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1. Introduction

1. Introduction

X-ray photoelectron spectroscopy (XPS) is one of the most versatile methods in surface
science. It enables extracting quantitative information about the chemical composition of a
sample and about the chemical bonding of an element within the outermost few nanometres
close to the sample surface. XPS has to be carried out in ultra-high vacuum (UHV). This
requirement restricts XPS investigations to low vapour pressure materials such as solids or
untypical liquids, e.g. liquid metals or salt melts at high temperatures. All other classical liquids
such as water and organic solvents simply evaporate when introduced into the UHV chamber.

Nevertheless, already in the early years of XPS, Kai Siegbahn, who is generally credited with
the invention of XPS, investigated liquids by different approaches such as a precooled liquid
beam that darts through a differentially pumped chamber section or a liquid coated wire
continuously moving in front of the entrance lens of the spectrometer.'2? Especially the liquid
beam method was developed further and is nowadays a well-established technique that gave
rise to several insights into the surfaces of liquids.® But only with the increasing scientific
popularity of ionic liquids (ILs) in the 1990s low vapour pressure liquids became available that
enabled the investigation of real room temperature liquids as static samples.*®

ILs are a class of liquids that have been the aim of intensive research within the last few
decades. Their physical properties such as surface tension or density are comparable to that
of other typical room temperature liquids.® Surface investigations of ILs can thus shed light on
surface properties of liquids in general. Apart from that, ILs are of special interest in many
areas such as gas capture, catalysis or nanoparticle formation’8, where the IL/vacuum
interface and an understanding of interfacial processes is of fundamental importance. Among
some other researchers, the group of Florian Maier and Hans-Peter Steinrlick at Universitat
Erlangen-Nlrnberg, Germany, started XPS at room temperature IL samples.*>®'0 These
studies are only possible due to the extremely low vapour pressure of ILs that makes them
stable even under UHV. Exactly ten years ago, first test experiments proved to be successful
and in the following years, a huge amount of knowledge was achieved on IL surfaces. In our
group, angle-resolved measurements were carried out that enabled the determination of ion
orientations in pure ILs, and of the vertical distribution of species in mixtures, solutions or
dispersions based on ILs. A large amount of investigations were carried out on non-
functionalised ILs, starting with imidazolium ILs containing alkyl chains of varying length
combined with anions such as [TfoN] and halides.!"-'? Simple side chain functionalisation e.g.
by halogens and ethers was also part of these early studies’ and in 2010/11, first tests to
follow a reaction within an IL mixture by XPS proved to be successful.'*!®



1. Introduction

In this work, the horizon of these first fundamental insights obtained by angle-resolved XPS
(ARXPS) on ILs has been considerably widened and investigations have been taken a huge
step forward. This cumulative thesis is based on five publications listed on page 6. In the first
part of this thesis, the main achievements are summarised. The papers and the respective
supplementary information (SI) are reproduced in the Appendix.

The possibility of functionalising ILs by organic chemistry synthesis methods is the basis of
their huge potential.”'® Nearly unlimited IL structures can be synthesised by combining simple
ionic headgroups with moieties of different complexity. For processes such as homogeneously
catalysed reactions using an IL-stabilised catalyst in a SILP system (SILP = Supported lonic
Liquid Phase), interaction with the gas/liquid interface and diffusion within the IL is of decisive
importance'’ for e.g. catalyst turn over frequency and selectivity, but also for understanding
the reaction kinetics. Functionalisation influences surface composition of IL moieties and
consequently also their performance in processes that rely on interaction with the surface of
the IL. Studies on a few basic compounds containing simple functional groups have already
been carried out in the early years of IL research with XPS.'® In Chapter 4 of this thesis, this
topic is extended to a huge database of differently functionalised IL structures that allow
inferring a set of ubiquitously valid rules for ion orientation at IL surfaces (see [P4]). Also,
unpublished data on ferrocenyl-functionalised ILs are shown.

Functionalisation introduces reactivity into ILs and hence the possibility to carry out reactions
under XPS monitoring. First trials were carried out in situ in 2011 on a reaction between two
functionalised ILs. It was proven that XPS is not only suitable to track the reaction progress,
but also to display concurrent changes in surface composition.'*' This topic is pursued in
Chapter 5 including the results of [P2] and [P3]. After showing unpublished data that highlights
the challenge of XPS reaction monitoring, two gas-liquid reactions taking place at the gas-IL
interface are detailed there. CO. absorption of an amine-functionalised IL was investigated
in situ by near ambient pressure XPS in [P3], enabling fundamental conceptual findings on the
underlying reaction mechanism as well as important conclusions for CO> removal in general.
[P2] investigates the reaction of an IL with a gaseous acid, which sheds light on reaction rate
and product diffusion.

Chapter 6 and [P5] deal with one remaining challenge of ARXPS on ILs: angle-resolved
measurements typically involve rotating the sample along its polar axis. However, this is
impossible for low-viscous macroscopic liquid samples that trickle down from the tilted sample
holder. Therefore, a new chamber concept was planned and realised within our group that will
be the source of a wealth of future knowledge in IL surface science: the DASSA (Dual Analyser
System for Surface Analysis) contains two electron analysers fixedly mounted at 0° and

80° emission angles towards a horizontal sample and thus allows simultaneous angle-resolved
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1. Introduction

measurements without the need of sample rotation. DASSA further extends the surface
sensitive investigation possibilities from ARXPS to angle-resolved UPS (ARUPS), low energy
ion scattering (LEIS) and Imaging XPS (iXPS) as it contains multiple excitation and detection
options. Also, being equipped with a monochromatic X-ray source the resolution is much
improved compared to our earlier results. DASSA is unique worldwide and has the potential to
revolutionise surface sensitive investigations of liquids in the same way as the first idea of
placing an IL into an XPS chamber did ten years earlier.

Chapter 7 expands on the topic of XPS chemical shifts that allow for differentiation of the
constituent atoms of an IL by their chemical environment. The influence of binding position on
electron density for ILs functionalised with a thioether group is discussed in [P1], and
unpublished DASSA results with improved resolution deal with more subtle electronic
differences, e.g. in different cationic nitrogen species.

11



2. Fundamentals and Techniques

2. Fundamentals and Techniques

2.1. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is an extensively used technique that is based on the
photoelectric effect first observed by Heinrich Hertz and Wilhelm Hallwachs roughly 130 years
ago.'®'® The 1960s are commonly denoted the birth decade of XPS because vacuum
equipment was sufficiently developed to create ultra-high vacuum (UHV) conditions. UHV is
required due to the highly restricted inelastic mean free path of electrons in gaseous media,
the requirement of an atomically clean surface with a slow rate of re-coverage by species from
the remaining gas and for technical reasons. Also, the commencing availability of computers
for analyser control and detector readout and further technical improvements played a role.
Kai Siegbahn pioneered modern XPS by developing the technique hugely forward close to its
nowadays potential.?°

In photoelectron spectroscopy, irradiation of a sample with photons (X-rays in the case of XPS)
of a fixed energy results in photoelectron emission from the sample, with the kinetic energy of
the electron Eiins relative to the vacuum level of the sample given by

Ekin,s = hv — BE — O (1)

where Avis the photon energy, BE is the electron binding energy relative to the Fermi energy
and ¢; is the work function of the sample (see Figure 1). In XPS experiments of solids and
liquids, the sample has to be in electrical contact with the electron analyser so that the Fermi
levels of sample and analyser equalise. The detected kinetic energy Ein. relative to the
analyser then becomes:

Ekin,a = hv —BE — bq (2)

with ¢. the work function of the analyser. ¢. is a constant value that is commonly determined
by calibrating the instrument with a reference peak of well known BE.

Discrete loss processes take place within the sample as a result of photoemission. These final
state effects are observable as characteristic features in the photoelectron spectrum. Most
importantly, these are Auger lines and shake-up satellites. Furthermore, initial state effects
such as spin-orbit splitting determine the fine structure of the spectra. For a detailed description
of these features, References 21-23 are recommended. Most electrons leaving the sample
have undergone quasi-continuous loss processes on their way to the sample surface and thus,
these electrons only contribute to the broad spectral background. This small mean free path

12



2.1. X-ray photoelectron spectroscopy

of the excited photoelectrons in the nanometre or even sub-nanometre regime (depending on
their kinetic energy and on the density of the material) makes XPS one of the most powerful
tools in Surface Science (see also next section).

Figure 1: Energy levels involved in the photoelectron emission process in XPS (Av = photon energy, BE =
photoelectron binding energy relative to the Fermi level £, E.c = vacuum level, Eiins = kinetic energy relative to the
sample, Fina = detected kinetic energy relative to the analyser, ¢s = work function sample, ¢. work function

analyser).

The huge popularity of the method XPS is due to the fact that both chemical and quantitative
information can be obtained from the spectra. The exact photoelectron BE depends on the
chemical environment of the emitting atom (element) and can vary up to several eV in different
binding situations. Furthermore, quantification of the elements present within one sample is
possible after correcting the measured peaks by atomic sensitivity factors (ASFs). They mainly
account for the fact that electrons of different core levels have different cross sections,
i.e. different probabilities to be excited to above the vacuum level upon photoexcitation.

The basic components needed to carry out XPS are a UHV chamber, an X-ray source and an
electron analyser. But commonly, XPS chambers contain further equipment enabling multiple
options for sample treatment and analysis. The three XPS setups used for the work in this

thesis are described in detail in Chapter 3.
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2.2. Angle-resolved XPS

2.2. Angle-resolved XPS

XPS is inherently a surface sensitive technique due to the low inelastic mean free path (1) of
electrons in matter. A is defined as the length over which the photoelectron signal decreases
from lo to (lo / €). A depends on Ei, of the electron, a relationship which roughly follows the well
known ‘universal curve’.?* Using the NIST Electron Inelastic-Mean-Free-Path Database®, for
photoelectrons with E, in the range of interest for Al Ka excitation (hv = 1486.6 eV, Exi, = 800-
1300 eV), A is determined to be 2.3-3.0 nm in organic matter. Signal attenuation increases with
increasing escape depth of the photoelectrons, and the XPS information depth (ID) is defined
as the depth from which ~95 % of the recorded signal originates. The value of 95 % is derived
by a signal attenuation to (lo / €%), so that ID is given by 3 = A. For ILs, ID is thus 7-9 nm.

As ID is quoted as a depth perpendicular to the surface, this value only holds true for
photoelectrons collected at normal emission (3 = 0°, with 9 the emission angle relative to the
surface normal). The geometrical relationship for emission under angles 9 # 0° is given by

ID =3 x A * cos¥ (3)%
so that ID decreases with increasing emission angle.

This dependence is employed for angle-resolved XPS (ARXPS), where spectra recorded
under normal emission are compared to spectra taken at high emission angles (9 = 80° for the
spectra shown in this thesis). The ID thus decreases to 1.0-1.5 nm, enabling effects of surface
enrichment or depletion of species to be determined from changes in signal intensity when
comparing 0° to 80° data. One should note at this point that at large emission angles, elastic
scattering effects might play a role®, but they are not considered in this thesis.

2.3. ARXPSonlLs

As noted above, XPS has to be carried out under UHV, which automatically restricts its use to
solids, unusual liquids such as salt melts at very high temperatures and gases at extremely
low partial pressures. Common liquids are excluded due to their high vapour pressure,
resulting in direct evaporation, the moment a liquid sample is pumped down for introduction
into the UHV chamber. Although Kai Siegbahn already in the early days of XPS sought ways
to extend XPS also to liquid samples and came up with ingenious ideas such as the liquid
microjet technique'?, XPS investigations on static liquid samples of bulk amounts were not
possible until in the 1990s, lonic Liquids (ILs) came into scientific focus. In the following years,

14



2.3. ARXPS on ILs

ILs became a class of extensively studied materials due to their special properties such as
electrical conductivity or high thermal stability. Apart from that, they feature a very low vapour
pressure (10° mbar at room temperature?’), making them stable under UHV and thus
investigable by XPS. Ten years ago, several investigators carried out first successful trials of
IL studies with XPS%91028 among them also our group led by H.-P. Steinriick at the Universitat

Erlangen-Nlrnberg, Germany.*2°

Table 1: Top: general IL structure, comprising a cation with a cationic headgroup (light grey, C*) and an anion with
the anionic headgroup (dark grey, A°). Either or both ions can contain one or several side chains (R). The left and

middle column show typical cationic and anionic headgroups, the right column shows a few possible side chains.

ILs basically are salt melts, i.e. are composed of anions and cations only. They are liquid below
100 °C and in many cases even at and below room temperature (RT), due to their spatially
extended and often unsymmetrical ion structure. They are sufficiently similar to standard
liquids to make XPS results on IL surface structures universally important. Apart from that, IL
surface studies are especially important due to the applicability of ILs in areas such as
catalysis, electrochemistry or phase extraction'®, where the interactions with surrounding

media play a fundamental role in the underlying processes.
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2.3. ARXPS on ILs

The general IL structure is given at the top of Table 1. As noted, ILs consist of cations and
anions only and each of these structures can be subdivided into a charge carrying headgroup
and one or several side chains. Monoatomic ions without side chains also exist. Typical
cationic headgroups comprise (left column) imidazolium, ammonium, pyrrolidinium and
phosphonium. Anions can be (middle) halogenides such as bromide or chloride, or extended
structures such as the [BFs] complex or the very common [Tf2N] anion. Anions with different
side chains also exist, such as sulfonates and sulphates shown at the bottom. Side chains on
both anions and cations (R, right column) can be simple alkyl chains of different lengths (top).
Apart from that, functionalised side chains can contain different organic moieties such as
halogenated, branched or unsaturated alkyls or many other functional groups such as ethers,
ethoxysilanes, amines or phenyl, to just name a few. XPS investigations on such functionalised
ILs in general and in reaction applications is the main subject of this thesis. Before embarking
on these results, a brief review of results obtained on the IL/vacuum interface of basic, non-
functionalised ILs by ARXPS is given.

Figure 2: C 1s and N 1s spectra of [CsC1Im][Tf2N] at 0° (black) and 80° (grey) emission, indicating strong surface
enrichment of the alkyl group of the cation. The spectra were recorded with the DASSA setup (see Chapter 3).

In Figure 2, the C 1s and N 1s spectra of 3-octly-1-methyl imidazolium ([CsC1Im][Tf2N]), a
primary IL commonly used as a reference substance by our group, are depicted. Its structure
is given at the top together with numeration of the atoms of imidazolium for later reference.

16



2.3. ARXPS on ILs

The black spectra were recorded at 0° emission, and the grey spectra at 80° emission. The
latter are scaled by a geometry factor (GF) of 1.9 to account for overall intensity loss at grazing
emission conditions (details on GF can be found in [P5]). The three peaks visible in the C 1s
region are attributed to both anionic C atoms, the five C atoms bound to N in the imidazolium
moiety of the cation (Cretero) and the seven C atoms bound to C and H only in the alkyl moiety
of the cation, in order of decreasing BE. The N 1s region shows two signals in a 2 : 1 ratio,
with the more intense one attributable to both imidazolium N atoms, and the less intense one
to the single anionic N atom. In the 80° spectra, Caky clearly increases in intensity, while Canion
and Nanion remain virtually constant and Chetero and Nimigazolium decrease slightly. For Chetero, this
decrease is not very pronounced as it is compensated by the increase of the overlapping Cayi
signal. For the IL/vacuum interface, one can thus conclude that the cation is orientated such
that the nonpolar alkyl chain is strongly enriched in the topmost layers, whereas the
imidazolium rings lie beneath this alkyl layer.'2

This predominant orientation of nonpolar side chains is a general finding for ILs, as long as the
chain is of sufficient length (n = 4), irrespective whether it is part of the cation or anion.!" For a
series of [CsC+Im]* ILs with different anions, it was also found that cation alkyl enrichment is
strongest for ILs with small, well coordinating anions, and decreases with increasing anion
volume.'? These effects likely result from the interplay of several factors. Attractive electrostatic
interactions between the charge carrying moieties facilitate arrangement into polar and non-
polar domains. Orientation of the non-polar domain towards the gas phase is thereby
favourable as it lowers the surface free energy of the system. For alkyl chains of identical
length, the degree of surface orientation is determined by the distance between cation
headgroup and anion: orientation is enhanced due to space restrictions when headgroups are
in close proximity for ILs with small, well coordinating anions, and is less pronounced when the
anion is larger with lower coordination behaviour. In addition, dispersive interactions between
alkyl chains that depend on chain length and intermolecular distances influence the degree of

orientation.
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3. Experimental Details

3. Experimental Details

For the investigations summarised in this work, three different XPS setups were used. The
XPS chambers are termed "ESCA", "GAP" and "DASSA" according to terminology used in our
workgroup. Each chamber is described below in detail and after that, particulars on data
treatment and sample preparation is given. Some of the chambers contain components that
were not used for any of the summarised results, e.g. an organic evaporator to prepare IL
monolayers. Such components are not included in the below descriptions.

3.1. ESCA

The ESCA (Electron Spectroscopy for Chemical Analysis, a synonym to XPS) chamber is the
most simple of all three setups and is based on an ESCALAB 200 spectrometer by VG
(Vacuum Generators Ltd.) present within our group for more than twenty years. It was
continuously adapted and extended, and during the here described research it had the overall
layout shown in Figure 3, comprising a load lock chamber for sample introduction into UHV, a
preparation chamber and an analysis chamber. The preparation chamber contains a LEED
unit (Low Energy Electron Diffraction), a sputter gun for surface cleaning and a leak valve for
gas dosage. Samples are moved on a long range XYZ$§ manipulator from preparation to
analysis chamber, where XP spectrum acquisition takes place. The excitation source is an
X-ray gun (Specs XR50) with a double cooling circuit that considerably minimises sample heat
up by infrared radiation from the source head. This non monochromatic source contains a dual
anode capable of emitting either Al Ka radiation (1486.6 eV) at a maximum power of 400 W or
Mg Ka radiation (1253.6 eV) at up to 300 W. The analyser used is a "Scienta R3000" concentric
hemispherical analyser with 135 mm mean radius. It is a 2D analyser with a detection unit
consisting of a multichannel plate (MCP), a phosphorous screen and a CCD camera that
records the light flashes on the screen produced by electrons with 600 energy channels. The
X-ray source replaced the original source of the ESCALAB 200 in 2011 and the analyser was
mounted as a replacement of the original one in 2009. The analysis chamber further contains
a flood gun for charge neutralisation and a quadrupole mass spectrometer (QMS) of type
BALZERS QMA 120 with a mass range of 1-200 amu operated since the 1990s. The chamber
base pressure is in the 107" mbar range which increases into the 10° mbar region during
operation.

