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1 Introduction 

Ionic Liquids (ILs) are a class of compounds consisting solely of cations and anions, while 

at the same time possessing a low melting point. Many ILs are even liquid below room 

temperature.1-2 Although substances fulfilling this definition are known for more than a 

century,3 the scientific field of “ionic liquids” only started to develop in the 1990s4-5. In the 

beginning, ILs were seen as “green” alternatives for conventional bulk chemicals,6-8 like 

solvents,9-11 electrolytes,12-15 lubricants16-17 or scavengers18-20. Due to their tunable 

physicochemical properties, they also have been adapted to more specific applications, for 

example, sensors,21-22 lubricant additives,23 pharmaceuticals,24-26 or in catalysis27-32. These 

applications fully exploit their potential using only small amounts, so the environmental 

footprint is acceptable, even if the “green” label for ILs came increasingly under debate in 

recent years.33-39 

 

Figure 1.1: For catalysis, thin IL films can be immobilized on a porous support. In SILP systems, 

a homogenous catalyst is dissolved inside of the IL, in SCILL systems, the catalytically active site 

is located at the IL/metal interface of a solid catalyst (particle). The transfer of reactant and product 

molecules across the gas/IL interface is crucial for both approaches. Adapted with permission from 

Ref40. 

In catalysis, ILs can be used as bulk solvents in a biphasic approach, but also in smaller 

amounts as thin layers on porous supports (see Figure 1.1).30-31 From a practical point of 

view, these heterogeneous systems can be handled like traditional supported solid catalysts, 

which facilitates adaptation to existing reactors and product-catalyst separation eventually 
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paving the way to commercial applications.41-42 Two conceptually different approaches can 

be distinguished: In Supported Ionic Liquid Phase (SILP) catalysis,43 an originally 

homogenous catalyst – typically a metal complex – is dissolved in an IL phase immobilized 

on an inert porous support, which increases the mobile phase/IL interface area and 

simplifies product separation.30-31, 44-45 In the Solid Catalyst with Ionic Liquid Layer 

(SCILL) approach,46 a traditional heterogeneous catalyst, often metal nanoparticles 

dispersed on a support, is modified by a thin IL film.30-31, 47 

Typically, SCILL is used to improve the selectivity of hydrogenation reactions,46-48 for 

example the 1,3-butadiene hydrogenation to produce 1-butene.49-52 In the industrial 

application of this reaction, the 1,3-butadiene content of 1-butene streams must be pushed 

to < 5 ppm, without the formation of too many byproducts, mainly n-butane.53-56 Different 

solubility of the competing reactants in the IL film was proposed to be responsible for the 

SCILL effect in the earlier literature.46-47 However, the selectivity of SCILL-catalysts can 

be larger than explainable by taking into account only solubility differences.50 Moreover, 

the onset of the SCILL effect is already observable for only minor amounts of IL used in 

the catalyst preparation, far less than is needed for the formation of a three-dimensional IL 

phase.50 Therefore, the SCILL effect is nowadays often attributed to site blocking and/or 

ligand effects of the IL ions interacting with the catalyst and/or the reactants in the vicinity 

of the IL/solid interface. Despite different concepts, however, a thorough understanding of 

the SCILL effect is still lacking.48, 50, 57-58 

In this context, understanding and controlling the properties of the IL/metal interface is thus 

highly desired. Molecular-level insights can be gained by studying suitable model systems, 

especially ultrathin IL films on metal substrates prepared by physical vapor deposition 

(PVD).59 These surface science studies under ultra-high vacuum (UHV) conditions 

revealed surprising growth,60-61 wetting62-64 and exchange65-67 phenomena, along with 

unexpected structural changes68 and reactions with the metal surface68-71. Furthermore, also 

the mass transfer across the gas/IL interface plays a crucial role in the SCILL and SILP 

systems. Therefore, the structure of the vacuum/IL interface has been thoroughly 

investigated using different surface science techniques like X-ray reflectivity72-73, direct 

recoil spectrometry74-75, Rutherford backscattering75-76, low energy ion scattering77-78, 

reactive atom scattering79-80, sum frequency generation vibrational spectroscopy,81-82 X-ray 

photoelectron spectroscopy (XPS)40, 83-89 and molecular dynamics simulations90-92. In this 
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way, a rather comprehensive picture of the static properties of the vacuum/IL interface has 

been achieved. 

In contrast, the interaction dynamics of gas molecules with the gas/IL interface has only 

been investigated for selected examples: In a molecular beam study of CO2 scattering from 

imidazolium-based IL surfaces at room temperature, two distinctive pathways could be 

deconvoluted – trapping/desorption (TD) and inelastic scattering (IS). In particular, it was 

found that with increasing alkyl chain length and decreasing anion size, the probability for 

the TD pathway increases.93-94 NO scattering shows similar trends as CO2, and moreover 

interesting rotational, vibrational and electronic effects, because of its uncommon open-

shell electronic structure.95-96 Oxygen atoms can be scattered inelastically and/or reactively 

forming OH and H2O from pyrrolidinium- and imidazolium-based ILs. For both cation 

classes, the probability of reactive scattering increases with increasing alkyl chain length 

and decreasing anion size.79, 97-99 Moreover, on frozen [C2C1Im][Tf2N] and [C8C1Im][BF4], 

water adsorbs with an initial trapping probability close to zero, which then increases with 

increasing water coverage.100 

The work presented in this thesis are – to the best of my knowledge – the first studies on 

the dynamic interactions of IL interfaces with gaseous hydrocarbons, the most common 

feedstock in SCILL and SILP applications.30-31 Chapter 4.1 will describe the dynamics of 

hydrocarbon trapping on gas/IL interfaces and how it is influenced by the structure of the 

cation, anion and hydrocarbon. Chapter 4.2 will then discuss how the interaction strength 

between the hydrocarbon and the IL interface, i.e. the desorption energy, can be quantified. 

The results of this analysis will be correlated with the IL surface structure in Chapter 4.3. 

Finally, Chapter 4.4 will address the dynamics of hydrocarbon sticking at the gas/IL/metal 

interface, which is considered to be a model system for a SCILL catalyst. The results 

presented in this work are the first ones obtained with a new molecular beam setup 

specifically dedicated to the investigation of Ionic Liquid Interface Dynamics (ILID). Since 

the construction of components, commissioning and characterization of the new ILID 

machine was a part of this thesis, the experimental details will be thoroughly discussed in 

Chapter 3. 
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2 Fundamentals 

2.1 Molecular Beam Techniques 

2.1.1 Fundamentals of Molecular Beams 

First described by Louis Dunoyer in 1911101 and a few years later implemented in the 

Nobel-prize-winning studies of Otto Stern and Walther Gerlach,102 molecular beams are 

almost as old as vacuum technology.103 They are essentially formed by a controlled “leak”, 

that is, via the expansion of a gas through a small opening into vacuum. In contrast to ion 

beams, molecular beams consist of uncharged molecules, moving in a spatially directed 

fashion in a collision-free environment.104 

Molecular beams can be divided into two classes: effusive beams (also known as thermal 

or Knudsen beams) and supersonic beams (sometimes called free jets).105 In the simplest 

setup, effusive beams are generated by the effusion of a gas from a heated oven through a 

small orifice. For effusive beams, the Knudsen number discriminating the two beam 

conditions, Kn = λ/d (λ: mean free path of the molecules, d: diameter of the orifice), is 

considerably larger than one. Therefore, after leaving the oven, the gas molecules no longer 

collide with each other. As a consequence, the Maxwell-Boltzmann distribution remains 

the same as initially in the Knudsen cell.106 

Since the focus of this thesis is on supersonic molecular beams, the related background will 

be described in more detail in the following. For supersonic beams, Kn is much smaller 

than one, i.e., a lot of collisions between molecules occur during beam formation. To 

generate such a beam, a gas is allowed to flow from a stagnation tube with higher pressure 

p0 through a nozzle into a chamber of lower pressure pb. If p0/pb is larger than (
𝛾+1

2
)

𝛾

𝛾−1
 

(which is < 2.1 for all gases),107 the gas molecules accelerate to supersonic speed and a 

complex shock wave structure forms at a certain distance from the nozzle.108 In molecular 

beam setups, the formation of these shock waves is omitted by extracting the molecular 

beam with a skimmer (a conical-formed aperture) placed at a short distance from the nozzle 

(see Figure 2.1a). Since heat transfer during the expansion process is usually negligible, the 
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beam formation can be treated as an adiabatic, isentropic expansion.107 Therefore, the sum 

of enthalpy and (directed) kinetic energy remains constant: 

ℎ +
𝑀𝑣2

2
= ℎ0 = 𝑐𝑜𝑛𝑠𝑡. (2.1) 

Thereby, h is the molar enthalpy, M the molar mass, v the velocity of the (directed) mass 

flow and h0 the molar enthalpy before the expansion. During the expansion, energy is 

efficiently transferred through collisions from the internal energy (undirected kinetic, 

rotational and vibrational energy) into directed kinetic energy. With increasing distance to 

the nozzle, the velocity of the gas molecules in the propagation direction increases quickly, 

while at the same time their temperature decreases (see Figure 2.1b). 

 

Figure 2.1: a) Expansion of a gas through a nozzle into the vacuum chamber. The skimmer placed 

at a short distance to the nozzle prevents shock wave formation and extracts the molecular beam. 

b) With increasing distance from the nozzle, the velocity increases until approaching v∞, while the 

temperature decreases. c) In comparison to the initial Maxwell-Boltzmann distribution (1), the 

velocity distribution in the supersonic beam is narrowed (2). Reproduced with permission from 

Ref104. 



2 FUNDAMENTALS 

7 

The upper limit for the terminal velocity is full conversion of internal energy into directed 

kinetic energy: 

𝑣∞ =  √
2ℎ0

𝑀
=  √

2𝑐𝑝𝑇0

𝑀
 (2.2) 

Consequently, the reachable velocity depends on the nozzle temperature T0 and the nature 

of the gas, that is, its isobaric molar heat capacity cp and molar mass M.109 

For monoatomic gases, v∞ is a good approximation for the experimentally achievable 

velocity. For other gases, also the vibrational and rotational degrees of freedom have to be 

taken into account, which complicates the prediction of their experimental velocity. In the 

range of typical nozzle temperatures, the vibrational degrees of freedom are often only 

partially active, which further complicates the estimation of the flow velocity.107 With the 

proceeding expansion of the gas, the collision frequency decreases rapidly. Thus, after 

about 102 to 103 collisions per molecule, the transition from continuum to free molecular 

flow occurs. As a rule of thumb, this is sufficient for the energy transfer from the 

translational and rotational degrees of freedom into directed movement, but insufficient for 

the vibrational degrees of freedom.107, 109 

Since the free molecular flow is collision-free, the molecules are frozen in a non-

equilibrium state, which can be characterized by the temperature parallel T∥ and 

perpendicular T⟂ to the streamline. In typical molecular beam setups, a narrow (but finite) 

velocity distribution is achieved (see Figure 2.1c) and T∥ and T⟂ can even be pushed below 

1 K.110 Further cooling of T⟂ can be achieved by exploiting a geometrical effect: The 

molecules with highest T⟂ have a momentum perpendicular to the flow direction of the 

molecular beam, so they drift away from the center of the beam and thus can be sorted out 

by a downstream aperture.107 

In principle, only a nozzle, a skimmer and an expansion chamber are required to form a 

supersonic molecular beam. However, because a considerable gas flow into the expansion 

chamber is required, usually several differential pumping stages are needed to keep the final 

pressure low enough for UHV experiments.111 
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2.1.2 Sticking Coefficient Measurements 

The sticking coefficient S is defined as the probability for an incoming molecule to stick 

to, that means adsorb on, a sample surface. In this work, S is called trapping probability if 

the adsorption occurs through physisorption rather than chemisorption, which is in line with 

the nomenclature most often found in the literature.112 S can be measured using the direct 

method of King and Wells,113 which requires a supersonic molecular beam and a set of 

flags (i.e. mechanical shutters). Figure 2.2 shows a sketch of the setup together with an 

exemplary measurement curve obtained during such an experiment. The partial pressure of 

the molecule of interest in the analysis chamber is followed by recording a representative 

m/z with a quadrupole mass spectrometer (QMS). The experimental procedure is based on 

a sequence of opening and closing two flags (marked by dashed lines in Figure 2.2). 

