrum 3 in
Figure 2 shows the chemical nature of the surface species at
room temperature. Since only three characteristic bands at
1203, 1663, and 1634 cm−1 are observed and the band at 1683
cm−1 related to the ketone−ketone dimers D1 and monomers
is absent, it can be concluded that all oligomer species contain
a combination of ketone and enol species. Based on the
analysis of the IRAS data, it was concluded that ketone−enol
dimer species and ketone−enol−enol trimer species are
populated on the surface at 300 K.20 In the latter case, a
single carbonyl group forms hydrogen bonds with two OH
groups of two enol species, which results in a new CO
vibrational band at 1634 cm−1 shifted by 49 cm−1 from the
unperturbed value. The vast majority of the oligomer species at
300 K are dimers (69%). Two different types of dimers can be
observed, which differ in the position of the phenyl group with
respect to the axis connecting the acetyl and ethenol groups
(Aacet‑enol): (i) the trans-dimers showing the same adsorption
configuration as in the low-temperature range (close-up image
(e), D2 trans-dimer), in which the phenyl rings are positioned
on the different sides of the axis Aacet‑enol, and (ii) a new type of
dimercis-dimer D3 (close-up image (d))exhibiting a new
adsorption configuration with both phenyl rings lying on the
same side with respect to the Aacet‑enol axis. Since the dimer D3
is observed only at the elevated temperatures, its formation
should occur in the activated process with the energy barrier
being higher than that one associated with the formation of the
trans-dimer D2. Most likely the steric hindrance between two

phenyl groups situated in the cis-position is responsible for
higher activation energy of D3 formation.
Two types of ketone−enol−enol trimers are shown in the

close-up images in Figure 5b,c, with one exhibiting nearly
three-fold symmetry (T1) and the second being asymmetric
(T2). In both types of configuration, one ketone molecule is
connected via hydrogen bonding to two enol species, as
deduced from the spectroscopic observation of two character-
istic bands:20 (1) the CO bond hydrogen-bonded to two
OH groups at 1634 cm−1 and (2) the C−O bond in enol
appeared at 1203 cm−1. The shape of these species depends on
the particular orientation of two OH groups involved in the
trimer with respect to the carbonyl group. For the asymmetric
trimer T2, it can be quite safely concluded that the central
molecule should be related to the ketone species, while the two
molecules on both sides are enols, as only the central molecule
is bonded to two neighbors. The simultaneous appearance at
300 K and coexistence of both types of trimers suggest their
similar energetic stability on Pt(111).
Previously, the formation of acetophenone oligomers on

Pt(111), including dimers and trimers, was reported by
McBreen et al38 at 300 K. Based on the vibrational spectra
obtained by high-resolution electron energy loss spectroscopy
(HREELS), the authors hypothesized the formation of dimers
and trimers consisting of solely enol molecule interaction via
OH groups. The vibrational band at 1640 cm−1 observed in
their study was assigned to a CC stretching vibration of enol
species. This assignment seems to be quite unlikely to us as
this bond exhibits a small dynamic dipole moment resulting in
low-intensity bands as compared to the CO and C−O
stretching vibrations. Taking into account the observed high
intensity of the vibration at 1640 cm−1 and lower resolution of
HREELS, we hypothesize that this band might be rather
related to the CO stretching vibration involved in hydrogen
bonding with the two enol molecules described above (the
band at 1634 cm−1 in our study).
The orientation of different types of oligomer species with

respect to the underlying metal substrate was determined
based on atomically resolved STM images, in which the
oligomer molecules and the individual underlying Pt atoms
could be resolved. A typical example of such an image is shown
in Figure 6a. The positions of single Pt atoms are indicated
with a grid corresponding to the hexagonal symmetry of the
underlying Pt(111) surface. Note that due to the tip
convolution effects, the small objects appear in STM larger
than they are in reality. It can be recognized that each
individual acetophenone molecule in all oligomers has a similar
footprint on the underlying metal including three Pt atoms,
which is shown in the close-up images of Figure 6b−d. The
footprint of the individual acetophenone molecules is indicated
with red dots for each oligomer. Two axes drawn via these
three atoms (indicated as (1) and (2) in Figure 6b) are
inclined with respecte to each other at 120°. Figure 1f displays
selected characteristic dimensions of a free-standing acetophe-
none molecule in the gas phase.53 Due to the tip convolution
effect making the molecules appear larger, it is difficult to
unambiguously attribute the position of the individual
functional group in acetophenone to particular adsorption
sites on Pt(111). However, it can be seen that the phenyl
groups typically cover two Pt atoms, i.e., the most bright part
of the ring lies between two metal atoms at the bridge position.
The characteristic size of the carbon framework in the phenyl
ring amounts to 2,80 Å (Figure 1f), which fits well the distance

Figure 5. (a) STM image of acetophenone adsorbed on Pt(111)
obtained after exposure at 293 K (20,4 × 20,4 nm2, acquisition
temperature of 123 K, imaging conditions: 1 V, 0.5 nA). (b−e) Close-
up images of different surface species (trimers T1 and T2, cis-dimer
D3, and trans-dimer D2, respectively). (f) Statistical evaluation of the
distribution of different surface species obtained on larger STM scans
(40 × 40 nm2).
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between two lattice Pt atoms of 2,78 Å. With this, qualitatively
very good agreement is found between the experimentally
observed footprint of the phenyl group, corresponding
approximately to the interatomic distance of Pt atoms, and
the size of the phenyl group in the gas-phase acetophenone.
The exact position of the acetyl/ethenol group is more difficult
to deduce based on the available STM data set. The models of
the footprint shown in Figure 6b−d suggest two feasible
adsorption sites for acetyl/ethenol group: either (i) it occupies
a space approximately between two Pt atoms, e.g., 2,78 Å, or
(ii) it is positioned above a single Pt atop in on-top
configuration. Figure 1f shows the characteristic dimensions
of the acetyl group in the gas phase according to NIST
database,53 with a characteristic value lying in the range 2,37−
2,60 Å (red numbers; the distance between the C atom of the
phenyl group and the O atom (2,37 Å) and the distance
between the C atom of the phenyl group and the methyl group
(2,60 Å)). Note that the exact dimensions of the acetyl/
ethenol group footprint on the surface might strongly depend
on the particular adsorption geometry of the related molecules
in the dimers or trimers as well as on the possible elongation of
the molecular bonds due to an interaction with the underlying
metal. The characteristic range 2,37−2,60 Å deduced for
unperturbed acetophenone in the gas phase is quite close to
the distance between two Pt atoms (2,78 Å), with this fairly
fitting the footprint model shown in Figure 6b−d. Further
theoretical work is needed to address the adsorption geometry
of acetophenone oligomers in more detail, which is not
available so far to the best of our knowledge. Previous
theoretical studies employing density function theory ad-
dressed adsorption of an acetophenone derivative (2,2,2-
trifluoroacetophenone, TFAP) on Pt(111), in which the H
atoms of the methyl group are substituted by three fluoro

atoms.32,37 The reported most stable adsorption configuration
is related to a so-called bridge30 site.37 In this adsorption site,
the aromatic ring lies flat on the surface and is centered over a
Pt−Pt bridge site with the aromatic C−C bonds at an
approximate angle of 30° or 90° to the close-packed directions
within the surface. This result is in agreement with the earlier
computational studies carried out for different aromatic
molecules.54−57 The calculated adsorption position of the
phenyl ring in TFAP is in excellent agreement with the
adsorption site deduced in our STM study, wherein the
position of the ring center was identified as a bridge site
between two Pt atoms. For the position of the triflouroacetyl
group with respect to the phenyl ring, a few different
adsorption configurations were computed, exhibiting slightly
different energies with respect to the most stable config-
uration.37 The direct comparison of the computed config-
urations with our experimentally derived model is rather
difficult because of the different chemical nature of the acetyl
vs triflouroacetyl groups and their different space requirements.
However, for the most stable adsorption configuration with the
triflouroacetyl group occupying mostly the on-top Pt position,
the footprint produced by TFAP turns out to be in good
qualitative agreement with the footprint derived from our
experimental images (with the acetyl group also likely
occupying a neighboring on-top site), even though this result
should be taken with precaution.
Thus, the comparison of the adsorption model theoretically

computed for TFAP32,37 and experimentally determined for
acetophenone in our study shows excellent agreement in the
position of the phenyl ring and good qualitative agreement in
the overall footprint of both molecules. It should be noted,
however, that the footprint of acetophenone determined in our
study was derived not from individually adsorbed molecules
but from the dimer and trimer species. Even though the
footprint of the monomers seems to be identical in all oligomer
species, some changes in the adsorption configuration of
monomers, especially the acetyl groups, due to intermolecular
interactions cannot be completely excluded. Further theoretical
work is needed to obtain more insights into the details of
adsorption configurations of acetophenone oligomers.
The dynamic behavior of different types of oligomers was

monitored at 300 K within several tens of minutes. Figure 7
shows the set of images, which were selected from a
consecutively acquired STM scan at 300 K. Here, three typical
oligomers are marked and shown on the close-up images on
the right: symmetric trimer T1 (Figure 7a-I), trans-dimer D2
(Figure 7a-II), and cis-dimer D3 (Figure 7a-III). Note that the
somewhat worse quality of the images is related to the higher-
temperature instability of STM at 300 K and higher diffusion
of acetophenone at elevated temperatures. Interestingly, the
positions and the shape of the first two species, symmetric
trimer T1 and cis-dimer D3, do not notably change on the
experimental time scale. In contrast, the adsorbate appearing as
a trans-dimer D1 in the first image (0 min, Figure 7a-II)
undergoes considerable transformations. First, in the image
related to 10 min of observation, it picks up a neighboring
acetophenone molecule and becomes a symmetric trimer T1
(Figure 7c-II). After 15 min, this species converts to
asymmetric trimer T2 (Figure 7d-II), and after 20 minutes,
it loses one of the molecule to become a trans-dimer D2
(Figure 7e-II). This observation demonstrates that dimers and
trimers can interconvert into each other at 300 K, attaching or
losing a neighboring acetophenone molecule. It appears also

Figure 6. (a) STM image of acetophenone adsorbed on Pt(111) with
atomically resolved underlying Pt lattice obtained after exposure at
293 K (7,1 × 11,2 nm2, acquisition temperature of 123 K, 1 V, 0.5
nA). The white grid indicates the positions of the individual Pt atoms.
(b−d) Close-up images of individual oligomerscis-dimer D3,
symmetric trimer T1, and trans-dimer D2shown together with
the Pt grid. The red dots show the footprint of the corresponding
species on the surface. Each monomer, constituting different types of
oligomers, covers three Pt atoms. The axes 1 and 2 drawn through
these atoms (see (b)) are tilted with respect to each other by 120°.
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likely that trimers interconvert into each other without losing
their integrity as a trimer species, i.e., without intermediate
disintegration to a dimer and monomer and attaching the
monomer at a different position. This hypothesis, if true,
suggests the ability of the ketone−enol−enol trimer to
undergo complex restructuring in an intramolecular process.

■ CONCLUSIONS
Summarizing, we present a combined STM and IRAS study
addressing the mechanisms of formation, adsorption config-
uration, and stability of different types of acetophenone
oligomers on the catalytically active Pt(111) surface in a broad
range of temperature and coverage conditions. We show that
acetophenone can exist in the form of monomers, dimers, and
trimers, with formation and relative distribution strongly
depending on the surface temperature. Below 160 K, mostly
monomers are observed, while above 200 K, trans-dimers
represent the majority of surface species. Two types of trans-
dimers could be identified spectroscopically at 200 K: the
ketone−ketone species (D1), accounting for the largest
fraction of trans-dimers, and ketone−enol trans-dimers (D2),
in which the normally unstable enol form of acetophenone is
stabilized via hydrogen bonding with the carbonyl group of the
ketone counterpart. The trans-dimers appear to be immobile
on this surface at 115 K, while the monomers can undergo
frustrated rotation of the acetyl group with respect to the
phenyl ring. With increasing temperature, the ketone−ketone
dimers transform to ketone−enol species, which becomes the
only surface species at 240 K.
At 300 K, three new types of oligomers are formed on the

surface including symmetric (T1) and asymmetric (T2)
trimers and a new type of cis-dimer (D3). Spectroscopically,
the trimers are identified as ketone−enol−enol species, in
which one carbonyl group is connected via H bonding to two
enol species. Both types of dimerscis and transexist in the
form of ketone−enol species in this temperature range. The
position of different types of dimers and trimers with respect to
the underlying metal surface was determined with atomic
precision. The monomers constituting different types of

oligomers have a similar footprint on the underlying metal
surface. The phenyl ring was determined to be situated
between two Pt atoms in a bridge position, which is in
excellent agreement with the theoretical predictions made for a
structurally similar acetophenone derivative TFAP. Finally, the
stability of different adsorption configurations of dimers and a
symmetric trimer was monitored by obtaining consecutive
STM images. Particularly, the transformation of the trans-
dimer (D2) to the symmetric trimer (T1) by attaching a
neighboring acetophenone molecule was observed followed by
the transformation of this species to the asymmetric trimer
(T2) and its disintegration to a trans-dimer (D1) and a
monomer. Specifically, the interconversion of the symmetric to
asymmetric trimer appears to occur without disintegration into
a dimer and a monomer, pointing to the possibility of the
ketone−enol−enol trimer species to undergo complex intra-
molecular restructuring without losing the integrity of the
whole complex.
The obtained results provide important atomistic-level

insight into lateral interactions between acetophenone
molecules on the catalytically active Pt surface.

■ AUTHOR INFORMATION
Corresponding Author

Swetlana Schauermann − Institute of Physical Chemistry,
Christian Albrechts University Kiel, 24118 Kiel, Germany;
orcid.org/0000-0002-9390-2024; Email: schauermann@

pctc.uni-kiel.de

Authors
Marvin C. Schmidt − Institute of Physical Chemistry, Christian
Albrechts University Kiel, 24118 Kiel, Germany

Smadar Attia − Institute of Physical Chemistry, Christian
Albrechts University Kiel, 24118 Kiel, Germany
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ABSTRACT: We present a mechanistic study on the formation
and real-space distribution of acetophenone dimers on the H-
containing Pt(111) surface. Their geometric configuration and the
specific chemical nature are addressed by a combination of
scanning tunneling microscopy (STM) and infrared reflected
absorption spectroscopy (IRAS). The formation of different types
of acetophenone dimers is reported here, which critically depends
on the surface coverage of H species. When the surface coverage of
H is close to a monolayer (ML), acetophenone is adsorbed mainly
as monomer species, while only a small amount of adsorbates are
agglomerated into dimers. In these dimers, the majority of species
are related to acetyl/phenyl dimers, in which a carbonyl group of one molecule interacts with a H atom involved in the phenyl ring of
the neighboring molecule. Depending on the position of this ring, H atom, ortho-, meta-, and para-dimers can be formed with
comparable probabilities. On the surface precovered with a lower concentration of H (close to 0.5 ML) only, a new class of dimers
prevail, which interacts via two acetyl groups forming ketone−enol dimers or partly hydrogenated dimers. Specifically, in the
ketone−enol dimers, one molecule undergoes keto-enol tautomerization and a newly formed OH group becomes involved in H
bonding with the neighboring carbonyl entity. In this way, a normally unstable enol species can be stabilized on the surface. The
interaction between the carbonyl group and the phenyl ring becomes negligible on this type of surface. Additionally, a large fraction
of the ketone−enol dimers becomes partly hydrogenated on this surface, producing a direct reaction intermediate toward
hydrogenation of the carbonyl group in acetophenone. We discuss the chemical nature as well as the structure of all formed surface
species observed on H-containing Pt.