18



3.1. ESCA

Figure 3: Scheme of the ESCA chamber used. SG = sputter gun, Gas = leak valve for gas dosage, X-ray = dual
X-ray source (Al Ka, Mg Ka), e = electron gun, CHA = concentric hemispherical analyser, QMS = quadrupole mass
spectrometer, LEED = low energy electron diffraction unit.

The original sample holder layout was changed in 2011 to a homemade system that unites the
advantages of larger size with a concept of four transferrable electrodes that enable
temperature measurements directly at the sample and have thus considerably increased
reliability of temperature dependent investigations. This four electrode concept further opens
up the possibility of electrochemical sample manipulation during XPS investigations. The
ESCA sample holder is described in Reference 30 and its design with both named advantages
was transferred to the chamber DASSA obtained in 2014 that is described in great detail in
[P5].

The measurement software used is SES version 1.2.5 by VG Scienta that enables recording
spectra in swept or snapshot mode. Sweeps are summed up for the final record file. In the
snapshot mode, the window covers 12 % of the PE. The obtained spectra are saved in .pxt
files that can be imported into CasaXPS (see below) with transfer of most metadata.

The ESCA chamber was used for the spectra shown in [P1], [P2] and [P4]. Basic analyser
settings for the ESCA system were a curved slit aperture (0.8 mm x 20 mm) and transmission
lens mode in sweep mode. For wide scans, settings were: 200 eV pass energy (PE), step size
1 eV, 3 "frames" (images) at a speed of 70 images/s, resulting in a dwell time of 0.043 s,
1 sweep. Settings for region scans were: 100 eV PE, step size 0.05 eV, 10 "frames" (images)
at a speed of 70 images/s, resulting in a dwell time of 0.143 s, 10 sweeps.

X-ray gun settings used were: Al Ka radiation at 250 W power (Uanode = 12.5 KV, lemiss = 20 mA)
for spectra in [P1] and [P4], Mg Ka radiation at 250 W power (Uanoge = 12.5 KV, lemiss = 20 mA)
for the data in [P2].
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3.2. GAP

3.2. GAP

This chamber is a near ambient pressure (NAP) XPS setup built in 2004 that is capable of
recording XP spectra at an analysis chamber pressure of up to 1 mbar. The name GAP
indicates that it bridges the "pressure gap", the prevailing difference between surface studies
of model compounds at non-realistic pressure ranges and real life application under ambient
conditions. XP spectra can be recorded during in situ treatment of the sample with gases at
much higher partial pressures than would be possible in standard UHV spectrometers. This is
realised by a gas tight Al window between chamber and X-ray gun and by four differently
pumped stages along the electron path from sample to detector comprising two sections in
front of the lens system of the analyser with only minute orifices along the lens axis and two
within the analyser. These features sufficiently seal the equipment that requires UHV (X-ray
gun) or HV better than 10 mbar (analyser) from the high chamber pressure. The schematic
chamber setup is shown in Figure 4.

The GAP chamber was used for the investigations of CO. absorption described in [P3]. It
comprises an Omicron EA 125 U7 concentric hemispherical analyser of 125 mm mean radius
with a 7 channel detector. It is modified with a tubule that enables differential pumping of the
lens system and channeltrons with elongated connections to the counter unit that create space
for attaching another turbomolecular pump close to the detector. Also, the lens voltages have
been adjusted to increase the working distance to account for the space requirement of the
differentially pumped stages in front of the lens system. The largest available entrance and exit
apertures are used (entrance: rectangular 6 mm x 12 mm, exit rectangular 5 mm x 11 mm per
channeltron) as it is actually the orifice of the differentially pumped sections that restricts the
acceptance angle. The X-ray source is an XR 50 from Specs described for the ESCA chamber
with a modified Al window that enables the above mentioned sealing. The base pressure is in
the 10° mbar region. Two gas dosage inlets are available for either beam dosing or
background dosing, of which only the latter was used for the presented data. The software that
controls spectra recording is EIS 2.2.2 by Omicron. The resulting file is of .xps type, that was
exported into the vamas format (.vms) used by Casa XPS (see below). The EIS export function
transfers only the most vital metadata. A detailed description of the system can be found in
Reference 31.
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3.3. DASSA

Figure 4: Schematic sketch of the GAP chamber setup that is capable of operating at near ambient pressure (NAP).
SG = sputter gun, QMS = quadrupole mass spectrometer, X-ray = dual X-ray source (Al Ka, Mg Ka), Gas 1 = leak
valve for beam dosing, Gas 2 = leak valve for background dosing, CHA = concentric hemispherical analyser.
Turbomolecular pumps are only shown for the four differentially pumped analyser and chamber sections that enable
operation at pressures of up to 1 mbar.

Spectra were recorded at 50 eV PE for region scans and at 200 eV PE for survey scans at
high magnification in the constant analyser energy mode (CAE) with 0.2 s dwell time and
0.05 eV step size. Sweep mode is the only available option. For region scans of the N 1s region
20 sweeps were used, for all other region scans 10 sweeps were recorded. Survey spectra
settings were 1.0 eV step size, 0.2 s dwell time and 1 sweep. Sweeps are averaged by the EIS
software for the result file.

Al Ka radiation at 50 W power (Uanoge = 13.0 kKV) was used for excitation.

3.3. DASSA

An extensive description of the DASSA (Dual Analyser System for Surface Analysis) chamber
is part of [P5], so only the most vital details are given here. This system was built in 2013 and
is unique worldwide. DASSA is dedicated to ARXPS studies of liquids of low viscosity and/or
high layer thickness that have to be kept horizontal, as they would drip down from the sample
holder when rotated. Angle-resolved studies are enabled by two analysers mounted at normal
and grazing emission angle relative to a horizontal sample that record spectra simultaneously.
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3.3. DASSA

It further enables the application of other surface science methods, namely ultraviolet
photoelectron spectroscopy (UPS), low energy ion scattering (LEIS) and Imaging XPS (iXPS).
Its overall design is given in Figure 5. It comprises a load lock, a preparation chamber and an
analysis chamber with overall three gas dosing valves for reaction studies. A sample holder
concept with four transferrable contacts similar to the one described for the ESCA was also
implemented here.

As the chamber was only recently built by the company Omicron Nanotechnology (then part
of Oxford Instruments plc., now part of Scienta Omicron), it is still mostly in its original layout,
although some important additions have been done by now. To name just the core
components, there are two identical Omicron Argus concentric hemispherical 1D analysers
with a 124 mm mean radius and x/y deflectors that enable iXPS in addition to standard XPS.
The detector is a coupled microchannel plate (MCP)/stripe anode device with 128 energy
channels. The monochromatic X-ray source is Omicron XM 1000 capable of spot or line
irradiation with one crystal of 100 mm size (dispersive direction) on a 500 mm Rowland circle
diameter. The optimum spot diameter is 0.75 mm for horizontal incidence on a well-focussed
sample and is estimated to be 1-1.5 mm for the given chamber setup with the X-ray source at
grazing incidence on the horizontal sample.

Figure 5: Schematic sketch of the DASSA chamber layout with two concentric hemispherical analysers (CHA A at
0° emission and CHA B at 80° emission) that enable simultaneous angle-resolved measurements on horizontal
liquid samples. | = ion source, U = UV source, X-ray 1 = monochromatic Al Ka source, X-ray 2 = dual Al Ka/Mg Ka
source, QMS = quadrupole mass spectrometer with mass range 1-200 amu (analysis chamber) or 1-500 amu
(preparation chamber), e = flood gun, Gas 1-3 = leak valves for gas dosage, SG = sputter gun, LEED = low energy

electron diffraction unit, park = multiple sample parking positions.
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3.4. Data analysis and display

Both analysers are controlled simultaneously by one user interface, a specifically configured
dual version of the measurement software Matrix T 3.2. Standardly, the constant analyser
energy mode (CAE) was used with a curved slit aperture (1 mm x 10 mm) and high
magnification in sweep mode. Survey spectra were recorded with 200 eV PE, a step size of
1 eV and a dwell time of 0.5 s. Region scans were recorded at 35 eV PE, a step size of 0.05 eV
and a dwell time of 1.5 s. The high dwell times were used as the option of several sweeps per
spectrum was not available in the specifically configured dual software version. The resulting
file format is .mtrx that can only be displayed with the Omicron software Vernissage that is also
available in a specifically configured dual version. Export is done from Vernissage to the Casa
XPS file type .vms.

The base pressure of the chamber is in the 10'" mbar region and during measurements, the
pressure increased into the 107" mbar region. A quadrupole mass spectrometer (Hiden
HAL 3F 511) connected to the preparation chamber allows for residual gas analysis even of
high mass compounds (max. 510 amu).

3.4. Data analysis and display

All data was analysed with the software Casa XPS. Version 2.3.16Dev6 was used for all
spectra recorded with ESCA and GAP and version 2.3.16 PR 1.5 was used for all DASSA
spectra. Both versions are identical in evaluating XPS data. The PR 1.5 version contains an
additional functionality needed for iXPS data handling at DASSA. Data fitting in Casa for ESCA
data was carried out using the fitting models described in Reference 11. For GAP data, no
fitting models were available and the ESCA models were used due to the reasonable
assumption that both systems should result in similar spectra.

The fit model had to be modified in the C 1s region for DASSA due to the improved resolution
when using monochromatic X-rays. Both fit models are compared in Figure 6 for the standard
imidazolium IL [CeC+Im][Tf2N]. The fitted C 1s region of [CsC+Im]Cl is also shown. For both
models, a two point linear background is subtracted for all regions except C 1s of
[CsC4Im][Tf2N] where a three point linear background is used to account for the higher slope
underneath the Canion component at highest BE. For the peaks, Pseudo Voigt functions are
used with 70 % Gaussian and 30 % Lorentzian contribution.

The ions contain only equivalent fluorine (F), oxygen (O) and sulphur (S) atoms so that only
one peak is observed in the F 1s, O 1s and S 2p region. F 1s and O 1s are thus fitted with a
single peak without constraints. For S 2p, the peak is split into a doublet due to spin-orbit
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3.4. Data analysis and display

splitting and fitting constraints are used as resulting from the nominal peak value ratios: an
identical full width at half maximum (fwhm) for both components and a 1:2 area ratio
(S 2p12: S 2psp). The average peak distance was determined from a range of different
measurements of the S 2p region and used as a constraint: for ESCA, the value is 1.18 eV
and for DASSA, it was found to be 1.21 eV which is attributed to the better resolution. For other
doublets, the procedure is identical in that the nominal peak area ratios and identical fwhm
values are used as fitting constraints. For clearly separated doublet components, no peak
distance constraint was used. For overlapping doublet peaks of elements that are present in
other XPS suitable compounds, different reference measurements were carried out to obtain
a valid peak splitting value. In all other cases the doublet separation reported in the NIST
database® was used.

Looking at regions containing more than one component, the N 1s region is fitted with two
separate peaks without constraints as they are clearly separated. For the C 1s region, the
Canion peak at highest BE that is well separated from the main signal is also fitted without
constraints. The main peak contains several contributions that can be distinguished differently
depending on energy resolution. For ESCA/GAP spectra obtained with non-monochromated
X-ray sources, there is one Chetero cOmponent at higher BE and a Caky component at lower BE.
Fitting constraints are only made for the fwhm ratio that is set to 1.1 : 1.0 (Chetero : Caiy). For
DASSA, spectra recorded with a monochromated Al Ka source, the C2 component that has
the highest shift due to two neighbouring N atoms can be distinguished as a high BE shoulder
in the raw data and is fitted as a separate component. The residual four C atoms attached to
one N each are then termed Chretere (NOte the prime symbol at the end of the subscript).
Consequently Cheter + C2 of the DASSA model equal Crewero Of the ESCA/GAP model.
Constraints made are: fwhm ratio 1.0 : 1.1 : 1.0 (Cz : Chetero : Cay)) @and distance between Cz
and Cretero = 0.9 eV. For both cases, these constraints have been obtained by first fitting a large
number of imidazolium based IL spectra with the nominal area constraint only, i.e. Chetero : Caikyi
area ratio was set to 5 : (n-1) for ESCA spectra of [C,C1Im]* ILs and to C: : Chetero' : Caikyl =
1:4:(n-1) for DASSA spectra. Resulting average fwhm ratios and peak distances that were
found to be very similar for all these pre-fits were then used for the final fit models with the

constraints given above.

The alkyl-hetero distance cannot be constrained as is clear when comparing the C 1s regions
of [CsC+Im][Tf2N] and [CsC+Im][CI] in Figure 6. This distance varies considerably for the same
cation combined with different anions due to interionic effects.'? For non-imidazolium based
ILs and also for imidazolium ILs with very long alkyl chains (e.g. [C1sC1lm]* based ILs), these
fit models have to be adapted using assumptions such as the presence of Chetero and Caiyi
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3.4. Data analysis and display

components and sometimes pre-fits fixing the area ratio to the nominal values to obtain

reasonable fitting parameters.

Figure 6: Fitting model for the exemplary IL [CsC1Im][Tf2N]. Models are identical for ESCA and DASSA spectra for
all regions except C 1s, where an additional peak (Cz) can be resolved for DASSA. The grey background C 1s
spectra show the region for a different IL ([CsC1lm]Cl) that contains no Canion peak and exhibits a Chetero (Chetero’ fOr
DASSA) to Caiyi peak distance clearly different from the [CsC1Im][Tf2N] C 1s spectrum.

Usually, 80° spectra are fitted using the same constraints than for 0° spectra. However, in the
case of 80° spectra where components are either not well visible or not well separated,
additional constraints are used to link the 80° fits to those of the respective 0° measurements.
For example, it is sometimes not sufficient to simply fix an fwhm ratio as the resulting fit exhibits
extremely broad peaks with fwhms = 3-9 eV. In such cases the maximum fwhms are
constrained to the fwhms of the respective components in the 0° spectrum. Also, to prevent
fits with peak positions shifted beyond reasonable limits, a peak distance or even a fixed peak
position constraint may be necessary. Peak distances are usually found to be identical in
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0° and 80° apart from the Cretero and Caiyi distance that varies with emission angle for ILs with
long alkyl chains. This effect is likely a result of a changing charge environment at the
outermost surface dominated by nonpolar alkyl chains.

If fit parameters diverge from those detailed above or signal intensities are not deduced by fit,
but by numerical integration, this is commented on in the corresponding data in this thesis.

All spectra used in the figures of this thesis were produced with Origin versions 8.0, 9.0 and
Home Use 2015, depending on the time of spectra production. Spectra were imported into
Origin as .txt files produced by Casa XPS that contained the recorded data points as well as
the background and fit curves. Where background subtracted spectra are shown, the imported
Casa XPS background was subtracted from the measured spectra in Origin. No other data

manipulation was carried out in Origin.

3.5. Spectra quantification

To extract quantitative information from fitted or integrated curve areas, the values have to be
corrected with atomic sensitivity factors (ASFs). They mainly account for differrent cross
sections of photoelectrons originating from different core levels, but are also dependent on
factors such as the angle of X-ray incidence or the transmission function of the analyser. The
concept of ASFs and also a large ASF value database is presented by Wagner et al. in
Reference 33. This database is used as it is by many researchers, but realising that ASF
values can differ considerably between different experimental setups®, for the ESCA and
DASSA chambers a calibration has been carried out that includes determination of a limited
number of ASFs by reference measurements, and relating these to the Wagner values to
obtain a function that enables correction of all other values given in the Wagner database.

The procedure for ESCA is described in Reference 35, and the (identical) procedure for
DASSA is given in detail in [P5]. High quality ILs without contaminations are ideally suited for
these ASF reference measurements as they possess a well-defined stoichiometry of a range
of elements whose signals cover a wide range of kinetic energies. The experimental atom ratio
of a sample is obtained by relating the sum of all ASF corrected peak areas to the sum of all

atoms present in the IL in nominal stoichiometry.
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3.6. Sample preparation

3.6. Sample preparation

A few (2-4) pipette drops of all investigated liquids were spread with a pipette tip onto a solid
support attached to the actual sample holder. The sample holder was then tilted and liquid
collecting on the lower rim was removed by the pipette. For ESCA and GAP, this support was
a polycrystalline gold foil of 0.1 mm thickness. The DASSA system that is dedicated to
investigation of bulk amounts of liquids is operated with sample holders equipped with a liquid
reservoir of 0.5 mm depth made of molybdenum or tantalum. Liquids were either spread onto
the bottom of this reservoir as described above, or the reservoir was filled partly or completely,

depending on overall requirements.

To prepare well-defined samples of ILs which are solid at RT, the sample holders were either
heated by placing them onto a hot plate and the sample was then added to the solid support
and allowed to melt and to re-crystallise. When molten, it was distributed evenly by a pipette
tip or spatula. A second approach was dissolving the solid in an appropriate solvent and adding
this solution to the support, followed by evaporation of the solvent in air and/or in UHV. A third
option used for solids was fixing powdery samples to the support by XPS grade sticky tape
patches.

Prepared samples were introduced within minutes into the load locks of the respective
chambers and pumped down. The only exception are samples prepared by the solvent
method. For the ESCA gold foil support and in some cases also for the DASSA reservoir
sample holders, repeated adding of solution was necessary to obtain a solid film of sufficient
thickness. For DASSA, the completely filled reservoir was left to evaporation in air rather than
pumping it down immediately in order to prevent sample spill by sudden vaporisation in
vacuum.
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4.Surface composition of functionalised ILs

The option of tuning the properties of an IL by functionalisation is one of the reasons for
persistent scientific interest and the basis for their applicability in many diverse fields. ILs were
once termed designer solvents because their structural variability is nearly unlimited and can
in principle be tailored according to the desired application.”'® Side chains of varying
complexity can be attached to either anion or cation (or both) by established organic chemistry
synthesis routes. lonic structures can be achieved containing heteroatoms and functional
groups, in principle in any thinkable combination, as long as the result is a stable liquid at the
desired application conditions and has the required properties.

For many of the potential applications, interaction with the surrounding phases across the IL
interfaces is of fundamental importance — catalysis of gas phase reactions, separation
processes, selective gas capture or nanoparticle synthesis by sputter processes are cases in
point. Thus, it is of interest to ascertain how functionalisation of an IL changes its surface
composition. This is the topic of [P4] that summarises general rules for surface composition in
functionalised ILs:

[P4] C. Kolbeck, I. Niedermaier, A. Deyko, K. R. J. Lovelock, N. Taccardi, W. Wei,
P. Wasserscheid, F. Maier, and H.-P. Steinrlick, Influence of Substituents and
Functional Groups on the Surface Composition of lonic Liquids, Chem-Eur J, 20, 14,
3954-3965, 2014.