 

Figure 2.2: Sketch of the molecular beam setup used in this work (left side) together with an 

exemplary measurement curve (right side). The initial sticking coefficient S0 and the time-

dependent sticking coefficient S(t) can be determined from the partial pressure differences ΔpMB, 

Δp0 and Δp(t) measured with the quadrupole mass spectrometer (QMS). Adapted from Ref114 under 

license CC BY 4.0. 
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At the beginning of the measurement (t = −40 s), the beam flag blocks the molecular beam 

in an upper differential pumping stage, so that the partial pressure in the analysis chamber 

is zero. At t = −20 s, the beam flag is opened, so the molecular beam can enter the analysis 

chamber, where it is scattered off the inert sample flag. This results in a pressure increase 

∆pMB in the analysis chamber. At t = 0 s, the sample flag is opened and now the molecular 

beam can hit the sample surface. If the incoming molecules stick to the sample surface, an 

initial pressure drop ∆p0 is observed. The initial sticking coefficient S0 is then determined 

from the ratio of ∆p0 and ∆pMB: 

𝑆0 =
∆𝑝0

∆𝑝𝑀𝐵
 (2.3) 

S0 refers to the adsorption on the uncovered surface, that is, at zero adsorbate coverage. 

With progressing time, a certain coverage builds up on the surface, which often changes 

the sticking coefficient. These changes are proportional to the changes in partial pressure, 

so that, in analogy to S0, a time-dependent sticking coefficient S(t) can be determined from 

∆p(t): 

𝑆(𝑡) =
∆𝑝(𝑡)

∆𝑝𝑀𝐵
 (2.4) 

In the example shown in Figure 2.2, a steady-state situation is reached after ≈ 30 s. Steady 

state means that the adsorption rate from the molecular beam and the desorption rate into 

the chamber background become equal. As a result, the partial pressure returns back to the 

level it had before opening the sample flag. In such cases, where the desorption rate is not 

negligible, the sticking coefficients or trapping probabilities determined by the approach of 

King and Wells are often called “net” sticking coefficients or “net” trapping probabilities 

Snet. In these cases, they do not give a measure for the probability of an individual molecule 

to adsorb or scatter, but rather represent the overall balance between adsorption and 

desorption rate. 

When the sample flag is closed again at t = 60 s, the molecular beam is again scattered from 

it. In the example shown in Figure 2.2, this causes an increase in the partial pressure curve, 

which arises from the molecules desorbing from the still-present adsorbate layer. In the last 

step, the beam flag is closed at t ≈ 80 s and the partial pressure returns to zero. 
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The experimental technique described above works with the assumption that the pumping 

speed of the chamber is constant during the measurement. Depending on the investigated 

system, adsorption on the chamber walls and the (cooled) manipulator can be a major 

component of the total pumping speed of the chamber. If the adsorption rate to the chamber 

walls is coverage-dependent, the assumption of constant pumping speed is no longer 

fulfilled. To account for this effect, in this work an empirical correction for the effect of 

non-constant pumping speed was successfully applied, where necessary, using a correction 

originally proposed by Stefan Kneitz,115 and described in detail in the Supporting 

Information of [P4] (see Appendix 8.4). When the new ILID apparatus was characterized 

in the context of this thesis, another experimental artifact was found: If the liquid nitrogen 

cooling is running, an apparent sticking coefficient of ≈ 0.05 is measured for systems, 

where no sticking on the sample surface is expected. Therefore, a correction (“base line 

correction”) was applied, so that an apparent sticking coefficient of 0.05 results in a 

corrected sticking coefficient of 0.00, while an apparent sticking coefficient of 1.00 still is 

reported as a corrected sticking coefficient of 1.00. 

 

Figure 2.3: a) Plot of the time-dependent sticking coefficient S(t), as it was extracted from the raw 

data shown in Figure 2.2. The light red area illustrates the integration procedure to determine the 

uncalibrated coverage θ. b) Plot of the coverage-dependent sticking coefficient S(θ) following from 

the data shown in a). 

As it was introduced earlier, S can be determined for any time t of the experiment, so the 

raw data can be converted into an S(t) versus t plot. Figure 2.3a shows such a plot, which 
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in this case is based on the raw data shown in Figure 2.2. To discuss changes in the sticking 

coefficient, it is however often more straightforward to analyze the coverage dependency 

of the sticking coefficient. The absolute coverage abs (in units of molecules cm-2) adsorbed 

after a certain time t is given by 

𝑎𝑏𝑠 = 𝑅𝑖𝑚𝑝 ∫  𝑆(𝑡) 𝑑𝑡
𝑡

0

 (2.5) 

with Rimp being the impinging flux of the molecular beam (in molecules cm-2 s-1). Since 

measuring accurate absolute values for Rimp is difficult, in this work, the absolute coverage 

abs will not always be used, but rather an uncalibrated relative coverage, θ, which can be 

determined from integrating S(t): 

𝜃 =
𝑎𝑏𝑠

𝑅𝑖𝑚𝑝
= ∫ 𝑆(𝑡) 𝑑𝑡

𝑡

0

 (2.6) 

θ can then be used to create an S(θ) versus θ plot (see Figure 2.3b). 
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2.2 X-Ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is one of the most powerful and frequently 

applied surface science techniques. The physical foundations and measurement principles 

of XPS are thoroughly described in a couple of textbooks, e.g., the ones from Briggs and 

Seah116, Hüfner117 or van der Heide118. Due to the small inelastic mean free path λ of 

electrons in matter, photoelectrons are emitted without energy losses only from the first 

molecular layers of a solid or liquid sample, making XPS a surface-sensitive technique. 

96% of the signal is obtained from electrons traveling less than 3λ through the sample 

material, which is used as a cutoff to define the information depth ID:118 

𝐼𝐷 = 3𝜆 cos (𝜗) (2.7) 

As Equation (2.7) shows, ID depends also on the emission angle ϑ relative to the surface 

normal, because photoelectrons emitted at a grazing angle have to travel along a larger 

distance to escape the sample material (see Figure 2.4). Angle-Resolved XPS (ARXPS) can 

therefore be used to gain information about the surface composition of a sample. For ILs, 

measurements in 0° emission angle (ID = 7-9 nm) are dominated by the bulk composition, 

while measurements in 80° emission (ID = 1-1.5 nm) reflect the surface composition.119 In 

Chapter 4.3, this difference in ID will be used to correlate the surface composition obtained 

by ARXPS with desorption energies determined from temperature-dependent trapping 

probability measurements. 

 

Figure 2.4: Sketch of the 0° emission geometry (left) and the 80° emission geometry (right). 
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In the context of PVD-prepared ultrathin IL films on metal substrates, XPS can be used to 

determine the thickness of the IL film, which is also expressed as the IL coverage θIL. This 

approach is based on the exponential attenuation of the substrate signal, caused by the 

adsorbed IL. An ideal two-dimensional (2D) IL layer with thickness d will lead to a 

decreased substrate signal Id, as compared to the signal of the uncovered substrate I0:
59, 120 

𝐼𝑑

𝐼0
= 𝑒

−
𝑑

𝜆 cos(𝜗) (2.8) 

In this case, λ is the inelastic mean free path of photoelectrons with the kinetic energy 

characteristic for the respective substrate signal in ILs.66, 120-124 In literature,120 the 

thickness, h, of one IL monolayer (ML) is often estimated by 

ℎ = √𝑉𝑚
3 = √

𝑀

𝑁𝐴 𝜌

3

 (2.9) 

where Vm is the bulk molecular volume, NA the Avogadro constant, M the molar mass, and 

ρ the bulk density of the respective IL. Following this estimation, the IL coverage 

θIL = 1 ML is defined as the amount of IL that corresponds to the substrate damping 

expected from an ideal 2D film with thickness h. In a simple model, such a monolayer has 

the same density as the IL bulk and is composed of pairs of anions and cations, vertically 

on top of each other. On metal surfaces, ILs typically form a wetting layer, i.e., a closed 

layer of anions and cations adsorbed next to each other in a checkerboard arrangement, with 

an ideal coverage of 0.5 ML.125 However, because of specific ion/substrate interactions, the 

resulting adsorption geometry, long-range ordered structure, and a different density, the 

actual IL coverage needed to form a closed wetting layer can vary from this bulk-derived 

value. 
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3 Experimental Details 

3.1 Molecular Beam Chamber ILID [P2] 

The experiments presented in this thesis are the first ones performed with the newly 

developed molecular beam apparatus denoted as “ILID” (Ionic Liquid Interface Dynamics; 

see Figure 3.1). The instrument consists of (1) a preparation chamber for sample 

introduction, cleaning and in situ sample preparation (see Chapter 3.1.1), and an attached 

IL evaporator (see Chapter 3.1.2), (2) an analysis chamber for measurements (see 

Chapter 3.1.3), and (3) a three-stage molecular beam setup to generate the supersonic 

molecular beam (see Chapter 3.1.4). In the Supporting Information of [P2] (see 

Appendix 8.2) and in Appendix 8.5 further details about the apparatus can be found. These 

include additional characterization data, technical drawings and a detailed sketch of the 

pumping system. 

3.1.1 Preparation Chamber and Manipulator 

Inside the apparatus, the sample can be moved using a manipulator (VAb PM 25-800) with 

a cryostat for cooling with liquid N2. Type K (chromel/alumel) thermocouples are used to 

measure the temperatures of the sample and the cryostat. The sample can be heated up to 

≈ 450 K by indirect radiation heating using a filament located below the sample plate. To 

reach higher temperatures of up to ≈ 1200 K, electron bombardment heating from the back 

side is also possible. Samples can be introduced into the UHV chamber via a load lock. For 

this purpose, a transferable sample holder system with very reliable temperature readings 

was adopted for the instrument. The respective single-crystal or a polycrystalline Ni block 

as support for macroscopic IL samples (in both cases 12  12  4 mm3) is mounted with a 

U-shaped molybdenum clamp on a tantalum ground plate. The thermocouple is placed 

inside a small hole (0.4 mm diameter, 3 mm depth) of the support; a setup of insulated wires 

and plates provides a connection to the thermocouple contacts of the sample stage on the 

manipulator head. In that way, a reliable and accurate measurement of relative sample 

temperatures (±1 K) is possible, with an estimated absolute temperature accuracy of ±3 K. 

For the preparation of single crystals, the preparation chamber is also equipped with a 
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sputter gun (SPECS IQE 11/35), a 4-grid LEED (low energy electron diffraction) setup 

(SPECS ErLEED 150), and leak valves for gas dosing. 

 

Figure 3.1: a) Sketch of the three main parts of the ILID apparatus: preparation (red), analysis 

(green) and molecular beam chamber (yellow). b) Image of the complete setup. c) View inside the 

first pumping stage of the beam chamber. An xyz-movable molybdenum tube (which can be heated) 

is mounted between two copper holders, its nozzle (⌀ = 100 μm; not visible by the eye) is located 

next to the central thermocouple a few centimeters above the skimmer. d) Picture of the inside of 

the analysis chamber; the sample position and the direction of the molecular beam are indicated. 

The QMS is not visible in this picture. Reproduced from Ref114 under license CC BY 4.0. 

3.1.2 Ionic Liquid Evaporator 

For the preparation of ultrathin IL films by PVD, a home-built IL evaporator66 is attached 

to the preparation chamber, separated by a gate valve. A Knudsen cell is mounted inside a 

water-cooled body, which can be moved into the preparation chamber using a z-shift. 

Heating can be performed by using a tantalum filament (0.25 mm diameter), which is 
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exposed to the surrounding only at the bottom of the setup, but shielded by a copper cylinder 

at the top. With this setup, the risk for decomposition of IL (which tends to creep out of the 

crucible) at the hot filament is considerably mitigated. 

