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Abstract

Tonic liquids are a special class of salts that are liquid at temperatures below
100 °C, which provide superior and tunable physicochemical properties, result-
ing in a broad range of applications. A suitable reconstruction method for
X-ray and ultraviolet photoelectron spectra (XPS, UPS) for these molecular
systems is developed, which incorporated the photoionization cross sections of
atomic orbitals as well as a Gelius intensity approach. This technique is based
on quantum-chemical calculations of the respective molecular systems, which
are executed by density functional theory (DFT) together with the basis set
6-31G™" and hybrid-functional B3-LYP. For this purpose, (most) simple charge-
and spin-balanced systems for the investigated ionic liquids, such as ion pairs
and small clusters, are utilized for the subsequent reconstruction. The calcu-
lated binding energies for the spectra of neat ionic liquids are adapted to the
experimental ones by an appropriate rescaling procedure using three parameters,
while for the clusters with additional atoms or molecules a fourth parameter is

introduced.

This method is applied for the reconstruction of core level and valence band
spectra of ionic liquids, which have comprised sets of pure imidazolium- and
pyrrolidinium-based ionic liquids as well as those with incorporated metal atoms
and with (alkali) metals evaporated onto the liquid. The reconstructed core level
spectra have enabled novel insights into the chemical environment, interactions
between the ions, and partial charge effects within ionic liquids. Decent hints
for the radiation-induced degradation mechanisms of ionic liquids are attained
by this method. In addition, reconstructed valence band spectra are compared
to experimental ones and have provided a quantitative analysis of the inter-
twined contributions of the contained ions and elements for the first time. The
arrangement and orientation of the ions and selected parts of the ions at the
surface and their preferred interaction is analyzed with the aid of reconstructed

valence band spectra.



Kurzfassung

Tonische Fliissigkeiten sind eine besondere Gruppe von Salzen, welche fiir
Temperaturen unterhalb von 100 °C in fllissigem Aggregatzustand vorliegen
und deren herausragende, einstellbare Eigenschaften zu einem breiten Anwen-
dungsfeld fithren. In der vorliegenden Arbeit wurde eine geeignete Rekonstruk-
tionsmethode fiir die Rontgen- und Ultraviolett-Photoelektronenspektroskopie
(XPS, UPS) von molekularen Systemen, zu welchen auch diese Fliissigkeiten
zéhlen, entwickelt. Hierfiir werden Atomorbital-spezifische Streuquerschnitte
mit einer Intensitdtsndherung nach Gelius kombiniert. Diese Rekonstruktions-
methode baut auf quantenchemischen Berechnungen mittels Dichtefunktional-
theorie (DFT) unter Verwendung des Basissatzes 6-31G™" und Hybrid-Funk-
tionals B3-LYP auf. Zu diesem Zweck erfolgte die Berechnung von jeweils kleins-
ten bzw. kleinen ladungs- und spinkompensierten, molekularen Systemen fiir
die anschliefende Rekonstruktion. Die berechneten Bindungsenergien fiir die
reinen ionischen Fliissigkeiten werden durch eine Reskalierung mit drei Para-
metern an die der experimentellen Spektren angepasst. Fiir jene Fliissigkeiten

mit zusatzlichen Atomen oder Molekiilen wird ein vierter Parameter eingefiihrt.

Diese Methode findet fiir die Rekonstruktion von Rumpfniveau- und Valenz-
bandspektren von ionischen Fliissigkeiten Anwendung. Hierbei werden sowohl
reine Imidazolium- und Pyrrolidinium-basierte ionische Fliissigkeiten als auch
solche mit eingebauten Metallatomen oder aufgedampften Metall- bzw. Alka-
limetallatomen untersucht. Die rekonstruierten Rumpfniveauspektren haben
neuartige Einblicke in die chemische Umgebung, Wechselwirkungen zwischen
den Ionen und Partialladungseffekte offenbart. Fiir die strahlungsinduzierte
Degradation von ionischen Fliissigkeiten konnten deutliche Hinweise auf die zu-
grundeliegenden Mechanismen gewonnen werden. Der Vergleich zwischen ex-
perimentellen und rekonstruierten Spektren liefert erstmalig eine quantitative
Bestimmung der ineinander verflochtenen Beitrige der einzelnen Ionen und der
Elemente im Valenzband. Weiterhin lassen sich die Anordnung und Orien-
tierung der Ionen und ihrer ausgewihlten Bestandteile an der Oberfléche sowie
deren bevorzugte Wechselwirkungen mittels der rekonstruierten Valenzband-

spektren identifizieren.
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1 Introduction

1.1 Ionic liquids and their impact on science and tech-

nology

Tonic liquids, as this class of materials should come to be called, were defined
by P. Walden [1] about 100 years ago: he stated that these substances possess
a melting point below 100 °C and behave like melts of inorganic salts at much
higher temperatures. Since these findings, a long time has elapsed until ionic
liquids gained noticeable interest. This period began around the turn of the mil-
lenium [2, 3]. From the year 2000 on, the number of publications and patents
per year has risen exponentially [2]. Ionic liquids have gotten into the focus,
because they feature superior chemical and physical properties: liquid state over
a broad temperature range, electrical conductivity, large electrochemical win-
dow, temperature stability, non-flammability, high solubility for other species,
and a very low vapor pressure, to mention only a few [2, 3]. All of the stated
and further properties, such as melting point, density, viscosity, heat capac-
ity etc., are tunable within certain ranges by alteration of one or both of the
ions (upper and lower limits as well as typical ranges are tabulated in ref. [4]).
In Figure 1, a three-dimensional representation of ionic liquids by interaction
between anion and cation as well as the variability of their properties by cho-
sen lengths and functionality of the alkyl chain is illustrated (after ref. [5]).
The number of suitable combinations of ions is roughly estimated by the order
of 10%, which can be further elevated to 10'2 for binary mixtures, and finally
could even extend to a theoretically possible number of 10% [2, 6, 7, 8]. All
extraordinary properties of these substances and their versatility have enabled
a broad spectrum of applications that ranges from chemical reactions and their
design (synthesis, catalysis, dissolution, separation, generation of nanoparticles,
multiphase reactions), green chemistry (gas storage, purification, conversion of
energy), electrochemistry (metal plating, battery electrolytes, fuel cells, solar
cells), surface modification (lubricants, coatings), physical chemistry (thermo-
dynamic processes, mixtures), biological and medical applications (cellulose so-
lution, drug fabrication), and a plenty of more [2, 3, 4, 8, 9, 10]. As a result
of this enormous number of possible combinations, the playing field for further
applications and related studies for chemists, physists, biologists, and engineers

is vast and has yet to see its limitations.
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Figure 1: Three-dimensional representation of the composition of ionic liquids
by choice of cation and anion with the opportunity of an adjustment of certain
properties by variation of the length and functionality of the alkyl chains. All
largely displayed cations or bold styled anions and respective cation alkyl chains
are investigated in the present thesis. (Referring to the illustration in A. Stark,
Top. Curr. Chem. 290 (2009) 41-81, page 44 [5])

1.2 Tonic liquids and surface science

Tonic liquids gained interest in the field of surface science due to the targeted
applications in catalysis, electrochemistry, surface modifications etc. (cf. refs.
(2, 3, 4, 8,9, 10]). As a result, a comprehensive understanding of ionic liquid
surfaces and interfaces is required. Nevertheless, classical surface science tech-
niques are not applicable to liquids and these substances are in general liquid
at room-temperature. However, one of the ionic liquids’ superior properties -
the very low vapor pressure - enabled the utilization of ultra-high vacuum-based
surface science techniques with typical pressures <10 mbar [11]. Consequently,
ionic liquids can be denoted as exceptional liquid materials, which can be studied
by a whole set of well-known surface science techniques [4, 11, 12, 13].

A first group of techniques encompassed (photo-)electron emission spec-
troscopy using appropriate energy sources, i.e. photons (PES) and metastable
atoms (MIES). The methods of X-ray photoelectron spectroscopy (XPS) and
angular-resolved X-ray photoelectron spectroscopy (ARXPS) [4, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38|,
ultraviolet photoelectron spectroscopy (UPS) [18, 23, 28, 29, 37, 39, 40, 41],



and metastable induced electron spectroscopy (MIES) [18, 23, 28, 29, 37, 39]
are part of this first set. A second group of methods has comprised of the vi-
brational analysis of surfaces, which may be accomplished by high-resolution
electron energy loss spectroscopy (HREELS) [23] as well as sum frequency gen-
eration (SFG) [12, 42, 43, 44, 45, 46, 47, 48]. The third group consists of a
set of scattering techniques, which involved X-ray and neutron reflectometry
[46, 49, 50] as well as grazing-incidence X-ray reflectometry [51], direct recoil
spectroscopy (DRS) [52, 53], neutral impact collision ion scattering spectroscopy
(NICISS) [54, 55, 56], time-of-flight secondary ion mass spectroscopy (TOF-
SIMS) [16, 57, 58, 59, 60], low energy ion scattering (LEIS) [25, 61], and high-
resolution Rutherford backscattering spectroscopy (HRBS) [62, 63]. Ultra-high
vacuum conditions are not essential to some of the mentioned methods, i.e. sum
frequency generation (SFG) [12, 42, 43, 44, 45, 46, 47, 48], neutral impact col-
lision ion scattering spectroscopy (NICISS) [54, 55, 56], and other techniques,
such as surface tension measurements [47, 48, 64, 65]. Besides these studies,
classical scanning probe microscopy techniques, like atomic force microscopy
(AFM) and scanning tunneling microscopy (STM), have been employed to in-
terfaces between ionic liquids and other materials, inter alia electrodes [66, 67]
or pure and oxidic materials [10, 68, 69]. In constrast to the bulk case, in all
cases a certain self-assembly of the ions near the interface has occurred due
to interactions between solid and ionic liquid (for further details see ref. [10]).
The combination of all of these techniques provided a complete picture of the
ionic liquid surface (the respective interface to vacuum/gas), since each method
typically only covers one or a few aspects.

These measurements consistently revealed that ionic liquid surfaces are in
general well ordered, contrasting to their homogeneously distributed bulk. Still,
one fundamental question for all surface science studies on ionic liquids remains:
in which special manner is the surface of the respective ionic liquid arranged?
Several imaginable arrangements of the ions are illustrated in Figure 2. Thus,
both the presence of the ions as well as their preferred orientation and relative
depth have to be identified for a sufficient picture of an ionic liquid surface. Since
this is recognized as intricate for a single experimental technique, a suitable
solution may be intended by a combination of these experimental data with the
results of theoretical calculations.

10
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Figure 2: Three hypothetical arrangements of ions at the ionic liquid surface
(ionic liquid-vacuum interface): cations are closer to the surface (a), anions are
closer to the surface (b) or a mixed arrangement of the ions (c). (Referring to
the illustration in C. S. Santos and S. Baldelli, Chem. Soc. Rev. 39 (2010)
2136-2145, page 2137 [12])

1.3 Theoretical calculations of ionic liquids

Tonic liquids can be studied by means of theoretical methods of either molecular
dynamics simulations or quantum-chemical calculations. The choice of method
is dependent on the length scale of various interactions between the ions, which
has to be considered for the intended physicochemical property [70] (for more de-
tails about the present interactions see references herein and refs. [5, 10, 71, 72]).
All interactions within the ions, inter alia Coulomb forces, hydrogen bonding,
and dispersion forces [71, 72|, as well as steric effects and other molecular char-
acteristics have to be considered with care to achieve a sufficient description of
their properties [73, 74].

Molecular dynamics simulations have revealed the basic properties of ionic
liquids, e.g. melting point, density, viscosity, electrical conductivity, orienta-
tional correlations, and hydrogen bonding strength, which are found in good
agreement with the experiment [75, 76]. It has to be noted that clear differ-
ences are recognized for the mentioned properties of the imidazolium-based ionic
liquids with symmetrical and asymmetrical alkyl chain lengths (cf. refs. [77, 78]
and references herein). Molecular dynamics simulations of the interface between
ionic liquids and vacuum/gas phase were performed for several imidazolium-
based and pyrrolidinium-based ionic liquids [73, 78, 79, 80, 81, 82, 83, 84, 85].
These studies have coincidentally revealed that the cations’ longer alkyl chain

has predominantly protruded towards the vacuum/gas phase. For these cations

11



the imidazolium-ring has priorily oriented perpendicular to surface (70 %) and
parallel to surface (16 %) [84]. In addition, only 7 % of those with the imidazo-
lium ring oriented perpendicular to surface have directed the longer alkyl chain
towards the bulk [84]. Larger anions, e.g. [Tf;N], are present at the surface
[80]; whereas, small anions, such as [Cl]", are burried beneath the cations’ alkyl
chain [79]. Further surface-related properties for example the surface tension
at increased temperatures [80] or the large potential of CO, capture as well as
the solution properties for different species in ionic liquids around room tem-
perature and elevated temperatures [81, 82, 86], are well reproduced by the
molecular dynamics simulations. Since these simulations consider long-ranging
Coulomb interactions, the applied calculation box typically contained several
hundred ions composed of a few thousand atoms, which have to be treated in
a simplified way as a result of their enormous number to achieve reasonable
calculation times [73, 74].

An alternative is supplied by the fully quantum-chemical calculation of one or
a few ions, which contained up to a maximum of around one hundred atoms [74].
For calculations by means of quantum-chemical methods, i.e. primarily density
functional theory, single ion pairs are frequently used [29, 33, 87, 88, 89, 90].
Single ions and/or larger clusters of ions are more rarely applied in these calcu-
lations [39, 88, 91, 92, 93]. Evidence for the presence of a considerable number
of ion pairs in a neat ionic liquid is given for example by T. Kéddermann et
al. [88] in a combined study using FTIR spectroscopy and DFT-based calcu-
lations. Furthermore, at elevated temperatures and in diluted ionic liquids the
number of ion pairs is enhanced [88, 94, 95]. It can be assumed that for asym-
metric ions sufficient lifetimes of directional bound ion pairs are responsible for
a significant impact on the properties of ionic liquids in their liquid state [96].
On the other hand, it has to be noted that studies investigating ionic liquids
with highly symmetric anions have assigned significantly shorter lifetimes and
strengths for the bonds inside of ion pairs, which might not lead to the formation
of long-time stable ion pairs in those particular liquids [76]. These quantum-
chemical calculations have utilized extensive methods, which regularly involved
density functional theory (DFT) with large basis sets and appropriate function-
als [70, 74]. Thus, the results obtained from single ion pairs can be characterized
as highly exact for the estimation of relevant properties of ionic liquids. Recent
developments in computer technology and methodical approaches have outlined
that future calculations will cover a combination of quantum-chemical methods

together with molecular dynamics [70, 74].
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1.4 Theoretical analyses of PES and MIES spectra of ionic
liquids

Since 2005, a number of researchers have started to analyze their measured
spectra from photoelectron spectroscopy (XPS and UPS) and metastable in-
duced electron spectroscopy (MIES) with the aid of theoretical calculations
[18, 23, 28, 29, 33, 36, 39, 40, 41, 90, 91, 92, 97]. For this purpose, gas phase
calculations of single ions or a single ion pair composed of both ions are com-
monly executed. In most cases density functional theory (DFT) [98] is applied
for the quantum-chemical calculations combined with appropriate functionals,
e.g. the hybrid exchange-correlation functional B3-LYP [99, 100, 101, 102],
and sufficiently large basis sets, e.g. 6-31G plus additional polarization and
diffuse functions (cf. ref. [103]). Nevertheless, the B3-LYP functional is accom-
panied by differences for the ion pair binding energy due to an inaccuracy in
the description of dispersion interactions, which can be adjusted by means of
dispersion-corrected functionals [70, 104].

In general, the electronic structure is obtained from binding energies of the
calculated eigenstates of the optimized ion or ion pair and their respective oc-
cupation. The density of states (DOS), which is obtained from the equally
weighted summation of all occupied eigenstates and a subsequent broadening
with respect to the experimental resolution, is utilized for ionic liquids in a
number of studies [18, 23, 28, 29, 39, 40, 41, 92]. D. Yoshimura et al. [41]
have interpreted their experimental spectra by means of the partial density of
states (pDOS) of the respective ions. Herein, the Madelung potential for an
ionic liquid is estimated from the shift, which has to be introduced between the
calculated pDOSes of cation and anion relative to the experimental spectrum.
Furthermore, the Madelung potential has distinctly determined the shape of the
ion pair (cf. ref. [95]). In the study by D. Strasser et al. [105], the valence band
structure of trapped single ion pairs is measured. A good agreement between
the related experimental spectra and the DOS obtained from the calculation of a
single ion pair (presented in S. Krischok et al. [29]) is recognized. This fact has
most probably resulted from the good comparability due to an identical system
of an isolated ion pair under similar conditions between gas phase calculation
and the trapped one, where the surrounding of other ions is missing compared
to a regular ionic liquid.

The normalization of these DOS-based spectra onto the experimental spectra
is obtained by means of absolute shifts in binding energy [23, 29, 39, 105]. A

13



similar adaption procedure is accomplished for open shell metal-phtalocyanines
[106]. The DOS, which is achieved from quantum-chemical calculations of basic
units of various polymers, is normalized onto the respective experimental spectra
by a multiplicative scaling factor and an overall shift of the calculated binding

energies [107].

1.5 DMotivation and scope of the present thesis

The experimentally measured photoelectron spectra and metastable induced
electron spectra have contained multifaceted information about the surface
structure (inter alia depth, layering, and orientation), the related electronic
properties of several atomic, molecular or ionic species as well as the inter-
actions in between those (e.g. chemical environment, charge state, bond type,
and preferred bonding partners). Thus, results obtained from quantum-chemical
calculations are associated with the advantage of an intrinsic analysis of these
wide-ranging information from the experimental spectra. Otherwise, these facts
may only be achieved from the comparison with supplementary experimental
methods. The valence band spectra are shaped by intertwined contributions
of several atoms of the ionic liquid, which have to be deconvoluted to extract
all relevant data about the surface structure. This information can only be
achieved with the aid of theoretical calculations. However, up to now only a
qualitative comparison of the experimental spectra was carried out by use of
the shifted and scaled DOS or the respective partial DOS. Thus, a demand for
a quantitative analysis of experimental PES spectra as a powerful in-depth tool
is recognized and has configurated the core of the present thesis. This kind of
analysis is enabled, since the essential details for a subsequent attainment of the
signal intensities, i.e. the binding energies and the occupancy data, are provided
by the quantum-chemical calculations. Herein, a method for the reconstruction
of PES spectra by means of element-specific pDOS weighted by the photoion-
ization cross sections is developed, which could fulfil the previously mentioned
requirements. Nonetheless, the binding energies in their status ’as calculated’
are frequently found far off the reality. Consequently, these have to be adapted
to the experiment by a suitable rescaling procedure for ionic liquids, since they
have represented charged systems for which a much more complex treatment is

needed in comparison to uncharged molecules.
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Part 1
Methodical approaches

Here, the theoretical approaches for the developed reconstruction method for
surface sensitive spectra from X-ray and ultra-violet photoelelectron spectros-
copy (XPS, UPS) will be illustrated. The complex mechanism of photoelectron
emission is reduced to a summation of photoionization cross sections, which are
specific for the contained atomic species. For this reconstruction method only
a few details of the experimental setup are taken into account as well as an
appropriate adaptation for the calculated binding energies of the reconstructed

spectra is depicted.

2 Reconstruction of photoelectron spectra

2.1 Principle of photoelectron spectroscopy

Photoelectron spectroscopy is based on the photoelectric effect, where elec-
trons are emitted from a surface due to an exposure to electromagnetic ra-
diation. These techniques have provided information about the occupied elec-
tronic states present near the sample surface. Two photoelectron spectroscopy
methods are distinguished depending on the photon energy of impinging radi-
ation: X-ray photoelectron spectroscopy (hw = 100 eV), which is also named
electron spectroscopy for chemical analysis (ESCA), and ultra-violet photoelec-
tron spectroscopy (Aiw =~ 10 — 100 €V). Due to its higher photon energy XPS
can be utilized to study both the core levels (deeply bound states) and the va-
lence band (weakly bound states). Whereas, for UPS it is possible to study
the weakly bound states only, since the maximum investigatable binding energy
of an emitted electron is limited by the energy of the impinging photon (one
electron approximation). The core levels studied by XPS can provide for ex-
ample information about the stoichiometry, chemical environment, charge state
as well as layering and depth of certain species. Valence band spectra studied
by both techniques have contained inter alia details about the band structure
of the highest occupied states and the kind of chemical bonding between the

involved species.
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Figure 3: Illustration of the idealized principle of photoelectron spectroscopy
(one electron approximation) for a molecular system, like ionic liquids.

The fundamental photoelectron emission process is illustrated in Figure 3.
In the most simple case, photoemission can be regarded as a one electron pro-
cess: a single electron with an initial binding energy F; (relative to E,qc) is
emitted by the impinging photon with the energy fw into the final state of a
free electron with the kinetic energy E¢ = Ej;y,. All other electrons inside the
atom /molecule have remained at their initial binding energy during this emis-
sion process (adiabatic behavior). It is assumed in this simplified picture that
any internal relaxation process, which may be caused by the reduced number of
electrons (N —1 electron system), has not occurred until the electron is emitted.
Thus, its measured binding energy is not affected by relaxation terms and can be
calculated from the detected kinetic energy of its final state Ey;, = hw—FE;. The
related density of the initial states p(E;) can be described as a stick spectrum,
i.e. expressed by a sum of Dirac delta functions at the respective initial binding
energies 0(E — E;) (cf. Figure 3), and a specific final state density p(E). This
final state density has featured no significant shape for XPS. On the contrary,

the structure of the inconstant final state density could reveal a considerable
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effect especially for the resulting UPS (He I) spectra. For an analysis of the

respective spectra of ionic liquids this fact has to be addressed later.

2.2 Details of the experimental techniques

All experimental spectra were provided by the research group of Prof. Dr.
S. Krischok, those are measured in particular by Dr. A. Ulbrich as well as
to a lesser extent by Assoc.-Prof. Dr. T. Ikari, Dr. M. Himmerlich, and
A. Zihlsdorff. The displayed experimental spectra are partially published in
refs. [28, 33, 36, 37, 90, 108].

2.2.1 XPS and UPS spectroscopy

In the PES experiments three different radiation sources are applied: XPS is
measured by means of the Al K, line, which has offered a photon energy of
1486.7 €V. For UPS photons with energies of 40.8 ¢V (He II) and 21.2 eV (He I)
are utilized. The experimental setup and the main geometric parameters are
displayed in Figure 4. For the experimental spectrum and its subsequent re-
construction only the angles between radiation/excitation source and detector
direction v as well as the electron detection angle 6, (with respect to the sur-
face normal) have to be taken into account. For 7 values of 80° (XPS) and 42.5°
(UPS) have resulted from the experimental setup. The emitted electrons of all
employed techniques are detected under the same angle 6., which is fixed to 53°
in the setup.

The electron emission angle 6, and the photon energy fw have strongly
affected the information depth for photoelectron emission, which is given by
3 Ae(hw) - cos(8.). Herein, A, is the inelastic mean free path of the electrons,
which are emitted from the respective surface. For kinetic energies at around
50 eV (close to the photon energy provided by UPS (He II)) the mean free path
of the electrons is found in the order of 0.5-0.8 nm, while for 1000-1500 eV has
been identified at about 3-4.5 nm for several organic compounds [109]. Thus,
approximately 95 % of the signal intensity of a photoelectron spectrum resulted
from a depth of the first 3 - A\, along the detector direction, i.e. for an emission
along the surface normal information depths of about 1.5-2.5 nm for UPS (He II)
and around 9-13.5 nm for XPS using Al K,, radiation. By angular-resolved XPS,
where the electrons are detected under wide angles relative to the surface normal,
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Radiation/Excitation Source Electron Detector
X-ray, UV, and He* N (Eyin)

Sample Surface

Sample Bulk

Figure 4: Experimental setup for the executed XPS, UPS, and MIES investi-
gation with indication of the relevant geometrical parameters (angles v and 6.)
for reconstruction and comparison to experimental spectra.

for example for an electron emission angle 6, of 80° information depths of about
1-1.5 nm are obtained [15]. The information depth of the experimental spectra
recorded under 6, = 53°, which are used for comparison in the present thesis, is
estimated in the order of 5.5-8 nm for XPS and 1-1.5 nm for UPS (He II) (cf.
ref. [33]).

2.2.2 MIES spectroscopy

In addition, spectra from metastable induced electron spectroscopy are partially
analyzed by the spectral information obtained from executed quantum-chemical
calculations. The MIES signal can be shaped by more than one process [110].
Moreover, the dominating process is determined by the electronic properties of
the investigated material, i.e. isolating, semiconducting or conducting behavior,
and its degree of periodicy, i.e. crystalline/solid or non-crystalline/isotropic,
which has resulted from the material itself as well as the respective state. In
the literature, only a limited number of descriptions for the MIES processes
for molecular systems based on quantum-chemical calculations is found, e.g. in

refs. [110, 111]. The readers attention might be directed towards an extensive
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Figure 5: Schematical illustration of the steps within the Auger deexcitation
(AD) process: initial state (left), energy transfer/exchange interaction (middle),
and final state (right).

review about the whole field of MIES spectroscopy by Y. Harada et al. [110].
The most appropriate process for the class of ionic liquids is the Auger deexci-
tation (AD), also named as Penning ionization, since these materials are slightly
conducting non-crystalline molecular materials [110]. This process schematically
illustrated in Figure 5 is described by an initial state of the metastable helium
atom (He") with one electron in its 1s and the other in the 2s state as well as a
certain structure of valence states in the probed sample. During the approach of
the He" towards the surface, typically with a distance in between 1 and 0.2 nm
[112], the interaction between the metastable atom and the surface has occured
by filling the half occupied 1s state in He" with an electron from the sample
surface. This interaction probability is characterized by the size of the overlap
between the two orbitals. The electron originating from the valence band is fi-
nally located in a lower state with an energy difference of F1; — Epro (absolute
values) compared to the initial one. Thus, this redundant energy is transferred
to the electron in the He™ 2s state due to the reason of the conservation of energy
(see Figure 5, middle). This additional energy amount has led to the emission
of the He" 2s electron. The transition probability for the electron emission is
determined by an exchange type term in a quantum-chemical description [110].
The MIES experiment has made use of metastable He" atoms, which have
possessed an excitation energy of 19.8 eV (He" 2°S) and 20.6 eV (He® 2'S),
respectively. For these two types of He™ an intensity ratio of 7:1 (triplet:singlet)
is present. The He" atoms approach to the surface by grazing incidence and the
electrons are detected under/close to normal emission conditions v ~ 90° (cf.
schematical illustration in Figure 4). An extreme surface sensitivity of MIES

is caused due to the requirement of a substantial overlap between the orbitals
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Figure 6: The density of states (DOS) calculated from a single ion pair of
[EMIm]T£;N is related to the experimental XPS valence band spectrum (all
spectra are taken from the illustration in M. Reinmoller et al., Phys. Chem.
Chem. Phys., 13 (2011) 19526-19533, page 19530 [90]). For comparison the
reconstructed XPS spectrum is displayed, which is obtained according to the
reconstruction method described in Chapter 2.4. DOS and reconstructed XPS
valence band spectrum are normalized to the peak at approximately 11 eV. The
binding energies of DOS and reconstructed XPS spectrum are modified accord-
ing to the rescaling procedure described in Chapter 3.3 with the parameters
f=1.02838, AE = —1.36 ¢V, and AAEcation—Anion = —1.10 €V,

of He" and those of species at the surface. Thus, only those orbitals directed
towards the vacuum are probed, since the deexcitation of all He® has occured

up to at a distance of 0.2 nm in front of the surface [112].

2.3 Relationship between experiment and theory

For an analysis of photoelectron spectra the density of states (DOS) or a partial
density of states (pDOS) has been utilized up to now [18, 23, 28, 29, 39, 40, 41,
92]. In Figure 6, the experimental XPS valence band spectrum of [EMIm|Tf,N is
compared to the DOS obtained from a single ion pair of this ionic liquid. Herein,
a strong discrepancy between the intensities of the DOS and the experimental
spectrum can be recognized for the peaks at circa 7 and 19 eV as well as partially
for those at about 15 and 17 eV.

The differences in the respective binding energies in Figure 6 are already cor-
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rected by a rescaling procedure, which is described in Chapter 3.3. Nevertheless,
only the energy scale used is improved, but the recognized differences in intensi-
ties still remain (cf. unscaled DOS in refs. [28, 29]). Therefore, any comparison
based on the DOS is limited to qualitative statements. Due to the presence of
inappropriate intensities, information about the surface structure, such as ori-
entation, layering or partial coverage of some components of an ionic liquid can
not be extracted by this method. For an in-depth analysis of the experimental
spectra a novel approach is required, which is described hereinafter.

2.4 The reconstruction procedure of photoelectron spec-
tra

In this chapter a simple, but appropriate reconstruction approach for photoelec-
tron spectra using X-ray (XPS) and ultra-violet radiation (UPS (He II)/(He I))
is presented.! All results of quantum-chemical calculations of basic units (single
ion pairs or small clusters for ionic liquids with evaporated metal and alkali
metal atoms) are combined with tabulated photoionization cross sections from
literature under consideration of only a few experimental details. The differ-
ences in the intensities between the DOS and the experimental spectrum have
to be compensated by a suitable procedure, which is adapted to the conditions
of the executed experiment.