The main results of [P4] are discussed in Subchapter 4.1. In Subchapter 4.2 unpublished

results on ferrocenyl ILs are summarised and the full details are given in Chapter A.1 of the

Appendix. Further results related to surface composition are given in Section 7.2.

4.1. Effect of functionalisation on surface composition of ILs!P¥

The determination of general guidelines that describe surface composition of non-
functionalised ILs was part of the early ARXPS results of our group. Generally, one can state
that alkyl chains orientate towards the surface and form a non-polar overlayer above the
charged headgroups if of sufficient lengths (-CaHzn.1 With n 2 4)''. For different anions and the
alkyl chains part of the cation, orientation is more pronounced for ILs containing smaller, more
coordinating anions.'? The huge number of ILs studied in [P4] allow to extend these findings
to ILs containing functional groups. The studied ILs can be grouped into two units: imidazolium
ILs methylated at the C2 position of the imidazolium ring (for atom numeration see Figure 2)
that are compared to their non-methylated analogues, and ILs with side chains of varying
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length on cation and/or anion with different functional groups. Of the latter unit, the majority
are imidazolium ILs with the 3-position of the ring system functionalised. This short review will
focus on these, but will also repeat overall findings for ILs containing the functional group as
part of the anion or a cation different from imidazolium. The C2-methylated ILs will not be
addressed here.

Figure 7 shows the differentially functionalised imidazolium cations (structures 4.2-4.8)
reported on in [P4] together with the non-functionalised cation [CsC+Im]* (4.1). They are sorted
into four groups by their degree of surface order as described in [P4]. The main finding of [P4]
can be summarised as this: for ILs containing functionalised side chains, the degree of side
chain order at the surface is mainly dependent on the degree of interaction between functional
groups and ionic headgroups. Similar to non-functionalised dialkylimidazolium cations, the
nonafluorohexylimidazolium cation (4.2) and the triethoxysilylpropylimidazolium cation (4.3)
exhibit clear surface orientation with the functionalised side chain pointing towards vacuum.
For the fluorinated compound, this result can be generalised to haloalkane side chains of
different degree of halogenation for the haloalkane group part of either the cation or the anion,
and the halogen being either fluorine or chlorine. Analogous results might be expected for
iodated or bromated compounds or for not imidazolium-based halogenated cations, but
experimental confirmation for this is still lacking. For F and ClI, the pronounced orientation effect
is attributed to the rigid nature of the carbon-halogen bond with low polarizability. Halogenated
units therefore behave similarly to alkyl moieties and the same factors as those stated for alkyl
chains at the end of Section 2.3 are responsible for the pronounced surface enrichment:
headgroups and halolkane moieties separate into polar and non-polar domains and at the
surface, the haloalkane moiety is most favourably orientated towards the vacuum. In this
uppermost layer the haloalkane chains only undergo very weak dispersive interactions with
each other.

For imidazolium cations functionalised with the ethoxysilyl unit (4.3), the reason for the
orientation is not so obvious. After all, the presence of oxygen suggest a certain degree of
polarity and the possibility of ion-dipole or dipole-dipole interaction and hence, some interaction
with the ionic groups is expected. Still, the finding is in line with an observed high surface
activity of alkoxysilane compounds. Polysiloxane impurities of extremely low concentration
below the detection limit of NMR are an annoying issue in IL samples intended for surface
science investigations. Since the start of IL ARXPS studies, our group in collaboration with
some of our suppliers® has worked on ways to avoid these impurities. Their most obvious
source which is grease used to seal glassware joints has been abandoned by these groups
years ago, but as the issue still occurs, albeit much more rarely, other likely sources include
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4.1 Effect of functionalisation on surface composition of ILs

slight contaminations of instruments, glassware, gas and vacuum lines as well as commercial

reactants. The topic of siloxane contaminations is resumed in Chapter 8.

Figure 7: Imidazolium based cations containing different functional moieties attached to the 3-position of the ring.
The depicted orientation of these functional units indicates their degree of surface ordering, from high (4.1-4.3) via
intermediate (4.4, 4.5) and low (4.6) to structures exhibiting no orientation (4.7, 4.8).

Looking at amine-, thioether- and phenyl-functionalised cations, the degree of surface
orientation of the functionalised side chain progresses from intermediate for the former two
(4.4, 4.5) to low for the latter (4.6). For these, interactions between the functional group and
the polar headgroup play an increasing role in attenuating surface enrichment. For amine and
thioether, these interactions are mainly of the ion-dipole and dipole-dipole type that arise from
the presence of the heteroatoms, nitrogen and sulphur. Similar to non-functionalised
dialkylimidazolium cations, structure 4.6 also only contains carbon and hydrogen in the side
chain. The fact that surface orientation of the phenyl ring is extremely low shows the
dominance of 1r-11 stacking interactions between the aromatic phenyl and imidazolium rings.
One would expect this interaction to be larger between rings of the same kind, i.e. high phenyl-
phenyl interaction that would still allow a considerable degree of orientation. The fact that this
is not observed is likely caused by the predominance of the charge-carrying imidazolium ring

in inducing interaction.

Both the haloethylimidazolium (4.7. with X = Br, Cl, I) and the ethylene glycol-functionalised
cation (4.8) show no pronounced surface orientation. For the haloethyl cation, the lack of
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surface orientation seems to contradict the findings reported above on halogenated structures
such as 4.2. The reason for this discrepancy is likely related to the shorter chain length of
compounds 4.7. Former studies on non-functionalised ILs with alkyl chains of different length
also showed that surface enrichment is not observed by ARXPS if the side chains are too
short.”" For the poly(ethylene glycol) cation, the high electronegativity of oxygen when
compared to nitrogen or sulphur results in increased interaction (hydrogen bonding) between
this polar moiety and the headgroups that effectively suppresses any orientation effect.

Other important findings of [P4] are listed below:

1) The charged headgroups of anion and cation usually form a layer at a similar distance
from the surface.

2) For an IL that contains one ion functionalised with a group that enriches at the surface
such as a haloalkane unit, the enrichment of this group is enhanced if the second ion
contains a long alkyl chain, e.g. the enrichment of the chloroalkyl moiety in
[CsC+Im][CIC4SOs] is enhanced when compared to that of [C2C1Im][CIC4SOg3].

3) For the same functional group attached to different cationic headgroups
(e.g. imidazolium and ammonium), the degree of surface orientation depends on the
headgroup type.

4) The very common [Tf2N] anion always shows a preferred orientation with both CF3
groups pointing towards the vacuum and both SO, groups pointing towards the bulk.

4.2. Ferrocenyl-functionalised ILs

Several ILs containing a ferrocenyl-functionalised side chain at the 3-position of the
imidazolium ring were also investigated with the ESCA setup. The linker unit that covalently
bonds the ferrocenyl moiety to the imidazolium ring is either an amide, ether or alkyl. These
ferrocenyl ILs were not included in [P4] because most of the samples contained a surface-
active impurity, which complicated the determination of surface orientation effects. This
impurity issue is revisited in Chapter 8.

Ferrocene is commonly used as a standard in electrochemical applications with a
ferrocene/ferrocenium redox potential of 0.40 V against NHE.?” These ferrocenyl ILs could thus
potentially be used in a combined electrochemical/XPS experiment using the specific sample
holder layout of either the ESCA or the DASSA described in 3.1 and 3.3. However, due to
impurities being present in the samples such electrochemical experiments were not pursued

further for these ILs.

31



4.2. Ferrocenyl-functionalised ILs

A dominant surface-active impurity layer can render the determination of IL surface orientation
impossible due to high damping of all but the impurity signals, especially for the surface
sensitive 80° emission measurements. For these ILs, Argon sputtering was investigated to
remove the impurity. Sputtering of liquid IL surfaces has been used before by our and other
groups for removal of surface impurities on non-functionalised ILs (see Reference 38 and
references therein). For these, but even more so for functionalised ILs that are more prone to
beam damage, it is crucial to find a set of suitable sputter parameters that removes the impurity
without damaging the IL severely. This is reported on in more detail in Chapter A.1 in the
Appendix.

Sputtering was successfully carried out for most of the ferrocenyl ILs, although some still
contained traces of an organic contamination. Sputtering generally introduces a degree of
uncertainty into XPS results when only one single compound is investigated, as structural
damage may not be eye-catching in the spectra, but still lead to subtle spectral changes
influencing interpretation. However, in the present case, nine different ferrocenyl ILs were
investigated by ARXPS to determine surface composition, some sputtered and some not.
A general trend can be observed for all but one of the compounds investigated, which is a sign
of reliability of the results.

According to the results of [P4] on IL surface composition discussed above, for the nonpolar
ferrocenyl unit one could expect predominant orientation towards the IL surface in the case of
low interaction with the headgroups. If either the amide or ether linkers or the 1 system of the
cyclopentadiene (cp) rings that form the major part of the ferrocenyl unit interacted
considerably with the ionic headgroups, a homogeneous arrangement at the outermost surface
would be expected. The ARXPS data that is discussed in detail in the Appendix Chapter A.1.2
indicate the latter alternative of a more homogeneous surface composition. In contrast to the
findings of [P4], however, the data also indicates that the ferrocenyl unit is orientated such that
it lies below the charged headgroup of the anion, and possibly also below the headgroup of
the cation. The reason for this behaviour which was not observed so far in other ILs is not
clear, but could be due to the bulky size of the ferrocenyl group. For full confidence into these
results, however, investigations of contamination-free ILs without pre-treatment have to be
carried out. Furthermore, for an isolated determination of the preferred ferrocenyl orientation
without superimposing effects that may result from the linker type or the linker length, alkyl-
linked ferrocenyl ILs with an alkyl chain length with n > 4 would be essential.
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5. Reactions at the IL-vacuum interface

In 2012, our group was the first to report the use of XPS for monitoring a reaction between two
liquids in bulk amounts.'**® Because of the vacuum constraints, XPS is not a standard tool to
study reactions in liquids, but it has some advantages over the classical techniques such as
UV/Vis or NMR: it allows monitoring of all elements that are present within the reacting
compounds — the only exceptions are H and He. The changes in electronic structure these
elements undergo during course of the reaction are conveyed from changes in the chemical
shift of the core levels of all elements. The reaction is studied in situ, so it is not necessary to
remove part of the reaction mixture at certain time intervals or quench the reaction for
investigation. Furthermore, density changes are directly reflected in intensities of the core level
signals, and by using ARXPS, changes in the surface profile that go hand in hand with reaction
progress can also be observed. The evolution of gaseous species is reflected in changes of
the chamber pressure, and with a QMS attached to the chamber it is possible to qualitatively
and quantitatively analyse the gas phase.

Due to the UHV requirement of XPS the method is, however, restricted to reactants with a low
vapour pressure. That would in principle restrict its application to very few compounds indeed,
as most liquids evaporate in UHV and would be pumped off the sample support before ever
reaching analysis position. Functionalised ILs present a solution to this problem: by tethering
reactive functional groups to polar headgroups and combining them with suitable counterions,
new tailor made ILs are achieved that are able to carry out the desired reaction in UHV.

Further restrictions concern the time scale of the reaction. Even the best electron analyser
needs a dwell time in the order of tenths of a second to acquire spectra with a signal to noise
ratio sufficient to analyse the resulting signals. This leads to a measurement time of a at least
one second per core level, so that for studying a reaction with several core levels of interest
with XPS, reaction conditions need to be chosen such that intermediate steps also have a
lifetime of at least several seconds or even minutes. In many cases, this can be controlled
relatively easily by employing the relationship between reaction rate constant 4 and
temperature 7'given in the Arrhenius equation when cooling down the reactive mixture:

k= Axelwr) (4)
A second requirement is harder to meet: it must be possible to trigger the start of the reaction
at a defined point in time within the chamber. The challenge lies in the fact that introducing a
reaction mixture into the UHV chamber requires one to several hours. During this transfer time,
with our XPS setups available, no temperature manipulation and especially no cooling of the
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sample is possible. For reactions such as the pioneering study reported in 2012'435, where
reaction rate is low, triggering is easily done by heating up the reaction mixture once it is within
the XPS chamber to a temperature that ensures a time interval of a few hours from start to
completion of the reaction. Unpublished results in Section 5.1 will, however, show that it can
be quite tricky to handle a reactive mixture in a way that it is possible to follow the complete
reaction by XPS, that is, WITHIN the chamber. In the results described in 5.1, an attempt was
made to carry out a liquid-liquid reaction similar to the pioneering study in 2012 by mixing two
reactive ILs outside the XPS chamber, and triggering the reaction after introduction into the
chamber by heating up the mixture.

Of course, there is a different approach to this problem: reaction start can be triggered much
more precisely if both reaction partners can be brought together at a defined point in time when
already within the XPS chamber. This approach does exclude the addition of bulk amounts of
any compound. But it is possible to dose gaseous reagents at low partial pressures onto an IL
already within the UHV chamber. Solids and liquids can be provided in the same way via the
gas phase after evaporation. Reagents added in this way will interact with the uppermost
surface of the IL, so that the resulting reaction will take place within the IL region that is
accessed by XPS.

Using this approach, the reaction of the gaseous acid TfOH with the basic anion of the IL
[C2C4Im]CI is studied in situ in Section 5.2. As reaction onset is precisely controlled, the
resulting anion metathesis can be followed by XPS from the start. In Section 5.3, an IL that
reacts with gaseous CO: to form carbamation products is investigated. This investigation was
carried out with the near-ambient pressure XPS setup GAP that allowed application of a CO»
background pressure as high as 0.9 mbar during the XPS studies. Again, the reaction could
be followed over all time intervals of interest as the CO: flow could be started and stopped as
desired.

The respective papers and the Sl can again be found in the Appendices:

[P2] 1. Niedermaier, N. Taccardi, P. Wasserscheid, F. Maier, and H.-P. Steinriick, Probing
a Gas/Liquid Acid-Base Reaction by X-ray Photoelectron Spectroscopy, Angew Chem
Int Edit 52, 34, 8904-8907, 2013.

[P3] I. Niedermaier, M. Bahlmann, C. Papp, C. Kolbeck, W. Wei, S. Krick Calderén,
M. Grabau, P. S. Schulz, P. Wasserscheid, H.-P. Steinriick, and F. Maier, Carbon
Dioxide Capture by an Amine Functionalized lonic Liquid: Fundamental Differences of
Surface and Bulk Behavior, J Am Chem Soc 136, 1, 436-441, 2014.
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5.1. Halogen exchange

As a follow-up on the pioneering in situ reaction study by XPS in 2012'4+% it was attempted to
study halogen exchange reactions of the type shown in Scheme 1. The cation of one IL that is
terminally functionalised with either Br or | reacts with a halide anion of a second IL, resulting
in halogen exchange via an Sn1 reaction. As in UHV the reaction proceeds under solvent free
experimental conditions, solvent effects determining equilibrium can be excluded and the
equilibrium of this reaction depends mainly on the leaving group ability of the participating
halogens. The leaving group ability decreases in the order | > Br > Cl.*° Thus, for this reaction,
the equilibrium constant is K >> 1 and the equilibrium lies far to the right if the halogen
covalently bonded to the cation of the first IL has a higher leaving group ability than the halogen
forming the anion of the second IL. Possible combinations are therefore X = Br and Y = Cl,
X=landY=Claswellas X=Iand Y = Br.

Scheme 1: Halogen exchange reaction in an IL mixture where X and Y are halogens.

The rate determining step in such Sn1 reactions is typically the breaking of the C-X bond
forming the free halide X" and a carbocation, while the following nucleophilic attack by the
second halide Y- is much faster. As the breaking of the C-X bond is endothermic, increasing
the reaction temperature will also lead to an increase in K, thus shifting the equilibrium even
further to the right hand side of the Scheme 1 equation.® Monitoring such a halogen exchange
by XPS is expected to be straightforward as covalently bonded and anionic halogens show a
clearly differentiable chemical shift. Also, the counterions of both ILs that are mere spectators
can be chosen such that they do not superimpose the signals of the reacting species, and
temperature control of reaction rate and equilibrium position should be possible.

Two attempts to carry out the reaction with X =1 and Y = Br are shown below to highlight
problems with monitoring such a reaction by XPS. The data shown is exemplary for other
reactions with different halogen combinations that were also tested as well as for other
reactions with similar reaction rates. In Figure 8, the normal emission | 3ds» and Br 3dsy, 52 (in
short, Br 3d) core level spectra of two experiments of the reaction of [(IC2)C+Im][Tf2N] and
[C2C4Im]Br to form [(BrCz2)C1Ilm][Tf2N] and [C2C+Im]l are given. The spectra of experiment 1
and experiment 2 are shown at the top and at the bottom, respectively. The scheme at the top
of the figure shows the desired reaction and also the spectator ions [Tf2N] and [C2C1lm]* that
form the counterions of both reactants.
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Figure 8: Two attempts to monitor the halogen exchange reaction of [(IC2)C1Im][Tf2N] and [C2C+Im]Br to form
[(BrC2)C1lm][Tf2N] and [C2C+Im]l. Top spectra: | 3ds2 and Br 3d core level of experiment 1, bottom spectra: | 3ds.2
and Br 3d core level of experiment 2. All spectra are taken in normal emission with the ESCA setup.

The first issue arises with the ratio of both components. For both experiments, the ILs were
mixed in a 1 : 1 molar ratio determined by mass according to nominal molecular mass. As can
be seen in the legends for both experiments, the experimental ratio determined by the ASF
corrected ratio of the | 3ds> and the Br 3d signal ("ratio (exp.)") differs widely from this: it is
1.0 : 3.6 (I : Br) for experiment 1 and 1.0 : 1.9 (I : Br) for experiment 2. The reasons for this
discrepancy can be related to the high hygroscopy of halogenated ILs. Crystal water is part of
the IL weighed out in air, but evaporates in UHV, leading to large differences between IL mass
in air and IL mass in UHV. Also, to ensure proper mixing of both components, acetonitrile
(ACN) was used as a solvent that evaporates once the sample is brought into UHV, leaving
the pure IL mixture behind. For the tiny amounts in the 1 mg region used to prepare the IL
mixtures for XPS, solubility of the IL in the solvent chosen is not easily determined by eye. A
seemingly homogeneous solution can still contain undissolved species, so that during transfer
of the solution onto the sample holder, the less well dissolved component is left behind in the
sample vial, and the stoichiometry of the mixture on the sample holder changes drastically
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when compared to that in the vial. This behaviour is likely the main reason for the discrepancy
observed here with the halogenated IL [(IC2)C1Im][Tf2N] being less well soluble in ACN. In
experiment 2, about a 10 times higher amount of solvent was used for mixture preparation,
which obviously improved the situation, but did not completely solve the problem.
Determination of an appropriate solvent or solvent mixture would have been required, but was
not possible with the very low amounts available of these specifically synthesised ILs. In
addition, the observed surface depletion of the halide anions described below also introduces
an error into stoichiometric determination. This effect is also hard to quantify.