3.1.3 Analysis Chamber 

In the analysis chamber (see Figure 3.1d), a hemispherical electron analyzer (SPECS 

PHOIBOS 100 1D-DLD) and a dual-anode X-ray gun (SPECS XR 50) are mounted to 

perform XPS measurements (see Chapter 2.2). A quadrupole mass spectrometer (QMS) 

with a cross beam ionization source and a secondary electron multiplier as detector (Hiden 

Analytical 3F RC 301 PIC) is used to perform sticking coefficient measurements, which 

also require a sample flag (see Chapter 2.1.2). A further component of the analysis chamber 

is the so-called beam monitor: It is a small volume mounted on an xyz-manipulator 

separated from the analysis chamber by an orifice of 1.0 mm.107 The stagnation pressure 

building up inside the beam monitor can be measured with a hot-filament ionization gauge. 

Measuring this pressure, when the molecular beam covers the orifice, allows one to 

determine the flux and profile of the molecular beam (see Chapter 3.2.1). 

3.1.4 Molecular Beam 

The supersonic molecular beam (see Chapter 2.1.1) comprises three differential pumping 

stages. Stage 1 contains a molybdenum stagnation tube with an inner diameter of 0.7 mm 

(see Figure 3.1c). A laser-cut round hole in the tube with 100 μm diameter serves as nozzle. 

Its position can be adjusted in three directions, and it can be resistively heated. The copper 

holders of the tube are water-cooled, so that heating to high temperatures of up to 1300 K 

is possible. Gases can be fed over an inlet system featuring three mass flow controllers 

(Bronkhorst EL-FLOW Prestige), which allow for using also gas mixtures. Stages 1 and 2 

are separated by a skimmer (Ni; opening diameter: 0.5 mm; Beam Dynamics, Inc.). The 

beam flag required for sticking coefficient measurements is placed in stage 2, so the 

scattered gas molecules are almost completely pumped away, and only a very small 

pressure leaks into the analysis chamber. Between stages 2 and 3, a changeable aperture 

(diameter 1.1, 1.9, 2.6 or 3.7 mm) can be inserted, which allows one to adjust the beam 

diameter and the position of the beam spot on the sample (see Chapters 3.2.1 and 3.2.2).  
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3.2 Molecular Beam Characterization 

3.2.1 Gas Flux Measurements [P2] 

The gas flux in the molecular beam can be measured using the beam monitor mounted in 

the analysis chamber. Similarly to the principle of a Pitot tube, the pressure in the beam 

monitor rises, if the molecular beam is impinging onto the orifice of the beam monitor. In 

equilibrium, the incoming gas flux Rin is equal to the outgoing flux Rout: 

𝑅𝑜𝑢𝑡 =  𝑅𝑖𝑛 = 𝑅𝑀𝐵 + 𝑅𝑏𝑝  (3.1) 

Rin can be expressed as the sum of two components, one originating from the background 

pressure of the analysis chamber, Rbp, and one from the incoming molecular beam, RMB. 

With the assumption that the gas in the molecular beam, in the background and in the beam 

monitor consists only of one kind of molecules (with mass m) and assuming that the 

temperature T in both chambers is the same and constant, we obtain: 

𝑅𝑀𝐵 = 𝑅𝑜𝑢𝑡 − 𝑅𝑏𝑝 =
𝑝𝑀𝐵 − 𝑝𝑏𝑔𝑟

√2𝜋 𝑚 𝑘𝐵 𝑇
=

∆𝑝

√2𝜋 𝑚 𝑘𝐵 𝑇
  (3.2) 

 

Figure 3.2: Beam flux of n-butane measured with the method described in this chapter as a function 

of the gas flow set in the mass flow controller. Reproduced from Ref114 under license CC BY 4.0. 
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To determine the beam flux, it is only required to measure pbgr, the pressure measured in 

the beam monitor with the molecular beam blocked by the closed sample flag in front of 

the beam monitor orifice, and pMB, the beam monitor pressure measured with the open 

sample flag, i.e., the central part of the molecular beam passes the orifice. Figure 3.2 shows 

the n-butane beam flux measured according to this procedure plotted against the set gas 

flow. 

3.2.2 Flux Profiles [P2] 

The beam monitor can also be used to measure a lateral profile map of the beam intensity 

in the sample plane. Figure 3.3 shows a typical example of such a map for an n-butane 

beam (gas flow: 1.0 sccm, beam aperture diameter: 1.1 mm). In this case, 182 Δp values 

were recorded one after the other along a grid of beam monitor positions, while the valve 

to the additional pumping in the beam monitor was left open to decrease equilibration time. 

Note that for this reason, the Δp values from this experiment cannot be converted into flux 

like described in Chapter 3.2.1, but still allow for determining a profile map. As expected, 

the beam is round and symmetrical with only minor intensity variation in its center. Due to 

the finite diameter of the beam monitor orifice (1.00 mm), the beam appears to be 

broadened in Figure 3.3. The black solid lines in the insets of Figure 3.3 indicate how much 

broadening is expected by showing a convolution of a rectangular intensity profile 

(indicated by dashed lines) and the broadening function of the beam monitor orifice 

(⌀ = 1.0 mm). The agreement of the solid lines with the data points suggests that the beam 

has indeed a very sharp rectangular intensity profile of 3.4 mm diameter. From an 

analogous measurement using the beam-defining orifice with a diameter of 1.9 mm, the 

beam diameter in the sample plane was determined to be 5.9 mm. This shows that the beam 

diameter in the sample plane is by a factor of 3.1 larger than the beam-defining orifice, 

which fits the expectations from the geometrical parameters: The distance from the sample 

plane to the beam-defining aperture (487 mm) is also by a factor of 3.1 larger than the 

distance from the beam defining aperture to the skimmer (159 mm). 
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Figure 3.3: Contour plot of the intensity of the n-butane molecular beam (1.0 sccm gas flow, beam 

defining orifice with a diameter of 1.1 mm) measured with the beam monitor. The top inset shows 

the beam profile in x-direction at z = 16.0 mm and the right inset the beam profile in z-direction at 

x = 7.5 mm. The white dashed lines in the contour plot indicate the location of the beam profiles. 

The black solid lines in the insets show the convolution of the theoretically expected broadening 

function of the beam monitor orifice and a rectangular beam profile (see dashed lines). Reproduced 

from Ref114 under the license CC BY 4.0. 

3.2.3 Sample Positioning 

Finding a suitable measurement position for the molecular beam experiments is not 

straightforward: Although the beam can be mapped using the beam monitor, the sample 

cannot be brought into the beam position in a simple way. That is because the beam monitor 

is mounted on a different manipulator as the sample and transformation from one 

coordinate system to the other is not possible with satisfying accuracy. Furthermore, 

optimizing the sample position by maximizing the sticking coefficient is not possible. The 

reason is that the sample is surrounded by metal surfaces at cryogenic temperatures (if 

liquid nitrogen cooling is used), on which most test molecules will show a high sticking 
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coefficient. Even if the molecular beam misses the sample stage completely, an apparent 

sticking coefficient is observed, because the molecular beam is then directed straight into 

the entry of the turbomolecular pump. However, the sticking coefficient can still be used if 

the opposite strategy is applied: An n-butane beam is expected to adsorb on the surrounding 

cold metal surfaces, but not on the sample (and its surrounding holder) if the sample is 

heated to 300 K. Figure 3.4 shows how the sticking coefficient of an n-butane beam with 

3.4 mm diameter changes when the measurement position is varied. Out of the dimensions 

of the sample holder, it is possible to construct an expected behavior. Matching the expected 

behavior with the measured data allows one to locate the molecular beam in the sample 

coordinate system and find a suitable measurement position. 

 

Figure 3.4: Picture of the sample stage, with the dimension of the sample (green) and its holder 

(blue). The changes in the sticking coefficient are displayed on the right (x-axis) and bottom (z-axis) 

together with the expected behavior (red lines) taking into account the diameter of the beam 

(3.4 mm marked in yellow). The chosen measurement positions are marked with black dashed lines. 

All dimensions are given in millimeters. 
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4 Results 

4.1 C4-Hydrocarbon Trapping on Imidazolium-Based Ionic Liquids 

[P1-3] 

The following chapter describes the systematic investigation of the trapping dynamics of 

C4-hydrocarbons – n-butane and closely related compounds – physisorbing on 

imidazolium-based ILs. Imidazolium-based ILs are probably the most common class of ILs 

(see Figure 4.1). Typically, the imidazolium cation is substituted on both nitrogen atoms, 

commonly with two alkyl groups, with one of them often being methyl. In contrast, a 

greater variety of structures is used as anions – from simple halides to highly fluorinated 

ones like [Tf2N]‒. 

 

Figure 4.1: General structure of imidazolium-based ILs [CnC1Im]X (left side) and different anions 

used in this thesis (right side). 

4.1.1 Effect of Alkyl Chain Length [P1-2] 

As introduced in Chapter 2.1.2, the trapping probability S can be measured by the direct 

method of King and Wells.113 Figure 4.2 shows corresponding measurements for n-butane 

adsorbing on [C8C1Im][Tf2N] (a) and [C3C1Im][Tf2N] (b). After opening the sample flag at 

t = 0, at 90 K the signal for both ILs drops to a lower constant value, which is attributed to 

a constant trapping probability S(t) of ≈ 0.9. With increasing surface temperature, S(t) 

becomes time- and therefore coverage-dependent: For example, at 98 K the signal first 

drops at t = 0, but then immediately starts to rise again (more pronounced for 

[C3C1Im][Tf2N]). This increase is attributed to an increase in the desorption rate of already 

adsorbed molecules, which yields a decrease of the net trapping probability Snet(t) (see also 

Chapter 2.1.2). After closing the sample flag at t ≈ 60 s, a higher n-butane signal than before 
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opening the sample flag is observed, which indicates that desorption from the n-butane 

covered IL surface continues. 

 

Figure 4.2: King and Wells measurement curves for the adsorption of n-butane on frozen 

[C8C1Im][Tf2N] (a) and [C3C1Im][Tf2N] (b), recorded at selected temperatures. The n-butane 

partial pressure was measured by following m/z = 43, the most intense signal of n-butane’s mass 

spectrum. Adapted from Ref126 under the license CC BY-NC-ND 4.0. 

Figure 4.2 already shows that the length of the alkyl chain used as substituent at one 

nitrogen atom of the imidazolium core of the IL cation has an effect on the trapping 

probability of n-butane. For example, at 106 K, n-butane shows an initial trapping 

probability S0
net = 0.74 on [C8C1Im][Tf2N], but on [C3C1Im][Tf2N] it only has an S0

net of 

0.30. To obtain more detailed insights, the temperature-dependency of S0
net is therefore 

systematically investigated for two sets of ILs: [CnC1Im][Tf2N] with n = 1, 2, 3, 4 and 8, 

and [CnC1Im][PF6] with n = 2, 4 and 8. 

In the first step, the temperature-dependent S0
net of n-butane on [C8C1Im][Tf2N] will be 

discussed (Figure 4.3a, black squares): Until 102 K, S0
net stays constant at ≈ 0.9 and starts 
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to decrease for higher temperatures. At the characteristic temperature 

T50% ([C8C1Im][Tf2N]) = 110 K, S0
net is decreased to 50% of its initial level. This decrease 

of S0
net can be explained by the onset of desorption from the adsorbed layer: Since 

desorption already sets in during the time to measure the first data point (0.50 s), a smaller 

net trapping probability S0
net is observed. The characteristic temperature T50% is thus a 

measure for the interaction strength between n-butane and the IL surface. 

 

Figure 4.3: Temperature‐dependent initial trapping probability S0
net of n‐butane on imidazolium-

based ILs with different alkyl chain lengths. a) The set for the [Tf2N]− anion, b) the one for the 

[PF6]− anion. The dashed lines are fits to the data using the model described in Chapter 4.2.2. 

Adapted from Ref114 under the license CC BY 4.0. 
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In a next step, I discuss the analogs with shorter alkyl chain lengths, [C4C1Im][Tf2N] and 

[C3C1Im][Tf2N]: These two show an almost identical behavior (Figure 4.3a, blue triangles 

and red circles); compared to [C8C1Im][Tf2N] the curves are shifted by ≈ 6 K to lower 

temperature. S0
net stays constant until ≈ 96 K and then decreases to zero with 

T50% ([C3/4C1Im][Tf2N]) = 104 K. If the alkyl chain is further shortened to ethyl 

([C2C1Im][Tf2N]) or methyl ([C1C1Im][Tf2N]), no trapping is observed even at ≈ 90 K 

(green diamonds and orange triangles). 