■ INTRODUCTION

Heterogeneously catalyzed hydrogenation of carbonyl com-
pounds is a highly challenging process relying on the activation
of a typically strong CO double bond.1,2 Usually, transition
metal catalysts working under high-temperature conditions are
employed for this type of reaction to promote hydrogen
insertion into the stable carbonyl group. As an alternative to
this direct reaction pathway, a different type of the reaction
mechanism was recently predicted theoretically,3−5 which
relies on two consecutive reaction steps: (i) keto-enol
tautomerization, in which the C−OH and CC groups are
formed in the enol form of the reactant, followed by (ii)
hydrogen insertion into the newly formed CC bond. The
activation barriers for both of these reaction steps were
predicted to be significantly lower as compared to direct
hydrogen insertion into the strongly bound carbonyl group.
This predicted reaction mechanism based on keto-enol
tautomerization could open up a prospect to a new low-
temperature hydrogenation route of carbonyl compounds. The
major problem of this process, however, is the instability of
enol species, which are usually thermodynamically less
favorable forms of carbonyl compounds.6 Thus, the practical

realization of this potentially highly promising catalytic route
relies on finding a way to stabilize the enol form of the reactant
on the catalytic surface, making it capable of entering the
second reaction step. In our recent mechanistic studies on the
hydrogenation of acetophenone over Pt(111), we provided
experimental evidence for this predicted reaction pathway.7

Specifically, it was shown that hydrogenation of this compound
can occur already at 240 K. Importantly, the direct precursor
for this reaction pathway was identified as a ketone−enol
dimer, containing an enol form of the molecule, in which the
OH group is stabilized by hydrogen bonding with the CO
group of the neighboring acetophenone molecule in the ketone
form. The combination of spectroscopic and microscopic
observations7−12 allowed us to conclude that stabilization of
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enol species in the form of ketone−enol dimers plays a crucial
role in the formation of the desired enol-containing reaction
intermediates and in promoting the enol-based hydrogenation
pathway.
Even though these studies7−12 provided first insights into

the related surface processes, the details of enol formation and
stabilization on H-containing transition metal surfaces are not
fully understood yet. In view of the striking results
demonstrating the crucial role of stabilized enol species in
the hydrogenation of carbonyl compounds, it becomes evident
that the related elementary processes need to be understood at
the microscopic level under the catalytically relevant
conditions.
Previously, the formation of surface dimers of carbonyl

compounds was reported in a number of studies carried out on
pristine transition metal surfaces. McBreen et al.13−16 reported
the formation of different types of oligomers, including dimers
and trimers, for 2,2,2-trifluoroacetophenone (TFAP) on
Pt(111) at low temperatures. The authors proposed a
stabilization mechanism of the oligomer species based on H
bonding between the carbonyl group and a hydrogen atom
involved in the phenyl ring of the neighboring molecule. The
same authors observed the formation of acetophenone dimers
and trimers17 at room temperature, which was explained by the
formation of different types of oligomers consisting of solely
enol molecules. More recently, we investigated the interaction
of acetophenone with the pristine Pt(111) surface,7−12 which
was shown to form ketone−ketone and ketone−enol dimers as
well as ketone−enol−enol trimers depending on the surface
temperature. In all observed cases, the individual molecules
were connected to each other via the acetyl groups: (i) either
via a CO group and a H atom of the methyl groups (in
ketone−ketone dimers) or (ii) via the CO group of the
ketone and the H of the −OH group of the enol form of
acetophenone. Importantly, the formation of enol species was
found to be an activated process occurring only above a
threshold surface temperature lying close to 140 K.9,10 In the
temperature range of around 240 K, the ketone−enol dimer is
the most populated surface species, while close to 300 K, the
ketone−enol−enol trimers start to evolve.10 Generally, the
stabilization mechanisms of enols on surfaces in the form of
dimers and trimers found in these studies are similar to those
previously described for chelated ketone/enol tautomers in
diketones and ketoesters in the gas phase and solutions.18−23

To the best of our knowledge, no systematic mechanistic
studies on enol formation and stabilization on the surfaces
containing hydrogen was reported so far in the literature.
To address the details of enol formation and stabilization on

hydrogen-containing catalytic surfaces, we performed a
mechanistic study on the interaction of acetophenone with a
model Pt(111) surface precovered with hydrogen in a broad
range of temperature and coverage conditions. In this study,
we employ a combination of scanning tunneling microscopy
(STM) and infrared reflection absorption spectroscopy (IRAS)
with a particular focus on the investigation of the microscopic
structures of acetophenone dimers formed on hydrogen-
containing surfaces as well as on the effects related to the
concentration of adsorbed H species.
Specifically, we show that on the Pt(111) surface containing

H at high surface coverage ΘH ≈ 1 ML, mainly the monomer
form of acetophenone is present, while only a minor fraction of
adsorbates are agglomerated in dimers. The absolute majority
of these dimer species exhibit an interaction based on H

bonding between an O atom of a carbonyl group and a H atom
involved in the phenyl ring of neighboring acetophenone
molecules. Three different types of dimers involving the acetyl/
phenyl interaction were found on this surface, corresponding
to three different positions of H in the phenyl ring with respect
to the acetyl group. A very minor fraction of the dimers
populated on this surface is the species in which intermolecular
bonding is realized via two acetyl groups, interacting via a
carbonyl O and a H atom involved in a CH3 entity.
The chemical composition and the distribution of dimer

species strongly change when the H surface coverage decreases
to about half of the monolayer, which can be achieved by
increasing the temperature to 240−250 K.24−26 Nearly all
adsorbed acetophenone molecules become agglomerated in
dimers; two chemically different dimer structures can be
observed. In both types of dimers, the interaction between the
two acetyl groups prevails on this surface, in contrast to Pt
precovered with ΘH ≈ 1 ML, containing mainly acetyl/phenyl
dimers. The first type of observed species is the ketone−enol
dimer, with one molecule being present in the enol form,
which is H-bonded to the carbonyl group of the second
acetophenone molecule. The normally energetically unstable
enol species are stabilized by this strong intermolecular
interaction with neighboring ketones. The second type of
dimers on this surface results from partial hydrogenation of the
ketone−enol dimer to produce a partly hydrogenated reaction
intermediate, exhibiting a characteristic vibrational signature in
IRAS. We provide detailed structural and chemical analysis of
all acetophenone-related species observed on the H-precovered
Pt (111) surfaces.
The atomistic-level details obtained on lateral interactions

between the carbonyl compounds on catalytically relevant H-
containing surfaces provide important insights into the
mechanisms of low-barrier hydrogenation of aldehydes and
ketones. The related phenomena can be employed for
purposeful surface functionalization with stable carbonyl-
containing compounds capable of energetic stabilization of
the enol form of ketones and aldehydes and thus promoting
the low-barrier enol-based hydrogenation pathway.

■ METHODS

Sample Preparation. The Pt(111) single-crystal (MaTeck
GmbH) was cleaned prior to use in ultra-high vacuum (UHV)
chambers by repeated cycles of Ar+ ion bombardment at room
temperature, followed by annealing at 1150 K and subsequent
oxidation in 1 × 10−7 mbar O2 at 650−750 K to remove
residual carbon. The last step contains the rapid flash of the
sample to 1000 K. Shortly before each experiment, the sample
was flashed to 600 K before cooling to the required
temperature to remove CO adsorbates. The long-range order
and cleanliness of the Pt(111) single-crystal were checked by
low energy electron diffraction (LEED), Auger electron
spectroscopy (AES), and additionally by IRAS of adsorbed
CO to probe the abundance of adsorption sites.

STM. The STM measurements were carried out in an ultra-
high vacuum (UHV, base pressure better than 1 × 10−10 mbar)
apparatus by employing a variable temperature (90−300 K)
Aarhus 150 SPM (SPECS). All measurements were carried out
in a constant current mode, and the bias voltage UT was
applied to the sample. The etched W-Tip was commercially
produced by SPECS and in situ sharpened by repeated cycles
of 1.25 keV Ar+-bombardment with 5 × 10−6 mbar back
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pressure for 5 min. The sharpness of the W-Tip was validated
on the pristine Pt(111) surface.
The Pt(111) single-crystal was cleaned according to the

cleaning procedure described above. The quality of the sample
was additionally verified by acquiring STM images prior to the
deposition at 293 K. H2 (Linde HiQ 6.0) was backfilled into
the chamber via an individual gas doser with a pressure in the
preparation chamber of 2 × 10−6 mbar for 3 min to ensure
complete saturation of the Pt(111) surface. Acetophenone
(Sigma-Aldrich, purity ≥ 99.5%) was purified prior to the
experiments by repeated freeze−pump−thaw cycles. Aceto-
phenone was dosed through an individual gas doser onto the
Pt(111) surface, kept at the desired deposition temperature,
and then transferred to the STM chamber for measurements.
IRAS. The IRAS experiments were performed in a specially

designed UHV apparatus27 (base pressure 2 × 10−10 mbar)
containing two effusive doubly differentially pumped multi-
channel array sources and a supersonic beam operated at room
temperature. Acetophenone (Sigma-Aldrich, purity 99%) was
dosed onto the sample via an effusive source at a typical flux of
2 × 1012 molecules·cm−2·s−1 controlled by a pneumatic valve
and a shutter. The source was operated at room temperature,
and the beam diameter was chosen to exceed the sample size.
Acetophenone was purified prior to the experiments by
repeated freeze−pump−thaw cycles. H2 (Linde HiQ 6.0)
was dosed via an independent molecular beam without further
purification at a typical flux of 8.5 × 1014 molecules·cm−2·s−1.
IRAS data have been acquired using a vacuum Fourier
transform infrared (FT-IR) spectrometer (Bruker Vertex
80v) with a spectral resolution of 2 cm−1 and a mid-infrared
(MIR) polarizer and p-polarized IR light. The spectrometer is
equipped with a narrow band Mercury−Cadmium−Telluride

(MCT) detector. IRAS spectra were acquired at the same
surface temperature that was used for deposition. An
automated quadrupole mass spectrometer (QMS) system
(Hiden, HAL 301/3F) was employed for the continuous
monitoring of the partial pressures of gaseous species.

■ RESULTS AND DISCUSSION

Acetophenone adsorption on a well-defined Pt(111) surface
precovered with hydrogen was investigated by STM and IRAS
under UHV conditions in a temperature range of 190−260 K.
Figure 1 displays the STM images obtained on pristine and H-
precovered Pt surface obtained after the deposition of
acetophenone at 200 and 190 K, respectively. The
acetophenone coverage corresponds to approximately 2.8 ×
1013 and 4.2 × 1013 molecules·cm−2, respectively (calculated
directly from STM images). In this temperature range, a near-
saturation coverage of H on Pt(111) can be achieved, as shown
by Poelsema and Comsa.24 Using their reported temperature-
programmed desorption (TPD) data obtained on Pt(111), we
estimated the H coverage at 190 K as ΘH ≈ 0.95 ML. Note
that the monolayer of H is defined as the number of adsorbed
H atoms divided by the number of surface Pt atoms, i.e., one H
atom is adsorbed per one Pt atom in saturation.24,28 The
surface concentration of adsorbed acetophenone species is
significantly lower and corresponds to approx. 0.02−0.03
acetophenone molecules per surface Pt atom.
On the pristine Pt(111) surface at 200 K (Figure 1a), three

major types of surface species can be discriminated, which
were extensively discussed in our previous reports.7−10,12

Briefly, about 68% of surface species are dimers and 32% are
related to monomers of acetophenone. Combining micro-
scopic observations with infrared spectroscopy, we were able to

Figure 1. STM images of acetophenone (a) adsorbed on pristine Pt(111) (exposure at 200 K, acquisition temperature 125 K, 1 V, 0.29 nA, 19 ×
19 nm2) and (b) H-precovered Pt(111) surfaces, ΘH ≈ 0.95 ML (exposure at 190 K, acquisition temperature 120 K, 0.5 V, 0.30 nA, 20 × 20 nm2).
(c) Statistical evaluation of the distribution of monomer vs dimer surface species. (d) Statistical distribution of acetyl/acetyl vs acetyl/phenyl dimer
species. Both statistical evaluations shown in (c) and (d) were performed on larger STM scans.
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show that in this temperature range, the acetophenone dimers
can be related to two chemically different surface species:
ketone−ketone (D1) and ketone−enol (D2) species. The
related IR spectra and the close-up STM images of these
surface species are shown in Figure 2: spectra (1) and (2)
obtained on pristine Pt(111) and the related STM close-up
images. The more abundant (63%) symmetric dimer D1
consists of two identical protrusions, each enclosing a brighter
and a darker area. The brighter area was previously identified
as an acetyl group so that the intermolecular interaction in this
type of dimer occurs via two acetyl groups, most likely via a H
bonding between the CO group of one acetophenone
molecule and a H atom of the CH3- group of the neighboring
acetophenone species. In the less abundant (31%) asymmetric
dimer D2, one of the molecules also appears as a combination
of the brighter and darker areas (similarly to the individual
molecules constituting the dimer D1 and to the monomer
species M, also shown in a close-up image in Figure 2). In
contrast, the second half of the dimer in D2 species shows a
nearly uniform intensity across the molecule. Based on the
combination of microscopic and spectroscopic results, we
assigned this dimer to the combination of a ketone and an enol
form of acetophenone, in which a normally unstable enol is
stabilized via H bonding between the OH group of the enol
and the carbonyl group of the ketone. The detailed assignment
of the related IR spectra was performed earlier;9,10 here, we will
only briefly summarize the most important vibrational bands,
which are relevant for the further discussion of acetophenone
adsorption on the H-precovered surface.
The spectra (1) and (2) obtained at submonolayer

acetophenone coverages (Figure 2) show the three most
prominent vibrational bands: (i) the band at 1683 cm−1 is
related to the CO stretching bond vibration, which is
characteristic to a nearly unperturbed acetophenone;29 (ii) the
band at 1203 cm−1, arising from a single C−O bond in the
enol form of acetophenone, and (iii) the band at 1663 cm−1,
which is assigned to the CO bond of the ketone form

involved in hydrogen bonding.8−10 The latter two bands
always appear and evolve in a correlated manner (as it can be
seen, e.g., in the spectra (1) and (2) of Figure 2) and can be
therefore assigned to the same surface species, particularly to
the ketone−enol dimer D2. In this dimer, the carbonyl group
of the ketone is involved in hydrogen bonding with the OH
group of the enol and, therefore, is strongly red-shifted from
1683 cm−1 (in the nonperturbed acetophenone) to 1663
cm−1.9 This assignment is in an excellent agreement with the
earlier reports on keto-enol tautomerization in diketones and
ketoesters resulting in the formation of a chelated ring-like
ketone/enol tautomers.21,30−32 It is important to note that the
strong frequency shift of the carbonyl band in the ketone−enol
dimer is related to the strong interaction between this group
and acidic hydrogen of the −OH group in the enol. This effect
based on the donor−acceptor hydrogen bonding has a general
nature and is predicted to obey the following trend: the higher
the acidity of the donor involved in the hydrogen bond (in our
case, hydrogen in the OH group), the larger is the resulting
frequency shift of the acceptor (i.e., in the −CO group).33,34