For both experiments, the black spectra give the initial situation, i.e. the first spectrum recorded
once the mixture was introduced into the UHV chamber. For experiment 1, the freshly prepared
mixture was cooled in the sample vial and also the manipulator was pre-cooled so that the
mixture reached a temperature of 270 K as soon as it was transferred to the sample holder
position on the manipulator. As noted above, no cooling is possible during sample introduction,
so that the experiment 1 sample also returned to RT for 1 h in between preparation and
1t measurement. For experiment 2, the mixture was at RT for the complete time period of
sample preparation until recording of the first spectrum.

In the spectra, the peak position of the covalently bonded species (lcov Or Breoy) is marked, and
also the anionic halide position (I and Br). The arrows in the spectra of experiment 1 indicate
the direction of intensity shift expected during reaction. Initially, a Br peak and a lcov peak
should be present that both decrease in intensity during reaction, while new peaks emerge
and increase at the Brev and the I position. The initial (black) spectra show that for both
experiments, the reaction has already started, and it is already far advanced for experiment 2,
as both the Br 3d spectrum and the | 3ds2 spectrum of experiment 2 clearly reveal two peaks
at the respective covalent and ionic positions. Cooling both sample vial and manipulator
obviously helped slowing down the reaction in experiment 1, as the intensity shift in the | 3ds2
spectrum is much further advanced in experiment 2 where no cooling attempts were made.
Obviously, for reactions with such low activation energy barriers, full reaction monitoring by
XPS is impossible without a complete cooling chain in order to slow down the reaction rate
sufficiently.

Two more issues are visible in the spectra. For experiment 2, after heating the mixture to
320 K, a third peak arises in the | 3ds» region in between the covalent and the ionic signal at
approximately 620 eV. This likely results from triiodide (l3’), which under ambient conditions
typically forms from molecular iodine (I2) and iodide.*® Thus, increasing the temperature in
experiment 2 does not induce further halogen exchange as desired, but leads to a side-

reaction.
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For experiment 1, heating to 320 K indeed is followed by further halogen exchange, as can be
seen in the decrease of the lcov peak, the emergence of the | peak and the increase in the Breoy
peak. However, in addition to halogen exchange, a second process must take place. For
halogen exchange alone, one would expect to see a Br decrease that matches the increase
of Breov. Similarly, the changes in the .oy and the I signals should have the same magnitude,
but the decrease in the Iy signal is slightly higher than the increase of the | signal. This mirrors
a well-known feature observed for IL mixtures with very differently sized anions such as
monoatomic halides combined with [TfoN]:*#' the small anions are surface-depleted to such
an extent that it is notable even in the 0° spectra, i.e. under conditions where XPS averages
over about ten IL layers.

For the initial reaction mixture containing Br- and [TfoN] anions, the same effect is likely also
observed and Br is surface-depleted to the benefit of [TfaN]. During conversion of Br to
covalently bonded Br, reacted surface Br is replenished from the bulk, leading to a constant
Br- peak intensity. The |- anion possibly shows a similar behaviour: upon formation of ionic I
from covalently bonded |, the ion remains at the surface until a certain concentration limit is
reached, and thereafter any excess is depleted from the surface into the bulk. However, the
effect in the | 3ds/2 signals is less pronounced than for Br 3d. Therefore, a definite statement is
not possible. As the signal intensities of the ionic Br- and I peaks differ in experiment 1 and 2,
it is possible that the surface content of halide ions depends on some of the factors that differ
in between both experiments. Possible factors include the stoichiometric ratio of both
components that may also influence the density of the IL mixture, or the temperature history
of the sample.

Although this replenishing of the Br- anion in the surface near region and the likely depletion
of I ions upon formation in excess is in itself a spectacular finding, it complicates extraction of
isolated information on the halogen exchange reaction. Quite generally, the fact that reaction
monitoring by in situ XPS generates an all-embracing picture of processes that take place
during the reaction can be an advantage, as in Section 5.2 and [P2] where determination of
reaction progress as well as variations in density and in electronic structure give a
comprehensive picture of the course of events. It can, however, also be unfavourable if a
process of interest cannot be extracted due to superimposing effects such as preferential
segregation processes.
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5.2. An acid-base reaction studied by XPSP2

To circumvent the time delay between bringing reaction partners into contact by ex situ mixing
and the first XPS measurement, a more favourable approach is introduction of one component
into the vacuum chamber and subsequently adding the second one in situ within the UHV
system. For a liquid-liquid reaction with one reagent being a UHV stable IL and the other a
high vapour pressure liquid, this is most easily accomplished by vaporising the latter and
dosing it onto the IL surface. With this approach, the starting point of the reaction is clearly
defined and recording of spectra can be timed accordingly.

F3C - SO3H
AN cr (TfOH)

FsC——S0y5"
+ HCI l}

/

{
\

N + :N > oo
/ \/ C8H17 / \/ \CgH17
[CsCqIm]CI [CsC4IM][TFO]

Scheme 2: The acid base reaction between the chloride anion of [CsC1Im]Cl and vaporised triflic acid described in
[P2].

This approach was used for the reaction detailed in [P2], namely a Bronstedt acid-base
reaction between the weakly basic anion of [CsC+Im]Cl and the strong trifluoromethanesulfonic
(triflic) acid TfOH (FsCSOsH), as shown in Scheme 2. This reaction is used in IL synthesis for
anion exchange*? and is thus of general interest. However, apart from that, in situ XPS gives
a comprehensive picture of the multiple processes that take place even during this relatively
simple reaction. Figure 9 reproduces the central figure of [P2] and gives the changes of all
core level spectra over dosage time of TfOH from top to bottom. Clearly, during the course of
the reaction from 0 to 170 min dosage time, the Cl 2p doublet attributed to the anion of the
reactant IL decreases, showing that this ion is neutralised by protonation and the formed
volatile HCI is pumped off the system. The acid TfOH, on the other hand, donates its proton
and forms the [TfO] anion. Being thus stabilised in UHV it replaces CI as the IL anion, as can
be deduced from the emergence and increase of core level peaks associated with all [TfO]
species, namely F 1s, O 1s, S 2p and Canion.

The XPS analysis does not only reflect the proton transfer, but also the fact that a monoatomic
and therefore small anion (CI') is replaced by a much more bulky one ([TfO]). This results in
an overall density decrease (if one defines density as number of IL pairs per volume unit). As
XPS analyses a fixed IL volume, this density decrease is directly reflected in an overall
decrease in cation signal intensity during reaction, although the cation itself does not take part
in the actual reaction (see N 1s and main feature in C 1s). Furthermore, the coordination of the
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small CI anion to the cation is different to that of [TfO]’, as has been described in Reference 43.
This results in a decrease in electron density induction onto the cation during course of the
reaction, which is visible in a shift of the signals associated with the positively charged moiety
of the cation, namely the N 1s and the Cretero Signal both originating from the imidazolium ring.

Figure 9: Changes in all core level spectra during the reaction of the IL [CsC1lm]CI with vaporised triflic acid TfOH
(ptron = 1x10°® mbar) at RT. The grey spectra reproduce a reference measurement of [CsC1Im][TfO] for comparison
with the spectra of the reaction product. The spectra were recorded with the ESCA setup at normal emission.

The reaction proceeds close to completion in 170 min at a gas pressure of prion= 1x10® mbar
at RT, as can be deduced from the fact that the Cl 2p signal originating from the anion of the
reactant IL nearly vanishes over time to a residual signal of ~9 % the intensity at 0 min acid
dosage. The product formed is indeed [CsC+Im][TfO], as shown by a comparison with the
reference spectra in grey. In [P2] it could further be shown that this reaction is restricted to the
topmost IL layers accessed by XPS only: when heating the sample after completion of the
reaction, the signals associated with the [TfO] anion start to decrease while the Cl 2p signal
associated with the CI anion of the reactant IL again increases (for spectra see [P2]). This
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cannot be due to a back reaction of the products HCI and [CsC+Im][TfO] to again form the
reactant IL [CsC1Im]CI, as the gaseous HCI is immediately removed from the sample site by
the continuous pumping of the UHV system. Therefore the observed changes result from
enhanced diffusion at elevated temperatures, allowing unreacted [CsC1Im]CI from the bulk to
ascend to the surface, where it is again detected by XPS.

5.3. Chemical absorption of CO2 by an amine-functionalised ILP3!

Since carbon dioxide (CO2) has been identified as one of the potential factors for global
warming, development of its atmospheric levels has been closely investigated and increasing
use of fossil fuels since the industrial revolution has been identified as the main factor
responsible for its enhanced release. The resulting rise in mean global temperature is feared
to bring about extreme meteorological events and rising ocean levels with detrimental effects
for worldwide food harvest, drinking water resources and available living space.*

At the moment of writing this chapter (30/11/15), the 2015 Paris Climate Conference (COP21)
opens its doors. While former climate summits failed to produce a mutual consent on actions
to limit the worldwide average temperature increase to 2 °C and conclusive plans on how to
achieve this goal, the 2015 conference is hoped to be a milestone in worldwide agreement on
climate control plans with a binding outcome for all participating countries.*+45

Strategies to diminish CO. emissions include more energy efficient processes or an active
reduction of atmospheric CO. levels by e.g. afforestation.® In addition, developed countries
for years have investigated the possibility of reducing CO. emissions at the major sites of
production, i.e. at industrial facilities or power plants.*® There are three possible CO- capture
and storage (CCS) techniques, namely post-combustion CO. removal, pre-combustion
CO: removal and the oxy-fuel process.*64” Of these, the first mentioned is especially suitable
for retrofitting existing plants and also is the most developed process.*’

The post-combustion process aims to remove CO: from flue gases of fossil fuel combustion
prior to emission of these into the atmosphere. The most developed of the separation
technologies are CO; adsorption on solids such as carbonaceous materials or zeolites or
absorption in liquids. Thereby physical or chemical absorption is possible.*®

In general, two vital steps are part of the process: CO. uptake at the flue gas site and later
COs: release in pure form for further storage or utilisation with at best complete absorbent
recovery.*”*® The optimal absorbent would undergo these two steps with minimum energy
requirements.*® This would include uptake of the maximum possible CO. amount at the
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elevated temperature of the flue gas without need of cooling, and complete CO- release with
the necessary temperature enhancement and/or pressure reduction as low as possible.

a) b)

- H . O

on
N N

Figure 10: a) IL di(hydroxyethyl)dimethylammonium taurinate investigated for its CO2 absorption ability in [P3].
b) MEA (monoethanolamine) that in spite of some severe drawbacks is already in use for CO2 absorption processes.

Amines such as monoethanolamine (MEA, see Figure 10b) have been shown to be successful
CO: absorbents, but when operating in post-combustion flue gas cleaning processes, their
high energy demands for CO: release is a remaining unsolved issue.*¢*%5! In addition, they
feature low stability under elevated temperatures which makes them prone to evaporation,
degradation and corrosion in the flue gas stream.%52 Several researchers have proposed
amine-functionalised ILs as potential MEA replacements due to their well-known advantages
such as high thermal stability and low vapour pressure.?%2 The paper [P3] given in the
Appendix set out to investigate the processes that take place at the IL-gas interface for such
an amine-functionalised IL during CO- absorption and the species formed during this reaction.
The results on the interface processes obtained by NAP XPS are compared to bulk uptake
measurements and bulk sensitive IR investigations of the IL.

The investigated IL di(hydroxyethyl)dimethylammonium taurinate [(HOC:)2Me2N][H2NC2SOg]
given in Figure 10a mimics MEA. Its anion is functionalised with a primary amine and the cation
is hydroxylated. The IL undergoes a reaction with CO; identical to the reaction of simple amines
such as MEA that proceeds in three steps, as shown in Scheme 3. The amine and CO: first
form the intermediate carbamic acid (R-NHCOOH, step 1) which subsequently may be
deprotonated to form carbamate (R-NHCOO:, step 2). The proton is transferred to another
amine molecule to form ammonium (R-NHs*, step 3).*° The overall reaction is given as step 4.
Depending on reaction conditions the deprotonation of carbamic acid is either favoured or not,
so that either carbamic acid or carbamate is the predominant reaction product (see [P3] for a
detailed discussion of these conditions). Stabilisation of carbamic acid would be advantageous
in terms of CO, uptake capability, as one mole of amine can bind one mole of CO: in the
carbamic acid form (1 : 1 uptake). For the full reaction to carbamate, to bind one mole of CO>
two moles of amine are required, as the amine also acts as proton acceptor (1 : 2 uptake).*

42



5.3. Chemical absorption of CO2 by an amine-functionalised IL

R-NH, + CO,—> R-NHCOOH ()
R-NHCOOH —> R-NHCOO" + H* )
R-NH, + HY —— R-NHj* (3)
2 R-NHy + CO, ——> R-NHCOO" + R-NH3* (4)

Scheme 3: Reaction of primary amines and CO: to form the intermediate carbamic acid (R-NHCOOH) in step (1),
which may then transfer a proton to a second amine molecule to form carbamate (R-NHCOO") and an ammonium
in steps 2 and 3. The overall reaction is shown as step 4.4°

For XPS analysis, it is important to note that the N 1s signals that originate from amine,
carbamate and carbamic acid are very close in BE. All these N atoms are uncharged and have
very similar chemical environments. Hence the resulting peaks are superimposed and cannot
be differentiated. However, the positively charged N atom of ammonium gives rise to a peak
clearly shifted to higher BE, so that it is possible to indirectly differentiate between carbamate

(with accompanying ammonium formation) and carbamic acid (without ammonium formation).

Figure 11: XP spectra of the IL [(HOC2)2Me2N][H2NC2SOs] before (black) and during (grey) application of CO2 at a
partial pressure of 0.9 mbar. The grey spectra are intensity corrected as signals are subject to damping by the gas
phase, as described in [P3] (Experimental Section). Fit peaks for O 1s are shown in light grey. All spectra were
recorded with the GAP setup.

Figure 11 gives in black the N 1s and O 1s spectra of the neat IL prior to CO. application
preheated to remove any products that result from reaction with atmospheric CO.. It shows
two signals of 1 : 1 intensity resulting from the ammonium atom of the cation (not taking part
in the reaction with CO2) at 403.0 eV and from the primary amine group of the anion at
399.9 eV. The O 1s region shows a broad signal with contributions from both OH groups of the
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cation and the three equivalent O atoms of the anionic sulfonate group. All these species do
not take part in the reaction.

During application of 0.9 mbar CO- (grey spectra), the cation ammonium peak gains intensity,
indicating the formation of an ammonium zwitterion from the anion (HsN*-(CH.)>-SOs3’) that is
a clear sign of simultaneous carbamate formation. The amine signal decreases by the same
amount. The N 1s signals of the formed carbamate and carbamic acid superimpose the amine
peak and thus cannot be quantified directly. Carbamate formation, however, can be quantified
indirectly by the ammonium zwitterion to 15 %, i.e. 0.15 mole of the IL anion react to form
ammonium and further 0.15 mole react to form carbamate. The overall degree of carbamation
can be determined from the increase of the O 1s signal that translates into an uptake of
0.58 mole CO: per mole IL. The amount of carbamic acid formed is thus approximately
0.58 — 0.15 = 0.43 mole. Within the near surface region (7-9 nm) carbamic acid is therefore
the dominant carbamation product at a pressure of 0.9 mbar CO..

In [P3] this overall formation of 15 % carbamate and 43 % carbamic acid in he surface near
region of the IL is compared to bulk uptake determined by absorption isotherms and to the
species formed in the bulk determined by IR spectroscopy. It could be shown that the amount
of CO; absorbed at the surface region is considerably higher than the overall bulk uptake. At
the partial CO: pressure of 0.9 mbar used for the XPS in situ experiments, surface uptake was
nearly six times higher than bulk uptake at a partial CO; pressure of 0.7 bar (700 mbar), which
was the lowest pressure investigated for the isotherms. Furthermore, at pressures up to 2.5 bar
the product species in the bulk was found to be solely carbamate, while at the surface it is

mainly carbamic acid.

Thus, for CO. absorption with amine-functionalised ILs it is advantageous to generate a
surface to bulk ratio as high as possible by minimising IL droplet size for two reasons: the
predominant surface species (carbamic acid) can intrinsically bind twice the amount of CO-
when compared to carbamate, due to the 1 : 1 uptake ratio of carbamic acid when compared
to the 1 : 2 uptake ratio of carbamate. Also, CO: surface uptake is in general much higher than
bulk uptake, which is likely a consequence of diffusion limitation of carbamation products into
the bulk. The predominance of carbamic acid is likely a consequence of maintaining as low as
possible surface charges, so that the singly charged carbamic acid anion is preferred over the

dianionic carbamate.
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6.The DASSA spectrometer™

This chapter focusses mainly on the unique spectrometer DASSA (Dual Analyser System for
Surface Analysis, see 3.3) that was obtained by our group at the beginning of 2014 and is
described extensively in [P5]:

[P5] I. Niedermaier, C. Kolbeck, H.-P. Steinrlick, and F. Maier, Dual Analyzer System for
Surface Analysis dedicated to angle-resolved photoelectron spectroscopy at liquid
surfaces and interfaces, Rev Sci Inst, 87, 4, 45105, 2016.

Apart from a description of the major feature, the dual analysers, also unpublished results

obtained with DASSA so far will be given here and in Chapter 7.

6.1. Dual analyser spectroscopy

The previous chapters gave a broad overview on the wealth of information on liquid surfaces
that can be obtained by XPS. Especially for the results given in Chapter 4, ARXPS was
employed to obtain information about orientation and enrichment effects. To use ARXPS,
i.e. to vary the angle between the sample surface normal and the analyser, it is necessary to
tilt the sample by means of a rotatable manipulator to angles of ~70-85° relative to its normal
emission orientation. The problem with rotating liquid samples is obvious: they may drip off the
support. This problem can be circumvented by using relatively thin films (up to ~100 um) of
ILs. Due to the high viscosity of most ILs such films remain rather stable and allow rotation by
360° without loss from the support — indeed this is the method used for sample preparation for
the ARXPS results given in Chapter 4 (see Section 3.6 for description of film preparation).

The problem, however, remains for low viscous samples or film thicknesses higher than
100 um. The latter becomes necessary if e.g. an electrochemical cell setup is to be used on
the sample holder (see sample holder descriptions under 3.1and 3.3) or if investigations with
varying liquid surface-to-support distances are carried out, which can contribute to answer
open questions on charge transport within ILs. A pilot study on this is described in detail
in [P5].