First of all, the photoelectron emission can be characterized as an emission
of a bound electron (initial state) into an unbound state (final state). A re-
lated quantum-mechanical approach is stated by Fermi’s Golden Rule, which is
charactized by a transition probability I'(f, ¢, V') depending on the related initial
state ¢ and final one f as well as the matrix element of the respective interaction
potential V:

L(f,,V) =

2 012
- VI (1)

LParts of this chapter have been published in the following peer-reviewed articles:

M. Reinmdller, A. Ulbrich, T. Ikari, J. Preif, O. Hofft, F. Endres, S. Krischok, W. J. D.
Beenken, “Theoretical reconstruction and elementwise analysis of photoelectron spectra for
imidazolium-based ionic liquids”, Physical Chemistry Chemical Physics, 13 (2011) 19526-
19533.

A. Ulbrich, M. Reinmdéller, W. J. D. Beenken, S. Krischok, “Photoelectron spectroscopy
on ionic liquid surfaces - theory and experiment”, Journal of Molecular Liquids, 192 (2014)
77-86.
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A first quantum-mechanical description of the photoeffect was given by
A. Einstein [113] in his anno mirabilis (1905). The central condition of en-
ergy conservation, which can be expressed with an absolute value of the binding
energy for the initial molecular orbital, is stated as follows:

K2 k2
2m

= w — Ewo. (2)

Herein, the energy terms are the kinetic energy E;, = h%k?/2m, the binding
energy of the respective molecular orbital Ej;0, and the photon energy fuw.
The transition probability can be written accordingly by use of a Dirac delta

function, which has considered the energy conversion:

21.2

<f|V|i>|25(h u

F(f7i7‘/7EMO7h’w) m

2
=§\ +EMo—hw>. (3)

By incorporation of the respective wave functions of initial molecular orbital
and final plane wave of the emitted electron the transition probability can be

stated as follows:

h2k?
2m

2 .
Tk has0: V Bavos ) = 5 (exp(ik) IV ai0)* 8 ("5 + Buvo 1) . (4

This kind of calculation is performed by other authors, e.g. F. J. Himpsel
[114] or P. Puschnig et al. [115]. Another opportunity for the reconstruction
of PES spectra could be provided by a linear combination of atomic orbitals
(LCAO) together with a Gelius intensity approach, which has covered the ap-
plied method in the present thesis.

The related PES signal has corresponded to a current of emitted electrons
(dI(Fkin)/dFkin). This electron current is generated under precondition of a
homogeneous illumination ®(hw) of a surface area with the size L?. All photons
have impinged on the surface under an angle 6, with respect to the surface
normal as well as a detector with an aperture (p and a spatial sensitivity along
this direction dn(QY, Ex;,)/dQ is used for the analysis. The electron current is
described in ref. [116] as a function of photoionization cross sections o
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The photoionization cross sections are given in their differential expression
with a scattering angle v between photon source and detector direction, the
two angles for the impinging photons 6., and for the emitted electrons 0. are
considered. Herein, the photon absorption length )\, according to Lambert’s
absorption law and the inelastic mean free path of the emitted electrons A.
have to be taken into account. It has to be noted that A, could be sensitive to
the density of the included molecules M along all coordinates pas(x,y, z) and

the respective cross sections for photon absorption U%’S (hw) according to:

AW(hw,x,y,z):Zaﬁs(hw)pM(x,y,z). (6)
M

The photon absorption length A, is typically much larger than ). and a
further dependence of intensity with depth has been neglected. A thorough
discussion of the resulting information depth based on the inelastic mean free
path of electrons for the different kinetic energies is performed in Chapter 2.2.
The reconstruction of photoelectron spectra is performed by means of a linear
combination of the molecular orbitals MO inside these molecules M regarding

the related photoionization cross sections o;o described as:

doni (o, Eiin,7) _ Z 7d0Mo(hwﬁ)6(Ekm + Envo — hw). (7)

dQYdEyn, Mot dQ2

The MO-specific photoionization cross sections 0,70, which are only depend-
ing on the photon energy, kinetic energy, and angle between impinging radiation
and electron emission direction, have resulted from a linear combination of the

atomic orbitals AO using the Gelius intensity approach [117, 118], which can

23



be extracted from the following equation:

donro(hw, ) 2 doao(hw, )
ST = ) [(MOJA0) P = (8)

AO

AO-based photoionization cross sections have offered the same dependen-
cies as the molecular ones. Herein, the related asymmetry parameter S40 has
consulted this spatial orientation of an atomic orbital and the angle v, which
is determined by the experimental setup. These facts can be incorporated into

the photoionization cross sections by an additional term:

dUAOd(gw7’7) — dUAZ’]Ehw) (1 + B‘A%(W (2 Sin2'y — 1)) .

(9)

The illustrated reconstruction method has reduced the complex description
of the transition of electrons from bound states inside of a molecule into a
free state into a simple summation of photoionization cross sections adapted to
the experiment. This method is based on the calculated eigenvectors from the
quantum-chemical methods using a single ion pair from neat ionic liquids and
a small cluster for those with additional atoms. Related photoionization cross
sections are tabulated, e.g. from J. J. Yeh and I. Lindau [119] or I. M. Band
et al. [120]. These AO-specific photoionization cross sections for XPS, UPS
(He II), and UPS (He I) with consideration of the parameters S40 and ~y are
listed for typical elements of ionic liquids in Table 1 and Table 2 according to
Equation 9. Herein, the photoionization cross sections from the two sources are
calculated from partially different approaches, which are thoroughly discussed
in Chapter 10, where the results of both methods are directly compared. In all
other parts of the present thesis only the photoionization cross sections from
Table 1 (based on the data of J. J. Yeh and I. Lindau [119]) are employed for
the spectra reconstruction.

The UPS (He II) the spectrum has originated from the superposition of
two optical transitions within helium (a- and S-line). Herein, the [-line is
shifted in energy relative to the a-line, but no significant differences within
the associated photoionization cross sections are expected due to almost the
same photon energies for both. Consequently, the reconstructed UPS (He II)

spectrum is a signal, which is mainly shaped from the a-line combined with a
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Element | Atomic orbital XPS Element | Atomic orbital XPS

o 1s 8.80 2s 33750.65
1s 19784.86 Cl 2p 19927.59
C 2s 945.60 3s 3666.02
2p 23.22 3p 1484.43
1s 35641.85 2s 45388.81
N 25 1716.63 K 2p 34977.70
2p 96.56 3s 5659.05
1s 58190.78 3p 3162.00
0 2s 2778.61 4s 274.95
2p 221.19 2s 109544.14
Is 88449.98 Cu 2p 229252.71
F 25 4189.74 3s 19057.48
2p 145.23 3p 22846.88
2s 28368.00 3d 1912.77
S 2p 14350.07 4s 883.05
35 2909.54
3p 994.95

Table 2: Asymmetry-corrected photoionization cross sections (in barn) are cal-
culated by use of the parameters from I. M. Band et al. [120] for atomic orbitals
of selected elements of ionic liquids. These are listed for XPS using Al K, radi-
ation (hw=1486.7 eV, v=80°).
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Figure 7: A comparison of the reconstructed XPS core level and valence band
spectrum of [EMIm|Tf;N together with the experimental spectrum. Binding
energies are rescaled according to Chapter 3.3 with the parameters f = 1.02838,
AFE = —1.36eV, and AAE¢cation—Anion = —1.10eV . Slight deviations might be
caused by the background in the experimental spectrum and potentially different
broadening mechanisms for core levels and valence band. The experimental
spectrum is obtained from personal communication with Dr. A. Ulbrich.

small contribution from the S-line. The latter is simply reproduced by the initial
a-line spectrum together with incorporation of a respective shift of -7.56 eV in
binding energy and a relative signal height of 4 % of the initial a-line.

Finally, the resulting stick spectra are convoluted with Gaussian type func-
tions to simulate the obtained experimental broadening (cf. Figure 6). In the
present thesis the width of Gaussian peaks is found in the range of 0.45-0.65 eV
(FWHM), which is chosen with respect to the experimental resolution. It has to
be mentioned that these spectra are found in good agreement with the experi-
mental XPS and UPS (He II) spectra, which might partially contain other peak
shapes, e.g. with minor percentage Lorentzian type, too. These reconstructed
XPS spectra can be utilized to study both core levels (cf. Figure 7) and valence
band spectra (cf. Figure 6 and Figure 7). However, clear differences compared
to the experiment are recognized for the reconstructed UPS (He I) spectra due
to a strong influence of the final state density. For XPS and UPS (He II) a
constant final state density is assumed. While, this fact should be corrected for
UPS (He I) by a further convolution with the final state density if this kind
of information is available. In addition, a rescaling procedure is developed in
Chapter 3.3 to adapt the calculated binding energies to those of the experiment.
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3 Calculation details, partial charge analysis, and

rescaling of calculated binding energies

In this chapter the methodical details of the performed quantum-chemical cal-
culations are outlined. A discussion about an appropriate quantum-chemical
charge analysis method is performed with consideration of ionic liquids. Devia-
tions in the binding energies, which are observed from the comparison between
the experimentally measured and theoretically reconstructed spectra, have re-
sulted from various reasons, i.e. methodical/calculational imperfections, differ-
ences in their respective zero points, induced shifts due to surface charging, and
effects of the Madelung potential. As a result of the mentioned facts a suit-
able rescaling procedure for the binding energies is developed to enable a direct

comparison between measured and reconstructed spectra hereinafter.

3.1 Details of the quantum-chemical calculations

The quantum-chemical calculations were executed with the software package
Gaussian09 [121].2 All optimizations of single ion pairs have utilized density
functional theory [98]. Herein, the basis set 6-31G™ is applied together with
the hybrid functional B3-LYP [99, 100, 101, 102], which has combined the de-
scription of the exchange energy of Becke with a suitable approximation for
the correlation energy by Lee, Yang, and Parr. The choice of the basis set is
basically difficult: a small one might lead to wrong results, since it is too stiff.
While, for an extremely large basis set, which is very flexible, the results are af-
fected by an arbitrary assignment of contributions in the LCAO analysis, related
problems will be discussed later. Thus, by application of 6-31G™" approximately
the golden mean with less of these effects is selected (cf. Chapter A.1 in the
Appendix).

The geometry of the ions was previously optimized with their ideal charge
state of +1 or -1 e/ion, which has guaranteed a satisfying closed-shell calcula-

tion. For the different possible geometries similar total energies are recognized,

2For some of the quantum-chemical calculations of single ion pairs of [EMIm]|Tf,N two ver-
sions Gaussian09 [121] and Gaussian03 [122] are utilized. A general tendency that quantum-
chemical calculations from the same input file have frequently resulted in identical geometries
and total energies independent of the respective Gaussian version is observed. But it cannot
fully be excluded that the calculated results, i.e. total energies, can be only compared within
the same version of the Gaussian software package. Consequently, this is indicated in the
respective tables for ion pairs of [EMIm|TfaN.
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which have frequently varied in order of kT between the global minimum and
the diverse local minima. Subsequently, optimized ions with the respective low-
est total energy are assembled to an overall neutral single ion pair, which is
optimized again to the regard the related interactions within this ion pair. Two
previously optimized ion pairs are utilized to shape a cluster for [EMIm|T{5N
ionic liquids interacting together with two metal or alkali metal atoms. This

has provided a system that is balanced in both charge and spin in each case.

3.2 Natural bond orbital (NBO) partial charge analysis

The estimation of charges from the quantum-chemical calculations can be per-
formed by different methods [103, 123]. In a very simple way, this is executed
by means of Mulliken or Lowdin population analysis [123]: herein, the results
are obtained from single electron wave functions and their related population
ciu- Thus, the overall charge of the single atom A within a molecular structure
is estimated by g4 = Z4 — > pea(PS),, using the number of positive charges
in the nucleus Z4 and a summation limited to the basis functions concentrated
on this atom. The other dependencies are the density matrix P and the over-
lap matrix S. In a similar way, the Lowdin population analysis is obtained by
ga =Za— Y pea(S 3PS %) uu, Where a symmetrically orthogonalized basis set
is considered.

A more complex method for the charges is provided by the population anal-
ysis of natural bond orbitals (NBO). The compact description of this approach
is given by F. Weinhold and C. R. Landis [124] (see also references therein): for
this method orthonormal single electron wave functions, which are intrinsic for
the N electron system, are used to describe the valence hybrids A4 and hp for
two atoms. Thus, a binding NBO o4 = caha + ¢cghp and an anti-binding
NBO 0% p = caha — cghp are formed within the bond orbital picture. The
character of this bond is strongly affected by the polarization coefficients: for
ca ~ cp a covalent bond between the atoms A and B is shaped; while, for
cA > cp or vice versa an ionic bonding character is addressed. These calcu-
lations have operated with an occupation close to two electrons in the binding
NBO (donor) and nearly zero in the anti-binding one (acceptor). In case of a
perceptible occupation of the anti-binding NBO, this would lead to a non-Lewis
type structure due to a present delocalization. In general, this method has es-

tablished the most appropriate natural Lewis structure and has provided a very

29



good agreement with those structures of organic molecules. Consequently, this
model has seemed as suitable for the charge analysis of ionic liquids, since these
are dominated by organic species, e.g. organic rings inside of common cations,
where the electrons are partially delocalized. It can be assumed that this popu-
lation analysis could provide suitable charges for the relevant atoms, like carbon
and nitrogen, within these organic species. Reliable results were obtained by

the NBO population analysis in other studies on ionic liquids [87].

3.3 Stepwise rescaling procedure for the calculated bind-

ing energies

The calculated binding energies have differed from the experimentally deter-

mined ones due to the following reasons:?

e The calculated binding energies of the core levels are systematically un-
derestimated by a few percent [103]. Whereas, the binding energies of
the reconstructed valence band states are frequently overestimated in the

order up to 2 eV compared to the experiment.

e (lear differences are recognized for the respective zero points in the bind-
ing energy: for the calculation the vacuum level is used as zero point,
while in the experiment the Fermi level is applied as the reference [90].
Thus, this difference has corresponded to a relative shift between the two

binding energy scales.

e Surface charging is induced by positive charges remaining in the near sur-
face region after emission of electrons due to the photoelectric effect in
XPS, UPS as well as the interaction in MIES. The positive charges are ac-
cumulated due to the slow transportation of compensating charges to the
surface. Thus, the electron emission is accompanied by a time-dependent
shift of the peaks towards higher binding energies in the experimental

3Parts of this chapter have been published in the following peer-reviewed articles:

A. Ulbrich, M. Reinmdller, W. J. D. Beenken, S. Krischok, “Photoelectron spectroscopy
on ionic liquid surfaces - theory and experiment”, Journal of Molecular Liquids, 192 (2014)
77-86.

M. Reinmdller, A. Ulbrich, T. Ikari, J. Preif, O. Hofft, F. Endres, S. Krischok, W. J. D.
Beenken, “Theoretical reconstruction and elementwise analysis of photoelectron spectra for
imidazolium-based ionic liquids”, Physical Chemistry Chemical Physics, 13 (2011) 19526-
19583.
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spectrum [35], which has resulted from a variation in the surrounding po-
tential in the near suface area. The application of a charge compensation
might not lead to an entirely unaffected system due to a limited charge
transport and decomposition effects, which might generate new charged

species with time [125].

The electrostatic interactions within the employed single ion pair are ob-
viously varied from the real ionic liquid, where the respective ion would be
surrounded by serveral other ions of identical and opposite charge. This
charge related effect is denoted as the Madelung potential, which is ini-
tially defined by the regularly placed charges in an ionic crystal. For ionic
liquids this potential can be determined on the basis of quantum-chemical
calculations of single ions [41]. An extensive discussion about the sour-
rounding potential effects of an ion pair compared to a real ionic liquid is
performed in ref. [36] (see also references therein). Additionally, the most
simple description of the photoelectron emission is given by an adiabatic
behavior, but in reality relaxation processes might occur. It is assumed
that the relaxation energy of the residual N — 1 electron system is par-
tially transferred to the emitted electron [126]. According to ref. [126] the
effective binding energy of the detected electron Ejnqg.ers can be written
as: Epindesf = Fvindg,a0 + DEchem + AEyadetung + D FEreiaz- Both the
binding energy of the respective atomic orbital Ep;nq, 40 and the chemical
environment A E¢pep, are already reflected by the quantum-chemical calcu-
lation. The other two terms have caused an additional deviation between
experimental and reconstructed spectrum. Nevertheless, the detailed ef-
fect of these two reasons has remained uncertain and both are covered by

the extracted absolute and relative shifts described hereinafter.

Due to the noticed deviations a suitable rescaling method is required for a

direct comparison between experimental and reconstructed spectra. A stepwise

rescaling procedure is developed, for this purpose compare the different steps

in Figure 8. The choice of peaks is highly relevant for this method, since the

calculated binding energies of the utilized peaks have to fulfill the following

conditions: on the one hand these have to be clearly separated in the core

levels, i.e. the Nls spectrum is preferred instead of a more convoluted Cls

states, and on the other the valence states of the same atoms employed for the

rescaling in the core levels have to be present inside of the maximum or any
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Figure 8: Illustration of the effects of the three steps of the rescaling procedure
for the calculated binding energies of [EMIm|Tf2N with introduction of a scaling
factor f = 1.02838, an absolute shift AE = —1.36 eV, and a relative ion shift
ANEcation—Anion = —1.10 V. The experimental and reconstructed spectra
are taken from the illustration in M. Reinmdller et al., Phys. Chem. Chem.
Phys., 13 (2011) 19526-19533, page 19530 [90].
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other significant structure of the valence band, too. The fact of assignable core
levels and valence states within the same element is provided by nitrogen atoms,
which are frequently present inside of one or two of the ions within a broad
range of common ionic liquids. Additionally, the assignment of nitrogen at lower
binding energies in the valence band spectra is found as defined compared to
carbon (cf. detailed deconvolution of different carbon atoms in the reconstructed
UPS (He II) spectra in Figure 65 in Chapter A.2 in the Appendix). Hereinafter,
a phenomenological description of the compension method is performed, for the
respective view point from a Coulomb charge and Madelung potential behind
this adaptation see ref. [36].

An appropriate rescaling procedure should compensate all the previously
discussed deviations. First of all, the evident underestimation of the binding
energies of the core levels and the overestimation of the valence band states can
be corrected by a multiplicative scaling factor f. This factor is determined by
means of the binding energies from experiment and theory in both ranges of

states, i.e. the N1s core levels and the valence band (VB), as follows:

N1se#P — V BeeP

f = letheo _ VBtheo :

(10)

The scaling factor is regularly found in the order between 1.024 and 1.032
using 6-31G™" and B3-LYP for the investigated ionic liquids (see Table 16 in
the Appendix for the rescaling parameters of all investigated ionic liquids).
Nevertheless, this is strongly dependent on the respective functional and basis
set employed in the quantum-chemical calculation (cf. ref. [103]). By this factor
the relative distance between core levels and valence band is generated. Such
a multiplicative approach is applied for the comparison of the DOS with the
XPS spectra of organic and polymeric compounds [107]. But this correction
has only considered the methodical imperfection of the DFT calculation, while
other effects are simultaneously present in ionic liquids.

The differences caused by unequal zero points in the respective energy scale
[90] as well as charge effects of the surface [35] have relatively shifted these
scales. Surface charging effects have accumulated additional charges, which have
modified the surrounding potential for the ions in the near surface region. Thus,
both effects can be jointly compensated by an absolute and uniform binding
energy shift AFE of the whole reconstructed spectra (concerning all states). This

shift is determined by use of one ion (typically the anion) for which the binding
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energy can be more exactly determined from the core level states compared to
the valence band according to the following equation:

N1sP = f-N1sihe + AE. (11)

Anion Anion

This absolute shift AFE also can be determined from the cation if nitrogen
is only present in this ion. After rescaling according to Equation 11 the bind-
ing energies of the reconstructed spectrum of the opposite ion (typically the
cation) might not agree with the experimental values. Thus, a relative shift
ANFEcation— Anion has to be introduced into the already modified binding ener-
gies of the opposite ion to adapt the related core level and valence band spectra

in terms of:

N1s&2. = f. N1stheo  + AE 4+ ANEcation— Anion- (12)

Cation Cation

In case that nitrogen is not present inside of the opposite ion, the determina-
tion of the relative shift AAEcqation— Anion can be achieved from the respective
peaks in the valence band spectra in a similar way:

VBSP = f. VB L AE 4+ AAEcation— Anion.- (13)

Cation Cation

According to the Equations 10-13, the scaling factor as well as absolute and
relative shift can be estimated by means of the information about the binding
energies of the same peaks. The binding energies for neat ionic liquids are
already adapted to experiment after incorporation of these three parameters
into the reconstructed spectra. Thus, a direct quantitative comparison of the
intensities of experimentally measured and theoretically reconstructed spectra
at virtually identical binding energy positions is enabled.

The previously described rescaling procedure might be insufficient for an
analysis of the spectra for ionic liquids interacting with other substances, e.g.
evaporated (alkali) metal atoms, encapsulated liquids or dissoluted species.
These interactions are exemplarily investigated in the present thesis for copper
evaporated onto [EMIm]Tf;N and [EMIm]|CI] with incorporated water. Thus,
another relative shift has to be incorporated due to the reason that the cal-

culated charges of those additional species might differ from the experimental
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ones, which are accompanied by an additional potential, and so their related
binding energies are varied. This shift is preferentially identified from the re-
spective states in the valence band, since the core levels for example of copper
are strongly affected by the partially unknown charge state as well as shake-up
processes. The core levels of these additional species are not available for the
rescaling procedure, since these have only rarely contained the element nitrogen,
which is required for an exact determination of this extra shift AAE sqqspecies
relative to those of the reference ion (typically the anion). A clear distinction be-
tween the additional states from those of the typical elements in the ionic liquids
is achieved, since these are frequently found as a single one or only a few peaks
in the valence band. Consequently, the binding energies of this contribution by
the additional species have to be rescaled according to:

VBszZSPECieS = f ' VBih;(;Species +AE+ AAEAddSP‘iC'ieS' (14)

The previously mentioned methodical imperfections and deviations to the
experiment are compensated by the illustrated rescaling procedure. This has
enabled a first comprehensive comparison between reconstructed spectra from
small systems (single ion pairs or small clusters balanced in charge and spin)
to the experimentally measured spectra. It has to be noted that for small
uncharged systems, like benzene, very recent developments using Koopmans-
compliant functionals demonstrated highly coincident results by a piecewise
linearity interfering with the total energy functional for partially removed elec-
trons [127]. This kind of quasiparticle states are not considered in the present
thesis.
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Part 11
Results of the reconstruction of

core level spectra

Core levels contain detailed information about the stoichiometry, charge states
as well as chemical environment and bonding partners. Herein, the states of
certain types of atomic species, except of the very light elements interfering
with the valence band, are clearly separated (cf. Figure 7). Those states of
elements, which are frequently present in both ions, like nitrogen and carbon,
are of particular interest for an analysis with the aid of the reconstructed XPS
spectra. Thus, the N1s states are commonly utilized for the rescaling of the
binding energies of the reconstructed spectra, the exact method is described in
Chapter 3.3. The absolute peak heights might marginally differ due to a partial
contribution from Lorentzian functions to the Gaussian ones in experiment (e.g.
see ref. [28]), while only Gaussian peaks are used for the reconstruction. All
spectra were compared to the experimental binding energies after realization of

the rescaling procedure.

For the imidazolium- and pyrrolidinium-based ionic liquids the Cls core
levels have demonstrated a certain substructure, which is expected due to the
different carbon positions inside the cation and anion. Thus, the reconstructed
spectra can be utilized to identify the underlying origin for the respective order
of states. For the copper-containing ionic liquids [128, 129], which are inter-
esting for example in catalytic applications [128], the influence of the number
of imidazolium rings attached to the central copper atom on the N1s core lev-
els is of particular relevance. A further application of the reconstructed XPS
spectra is found for the systematic analysis of the radiation-induced degrada-
tion of ionic liquids, since the respective binding energy shifts are simulated by
fragments of an ion pair of [EMIm|Tf;N through a targeted removal of selected
atoms and groups from the ions. Fragments formed during the degradation in
the experiment are potentially identified by means of the comparison performed.
Herein, only charge- and spin-balanced clusters are regarded, which have pro-
vided closed-shell calculations. These calculations have offered reliable results
for the binding energies, which have enabled a direct assignment of molecular
species and indirect also on the time scale with respect to the experiment (cf.

36



ref. [125]). Finally, the identification of corresponding fragments allows for the

conclusion of the present degradation mechanisms.

4 Core level spectra of neat and copper-contain-
ing ionic liquids
4.1 Core level spectra of imidazolium-based ionic liquids

Imidazolium-based ionic liquids composed of [XMIm|Tf;N have featured melt-
ing points of -17 °C (in other studies between -21 and -15 °C) for [EMIm|Tf,N,
-2 °C (in other studies from -6 to -3 °C) for [BMIm|Tf;N, and -6 °C for [HMIm]-
Tf,N (see refs. [130, 131] and references therein). The lowest melting points are
typically discerned for longer alkyl chains with six to eight carbons, while for
selected samples this minimum has ranged from four to ten alkyl carbons [132].
Thus, these ionic liquids are present in their liquid state at room temperature,
which has made them interesting for a profound investigation and different ap-
plications. However, other imidazolium-based ionic liquids, such as [EMIm]C1
with a melting point of 41 *C [130], have remained in their solid state at room
temperature, since this class of materials is defined by melting temperatures be-
low 100 °C [1]. For the investigated liquids, high densities of around 1.52 g/cm?
(JEMIm]Tf,N) and approximately 1.33 g/cm?®([OMIm|Tf>N) are recognized at
room temperature [130]; in general, the density of ionic liquids is lowered by the
choice of a smaller anion and prolongation of the alkyl chain length [130, 131].
Further properties of [XMIm]Tf;N, such as viscosity and conductivity, are typ-

ically found in the medium range compared to other ionic liquids [133].

The reconstructed N1s core level spectra are commonly utilized for the nor-
malization of the reconstructed spectra to the experiment (cf. Chapter 3.3).* In
the N1s core levels of [EMIm]|Tf,N and [OMIm|Tf,N, two peaks are identified
at about 399.7 eV and 402.3-402.4 €V with twice the intensity of the first one

4Parts of this chapter have been published in the following peer-reviewed articles:

M. Reinmdller, A. Ulbrich, T. Ikari, J. Preif, O. Héfft, F. Endres, S. Krischok, W. J. D.
Beenken, “Theoretical reconstruction and elementwise analysis of photoelectron spectra for
imidazolium-based ionic liquids”, Physical Chemistry Chemical Physics, 13 (2011) 19526-
19533.

T. Ikari, A. Keppler, M. Reinmdller, W. J. D. Beenken, S. Krischok, M. Marschewsks,
W. Maus-Friedrichs, O. Héfft, F. Endres, “Surface electronic structure of imidazolium-based
ionic liquids studied by electron spectroscopy”, e-Journal of Surface Science and Nanotech-
nology, 8 (2010) 241-245.
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[28] (see Table 3). The peak at lower binding energy is assigned to the central
nitrogen atom within the [Tf;N] anion and the second peak has resulted from
the two nitrogen atoms in the imidazolium ring of the cation.

A further core level structure, which has also contained convoluted contri-
butions in a very different chemical environment, is the Cls spectrum. In the
experimental spectra in ref. [28], an isolated peak at 293.15 eV as well as a dou-
ble structure with peaks at about 287.0 eV for both ionic liquids and 285.6 eV for
[EMIm|T£;N or 285.2 eV for [OMIm|Tf,N are identified, respectively. The first
peak is assigned to carbons in the CF5 groups of the [TfaN] anion. Whereas, the
double peak structure is caused by the imidazolium-based cation. Inside this
peak at higher binding energy the carbon atoms in the imidazolium ring as well
as the first one in the longer alkyl chain and from the methyl group are localized
[14, 15, 28]. The peak at lower binding energy is shaped from the further carbon
atoms within the alkyl chain [14, 15, 28|. Herein, a shift towards lower binding
energies and an increase in peak height is recognized with increasing alkyl chain
length. This shift is present up to a number of approximately ten carbons in the
alkyl chain [14], since the influence of the imidazolium ring is reduced for these
remote carbons in the longer chain. In what follows, the Cls core level peaks
are decomposed from a single ion pair calculation to verify and understand the
supposed order from experimental data.

The two single ion pairs of [EMIm|Tf;N and [OMIm]T£,N, which are used
for the subsequent analysis, are visualized in Figure 9 (top left). Both ion pairs
have featured a position of the [Tf3N] anion in vicinity of the central carbon
atom of the imidazolium ring (C!), which is energetically favored (see discussion
performed in Chapter 6.1 for the relative ion pair geometry). For [EMIm|T{oN
an ion pair with the cis conformer of the [Tf2N] anion is utilized. Whereas, for
[OMIm|T£,N an anion with the respective trans conformer is preferred. How-
ever, the cis and trans conformer of the [Tf,N] anion are identified to be in equi-
librium at room temperature [134, 135] and during the optimization of the ion
pairs composed of preoptimized single ions the effect of conformational change
was observed in both directions.