A similar trend can be seen for the series of ILs with the [PF6]
‒ anion. [C8C1Im][PF6] (see 

black squares in Figure 4.3b) and [C4C1Im][PF6] (blue triangles) show an overall analogous 

behavior as [C8C1Im][Tf2N], [C4C1Im][Tf2N] and [C3C1Im][Tf2N]: A constant S0
net ≈ 0.9 

for temperatures below 100 K, and then a drop-down to zero above a particular temperature. 

The characteristic temperatures are T50% = 111 K for [C8C1Im][PF6] and T50% = 107 K for 

[C4C1Im][PF6]. The larger T50% value for the IL with the longer alkyl chain agrees with the 

trend found for the series with the [Tf2N]‒ anion. On [C2C1Im][PF6] (green diamonds), one 

does not observe n-butane trapping even in the temperature range of multilayer 

condensation, as was also the case for [C2C1Im][Tf2N] and [C1C1Im][Tf2N]. 

An interesting observation is the completely different trapping behavior of n-butane on ILs 

with longer (n ≥ 3) and shorter (n ≤ 2) alkyl chains. On ILs with n ≥ 3, n-butane adsorbs 

with a large trapping probability of ≈ 0.9 at temperatures up to 96-102 K. Since n-butane 

multilayers start to desorb just above 90 K, the trapping observed at higher temperatures 

indicates that on the surfaces of ILs with n ≥ 3 individual n-butane molecules are stronger 

bound than in the multilayer. In contrast, for the ILs with n ≤ 2 no trapping of n-butane is 

observed even at the lowest investigated temperature, which indicates that the adsorption 

energy is smaller than the condensation energy. Thus, single n-butane molecules are only 

weakly bound on the IL surface and desorb after a short residence time. Notably, while 

multilayers (i.e., condensed n-butane) are known to be stable at T ≤ 90 K, no n-butane 

multilayer formation is experimentally observed on the ILs with n ≤ 2. An explanation for 

this result is that condensation nuclei are needed for multilayer growth. To allow for the 

formation of such stable nuclei, the statistical chance of a sufficient number of molecules 

encountering each other needs to be high enough, which requires a minimum coverage on 

the surface. However, even at the lowest studied temperature, the residence time of 

n-butane on the surfaces of ILs with n ≤ 2 is too short to form such stable nuclei. 



4 RESULTS 

27 

The decrease of T50% with decreasing alkyl chain length and the absence of trapping on ILs 

with n ≤ 2 can be attributed to weaker van-der-Waals interactions with shorter alkyl chains. 

In a simple picture, the surfaces of the ILs are composed of negatively charged anions, 

positively charged imidazolium-headgroups and non-polar alkyl chains.92, 97 The fact that 

no trapping is observed for ILs with n ≤ 2 shows that the attractive forces between n-butane 

and the polar headgroups and also the methyl and ethyl chains are very weak. However, 

upon increasing the alkyl chain length, trapping becomes feasible, because of the stronger 

van-der-Waals forces between n-butane and the non-polar alkyl chains: The longer the alkyl 

chain, the stronger the interactions as can be seen by an increase of T50% with increasing 

chain length. 

4.1.2 Effect of Anion [P2-3] 

Figure 4.4 shows the S0
net of n-butane on two sets of imidazolium-based ILs, one based on 

the octyl chain (a), the other on the butyl chain (b). Within each set, the anion is varied 

between Cl−, Br−, [PF6]
− and [Tf2N]−. The effect of stronger van-der-Waals interactions 

with the longer octyl chain (as discussed in Chapter 4.1.1) is evident from the fact that the 

curves for the [C8C1Im]X series in Figure 4.4a are shifted to higher temperature compared 

to their corresponding ones for the [C4C1Im]X series in Figure 4.4b. Additionally, 

Figure 4.4 demonstrates the influence of the anion, that is, T50% increases with decreasing 

size of the anion, in the order [Tf2N]− < [PF6]
− < Br− ≈ Cl−. As will be more thoroughly 

discussed in Chapter 4.3, this effect is not attributed to interactions between the anion and 

n-butane, but rather to the different surface structures induced by the anions, which are 

characterized by a different degree of orientation of the alkyl chains towards the vacuum. 
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Figure 4.4: Temperature-dependent initial trapping probabilities S0
net of n-butane on [C8C1Im]X (a) 

and [C4C1Im]X (b). X− is varied between [Tf2N]−, [PF6]−, Br− and Cl−. The dashed lines are fits to 

the data using the model described in Chapter 4.2.2. Adapted from Ref127 under the license 

CC BY-NC-ND 4.0. 
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4.1.3 Effect of Hydrocarbon [P3] 

In Chapters 4.1.1 and 4.1.2, the influence of the IL structures on the trapping of n-butane 

as a model hydrocarbon was discussed. It will be shown in this chapter that the nature of 

the adsorbing hydrocarbon also influences the adsorption dynamics by comparing the 

trapping of n-butane with two other C4-hydrocarbons – iso-butane and 1-butene. The 

temperature-dependent initial trapping probabilities of these three hydrocarbons on 

[C8C1Im][Tf2N] are shown in Figure 4.5. 

 

Figure 4.5: Temperature-dependent initial trapping probabilities of iso-butane, 1-butene and 

n-butane on [C8C1Im][Tf2N]. The dashed lines are fits to the data using the model described in 

Chapter 4.2.2. Adapted from Ref127 under the license CC BY-NC-ND 4.0. 

At T ≈ 90 K, all three hydrocarbons adsorb with the same trapping probability of S0
net ≈ 0.9. 

Thus, thermal accommodation at our experimental conditions has the same efficiency in all 

three cases, although principally the different structures could lead to different energy 

transfer mechanisms. With increasing temperature, the S0
net of iso-butane and 1-butene 



4 RESULTS 

30 

show a similar decrease as the S0
net of n-butane. However, the decrease is shifted by ≈ 2 K 

(1-butene) or ≈ 4 K (iso-butane) to lower temperature. The observed behavior reveals that 

the interaction strength between the [C8C1Im][Tf2N] surface and the hydrocarbons 

decreases in the order n-butane > 1-butene > iso-butane, which can be correlated with the 

trend in the enthalpies of vaporization of the pure hydrocarbons.128 They decrease in the 

same order, because of decreasing dispersion forces between one molecule and its 

neighbors of the same kind. In a simple picture, this can be explained by more efficient 

intermolecular alignment of elongated compared to ball-like molecules. For the IL surface, 

a similar situation can be expected: The longish n-butane molecule will align better with 

the ILs’ octyl chains than the ball-like iso-butane, with 1-butene lying somewhere in 

between. 
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4.2 Determination of the Desorption Energy [P1-2] 

This chapter introduces two different strategies developed in this thesis to determine the 

desorption energy of n-butane from IL surfaces. As mentioned above, n-butane physisorbs 

on the IL, that is, it is bound to the IL surface by van-der-Waals interactions. Since 

physisorption is a non-activated process, the determined value for the desorption energy is 

equal to the binding energy to the surface.129 

4.2.1 Arrhenius-Type Approach [P1] 

The method introduced in this subchapter is based on analyzing the coverage-dependent 

net trapping probability Snet(θ). While the definition of S(θ) as “pure” trapping probability 

only considers the adsorption process, the actually measured quantity is a “net” trapping 

probability Snet(θ) representing the balance between the adsorption rate and the desorption 

rate (normalized to the impingement rate): 

𝑆𝑛𝑒𝑡(𝜃) =
𝑅𝑎𝑑𝑠(𝜃) − 𝑅𝑑𝑒𝑠(𝜃)

𝑅𝑖𝑚𝑝
 (4.1) 

As explained in Chapter 2.1.2, the coverage can be obtained by integrating the time-

dependent trapping probability Snet(t). In that way, a plot of Snet(θ) of n-butane on 

[C8C1Im][Tf2N] can be created for different temperatures (see Figure 4.6a). At 90 K, Snet(θ) 

stays constant at ≈ 0.9, independent of the coverage θ. This means that desorption is 

negligible and n-butane multilayers grow after completion of the first layer – and that with 

the same trapping probability. At higher temperatures, Snet(θ) decreases with increasing θ, 

because the desorption rate is now not negligible anymore. The desorption rate is expected 

to increase with increasing coverage, so Snet(θ) should decrease until the first layer is filled. 

The approximate coverage required to fill the first layer is marked by a vertical dotted line 

in Figure 4.6a. 
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Figure 4.6: a) Coverage-dependent net trapping probability Snet(θ) of n-butane on [C8C1Im][Tf2N] 

for different temperatures. The dashed lines indicate linear fits to the data. The estimated coverage 

to fill the first layer is indicated by a vertical dotted line. The underlying estimation follows the 

assumption that the n-butane saturation coverage on Ni(111) at 102 K is equal to 

2.87·1014 molecules/cm2 (The lateral density of a free-standing n-butane layer).130 b) Arrhenius 

analysis of the rate constants determined from the linear fits to a). The colored symbols in b) 

correspond to the respective curves in a). Adapted from Ref126 under the license 

CC BY-NC-ND 4.0. 

Figure 4.6a shows that Snet(θ) decreases linearly in the low-coverage regime, which can be 

explained by a simple model: The first assumption of the model is that S(θ) does not change 

with coverage in the measured temperature range, which can be directly observed for the 

case at 90 K (black curve), where desorption is negligible. With this assumption a constant 

adsorption rate follows: 

𝑅𝑎𝑑𝑠 = 𝑆(𝜃) 𝑅𝑖𝑚𝑝 = 𝑆0 𝑅𝑖𝑚𝑝 (4.2) 

With time, an increasing surface coverage θ builds up. Assuming simple first-order 

desorption, the desorption rate Rdes is given by:129 

𝑅𝑑𝑒𝑠 = 𝜃 𝜈 𝑒−
𝐸𝑑𝑒𝑠
𝑅 𝑇  (4.3) 

If the desorption energy Edes and the pre-exponential frequency factor ν are coverage-

independent, a linear decrease of Snet(θ) with increasing θ is expected from combining (4.1), 

(4.2) and (4.3): 
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𝑆𝑛𝑒𝑡(𝜃) =
𝑆0 𝑅𝑖𝑚𝑝 − 𝜃 𝜈 𝑒−

𝐸𝑑𝑒𝑠
𝑅 𝑇

𝑅𝑖𝑚𝑝
= 𝑆0 −

𝜈 𝑒−
𝐸𝑑𝑒𝑠
𝑅 𝑇

𝑅𝑖𝑚𝑝
 𝜃 (4.4) 

From linear fits to the data (see dashed lines in Figure 4.6a), 𝑘𝑑𝑒𝑠 = 𝜈 𝑒−
𝐸𝑑𝑒𝑠
𝑅 𝑇  can be 

extracted. The kdes for the different temperatures are then analyzed in an Arrhenius plot (see 

Figure 4.6b). The linear fit results in a desorption energy Edes = 29  3 kJ/mol and a pre-

exponential factor ν = 1.4·1014  2 s-1. 