The core feature of the unique DASSA spectrometer are two identical electron analysers
mounted at fixed electron emission angles of 9 = 0° for normal emission and 9 = 80° for grazing
emission for a horizontal sample. The schematic overview of the DASSA analysis chamber in
Figure 12 shows the orientation of both analysers towards the central sample. Analyser A
records spectra at 9 = 0° and analyser B at 9 = 80°. A and B are mounted such that their energy
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dispersive directions are orientated along polar sample rotation. This orientation ensures the
minimum acceptance angle for normal and grazing emission data and thus a well defined

emission angle for ARXPS.

Figure 12: Layout of the DASSA analysis chamber with the two electron analysers at 0° (analyser A) and
80° geometry (analyser B), and with the four excitation sources X1, X2, U and | (see abbreviation list above) and

further components.

The arrangement of all other components in the analysis chamber is also shown in Figure 12.
Most importantly, it contains a monochromatic X-ray source (X1, Al Ka, E = 1486.6 eV) capable
of spot or line irradiation (spot size ~1 mm). The monochromator ensures much improved
spectral resolution when compared to the ESCA or GAP XPS setups. Chapter 7 gives some
examples on how minor variations in electronic structure can be visualised by this superior
resolution. There is also a dual X-ray source (X2, Al Ka, E = 1486.6 eV or Mg Ka, E =
1253.6 eV) with both X-ray sources mounted at magic angle geometry (54.7°)737* towards
each of the analysers. DASSA also contains a UV source (U) and an ion source (l), enabling
further surface sensitive investigations such as angle-resolved ultra violet photoelectron
spectroscopy (ARUPS) or low energy ion scattering (LEIS).
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6.2. Synchronous spectra recording

Apart from the main advantage of DASSA, namely that samples do not have to be tilted for
ARXPS, there is a further huge bonus: spectra at normal and grazing emission are recorded
simultaneously. This is enabled by a special 'dual' version of the measurement software
MATRIX T3.2 that addresses the lens system of both analysers at the same time with identical
parameters and displays the received intensity information of both detectors as separate
spectra side by side. The software window of the dual MATRIX version is shown in Figure 13.
This synchronous recording ensures that all differences observed between spectra of the two
angles result from the angle-resolved nature of the experiment alone, and are not a

consequence of time dependent changes of the sample.

Figure 13: Software window of the especially configured dual MATRIX T3.2 version. Spectra of analyser A and B
are displayed side by side (top region to the left; left: A, right: B). There are also two simultaneously activatable live
view windows (right) that enable quick previewing of snapshot regions for both analysers. Measurement parameters
only have to be entered once and are used identically to actuate the lenses of both analysers.

The following examples show the importance of this condition, especially for investigations of
functionalised ILs. While non-functionalised ILs are relatively stable to X-ray irradiation®® and
do not show pronounced spectral changes even after 15 h of X-ray exposure (Px.ray = 250 W,
Al Ka), more reactive functional groups are also more susceptible to changes triggered by
irradiation. Under typical XPS conditions, some functionalised ILs only exhibit unchanged
spectra for exposure times below 1 h. The following graph (Figure 14) shows spectral changes
that occur in functionalised ILs as a consequence of X-ray irradiation (compare black spectra
recorded initially and grey spectra recorded after several hours of exposure to X-ray). The
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ferrocenyl-functionalised IL [(FcCOGCs3)C+Im][Tf-N] that is described in more detail in
Chapter A.1 (Appendix) shows clear signs of degradation after 5 h of X-ray exposure (Px.ray =
250 W, Al Ka), notable in a second F 1s peak that emerges shifted to lower binding energy of
half the intensity than the original F 1s peak. The initial Fe 2p doublet of the Fe'" species
decreases in intensity, while a second, broader doublet attributed to Fe'" becomes visible.

Figure 14: Spectral changes under X-ray exposure (compare black and grey spectra). While non-functionalised ILs
such as [CsC1lm][Tf2N] (left top and bottom) show no pronounced changes, functionalised ILs often show X-ray
induced degradation, such as the ferrocenyl functionalised IL [(FcCOC3)C1Im][Tf2N] (second from left) or the amine
functionalised IL [(HOC2)2Me2N][H2NC2SOs] (second from right). When monitoring reactions (right, [CeC1Im]CI +
TfOH), changes in successive spectra are also large. Spectra were recorded with the ESCA setup apart from those
of [(HOC2)2Me2N][H2NC2S03] which were recorded with the GAP setup.

The IL used for the CO: absorption experiments described in 5.3 is especially susceptible to
X-ray induced damage. Already after ~30 min, signs of degradation become visible in the
spectra (not shown), and after 6 h of exposure, in the N 1s region, a clear 3" peak emerges in
between the two original peaks, while the peak at lower BE decreases. Also in the O 1s region,
the peak associated with the anionic SOs; group increases in intensity. There are also
prominent changes in the other spectra (not shown). In some cases, the IL even bubbles when
exposed to X-rays, which is a clear sign of generation of highly volatile species. To circumvent
this problem of X-ray damage for the CO. absorption experiments, a reduced X-ray power of
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50 W has been used for the above experiments, which was demonstrated to be applicable to
the IL for up to 15 h without any pronounced spectral changes.

Furthermore, apart from X-ray induced degradation of ILs, also for processes such as in situ
reaction monitoring, recording of angle-resolved spectra in the usual consecutive way may be
impossible if the reaction is too fast. For example, for the above described acid-base reaction
(see also Figure 14 right), recording of a complete set of region spectra took 80 min, which is
exactly the time lapse in between two steps recorded. Recording of 80° emission spectra in
between the 0° spectra series is impossible timewise, and even if it was possible for reactions
proceeding on a slower time scale, then 80° spectra would always be recorded in between the
0° emission data. This does not allow 0° to 80° comparison that is required for determination
of orientation effects.

Thus, the huge advantage of recording spectra simultaneously is a reduction of measurement
time by a factor of 2, which especially for susceptible samples decreases the amount of X-ray
damage considerably, and the certainty that normal and grazing emission data always
originate from the same point in time. In addition, the DASSA spectrometer yields a higher
signal per incoming X-ray than the ESCA and GAP spectrometers, due to improved electron
detection efficiency, which even further reduces spectra recording time.
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7.Electronic structure

It was shown by our group that XPS can be used as an electron density probe to reveal the
electronic structure of the ions that make up the IL. In particular, the correlation between XPS
BEs and 'H and *C NMR peak shifts was demonstrated.*® Looking at Figure 6 in Section 3.4
on fitting procedures and comparing the C 1s spectra of [CsC+Im][Tf2N] and [CsC1Im]CI, there
clearly is a different chemical shift for the Cretero COmponent of these two ILs, revealing a
difference in electron density in the identical [CsC1lm]* cation when combined with anions of
different coordination behaviour. For functionalised ILs, XPS may be used to probe differences
in electronic structure for all IL components as a function of factors such as headgroup type,
functional group, number of functional groups, distance between headgroup and functional
group (spacer length), functional group position and temperature.

As summarised in Section 7.1, it was demonstrated that functionalising an imidazolium
headgroup with a thioether at different ring positions leads to significantly different electron
density, especially on the S atom. Details are given in:

[P1] N. Taccardi, I. Niedermaier, F. Maier, H.-P. Steinriick, and P. Wasserscheid,
Cyclic Thiouronium lonic Liquids: Physicochemical Properties and their Electronic
Structure Probed by X-Ray Induced Photoelectron Spectroscopy, Chem-Eur J 18, 27,
8288-8291, 2012.

While the chemical shift in this case is quite large, making it detectable with the given resolution

of the ESCA instrument, the improved resolution of DASSA enabled investigation of much

more subtle effects, as shown in Sections 7.2-7.3 for different nitrogen based cationic

headgroups and for temperature effects (not published yet).

7.1. Electronic structure of two thio-functionalised ILsP!!

Figure 15 shows both thio-functionalised ILs whose electronic structure is compared in [P1].
In  3-(methylethylsulfide)-1-methylimidazolium bis(trifluoromethylsulfonyl)imide (7.1) the
S atom is part of a thioether group in the side chain bound to the 3-position of imidazolium
while in the structural isomer 3-ethyl-2-(methylthio)-1-methylimidazolium bis(trifluoro-
methylsulfonyl)imide (7.2) the S atom is directly bonded to the 2 position of imidazolium,
forming a thiouronium functional group. In XPS, both ILs give rise to two clearly separable S 2p
doublets (Figure 15 right) with the anionic S 2ps2 signal at an identical position for both ILs at
168.9 eV. This shift to high BE results from the neighbouring O atoms in the sulfonyl groups of
[TfaN] (see Table 1 for [TfaN] structure).
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Figure 15 left: 3-(methylethylsulfide)-1-methylimidazolium bis(trifluoromethylsulfonyl)imide (7.1) and 3-ethyl-2-
(methylthio)-1-methylimidazolium bis(trifluoromethylsulfonyl)imide (7.2); right: 0° emission spectra of the S 2p
region of 7.1 (black) and 7.2 (grey). BE positions of the S 2p32 components are indicated for all species. Spectra
were recorded with the ESCA setup.

More importantly, the S 2p signals of the cation of 7.2 exhibit a large shift of 1.0 eV towards
higher BE relative to that of 7.1. Although S has identical next neighbours in both cations (C on
both sides), the pronounced difference in BE clearly indicates that charge density at the
location of S differs considerably, with lower electron density for compound 7.2. Apparently,
there is an increased degree of charge transfer between imidazolium ring and thio group in the
case of C2 attachment. The concomitant higher electron density on the imidazolium ring of 7.2
is confirmed by shifts in the Nimidazoium @nd Cretero Signals to lower BE when compared to 7.1 or
to a reference IL [C2C+Im][Tf2N]. In addition, there is a pronounced shift of the C2 signal to
higher BE in 7.2 when compared to [C.C+Im][Tf2N]. This is due to the covalent bond to S with
considerably higher electronegativity than H (see [P1] for C 1s and N 1s spectra).

7.2. Electronic structure of different cationic N species

Taking advantage of the improved energy resolution of DASSA, the N 1s BE of four different
cationic N species in different ILs was compared to the N 1s BE of the standard imidazolium
IL 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C2C+Im][Tf2N]). The applied
PE for these spectra is 20 eV, in contrast to the standard value for DASSA spectra of 35 eV,
to further enhance resolution. The cations are pyrrolidinium (Pyrr), ammonium (A),
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pyridinium (Py), and a cation based on the ethylated superbase diazabicycloundecen (DBU),
a bicyclic molecule with two tertiary amine groups.

Figure 16: Normal emission N 1s spectra of the reference IL [C2C1Im][Tf2N] (7.3, four identical spectra at top,
structure see far right), the ILs [C4CiPyrr][Tf2N] (7.4), [C1CsCsCsA][Tf2N] (7.5), [C2Py][Tf2N] (7.6) and
[EtDBU][EtSO4] (7.7) (middle from left to right; structures are given below spectra) and a 1 : 1 (molar) mixture of
each of these ILs with [C2C+Im][Tf2N] (bottom). Normalisation values are given in the main text. The values at the
top give the difference of the Ncation peak to that of [C2C1Im][Tf2N]. Spectra were recorded with the DASSA setup.

Figure 16 gives the structure of the reference compound [C2C1Im][Tf2N] (7.3, for the [TfaN]
structure see Table 1) as well as those of the investigated [TfoN] based ILs with the cations
N-butyl-N-methyl pyrrolidinium ([C4C1Pyrr]*, 7.4), methyltrioctylammonium ([C1CsCsCsA]*, 7.5,
commonly also denoted [OMA]* in literature), N-ethylpyridinium ([C2Py]*, 7.6) and of the IL
1-aza-8-(ethylazolium)bicycloundecen ethylsulphate ([EtDBU][EtSO4] 7.7). While 7.4-7.6 are
relatively common ILs, DBU is an untypical IL precursor. Ying et al. were the first to prepare a
DBU-based IL by protonation with acetic acid, forming [DBUH][Ac].>® There are a few
subsequent publications that report on the use of this [DBUH]*-based IL in catalysis.>*°” Apart
from that, Wu et al. reported on ILs based on alkylated DBU, among them also [EtDBU][PhSO3]
([PhSOs] = phenylsulfonate) with an identical cation as that in 7.7.58 The IL 7.7 was received
in 2012 from Lehrstuhl fir Chemische Reaktionstechnik, Universitat Erlangen-Nurnberg from
the group of Dr. Peter S. Schulz, where it was synthesised by Matthias Bahlmann. It was
intended for further CO» absorption experiments, but due to time restrictions, further studies
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apart from a general characterisation were out of the scope of this thesis and had to be
postponed.

The top spectrum of each of the four columns in Figure 16 gives the N 1s region of the
reference [C2C+Im][Tf2N], the middle row shows the N 1s region of the four investigated neat
compounds and the bottom row gives spectra of a molar 1 : 1 mixture of the respective IL with
the reference IL [C.C+Im][Tf2N]. To account for different densities and therefore different signal
intensities, all spectra were normalised to the [C2C+Im][Tf2N] F 1s intensity (spectra not shown)
which effectively equalises the intensity of all anion signals, in particular also the Nanion Signal
in the above spectra at 399.4 eV. Slight BE corrections in the order of 0.05-0.20 eV were also
necessary for some spectra due to slight charging effects. The BE was also referenced to the
F 1s (and thus, in effect, the Nanon) signal. For the [EtDBU][EtSO.] (7.7), spectra with its
different anion compared to the other [Tf2N] ILs, intensity normalisation of all spectra was
carried out assuming the Ncaion Signal in the pure compound has an identical intensity to the
Nimidazolium Signal in 7.3, and that the Nimidazoium Signal in the 1 : 1 mixture is half the intensity of
that in pure [C2C+Im][Tf2N]. The BE scale of the mixture was referred to the Nimidazoium Signal of
[C2C4Im][Tf2N], and the obtained BE of the Ncaion Signal of [EtDBU][EtSO.] in the mixture was
then used as reference for the pure compound.

Looking at the cationic N 1s signals which is the high BE signal for the [TfaN] based ILs, there
is a clear difference in BE for all four ILs when compared to the [C2C+Im][Tf2N] Nimigazolium Signal
at 402.0 eV. For 7.4 and 7.5 the signals are both shifted by 0.6 eV to higher BE. The shift is
slightly lower for 7.6 and amounts to 0.4 eV. Only for 7.7 the Ncaion Signal is shifted to lower BE
by a value of 1.3 eV.

As chemical shift in XPS is influenced by local electron density, the spectra show that electron
density is considerably lower on the pyrrolidinium and the ammonium N atom (7.4 and 7.5)
when compared to the imidazolium N atoms (7.3). In consequence, this demonstrates that the
positive charge is located to a higher degree on the N atoms in the case of pyrrolidinium and
ammonium. This finding is in agreement with expectations, as both the pyrrolidinium and the
ammonium N atom are bonded solely to aliphatic or alicyclic alkyl groups, whereas for
imidazolium, both N atoms are part of an aromatic system. For this, the positive charge is less
strongly located, but dispersed over the extended 1 system, leading to a lower positive charge
density / higher electron density on the N atoms. The pyrrolidinium group could also be viewed
as a cyclic ammonium, which makes the fact that the cationic N 1s signal of both groups
exhibits an identical shift understandable. In the pyridinium compound (7.6), however, the
N atom is also part of an aromatic system with lesser charge localisation, as is the case for
imidazolium. Still, electron density must be lower on pyridinium when compared to imidazolium

as is witnessed by the shift to high BE. This is due to the positive charge being dispersed over
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two N atoms in the case of imidazolium, while it resides on one N atom only in the case of

pyridinium.

There is only one N 1s signal for compound 7.7, as the charge is evenly distributed by
resonance across the [N=C-N]* moiety. Positive charge density is very low / electron density
is comparatively high on this moiety, as the signal exhibits a pronounced shift to lower BE
when compared to the Nimisazoium Signal. As there is no extended 1 system on this bicyclic
structure, a situation intermediate between that of ammonium/pyrrolidinium and imidazolium
could be expected, due to the presence of two N atoms, but no aromaticity. As for this IL only,
the anion is not [Tf2N], likely an electron inducing effect of the [EtSO4] anion is at least partly
responsible for the observed shift to low BE. The above-mentioned early publication of our
group'? investigates BE as a function of charge density, that is varied by combining different
anions to an identical cation. Cationic N 1s BEs of ILs with small, well coordinating anions such
as halides differ by up to -0.6 eV from that of [TfoN] based ILs. Unfortunately, [EtSO.]" was not
part of this investigation, but for [CoC+1Im][EtSO4] in Ref. 29, we find a cation N 1s BE of
401.5 eV (relative to O 1s and S 2p of compound 7.7). This is by 0.5 eV lower than the
[C2C4Im][Tf2N] N 1s BE of 402.0 eV, showing that [EtSO4] has an electron inducing effect in
the order of the halides. The residual shift to low BE observed for [EtDBU][EtSO4] must thus
result from the structure of the cation. As there is no extended 1 system, the positive charge
must mainly be located on the C atom of the [N=C-N]* moiety. This assumption is confirmed
by the pronounced shift of the respective C 1s signal to higher BE by 0.6 eV more than for the

C2 atom in imidazolium ILs, as shown in Figure 17.

For pyrrolidinium (7.4), the observed BE is in agreement with that reported by Shigeyasu et
al.*® and by Men et al.®® for the identical IL (Ncation = 402.6 €V relative to Nanion = 399.4 eV in
Figure 16, Ncaion = 402.5 eV relative 10 Nanion = 399.3 eV in Reference 59, Ncaion = 402.7 eV
relative 10 Nanion = 399.5 eV in Reference 60). The same is true for the ammonium IL (7.5)
when compared to XPS BEs reported on similar alkylammonium ILs by the Licence group®'
(Ncation = 402.6 eV relative to Nanion = 399.4 eV in Figure 16, Ncaion = 402.5 eV relative to Nanion
= 399.3 eV in Reference 61). The pyridinium IL 7.6 was also investigated by the Licence
group® who reported slightly diverging peak positions (Ncaion = 402.4 eV relative to
Nanion = 399.4 eV in Figure 16, Ncaion = 402.6 €V relative to Nanion = 399.5 eV in Reference 62).
No XPS data is reported on the IL [EtDBU][EtSO.] or the [DBUH]* analogues.
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Figure 17: C 1s region of [C2C1Im][Tf2N] (black) and [EtDBU][EtSO4] (grey) and the [C2C1Im][Tf2N] C2 fit peak (black
dashed). The related [N=C-N]* peak of [EtDBU][EtSO4] that is also bonded to two N atoms is considerably shifted
to higher BE when compared to the [C2C+Im][Tf2N] C2 signal. Spectra were recorded with the DASSA setup.