For this reason, the dimers formed via hydrogen bonding with
nonacidic hydrogen (e.g., H involved in the −CH3 entity of the
ketone form) are not expected to show any noticeable
frequency shifts. Therefore, the band at 1683 cm−1 can be
assigned to the carbonyl stretching vibration in the ketone−
ketone dimers D1, in which a nonacidic hydrogen is involved in
bonding, and in acetophenone monomers M, as the latter
species experience no lateral interactions with the neighbors.
Figure 1b shows the STM image of acetophenone adsorbed

on Pt(111) precovered with H at 190 K. It can be clearly seen
that the distribution between the monomer and dimer species
drastically change on the surface precovered with H at ΘH ≈
0.95 ML: the majority of the surface species (79%) are now
monomers, while dimers account only for 21% of adsorbates.
Spectroscopically, it can be seen that no ketone−enol dimers
D2 are formed on this surface as indicated by the absence of
the vibrational bands at 1203 and 1663 cm−1 (spectra (3) and

Figure 2. IR spectra of acetophenone adsorbed on pristine (spectra 1 and 2) and H-precovered Pt(111), ΘH ≈ 0.95 ML (spectra 3 and 4) obtained
at 200 K. All spectra are related to submonolayer coverages and were obtained after acetophenone exposures to (1) 2.1 × 1014, (2) 1.2 × 1015, (3)
5.8 × 1014, and (4) 3.9 × 1015 molecules·cm−2.
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(4) in Figure 2), related to the C−O single bond in the enol
and H bonded CO bond in the ketone part of the ketone−
enol dimer D2, respectively. Only the vibrational band at 1683
cm−1 is present in the IR spectra on this surface, which is
related to acetophenone monomers (indicated further as MH)
and to the small fraction of ketone−ketone dimers. The
combination of these observations suggests that the ketone−
enol dimers do not exist on the Pt surface covered with ΘH ≈
0.95 ML hydrogen, which can occur either (i) because of
hindered formation of the enol species or (ii) due to energetic
destabilization of ketone−enol dimers. The latter scenario can
occur, e.g., if the interaction strength between the enol and
ketone species in the presence of highly abundant H becomes
lower than the interaction strength between the ketone species
and coadsorbed H atoms so that quasi-hydrogen bonding with
the surface-adsorbed atomic H is formed. The specific reasons
for this observed scenario are currently being investigating in
theoretical studies.
It is important to point out that the ketone−ketone dimers

can still be formed on the H-containing surface at ΘH ≈ 0.95
ML; however, their structure undergoes strong changes as
compared to pristine Pt(111). Figure 3a,b shows the four types
of ketone−ketone species observed on the H-precovered
Pt(111) at 190 K. The dimer D1 is the same type of dimer,
which is present on the pristine Pt(111) surface under the
same temperature conditions (see Figures 1 and 2). In this
species, an O atom involved in the carbonyl group of one
molecule is hydrogen bonded to a H atom of the −CH3 group
of the neighboring molecule. Figure 3c shows the proposed
configuration of the acetyl/acetyl dimer D1. Note that in this
case, intermolecular bonding occurs between the acetyl groups
of both acetophenone molecules. This type of interaction will
be further indicated as the acetyl/acetyl interaction and the
related dimers as acetyl/acetyl dimers. Also, note that even if
one of the acetyl groups undergoes chemical transformation,
e.g., keto-enol tautomerization or partial hydrogenation, the
interaction occurring via this former acetyl group with another

acetyl group will also be indicated as the acetyl/acetyl
interaction.
In contrast, three other types of surface dimers exhibit a

different type of interaction, in which a H atom of the phenyl
ring is involved. The STM close-up images shown in Figure 3b
(dimers indicated as o-D1, m-D1, and p-D1) demonstrate that
in each of these cases, the bright protrusion of one molecule
(acetyl group) is situated in close vicinity to the darker
protrusion of the other molecule (phenyl ring). This
observation suggests that an O atom of the carbonyl group
most likely interacts with a H atom involved in the phenyl ring
of the neighboring molecule. This type of bonding between a
carbonyl group and a H atom of the phenyl ring was previously
reported by McBreen et al. for trifluoroacetophenone (TFAP)
adsorbed on Pt(111) at 300 K.16 In the following, this class of
dimers, comprising o-, m-, and p-D1 dimer species, will be
indicated as acetyl/phenyl dimers. It is important to note that
three different configurations of the acetyl/phenyl dimers
correspond to three possible positions of H atoms in the
phenyl ring with respect to the acetyl group. Figure 3d−f
shows the proposed configurations of these dimer species and
the H atoms involved in hydrogen bonding. The scheme
displayed in Figure 3d is related to the case when a H atom
situated in the ortho-position with respect to the acetyl group is
involved in hydrogen bonding with the neighboring carbonyl.
According to this position, the related dimer is denoted as the
ortho-phenyl-H/acetyl (o-D1) dimer. For the hydrogen atoms
in meta- and para- positions, the related dimers are shown in
Figure 3e−f, respectively, and denoted as meta- phenyl-H/
acetyl (m-D1) and para- phenyl-H/acetyl (p-D1). Note that the
proposed configurations of the acetyl/phenyl dimers based just
on the positions of three different types of H atoms correspond
exactly to the shape of the dimers o-, m-, and p-D1 observed
experimentally (Figure 3b).
The statistics showing the distribution of different types of

dimers on the H-precovered Pt(111) surface at ΘH ≈ 0.95 ML
is displayed in Figure 3d: only about 16% of all dimers are

Figure 3. (a) STM image of acetophenone adsorbed on the H-precovered Pt(111) surface, ΘH ≈ 0.95 ML, (exposure at 190 K, acquisition
temperature 120 K, 0.12 V, 0.49 nA, 19 × 19 nm2). (b) Close-up images of different surface species (acetyl/acetyl dimer D1, ortho- phenyl-H/acetyl
dimer o-D1, meta- phenyl-H/acetyl dimer m-D1, para- phenyl-H/acetyl dimer p-D1) present on the surface. (c)−(f) Proposed structures of dimer
species shown in (b). (g) Statistical distribution of different acetyl/phenyl and acetyl/acetyl dimer species. The statistical evaluation was performed
on a larger STM scan.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c05707
J. Phys. Chem. C 2021, 125, 19311−19324

19315

8 Reprints of Publications210



present in the form of acetyl/acetyl species (D1), while 84% of
all dimers are acetyl/phenyl species. Among the latter types of
dimers, the most populated is the o-D1 dimer (43%), followed
by the m-D1 (31%) and p-D1 (10%) dimers. It should be noted
that each acetophenone molecule contains only one H atom in
the para-position, while there are two H atoms in the ortho-
and meta-position each. This higher absolute amount of ortho-
and meta-H is most likely responsible for the higher abundance
of o-D1 and m-D1 dimer species as compared to p-D1.
Additionally, the ortho-H is the most acidic H atom in
acetophenone, which makes it capable of making the strongest
H bonding to the carbonyl group of the neighboring
acetophenone molecule. This effect together with the high
population of ortho-H atoms might be responsible for the
highest relative population of o-D1 species.
Figure 1d shows the distribution of different surface species

on the H-precovered (ΘH ≈ 0.95 ML) vs pristine Pt(111)
surface. On the pristine Pt(111) surface, the most populated
dimer species are acetyl/acetyl dimers D1 and D2, totally
amounting to 94% of all dimer species. Note that within this
amount, 63% accounts for acetyl/acetyl ketone−ketone dimers
D1 and 31% for acetyl/acetyl ketone−enol species D2. Only 6%
of all dimer species are related to acetyl/phenyl dimers on
pristine Pt. On the H-precovered Pt(111) surface at ΘH ≈ 0.95
ML, this distribution strongly changes: only 21% of all surface
species are dimers, and the absolute majority of them (84%) is
related to acetyl/phenyl dimers. Thus, the presence of highly
abundant H (ΘH ≈ 0.95 ML) not only leads to the
disappearance of keto-enol species D2 and formation of mostly
monomers on the surface but also the distribution of the dimer
species switches from mostly acetyl/acetyl dimers on the
pristine surface to a predominant population of the acetyl/
phenyl dimers on the H-precovered surface at high H coverage.
Summarizing, the combination of these observations

suggests that principally different types of intermolecular
interactions are acting on pristine vs H-precovered Pt(111) at
high H coverages (ΘH ≈ 0.95 ML) in the temperature range
190−200 K. On the pristine Pt(111) surface, acetyl/acetyl

interactions dominate and two main types of dimers are
formed: (1) the ketone−ketone dimer D1, in which the
intermolecular interaction is realized via bonding between the
two acetyl groups, and (2) the ketone−enol dimer D2, in which
one acetyl group undergoes keto-enol tautomerization and the
newly formed OH group becomes involved in H bonding with
the acetyl group (i.e., CO entity) of the second ketone
molecule. In contrast, on the H-precovered Pt(111) surface at
ΘH ≈ 0.95 ML, the absolute majority of adsorbed
acetophenone is present in the form of monomers. The
smaller fraction of dimers shows a strongly different
distribution of possible geometric configurations. The
predominant intermolecular interaction in these dimers
switches to the interaction between the phenyl-H involved in
the phenyl ring and the acetyl group of the neighboring
species. Three different types of acetyl/phenyl dimers were
observed experimentally, which correspond to three possible
positions of H in the phenyl ring of acetophenone. It should
also be noted that one form of the acetyl/acetyl dimer was also
observed on this surfacethe ketone−ketone species D1
however, in very small amounts.
The origin of the observed switch in the predominant

intermolecular interactions is not a quite clear jet. The fact that
most of the dimers fall apart on the surface nearly saturated
with H might be explained by binding of the individual
acetophenone molecules to H atoms adsorbed on the surface,
thus establishing a quasi H bonding with the coadsorbed H
instead of H bonding with neighboring acetophenone
molecules. The bonding strength to the surface-adsorbed H
might be greater than bonding between two acetyl groups in
the D1 and D2 dimers, which results in the predominant
formation of the monomer species on the surface nearly
saturated with H. It is even less clear, however, why a drastic
switch from the acetyl/acetyl interaction to the acetyl/phenyl
interaction occurs on the H-containing surface. This
experimental observation suggests that the acetyl/phenyl
interaction is more stable than the acetyl/acetyl interaction
at H surface coverage close to a monolayer, while on the

Figure 4. (a) Close-up images of the observed monomer MH and dimers D1, o-D1, m-D1, and p- D1 on the H-precovered Pt(111) surface, ΘH ≈
0.95 ML, at 190 K. (b) STM line profiles obtained from the species shown in (a) along the axes indicates on the close-up images. The distances
reported above the line profiles are obtained as an average from typically 10 measurements.
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pristine Pt(111), an opposite trend exists: the acetyl/acetyl
prevails over the acetyl/phenyl interaction. It should be kept in
mind, however, that not only the binding energy between the
different functional groups changes in the presence of H but
also the overall binding energy of the entire molecule to the
surface might strongly decrease on the H-containing surface. It
can be speculated that the switch in the intermolecular
bonding from acetyl/acetyl to acetyl/phenyl might be a
complex interplay of different parameters, comprising the
change of the overall binding energy between a molecule and
the underlying metal, the possibility to make a quasi H bonding
with the surface-adsorbed H, possible change of the adsorption
site on the H-covered surface, etc. Based on the available
experimental data, it appears to be difficult to judge about the
relative contributions of these factors, which need to be
addressed in more detail in computational studies.
Figure 4 shows the more detailed analysis of different types

of dimers as well as the monomer MH on the H-precovered
Pt(111) surface at ΘH ≈ 0.95 ML. Here, the STM line profiles
measured across the individual surface species are analyzed in a
quantitative way. Figure 4a displays the axes (1a−1h and 2a−
2e), along which the STM line profiles were obtained. These
axes are drawn either along the main molecular axis of the
individual acetophenone molecules (axes 1a−1h) or along two
individual interacting acetyl groups in the acetyl/acetyl dimer
D1 (2a) or along two interacting groupsthe acetyl and the
phenyl groupin the acetyl/phenyl dimers o-, m-, and p-D1
(2b−2e). The latter axes 2a−2e are chosen to characterize the
typical distance between the interacting functional groups in
the dimers on the H-containing surface. Note that for the
acetyl/phenyl type of dimers, the line is drawn between the
acetyl group and the center of the phenyl ring and not between
the acetyl and the phenyl-H as the H atoms cannot be
atomically resolved.
The line profiles 1a−1h measured across the individual

acetophenone molecules are very similar for all present species.
They exhibit two maxima, and the average distance between
these maxima amounts to 4.2 ± 0.3 Å. Note that this value
does not correspond to the size of the molecule, which cannot
be exactly determined by STM due to tip convolution effects,
but shows merely the distance between the two maxima in the
electron density distribution in acetophenone. This value is in
an excellent agreement with the same value measured for
acetophenone adsorbed on pristine Pt(111) of 4.2 ± 0.2 Å.
Both values agree well with the typical distances between the
acetyl group and the phenyl ring calculated for the gaseous
acetophenone molecule: 3.9 Å for the distance between the
methyl group and the center of the phenyl ring and 3.7 Å
between the O atoms and the ring center (for more details see
ref 12). This observation indicates that the intramolecular
structure of the individual acetophenone molecules does not
noticeably change due to the interaction with the H-
precovered Pt(111) surface at high hydrogen coverage (ΘH
≈ 0.95 ML) as compared to pristine Pt(111).
The line 2a displays the line profile obtained along the axis

connecting two interacting acetyl groups in the acetyl/acetyl
dimer D1. The measured distance between the two maxima
amounts to 4.5 ± 0.1 Å, which is in a very good agreement
with the value of 4.6 ± 0.2 Å measured for the same type of
dimer D1 on pristine Pt(111).

12 Also, this observation indicates
that the bonding between the two ketone species via two acetyl
groups does not undergo noticeable changes when the Pt
surface is precovered with H.