4.2.2 Initial Trapping Probability Approach [P2] 

In this subchapter, an alternative method to determine the trapping probability is 

introduced. As discussed previously, desorption is negligible at low temperatures 

(T ≤ 90 K). Therefore, the net trapping probability at low temperature (in our case 90 K), 

SLT, represents also the trapping probability in its narrow sense: 

𝑆𝐿𝑇 =
𝑅𝑎𝑑𝑠

𝑅𝑖𝑚𝑝
 ⇔  𝑅𝑎𝑑𝑠 = 𝑆𝐿𝑇 ∙ 𝑅𝑖𝑚𝑝 (4.5) 

Using the assumption, that Rads is constant in the temperature range of interest (in our case 

90 to 130 K), one obtains: 

𝑆𝑛𝑒𝑡 =
𝑆𝐿𝑇 ∙ 𝑅𝑖𝑚𝑝 − 𝑅𝑑𝑒𝑠

𝑅𝑖𝑚𝑝
= 𝑆𝐿𝑇 −

𝑅𝑑𝑒𝑠

𝑅𝑖𝑚𝑝
 (4.6) 

In this chapter, the focus will now be put on the trapping probability in the low coverage 

limit S0
net. Precisely, the low coverage is regarded as the time interval [0; tm] required to 

measure the first data point after opening the sample flag: tm in this case is the measurement 

time per data point, that is, 0.5 s. In this short time interval, a small coverage θ0 already 

adsorbs on the surface, which results in a certain desorption rate Rdes,0. During the time 

interval, θ0 and Rdes,0 will increase, so they can be approximated by their values in the 

middle of the time interval, i.e., at tm/2. Using Equations (4.3) and (2.5), one obtains: 

𝑅𝑑𝑒𝑠,0 = 𝜃 (𝑡 =
𝑡𝑚

2
) 𝜈 𝑒−

𝐸𝑑𝑒𝑠
𝑅𝑇 = 𝑅𝑖𝑚𝑝  (∫ 𝑆0

𝑛𝑒𝑡

𝑡𝑚
2

0

d𝑡)  𝜈 𝑒−
𝐸𝑑𝑒𝑠
𝑅𝑇  (4.7) 

Approximating S0
net as a constant in this short time interval, it follows: 

𝑅𝑑𝑒𝑠,0 = 𝑅𝑖𝑚𝑝 𝑆0
𝑛𝑒𝑡  

𝑡𝑚

2
 𝜈 𝑒−

𝐸𝑑𝑒𝑠
𝑅𝑇  (4.8) 
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Combining with Equation (4.6) and solving for S0
net yields: 

𝑆0
𝑛𝑒𝑡 = 𝑆𝐿𝑇 −

𝑅𝑑𝑒𝑠,0

𝑅𝑖𝑚𝑝
= 𝑆𝐿𝑇 − 𝑆0

𝑛𝑒𝑡  
𝑡𝑚

2
 𝜈 𝑒−

𝐸𝑑𝑒𝑠
𝑅𝑇  (4.9) 

⇒ 𝑆0
𝑛𝑒𝑡 =

𝑆𝐿𝑇

1 +
𝑡𝑚

2  𝜈 𝑒−
𝐸𝑑𝑒𝑠
𝑅𝑇

 (4.10) 

Equation (4.10) is a model that can describe the data shown in Figures 4.3, 4.4 and 4.5 very 

well. SLT thereby is the value of the measurement at LT (in our case ≈ 0.9) and tm is given 

by the experimental conditions. The two remaining unknowns, Edes and ν, are strongly 

coupled, so that simultaneous fitting does not give reliable results. It is, however, possible 

to use the pre-exponential factor ν = 1.4 · 1014±2 1/s determined in Chapter 4.2.1 for 

n-butane on [C8C1Im][Tf2N], under the assumption that this pre-factor is applicable to all 

“hydrocarbon on IL” systems studied in this work. 

Table 4.1: Overview of the desorption energies of n-butane on ILs consisting of different cations 

(columns) and anions (rows). The desorption energy was determined from S0
net(T) as described in 

this chapter. The relative uncertainty is estimated to be ±0.3 kJ/mol. 

Edes / kJ/mol [C3C1Im]+ [C4C1Im]+ [C8C1Im]+ 

[Tf2N]‒ 26.8 26.9 28.6 

[PF6]‒  27.7 28.8 

Br‒  29.4  

Cl‒  29.3 29.9 

The desorption energies resulting from fits to the data in Figures 4.3 and 4.4 are 

summarized in Table 4.1. Due to the uncertainty in the prefactor and the absolute 

temperature scale, the absolute uncertainty of the desorption energies is estimated to 

±2 kJ/mol. However, when comparing differences in desorption energy values the 

uncertainty is estimated to ±0.3 kJ/mol. The agreement between the result for 

[C8C1Im][Tf2N], which is 28.6±2 kJ/mol, and the corresponding desorption energy 

determined in Chapter 4.2.1, which was 29±3 kJ/mol, is very good. The analysis from 

Chapter 4.2.1 has the advantage, that it can provide values for Edes and ν at the same time. 

However, this Arrhenius-type approach can only be applied, if (a) the trapping probability 

(in its narrow sense) is coverage-independent over a considerable coverage range, and (b) 

the desorption rate is measurable, but also low enough to enable the formation of a 
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considerable adsorbate layer. Especially the latter prerequisite is not fulfilled for all ILs 

studied in this work so that the systematic comparison in Chapter 4.3 will rely on values 

determined by the initial trapping probability approach presented in this chapter. 

Note that Table 4.1 shows two trends: Firstly, Edes increases in the rows from left to right, 

which is with increasing alkyl chain length. Secondly, Edes increases down the columns, 

which is with decreasing size of the anion. These effects will be more thoroughly discussed 

in the following chapter by making a correlation with the structuring of the alkyl chains at 

the IL surface. 
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4.3 Correlation of Desorption Energy and Surface Structure [P3] 

As it was mentioned in the previous chapters, the n-butane desorption energy increases with 

decreasing anion size. The anion size of different ILs with the same cation can be easily 

quantified by the molecular volume, which can be determined from literature density 

data.131 Figure 4.7a shows the corresponding plot of Edes versus molecular volume. Edes 

decreases steeply from the halide anions to [PF6]
− and then more shallow towards [Tf2N]−. 

This holds for both groups of ILs that were investigated – [C8C1Im]X and [C4C1Im]X. This 

empirical correlation is, however, not a satisfying explanation, since a surface-related 

quantity like Edes should depend on surface properties rather than the bulk property 

molecular volume. 

Previous theoretical and experimental studies suggest that the size of the anion strongly 

influences the degree of surface enrichment of alkyl chains of the cation pointing towards 

the vacuum.75, 79, 92, 97, 119, 132-137. Angle-resolved X-ray photoelectron spectroscopy (see also 

Chapter 2.2) can be conveniently used to quantify the degree of alkyl chain enrichment. 

This can be done by looking at the C 1s region, where two distinct peaks of the [CnC1Im]+ 

cation are observed; one for the carbon atoms bound to at least one nitrogen atom (called 

Chetero) and one for the carbon atoms only bound to carbon and hydrogen (called Calkyl). 

From the stoichiometry of the IL, the intensity ratio of the peaks IC 1s(Calkyl) / IC 1s(Chetero) is 

expected to be 7:5 = 1.4 for [C8C1Im]X and 3:5 = 0.6 for [C4C1Im]X. The measurements 

in the more bulk sensitive 0° emission angle agree with these theoretically expected values, 

but for measurements in the surface-sensitive emission angle of 80°, ratios higher than the 

nominally expected ones were obtained.119, 132-133 The peak ratios at 80° emission can be 

used to compare the different degrees of alkyl chain enrichment for different ILs. Their 

analysis showed that the degree of enrichment increases with increasing chain length132 and 

with decreasing anion size133. The anion size effect is explained by a denser packing of the 

imidazolium cations if they are built into an ionic sublayer with smaller anions, leading to 

a denser packing of the protruding alkyl chains. In Figure 4.7b, literature values of 

IC 1s(Calkyl) / IC 1s(Chetero) ratios are plotted versus the molecular volume for selected ILs. 
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Figure 4.7: a) n-Butane desorption energy compared to b) the alkyl chain surface enrichment as 

measured by ARXPS. The data are plotted versus the IL molecular volume, which provides a 

measure for the anion sizes. The ILs are grouped using color codes and open/filled symbols, and 

the dashed lines are thought to serve as a guide for the eye. The IL densities at 298.15 K, 

101.325 kPa (taking the average over the values published in the ILThermo database from NIST131) 

were used to calculate the IL molecular volume. The error bars estimate the uncertainty, assuming 

an identical prefactor for all ILs (for details see Chapter 4.2.2). The data from (b) were originally 

published in different studies of the Steinrück/Maier group.132-133 The dotted and dash-dotted 

horizontal lines in (b) indicate the stoichiometrically expected IC 1s(Calkyl) / IC 1s(Chetero) ratios for 

[C8C1Im]X (= 1.4) and [C4C1Im]X (= 0.6), respectively. Adapted from Ref127 under the license CC 

BY-NC-ND 4.0. 
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Figure 4.7 clearly demonstrates that the two quantities Edes and IC 1s(Calkyl) / IC 1s(Chetero) 

display the same trends – a steep decrease from Cl− (black symbols) to [PF6]
− (blue), a more 

shallow further decrease to [Tf2N]− (red) and a strong increase from [C4C1Im]X (full 

symbols) to [C8C1Im]X (open symbols). This implies that the interaction strength of 

n-butane with the IL surface depends strongly on the degree of alkyl chain enrichment. This 

interpretation fits the observation that the interaction of n-butane with ILs based on the 

[C2C1Im]+ or [C1C1Im]+ cations is very weak (see Chapter 4.1.1). Consequently, the 

interactions of n-butane with surfaces of imidazolium-based ILs are dominated by 

interactions with the alkyl chains. 
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4.4 C4-Hydrocarbon Sticking on the [C1C1Im][Tf2N]/Pt(111) surface 

[P4] 

In the last results chapter, the focus moves away from the trapping dynamics of saturated 

C4-hydrocarbon physisorption at the outer surface of pure ILs at around 100 K to the 

chemisorption dynamics of C4-olefins on IL-modified Pt(111). Chapter 4.4.1 will address 

the adsorption dynamics of 1,3-butadiene and 1-butene on clean Pt(111). Chapter 4.4.2 will 

present how the adsorption changes, if the Pt(111) surface is modified with ultrathin films 

of the imidazolium-based IL [C1C1Im][Tf2N]. Finally, in Chapter 4.4.3 the effects of 

preadsorbed hydrogen will be discussed. Studying the selectivity of 1,3-butadiene versus 

1-butene adsorption on [C1C1Im][Tf2N]-modified Pt(111) surfaces is crucial in the context 

of SCILL catalysis for the selective hydrogenation of 1,3-butadiene (see also Chapter 1). 

4.4.1 Adsorption Dynamics on Pt(111) 

Figure 4.8a shows the time-dependent sticking coefficient for the adsorption of 

1,3-butadiene (green curve) and 1-butene (red curve) on clean Pt(111) at 180 K. As was 

already mentioned in Chapter 2.1.2, it is more intuitive to discuss the coverage-dependent 

sticking coefficient S(θolefin) using the uncalibrated coverage determined from integrating 

S(t) (compare also with Equation (2.6)): 

𝜃𝑜𝑙𝑒𝑓𝑖𝑛 = ∫ 𝑆(𝑡) 𝑑𝑡
𝑡

0

 (4.11) 

Following this approach, the green line in Figure 4.8b shows the S(θbutadiene) curve for the 

sticking of 1,3-butadiene on clean Pt(111) at 180 K. For low coverages, S(θbutadiene) stays 

constant at ≈ 0.87, until it eventually decreases and rapidly approaches zero at θbutadiene ≈ 8 

(note that the uncalibrated coverage defined by Equation (4.11) bears the unit “seconds”; 

to avoid any confusion, θolefin values are given without unit in the text, and in the figures 

“arbitrary units” are indicated at the coverage axis). Such an S(θ) trace is typical for 

precursor-mediated adsorption.129, 138 In the precursor model, the impinging molecule is 

trapped into a loosely bound precursor state at first. From there final chemisorption can 

then occur. Because of the high mobility in the precursor state on top of already covered 

surface regions, the adsorption process stays efficient even if a considerable share of the 

adsorption sites are blocked.129, 138-139 Note that in this case the decrease of S(θ) is attributed 
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to site-blocking and not to an increasing desorption rate as it was previously the case in 

Chapter 4.2.1. 

 

Figure 4.8: a) The time-dependent sticking coefficient S(t) of 1-butene (red) and 1,3-butadiene 

(green) on clean Pt(111) at 180 K. The uncalibrated olefin coverage θolefin can be obtained from the 

area below the S(t) curve. b) The olefin coverage-dependent sticking coefficient S(θolefin) derived 

from the plots in a). c) XP spectra of the C 1s region measured after the adsorption experiments 

shown in a) and b). d) Sketches of the most stable adsorption structures of 1,3-butadiene – a 

trans-1,2,3,4-tetra-σ complex – and 1-butene – a 1,2-di-σ complex – on Pt(111). Adapted from 

Ref140 under the license CC BY-NC-ND 4.0. 