Taking all spectra into account (F 1s, O 1s, C 1s and S 2p not shown), the calculated atom
numbers agree well with the nominal values. Having thus ascertained the absence of
impurities, a molar 1 : 1 mixture of each of the four ILs with [C2C+Im][Tf2N] was prepared using
ACN as a solvent to ensure proper mixing. ACN is completely removed from the mixture by
evaporation in UHV prior to XPS measurements. For the N 1s spectra of the mixtures in
Figure 16, the Ncaion 10 Nanion distance obtained from the pure compounds were used as
constraints for the fits shown in grey as well as an identical fwhm for the Ncaion peak of the
investigated IL and the Nimidazoium peak of [CoCqIm][Tf.N]. For all mixtures but
[C1CsCsCsA]J/[C2C1Im][TF2N], the calculated atom numbers and nominal atom numbers
coincide very well, indicating the applicability of the fit model and homogeneous mixing of both
components. In particular, the nominal Ncaiion : Nanion ratio of 3 : 2 for equimolar mixtures of 7.3
with 7.4 and 7.6 are found in the 0° emission spectra. For [C1CsCsCsA]/[C2C1Im][Tf2N] there is
a predominance of the ammonium Ncaion Signal over Nimidazoium. The nominal ratio would be
1 12 (Naation, ammonium : Nimidazolium), but the observed ratio is 1.0 : 1.2 only. There is further a
predominance of 5-10 % of all cationic C 1s signals over the nominal values, and concomitantly
by 5-10 % lower than nominal atom numbers for all anion signals (spectra not shown). This
shows that most likely, there is a predominance of the ammonium cation [C1CsCsCsA]* over
the imidazolium cation [C2C+Im]* in the surface near region of the IL to such an extent that this
is already noticeable in the 0° spectra. The fact that the same trend is more pronounced in the
80° data corroborates this assumption. As the results were obtained by a single measurement
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and were not repeated with a second sample to confirm reproducibility, it is, however, also
possible that an error during preparation of the mixture led to an IL ratio different from 1 : 1. As
both ILs have a common anion and their cationic C 1s signals are not separable, such an error
would only be observable in the N 1s region.

Figure 18: Comparison of the N 1s 0° and 80° emission spectra of the mixtures introduced in Figure 16. Spectra
were recorded with the DASSA setup.

In Figure 18 the N 1s 0° emission spectra of the four different mixtures are reproduced. In
addition, the more surface sensitive 80° data and the fit peaks are shown. The cationic N 1s
species are assigned at the top. For the 80° fits identical constraints as those described for the
0° data were used, and all spectra were scaled by the GF as described in Section 2.3 and [P5].
For the [C1CsCsCsA]/[C2C+Im][Tf2N] mixture (second from left), there is a strong increase of the
ammonium component in 80° when compared to 0°, resulting in a 1.0 : 0.7 ratio (Ncation, ammonium :
Nimigazoiium). The Caiyi component that nearly exclusively arises from the ammonium cation also
shows enhancement in the 80° spectra by 25 % (not shown). Thus, there must be a clear
enrichment of the [C1CgCsCsA]* cation at the expense of the [CoC+Im]* cation at the surface. A
similar, though not as pronounced behaviour is found for the pyrrolidinium compound 7.4.
While the atomic ratios in the 0° data agree with nominal stoichiometry, there is a 5 % increase
in Necation, pyrrolidinium iNtensity in 80° when compared to 0° emission and a 20 % decrease of the
Nimidazolium Signal. This gives a 1.1 : 1.4 ratio (Ncation, pyrroliginium : Nimidazolium), While the nominal ratio
would be 1 : 2. There is also an intermediate (7 %) intensity increase in 80° relative to 0° of
the Caky signal mainly associated with the pyrrolidinium cation, so overall, at the surface of the
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mixture, the [C4C+Pyrr]* cation is enriched while [C.C4Im]* is depleted. For the mixture of
[C2C+Im][TF2N] with the pyridinium compound 7.6, the 80° data show no pronounced surface
enrichment effects apart from the typical [Tf2N] orientation discussed in Section 4.1 and [P4],
so that both cations are present in the nominal 1 : 1 ratio at the surface. A slight surface
segregation effect was found for the [Co.C+Im][Tf2N]/[EtDBU][EtSO4] mixture: both cationic N 1s
signals that have a nominal 1 : 1 ratio decrease in intensity in the 80° spectrum, but the
Nimidazolium dO€s so to a higher extent, resulting in a 1.0 : 0.7 ratio (Ncation, et08U : Nimidazolium). SO
again, the imidazolium cation must be depleted from the surface to the benefit of [EtDBU].

The enrichment of the pyrrolidinium (7.4) and ammonium (7.5) cation over the imidazolium
based [C2C1lm]* is contrary to what one could expect from the chemical shift data, as both
cationic N atoms in compounds 7.4 and 7.5 have a higher degree of charge density than those
in [C2C4Im]*. From the results of [P4] and Section 4.1, one would assume that IL moieties with
a higher charge density should be located at a larger distance from the surface than those
having a lower charge density or are uncharged. To unequivocally determine surface
enrichment of different headgroups, however, similar or identical alkylation of these would be
necessary to exclude an effect of different alkyl chain lengths. In the present case, surface
enrichment scales with the Caiyi content of the cation and is thus most pronounced for the
ammonium with three octyl groups attached. Because in all surface sensitive studies that | am
aware of, Caky enrichment is observed for long aliphatic chains, it is a feasible assumption that
cation surface enrichment observed here, and in particular the very pronounced enrichment of
the ammonium cation, are indeed induced by the surface-enriched alkyl chains “pulling” the
associated headgroup towards the surface.

For the [EtDBU][EtSO4] mixed with [C2C1Im][Tf2N], the reason for the observed enrichment of
[EtDBUJ* is likely not related to the high electron density induction by the [EtSO4] anion and
the resulting lower charge density on the cation, as one could spontaneously assume. As in
an IL mixture anions and cations are expected to mix equally, resulting in a mixture structure
that is just as well described as containing [EtDBU][Tf2N] and [C2C+Im][EtSO4], the electron
induction of [EtSO4] is not expected to exclusively affect the [EtDBU]* cation. The surface
enrichment could probably be related to the predominance of nonpolar cyclic alkyls in
[EtDBUJ*. For unambiguous determination of cationic surface enrichment, however, it would
be advantageous to use identical anions for both components to exclude any anion-induced
effect.
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7.3. BE shift as a function of temperature for [C1sC1Im][TfO]

Several studies have by now been carried out at DASSA, where IL peak positions were
monitored as a function of sample temperature. One of these investigations is described in
detail in [P5]. In addition, the data of a related analysis is presented below. These
investigations are motivated by the prevailing lack of knowledge on how charge compensation
in XPS and hence charge transport in ILs operates.

Charge transport in ILs can be considered along the lines of classical electrolytes that are
composed of a non-conducting solvent and a charge-carrying solute that is typically a salt.
lonic conduction in electrolytes with low solute concentration is mainly dependent on diffusion
of the charge carriers that on average do not interact with each other. The charge transport
process in ILs is similar to that in electrolyte solutions in that the charge carriers are ions.
However, the pronounced difference is the absence of neutral solvent molecules that screen
interionic interactions. For ILs, the ionic conduction mechanism is thus thought to be influenced

by further factors such as ion size or cation-anion interactions.36°

In XPS, electrons are emitted from the sample surface by photoemission, leading to a formal
oxidation of the surface. These electrons have to be replenished to counteract build-up of a
positive surface charge that affects the kinetic energy of the photoelectrons and hence leads
to an apparent signal shift to higher BEs. For non-conducting samples, electrons of low energy
have to be supplied by a flood gun directly to the sample surface, but ILs are sufficiently
conductive to allow electron replenishment from the grounded sample support. Conduction
through ILs is basically an ionic process, as noted above. However, during XPS of ILs, a shift
of all signals to higher BEs is commonly observed with increasing X-ray exposure time,
showing that conduction through the liquid is likely insufficient for complete charge
compensation (see Reference 66 for a more elaborate discussion). The investigations of BE
changes as a function of temperature for different ILs can shed light on to what extent
increased ion mobility can enhance conductivity to counteract surface charging. The spectra
were recorded with DASSA due to its superior energy resolution.

In the study described here, XP spectra of the IL [C1sC+Im][TfO] ([TfO] = trifluoromethyl-
sulfonate or triflate, [FsC-SOs]) were recorded at different temperatures. Prior to the
investigations, the IL was degassed in vacuo by heating it to 423 K over a period of 4 h.
Simultaneously recorded QMS spectra and a strong increase in chamber pressure confirmed
the loss of water from the IL during this heat-up phase. Subsequently, starting from 423 K the
IL was allowed to cool down and spectra were recorded at 30 K intervals down to 303 K. After
this, the IL was again heated up to 423 K while spectra were recorded, followed by a cooling
phase identical to the first one.
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Notably, the IL [C1sC4Im][TfO] contained a polysiloxane impurity. Though only minor, the
presence of this impurity may have influenced the results given below to some extent. The
topic of polysiloxane contamination is discussed in Chapters 4 and A.1 (Appendix) of this
thesis, and will be revisited in Chapter 8.

[C1sC4Im][TfO] is a liquid crystalline IL with the transition from smectic A phase to solid at
~328 K, with a ~20 K hysteresis in the heating phase. In pre-trials of the below described
experiment, it was shown that for sample layer thicknesses in the order of 100-400 um, sample
charging was considerable for the solid IL at 303 K, giving rise to strong shifts to high BE of all
peaks, and in some cases also partial charging noticeable in double peak structures. It is the
experience of our group that charging of solid samples can be diminished to a large extent by
preparing very thin sample layers on the support. Therefore, for the below described
experiments, a thin sample film of 12 um thickness was prepared by the solution method
described in 3.6 using ACN.

To judge the changes in BE relative to sample temperature, averaged values of BE differences
to the BE position at a reference point for all species were calculated from the fitted spectra.
The BE positions at 423 K at the start of the measurements were chosen as reference values
due to the fact that a) water was removed, b) highest intrinsic conductivity was expected due
to high ion mobility, and c) potential radiation damage was minimal. In Figure 19, the BE shifts
are depicted vs. X-ray duration (i.e. measurement time) and also relative to sample
temperature, to also visualise effects that may arise from increased X-ray or UHV exposure.
The reference point where the BE shifts of all signals equal zero is depicted by a star symbol.
Note that for all three measurements at 303 K (highlighted in grey), where the bulk IL is solid,
the mean BE values are considerably higher compared to the respective values at the next
data point at 333 K, and the very last 303 K value is on average highest. This shows that in
spite of the use of the very thin film, charging of the solid sample still occurs, leading to a shift
of all signals to high BEs.

Disregarding the 303 K data points with high charging of the solid sample, there seems to be
an overall decreasing trend for average BE with X-ray duration, marked by the dashed grey
line in Figure 19. This is unusual and in contrast to the above mentioned overall BE increase
of all signals commonly observed for ILs with increasing X-ray exposure time. Apart from that,
the data points in the complete heating and cooling cycle (in between the 2" and 3 303 K
points) at least suggest a weak relationship to temperature: as temperature increases, BE
slightly decreases. This could be a manifestation of the expected effect described above: with
increasing temperature, ion mobility and thus conductivity increases, leading to enhanced
charge transport and thus better compensation of photoelectron loss, and in effect to a lower
BE. However, the BE increase with decreasing temperature is weak, and is not seen in the
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first cooling phase. To improve reliability of data, several more heat/cool cycles would have to
be carried out.

Figure 19: Average change of BE with temperature in a cooling/heating/cooling cycle of [C1sC1Im][TfO]. The BE
position of the first 423 K measurement is chosen as reference point (BE shift = 0 eV, marked with a star symbol).
At 303 K (data points highlighted in grey), the IL is solid, leading to a determined shift to higher BE.

To obtain further information on BE shift of each species with temperature and/or
measurement time, in Figure 20 the previous figure is expanded to show the BE shifts of each
contribution separately. To elucidate an emerging trend, all anion signals are shown in black
and all cation signals are shown in grey. The data points at 303 K, where the trend is disturbed
by sample charging, are marked by rectangles. There is a clear temperature dependence of
BE position for the signals of both ions: for anion species, the BEs increase with decreasing
temperature, and vice versa, for cations, the BEs decrease with decreasing temperature. In a
simplified initial state picture, anions become more negatively charged (increase in electron
density) with increasing temperature, which reduces the observed BE, whereas at the same
time cations become more positively charged (decrease in electron density). This effect could
be related to the IL density: as temperature increases, density for most compounds decreases,
which is equivalent to an increase of interionic distances. As described in Reference 43,
interionic charge transfer is related to coordination of the ions that constitute the IL, or in other
words, on how and at which distance the ions arrange. Thus transfer of electron density from
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anion to cation is lowered when the ions are further apart, resulting in the observed higher

anionic and lower cationic electron density with increasing temperature.

Figure 20: Change of BE with temperature in a cooling/heating/cooling cycle of [C1sC1Im][TfO] for each species.
Black data points refer to anion species and grey data points refer to cation species. The BE position of the first
423 K measurement is again chosen as reference point (BE shift = 0 eV, marked with a star symbol). The 303 K
data points where the IL is solid are marked with grey rectangles.

As a final note in this section, a similar behaviour was observed when investigating the IL
[(BrC2)C+Im][Tf2N] at temperatures between 223 and 373 K with the ESCA setup. In Figure 21,
BE positions at 373 K were chosen as the point of reference that is again marked with a star
symbol. There are the same temperature dependencies of the BE shifts for cation and anion
signals than for [C1sC+1Im][TfO]. However, the trends in this case are superimposed by the
overall peak shift to higher BE with increasing X-ray exposure time (black solid squares). This
is a typically observed behaviour for many ILs that results from charge build-up at the IL
surface. Hence, the decrease of BE with increasing temperature for all anion signals is nearly
reversed (black open symbols), while the trend of increasing BE with increasing temperature
of all cation signals is enhanced (grey symbols).
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Figure 21: Changes in BE with increasing temperature for all species in the IL [(BrCz2)C1Im][Tf2N] for anion (black,
open symbols) and cation (grey) peaks relative to the peak position at 373 K (BE shift = 0 eV, marked with a star
symbol). The black solid squares show the average peak shift for all species.
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8.O0utlook

This thesis summarises my contributions to IL surface science by ARXPS. As this field has
been developed into multiple directions, the previous chapters already covered a wide
spectrum of investigations. Naturally, future research will be even more diverse, and highly
developed instrumentation and sophisticated procedures will allow for a wealth of prospective
research fields.

Functionalisation of ILs is, as mentioned, nearly unlimited in its potential. Many of the new
materials that will be developed for different applications will rely on surface processes, and
thus will require thorough surface characterisation for a fundamental understanding and the
improvement of their performance. The fact that XPS can be used as a probe sensitive to
charge distribution makes it complementary to NMR when it comes to determination of
reactivity of differently functionalised moieties. For reaction monitoring, the concept of
functionalised ILs can be employed in many diverse fields, and the possibility of sample
temperature manipulation and controlled addition of reaction partners allows for investigation
of a wide range of reactions.

Instead of a lengthy listing of possible ways in which ARXPS on ILs can be employed, this
Outlook chapter will focus on one specific research direction, where several pre-investigations
have already been done in the course of this thesis. The project deals with the potential use of
siloxane-based ligands as "float balls" for catalytically active complexes in ILs.

It has been noted several times throughout this thesis that silicone-based impurities in ILs that
are likely polysiloxane (PSi) compounds show an extremely high surface activity, so that
minute traces in ILs can complicate surface investigations of the IL, although the impurity is
not even detected by other characterisation techniques such as NMR (see e.g. Chapter 4).

On the one hand, this is an annoying complication and leads to time-consuming surface
cleaning procedures that impede reliability of results. On the other hand, this extreme surface
enrichment carries a huge potential: if a defined siloxane compound was tethered to a catalyst
dissolved within an IL, it may be possible to enhance the surface activity of the catalyst
considerably. For homogeneously catalysed reactions in a SILP system'’, bringing the catalyst
as close as possible towards the IL/gas interface can decisively diminish diffusion limitation of
the reaction rate.
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Prior to embarking on detailed research on such a surface enhanced SILP catalyst, questions
that need to be answered include:

1) Is the impurity containing Si, C and O that is encountered in ILs indeed a PSi?

2) If so, is the extreme surface activity inherent for PSi? Or are PSis identifiable in minute
traces only due to the fact that their Si atoms make them detectable in ILs that typically
contain no Si, whereas e.g. the C 1s signals of hydrocarbon polymers that may have a
similar potential of surface enrichment will nearly always be superimposed by IL

signals?

3) Is the surface activity related to the fact that PSis are long chain polymers, or will PSi

monomers or oligomers, when used as ligands, show the same behaviour?

4) Does the surface enrichment depend on factors such as temperature or surface
composition of the IL?

5) How strong is the enrichment for different PSis, i.e. at which bulk concentration are
they still detectable at the surface by XPS?

Some of these questions have already been addressed by obtaining several commercial PSis
and dissolving trace amounts of them in ILs. It was found that these commercial compounds
showed the same high surface enrichment as typical impurities.

In the following, results on the vinyl-terminated compound poly(dimethylsiloxane) (see
structure in Figure 22) dissolved in the ILs [C2C+Im][Tf2N] and [CsC+Im][Tf2N] are presented.
To obtain a sufficient dilution and to enhance mixing between IL and PSi, a solvent has to be
used. Several solvents and solvent mixtures have been investigated for their potential to
dissolve different PSis and ILs. For the presented data, a 1 : 1 : 1 (vol) mixture of isopropanol,
acetonitrile and petroleum ether has been used. All three solvents were shown to contain no
Si. In later test experiments not shown here, it has, however, been found that a 1 : 1 (vol)
mixture of hexane and acetone is the solvent mixture of choice for further investigations. This
avoids the presence of petroleum ether, which itself is a badly characterised alkane mixture
with low purity.