For the acetyl/phenyl dimers, the characteristic distance
between the two interacting groups is significantly larger than
that for the acetyl/acetyl dimers. Thus, for the ortho-, meta-,
and para-dimers, the distances between the two peaks in the
line profiles (line 2b for ortho-, lines 2c and d for meta-, and
line 2e for para-dimers in Figure 4b) are quite similar: 7.6 ±
0.4, 6.9 ± 0.6, and 6.7 ± 1.3 Å for o-D1, m-D1, and p-D1,
respectively. It should be noted that the axis 2e, connecting the
interacting acetyl and phenyl groups in p-D1, also crosses the
second noninteracting acetyl group, giving rise to an additional
peak in the STM line profile, which is shown in Figure 4b as a
dashed area for clarity. Note that while the distance for the o-
D1 seems to be somewhat larger than for m- and p-D1, all
values lie within the same error interval.
It is interesting to estimate the distance between the acetyl

group and the phenyl-H atom directly involved in H bonding,
which can be done by subtracting the distance between the
ring center and the phenyl-H (1.4 Å according to the gas phase
calculation12) from the value measured between the acetyl
group and the center of the phenyl ring. These estimated
distances between the acetyl group and the phenyl-H atom
amount to approx. 6.0 ± 0.4, 5.5 ± 0.6, 5.3 ± 1.3 Å for o-D1,
m-D1, and p-D1, respectively. In all cases, these distances are
somewhat greater than the characteristic distance between the
two interacting acetyl groups in the acetyl/acetyl dimer D1 4.2
± 0.3 Å (except for the very last case, in which the lowest limit
of the error interval 5.3 ± 1.3 Å overlaps with the error interval
4.2 ± 0.3 Å for acetyl/acetyl dimer D1). Generally, it can be
concluded that the characteristic distances between the two
interacting groups in the acetyl/phenyl dimers are 25−40%
larger than this distance in the acetyl/acetyl dimer. This
observation might be indicative of a weaker interaction
between the individual molecular species in acetyl/phenyl
dimers but can also be related merely to differences in the
adsorption sites on the underlying Pt(111).
Having investigated intermolecular bonding in acetophe-

none dimers on H-precovered Pt(111) at ΘH ≈ 0.95 ML, we
performed a similar study in the higher temperature range (240
and 260 K), in which H concentration is significantly lower.
The estimate of the H surface concentration was performed
based on the TPD study by Poelsema and Comsa in the same
way as for the temperature 190 K discussed above.24

Specifically, the H surface coverage was estimated to amount
to ΘH ≈ 0.57 ML for 240 K and ΘH ≈ 0.5 ML for 260 K. The
TPD data reported by other groups25,26 result in similar
estimated coverages close to half of a monolayer. It should be
noted that earlier reports on H adsorption over Pt(111) put
forward the formation of two different types of H species,
which are indicated as weakly bound β1-H and strongly bound
β2-H species35 appearing as two distinct peaks in TPD. In the
more recent studies on that topic, it was shown that the
appearance of two desorption states is an artifact connected
most likely to the presence of irregular surface sites, e.g.,
steps.24,36 This hypothesis was additionally confirmed in
hydrogen adsorption studies on vicinal Pt surfaces showing
the evolution of new high-temperature desorption peaks upon
variation of the step density.37,38 The current general opinion
is that there is only one smooth desorption peak in TPD on
Pt(111), implying a smooth continuous growth of the H
binding energy with the decreasing H surface concentration.
The latter observation as well as the results of studies directly
addressing H binding energy by isosteric heat of adsorption
measurements24 reveal a rather strong repulsive interaction
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between the adsorbed H atoms. In terms of a simple model
developed by Poelsema and Comsa, this pairwise H−H
repulsive interaction is estimated to be close to 5 kJ·mol−1,24

while the binding energy of H atoms changes from approx. 50
to 75 kJ·mol−1 with decreasing H coverage from ΘH ≈ 1 to ΘH
≈ 0 ML, respectively.24

Figure 5 shows a series of STM images obtained in the low
(190 K Figure 5a) and high (240 and 260 K, Figure 5b,c)
temperature range on H-precovered surfaces. In both images
related to the higher temperatures (240 and 260 K), it can be
clearly seen that dimers become the majority of the surface
species (77 and 89% of surface species are dimers,
respectively), and the distribution of these dimers strongly
shifts to acetyl/acetyl dimers (86 and 95%, respectively). Thus
a strong difference in the composition of acetophenone species
was revealed for different H surface coverages: (1) in the low
coverage regime (ΘH ≈ 0.5−0.57 ML), the acetyl/acetyl
interactions are favored and the dimers are energetically more
stable than monomers; (2) in contrast, at the H coverage close
to saturation (ΘH ≈ 0.95 ML), the monomer form of
acetophenone is the most stable type of surface species and in
the small fraction of dimers, which are still formed on this
surface, the acetyl/phenyl type of interaction prevails over the
acetyl/acetyl interaction. From this observation, it can also be
concluded that the effects observed in the low-temperature
rangestrong reduction of the population of surface dimers
and switch to the acetyl/phenyl type of intermolecular
interactionmust be related to the higher H coverages.
Once approx. 40−50% of H is removed (high-temperature
regime), the surface behaves more similar to pristine Pt(111):
dimers constitute the majority of the surface species and the
acetyl/acetyl intermolecular interactions prevail.
The exact reason responsible for the drastic switch in the

dimer population and their structures upon transition from the
H-saturated surface (ΘH ≈ 0.95 ML) to the surface covered
with approx. half of the saturation coverage (ΘH ≈ 0.5−0.57
ML) cannot be unambiguously deduced from our experimental
datasets. Generally, there are two possible scenarios that might
explain this strong switch. First, the binding energy of adsorbed

H is a strong function of H surface coverage. According to the
study on isosteric heats of adsorption by Poelsema and
Comsa,24 the binding energy of H amounts on average to 48
kJ·mol−1 for saturated surface (ΘH ≈ 0.95 ML) and 63 kJ·
mol−1 for the surface covered with ΘH ≈ 0.5 ML. The weaker
binding H species populated at low temperatures (190−200
K) might be able to undergo a quasi H bonding with a
carbonyl group of acetophenone, thus preventing the
formation of intermolecular bonds required for the formation
of dimers. In contrast, stronger bonded H species populated in
the high-temperature regime (240−260 K) might be bonded
too strong to the surface and, therefore, not capable of
establishing bonds with coadsorbed acetophenone, thus
preventing dimer formation. The same differences in H
binding energies might be principally also responsible for the
switch from acetyl/phenyl to acetyl/acetyl type of interaction
upon transition from the saturated surface to hydrogen
coverage ΘH ≈ 0.5 ML. Here, the stability of different types
of dimersacetyl/acetyl vs acetyl/phenylcan depend on a
complex interplay of different parameters varying as a function
of H binding energy, such as, e.g., the change of the overall
binding energy between a molecule and the underlying H-
covered Pt, the possibility to establish a quasi H bonding with
the surface-adsorbed H, possible change of the adsorption site
for dimers with a varying binding energy of H, etc. The exact
role of these parameters can be addressed in theoretical
studies.
The second potentially possible reason for the observed

phenomena could be the inhomogeneous distribution of H at
lower coverages, resulting in the formation of dense H islands
and empty metal patches. If acetophenone dimers would
preferentially adsorb at free metal patches in this scenario, the
same structures would be built on the free metal areas as on
the pristine Pt(111) surface, which is indeed observed
experimentally. While this scenario would be an easy
explanation for the observed acetophenone structures, the
formation of densely packed H islands and free metal patches
is rather unlikely since coadsorbed H atoms exhibit a
substantial pairwise repulsive interaction on Pt(111)24,36 and

Figure 5. (a) STM image of acetophenone adsorbed on the H-precovered Pt(111) surface, ΘH ≈ 0.95 ML, (exposure at 190 K, acquisition
temperature 120 K, 0.12 V, 0.49 nA, 19 × 19 nm2). (b, c) STM images of acetophenone adsorbed on the H-containing Pt(111) surface ((b): ΘH ≈
0.57 ML, exposure at 240 K, acquisition temperature 120 K, 1 V, 0.1 nA, 20 × 20 nm2; (c) ΘH ≈ 0.5 ML, exposure at 260 K, acquisition
temperature 150 K, 1 V, 0.32 nA, 20 × 20 nm2); and (d) statistical distribution of monomers vs dimers (gray bars) and acetyl/acetyl vs acetyl/
phenyl dimers (blue and green bars) for STM scans shown in (a−c). All statistical evaluations are done on larger STM scans.
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should maximize the interatomic distances resulting in rather
homogeneous distribution across the surface. Under our
experimental conditions (relatively high H coverages: approx.
0.5−0.6 H atoms per surface Pt atom; and very low
acetophenone coverages: approx. 0.02−0.03 acetophenone
molecules per surface Pt atom), it is also unlikely that very
small amounts of coadsorbed acetophenone can substantially
effect H distribution across the surface. Based on these
considerations, we believe that hydrogen at ΘH ≈ 0.5 ML
should be distributed rather homogeneously and the differ-
ences in the adsorption structures of acetophenone are more
likely related to the change in the H binding energy upon
transition from the saturation coverage to ΘH ≈ 0.5 ML.
At 260 K, it turned out to be possible to achieve

intramolecular resolution of different dimer species. To obtain
more atomistic-level insight into their chemical structure, an IR
study was also performed in the high-temperature range.
Figure 6 shows the comparison of IR spectra obtained on
pristine (spectra (1) and (2)) vs H-containing Pt(111) with
the ΘH ≈ 0.57 ML (spectra (3) and (4)) surface at 240 K. On
pristine Pt(111), two intense characteristic bands are observed
at 1203 and 1663 cm−1, indicating the formation of ketone−
enol dimers D2. It should be emphasized that the band at 1683
cm−1, which was assigned to either ketone−ketone dimers or
monomers,9,10 is not present in the spectra recorded at 240 K.
This observation suggests that nearly all acetophenone
molecules transform to ketone−enol dimers (D2) on the
pristine Pt(111) surface. Note that the broad band around
1800 cm−1 highlighted with the gray color is typical for CO
molecules adsorbed at very low concentrations (less than 1% of

surface coverage).39 It might originate either from unwanted
coadsorption of CO from the background or from minor
acetophenone decomposition.
On the H-precovered surface with ΘH ≈ 0.57 ML, the

spectra ((3) and (4)) undergo noticeable changes as compared
to the pristine surface. The bands at 1203 and 1663 cm−1 still
remain visible and intense, indicating the presence of ketone−
enol dimers D2. On the other hand, a new band at 1036 cm−1

appears on this surface, which was observed neither on the
pristine Pt(111) surface nor on the surface containing a full H
monolayer. In our previous study,7 this band, which is red-
shifted from the C−O single bond vibration in enol (1203
cm−1) by about 150 cm−1, was assigned to the partly
hydrogenated dimer (PHD), in which a H atom is inserted
into the CC double bond of the enol to produce the
reaction intermediate shown in Figure 6 (PHD dimer). The
assignment was made mostly based on two considerations: (i)
the typical C−O vibrational frequencies in saturated alcohols
lie in the range of 1000−1150 cm−1;40 and (ii) specifically for
the nondissociated form of 1-phenylethanol, which is the full
hydrogenation product of acetophenone, the C−O(H) bond
exhibits a vibrational frequency at 1082 cm−1,41 which is close
to our experimentally observed value of 1036 cm−1.
Simultaneously with the evolution of a new C−O single
bond at 1036 cm−1, a strong vibrational band appears at 2892
cm−1, which can be assigned to C−H stretching vibrations in
methyl (−CH3) or methylene-bridge (−CH2−) groups.42,43

The position of this band is in excellent agreement with the
C−H stretching frequency of the −CH3 group in 1-
phenylethanol (2886 cm−1).41 The simultaneous appearance

Figure 6. (a) IR spectra of acetophenone adsorbed on pristine (spectra 1 and 2) and H-precovered Pt(111), ΘH ≈ 0.57 ML (spectra 3 and 4)
obtained at 240 K. All spectra are related to submonolayer coverages and were recorded after acetophenone exposure to (1) 2.7 × 1014, (2) 4.0 ×
1014, (3) 4.0 × 1014, and (4) 5.4 × 1014 molecules·cm−2. See the related text for further details; (b) proposed structural models for dimers D2 and
PHD based on the combination of spectroscopic and microscopic observations.
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of a new C−O single bond (1036 cm−1), which is not
conjugated to a CC double bond, and the −CH3 groups can
be interpreted as the formation of the PHD dimer shown in
Figure 6, which possesses both proposed entities. A more
detailed discussion of the IR spectra related to the PHD dimer
can be found elsewhere.7 Here, we would only briefly
summarize the main points, which are relevant for further
discussion. First, the intensity of the band at 1203 cm−1 is by
about a factor of two reduced on H-containing Pt(111) with
ΘH ≈ 0.57 ML as compared to the pristine surface. On the
other hand, a new band at 1036 cm−1 exhibits the intensity,
which is comparable to the intensity of the band at 1203 cm−1

on the same surface. The combination of these observations
suggests that a large fraction of the original ketone−enol
dimers D2 become partly hydrogenated to PHD under these
temperature conditions on the surface containing lower
concentrations of H (ΘH ≈ 0.57 ML). Comparable intensities
of both bands lying in the range of the single C−O bond
vibrations most likely indicate that the amounts of the related
species are also similar. It should be, however, kept in mind
that IRAS is not a strictly quantitative method, i.e., the band
intensity might not be directly proportional to the concen-
tration of the adsorbed surface species, and the resulting
intensity of a vibrational band can be strongly affected by the
adsorption geometry due to the metal surface selection rule
and the dipole coupling effects.44

Thus, two major observations based on the spectroscopic
and microscopic results can be done for the H-precovered
Pt(111) surface with ΘH ≈ 0.57 ML. First, the absolute
majority of the acetophenone is accommodated in dimer
species, specifically ketone−enol dimers D2 and partly
hydrogenated PHD dimers, which are related to acetyl/acetyl
dimers interacting via acetyl/former acetyl groups. This is in
sharp contrast to the surface precovered by a full monolayer of
H species, where the major amount of acetophenone was
found in the form of monomers and the smaller fraction of
dimers comprising mostly acetyl/phenyl dimer species.

Second, comparable amounts of ketone−enol D2 and partly
hydrogenated PHD species were found on this surface,
suggesting that the H species populated in the lower coverage
range is capable of hydrogenating acetophenone at the reaction
temperature above 240 K. It should be emphasized that both
before and after hydrogenation event, the reaction inter-
mediates exist in the form of dimer species, pointing to an
important role of intermolecular interactions in the elementary
hydrogenation step. More details on the feasible reaction
mechanisms of this surface process are discussed elsewhere.7

Here, we would like to focus on the atomistic structure of the
PHD reaction intermediate, which was further investigated by
STM.
Figure 7a shows the STM image obtained at 260 K on the

surface precovered with H at ΘH ≈ 0.5 ML. On this surface, it
was possible to obtain an intramolecular resolution of
acetophenone adsorbates. Specifically, two different types of
surface structures were found here, which are shown in Figure
7b,c.
The structure displayed in Figure 7b accounts for 70% of all

surface species and combines two protrusions exhibiting
different intensity distributions. One-half of the dimer consists
of a combination of a brighter and a darker area, while the
second half shows a uniform intensity distribution at a
relatively low intensity. The combination of these protrusions
was also observed on pristine Pt(111) in the low-temperature
range (see the close-up image of the D2 dimer in Figure 2) and
was assigned to the ketone−enol dimers D2.