The density of states (DOS) for the Cls core level spectrum is illustrated in
Figure 9, which can be used for comparison to the intensity of the experimental
XPS spectra for [EMIm|T{2N and [OMIm|Tf;N. However, the DOS does not
represent a reconstructed XPS spectrum, but the DOS and reconstruction of an
XPS core level spectrum of a single element have only varied by a multiplicative

factor known as photoionization cross section. This factor is constant for the
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Figure 9: The DOS of the Cls core level spectra for [EMIm|T{;N (left) and
[OMIm]T£;N (right) obtained from the single ion pairs visualized in the top
Signatures of different carbon positions C!-C" (see inset) within the
imidazolium-based cations are grouped together depicted by means of similar
color. Rescaling of the calculated binding energies is performed with parame-
ters of f =1.02838, AE = —1.36€V for [EMIm]Tf;N and AE = —1.39¢eV for
[OMIm|TfoN, while here AAEcation—Anion = 0€V. (With the courtesy of: The
Royal Society of Chemistry, M. Reinmoller et al., Phys. Chem. Chem. Phys.,

left.

13 (2011) 19526-19533, page 19527 [90])
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states belonging to the same atomic orbital. Thus, the DOS is as useful as the
fully reconstructed spectrum for a single core level structure, e.g. solely the
C1s or N1s states, since they both are arbitrarily adjusted to the experimental
intensity subsequently. Nevertheless, for a quantitative comparison between core
level structures, which have originated from different elements, the consideration
of photoionization cross sections is mandatory.

An analogous peak structure as found in the experimental Cls spectra of
[XMIm|T£N (cf. refs. [14, 15, 28]) is determined by the respective DOS in Fig-
ure 9. Whereas, the binding energies in the DOS are observed at about 0.8 and
2.4 €V lower than in the experimental spectra. The assignment of the single
peak at higher binding energy to the [Tf;N] anion and the double peak to the
imidazolium-based cation of [EMIm|" or [OMIm]|" is verified by the DOS, re-
spectively. Furthermore, the previously stated general separation of the double
peak into the carbon atoms on one hand within the imidazolium ring plus first
carbon atom from both alkyl chains and on the other into the residual alkyl
chain is confirmed by the DOS. A certain energetic order is revealed by a more
detailed view onto Cls core level spectra of the cation-related peak at higher
binding energy: the central carbon atom (C!) within the imidazolium ring is
discerned at the highest binding energy position, the other two carbons in the
ring (C?) are located at about 0.7 €V below (see tabulated binding energies in
Table 3). Finally, the first carbon atom of both alkyl chains (C?®) has occupied
a binding energy position about 0.6 €V below those of C2. This order has imme-
diately resulted from the distance of each carbon atom to the two imidazolium
nitrogens: C! is directly neighbored by both nitrogens and, consequently, found
at the highest binding energy position. The C? carbons are recognized at lower
binding energy due to the fact that they are directly neighbored by only one
nitrogen, while the other is their second next neighbor. C* carbons are even-
tually located at the lowest binding energy in this peak, since they are only
directly bound to one nitrogen and further on are not significantly influenced
by the second one. However, the binding energy distance between the two C?
carbons is estimated to be very small (<0.15 €V) even though both are located
in relatively different chemical environments, i.e. pure terminal methyl group
vs. head group of a longer alkyl chain. This fact has additionally supported the
suggestion that only the distance to the nitrogens is the dominating effect for
the present energetic order rather than the general classification into ’aromatic’
and ’aliphatic’ carbons as performed in other studies [14, 15] or charge-related
effects [87].
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[EMIm|Tf,N [OMIm]|Tf,N [OMIm]"
Atom | Calc. Exp. Calc. Exp. Calc.
Binding Binding Binding Binding Binding
Energy Energy Energy Energy Energy
(eV) (eV) (eV) (eV) (eV)
NTPRN 399.70% 399.7% 399.70% 399.7%
NTIm 403.54 402.3 403.48 402.4 403.50
403.44 403.35% 403.35%
CTRN 290.84 293.2 290.76 293.2
290.75 290.73
Ct 287.24 287.8 287.16 287.8 287.53
C? 286.53 287.2 286.44 287.1 286.19
286.50 286.42 286.16
Cc? 285.98 286.7 285.80 286.7 285.94
285.84 285.75 285.76
C? 284.37 285.6 284.25 283.91
CP 283.77 283.15
C® 283.56 285.2 282.56
Cc 283.43 282.11
C® 283.40 281.79
CcP 283.37 281.61
Ccro 283.21 281.26

Table 3: Rescaled binding energies for the N1s and C1s core levels obtained from
ion pairs of [EMIm|Tf;N and [OMIm|Tf;N (displayed in Figure 9) together
with those of the single cation [OMIm]' in comparison to the experimental
values. The nomenclature for all positions within the imidazolium-based cations
is depicted in Figure 9 (top right). (¥) A normalization of the binding energies
from [EMIm|Tf,N and [OMIm]Tf;N onto the experimental NTf2N core level is
performed by a scaling factor of f = 1.02838 and respective absolute shifts of
AE = —1.36 €V for [EMIm|T{;N and AE = —1.39 eV for [OMIm]Tf;N. A
relative shift is not incorporated at this stage (AAEcation— Anion = 0€V). (¥)
The normalization of the binding energies for the isolated cation of [OMIm]* is
achieved by the identical scaling factor and a shift of AE = —4.90 V. (With
the courtesy of: The Royal Society of Chemistry, M. Reinmdéller et al., Phys.
Chem. Chem. Phys., 13 (2011) 19526-19533, page 19529 [90])
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The enhancement of the peak intensity and a shift to lower binding energy is
determined for the peak at the lower energy side of the double structure. For the
carbon atoms inside the longer alkyl chain (C*-C®, see inset in Figure 9), which
have shaped this peak, a certain energetic order is detected (cf. Table 3): the
binding energy has decreased with the distance of the respective carbon atom
to the nitrogen (equivalent to the whole imidazolium ring). From the binding
energy values in Table 3, it is perceived that the related shifts in binding energy
have clearly proceeded through the whole alkyl chain. This energetic order is
discovered for both the ion pair of [OMIm|Tf,N as well as the isolated [OMIm]
cation. It is verified by an identical energetic order for [OMIm]|* that this effect
is not only accidentally present in this particular ion pair. Nevertheless, the
charges of the involved carbon atoms have not clearly varied within the alkyl
chain and, thus, have not significantly influenced the binding energies. The
influence of the charges in the imidazolium ring onto the carbon atoms in the
alkyl chain has rapidly decreased by the distance [30]. For a longer alkyl chain of
the [XMIm]| cation the carbons far away from nitrogen have featured a chemical
environment similar to pure alkanes. A shift towards lower binding energies
is decelerated by the distance to the imidazolium ring with marginal binding
energy differences of about 0.03 eV between the neighboring carbons within C"-
C®. This is in agreement with the stop of any further shift in experiment at a

number of circa ten carbons in the alkyl chain [14].

4.2 Core level spectra of pyrrolidinium-based ionic liquids

The main physico-chemical properties of pyrrolidinium-based ionic liquids are
outlined by S. Men et al. [136] (see also references therein): the melting points
are similar in pyrrolidinium- and imidazolium-based ionic liquids and for ex-
ample the viscosities and conductivities of pyrrolidinium-based ionic liquids are

slightly increased compared to their imidazolium-based analogs.

The fundamental structural analysis of [XMPyrr]Tf2N is given from O. Bo-
rodin and G. D. Smith [137], J. N. Canongia Lopes et al. [138] as well as Y. Ume-
bayashi et al. [139] by means of molecular dynamics simulations. In these
studies, it was identified that both conformers of [Tf,N] anion are present in
approximately an energetical equilibrium. For the pyrrolidinium-based cations
three different conformers are ascertained, which are visualized in Figure 10. All

of those conformers recognized in molecular dynamics simulations are observed
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Figure 10: Conformers of the [N-alkyl-N-methylpyrrolidinium| cation and [Tf;N]
anion. (With the courtesy of: The American Chemical Society, Y. Umebayashi
et al., J. Phys. Chem. B, 113 (2009) 4338-4346, page 4339 [139])

in the quantum-chemical calculations utilizing single ion pairs, too. Three-
dimensional isosurfaces for elements of the [Tf;N] anion around those of the
[PMPyrr] cation calculated by O. Borodin and G. D. Smith [137] are illustrated
in Figure 11. A transition between the conformers of the [Tf;N] anion, as it was
recognized for [EMIm]Tf;N, is not observed for [BMPyrr|Tf;N in the quantum-
chemical calculation. Only the tendency to form intermediate states between
both conformers is identified. This may lead to the assumption that the energy
barrier for transition between cis and trans conformer of the [Tf2N] anion is
higher in a pyrrolidinium-based ionic liquid compared to the imidazolium-based
analog, which is somehow in contrast to the statements given by E. Bodo et
al. [135]. The C1s core level spectra of a set of [XMPyrr|Tf;N ionic liquids are
analyzed in depth subsequently.

4.2.1 Ni1s and Cl1s core level spectra

The core level spectra from nitrogen and carbon are of special interest due to the
fact that these elements are present in both ions of [XMPyrr|Tf2N ionic liquids.
For the experimental N1s states two peaks are observed at about 403.8 eV and
400.6 eV. Herein, the peak at higher binding energy is assigned to pyrrolidinium-

based cation. Whereas, the second peak has originated from the [Tf,N] anion.
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Figure 11: Three-dimensional isosurfaces of the density of different elements in
[PMPyrr]Tf,N, which are also denoted as spatial distribution functions (SDF):
nitrogen (isovalue: 4.0, color: red), fluorine (2.1, green), carbon from [TfaN] (2,
silver /yellow), and carbons of the neighboring pyrrolidinium-based cation (2.2,
blue). (With the courtesy of: The American Chemical Society, O. Borodin and
G. D. Smith, J. Phys. Chem. B, 110 (2006) 11481-11490, page 11486 [137])

44



03+ (©) L [ @

3

£ 0o - g " [C:CPYITEN]

e N € — [CC4PYM[TEN]

5 i g 4 — [CeC{PYMTEN]

g oid el e — [CCiPYMITEN]

F \ 5 — [CieCPYMITEN]

@ 00— f T )

\ 0

T T T T T T T T T | LA LA B B B R B |
2 4 6 8 10 206 294 292 290 288 286 284 282
n for [C,C4Pyrr[THN] Binding Energy / eV

Figure 12: Normalization of experimental Cls binding energies to those of
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the courtesy of: The Royal Society of Chemistry, S. Men et al., Phys. Chem.
Chem. Phys., 13 (2011) 15244-15255, page 15250 [136])

o
ct E || o F
2~ 3 S
c \ @/C “IN.© Tf2N/—F
| N cs c’ F CTiN N _C N
cz_/ e e’ . o g F
(o} |

o)

Figure 13: Nomenclature for the different carbon atoms in [BMPyrr|TfoN: C-
CT in the [BMPyrr] cation (left) and CT*?N inside the [Tf,N] anion (right), which
is modified compared to the assignment in S. Men et al. [136].

In the experimental Cls core level spectra, two structures are identified: an
isolated peak at around 294 eV and a double peak structure at about 288 and
286.5 eV. The single peak at higher binding energy is assigned to the two carbon
atoms in the [TfoN] anion. While, the double peak structure has arisen from
the pyrrolidinium-based cation. A possible normalization of the experimental
spectra due to charge effects is stated by S. Men et al. [136]: the peak originating
from the longer alkyl chain in [OMPyrr]Tf;N is fixed to a binding energy of
285 €V (a similar procedure is known for imidazolium-based ionic liquids [30]).
All other peaks in the spectra have to be shifted according to this charge-adapted
normalization (cf. Figure 12, left). A suitable nomenclature for Cls states of
the pyrrolidinium-based cation using a three-step model is given by S. Men et
al. [136] (see different carbon positions in Figure 13): *Chetere’ (G C3, and C*),
‘Cinter> (2 and CP), and ’CaliPhatico (C6_C11) | where the latter peak is set to
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285 eV. This normalization is not required for a comparison to the experimental
spectra due to the applied rescaling procedure of the binding energies for the
reconstructed spectra. The underlying nomenclature is borrowed from ref. [136]
and the arrangement in groups will be modified with respect to results of the

subsequent spectra reconstruction.

A theoretical analysis of the Cls core level spectra has enabled deeper in-
sights into core level spectra for which a relationship between the position of the
respective carbon atom within the ion pair and its binding energy can be con-
cluded. For this purpose, a number of approximately 40 ion pairs was calculated
using different relative geometries between the ions as well as both conformers
of the [Tf2N] anion according to Figure 10. The reconstructed Cls core level
spectra for three different ion pair geometries, which are in congruence with the
spatial distribution functions (SDF) in Figure 11, are jointly illustrated in Fig-
ure 14. Herein, a surprising nature is recognized for the reconstructed Cls core
levels of the [BMPyrr| cation and three different shapes are discovered: a peak
with a shoulder (Figure 14, top), a broad single peak (middle), and a double
peak structure (bottom). For the cations’ Cls structure, which has exhibited
a peak together with a shoulder at lower binding energy (Figure 14, top), this
shoulder has originated from the alkyl carbons (C°-C7, see Figure 13), whereas
C'-C* have contributed to the main peak. This peak shape is observed for ion
pairs, where either the central nitrogen atom of the [Tf2N] anion is found in
vicinity of the nitrogen in [BMPyrr| cation or the [Tf2N] anion is placed around
the edge of the pyrrolidinium ring, which has corresponded to a potential par-
allel alignment to the alkyl chains. In case that only a single peak is detected
for the cation (Figure 14, middle), the noticed order of the underlaying con-
tributions has strongly altered: the C? carbons are shifted to a binding energy
position in between the alkyl positions of C®*¢ at higher and C” at lower binding
energy. The carbon C* has simultaneously taken the highest energy position.
This is related to an anion position in between pyrrolidinium rings face and the
methyl group. It is found in contrast to the order, which is assigned by S. Men
et al. [136]. The third case of a double peak structure (Figure 14 bottom) is
discovered for ion pairs, where the [Tf;N] anion is placed in a position between
the pyrrolidinium rings face and the longer butyl chain, which is additionally
slightly favored from an energetical view point. This position is fully covered
by the anion in the SDF displayed in Figure 11, which is in contrast to the
other positions, where both anion and cation could be found as neighboring
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Figure 14: Reconstructed Cls spectra (left) in comparison to the respective ion
pair geometry (right). All utilized ion pairs have featured a twist conformer of
the [BMPyrr] cation (see nomenclature in Figure 10) for sake of comparison.
Herein, the calculated binding energies are utilized due to the reason that a
rescaling procedure can only be executed for a particular ion pair, since the
related parameters (f, AFE, and AAFE¢ation— Anion) might change and will be
incomparable to those of ion pairs with significantly different geometry.
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interaction partners. Hereinafter, only those ion pairs, which have exhibited a
clear splitting in the C1s structure related to [BMPyrr|™, will be considered for
a detailed analysis. This effect is further identified to be independent of the
respective conformer of the [Tf,N] anion (cf. Figure 15 and Figure 16).

In Figure 15, the reconstructed Cls core level spectra of eight ion pairs,
which are visualized in Figure 16, are deconvoluted into the contributions of the
contained carbon atoms. Several peaks are encountered in the reconstructed
C1s core level spectra from the ion pairs of [BMPyrr|Tf;N. Herein, the binding
energies are used as calculated, i.e. no scaling factor, relative or absolute shifts
are incorporated. As previously described the peak at highest binding energy
(around 284 €V) can be assigned to the [Tf;N] anion. For the double peak
structure, which has originated from the respective [BMPyrr]| cation, a particu-
lar substructure with an intrinsic order is identified by deconvolution for all ion
pairs (for applied nomenclature see Figure 13): the single methyl group (C3) is
detected at the highest binding energy. For most of the calculated ion pairs, the
next state is assigned to the first carbon atom of the butyl chain (C*), which
is directly linked to the cations nitrogen. These are followed by the other two
carbon atoms bound to the nitrogen within the pyrrolidinium ring (C!), which
have only occupied a binding energy position similar to or slightly higher than
C* for one of the investigated ion pairs. Thus, all four carbon atoms, which are
directly connected to nitrogen, have shaped the peak at higher binding energy
inside the C1s double peak structure of [BMPyrr|". Finally, the peak at lower
binding energy has resulted from carbon atoms, which are not directly bound to
nitrogen. At the higher binding energy side of this peak the other two carbon
atoms inside the pyrrolidinium ring (C?) are found, since both are second and
third next-neighbored by the cations’ nitrogen. This double interaction with the
nitrogen might be the consequence for the clear energetical separation between
(? and the further carbons of the butyl chain (C>7), which are only influenced
once by nitrogen. The further carbon atoms of the butyl chain (C>7) are local-
ized at lower binding energy and their exact position first of all is dependent on
the distance to the nitrogen atom, which has resulted in the following energetic
order: C® is present at the highest binding energy, the terminal carbon of the
butyl chain (C7) is found at lowest binding energy, while C® is noticed in be-
tween. Surprisingly, these energetic positions are not homogeneously distributed
for nearly all ion pairs, since the distance between C® and C® is comparatively
small, whereas it is large between C® and C7. Consequently, the distance to

the nitrogen has seemed not exclusively responsible for this fact. In all of the
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Figure 15: Reconstructed Cls core level spectra of different ion pairs from
[BMPyrr|Tf;N (visualized in Figure 16), which have featured a distinct double
peak stucture in the contributions of the cation. A deconvolution of the contri-
butions of carbon atoms in different chemical environment within the [BMPyrr]
cation is executed (for the respective nomencluture see Figure 13). Herein,
the calculated binding energies are utilized due to the reason that a rescaling
procedure can only be executed for a particular ion pair, since the related pa-
rameters (f, AE, and AAFE¢cation— Anion) might slightly vary for the ion pairs
investigated here.
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Figure 16: Ion pairs from [BMPyrr|TfsN, which have featured a distinct double
peak structure in their reconstructed Cls core level spectra (see Figure 15), are
visualized by two different directions (side and top view, separated by a dotted
line). The ion pairs in line A have offered a cis conformer of the [Tf,N] anion,
while those with a trans conformer are depicted in line B.

a0



considered ion pairs, the geometrical distance between alkyl carbons (C*7) and
the [Tf2N] anion is identified to be close, which might lead to the conclusion
that the interaction between the butyl chain (or the cation in general) and the
[Tf;N] anion is not entirely negligible. This effect will be discussed in detail
hereinafter.

For sake of comparison, the core level positions for a similar ion pair with an
extended alkyl chain, i.e. octyl instead of butyl, are calculated to assure that
the utilized [BMPyrr|™ might not result in a wrong order of binding energies
due to its relatively short alkyl chain length. The ion pair with the alkyl chain
prolonged by four CHs groups is abbreviated as [OMPyrr]Tf;N. In Figure 17,
the respective Cls core level spectra are shown. The related binding energies for
N1s and C1s core levels of the utilized ion pairs [BMPyrr]Tf,N (B2 in Figure 16)
and [OMPyrr]Tf;N (analog to this ion pair) are listed in Table 4. Herein,
reconstructed Cls spectra are modified, based on the N1s peaks at 403.84 eV
from [BMPyrr]" and 400.61 €V from [Tf,N]- as well as the valence band in the
experimental spectra from [BMPyrr|TfaN. Hence, all binding energies of the
reconstructed spectra are adapted by a scaling factor f = 1.02963, an absolute
shift of AE = —0.79 eV as well as a relative one between the contributions from
[BMPyrr| cation and those of the [Tfy;N] anion (AA Ecation—Anion = —1.47€V).
For the reconstructed spectra of [OMPyrr|Tf2 N, these modifications, i.e. scaling
factor and relative shift between the ions are equally utilized, while an absolute
shift of AE = —0.77 eV is integrated due to a small deviation in the calculated
N1s binding energies of the NF¥™,

The binding energy positions of the single and the double peak structure in
the reconstructed Cls spectra in Figure 17 are identified at about 291.62 €V,
285.53 eV, and 283.80 eV for [BMPyrr|Tf2N or 283.15 €V for [OMPyrr|TfsN, re-
spectively. In contrast to this, the experimental spectra from [BMPyrr|Tf2N are
found at binding energies in the order of 2.5-3 eV higher (around 294.06 eV and
a double peak structure at about approximately 287.80 and 286.65 eV). Due to
this reason one could not directly compare the binding energies of experimental
and reconstructed spectra by their absolute values, but qualitative assigments
by use of the relative energetic differences and the order of states in the dou-
ble peak structure are reasonable. The distance in binding energy between the
CTEN and the peak at higher binding energy side of the double peak structure
is estimated by about 6.1 eV, this fact is supported by a difference of circa 6 eV
in the experimental spectra. In the reconstructed Cls spectrum, the carbon of

the methyl group (C?) is found at an equal binding energy for both ionic liquids
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Figure 17: Reconstructed Cls core level spectra of [BMPyrr|Tf,N and [OM-
Pyrr]TfaN (carbon atoms in a conformable chemical environment are grouped
together according to the inset). Herein, the binding energies are modified
by the rescaling parameters f = 1.02963, AE = —0.79¢eV for [BMPyrr]TfN
and AE = —0.77 eV for [OMPyrr|Tf;N, respectively, and AAE¢ation—Anion =
—1.47 eV for both ionic liquids.
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[BMPyrr| TN [BMPyrr|" | [OMPyrr| | [OMPyrr|™
Tf;N
Atom | Exp. Calc. Calc. Calc. Calc.
Binding Binding Binding Binding Binding
Energy Energy Energy Energy Energy
(eV) (eV) (eV) (eV) (eV)
[ NPy T 403.84%7 | 403.84%7 | 403.84%7 | 403.84% | 403.84%7 |
[ NTENT400.61%7 | 400.61% | | 400.62 | \
CTeRR 294.06 291.62 291.63
291.59 291.61
Cf 285.32 285.62 285.33 285.62
287.80 285.29 285.61 285.31 285.61
c? 285.99 285.58 286.00 285.59
ok 285.74 285.58 285.74 285.56
? 284.10 284.26 284.11 284.27
283.99 284.25 284.01 284.26
P 286.65 283.70 283.93 283.70 283.89
Co 283.64 283.22 283.55 283.08
7 282.96 282.41 283.04 282.40
C8 282.97 281.91
c? 282.81 281.56
cto 282.88 281.35
ct 282.66 280.98

Table 4: Rescaled binding energies of the different carbon atoms in the re-
constructed core level spectra of [BMPyrr|TfsN and [OMPyrr|Tf;N in Fig-
ure 17 with a partial comparison to the experimental data. For the posi-
tions within the pyrrolidinium cations see inset in Figure 17. (#) The value
of NN in [BMPyrr|Tf;N is utilized as reference for the rescaling procedure.
Herein, the binding energies are adapted by the following rescaling parame-
ters: a scaling factor of f = 1.02963, an absolute shift of AE = —0.79¢eV
for [BMPyrr|Tf;N and AE = —0.77eV for [OMPyrr]Tf2N, and a relative
shift of AAEcation—aAnion = —1.47eV. The binding energies of the neat
pyrrolidinium-based cations are obtained by an identical scaling factor as used
for [ BMPyrr|TfsN and they are finally shifted by AE = —5.66 €V for [BMPyrr| "
and AE = —5.61 eV for [OMPyrr|* to match the value of NPY™ of the ion pair.
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and the initial carbon of the alkyl chain (C*) is identified approximately 0.25 eV
below. Whereas, the two pyrrolidinium carbons directly bond to nitrogen (C')
have possessed a binding energy of circa 0.7 eV below those of the methyl group
at highest position. Thus, the contributions of these four carbon atoms can be
clustered together (see Figure 17), since they are ascertained to be very close to
each other, which is in the order of experimental peak broadening. However, for
the neat cations, [BMPyrr|" and [OMPyrr|t, a reverse order of the positions
C!, €2, and C* (from highest to lowest binding energy) is found. The total
energetical splitting between these four carbon atoms is identified as 0.04 eV for
[BMPyrr|" and 0.08 €V for [OMPyrr|*. Thus, one may assume that a distinct
effect of the [Tf;N] anion onto binding energy of certain carbon positions is
present.

Further on, the distance between the lower energy side of this first peak
(C!) and the next binding energy position C? is encountered to be approxi-
mately 1.2 eV. The energetic distance between the further two carbons within
the pyrrolidinium ring (C?) and the alkyl carbon (C?), which both are not di-
rectly bound to nitrogen, is determined to be in the range of 0.3-0.5 eV. While,
a seperation between C® and the next carbon (C%) in the order of <0.15 eV is
recognized. The energetic distance to the proximate alkyl carbon (C7), i.e. the
terminal methyl group in the butyl chain of [BMPyrr|Tf;N or the fourth carbon
in the octyl chain of [OMPyrr]Tf;N, is located at circa 0.6-0.7 eV, which is close
to the applied peak broadening. A separation between C%and C® in the same
order is detected for the neat cations [BMPyrr|" and [OMPyrr|". In these the
binding energy position for the first alkyl carbons not directly bound to nitrogen
(C?, €%, and C7) has shifted approximately 0.7-0.8 eV towards lower binding
energy per each atom further away from the nitrogen in the cations. This is
ascertained in contrast to the energetic order in [XMIm|Tf;N (cf. Table 3). In
comparison to the ion pair, where C® and C® are only separated by maximum
0.15 eV, the influence of the anion is obviously perceptible. Consequently, on
the one hand the carbons C? and C>'% from the ion pair calculation may be
clustered either as one single peak or two interleaved peaks and on the other
all further alkyl carbons starting at C7 have to be treated as a further group of
states. For binding energy positions from C” to C!! in [OMPyrr|Tf,N a smaller
shift in the order of -0.10 eV per atom is assigned, since these carbons are less
affected by nitrogen due to their increased distance. This shift is observed in
similar way in the experimental Cls structure together with an enhanced peak

intensity (cf. Figure 12, right). However, this effect has not homogeneously
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propagated through the whole alkyl chain, as found for the isolated [OMPyrr]
cation or for the imidazolium-based ionic liquids. A slight deviation in the order
is recognized for C? and C'°, which have changed their positions. The respective
energetic distance between these two carbons is discovered to be about 0.1 eV,
which is in the order of exactness of calculated binding energies as well as a
slightly different chemical environment for C19 due to the neighboring terminal
methyl group. In addition, the shift in binding energy of the carbons to lower
values with increased distance to the nitrogen atom is confirmed to propagate
through the part of the alkyl chain far away from nitrogen of the single [OMPyrr]
cation. A nearly constant value of around -0.35 eV per additional atom is ex-
istent here. The distance between CT™N and the lower binding energy peak in
the cations double peak structure is experimentally derived with about 7.4 eV
for [BMPyrr|TfsN, whereas in the reconstructed spectra using a single ion pair
a marginally increased distance of circa 7.8 eV is observed. The enlarged dis-
tance between the carbons directly bound to nitrogen and the further carbons
in the alkyl chain in the theoretical reconstruction compared to the experiment
was previously identified for imidazolium-based ionic liquids, too. This may
be interpreted as an effect of the interaction beyond a single ion pair, which is
not considered in the utilized single ion pair calculation. The origin of the rec-
ognized binding energy order in ion pairs from [XMPyrr]Tf;N is subsequently

analyzed further.

4.2.2 Influence of partial charges and geometrical distances on the

binding energy order

The deviations in binding energy of carbon atoms are observed for the ion pair
and the isolated cation, which could potentially be caused by different partial
charges found in both molecular systems. This is based on the NBO charge
analysis of the various carbons in Table 5. The NBO partial charges from a
comparison between the same carbon atoms in [OMPyrr]Tf,N and [OMPyrr|*
have varied at maximum by an absolute value of 0.012 e or a relative one of less
than 4 %. However, the biggest deviations in the partial charges between ion
pair and neat cation are recognized for the first carbon atoms of the alkyl chain
(C*-C9), which have featured a clear interaction with the [Tf,N] anion. In rela-
tion to this the partial charge of the cations’ central nitrogen atom, which is used
as reference for rescaling, has only changed by 0.001 e and, thus, an inappro-
priate comparison of the binding energies can be excluded. Additionally, these
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[OMPyrr|Tf;N \ [OMPyrr|™
[ Atom NBO partial charge (e)
[ NPy ] -0.299 \ -0.300 \
Ct -0.263 -0.259
-0.255 -0.260
C? -0.497 -0.500
-0.498 -0.499
Cc3 -0.480 -0.484
Cc* -0.249 -0.258
Cc® -0.499 -0.487
Co -0.453 -0.456
Cc7 -0.460 -0.458
C® -0.456 -0.458
C? -0.460 -0.460
cto -0.458 -0.460
ctt -0.685 -0.687

Table 5: NBO partial charges (in e) for different carbons of the [OMPyrr|Tf2N
ion pair and the isolated cation |[OMPyrr|*t. For respective nomenclature of
carbon atoms see inset in Figure 17.

perceptible shifts of the alkyl chain carbons (not directly bound to nitrogen)
have not resulted from different partial charges (cf. discussion performed later).
The NBO charge analysis has provided nearly equal partial charges for all alkyl
carbons C®-C'0 except for the terminal carbon C'!'. An approximately 0.225-
0.230 e higher negative partial charge is offered by this terminal carbon than
found for the others. This carbon also possessed an additional hydrogen atom,
which has typically featured a positive partial charge in the order of 40.23 e.
Under consideration of this aspect, the partial charge of the terminal carbons
is similar to those of the other alkyl carbons, which are CHy groups instead of
CHj3. A charge-related shift in binding energy of the Cls states in the order
of 6 €V /e is assigned in ref. [126]. The maximum shift caused by the detected
differences in partial charges is below 0.08 eV for all carbon atoms in the ion
pair compared to those of the neat cation. Thus, the main contributions of these
binding energy shifts have resulted from another reason. Since the considered
NBO charges have not revealed the complete answer to the changes in the Cls
core levels between ion pair and neat cation, the interaction between cation and

anion has to be examined further.

