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1 INTRODUCTION

1 Introduction

lonic 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.!? Although substances fulfilling this definition are known for more than a
century,® the scientific field of “ionic liquids” only started to develop in the 1990s*°. In the
beginning, ILs were seen as “green” alternatives for conventional bulk chemicals,®?® like
solvents,® ! electrolytes,*?*® lubricants'®’ or scavengers!®?°, Due to their tunable
physicochemical properties, they also have been adapted to more specific applications, for
example, sensors,?1?2 lubricant additives,? pharmaceuticals,?*2° or in catalysis?’-2. 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.3-3°

gas/IL interface

IL/metal interface

& Metol nanoparticle

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
Ref%,

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).3°3! 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.***2 Two conceptually different approaches can
be distinguished: In Supported lonic Liquid Phase (SILP) catalysis,*® 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.3%-3L 4445 |n the Solid Catalyst with lonic Liquid Layer
(SCILL) approach,*® a traditional heterogeneous catalyst, often metal nanoparticles

dispersed on a support, is modified by a thin IL film.30-3%47

Typically, SCILL is used to improve the selectivity of hydrogenation reactions,*¢*8 for
example the 1,3-butadiene hydrogenation to produce 1-butene.**? 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.>*¢ Different
solubility of the competing reactants in the IL film was proposed to be responsible for the
SCILL effect in the earlier literature.*®*” However, the selectivity of SCILL-catalysts can
be larger than explainable by taking into account only solubility differences.>® 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 1L
phase.>® 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 0. 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).®® These surface science studies under ultra-high vacuum (UHV) conditions
revealed surprising growth,%%61 wetting®?%* and exchange®®" phenomena, along with
unexpected structural changes®® and reactions with the metal surface®®". 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 reflectivity’?"3, direct
recoil spectrometry’*"®, Rutherford backscattering” ', low energy ion scattering’’-’8,
reactive atom scattering’®%°, sum frequency generation vibrational spectroscopy,®8? X-ray

photoelectron spectroscopy (XPS)** 838 and molecular dynamics simulations®-%2. 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 CO; 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.®*®** NO scattering shows similar trends as CO,, and moreover
interesting rotational, vibrational and electronic effects, because of its uncommon open-
shell electronic structure.®>¢ Oxygen atoms can be scattered inelastically and/or reactively
forming OH and H20 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.” °° Moreover, on frozen [C2C1Im][Tf2N] and [CsC1Im][BF4],
water adsorbs with an initial trapping probability close to zero, which then increases with

increasing water coverage.'®

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.*°3! 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 lonic 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 1911 and a few years later implemented in the
Nobel-prize-winning studies of Otto Stern and Walther Gerlach,'°? molecular beams are
almost as old as vacuum technology.1% 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.1%4

Molecular beams can be divided into two classes: effusive beams (also known as thermal
or Knudsen beams) and supersonic beams (sometimes called free jets).!%® 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 = A/d (4: 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.1%

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

na
y—1

po through a nozzle into a chamber of lower pressure po. If po/py is larger than (VT“)

(which is < 2.1 for all gases),’?” the gas molecules accelerate to supersonic speed and a
complex shock wave structure forms at a certain distance from the nozzle.X®® 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.'%” Therefore, the sum
of enthalpy and (directed) kinetic energy remains constant:
Mv?

h + — = h, = const. (2.1)

Thereby, h is the molar enthalpy, M the molar mass, v the velocity of the (directed) mass
flow and ho 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).

Background Pressure p, Skimmer

Nozzie
Continuum Flow  Molecular Flow

2
1
0.2 4 0.0001
1 (b
0.0 0.00007 T T T T
. 0 200 400 600 800 1000
Distance from Nozzle —* Velocity fm/s]

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. ¢) In comparison to the initial Maxwell-Boltzmann distribution (1), the
velocity distribution in the supersonic beam is narrowed (2). Reproduced with permission from
Refl%,
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The upper limit for the terminal velocity is full conversion of internal energy into directed

kinetic energy:

voosz_hOZJZCpTo 2.2)
M M

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

of the gas, that is, its isobaric molar heat capacity ¢, and molar mass M.1%°

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.'%” 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. %7 109

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 Ty and T. can even be pushed below
1 K10 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.%’

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.t!
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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.’'? S can be measured using the direct
method of King and Wells,'*® 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).

nozzle e T
% close
2 i beam
skimmer o 20 } flag -
—& o
J O
2 -
= __\ j — 3 [
A S £
2 " E Ap(i) sample |
. aperture o 10 |- APy flag : -
— RS = APus |
w I
= I
G : GG Im)[PF3)
I
=1 |

102 K
|
0 | |
ams ! '

60 40 -20 0 20 40 60 80 100 120
Time /s
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i
e\-h_\_g_ | WL Y YWY Y W

i
S Po

. o
= S = p(t)
sample Appp !
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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 So and the time-
dependent sticking coefficient S(t) can be determined from the partial pressure differences Apwms,
Apo and Ap(t) measured with the quadrupole mass spectrometer (QMS). Adapted from Ref''4 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. Att =—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
Apwmg 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 Apo is observed. The initial sticking coefficient So is then determined

from the ratio of Apo and Apws:

Ap
| = —Po (2.3)

_-ApMB
So 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 So, a time-dependent sticking coefficient S(t) can be determined from
Ap(t):

Ap(t)
Apums
In the example shown in Figure 2.2, a steady-state situation is reached after = 30 s. Steady

S@) =

(2.4)

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
S™, 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,!® 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.

a} 1.0 T T T b) 1.0 T T T T T
0.8 ~ 0.8
0.6 | - 0.6
< <
7 @
0.4 - 0.4
0.2 - 0.2
0.0 0.0
V Aana) l h
: : :
0 10 20 30 40
t/'s 41 arb. u.

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 6. b) Plot of the coverage-dependent sticking coefficient S(¢) 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

10
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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 s (in units of molecules cm) adsorbed

after a certain time t is given by

t
Ours = Rimp | 5@ @5
0

with Rimp being the impinging flux of the molecular beam (in molecules cm™ s™). Since
measuring accurate absolute values for Rimp is difficult, in this work, the absolute coverage
G@aps Will not always be used, but rather an uncalibrated relative coverage, 9, which can be

determined from integrating S(t):

@abs t
0 == [ s@ar (26)
R imp 0

6 can then be used to create an S(0) versus 6 plot (see Figure 2.3Db).

11



2 FUNDAMENTALS

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
Seah!'®, Hiifner!!” or van der Heide!!®. Due to the small inelastic mean free path 1 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 34 through the sample

material, which is used as a cutoff to define the information depth 1D:!18
ID = 32 cos(¥) (2.7)

As Equation (2.7) shows, ID depends also on the emission angle 4 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 (1D = 1-1.5 nm) reflect the surface composition.**°® 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.

0° e-

hv .
80°

//Li\/-// e
ID?

D

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 6. 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 l4, as compared to the signal of the uncovered substrate 1o:>% 12

I __4a

o= Zcos(@®) (2.8)
In this case, A is the inelastic mean free path of photoelectrons with the kinetic energy
characteristic for the respective substrate signal in 1Ls.% 120124 |n Jjterature,'? the

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

M
Ny p

(2.9)

h=3Vp ="

where Vi, is the bulk molecular volume, Na the Avogadro constant, M the molar mass, and
p the bulk density of the respective IL. Following this estimation, the IL coverage
6L =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.*?> 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 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” (lonic 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 x 12 x 4 mm?®) 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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3 EXPERIMENTAL DETAILS

sputter gun (SPECS IQE 11/35), a 4-grid LEED (low energy electron diffraction) setup
(SPECS ErLEED 150), and leak valves for gas dosing.

beam chamber

to analyzer
analysis chamber

reparation chamber
to QMS e

nozzle !

gas inlet

-

skimmer

analyzer

entrance®

beam
monitor

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. ¢) 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 (2 = 100 um; 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 Ref'** under license CC BY 4.0.

3.1.2 lonic Liquid Evaporator

For the preparation of ultrathin IL films by PVD, a home-built IL evaporator®® 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

16
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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.1%" 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 um 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 = Ryp + Rpp (3.1)
Rin can be expressed as the sum of two components, one originating from the background
pressure of the analysis chamber, Rpp, and one from the incoming molecular beam, Rus.
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:

_ pMB_pbgr _ Ap
J2rmkg T J2rmkgT

Ryp = Rout — Rbp

(3.2)
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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 Ref!** under license CC BY 4.0.
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To determine the beam flux, it is only required to measure pogr, 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 pms, 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 Ap 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 Ap 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
(2 = 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 Ref''* 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.
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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 lonic 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] .
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Figure 4.1: General structure of imidazolium-based ILs [C,C1Im]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.!®® Figure 4.2 shows corresponding measurements for n-butane
adsorbing on [CsC1Im][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 S™(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.
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Figure 4.2: King and Wells measurement curves for the adsorption of n-butane on frozen
[CsCilm][TF:N] (a) and [CsCilm][TfN] (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 Ref'?® 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 So"™' = 0.74 on [CsC1Im][Tf2N], but on [CsCiIm][Tf.N] it only has an S of
0.30. To obtain more detailed insights, the temperature-dependency of So™ is therefore
systematically investigated for two sets of ILs: [ChCiIm][Tf2N] withn=1, 2, 3, 4 and 8,
and [CnC1Im][PFe] withn =2, 4 and 8.

In the first step, the temperature-dependent S of n-butane on [CsCiIm][Tf2N] will be
discussed (Figure 4.3a, black squares): Until 102 K, So"™* stays constant at = 0.9 and starts
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to decrease for higher temperatures. At the characteristic temperature
Tsou ([CsCaIm][Tf2N]) = 110 K, So™* is decreased to 50% of its initial level. This decrease
of So™! 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 So™ is observed. The characteristic temperature Tsoy is thus a

measure for the interaction strength between n-butane and the IL surface.
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Figure 4.3: Temperature-dependent initial trapping probability So
based ILs with different alkyl chain lengths. a) The set for the [Tf,N]™ anion, b) the one for the
[PFs]™ anion. The dashed lines are fits to the data using the model described in Chapter 4.2.2.

Adapted from Ref!** under the license CC BY 4.0.
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In a next step, | 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 [CgCiIm][Tf2N] the curves are shifted by =~ 6 K to lower
temperature. So™' stays constant until =96 K and then decreases to zero with
Tso% ([C34C1Im][TFN]) = 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 [PFe]™ anion. [CsC1lm][PFe] (see
black squares in Figure 4.3b) and [C4C1Im][PFs] (blue triangles) show an overall analogous
behavior as [CsC1Im][Tf2N], [C4C1Im][T2N] and [C3C1Im][TfN]: A constant So™* ~ 0.9
for temperatures below 100 K, and then a drop-down to zero above a particular temperature.
The characteristic temperatures are Tsoy = 111 K for [CsC1Im][PFe] and Tsos = 107 K for
[C4C1Im][PFe]. The larger Tsos value for the IL with the longer alkyl chain agrees with the
trend found for the series with the [Tf.N]~ anion. On [C2C1Im][PFe] (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.
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The decrease of Tsoy 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.> % 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 Tsoy With increasing

chain length.

4.1.2 Effect of Anion [P2-3]

Figure 4.4 shows the So"* 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 CI™, Br~, [PFs]” 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 [CsC1Im]X series in Figure 4.4a are shifted to higher temperature compared
to their corresponding ones for the [C4Cilm]X series in Figure 4.4b. Additionally,
Figure 4.4 demonstrates the influence of the anion, that is, Tso increases with decreasing
size of the anion, in the order [Tf2N]™ < [PFes]” < Br = CI". 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 So™* of n-butane on [CsC1Im]X (a)
and [C4C1Im]X (b). X is varied between [T.N], [PFs]~, Br~ and CI~. The dashed lines are fits to
the data using the model described in Chapter 4.2.2. Adapted from Ref'?” 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
[CeC1IM][TF.N] are shown in Figure 4.5.

1.0 T T T
B n-butane 1
0.9 '&; v 1-butene -
i': ® jso-butane
08 | ‘ so-b -
' v® i\\l |
o 9. ?\n R

U.? ™ a v \ -1
o '\ \'.\ -
e p e ".. AN
%J‘:’ 0.5 = \‘\ \ =
L \ \ 4 i 4
sl ‘W )\ ]
3 w -
\ \ _

03 \;\ < m
3 . \. \ .
0.2 .\'\V\ 7
L h 4 v ; 1
01} By v .

QLN

L ° _ 1
0.0 dﬁﬁﬂﬂﬂﬁ44444444444444++++++!+‘i!i‘i‘4¥*ﬁ4*4ﬂ4ﬂw

90 95 100 105 110 115 120 125 130 135
T/IK

Figure 4.5: Temperature-dependent initial trapping probabilities of iso-butane, 1-butene and
n-butane on [CsC1Im][TT:N]. The dashed lines are fits to the data using the model described in
Chapter 4.2.2. Adapted from Ref?” under the license CC BY-NC-ND 4.0.

At T =90 K, all three hydrocarbons adsorb with the same trapping probability of So"* = 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 So™ of iso-butane and 1-butene
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show a similar decrease as the So"* 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 [CgCiIm][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.'?® 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.*?

4.2.1 Arrhenius-Type Approach [P1]

The method introduced in this subchapter is based on analyzing the coverage-dependent
net trapping probability S"™(8). While the definition of S() as “pure” trapping probability
only considers the adsorption process, the actually measured quantity is a “net” trapping
probability S"™(6) representing the balance between the adsorption rate and the desorption

rate (normalized to the impingement rate):

S”et(e) _ Raas (9) — Rges (9) (4.1)
Rimp

As explained in Chapter 2.1.2, the coverage can be obtained by integrating the time-
dependent trapping probability S™(t). In that way, a plot of S"™(0) of n-butane on
[CsC1Im][Tf2N] can be created for different temperatures (see Figure 4.6a). At 90 K, S"™(9)
stays constant at ~ 0.9, independent of the coverage 6. 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, S"™(6) decreases with increasing 6,
because the desorption rate is now not negligible anymore. The desorption rate is expected
to increase with increasing coverage, so S™(#) 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 S™(#) of n-butane on [CsC1Im][Tf.N]
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(111l) at 102K is equal to
2.87-10™ molecules/cm? (The lateral density of a free-standing n-butane layer).° 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 Ref'?® under the license
CC BY-NC-ND 4.0.

Figure 4.6a shows that S"™'(6) decreases linearly in the low-coverage regime, which can be
explained by a simple model: The first assumption of the model is that S(#) 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:

Raas = S(6) Rimp = So Rimp (4.2)
With time, an increasing surface coverage 6 builds up. Assuming simple first-order

desorption, the desorption rate Rees is given by:*?°

Eg
Rjes =0ve R T 4.3)

If the desorption energy Eqdes and the pre-exponential frequency factor v are coverage-

independent, a linear decrease of S"(6) with increasing @ is expected from combining (4.1),
(4.2) and (4.3):
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_Edes _Edes
Snet(@)_SoRimP—Bve RT _ _ve RT 0 (4.4)
Rimp 0 Rimp

Edes
From linear fits to the data (see dashed lines in Figure 4.6a), k;.c = ve RT can be

extracted. The kqes for the different temperatures are then analyzed in an Arrhenius plot (see
Figure 4.6b). The linear fit results in a desorption energy Eges = 29 + 3 kJ/mol and a pre-

exponential factor v = 1.4-10%+2 g1,

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:

R
SLT = Rf‘ds & Raas = S Rimp (4.5)
imp

Using the assumption, that Rags is constant in the temperature range of interest (in our case
90 to 130 K), one obtains:

St Rimp — Raes _ gLT _ Rges

snet — (4.6)

Rimp Rimp
In this chapter, the focus will now be put on the trapping probability in the low coverage
limit So™. 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 6 already
adsorbs on the surface, which results in a certain desorption rate Rgeso. During the time
interval, 6o and Raeso 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:

tm
_Edes Eges

t 2
Rieso =0 (t = 7’") ve RT = Ry f Stetdt | ve RT 4.7)
0

Approximating So™ as a constant in this short time interval, it follows:

t _Eq
Rgeso = Rimp nget 7m ve RT (4.8)
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Combining with Equation (4.6) and solving for So™ yields:

R t Eges
snet = GLT _ des0 _ GLT _ spet T ye” i (4.9)
Rimp 2
SLT
t _
=50 = Faes (4.10)

1+t ve RT
Equation (4.10) is a model that can describe the data shown in Figures 4.3, 4.4 and 4.5 very
well. ST 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, Eges and v, are strongly
coupled, so that simultaneous fitting does not give reliable results. It is, however, possible
to use the pre-exponential factor v=1.4 - 10**2 1/s determined in Chapter 4.2.1 for
n-butane on [CsC1Im][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 So"™'(T) as described in
this chapter. The relative uncertainty is estimated to be +0.3 kJ/mol.

Edes / kJ/mol [CsCalm]* [CsCalm]* [CsCalm]*
[TfN]- 26.8 26.9 28.6
[PFe]- 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
[CeCiIm][TF2N], which is 28.6x2 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 Eges and v 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, Eqdes increases in the rows from left to right,
which is with increasing alkyl chain length. Secondly, Eqes 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.'®! Figure 4.7a shows the corresponding plot of Eges versus molecular volume. Eges
decreases steeply from the halide anions to [PFs]™ and then more shallow towards [Tf2N] .
This holds for both groups of ILs that were investigated — [CsC1Im]X and [C4C1Im]X. This
empirical correlation is, however, not a satisfying explanation, since a surface-related
quantity like Eqes 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. > 799297118, 132-137 ' Apgle-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 [C,C1Im]*
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 Caiy).
From the stoichiometry of the IL, the intensity ratio of the peaks Ic 15(Caikyt) / Ic 1s(Chetero) iS
expected to be 7:5 = 1.4 for [CsC1Im]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.™'® 32133 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 length!32 and
with decreasing anion size'®. 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(Caiky1) / Ic 15(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 NIST3)
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 Steinrlick/Maier group.’*>** The dotted and dash-dotted
horizontal lines in (b) indicate the stoichiometrically expected Ic 1s(Cay1) / Ic 15(Chetero) ratios for
[CsCilm]X (= 1.4) and [C4C1Im]X (= 0.6), respectively. Adapted from Ref!?” 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(Caiky1) / Ic 15(Chetero)
display the same trends — a steep decrease from CI~ (black symbols) to [PFs]™ (blue), a more
shallow further decrease to [Tf2N]™ (red) and a strong increase from [CsCilm]X (full
symbols) to [CsCilm]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
[C2Cilm]™ or [CiCilm]* 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.

38



4 RESULTS

4.4 C4-Hydrocarbon Sticking on the [C:C:iIm][Tf.N]/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 [C1CiIm][Tf.N]. 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(@olefin) Using the uncalibrated coverage determined from integrating

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

t
Botefin = j S(t) dt (4.11)
0

Following this approach, the green line in Figure 4.8b shows the S(fbutadiene) Curve for the
sticking of 1,3-butadiene on clean Pt(111) at 180 K. For low coverages, S(Obutadiene) Stays
constant at ~ 0.87, until it eventually decreases and rapidly approaches zero at Ghutadiene =~ 8
(note that the uncalibrated coverage defined by Equation (4.11) bears the unit “seconds”;
to avoid any confusion, Goefin Values are given without unit in the text, and in the figures
“arbitrary units” are indicated at the coverage axis). Such an S(6) trace is typical for
precursor-mediated adsorption.t?® 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.'?% 138139 Note that in this case the decrease of S(6) 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.
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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 Goiefin can be obtained from the
area below the S(t) curve. b) The olefin coverage-dependent sticking coefficient S(6oierin) derived
from the plots in a). ¢) 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-c complex — and 1-butene — a 1,2-di-c complex — on Pt(111). Adapted from
Ref!40 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(foutene) remains constant at =~ 0.87, until it quickly decreases to zero at
Obutene = 11. This shows that 1-butene follows precursor dynamics, too, but in this case,
S(Goutene) 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 [C1Cilm][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(6olerin) for different IL pre-coverages 6. (see
Figure 4.9). The IL film preparation was done at 180 K, and the olefins were also adsorbed
at 180 K.
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Figure 4.9: a) Time-dependent sticking coefficient S(t) and b) coverage-dependent sticking
coefficient S(Gnuene) OF 1-butene on Pt(111) for different IL pre-coverages ;. at 180 K. ¢) Time-
dependent sticking coefficient S(t) and d) coverage-dependent sticking coefficient S(Goutadiene) OF
1,3-butadiene on Pt(111) for different IL pre-coverages 6. at 180 K. Adapted from Ref'“° under the
license CC BY-NC-ND 4.0.
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At a low IL pre-coverage of 6. =0.20 ML, 1-butene has the same initial sticking
coefficient So as on clean Pt(111) (see green curves in Figure 4.9a and b). Similar to the
clean Pt(111) surface, S(@outene) stays at the same constant value of = 0.87, until at Gputene = 5
it steeply decreases to zero, which is earlier than Ghutene = 11 found on clean Pt(111) (black
curve). Further increasing 6, shifts the drop of the S(@outene) curve to lower 1-butene
coverages (blue curve). For 6L > 0.40 ML, also So begins to decrease (purple and magenta
curves). In the IL pre-coverage regime above 6. =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 0L~ 0.4 to 0.5 ML, the S(Obutadiene) traces decrease much more shallow with
increasing olefin coverage, so that a higher S(Golefin) is observed for a given olefin coverage
(e.g. Ooiefin = 2) as compared to 1-butene (compare blue and magenta curves in Figure 4.9b
and d). Most obvious is this effect at iL~0.6 ML (dark yellow curves), where

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

In Figure 4.10a, the 1-butene saturation coverage Goutene,sat IS plotted versus the IL pre-
coverage &y for IL films prepared at 180 K (full squares, colors matching the experiments
in Figure 4.9a). Ooutene,sat decreases linearly until 6, = 0.55 ML, where the linear fit
intercepts the abscissa. This trend indicates that the IL increasingly blocks 1-butene
adsorption sites, until at 6. =0.55 ML all sites are blocked. Similarly as for 1-butene,
Obutadiene, sAT also decreases linearly with increasing 6i. (see Figure 4.10b, full squares), but
the interception of the linear fit with the #.-axis is found at a higher IL coverage of
6L = 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 kd/mol**, or -156 versus -83 kJ/mol**?), 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).
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Figure 4.10: &) Gouene,saT, the 1-butene saturation coverage as determined from the area below the
S(t) curve, is plotted versus the IL pre-coverage 6. b) The 1,3-butadiene saturation coverage
Obutadiene,saT plotted against the IL pre-coverage 6. c), d) The initial sticking coefficients So of
1-butene and 1,3-butadiene, respectively, in dependence of the IL pre-coverage 6i.. 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 oiesin = 0 into account), the dashed lines in ¢) and d)
are only a guide to the eye. In ¢) and d), exemplary error bars indicate the estimated uncertainty of
+0.05. Adapted from Ref'“° under the license CC BY-NC-ND 4.0.