9,10 Similarly to D2
dimers observed on the pristine surface, the ketone−enol
dimers formed at 260 K on the H-precovered surface at ΘH ≈
0.5 ML interact via the acetyl groups (and are therefore
formally related to acetyl/acetyl dimers). This observation is
also in an excellent agreement with the IR spectra shown in
Figure 6, suggesting the formation of ketone−enol dimers in
this temperature range. The strong interaction between the
−OH and CO entities is evidenced by the shift of the CO
vibrational frequency to 1663 cm−1, typical for H-bonded C

Figure 7. (a) STM image of acetophenone adsorbed on the H-precovered Pt(111) surface, ΘH ≈ 0.5 ML, (exposure at 260 K, acquisition
temperature 150 K, 1 V, 0.32 nA, 20 × 20 nm2). (b, c) Close-up images of the observed dimers D2 and PHD. (d) Statistical distribution of D2 and
PHD dimers on the H-precovered Pt(111) surface, ΘH ≈ 0.5 ML, at 260 K. Statistical distribution was obtained on a larger STM scan. (e)
Comparison of the line profiles measured for D2 and PHD dimers along the axes indicated in (b) and (c). The distances reported above the line
profiles are obtained as an average from typically 10 measurements.
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O. The line profiles measured for the D2 dimer on this surface
are shown in Figure 7e. The axes 1a and 1b are drawn along
the main molecular axis of individual acetophenone molecules
in the ketone and the enol part of the D2 dimer, respectively.
The axis 2a connects two interacting acetyl/former acetyl
groups. The line profile measured along the 1a axis exhibits
two maxima, with one of them being considerably stronger in
intensity; the characteristic distance between the maxima
amounts to 4.2 ± 0.3 Å. The line profile along the protrusion
with a nearly uniform intensity distribution (1b) shows a
plateau with a typical width of 4.1 ± 0.8 Å. Note that the
statistic was collected on a large number (typically 10) of D2
dimers. The characteristic distance between the two interacting
acetyl groups was obtained for the line profile 2a, which
amounts to 5.1 ± 0.8 Å. The latter value is comparable within
the characteristic dimensions of acetophenone,12 suggesting
that a strong interaction between both parts of the dimer D2
exists, bringing the molecules in close vicinity at a distance
comparable with the characteristic length of a molecular
species. All parameters measured for the D2 dimer formed on
the H-containing surface at ΘH ≈ 0.5 ML are in an excellent
agreement with the same parameters measured for the D2
dimer formed on pristine Pt(111): 4.2 ± 0.2 Å (along the main
axis in ketone), 4.3 ± 0.5 Å (along the main axis in enol), and
4.8 ± 0.4 Å (between both acetyl groups) (for more details, see
ref 12). This good agreement suggests that ketone−enol
dimers D2 are very similar in structure when formed on pristine
vs H-containing Pt(111) at ΘH ≈ 0.5 ML and also
intermolecular bonding between the two interacting entities
is not drastically affected by coadsorbed H. This latter
conclusion is also supported by the IR results, showing that
the combination of the vibrational frequencies characteristic
for the ketone−enol dimer (1203 and 1663 cm−1) remain the
same on both types of surfaces.
The second observed structure (Figure 7c) accounts for

about 30% of surface species and can be very likely related to
the PHD dimer as suggested by the IR results, showing that a
partly hydrogenated acetophenone species exists on the surface
in this temperature range (the combination of the bands at
1036 and 2892 cm−1). The line profiles measured for this
surface species are shown in Figure 7e. The axes 1c and 1d
were drawn along the main axes of the individual molecules,
and the axis 2b connects two centers of the interacting entities,
which are the acetyl and the partly hydrogenated acetyl groups.
Both line profiles along the axis 1c and 1b show rather broad
plateaus with a characteristic width of 4.1 ± 0.4 Å. This
dimension is in good agreement with the characteristic
dimensions of the individual molecules (4.2 ± 0.3 Å)
measured for the other types of dimers (D1, o-D1, m-D1, p-
D1), as shown in Figure 4b. The line profile along the axis 2b
shows two peaks with an average distance between them
amounting to 5.3 ± 0.7 Å. This distance is of the same range as
the corresponding distances of all acetyl/acetyl dimers: 4.5 ±
0.1 Å for D1 (Figure 4b, line 2a) and 5.1 ± 0.8 Å (Figure 7e,
line 2a) for D2 dimers. With this, the newly formed PHD
dimer exhibits typical distances both along the main molecular
axes as well as between the interacting entities, which were also
determined for the other types of acetyl/acetyl dimers. It is
important to note that after a hydrogenation event, the
absolute majority of the surface reaction intermediatesPHD
dimersremains adsorbed in the form of the dimer and the
characteristic distance between two individual molecules
remain nearly the same (within the measured error interval)

as in the nonhydrogenated acetyl/acetyl dimers D1 and D2.
This observation indicates that the partly hydrogenated
molecules must still be strongly interacting with the second
acetophenone species even after the hydrogenation event. The
possible structure of the PHD dimer (PHD(I)) shown in
Figure 6 illustrates this interaction: the −OH group belonging
to the hydrogenated part of PHD is H-bonded with the
carbonyl group of the neighboring acetophenone molecule. It
should be noted, however, that this structure can be expected
to give rise to an STM image with a nonuniform distribution of
the electron density for individual monomers constituting the
PHD dimer. However, the experimentally obtained STM
images rather suggest a homogeneous distribution of the
electron density in the PHD surface species (Figure 7b). This
scenario can be realized in the alternative structure of the PHD
species shown in Figure 6b (PHD(II)): here, the H atom is
equally distributed between the two oxygen atoms of the
neighboring acetophenone molecules so that the two identical
entities develop, which might give rise to a uniform intensity
distribution observed experimentally. Based on the exper-
imentally available datasets, it appears to be impossible to
unambiguously distinguish between these two proposed forms
of the PHD species. Further theoretical studies are necessary to
resolve the detailed structure of this species under the
catalytically relevant hydrogenation conditions.
There is a large body of previously reported experimental

studies related to the effects of preadsorbed hydrogen on the
interaction of hydrocarbons and other molecular adsorbates,
such as, e.g., water, with the underlying metal surface.
Specifically, Petrik and Kimmel have demonstrated a strong
dependence of water-binding energy on Pt(111) on coverage
of preadsorbed deuterium:45 with the increasing D coverage,
the water desorption peak shifts to lower temperatures,
suggesting weaker interaction strength with the underlying
D-covered metal. Even more pronounced effects of pre-
adsorbed H on adsorption, desorption, and reactivity of water
were revealed in studies by Juurlink et al.46−48 carried out on
vicinal Pt surfaces. Specifically, the authors demonstrated that
the step type and orientation have a dramatic effect on the
water interaction with Pt in the presence of coadsorbed
hydrogen. The observed effects were found to be of a long-
range nature. Thus, while water is able to form two-
dimensional (2D) networks interacting through bonding on
the saturated D/Pt(111) surface, the saturated D/Pt(533) and
D/Pt(977) surfaces showed a hydrophobic character and did
not enable the formation of the extended 2D structures. Based
on these results, the authors concluded that the (100) steps
have a very strong and long-ranged influence on the surface
hydrophobicity, i.e., the ability of water to establish extended
2D networks connected via hydrogen bonding when the
surface was precovered with D.49

Similar effects of preadsorbed H on the binding strength of
adsorbates were also demonstrated for hydrocarbon com-
pounds. Thus, Mullins et al. have shown that a preadsorbed
layer of hydrogen dramatically affects the interaction strength
of methanol with Au(111).50 Specifically, by studying
methanol adsorption at different coverages, including multi-
layers, the authors observed that the desorption temperature of
the amorphous phase on top of the monolayer increases if the
gold surface was saturated with hydrogen prior to methanol
exposure. This stronger bonding of the methanol amorphous
layer to the methanol monolayer was attributed to a change of
the methanol monolayer network, which was induced by its
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interaction with the underlying metal precovered with
hydrogen. Interestingly, H was observed not only to affect
the binding strength of the molecular species to the underlying
metal but was also shown to disturb the hydrogen-bonded
networks of organic compounds existing on pristine metals.
Thus, Trenary et al. have shown that hydrogen bonding
between neighboring surface species aminomethylidyne on
Pt(111) can be disrupted by coadsorbed atomic hydrogen.51

The authors put forward possible site blocking by coadsorbed
hydrogen, which prevents the organic adsorbates from getting
close enough to establish hydrogen bonds. The major
observations made in our studythe strong change of the
intermolecular interactions involving hydrogen bonding due to
the presence of coadsorbed Hare in good agreement with
the previous reports on H-precovered surfaces, both for water
and hydrocarbon adsorption studies. The related phenomena
seem to have a general nature and call for further atomistic-
level investigations, which can potentially open up a prospect
of controlling the properties of adsorption systems in H-
containing environments.

■ CONCLUSIONS
Summarizing, we present a mechanistic study on the formation
of different types of acetophenone dimers and their derivatives
over the H-containing Pt(111) surface. Depending on the
surface coverage of Ha nearly saturated monolayer vs
intermediate coverage close to half the monolayerstrongly
different behavior in dimer formation was observed.
In the low-temperature range with ΘH ≈ 0.95 ML, most of

the acetophenone was found in the form of monomers and
only a small fraction of dimers was present. This behavior is in
sharp contrast to the pristine Pt(111) surface, on which, in the
same temperature range, the majority of acetophenone species
are agglomerated in dimers: ketone−ketone D1 and ketone−
enol D2 dimers, both interacting via acetyl groups. Addition-
ally, a small fraction of dimers still populated on this nearly
saturated surface exhibit strongly different lateral interactions
as compared to the pristine surface. While on the pristine
surface, the absolute majority of the dimers are formed due to
lateral interaction between two acetyl groupseither CO···
H3C− in ketone−ketone dimers D1 or −OH···OCH− in
the ketone−enol dimer D2this type of interaction does not
prevail on the H-covered surface with ΘH ≈ 0.95 ML. The
major fraction of dimer species is formed due to the H bonding
between an acetyl group of one acetophenone and a H atom
involved in the phenyl ring of the neighboring molecule
(acetyl/phenyl dimers). Only a minor fraction of the dimers is
related to the acetyl−acetyl dimer D1, while the ketone−enol
dimers D2 completely disappear on this surface. Three different
types of acetyl/phenyl dimersortho-, meta-, and para-D1-
dimerswere observed here, which result from different
positions of phenyl-H atoms involved in H bonding with
respect to the acetyl group. The most populated acetyl/phenyl
species are o-D1 dimers, with phenyl-H being in the ortho-
position with respect to the acetyl group. This observation
might result from the highest acidity and high population of
ortho-H.
When the H concentration decreases to the range ΘH ≈

0.5−0.57 ML, the intermolecular lateral interaction and, as a
consequence, the composition of the oligomer species change
dramatically. In this case, the majority of adsorbates (77% for
240 K and 89% for 240 K) again become agglomerated in
dimers, interacting via two acetyl groups. However, at least one

of these acetyl groups undergoes chemical transformation. In
one type of the observed dimers (D2), keto-enol tautomeriza-
tion occurs, transferring acetophenone in the enol form. The
newly formed OH group interacts with the CO group of the
neighboring molecule via H bonding, thus energetically
stabilizing the normally unstable enol species. The second
type of dimer (PHD) results from partial hydrogenation of the
ketone−enol species, in which a newly formed C−O single
bond exhibits a characterizing vibrational frequency, which is
strongly red-shifted from the vibrational frequency of the C−O
bond in enol.
Thus, a high H concentration exerts a strong negative effect

on the population of the acetyl−acetyl dimers: (i) it
completely prevents the formation of ketone−enol dimers D2
and (ii) strongly inhibits the formation of the ketone−ketone
dimers D1. On the other hand, in the presence of a nearly
saturated H layer, the formation of the acetyl/phenyl dimers is
promoted, which are either not formed or formed only in
negligible amounts on pristine and the H-containing Pt(111)
surface at lower H concentrations (ΘH ≈ 0.5−0.57 ML).
We report the detailed structural analysis of all observed

dimer species on different types of surfaces. In general, all types
of acetyl/acetyl dimers, including partly hydrogenated dimer
PHD, exhibit similar structural parameters of the individual
molecules along the main acetophenone axis. The distances
between the acetyl groups (and acetyl/former acetyl groups)
are comparable to the characteristic length of the molecules,
pointing thus to a strong intermolecular interaction between
both acetyl entities. In the acetyl/phenyl dimers, the
characteristic length of the molecular species along the main
axis is found to be the same as in an acetophenone standing
alone; however, the typical distance between the acetyl group
and the H atom of the phenyl ring appears to be slightly larger
than the distance between the two acetyls in acetyl/acetyl
dimers.
The obtained results provide important atomistic-level

insight into lateral interactions between acetophenone
molecules on the catalytically relevant Pt surface precovered
with different types of H species.
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Adsorption geometry and self-assembling of chiral
modifier (R)-(+)-1-(1-naphthylethylamine) on
Pt(111)†
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Ann-Katrin Baumann and Swetlana Schauermann *

A mechanistic study on interaction of a chiral modifier – (R)-(+)-1-(1-naphthylethylamine) (R-NEA) – with a single

crystalline Pt(111) surface is reported. The details of the adsorption geometry of individual R-NEA molecules and

their intermolecular interactions are addressed by combination of infrared reflection absorption spectroscopy

(IRAS) and scanning tunneling microscopy (STM). The spectroscopic observations suggest that the molecules are

tilted with respect to the underlying metal substrate with the long axis of the naphthyl ring being parallel

and the short axis tilted with respect to the surface. In the medium coverage range, formation of directed 3–5

membered chains was observed by STM for the first time, which points to intermolecular bonding between indi-

vidual molecules and might account for an unusual tilted adsorption geometry deduced from the IR spectra.

Based on the STM images revealing the atomic structure of the Pt grid close to the R-NEA chains, we propose

the adsorption configuration of NEA fitting both the IRAS and STM data. The obtained results suggest that

this strong intermolecular interaction energetically stabilizes the tilted adsorption geometry of the naphthyl

ring, which otherwise would be expected to lie flat on the metal to maximize the dispersive interactions.

At the coverage close to saturation, R-NEA builds a self-assembled overlayer with hexagonal symmetry,

exhibiting intermolecular distances larger than in the directed chains.

Introduction

Producing and purifying enantiopure chemicals is a topic of
immense practical importance arising from the fact that all
biologically important molecules are chiral. The tremendous
progress in the development of homogeneous chiral catalysts
opened up a major new field in chemistry for production of
enantiomerically pure pharmaceuticals. By comparison, effective
heterogeneously catalyzed enantioselective processes are still rare,
despite their huge potential importance. Besides the major opera-
tional advantage offered by heterogeneous over homogeneous
catalysis, allowing exclusion of expensive separation steps, the
combination of chiral media to induce enantioselectivity with
the highly catalytically active metal nanoparticles can result in
tremendous synergetic effects. For example, rapid dissociation of
molecular oxygen or hydrogen can be ensured on metal surfaces –
the reaction step that commonly limits the homogeneously
catalyzed routes. There is a rapidly emerging new research field,
which focuses on development of chirally-modified catalytic

surfaces that can be used as chiral media to induce enantios-
electivity in heterogeneously catalyzed reactions.3–5 Such catalysts,
combining high catalytic activity and stereochemical control, can be
produced by a variety of methods, including e.g., chiral templating
by formation of long-range ordered patterns of chiral molecules on
the metal surfaces (supramolecular chirality)4 or adsorption of chiral
organic molecules (chiral modifiers) that build a 1 : 1 complex with a
pro-chiral substrate.3 Among these methods, imparting chirality by
adsorption of chiral modifiers seems to be one of the most
promising.3 Typically, such chiral modifiers are adsorbed via dis-
persive interaction with an anchoring moiety, e.g., naphthyl ring, and
the chiral functional group responsible for chiral 1 : 1 interaction
with the prochiral reactant is lifted above the surface plane.
Specifically in the hydrogenation of CQO and CQC functions,
such chirally modified supported metal catalysts represent a
successful approach with high synthetic potential demonstrated
in batch and continuous-flow reactors.6–8

Despite the impressive development in this field in the past
years, the mechanistic details of the underlying microscopic
processes are still under debate. In addition, the complexity of
the known effectively operating systems limits their extension
to other classes of reactants or other catalysts. The successful
cases are quite sensitive to changes in the reaction participants
in ways that are difficult to predict. At this stage, microscopic
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understanding of enantioselective heterogeneous catalysis
strongly gains importance in order to further advance this field
and to develop new concepts for rational design of new catalytic
materials from first principles.