Also for the red curve in Figure 4.8b, which shows the adsorption of 1-butene on clean 

Pt(111) at 180 K, S(θbutene) remains constant at ≈ 0.87, until it quickly decreases to zero at 

θbutene ≈ 11. This shows that 1-butene follows precursor dynamics, too, but in this case, 

S(θbutene) only starts to drop at higher coverages. The difference can be explained by a factor 

≈ 1.4 higher saturation coverage of the 1-butene monolayer compared to the 1,3-butadiene 

monolayer on Pt(111) at 180 K. The XP spectra (see Figure 4.8c) measured after the 

adsorption experiments support this interpretation, because the C 1s intensity of the 
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saturated 1-butene layer is by a factor of ≈ 1.3 higher than the one of the 1,3-butadiene 

layer. This finding can be related to the different footprints of the two olefins due to the 

different adsorption geometries (see Figure 4.8d). 

4.4.2 Adsorption Dynamics on [C1C1Im][Tf2N]/Pt(111) 

The effect of the IL film on the adsorption dynamics of 1,3-butadiene and 1-butene on 

Pt(111) was studied by measuring S(t) and S(θolefin) for different IL pre-coverages θIL (see 

Figure 4.9). The IL film preparation was done at 180 K, and the olefins were also adsorbed 

at 180 K. 

 

Figure 4.9: a) Time-dependent sticking coefficient S(t) and b) coverage-dependent sticking 

coefficient S(θbutene) of 1-butene on Pt(111) for different IL pre-coverages θIL at 180 K. c) Time-

dependent sticking coefficient S(t) and d) coverage-dependent sticking coefficient S(θbutadiene) of 

1,3-butadiene on Pt(111) for different IL pre-coverages θIL at 180 K. Adapted from Ref140 under the 

license CC BY-NC-ND 4.0. 
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At a low IL pre-coverage of θIL = 0.20 ML, 1-butene has the same initial sticking 

coefficient S0 as on clean Pt(111) (see green curves in Figure 4.9a and b). Similar to the 

clean Pt(111) surface, S(θbutene) stays at the same constant value of ≈ 0.87, until at θbutene ≈ 5 

it steeply decreases to zero, which is earlier than θbutene ≈ 11 found on clean Pt(111) (black 

curve). Further increasing θIL, shifts the drop of the S(θbutene) curve to lower 1-butene 

coverages (blue curve). For θIL > 0.40 ML, also S0 begins to decrease (purple and magenta 

curves). In the IL pre-coverage regime above θIL = 0.55 ML, no significant 1-butene 

adsorption is detectable anymore (dark yellow and orange curves). 

While the overall behavior of 1,3-butadiene adsorption (see Figure 4.9c and d) appears to 

be similar to the one of 1-butene, there are remarkable differences: In the IL pre-coverage 

regime of θIL ≈ 0.4 to 0.5 ML, the S(θbutadiene) traces decrease much more shallow with 

increasing olefin coverage, so that a higher S(θolefin) is observed for a given olefin coverage 

(e.g. θolefin = 2) as compared to 1-butene (compare blue and magenta curves in Figure 4.9b 

and d). Most obvious is this effect at θIL ≈ 0.6 ML (dark yellow curves), where 

1,3-butadiene has an initial sticking coefficient S0 ≈ 0.2, while 1-butene shows no sticking. 

In Figure 4.10a, the 1-butene saturation coverage θbutene,SAT is plotted versus the IL pre-

coverage θIL for IL films prepared at 180 K (full squares, colors matching the experiments 

in Figure 4.9a). θbutene,SAT decreases linearly until θIL = 0.55 ML, where the linear fit 

intercepts the abscissa. This trend indicates that the IL increasingly blocks 1-butene 

adsorption sites, until at θIL = 0.55 ML all sites are blocked. Similarly as for 1-butene, 

θbutadiene,SAT also decreases linearly with increasing θIL (see Figure 4.10b, full squares), but 

the interception of the linear fit with the θIL-axis is found at a higher IL coverage of 

θIL = 0.75 ML. Consequently, substantial 1,3-butadiene adsorption is still feasible at IL pre-

coverages approaching a closed IL layer, while 1-butene adsorption does not occur in this 

coverage regime. 

The observed difference between 1,3-butadiene and 1-butene can be explained in the 

following way: 1,3-Butadiene is bound by approximately 70 kJ/mol stronger to Pt(111) as 

1-butene (-143 versus -72 kJ/mol141, or -156 versus -83 kJ/mol142), which represents a 

larger driving force for squeezing in additional 1,3-butadiene molecules into an already 

densely packed IL layer. The experimental results show that the required rearrangement of 
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the IL film is more feasible in the case of 1,3-butadiene adsorption as for 1-butene, which 

could also be due to the different adsorption geometries (see Figure 4.8d). 

 

Figure 4.10: a) θbutene,SAT, the 1-butene saturation coverage as determined from the area below the 

S(t) curve, is plotted versus the IL pre-coverage θIL. b) The 1,3-butadiene saturation coverage 

θbutadiene,SAT plotted against the IL pre-coverage θIL. c), d) The initial sticking coefficients S0 of 

1-butene and 1,3-butadiene, respectively, in dependence of the IL pre-coverage θIL. The IL films 

prepared at 250 K are represented by open symbols, the films prepared at 180 K by closed symbols, 

whose colors match the colors of the curves in Figure 4.9. The dashed lines in a) and b) are linear 

fits to the data (not taking the data points with θolefin ≈ 0 into account), the dashed lines in c) and d) 

are only a guide to the eye. In c) and d), exemplary error bars indicate the estimated uncertainty of 

±0.05. Adapted from Ref140 under the license CC BY-NC-ND 4.0. 

To get further insights, the effective adsorption energies Eads
eff of both olefins on IL-

modified Pt(111) were determined with QM/MM (quantum mechanics/ molecular 

mechanics) simulations that were performed by the group of Prof. Dirk Zahn in a 

collaboration.140 At low θIL, Eads
eff is equal to the binding energy of the respective olefin on 

clean Pt(111). With increasing θIL, Eads
eff becomes less negative, i.e., the olefins are more 
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weakly bound. For 1-butene, Eads
eff finally becomes positive at ≈ 0.64 ML preventing a 

stable 1-butene coadsorption with IL films exceeding that coverage. In contrast, the tipping 

point of Eads
eff becoming positive is found at ≈ 0.79 ML for 1,3-butadiene,140 which fits to 

the experimental observation that a higher θIL is required to block 1,3-butadiene adsorption. 

The experimental and theoretical results suggest that in an IL pre-coverage regime of 

around 0.5 to 0.7 ML, 1,3-butadiene adsorption is significantly preferred over 1-butene 

adsorption. Consequently, a Pt surface with such an IL layer is expected to be a highly 

selective catalyst for 1,3-butadiene hydrogenation. This result can be seen in the context of 

the test catalytic studies of the Jess group,49-50 which showed that a SCILL catalyst with an 

IL loading corresponding to approximately a closed layer of IL ion pairs has an optimum 

selectivity. 

As was already mentioned earlier, the initial sticking coefficient S0 of 1-butene on IL-

covered surfaces with θIL < 0.4 ML is identical to that on clean Pt(111). Only at higher θIL 

(≈ 0.5 ML), S0 drops to a value close to zero (see Figure 4.10c). Based on the precursor 

dynamics found for 1-butene on clean Pt(111), the following explanation is suggested: The 

mobile precursor state does not only exist on 1-butene adsorbates but also on IL-covered 

areas. In other words, 1-butene molecules are weakly bound as a precursor and can also 

diffuse on the IL islands and even cross boundaries of 1-butene- and IL-covered regions to 

finally arrive and adsorb at an empty adsorption site. For 1,3-butadiene, the overall behavior 

is comparable: S0 stays initially constant with increasing θIL and then decreases for 

θIL > 0.3 ML (see Figure 4.10d), so the precursor-mediated mechanism also applies for 

1,3-butadiene on top of IL islands. 

A very recent XPS and scanning tunneling microscopy (STM) study by the Steinrück group 

addresses the adsorption and thermal evolution of [C1C1Im][Tf2N] on Pt(111).70 It shows 

that the IL is adsorbed intact below 200 K, but a reaction of the IL ions with Pt(111) occurs 

between 200 and 400 K. Thereby, a considerable amount of [Tf2N]‒ anion decomposes and 

the resulting products desorb with the degree of decomposition and desorption depending 

on temperature. Despite the fact that the XPS signals of the [C1C1Im]+ cations do not show 

major changes with increasing temperature, it is very likely that for charge neutrality 

reasons a similar amount of cations also reacts with the Pt(111) surface with the resulting 
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(charge-neutral) decomposition products remaining adsorbed on the Pt(111) surface. The 

XPS measurements have been reproduced in this thesis (but are not shown). 

To investigate how the onset of decomposition changes the adsorption properties of 

1-butene and 1,3-butadiene, additional experiments were performed with IL films prepared 

at 250 K. As for the film prepared at 180 K, θbutene,SAT shows a linear decrease with 

increasing θIL (red open squares in Figure 4.10a). However, the intercept of the fit with the 

abscissa is shifted to a lower IL coverage of θIL = 0.45 ML for the IL layer prepared at 

250 K, compared to the value of 0.55 ML for the IL layer prepared at 180 K. This lower 

saturation coverage can be explained in the following way: After decomposition, carbon 

and nitrogen-containing products (stemming from the cation) remain on the surface. They 

probably cover the surface forming a very flat thin film; therefore, a smaller amount of 

material is needed to block all adsorption sites as compared to an IL film also containing 

the quite voluminous intact [Tf2N]‒ anion. Note that at 250 K, intact anions and cations are 

expected to be coadsorbed with decomposition products, i.e., the effect will only occur on 

a fraction of the surface. 1,3-Butadiene shows a similar trend (see green open squares in 

Figure 4.10b): θbutadiene,SAT shows a linear decrease until intersecting the IL coverage axis 

at θIL = 0.55 ML (for the IL layer prepared at 180 K, this occurred at 0.75 ML). The initial 

sticking coefficients S0 (see Figure 4.10c and d) also change for IL films prepared at 250 K 

as compared to the 180 K IL film. The decrease of S0 is shifted to lower IL pre-coverage, 

but overall still the same trend is observed. This observation shows that the partial IL 

decomposition does not affect the precursor dynamics. 

4.4.3 Adsorption Dynamics on [C1C1Im][Tf2N]/H/Pt(111) 

For the hydrogenation reaction of 1,3-butadiene to 1-butene, the interplay of coadsorbed 

hydrogen and the olefins also plays an important role. To this end, the adsorption dynamics 

of 1,3-butadiene was studied on Pt(111) saturated with hydrogen, which adsorbs 

dissociatively on Pt(111).143-144 
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Figure 4.11: a) Time-dependent sticking coefficient S(t) of 1,3-butadiene on Pt(111) saturated with 

hydrogen, together with the m/z = 2 signal, which is representative for the amount of desorbing H2. 

b) 1,3-Butadiene saturation coverage θbutadiene,SAT plotted against the IL pre-coverage θIL for a 

hydrogen-saturated Pt(111) surface (open blue squares) compared to the measurements on the 

hydrogen-free Pt(111) already shown in Figures 4.9 and 4.10 (filled black squares). Linear fits to 

the data are given by dashed lines. c) The initial sticking coefficient S0 of 1,3-butadiene depending 

on the IL pre-coverage θIL for the hydrogen-free surface (filled black circles) and the hydrogen-

saturated surface (open blue circles). The dashed lines are guides to the eye and the exemplary error 

bars represent the estimated uncertainty of ± 0.05. d) Amount of desorbing hydrogen from the 

hydrogen-saturated surface during 1,3-butadiene adsorption determined from peak integration. 

Adapted from Ref140 under the license CC BY-NC-ND 4.0. 