To get further insights, the effective adsorption energies Eaas®™ 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.™ At low i, Eaas*™ is equal to the binding energy of the respective olefin on

clean Pt(111). With increasing i, Eags™ becomes less negative, i.e., the olefins are more
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weakly bound. For 1-butene, Eaq™ 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 Eags™ becoming positive is found at = 0.79 ML for 1,3-butadiene,'*° which fits to

the experimental observation that a higher 6\ 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,*®->® 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 So of 1-butene on IL-
covered surfaces with 6. < 0.4 ML is identical to that on clean Pt(111). Only at higher i
(0.5 ML), So 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: So stays initially constant with increasing 6. and then decreases for
6L > 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 Steinrlick group
addresses the adsorption and thermal evolution of [C1C1Im][Tf2N] on Pt(111).7 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 [Tf.N]~ 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, outene,sat Shows a linear decrease with
increasing 6. (red open squares in Figure 4.10a). However, the intercept of the fit with the
abscissa is shifted to a lower IL coverage of 6. = 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): Ghutadiene,saT Shows a linear decrease until intersecting the IL coverage axis
at 9L = 0.55 ML (for the IL layer prepared at 180 K, this occurred at 0.75 ML). The initial
sticking coefficients So (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 S 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 [C1Cilm][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 Ho.
b) 1,3-Butadiene saturation coverage Ghuadiene,sat plotted against the IL pre-coverage &, 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. ¢) The initial sticking coefficient Sy of 1,3-butadiene depending
on the IL pre-coverage 6, 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 Ref*® 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 Obutadiene sat ON clean Pt(111) (see Figure 4.11b),

implying that the hydrogen is not replaced completely.

The measurements on clean Pt(111) yielded H: initial sticking coefficients between 0.02
and 0.08. If IL was preadsorbed (lowest tested coverage 0.19 ML), no H: sticking
(So < 0.01) was observed. An investigation from Auras et al. showed that the initial sticking
coefficient of Hz scales with the step density on Pt surfaces, reaching an almost vanishing
value of approximately 0.025 for the Pt(111) facet.!*® The finding of a sticking coefficient
below the detection limit on the [C:C1Im][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, H> adsorption is prohibited even for low 6.

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][Tf.N] 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 So of 1,3-butadiene. However, the adsorbed hydrogen decreases Goutadiene, 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, Goutadiene saT Still decreases
linearly, and all adsorption sites are blocked at 6. = 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 ..
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5 Summary

lonic Liquids (ILs) are applied in supported IL thin film catalysis with great success. The
complementary Supported lonic Liquid Phase (SILP) and Solid Catalyst with lonic 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 [ChC1Im]X, wheren =1, 2, 3,4and 8 and X~ = CI", Br~, [PFe] 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

lonische Flissigkeiten (engl. lonic Liquids, ILs) werden erfolgreich in der getragerten IL-
Dunnschichtkatalyse eingesetzt. Die komplementdren Katalysekonzepte Supported lonic
Liquid Phase (SILP) und Solid Catalyst with lonic Liquid Layer (SCILL) werden sogar
bereits in kommerziellen Anwendungen genutzt, typischerweise fur Hydroformylierungs-
und Hydrierungsreaktionen. Detaillierte Kenntnisse tber die Adsorptionsdynamik und die
Wechselwirkung von Kohlenwasserstoffen mit den Gas/IL/Katalysator-Grenzflachen sind
daher von entscheidender Bedeutung fiir ein detailliertes Verstandnis dieser Katalysatoren.

Dieses ist wiederum Grundlage flr 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-Grenzflache untersucht. Die dafiir erforderlichen Messungen der
Haftfaktoren wurden mit der direkten Methode von King und Wells unter Verwendung
eines Uberschallmolekularstrahls durchgefiinrt (siehe Kapitel 2.1). Dabei kam eine neu
entwickelte  Ultrahochvakuumkammer  zum  Einsatz, bestehend aus einer
Einschleuskammer, einer Praparationskammer mit einem IL-Verdampfer und einer
Analysenkammer mit einem Réntgenphotoelektronenspektrometer, einem
Massenspektrometer und  einem dreistufigen  Uberschallmolekularstrahl.  Die
Vakuumkammer und ihre Charakterisierung werden in Kapitel 3 beschrieben, und in

Anhang 8.5 finden sich weitere detaillierte Plane und Angaben.

Der erste Ergebnisteil befasst sich mit der Physisorption von C4-Kohlenwasserstoffen —
n-Butan, iso-Butan und 1-Buten — auf der Oberflache gefrorener makroskopischer Filme
von 1-Alkyl-3-Methylimidazolium-basierten ILs [ChCiIm]X, mitn=1, 2, 3, 4 und 8 und
X =CI7, Br, [PFe] und [Tf2N]". Auf ILs mit n > 3 adsorbiert n-Butan bei 90 K mit einem
Anfangshaftfaktor von ~0,9. Im Gegensatz dazu tritt fir ILs mit n <2 keine n-Butan-
Adsorption auf, was auf eine zu kurze Verweilzeit auf der IL-Oberflache zurlickgefiihrt
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, wéhrend die kationischen Kopfgruppen und die

Anionen kaum dazu beitragen (siehe Kapitel 4.1).
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Im Rahmen dieser Arbeit wurden zwei komplementare Methoden zur Bestimmung der
Desorptionsenergie — und damit der Adsorptionsenergie dieser physisorbierten Adsorbate
— von Kohlenwasserstoffen auf IL-Oberflachen entwickelt. Die erste basiert auf dem
bedeckungs- und temperaturabhdngigen Haftfaktor, und erlaubt mit einem Arrhenius-
Ansatz die Ermittlung der Desorptionsenergie und den zugehérigen Praexponentialfaktor.
Die zweite stitzt sich auf den temperaturabhéngigen Anfangshaftfaktor. Sie bendtigt
weniger VVorbedingungen, so dass sie erfolgreich auf den kompletten Satz von ILs mitn >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 Lange der Alkylkette. Fir ILs mit unterschiedlichen Anionen nimmt die
Desorptionsenergie mit abnehmender Grol3e 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-Oberflache, welcher
seinerseits durch die verschiedenen Anionen induziert wird (siehe Kapitel 4.3). Die
Desorptionsenergie wird auch durch das auftreffende Molekdil beeinflusst: Sie nimmt in der
Reihenfolge n-Butan > 1-Buten > iso-Butan ab, was auf unterschiedlich starke

Dispersionswechselwirkungen zurtickgefthrt wird.

Der zweite Ergebnisteil befasst sich mit der Adsorptionsdynamik auf einer IL-bedeckten
Pt(111) Oberflache, die mit ultradiinnen [C1C1Im][Tf2N]-Filmen beschichtet wurde. Dieses
System dient als Modellsystem fiir SCILL-Katalysatoren, welche zur Verbesserung der
Selektivitat von Hydrierungsreaktionen, wie z.B. der selektiven Hydrierung von
1,3-Butadien zu 1-Buten, eingesetzt werden konnen. Beide Olefine adsorbieren auf
sauberem und IL-bedeckten Pt(111) tber einen Precursor-Mechanismus. Mit zunehmender
IL-Bedeckung werden mehr und mehr Adsorptionsplatze fir die auftreffenden Olefine
blockiert. VVoradsorbierter Wasserstoff beeinflusst den Precursor-Mechanismus und die

Adsorptionsplatzblockierungseffekte fir 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 vonnoten. Daraus folgt, dass eine Pt(111)-Oberflache, die

vollstandig mit einer Schicht von IL-lonen bedeckt ist, eine hohe Selektivitat fir die
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Adsorption von 1,3-Butadien gegenuber 1-Buten aufweist. Molekulardynamik-
simulationen der Arbeitsgruppe Zahn bestatigen, dass das Wechselspiel aus Olefin-
Bindungsenergie und lokaler Verdichtung des IL-Films durch die Olefine der
Schltsselmechanismus ist, der die Adsorption von Olefinen auf dem Metall ermdglicht
bzw. ausschlieRt. Dies dirfte direkt mit dem Einfluss der IL auf die selektive Hydrierung

bei der SCILL-Katalyse zusammenh&ngen (siehe Kapitel 4.4).
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On the Dynamic Interaction of n-Butane with Imidazolium-Based Ionic

Liquids

Radha G. Bhuin, Leonhard Winter, Matthias Lexow, Florvian Maier, and Hans-Peter Steinrviick®

Abstraci: The impact of a reactant from the gas phase on the
surface of a lguid and ity transfer through this gasdliguid
interface arve crucial for various concepts applving ionic liquids
(ILs) in catalysis. We investigated the first step of the
adsorption dvnantics of n-butane on a series of P-alkyl-3-
methylimidazofium  bisiriTuoromethanesullfonvljimide  1Ls
(fCClmfTENS n=1, 2, 3, 8). Using a supersonic molecilar
beam in wltra-high vacuum, the trapping of n-butane on the
frozen s was determined as a funciion of surface temper-
ature, between W and 125 K. On the Ci- and Ci-1Ls, n-butane
adsorbs af WK with an initial trapping probability of = 0,89,
The adsorption energy increases with increasing length of the
I alkyl chain, whereas the tonic headgroups seem to inferact
anly weakly with n-butane. The absence of adsorption on the
Cp-and Co-1Ls is antribuied to a too short residence time on the
1L surface to form nuclei for condensation even ar 90 K.

Thr: catalytic conversion of hydrocarbons is a key process of
the chemical industry, for example. for the production of
commadity chemicals or polymers. In this context, two
important catalytic concepts have been introduced " Both
utilize ionic liquids (ILs), which are salts typically with
melting points below 100°CY and often an extremely low
vapor pressure.’! ILs can be tailored over a wide range, and
thus are an important class of liquid materials for many
applications."“*! The two catalytic concepts are supported
ionic liquid phase (SILP)"™ catalysis and solid catalyst with
ionic liquid layer (SCILL)."™ In both, a thin IL layer coats the
catalyst support. The reactants enter from the gas phase
through the gas/liquid interface, react with the dissolved
catalyst complex in SILP or with the IL-modified solid
catalyst in SCILL, and the formed products are released again
through the gas/liquid interface. Thus, the transfer of gas
maolecules through this interface is crucial in both concepts.
Diespite the importance of ILs in catalysis, the dynamics of the
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adsorption of reactants at the gas/IL interface and its
dependence on the interface properties have hardly been
studied in detail so far. Previous studies concern the
adsorption/desorption and state-resolved scattering experi-
ments of small molecules.'”!

Upon impact of a gas molecule onto an IL, it exchanges
energy and momentum with the moieties in the topmost IL
layer. This situation corresponds o the interaction of
molecules with solid surfaces, which has been studied using
supersonic molecular beams under ultra-high vacuum (UHV)
conditions in detail in the past. Using this approach, the
trapping of physisorbed species (or the sticking of chemisor-
bed species) have been determined on a variety of metal
surfaces.” The trapping (or sticking) probability, 5, is defined
as ratio of the adsorption rate R, and the impingement rate
Riwp of molecules on the surface, §= R,,,.J'Rimr,.l""“' 5 depends
on the properties of the surface (temperature, composition,
adsorbate coverage) and of the incoming molecules (kinetic
and internal energy. angle of incidence, orientation).™!

In this study, we address the interaction of s-butane with
a series of L-alkyl-3-methylhmidazolium bis(trifluorometha-
nesulfonyl)imide 1Ls, [C,CIm|[Tf,N] (C,=C,, C,, C,, Cy),
which we denote as C-ILs in the following. n-Butane is
considered as a model system for a number of important
catalytic processes, for example, refinery alkyvlation reac-
tions"! hydroformylations” and hydrogenations of alke-
nes!™ In addition, investigations on single crystal metal
surfaces can serve as reference systems By studying [Ls with
different lengths of the alkyl chain, we aim in particular for an
understanding of the role of the alkyl chain as compared to
the ionic groups.

The dynamic interaction of an incoming molecule with an
IL depends on the interaction potential. For hydrocarbons,
the interaction potential is a sum of weak attractive van-der-
Waals forces and strong short-range Pauli repulsion. The
resulting well-depth is only shallow, such that no stable
adsorption occurs at room temperature (RT).1™ In order to
obtain information on trapping probabilities and adsorption
energies, we thus have to work at conditions, where stable
adsorption of a-butane on the TL occurs. This cannot be
achieved at RT, but requires temperaturcs below 100 K.
Notably, at this temperature, 1Ls are not in their liquid state,
but are [rozen. Nevertheless, we expect that the surface
structures in the liguid and in the [rozen states are quite
similar, since many ILs form amorphous solids upon cooling.
For the Ci-IL, we verified this for thin IL films by temper-
ature-dependent angle-resolved X-ray photoclectron spec-
troscopy (ARXPS, sce Figure 51 and 52 of the Supporting
Information). We are therefore confident that we can transfer
our conclusions also Lo the liguid state at or above RT,
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To determine the trapping probabilitics of n-butane on the
different ILs, we used a newly built three-stage supersonic
maolecular beam setup with a quadrupole mass spectrometer
(OMS), which is combined with an X-ray photoeleciron
spectrometer (XPS). In contrast to common supersonic beam
setups with a horizontal beam, our beam impinges on the
surface vertically from the top, to be able 1o study horizontally
mounted liquid samples. The ultraclean ILs (as checked by
XPS) were spread on a polyerystalline Niosupport (12=
12 mm’, Goodfellow), which can be cooled with liquid N,
down to 88 K. The temperature is measured by a K-type
thermocouple, which is inserted into a small hole at the side of
the Ni support. The thickness of the IL films was = | mm.

The trapping probabilities were determined using the
well-established direet method by King and Wells™ which
uses two flags to control the molecular beam: The beam fag
inside the molecular beam setup allows us 1o swilch the beam
on and off. The sample flag in the analysis chamber can be
positioned such that the molecular beam can impinge or nol
impinge on the sample.

Communications

In Figure 1, two series of trapping prabability measure-
ments of n-butane on the Cy- and Ci-1L are depicted, for
temperatures from 90 10 118 K. To explain the King and Wells
method™ we discuss the data at 90 and 102 K for the Ce-1L.
The Figure shows the partial pressure of n-butane (m/z =43)
in the chamber, as measured by QOMS, versus time. At r=
=405, the beam flag and the sample flag are closed, which
viclds a zero a-butane signal (after background subtraction).
AL 1= =205 the beam Mag is opened, leading 1o a sudden
signal increase, Ap,. .., in the analysis chamber. The closed
sample flag prevents the beam from hitting the sample at this
time, At r=0s, the sample flag is removed so that the beam
hits the sample. which induces a pronounced signal drop,
Ap g bY 2= 90% . This drop is due to the fact that molecules
adsorb on the sample and thus are not detected by the OMS
(if all molecules would adsorb, the a-butane signal would go
back to zero, that is, the sample would act like a perfect
pump). From this initial drop, we determine the initial
trapping probability 8, (al zero n-butane coverage on the
IL) as the ratio of the signal drop at r=0s devided by the

2
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Figure 1. Trapping probability measurements of n-butane on [CyCyIm|[TF,N] (left) and [C,C,Im][TF,N] (right} at selected temperatures. The n-butane
partial pressure was monitored using m/z =43, which is the most intense fragment. A linear background was subtractad from all curves, The
kinetic energy of the unseeded n-butane beam with the nozzle at RT is estimated te be 13 k] mol™", by comparisen to ref. [12].

14430 www,angewandte‘crg £ 2020 The Authors. Published by Wiley-WCH Verlag CmbH & Co. KGaA, Weinheim

66

Angew. Chem. Ini. Ed. 2020, 59. 14429 -14473



GDCh

signal increase at (= -20s, that is, 5 = R,./Riw = &p./
AP"EHIII'

With increasing time, the signal stays constant (90 K) or
increases again (102 K). which reflects the time-dependent
trapping probability S(6) = App (1) AP The time depend-
ence follows from the fact that with time n-butane accumu-
lates on the IL surface, which can influence the trapping
behavior. With the knowledge of the beam flux, the time
dependence can be converted into a coverage dependence
(see below).

At r =6l s (depending on the individual experiment). the
sample flag is closed. At Y0 K, the pressure increases back to
the value before opening the sample flag, as one would
expect. At 102 K, the increase is even larger, and after the
sudden increase the signal decreases exponentially to the
value before opening the sample flag: this effeet will be
addressed below. Finally at = 80 s, the beam (lag is also closed
and the n-butane signal drops back to zero.

We first address the initial trapping probability S, (at zero
coverage) on the CeIL as a function of IL temperature, as
plotted in Figure 2 (red circles). At 90 K, we observe a value
of 0,89 £ 0.03. 5, stavs constant up to = 102 K and then drops
to zero. At the characteristic temperature Ty (Cg)=110K,
S5 has dropped to 50% of ils initial value. We attribute this
decrease of & above =102K not to a change of the
probability of getting adsorbed on the surface, but to the
concomitant onset of desorption from the adsorbed layer. If
desorption is fast compared to the measurement time of the
first data point (0.305), onc obtains an apparently smaller
value of 5, Thus, Ts- contains valuable information on the
desorption energy (see below).

For the Ci-IL. we observe a very similar behavior in
Figure 2 (blue triangles), albeit shifted to lower temperature
by 6 K: The initial §, value of 0.88 +0.03 is constant until
=9 K and then drops to zero with Ty (C)=10M K.
Interestingly, for the C- and Cy-ILs (green diamonds and

1.0 — : r . - T T r
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«“ '.’ﬂ'ﬂi g S 7
g s
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07 b A, 4] N J
v\ h)
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b v g < [C,C,Im][Tf,N] il
LY
01 v. » -
7] EUPUVEDUIR. .7 | SN
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Figure 2. Temperature-dependent initial trapping probability of
n-butane an [C,C,Im][TF,N] ILs with varying chain length compared to
the initial trapping probability on Ni{111). The dashed lines are guides
to the eye.

Angew. Chem. Int. Ed. 2020, 59, 1442914433

Communications

£} zoza The Authors. Published by Wiley-N'CH Verlag GmbH & Co. KGaA, Weinheim

8.1 PUBLICATION 1

purple triangles in Figure 2) no trapping is observed even at
the lowest temperature of 88 K. For comparison, we also
plotted a measurement series on clean Ni(1l1). that is,
without an IL (black squares). While the initial trapping
probability is identical, 0,88 L 0,04 at 90 K, it stays constant up
to = 135 K, and decreases thereafter with T, (Ni)=150 K.
Our data clearly show that the interaction with n-butane
depends on the length of the alkyl chain of the IL. The Ty,
values are 110 K for the Cy-11, 104 K for the C;-1L, and values
to small to be measured for the C,- and C-1Ls. Using the Ty,
values, we can determine information on the differences in
desorption energy of sa-butane on the different ILs (see
below).

Next, we discuss the time dependence of the trapping
probabilities S(t) in Figure 1. For the Ci-IL, the n-bulane
signal at 90 K remains unchanged afler the initial drop at 1=
0s, until the sample flag is closed at =60 s This indicates
negligible desorption, and that after saturation of the first
layer, n-butane multilayers continue to adsorb with the same
trapping probability. At higher temperatures, the signal
increases after the initial drop at r=0%, and this increase
becomes more pronounced with increasing temperature, This
is due to the fact that the desorption rate now is not negligible
any more, but rather is proportional 1o the coverage, which
increases until the first layer is Glled. It levels off either when
the (higher) desorption rate of the multilaver at this temper-
ature is reached (from 93 to 98 K) or when the pressure value
before opening the sample flag is reached, which indicates
identical desorption and adsorption rates (that is, zero “net”
trapping). Afler swilching off the beam at r=60s, the
pressure increases o values above those before opening the
sample flag. This behavior is due to the fact that now the
adsorption flux 15 turned off, but desorption still occurs. This
differential signal decays exponentially.

In Figure 3a, we show the “net” trapping probability,
5'(0). on the C-1L as a function of coverage for temperatures
up to 106 K. While S(#) solely describes the trapping
probability into the adsorbed state, 5°(#) also accounts for
possible desorption, at given coverage €. For all temperatures
above W K, we initially observe a linear decrease of S0,
which in a simple picture can be understood in the following
way: We assume that S(#) is independent of coverage (which
is the case at 90 K: see Figure 3a). Then the adsorption rate is
R = S0y Ripp =Sy Riwp  (with Ry =20 10" molecules
em~*s7'). With time, the coverage 8= [(R,, R, )dt builds
up on the surface. While the desorption rate is zero at 90 K, at
higher temperature significant desorption starts counteract-
ing adsorption, with a rate R, = 0wvexp(—FE,JRT), leading
to a decrease of §(7). IT the desorption energy .. does not
depend on coverage, the desorption rate increases linearly
with coverage, which explains the linear decrease of §(#) in
Figure 3a. In a next step, the slopes of this decrease [or
different temperatures are analyzed in an Arthenius plot in
Figure 3b. From a linear fit, we obtain a desorption energy of
29+ 3 klmol ' and a prefactor of 1.4= 10" g .

For the Ce-IL, we observe an overall similar behavior as
for the C,-IL, albeit shifted to lower temperatures (compare
data at 106 K for the Ce-IL and 98 K for the Ci-1L in Figure 1).
In Figure 83 of the Supporting Information, we show the
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Figure 3. (a) Net trapping probability of n-butane on [C;CyIm][Tf.N] as a function of coverage for various temperatures. The behavior is fitted
linearly (dashed lines). (b) Arrhenius analysiz of the rate constants k., obtained from (a). From the linear fit, the desorption energy and the pre-
exponential factor are derived; colored symbels in {b) correspond to the colored curves in (a). The coverage of a closed monelayer is indicated by
a vertical dotted line in (a). It was determined assuming that the saturation coverage on Mi(111) at 102 K corresponds to that of a freestanding
layer of flat-lying n-butane, that is, 2.87 = 10" moleculescm 2, as taken from ref, [13].

u

‘net” trapping probability, S$°(0). also for the CyIL as
a function of coverage. In this case, however, the accessible
temperature range is too small for an Arrhenius analysis.
However, we can use the shift of Ty, in Figure 2 by 6 K 10
lower temperatures to estimate the difference in desorption
energy compared to the CeIL. Using the same prefactor,
a decrease of the desorption energy by =6% explains the
observed shift.

To understand the absence of any trapping on the C,- and
C,-ILs, we have Lo consider that p-butane multilayers on the
Ce= and Cs-1Ls start to desorb with an onset just above 90 K.
The fact that we observe constant S, values of = (.89 up to 102
and 95 K on the Cy- and C.-IL, respectively, indicates that
n-butane molecules are stronger bound to these two ILs than
in the multilayer: otherwise desorption would immediately
occur, For the Cs- and C-1Ls, the adsorption energy s smaller
than the condensation energy, and individual molecules
immediately desorb after adsorption, such that we measure
a zero value for &,

In a simplified picture, the surface of the investigated 1Ls
is composed of the [TLN] anion with the CF, groups pointing
outwards the imidazolium headgroup, and the non-polar
alkyl chains of the cation.!'" The absence of trapping on the
Cy- and C,-1Ls at 88 K (that is, where n-butane condenses in
multilayers on other surfaces) indicates that the attractive
van-der-Waals forces between n-butane and the polar head
groups and also with the C,- and C.-chains are too weak. Only
upon increasing the alkyl chain length, we observe trapping,
which indicates that starting from the Ci-IL, the attractive
interaction between n-butane and the alkyl chain is strong
enough for permanent adsorption on the surface. For the Cy-
1L, the interaction is even stronger; here, also the well-known

mangewandbe.org & 2020 The Authors. Published by Wiley-VCH Verlag SmbH & Co. KGaA, Weinheim
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alkyl surface enrichment for chains with n =4 will contrib-
ute ™1

An interesting point to be addressed is the reason why we
observe multilayer formation of n-butane on the Cy- and C;-
1Ls up o 95 K, but not on the C;- and C-1Ls. We attribute this
observation to the fact that nuclei are required for multilayer
growth. The formation of stable nuclei needs, however,
a certain coverage on the surface, so that statistically
enough molecules encounter cach other. Due to the weak
interaction with the Cp- and C-ILs, the residence time of
n=butane on these surfaces is oo short to form such stable
nuclel, We tried to increase the beam flux by a factor of 10,
and also extended the exposure time to 9K s, but did not
observe any adsorption.