The chiral organic compound (R)-(+)-1-(1-naphthylethylamine)
(R-NEA) proved itself to be a very promising surface modifier in
heterogeneous chiral catalysis.9–12 There is no general agreement in
the literature on the adsorption geometry of this molecule on metal
surfaces. In the recent studies on R-NEA/Pt(111)13–17 and R-NEA/
Pd(111) surfaces,18 the R-NEA ligand was suggested to undergo
a combination of naphthyl/Pt p- and amine/Pt dative-bonding,
meaning that the aromatic moiety lies flat on the surface and acts
as a chemical anchor, similarly to observations made for another
prominent chiral modifier cinchonine.19,20 Similarly, McBreen and
co-workers have shown that p-bound R-NEA is prevalent on
Pt(111).21 On the other hand, some reports disagree with this view,
suggesting that neither R-NEA, nor cinchonine are adsorbed with
the naphthyl group p-bonded to the catalyst surface. Specifically,
Meemken et al.22 reported a strongly tilted adsorption geometry for
cinchonine, which was put forward to play an important role in
the enantioselective step in hydrogenation processes. Zaera and
co-workers23 reported the adsorption structure with R-NEA being
bound to the surface via the aminic N based on the infrared
reflection absorption spectroscopy (IRAS) studies on a polycrystal-
line Pt surface. This result is in line with an earlier study from the
same group on R-NEA/Pt(111)2 suggesting the transition from the
flat-lying to strongly tilted adsorption geometry of the naphthalene
ring with increasing coverage. In contrast to the findings of Zaera
et al.,2,23 McBreen and co-workers have shown that p-bound R-NEA
is prevalent on Pt(111).21 A recent review24 provides a comprehen-
sive discussion on the currently available literature reports.

Here, we report a mechanistic study on interaction of a
chiral modifier R-NEA with single crystalline Pt(111) surface. By
combining IRAS and scanning tunneling microscopy (STM), we
address the details of the adsorption geometry of individual
molecules and the intermolecular lateral interactions between
them resulting in formation of a self-assembled layer. The
spectroscopic observations suggest that the molecules are tilted
with respect to the underlying metal substrate with the long
axis of the naphthyl ring being parallel to the surface. In the
medium coverage range, formation of directed chains of R-NEA
molecules was observed for the first time. This phenomenon
most likely results from intermolecular bonding between
individual molecules and might account for an unusual tilted
adsorption geometry deduced from the spectroscopic observa-
tions. Based on the STM images revealing the atomic resolution
of the Pt grid close to the R-NEA chains and previously reported
theoretical calculations, we show that every second Pt atom is
covered by the ethylamine moiety. We propose an adsorption
configuration accounting for this observation, which is in
agreement with the tilted adsorption geometry derived from
IRAS spectra and which can be stabilized by intermolecular
bonding of neighboring R-NEA species. The obtained results
point to a strong intermolecular interaction between individual
molecules, which energetically stabilizes the tilted geometry of
the naphthyl ring. In a coverage range close to a monolayer, the

adsorbates form a densely packed overlayer with the larger
intermolecular distances than in the chains pointing to increasing
contribution of the repulsive interactions between co-adsorbed
species.

Experimental section

The IRAS experiments were performed in a specially designed
UHV apparatus (base pressure 2 � 10�10 mbar) equipped with a
dedicated chamber for deposition of organic molecules via a
gas doser or Knudsen effusive cell. Further details on the
apparatus can be found elsewhere.25

Sample preparation

The Pt(111) single crystal (MaTeck GmbH) was cleaned prior to use
by repeated cycles of Ar+ ion bombardment at room temperature,
followed by oxidation in 1 � 10�6 mbar O2 at 750–800 K to
remove residual carbon and subsequent annealing at 1150 K.
The last cleaning cycle contained reduction of the surface with
1 � 10�6 mbar CO at 400–450 K. Shortly before each experiment
the sample was flashed to 600 K before cooling to the required
temperature to remove CO adsorbates. The long range order and
cleanleness of the Pt(111) single-crystal were checked by Low
Energy Electron Diffraction (LEED), Auger Electron Spectroscopy
(AES) and additionally by IRAS of adsorbed CO to probe the
abundance of adsorption sites.

(R)-(+)-1-(1-Naphthyl)ethylamine (R-NEA, Sigma-Aldrich, purity
99%) was deposited onto the sample via a gas doser controlled by
a leak valve at a typical pressure of 5� 10�8 mbar. During deposition
the sample was held at 160 K. R-NEA was purified prior to the
experiments by repeated freeze–pump–thaw cycles.

IRAS

IRAS data have been acquired using a vacuum Fourier transform
infrared (FT-IR) spectrometer (Bruker Vertex 80v) with a spectral
resolution of 2 cm�1 and a mid-infrared (MIR) polarizer and
p-polarized IR light. The spectrometer is equipped with a narrow
band Mercury–Cadmium–Telluride (MCT) detector. IRAS spectra
were acquired at almost the same surface temperature that was
used for R-NEA deposition (155–160 K). An automated quadru-
pole mass spectrometer (QMS) system (Hiden, HAL 301/3F) was
employed for the continuous monitoring of the partial pressures
of gaseous species.

B3LYP exchange–correlation functional (DFT)

Vibrational frequencies of an isolated R-NEA molecule were
calculated within the harmonic approximation at the B3LYP/
aug-ccpVTZ level of theory, using the Gaussian16 software.26

First estimation for the lowest energy structure was obtained by
relaxed potential energy surface scan (PES) of R-NEA in the gas
phase rotating the ethylamine group with respect to the
naphthalene ring, through the C–C bond connecting them.
The scan was performed using the smaller 6-31G(d,p) basis set
to minimize computer requirements while exploring the con-
formation space, which provides a sufficient level of accuracy
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for this purpose. Next, starting with the obtained lowest energy
structure of rotational conformer, we performed geometry optimiza-
tion and frequency calculations at the B3LYP/aug-ccpVTZ level of
theory. The geometry was optimized until all forces were smaller
than 0.01 eV Å�1. Vibrational modes were calculated within the
harmonic approximation and visualized with GaussView 05.27

Experimentally, to obtain a reference spectrum for an unperturbed
molecule, the IR spectra are first recorded at multilayer coverages at
which most of the adsorbed molecules do not directly interact with
the surface. The resulting experimental bands are then assigned by
comparison to the theoretical spectra and the calculated frequencies
are scaled by a factor of 0.967 for best fitting the experimental data.

STM

The STM measurements were carried out in a different UHV (base
pressure better than 1 � 10�10 mbar) apparatus by employing a
variable temperature (90–300 K) Aarhus 150 SPM (SPECS). All
measurements were carried out in a constant current mode and
the bias voltage UT was applied to the sample. The etched W-Tip was
commercially produced by SPECS and in situ sharpened by an 3 keV
Ar+-bombardment with 5 � 10�6 mbar back pressure for 5 min.

The Pt(111) single crystal was cleaned according to the cleaning
procedure described above. The quality of the sample was addition-
ally verified by acquiring STM images prior to the deposition. R-NEA
was purified prior to the experiments by repeated freeze–pump–thaw
cycles. R-NEA (R-NEA, Sigma-Aldrich, purity 99%) was dosed through
individual gas doser onto the Pt(111) surface (i) kept at 300 K and
(ii) pre-cooled in STM to 160 K and then transferred to the prepara-
tion chamber for dosing (in the latter case, some temperature rise
might have occurred as the sample was placed in a not cooled
transfer system). After the deposition the sample was transferred
back to the STM.

Results and discussion
Assignment of vibrational bands in R-NEA multilayer

In order to address the adsorption geometry of R-NEA on Pt(111)
at sub-monolayer coverages, we first performed a detailed
assignment of individual vibrational bands. For this, a multi-
layer coverage of R-NEA was produced at 160 K. At this coverage,
the absolute majority of the molecule does not directly interact
with the underlying metal support and therefore can serve as a
reference for unperturbed molecular species. The spectrum of
these species can be compared to the known literature data for
the unperturbed molecules (e.g., in the gas phase or in solutions)
to assign the vibrational bands. The experimentally measured IR
spectrum of R-NEA on Pt(111) at multilayer coverages, acquired
at 160 K, is shown in Fig. 1a.

To the best of our knowledge, the assignment of the vibra-
tional bands for R-NEA currently available in the literature was
performed based on the IR spectra of other structurally similar
molecules, such as phenylethylamine,28–30 substituted
naphthalene,31 and ethylamine,32 but not R-NEA itself. Also
no assignments based on the isotopic labelling of R-NEA were
reported to far. While the comparison with the structurally

similar molecules can provide correct assignment in many cases,
there is still some ambiguity for a number of bands, which assign-
ment is less clear. For example, the experimental band at around
1600 cm�1, which was reported by several groups2,13,21,23,33 for
R-NEA on Pt surfaces, was assigned solely to the in-plane (C–C)ring

stretching mode of the naphthalene ring. However, theoretical
studies29,30 on free standing phenylethylamine suggest that this
band can be assigned to deformation mode of the –NH2 group.

To verify the assignment currently available in the literature, we
performed theoretical calculations of isolated (gas phase) R-NEA
using the Gaussian 16 software package.26 The calculation was
carried out at the B3LYP/cc-aug-pVTZ level of theory. The calculated
frequencies were scaled by a factor of 0.967 for best fitting the
experimental data and the assignment was carried out by compar-
ison of the computed and experimental (non-perturbed molecule
in R-NEA multilayer) spectra. The resulting assignment of the
experimentally observed IR bands is summarized in Table 1. The
numbers in the left column correspond to the numbers enumerat-
ing the vibrational modes shown in Fig. 1a.

The calculated and experimentally measured IR spectra
appear fairly similar, both in terms of the position of the bands
and the distribution of their intensities. Specifically, the vibra-
tional bands (1)–(6) lying in the region 1350–1600 cm�1, which
are particularly relevant for the further discussion, can be quite
safely assigned based on the computed spectra. The vibrational
band at 1597 cm�1 is assigned to the symmetric deformation of
the NH2 group. The vibrational band at 1512 cm�1 band is
assigned to the in-plane C–C stretching mode of the naphtha-
lene ring; the corresponding dynamic dipole moment of the
later vibration is aligned along the long axis of the naphthalene
ring in accordance to previously published data2,21,33,34 and will

Fig. 1 Experimental IR spectra of R-NEA on Pt(111) at multilayer coverages
measured at 160 K (a) along with the calculated IR spectra at B3LYP/cc-aug-
pVTZ level of theory of an isolated R-NEA (b). The frequencies were scaled
by factor of 0.967 to obtain the best fit to the experimental data. The
calculated bands are labeled from (1) to (15), which correspond to the labels
enumerating bands in the Table 1.
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be denoted as n(C–C)ring-long. The vibrational bands at 1448 and
1369 cm�1 are assigned to the anti-symmetric and symmetric
deformation of the CH3 group, respectively; the vibrational
band at 1397 cm�1 can be most likely assigned to deformation
vibrations which mainly exhibit the C–H bonds of the naphtha-
lene ring along its short axis (denoted as d(C–H)ring-short). The
orientation of the computed dynamic dipole moment for these
selected bands is shown in Fig. 2. The visualization of the
vibrational bands (7)–(10) can be found in the ESI.†

Adsorption of R-NEA on Pt(111) at sub-monolayer coverages

Having assigned the most important vibrational bands in non-
perturbed R-NEA adsorbed in multilayers, we studied the

interaction of this molecule with Pt(111) at submonolayer
coverages via IRAS. The vibrational spectra obtained in the
low coverage regime provide information on the possible
perturbation of the chemical bonds due to the interaction with
the underlying metal as well as on the adsorption geometry of
the adsorbed species. The latter information can be extracted
by applying the metal surface selection rule (MSSR) relying on
the fact that only vibrations exhibiting a non-zero projection of
the dynamic dipole moment onto the surface normal are visible
in IRAS.35 In contrast, if the dynamic dipole moment is
oriented parallel to the surface, an image dipole is built in
the underlying metal that cancels out the dynamic dipole
moment resulting in total zero intensity of the corresponding

Table 1 Vibrational frequencies (in cm�1) of NEA and their assignments. Experimental vibrational frequencies (cm�1) of multilayer of NEA are compared
with harmonic frequencies calculated at the B3LYP/aug-cc-pVTZ (scaled by 0.967) level of theory. Labels (1)–(15) refer to Fig. 1

Mode number Gas phasea Pure liquidb Multilayerc B3LYP/aug-cc-pvTZ, scaled Assignment

1 1597 1595 1597 1597 ds(NH2)
2 1508 1510 1512 1510 nip(CC)ring-long

3 1453 1446 1448 1466 das(CH3)
4 1395 1397 1380 dip(CH)ring-short, d(C*H)ethylamine
5 1377 1368 1369 1367 ds(CH3)
6 1329 1337 1342 1325 d(C*H)ethylamine

7 1242 1259 1262 1245 d(C*H)ethylamine

8 1242 1245 1232 Ring breathing
9 1204 1201 1204 1185 Mix modes o(NH2)
10 1167 1167 1170 1151 mix modes n(C–N)
11 1117 1119 1120 1100 Mix modes
12 905 917 927 911 Mix modes r(CH3), r(NH2), n(C*–C)ethylamine-ring

13 856 861 863 862 o(NH2)
14 795 804 790 doop(CH)ring

15 773 783 765 doop(CH)ring

a Gas phase values are adopted from NIST data base for S-NEA.1 b Values reported by Zaera for pure liquid NEA.2 c Obtained experimental values
for multilayer of R-NEA on Pt(111) at 160 K as shown in Fig. 5a.C* indicates the chiral center.

Fig. 2 Visualization of selected vibrational modes of R-NEA, with labels (1)–(5) corresponding to the same labels in Fig. 1 and Table 1. The displacement
vectors and the resulting dynamic dipole moment for each mode are indicated in blue and red, respectively. The origin of the dynamic dipole moment is
placed arbitrary in the R-NEA center of mass.

Paper PCCP

Pu
bl

is
he

d 
on

 0
3 

Ju
ly

 2
02

0.
 D

ow
nl

oa
de

d 
by

 C
hr

is
tia

n 
A

lb
re

ch
ts

 U
ni

ve
rs

ita
t z

u 
K

ie
l o

n 
5/

14
/2

02
1 

11
:2

7:
14

 A
M

. 