Figure 4.11a shows the S(t) curve of 1,3-butadiene and the resulting desorption signal of 

hydrogen on the Pt(111) surface. As on clean Pt(111), 1,3-butadiene initially also has a 

sticking coefficient of ≈ 0.87, but already after ≈ 4 s, S(t) drops rapidly to reach a value of 

≈ 0.10 after 10 s (see green curve). The observed behavior can be compared to the clean 

Pt(111) surface, where the decrease of S(t) only started after 10 s (see Figure 4.9c, black 

curve). This observation shows that precovering the surface with hydrogen eventually 

hampers the adsorption of 1,3-butadiene on the Pt(111) surface. Simultaneously to the 
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decrease of S(t), a pronounced increase of hydrogen desorption from the sample is observed 

(blue curve). These observations imply that initially a comparably low 1,3-butadiene 

coverage can be coadsorbed with the hydrogen layer and when this 1,3-butadiene coverage 

reaches a certain value, hydrogen is replaced from the surface. Notably, the 1,3-butadiene 

coverage reaches only about 63% of θbutadiene,SAT on clean Pt(111) (see Figure 4.11b), 

implying that the hydrogen is not replaced completely. 

The measurements on clean Pt(111) yielded H2 initial sticking coefficients between 0.02 

and 0.08. If IL was preadsorbed (lowest tested coverage 0.19 ML), no H2 sticking 

(S0 < 0.01) was observed. An investigation from Auras et al. showed that the initial sticking 

coefficient of H2 scales with the step density on Pt surfaces, reaching an almost vanishing 

value of approximately 0.025 for the Pt(111) facet.145 The finding of a sticking coefficient 

below the detection limit on the [C1C1Im][Tf2N]/Pt(111) surface could be explained in the 

following way: All remaining steps and defect sites on the Pt crystal are decorated by IL 

ion pairs and therefore, H2 adsorption is prohibited even for low θIL. 

Nevertheless, the adsorption dynamics of 1,3-butadiene on Pt(111) with coadsorbed 

hydrogen and [C1C1Im][Tf2N] can be studied by reversing the deposition sequence: Firstly, 

the Pt(111) surface is saturated with hydrogen, secondly, [C1C1Im][Tf2N] is evaporated 

onto this H/Pt(111) surface at 180 K, and finally, 1,3-butadiene is provided via the 

molecular beam. Figure 4.11c shows that the coadsorbed hydrogen does not significantly 

influence the S0 of 1,3-butadiene. However, the adsorbed hydrogen decreases θbutadiene,SAT 

by about 37% compared to the hydrogen-free surface (see Figure 4.11b, open blue squares 

versus filled black squares). Similar to the hydrogen-free surface, θbutadiene,SAT still decreases 

linearly, and all adsorption sites are blocked at θIL = 0.75 ML. Figure 4.11d shows that the 

amount of hydrogen replaced from the surface by incoming 1,3-butadiene, as can be 

determined by integration of the m/z = 2 signal, decreases with increasing θIL. 
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5 Summary 

Ionic Liquids (ILs) are applied in supported IL thin film catalysis with great success. The 

complementary Supported Ionic Liquid Phase (SILP) and Solid Catalyst with Ionic Liquid 

Layer (SCILL) approaches even have already found commercial applications. Since they 

are typically used in hydroformylation and hydrogenation reactions, knowledge about the 

adsorption dynamics and interactions of hydrocarbons at the relevant gas/IL/catalyst 

interfaces is crucial to gain a detailed understanding of these catalytic systems, which can 

serve as a basis for further improvement and new developments. 

This thesis addresses the adsorption dynamics of a set of model C4-hydrocarbons – 

n-butane, iso-butane, 1-butene and 1,3-butadiene – at the gas/IL and the gas/IL/metal 

interface. Trapping probabilities and sticking coefficients are measured with the direct 

method of King and Wells using a supersonic molecular beam setup (see Chapter 2.1). The 

apparatus used in this thesis is a unique, newly developed ultra-high vacuum chamber 

consisting of a fast-entry load lock, a preparation chamber with an IL evaporator, and an 

analysis chamber with an XPS setup, a mass spectrometer, and a three-stage supersonic 

molecular beam. This setup and its characterization is described in detail in Chapter 3, and 

some additional material is provided in Appendix 8.5. 

A first set of experiments deals with the physisorption of C4-hydrocarbons – n-butane, 

iso-butane and 1-butene – on the surface of frozen macroscopic films of 1-alkyl-3-methyl-

imidazolium-based ILs [CnC1Im]X, where n = 1, 2, 3, 4 and 8 and X− = Cl−, Br−, [PF6]
− and 

[Tf2N]−. On ILs with n ≥ 3, n-butane adsorbs with an initial trapping probability of ≈ 0.9 at 

90 K. In contrast, no n-butane trapping is found for ILs with n ≤ 2, which is attributed to a 

too short residence time on the IL surface to form condensation nuclei even at 90 K. This 

finding shows that the binding energy is dominated by the interaction of n-butane with the 

alkyl chains of the IL cations, whereas the cationic headgroups and the anions contribute 

only weakly (see Chapter 4.1). 

Two complementary methods were developed within this thesis, in order to obtain the 

desorption energies, which equal the adsorption energies, of hydrocarbons on IL surfaces. 

The first one uses the coverage- and temperature-dependent trapping probability to deduce 

the desorption energy and the associated pre-exponential factor in an Arrhenius-type 

approach. The second method is based on the temperature-dependent initial trapping 
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probability. It needs fewer prerequisites, and therefore is successfully applied to the 

complete set of ILs with n ≥ 3 (see Chapter 4.2). 

Comparing ILs with different alkyl chains at the IL cation, the desorption energy of 

n-butane increases with increasing length of the alkyl chain. For ILs with different anions, 

the desorption energy increases with decreasing size of the anion. This effect is not 

attributed to different interaction strengths with the anions, but to a different degree of alkyl 

chain surface enrichment induced by different anions (see Chapter 4.3). Notably, the 

desorption energy also depends on the adsorbing molecule: It decreases in the order 

n-butane > 1-butene > iso-butane, which is attributed to dispersion interactions of different 

strengths. 

The second set of experiments deals with the adsorption dynamics on an IL-modified metal 

surface, that is, Pt(111) with ultrathin layers of [C1C1Im][Tf2N]. This system serves as a 

model system for a SCILL catalyst, which can be used to enhance the selectivity of 

hydrogenation reactions, like the selective hydrogenation of 1,3-butadiene to 1-butene. 

Both olefins adsorb on clean Pt(111) and on the IL-modified surface following a precursor-

mediated mechanism. With increasing IL coverage, an increasing number of adsorption 

sites are blocked for the incoming olefins; notably, hydrogen does not affect the precursor 

and site-blocking effects for 1,3-butadiene in a major way. 

Interestingly, less IL is required to prevent 1-butene adsorption as compared to 

1,3-butadiene adsorption, which is proposed to be directly related to the IL’s influence on 

selective hydrogenation in SCILL catalysis. Molecular dynamics simulations from the 

Zahn group suggest IL film densification/relaxation as the key mechanism to 

allowing/excluding olefin adsorption on the metal. Being a function of IL coverage, the 

energy of film penetration controls the effective olefin adsorption energy – and therefore 

creates an operation regime for allowing 1,3-butadiene adsorption and potential 

hydrogenation to 1-butene, while adsorption of the latter – and thus, hydrogenation to 

n-butane – is suppressed. 
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6 Kurzfassung der Arbeit 

Ionische Flüssigkeiten (engl. Ionic Liquids, ILs) werden erfolgreich in der geträgerten IL-

Dünnschichtkatalyse eingesetzt. Die komplementären Katalysekonzepte Supported Ionic 

Liquid Phase (SILP) und Solid Catalyst with Ionic Liquid Layer (SCILL) werden sogar 

bereits in kommerziellen Anwendungen genutzt, typischerweise für Hydroformylierungs- 

und Hydrierungsreaktionen. Detaillierte Kenntnisse über die Adsorptionsdynamik und die 

Wechselwirkung von Kohlenwasserstoffen mit den Gas/IL/Katalysator-Grenzflächen sind 

daher von entscheidender Bedeutung für ein detailliertes Verständnis dieser Katalysatoren. 

Dieses ist wiederum Grundlage für weitere Verbesserungen und neue Entwicklungen. 

In dieser Dissertation wird die Adsorptionsdynamik einer Reihe von Modell-C4-

Kohlenwasserstoffen – n-Butan, iso-Butan, 1-Buten und 1,3-Butadien – an der Gas/IL- und 

der Gas/IL/Metall-Grenzfläche untersucht. Die dafür erforderlichen Messungen der 

Haftfaktoren wurden mit der direkten Methode von King und Wells unter Verwendung 

eines Überschallmolekularstrahls durchgeführt (siehe Kapitel 2.1). Dabei kam eine neu 

entwickelte Ultrahochvakuumkammer zum Einsatz, bestehend aus einer 

Einschleuskammer, einer Präparationskammer mit einem IL-Verdampfer und einer 

Analysenkammer mit einem Röntgenphotoelektronenspektrometer, einem 

Massenspektrometer und einem dreistufigen Überschallmolekularstrahl. Die 

Vakuumkammer und ihre Charakterisierung werden in Kapitel 3 beschrieben, und in 

Anhang 8.5 finden sich weitere detaillierte Pläne und Angaben. 

Der erste Ergebnisteil befasst sich mit der Physisorption von C4-Kohlenwasserstoffen – 

n-Butan, iso-Butan und 1-Buten – auf der Oberfläche gefrorener makroskopischer Filme 

von 1-Alkyl-3-Methylimidazolium-basierten ILs [CnC1Im]X, mit n = 1, 2, 3, 4 und 8 und 

X− = Cl−, Br−, [PF6]
− und [Tf2N]−. Auf ILs mit n ≥ 3 adsorbiert n-Butan bei 90 K mit einem 

Anfangshaftfaktor von ≈ 0,9. Im Gegensatz dazu tritt für ILs mit n ≤ 2 keine n-Butan-

Adsorption auf, was auf eine zu kurze Verweilzeit auf der IL-Oberfläche zurückgeführt 

wird, die selbst bei 90 K nicht zur Bildung von Kondensationskeimen ausreicht. Dieses 

Ergebnis zeigt, dass die Bindungsenergie von der Wechselwirkung des n-Butans mit den 

Alkylketten der Kationen dominiert wird, während die kationischen Kopfgruppen und die 

Anionen kaum dazu beitragen (siehe Kapitel 4.1). 
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Im Rahmen dieser Arbeit wurden zwei komplementäre Methoden zur Bestimmung der 

Desorptionsenergie – und damit der Adsorptionsenergie dieser physisorbierten Adsorbate 

– von Kohlenwasserstoffen auf IL-Oberflächen entwickelt. Die erste basiert auf dem 

bedeckungs- und temperaturabhängigen Haftfaktor, und erlaubt mit einem Arrhenius-

Ansatz die Ermittlung der Desorptionsenergie und den zugehörigen Präexponentialfaktor. 

Die zweite stützt sich auf den temperaturabhängigen Anfangshaftfaktor. Sie benötigt 

weniger Vorbedingungen, so dass sie erfolgreich auf den kompletten Satz von ILs mit n ≥ 3 

angewendet werden konnte (siehe Kapitel 4.2). 

Die systematische Untersuchung der Desorptionsenergie von n-Butan auf ILs mit 

verschiedenen Alkylketten des IL-Kations zeigt eine systematische Zunahme mit 

zunehmender Länge der Alkylkette. Für ILs mit unterschiedlichen Anionen nimmt die 

Desorptionsenergie mit abnehmender Größe des Anions zu. Letzterer Effekt resultiert nicht 

aus unterschiedlich starken Wechselwirkungen von n-Butan mit den Anionen, sondern aus 

einem unterschiedlichen Grad an Alkylkettenanreicherung an der IL-Oberfläche, welcher 

seinerseits durch die verschiedenen Anionen induziert wird (siehe Kapitel 4.3). Die 

Desorptionsenergie wird auch durch das auftreffende Molekül beeinflusst: Sie nimmt in der 

Reihenfolge n-Butan > 1-Buten > iso-Butan ab, was auf unterschiedlich starke 

Dispersionswechselwirkungen zurückgeführt wird. 