Intercstingly, a similar effect was observed in thermal
desorption  studies  for  water  adsorbed  on frozen
[CCIm]|BE,] and [C.CiIm][TEN], where the desorption
energies ol the monolayers were found to be smaller than [or
the multilaver, along with a vanishing initial trapping
probability below the multilayer desorption temperature.F!
This is in line with the behavior observed here for n-butane on
Cy- and Cy-ILs, where no trapping was observed cither. For
water on the two ILs, an obscrved increase of the trapping
probability with coverage was attributed to dominating
adsorbate-adsorbate interactions*? This effect was not
observed here, which is assigned Lo the too short residence
time for the formation of a nucleus. It is also noteworthy to
mention that state-resolved scattering  experiments on
the same ILs as studied here showed that the sticking
probabilitics of NO are not influenced by the alkyl chain
length for low kinetie energies. in line with our results [or n-
butane, !

Angew, Chem, Int. Ed. 2020, 59, 1442914433
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In conclusion, we studied the trapping of n-butane on
different [C,C/Im|[TEN] ILs (n=1, 2, 3, 8) using a supersonic
molecular beam at low temperatures. From the initial
trapping probability at zero p-butane coverage, we deduce
that the adsorption energy on the ILs increases with increas-
ing chain length. On the Cy- and C,-1Ls, we find pronounced
trapping while on the Cs- and Ci-1Ls no trapping occurs. We
thus conclude that the adsorption energy of n-butane on the
IL surface is dominated by the interaction with the alkyl
chain, while the interaction with the ionic head groups seems
much weaker. One interesting observation is that at 88 K on
the Co- and C-1Ls multilayer formation is suppressed, despite
the fact that it occurs on the Ci- and Ci-ILs and also on
Ni(111) even at significantly higher temperatures. This is
attributed to the absence of nucleus formation due to a o
short residence time. We believe that the conclusions derived
from our UHV experiments at low temperature on [rozen
amorphous ILs can be transferred to ILs in their liquid phase
al room lemperature or above, because the first impact of
a molecule from the gas phase determines the energy and
momentum  transfer with the liguid. Since the interaction
strength increases with increasing chain length, using ILs with
longer alkyl chains should increase the efficiency of this first
step. The well-known surface enrichment of longer alkyl
chains could even enhance this effect.
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Figure S1: C Is spectra of a 2.5 nm thick film of [CsCiIm][TH:N] on Ag(111) in 0° (left) and
807 (right) emission at 240 (black) and 130 K (red).

To assess the surface composition over a wide temperature window, we monitored the ratio of
the Cay and Cheero peak areas for the 0° and 80° measurements (nominal intensity ratio 7:5 =
1.4). Figure 82 shows the Cakyi:Chewro ratio in the temperature range between RT and 110 K for
thin (2.2 to 3.4 nm) PVD films, and between RT and the onset of charging (210 K) for
macroscopic films. The spectra of the macroscopic films were already partly published,™ but
reanalyzed for this work using a refined analysist®l. The higher ratio at 80° (red symbols) as
compared to 0° (black) of all samples reflects the surface enrichment of the octyl chain, which
does not change between 300 and 110 K. This temperature-independent behavior holds not only
true for the C 1s spectra but also for the other Cs-IL signals demonstrating that virtually no

changes in surface composition are observed during the phase transition in ARXPS.
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Figure S2: Cany:Chetero ratios measured at 0 (black) and 80° (red) emission for macroscopically
thick Cs-IL films (closed symbols, derived from Ref. ') between RT and the onset of charging
(=210 K), and for Cs-IL PVD films on Ag(111) (thickness between 2.2 and 3.4 nm, open
symbols}) between RT and 110 K.
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Coverage-dependence of S™ for the Cs- and Cs-ILs
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Figure $3: Net trapping probability S” of n-butane on [CsCiIm][Tf:N] (a) and [C3CiIm][TfN]
(b) as a function of coverage for various temperatures. The behavior is fitted linearly (dashed
lines). The coverage of a closed monolayer is indicated by a vertical dotted line according to

Figure 3 of the main manuscript.
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Die dynamische Wechselwirkung von n-Butan mit Imidazolium-

basierten ionischen Fliissigkeiten

Radha G, Bhuin, Leonhard Winter, Matthias Lexow, Florian Maier und Hans-Peter Steinriick®

Abstract: Das Aufreeffen eines Reakranien ans der Gasphase
auf die Oberfliche einer Flitssigkeit und dessen Transfer durch
die Gas/Fliissig-Grenzfliche sind anferst wichtig fiir ver-
schiedene Konzepte in der Katalvse, bei denen tonische Fliis-
sigheiten (engl. ionic liquids, s} verwendet werden. Wir
haben daher die Adsorptionsdynamik von n-Butan anf einer
Rethe von 1-Alkyl-3-methyl-imidazofivm-bis(triffuoromethan-
sulfonylhimid-ILs ({C,CdmJTH:N; n=1, 2, 3, 8) mithilfe
eines Uberschallmolekularsirahils im  Ultrahochvakuum auf
gefrorenen 1L-Oberflichen in Abhiingigkeit der Oberfli-
chentemperatur zwischen W0 und 125 K bestimme, Anf den Cy-
und CI.s adsorbiert n-Butan bei 90 K mit einem Anfangs-
haftfakior von = 0.89. Die Adsorptionsenergie steigi mit zu-
nehmender Linge der Alkylseitenkene im Kavion, withrend die
tornischen Kopfgruppen anscheinend nur schwach mit n-Buian
wechselwirken. fim Gegensatz dazu findet anf den C- und C,-
ILs keine Adsorption stant. Dies fithren wir auf eine zu kurse
Verweilzeir auf der [L-Oberfliche zuriick, weshallb selbst bei
Of) K keine Kondensationskeime gebildet werden kénnen.

Diu katalytische Umwandlung von Kohlenwasserstoffen,
7. B. zur Herstellung von Grundchemikalien oder Polymeren
ist ein Schlisselprozess in der chemischen Industrie. In
diesem Kontext wurden zwel wichtige katalytische Konzepte
entwickelt, die beide auf der Nutzung ionischer Fliissigkeiten
{engl. ionic liquids, TLs) beruhen!" TLs sind Salze mit
Schmelzpunkien typischerweise unterhalb van 100°CH und
in der Regel extrem niedrigen Dampfdriicken.” Thre Eigen-
schaften kinnen gezicll modifiziert werden. Wegen dieser
hohen Flexibilitiat finden ILs in verschiedensten Bereichen
Anwendung, was sie zu einer wichtigen Stoffklasse unter
fliissigen Materialien macht.!'*!!

Die beiden katalytischen Konzepte sind , Supported Tonic
Liquid Phase* (SILP)"™ und Solid Catalyst with Tonic

[*] Dr. R.G. Bhuin, L. Winter, Dr. M. Lexow, Dr. F. Maier,

Prof. Dr. H.-P. SteinrGck
Lehrstuhl fiir Physikalische Chemie 2
Friedrich-Alexander-Universitat Ellangen-Nﬁrnl‘n}lg
Egerlandstr. 3, 91058 Edangen (Deutschland)
E-Mail: hans-peter steinrueck@fau.de

@ Hintergrundinformationen und die Identifikationsnummern
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https:/jdoi.crg/10.1002 /ange. 202005391 zu finden,
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Liquid Layer* (SCILL)Y.'™ In beiden Fillen ist das Triger-
material mil einem dinnen IL-Film bedeckt. Der Ubergang
der Reaktanten aus der Gasphase in den IL-Film geschieht
durch die Gas/IL-Grenzfliche, gefolgt von der Reaktion mit
cinem gelésten Katalysatorkomplex (STILP) bzw. einem IL-
madifizierten festen Katalysator (SCILL). Die gebildeten
Produkte werden nach Diffusion zur Gas/lL-Grenelldiche
wicder freigesetzt. Folglich ist der Transler der Gasmolekiile
durch diese Grenzfliiche fiir beide Konzepte von entschei-
dender Bedeutung. Trotz der groben Bedeutung von ILs in
der Katalyse wurde die Adsorptionsdynamik der Reaktanten
an der Gas/lIL-Grenzfliche und ihre Abhidngigkeit von den
Grenzflicheneigenschaften bisher kaum im Detail unter-
sucht. Bisherige Arbeiten behandelten die Adsorption/De-
sorption und zustandsaufgelosie Strevexperimente kleiner
Molekiile."!

Beim Auftreffen eines Gasmolekiils aul der Oberfliche
einer 1L erfolgen Energie- und Impulsaustausch mit den
Gruppen der obersten 1L-Schicht. Diese Situation entspricht
der Wechselwirkung von Molekiilen mit Festkorperoberfld-
chen, die unter Ultrahochvakuumbedingungen (UHV) mit-
hilfe von Uberschallmolekularstrahlen bereits  detailliert
charakterisiert wurde, Mit diesem Ansalz wurde die Ad-
sorption von Atomen und Molekiilen auf einer Vielzahl von
Metalloberflichen untersucht.!” Der Haftfaktor § beschreibt
die Wahrscheinlichkeit fiir die Adsorption in einen physisor-
bierten Zustand (, Trapping®™) bzw. chemisorhierten Zustand
(.Sticking™). Er ist als das Verhiltnis der Adsorptionsrate R g
zur Aufirelfrale R, von Atomen oder Molekiilen auf der
Oberfliche definiert, § = R,/ Ry, § hiingt von den Ei-
genschaften der Oberfliiche (Temperatur, Zusammensetzung,
Adsorbatbedeckung) und der auftreffenden Molekiile (ki-
netische und innere Energie, Einfallswinkel, Orienticrung)
ab [l

Diese Arbeit befasst sich mit der Wechselwirkung von
n-Butan mit einer Reihe von 1-Alkyl-3-methyl-imidazolium-
bis(trifluoromethansulfonyl)imid-1Ls, [C.Clm|[TEN] (C, =
C,, G, C,, ), die im Folgenden als C,-1Ls bezeichnet
werden. a-Butan dient dabei als Modellsystem flir eine Reihe
wichtiger Katalyseprozesse, . B. Raffinericalkylicrungsreak-
tionen,"” Alkenhydroformylierungen' und -hydrierungen.™
Zudem kinnen Untersuchungen zu n-Butan aul einkristalli-
nen Metalloberfléichen als Referenzsysieme herangezogen
werden. ILs mil unterschiedlich langen Alkylsubstituenten
werden untersucht, um ein Verstéindnis fiir die Bedeutung der
Alkylkette fiir den Adsorptionsprozess, im Vergleich zu den
ionischen (Kopf-)Gruppen, zu erreichen,

Die dynamische Wechselwirkung ecines auf eine IL
Oberfliche auftrelfenden Molekiils hingl vom Wechselwir-
kungspotential zwischen IL und Molekil ab. Fir Kohlen-

Angew. Chem. 2020, 132, 14536 14541
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wasserstoffe craibt sich dieses als die Summe schwacher at-
traktiver Van-der-Waals-Kriifte und kurzreichweitiger Pauli-
Abstofiung. Es resultiert eine [lache Potentialmulde. so dass
bei Raumtemperatur (RT) keine daverhaflle Adsorption
auftritt™ Um Informationen zu Haftfaktoren und Adsorp-
tionsenergien zu erhalten, muss daher unter Bedingungen
gearbeitet werden, bei denen n-Butan stahil aul der IL ad-
sorbiert, doh. bet Temperaturen unter 100 K. Bei diesen
Temperaturen sind die untersuchten ILs allerdings nicht mehr
fliissig, sondern gefroren. Wir erwarten aber, dass die Struk-
tur der Oberlliiche im {liissigen und gefrorenen Zustand sehr
fihnlich ist, da viele ILs beim Abkiihlen amorphe Feststoffe
bilden. Im Fall der C;-IL haben wir dies far dinne IL-Filme
mittels temperaturabhiingiger winkelaufgeldster Rontgen-
photoelektronenspektroskopie (engl. Angle-Resolved X-Ray
Photoelectron Spectroscopy, ARXPS) Gberprift (siche Ab-
bildungen 81 und 52 in den Hintergrundinformationen). Wir
sind daher iiberzeugt, dass sich die Ergebnisse unserer Un-
lersuchungen auch aul den [lissigen Zustand bei oder ober-
halb RT iibertragen lassen.

Die Haftfaktoren von n-Butan auf den Oberflichen der
verschiedenen TLs wurden mithilfe einer speziell fiir solche
Messungen neu aufgebauten Apparatur untersucht, die aus
cinem dreistufigen Uberschallmolekularstrahl, einem Qua-
drupol-Massenspektrometer (OMS) und einem Réntgen-
photoelektronenspektrometer besteht, Im Gegensatz 2u her-
kmmlichen Apparaturen ist der Molekularstrahlaufbau
vertikal montiert, was die Untersuchung horizontal positio-
nicrter fliissiger Proben beil normalem Einfall des Molcku-
larstrahls ermiglicht. Die ILs, deren hohe Reinheil miltels
XPs sichcrgestcl[l wurde, wurden auf einem pn]ykristall:'nr:n
Nickel-Substrat (12 = 12 mm’, Goodfellow) aufgebracht, der
mit flissigem Stickstoff auf bis zu 88 K heruntergekiihlt
werden kann. Die Temperaturmessung erfolgte mit einem
Thermoelement (K-Typ)., das in einem Kleinen Loch an der
Scite des Nickel-Triigers angebracht wurde. Die Dicke der IL-
Filme betrug =1 mm.

Die Haftfaktoren wurden mithilfe der direkten Methode
von King und Wells bestimmt. Dabei werden zwei Flags zur
Steuerung des Molekularstrahls verwendet: Die Strahl-Flag
im Molekularstrahlaufbau wird zum Ein- und Ausschalten
des Strahls benutzt. Die Proben-Flag in der Analysenkammer
kann so positioniert werden, dass der Molekularstrahl auf die
Probe auftreflen kann oder micht.

Abbildung 1 zeigl 2wei Messreihen fiir den Haftlaktor
von n-Butan auf den Ce= und Cy=1Ls, fiir Temperaturen von 90
bis 118 K. Die King-und-Wells-Methode™ wird im Folgenden
anhand der Messungen fir die Cy-1L bei 90und 102 K erklirt.
In den entsprechenden Messkurven ist der Partialdruck von
n-Butan (miz =43) in der Analysenkammer gegen dic Zeit
aulgetragen, Bel 1= -40s sind die Strahl-Flag und die
Proben-Flag geschlossen, was (nach Korrektur des Unter-
grunds) ein n-Butansignal von null ergibt. Nach Offnen der
Strahl-Flag bei r=—-20s steigt das Signal in der Analysen-
kammer unmittelbar um Ap.. an. Zu diesem Zeitpunkt
verhindert die geschlossene Proben-Flag, dass der Strahl auf
dic Probe trifft. Bei ¢ =0s wird diec Proben-Flag gedfinet, so
dass der Strahl auf dic Probe treffen kann, Dies fiithrt zu
einem ausgepriglen Signalabfall, Ap . um =90% . Dieser

Angew. Chem. 2020, 132, 14536 -14541
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Abfall ist darauf zuriickzufiihren, dass die Molekile auf der
Probenoberfliiche adsorbieren und somit nicht vom OMS
erfasst werden (wilrden alle Molekiile adsorbieren, ginge das
Signal aul null zuriick, d.h. die Probe verhiclte sich wie eine
perfekte Pumpe), Aus der anfiinglichen Abnahme wird der
Anfangshaftfaktor §, bestimmt (bei einer n-Butan-Bede-
ckung von null auf der IL). §; folgt aus dem Verhiilinis von
Signalabfall bei =105 und Signalansticg bei +=-20s, d.h.
SIF - R;llh"lRinIP e ﬂpulﬂ‘ﬁph\nur

Mit fortschreitender Zeit bleibt das Signal konstant
(90 K} bw. steigt wieder an (102 K), was den zeitabhiingigen
Haftfaktor S(r) = Ap otV Ay widerspiegelt, Die Zeitab-
hingigkeit folgt aus der Tatsache. dass sich mit der Zeil eine
zunchmende n-Butan-Bedeckung auf der TL-Oberfliche
aufbaut, was wiederum das Trapping-Verhallen beeinflussen
kann, Mit Kenntnis des Strahlflusses kann die Zeitabhingig-
keit in eine Bedeckungsabhiingigkeil umgewandell werden
(siche unten).

Bei (=60 s (abhingig vom jeweiligen Experiment) wird
die Proben-Flag geschlossen. In der 90 K-Messung steigt der
Druck wicder auf den Wert an, den er vor dem Offnen der
Proben-Flag besaB. Bei 102K ist der Anstieg sogar noch
grislier und nach dem unmittelbaren Anstieg fillt das Signal
exponentiell aul den Werl ab, den es hatte bevor die Proben-
Flag gedllnet wurde. Dieser Effekt wird weiter unten noch
einmal angesprochen, SchlieBlich wird bei =805 auch die
Strahl-Flag geschlossen und das n-Butansignal geht auf null
zurtick.

Zuniichst diskutieren wir den Anfangshaftfaktor 5, (bei
Bedeckung gleich null) aul der Ce-IL als Funktion der IL-
Temperatur (siche Abbildung 2, rote Kreise). Bei 90 K ergibt
sich ein Wert von 0,89 = 0.03. 5, bleibt bis = 102 K konstant
und fillt dann bel hiheren Temperaturen auf null ab, Bei der
charakteristischen Temperatur Top (Ce) = 110 K hat §; auf
50% des Anfangswertes abgenommen. Diese Abnahme von
5, oberhalb von = 102 K wird nicht auf cine Anderung in der
Adsorptionswahrscheinlichkeit auf der Oberfliache zuriick-
gefiihrt, sondern auf den gleichzeitigen Beginn der Desorp-
tion aus der bereits adsorbierten Schicht. Wenn die Desorp-
tion im Vergleich zur Messzeit fir den ersten Datenpunkl
(0,30 8) schnell erfolgt, wird ein scheinbar kleinerer Wert fiir
S, erhalten. Somit enthélt Ty, wertvolle Informationen be-
ziighich der Desorptionsenergie (siche unien).

Fiir dic Cy-IL wird in Abbildung 2 (blaue Dreiecke) cin
sehr fhnliches Verhalten beobachitet, wenn auch um 6 K in
Richtung niedrigerer ‘Temperaturen verschoben: Der an-
fiingliche Wert [ir 5, von (0,858 £ 0,03 bleibt bis =% K kon-
stant und fallt dann auf null ab, mit Ty, (Cy) = 104 K, Inter-
essanterweise lisst sich fur die C)- und C;-1Ls (griine Rauten
und violette Dreiecke in Abhildung 2) auch bei der nied-
rigsten Temperatur von 38 K keine Adsorption beobachien,
Als Referenz wurde zusitzlich eine Messreihe mit einer
Ni(111) Oberfliche durchgefithrt. d.h. ohne IL (schwarze
Quadrate). Wihrend auf Nickel der Anfangshaftfaktor bei
90 K mit (.88 +0.04 vergleichbar zu jenem auf den ILs ist,
bleibt er bis zu einer deutlich hdheren Temperatur von
=135 K konstant und mimmt erst danach ab, mit Te,. (Ni) =
150 K. Unsere Daten fiir die Adsorption auf den ILs zeigen
eindeutig, dass die Linge der IL-Alkylkette die Wechselwir-
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Abbildung 1. Haftfaktormessungen fir n-Butan auf [C,C, Im|[TELN] (links) und [C,C,Im][TR,N] (rechts) fir ausgewihite Temperaturen. Der n-Butan-
Partialdruck wurde mittels m/z = 43 verfolgt, welches das signalstirkste Fragment a-Butans ist. Von allen Kurven wurde ein linearer Untergrund
abgezogen. Aus dem Literaturvergleich!! wird die kinetische Energie des n-Butanstrahls auf 13 k) mol™" geschitzt (der Strahl wurde mit den
gleichen Bedingungen erzeugt, namlich der Dise bei RT und ohne Seeding).

kung mit #-Butan beeinflusst. Die Werte fir Ty, betragen
110K fiir die Ci-11.. 104 K fiir die C;-11L und unmesshar kleine
Werte Tir die Ca- und Ci-TLs. Anhand der Tsye -Werle kiinnen
wir Informationen Uber Unterschiede in der Desorptions-
energie von n-Butan aul den verschiedenen IL-Oberflichen
erhalten (siche unten).

Als niichstes wird die Zeitabhiingigkeit der Haftfaktoren
S(1) in Abbildung 1 diskutiert, Im Fall der C.-IL bleibt das
Signal fiir n-Butan bei 90 K nach dem anfinglichen Abfall bei
t =105 unverindert, bis die Proben-Flag bei 1= 60 s geschlos-
sen wird. Dies zeigl, dass die Desorptionsrate vernachlissig-
bar klein ist und dass nach der S#utigung der ersten Lage
n-Butan mit dem gleichen Haltlaktor in Form von Multilagen
weiter adsorbiert. Bei hoheren Temperaturen steigt das
Signal nach dem anfinglichen Abfall bei ;=105 wieder an,
wobei dieser Anstieg mit steigender Temperatur stirker wird,
Dies licgt daran, dass dic Desorptionsrate nun nicht mehr
vernachlassighar ist, sondern proportional zur zunchmenden
HBedeckung zunimmit, bis schlieBlich die erste Lage gefiillt ist.
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Das Signal flacht ab, wenn die (hohere) Desorptionsrate der
Multilagen bei dieser Temperatur erreicht ist (Daten fir 93
bis 98 K), oder wenn der Druck wieder den Wert von vor dem
Offnen der Proben-Flag erreicht. Dies bedeutet, dass die
Desorptionsrate identisch zur Adsorptionsrate ist (d. h. es gibt
kein | Netto-Trapping®™). Nach dem Ausschalten des Strahls
bei =60 s steigh der Druck auf Werte oberhalb des Drucks
vor dem Offnen der Praben-Flag an. da nun keine Adsorp-
tion, aber immer noch Desorption auftritt. Dieses Diffe-
renzsignal fillt anschhieBend exponenticl] ab.