First hints are obtained in the order of binding energies of the carbons di-
rectly bound to nitrogen, which have altered their order in the [BMPyrr|Tf;N
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N'thN ‘ 01 ‘ 02 ‘ F
] Atom Distance (A)
[ NPy T 394 ] 421 | 468 [ 458 |
Ct 3.49 3.29 4.77 5.16
3.37 4.54 3.37 3.70
C? 3.52 4.00 4.25 5.48
3.49 4.77 3.00 4.68
C3 5.36 5.56 5.81 5.84
C? 4.32 4.22 5.33 4.34
C? 3.58 3.40 4.93 3.45
Co 4.86 4.40 6.19 4.14
Cc7 4.93 4.42 6.39 4.09

Table 6: The geometrical distances (in A) between the atoms within the
[BMPyrr] cation and selected atoms of the [TfoN] anion, which are tabulated
for the utilized ion pair from [BMPyrr|TfoN (for the affiliation of the carbon
atoms see inset in Figure 17).

and [OMPyrr]Tf;N ion pairs compared to the neat cations (cf. Table 4). A rea-
son of the selective interactions between different carbon atoms within the cation
and the [Tf,N] anion might be found in the geometric relationship between the
respective carbon and the [Tf3N] anion. In Table 6, the distances between all
carbon atoms within the [BMPyrr| cation and the nearest atoms in the [Tf2N]
anion of the utilized ion pair are listed. An effect onto the carbons C!, C?, and
C*, which are previously detected at nearly the same energy, is recognized from
Table 6: one or both C' carbons are typically localized closer to all considered
atoms of the anion than those of C? and C*. Thus, one is enabled to suppose
that this effect is accompanied by a higher interaction for C!, which has led to a
shift to a lower binding energy, while those of C? and C* are less influenced and
shifted in the opposite direction relative to the states in [BMPyrr|*. However,
for the carbons C5 and C® the energetic difference in the order of 0.7-0.8 €V is
detected in the neat cation, whereas it is reduced to 0.06 and 0.15 eV in the
respective ion pair. Fluorine and oxygen from the [Tf,N] anion are identified as
the nearest atoms for these carbons, which are followed by the further oxygen
and the central nitrogen. Due to these interaction partners a formation of hy-
drogen bondings may be presumed. The distance to all of the analyzed atoms
of the [Tf,N] anion is ascertained to be 0.7-1.3 A smaller for C? than for C°.
Thus, the interaction between cation and anion has led to a readjustment of

the binding energies of the states with comparable chemical environment. The
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changes in the Cls binding energy positions and their order within the pyrro-
lidinium ring have provided a fingerprint of the preferred interaction between
cation and anion, since these shifts are correlated with the respective distances
of the carbons to the nearest atoms of the [Tf,N] anion. In addition, it might
be assumed that for the imidazolium-based cation the distance effect is not rel-
evant, since the anion is present in a symmetrical position (close to C!) relative
to all other carbons. While, for the pyrrolidinium-based cation the anion is lo-
cated in an asymmetric position to the alkyl chains. These conclusions are not
in contradiction to the results of A. R. Santos et al. [140], which have noticed a
stronger interaction between cation and anion for pyrrolidinium-based ionic lig-
uids due to a charge localization on the central nitrogen atom compared to their
imidazolium-based analog with a charge distritribution over both nitrogens.
The binding energies of carbon atoms inside of the cations and their geo-
metric distances to the anion in ion pairs of [OMPyrr|TfN and [OMPyrr|Cl
are listed in Table 7. Herein, all binding energy positions are normalized for
reason of comparison to the nitrogen in the pyrrolidinium-based cation. The
respective distances between atoms of the [OMPyrr| cations and the central
nitrogen atom in the [Tf;N]" or the chlorine anion are added in Table 7. A sim-
ilar order and comparable differences of the relative binding energy positions
are identified in [OMPyrr|Tf;N and [OMPyrr|Cl for the two groups of carbon
atoms C!-C® and C?-C!!, whereas for C8-C® stronger deviations are noted. The
alkyl chain of the cation in [OMPyrr|Cl is twisted from the ideal zigzag struc-
ture, which is present in [OMPyrr]Tf2N, and as a result the alkyl carbons have
featured a slight 7 electron system. This 7 electron contribution might also
lead to the almost degeneration of the binding energies of the carbons C® and
CC% as well as C” and C®. In addition, nearly identical distances are featured
between the atoms in the cation (NFY™ and C!-C!!) and the central atom in the
anion (NT#2N or CI). The related values are typically similar, but around 0.1 A
smaller for [OMPyrr|Cl compared to [OMPyrr]Tf2N. Perceptible deviations are
only detected for the carbons C%, C8, and C'® due to the twisted alkyl chains.
This means that the positions of the centers of both anions are comparable.
As a consequence of this comparison between [OMPyrr]TfoN and [OMPyrr|Cl,
it can be concluded that the previously found changes in the energetic order
and binding energy positions of the pyrrolidinium-based cations are induced by
the [Tf2N] anion, while the interaction can be reduced to a simple cation-anion

distance effect.

a8



[OMIm[TEN | [OMIm|CI NTEN ] Cl

[ Atom | Calculated binding energies (eV) Distance (A)

[ NPy [ 403847 [ 403847 | 394 | 382 |
3 286.00 286.10 5.36 5.25
Ct 285.74 285.79 4.32 4.18
Ct 285.33 285.26 3.38 3.37

285.31 285.20 3.48 3.29
C? 284.11 284.17 3.51 3.54

284.01 284.08 3.51 3.43
C® 283.70 283.72 3.58 3.51
CS 283.55 283.73 4.87 4.64
CT 283.04 283.32 4.95 4.87
C? 282.97 283.31 6.46 6.26
CP 282.81 283.22 7.02 6.93
cTo 282.88 283.30 8.55 8.38
ct 282.66 283.11 9.33 9.25

Table 7: The binding energies (in eV) of the carbon atoms of the [OMPyrr]
cation, which have shaped a similar ion pair together with an anion of [TfaN]
or [CI], are related to the respective geometrical distances (in A) to the anion.
(*) All reconstructed spectra are normalized onto the binding energy value of
NF¥™ for [BMPyrr]Tf,N in Table 4. Herein, an identical scaling factor of f =
1.02963 and for the pyrrolidinium-based cation in [OMPyrr]TfoN an absolute of
AE = —0.77eV as well as a relative shift of AAFEcation—Anion = —1.47€V are
employed. In contrast to this, the contributions of [OMPyrr]|Cl are modified by
an overall shift AF = —1.75¢eV.
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4.3 Copper-containing ionic liquids

Parallel to the evaporation of metals onto ionic liquids, which will be discussed
in Chapter 9.1, and the subsequent degradation of the ionic liquid to generate
nanoparticles for catalytic applications another possibility for catalytic appli-
cations may be provided by intrinsic incorporation of metal atoms into the
ionic liquid (cf. refs. [128, 141]). The respective metal atoms are integrated
in the cation, the anion or both, and a frequently central coordinating posi-
tion surrounded by functional groups known from neat ionic liquids is featured
[128, 129]. A set of copper-containing ionic liquids is utilized for catalytic ap-
plications, such as the oxidative carbonylation of methonal, which is typically
accompanied by a handful of disadvantages, inter alia selectivity problems due
to undesired side reactions and a low conversion rate [128]. These ionic liquids
have exhibited a certain crystal structure in their solid state, which is illustrated
in Figure 18. Herein, the ionic liquid is separated into on one hand charged cen-
ters with the copper atoms and on the other an area of alkyl crystals, while in
the latter van der Waals interactions are relevant. The two imidazolium rings
in the [Cu(Im'?);] cation are twisted out of plane and the two copper atoms
are found with a distance between each other, which is only slightly higher than
found in metallic copper [128]. Thus, a significant interaction between these
two charged copper atoms is present inside of those substances. Ionic liquids of

this type with a shorter alkyl chain are investigated hereinafter.

In Figure 19 (right), the reconstructed and experimental N1s core level spec-

tra are jointly displayed. Herein, the separation of the two different nitrogen
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Figure 18: Crystal structure of [Cu(Im'?);]CuBry with indication of the unit
cell. (With the courtesy of: The Royal Society of Chemistry, M. Stricker et al.,
Green Chem. 12 (2010) 1589-1598, page 1591 [128])
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states has become evident. This is expected from the different chemical en-
vironment inside the cations’ imidazolium groups depending on the respective
bonding partners (see molecular structure in Figure 19, left): the first nitrogen
of the imidazolium ring is bound to the central copper atom and the second
one is connected to the alkyl chain. In the experimental spectra, the nitrogen
at the alkyl site is detected at 401.1 eV for [Cu(Im®)5]CuCly and at 401.3 eV
for [Cu(Im®),]PFg (cf. 402.3 eV for [EMIm|Tf2N and 402.4 eV [OMIm|Tf,N
[90]), which are used as references for the rescaling procedure. The nitro-
gen at the copper site is ascertained in the experiment at circa 400.0 eV for
[Cu(Im®)5]CuCly and 400.1 eV for [Cu(Im®),]PFg, while in the reconstruction
both are located at around 399.7 V. A position, where the contributions of the
anions, e.g. [TfyN], are regularly found in other ionic liquids [90], has resulted
from the charge neutralization of the imidazolium ring compared to a cation of
[XMIm|". The calculated separation in the N1s spectra is recognized as larger
for the [Cu(Im®),]™ than for the [Cu(Im®)s|T analog, which is also verified by
the experimental spectra. An energetic distinction in between N and NAky!
of circa 1.4 and 1.6 €V is not exclusively caused by the varied number of im-
idazolium species in the cation. This fact has also resulted from a different
shift in binding energy due to significant distinctions in the mean NBO partial
charges of the N®% of -0.627 e for [Cu(Im®)s]* and -0.585 e for [Cu(Im®)4]*.
While, the mean partial charge of the NAKY! atom is found as similar in both
with -0.374 e for [Cu(Im%)2|™ and -0.380 e for [Cu(Im®),]™, respectively. The
resulting charge differences between NC" and NAY! are calculated as 0.253 e
for [Cu(Im®)5]CuCly and 0.205 e for [Cu(Im®)4|PFs. Thus, the differences in
the separation of the two N1s peaks are dominated by the obvious distinction
in their partial charges according to the estimated shift of around 6 eV /e [126].
This would lead to a difference in the separation of the N1s states in the order
of 0.25-0.30 eV between both ionic liquids, which is in good agreement with the
experimentally found disparity of about 0.2 eV. The influence of the unequal an-
ions in both liquids is not regarded here. Nevertheless, no significant differences
are observed between the [Cu(Im®)s| cation combined with the counterions of
[CuCl,| and [CuBrs] .

4.4 Chapter summary

For ionic liquids of [XMIm]|Tf;N, we have revealed by means of the employed

deconvolution of the Cls core level spectra that the distance to the nitrogen
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Figure 19: Structure (left) and reconstructed N1s core levels together with
the experimental spectrum (right) of the copper-containing ionic liquids
[Cu(Im®)2|CuCly (top) and [Cu(Im®),]PFg (bottom). The reconstructed spec-
tra are normalized to the peak N™ and, thus, the related rescaling pa-
rameters of f = 1.03045, AE = -3.02 ¢V, and AAFcation—Anion =
—1.05 eV for [Cu(Im%),]CuCly as well as f = 1.02427, AE = +0.25 €V, and
ANEcation—Anion = —0.60 eV for [Cu(Im®)4|PFg¢ are employed. The experi-
mental spectra of |[Cu(Im®);]CuCly and [Cu(Im®),|PFg are obtained from per-
sonal communication with Dr. M. Himmerlich and Dr. A. Ulbrich, respectively.
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atoms in the imidazolium ring is the dominating effect for the detected binding
energy positions [90]. This effect has fully propagated through all carbons, while
the very local chemical environment of the carbon (CH, CHy or CH3 group)
has not affected the exact binding energy position. In comparison to this, the
binding energies of the Cls states of a set of pyrrolidinium-based ionic liquids
[XMPyrr]Tf2N have not exclusively resulted from the distance to the central
nitrogen atom. Herein, a distinct fingerprint of an interaction between [TfyN]
anion and the cations’ carbon atoms within the pyrrolidinium ring and the first
ones of the longer alkyl chain is recognized, which has primarily resulted from
a cation-anion distance effect. This is not in contradiction to ref. [140], where a
principally stronger interaction between both ions due to an intensified localiza-
tion of charge is assigned in contrast to the imidazolium-based analog. Thus, the
model for a deconvolution of the Cls core level spectra of pyrrolidinium-based
ionic liquids, which was sketched by S. Men et al. [136], is verified in principle by
the reconstruction method. This model can be modified due to the interaction
between the ions by use of the peak 'C"*™ which is composed of C?, C®, and
C% instead of the indicated assignment, where the latter peak was attributed to
the regular alkyl chain in ref. [136]. For the copper-containing ionic liquids of
[Cu(Im®)4]CuCly and [Cu(Im®),]PFg, the separation of the N1s core level states
are substantially influenced by the different partial charges found for N in the
ionic liquids with two and four imidazolium rings attached to the central copper

atom.
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5 Analysis of the degradation of [EMIm]Tf2N on

the atomic scale

The degradation of materials is an omnipresent process, which is caused by the
exposure of a material to specific environmental conditions. For certain appli-
cations this phenomenon is desired, whereas for others the degradation has to
be understood as a limiting factor. In green chemistry using ionic liquids, the
degradation, which is realized by natural processes (biodegradability), is favored
for an environmentally friendly disposal after a common technological utilization
period (cf. refs. [142, 143]). The degradation due to the existent environment is
observed as a limitation for the application, e.g. in case of temperature-induced
degradation [144] as well as degradation of an ionic liquid in the presence of
other chemical substances, like HyO5 [145, 146]. The latter can additionally
be employed as a method for disposal of ionic liquids. A desired degradation
of ionic liquids for example caused by a plasma treatment is applied to gen-
erate metal nanoparticles from the substances, which are previously dissolved
or incorporated in ionic liquids [147, 148]. Degradation of ionic liquids due to
radiation is not only perceived under extreme application conditions [149], while
its impact is already found in common radiation-based measurement techniques
[38, 125].

Experimental results of the relevance of X-ray radiation during XPS mea-
surements for the standard ionic liquid of [EMIm]Tf,N have been obtained by
A. Keppler et al. [125]. The influence of measurement time and radiation source,
where monochromatic and non-monochromatic Al K, radiation are used, onto
the resulting experimental spectra is investigated in this study. Respective core
level spectra (N1s, Cls, and S2p), which are recorded as a function of measure-
ment time and have enabled a comparison between different radiation sources,
are visualized in Figure 20. Herein, the following changes in the core level spec-
tra are recognized: in the Cls core levels the peak related to [Tf;N]™ has disap-
peared over time and the residual peak is slightly shifted towards higher binding
energies. The shoulder at the lower binding energy of the [EMIm] cations’ Cls
states is enhanced in height and the related peak width is clearly broadened. In
the Nls states, the initial height ratio of 2:1 between cation and anion related
peaks is equalized to the same height and the initial gap between the two peaks
is filled. The latter can only be achieved by the states of newly formed species.
Additionally, after 12 h of radiation exposure the N1s as well as the Cls peak of
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Figure 20: Experimental core level spectra indicating the degradation of
[EMIm|Tf;N by treatment of monochromated X-rays over time with compar-
ison to the respective non-monochromated radiation. (With the courtesy of:
The Royal Society of Chemistry, A. Keppler et al., Phys. Chem. Chem. Phys.,
13 (2011) 1174-1181, page 1177 [125])

the [EMIm] cation have seemed to be broadened at their higher binding energy
sides. The same has slightly occurred at the higher binding energy side of Cls
and at the lower of N1s for the [TfoN] anion. In the S2p core levels, the peak
intensity is decreased over time compared to the other states, i.e. Nls, and
parallel to this a new peak has appeared at a binding energy in the order of
4-5 eV lower than the initial S2p state. These changes in the core level spectra
by exposure to monochromatic radiation are interpreted as fingerprints of the
remaining species after degradation, which can be identified by means of recon-
structed spectra of the related fragments. Finally, the degradation mechanisms
can be extracted from the reconstruction by a comparison of the Cls, N1s, and
S2p core level spectra of the residual constituents with those of the neat ion pair
if similar shifts are provided by the experiment.

For a profound analysis of reconstructed core level spectra a previous opti-
mization of potential fragments of the original ion pair has required the consid-

eration of the following facts:
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e A systematical removal of the respective atoms or groups from one ion of
the intial ion pair, which might occur during the degradation processes, is

performed.

e For the calculation a system balanced in both charge and spin is essential.
This condition has resulted from the reason of comparability of the result-
ing binding energies to the initial ion pair for which uncontrolled effects
by overall charged molecular systems (open-shell calculation) have to be
avoided. Due to this reason in some cases the calculation is executed for

fragments without the respective counterion.

e The binding energies of the calculated fragments are modified using iden-
tical rescaling parameters, i.e. scaling factor f, absolute shift AFE, and
relative shift AAEcation— Anion, as applied for the binding energies of the
initial ion pair of [EMIm|Tf,N (cf. Chapter 3.3 and Chapter 4.1). Abso-
lute binding energies, which are not fully reproduced by the reconstruction
except of the core levels used for normalization, are less important for the
identification of potential fragments than the relative shifts herein. In
addition, it has to be noted that the separation in the S2p states due to
spin-orbit coupling cannot be reproduced by the quantum-chemical calcu-

lation.

Hints for present the degradation mechanisms of cation and anion were con-
cluded in the experimental studies in refs. [38, 125]: for example a neutraliza-
tion of the imidazolium cation is assumed. The imidazolium ring is identified as
highly stable in the experiment. This is reproduced by the quantum-chemical
calculation, since every incorporated ring opening/bond interruption is recon-
nected during subsequent optimization. Thus, for the cation degradation the re-
moval of alkyl chains and hydrogen atoms will be considered for the degradation
analysis. For the [Tf2N] anion a significantly stronger impact by degradation is
recognized. Herein, especially the detachment of the CF3 groups, oxygen atoms,
and bond breakage between nitrogen and sulfur is assumed. In consequence, the
degradation of imaginable anion parts, such as single fluorine or oxygen atoms

as well as CF3 and larger groups, will be analyzed afterwards.
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5.1 Cation degradation

The reconstructed N1s and Cls spectra of potential remaining fragments with
removal of segments of the alkyl chains and single hydrogen atoms are displayed
in Figures 21-23. If the respective binding energy shifts previously observed
in the experiment are also recognized in the reconstructed spectra of certain
fragments one has found a significant hint. Additionally, the removed part from
the respective ion should not be in contradiction to the mass spectroscopy results
(cf. ref. [125]), since this part is most probably released into the gas phase and
will be detected by the mass spectrometer. The S2p states of [Tf2N]" are not
visualized, since the anion is only present in a very few calculated systems due
to the reason of charge and spin balance as well as major changes herein are

primarily expected during the anion degradation.

5.1.1 Alkyl chain degradation

The degradation of the cations’ alkyl chains, i.e. the methyl group, ethyl chain
or both, is displayed in Figure 21. Herein, the removed parts are indicated and
their reconstructed N1s and Cls core levels as well as the optimized residual
fragment of [EMIm|TfyN are displayed in comparison to the initial ion pair. In
the N1s peak, where one of both alkyl chains is detached, the nitrogen with re-
maining alkyl chain is shifted into the gap between two initial peaks of the neat
[EMIm|Tf2N with a position more directed towards the former [Tf2N] anion.
Whereas, those without alkyl chain are located at a binding energy approxi-

NEMIm - Thegse are accompanied by a peak shift

mately 5 eV beneath the initial
in the Cls states towards lower binding energies, which has occupied the posi-
tion of the shoulder of the initial cation peak assigned to the carbon C*. These

facts are found in strong agreement with the experimental observations.

The removal of the CHj tail group of the ethyl chain has resulted in a single
N1s peak structure from the [EMIm] cation, which is shifted in the order of 2 eV
towards lower binding energies into the gap between the two N1s peaks in neat
[EMIm]Tf,N. Herein, no significant separation between the nitrogens with CHj
and remaining CHy group is recognized, which has further supported the strong
influence of the nitrogens in imidazolium-based ionic liquids (cf. Chapter 4.1).
In contrast, the Cls peaks of the carbons inside the imidazolium ring and the
methyl group are discovered at around the initial C* position, while those of

the CH» group is shifted about 2.5 eV towards lower binding energies. For the
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Figure 21: Reconstructed XPS core level spectra (N1s and Cls) for the degra-
dation of the alkyl chain of the [EMIm]| cation in [EMIm]Tf,N. The alkyl parts,
which are removed, are indicated (left) and the calculated geometry of the resid-
ual fragment is depicted (right). For comparison the spectra and geometry
of the reference ion pair are displayed (top line) and the initial peak posi-
tions of [EMIm]Tf;N are illustrated by guidance lines. All spectra are mod-
ified by the same rescaling parameters as used for [EMIm|T{aN (f = 1.02838,
AE = —-1.36¢eV, and ANAEcation—Anion = —1.10eV).
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removal of the CHs groups of both alkyl chains the cations’ N1s peak is displaced
to lower binding energies and are separated into comparable positions of the
previously described fragments with one removed alkyl chain. On the contrary,
the N1s peak of the [TfoN] anion is found at higher binding energies even slightly
above the initial NEMI™ peak, which could result from a neutralization of the
anion.

If both alkyl chains are entirely removed the N1s peaks of the cation and
anion have nearly changed their initial positions. The C? from the main Cls
peak has remained at its initial position, while a the state of the C! carbon is
shifted towards higher binding energies. These results are distinctly influenced
by the strong interaction between the [TfyN| anion and the central C!, which
has complicated any exact assignment.

The N1s core level spectra have revealed that in all cases of alkyl degradation
a state in between the initial peaks can be found, which would be able to fill the
previously mentioned gap. For the Cls states a clear shift of the carbons inside
imidazolium ring and partially the remaining alkyl carbons is detected for all
cases except for the entire degradation of both alkyl chains, where the residual
cation fragment is strongly affected by the anion interaction. Nevertheless,
all alkyl degradations have featured decent hints that these might be present
during the experimental radiation exposure of [EMIm|T{sN. In the measured
mass spectra peaks are identified at respective m/z values of 15 and 29 for
the alkyl chains, which notwithstanding might have contained more than one

potential group.

5.1.2 Hydrogen degradation

Another case of degradation of the [EMIm] cation is assumed by the removal of
hydrogen atoms from the carbons at the imidazolium ring and the alkyl chains.
For this purpose, single hydrogens at all cation carbons are systematically re-
moved. In Figure 22, the reconstructed N1s and C1s spectra of the cation with
removed hydrogen from the ethyl chain and the central carbon (C!) are depicted.
The N1s contribution of the cation is shifted into the gap present between the
initial peaks related to [EMIm|" and [TfyN] for the hydrogen removal at the
C? carbon in the ethyl chain. Nearly all Cls peaks are accompanied by a shift
towards lower binding energies and a slight change of the intrinsic order, where
the C? with a missing hydrogen is now found at a similar binding energy posi-
tion as the C* (for nomenclature see Figure 9). A strong kink (in plane with
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Figure 22: Reconstructed XPS core level spectra (N1s and C1s) for the degra-
dation of a single hydrogen atom of the [EMIm] cation in [EMIm|T{oN. The
hydrogen atom, which is removed, is indicated (left) and the calculated geome-
try of the residual fragment is depicted (right). For comparison the spectra and
geometry of the reference ion pair are displayed (top line) and the initial peak
positions of [EMIm|Tf,N are illustrated by guidance lines. All spectra are mod-
ified by the same rescaling parameters as used for [EMIm|T{;N (f = 1.02838,
AE = -1.36eV, and AAEcation—Anion = —1.10€V).
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the imidazolium ring) in the ethyl chain at the less hydrogen-containing carbon
is observed. In comparison to this, for the respective ion pair the ethyl chain is

directed out of plane.

In the second case, where a hydrogen atom is removed from the ethyl chains’
terminal CHs group, the residual alkyl chain (CsHy) is detached from the imi-
dazolium ring and most probably released into the gas phase. Thus, the recon-
structed N1s states with a split and shift towards lower binding energies as well
as the Cls spectra of the remaining fragment with a position at approximately
the initial C* are found in strong agreement to the previously discussed case,
where a whole alkyl chain is removed (cf. Chapter 5.1.1). An additional peak
from the separated ethene is detected at binding energies in the range between
282 and 281 eV, which is located slightly below the initial C* state. This CoHy
group will be primarily transferred into the gas phase and as a result will not
be detected experimentally if it is not dissoluted in the ionic liquid.

If the single hydrogen from the central carbon of the imidazolium ring (C*)
is removed the N1s peak is discovered at a binding energy of the initial NTf2N
due to the less positive charge or a neutralization of the imidazolium ring (cf.
Figure 22). For the Cls spectrum, only one sharp single peak is detected at
approximately the initial position of the C*. All carbon atoms of imidazolium
ring and the alkyl chains are found at a similar position in contrast to the
initial ion pair, while the C! has shaped the lower binding energy edge due to
the missing hydrogen.

In Figure 23, a hydrogen atom is detached from the methyl group. Herein,
the remaing CH, group has seemed to be bound stronger to the nitrogen by
formation of a contribution of 7 electrons. The respective N1s peak is recognized
in the gap of the two peaks from the [EMIm|T{;N ion pair with a location more
directed towards the initial NT®N peak. A significant shift in the C1s structure
has occurred to approximately the binding energy of the initial C* carbon.
Additionally, this peak has offered a shoulder, which has resulted from the C?
position, where the hydrogen was removed.

For the removal of the hydrogen in the two C? positions, the N1s peak is
located at the same position in between the two initial peaks in [EMIm|Tf;N as
found for hydrogen removal at the C! and C? carbons. The related Cls spec-
trum is ascertained with states between the initial main peak and its shoulder,
while also a second peak at lower binding energies is present herein. However,
the removed hydrogen from this position has caused a stronger shift of this
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Figure 23: Reconstructed XPS core level spectra (N1s and Cl1s) for the degra-
dation of a single hydrogen atom of the [EMIm] cation in [EMIm|T{oN. The
hydrogen atom, which is removed, is indicated (left) and the calculated geome-
try of the residual fragment is depicted (right). For comparison the spectra and
geometry of the reference ion pair are displayed (top line) and the initial peak
positions of [EMIm|T£,N are illustrated by guidance lines. All spectra are mod-
ified by the same rescaling parameters as used for [EMIm|T{2N (f = 1.02838,
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carbon towards a lower binding energy. In addition, the peak structures of
the imidazolium ring and the alkyl parts have partially changed their positions
compared to all other cases of hydrogen removal.

For all resulting spectra with hydrogen removal the N1s state related to the
cation is located in between the two initial peaks as found experimentally. All
(C1s structures have offered a main peak at the initial C*, which has designated
hydrogen detachment as a possible degradation mechanism. These results are
not found in contrast to the mass spectroscopy results, where peaks are present
at the m/z values for pure hydrogen and CoHy.

5.2 Anion degradation

For the degradation of the [Tf;N] anion different mechanisms are imaginable,
these could comprise the detachment of single terminal atoms, i.e. fluorine and
oxygen, or larger groups, for example CF3, CF3505 or CF3SOsN. Prior to the
consideration of the degradation, the decomposition energies along the different
bonds inside the anion were determined by a scan along the respective bond.
These scans have offered the following overview: the decomposition barriers for
the bonds inside the CF3 and SO, groups are determined as slightly higher
(in the order of 1 €V) compared those in between carbon and sulfur as well as
sulfur and nitrogen. Nevertheless, this in principle means that degradation or
bond opening could occur any part of the [Tf2N] anion. The core level spectra
(N1s, C1s, and S2p) are reconstructed for several possible fragments of the
[Tf,N] anion from the initial ion pair of [EMIm|Tf;N and their relative shifts

are subsequently correlated to the previously discussed experimental shifts.

5.2.1 Fluorine degradation

For this type of degradation, a number of different systems have to be considered.
A signal, which can be related to a single fluorine atom, is frequently detected in
the experimental mass spectra. Nevertheless, these could result from a further
degradation of a larger group and, thus, an additional view will be given to the

cases of two, three, and six fluorine atoms detached from the [Tf;N] anion.