Der zweite Ergebnisteil befasst sich mit der Adsorptionsdynamik auf einer IL-bedeckten 

Pt(111) Oberfläche, die mit ultradünnen [C1C1Im][Tf2N]-Filmen beschichtet wurde. Dieses 

System dient als Modellsystem für SCILL-Katalysatoren, welche zur Verbesserung der 

Selektivität von Hydrierungsreaktionen, wie z. B. der selektiven Hydrierung von 

1,3-Butadien zu 1-Buten, eingesetzt werden können. Beide Olefine adsorbieren auf 

sauberem und IL-bedeckten Pt(111) über einen Precursor-Mechanismus. Mit zunehmender 

IL-Bedeckung werden mehr und mehr Adsorptionsplätze für die auftreffenden Olefine 

blockiert. Voradsorbierter Wasserstoff beeinflusst den Precursor-Mechanismus und die 

Adsorptionsplatzblockierungseffekte für 1,3-Butadien kaum. 

Erstaunlicherweise ergibt sich zwischen den beiden Olefinen ein wesentlicher Unterschied: 

Um die Adsorption von 1-Buten zu verhindern, ist im Vergleich zu 1,3-Butadien eine 

geringere IL-Bedeckung vonnöten. Daraus folgt, dass eine Pt(111)-Oberfläche, die 

vollständig mit einer Schicht von IL-Ionen bedeckt ist, eine hohe Selektivität für die 
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Adsorption von 1,3-Butadien gegenüber 1-Buten aufweist. Molekulardynamik-

simulationen der Arbeitsgruppe Zahn bestätigen, dass das Wechselspiel aus Olefin-

Bindungsenergie und lokaler Verdichtung des IL-Films durch die Olefine der 

Schlüsselmechanismus ist, der die Adsorption von Olefinen auf dem Metall ermöglicht 

bzw. ausschließt. Dies dürfte direkt mit dem Einfluss der IL auf die selektive Hydrierung 

bei der SCILL-Katalyse zusammenhängen (siehe Kapitel 4.4). 
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In the last part of the appendix, technical drawings and tables of the ILID chamber are 

provided. 
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8.5 Technical Drawings and Tables of the ILID Chamber 

 

 

Figure 8.1: Drawing of the complete apparatus, view from two sides. Drawing by Bernd Kreß. 
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8.5.1 Preparation Chamber 

 

Figure 8.2: 3D drawing of the preparation chamber. Drawing by Bernd Kreß. 

 

Figure 8.3: Front view of the preparation chamber. The numbers in the white boxes indicate the 

IDs of the flanges (see Table 8.1). Drawing by Bernd Kreß. 
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Figure 8.4: Sectional view of the preparation chamber. Dimensions are given in millimeters. 

Drawing by Bernd Kreß. 

 

Figure 8.5: Back view of the preparation chamber. The numbers in the white boxes indicate the 

IDs of the flanges (see Table 8.1). Dimensions are given in millimeters. Drawing by Bernd Kreß. 
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Figure 8.6: Top view of the preparation chamber. The numbers in the white boxes indicate the IDs 

of the flanges (see Table 8.1). Dimensions are given in millimeters. Drawing by Bernd Kreß. 

 

Figure 8.7: Drawing of the preparation chamber frame. Dimensions are given in millimeters. 

Drawing by Bernd Kreß. 
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Table 8.1: Flange overview for the preparation chamber. The flange IDs are indicated in 

Figures 8.3, 8.5 and 8.6. The angles and axes are defined in Figures 8.3 and 8.6. 

ID size static/rot. flange length / mm distance / mm angle α / ° angle β / ° use 

1 DN100 CF-R 0 0   
connection 

analysis 

chamber 

2 DN40 CF-S 140 to axis X+100 90 45 
ionization 

gauge 

3 DN40 CF-S 140 to axis X+100 -90 45 reserve 

4 DN40 CF-R 140 to axis X+150 0 90 sputter gun 

5 DN160 CF-S 160 to axis X+200 90 0 window 

6 DN160 CF-S 254 to axis X+200 -90 0 LEED 

7 DN160 CF-S 203 to axis X+200 0 -90 
turbomolecular 

pump 

8 DN40 CF-R 140 to axis X+250 0 90 gas dosing 

9 DN40 CF-R 190 to sample X+430 140 40 
(future) metal 

evaporator 

10 DN40 CF-R 190 to sample X+430 -140 40 
(future) metal 

evaporator 

11 DN40 CF-R 190 to sample X+430 -143 -30 
(future) IL 

evaporator 

12 DN100 CF-S 170 to sample X+430 0 -90 
ion getter 

pump and TSP 

13 DN40 CF-R 140 to sample X+430 -90 -45 reserve 

14 DN40 CF-R 140 to sample X+430 -90 0 load lock 

15 DN40 CF-R 140 to sample X+430 -90 45 microbalance 

16 DN40 CF-S 125 to sample X+430 0 90 sample garage 

17 DN40 CF-R 140 to sample X+430 90 45 window 

18 DN40 CF-S 125 to sample X+430 90 0 wobble stick 

19 DN40 CF-R 140 to sample X+430 90 -45 IL evaporator 

20 DN40 CF-R 190 to sample X+430 -53 -30 

(future) 

organic 

evaporator 

21 DN63 CF-S 203 to sample X+430 40 30 window 

22 DN40 CF-S 180 to sample X+430 0 55 (future) QMS 

23 DN63 CF-S 203 to sample X+430 40 30 window 

24 DN40 CF-R 180 to sample X+430 55 0 
(future) 

microbalance 

25 DN40 CF-R 190 to sample X+430 53 -30 

(future) 

organic 

evaporator 

26 DN100 CF-R 80 to chamber X+695   
connection 

manipulator 
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8.5.2 Analysis Chamber 

 

Figure 8.8: 3D drawings of the analysis chamber. Drawings by Bernd Kreß. 

 

Figure 8.9: Front view of the analysis chamber. The numbers in the white boxes indicate the IDs 

of the flanges (see Table 8.2). Drawing by Bernd Kreß. 
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Figure 8.10: Sectional view of the analysis chamber. Dimensions are given in millimeters. Drawing 

by Bernd Kreß. 

 

Figure 8.11: View of the analysis chamber from the side of the preparation chamber (left) and mass 

spectrometer (right). Compare also to Figure 3.1d. The numbers in the white boxes indicate the IDs 

of the flanges (see Table 8.2). Drawings by Bernd Kreß. 
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Figure 8.12: Top view of the analysis chamber. The numbers in the white boxes indicate the IDs 

of the flanges (see Table 8.2). Drawing by Bernd Kreß. 

 

Figure 8.13: Drawing of the analysis chamber frame. Dimensions are given in millimeters. 

Drawing by Bernd Kreß. 
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Table 8.2: Flange overview for the analysis chamber. The flange IDs are indicated in Figures 8.9, 

8.11 and 8.12. The angles and axes are defined in Figures 8.9, 8.11 and 8.12. 

ID size static/rot. flange length / mm distance / mm angle α / ° angle β / ° use 

1 DN250 CF-S  0 0  

differentially 

pumped rotary 

feedthrough 

mass 

spectrometer 

2 DN160 CF-S 220 to axis X+130 90 -90 
turbomolecular 

pump 

3 DN100 CF-S 230 to axis X+200 90 -35 
ion getter 

pump and TSP 

4 DN100 CF-S 230 to sample X+110 90 40 analyzer 

5 DN100 CF-R 70 from corpus X+335 0 0 
preparation 

chamber 

6 DN40 CF-R 170 to sample X+110 0 90 
molecular 

beam 

7 DN40 CF-R 170 to sample X+110 -90 45 
window with 

camera 

8 DN63 CF-R 170 to sample X+110 -90 5 window 

9 DN40 CF-R 203 to sample X+110 -62 26 
(future) flood 

gun 

10 DN40 CF-R 230 to sample X+110 -50 0 X-ray bypass 

11 DN40 CF-R 223 to sample X+110 -35 38 
(future) 

evaporator 

12 DN40 CF-R 203 to sample X+110 -10.72 57 X-Ray gun 

13 DN40 CF-R 223 to sample X+110 35 38 
(future) 

evaporator 

14 DN40 CF-S 160 to sample X+210 90 15 
ionization 

gauge 

15 DN40 CF-R 170 to sample X+110 -90 -35 
(future) 

evaporator 

16 DN40 CF-R 203 to sample X+110 -55 -30 reserve 

17 DN40 CF-R 170 
X+110 

Y-10 
90 0 beam monitor 

    angle ϕ / °  

18 DN16 CF-R 17 from corpus 
X+292 

on Ø200 
-10 sample flag 

19 DN16 CF-S 17 from corpus 
X+292 

on Ø200 
+45 reserve 

20 DN16 CF-S 17 from corpus 
X+292 

on Ø200 
+90 gas dosing 

23 DN40 CF-S 170 from corpus X+70 90 -35 
(future) shutter 

for QMS 
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8.5.3 Molecular Beam Chamber 

 

Figure 8.14: 3D drawing and cut through of the molecular beam chamber. Note that the chopper 

shown on the right side is not mounted so far. Drawings by Bernd Kreß. 

 

Figure 8.15: Side views of the molecular beam chamber. The numbers in the white boxes indicate 

the IDs of the flanges (see Table 8.3). Drawings by Bernd Kreß. 
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Figure 8.16: Side views of the molecular beam chamber. The numbers in the white boxes indicate 

the IDs of the flanges (see Table 8.3). Drawings by Bernd Kreß. 

 

Figure 8.17: Sectional views of the molecular beam chamber. The numbers in the white boxes 

indicate the IDs of the flanges (see Table 8.3). Dimensions are given in millimeters. Drawings by 

Bernd Kreß. 
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Figure 8.18: Sectional views of the molecular beam chamber. The numbers in the white boxes 

indicate the IDs of the flanges (see Table 8.3). Dimensions are given in millimeters. Drawings by 

Bernd Kreß. 

 

Figure 8.19: Drawing of the molecular beam chamber frame. Dimensions are given in millimeters. 

Drawing by Bernd Kreß. 
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Table 8.3: Flange overview for the molecular beam chamber. The flange IDs are indicated in 

Figures 8.15 to 8.18. The angle and axis are defined in Figures 8.18. 

ID size static/rot. flange length / mm distance / mm angle φ / ° use 

1 DN40 CF-R 170 to axis X+427 270 ionization gauge 

2 DN40 CF-S 170 to axis X+407 165 aperture 

3 DN100 CF-S 170 to axis X+399 55 turbo HiPace 300 

4 DN100 CF-R 170 to axis X+347 0 
window 

(future) chopper 

5 DN100 CF-S 170 to axis X+323 122 turbo HiPace 300 

6 DN63 CF-S 170 to axis X+317 270 ionization gauge 

7 DN40 CF-R 170 to axis X+289 180 beam flag 

8 DN40 CF-S 170 to axis X+231 220 reserve 

9 DN40 CF-S 170 to axis X+199 155 
cold cathode 

gauge 

10 DN160 CF-S 170 to axis X+143 270 turbo HiPace 700 

11 DN100 CF-R 170 to axis X+167 0 window 

12 DN160 CF-S 170 to axis X+143 90 turbo HiPace 700 

13 DN63 CF-S 170 to axis X+111 180 reserve 

14 DN250 CF-S on axis X+0 on axis 
nozzle 

manipulator 

15 DN40 CF-S on axis X+526 on axis 

connection to the 

analysis chamber 

with CF40 

bellow 
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8.5.4 Sample Holder 

 

Figure 8.20: Sample holder design. Dimensions are given in millimeters. Drawings by Bernd Kreß. 

 

Figure 8.21: Drawings of the single crystals. Dimensions are given in millimeters. Drawings by 

Bernd Kreß. 
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Figure 8.22: Drawings of the sample holder ground plate (a), crystal holder (b), thermocouple 

contacts (c) and insulating ceramics (d). Dimensions are given in millimeters. Drawings by Bernd 

Kreß. 
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