Abbildung 3a zeigt den  Netto-Halfakior” §7(0) auf der
Cy-1L als Funktion der Bedeckung fir Temperaturen bis zu
106 K. Withrend S(#) nur die Wahrscheinlichkeit fiir Trapping
in den adsorbierten Zustand beschreibt, beriicksichtigt §(8)
auch die eventuell auftretende Desorption bei gegebener
Bedeckung @ Fir Temperaturen oberhalb von 90 K wird
runiichst eine lincare Abnahme von 87(f) beobachtet, die in
einem einfachen Modell wie folgt interpretiert werden kann:
Unter der Annahme, dass S(#) unabhiingig von der Bede-

Anpewe Chem. 2020, 132, 14535 —14541
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Abbildung 2. Ternperaturabhingige Anfangshaftfaktoren von n-Butan
auf [C.C Im][TEN]-ILs mit variierender Kettenlange, im Vergleich zum
Anfangshaftfaktor auf Ni(111). Die gestrichelten Linien verdeutlichen

den Verlauf der Kurven,

ckung ist (was bei 90K der Fall ist; siche Abbildung 3a),
ergibt sich die Adsorptionsrate als R, g = S(8) Ko = S0 Ky
(mit R, =20x10" Molekileem s '). Mit der Zeit baut
sich auf der Oberfliche eine Bedeckung # = [ R, —R,,.)dr
aul. Wiihrend die Desorptionsrate bei 90K gleich null ist,
beginnt bei hiheren Temperaturen ¢ine signifikante De-
sorption der Adsorption entgegenzuwirken, wobei die ent-
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sprechende Rate Ry, = 8eexpl— £, /RT) zu ciner Abnahme
von 8°(#) fiihrt. Wenn die Desorptionsenergie E,, unabhiin-
gig von der Bedeckung ist, steigt die Desorptionsrate linear
mil der Bedeckung an, was wiederum die lincare Abnahme
von §(#) in Abbildung 3a erklirt. Die Steigungen dieser
Kurven fiir verschiedene Temperaturen werden in einem
Arrhenius-Diagramm in Abbildung 3b analysiert. Aus dem
lincaren Fit ergeben sich eine Desorptionsenergie von 29+
3kImol™! und ein priexponentieller Fakior v von 1.4
-[”'I-I-ZE 5 :I_

Die C;-1L zeigl insgesamt ein dhnliches Verhalten wie die
Ce-IL, wenn auch in Richtung niedrigerer Temperaturen
verschoben (vergleiche in Abbildung 1 die Daten bei 106 K
fiir die Cy-TL und hei 98 K fiir die C,-1L). Der , Netto-Haft-
faktor* §7(0) als Funktion der Bedeckung fiir die Ci-IL ist in
Abbildung 83 der Hintergrundinformationen dargestellt. In
diesem Fall ist der nutzbare Temperaturbereich jedoch zu
klein fiir eine Arrhenius-Analyse. Allerdings lisst sich zur
Abschiitzung der Differenz der Desorptionsenergien von C-
und Ce-IL der Unterschied in den Ty. -Werien aus Abbhil-
dung 2 verwenden, der 6 K betrigt. Bel Verwendung des
gleichen priexponenticllen Faktors wiirde eine um =6%
geringere  Desorptionsenergie den unterschiedlichen Kur-
venverlaufl erkliren.

Um zu verstehen, warum auf den Cs- und Cp-ILs kein
Trapping auftritt, muss beriicksichtigt werden, dass aufl den
Cy- und Cy-ILs die Desorption von n-Butan aus Multilagen
bereits wenig oberhalb von 90 K beginnt. Da fiir die Ce- und
Cy-TLs konstante S;-Werte von = 0L89 bis 102 K baw, bis 95 K
beobachtet werden, nehmen wir an, dass einzelne n-Butan-

T/IK

b)
110 105 100 95
2+ t } i
[C4C,ImI[TH,N]

Edes = 29 % 3 kJ/mol
v =1.4-10%22 g1

PO R S [N T T T N [N TN TN T T [ T S TR 1
1 1 1

9,5 10,0 10,5 11,0
1/T /1000/K

-6
9,0

Abbildung 3. (a) Metto-Haftfaktor ven n-Butan auf [CC, Im|[TFN] als Funktion der Bedeckung fur verschiedene Temperaturen, Ein linearer Fit
(gestrichelte Linien) wurde an die jeweiligen Kurven angepasst, (b) Arthenius-Analyse der aus (a) erhaltenen Geschwindigheitskonstanten k.. Die
lineare Anpassung liefert die Desorptionsenergie und den priexponentiellen Faktor; die farbigen Symbaole in (b) entsprechen den farbigen Kurven
in (a). Die Bedeckung einer geschlossenen Monolage ist in (a) durch eine vertikale gepunktete Linie angegeben. Hierbei wurde angenommen,
dass die Sittigungsbedeckung auf Mi(111) bei 102 K einer freistehenden Schicht aus flach liegendem n-Butan entspricht, d.h. 2,87 10" Moleki-

lecen ™, wie aus Literatur"! entnommen,

Angew, Cheem. 2020, 132, 14535 —14547
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Molekiile auf diesen beiden ILs starker gebunden sind als in
der n-Butan-Multilage. Andernfalls wiirde die Desorption
sofort erfolgen. Im Fall der Cs- und Cy-1Ls ist die Adsorp-
tionsenergie geringer als dic Kondensationsenergie: daher
desorbieren einzelne Molekiile unmittelbar nach der Ad-
sorption, so dass fiir 5, ein Wert von null gemessen wird.

Die Oberfliche der untersuchten ILs besteht aus den
[TEN] -Anionen mit nach aulien zeigenden CF,-Gruppen,™
sowie den Imidazolium-Kopfgruppen und den unpolaren
Alkylketten der Kationen!"" Die Tatsache, dass auf den C,-
und Cy-1Ls bei 88 K (d.h. bei einer Temperatur, bei der aul
anderen Oberflichen n-Butan in Multilagen kondensiert)
kein Trapping beobachtet wird, zeigt. dass die attraktiven
Van-der-Waals-Krifte zwischen n-Butan und den polaren
Koplgruppen, auch mit den C;- und Co-Ketten, zu schwach [iir
cine stabile Bindung sind, Erst im Fall Eingerer Alkylketten
findet Trapping statt. Dies deutet daraul hin, dass ab einer
Kettenliinge von n=3, d.h. ab der Cs-IL, die attraktive
Wechselwirkung zwischen n-Bulan und den Alkylketten stark
genug fir eine daverhafte Adsorption auf der Oberfliche ist.
Im Fall der Cy-IL ist diec Wechselwirkung noch stirker. Dazu
sollte auch die Oberflichenanreicherung von Alkylketten mit
1 > 4 beitragen. ™1

Ein weiterer interessanler Punkt ist die Frage, warum
Multilagenwachstum von n-Butan aul den Cy- und Ci-1Ls bis
zu 95 K beobachtet wird, nicht jedoch auf den Cs- und C,-1Ls.
Wir fithren diese Beobachtung auf die Tatsache zuriick, dass
fiir das Multilagenwachstum Kondensationskeime erforder-
lich sind. e Bildung stabiler Keime erfordert jedoch cine
gewisse Bedeckung der Oberfliiche, damit statistisch gesehen
geniigend Molekile aufeinander treffen kinnen. Aufgrund
der schwachen Wechselwirkung mit den Cs- und C-1Ls ist die
Verweilzeit von n-Butan auf diesen Oberfliichen zu kurz, um
solche stabilen Keime zu bilden. Auch bei einer Erhishung des
Strahlflusses um den Faktor 10 und einer Verlingerung der
Messzeit aul 900 s, wird aul diesen beiden ILs keine Ad-
sorption beobachtet,

Interessanterweise wurde in thermischen Desorplions-
studien zur  Adsorption von  Wasser auf pefrorenen
[CoCiIm][BF.})- und [C,CIm][TEN]-ILs ein dhnlicher Effekt
beobachtet. Dabei wurde festgestellt, dass die Desorptions-
energien der Monolagen geringer sind als die der Multilagen
und dass der Anfangshaftfakior unterhalb der Multilagen-
desorptionstemperatur gegen null geht.™ Dies steht im Ein-
klang mit dem hier beobachteten Verhalten fiir n-Butan aufl
den Cy= und Cy-1Ls, wobei ebenfalls kein Trapping beobachtet
wird, Dominierende Adsorbat-Adsorbat-Wechselwirkungen
wurden im Fall der Wasseradsorption auf den ILs als Grund
fiir den Anstieg des Haftfaktors mit steigender Bedeckung
angegeben ™ Ein entsprechender Effekt wird hier nicht be-
obachtel, was aul die (ir Keimbildung 2u kurze Verweilzeit
zurlickzufithren ist, Weiterhin bemerkenswert ist der Ver-
gleich mit zustandsaufgeldsien Streuexperimenten mit NO
auf denselben ILs, wie den hier untersuchten. Diese zeigten,
dass fiir niedrige kinetische Energien die Haftfaktoren nicht
von der Linge der Alkylsubstituenten beeinflusst werden, in
Einklang mit unseren Ergebnissen fiir n-Butan ™

Zusammenfassend lidsst sich sagen, dass durch Messungen
mit einem Uberschallmolekularstrahl interessante Einblicke
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in das ‘Trapping wvon a-Butan auf verschiedenen
|C.CIm][THN]-ILs (n=1, 2, 3, &) bei niedrigen Temperatu-
ren gewonnen werden konnten. Aus den Anfangshafifakio-
ren lisst sich schliclien, dass die Adsorptionsenergic aul den
ILs mit steigender Kettenlinge zunimmt. Auf den Cy- und Cs-
ILs wird ausgepriigtes Trapping gefunden, wihrend auf den
Cs- und Ci-ILs kein Trapping auftritt. Daraus liisst sich
schhielien, dass dic Adsorptionsenergic von n-Butan auf der
IL-Oberfliche von der Wechselwirkung mit der Alkvlkette
der ILs dominiert wird, wihrend die Wechselwirkung mit den
ionischen Koplgruppen eine untergeordnete Rolle spielt. In-
teressanterweise wird bei 88 K das Multilagenwachstum auf
den C;- und C-ILs unterdriickt, obwohl es auf den Cy- und C,-
ILs und auch auf Ni(111) noch bei héheren Temperaturen
auftritt, Dies wird aul unzureichende Keimbildung aufgrund
Zu kurzer Verweilzeiten zurtickgelithrn, Wir glauben, dass die
Schlussfolgerungen aus unseren UHV-Experimenten aul ge-
frorenen amorphen ILs bei niedrigen Temperaturen auch auf
ILs in ihrer flissigen Phase bei Raumtemperatur oder dar-
iber iibertragen werden kinnen, weil das erste Aultreflen
eines Molekiils aus der Gasphase die Energie- und Impuls-
ilbertragung mit der Fliissigkeit bestimmt, Da die Stidrke der
Wechselwirkung mit zunchmender Kettenliinge steigt, sollte
die Verwendung von ILs mit Kingeren Alkylketten die E[fi-
zienz dieses ersten Schritts erhithen. Die bekannte Oberfli-
chenanreicherung lingerer Alkylketten kénnte diesen Effekt
sogar verstirken.
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ABSTRACT

The adsorption of reactants is an elementary step in the interaction of molecules with liquid or solid surfaces. We recently reported on the
trapping of n-butane on the frozen surfaces of ionic liquids (ILs), namely, 1-alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
ILs ([CaCiIm][TH2N]; 1 = 1, 2, 3, and 8). To study the influence of the anion, we now present results concerning the trapping of n-butane
on 1-alkyl-3-methylimidazolium hexafluorophosphate ILs ([C,CiIm|[PFg: n = 2, 4, and 8), that is, ILs with a smaller anion. The adsorption
energies close to zero coverage are determined from the temperature dependence of the initial trapping probability using a novel approach.
For both groups of ILs, the binding energy is dominated by the interaction of n-butane with the alkyl chain of the cation, whereas the
ionic headgroups contribute only weakly. Comparing ILs with different alkyl chains at the IL cation, we find that the adsorption strength
of n-butane increases with increasing length of the alkyl chain. In addition, detailed information on the new setup and the data analysis is
provided.

@ 2020 Auther(s). AN article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http:ffcreativecommons org/licenses/by/4.0/). hitps://dolorg/ 101063

5.0028156

I INTRODUCTION

The dynamic adsorption process of a gas molecule on a sur-
face followed by possible physical and chemical transfarmations is of
fundamental interest. Corresponding investigations of the relevant
gasfsurface interactions have typically been performed using super-
sonic molecular beams in ultra-high vacuum (UHV) for various
maolecules and solid surfaces in the past.  Detailed information on
the adsorption/desorption process, preferred orientation and bond-
ing of the molecules to the surface, surface diffusion, bond activa
tion, and chemical reactions has been obtained. " Understanding
these processes at the fundamental level is imperative for several
applications such as heterogencous catalysis, thin film growth, or
separation technology.

The investigation of dynamic processes al the surfaces and
interfaces of liquids is equally important as for solids. However,
sophisticated instrumentation 5 necessary to apply UHV-based

maolecular beam methods to explore the dynamics at the surfaces
of conventional aqueous or organic liquids that are volatile under
these conditions.” " In these studies, the evaporating liquids are
often supplied as a micrajet or spread on a rotating wheel, which
ensures their continuous replacement.” — As an alternative (o con-
ventional liquids, a special class of liquid materials, that is, ionic
liquids (ILs), can be chosen as model systems for this purpose: Due
to their extremely rich structural diversity combined with a negligi-
ble vapor pressure,  ILs are ideal candidates for studying liquid
surfaces under UHV conditions using the powerful surface science
analytical toolbox (see, e.g., Refs. 30-36 and references therein).

TLs are per definition liquid below 1007C, some of them even
at room temperature. They comprise only anions and cations, such
as conventional salts. Due to their tunable physicochemical
properties, they have been adapted to specific applications, ranging
from solvents, lubricants,” electrolytes, acid scavengers,
and green chemistry ™ to catalysis. Since 2005/2006, ILs are in

153, 214706-1
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the focus of surface science studies, and this new field of "ionic
liquid surface science” ' has developed a detailed understanding
of the steady state or static properties of the vacuum/IL interface,
such as surface composition, surface enrichment, and orientation
effects. For specific systems, even chemical reactions in
ioni¢ liquids have been studied (see Refl 57 and references therein).
The preparation of ultrathin IL films by physical vapor deposi-
tion made it possible to also study the fundamental properties of
the IL/support interface, which play a pivotal role in [L-based

catalysis,
Based on ILs, two new concepts have been introduced in the
area of catalysis, that is, supported ionic liquid phase (SILP) " and

solid catalyst with ionic liquid layer (SCILL). In these concepts,
a thin IL layer coats the catalyst support, which enhances the selec-
tivity, product distribution, and yields. In both, one crucial step is
the transfer of gas molecules through the gas/IL interface, Despite
this importance, only a few reports on the gas/IL interface dynam-
ics exist, These concern adsorption/desorption and quantum-state-
resolved scattering processes of small molecules.” ™ Due to the
small number of studies, the understanding of gas adsorption on
IL surfaces and the subsequent interaction, diffusion, and transport
is rather limited. This motivated us to build a novel UHV cham-
ber combining a supersonic molecular beam, a rotatable mass spec-
trometer, and facilities for in sitw X-ray photoelectron spectroscopy
(XPS) to investigate the interaction of gases with non-volatile lig-
uids, The liquid sample is positioned harizontally to avoid dripping
off the support. To enable normal beam incidence, the molecular
beam is mounted vertically, in contrast to most existing setups with
a horizontal molecular beam. Recently, we published the first results

beam chamber

to analyzer
analysis chamber

to QMS preparation chamber

gas inlet

skimmer

analyzer x.

entrance®

beam
monitor
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on the dynamic interaction of n-butane with imidazolium-based
bis(trifluoromethanesulfonyl}imide ILs with a varying alkyl chain
length at the cation.”

Herein, we focus on the interaction of s-butane with related
ILs, that is, l-alkyl-3-methylimidazolium hexafluorophosphate,
[CoCilm][PEs] (r = 2,4, and 8), We compare the data to those from
our previous study on [C,Cy1m|[Tf;N] to further elucidate the role
of the anion in the interaction process, In addition, we will introduce
a novel approach to determine the desorption energy of n-butane
from its temperature-dependent trapping probability in the zero-
coverage limit. Moreover, we provide details on the instrumental
setup and its characterization.

Il. EXPERIMENTAL SECTION

The experiments were performed in a newly developed maolec-
ular beam setup, which was designed and assembled in-house. An
overview of the instrument is presented in Fig. |. The instrument's
name ILID (ionic liquid interface dynamics) refers to its dedication
to ionic liquid surface science. The compact instrument consists of
(i} the preparation chamber for sample introduction, cleaning and
in situ sample preparation, (i) the analysis chamber where most
of the measurements are done, and (iii) the three-stage molecular
beam setup gl,:m,'rating the :-iupcmmu'l; molecular beam. All chambers
[custom-built by VAb, Vakuum-Anlagenbau GmbH) are pumped
by turbomolecular pumps (TP); notably, the first differential
pumping stage of the molecular beam is pumped by two TPs.
Each TP is backed by a rotary pump. The analysis and preparation

FIG. 1. An overview of the new molecu-
lar beam setup with a vertically mounted
supersonic beam. (a) Three main parts
of the ILID chamber. the prepars-
fion chamber (red), analysis chamber
(green), and molecular beam setup (yel-
low). Ports for the anatyzer and QMS are
Iabeled in the analysis chamber. (B) A
photograph of the complete setup. (c) A
picture of the interior of the first pumping
stage of the beam chamber, A Mo tube is
mounted between two Cu brackets used
for heating/cacling, the nozzle is locatied
next o the central thermocouple, and
— below the nozzle sits the skimmer. (d)
-ray A picture of the interior of the analysis
chamber. In the background, the {closed)
gabe valve to the preparation chamber
is wisible. The picture was taken through
the open rofatable fange after dismount-
ing the QMS, which is therefore not vis-
ible in this picture. The sample position
and the impinging malecular beam are
indicated.
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chambers are additionally equipped with a combined ion getter and
titanium sublimation pump each (see also Fig. 51 and Table 51 of the
y material).

supplementa

A. Preparation chamber and manipulator

The preparation chamber is equipped with a sputter gun
(SPECS IQE 11/35), together with a leak valve for Ar dosing and
a four-grid LEED (low energy electron diffraction) setup (SPECS
ErLEED 150) to determine the long-range order of single-crystal
surfaces or possible adsorbate superstructures. For pressure mea-
surement, a hot-filament ionization gauge is attached to the cham-
ber.

The manipulator (VAb PM 25-800) enables motorized move-
ment along the z-axis by 800 mm and manual movement along the
x- and y-axes by +25 mm (see also Fig. 52 of the supplementary
material). Manual rotation around the z-axis is possible using a dif-
ferentially pumped rotary feedthrough, which is pumped by a small
ion getter pump. The sample is cooled using liquid Ns. The tem-
peratures of the manipulator head and of the sample are measured
by type K (chromel/alumel) thermocouples. Using a filament below
the sample plate, the sample can be heated up to =450 K by indi-
rect radiation heating, Alternatively, the sample can be heated up 1o
=1200 K by electron bombardment from the back side with the fil-
ament biased with =—1 kV so that emitted electrons are accelerated
toward the grounded sample.

The IL samples are introduced into the UHV chamber using
a load-lock system. For that purpose, a transferable sample holder
system with very reliable temperature readings was adopted for the
instrument [_-in:c Fig_ 52 (bottom) of the supplementary -'||.'!].
The IL support, a polycrystalline Ni block {12 = 12 x 4 mm’; Good-
tellow), is fixed with a U-shaped Mo clamp onto a Ta ground plate
{18 » 15 = 1 mm”), which can be grabbed by the wabble stick. The
type K thermocouple is inserted into the small hole (0.4 mm diame-
ter and 3 mm depth) of the support, and the two wires are connected
to thermocouple contacts, which are electrically insulated from the
rest of the sample holder by ceramic spacers. The thermocouple con-
tacts touch the corresponding type K the:rmuumplu contacts of the
sample stage in the manipulator head. With this setup, a very accu-
rate and reliable relative measurement of the sample temperature
{+1 K} is achieved {note that absolute temperature accuracy is esti-
mated to be around +3 K). Using liquid N3, the sample can be cooled
down to 88 K.

B. Analysis chamber

The analysis chamber is equipped with a hemispherical electron
analyzer (SPECS PHOIBOS 100 1D-DLD) and a dual-anode X-ray
gun (SPECS XR 50) for XPS. For molecular beam experiments, a
quadrupole mass spectrometer (QMS) with a cross beam ionization
source and a secondary electron multiplier as detector (Hiden Ana-
lytical 3F RC 301 PIC) is mounted on a rotatable flange, which allows
for rotation by =270° around the sample {distance sample—QMS
ionization source: 96 mm). Another feature of the analysis chamber
is the beam monitor, which is mounted on a small xyz-manipulator,
This device consists of a small volume separated from the analysis
chamber by an orifice with a diameter of 1.0 mm. " Inside the beam
monitor sits a hot-filament ionization gauge, which allows for the

8.2 PUBLICATION 2

ARTICLE scitation.orgfjournalfjcp

measurement of the stagnation pressure building up if the molecular
beam covers the orifice completely. In this way, we can determine the
flux of the incoming molecular beam. The chamber is also equipped
with a sample flag, which can be used to deflect the molecular beam
before it hits the sample surface. This type of sample flag is required
for trapping (sticking) probability measurements by the King and
Wells method.

C. Molecular beam

The molecular beam setup comprises three differentially
pumped chambers, referred to as stages 1, 2, and 3. The nozzle in
stage 1 [Fig. 1ic)] is a round hole with a 100 gm diameter in a
Mo stagnation tube with an inner diameter of 0.7 mm. The tube is
mounted between two mechanical Cu brackets and can be moved by
an xyz-manipulator to adjust the position of the nozzle, The nozzle
can be resistively heated with the two Cu brackets as electrical con-
tacts. The Cu brackets can be cooled with water so that the surround-
ings do not overheat if high nozele temperatures (up to 1300 K) are
used. The temperature of the stagnation tube can be measured by
two type K thermocouples, one located close to the nozzle and the
other one located close to the cooling/heating system. One side of
the tube is a dead-end and the other one is connected to the gas
inlet system, which can be fed through three mass flow controllers
(Bronkhorst EL-FLOW Prestige). Thus, mixtures of up to three gases
in any composition can be used in the molecular beam. The gas inlet
system comprises a by-pass, which leads directly into stage 1. The
by-pass can be used to pump down and purge the gas inlet system
(through the nozzle only a limited amount of gas can flow).

The skimmer (Ni; opening diameter: 0.5 mm; Beam Dynamics,
Ing.) sits directly below the nozzle and separates stages | and 2. Ithas
a sharp edge and a conical form so that the flow of the supersonic
jet is obstructed only minimally. Since a sufliciently low pressure
in stage 1 is needed, to ensure that the gas reaches the supersonic
velocity, stage 1 is pumped by two TPs.