In Figure 22, the 80° survey spectra of the ILs [C2C1Im][Tf2N] (left) and [CsC+Im][Tf2N] (right)
after dissolving a tiny amount of the PSi in them are given. The bulk concentration of PSi in
both ILs was calculated to be 1x10* mol%. Note that concentration values in this chapter are
expressed as PSi monomer per IL ion pair to retain comparability to differently terminated
poly(dimethylsiloxane) compounds. These will also be investigated in the future and differ in
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monomer number n and hence molecular mass M. In the initial RT spectra (top), no Si 2s/2p
peaks are visible for [C2C1Im][Tf2N], whereas small Si 2s/2p signals can be found in the
[CsC1Im][TF2N] spectrum at ~152 eV and ~100 eV. The PSi surface content can be estimated
from the spectra by comparing e.g. the S 2p and Si 2p intensities. Their ratio is roughly
estimated to be 10 : 1 (S 2p : Si 2p), and this translates into a 40 mol% surface concentration
of PSi (ASF(S 2p) =2 x ASF(Si 2p); 2 S atoms per IL ion pair and 1 Si atom per PSi monomer).
The PSi is thus enriched by 5 orders of magnitude in the uppermost 1.0-1.5 nm when

compared to the bulk.

Figure 22: 80° emission survey spectra of [C2C1Im][Tf2N] (left) and [CsC+1Im][Tf2N] (right) containing the vinyl
terminated PSi compound shown at the top at a bulk concentration of 1x10* mol% (PSi monomer/IL pair). Spectra
are given at RT (top) and after heating the IL to 353 K for 1 h (bottom).

The PSi surface content even increases when the IL is heated (see bottom spectra at
Figure 22). For [CsC+Im][Tf2N], the Si 2s/2p signals increase upon heating to 353 K for 1 h to
~5 times their initial intensity. Even for [C2C1Im][Tf2N] where Si 2s/2p signals could not be
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discerned in the initial spectrum, after heating, low intense Si 2s/2p signals can be detected
(seeinset in the Figure). This effect is in line with a long experience of our group on PSi impurity
behaviour and likely results from enhanced diffusion at elevated temperatures. It is usually not
reversible for impurities or for the PSis investigated on purpose, i.e. once PSis were able to
diffuse to the IL surface, they remain there even when the temperature again decreases. To
my knowledge, the only exception to this behaviour is exhibited by [C1sC1Im][TfO] described in
Section 7.3.

The fact that for the IL with the short alkyl chain ([C2C1Im][Tf2N]) PSi enrichment is less
pronounced than for the IL with the longer alkyl chain ([CsC+Im][Tf2N]) is also perfectly in line
with our long experience on PSi contaminations. Notably, more than five very elaborate
attempts to synthesise the IL [C1sC+Im][TfO] (see Section 7.3) with a very long alkyl chain
without any impurity failed, even though every possible precaution to prevent contamination
was taken by highly experienced chemists in the synthesis.®” Shorter chain ILs could be
synthesised without any observed impurities by the same chemists acting along the same
precaution guidelines. Apart from that, investigating our stock of standard ILs that contains
[ChC4IM][TF2N] with n = 2, 4, 6, 8, 10, 12, 14 and 16 confirmed the assumption that PSi
impurities enrich more strongly at the surface of ILs containing long terminal alkyl chains, as
for ILs with n > 10 small Si 2s/2p peaks were observed in XPS at 80° (data not shown). The
ferrocenyl ILs reported on in the Appendix Chapter A.1 are a further case in point: the amide-
linked compounds containing long terminal alkyl chains with n = 7 all contained Si impurities
prior to sputter cleaning, whereas the ether linked compounds without terminal alkyl chains did

not.

Figure 23: Two imidazolium ILs functionalised with a siloxane related moiety. In both cases, the functionalised side
chain showed a high preference to orientate towards the vacuum.

Investigations on silicone-functionalised ILs can shed some light on question 3 above on
whether or not the high surface activity will remain when PSis are no longer polymeric, but
present as shorter oligomers or even monomers. The IL (tri(ethoxy)silylpropyl)methyl-
imidazolium chloride (see Figure 23a) has already been introduced above as structure 4.3 and
the clear orientation of the ethoxysilyl side chain towards the surface has been discussed in
Section 4.1. The related IL (trimethylsilyloxyethyl)methylimidazolium bromide®® that is given in
Figure 23b also exhibits clear surface enrichment of the siloxane-functionalised side chain
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(spectra not shown). These results suggest the possibility that the high surface activity of PSis
is not only due to their polymeric structure, but also an inherent property of the siloxane motif.

Having so far ascertained the extremely high surface activity of PSis in general, further
fundamental research must include the use of different PSis with varying terminal groups and
different numbers of monomer repeat units in IL mixtures of low PSi concentrations. Differently
functionalised ILs have to be investigated for their potential to enrich PSi at their surfaces,
varying conditions such as temperature and concentration for a fundamental understanding of
factors that promote PSi surface enrichment. In the next step, the project can progress to the
synthesis of catalytically active complexes with PSi ligands, and the assessment of their
performance under XPS conditions and more realistic large scale applications.
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9. Conclusion

In the year 2006, surface science research on ionic liquid (ILs) was initiated in the work group
of Florian Maier at the Department of Chemistry at the Universitat Erlangen-Nlrnberg
(Physikalische Chemie Il, Prof. Hans-Peter Steinrlick).#?® Angle-resolved X-ray photoelectron
spectroscopy (ARXPS) was subsequently carried out on a considerable number of different
ILs. Numerous fundamental insights into surface composition and surface segregation effects
in ILs and mixtures, solutions and dispersions based on ILs were achieved in the following
years.®11-156970 Baged on these early findings, the work in this thesis presents the author’s
contribution to IL surface science from 2011 on. Incorporating five publications and
complementary unpublished data, it expands the field from standard ILs to diversely
functionalised ILs, and further examples of chemical reactions in ILs.

The surface composition of functionalised ILs is ruled by the interplay of different
intermolecular forces that prevail between the different moieties of the IL, namely ionic
interactions between the headgroups, dipole-ion or dispersive interactions between
headgroups and non-ionic side chains and dipole-dipole or dispersive interactions between the
side chains. Whether or not the IL shows some degree of surface order depends on the
predominance of one of these interactions over the others. Observed surface compositions
range from pronounced surface enrichment of e.g. halogenated alkyl chains, to isotropic
arrangement of e.g. ether functionalised side groups.[

Functionality introduces reactivity into ILs, and hence the possibility to study IL reactions by
XPS. The reaction between the chloride anion of the IL [CsC1Im]Cl acting as a weak base and
the strong acid TfOH was thus investigated by XPS, monitoring the resulting anion metathesis
that goes hand in hand with a molar density change. Changes in the XP spectra during acid
dosage and temperature variations reveal that the reaction proceeds close to completion, but
is restricted to the surface near region of the IL only.P? Investigation of a second reaction
between an amine-functionalised IL and gaseous CO: led to fundamental insights for CO2
uptake by amines, particularly for IL systems. It was shown that the uptake capacity of the near
surface region for reaction products formed by CO, and amine is considerably higher than that
of the bulk. Moreover, the dominant product species in the bulk differs from the dominant
surface species that contains twice the amount of CO: for stoichiometric reasons. For the
chemical absorption process taking place in high surface-to-volume media, both effects are
highly advantageous for CO, capture.l”!

Using chemical shifts of XPS signals as an indication of electron density of different IL moieties,
two ILs functionalised with a thioether group at different positions of the imidazolium headgroup
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were compared. For sulphur directly bonded to the C2 atom of imidazolium, there is a
pronounced shift of the respective S 2p doublet to higher binding energy (BE) when compared
to the S 2p signal of a thioether group part of the side chain at the 3-position of imidazolium.
Hence, electron density of S at the 2-position is lower due to a higher degree of electron
induction into the positively charged imidazolium ring when compared to S within the chain at
the 3-position.[’!! However, variations in chemical shift in similar IL structures are frequently
more subtle than those exhibited in the thioether results and require higher energy resolution
to be detectable. The reported studies on such less pronounced variations include the
investigation of ILs with different N-based cation headgroups, and of temperature effects in the
IL [C18C4IM][TO].

The second main topic of this thesis is improvement of instrumentation for IL surface science
research. The majority of the Erlangen results published so far has been achieved using a
standard ARXPS setup that allows sample rotation to detect electrons under different polar
emission angles. However, this method reaches its limits if low viscous liquids and/or films
thicker than ~100 um are to be investigated. A new XPS setup developed by our work group
and obtained in 2014 is dedicated to angle-resolved studies of liquids. It allows samples to
remain horizontal, while spectra at normal and grazing emission are recorded simultaneously
by two electron analysers. This new setup with the name DASSA (Dual Analyser System for
Surface Analysis) was characterised in this thesis, and first results highlighting its potential and

necessity were presented.!
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10. Zusammenfassung

Im Jahr 2006 begann die Arbeitsgruppe von Florian Maier am Department Chemie der
Universitat Erlangen-Nirnberg (Physikalische Chemie Il, Prof. Hans-Peter Steinriick)*?° mit
Oberflachenforschung an lonischen Flussigkeiten (ILs). Im Zuge dessen wurde eine groB3e
Anzahl von verschiedenen ILs mit winkelaufgeléster Rontgenphotoelektronenspektroskopie
(angle-resolved X-ray photoelectron spectroscopy, ARXPS) untersucht. In den folgenden
Jahren wurden zahlreiche fundamentale Erkenntnisse Uber die Oberflachenzusammen-
setzung und Uber Oberflachenanreicherungseffekte in ILs und IL-basierten Mischungen,
Losungen und Dispersionen gewonnen.®'1-1569.70 Die Resultate in dieser Dissertation legen die
Beitrdge des Autors zum Gebiet der IL-Oberflachenuntersuchungen seit 2011 dar, die auf
diesen frihen Ergebnissen basieren. Die Arbeit beinhaltet finf Publikationen und
komplementare unveréffentlichte  Daten, und erweitert das Gebiet der IL-
Oberflachenforschung um verschiedene funktionalisierte ILs und um weitere Beispiele fur
chemische Reaktionen in ILs.

Die Oberflachenzusammensetzung funktionalisierter ILs wird durch das Zusammenspiel
verschiedener intermolekularer Kréfte bestimmt, die zwischen den verschiedenen Teilen einer
IL herrschen. Diese sind ionische Wechselwirkungen zwischen den Kopfgruppen, Dipol-lon
oder dispersive Wechselwirkungen zwischen den Kopfgruppen und den ungeladenen
Seitenketten und Dipol-Dipol oder dispersive Wechselwirkungen zwischen den Seitenketten
untereinander. Ob die IL einen gewissen Grad an Oberflachenordnung aufweist oder nicht,
hangt davon ab, ob und wie stark eine dieser Wechselwirkungen Uber die anderen tUberwiegt.
Die beobachtete Oberflachenzusammensetzung bewegt sich zwischen deutlicher
Oberflachenanreicherung von z.B. halogenierten Alkylketten, und isotropischer Anordnung
von z.B. etherfunktionalisierten Gruppen."4

Funktionalisierung von ILs mit reaktiven Gruppen eréffnet die Méglichkeit, IL-Reaktionen mit
XPS zu untersuchen. Die Reaktion zwischen dem leicht basischen Anion der IL [CsC+Im]CI
und der starken S&ure TfOH wurde mit XPS erforscht und die resultierende Anionen-
Metathese, die mit einer Dichtednderung einhergeht, wurde verfolgt. Die Anderungen der XP-
Spektren wahrend der Sauredosierung und der Manipulation der Probentemperatur zeigen,
dass die Reaktion nahezu komplett ablauft, aber auf die oberflachennahe Region der IL
beschrankt ist.”2 Die Untersuchung einer weiteren Reaktion zwischen einer Amin-
funktionalisierten IL und gasférmigem CO: fuhrte zu fundamentalen Erkenntnissen Uber die
Chemisorption von CO: mittels Amin, speziell in IL-Systemen. Zum einen ist die
Aufnahmekapazitat der oberflachennahen Region fir Reaktionsprodukte zwischen CO» und
Amin wesentlich héher als die des Volumens. Zum anderen enthalt die an der Oberflache
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dominante Produktspezies aus stéchiometrischen Grinden die doppelte Menge CO. der
dominanten Spezies im Volumen. Beide Ergebnisse sind von groBem Vorteil fir die chemische
Absorption von CO; in Medien mit einem hohen Verhaltnis der Oberflaiche zum Volumen.P3!

Zwei ILs, die eine funktionelle Thioethergruppe an verschiedenen Positionen der Imidazolium-
Kopfgruppe tragen, wurden mittels der chemischen Verschiebung der XPS-Signale verglichen,
die ein Indikator fir Elektronendichte an verschiedenen IL-Atomen ist. Ist der Schwefel direkt
an das C2-Atom des Imidazoliums gebunden, zeigt das entsprechende S 2p-Dublett eine
deutliche Verschiebung zu héherer Bindungsenergie (BE) im Vergleich zu dem S 2p-Signal
einer Thioether-Gruppe, die Teil der Seitenkette an der Position 3 des Imidazoliums ist. Die
Elektronendichte des S-Atoms an der Position 2 ist durch eine héhere Elektroneninduktion in
den positiv geladenen Imidazoliumring geringer als die des S-Atoms in der Seitenkette an
Position 3.°"! Allerdings sind Veranderungen in der chemischen Verschiebung bei sich nahe
verwandten IL-Strukturen haufig weniger stark ausgepragt als die in den Thioether-
Untersuchungen gezeigten, so dass héhere Energieaufldsung nétig ist, um sie detektieren zu
kénnen. Als Beispiele solcher geringerer Effekte sind Untersuchungen an ILs mit
verschiedenen N-basierten Kationen gezeigt, sowie Temperatureffekte in der IL
[C18C4IM][TTO].

Der zweite Schwerpunkt dieser Arbeit liegt auf der Verbesserung der Instrumentation fur IL-
Oberflachenuntersuchungen. Der GroBteil der bisher veréffentlichten Ergebnisse aus
Erlangen wurde mit einer herkdbmmlichen ARXPS-Anlage erzeugt, die Probenrotation zu
hohen Elektronenemissionswinkeln zulasst. Allerdings st6Bt diese Methode an ihre Grenzen,
wenn FlUssigkeiten mit geringer Viskositat und/oder mit Filmdicken gréBer als ~100 um
untersucht werden sollen. Eine neue XPS-Anlage, die speziell fir winkelaufgel6ste
Untersuchungen von Flissigkeiten ausgelegt ist, wurde durch unsere Arbeitsgruppe entwickelt
und wurde 2014 geliefert. Mit dieser kénnen Proben in horizontaler Orientierung verbleiben,
wahrend Spektren in normalem und streifendem Ausfall durch zwei Elektronenanalysatoren
simultan aufgezeichnet werden. Diese neue Anlage mit dem Namen DASSA (Dual Analyser
System for Surface Analysis, Dual-Analysator-System fiir Oberflachenanalyse) wurde in dieser
Arbeit charakterisiert, und erste Ergebnisse wurden prasentiert, die ihr Potential und ihre
Notwendigkeit aufzeigen.”
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A.1. Ferrocenyl-functionalised ILs

As has been introduced in Section 4.2, ferrocenyl ILs are potential candidates for a combined
electrochemical/XPS investigation. Therefore, an elaborate assessment of such compounds
was carried out. Nine different ferrocenyl-functionalised ILs of the general structure
[(Fe-L)Cnlm][Tf2N] (Fc = ferrocene, L = linker) were investigated with ARXPS in the ESCA
setup. The structures of these ILs are given in Figure A 1. The cations are of three types,
differing in the linker unit that covalently binds the ferrocenyl moiety to the imidazolium ring.
This is either an amide (compounds A1-A5), an ether (A6-A7) or an alkyl unit (A8-A9). The
compounds of the amide- and alkyl-linked groups differ in length of the second alkyl chain at
the imidazolium ring, and in the case of the ether-linked compounds, they differ in the chain
length of the linker itself. The syntheses of these new ILs were carried out at Lehrstuhl fur
Organische Chemie Il by B. Gharib in the years 2011-2013 who also supplied us with samples.
Details are given in Reference 71. As has been noted in Section 4.2, the presence of surface-
active contaminations in these compounds complicated data analysis with respect to surface
composition. Nevertheless, clear common trends found in all data sets allowed for relatively
reliable conclusions. In 2012, Taylor and Licence published an XPS study on methylene-bound
ferrocenyl ILs (in particular, [(FcC+)C+Im][Tf2N] and [(FcC+)C+Im][Tf2N]2 with oxidations states
Fe(ll) and Fe(lll), respectively)’2, which allows for comparison to some of our findings.

Figure A 1: Investigated ferrocenyl ILs with either an amide, ether or alkyl linker between the ferrocenyl unit and

imidazolium.
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A.1.1. Stability to sputter cleaning

Most of the samples contained a surface-active polysiloxane impurity noticeable by dominant
Si 2s and Si 2p peaks in survey scans. Prior to ARXPS experiments (see Section A.1.2 below),
Ar sputtering tests were carried out to determine a practicable procedure for surface cleaning
without inducing severe surface damage.

For compounds A5 and A4, exemplary 80° survey scans with clear contamination signals are
given in Figure A 2 (top left and middle, black spectra). The signals at around 100 eV and
152 eV are attributed to the Si 2p and Si 2s levels, respectively. Apart from that, the survey
spectra are dominated by F 1s (~689 eV), O 1s (~532 eV) and C 1s (~285 eV) signals. The
latter two are also characteristic for polysiloxanes. The alkyl-linked compound A8 exhibits a
large signal at 285 eV in the 80° C 1s region scan typically associated with C atoms present
within polysiloxane contaminations (see Figure A 2 top right, black).

Sputtering was first performed with 0.5 keV Ar ions for 30 min. For the three groups of
ferrocenyl ILs with different linkers, the efficiency and impact of this sputtering step differed.
For the amide-linked ILs, sputtering led to the desired reduction in Si 2s/2p, O 1s and C 1s
signal intensities in the survey spectrum (compare black and grey spectra for A5 at top left in
Figure A 2) and to an increase of all other IL signals. The latter was, however, not true for the
Fe 2p region (bottom left). Prior to sputtering, a sharp Fe 2p doublet with the 2ps»> component
at ~709 eV and the 2p1» component at ~722 eV was visible, which fits well to a ferrocene
(Fe(Il)) signal.” After sputtering, the spectrum showed broad features mainly at higher binding
energies, which likely contain Fe(ll) and Fe(lll) contributions and are a sign for severe damage
of the XPS accessed IL molecules. Taylor et al. also observed very similar spectral changes
during Ar sputtering for their methylene bridged ILs.”2

For the alkyl-linked ILs (right spectra of A8), sputtering with 0.5 kV acceleration voltage
successfully decreased the contamination, as deduced from the observation that the Fe 2ps2
(bottom) and all other IL signals (not shown) increased in intensity without loss of quality. At
the same time, the Si 2s/2p as well as the O 1s and C 1s signals decreased in intensity (Si
and O not shown). In the C 1s region (top), only the contamination carbon peak at ~285 eV
decreases, and at the same time, the components at ~293 eV and ~287 eV, solely associated
with IL signals, gain intensity. The high stability of the alkyl linked compounds A8 and A9
against Ar sputtering is in contrast to the pronounced beam damage effects reported by Taylor
et al. for their alkyl linked Fc-ILs.” This difference in stability might be related to the longer
alkyl linker in our case.
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For the ether-linked compounds A6 and A7, sputtering with 0.5 keV Ar ions was also tested
(spectra not shown). After sputtering, XP spectra of good quality with reasonable peak shapes
and no unexpected features were found as in the case of A8 and A9, indicating that the ether-
linked compounds are also stable under these sputtering conditions.