The reconstructed XPS core level spectra (N1s, Cls, and S2p) for the case
of a single fluorine detachment are displayed in Figure 24. In the Nls core
levels, a shift of the [TfN] anion state to a position around the initial NEMIm jg
recognized. The C1s states of the anion are slightly separated into one with three
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Figure 24: Reconstructed XPS core level spectra (N1s, Cls, and S2p) for the
degradation of a single fluorine atom of the [Tf,N] anion in [EMIm|Tf;N. The
fluorine atom, which is removed, is indicated (left) and the calculated geometry
of the residual fragment is depicted (right). For comparison the spectra and
geometry of the reference ion pair are displayed (top line) and the initial peak
positions of [EMIm|Tf,N are illustrated by guidance lines. All spectra are mod-
ified by the same rescaling parameters as used for [EMIm|TfN (f = 1.02838,
AE = -1.36eV, and AAEcation—Anion = —1.10€V).
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fluorine atoms at higher binding energy and the other with two fluorine atoms,
which has partially undergone a NCF2SO» ring formation, at lower values. This
has caused a broader peak, which is located at circa 1.5 eV above the initial
CTEN_ For the S2p spectrum, a position at higher binding energies is estimated,
while only SO has remained at a similar position as the initial SO, state due
to the neutralization of the anion. A comparable shift to the experimental
spectra is exclusively observed in the Cls core levels, which is regarded as an
approximate hint. In addition, some of the residual anion fragments have formed
a ring structure and it cannot finally be excluded that the missing cation has
influenced the core level spectra, since nearly all states are found at higher
binding energies. In the experiment it may be assumed that a degradation of a
single fluorine will cause a further cascade of detachments from the particular
anion fragment.

For the removal of several fluorine atoms, the reconstructed XPS core level
spectra (N1s, Cls, and S2p) are depicted in Figure 25. Herein, further reactions,
like an oxygen transfer from SOs to the CF group, an interaction between the
unsaturated carbon and the central nitrogen, a further detachment of SO, or
the formation and subsequent detachment of CO groups within the residual
structure of the anion are recognized.

The reconstructed N1s and C1s spectra for the removal of two fluorine atoms
are found in agreement to the initial ion pair of [EMIm|Tf;N, since they have
remained at similar positions. Only the formation of CFO or CF groups has
led to a shift towards increased binding energies of this Cls state as well as
in the N1s core level due to the interaction with the CF group. No significant
deviations in the binding energies are observed for the SO, groups, which are
linked to either CF3 or CF group. Herein, the SO group has revealed a shift,
which is directed to lower binding energies in the order of 2.5 eV.

For the removal of three fluorine atoms, the NT2N state is located at approx-
imately the position of the initial N*MI™ which might result from the reduced
negative charge compared to the entire anion. In a similar way, the Cls core
level states of the remaining CF3 and terminal carbon, which is triple bound
to the nitrogen in this fragment now, are accompanied by a shift of around
2 eV towards higher binding energies. Analogously, the SOs group within this
fragment is shifted to a binding energy position about 2.5 eV increased to the
state found for the initial sulfur. In contrast, the terminal SOy group, which
is detached from the fragment and transferred into the gas phase, has located

slightly below the initial state, but might be inavailable for the XPS analysis.
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Figure 25: Reconstructed XPS core level spectra (N1s, Cls, and S2p) for the
degradation of multiple fluorine atoms of the [Tf;N] anion in [EMIm]Tf;N. The
fluorine atoms, which are removed, are indicated (left) and the calculated geom-
etry of the residual fragment is depicted (right). For comparison the spectra and
geometry of the reference ion pair are displayed (top line) and the initial peak
positions of [EMIm]T£,N are illustrated by guidance lines. All spectra are mod-
ified by the same rescaling parameters as used for [EMIm|T{aN (f = 1.02838,
AE = —1.36eV, and AAEcation—Anion = —1.10eV).
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In case that all fluorine atoms are removed from the [Tf2N] anion, the related
Nls state is present at slightly higher binding energies, while the NEMIm jg
detected at the same position as in the initial ion pair. Both anion-related
carbon states are located close to or within the C1s contributions of the [EMIm)]
cation. The S2p core levels are shifted by approximately 1 eV (SO2 group) and
2.5 €V (SO group) towards lower binding energies.

By means of the observed shifts for the fragments with the removal of several
fluorine atoms no distinct hints for this kind of degradation mechanism are ob-
served. A marginal formation of F5 might be attained in the mass spectroscopy
analysis. Thus, it can be assumed that the degradation of single or multiple
fluorine atoms is not a dominating degradation process. Nonetheless, the de-
tachment of several fluorine atoms could be present in a further cascade of the

anion degradation.

5.2.2 Oxygen degradation

The reconstructed N1s, Cls, and S2p core level spectra for an ion pair with
different numbers of removed oxygens are illustrated in Figure 26. No significant
differences in the N1s and Cls core levels to neat [EMIm|Tf;N are recognized
for all investigated fragments. Herein, only a slight decrease of the binding
energies is present for the anion states, which is found within the typical order
of peak width. Significant changes are observed for the S2p state: a position
about 2.5 eV lower in binding energy is detected for the SO states, while the SO-
groups are only marginally shifted to lower values with respect to their initial
binding energies. Whereas, the removal of both oxygen atoms from sulfur has
caused a shift in the order of nearly -5 eV relative to the initial position of
[EMIm|TfoN. This particular sulfur shift has provided a significant hint for the
degradation of the oxygen atoms, which was detected after a long measurement
period of 12 h in the experiment (cf. ref. [125]). The results are additionally
supported by the mass spectra. In the experiment, no distinct peak for the
degradation of a single oxygen atom is present approximately 2.5 eV below the
initial S2p state. Thus, it may be concluded that the degradation of both oxygen
atoms from the anions’ SO2 group has occurred simultaneously.
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5.2.3 Degradation of larger groups

The degradation of the [Tf,N] anion is not limited to the removal of fluorine and
oxygen atoms, since a detachment of several larger groups, e.g. CFj3, CF3S0,,
CF3S0;N etc., is also imaginable. The Nls, Cls, and S2p core levels of the
remaining fragments after removal of trifluoromethyl groups (CF3) from a ref-
erence ion pair of [EMIm]T{;N are illustrated in Figure 27. For these fragments
the NTf2N is recognized slightly above the initial N*MIM state, which might be
a result of the anion neutralization. In the Cls core level, the carbon state is
present at minimally higher binding energy positions, too. Such effects might
also be observed in the experiment by a slight peak broadening and shift of
CT2N_ The S2p states of the SO, group surrounded by the regular anion atoms
and the terminal SO4 group have slightly separated and are shifted due to the
same reason towards increased binding energies by about 2 and 3 €V, respec-
tively.

After the removal of both trifluoromethyl groups, the cation and anion states
have occupied the same positions in the N1s core levels with only a marginal
shift towards lower binding energies compared to the ion pair. No significant
deviations are observed in the Cls states of the cation, whereas those of the
remaining CFg group are typically located about 1.5 eV higher. In the S2p
states, which are further separated into SO;N and SO, group, related shifts of
about -1 eV and -2 eV are detected.

The reconstructed spectra (N1s, Cls, and S2p) for the degradation of CF3
groups and together with further parts of the [Tf2N] anion from the single ion
pair of [EMIm|Tf;N are depicted in Figure 28. For the detachment of species of
CF30, and CF3S0,, the N1s core level spectra are located above or around the
initial NFMIm_ Whereas, the Cls core levels have offered a slight shift towards
higher binding energies due to a neutralization of the anion. The S2p states are
recognized at increased binding energies, while a separation between SO, and S
in the order of 4 eV is observed.

In case of CF3SO;N detachment from the [Tf,N] anion, the N1s state of
the cation is detected at slightly decreased binding energies. On the one hand
a shift of the anion-related state of around -1.5 eV is observed in the Cls core
levels, while on the other the contributions of the cation have remained at their
initial binding energy positions. The terminal SO, group has offered a binding
energy in the order of 3.5 eV beneath the S2p states of [EMIm]|Tf,N.

The deviations from the initial ion pair are evaluated as marginal for the re-
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moval of CF3 groups and are only observed in the respective S2p states. Related
signals of CF3 are detected in the mass spectra, too. These could also result
from a further degradation cascade of larger groups, which is indicated from the
mass spectra, where additional signals related to the SOy and CF3SO groups
are obtained. The latter results are supported by the reconstructed spectra of
larger groups, while especially the removal of CF3SO2N has seemed to be one

of the dominating anion degradation mechanism.

5.3 Chapter summary

Distinct changes in peak positions and heights of the N1s, Cls, and S2p core
level spectra caused by radiation-induced degradation are recognized in the ex-
perimental spectra (cf. ref. [125]), while similar binding energy shifts are ascer-
tained with the aid of a spectra reconstruction of potential fragments originating
from cation and anion. For the [EMIm]| cation these mechanisms have not re-
sulted in a total degradation of the ion, since the imidazolium ring is designated
as highly stable. The degradation of the alkyl chains and the hydrogens are
identified as potential mechanisms. On the contrary, a severe degradation of
the [TfoN] anion is attributed. Herein, the detachment of oxygen and larger
groups, such as CF305, CF3S0,, and especially CF3SOsN, are identified as the
main mechanisms. Following this, these larger species have potentially under-
gone a cascade of further degradation into CFj3, SO2, and also down to their
single atoms, since the degradation of single fluorine atoms or the detachment
of independent trifluoromethyl groups have not resulted from the reconstructed
spectra. Thus, the degradation mechanisms specified in A. Keppler et al. [125]
are confirmed by the reconstruction method. In addition, decent hints are found
for further co-occurring degradation mechanisms, e.g. the hydrogen detachment
has provided similar shifts as detected for the degradation of the cations’ alkyl
chains and for the [Tf2N] anion degradation cascades as well as a simultaneous

detachment of both oxygen atoms from the sulfur may take place.
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Part 111

Results of the reconstruction of
valence band spectra of neat ionic
liquids

The valence band spectra have contained detailed information about the highest
occupied states and preferred interaction sites of the present species as well as
the related bond type. Thus, the influence of respective interaction sites, which
can be caused by different ion pair geometries or variance of the anion conformer,
have to be studied prior to a reconstruction of the valence band spectra. The
reconstruction is executed for three sets of neat imidazolium- or pyrrolidinium-
based ionic liquids of [XMIm|Tf;N and [XMIm]|Cl as well as [XMPyrr|Tf;N.
Finally, the reconstructed XPS, UPS (He II), and partially UPS (He I) valence
band spectra are compared to the experimental ones. A decomposition of the
reconstructed spectra into the contributions of the related ions and elements is

achieved, which was not performed as quantitative analysis previously.

6 Valence band structure of [XMIm|Tf,N

In this chapter, the valence band spectra are reconstructed for the two imidazo-
lium-based ionic liquids of [EMIm|T{2N and [OMIm|Tf;N. The results for dif-
ferent ion pair geometries and anion conformers in [EMIm|Tf;N are compared
to the preferred interaction sites obtained by molecular dynamics simulations
of this ionic liquid. A subsequent reconstruction of the XPS, UPS (He II), and
UPS (He 1) valence band spectra for these preferred ion pairs is performed.
The reconstructed valence band spectra are deconvoluted into the contributions
of the ions and the different contained elements, which have offered a specific
sensitivity for the respective radiation sources due to the varied photoioniza-
tion cross sections. In addition, different alkyl chain lengths are investigated
to reveal their influence onto the arrangement of the ions in the near surface

region.
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6.1 Effect of ion pair geometry and anion conformer on
the valence band structure of [EMIm|Tf,N

Single ion pairs are commonly used in quantum-chemical studies to analyze
fundamental properties of ionic liquids. A number of possible ion pair geometries
for imidazolium-based ionic liquids have been illustrated in the literature [74,
75, 87, 89, 90, 95, 150]. Herein, a preferred position of the anion around the
central carbon atom (C! position in Figure 29, left) is identified. Nevertheless,
also positions in vicinity of the other two carbons within the imidazolium ring
(C2M and C2 in Figure 29, left) are detected [87, 88, 89, 150]. The orientation
between both ions is typically mediated by hydrogen bonding [75, 87, 89, 150].

The ion pairs of [EMIm|Tf;N investigated for the purpose of ion pair ge-
ometry and preferred anion conformer are composed of previously optimized
single ions, which are identified to possess the highest total energy and for the
[T{2N] anion have offered the respective cis and trans conformer. A preference
for the [Tf,N] anion at positions in vicinity of the imidazolium ring was detected
in the molecular dynamics simulations by B. Qiao et al. [75] (see Figure 30).
In addition, the opportunity for a rapid change in the [TfaN]" conformer for
imidazolium-based ionic liquids in their liquid state is recognized inter alia from
K. Fujii et al. [134] and E. Bodo et al. [135]. K. Fujii et al. [134] have ascer-
tained a marginal temperature dependence and, in consequence, have concluded
that cis and trans conformer of the [Tf3N] anion are present in an equilibrium.
Therefore, one might infer that the barrier for change in the [Tf2N] conformer is
comparably low and in the order of £T'. Total energies of [EMIm]Tf;N ion pairs
with the anion in vicinity of the carbon in C' position are listed in Table 8. In
between these ion pairs, differences in total energy of 0.134 eV (maximum B4
and minimum B1 in Figure 31) are estimated. Ion pairs, which have featured
the trans or partially intermediate (i.e. in between cis and trans) conformer of
the [Tf2N] anion, are energetically slightly favored compared to the respective
cis conformer. This effect has already been recognized for the trans conformer
of an isolated [Tf;N] anion. For the calculated ion pairs in Figure 32, which
have featured the [Tf5N] anion in vicinity of C?M and C?P carbons, the total
and relative energy differences are tabulated in Table 9. These geometries are
frequently discriminated against the C! position in the order of 400 meV per ion
pair or around 40 kJ/mol, but they are ranging over values of approximately
360-580 meV per ion pair or 35-56 kJ/mol, respectively. The lowest differences

are noted for those ion pairs, where multiple interactions are present. In con-
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Figure 29: Nomenclature for the preferred carbon positions inside the imida-
zolium ring in [EMIm|* (left) with distinction of the C? carbons into the one
closer to the methyl group, denoted as CM, and the other closer to the ethyl
chain, denoted as C2F, as well as cis conformer (middle) and trans conformer
(right) of the [Tf;N] anion.

- '

Figure 30: Three-dimensional spatial distribution function (SDF) for the anion
around the [EMIm]| cation obtained from molecular dynamics simulations of
ionic liquids with the anions of [Cl]" (left), [BF4] (middle), and [TfoN] (right).
Isovalues for the closest distances between the geometrical centers of the ions
(r = 0—0.54 nm) are drawn as ten-times the average density (blue) and five-
times the average density (red). While, areas with a larger distance between the
centers of cation and anion (r = 0.54 — 0.66 nm) are indicated by densities of
eight-times (green) and four-times the average density (yellow). The simulations
were performed with a number of 288 ion pairs per calculation box and at
temperatures of 450, 380, and 350 K, respectively. (With the courtesy of: The
American Chemical Society, B. Qiao et al., J. Phys. Chem. B, 112 (2008)
1743-1751, page 1746 [75])

85



Figure 31: Different ion pair geometries of [EMIm]T{oN with the [Tf2N] anion
in vicinity of the C! carbon (total energy and relative differences as well as the

respective anion conformers and interaction sites are listed in Table 8).
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Ion Conformer Interaction site (atom/ | Total energy | Difference
pair of [THHN] atoms in [Tf,N]) (eV) (eV)
A1# trans H' (0) -59097.370 +0.036
A27 trans Ct (N) -59097.397 +0.009
A37 cis H' (0) -59097.380 +0.026
A47 trans L(0) /Ct (N) -59097.382 +0.024
B17 trans H1 (0) -59097.272 +0.134
B2# trans H' (0) -59097.291 1+0.115
B37 trans H' (O) -59097.382 +0.024
B47 trans H! (0) -59097.4067 0.0007
C1# | intermediate H' (0) -59097.338 +0.068
c2# cis Cl' (N) -59097.326 +0.080
037 trans H! (N) -59097.395 +0.011
C47 cis H' (N) -59097.363 +0.043
D17 cis CT (N) -59097.367 +0.039
D27 cis CT (N) -59097.353 +0.053
D37 trans H' (0) -59097.326 +0.080
D47 cis H' (N) -59097.367 +0.039
E1® cis H! (0) -59097.340 +0.085
E2° | intermediate H' (0/0) -59097.410 +0.015
E3° cis H! (0) -59097.304 +0.121
E4® | intermediate H' (0) -59097.425°% 0.000°

Table 8: Total energy and relative difference (in €V) of different ion pair ge-
ometries of [EMIm|Tf,N featuring a position in vicinity of the central carbon
atom (C! position). The respective conformer of the [TfsN] anion is indicated
as cis, trans or intermediate (i.e. in between the other two distinct cases). ()
An optimization of the ion pairs A1-D4 was performed by means of the Gaus-
sian03 program package [122] and the respective energy difference is estimated
related to the ion pair geometry B4 in Figure 31. (*) For all ion pairs E1-E4 the
optimization was executed by the Gaussian09 program package [121] and, thus,
the energy difference is accomplished according to the ion pair E4 in Figure 31.
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Figure 32: Different ion pair geometries of [EMIm]Tf,N with the [Tf2N] anion

in vicinity of the C*™ and C?Y carbons (total energy and relative differences
as well as the respective anion conformers and interaction sites are listed in

Table 9).
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Ion Conformer | Interaction site (atom/atoms | Total Difference
pair | of [TfN]” | in [TH,N]) energy (eV) | (eV)
F1 trans H?M (N) -59096.975 | +0.450
F2 cis H2F (N) -59096.995 | +0.430
F3 cis H2M /C2M/2E 12E (O/N/O) | -59097.046 | +0.379
F4 cis H?F (0) -59096.980 | +0.445
G1 cis H*M (0/0) -59096.930 | +0.495
G2 cis H?* (0/0) -59096.980 | +0.445
G3 cis H?M (0) -59097.005 | +0.420
G4 cis H?M (N) -59096.980 | +0.445
H1 trans H?M (N) -59096.996 | +0.429
H2 trans H2M (0) -59096.978 | +0.447
H3 trans H2M /C2M2E /|28 (O/N/O) | -59097.060 | +0.365
H4 trans H?F (N) -59097.044 | +0.381
Il trans H?F (0) -59097.066 | +0.359
2% trans H?F (0) -59096.913 | +0.512
I3 trans H?F (N) -59097.046 | +0.379
4% trans H?F (0) -59097.066 | +0.359
J1¥% trans H?F (0) -59096.979 | +0.446
J2% trans H?F (0) -59096.913 | +0.512
J3% trans H?F (N) -59097.041 | +0.384
J4¥% trans H?F (0) -59096.847 | +0.578

Table 9: Total energy and relative difference (in eV) of different ion pair geome-
tries of [EMIm|Tf;N featuring a position in vicinity of the carbon atoms at the
imidazolium rings’ bottom (C?™ and C?¥ position). The respective conformer
of the [Tf,N] anion is indicated as cis or trans, while an intermediate shape (i.e.
in between the other two distinct cases) is not observed here. Optimization
of the ion pairs was performed by means of the Gaussian09 program package
[121]. The energy difference is calculated relative to the favored geometry of
E4 (Figure 31) and Table 8. (¥) A further interaction is established in particu-
lar between the [Tf,N] anion and hydrogens of the ethyl chain rather than the
methyl group.
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trast to this, in other studies (cf. ref. [89] and references therein) the different
positions are only discerned by about 2-10 kJ/mol. Although the positions of
C?M and C?P are less strongly represented in the spatial distribution function
in Figure 30 (right), they are found nearly as feasible as the geometry with C!
position. Hereinafter, the influences onto the reconstructed valence band spec-
tra by on the one hand various ion pair geometries (C* and C?M /C?¥ position)
and on the other the respective [Tf2N]" conformer will be studied.

The reconstructed XPS and UPS (He II) valence band spectra of the ion
pairs, which have featured the [Tf,N] anion in vicinity of the C* or C?M /C2E
position of the [EMIm] cation, are depicted in Figure 33. The peak shapes of all
ion pairs are found as similar and, in consequence, these are independent from
the particular ion pair geometry. In contrast to this, for the unscaled density of
states of various ion pairs of [EMIm|T{2N the peak shapes and heights as well
as their positions have revealed strong variances, which agrees with the results
of a set of [XMIm]Tf,N ionic liquids (cf. ref. [28]). Thus, the incorporation of
photoionization cross sections has led to the matching of the different atomic
contributions in the XPS and UPS (He II) valence band structure. In the spec-
tra, no significant differences between cis or trans conformer of the [TfN] anion
are recognized. The XPS and UPS (He II) valence band spectra of [EMIm|Tf,N
are dominated by the [Tf;N] anion, which will be demonstrated in detail later,
and, in consequence, this argument is justified. The reconstructed spectra for
the positions of C?M and C?P are ascertained to be equal. However, an obvious
difference between these and the C! position is identified: all peak positions of
the ion pair with the anion in C?M /C?F position are found at binding energies
that are around 0.30 eV for XPS and about 0.35 €V for UPS (He II) below those
of the ion pairs with [TfN]" in C! position. Herein, all peaks are shifted by
an approximately uniform value, which might lead to the assumption that all
relative binding energies in both geometries are similar and are only affected
by a global shift. This is accompanied with the introduction of the rescaling
parameter AE, which inter alia would compensate this effect for different ion
pair geometries. In Figure 34, this shift for the respective cases of different
ion pair geometry is illustrated, which has supported the previous assumption.
In addition, it is exhibited that for an intermediate position of the [Tf;N] an-
ion in front of the imidazolium ring, i.e. between C! and C2 /C2E (see inset
in Figure 34), the related reconstructed XPS and UPS (He II) valence band
spectra are discovered among the positions directly associated with one of the

imidazolium carbons.
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Figure 33: Reconstructed XPS and UPS (He II) valence band spectra from ion
pairs of [EMIm|Tf,N with the [TfN] anion in C! (a, ¢) and C*™/C?E position
(b, d). A rescaling procedure is not applied for the binding energy scale of the
reconstructed spectra due to potentially different values for the scaling factor
f, absolute binding energy shift AFE, and relative binding energy shift between
both ions AAECation—Anion~
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Figure 34: Reconstructed XPS valence band spectra (top) and UPS (He II)
spectra (bottom) for visualization of the nearly uniform shifts in the binding
energy positions for the three limiting cases of ion pair geometry (C! position
(A1), CM position (F1), and an intermediate position, which does not belong
to any of those groups of geometries depicted in Figure 31 and Figure 32).

92



In Figure 34, a distinct difference between the reconstructed XPS valence
band spectra of the three ion pairs is recognized in the binding energy range from
22 to 25 eV. This binding energy range is examined in detail in Figure 35. Herein,
the binding energies of the anion contributions are shifted towards lower values
from C! over intermediate to C?M. A contrary behavior for the contributions
of the [EMIm] cation relative to those of the dominating [Tf,N] anion is found.

C?M position the cation contributions

Thus, for an ion pair with the anion in
have overlapped with those of the anion, which has led to a relocalization of
the peak to a binding energy of 23.5 eV compared to its initial value of circa
24.5 eV. For the other two ion pair geometries (C! and intermediate) the cation
contributions are present at lower energies and, in consequence, this peak is only
shaped from the anion contributions. The different cation-related contributions
of carbon and nitrogen are shifted by similar values. This uniform shift for the
contributions of the cation relative to those of the anion can be understood as a
further evidence for the relative shift AAFE¢qtion— Anion, Which was introduced
in the rescaling procedure of calculated binding energies. A potentially different
value for AAFE¢ation—Anion for various ion pair geometries has corrected their
specific shifts in binding energy with respect to the experimental spectra.
Thus, the applied reconstruction method for XPS and UPS (He II) will
provide reliable results for the use of all potential ion pairs of [XMIm|Tf;N.
The reconstructed spectra of all ion pairs of [EMIm|T{2N can be utilized for
an analysis of the experimental valence band spectra, while different rescaling
parameters might occur. This method has provided a tool for a deconvolution
into the respective contributions and a further quantitative analysis of the sur-
face electronic structure of ionic liquids for the first time, which is performed

hereinafter.
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Figure 35: Reconstructed XPS valence band spectra in the binding energy range
between 20 and 28 eV with a decomposition of the spectra displayed in Figure 34
into the contained elements. Herein, the three limiting cases of ion pair geom-
etry are illustrated: C' position (A1, top), C*™ position (F1, bottom), and an
intermediate position, which does not belong to any of the groups of ion pair
geometry depicted in Figure 31 and Figure 32.
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6.2 Reconstructed XPS and UPS valence band spectra of
[XMIm|TfN

The XPS, UPS (He II), and UPS (He I) valence band spectra are deconvoluted

by means of the reconstructed spectra.’

For this purpose, the reconstructed
valence band spectra are used as a basis for the normalization of the experi-
mental spectra, which have enabled the calculation of difference spectra. The
surface structure is concluded from the reconstructed valence band spectra and

the calculated difference spectra subsequently.

6.2.1 XPS and UPS valence band spectra

The reconstructed XPS valence band spectra are depicted in comparison to
the experimental spectra in Figure 36. Herein, a very good agreement of peak
positions and height ratios between the reconstructed and experimental XPS
valence band spectra of [EMIm|Tf,N and [OMIm]Tf;N is achieved in Figure 36
(top). The density of states (DOS), which was the state of the art up to the
development of the reconstruction method illustrated here, is given for reason
of comparison in Figure 36 (top). Obvious differences between the DOS and
reconstruction of the XPS valence band spectra are demonstrated. In the DOS
the peak at the valence band edge is clearly overestimated, whereas the peaks
between 15 and 20 €V are underestimated, since only the unweighted number of
states is contained. From the very good agreement, the significant advantage of
the reconstruction method is unveiled by the ability of quantitative assignments
instead of merely qualitative ones.

A difference between reconstructed and experimental spectrum is observed at

5Parts of this chapter have been published in the following peer-reviewed articles:

M. Reinmdller, A. Ulbrich, T. Ikari, J. Preifs, O. Héfft, F. Endres, S. Krischok, W. J. D.
Beenken, “Theoretical reconstruction and elementwise analysis of photoelectron spectra for
imidazolium-based ionic liquids”, Physical Chemistry Chemical Physics, 13 (2011) 19526-
19533.

A. Ulbrich, M. Reinmdéller, W. J. D. Beenken, S. Krischok, “Photoelectron spectroscopy
of ionic liquid surfaces - theory and experiment”, Journal of Molecular Liquids, 192 (2014)
77-84.

T. Ikari, A. Keppler, M. Reinméller, W. J. D. Beenken, S. Krischok, M. Marschewsk,
W. Maus-Friedrichs, O. Héfft, F. Endres, “Surface electronic structure of imidazolium-based
ionic liquids studied by electron spectroscopy”, e-Journal of Surface Science and Nanotech-

nology, 8 (2010) 241-245.
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Figure 36: Reconstructed XPS valence band spectra of [EMIm|Tf,N (left) and
[OMIm]T£;N (right) with a deconvolution into the ions in comparison to the
experiment (top) and into the contained elements (bottom). The comparison
with the calculated density of states (DOS), which is broadened by the peak
width of the reconstructed spectra, is performed for both ionic liquids (top). All
spectra are normalized in height to the most prominent peak at about 11 eV.
The contributions of hydrogen are not displayed, since their photoionization
cross section is marginal compared to those of the other elements. Herein,
rescaling parameters of f = 1.02838, AE = —1.36 eV for [EMIm|T{;N and
AE = —1.39 eV for [OMIm]|Tf;N as well as AAEcation— Anion = —1.10 €V are
applied. (With the courtesy of: The Royal Society of Chemistry, M. Reinmoller
et al., Phys. Chem. Chem. Phys., 13 (2011) 19526-19533, page 19530 [90])
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the valence band edge, where the peak has started at around 4 eV in experiment,
while the valence band edge is located at about 5 €V in the reconstruction. This
could be caused by potential contributions from additional species, since the
estimated composition of ionic liquids has partially resulted in higher carbon
contents compared to the stoichiometric value relative to the other elements
(cf. refs. [33, 36]). In a valence band study of different carbonaceous species
[151], a contribution starting at approximately 3-4 €V is detected with similar
shape of a gradual increase as recognized in the experimental spectra, which is
further in agreement with the related density of states. This signal is assigned
to the C2p orbitals with a 7w character and partially the highest of the o states
of these additional substances. Moreover, the intensity of this difference is
higher for UPS (He II) spectrum in comparison to XPS due to the increased
cross section of the C2p states. Additional spectral features are estimated at
binding energies of approximately 5-7, 9-10, and 13-14 eV in the experimental
UPS (He II) spectra of [XMIm]|TfsN, which are close to the binding energies of
the peaks and respective states found for the investigated carbonaceous species
[151].