The beam flag, a simple rotatable shutter in stage 2, can be used
for rapidly switching the beam on and off, If the beam is blocked,
the gas molecules are scattered and almost completely pumped away
in stage 2, and only a small pressure rise is observed in stage 3 and
the analysis chamber. Stages 2 and 3 are separated by four change-
able apertures with diameters of 1.1 mm, 1.9 mm, 2.6 mm, and
3.7 mm. They are used to adjust the beam diameter and the position
of lh: beam spol on the sample (see Fig. 53 of the supplementan
material). A gate valve separates stage 3 and the analysis chamber. If
tlus vulve is closed, stages 1, 2, and 3 are completely sealed from the
rest of the instrument. Thus, sample preparation and setting up of
the molecular beam can be done at the same time,

The n-butane beam used in the present study is produced with
the nozzle at room temperature and a gas flow of 1.0 SCCM using
the smallest aperture (1.1 mm). The kinetic energy of the unseeded
molecular beam was estimated to be 13 kl/mol, in comparison
to Ref. 59, and the resulting n-butane flux was 2.0- 10"
molecules/(em® s)." The cleanliness of the n-butane gas is con-
trolled by QMS. The largest signal in the n-butane mass spectrum
at mfz = 43 was used in all time-dependent QMS measurements of
n-butane,

The ILs studied here were purchased from loLiTec lonic
Liquids Technologies GmbH ([C3CiIm][THLN], [CoCilm][PFs],
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[C4Colm][PE;], and [CaCyIm][PFs]; purity >99.5%), or synthesized
according to previously published procedures ([C:CyIm][Tf2N] and
[CoCylm][TEN]).~ The purity and surface cleanliness of all ILs was
further confirmed by XPS. A macroscopic film (=1.0 mm thickness)
of each IL was prepared on the polycrystalline Ni sample plate by
spreading the IL with a Pasteur pipette. To ensure homogeneous
spreading of the room temperature solid [C2CyIm][PFg], the sample
plate was gently heated.

lll. BEAM CHARACTERIZATION AND FLUX
MEASUREMENT

The beam flux can be measured with the beam monitor
mounted in the analysis chamber (as described in Sec. [1). This
device works similar to a pitot tube (stagnation tube), which is, e.g.,
used for velocity measurements in aviation. When the molecular
beam hits the orifice of the beam monitor (diameter: 1.00 mm),
the pressure in the beam monitor rises and slowly reaches equilib-
rium (pressure values are typically taken after 20 min waiting time
o ensure equilibrium), which means no net flux through the orifice,
that is, the incoming gas flux R, equals the outcoming flux R,

R = Ruur. (1}

Riy is the sum of two components, one originating from the back-
ground pressure, Ry, of the analysis chamber and one from the
directed incoming maolecular beam, Rag,

Rup + R"’f" = Rour- (2}

Under the reasonable simplification that the background gas in the
analysis chamber and the gas accumulated in the beam monitor
consists solely of the same molecules (with mass m) as used in the
maolecular beam and that the temperature in both chambers is the
same and constant, we obtain

Pas —Prgr  Ap
V2mmkaT  2nmkaT

Rap = Rowe = Ry = (3)

P 15 the pressure measured in the beam monitor with the molec-
ular beam blocked by the closed sample flag in front of the beam
monitor orifice and pyy is the beam monitor pressure measured with
the open sample flag, that is, the central part of the molecular beam
passes the orifice.

The beam monitor allows for determining the beam flux
impinging on the sample surface as a function of the gas flux through
the nozzle, as set by the gas flow controller (see Fig. 54 of the

pplementary material). Moreover, we used the beam monitor to
create a lateral profile map of the beam intensity on the sample (see
Fig. 2). As a typical example with the n-butane beam (gas flow 1.0
SCCM and the beam aperture between stage 2 and 3 of 1.1 mm in
diameter), the Ap values were recorded along a grid of positions
adjusted at the beam monitor manipulator. These setlings were also
used for the King and Wells measurements in Sec. IV, To decrease
the measurement time, the valve to the additional pumping in the
beam monitor was left open, and thus, equilibrium was reached
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FIG. 2. Contour plat of the intensity of the n-butane molecular beam (gas flow
1.0 SCCM, smallest beam defining orifice with a diameter of 1.1 mm) measured
with the bearm monitor. The beam monitor was moved along a grid of points with
0.5 mm spacing, and the system has been given a time of 1.5 min to equilibrate at
sach grid position. Due to additional differential pumping, the obtainad Ap values
cannot be converted ino the n-butane flux (see the text). The inset at the top
shows the beam profile in the x-direction at z = 16.0 mm and the inset on the right
shaws the one in the z-direction at x = 7.5 mm; the locations of the beam profiles
are indicaled in the contour plot by white dashed lines. The black solid lines in the
insats show the convolution of a rectangular beam profile (dashed lines) and the
theoretically expected broadening function of the beam monitor orifice.

faster (1.5 min equilibration time instead of 20 min with a closed
valve). The Ap values from this experiment can therefore not directly
be converted into the flux but allow for determining the profile. As
one would expect, the shape of the beam in Fig. 2 appears to be
round and :.'ymlm,'lri{,‘u'l, and there is nrﬂ}' wery lintle il1ll.'1't!-'i1};' wvari-
ation in the center of the beam. In the graph, the beam is broadened
because of the finite diameter of the beam monitor orifice (100 mm).
The black solid lines in the insets of Fig. 2 show the convolution
of a 3.4 mm wide rectangular beam profile (indicated by dashed
lines) and the broadening function of the beam monitor orifice.
The excellent agreement indicates that we have a sharp rectangular
beam profile, as indicated by the dashed lines. The determined beam
diameter of 3.4 mm is in perfect agreement with the expectations
from the geometrical parameters of the molecular beam, consider-
ing the distances of the beam monitor and the chosen beam aperture
(diameter of 1.1 mm) to the skimmer, that is, 487 mm and 159 mm,
respectively. This corresponds to an opening angle of the circular
beam of (1.2,

IV. RESULTS AND DISCUSSION

In the following, we will apply our new beam setup to study the
temperature-dependent trapping of n-butane on frozen TLs, namely,
[CsCiIm][PFs). [CaCiIm][PEs], and [C2CiIm][PEg), in the temper-
ature range from 85 K to 125 K. As discussed previously, the surface
structures of the ILs in their solid state are expected to be very similar
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to the ones in the liquid state.” First, we will address the time-
dependent trapping probability S(f), followed by the temperature-
dependence of the trapping probability Sq in the zero-coverage limit,
From the obtained values, we will determine the desorption ener-
gies using a new analysis approach. The obtained results will then be
compared to the earlier results on similar 1Ls with [TEN] instead
of [PFs]  as an anion.

A. Time-dependent trapping probability

The trapping probability § is defined as the probability for an
incoming molecule o get trapped in a physisorbed state, which is
given by the ratio of the adsorption rate Ru, 1o the impingement
rate Rup,

e, (4)
Rus

In the case of chemisorption, this ratio is called the sticking proba-
bility (or the sticking coefficient). The symbol § is common for both
guantities, and occasionally, they are also used as synonyms in the
literature. In this work, the trapping probability was determined by
the direct method of King and Wells, © which is based on the time-
dependent measurement of the partial pressure of gas molecules,
ln?ic.‘ll]}' with a QMS,

The trapping probability measurement follows a sequence of
opening and closing of two flags (simple rotatable shutters) (see
Fig. # for the adsorption of n-butane on [CsCyIm|][PFs]). The "beam
flag” is placed behind the skimmer so that the beam can already be
stopped before it reaches the analysis chamber, and the “sample flag”
is located right in front of the sample so that it can block the beam
before reaching the sample surface.

In the beginning of the experiment (f = =40 5), both flags
are closed, and the beam cannot enter the analysis chamber. The
OMS only measures a background signal, which can later be set as
P=00 AL = <20 5 the beam flag is opened; so, now, the molecu-
lar beam can enter the analysis chamber. The sample flag remains
closed, and all incoming molecules are scattered on its inert surface,
which leads to a pressure increase Apue in the analysis chamber. At
t =0 s, the sample flag is also opened so that the gas molecules
directly impinge on the sample surface. Adsorption on the sam-
ple surface leads to a sudden pressure drop Apy because molecules
adsnrhir‘lg on the surface do not contribute to the sig]'lal measured
by the QMS; if all impinging molecules would adsorb (that is, §= 1),
the pressure would drop to zero. The ratio of Apy and Ap e directly
gives the trapping probability in the zero-coverage limit 5,

.
Apurs

(5)

5 can depend on coverage (and therefore also on time in a King and
Wells experiment). Equivalently to (5], it can be written as

Ap(t)
= ati (6)
Apun
In our trapping pmbabilﬂ}' measurements on [Ls, we disringuish
three characteristic behaviors A, B, and C: In case A [Fig. 3],
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FIG. 3. Exemplary King and Wells measurements with n-butane on [C:Cq Im][PFs]
al (a) 85 K, (b) 102 K, and (c) 125 K representing cases A, B, and C (see the
tendt). The: most intense fragment (mz = 43) of n-butane was used to monitor the
partial pressure. A linear background was subtracied from &ll curves. The cpening
and closing of the two flags are marked in blue, and the characteristic pressure
differences are marked in green (for details, see the main taxt). A schematic of the
beam is shown at the top of the figure; the distances from the skimmer and the
aperture o the sample are 487 mm and 159 mm, respectively.

the trapping probability is coverage-independent (that is, identi-
cal adsorption occurs in the mone- and multilayer regime), which
means that the pressure stays constant as long as the sample flag is
open. Closing the sample flag (¢ = 60 s) brings the pressure back to
its original level before opening the sample tlag (p = Apae) because
then the molecular beam is again scattered on the inert sample
flag.

In case B [Fig. 3(b1], the pressure drops initially (Apa) but rises
afterward until it reaches the level it had before opening the sample
flag (p = Apan). For our systems, we attribute this effect to partial
desorption from the sample surface, yielding a steady state between
adsorbing and desorbing molecules. This becomes apparent by look-
ing at the pressure response on closing the sample flag (r = 60 s): The
pressure rises above the level it had before opening the sample flag
(p > Apun) because in addition to the molecules being scattered from
the sample flag, the QMS also detects molecules desarbing from the
sample surface while the adsorption rate has dropped to zero. In
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case [, the trapping probability determined by the King and Wells
method is not the trapping probability in its narrow sense. We there-
fore denote it as net trapping probability, $", which will later be
used to determine adsorption energies. In the time interval ¢ = 20 s-
60 s in Fig. 300}, with 8°“(1) = 0 and p = Apug, the system is in a
steady state: The rate of adsorption from the molecular beam to the
sample surface is equal to the rate of desorption from the sample
surface into the analysis chamber.

In case € [Fig. 3icl], the trapping probability is zero
[So = 5(t) = 0]. Consequently, no initial pressure drop Apy is observ-
able when the sample flag is opened (f = 0 s), and the pressure
does also not increase in the moment of closing the sample flag
(t = 60 s). However on close inspection of the measurement curve, a
very small pressure change in 0,04 - Apyg is always visible at = 0 s
and = 60 s, which is independent of sample nature and temperature
and only occurs with liquid nitrogen cooling of the manipulator, We
thus attribute this small pressure change not to adsorption at the
sample surface but to an experimental artifact, We always corrected
for this effect in the following trapping probability analysis. After
closing the beam flag at ¢ = 80 s, the pressure returns to the initial
background pressure,

In the measurement series for frozen [CeCyIm][PFg] (Fiz 4,
left} and [CyCi Im|[PFs] {Fig. 4, right), a gradual transition from case
A to case C occurs with increasing temperature, At low temperature
(89 K-91 K). the trapping probability § = 0.86 + 0.02 is independent
of coverage. In the measurement at 95 K, the pressure increases after
the initial pressure drop until the first layer is filled (indicated by an
arrow). As soon as the first laver is filled, the desorption rate (and the
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pressure) stays constant, This observation is somehow equivalent to
a zeroth order multilayer desorption in temperature-programmed
desorption [TPD). Since the net trapping probability is still larger
than zero, the multilayer continues to grow until the end of the
experiment, albeit with a smaller trapping probability. Above 99 K,
the transition to case B is completed for both ILs, which means, the
steady state with 5" = 0 is reached before the first layer is filled
completely, At higher temperatures, the increasing desorption rate
already influences the initial trapping probability S (as will be dis-
cussed later), which decreases with increasing temperature. At 120K
for [CeCilm][PFs] and 115 K for [CsCiIm][PFs], the transition to
case C is complete and no trapping is observed any more. While
the behavior is similar for both ILs, the transition from one case to
the other occurs at lower temperatures for [CCIm][PFs] than for
[CxCy Im][PFg].

B. Temperature-dependence of 5,

The difference between the two ILs, [CoCilm][PFs] and
[CsCyIm][PF; ], becomes more apparent if the initial trapping prob-
ability is plotted vs the sample temperature (g 5). We also included
data for [C:CyIm][PFs] and for comparison, also our previously
published data for three different [CoCillm][TEN] ILs with n = 2,
3, and 8. The latter have [Tf;N]~ as an anion instead of [PF;] .
The overall behavior of the ILs with n = 3-8 is similar: At temper-
atures well below 100 K, a plateau with constant & = (.88 + 0.05 is
observed for all ILs with n = 3. Above a certain temperature, which
depends on the particular IL, S starts to decrease until it reaches
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FIG. 5. Temperature-dependent initial trapping probability S;™ of n-butane on var-
ious ILs after background subtraction (see the text). The dashed lines are fits to
ihe data [according lo Eq. (16) in Sec. |V C). This filting model was used o calou-
|ate the desorption enargies for the ILs (Table 1). The data for the [TiNJ-ILs were
adapied from Ref. 59,

zero. As in our previous publication,” we describe this behavior
using the characteristic temperature Tsos at which 3 of a specific
IL has dropped to 50% of its initial value (Table ). The mwo ILs
with an octyl side chain — [CsCIm][THEN] and [CalyIm][PFq]
have very similar Tsos values, 110 K and 111 K, respectively (the
difference falls within the margin of error of =1 K). This shows that
in this case, the adsorption/desorption dynamics are dominated by
the van der Waals interactions of n-butane with the alkyl chains in
the cation, while the nature of the anions does not appear to play
a decisive role. For [CiCilm][PFs], Tsos is 107 K, which lies in
between the values for [CaCyIm][T;N] and [CiCyIm][Tf:N]. The
decrease in the characteristic temperature is attributed (o weaker
van der Waals interactions of n-butane with the shorter alkyl
chains.

The two investigated ILs with n = 2 — [CaCyIm|[PFs] and
[C2CyIm][TE:N]| — show a completely different behavior, that is,
no trapping is observed even in the temperature range of multilayer

TABLE |. Characteristic Tegs, values and desarption energies E g, determined by the
method described in Sec. IV C using the prefacior v = 1.4- 10" 4/s from Ref. 69 for

the fitling process.

IL Taow (K) E . (klfmol)
[C3CyIm][TE;N] 104 268
[C4Cylm][PF5) 107 27.7
[CoC Tm] [ TF:N] 1o 286
[CaCilm][PFs] 111 28.8
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condensation (case A) on the other ILs. The two ILs have in com-
mon that the longest alkyl substituent is only an ethyl chain. In line
with our previous study, we suggest that for both ILs, the interac-
tion of n-butane with all IL constituents (ethyl chain, cationic head
group, and anion) is weak, resulling in an insufficient residence
time for the formation of condensation nuclei. Since [C2Ci Im][PFs]
shows the same behavior as [C:CIm][TH:N], we conclude that
the polar character of the surface is responsible for the weak
interaction.

C. Determination of the desorption energy

As mentioned earlier, the King and Wells method is widely used
to determine sticking or trapping probabilities, that is, the probabil-
ity for an im:nming molecule ta adsorb on the surface, |-‘r1::1‘,‘1':in:|yL this
is only true if desorption is negligible because desorbing molecules
will contribute to the partial pressure of the molecule in the vacuum
chamber. Hence, the quantity measured with the King and Wells
method is also denoted as the net trapping probability, §™', defined
as

Sm*l' - R.z:ls = R;rus. {'j')

R
where R, is the adsorption rate, Ry, is the desorption rate, and
R is the impingement rate of the molecular beam (note that 5™
was denoted as 87 in our previous publication ). At low tempera-
tures (LT, T = 90 K), desorption is negligible in our experiments.
Otherwise, an increase in the partial pressure would be observable
after closing the sample flag, as it is the case for higher temperatures
[compare also Figs. 3(a) and 3(b)]. The net trapping probability at
LT, 57, is therefore equal to the trapping probability in its narrow
SEnse,

= R =857 Run. (8)

Assuming that the adsorption rate is independent of temperature
in the region of interest, we obtain

et _ 5T Rup = Ry, ot Raes (@

Rup R’

If desorption follows first order kinetics, the desorption rate is
given by

S

Ry =8-v.g w0, (10)

where 8 is the adsorbate coverage, v is a preexponential frequency
factor, R is the universal gas constant, T is the temperature, and E;.,
is the activation energy for desorption, For non-activated adsorp-
tion, as it is typically the case for physisorption, the latter is equal to
the binding energy of the adsorbate.

In a more general approach, the change in coverage dff during
a time interval df is given by the difference of the adsorption and
desorption rates,

df = Rt = Rgdt = (.SJ"T - Ry ). (11)
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Integration yields

[}
_R_;.,,.-f 5™, (12)
(]

I =0 is defined as the time when the sample flag is opened. In
our previous publication,” we obtained values for 8(t) by numer-
ical integration of the 5*(t) curve until time ¢ If the desorption
energy Eg., does not depend on coverage, the desorption rate Ry,
increases linearly with coverage, and thus, 8™ decreases lincarly in
an §™" vs @ plat. In this case, the (constant) slopes of the §™'(0)
decrease for different temperatures can be analyied in an Arrhe-
nius analysis. In our previous study, this approach worked quite
well for n-butane adsorption on [CeCyilm][THN] in the tempera-
ture raube between 106 K and 93 K, vielding a dewrplmn energy
of 290 = 3 kl/mol and a prefactor of 1.4-10"* 1/s"" It should,
however, be noted that this analysis only can be applied if (a) the
trapping probability is coverage-independent over a large coverage
range and (b) the desorption rate is large enough to be measur-
able but low enough to allow for the formation of a considerable
adsorbate layer; this was the main reason why our previous analy-
sis only worked for [CoCyIm] | THN] but not for the ILs with shorter
chains.’

In this work, we now want to focus on the low coverage limit
to directly access the initial net trapping probability $" in the time
interval [0; f.,.] required to measure the first data point after opening
the sample flag (£, is the measurement time per data point, that is,
0.5 s). During this time interval, a small coverage f already builds
up on the surface (even at the lowest temperature, 8y is only 3% of
a closed n-butane layer), yielding a certain desorption rate Ry . ta
and Ry, will increase with progressing time. In a first approxima-
tion, both are best represented by their values in the center of the
time interval, i.e., at #,,/2,

Im L iy
R:J,cs.D:Reh's(r: ?) =9(i = E)-r-e =3

- R.m!‘(f A Sf_:”dr)-v-c"l""%':. (13)
(1]

Ehd

Under the approximation that 5™ remains constant in this short
time interval, it can be written as follows:

t
R = Rum= 55+ = v € o (14)
For 5", we then obtain
St g Rﬁf :SJ.J'_ngr_%.v_E-i;g (15)
1

I P S (16)

Iy — i

143 peg m

This expresslon prowdcs a model desmpt:on of the measure-
ment data in Fig. 5 A value for 7 can be extracted from the

ARTICLE scitation.orgljournalfjcp

measurements at LT, and ty, is known from the experimental con-
ditions to be 0.50 5. Therefore, only two unknowns remain, E;., and
v, which are (unfortunately) strongly coupled in this equation. Thus,
it is necessary to make an assumption for one of them to obtain
unambiguous fitting results. In our previous publication, we derived
v=14-10"% 15 for [CsCylm][TEN] from an Arrhenius analysis,
based on the assumption of a coverage-independent trapping prob-
ability. For the analysis in this work, we assume that this prefactor
is applicable for all of the ILs.

The fit curves according to Fq {16) are shown in Fig
and the resulting desorption energies are summarized in Tabl
Although the absolute uncertainty in activation energies is eqt:-
mated 1o be +2 klfmol (due to the uncertainty of the prefactor
and the absolute temperature scale), the uncertainty in differences
of derived activation energy values is only about 0.3 k]/maol. Pre-
viously, we used an Arrhenius analysis to determine the desorp
tion energy of [CaCilm][Tf:N] to be 29 = 3 kl/mol" with our
newly developed method for the zero-coverage limit, we obtain
28.6 + 2 kl/mol assuming the same prefactor. Considering the mar-
gin of error of the evaluations, the agreement of this result is very
satisfactory.

lable | shows that Eg., increases from 26.8 kJ/mol for
[C+CiIm][THEN] over 27.7 kl/mol for [CoCiIm|[PFs] to 28.6 kl/mol
for [C3C;Im][Tf;N] and 28.8 k]/mal for [C4C, Im][PF]. The length
of the alkyl substituent clearly correlates with the desorption energy:
the longer the alkyl chain, the higher the desorption energy, and
thus, the stronger the binding of n-butane on the IL surface. We
assume that the corresponding interaction potentials also hold for
the liquid state due to the similarity between frozen and liquid sur-
faces.” Our results clearly show that the interaction is dominated
by van der Waals forces between s-butane and the chemically simi-
lar alkyl chains of the IL cations. The difference found for the two
[CaCiIm]-ILs lies in the order of the margin of error. This find-
ing corroborates our interpretation that the interaction of n-butane
with the anion is irrelevant for the bonding mechanism. The very
small difference between [CaCyIm][TH:N] and [CsCy Im][PFs] could
be rationalized by the slightly larger surface enrichment of the octyl
chain in 1Ls with smaller anions such as [PF;] ™ compared to ILs with
larger anions such as [THEN]™. Since the difference is smaller
than the margin of error, this interpretation, however, has to be
treated with great caution.

V. CONCLUSIONS

We present a novel multi-analysis UHV apparatus dedicated
for the investigation of gas molecules interacting with vacuum-
compatible liquid surfaces. The system comprises a wvertically
mounted supersonic molecular beam for the investigation of hor-
izontally mounted liquid samples at normal beam incidence. The
flux of the molecular beam can be determined with a beam monitor,
which can also be used to measure the beam profile; in the here pre-
senled experiments using n-butane, a very sharp circular profile with
a diameter of 3.4 mm in the sample plane is achieved. A rotatable
mass spectrometer is installed, allowing for a variety of molecular
beam scattering and adsorption studies. Additionally, an integrated
XPS setup is used for chemical analysis and enables future combined
experiments,
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Using this new apparatus, we determined the trapping prob-
abilities of n-butane on [C,CiIm][PFs] ILs (n = 2, 4, and 8)
in the temperature range of 85 K-125 K by the so-called King
and Wells method. On [C:CiIm][PFs], no trapping of n-butane
is observed. The same behavior was previously also found for
[C2Calm][TEN] and explained by a too short n-butane residence
time for the formation of condensation nuclei.” On [CyCyIm][PFs]
and [CzC Im] [P ], the adsorption characteristics are temperature-
dependent: n-butane grows in multilayers at low temperatures
(=90 K}, while at temperatures above 120 K, the desorption rate
becomes too high to observe trapping on the IL surfaces.