Figure A 2: 80° emission spectra of selected ferrocenyl ILs before (black) and after (grey) surface cleaning by Ar
sputtering. In all cases sputtering reduces Si, O and C content (surveys and C 1s, top row). Alkyl linked ferrocenyl
ILs show improved purity with a much improved Fe 2ps.2 signal after sputtering with 0.5 kV acceleration voltage
(right), while amide linked ILs after sputtering with the same voltage show signs of degradation in the Fe 2p region
(left). Sputtering the amide linked compounds repeatedly with 0.1 kV acceleration voltage also leads to improved
Fe 2p signals (middle). Amide (left and middle) spectra were recorded at RT, alkyl (right) spectra at 343 K.

As the amide-linked compounds were prone to degradation when sputtered with 0.5 kV
acceleration voltage, a series of milder sputtering steps was carried out for those ILs. 0.1 keV
Ar ions were repeatedly applied for only 10 min, followed by XPS to monitor the cleaning
progress. As shown in Figure A 2 (middle) for compound A4, surface contamination was
successfully minimised even for these more sensitive samples. In the survey scan (top), the
Si2s/2p, O 1s and C 1s signals decrease, while simultaneously all IL signals increase in
intensity. The Fe 2p region (bottom) also shows a much increased signal after repeated mild

sputtering with a clear doublet structure.
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A.1.2. Surface composition of ferrocenyl ILs

Since some ILs (e.g. A5) showed pronounced spectral changes in the Fe 2p signals after
sputtering, indicating massive beam damage at the ferrocenyl unit, only ILs will be discussed
in a state where a sharp Fe(ll) signal at around 709 eV was detected. For the following
samples, details about pre-treatment and, if applicable, features in the spectra after
pre-treatment indicating remaining contaminations or minor beam damage are given in
Table A 1. The amide-linked ILs A1-A4 were sputtered repeatedly with 0.1 kV acceleration
voltage and all alkyl-linked ILs were sputtered with 0.5 kV for an extended period (30 min). The
amide-linked compound A5 was investigated as received without sputter treatment to retain
an untreated dataset, although it also showed clear Si signals in 80° emission. As no Si signals
were visible in the survey scans of the ether-linked compounds, these were investigated
without sputtering.

Table A 1: Pre-treatment of the samples evaluated in Figure A4, A5and A 7.

Sample Sputtered | Spectral features
(energy in
keV) /
heated
Amide linker
A1: [(Fc(CO)(NH)C3)C7Im][Tf2N] x (0.1)/- Slight Si and Au traces in 80° survey scan
A2: [(Fc(CO)(NH)C3)Colm][Tf2N] x (0.1) /- Slight Si trace in 80° survey scan
A3: [(Fc(CO)(NH)C3)C1olm][Tf2N] x (0.1) / x Beam/sputter damage visible in Fe 2p
A4: [(Fc(CO)(NH)Cs)Ci2lm][Tf2N] x (0.1) /-
. i i Clear Si 2s/2p signals in 80° survey/
A5: [(FS(CO)(NH)Cs)Crelm][TfaN] / 0° and 80° region scans; shoulder in F 1s
Ether linker
AB: [(FcCOCs)C1Im][T2N] - /-
A7: [(FcCOCs)C1lm][Tf2N] - /-
Alkyl linker
A8: [(FcCs)C1lm][Tf2N] x (0.5) / x
A9: [(FcCs)Ciz2lm][Tf2N] x (0.5) / x

In addition to sputter cleaning, compounds A3, A8 and A9 were heated to 340 K for 20-30 min
after sputtering. It is the general experience of our group that for sputter-cleaned ILs, post-
sputter heating can improve XPS signal quality, likely by enhancing diffusion that leads to a
freshly exposed surface containing undamaged IL molecules from deeper layers. In the
present case, the efficiency of the additional heating step was not assessed.

For compounds A1 and A2, traces of Si signals were still visible after sputtering in the
80° spectra, showing that the contamination was not removed completely. For A1, also a Au 4f
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trace was visible in the 80° wide scan, which is a consequence of the analyser window
positioned close to the IL rim on the Au sample support. Compound A3 contained a distorted
feature in the Fe 2p spectra in addition to the main peak. As this IL underwent a sputter
procedure identical to that of the other amide-linked ILs, but was the only one that was heated
in addition, it is possible that this heating step led to structural damage instead of the desired
improved surface purity. No such features were, however, observed in the Fe 2p spectra of
the other heated ILs (A8 and A9). The unsputtered and unheated compound A5 contained a
tiny shoulder within the F 1s signal of unclear origin apart from the already mentioned
Si signals.

Figure A 3: Exemplary region scans for each group with different linker unit. Fit peaks are explained in the text.
Spectra are not normalised, but offset for better visibility.

Figure A 3 shows all 0° region spectra for one representative of each IL group, namely
compound A2 (amide-linked, bottom), compound A6 (ether-linked, middle) and compound A8
(alkyl-linked, top). The fit peaks used to determine peak areas for the different components are
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also shown. The Fe 2ps» region was not fitted, but numerically integrated. Trying to fit the
Fe 2ps» spectra showed that due to asymmetry of the peaks and the presence of a satellite
structure towards higher BE, fitted areas are by 10-30 % lower than integration of the complete
region, leading to too low experimental Fe atom numbers in the evaluation. The F 1s, N 1s and
S 2p regions were fitted as detailed in Section 3.4. Note that only for the amide-linked ILs, the
N 1s peak at lower BE, associated with the [Tf2N] anion, contains a contribution of the amide
N atom of the cation, leading to a 1 : 1 ratio with the imidazolium N 1s peak as opposed to the
2 : 1 ratio for the ether- and alkyl-linked ILs. The main feature of the O 1s region is associated
with the four O atoms of the anion. For the ether- and amide-linked ILs, there is an additional
O 1s signal attributed to the O atom of the cation that is visible as a shoulder towards lower
BE. Thus, two peaks were used for these spectra fits with an area constraint of the nominal
4 : 1 ratio. Also, peak fwhms were constrained to be identical to obtain reasonable fits. For the
C 1s region, the Canon peak is offset sufficiently from the main peak to be fitted without
constraints. The main peak at ~284.5 eV can be attributed to all C atoms bound to C and H
only, namely the alkyl and cyclopentadienyl (cp) C atoms of the cation. For the shoulder
towards higher BE, a single component can be resolved for the alkyl-linked IL, associated with
all C atoms bound to N within the cation at the imidazolium moiety. For the ether- and alkyl-
linked ILs, a further shoulder towards higher BE is present. This can be attributed to all C atoms
bound to O, either in the ether or amide group. Area constraints were used for the 0° fits
according to the nominal stoichiometry (e.g. a ratio of 19:6: 1 for Cakyicp : Cen : Ceo for
compound A2). No other constraints were made.

The 80° spectra were again not fitted for Fe 2ps» and fitted without constraints for the F 1s and
N 1s regions, and the O 1s region of the alkyl linked ILs with only one component. For the S 2p
doublet, identical constraints to the 0° spectra were used. For the O 1s region of the amide-
and ether-linked compounds that contain two components, spectra were fitted with a peak
distance constraint using the value obtained from the respective 0° fit. Identical fwhm values
were again pre-set, but areas were not constrained. Similarly, for the C 1s region, relative peak
positions within the main feature were constrained to the values obtained from the 0° fits, and

the same was done for relative fwhm ratios. No area constraints were used.

As the ID for 0° emission typically extends over several molecular layers with on average no
pronounced orientation effects, these spectra are suitable to quantitatively determine the
composition of all compounds. Data evaluation for all 0° spectra of compounds A1-A9 is given
in Figure A 4. Here, the experimentally determined atom numbers n; for all species i are given
as a percentage of the nominal values (N, exp(0°) / Ni, nominat X 100 %). Due to an experimental
uncertainty of + 10 % (grey bar in Figure A 4), only larger deviations will be discussed in the
following. The top graph represents O 1s and C 1s atom numbers (apart from the anion data

148



A.1.2. Surface composition of ferrocenyl ILs

points) that could potentially contain a contribution from contaminants still present at the
surface. Note that due to the area constraint used in fitting, the value is identical for all three C
species so that it is impossible to determine excess of one specific C species. The middle row
details results for all anion signals. Note that for the N 1s values of the amide-linked ILs A1-A5,
the N atoms of the [TfaN] anion as well as those of the amide linkers in the cation are included,
as both give rise to superimposed peaks at ~399 eV. The remaining cation signals (Fe 2ps»

and Nimidazolium) are shown at the bottom.

Figure A 4: Experimental atom numbers in 0° emission as percentage of nominal values.

Only for the two alkyl-linked compounds A8 and A9 after sputtering, the composition measured
in 0° matched the nominal values. Interestingly, the experimental values of the unsputtered
amide-linked compound A5 that showed pronounced Si signals also were within the
experimental uncertainty. It is the experience of our group that conventional polysiloxane
contaminations in ILs (e.g. from glassware grease) typically provide additional intensity to the
O 1s and C 1s signals of the IL. Thus, the Si contamination observed for A5 is likely not of the
polysiloxane type, but a different Si-based compound.

For both A3 and A7, anion signals are on average higher than expected. This likely results
from residual Li[Tf2N] still present as an impurity within the IL. Li[Tf2N] is used in the synthesis
for anion metathesis. Li is hardly detectable in XPS due to the very low cross section of the
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Li 1s core level signal, so that only additional intensity in all [Tf2N] signals is detected.
Consequently, all other signals tend to be quite low in the evaluation of these compounds with
[Tf2N] excess. In addition, the Ocaion Shows an artificially enhanced intensity due to the fact
that in the fit model used the peak area is constrained to "4 of the Oanion Signal. In all cases,
Ocation thus shows exactly the same deviation from 100 % than Oanion does.

For compounds A1, A2, A4 and A6, there is clearly an organic contamination present, as all
cationic C 1s signals are too high and consequently, all other signals with a few exceptions are
too low. For the first two compounds, there is likely a persistent polysiloxane contamination
present, as Si 2s/2p signals were still visible even after sputtering. For a clearer analysis, atom
numbers were re-calculated omitting the C 1s signals of the cation and all O 1s signals that
are also expected to contain an impurity contribution. The results are shown in Figure A 5.

Figure A 5: Experimental atom numbers in 0° emission as percentage of nominal values, as in Figure A 4, but
basing the calculation of experimental atom numbers only on those signals not associated with contaminant

contributions.

All data points now move closer to expected stoichiometry. For Nimigazoium, the values for all
compounds are now within or very close to the expected grey region. The Fe 2ps. intensity is
also within the nominal range for A1, A2 and A4, but clearly too low for A6. Synthesis of the
latter is done via functionalisation of imidazole with the bromo-terminated ferrocenylalkyl
ethoxy compound in a first step as shown in Figure A 6 (top). The resulting ferrocenylimidazole
is then methylated with methyl iodide to form the disubstituted imidazolium. One possible
explanation for the low Fe content could be insufficient product separation after the first
functionalisation step. If this hypothesis was true, residual unreacted imidazole would then
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react with the alkylation agent methyl iodide in a side reaction forming additional
dimethylimidazolium iodide ([C1C+Im]l) as shown in the last row of Figure A 6. After the final
anion metathesis step that exchanges I by [TfoN] (not shown), [C1C1Im][Tf-N] would be
present as an impurity within the IL, leading to an overall too low Fe content. The comparatively
low experimental Ocation NUMbers (see Figure A 4) corroborate this assumption. However, a too
low Caiyi content would also be expected, but is not experimentally observed.

/ \ + 2 Mel —_—

+ HI

I’/ + ‘: -
N N I

Figure A 6: 1 and 2: part of the synthesis of compound A6, from Reference 71. S: Possible side-reaction of
unreacted imidazolium of step 1 with Mel in step 2 to form [C1C1Im]I.

The anion signals in general still do not show a perfect match with nominal values. Most striking
is the too high content of Nanion for all compounds. Many species containing neutral nitrogen
(e.g. amines, amides) will give rise to a signal superimposed by the Nanion Signal. Hence,
assuming organic contaminations are only based on C and O is likely an oversimplification,
and in this case, N may also be present as part of an impurity. This impurity is possibly a by-
product of the amide synthesis for compounds A1, A2 and A4.

80° emission spectra were recorded for all compounds in order to determine ion orientation at
the IL-vacuum interface by comparison with the 0° spectra described above. Note that for
samples with surface-active contaminations, the results have to be considered with care.
Figure A 7 shows the surface composition derived from 80° spectra relative to the 0° spectra
((100 % X N, expgos) / Ni, exp0)) — 100 %). A data point above the line at zero indicates that for
the corresponding species, relative intensity in 80° is higher than in 0° and it is surface-
enriched, whereas a data point below the line indicates surface depletion. Unsurprisingly, for
compounds A1, A2, A4 and A6, the organic contamination dominates the surface and hence
gives rise to increased Caiy intensity at the surface, while in general the intensity of all other
signals decreases in 80°. The presence of a surface-active organic contamination also shows
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up in the large deviation from the Oanion data points from all other anion data for A1. Similarly,
for A5 that was known to contain a surface-active contamination conspicuous in Si 2s/2p
signals in the 80° survey scan, the fact that Oanon strongly increases in 80° while all other

signals apart from Caky.cp decrease is a consequence of this contamination.

Figure A 7: Percentage deviation of experimental atom numbers at 80° emission from experimental atom numbers

at 0° emission.

Where it is possible to analyse the C signals that originate from the cation (compounds A3,
A5, A7, A8 and A9 in Figure A 7), one can state that with the exception of A7 and A8, the
Canyi+cp Signal is enhanced in 80°. Furthermore, in all cases, Ccn and for the amide-linked ILs
also Cco and Ocaion is decreased. This indicates an orientation of the charged imidazolium
moiety away from the surface and towards the IL bulk, which at least for compounds A5, A8
and A9 is in line with the decrease in Nimidazoium intensity in 80°. For the amide compounds, this
also shows the orientation of the amide moiety towards the bulk. As the Cakyi.cp Signal contains
contributions of both the ferrocenyl and the alkyl moiety of the cation, the signal enhancement
for A3, A5 and A9 could be attributable to a surface enrichment of both or any of these moieties.
However, in all cases Fe is shown to be surface-depleted and notably, the Cawyi.cp intensity
only increases in compounds where a long terminal alkyl chain is present (-(CHz),CHs with
n =9 for A3, n= 15 for A5 and n = 11 for A9). Such terminal alkyl chains generally exhibit a
clear orientation towards the surface in simple ILs when of sufficient lengths (n 2 3)'", indicating
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that this is also the case here. In compound A8, n equals zero (methyl group) and for
compound A7 where the chain contains 5 C atoms, its position is not terminal, so that in these

two compounds, no predominant alkyl surface enrichment is observed.

The decrease in Fe 2ps2 for all compounds shows that the ferrocenyl moiety is preferentially
orientated towards the bulk. Comparing the magnitude of the Fe 2ps»> and Nimidazoium Signal
decrease in 80° at the bottom of Figure A 7 shows that for all compounds with the exception
of A5, the Fe 2pas» signal is on average more attenuated than the Nimidazoium Signal. This might
be an indication that the ferrocenyl moiety is on average further away from the surface
compared to the imidazolium headgroup. However, this interpretation must be taken with care.
Since the kinetic energy of the Fe 2p signal of about 780 eV is lower than of the N 1s core level
with around 1080 eV kinetic energy, the differences in inelastic mean free path for both core
levels could also contribute to the differences in intensity changes. Nevertheless, an indication
of the sub-surface localisation of the ferrocene unit could also be derived from the fact that in
most cases (8 out of 9 samples), the Fe 2ps. signal attenuation is more pronounced than that
of all anion signals, showing that the ferrocenyl moiety also lies below the complete anion.
Again, the exception is compound A5. The reason for the deviation in A5 is likely related to the
Si-based impurity that may either introduce artefacts into the spectra or effectively change

surface composition.

The fact that for almost all ferrocenyl-IL samples, the ferrocenyl moiety preferentially lies below
the anion and possibly below the imidazolium group is to some extent unexpected. Recalling
the results of [P4], it was shown that for different classes of ILs investigated with ARXPS, the
polar headgroups of cations and anions form a layer at a similar distance from the surface.
Moreover, neutral groups such as alkyl chains or functional groups such as neutral amines
have a tendency for orientation towards the vacuum in case of low attractive interaction of
these groups with the headgroups. With increasing interaction, the surface enrichment of the
side chains is lowered, and is completely lost for very strong interaction, e.g. in the case of
ether functionalisation within the side chains. Also, in the case of side chains shorter than
4 atoms, no enrichment was found. In these last two cases, polar headgroups and functional
side chains show isotropic arrangement and are on average at the same distance from the
outer surface.

The complete ferrocenyl group linked to the imidazolium headgroup for the ILs A1-A9 is a
neutral unit as long as Fe in the centre is formally in oxidation state +2. Thus, one could expect
a tendency of this unit to exhibit surface enrichment. Attractive interactions with the ionic
headgroups might nevertheless be present. These could include Coulombic and/or
m-11 interactions of the cp ligands with the imidazolium ring, favouring a preferential ferrocenyl

orientation towards the bulk in the surface layer. One could also assume that for the amide-
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linked compounds A1-A5 and for the ether-linked compounds A6-A7, interaction of
functionalised amide/ether units within the linker chain and the ionic headgroups also
suppresses any pronounced surface orientation of the nonpolar ferrocenyl part. For the alkyl-
linked compounds A8-A9, the propyl chain might be too short to allow pronounced ferrocenyl
surface enrichment. These factors could lead to a more isotropic surface arrangement.
However, they cannot explain the likely positioning of the Fc unit below the anion. This
arrangement could be related to the bulky size of the Fc moiety. For a more detailed analysis,
samples with high purity are required before clear conclusions are possible.
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