View Article Online

8 Reprints of Publications224



15700 | Phys. Chem. Chem. Phys., 2020, 22, 15696--15706 This journal is©the Owner Societies 2020

vibrational mode. Based on this rule, it is possible to judge
about the orientation of the selected vibrational modes in space
and, consequently, about the orientation of the molecule with
respect to the surface plane.

The IR spectra obtained for submonolayer coverages of
R-NEA at 160 K are shown in Fig. 3. The Fig. 3a displays the
spectral range 900–1800 cm�1, while the Fig. 3b shows the
evolution of the selected bands in the range 1300–1650 cm�1 in
more detail (note that the exact determination of the R-NEA
coverage is difficult as it requires an accurate sticking coeffi-
cient measurement. It can be approximately estimated that the
spectra 4 and 5 roughly correspond to a monolayer coverage,
while the spectra 1–3 are more close to a half of monolayer). It
can be clearly seen that the intensity distribution of the
individual vibrational modes strongly changes with increasing
coverage. At the lowest coverage (spectrum (1)), only the band at
1397 cm�1 is present in the spectrum, which is related mainly
to the dip(C–H)ring-short with the dynamic dipole moment lying
in the plane of the naphthyl ring and being oriented parallel
to its short axis (see Fig. 2). This band grows in intensity
with growing R-NEA exposure and saturates in spectrum (3).
Increasing coverage leads to the appearance of the bands at
1448 and 1512 cm�1 in spectrum (2), which grow in intensity
and saturate in the spectrum (4). The band at 1448 cm�1 is
assigned to the asymmetric deformation vibration of the
methyl group (das(CH3)) and the band at 1512 cm�1 to the
(C–C)ring-long in-plane stretching vibration (nip(C–C)ring-long). For
both latter bands the dynamic dipole moment lies in plane of
the naphthyl ring and is oriented along its long axis (Fig. 2).
In spectrum (4), the band at 1597 cm�1 appears and grows in
intensity with increasing R-NEA exposure to finally dominate
the spectrum obtained at the highest coverage (spectrum (5)).
This band can be assigned to the symmetric deformation

vibration of amine (ds(NH2)) with the corresponding dynamic
dipole moment lying out of plane of the naphthyl ring (Fig. 2).

Taking into account the fact that the frequencies of the
vibrational bands observed in the sub-monolayer coverages are
similar to those measured for R-NEA multilayers, it can be
concluded that R-NEA is not strongly perturbed by the inter-
action with Pt in the investigated low temperature range (160 K)
and adsorbs molecularly. Further, we make an assumption that
the naphthyl ring largely preserves its flat geometry upon
adsorption on the metal surface, which seems to be a valid
assumption in view of nearly unperturbed vibrational modes in
the adsorbed molecules as compared to R-NEA multilayer
spectra. In this case, some conclusion regarding the orientation
of the naphthyl ring with respect to the surface plane of the
underlying metal can be made based on the MSSR.

The fact that only the band at 1397 cm�1 with the dynamic
dipole moment oriented along the short axis of the naphthyl
ring can be detected in the lowest coverage range points to an
inclined adsorption geometry of R-NEA, which is shown in
Fig. 4a. In this geometry, the naphthyl ring is oriented in such a
way that its long axis is parallel to the surface plane, while the
short axis is inclined. This configuration result in a non-zero
projection of the dynamic dipole moment related to the band
1397 cm�1 onto the surface normal making it visible by IRAS,
while the vibrational modes oriented along the long axis of the
naphthyl ring (1448 and 1512 cm�1) cannot be seen due to the
MSSR (please note that the adsorption configuration shown in
Fig. 4a is deduced solely from the IRAS spectra and seems to be
counterintuitive for monomer species as the naphthyl ring is
expected to lie flat on the surface to maximize dispersive
interactions. Later, we will show that the R-NEA molecules are
not populated as monomers but organized in chains under the
investigated temperature conditions, in which the tilted geo-
metry is stabilized by the intermolecular interactions). It should
be pointed out that the band at 1597 cm�1, which is assigned to
the symmetric deformation of the amine group, is also absent
in the spectrum (1). The dynamic dipole moment of this
vibration in the gas phase is aligned along the plane spanned
by the H–N–H bonds (Fig. 2, (1)). The absence of this band in

Fig. 3 IRAS spectra of R-NEA on Pt(111) recorded at 160 K as a function of
R-NEA exposure; 5 � 10�8 mbar at 155 K for (1) 1, (2) 1.5, (3) 2, (4) 5, (5) 10
minutes. (b) Enlarged view of the region 1300–1650 cm�1.

Fig. 4 Schematic drawing of R-NEA adsorbed on Pt(111). (a) The aromatic
ring is tilted on the surface even at low coverage. The dynamic dipole
moment of the band at 1397 cm�1 is shown schematically with respect to
the surface plane. (b) Schematic representation of R-NEA chains on Pt(111)
and the proposed intermolecular interaction between the neighboring
molecules responsible for tilted adsorption geometry and chain formation.
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the spectra obtained on Pt suggests that its dynamic dipole
moment is parallel to the surface. This scenario can be achieved
in two different ways: (i) the amine group might rotate with respect
to the surface in such a way, that the entire H–N–H plane becomes
parallel to the surface and therefore all vectors lying in this plane
are parallel to the underlying metal; (ii) the H–N–H plane is not
parallel to the surface but the dynamic dipole moment is oriented
on the plane in such a way that it is parallel to the surface. The
second scenario seems to be less likely, even though it cannot be
excluded based on the available experimental data.

Appearance of the vibrational bands at 1448 and 1512 cm�1

at increasing R-NEA exposure suggests formation of a different
type of surface species or the re-orientation of the already
present adsorbates in such a way that the molecules are inclined
not only along the short but also along the long axis of the
naphthyl ring. At even higher exposures the band at 1597 cm�1

becomes also visible suggesting further structural transforma-
tions of the adsorbates. If our assumption on the orientation of
the H–N–H plane parallel to the surface is true for the low
coverage regime, the appearance of the symmetric deformation
vibration at 1597 cm�1 in the high coverage regime should imply
a reorientation of the amine group – and with this the H–N–H
plane – with respect to the surface, so that this vibrational mode
exhibits a non-zero projection of the dynamic dipole moment
along the surface normal. For the further discussion of IR
spectra in the full frequency range the reader is referred to ESI.†

Overall, the IR data strongly indicates that R-NEA is
adsorbed with its naphthyl ring tilted with respect to the surface
in the entire coverage range. At lower coverages, the naphthyl

ring is tilted only along the short surface plane, while at higher
coverages the naphthyl ring lifts up even more so that both
axes – the short and the long ones – become inclined with
respect to the surface plane of the underlying metal. This
observation is in agreement with a previously reported study
by Lambert et al.7 employing near edge X-ray absorption fine
structure spectroscopy (NEXAFS) as well as with the IRAS results
of Zaera et al.2 Generally, adsorption of aromatic compounds on
metals is usually discussed to be dominated by dispersive
interactions between the aromatic ring(s) and the underlying
metal, resulting in a flat-lying adsorption geometry of the ring at
low coverages. In view of this typical behavior, the IRAS data
pointing to a tilted adsorption geometry even at the lowest
coverages are quite surprising.

In order to obtain further insights into the atomistic details
of R-NEA adsorption on Pt(111), we performed a study employing
STM as a tool to obtain real space information on the distribution
of the adsorbates at two different temperatures: 300 K and on the
sample pre-cooled to 160 K. The recorded STM images are shown
in Fig. 5. At 300 K, the majority of R-NEA molecules is practically
randomly distributed on the surface irrespective of coverage as
shown in Fig. 5a. Only a minor fraction of the adsorbates is
agglomerated to oligomers, mainly into 3-membered chains as
can be seen e.g., in the image related to 0.5 ML coverage at 300 K. In
contrast, at low temperature nearly all adsorbates agglomerate in
chains, which can be clearly seen in Fig. 5b at intermediate
coverage range. The chains typically contain 4–6 members and
some of them are agglomerated in more complex hexagonal-
like structure corresponding to the hexagonal symmetry of the
underlying support. At the coverages close to saturation, R-NEA self-
assembles into a long-range ordered structure exhibiting a hexago-
nal symmetry. The oligomer species and the 2D-layer observed at
160 K were stable on the surface within at least two hours after
deposition. To the best of our knowledge, neither formation of the
directed chains nor self-assembling in the high coverage regime
was reported in the literature for NEA adsorbates so far. Previously,
the R-NEA adsorption was investigated only at room temperature,
at which random distribution of the monomeric adsorbed species
was detected.36 Note, that no formation of chiral structures was
observed at both temperatures, which is in line with the previous
report on adsorption configuration of NEA on Pt(111).36

Fig. 6a shows an STM image of a 3-membered R-NEA chain
revealing the atomic resolution of the underlying Pt surface,
which allows to determine the position of individual molecules
with respect to the metal atoms. Fig. 6b shows the same
3-membered R-NEA chain overlapped with the hexagonal grid
displaying the positions of the Pt atoms. By comparison of the
Fig. 6a and b, it can be quite clearly seen that every second Pt
atom along the [%101] axis is covered by a moiety appearing as a
bright protrusion. Taking into account the distance between Pt
atoms of 2.775 Å, the separation between the bright spots in the
chains can be estimated to be around 5.55 Å. Previously, R-NEA
molecules adsorbed on Pt(111) surface were imaged by STM in
the study reported by McBreen et al.37 Based on the theoretical
calculations reported in the same work, the bright spot was
assigned to the ethylamine moiety, which can adopt two

Fig. 5 STM topography images (36 nm � 18 nm) of R-NEA adsorbed on
Pt(111) as a function of coverage deposited at room temperature (a) and at
the surface pre-cooled to 160 K prior deposition (b, see Experimental
section). The scans (a) were obtained at 300 K; the scans (b) were acquired
at 160–165 K. Typical imaging conditions: bias voltage 1–1.1 V, tunneling
current 0.11–0.21 nA.
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relative positions with respect to the naphthyl ring resulting in
formation of two stable R-NEA configurations37 appearing in
their study as monomer species at the reported surface tem-
perature of 261 K. No atomic resolution of the metal substrate
was achieved in this study, so that the position of the ethyl-
amine group with respect to the underlying Pt atoms was
deduced solely from the computational model. The latter
model predicts that an ethylamine group occupies a single Pt
atom in an on-top position, while the flat lying aromatic ring
exhibits a significantly larger footprint. Following these theo-
retical results and taking into account a large size of the
naphthyl ring, we assign the bright spot occupying an on-top
Pt atom to the ethylamine group of R-NEA. The position of the
naphthyl ring cannot be unambiguously deduced from the
available STM data. It should be noted that close to each bright
spot a depression consisting of two dark circles can be seen,
which might be in principle related to the naphthyl ring
situated between the ethylamine groups as schematically
shown in the ball model displayed in Fig. 6d (note that this
model is only a cartoon). However, this depression appears at
the same position not only in the 3-membered ring but also in
the other R-NEA species adsorbed at the surface as monomers.
This fact would suggest that all R-NEA species seen on this
image are oriented in an identical way with respect to the
underlying support, which is rather unlikely. Alternatively, the
appearance of this depression can be related to a complex
interaction between the STM-tip modified by picking up an
R-NEA molecule and adsorbed R-NEA species. In the latter case,
appearance of a depression at the same relative position for all
adsorbed species can be considered as an artifact related to the
scanning procedure and a particular termination of the STM
tip. It should be noted that – similarly to the previous report37 –
also in our study no evidence for formation of theoretically

predicted two stable configurations of R-NEA37 were found. The
computed configurations are related to the slightly different
orientation of the ethylamine-group with respect to the
naphthyl ring in the monomer R-NEA species. Since only the
ethylamine-group but not the naphthyl ring was imaged in our
study, their relative configuration cannot be reliably deter-
mined, so that the direct comparison to the calculated modes
is not possible.

It is important to note that the computational studies37 were
performed for single R-NEA molecules lying flat on Pt(111), in
which the naphthyl ring was predicted to occupy 6–7 Pt atoms
depending on the particular adsorption configuration. If such
flat lying molecules were organized in directed chains, only
every third Pt atom would be covered by the ethylamine group37

and not every second as observed in our study at low tempera-
tures, at which directed chains are formed. Additionally, all
vibrational bands of the naphthyl ring with the dynamic dipole
moment lying in plane of the ring would be invisible in IRAS
due to MSSR. Thus, both the IRAS and STM results suggest that
the experimentally observed formation of the directed chains
cannot be explained by flat lying R-NEA molecules situated
close to each other. This contradiction can be eliminated if we
would assume an adsorption model, in which the naphthyl
rings are tilted with respect to the surface, so that their
footprint on the underlying Pt surface becomes significantly
smaller and allows to accommodate an ethylamine group on
every second Pt atom. One of the likely models illustrating this
scenario is shown in Fig. 6d (side view). Note that this is a
cartoon and not a computationally derived model. This model
also implies that the dynamic dipole moment of the in-plane
ring vibration dip(C–H)ring-short along the short axis (1397 cm�1)
should be visible in IRAS, while the in-plane stretching vibra-
tion along the long axis (nip(C–C)ring-long, 1512 cm�1) should

Fig. 6 (a) STM topography image (4.5 � 7.5 nm, It = 0.12 nA, Vt = 1 V) of R-NEA adsorbed on Pt(111) at 300 K revealing the underlying Pt atomic lattice;
the scan was acquired at 300 K; close up of the three-membered chain showing the positions of the underlying Pt atoms (b) and the proposed adsorption
geometry of the R-NEA species with respect to the Pt lattice (c). (d) The side view of the proposed adsorption model.
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have zero intensity, which is consistent with the experimental
observations. Fig. 4b shows the same adsorption geometry as a
cartoon, additionally illustrating the direction of the dynamic
dipole moment of the band 1397 cm�1, which is visible in IRAS
due to its non-zero projection onto the surface normal. For this
case, the spectroscopic results suggest that the naphthyl ring is
tilted along its short axis (represented by the red arrow in the
Fig. 4b), while the long axis is oriented parallel to the surface.
Note that this adsorption configuration is the only one fitting
both IRAS and STM experimental results. In such adsorption
configuration, a H atom involved into the aromatic ring can
establish hydrogen bonding with the amino group of the
neighboring molecule, thus providing the basis for the for-
mation of the directed chains. Alternatively, a H atom directly
bound to the chiral carbon (C*H group) or belonging to the
methyl group of one molecule can be involved in the H� � �p
interaction with the naphthyl ring of the neighboring molecule,
resulting in the directed intermolecular interaction and for-
mation of the chains.