In Figure 36 (top), the reconstructed XPS spectrum is decomposed into the
contributions of imidazolium-based cations and [Tf,N] anion. The valence band
spectra for both ionic liquids are clearly dominated by the [Tf;N] anion, which
is caused by the high photoionization cross sections of the constituents fluorine,
oxygen, and sulfur for XPS (cf. Table 1). For the peaks at lower binding energies
up to 12 eV the contributions of the imidazolium-based cations are recognized to
be negligible due to the very low photoionization cross sections of the N2p and
C2p orbitals, which are two or three orders of magnitude smaller than those of
the major constituents in [TfoN]". Substantial amounts of the cation are local-
ized to start at about 15 eV for [EMIm|Tf,N and circa 12 €V for [OMIm|Tf,N,
since the cross sections for the N2s and C2s state are approximately one order
of magnitude higher than those of their respective 2p orbitals. In addition, no
significant differences are observed up to 12 eV in the reconstructed spectra
between [EMIm|Tf;N and [OMIm|Tf,N due to the same reason. An increased
intensity of the cation contribution is noticed in the reconstructed spectrum of
the [OMIm]|Tf;N at higher binding energies. This effect is caused by the higher
number of carbon atoms in the alkyl chain of [OMIm]* compared to [EMIm]|".

The reconstructed XPS valence band spectra are decomposed into their con-
tained elements in Figure 36 (bottom). In general, the elements fluorine, oxygen,

and sulfur have dominated the spectra. Enlarged contributions for [OMIm|Tf,N
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at higher binding energies are distinctly assigned to the carbon atoms. How-
ever, the nitrogen contributions in the reconstructed spectra from [EMIm|T{oN
and [OMIm]|Tf,N have changed significantly above approximately 14 eV. This
effect is caused during the calculation by a ’shoveling around’ of contributions
from different atomic orbitals, while combining them to molecular orbitals with
minimum energy. Herein, most probably only the 2s orbitals from carbon and
nitrogen are affected, whereas the contributions of fluorine, oxygen, and sulfur
are not recognizably varied. Nevertheless, this effect can be present for other
polyvalent or complex elements, too.

The peak at the lowest binding energy at about 7 €V is considerably dom-
inated by the element oxygen, which is followed by nearly equal contributions
from fluorine, sulfur, and carbon. Significant amounts from fluorine, sulfur, and
oxygen are localized in the highest peak in the XPS valence band spectra at
around 11 eV. This peak has featured a shoulder at its higher binding energy
side, which has almost exclusively resulted from the elements oxygen and sulfur.
Thus, this shoulder can be directly assigned to the SO5 groups in the [Tf2N]
anion. The peak at approximately 15 eV has originated from fluorine, whereas
contributions from sulfur and carbon are also present with lower intensity. A
further peak at circa 17.5 eV is nearly equally shaped by amounts from fluorine,
sulfur, and carbon. For the peak at about 20 eV fluorine and carbon are the
dominating species, while smaller contributions from sulfur and oxygen are ad-
ditionally found. In all of the latter three peaks significant amounts of nitrogen
are assigned only in [EMIm|Tf,N, which is induced by the previously described
effect of ’shoveling around’ contributions from carbon and nitrogen.

The reconstructed UPS (He IT) and UPS (He I) valence band spectra of both
ionic liquids, i.e. [EMIm|Tf;N and [OMIm]Tf;N, are illustrated in Figure 37
and Figure 38, respectively. A good agreement between the reconstructed and
experimental UPS spectra is obtained for a wide range, up to binding energies of
circa 15 eV for UPS (He IT) and 12 eV for UPS (He I). Above those values, strong
discrepancies are detected between the spectra. The fact of a mismatching of
the peak heights is caused by the following reasons:

e The experimental spectra are significantly affected by inelastically scat-
tered electrons [153, 154], which are associated with a significant back-

ground starting at binding energies of around 12 eV.

e In addition, the photoionization cross sections for the C2s orbitals are
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Figure 37: Reconstructed UPS (He II) spectra of [EMIm|Tf;N (left) and
[OMIm|T£,N (right) with a deconvolution into the ions in comparison to the
experiment (top) and into the contained elements (bottom). All spectra are
normalized in height to the most prominent peak at about 11 eV. The presence
of the He II S-line is considered by means of a duplicate of the reconstructed
He II a-line combined with a shift of -7.56 €V and a height of 4% of the initial a-
line intensity in the reconstruction. Herein, rescaling parameters of f = 1.02838,
AE = —1.26 eV for [EMIm]Tf2N and AE = —1.29 eV for [OMIm|Tf,N as well
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Figure 38: Reconstructed UPS (He I) spectrum of [EMIm|Tf;N in comparison
to the experimental spectrum (left) and with a decomposition into the contribu-
tions of the ions (left) and the respective elements (right). The binding energies
of the reconstructed spectra are modified by identical values of f = 1.02838 and
AANE¢ation—Anion = —1.10 eV applied for XPS and UPS (He II) as well as a
different absolute shift of AE = —0.90 eV. The intensity of the reconstructed
spectra has considered the final state density by means of a multiplicative fac-
tor using the approximation 1/ps ~ 1/v/Ejin = 1/v/Iw — Epina, since the ap-
proximation py & /Ej;, is valid for the experimental spectra (cf. ref. [152]).
The experimental spectrum is obtained from personal communication with Dr.

M. Himmerlich.
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ascertained approximately one order lower than for the C2p orbitals near
the valence band edge. For other elements, such as nitrogen, oxygen, and
sulfur, no data about the photoionization cross sections are available for
the respective N2s, O2s, and S3s states in the UPS (He I) spectra (cf.
ref. [119]). These states are located at a defined binding slightly above
the photon energy in this reference and might partially contribute in a
broader range overlapping with the investigated binding energies. Thus,
this has led to significantly reduced contributions from the ionic liquid
in the related binding energy range, which nonetheless has indicated the
dominating effect of the background in the experimental spectra caused

by the inelastically scattered electrons.

Final state effects are not taken into account for the reconstructed XPS
spectra, since the kinetic energies of different electrons recorded from the
valence band are varied imperceptibly. Whereas, these effectes can be-
come important for the UPS spectra due to the reason that the valence
band electrons have covered both the minimum and maximum of the ki-
netic energy. Thus, a dominating impact in particular on the experimental
UPS (He I) spectra is assigned to the exact shape of the final state density.
An approximation of the final state density for UPS spectra is given by
pf ~ \/Ekin according to ref. [152]. The initially reconstructed UPS (He I)
spectra using the photoionization cross sections from Table 1 have to be
corrected by the approximation of py & \/hw — Eping for the final states,
which can be related to the rescaled binding energy for any state. How-
ever, this correction has not affected the relative intensities of different
elements within one peak, even though the influence of incorporated rela-
tive shifts between anion and cation are deemed marginal. This correction
is exemplarily applied for the reconstructed UPS (He I) spectrum in Fig-

ure 38.

The reconstructed UPS (He II) spectra of [EMIm]Tf;N as well as [OMIm]Tf;N

are displayed in Figure 37. Herein, the spectra are deconvoluted into the contri-

butions of the two ions (top) and contained elements (bottom). These spectra

are significantly dominated by the [Tf;N] anion. In comparison to the recon-

structed XPS spectra, the photoionization cross sections of carbon and nitrogen

near the valence band edge are perceived to be only one order of magnitude

lower than the primarily present elements in the [Tf,N] anion. Major differ-
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ences between [EMIm|Tf;N and [OMIm]Tf;N are identified in a binding energy
range from 5 to 10 eV. Thus, these changes can be attributed to the additional
carbon atoms due to the extended alkyl chain length of [OMIm]* compared to
the [EMIm|" analog.

The reconstructed UPS (He II) spectra are decomposed into the respective
elements in Figure 37 (bottom). A general domination of the elements fluorine
and oxygen is found. For the peak near the valence band edge at around 7 eV,
a clearly prevalent contribution by oxygen is discovered, which is followed by
contributions of nitrogen, carbon, and fluorine. An increase in intensity starting
at about 5 €V is detected for carbon exclusively and, thus, is eventuated from the
additional carbon due to the extended alkyl chain in [OMIm]Tf;N. The most
prominent peak at about 11 €V is provoked on the one hand by a dominant
fluorine contribution and on the other by the participation of oxygen, carbon,
and nitrogen with much lower intensity. However, the intense contribution by
sulfur in the XPS valence band spectra for this peak and the shoulder at the
higher binding energy side has nearly completely disappeared. This has resulted
from the fact that the large photoionization cross section for XPS is now around
one order of magnitude lower than those of most other elements. For the peak
at about 15.5 eV a dominating amount of fluorine is observed, while only trace
contributions from carbon and nitrogen are existent herein. An assignment
of the peaks at higher binding energies has to be apprehended as vague due
to the high intensity caused by inelastically scattered electrons. The obtained
knowledge of different element-specific intensities and their origin within the
ions will be used in Chapter 6.2.2 to access the surface structure at the ionic
liquid-vacuum interface of [XMIm]Tf,N.

The reconstructed UPS (He I) spectrum of [EMIm|Tf;N is illustrated in
Figure 38. Herein, the reconstructed spectrum and its ion and element contri-
butions are modified by the final state density of py ~ Aiw — Epinq according
to ref. [152]. This modification has enabled a slightly better agreement between
reconstructed and experimental spectrum, although the height of the peak at
approximately 7.5 €V is still overestimated. In this context, it has to be noted
that the experimental spectrum is affected by inelastically scattered electrons,
too. Both main peaks at circa 7.5 and 11.5 eV are shaped by the [Tf,N] anion
(see Figure 38, left). Nevertheless, the cation has contributed to these peaks
with a higher relative intensity than in the respective UPS (He II) and XPS va-
lence band spectra, which has resulted from the photoionization cross sections

of nitrogen comparable to those of fluorine, oxygen, and sulfur as well as carbon
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with the half value.

The contributions of the different elements to the peaks are distinguished
by use of the deconvoluted UPS (He I) spectrum in Figure 38 (right). The
previously described order of photoionization cross sections has led to following
contributions in the two peaks: oxygen has dominated the peak at approxi-
mately 7.5 €V, while also contributions of nitrogen and carbon are present. On
the contrary, the peak at 11.5 eV is mainly shaped by fluorine, but also all other
elements (except of hydrogen) have participated in this peak by a substantial
share. Hereinafter, it will be demonstrated, how the reconstructed valence band

spectra can be used for a surface analysis of ionic liquids.

6.2.2 Arrangement of the ions at the surface of [XMIm]|TfoN

The experimental UPS (He II) and MIES spectra have contained significant in-
formation about the arrangement and orientation of the different species at the
surface, since they have offered the highest surface sensitivities of the utilized
methods from the set of (photo-)electron emission spectroscopy. Hence, these
data have to be attained from the experimental spectra. An important question
that has to be answered: how can the information be extracted from experimen-
tal spectra by means of the reconstruction method? The reconstructed spectra
have comprised absolute values for the spectra heights, which can be utilized
for the normalization of experimental spectra, and this method has enabled a
deconvolution into specific groups or single atoms of the investigated molecular

systems for a detailed analysis.

In Figure 39 (left), the experimental spectra of [EMIm|T{2N and [OMIm|Tf,N
are depicted after a normalization to the most prominent peak of the recon-
structed UPS (He II) spectra of both ionic liquids. In addition, a difference
spectrum on the basis of the MIES spectra is obtained. The experimental MIES
spectra are normalized onto each other at the shoulder at around 12.5 €V in Fig-
ure 39 (right). This position is preferred due to the reason that this shoulder
is exclusively shaped by the contributions of the carbons C!'-C3, where spec-
tral features of the further part of the longer alkyl chain have not interfered in
this binding energy range (cf. Chapter A.2 in the Appendix). The difference
spectra for UPS (He II) and MIES are obtained by subtraction the normalized
experimental spectra of [EMIm|Tf;N from those of [OMIm]Tf;N.

The UPS (He II) difference spectrum is found in a range from about 5 €V to
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Figure 39: Difference spectra between [OMIm|Tf2N and [EMIm]T,N obtained
from the normalized experimental UPS (He II) spectra (left) and MIES spec-
tra (right) are compared to the reconstructed UPS (He II) spectra and partial
density of states (pDOS) of selected parts of the ions. For UPS (He II) the
experimental spectra are normalized onto the most prominent peak at about
11 eV of the respective reconstructed spectrum (left) and for MIES onto each
other using the shoulder present at circa 12.5 eV (right). The binding energies
of the depicted contributions of the additional alkyl chain (C*Hz-C°Hz) and the
fluorine atoms in [OMIm|TfsN are rescaled by the parameters of f = 1.02838,
AE = —-1.29 ¢V, and AAEcation—anion = —1.10 €V for both methods. (With
the courtesy of: The Royal Society of Chemistry, M. Reinmdéller et al., Phys.
Chem. Chem. Phys., 13 (2011) 19526-19533, page 19532 [90])
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approximately 12 eV and has featured a maximum at around 7 €V. The reason
for this difference might be easily presumed remembering the difference between
[OMIm]T£,N and [EMIm|Tf;N: both ionic liquids differ in the length of their
alkyl chains; in a conceptual model, it is assumed that the [OMIm] cation is
identical to the [EMIm] cation, but with six more CHs groups incorporated prior
to the terminal CH3 group of the alkyl chain. Thus, the difference spectrum
should directly be related to the reconstructed UPS (He II) spectrum of these
six CH, groups within the alkyl chain, which have included the carbons C*-
C? with the associated hydrogens in [OMIm|TfsN (for respective nomenclature
see inset in Figure 9). The general shape of the reconstructed spectrum of
those CH, groups has matched the difference spectrum very well. However,
the intensity of the reconstructed UPS (He II) spectrum has to be enlarged
by a factor of 1.9 to obtain a full agreement. This has given a first hint for
the presence of the alkyl chain at the surface, since all parts of the ions at the
surface are accompanied by an increased intensity due to the surface sensitivity
of this method. The suggested surface arrangement with the longer alkyl chains
protruding towards the vacuum is proclaimed in the literature, for example in
the studies in refs. [14, 15, 63, 79, 80, 84, 155]. In addition to this, from a
strong contribution of the [Tf,N] anion in Figure 37 its presence at the surface
is determined by the experimental spectra and verified by the reconstruction.
This conclusion is exemplarily supported by the studies in refs. [63, 84, 135].
In the MIES difference spectrum in Figure 39 (right), a double structure with
peaks at about 7 and 11 eV is recognized. The peak at about 7 eV has originated
from the additional part of the alkyl chain C*-C? with the related hydrogens
in [OMIm]|Tf,;N. For this purpose, the partial density of states (pDOS) of these
constituents from the ions is applied. Thus, similar to the UPS (He II) difference
spectra it can be concluded that the alkyl chain from [OMIm|Tf;N is present
at the surface as based on the corresponding pDOS. However, by utilization of
this partial density of states of the additional alkyl chain a gap in the energy
range between 9 and 12 eV is perceived. In this binding energy range the con-
tributions of especially fluorine are present and, in consequence, this difference
could be caused by a slightly higher number of fluorine atoms pointing towards
the vacuum in [OMIm]Tf;N compared to [EMIm]Tf;N. This for example could
result either from a conformational change in the [Tf;N] anion dependent on
the alkyl chain length of the cation or a different relative depth of the anion.
However, a contrasting conformational change was noticed at the surfaces of
[EMIm]T£oN and [HMIm|TE;N in a HRBS study from K. Nakajima et al. [63].
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Nevertheless, the MIES spectra have additionally indicated the presence of the
[Tf2N] anion taking account of the significantly higher surface sensitivity. The
onset positions of the difference spectra and the spectra from the additional part
of the alkyl chain are identified to match very precisely. Thus, the requirement
of another shift AAEcation— Anion = —1.10eV between cation and anion contri-
butions in the reconstructed spectra is emphasized by this very good agreement.
Moreover, this shift was introduced with the aim to compensate the differences
in the split of the experimental and reconstructed N1s core levels, which were
already modified by a scaling factor of f = 1.02838 and the absolute shift of
AE = —1.29 eV for UPS (He II) and MIES spectra of the utilized ion pair of
[OMIm]T£,N.

6.3 Chapter summary

In principle, all optimized ion pairs of [XMIm|Tf2N ionic liquids can be utilized
for the subsequent spectra reconstruction. By the deconvolution of the exper-
imental XPS, UPS (He II), and UPS (He I) spectra into the contributions of
the contained ions and elements with the aid of the reconstruction method, we
have provided a quantitative analysis of their respective proportions for the first
time [90]. A preferred orientation of the longer alkyl chain of the [OMIm] cation
towards the vacuum as well as the presence of the [Tf2N] anion at the surface
is concluded from the UPS (He II) difference spectrum, which is additionally
supported by the MIES difference spectrum.
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7 Valence band structure of [XMIm]|Cl

The set of ionic liquids from [XMIm]|Cl have offered varied thermochemical prop-
erties inter alia a higher melting point, a lower density, a lower heat capacity,
a lower decomposition temperature, and a higher viscosity compared to their
[XMIm|Tf2N analogs [130, 132]. An analysis of ionic liquids with the [C]] an-
ion has provided the opportunity to study the influence of the cation and its
longer alkyl chain on the valence band spectra in detail, since the anion con-
tribution is limited to a few states here.® In comparison to the larger [Tf,N]
anion, the impact of a small anion on the resulting surface structure can be
investigated, where some differences between [Cl]" and [Tf,N] in the preferred
ion pair geometry and the surface arrangement are observed from molecular

dynamics simulations [75, 79, 80].

7.1 Reconstructed XPS and UPS valence band spectra

The single ion pairs displayed in Figure 40 are utilized for the subsequent re-
construction of the valence band spectra for XPS and UPS (He II) as well as
the DOS. All of these ion pairs have featured a similar position of the [Cl] anion
above the hydrogen at the central carbon atom (C!) and slightly moved towards
the methyl group. This geometry was identified to be favored in other studies
as well [87]. Other possible ion pair geometries and their related energies are
listed in Chapter 7.2.1 as well as the effect of the alkyl chain geometry is further
investigated in Chapter 7.2.2.

The experimental and reconstructed XPS and UPS (He II) valence band
spectra are illustrated for a series of [XMIm|Cl ionic liquids in Figure 41. No
significant changes are recognized in the experimental XPS spectra as well as for
the reconstructed ones. The marginal differences within the experimental and
reconstructed spectra due to the varied alkyl chain length have resulted from
the small photoionization cross sections for the N2p and C2p orbitals compared
to the dominating Cl3p state at about 3.7 €V (cf. Table 1). The XPS valence

band of [EMIm]|CI is noticably broadened in contrast to all other experimental

6Parts of this chapter have been published in the following peer-reviewed article:
A. Ulbrich, M. Reinmdller, W. J. D. Beenken, S. Krischok, “Surface electronic structure of
[XMIm]Cl probed by surface-sensitive spectroscopy”, ChemPhysChem, 18 (2012) 1718-1724.
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Figure 40: Calculated ion pairs from a series of [XMIm|Cl (from left to right):
[EMIm|CI, [BMIm|C], [HMIm]|C], and [OMIm|CL.
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Figure 41: Experimental XPS, UPS (He I), and UPS (He II) valence band
spectra (left) and reconstructed XPS and UPS (He II) valence band spectra
as well as the respective density of states (DOS) (right) of [XMIm|Cl. All
experimental and reconstructed spectra are normalized to the intensity at about
10 eV. The binding energies of the reconstructed spectra of XPS, UPS (He II),
and the DOS are modified by a scaling factor of f = 1.03040, an identical
absolute shift of AEF = —1.41 eV, and an equivalent relative shift between the
ions of AAFE¢cation—Anion = —1.95 eV. (With the courtesy of: Wiley-VCH,
A. Ulbrich et al., ChemPhysChem, 13 (2012) 1718-1724, page 1721 [33]).
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spectra due to sample charging [33].

For the experimental UPS (He I) spectra, respective changes are identified
in a binding energy range between 5 and 10 eV. Similar differences in the den-
sity of states (DOS) are recognized in an identical binding energy range. The
photoionization cross sections in UPS (He I) and UPS (He II) for the chlorine
states in the valence band are found in the same order or even smaller than
for the 2s and 2p orbitals of the dominating constituents nitrogen and carbon
(cf. Table 1). In contrast to the XPS spectra, the contributions of the [XMIm]
cations and effects of the increasing alkyl chain length can be clearly detected
in both UPS (He II) and UPS (He I) spectra.

Significant differences are noticed in a binding energy range of approximately
5 to 9 €V in the experimental UPS (He II) spectra, which are already related
to the varied alkyl chain length. These changes due to an increased alkyl chain
length relative to [EMIm]CI are accompanied by a shift from circa 6.8 eV for
[BMIm|CI to approximately 6.0 eV for [OMIm|Cl. This shift has featured a
parallel enhancement in height of the UPS (He II) spectra in this range, which
is caused by the increased number of CHy groups in the alkyl chain. These
facts are further proven by the partial density of states (pDOS) for respective
parts of the alkyl chain of [OMIm]|Cl displayed in Figure 42. Herein, enhanced
intensities and respective shifts for the differences are observed from the pDOS
with increasing alkyl chain length compared to the experimental UPS (He II)
spectra. This shift is decelerated with an increase in distance to the imidazolium
ring. A similar behavior was already recognized in the Cls core level spectra
of imidazolium-based ionic liquids (see Chapter 4.1). Thus, it can be concluded
that the distance to the imidazolium ring and its nitrogen atoms has dominated
the binding energy positions of the different alkyl carbons in the valence band,
too. Moreover, the contributions of encapsulated or dissolved water are noticed
in the same binding energy range as the longer alkyl chain (cf. Chapter A.3 in
the Appendix).

The intensity of the Cl3p peak is found with equal intensity for all four ionic
liquids in their reconstructed UPS (He II) spectra. This reconstruction method
has not incorporated any depth dependence, since all elements are considered
as equally distributed in the probed sample volume. In contrast to this, the
intensity of the Cl3p peak is constantly reduced from [EMIm]|CI to [OMIm]Cl
in the experimental UPS (He II) spectra. This decrease of the related intensity
is caused by an increased distance of the [Cl] anion from the surface. This has

provided hints for the surface structure of [XMIm]|CI ionic liquids, which can
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Figure 42: The partial density of states (pDOS) from the outer part of the alkyl
chain (C*Hjz or C*Hy-C"H3) of [XMIm]|Cl ionic liquids. Herein, the binding en-
ergies are modified by the rescaling parameters of f = 1.03040, AE = —1.41¢eV,
and AAEcation—Anion = —1.95 V. (With the courtesy of: Wiley-VCH, A. Ul-
brich et al., ChemPhysChem, 13 (2012) 1718-1724, page 1721 [33]).

be sketched as follows: the longer alkyl chains are present at surface protruding
towards the vacuum, while the [Cl] is found below/apart from the surface and
might potentially be located in vicinity of the imidazolium ring. Similar surface
structures were concluded in other experimental and theoretical studies, such as
angular-resolved X-ray photoelectron spectroscopy [15] and molecular dynamics
simulations [79].

An additional peak at approximately 5.5 €V is detected in the experimental
UPS (He II) spectrum of [EMIm|Cl. This peak is exclusively caused by the
imidazolium ring with its carbon atoms C! and C? (see Figure 65 in Chapter A.2
in the Appendix) and the contained two nitrogen atoms. For the other ionic
liquids from the [XMIm]|Cl set, this peak at 5.5 €V is hidden by contributions
caused by the enlarged alkyl chain. This fact has additionally supported the
conclusion that the changes in the experimental spectra have predominantly
resulted from differences in the ionic liquids’ longer alkyl chains. However,
the reconstructed UPS (He II) spectra have featured a slightly different shape
than the experimentally measured spectra in this binding energy range of the
alkyl chains. This could be caused by a number of potentially different ion pair
geometries and alkyl chain geometries probed in the real ionic liquid compared to

the specific one utilized for the reconstruction. Hereinafter, the influences of six
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different ion pair geometries and various alkyl chain geometries with artificially
generated kinks and torsions onto the reconstructed XPS and UPS (He II)

valence band spectra are analyzed.

7.2 Influence of the geometry of the ion pair and the alkyl

chain on the reconstructed valence band spectra

In this chapter it is investigated, how different geometries for the ion pairs of
[EMIm]|CI] and the alkyl chain in [OMIm|Cl have influenced the reconstructed
spectra. As a consequence, those ion pair geometries and alkyl chain shapes
are of particular interest, which might result in a better agreement with the

experimental spectra compared to the ion pairs used in Chapter 7.1.

7.2.1 Influence of pair geometry of [EMIm]|CI

The spatial distribution function (SDF) for [EMIm]|CI, which was obtained from
molecular dynamics simulations, is depicted in Figure 30 (left). Herein, the
positions with increased density of the [Cl] anion around the [EMIm] cation are
illustrated. The [C]] anion is found in three preferred positions in vicinity of the
Cl, €M and C?® carbons (see Figure 29 (left) for respective nomenclature). A
separation of the area with a very high density into two ranges is detected for
the C! position. However, these high density areas are recognized apart from
the hydrogen atom in C! position and are slightly moved towards the methyl
group or ethyl chain. All of these preferred positions of the [Cl] anion around
the [EMIm] cation are discovered for the ion pairs of [EMIm]|CI in Figure 43,
too. However, other positions are not perceived by the ion pair calculations as
well as those, which did not feature significant densities in molecular dynamics
simulations, leading to the conclusion that the positions C', C*M, and C?F are

strongly favored and this is in agreement to refs. [75, 156].

The total and relative energies of the calculated [EMIm|CI] ion pairs are
listed in Table 10. Herein, the ion pairs with the [Cl] anion in C! position are
energetically preferred against C2M /C2F position (cf. ref. [95]). Within the ion
pairs in C! position a preference by 0.023 €V is exhibited, where the chloride
is slightly moved towards the methyl group (A3 in Figure 43), compared to
the C! position, where the anion is lightly displaced towards the ethyl group
(Al in Figure 43). The position, where the [Cl] anion is slightly shifted out
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Figure 43: Six different ion pair geometries for [EMIm]|CI (respective total en-
ergy and relative difference for the ion pairs are listed in Table 10).

[ Ton pair | Interaction site | Total energy (eV) [ Difference (eV) |

Al H! -21903.336 +0.023
A2 H!/C! -21903.265 +0.094
A3 H! -21903.359 0.000

B1 H2E -21903.007 +0.352
B2 H2M -21902.981 +0.378
B3 H2M/2E -21902.664 +0.695

Table 10: Total energy and relative difference (in €V) of the calculated ion pairs
of [EMIm]|CI displayed in Figure 43 in dependence of the respective geometry.
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of the image plane (A2 in Figure 43), is associated with a disadvantage of
0.094 eV. For the anion in the C*M/C?E position (B1-B3 in Figure 43) the
relative energies are identified between 0.352 and 0.695 eV above A3. This
relative energy difference between ion pairs with the [Cl] anion in C! position
and C*M/C?Y position is noticed as obviously high, i.e. even slightly higher
than for their [EMIm|T{;N analog. It is assumed that this could result from
the partially stronger interaction between the imidazolium-based cation and
the [Cl] anion. In constrast to this, all of these positions are identified in the
respective molecular dynamics simulation [75], while this significant energy gap
is maybe only found in ion pair calculations and not in the real ionic liquid with
its multiple ion interactions.

The reconstructed XPS valence band spectra from all six calculated ion pairs
are illustrated in Figure 44. In the reconstructed spectra, the eye-catching peaks
of Cl3s and Cl3p state are observed at 16.3-17.8 eV and 3.9-5.2 eV, respectively.
However, the separation of the two prominent peaks is recognized as nearly
equal for all ion pairs featuring the C! position with a separation of about 12.6-
12.7 eV or C?M/C?F position of around 12.4 €V. At this point, the effect of
the utilized basis set and functional onto the size of the separation between the
Cl3s and Cl3p states (cf. Chapter A.1 in the Appendix) has to be mentioned.
This effect might lead to the assumption that only the cases of the [Cl] anion
in C' and C?M/C?F position have to be distinguished, an identical result was
obtained for the ion pairs from [EMIm|Tf{sN in Chapter 6.1. Nevertheless, for
the reconstructed valence band spectra of XPS and UPS (He II), which are
illustrated in Figure 44 and Figure 45, minor differences are discovered for the
ion pairs that have featured a [Cl]" position, which is located outside of the
very high density regions in Figure 30. These differences are accompanied by
a relative shift of most of the peak positions, where the contributions of the
ion pair A2 are shifted by approximately 0.2-0.3 eV to higher binding energy
compared to the nearly equal spectra from A1/A3 as well as a shift in the
order of 0.6 eV to lower binding energy is detected for those of B3 relative
to B1/B2. Herein, the ion pairs of Al and A3 as well as Bl and B2 have
featured similar peak shapes and peak positions. Whereas, the ion pairs of A2
and B3 have offered discernable peak shapes compared to A1/A3 and B1/B2,
respectively. Herein, the onset positions of the contributions of the [EMIm)]
cation are accompanied by relative shifts, too.