For [C4C;Im][PFs], the initial net trapping probability starts to
decrease at lower temperatures than for [CyCyIm][PFg). This find-
ing shows that van der Waals interactions with the alkyl side chain
of the cation dominate the adsorption process. The decrease in trap-
ping probability with decreasing side chain length can be described
by the characteristic temperature values T'spn at which the initial net
trapping probability has dropped to 50% of its maximum value, We
obtain values of Tse, = 107 K for [CyCiIm][PFs] and 110 K for
[CaCiIm][PFg). The value for [CsCiIm][PFs] is almost identical to
the value of 111 K found for [CsCiIm][THN] ina previous study.
We thus conclude that the nature of the anion does not seem to play
a significant role for the adsorption process, which is not surprising
due to the pronounced surface enrichment of the octyl chains for
both ILs.

Based on the assumption that the initial trapping probabil-
ity in its narrow sense is temperature-independent in the investi-
gated temperature range, we attribute the decrease in the observed
net trapping probability with increasing temperature solely to the
increasing desorption rate. From this temperature-dependence, we
determine the desorption energy of s-butane in the low-coverage
limit on the different ILs using a simple analysis procedure. The
resulting desorption energies on the different ILs show the same
trend as found for the Ty values, that is, they increase with increas-
ing alkyl chain length. For [CsCiIm][Tf:N], we previously deter-
mined the dr:.‘:nrplinn energy in an Arrhenius unalysis under the
assumption that the trapping probability in its narrow sense is
coverage-independent.” The results of the previous Arrhenius anal-
ysis and the new approach focusing on the low-coverage limit are in
very good agreement.

SUPPLEMENTARY MATERIAL

See the supplementary material for the schematic drawing of
the vacuum system (Fig. 51) with the specification of the com-
ponents (Table §1); photo plus drawings of the manipulator and
sample holder (Fig. 52); contour plots of the molecular beam pro-
file (Fig. 53) and the a-butane beam flux measured with the beam
monitor as a function of the gas flow in the mass flow controller
(Fig. 54).
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Figure $1: Schematic drawing of the vacuum system using the standard symbols of vacuum technology.

The labeled components are specified in Table S1.
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holder for sample plate sample plate

thermocouple
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contacts

Figure 82: Top: Manipulator with sample stage of the ILID chamber, which allows movements in three
directions, rotation around the z-axis, cooling, heating and temperature measurement of the sample. Bottom:
Typical sample holder design with a 12x 12 x4 mm® sample plate with a tiny hole for a type K
thermocouple. The thermocouple wires are fixed to electrically insulated thermocouple contacts, which can

touch the thermocouple contacts of the sample stage.



8.2 PUBLICATION 2

2R, aperture = 31.0 7]
20k - aperture = 32.0 |

aperture = 33.0

19

18 |

16 |

z/ mm

15 F

13}
12
11§ P

2 3 4 5 6 7 8 9 10 11 12 13
x/ mm

Figure S3: Contour plots of the intensity of an #-butane molecular beam (gas flow 1.0 scem, smallest beam
defining orifice with a diameter of 1.1 mm) measured with the beam monitor. The beam monitor was moved
along a grid of points with 0.5 mm spacing. The system has been given a time of 1.5 min to equilibrate at
cach grid position. The figure shows that the position of the molecular beam in the coordinate system of

the sample plane can be adjusted by changing the position of the beam-defining orifice.
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n-Butane, iso-Butane and 1-Butene Adsorption on
Imidazolium-Based lonic Liquids Studied with Molecular

Beam Techniques

Leonhard Winter,® Radha G. Bhuin,” Florian Maier,” and Hans-Peter Steinriick*®

Abstract: The interaction of molecules, especially hydro-
carbons, at the gas/ionic liquid (IL) surface plays a crucial role
in supported IL catalysis. The dynamics of this process is
investigated by measuring the trapping probabilities of n-
butane, iso-butane and 1-butene on a set of frozen 1-alkyl-3-
methylimidazolium-based ILs [C.C,Iml¥, where n=4, 8 and
X =Cl, Br, [PF;] and [Tf,N] . The decrease of the initial
trapping probability with increasing surface temperature is
used to determine the desorption energy of the hydrocarbons

at the IL surfaces. It increases with increasing alkyl chain
length n and decreasing anion size for the ILs studied. We
attribute these effects to different degrees of alkyl chain
surface enrichment, while interactions between the adsorbate
and the anion do not play a significant role, The adsorption
energy also depends on the adsorbing molecule: It decreases
in the order n-butane > 1-butene > iso-butane, which can be
explained by different dispersion interactions.

vy

Introduction

Substances consisting solely of jons and possessing a low
melting point, often below room temperature, are classified as
ionic liquids (ILs)."" Although materials fulfilling this definition
are known for a long time,” extensive research on ILs started
only in the 19905 In the beginning, ILs were seen as “green”
alternatives for conventional bulk chemicals,” like solvents™
electrolytes,” lubricants™ or scavengers® With the years, the
“green” label for ILs came increasingly under debate, because of
their unknown toxicity,” poor biodegradability™
waste-intensive synthesis"'! In the last years, efforts were made
to make ILs environmentally friendlier like using biorenewable
raw materials and optimized synthetic routes."? An alternative
(or additional) strategy to decrease the environmental footprint
of ILs is the targeted use of small IL amounts for specific
purposes, for  example as  lubricant  additives,""
pharmaceuticals"” or in catalysis"

In modern catalytic applications, ILs are often not used as
bulk solvents in a biphasic approach, but rather in heteroge-
neous systems on porous supports.** This is realized as Solid
Catalysts with lonic Liquid Layer (SCILLI"™ or Supported lonic
Liquid Phase (SILP) catalysts,'” which have both found
commercial applications."™ In SCILL, the heterogeneous catalyst

and cost- and
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is maodified by an ionic liquid thin film, which typically improves
the catalyst's selectivity."***'" In SILP, an ariginally homogenous
catalytic process is “heterogenized” by immaobilization of the IL
phase containing the dissolved catalyst on an inert porous
support, which facilitates product separation and increases the
mobile phase/IL interface area." ™™ In both concepts, the mass
transfer across the gas/IL interface plays a crucial role for the
selectivity and activity of the catalytic system.

Therefore, the structure of the vacuum/IL interface has been
in the center of surface science investigations using different
techniques like molecular dynamics calculations,”" X-ray
reflectivity®”  direct recoil  spectrometry,*  Rutherford
backscattering,”**** low energy ion scattering,” reactive atom
scattering ™  sum  frequency  generation  vibrational
spectroscopy”” and X-ray photoelectron spectroscopy (¥PS).™
Thereby, a good understanding of the static properties of this
interface has been obtained. However, the interaction dynamics
of gas molecules at the gas/IL interface has only been
investigated for few specific examples; CO, is scattered from
imidazolium-based ionic liquid surfaces at room temperature by
two distinctive pathways, trapping/desorption (TD) and inelastic
scattering (I5). The share of the TD pathway increases with
increasing alkyl chain length and decreasing anion size ™™
Similar trends were observed for NO scattering, additional to
interesting rotational, vibrational and electronic effects occur-
ring for this open-shell molecule”™ O atoms are scattered
inelastically and/or reactively foerming OH and H,0 from
imidazolium- and pyrrolidinium-based ionic liquids. For both
cation classes, the reaction probability increases with increasing
alkyl chain length and decreasing anion size*™*" H,0 adsorbs
on frozen [CCIM)THEM] and [CiC,Im][BF,] with an initial
trapping probability close to zero, which then increases with
coverage. The multilayer (=condensed phase) desorption
energy was found to lie above the one of the monolayer (-

17059 & 2021 The Authars, Chemistry - A Eurapean Joumnal published by Wiley VCH GrbH
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Figure 1. Typical measurement curves abtained with the King and Wells method (left) together with a sketch of the used molecular beam setup (right). The
curves show the adsarption dynamics of n-butane an [C,C,ImJCl (a, ¢) and on [C,C,Im)[TF,N] at =90/91 and 118 K (b, d). For details see the text.

sets in very quickly, which leads to a very fast pressure increase.
After only a few seconds, a steady state situation is reached, in
which the adsorption and desorption rates are equal. Thus, the
pressure comes back to the level it had before opening the
sample flag, so that $(t=3s)=0. In cases, where the
desorption rate is not zero, the trapping probabilities deter-
mined by the King and Wells method are often called “net”
trapping probabilities, since they do not represent the proba-
bility for an individual molecule to become trapped or
scattered, but rather refer to the overall balance between
adsorption and desorption rate. In the example of Figures 1a
and b, that is, at =90 K, the partial pressure remains at a low
level, which means that the coverage continues to increase,
ultimately leading to multilayer growth.,

At t=60s, the sample flag is closed, so that the molecular
beam is again scattered by it. The partial pressure returns to the
value, which it had during the equivalent situation from —20 to
0s. In Figure 1c, at 118 K, a spike in the partial pressure curve is
visible at t=60s. It is caused by molecules desorbing rapidly
fram the still present adlayer once the maolecular beam does
not hit the surface any more. Finally, the beam flag is also
closed at t =80 5 and the partial pressure returns to zero,

Chem, Eur, J. 2021, 27, 17058 - 17065 www.chemeurj.org

17061

n-Butane on [C,C,Im]X - temperature dependence of §,""

In the next step, we want to discuss the temperature-depend-
ent behavior of the initial net trapping probability 5, of n-
butane on different imidazolium-based ILs. At this point, we will
not further address the time-dependence of the trapping
probabilities as shown in Figure 1, because the behavior is
almost identical for all investigated ILs. Figure 2 shows plots of
5. vs. T for the set of investigated ILs; part of the results have
already been published,”” but we show them here again, since
we are interested in identifying trends upon changing the size
of the IL anion. All displayed ILs show a similar S-shaped
decrease of 5, with increasing temperature. For example, for
[C.C,ImICI {black squares in Figure 2a), 5, stays constant at
0904005 up to =107 K, and thereafter decreases to 0.00+
005atT>=126 K.

At low temperature (T<90K), all trapped n-butane mole-
cules remain adsorbed on the surface since desorption from the
adlayer is negligible. At high temperature (T =127 K}, trapped
(that is, thermally accommodated) n-butane molecules desorb
again almost immediately, We expect that thermal accommoda-
tion is very efficient for the unseeded n-butane beam generated
from our nozzle at room temperature. Firstly, its kinetic energy

@ 3021 The Authors, Chemidstry - A European Joumal published by Wiley VTH GmbH
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Figure 2. Temperature-dependent initial n-butane trapping probabilities of
(ah [CoC\Im]X (X =[TH,N]", [PF]" and €17) and (b) [C,C,Im]X (X =[TE.N] ", IPF] ",
€I~ and Br™). The dashed lines represent fits to the data using Equation (2),
in which 5" =090 and v=1.4.10" 5 ' were used as constant parameters for
all ILs. Part of the data is already published,”

is comparably low (713 kifmol) and secondly, n-butane is a
quite heavy and flexible molecule compared to other typical
gases like atoms or diatomic molecules. This makes energy
transfer from translation to internal rotations and soft vibrations
(torsion and bending) very efficient.”™ In the transition region,
the residence time of the n-butane molecules is in the order of
the measurement time reguired to determine 5. We
developed a model,”™ based on the reasonable assumption
that thermal accommodation occurs always with the same
probability 5,7, which can be measured at low temperature,
where desarption is negligible, 5" is then given by Equa-
tion (2)

L

slwrz
I T

2)

where t, is the measurement time (in our case 0.50s), » the
pre-exponential factor, 8 the universal gas constant and £, the
desorption energy, which in case of non-activated adsorption is
equal to the adsorption or binding energy. Figure 2 shows the
results of fitting Equation (2) to the data as dashed lines. Note
that 5, is indeed influenced by the chosen t,, but E,, does
net change if a different 1, is used for evaluation. Since » and
Es are strongly coupled, it is necessary to constrain one of
them to obtain unambiguous fitting results. In our evaluation,
we used v—1.4.10"s7"; this value was found in an Arrhenius-
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type analysis of time-dependent n-butane trapping probabilities
on [C,C, Im][THNL™ Since the adsorbate remains the same and
the binding motif is expected to be similar, that is, the
interaction is dominated by the IL alkyl chains, we assume that
this pre-exponential factor holds for all ILs, Overall, the relative
accuracy of our approach is estimated to = 0.3 kl/maol. Relative
accuracy refers hereby to comparing data measured with the
same experimental setup, which is the case here, However, the
absolute accuracy is estimated to -+ 2 kl/mol, which is due to
the uncertainty of the pre-exponential factor and the absolute
thermaocouple reading at these low temperatures (£ 3 K.

n-Butane on [C,C,Im]X - trends in the desorption energy

The data for the imidazolium-based ILs with different lengths of
the alkyl chain (n=4 and 8) and different anions (Cl, Br, [PF]
and [TF,N]) in Figure 2 shows two trends: Firstly, E., increases
with increasing alkyl chain length, so that the curves in
Figure 2a for the [C.CIm]X series are shifted to higher temper-
ature compared to the corresponding curves in Figure 2b for
the [C,C,Im]X series. Secondly, E,. increases with decreasing
size of the anion, that is, in the order [TEN] < [PF] <Br =Cl .
For example, in the [C,C,Im]X series £, increases from 26.9 kJ/
mol ([Tf,N]") via 27.7 k)/mol ([PF]) to 29.3 kl/mol (CI") and
29.4 kiimol (Br).

A readily available quantitative measure for the anian size is
the molecular volume, which can be easily calculated from
literature density data (obtained from the NIST ILThermo
database™). Figure 3a shows the correlation of E,, with the
molecular volume for the two investigated groups of ILs,
[CyC,Im]X as open symbaols and [C,CIm]X as filled symbols.
Apparently, the correlation is not linear, but a rather steep
decrease of E,, is found from the halide anions to [PF],
followed by a more shallow decrease from [PF;]™ to [THN]™.

While Figure 3a indicates a correlation between the ob-
served initial adsorption behavior and the bulk molecular
volume of the ILs, one rather expects a dependence on surface
properties. Indeed, it has been demonstrated that the outer
surface layer of ILs considerably differs from the average bulk
composition. In particular, the size of the anion has a strong
impact on the degree of surface enrichment of the imidazolium
alkyl chains protruding into the vacuum. This behavior has
been demonstrated by a number of theoretical studies and
experimental  investigations including melecular  dynamics
simulations,”™* reactive atom scattering,”*" Rutherford
backscattering”™™"" and X-ray photoelectron spectroscopy.”™**
Especially the last method provides a very convenient way to
quantify the degree of alkyl chain enrichment: Imidazelium-
based cations show two peaks in the Cls region, one
belenging to the carben atoms bound to at least one nitrogen
atom (called C,,,.} and one belonging to the carbon atoms
bound only to carbon and hydrogen (called C,, ). The ratio of
the peak areas Io(Cundc 1 {Creieral 15 expected to be 7:5=14
for [CCImX and 3:5=06 for [C,CIm]X based on the
stoichiometries of the ILs (see dotted horizontal lines in
Figure 3b). These ratios were indeed found for XPS measure-
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depends on the alkyl chain enrichment. The interaction of n-
butane with the alkyl chains is stronger than with the
imidazalium headgroups and the anions, as is proven by the
fact that n-butane does not adsorb on ILs with the [C,CIm]°
cation, which only possesses a very short alkyl chain”* The
changes in the desorption energy observed for different anions
are not caused by interactions between n-butane and the
anion, but by the different IL surface structure induced by the

iso-Butane and 1-butene on [C,C,Im][Tf,N]

So far, we used n-butane as a model system to study the
adsorption of hydrocarbons on different IL surfaces. Since the
adsorption dynamics, however, will also be influenced by the
nature of the hydrocarbon, we studied the adsorption of two
other C4 hydrocarbons on [CCIm][TEN], and compare the
observed behavior with the already published results for n-
butane. ™" jso-Butane is the isomer of n-butane and 1-butene is
an unsaturated analogue of n-butane. The molecular structures
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Figure 3. Comparison of (a) n-butane desorption energy and (b} alkyl chain
surface enrichment. The datasets are plotted vs. the IL's molecular volume to
visualize the effact of the anion size. Color codes and open/filled symbaols
are used to group the ILs by their anion and cation identity. The dashed
lines serve as a guide for the eye. The molecular volumes were calculated
from the IL demsities at 298,15 K, 101.325 kPa, for which an average over the
values published in the ILThermao database from NIST™ were used. Some of
the values for E, are already published™ The error bars indicate the
estimated uncertainty, by assuming an identical prefactor for all ILs (for
details see taxt). The data from (b} were adapted from previously published
studies of sur group. ™ The dotted lines in (b) indicate the nominal O/
Cioeern ratios for [CuC,Im] " (= 1.4) and [C,CIm] " (= 0.6),

ments in 0° emission angle (information depth=8.4 nm), but
for measurements at a surface-sensitive emission angle of 807
(information depth=1.5 nm) ratios higher than the nominally
expected ones were abtained."* ™ Comparing the peak ratios
at 80° emission of different ILs showed that the degree of
enrichment increases with increasing chain length™ and with
decreasing anion size.*™™ The latter can be explained by a
denser packing of the imidazolium cations if they are incorpo-
rated into an ionic sublayer with smaller anions, which in turn
also leads to a denser packing of the protruding alkyl chains, A
selection of this literature data is shown in Figure 3b, where the
C ot Coeno ratio is plotted for several ILs.

The two datasets compiled in Figure 3 demonstrate that the
alkyl enrichment derived by XPS and the n-butane desorption
energies derived by the King and Wells method show the same
trends with increasing maolecular volume. For both, a steep
decrease from CI (black symbols) to [PF:] (blue) is followed by
a shallow further decrease to [TF,N] (red). Furthermore, the
values strongly increase from [CCim]" (full symbols) to
[C;CIm]" (open symbols). Thus, we conclude that the inter-
action strength of n-butane with the IL surface critically

Chem, Eur, J. 2021, 27, 17058 - 17065 www.chemeurj.org

and the temperature-dependent initial trapping probabilities
are shown in Figure 4. At low temperature (T=90K), all three
hydrocarbons show the same trapping probability 5" =090+
005, This shows that thermal accommodation is equally
efficient for all three hydrocarbons at our experimental
conditions, although the different molecular structures could
principally result in different energy transfer mechanisms to
bending and torsion modes.

For iso-butane and 1-butene, 5" shows a similar S-shaped
decrease, as it was found for n-butane. This allows us to
determine the desorption energy by fitting Equation (2) to the
data, assuming the same pre-exponential factor v=14-10"s"'
for all three hydrocarbons. We observe that the desorption
energy decreases from 28.6 kl/mol (n-butane) via 27.9 kJ/mol
(1-butene) to 27.5 ki/maol (iso-butane). Interestingly, this trend is
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Figure 4, Temperature-dependent initial trapping probabilities of iso-butane,
1-butene and n-butane on [C,C,ImI[Tf,N]. The dashed lines represent fits to
the datasets according to Equation (2). The inset shaws the carrelation
between £y, and the enthalpies of vaparization.!
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ABSTRACT: The solid catalyst with ionic liquid layer (SCILL)
concept is a promising approach to enhance the selectivity of
hydrogenation reactions, like the selective hydrogenation of 1,3-
butadiene to 1-butene using transition-metal catalysts. In this
context, the adsorption dynamics of 1,3-butadiene and 1-butene
were studied on Pt(111) modified with ultrathin layers of the ionic
liquid (IL) 1,3-dimethylimidazolium bis-
(trifluoromethanesulfonyl)imide ([C,C,Im][Tf,N]). The sticking
coeflicients of the two hydrocarbons are measured using the direct
method of King and Wells. Both olefins show pronounced
precursor-mediated dynamics on clean Pt(111) and on the IL-
modified surface. Increasing the IL coverage leads to an increased
blocking of adsorption sites for the incoming olefins. Coadsorbed
hydrogen does not significantly affect the precursor and site-
blocking effects for 1,3-butadiene. Interestingly, a smaller IL amount is needed to prevent 1-butene adsorption compared to 1,3-
butadiene adsorption, which is proposed to be directly related to the IL's influence on selective hydrogenation in SCILL catalysis.
Indeed, molecular dynamics simulations show 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 is used to control the effective olefin
adsorption energy and thus creates an operation regime for suppressing 1-butene while permitting 1,3-butadiene adsorption.

Intensity

KEYWORDS: olecular beam, molecular dynamics, ionic liquids, SCILL, selectivity, adsorption, hydrogenation, gas-surface dynamics

B INTRODUCTION tuned sug?orts,("”'m’}' cofed CO,'* different metal al-
In the hydrocarbon industry, 1-butene is used as a monomer for loys,” 1" %71 sulfide materials,"" single-atom cata-
4 1y lysl:s,f}'l‘%'m‘m and since recently also the SCILL concept.m" Lo

the polymerization to polybutenes and as a comonomer for the
production of low-density polyet}'q,'lemas."}l Since catalysts used
in these polymerizations are poisoned by 1,3-butadiene, a 1-
butene stream containing <5 ppm 1,3-butadiene is required.””’
This purity level is not reached by removing 1,3-butadiene from
the C4-fraction of steam crackers using extractive distillation.
Consequently, an additional selectively catalyzed hydrogenation
step is required (see Scheme 1).'~" The requirements for this
catalyst are quite demanding: It needs to almost fully convert
trace amounts of 1,3-butadiene to 1-butene while at the same
time suppressing the hydrogenation of 1-butene to n-butane and
also the isomerization of 1-butene to cis-2-butene and frans-2-
butene. An additional challenge is catalyst deterioration by the
accumulation of higher hydrocarbons, so-called green oil, which
are the products of C—C coupling side reactions.™" Received: May 10, 2023
Different heterogeneous transition-metal catalysts have been Revised:  July 11, 2023

applied successfully in this reaction, most prominently Pd-based Published: August 2, 2023
ones,”” " but also Pt,"”"~"° Ni,'® Co,"” Rh,"* Ir,"**" Fe,”' Ru,”’

Cu,** and even Au™>*" catalysts have shown :u:tivity.l_+ The

selectivity can be improved by various strategies, such as using

In a solid catalyst with ionic liquid layer (SCILL), supported
nanoparticles are modified by adding a layer of ionic liquids
(ILs).*”*" ILs consist solely of cations and anions and possess a
remarkably low melting point, often below room temperature.zg
Catalytic test experiments with a SCILL system showed very
promising results, increasing the selectivity toward butenes from
0 to 99% at 99.5% 1,3-butadiene conversion compared to a
commercial Pd catalyst."'