The directed interaction between neighboring molecules
based on hydrogen bonding between different moieties of the
neighboring molecules put forward in this report agrees well with
the results of the previously published studies on different types
of aromatic compounds, e.g., methylnaphthalene/ethylformate
or methylpyruvate/cinchonidine, showing that hydrogens of the
naphthyl ring are capable of forming hydrogen bonds on
Pt(111).38–40 Another possible scenario related to the H� � �p
interaction between a hydrogen involved in either CH3 or C*H
group (with C* being a chiral center of R-NEA) of one molecule
and the naphthyl ring of the neighboring molecule was pre-
viously suggested for various complexes of chiral molecules.41,42

In a higher coverage range, at which the R-NEA are still
organized in chains (and not in the ordered overlayer), the IRAS
data suggest that the molecules are inclined along both short
and long axes of the naphthalene ring. In this case, the simple
model shown in Fig. 4b and 6d becomes more complicated.
The naphthyl rings seem to have even weaker interaction with
the underlying Pt surface resulting in additional lifting of the
aromatic moiety and its stronger inclination with respect to
the metal surface. However, this additional upward tilting of
the naphthyl ring does not result in the drastic changes of the
chain geometry as evidenced by STM, suggesting that the
nature of the lateral interactions between neighboring R-NEA
molecules remain most likely the same. Based on all available
data sets, a clear conclusion about the strong intermolecular
interaction between the neighboring adsorbates can be drawn,
which results in formation of directed chains. It is very likely
that this strong intermolecular interaction energetically stabi-
lizes the tilted adsorption configuration of the naphthyl ring,
which otherwise would be expected to lie flat on the metal
surface to maximize the dispersive interaction.

Fig. 7a shows a close up image of the ordered 2D R-NEA layer
formed at the coverages close to saturation. The distance
between two neighboring bright spots along both indicated
axes becomes considerably longer than in the chains and
amounts to approximately 9.5 Å (vs. 5.55 Å measured in the

chains), which corresponds to approximately 3.4 times distance
between the closest neighboring Pt atoms. It is important to
note that according to the IRAS data, all dynamic dipole
moments lying in the plane of the naphthyl ring are visible in
the highest coverage range roughly corresponding to mono-
layer. This observation strongly suggests a tilted adsorption
configuration of the naphthyl ring with both short and long
axes being inclined with respect to the surface plane in the self-
organized 2D layer. A cartoon indicating the orientation of the
short (red arrow) and long (blue arrow) axes of the naphthyl
ring with respect to the underlying surface plane is displayed in
Fig. 7b. Here, a single R-NEA molecule is shown for clarity,
however it should be kept in mind that in this adsorption
configuration it is incorporated into the 2D layer. The layer
exhibits hexagonal symmetry corresponding to the symmetry of
the underlying Pt(111) support. The exact position of the
ethylamine groups with respect to Pt atoms cannot be deduced
from the presented data as no atomic resolution of the under-
lying metal could be achieved for this high coverage range.
Based on the fact that larger intermolecular distances and self-
ordering were observed in this coverage range, it can be
assumed that not only attractive interactions described above
but also lateral repulsive interactions play a role in the for-
mation of the ordered 2D-layer. The latter interactions most
likely result from the repulsion between electron rich moieties
of R-NEA, e.g., naphthyl rings or the lone pairs of the amine
groups. However, the exact origin of repulsion cannot be
deduced from the available data. Here, computational work is
needed to obtain further insights into the nature of R-NEA self-
organization on Pt.

It should be noted that the vibrational spectra of R-NEA
obtained at 300 K show almost no intensity at the positions of
all characteristic vibrational bands, especially those related to the
prominent vibrations of the naphthyl ring, which are seen at 160 K.
Similar observations were made in the study of McBreen et al.,36

where no characteristic spectroscopic signatures of R-NEA were

Fig. 7 (a) STM topography image (12 � 18 nm) of 2D layer formed by
R-NEA adsorbed on Pt(111) at a close to monolayer coverage. The surface
was pre-cooled to 160 K prior deposition. (b) Schematic drawing of a
single R-NEA molecule incorporated to a 2D layer. The aromatic ring is
tilted with respect to the surface plane along both short and long axes of
the naphthyl ring; the axes are indicated with the red and blue arrows,
correspondingly.
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observed after NEA adsorption at 300 K on Pt(111). Taking into
account the fact that R-NEA is present in large quantities at room
temperature (see Fig. 5a), this result suggests, that the molecules
are lying flat, so that the most prominent vibrational bands are
invisible due to the MSSR.43 This hypothesis is in line with our STM
observations: (i) at 300 K, the molecules are not involved in lateral
interactions with the neighbouring species according to STM and
therefore they adopt a flat lying adsorption geometry – most likely
due to strong dispersive interactions between the naphthyl ring and
the metal – resulting in vanishing of the most prominent vibra-
tional bands due to MSSR;43 (ii) in contrast, once the R-NEA species
undergo lateral interactions with the neighbours and agglomerate
into self-assembled structures – chains or 2-D layer at 160 K – they
attain an inclined adsorption configuration and hence many
vibrational modes become visible.

Conclusions

Adsorption of R-(1-naphthyl)ethylamine (R-NEA) on single crystal-
line Pt(111) surface was investigated by a combination of STM and
IRAS over a broad range of coverage and temperature conditions.
R-NEA molecules adsorbed on Pt(111) at 160 K were observed for
the first time to form directed chains at intermediate coverages and
self-assemble into a R-NEA overlayer at the coverages close to a
monolayer. Formation of directed chains at low temperature,
typically consisting of 3–5 members, points to a directed inter-
molecular interaction between the neighboring R-NEA molecules.
In contrast, adsorption of R-NEA at 300 K results in random
distribution of the molecules over the entire surface even at the
coverages close to saturation.

Assignment of the vibrational bands in the sub-monolayer
coverage range was performed based on the R-NEA multilayer
spectra serving as a reference for unperturbed species as well as
IR spectra theoretically calculated at the B3LYP/aug-ccpVTZ
level of theory. A very good agreement between the experimen-
tally measured and calculated vibrational spectra was obtained.
For the low/intermediate R-NEA coverage, the spectroscopic
results suggest an adsorption geometry, in which the long axis
of the naphthyl ring is oriented parallel to the surface plane,
while the short axis of the aromatic ring is inclined with respect
to the surface. At the higher coverages, both axes become
visible in IR spectra pointing to the changes of the adsorption
geometry; specifically, tilting of both long and short axes of the
naphthyl ring with respect to the surface plane, most probably
due to crowding effects. The unusual inclined adsorption
geometry along one axis of the naphthyl ring observed at the
intermediate coverages is most likely stabilized by the inter-
molecular bonding to the neighboring R-NEA molecules, result-
ing in formation of the directed R-NEA chains. Likely scenarios
of such intermolecular interaction might involve (i) hydrogen
bonding between the -amine group of a given molecule and an
H atom of the naphthyl ring of its neighbor; (ii) H� � �p inter-
action between a hydrogen involved in either CH3 or C*H group
of one molecule and the naphthyl ring of the neighboring
molecule and (iii) the less likely (due to geometrical constrain)

intermolecular p� � �p stacking interaction between the naphthyl
rings of neighboring molecules.

Based on the STM images revealing the atomic resolution of
the Pt grid close to the R-NEA chains and previously reported
theoretical calculations, we show that every second Pt atom is
covered by the ethylamine moiety. We propose an adsorption
configuration accounting for this observation, which is in
agreement with the tilted adsorption geometry derived from
IRAS spectra and which can be stabilized by intermolecular
bonding between neighboring R-NEA species. In the coverage
range close to a monolayer, formation of a self-organized 2D
layer with the distance between repeating units (most likely
ethylamine groups) of approximately 9.5 Å is observed. Both the
larger intermolecular distances and self-organization point to
an increasing contribution of the repulsive lateral interactions –
presumably between electron rich moieties of R-NEA – in the
formation of the overlayer structure.

Obtained results provide important insights into the mecha-
nistic details of interaction of chiral modifiers with the transi-
tion metal surfaces relevant for enantioselective heterogeneous
catalysis.
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12 J. L. Margitfalvi and E. Tálas, Anomalous Behavior of Rigid
Cinchona Alkaloids in the Enantioselective Hydrogenation
of Ethyl Pyruvate in an Aprotic Solvent, Appl. Catal., A, 2006,
301, 187–195.

13 V. Demers-Carpentier, G. Goubert, F. Masini, R. Lafleur-
Lambert, Y. Dong, S. Lavoie, G. Mahieu, J. Boukouvalas,
H. Gao and A. M. Rasmussen, Direct Observation of Mole-
cular Preorganization for Chirality Transfer on a Catalyst
Surface, Science, 2011, 334, 776–780.

14 Y. Dong, G. Goubert, M. N. Groves, J.-C. Lemay, B. Hammer
and P. H. McBreen, Structure and Dynamics of Individual
Diastereomeric Complexes on Platinum: Surface Studies
Related to Heterogeneous Enantioselective Catalysis, Acc.
Chem. Res., 2017, 50, 1163–1170.

15 Y. Dong, K. Svane, J.-C. Lemay, M. N. Groves and
P. H. McBreen, Stm Study of Ketopantolactone/(R)-1-(1-
Naphthyl) Ethylamine Complexes on Pt(111): Comparison
of Prochiral and Enantiomeric Ratios and Examination of
the Contribution of CH� � �OC Bonding, ACS Catal., 2017, 7,
1757–1765.

16 G. Goubert, Y. Dong, M. N. Groves, J.-C. Lemay, B. Hammer
and P. H. McBreen, Monitoring Interconversion between
Stereochemical States in Single Chirality-Transfer Com-
plexes on a Platinum Surface, Nat. Chem., 2017, 9, 531.

17 G. Goubert and P. H. McBreen, Surface Diastereomeric
Complexes Formed by Methyl Benzoylformate and (R)-1-(1-
Naphthyl) Ethylamine on Pt(111), ACS Catal., 2014, 4,
847–854.

18 M. Mahapatra, L. Burkholder, M. Garvey, Y. Bai, D. K. Saldin
and W. T. Tysoe, Enhanced Hydrogenation Activity and
Diastereomeric Interactions of Methyl Pyruvate Co-
Adsorbed with R-1-(1-Naphthyl) Ethylamine on Pd (111),
Nat. Commun., 2016, 7, 12380.

19 A. Vargas and A. Baiker, First Principles Study of the
Conformations of Cinchonidine on a Pt(111) Surface,
J. Catal., 2006, 239, 220–226.

20 J. Kubota and F. Zaera, Adsorption Geometry of Modifiers as
Key in Imparting Chirality to Platinum Catalysts, J. Am.
Chem. Soc., 2001, 123, 11115–11116.

21 Y. Zeng, F. Masini, A. M. Rasmussen, M. N. Groves, V. Albert,
J. Boukouvalas and P. H. McBreen, The Most Stable Adsorp-
tion Geometries of Two Chiral Modifiers on Pt(111), Surf. Sci.,
2018, 676, 17–22.

22 L. Rodrı́guez-Garcı́a, K. Hungerbühler, A. Baiker and
F. Meemken, The Critical Role of Tilted Cinchona Surface
Species for Enantioselective Hydrogenation, ACS Catal.,
2017, 7, 3799–3809.

23 A. D. Gordon and F. Zaera, Adsorption of 1-(1-Naphthyl)
Ethylamine from Solution onto Platinum Surfaces: Implica-
tions for the Chiral Modification of Heterogeneous Cata-
lysts, Angew. Chem., Int. Ed., 2013, 52, 3453–3456.

24 F. Meemken and A. Baiker, Recent Progress in Heteroge-
neous Asymmetric Hydrogenation of CQO and CQC Bonds
on Supported Noble Metal Catalysts, Chem. Rev., 2017, 117,
11522–11569.

25 S. Attia, E. J. Spadafora, J. Hartmann, H.-J. Freund and
S. Schauermann, Molecular Beam/Infrared Reflection–
Absorption Spectroscopy Apparatus for Probing Hetero-
geneously Catalyzed Reactions on Functionalized and
Nanostructured Model Surfaces, Rev. Sci. Instrum., 2019,
90, 053903.

26 M. J. Frisch, et al., Gaussian 16 Rev. C.01, Wallingford, CT,
2016.

27 R. Dennington, T. Keith and J. Millam, Gaussview, Version 5,
Semichem Inc., Shawnee Mission, KS, 2009.

28 T. B. Freedman, G. A. Balukjian and L. A. Nafie, Enhanced
Vibrational Circular Dichroism Via Vibrationally Generated
Electronic Ring Currents, J. Am. Chem. Soc., 1985, 107,
6213–6222.

29 C. H. Pollok and C. Merten, Conformational Distortion of
A-Phenylethyl Amine in Cryogenic Matrices–a Matrix Isolation
Vcd Study, Phys. Chem. Chem. Phys., 2016, 18, 13496–13502.

30 C. Merten, M. Amkreutz and A. Hartwig, Vcd Study of
A-Methylbenzyl Amine Derivatives: Detection of the
Unchanged Chiral Motif, Chirality, 2010, 22, 754–761.

31 J. Hawkins, E. Ward and D. Whiffen, Characteristic Infra-
Red Absorption Frequencies of Substituted Naphthalenes,
Spectrochim. Acta, 1957, 10, 105–109.

32 Y. Hamada, K. Hashiguchi, A. Y. Hirakawa, M. Tsuboi,
M. Nakata, M. Tasumi, S. Kato and K. Morokuma, Vibra-
tional Analysis of Ethylamines: Trans and Gauche Forms,
J. Mol. Spectrosc., 1983, 102, 123–147.

33 F. Meemken, T. Steiger, M. C. Holland, R. Gilmour,
K. Hungerbühler and A. Baiker, Adsorption and Stability
of Chiral Modifiers Based on 1-(1-Naphthyl)-Ethylamine for
Pt Catalysed Heterogeneous Asymmetric Hydrogenations,
Catal. Sci. Technol., 2015, 5, 705–715.

34 D. Stacchiola, L. Burkholder and W. T. Tysoe, Enantio-
selective Chemisorption on a Chirally Modified Surface in
Ultrahigh Vacuum: Adsorption of Propylene Oxide on
2-Butoxide-Covered Palladium(111), J. Am. Chem. Soc.,
2002, 124, 8984–8989.

35 F. M. Hoffmann, Infrared Reflection–Absorption Spectro-
scopy of Adsorbed Molecules, Surf. Sci. Rep., 1983, 3,
107–192.

Paper PCCP

Pu
bl

is
he

d 
on

 0
3 

Ju
ly

 2
02

0.
 D

ow
nl

oa
de

d 
by

 C
hr

is
tia

n 
A

lb
re

ch
ts

 U
ni

ve
rs

ita
t z

u 
K

ie
l o

n 
5/

14
/2

02
1 

11
:2

7:
14

 A
M

. 

View Article Online

8 Reprints of Publications230



15706 | Phys. Chem. Chem. Phys., 2020, 22, 15696--15706 This journal is©the Owner Societies 2020

36 V. Demers-Carpentier, et al., Direct Observation of Molecu-
lar Preorganization for Chirality Transfer on a Catalyst
Surface, Science, 2011, 334, 776–780.

37 G. Goubert, A. M. H. Rasmussen, Y. Dong, M. N. Groves,
P. H. McBreen and B. Hammer, Walking-Like Diffusion of
Two-Footed Asymmetric Aromatic Adsorbates on Pt(111),
Surf. Sci., 2014, 629, 123–131.

38 S. Lavoie, G. Mahieu and P. H. McBreen, Chemisorption-
Induced Double Hydrogen Bonding, Self-Assembly, and
Stereoselection, Angew. Chem., Int. Ed., 2006, 45, 7404–7407.
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Vielen Dank auch an die Freunde und Verwandte, die mich in den letzten Jahren unterstützt
haben diese Arbeit in der Form so fertigzustellen. Vor allem aber Steffi und Lilly, die mir
insbesondere in der Schlussphase alles ermöglicht haben.
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