Beyond the general curve shape, the relative positions between the contribu-

tions of both ions are listed in Table 11. This has provided information about the
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Figure 44: Reconstructed XPS valence band spectra from six different ion pair
geometries of [EMIm]CI (displayed in Figure 43). The calculated binding ener-
gies of the ClI3s and Cl3p states are indicated for the reconstructed spectra. A
rescaling procedure is not applied here.
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Figure 45: Reconstructed UPS (He II) spectra from six different ion pair ge-
ometries of [EMIm]|CI (displayed in Figure 43). The calculated binding energies
of the peaks and some related shoulders are indicated for the reconstructed
spectra. A rescaling procedure is not, applied here.
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[ Ton pair | Lowest [EMIm]| " state (eV) | Cl3p orbital (eV) | Difference (eV) |

Al 7.9 5.0 2.9
A2 7.6 5.2 24
A3 7.9 5.0 2.9
B1 7.9 4.5 3.4
B2 7.9 4.5 3.4
B3 7.8 4.0 3.8

Table 11: The calculated binding energy positions of the first state related to
the [EMIm] cation (at lowest binding energy) and of the Cl3p orbital in the
reconstructed UPS (He II) spectra of various ion pair geometries of [EMIm]CI
displayed in Figure 43 as well as the resulting difference between these contri-
butions.

rescaling parameter AAEcation— Anion and a route towards the determination
of the related Madelung potential on the basis of an ion pair. A determination
of the Madelung potential was executed with the aid of the pDOS of single ion
calculations in relation to the experimental spectra in ref. [41]. The ion pairs
A1 and A3, where the [C]] interacts with the hydrogen at C!, have offered a
difference of circa 2.9 V. While, the ion pairs B1 and B2 with the [C]] anion
in vicinity of hydrogen in C?™ or C?F position have exhibited a difference of
about 3.4 eV, which is exclusively caused by a related shift of the Cl3p state
to lower binding energy compared to the geometries A1 and A3. The ion pair
A2, where the [C]] anion is found in interaction with the central carbon atom
C!, has featured a difference of approximately 2.4 eV caused by a shift of the
respective contributions towards each other compared to A1 and A3. The last
ion pair, which has interacted nearly equally with both hydogens in C?M and
C?¥ position, a difference of about 3.8 €V is detected (B3), which has resulted
from a primary shift of the Cl3p peak position. Those relative shifts have shown
to be equal for similar anion positions (A1/A3 and B1/B2) due to symmetry
reasons. For the different ion pair geometries of [EMIm|Cl, where the relative
shift AAE¢cation— Anion has to be compensated by the adaption procedure, four
different ion pair geometries have to be distinguished. Additionally, this has
led to the conclusion that four distinctions from the Madelung potential are
found for [EMIm|Cl. In comparison, for the larger [TfaN] anion for which a
fewer number of positions are distinguished only two different relative shifts are
present for the C! and C?M /C2E positions. For qualitative statements, such
as the difference spectra, the ion pair geometry has verified an effect onto the

shape of the reconstructed spectra. In consequence, the positions within the ion
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pairs preferably have to be kept equal for a comparison of ion pairs of different
alkyl chain lengths. This has supported the choice of the utilized approximately
equal ion pairs of [XMIm]Tf;N and [XMIm]|CI (cf. Figure 9 and Figure 40 as
well as refs. [33, 90]).

7.2.2 Effect of alkyl chain geometry of [OMIm]|CI

The structure of the cation is not limited to one preferred geometry, which
was found in a similar way for the geometry of the [Tf2N] anion. Geometrical
changes might be present in the imidazolium ring and in the alkyl chains. The
imidazolium ring is presumed as comparatively stable, since it has contained
contributions of m bonds, which have caused a certain degree of stiffness. Dif-
ferent cases have to be distinguished for the two alkyl chains of the [XMIm]
cation: the methyl group possesses a rotational freedom around the N-C bond.
Whereas, for the typically larger alkyl chain a number of conformations may be
expected. This fact was proven by Raman spectroscopy, which is supported by
quantum-chemical calculations, in which both conformers have featured an equi-
librium characterized by different signatures in the range from 200 to 500 cm™!
[157]. Only two independent conformers with planar and nonplanar shape (cf.
Figure 46) are found for [EMIm|" due to the fact that the ethyl chain geometry
relative to the imidazolium ring is exclusively changed by a rotation around the
N-C bond. Quantum-chemical calculations, which are executed in the present
thesis, have revealed that the nonplanar conformer of the [EMIm]| cation is ener-
getically preferred (see Table 12). The difference between planar and nonplanar
conformer of [EMIm]|" is estimated by 24 meV, which is in the order of kT at
room-temperature. Thus, both conformers are expected to be in an equilibrium
in a real ionic liquid under ambient conditions, this finding is supported by the
results of Y. Umebayashi et al. [157].

In comparison to the [EMIm] cation, the conformational space of alkyl chain
possibilities is much larger if the cation has possessed a longer chain. In particu-
lar, the rotational freedom around the N-C bond is determined by the dimension
of anion and its interaction with the anion, since the energy difference between
the different minima is comparably low for the neat cation (cf. Table 12). For
this purpose, possible changes in the longer alkyl chain of the previously used
ion pair from [OMIm]Cl, which were artificially incorporated, are illustrated in
Figure 47. The related total energies and differences are listed in Table 13. In

the ion pairs the [Cl] anion is found in vicinity of the hydrogen atom at the C!
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Figure 46: Side view (top) and top view (bottom) of two conformers of the
[EMIm] cation with planar (left) and nonplanar geometry (right).

| [EMIm]|" conformer | Total energy (eV) | Difference (eV) |

planar -9375.608 +0.024
nonplanar -9375.632 0.000

Table 12: The total energy and relative difference (in €V) from the planar and
nonplanar conformers of the [EMIm]| cation displayed in Figure 46.

[ Ton pair | Changes [ Total energy (eV) | Difference (eV) |

Al 1(17T) 28322.217 0.000
A2 |2 (IT+1K) 28322.178 10.039
A3 | 3 (1IK+2T) 28322.145 +0.072
B17 0 28322.191 10.026
B2 1 (1K) 28322143 +0.074
B37 0 28322.191 10.026
C1 1 (1K) 28322.185 +0.032
02 1 (1K) 28322.139 +0.078
C3 1 (1K) 28322.139 10.078
D1 1 (1K) 28322.139 +0.078
D2 1 (1K) 28322.148 +0.069
D3 2 (2K) 28322.121 10.096

Table 13: Total energy and relative difference (in eV) of ion pairs of [OMIm]Cl
displayed in Figure 47 with artificially incorporated kinks (K) and/or torsions
(T) in the longer alkyl chain. (#) The ion pairs of B1 and B3 have featured the
same total energy due to symmetry reasons, since their octyl chain is rotated
around the C-N bond.
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Figure 47: Ton pairs of [OMIm]|CI with artificially incorporated changes, i.e.
kinks and/or torsions, in the longer alkyl chain (respective changes as well as
total energy and relative difference are listed in Table 13).
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Figure 48: Reconstructed UPS (He II) spectra of ion pairs of [OMIm]Cl with
artificially incorporated kinks and torsions (displayed in Figure 47). A rescaling
procedure is not applied here.

carbon in two different positions of either slightly moved towards the methyl
group or the octyl chain. Herein, it has become obvious that the total energy
of an ion pair can be slightly reduced by the incorporation of a torsion around
the N-C bond, which might be associated with an additional interaction with
the [C]] anion. In principle, the influence of the alkyl chain geometry is discov-
ered as marginal. The maximum variation in energy is observed in the order of
96 meV. This has led to the conclusion that the presence of a number of possible
changes from the ideal alkyl chain might be found at room temperature despite
of other influence quantities. The reconstructed UPS (He II) spectra for all ion
pairs with different kinks and /or torsions, which are displayed in Figure 47, are
illustrated in Figure 48. First of all, the artificial changes in the alkyl chain of
[OMIm]C1 have not recognizably influenced the binding energy position of the
CI3p states, which is in agreement with the previous results of ion pair geom-
etry for imidazolium-based ionic liquids. Differences between the valence band
spectra of various alkyl chain geometries are detected in the binding energy
range from 7 to 14 eV. However, these differences are evaluated as minor. Thus,
the differences between the reconstructed and experimental UPS (He II) spec-

tra are most probably not covered by the kinks and torsions within the alkyl
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chain. An improvement of the recognized differences between the spectra might
be achieved for example by consideration of a certain arrangement of the ions,
i.e. layering/stacking with potential shielding effects, in the near surface region
or the calculation of a larger cluster of [OMIm]|Cl with multiple interactions. A
minor influence of final state effects in the experiment cannot be fully excluded.

Thus, a final decision about the origin of these differences cannot be made.

7.3 Chapter summary

For the carbon atoms within the cations’ longer alkyl chain, a dependence of
the respective binding energy positions on the distance to the nitrogen atoms
is observed in the valence band. This effect is further decelerated with increas-
ing alkyl chain length, whereas a similar behavior was already found in the
Cls core levels of this imidazolium-based cation [90]. For the surface struc-
ture of [XMIm]Cl, it is concluded that longer alkyl chains are protruding to-
wards the vacuum, while the small [Cl] anion is burried beneath the alkyl chain
(cf. ref. [33]). The assumed surface structure is found in good agreement with
other studies [15, 44, 79]. Four different values for relative binding energy po-
sitions between cation and anion contributions are detected for the preferred
ion pair geometries for which the distinct variations of the rescaling parameter
ANFEcation— Anion and likewise deviations from the Madelung potential are ex-
pected on the ion pair basis compared to the use of a single ion pair [41]. A
minor influence of the specific geometry of the longer alkyl chain is estimated for
the reconstructed spectra. As a result, the ascertained differences in the valence
band spectra between experiment and reconstruction are potentially caused by

the arrangement of the ions at the surface and related shielding effects.
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8 Valence band structure of pyrrolidinium-based
ionic liquids of [XMPyrr]TfoN - in comparison

to their imidazolium-based analog

The physicochemical properties of this type of ionic liquids are characterized
in relation to the imidazolium-based ionic liquids (cf. refs. [132, 136]): their
melting points, densities, and viscosities are similar, while the conductivities
of pyrrolidinium-based ionic liquids are slightly decreased compared to their
analogs. Pyrrolidinium-based ionic liquids have possessed a non-aromatic ring
in the cation in contrast to their imidazolium-based analog, which has offered
an aromatic ring. Thus, the pyrrolidinium-based cations have offered a different
degree of rotational and geometrical freedom for the calculated ion pair. Ap-
propriate positions for the ion pair geometry are discussed in Chapter 4.2. A
profound analysis of the element-specific contributions and the binding energy
positions of the states related to the cation in the valence band is performed in

comparison to the imidazolium-based cation.

8.1 Reconstructed XPS and UPS (He II) valence band

spectra

The reconstructed XPS valence band spectra for the two pyrrolidinium-based
ionic liquids [BMPyrr|TfaN and [OMPyrr]TfoN, which have featured a butyl
and octyl chain as the longer one of both, are displayed in Figure 49.”7 Only
the reconstructed valence band spectrum of [BMPyrr]|Tf;N is compared to the
experimentally obtained one. Herein, a very good agreement between these
spectra is recognized. For the three peaks at about 7, 12, and 16 €V the peak
heights are perceived as the same. Whereas, for the peaks at about 18 and 20 eV
the experimental spectrum has offered a slightly higher intensity than the re-
constructed equivalent, since the experimental spectrum in this energy range is
already affected by inelastically scattered electrons. This agreement is evaluated
as distinctly better than for the analogous set of ionic liquids from [XMIm]Tf;N,
where already the peaks at 16 eV as well as at higher binding energies have

clearly differed in height. The reason for this effect of the pyrrolidinium-based

"Parts of this chapter have been published in the following peer-reviewed article:

A. Ulbrich, M. Reinmdller, W. J. D. Beenken, S. Krischok, “Photoelectron spectroscopy
of ionic liquid surfaces - theory and experiment”, Journal of Molecular Liquids, 192 (2014)
77-84.
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Figure 49: Reconstructed XPS valence band spectrum of [BMPyrr]Tf2N to-
gether with the experimental spectrum (left) and for comparison only the re-
constructed spectrum is shown for [OMPyrr|Tf,N (right). Herein, the recon-
structed spectrum is decomposed into the ions (top) and elements (bottom).
The reconstructed spectrum of [BMPyrr]TfoN is normalized to the respective
height of the experimental peak at approximately 12 eV. All reconstructed spec-
tra for [BMPyrr|TfsN are modified by the rescaling parameters of f = 1.02963,
AE = —0.79 eV, and AAEcation—Anion = —1.47 €V to fit the value of NTR2N,
The same values except of AE = —0.77eV (due to minor deviations) are used for
[OMPyrr] TN, since for this ionic liquid no experimental spectra are available.
For comparison to ionic liquids of the sets of [XMIm|Tf;N and [XMIm]Cl, the
rescaling parameters for ion pairs featuring an analogous geometry are almost
identical within one set (cf. Table 16). The experimental spectrum is obtained
from personal communication with Dr. M. Himmerlich.
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ionic liquid may be found either by a lower background caused by inelastically
scattered electrons or a better assignment of the element-specific contributions
due to the non-aromatic ring, which might strongly influence the attribution of
contributions of carbon and nitrogen. In addition, it has to be noticed that the
spectra are broadened by a slightly different FWHM according to the experi-

mental resolution.

The decomposition into the contributions of both ions, i.e. the pyrrolidinium-
based cation and the [TfyN] anion, are visualized in Figure 49 (top) for both
investigated ionic liquids. A dominating contribution of the [Tf;N] anion espe-
cially near the valence band edge is identified in the reconstructed XPS spectra.
The reason for this are the large photoionization cross sections from the 2p or 3p
orbitals of elements fluorine, oxygen, and sulfur, which are a few orders of mag-
nitude higher than those of carbon and nitrogen, which have comprised the main
constituents of the pyrrolidinium-based cation (cf. Table 1). In consequence,
no significant changes in the reconstructed spectra due to the different alkyl
chain lengths are obtained between [BMPyrr|Tf2N and [OMPyrr|Tf,N near the
valence band edge. On the other hand, the contributions of the cation have
become more significant at higher binding energies above approximately 12 €V,
since the cross sections of their C2s and N2s orbitals are in the same order of
magnitude than those from fluorine, oxygen, and sulfur. Two structures con-
taining multiple peaks with their respective maxima at circa 15 and 19 eV are
related to the [XMPyrr] cations. In contrast to this, for the imidazolium-based
analog of [EMIm]Tf;N the cation-related spectra have featured two peaks at
around 16 and 21 eV in the reconstructed XPS spectra, while for the [OMIm)]
cation a broad plateau in this binding energy range with a further peak at about
14 eV has appeared. The main difference between both cations is detected in a
binding energy range of 12 to 15 eV and at around 20 eV, which should be caused
by the sufficient C2s cross sections for the additional alkyl carbons. This effect
is analyzed by means of elementwise deconvoluted contributions hereinafter.
However, it has to be noted that the nitrogen and carbon contributions of ionic
liquids of [XMIm|Tf;N are affected by the ’shoveling around’ effect.

In Figure 49 (bottom), the reconstructed XPS valence band spectrum is de-
composed into the contained elements. The spectra are in general dominated
by fluorine, oxygen, and sulfur due to their previously mentioned high XPS
photoionization cross sections. For the peak at lowest binding energy at around
7 eV oxygen is identified as the dominating element, herein further contribu-
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tions of fluorine, sulfur, and carbon are present. The contribution of carbon
has primarily originated from the [Tf2N] anion, since the ascertained carbon
peak is notably higher than the total contribution of the [BMPyrr] cation as
found from the decompositon into the ions in this binding energy region. An
analogous result was achieved for the set of ionic liquids from [XMIm|Tf;N. The
elements fluorine, sulfur, and oxygen are encountered in remarkable amounts in
the highest peak for [XMPyrr|TfoN at around 12 €V. This peak has featured
two shoulders: a first one at the lower binding energy side and a second one at
the higher binding energy edge. The shoulder at lower binding energy, which is
visible in a range from approximately 9 to 10 €V, might originate from nitro-
gen and sulfur, since the elementwise analysis has almost exclusively revealed
contributions of both elements in this region. Thus, this shoulder is primarily
shaped by the central atoms on the main bond axis of the [Tf;N] anion. In
addition, the shoulder at the higher binding energy side of this peak is mainly
assigned to sulfur and oxygen, which has led to the same conclusion as for the
imidazolium-based ionic liquids that this shoulder is formed by the SO groups
of the [TfoN] anion. Additional parts of carbon are detected within this shoulder
for [OMPyrr]Tf;N. Contributions from fluorine, sulfur, and carbon are found in
the three peaks at higher binding energies in the range of 16-20 eV. The peak at
about 16 eV is dominated by fluorine, whereas carbon is found in excess in the
peak at about 20 eV. The peak in between at circa 18 €V is equally shared by the
three mentioned elements with minor amounts of of oxygen and nitrogen. Oxy-
gen has not significantly contributed to these three peaks, since it has featured
comparably low photoionization cross sections for its 2s orbital. In contrast to
their imidazolium-based analogs, the utilized ion pairs of [XMPyrr|TfsN have
not demonstrated an apparent effect of ’shoveling around’ of the contributions
related to different elements in the higher binding energy range of the XPS
valence band spectra.

The reconstructed UPS (He II) spectrum of [BMPyrr|Tf;N is correlated to
the experimental spectrum, while the additionally reconstructed spectrum for
the ion pair of [OMPyrr]Tf2N is illustrated only for comparison in Figure 50. A
general agreement between reconstructed and experimental spectra is observed.
The shoulder peak found at the higher binding energy side of the dominating
peak in the experimental spectrum is not reproduced by the reconstruction,
which could be an effect of either the utilized peak broadening, final state ef-
fects or an insufficient energetical separation of the molecular orbitals in the

calculation. A final statement about the percentages of these potential effects
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Figure 50: Reconstructed UPS (He II) spectrum of [BMPyrr|Tf;N together with
the experimental spectrum (left) and for comparison only the reconstructed
spectrum is shown for [OMPyrr]|Tf;N (right). Herein, the reconstructed spec-
trum is decomposed into the ions (top) and elements (bottom). The presence
of the He II S-line is considered in the reconstructed spectra by means of a du-
plicate of the reconstructed He II a-line combined with a shift of -7.56 eV and
a height of 4% of the initial a-line intensity. The spectrum of [BMPyrr|Tf;N is
normalized to height of the peak at approximately 11 eV. All reconstructed spec-
tra for [BMPyrr|Tf;N are modified by the rescaling parameters of f = 1.02963,
AE = —0.99 eV, and AAEcation—Anion = —1.47 €V to fit the value of NTRN,
The same values are used for [OMPyrr]|Tf;N, since for this ionic liquid no ex-
perimental spectra are available. For comparison to ionic liquids of the sets
of [XMIm|Tf;N and [XMIm|Cl, the rescaling parameters for ion pairs featur-
ing an analogous geometry are almost identical within one set (cf. Table 16).
The experimental spectrum is obtained from personal communication with Dr.
M. Himmerlich.
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is not possible at this point. The peak heights have not fully matched, which
can be attributed to a background of inelastically scattered electrons at the
higher binding energies and potentially an influence of final state effects. Nev-
ertheless, the relative intensities of the ions or elements within a single peak
are not influenced by the differences between experimental and reconstructed
spectra. A dominating proportion of the [TfoN] anion is identified by means
of a deconvolution of the reconstructed UPS (He II) spectra into the ions in
Figure 50 (top). The cation has contributed, especially at binding energies in
a range approximately from 6 to 11 eV for [BMPyrr]TfN and from 5 to 11 eV
for [OMPyrr]Tf2N. No significant contributions near the valence band edge are
assigned to the [BMPyrr] cation. In contrast to this, for the [OMPyrr| cation
contributions near the valence band edge starting at circa 5 eV are perceived,
which have consequently originated from the additional outer part of the octyl
chain.

A decomposition of the reconstructed UPS (He II) spectra into the respective
elements is performed in Figure 50 (bottom). Herein, a dominating effect of
either fluorine or oxygen in all peaks is recognized, since both have featured the
highest photoionization cross sections compared to all other contained elements
in their 2p orbitals (cf. Table 1). The first peak at approximately 7 €V is
assigned to mainly oxygen, while further elements, like fluorine, nitrogen, and
carbon, are detected herein. The second most intense contribution following
the strong oxygen proportion has originated from carbon in both pyrrolidinium-
based ionic liquids. A clearly stronger carbon contribution is detected in the
first peak at around 7 eV compared to the imidazolium-based analog and, thus,
closer to the valence band edge. It can be excluded that this could be a result of
a significantly different number of carbon atoms, since both ionic liquids have
only varied by one carbon atom in total. The contributions of the increased
alkyl chain length are recognized in a binding energy range from 5 to 11 eV for
[OMPyrr]Tf2N compared to those of [OMIm| TN, which are present from 5 to
13 eV. Herein, the carbon contributions are shifted in their onset position within
the peak at a binding energy of about 7 €V towards lower values with increasing
alkyl chain length, a similar behavior was recognized for the imidazolium-based
cation. Differences in the respective peak shapes for the carbon contributions
are noticed: for the pyrrolidinium-based ionic liquid of [OMPyrr]TfoN a broad
plateau with a small tip at around 8 eV is present, while [OMIm|T{aN has
offered a lower plateau with the highest intensity closer to the valence band
edge at circa 6.5-8 eV (cf. Figure 37).
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A dominating contribution from fluorine is detected in the highest peak of
the UPS (He II) spectrum at approximately 11 eV. Herein, other contributions,
which have originated from oxygen, carbon, and nitrogen, are discovered with
lower amount, too. The very strong contribution from sulfur, which was pre-
viously found in the reconstructed XPS spectra, has nearly disappeared in the
UPS (He II) spectra due to its very low cross section as observed for the ionic
liquids of [XMIm|Tf,N. For the third peak at about 15.5 €V, a dominating fluo-
rine as well as a slight carbon contribution are verified. Further peaks at higher
binding energy values at around 18 and 19.5 €V are noticed in the reconstructed
spectra. These peaks are not suitable for a quantitative comparision with the
experimental spectra, since in this binding energy range the experimental spec-
tra are affected by a significant background from inelastically scattered electrons
as well as potentially very small or partially inavailable photoionization cross

sections for all elements expected at these binding energies (cf. Table 1).

8.2 Chapter summary: a comparison to their imidazo-

lium-based analogs

The general shape of the reconstructed and experimental XPS and UPS (He II)
valence band spectra of [XMPyrr]Tf,N is observed as close to those of the recon-
structed spectra from a [XMIm|Tf;N ion pair due to a dominating contribution
of the [TfsN] anion. All contributions of the anion are reconstructed with a sim-
ilar progression for both ionic liquids. Nevertheless, for the pyrrolidinium- and
imidazolium-based cations different peak positions and curve progressions are
identified using both radiation sources. As a result of this, for the cation-related
elements of carbon and nitrogen clearly different peak structures are recognized
within the XPS and UPS (He II) valence band spectra, which are principally
overlaid by the strong anion contributions. For an increase of the longer alkyl
chain, which is most probably directed towards the vacuum, the respective ad-
ditional contributions are assigned to unequal binding energy ranges for these
two kinds of ionic liquids. Nonetheless, both have demonstrated a shift towards

lower binding energies with increasing alkyl chain length.
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Part IV

Results of the reconstruction of
valence band spectra of ionic
liquids with metals and alkali

metals

Additional metal and alkali metal atoms in ionic liquids present a concept with
a multitude of potential applications. These involve for example the field of
electrochemistry and materials science with usages in electroplating [158, 159]
as well as highly efficient batteries and supercapacitors [158, 159, 160] or cat-
alytic applications [128, 141]. For this purpose, atoms can be added to ionic
liquids in several ways: they can be (electrochemically) dissolved in, deposited
from the gaseous phase onto the ionic liquid or incorporated as an entire part
of one or both of the ions. The solubility of materials in ionic liquids is in prin-
cipal higher if the species have featured an ionic character [161]. Ionic liquids
with dissolved or likewise evaporated metal atoms have gained interest for the
generation of nanoparticles and deposition of layers of these materials, e.g. by
use of an electrochemical or plasma treatment of these liquids [147, 159, 162].
A special arrangement in the near surface region for ionic liquids with the dis-
solved species, i.e. a strong enrichment or depletion of the respective atoms,
can be expected [163]. For this analysis copper is chosen as a representative for
metals, which has possessed a broad application potential and is compared to
the experimental spectra. Lithium and potassium, which belong to the group

of alkali metals, are selected because of their technological relevance.

The investigated (alkali) metal atoms have offered different charge states,
which has led to various spin arrangements. For the charged alkali atoms their
partial charge is fixed to a single positive charge, but for the copper species
the charge of either Cu™ or Cu?" is uncertain. An assignment of the exact
charge state is complicated, since the related Cu2p states are accompanied by
shake-up structures. All of the neutral atoms on the one hand are present with
a clearly defined charge state and on the other these are accompanied by spin-

related challenges for the quantum-chemical calculation due to their unpaired
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electron. Nevertheless, the employed calculations have to provide reliable bind-
ing energies, since they have covered the basis for the subsequent reconstruction
method. Different kinds of interaction between the ionic liquids and the metal
or alkali metal atoms as well as their influence on the resulting electronic struc-
ture have to be regarded prior to spectra reconstruction and comparison to the

experiment.

9 Interaction of ionic liquids with evaporated me-
tal and alkali metal atoms and the resulting

valence band spectra

The interaction of an ionic liquid with additional species is apparent. In this
chapter, available experimental data are obtained from evaporated atoms on a
standard ionic liquid of [EMIm]Tf;N under inert conditions. The valence band
spectra of the neat ionic liquid were already investigated in Chapter 6.2. Ionic
liquids are complex materials itself, since they are formed by charged units
and have typically contained a number of polyvalent atoms. The deposited
neutral atoms have offered an unpaired spin, which has to be considered for
the quantum-chemical calculation. The molecular systems have to be balanced
in both their overall charge and overall spin due to the previously described
requirement that these calculations have to provide reliable binding energies for
the subsequent spectra reconstruction. As a result of these conditions, in all
cases a cluster of ion pairs from the ionic liquid and metal or alkali metal atoms

with a stoichiometric composition of [Cation]|z[Anion];Metaly is calculated.

In contrast to this, a combination of ions from ionic liquids together with
charged metal or alkali metal ions, like Cu™/Cu?", Li", Na®, and K*, which
are typically present in case of an electrochemical dissolution or pair forma-
tion between these charged atoms and the ionic liquid prior to a subsequent
treatment (cf. refs. [148, 164]), would be accompanied by further effects. Their
related cluster calculations might require inter alia the use of an unequal num-
ber of anions and cations or an overall charge. Both facts would lead to more
complex interactions on the one hand in between the ions of the ionic liquid
itself and on the other with the metal or alkali metal ions and the ionic liquid.
These calculations could be accompanied by an unpredictable charge transfer

between the metal or alkali metal ions and the ionic liquid, which might result in
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uncontrollable binding energy shifts for the subsequent reconstruction. In this
context, a more extensive rescaling procedure has to be introduced due to these
multifaceted interactions. The dissolution and plasma processes are additionally
associated with a change in charge of the ionic liquid [148], which might feature
a further complexity for the determination of the binding energies comparable
to the effects during degradation of a neat ionic liquid (cf. Chapter 5). In con-
sequence, a consideration of the evaporated metal and alkali metal atoms will
be adequate to analyze their interaction with the ionic liquid on the simplest
and all at once still sufficiently complex level. Subsequently, these results may

also be partially transferred to their respectively charged species.

9.1 Evaporation of copper onto [EMIm|Tf,N

Two copper atoms and two ion pairs from [EMIm|T{sN are assembled for the
calculated charge- and spin-balanced cluster displayed in Figure 51. Herein, the
interaction between copper and the ionic liquid is established by means of the
central carbon atom C! within the [EMIm] cation (for respective nomenclature
see Figure 9). The two copper atoms have formed a diatomic structure. In the
performed NBO charge analysis (see Chapter 3.2 for the methodical basis), a
partial charge in the order of +0.2 e is ascertained to each copper atom. Con-
sequently, a second relative shift for the potentially charged additional species
ANAFE gqdspecies has to be incorporated into the binding energies of the recon-
structed spectra. From the rescaling procedure the respective values are ob-
tained in comparison to the neat ionic liquid: the scaling factor of f = 1.02830
is found as similar as for the pure ionic liquid (f = 1.02838). Whereas, the abso-
lute shift for [TN] of AE = —2.69¢eV as well as the relative between [EMIm| "™
and [Tf;N] of AAEcation— Anion = —1.77€V are found both significantly higher
than for the neat ionic liquid (AE = —1.36eV, AAEcation— Anion = —1.10eV).
In contrast to this, a lower shift might be expected due to the transfer of neg-
ative charge to both ions of the ionic liquid. It might be concluded that this
transferred partial charge is not equally distributed to the atoms within the
cation and anion. This could provoke changes in the respective chemical envi-
ronments for the ions (cf. ref. [165]) or additional effects on the sample charging
for the experimental spectra compared to the neat ionic liquid (cf. ref. [35]).
The reconstructed copper contribution is additionally shifted relative to those
of the [Tf;N] anion of the ionic liquid by AAE sgqaspecies = —1.00 eV, which

might result from the slight overestimation of the partial charge by circa +0.2 e
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Figure 51: Structure of the calculated charge- and spin-balanced cluster
consisting of ionic liquid and copper in the stoichiometric composition of
[EMIHI]z[TfQN]zCUQ

of the potentially neutral copper (cf. a charge-related shift of around 6 €V /e in
ref. [126]).