In the earlier literature, the SCILL effect was often attributed
to solubility differences of the competing reactants in the IL
film.”” But this view has been challenged since in many cases, the
selectivity of SCILL catalysts is larger than explainable by taking

© 2023 American Chemical Society https://doi.org/10.1021/acscatal 3c02126
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Scheme 1. Selective Hydrogenation of 1,3-Butadiene”

F
1,3-butadiene

CiHy 1 .
trans-2-butene

green oil

1-butene cis-2-butene

+H2

AN
n-butane

“The desired reaction is marked in green; the undesired side
reactions, in red.

into account only solubility differences.'’ Additionally, the
SCILL eftect already sets in if only minor amounts of ILs are
used in the catalyst preparation, far less than is needed for the
formation of a three-dimensional IL phase.'' In the recent
literature, the SCILL effect is thus often attributed to site-
blocking and/or ligand effects, but a thorough understanding is
still lacking.' """ With this work, we aim to obtain insights into
the adsorption dynamics of olefins on IL-modified metal
surfaces. We base our model catalytic approach on a Pt(111)
surface in ultrahigh vacuum (UHV). Onto this surface, we
deposit controlled amounts of the IL 1,3-dimethylimidazolium
bis(trifluoromethanesulfonyl)imide ([C,C,Im][T£;N]) by in
situ physical vapor deposition (PVD).”'™** The adsorption
dynamics are addressed by measuring sticking coefficients of 1,3-
butadiene and 1-butene using the method of King and Wells**
with a supersonic molecular beam and by molecular dynamics
simulations.

B EXPERIMENTAL SECTION

The measurements were performed in a UHV apparatus with a
base pressure of 21 X 10" mbar, which was already described
in detail elsewhere.”® The Pt(111) crystal (MaTeck, 12 mm x
12 mm) was cleaned using Ar* sputtering (1 kV, 10 mA, 3.0 X
107° mbar, 30 min) and subsequent annealing to 1100 K for 3
min, followed by heating in 3.0 X 10”7 mbar O, at 800 K for 12
min, and a final annealing step to 900 K for 1 min to remove
residual oxygen. The long-range order of the crystal surface was
verified by low-energy electron diffraction (LEED, SPECS
ErLEED 150), and the cleanliness was confirmed by X-ray
photoelectron spectroscopy (XPS), using a non-monochro-
matic Al Ka X-ray source (1486.6 eV, SPECS XR 50, 12.0 kV,
350 W) and a hemispherical electron analyzer (SPECS
PHOIBOS 100 ID-DLD). The IL 1,3-dimethylimidazolium
bis(trifluoromethanesulfonyl)imide ([C,C,Im][Tf;,N]) was
synthesized by a procedure adapted from the literature.”® The
ultrathin IL films were prepared by physical vapor deposition
using a home-built 1L evaporator.”” The IL dose was controlled
by varying the deposition time while keeping the evaporator
crucible at a constant temperature of 405 K.

The IL coverage, ), was determined from the attenuation of
the Pt 4f X-ray photoelectron spectroscopy (XPS) signal at
normal emission. The intensity of the Pt 4f signal was obtained
by numerical integration from 77.0 to 66.0 eV binding energy
after subtraction of a constant background adjusted at low

108

binding energy. This method proved to be more robust toward
adsorbate-induced changes in the Pt 4f satellite structure than
subtraction of a Shirley or linear background. The thickness of

anideal 2D IL layer d can be obtained byd = -/ cos(S)ln(;—“)
0o
1% where I, is the Pt 4f intensity of the clean surface, I is the Pt
4f intensity of the IL-covered surface, & is the emission angle (in
this case 0°), and A is the inelastic mean free path of the Pt 4f
photoelectrons (Ey;, & 1414 eV) in the IL film. We used 4 = 3.1
nm, obtained by extrapolation from previously reported
data.’>*" 7" Following previous publications from our
group,‘w we estimate the thickness, h, of one IL monolayer

(ML) by h= 3V, = a\/ '\;u , where V is the bulk molecular
N, p

volume, N, is the Avogadro constant, M is the molar mass, and p
is the bulk density of the respective IL, which gives h = 0.74 nm
for [C,C,Im][ Tf,N]. We define that #;, = 1 ML is the amount of
IL that corresponds to the substrate damping expected from an
ideal 2D film with thickness & = 0.74 nm. In a simplified picture,
this monolayer has the same density as the bulk IL and is
composed of pairs of cations and anions, vertically arranged on
top of each other. On many metal surfaces, the formation of a
wetting layer, that is, a closed layer of cations and anions
adsorbed next to each other on the surface in a checkerboard-
like structure is observed, with an ideal coverage of 0.5 ML."’
One should note, however, that the actual IL coverage required
to form a closed wetting layer can deviate from this ideal value
due to the specific ion/substrate interactions, the resulting
adsorption geometry and long-range ordered structure, and a
different density compared to the bulk.

1,3-Butadiene was purchased from Air Liquide (purity >
99.5%), 1-butene from Messer Griesheim (purity > 99%), and
hydrogen from Linde (purity 99.999%). The gas phase mass
spectra reproduce the literature data,”' indicating a satisfactory
purity of the compounds. Unseeded continuous supersonic
molecular beams were generated by expanding a gas flow of the
pure gases (nominally 1.0 scem for 1,3-butadiene and 1-butene,
4.0 scem for H,) through a room-temperature nozzle (100 ym
diameter). The molecular beam passed a conical skimmer
(opening diameter 0.5 mm) and an aperture (2.6 mm diameter)
creating a circular beam spot with 8.1 mm diameter on the
sample. For preadsorption of hydrogen, a larger aperture with
3.7 mm diameter was used to create a larger beam spot with 11.5
mm diameter. We expect the kinetic energy of the 1-butene and
1,3-butadiene beams to be approximately 13 kJ/mol by
comparison to a similarly generated n-butane beam.'* The
beam flux was followed with a beam monitor.*

A quadrupole mass spectrometer (Hiden Analytical) was used
to follow the partial pressures of 1-butene, 1,3-butadiene, and
hydrogen in the analysis chamber. The heights of the most
intense peaks generated by electron ionization (70 eV), that is,
m/z =41 for 1-butene, m/z = 39 for 1,3-butadiene, and m/z =2
for hydrogen, were recorded in time intervals of 0.22 5. The raw
data was corrected for nonconstant pumping speedﬁ adapting an
iterativ:f procedure (for details, see the Supporting Informa-
tion)f"

Molecular Dynamics Simulations. All molecular dynam-
ics (MD) simulations were performed with the large-scale
atomic/molecular massively parallel simulator (LAMMPS) with
the code version from June 23, 2022. For all simulations, the
integration step was set to 1.0 fs, and the systems were coupled
to the Nose—Hoover thermostat with a relaxation constant of
0.5 ps to impose constant system tem]:na:]:atu1"&:.J"l Atomic

https://doi.org/10.1021/acscatal 3c02126
ACS Cotal 2023, 13, 10866—10877



ACS Catalysis

pubs.acs.org/acscatalysis

8.4 PUBLICATION 4

Research Article

( b]m" bearn g uwl}a’rmm flag  ciose sample fag Dmm‘mm“n((:)

(@) nozzie —

—— T 10 T T T

- -
X | | Pi{111}
3 - 180K
skimmer i 5osf —1.3butadiene T
E ' - — 1-butene
o ] H
= ; T 06| E
3 = ] £
3 g i ! 3
J g é ‘; 04 ]
= = : £
- : g
2 ] ' @ 02 ]
i
aperture = i i
- 40 20 0 20 40 200 220 200 260 0 5 10 5 20 25 30
Time ¢/ i
j [d] imetis (e) Timet/s
3 PP 1 [ = o
e 3 PY(111) .
3 308 1 180 K
ams j @ 0 — 13butadiene 4 4
2 ¥ o 810 tene 1.3-butaciene
= ; ¢ i 3
= 5 g
'E P 04 E €05
® £
> « £ [P £
2 o T 02f180K 4
w F1 —1,3-butadiens 0.0}
— 1-butene
00 bty e : i i : ;
0 2z 4 & w12 1 288 286 284 282 20 278

sample

Olefin Coverage &,/ arb. u.

Binding Energy [ eV

Figure 1. (a) Sketch of the employed molecular beam setup. (b) 1,3-Butadiene adsorption on clean Pt(111) shown as an exemplary measurement
curve obtained by the method of King and Wells. The 1,3-butadiene partial pressure is recorded by following the corresponding mass spectrometer
signal (m/z = 39). The first signal increase Apy is the result of opening the beam flag; the initial decrease Apy is caused by opening the sample flag.
The initial sticking coefficient S can then be determined by 8, = Apy/ Apyp. Further details are given in the main text. (c) Plots of the time-dependent
sticking coefficient S(¢) of 1,3-butadiene (green) and 1-butene (red) on clean Pt(111) at 180 K. The area below the S(t) curve can be used as a measure
of the olefin coverage ,.;;,. (d) Plots of the olefin coverage-dependent sticking coefficient $(6,.q,) derived from the plots in panel (). (e) C 1s XP
spectra measured after the adsorption experiments shown in panels (c) and (d) together with a sketch of the most stable adsorption structures of 1,3-
butadiene (a trans-1,2,3,4-tetra-6 complex) and 1-butene (a 1,2-di-6 complex) on Pt(111).

interactions were described by Lennard-Jones potentials using a
cutoff delimiter of 12 A. Long-range electrostatics were
considered by the particle—particle particle—mesh approach
using a slab correction for 2D periodic systems to mimic Ewald
summation,*® Fixed partial charges of the ionic liquid molecules
were determined using Gaussian 09, revision D.01 code, via the
restricted electrostatic potential (RESP) method with the HF /6-
31G* basis set and refined by an antechamber tool from the
Amber22 package. A full list of all atom charges and interaction
parameters is provided in Tables S1—S84 (see the Supporting
Information). The General AMBER Force Field (GAFF) 2.11
suite, as released with the Amber22 package'’ was used for
describing the interactions of the IL and the IL-olefin (1,3-
butadiene and/or 1-butene), respectively. In turn, the Lennard-
Jones parameters for Pt were taken from ref 48. The Pt(111) slab
was chosen as a 9.99 nm X 10.1 nm X 1.8 nm block, featuring 2D
periodic boundary conditions. Thus, the Pt(111) slab was
modeled as 9 explicit atomic layers each comprising 1512 atoms
arranged according to fixed positions based on a lattice constant
of 0.3924 nm.**

The standard GAFF model was found to reproduce the 1,3-
butadiene/1-butene adsorption on Pt only at unsatisfactory
accuracy. For this reason, we directly adopted the geometries
and binding energy terms from DFT calculations."” This leads to
a QM/MM type approximation of the effective binding energy
in the presence of an IL film via

DET MD

eff
E = Eadsorptian . QEIL— relaxation (1)

adsorption

To calculate the IL relaxation energy, the interaction energies
IL—IL and IL—Pt must be added for the initial and final states.

10868

The relaxation energy is then the difference of the energies of
these two states; see the equation below

MD —
AE[L— relaxation — (EIL—]L +* ElL—l’t)initJa] state

= (Ep-ip + Er-pbina state (2)

Based on the minimum energy configurations adopted from the
DFT calculations of ref 49, three 1,3-butadiene and three 1-
butene molecules were placed on the Pt(111) surface. Next,
parallel setups were created for adding 40, 60, 80, 100, 121, 141,
161, 181, and 202 ion pairs of [C,C,Im][Tf;N] mimicking
surface coverages of 0.22, 0.33, 0.43, 0.54, 0.65, 0.76, 0.87, 0.98,
and 1.08 ML, respectively. The IL coverages, f/;;, were obtained
assuming that the density of the film matches the bulk density
g 4 _YaN

T A ®3)
where d is the mean thickness of the film, h is the thickness of
one IL monolayer, V, is the bulk molecular volume, N is the
number of ion pairs in the simulation slab, and A is the surface
area of the simulation slab.

Each of the film models were subjected to simulated annealing
studies to allow film formation free from bias by the (randomly
generated) starting configurations. For this, the IL film was
propagated for 3 ns at 1000 K (no vaporization was observed
within this short time scale) to implement a highly mobile 2D-
liquid. We then performed cooling to 180 K at a rate of 10 K/ns,
followed by an additional S ns equilibration run at the target
temperature. For the sampling of the interaction energies, a
period of 10 ns was found appropriate (Gaussian-distributed
occurrence profiles for all energy terms).
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Figure 2. (a) Time-dependent sticking coefficient S(t) and (b) coverage-dependent sticking coefficient S(f,.,.) of 1-butene on Pt(111) with varying
IL pre-coverages ¢;, at 180 K. (¢) Time-dependent sticking coefficient S(t) and (d) coverage-dependent sticking coefficient S(&pg0ne) of 1,3-

butadiene on Pt(111) for different IL pre-coverages &y at 180 K.

M RESULTS AND DISCUSSION

The sticking coefficient, S, describes the probability for an
incoming molecule to adsorb on (or stick to) a sample surface.
In this work, we used the direct method of King and Wells* to
measure § of l-butene and I,3-butadiene on ionic liquid-
modified surfaces. This method is based on following the
changes of a quadrupole mass spectrometer (QMS) signal,
which is proportional to the partial pressure of the molecule of
interest, during a sequence of opening and closing inert flags
(also called shutters). Figure la shows a sketch of the vertical
molecular beam setup together with a representative example for
a measurement curve (Figure 1b). At the beginning of the
measurement (f = —40 s), the beam flag is closed, which blocks
the molecular beam in the differential pumping stage, leading to
a partial pressure p = 0 (after background subtraction). At t =
—30s, the beam flag is opened, which allows the molecular beam
to enter the analysis chamber. Once there, it is blocked by the
inert sample flag, thus leading to a pressure increase Apyy,
caused by the molecules scattered off the sample flag into the
chamber background. At t =05, the sample flag is also opened, so
the molecular beam can hit the sample surface. Adsorption of the
gas molecules on the sample surface results in a pressure drop
Ap, because the molecular beam is no longer scattered back into
the chamber background. The initial sticking coefficient is then
Ap,
Apyy”
molecules on the sample surface increases, which leads to time-
dependent changes in the pressure difference Ap(f) and
consequently to a time-dependent sticking coeflicient

given by S, = With ongoing time, the coverage of the gas

110
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SiE)i= %U). At t = 210 s, the sample flag is closed again, so
MR

the mass spectrometer signal returns to the level it had between ¢
=—30sand f= 0s. Note that the minor intensity increase visible
att=210 sis an experimental artifact caused by alterations of the
cryo-pumping speed of the cooled manipulator, which we
attempt to compensate by including a correction term (for
details, see the Supporting Information). Finally, the beam ﬂag is
closed at t = 240 s and the partial pressure returns to zero.

The green curve in Figure 1c shows $(t) for the adsorption of
1,3-butadiene on clean Pt(111) at 180 K, as derived from the
measurement shown in Figure 1b. When investigating the
adsorption dynamics, it is however more intuitive to analyze the
coverage dependency of the sticking coefficient. The absolute
coverage @, (given in units of molecules cm ™) adsorbed after
a certain time t is given by

4
8abs fj; S(t) dt (4)
where j is the flux of the molecular beam (in molecules cm™
§7'). Since measuring absolute values for j with a high accuracy is
challenging, we refrain from giving values for ©,,,;, but rather will
refer to the uncalibrated relative coverage of the corresponding
olefin, @4, which will be simply obtained by integrating S(t)

8:!5 r
Brepn = jb :_/(: S(t)dt

(s)

The green line in Figure 1d shows the corresponding Sy dicne)
curve for the adsorption of 1,3-butadiene on clean Pt(111) at

https://doi.org/10.1021/acscatal 3c02126
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6,

olcfin

indicate the estimated uncertainty of +0.05.

# 0), and in panels (c) and (d), the dashed lines are only supposed to serve as a guide to the eye. In panels (c) and (d), exemplary error bars

180 K. Initially, (&}, 1.qiene) Stays constant at ~ 0.87 until at
Gyutadiene = 8 it drops and rapidly approaches zero. This behavior
is characteristic for adsorption following precursor dynamics.™
In the precursor model, the incoming molecule is first trapped
into a weakly bound precursor state, from which then final
chemisorption occurs. With this type of dynamics, the
adsorption process remains efficient even if a major fraction of
the adsorption sites are occupied because the molecule is quite
mobile in the precursor state allowing it to find a still empty
site, 55!

The red curves in Figure 1c,d show S(t) and S(Byene) for the
adsorption of 1-butene on clean Pt(111) at 180 K. Also in this
case, §(Byiene) remains constant at & 0.87 until it drops to zero
at O & 11. Consequently, also 1-butene shows precursor-
mediated adsorption. In contrast to 1,3-butadiene, S(6uenc)
starts to decrease at considerably higher coverages. Although we
cannot fully rule out minor differences in the flux j of the 1-
butene and 1,3-butadiene molecular beams, we propose that this
difference is caused by a higher saturation coverage of the 1-
butene monolayer (by a factor of & 1.4) compared to the 1,3-
butadiene monolayer on Pt(111) at 180 K. This interpretation is
corroborated by our XP spectra recorded after the adsorption
experiments (see Figure le). The C 1s intensity of the saturated
I-butene layer is by a factor of & 1.3 higher than the one of the
1,3-butadiene layer.

10870

These findings are in line with literature reports: Koel and co-
%93 determined a coverage of 0.15 molecules per
surface Pt atom for chemisorbed 1,3-butadiene™ and a slightly
larger value of 0.17 for chemisorbed 1-butene® based on
calibrated temperature-programmed desorption (TPD) yields.
A similar trend was found by Mittendorfer et al.>* and Valcarcel
et al,* who predicted the thermodynamically most favorable
adsorption structures depending on temperature and pressure
by using density functional theory (DFT) calculations and a
thermodynamical model: At 180 K, 1,3-butadiene should adsorb
as a frans-1,2,3,4-tetra-6 complex in a p(2 X 3) superstructure,
whereas 1-butene should form a 1,2-di-e complex in the more
compressed p(Z X 2) superstructure, which implies that the
coverage of 1-butene is larger by a factor of 1.5 due to a different
adsorption geometry requiring less space on the surface; the
different adsorbate complexes are schematically indicated in
Figure 1.5 The two DFT studies yield 1,3-butadiene
adsorption energies of 143 and 156 kJ/ mol** and I-butene
adsorption energies of 72°" and 83 l(J/chl,'19 that is, 1,3-
butadiene is bound by & 70 k] /mol stronger on Pt(111) than 1-
butene.

In order to get insight into the effect of the IL film on the
adsorption dynamics of 1,3-butadiene and 1-butene on Pt(111),
we recorded S(f) and §(0,,.4,) for different IL pre-coverages 0y
(see Figure 2), The thin IL films were prepared at 180 K, and 1-
butene and 1,3-butadiene were adsorbed also at 180 K. For 1-

workers

https.//doi.org/10.1021/acscatal 3c02126
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Figure 4. Schematic view of the adsorption process of 1-butene. A 1-butene molecule incoming from the molecular beam is first trapped (1) above the
IL island (blue) into a mobile precursor (2). In the mobile precursor state, the molecule can then diffuse to the final adsorption site (3) between 1-

butene islands (red).

butene, a low IL pre-coverage of ¢ = 0.20 ML does not change
the initial sticking coefficient S, (see green curves in Figure
2a,b). Moreover, S(0,,,c,.) stays at the same constant value of &
0.87 until at &y, & 5 it steeply decreases to zero. The overall
behavior is very similar to that on clean Pt(111), where S(6,;cne)
stayed constant until it started to drop at By, =~ 11 (black
curve in Figure 2b). Increasing @ shifts the decrease of the
S(Bitene) trace to lower 1-butene coverages (see blue curve),
until at &, > 0.40 ML also S, starts to decrease (purple and
magenta curves). For f > 0.55 ML, no significant 1-butene
sticking is detectable anymore (dark yellow and orange curves).

1,3-Butadiene adsorption (see Figure 2c,d) shows similar
overall trends as 1-butene but also some important differences:
At high IL pre-coverages, starting at &, ~ 0.4 ML (blue curve),
the S(Buadiene) curves of 1,3-butadiene show a much more
shallow decrease with olefin coverage, which yield higher
8(8esn) values at a given olefin coverage compared to 1-butene
(compare blue and magenta curves in Figure 2b,d). The effect is
most pronounced for & = 0.6 ML (dark yellow curves), where
no sticking occurs for 1-butene, but an initial sticking coefficient
So & 0.2 is observed for 1,3-butadiene, which only slowly decays
with increasing olefin coverage.

In Figure 3a, the dependence of the 1-butene saturation
coverage O, ene sat 0N the IL pre-coverage &y is shown for the IL
films prepared at 180 K (full squares). The colors of the symbols
directly refer to the S(t) trace in Figure 2a, from which they were
determined. &, epe sar displays a linear decrease, until at 6 =
0.55 ML the linear fit intercepts the IL coverage axis. This
behavior is interpreted as the blocking of 1-butene adsorption
sites by the IL, until at &, = 0.55 ML the Pt(111) surface is
completely covered by ILs. This finding is in line with previous
studies from our group, which showed that (1) 1-butene
adsorption is not expected at 180 K on pure IL surfaces™ and
(2) ~0.5 ML of IL is needed to wet a metal surface ‘:ompletely.‘)’1
For 1,3-butadiene, a similar linear decrease of Oy gienesat is
observed for increasing @, (see Figure 3b, full squares).
However in contrast to 1-butene, the linear fit intercepts the
axis at higher IL coverages of 0 = 0.75 ML. This behavior
clearly reveals that at IL pre-coverages approaching a closed IL

112

layer, significant adsorption of 1,3-butadiene is still possible,
whereas 1-butene adsorption does not take place.

To understand the differences in the behavior observed for
the two molecules, we have to consider again what is known
about their adsorption properties on Pt(111): (1) due to the two
double bonds, the interaction with Pt(111) is significantly
stronger (by ~ 70 kJ/mol) for 1,3-butadiene,*** which
represents a larger driving force for adsorption—see above;
(2) due to this stronger interaction and the resulting adsorption
geometry, the required space per molecule on the surface is
larger for 1,3-butadiene than for 1-butene. On the one hand, this
leads to the observed lower saturation coverage of the former on
the clean surface (see above). On the other hand, at high IL pre-
coverages, close to saturation, the larger driving force for
adsorption of 1,3-butadiene allows for squeezing in additional
molecules in an already densely packed IL layer. This could
explain the more shallow decrease of the S(6,,qiene) curves of
1,3-butadiene at high IL pre-coverages in Figure 2d and the
higher IL pre-coverages required to completely suppress 1,3-
butadiene adsorption compared to 1-butene (Figure 3a versus
b). The adsorption of 1,3-butadiene on/into a nominally closed
IL layer (that is, for 6 > 0.5 ML) requires rearrangements in
the IL film structure, which are obviously less feasible for 1-
butene. This is corroborated by our QM/MM results, see below.
Very likely this occurs at IL domain boundaries or at dynamically
formed vacancies in the IL layer, and could include changes in
the adsorption geometry of the IL ions and/or even a
replacement to the second layer. One should note here that IL
films are comparably dynamic systems. This would also give an
explanation for the still significant sticking observed at ¢ ~ 0.55
ML (dark yellow curve in Figure 2d).

Interestingly, the initial sticking coefficient S; of 1-butene on
IL-covered surfaces is identical to that on the clean Pt(111)
surface and stays constant with increasing IL pre-coverage until
O, = 0.4 ML; only thereafter, S; decreases to reach a value close
to zero at #; = 0.5 ML, as is evident from Figure 3c; the S-
shaped dashed line serves as a guide to the eye. This finding can
be understood in the context of the precursor dynamics
observed for 1-butene adsorption on Pt(111): It indicates that
a mobile precursor does not only exist on 1l-butene-covered

https://doi.org/10.1021/acscatal 3c02126
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Figure S. Snapshot from a molecular dynamics simulation with 1-butene and 1,3-butadiene adsorbed on a Pt(111) slab featuring an IL film with a
coverage of ¢, = 0.87 ML. IL ions in direct contact to Pt are shown in a molecular surface representation, while a ball-and-stick representation is used
for ions located above the wetting layer. Cations and anions are indicated in red and blue, respectively. White indicates H, dark gray indicates C=C,

light gray indicates C—C, and yellow indicates Pt.

areas but also on IL-covered areas. Thus, the weakly bound 1-
butene molecules 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 (see Figure 4).
Similarly as for I-butene, S, of 1,3-butadiene also initially stays
constant with increasing &), (until 8, = 0.3 ML, see Figure 3d)
and only thereafter decreases, which indicates that an equivalent
precursor-mediated mechanism is active for 1,3-butadiene on
top of IL islands.

To achieve atomic-level insights into the interplay of
differently dense IL films and 1,3-butadiene versus 1-butene
adsorption, we performed molecular dynamics simulations.
Figure 5 illustrates one of the starting points, namely, the Pt slab
decorated by three 1,3-butadiene and three 1-butene molecules
and an IL film corresponding to a coverage of ¢ = 0.87 ML. The
snapshot clearly shows a compact layer of IL in direct contact to
Pt atoms, while excess IL is forming a patch on top of the wetting
layer. Upon removal of (a) all 1,3-butadiene or (b) all 1-butene
molecules and subsequent relaxation of the IL film, we sampled
the energy difference AE; .0 Stemming from IL film
rearrangements. This is taken as the negative of the energy cost
of IL film penetration upon adsorption of olefin molecules on
Pt(111)—see also eq 2.

As expected for low IL coverages, only very minor energy
changes were observed for the relaxation of 0.22—0.54 ML films.
At higher IL coverage, this picture changes as the energy cost of
IL film penetration rises and finally exceeds the energy of the
olefin—Pt interactions (see Figure 6 and also Table S5 in the
Supporting Information). Strikingly, such tipping points are
found at different IL coverages of #); ~ 0.64 ML and #,, ~ 0.79
ML for 1-butene and 1,3-butadiene adsorption, respectively. In
other terms, near ¢; ~ 0.6 ML, our molecular dynamics
simulations show that the mechanical work related to IL film
densification accounts for a squeeze-out of 1-butene while still
permitting 1,3-butadiene adsorption.

Since in real SCILL applications, reactions between the
catalytically active metal and the IL often cannot be ruled out, we
also performed an additional set of experiments, for which we
prepared thin IL films at 250 K and measured §; and the
saturation coverage @y, sar for 1-butene and 1,3-butadiene at
180 K. These measurements were motivated by a very recent
XPS and scanning tunneling microscopy (STM) investigation of
the limited thermal stability of [C,C,Im][Tf,N] on Pt(111) by
our gmup.‘c'7 This study shows that below 200 K, the IL is
adsorbed intact on the surface. However, between 200 and 400
K, a reaction of the IL ions in contact with Pt(111) occurs.
Thereby, the [Tf;N]~ anion partially decomposes and desorbs
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Figure 6. Relaxation energies (i.e., the negative of the film penetration
energy) of the IL films upon release of 1,3-butadiene (top panel, green)
and 1-butene (bottom panel, red) as functions of IL. coverage. The
adsorption energies stemming from the olefin—Pt{111) interactions are
indicated by green and red dashed lines giving the zero point for the
effective adsorption energy indicated on the right axis. Two
independent runs were performed for each system, and the difference
of the corresponding IL film relaxation energies are used as indicators
for the error margins to our sampling procedure. The effective olefin
adsorption energy is dominated by the olefin—Pt interactions at low IL
coverage, whereas the film rearrangement is decisive at high IL
coverage. The green and red solid curves are drawn as a guide to the eye.
The blue arrows highlight the tipping points for which the mechanical
work of IL film penetration exceeds the olefin—Pt interaction energies.
Within the regime of = 0.64—0.79 ML, we find 1-butene adsorption
endothermic, whereas 1,3-butadiene adsorption is still exothermic.

(with the degree of desorption depending on temperature), as is
deduced from the decrease of anion XPS signals. In contrast, no
major changes of cation-related signals occur in this temperature
range. As charge neutrality has to be maintained, we assume that

https.//doi.org/10.1021/acscatal 3c02126
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Figure 7. (a) Time-dependent sticking coefficient S(f) of 1,3-butadiene on a hydrogen-saturated Pt(111) surface plotted together with the m/z = 2
signal corresponding to the amount of desorbing H,. (b) 1,3-Butadiene saturation coverage 0, gienesar (determined from the area below the S(t)
curve) versus the IL pre-coverage & for a hydrogen-saturated Pt(111) surface (open blue squares) in comparison with the experiments on the
hydrogen-free surface already shown in Figures 2 and 3 (filled black squares). The dashed lines are linear fits to the data. (c) Initial sticking coefficient
8, of 1,3-butadiene plotted versus the IL pre-coverage @, for the hydrogen-saturated surface (open blue circles) and the hydrogen-free surface (filled
black circles). The dashed lines should serve as a guide to the eye, and the exemplary error bars illustrate the estimated uncertainty of +0.05. (d)
Amount of hydrogen replaced from the hydrogen-saturated surface during the 1,3-butadiene adsorption.

the cation also reacts with the Pt(111) surface forming charge
neutral decomposition products that remain at the surface.

The saturation coverage of 1-butene adsorption on IL films
prepared at 250 K shows a linear decrease with increasing 0y
(red open squares in Figure 3a); however, the intercept of the fit
with the IL coverage axis now is observed at a smaller IL pre-
coverage of #;, = 0.45 ML (instead of 0.55 ML found for the IL
layer prepared at 180 K). For IL wetting layers at 250 K, XPS
shows that the thermal decomposition reaction with the Pt(111)
surface has started, as concluded from a decrease of the anion
signals by 20% (as compared to 200 K), with the cation signals
remaining unchanged.”” Thus, a possible explanation for the
observed lower saturation coverage is that the remaining
decomposition products of the ongoing reaction require more
space on the surface than the intact IL layer so that less material
is needed to block all adsorption sites. A similar behavior is
observed for 1,3-butadiene (green open squares in Figure 3b),
for which 6 .gicoesar decreases linearly until reaching the
intercept with the IL coverage axis at f; = 0.55 ML (instead of
0.75 ML found for the IL layer prepared at 180 K). A shift is also
seen for the dependence of the initial sticking coefficients on IL
pre-coverage in Figure 3c,d: For the IL films prepared at 250 K,
Sy decreases at lower IL pre-coverages than for the IL films
prepared at 180 K but still follows the same overall trend. These
observations indicate that the changes in the surface
composition do not affect the precursor dynamics in a major
way.

10873
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To mimic the reaction conditions of the hydrogenation
reaction of 1,3-butadiene to 1-butene, we also studied the
adsorption dynamics of 1,3-butadiene on a Pt(111) surface
saturated with hydrogen, which adsorbs dissociatively on
Pt(111).** In Figure 7a, the sticking coefficient S(t) is plotted
versus time along with the hydrogen evolution from the sample
surface. Initially, the sticking coefficient of 1,3-butadiene stays
constant at =~ 0.87, very similar to the observation on clean
Pt(111). After about 4 s, S(¢t) starts to strongly decrease to reach
a value of 2 0.10 after 10 s (green curve). Notably, on the clean
Pt(111) surface, the decrease of S(t) only started after 10 s (see
Figure 2c, black curve). This behavior indicates that the
hydrogen pre-coverage lowers the adsorption capacity of the
Pt(111) surface. Most interestingly, simultaneously to the sharp
decrease of the sticking coefficient, a sharp onset of hydrogen
evolution into the gas phase is observed (Figure 7a, blue curve).
This result suggests that initially a low 1,3-butadiene coverage
can be coadsorbed with the saturated hydrogen layer. If this
coverage exceeds a certain value, I,3-butadiene replaces
hydrogen from the surface. From the fact that the replacement
does not start right away, we conclude that initially the
adsorption of 1,3-butadiene only leads to a denser packing of
the hydrogen atoms on the surface until the situation gets too
crowded and the hydrogen atoms recombine to desorb as H,
from the surface. Our measurement also indicates that the
hydrogen is not replaced completely, because the final 1,3-
butadiene coverage is only about 63% of the one on clean

https://doi.org/10.1021/acscatal 3c02126
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Pt(111) (see Figure 7b). This might be due to the fact that the
replacement effect becomes exceedingly slow at higher cover-
ages.

In a next step, we addressed the adsorption dynamics of 1,3-
butadiene on the [C,C,Im][Tf;N]/Pt(111) system with
coadsorbed hydrogen. On clean Pt(111), H, showed an initial
sticking coeflicient between 0.02 and 0.08. Surprisingly, no H,
sticking (S, < 0.01) was measurable on the [C,C,Im][TE;N]/
Pt(111) surface, even for the smallest tested IL coverage of 0.19
ML. On Pt surfaces, the initial sticking coefficient of H, was
found to scale with the step density, reaching a very low value of
~0.025 for the Pt(111) surface.*” A possible explanation for the
absence of a measurable sticking coefficient on the IL-modified
Pt(111) surface is that the remaining steps and defect sites on
the Pt(111) surface are all decorated by IL ion pairs and thereby
passivated, even for low ;.

To study the adsorption dynamics of 1,3-butadiene on the
Pt(111) surface with coadsorbed IL and hydrogen, we thus
reversed the deposition sequence: The Pt(111) surface is first
saturated with hydrogen, then the IL is evaporated onto this H/
Pt(111) surface at 180 K, and in a third step 1,3-butadiene is
offered via the molecular beam. The coadsorbed hydrogen does
not have a significant effect on §; of 1,3-butadiene, as is evident
from Figure 7c, where the initial sticking coefficient is plotted
versus 1L pre-coverage for clean and H-pre-covered Pt(111).
While the behavior of S, follows a very similar trend as on the
hydrogen-free surface, the 1,3-butadiene saturation coverage
Bpuadiene,sar s decreased by about 37% by the preadsorbed
hydrogen, as is evident from Figure 7b. Interestingly, it still
shows an approximately linear decrease, and 0.75 ML of IL are
required to block all adsorption sites, similar to the behavior on
the hydrogen-free surface. By integration of the m/z = 2 signal,
we can also determine the amount of hydrogen replaced by
incoming 1,3-butadiene (see Figure 7d), which is found to
decrease with increasing 6.

B CONCLUSIONS

The adsorption of 1,3-butadiene and 1-butene on Pt(111) at
180 K occurs in a precursor-mediated fashion with an initial
sticking coefficient S, & 0.87. With increasing coverage, S(0,1.4,)
of both molecules remains unchanged until it drops rapidly to
zero shortly before the saturation is reached. The larger
saturation coverage of 1-butene compared to 1,3-butadiene is
attributed to the weaker interaction of 1-butene via one double
bond compared to 1,3-butadiene via two double bonds with the
Pt(111) surface (difference in E,4 & 70 kJ/mol)**** and the
resulting more spacevdemanding adsorption geometry of the
latter, in line with the literature.””*>~**

Preadsorbing the IL [C,C,Im][Tf;N] on the Pt(111) surface
to mimic a SCILL catalyst changes the adsorption character-
istics: The olefin saturation coverage 6,5, s41 decreases linearly
with increasing 6, which indicates that the IL blocks the olefin
adsorption sites. The precursor dynamics are still prevailing on
the IL-modified Pt(111) surface, that is, S, stays at & 0.87 and
only starts to drop when the Pt(111) surface is almost fully
covered by IL.

For IL films prepared at 180 K, #; > 0.55 ML is required to
prevent l-butene adsorption, but @; > 0.75 ML is needed to
prevent 1,3-butadiene adsorption. This behavior is attributed to
the larger adsorption energy of 1,3-butadiene compared to 1-
butene, which presents a larger driving force for adsorption of
1,3-butadiene, enabling to squeeze in additional 1,3-butadiene
molecules in an already densely packed IL layer and/or reorient
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or replace them to the second layer. For IL films prepared at 250
K, partial decomposition occurs, with partial desorption of the
anion fragments, while the cation fragments remain on the
surface.”” The resulting layers seem to block a larger fraction of
the surface, as is concluded from smaller amounts of deposited
ILs needed to block the surface for hydrocarbon adsorption.

1,3-Butadiene adsorption on H-pre-covered Pt(111) reveals
partial replacement of hydrogen from the surface and results in a
lower saturation coverage while still following precursor
dynamics. Notably, the same IL pre-coverage as on the
hydrogen-free surface is needed to block all adsorption sites.
The pronounced precursor dynamics, which are in play on the
IL-modified metal surface, provide a possible explanation how
the reactants can reach the catalytically active sites, challenging
the often assumed dissolution and diffusion of reactants inside of
IL films.

One compelling observation is the preference for 1,3-
butadiene adsorption at around 0.5—0.7 ML IL pre-coverage,
where the IL layer is assumed to fully cover the surface. This
behavior is deduced from the lower saturation coverage of 1-
butene compared to 1,3-butadiene. It is explained by our QM/
MM results, which show that in the higher IL coverage regime of
0.6—-0.8 ML (around IL film saturation coverage), the
mechanical work related to IL film densification still permits
1,3-butadiene adsorption while accounting for a squeeze-out of
1-butene. We believe that our model study on a single-crystal
surface can be seen in the context of the test catalytic studies of
selective 1,3-butadiene hydrogenation by the Jess group,”
which showed that there is an ideal IL loading, which was
interpreted to correspond to a closed layer of IL ion pairs. While
our study focused on the Pt(111) surface, we expect that a
similar effect may also be found on other transition-metal
surfaces such as Pd(111), for which DFT calculations showed
similar Ereference for 1,3-butadiene binding over 1-butene

P T
binding. """
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Correction for non-constant pumping speed

The method of King and Wells is based on the assumption that the partial pressure in the chamber
background is proportional to the flux of molecules scattered from the sample flag or the sample
itself. This assumption requires a constant pumping speed for the molecule of interest, which is
not exactly fulfilled due to the tendency of 1,3-butadiene and 1-butene to adsorb on the chamber
walls and especially on cooled parts of the cryostat. For that reason, we adapted a correction

procedure originally proposed by Stefan Kneitz,' which is described in the following.

The inside of the chamber 1s modelled by a set of surfaces s, on which adsorption and from which
desorption of the olefins can occur. Each of the surfaces s is associated with a specific desorption
probability Aps, maximum adsorption probability 4a s mex and a saturation coverage Bsmax. In a time
interval i (= one datapoint of the mass spectrometer signal), Hs; represents the coverage of
molecules on the surface 5. So the amount of molecules D;; desorbing from the surface s in the

time interval i is given by:

Dg; = H.ei";ln,s

s ’
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variables, suitable parameters have to be found for each individual measurement, depending on
the type of gas used and the chamber history. The main criteria are that the corrected signal should
have the same constant value when the beam flag is closed (t < -30 s and t = 240 s) and another
constant value during the time the sample flag is closed (t =-30t00s5,t=120t0 150 sand t = 210

to 240 s). Figure S1 shows the original measured data in comparison with the corrected data.

25
20 -'
m 4
g ]
N 15 = -.
2
e 1or :
O |
H -
£
5F -
h: — corrected data ]
0 _____l____________IT_'F'_’_'Q_'_"_'?'_‘F_'?'*?'___I____________lh,_..,_;
-60 0 60 12 180 240 300
Timet/s

Figure S1: Comparison of the original (blue) and the corrected (red) data. The green (orange) dashed line
indicates the criteria of a commeon constant signal during all times the sample flag (the beam flag) is closed,
to which the parameter set was empirically optimized. The presented example shows the adsorption of
1-butene on clean Pt{111}) at 180 K.

Empirically, we found that opening and closing of the sample flag also leads to alterations in the
cryo pumping speed of the manipulator. These instantaneous change in the pumping speed causes
an experimental artifact, which corresponds to an apparent sticking coefficient of approximately
0.05. Therefore, we correct the apparent sticking coefficients determined from the ratio of Ap(z)

and Apwms, using the same procedure as in previous publications:?

S - S(t)apparent — 0.05 " Ap(t) — 0.05 Apyp
oo 0.95 T 0.95Apyg
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Molecular Dynamics Simulations

[Tf2N]" model

The underlying Lennard-Jones parameters and partial charges are given in Table S1.

122

Table S1: Interaction parameters and partial charges of [Tf2N]":

Atom Number

Moo =1 o Lh B W 2

PG Ut R T (e
th o W R — D

Element
N

e L T T - T R - TR s e R o O S i TR o SO R .5

Partial Charge / e
-0.75894
+1.14184
+1.14184
+0.35524
+0.35524
-0.58754
-0.58754
-0.58754
-0.58754
-0.14751
-0.14751
-0.14751
-0.14751
-0.14751
-0.14751

¢ / keal/mol
0.094
0.282
0.282
0.108
0.108
0.146
0.146
0.146
0.146
0.083
0.083
0.083
0.083
0.083
0.083

o/A

3.384
3.532
3.532
3.398
3.398
3.048
3.048
3.048
3.048
3.034
3.034
3.034
3.034
3.034
3.034
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The underlying Lennard-Jones parameters and partial charges are given in Table S2.

Table 82: Interaction parameters and partial charges of [CiCIm]":

Atom Number
|

MEOOD =~ O b s e

[ T ¥ T - 7% R =]

Element
N

i O o [ o R s

—
—

I &8 - @D & & 0 & &I

Partial Charge / ¢
+0.173
+0.173
-0.066
-0.207
-0.207
-0.347
0.175
0.175
0.175
-0.347
0.250
0.263
0.263
0.175
0.175
0.175

£/ keal/mol
0.204
0.204
0.099
0.099
0.099
0.108
0.021
0.021
0.021
0.108
0.016
0.016
0.016
0.021
0.021
0.021

o/ A
3.206
3.200
3.315
3.315
3.315
3.398
2422
2.422
2.422
3.398
2.447
2.536
2.536
2422
2422
2.422
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8.5 Technical Drawings and Tables of the ILID Chamber

it

I T

Figure 8.1: Drawing of the complete apparatus, view from two sides. Drawing by Bernd KreR.
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8.5.1 Preparation Chamber

Figure 8.2: 3D drawing of the preparation chamber. Drawing by Bernd KreR.

front view

:

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 KreR.
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Figure 8.4: Sectional view of the preparation chamber. Dimensions are given in millimeters.
Drawing by Bernd KreR.

back view

128

602

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 KreR.
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top view

Z

665

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 KreR.

Frame of the preparation chamber

340
660

820
L0

340

572 ]
162

Figure 8.7: Drawing of the preparation chamber frame. Dimensions are given in millimeters.
Drawing by Bernd KreR.
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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 a./ ° | angle B/ ° use
connection
1 [ DN100 CF-R 0 0 analysis
chamber
2| DN4OCF-S | 140 to axis X+100 90 45 lonization
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 | DN160CF-S | 203 to axis X+200 0 90 t“rbog‘r’r:gcu'ar
8 | DN40 CF-R 140 to axis X+250 0 90 gas dosing
9 | DN4OCF-R | 190 to sample X+430 140 a0 | (future) metal
evaporator
i i (future) metal
10| DN40 CF-R 190 to sample X+430 140 40 evaporator
11| DN4OCF-R | 190 to sample X+430 143 30 (future) IL
evaporator
12| DN100 CF-S | 170 to sample X+430 0 -90 on 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| DNA40 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
(future)
20| DN40 CF-R 190 to sample X+430 -53 -30 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| DN40CF-R | 180 to sample X+430 55 0 (future)
microbalance
(future)
25| DN40 CF-R 190 to sample X+430 53 -30 organic
evaporator
26| DN100 CF-R | 80 to chamber X+695 connection
manipulator

131




8.5 TECHNICAL DRAWINGS

8.5.2 Analysis Chamber

Figure 8.8: 3D drawings of the analysis chamber. Drawings by Bernd KreR.

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 KreR.
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335

Figure 8.10: Sectional view of the analysis chamber. Dimensions are given in millimeters. Drawing
by Bernd KreR.

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 KreR.
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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 KreR.

Frame of the analysis chamber

1200
130

1200

P B

Figure 8.13: Drawing of the analysis chamber frame. Dimensions are given in millimeters.
Drawing by Bernd KreR.
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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 a/° | angle B/ ° use
differentially
pumped rotary
1 | DN250 CF-S 0 0 feedthrough
mass
spectrometer
2 | DN160CF-S | 220 to axis X+130 90 90 t“rbog‘afr'lzcu'ar
3 | DN100CF-S | 230 to axis X+200 90 35 lon 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 | DN4OCF-R | 170 to sample X+110 0 90 m‘g:;;'ar
7 | DN4OCF-R | 170 to sample X+110 90 45 window with
camera
8 | DN63 CF-R 170 to sample X+110 -90 5 window
9 | DN4OCF-R | 203 to sample X+110 62 26 (f“t“g?nﬂ“d
10| DN40 CF-R 230 to sample X+110 -50 0 X-ray bypass
11| DN4OCF-R | 223 tosample X+110 35 38 (future)
evaporator
12| DN40 CF-R 203 to sample X+110 -10.72 57 X-Ray gun
13| DN40CF-R | 223 tosample X+110 35 38 (future)
evaporator
14| DN40CF-S | 160 tosample X+210 90 15 lonization
gauge
15| DN40CF-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;_lléo 90 0 beam monitor
angle ¢/ °
18| DN16 CF-R 17 from corpus o);gggo -10 sample flag
19| DN16 CF-S 17 from corpus o);gsgo +45 reserve
20| DN16 CF-S 17 from corpus oﬁg%o +90 gas dosing
i i (future) shutter
23| DNA40 CF-S 170 from corpus X+70 90 35 for QMS
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8.5.3 Molecular Beam Chamber

: stage 2

y - stage 3

-

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 Kref3.

14l (14

13/

i

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 KreR.
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iHY i

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 KreR.

i)

3T

5]

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 KreR.
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454
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526

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 KreR.
Frame of the molecular chamber
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Figure 8.19: Drawing of the molecular beam chamber frame. Dimensions are given in millimeters.
Drawing by Bernd KreR.
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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 ¢ / ° use
1 [ DN40 CF-R 170 to axis X+427 270 ionization gauge
2 | DN40CF-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 | DNA40 CF-S 170 to axis X+231 220 reserve
9 | DN40 CF-S 170 to axis X+199 155 caldcatode
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
connection to the
. . analysis chamber
15| DN40 CF-S on axis X+526 on axis with CE40
bellow
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8.5.4 Sample Holder
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Figure 8.20: Sample holder design. Dimensions are given in millimeters. Drawings by Bernd KreR.
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Figure 8.21: Drawings of the single crystals. Dimensions are given in millimeters. Drawings by

Bernd KreR.
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a) ground plate
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c) thermocouple contacts i
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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
Krel.
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