The reconstructed XPS valence band spectra from the calculated cluster are
displayed in Figure 52 with a deconvolution into the ions and the copper (top)
and the contained elements (bottom). These have exhibited a similar valence
band structure for the [EMIm|TfsN contributions compared to the neat ionic
liquid (cf. Figure 36). An additional peak, which is obviously not caused by
[EMIm|Tf2N;, is recognized in the experimental spectrum at a binding energy of
approximately 3.5 eV. This peak has originated from copper on the basis of the
reconstructed spectrum, which can be assigned to the Cu3d state by means of
an experimental peak at a similar binding energy position for the evaporation
of copper onto organic systems [166]. A rough estimation of the ratio between
copper atoms and ion pairs of [EMIm|Tf;N in the order of appoximately 1:7 is
determined with the aid of the peak heights in the valence band. In this context,
it has to be noticed that this ratio is estimated in the near surface area with
a typical information depth, which has comprised approximately the first 8 nm
below the surface and enrichment or depletion effects might additionally occur
[163].
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Figure 52: Reconstructed XPS valence band spectra for copper evaporated onto
[EMIm|TfoN with a deconvolution into the ions (top) and elements (bottom)
from the calculated cluster displayed in Figure 51 in comparison to the exper-
imental spectrum. The spectra are normalized to the height of the peak at
approximately 10.5 eV. All binding energies of the reconstructed spectra are
rescaled by f = 1.02830, AE = —2.69 eV, and AAE¢ation—Anion = —1.77 €V,
while for the copper contribution a second relative shift of AAE Aqaspecies =
—1.00 eV is applied. The experimental spectrum is obtained from personal
communication with Dr. A. Ulbrich.
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Figure 53: Structure of the calculated charge- and spin-balanced cluster
consisting of ionic liquid and lithium in the stoichiometric composition of

9.2 Evaporation of lithium onto [EMIm|Tf,N

A calculated charge- and spin-balanced cluster composed of two lithium atoms
and two ion pairs of [EMIm|Tf;N is illustrated in Figure 53. Different inter-
actions between lithium and the ionic liquid are found within this cluster: the
first lithium atom is surrounded by oxygen and nitrogen from the [Tf2N] an-
ion, while the other has interacted with nitrogen of the second [Tf;N] anion
and parallel an interaction of minor importance with the C! within the [EMIm]
cation is established. Herein, the lithium atoms have moved apart from each
other. A preferred interaction in between [TfsN] (especially the oxygens) and
lithium was suggested in refs. [160, 165, 167]. Whereas, the interaction with
the central carbon atom of the cation is supported by ref. [164]. The respective
partial charges of both lithium atoms are estimated in the order of +-0.6 e based
on the NBO charge analysis. This high partial charge might be expected due

to the reason that lithium has featured a very low ionization potential.

The reconstructed UPS (He IT) and XPS valence band spectra (top/bottom)
as well as the respective DOS (middle) of the [EMIm];[Tf,N];Lis cluster are
displayed in Figure 54. In the reconstructed UPS (He II) spectrum, the major
elements of [EMIm|TfaN are identified in similar way as found in the recon-
struction of the neat ionic liquid (cf. Figure 37). No significant contributions
are recognized for lithium close to the valence band edge in UPS (He II) due
to the comparably low photoionization cross section of the Li2s orbital (cf. Ta-
ble 1) as well as the high partial charge preferably found for this orbital. On
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Figure 54: Reconstructed UPS (He II) spectra (top) and XPS valence band
spectra (bottom) for lithium evaporated onto [EMIm]T{sN in comparison to
the respective pDOS (middle) with a deconvolution into the ions or elements.
All contributions are achieved from the [EMIm]s[TfoN]2Lis cluster displayed in
Figure 53. A rescaling procedure is not applied due to the lack of experimental
spectra.
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the contrary, for XPS and DOS a clear lithium contribution is noticed at a cal-
culated binding energy of about 52.5 eV. This contribution is addressed to the
Lils state, which is quoted with a binding energy of 59.8 €V by ref. [119]. The
contributions related to the Li2s states are identified by the respective partial
density of states (pDOS) in a broad range from circa 4 to 17 €V with a minor
concentration. In addition, this is caused by the interaction between lithium
and the ionic liquid, where a partial transfer of charge out of the Li2s state into
the unoccupied orbitals of the ionic liquid has occurred. In the reconstructed
XPS valence band spectrum, these contributions have completely disappeared
relative to the signal height of all other contained elements or ions due to the
well-known small XPS cross sections for elements with a low atomic number
(cf. ref. [119]). Nevertheless, the presence of lithium incorporated in [Li-Tf;N]
salts in the near surface region is concluded by T. Kurisaki et al. [160], since the
[Tf2N] anion is preferably found at the surface in the neat ionic liquid, which is

further in agreement to the results obtained in Chapter 6.2.2.

9.3 Evaporation of potassium onto [EMIm]|Tf,N

The cluster of [EMIm][Tf2N]2Ko is displayed in Figure 55, which has contained
two potassium atoms surrounded by two ion pairs from [EMIm]|T{,N. Herein,
interactions between potassium atoms and nitrogens of the [Tf2N] anions are
established, while the distance in between these are found smaller than in be-
tween both potassium atoms. The NBO analysis has revealed a partial charge
in the order of +0.1 e for each potassium atom. In consequence, the relative
shift AAFE gqdspecies for the potassium contribution is expected to be small in
comparison to neutral potassium atoms, which are evaporated onto the ionic
liquid.

The reconstructed UPS (He IT) and XPS valence band spectra (top/bottom)
as well as the related DOS (middle) of the [EMIm]s[Tf2N]2K> cluster are illus-
trated in Figure 56 with deconvolution into the ions (left) and the contained
elements (right). In general, the reconstructed XPS spectra are received as sim-
ilar compared to the neat [EMIm]Tf;N ionic liquid. Their respective binding
energies are found at higher values in the range of +1 to +1.5 eV compared to
the neat ionic liquid. In contrast, the relative binding energy position of the
contributions of the two additional atoms is unknown, but will be corrected by

the introduction of an absolute shift AE and an relative shift AAE sqqspecies
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Figure 55: Structure of the calculated charge- and spin-balanced cluster con-

sisting of ionic liquid and potassium in the stoichiometric composition of
[EMIm]z[TfQN]sz

in comparison to the experiment. A significant contribution of potassium is
observed at circa 20 eV and has distinctly exceeded the spectral features re-
lated to the ionic liquid. This peak is addressed to the K3p state, which is
accompanied by a high photoionization cross section (cf. Table 1). A small con-
tribution from potassium is additionally recognized at around 2.5 eV. Decent
hints that this contribution has most probably originated from the interaction of
potassium with the nitrogen from the anion are provided from the elementwise
analysis of the pDOS in Figure 56 and with respect to the calculated cluster
displayed in Figure 55. But a further ’shoveling around’ of the contributions
into other potassium states cannot be excluded without a final comparison to
the experimental spectra. In contrast to XPS and DOS, this contribution has
nearly disappeared in the reconstructed UPS (He II) spectrum, since the K3p
orbital has featured a small photoionization cross section for UPS compared to
the elements of the ionic liquid (cf. Table 1).

9.4 Chapter summary

Preferred interactions between the additional atoms and a particular ion of the
ionic liquid (cf. refs. [160, 164, 165, 167]) are well reproduced by means of small
clusters calculated for the subsequent spectra reconstruction. The reconstructed
XPS and UPS (He II) valence band spectra are superimposed by the contribu-
tions of the neat ionic liquid and added (alkali) metal atoms with exception of

small binding energy ranges, where finger prints of the respective interactions
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are present. An introduction of a further shift AAE 4q44species for the contribu-
tions of the additional species relative to those of the ionic liquid in the rescaling

procedure has demonstrated its applicability for the reconstructed spectra.
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10 Valence band spectra of copper-containing i-

onic liquids

The reconstructed valence band spectra of copper-containing ionic liquid of
[Cu(Im®)5]CuCl, are investigated with respect to the electronic interactions
between copper atoms in both cation and anion, which have featured differ-
ent chemical environments. For the [Cu(Im®)4]" the number of imidazolium
groups attached to the copper atom in the cation is enhanced compared to the
[Cu(Im®)s]*. Thus, the contributions of the respective ions and elements as well
as their binding energy positions in the valence band are of particular interest

for those copper-containing ionic liquids.

10.1 Reconstructed valence band spectra
10.1.1 XPS valence band spectra

The reconstructed XPS valence band spectrum of [Cu(Im®),|CuCly is illustrated
in Figure 57 with a deconvolution into the respective ions (top) and contained
elements (bottom). Herein, a dominating contribution by the [CuCly] anion is
recognized. A clear separation of the anion contribution into peaks at circa 16 eV
(primary Cl3s state) and below 4 eV (primary Cl3p state) is noticed in Figure 57
(bottom). These two peaks have varied in height due to the effect of ’shoveling
around’ of contributions between these two orbitals in the calculation, while
a similar behavior was already observed for the contributions of carbon and
nitrogen in [XMIm]Tf;N (cf. Chapter 6.2.1). Moreover, this effect is dependent
on the applied basis set and functional (cf. Chapter A.1 in the Appendix).
Additional contributions are calculated below the experimental valence band
edge, which are caused either by a charge transfer from cation to anion or a
potential 'shoveling around’ of contributions from occupied states into regularly
unoccupied ones. In the reconstructed spectra of the anion, the contributions
from chlorine and copper are detected with similar progression. A significant
interaction between these two elements is concluded from the fact of a preferred
ionic bonding, while also the cations’ copper atom might partially be included.
Herein, the copper atom of the anion is present within the peak at around 4 eV,
while the one from the cation is primarily present in the peak at circa 7 eV.
Nevertheless, a small interaction in between the two copper atoms in cation and

anion is observed by occasional parallel progression in the reconstructed XPS
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Figure 57: Reconstructed XPS valence band spectra of [Cu(Im®)2]CuCly with
a deconvolution into ions (top) and elements (bottom). The spectra are nor-
malized to the height of the peak at about 4 eV. All binding energies of re-
constructed spectra are modified by f = 1.03045, AE = -3.02 ¢V, and
ANEcation—Anion = —1.05 eV, The experimental spectrum is obtained from
personal communication with Dr. M. Himmerlich.
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spectrum between circa 1 and 6 €V, which has led to a partial delocalization of

the copper-related states over both atoms.

For the reconstruction of the XPS valence band spectra of the [Cu(Im®)s]
cation, all peaks are accompanied by distinctly lower heights than for the [CuCls]
anion, which are caused by the smaller cross sections of carbon, nitrogen, and
hydrogen. The first cation-related contribution with distinct intensity is ob-
served near the valence band edge and a second one is found at about 7 eV.
Both are mainly shaped by the cations’ copper atom. Significant contributions
of the cations’ nitrogen and carbon atoms are detected above 12 eV due to
the perceptible cross section for the N2s and C2s states. However, these states
are found in a broad range with remarkable intensity. It has to be mentioned
that the experimental spectrum has not featured distinct peak structures above
18 eV, since it is already affected by inelastically scattered electrons.

The reconstructed XPS valence band spectra of the ionic liquid [Cu(Im®)4]-
PF¢ are depicted in Figure 58 together with a deconvolution into the respective
ions (top) and contained elements (bottom). A first peak is recognized at ap-
proximately 4 eV in the experimental spectrum, while the experimental valence
band edge is detected around 2 e€V. However, the related reconstruction has re-
vealed that this peak is exclusively caused by the copper atom, but this peak is
only reproduced with a slight amount of the experimental intensity. A second
broad peak is shaped nearly equally by both ions in a binding energy range from
approximately 7 to 11 eV. This peak is dominated by both fluorine from the
anion and copper from the cation. Two peaks at circa 13 and 16.5 eV have orig-
inated from the anions’ phosphorus and fluorine contributions in equal shares,
while the second peak is shaped by carbon with similar intensity than found for
the [PF¢] anion. The carbon contributions have dominated the spectra above
14 €V due to the significantly higher photoionization cross section for the C2s
compared to the C2p orbitals. A distinct difference between reconstructed and
experimental spectra has remained, which is especially found for the peaks at
around 4 and 13 eV. Nevertheless, from the applied spectra reconstruction an
assignment of the contributions to the respective ions and elements is enabled

for these ionic liquids.

10.1.2 UPS (He II) spectra

The reconstructed UPS (He II) spectra of the valence band of [Cu(Im®);|CuCl,

are displayed in Figure 59 with a deconvolution into the contained ions (top)
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Figure 58: Reconstructed XPS valence band spectra of [Cu(Im®),|PFg with
a deconvolution into the ions (top) and elements (bottom). The spectra are
normalized to the height of the peak at approximately 16.5 eV. All binding
energies of reconstructed spectra are modified by f = 1.02427, AE = 4+0.25¢eV,
and AAFEcation—Anion = —0.60 eV. The experimental spectrum is obtained
from personal communication with Dr. A. Ulbrich.
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and elements (bottom). Contributions of the anion are recognized at binding
energies of around 4 and 16.5 €V, which are caused by the Cl3p and Cl3s states,
respectively. The intensity of these two states is regarded as minor compared
to the cation contributions at the respective binding energies. Thus, cation-
related states are found to dominate in the whole binding energy range from
the valence band edge up to 18 e€V. Herein, a broad structure with two peaks at
circa 6.5 €V and 9.5 eV as well as another peak at about 13.5 eV are addressed
to [Cu(Im®),]". These three peaks have originated from primary carbon and
additionally from nitrogen, which is typically present with an intensity in the
order of 60 to 75 % of those of the carbon. Minor hydrogen contributions are
observed in the binding energy range from 5 to 15 eV. No significant contribution
is detected for copper in both cation and anion in the reconstructed UPS (He IT)
spectra due to the very low photoionization cross section for the Cuds orbital.
However, the Cu3d orbital with its much higher photoionization cross section

has not contributed with a perceptible amount.

The reconstructed UPS (He II) spectra of [Cu(Im%)4|PFg are illustrated in
Figure 60 with a decomposition into the contributions of the ions (top) and the
elements (bottom). A first peak at around 4 €V and a second one at about 6.5 eV
are assigned to the [Cu(Im®)4]", where the latter is only present as a shoulder
in the experimental spectra. Both peaks are primarily shaped by the carbon
within the cation, while the peak at around 4 eV has contained a significant
amount of nitrogen, too. Nevertheless, both peaks are reconstructed with much
lower intensity than present in the experimental spectrum. This might lead to
the assumption that the experimental spectra of the ionic liquid [Cu(Im®),]PFg
could be affected by additional contributions or unexpected effects. At higher
binding energies, two main peaks close to 8 eV and at about 9 €V are recog-
nized in the experiment, which are accompanied by additional shoulder peaks.
These peaks from 7 €V up to 13.5 €V are predominantly provoked by the [PFg]
anion and especially the fluorine atoms therein, which are accompanied by high
UPS (He II) photoionization cross section for the F2p orbital. However, the
two major peaks are not clearly separated in the reconstruction compared to
the experiment. A broad double peak structure caused by carbon and nitrogen
of the cation is observed in addition to the strong anion contribution in the
binding energy range from circa 7 to 13 eV. At a binding energy of approxi-
mately 16.5 eV, a further peak is detected, which has predominantly originated
from the cation with its carbon and nitrogen atoms rather than from the an-
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Figure 59: Reconstructed UPS (He II) spectra of [Cu(Im%)2]CuCly with a de-
convolution into the ions (top) and elements (bottom). The spectra are normal-
ized to the height of the peak at approximately 9.5 eV. All binding energies of
the reconstructed spectra are modified by f = 1.03045, AE = —2.92 ¢V, and
ANEcation—Anion = —1.05 eV, The experimental spectrum is obtained from
personal communication with Dr. M. Himmerlich.
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Figure 60: Reconstructed UPS (He II) spectra of [Cu(Im®)4|PFs with a decon-
volution into the ions (top) and elements (bottom). The spectra are normal-
ized to the height of the peak at approximately 9 eV. All binding energies of
the reconstructed spectra are modified by f = 1.02427, AE = +40.10 ¢V, and
ANEcation—Anion = —0.60 eV. The experimental spectrum is obtained from
personal communication with Dr. A. Ulbrich.
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ion states. Potential reasons for all of the mentioned differences found between
reconstructed and experimental XPS and UPS (He II) valence band spectra of
the copper-containing ionic liquids will be further investigated and discussed in
Chapter 10.2 and Chapter 10.3, respectively.

10.2 Effect of photoionization cross sections and their cal-
culation methods on the valence band spectra

The reconstructed XPS valence band spectra of [Cu(Im®),]CuCl, are displayed
in Figure 61 for which the photoionization cross sections from two different
sources, i.e. I. M. Band et al. [120] as well as J. J. Yeh and I. Lindau [119], are
employed. Potential effects of the different photoionization cross sections for
the reconstructed XPS valence band spectra are investigated here. Whereby,
especially the contributions below or near the valence band edge will be re-
garded. Partially different methodical approaches, which were quoted in the
two references [119, 120], are illustrated for the photoionization process and
related cross section calculation: I. M. Band et al. [120] have considered first
order pertubation theory using a one photon and one electron approach together
with electron wave functions from relativistic self-consistent Dirac-Slater poten-
tials of the uncharged atom. All multipoles are taken into account for these
calculations. Relativistic effects are reasoned with their particular importance
for low photon energies and have additionally accounted for differences in the
asymmetry parameters compared to a non-relativistic treatment (cf. ref. [120]).
This approach is further adapted for circular and unpolarized photons and cer-
tain solid state effects. Whereas, in the work of J. J. Yeh and I. Lindau [119]
a simplified method is utilized regarding Hartree-Fock-Slater states. The pho-
toionization cross sections are obtained from wave functions calculated accord-
ing to F. Herman and S. Skillman [168], which are used together with a dipole
length approximation. Only dipoles instead of multipoles, which might possess
a strong effect on low binding energy orbitals of elements of large atomic num-
ber, together with a non-relativistic treatment are considered in this approach.
In particular, this method is specified for linearly polarized photons.

In Figure 61, the comparison of reconstructed spectra using the abovemen-
tioned different methods for the calculation of photoionization cross sections
has resulted in no significant differences. This fact has most probably arisen

from the minor relative differences between the relativistic and non-relativistic
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Figure 61: Reconstructed XPS valence band spectra of [Cu(Im®),]CuCly with
a deconvolution into ions (top) and elements (bottom). For these reconstruc-
tions different photoionization cross sections from I. M. Band et al. [120] (left)
and from J. J. Yeh and I. Lindau [119] (right, already displayed in Figure 57)
are utilized. The spectra are normalized to the height of the peak at around
4 eV for both methods. All binding energies of the reconstructed spectra are
modified by f = 1.03045, AE = —3.02 €V, and AAEcation— anion = —1.05 €V
The experimental spectrum is obtained from personal communication with Dr.

M. Himmerlich.
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treatments as well as considerations on the one hand of multipoles or dipoles
and on the other circular-/non-polarized or linearly polarized radition. No im-
provements regarding the contributions present above the experimental valence
band edge are obtained in the reconstruction. In addition, no advances for
the height ratios of the Cl3s and Cl3p states are achieved by the utilization of
photoionization cross sections obtained by the two partially different calculation
approaches. Stronger effects might be found for other elements with large atomic
numbers, which are significantly higher than copper with Z = 29. Thus, the de-
tected differences have to be attributed to other reasons. The quantum-chemical
calculations could exemplarily be responsible for some of the deviations, since
they have shaped the basis of the subsequent reconstruction. The contained
elements with an uncertain charge state, such as copper, and the elements for
which the quantum-chemical description is commonly known as inappropriate
or highly complex, such as chlorine, might force the calculation close to the limit
for providing reliable results. Moreover, potential impurities can be regarded
as another reason for the differences between experimental and reconstructed

spectra, which will be analyzed in detail hereinafter.

10.3 Effect of sample impurities on the valence band spec-

tra

In the experimental survey spectra displayed in Figure 62, impurities from sil-
icon and oxygen are identified, which both are not attributed to the initial
ingredients of [Cu(Im®)4|PFgs. The mentioned species were most probably in-
troduced through the synthesis or purification process, where SiOs-containing
materials were partially involved. The high solubility of oxidic materials in
ionic liquids has resulted from the slightly ionic character of these oxides [161].
These SiOs-based impurities might contribute with additional spectral features
in the valence band, which have been analyzed in Chapter 10.1. Thus, experi-
mental spectra of pure SiO, or oxidized silicon recorded with radiation sources
of the same or similar photon energy will be utilized to investigate the poten-
tial differences between reconstructed and measured valence band spectra of
copper-containing ionic liquids.

The valence band spectra of oxidized Si(111) surfaces produced via temper-

ature treatment under an appropriate oxygen partial pressure are studied by
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Figure 62: XPS survey spectra of [Cu(Im®),|PFg with an assignment of the
peaks to the respective atomic orbitals. The experimental spectrum is obtained
from personal communication with Dr. A. Ulbrich.
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Figure 63: Effect of oxidation progression on the valence band spectra of Si(111)
studied by XPS using Al K,, radiation. (With the courtesy of: Elsevier, H. No-
hira and T. Hattori, Appl. Surf. Sci., 117/118 (1997) 119-122, page 120 [169])
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XPS using Al K, radiation in Figure 63. Herein, spectral features of SiO» at
binding energies of approximately 4, 8, 10.5, and 12.5 eV are identified, while the
latter is only found at enhanced oxidation progression. An additional contribu-
tion found in the strong peak at around 4 eV in the experimental XPS valence
band spectra of |[Cu(Im®)4|PFg can be attributed to the SiOs impurities. The
SiOy peak at 8 eV may be associated with the the shoulder at around 7.5 eV
in the experimental spectra, which is not found in the reconstructed spectra for
[Cu(Im®),]PFs. An intensity plateau between 10 and 12 eV in the experiment
can be related to the SiOs peak at 10.5 eV, whereas from the reconstruction of
the pure ionic liquid a reduced intensity is expected in this range. A modifica-
tion of the experimental spectra is obviously caused by the SiO, peak at 13 eV,
where only half of the experimentally detected intensity is achieved from the re-
construction. In this context, it is regarded that the background by inelastically
scattered electrons might begin in this binding energy range. At this binding
energy a peak with slightly smaller height compared to those at 8 and 10.5 eV
is ascertained in the reference study [169].

In a study by M. L. O’Brien et al. [170], 6H- and 4H-SiC treated by an
oxygen plasma as well as SiO, layers deposited on both substrates by PECVD
are investigated using UPS (He I) radiation displayed in Figure 64. In this
context, it has to be noticed that this kind of comparison is performed between
UPS (He IT) and UPS (He I) spectra, which might be affected by slightly differ-
ent photoionization cross sections (cf. ref. [119]). Both radiation sources have
offered a comparable photon energy and, thus, the spectra have featured similar
photoionization cross sections, which are sufficient for the performed qualitative
comparison. Two main peaks are found for oxidized 6H- or 4H-SiC at approxi-
mately 6.5 and 11 eV, while the valence band edge is identified at around 5 eV.
Those peaks are recognized at around 7.5 and 11.5 eV as well as 8 and 12 eV for
the PECVD-deposited SiOs layers on 6H- and 4H-SiC, respectively. The first
peak is characterized by a comparably broad shape and, herein, the valence band
edge is observed at higher coverage in the binding energy range of 4 to 5 eV. In
the experimental spectra, this fact has become evident by the additional spec-
tral features ranging from approximately 5 to 8 €V, which are not present in the
reconstruction of the neat copper-containing ionic liquids. The second peak at
around 11-12 €V is assigned with a significantly smaller intensity than the first
one. Thus, the XPS and UPS (He II) valence band spectra of |[Cu(Im®),|PFg
are significantly influenced by the SiO, impurities. Regarding these additional
spectral features the differences between reconstructed and experimental spec-
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Figure 64: Effect of oxidation on the valence band spectra of 4H n-type SiC
(left) and 6H n-type SiC (right) studied by UPS (He I). Herein, the spectra of
the v/3 x /3 reconstructed SiC (a), SiC exposed to oxygen (b), after a 30 s
oxygen plasma treatment (c), after a 1 min oxygen plasma treatment (d), and
a 1.5 nm PECVD-generated layer of SiOs (e) are displayed. (With the courtesy
of: The American Vacuum Society, M. L. O’Brien et al., J. Vac. Sci. Technol.
B, 18 (2000) 1776-1784, page 1781/1782 [170])

tra of the copper-containing ionic liquids have resulted by approximation of a

superposition of their respective contributions.

10.4 Chapter summary

A partial overlap between the contributions of both copper atoms in cation and
anion is determined for [Cu(Im%),|CuCl,. However, noticeable differences in the
valence band between reconstructed and experimental XPS and UPS (He II)
spectra are observed due to various reasons: for [Cu(Im%);]CuCly additional
minor contributions of copper and chlorine are detected below the experimental
valence band edge, which have demonstrated that these calculations of polyva-
lent and complex atoms are close to the limit for reliable reconstruction results.
Photoionization cross sections calculated by partially different methodical ap-
proaches [119, 120] have not improved the reconstructed XPS valence band spec-
tra. On the contrary, the experimental spectra of [Cu(Im®),]PFg are strongly
influenced by the presence of SiOs-based impurities. Nevertheless, the recon-

structed spectra of the copper-containing ionic liquids are principally found in
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agreement to the experimental ones with consideration of the additional spectral

contributions of the model species for these impurities.
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Part V

Summary and outlook

11 Summary

A suitable method for the reconstruction of X-ray and ultraviolet photoelectron
spectra (XPS and UPS) by means of incorporation of photoionization cross sec-
tions and a Gelius intensity approach is introduced in the present thesis. This
reconstruction method is a very powerful tool, since it is based on quantum-
chemical calculations of fundamental units, like single ion pairs for neat ionic lig-
uids [33, 36, 90| or small charge- and spin-balanced clusters for the consideration
of ionic liquids with additional atoms. The preferred interaction sites between
the ions as well as in between the additional atoms and the ionic liquid are cal-
culated in agreement with other studies [75, 87, 95, 137, 150, 160, 164, 165, 167].
In particular, a quantitative reproduction of the valence band spectra with their
intertwined contributions originating from different contained elements is exclu-
sively provided by this technique [33, 36, 90]. Three rescaling parameters are
utilized to adapt the calculated binding energies of neat ionic liquids to the ex-
perimental ones [36, 90], while the evidence for a further shift is obtained from

the cluster calculations.

The structure of Cls and Nls core levels of several ionic liquids is analyzed
with the aid of the developed reconstruction method in comparison to the exper-
iment and has revealed the origin of the detected order of states. This order is
defined by their chemical environment, interaction partners, and partial charges.
Herein, a direct relationship between the binding energy and the distance be-
tween a particular carbon atom and the two nitrogens in the imidazolium-based
cation is ascertained for [XMIm|Tf;N (see Chapter 4.1). This dependence has
further propagated through the whole alkyl chain [90] and has featured the
dominating effect for the present order of binding energies rather than a gen-
eral distinction into ’aromatic’ and ’aliphatic’ carbons [14, 15] or a conceivable
influence of different carbon partial charges [30, 87]. In Chapter 4.2, a stronger
interaction with additional contributions to the pure distance to the central
nitrogen atom is observed by means of the Cls core levels of [XMPyrr]TfoN
compared to the imidazolium-based analog, which is not in contradiction to

another study [140]. The various partial charges of the nitrogen atoms in the
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copper-containing ionic liquids with two and four attached imidazolium rings
have led to different separations of their N1s states, which are recognized in both
reconstructed and experimental spectra (cf. Chapter 4.3). The reconstructed
core level spectra from fragments of the cation and anion of [EMIm]T{;N in
Chapter 5 have confirmed the degradation mechnisms concluded from the ex-
periment [125] and have provided decent hints towards co-occurring degradation
mechanisms accompanied with comparable binding energy shifts.

For the valence band spectra using the examples of imidazolium- and pyrro-
lidinium-based ionic liquids, a quantitative deconvolution into the contributions
of the respective ions and contained elements is enabled by this reconstruction
method for the first time. The reconstructed valence band spectra are indepen-
dent from the relative ion pair geometry for the ionic liquids of [XMIm|Tf;N.
In contrast, an influence of the geometry on the separation between Cl3s and
Cl3p states is noticed for the imidazolium-based cation with the chlorine anion
present in highly defined geometries. A determination of the preferred orien-
tation of the ions at the surface is achieved with the aid of difference spectra
(cf. Chapter 6.2.2) or relative changes in the experimental intensity (cf. Chap-
ter 7.1), since the reconstruction has provided absolute heights on which the
experimental spectra can be normalized: in both cases the cations’ longer alkyl
chain protrudes towards the vacuum, while the [TfoN] anion is also present at
surface due to its considerable dimensions. On the contrary, the small [Cl] an-
ion is burried beneath the cations’ longer alkyl chain. All identified orientations
and surface arrangements are in agreement with the results of other authors ob-
tained by different experimental methods [14, 15, 31, 42, 63, 155] and molecular
dynamics simulations [79, 80, 84]. In Chapter 8, clear differences are recog-
nized in the valence band for the binding energy positions of the contributions
related to the increased alkyl chains of imidazolium- and pyrrolidinium-based
ionic liquids.

The reconstructed valence band spectra of the ionic liquids with additional
atoms are primarily superimposed by their contributions, while the respective
interactions are found in small binding energy ranges (cf. Chapter 9). A final
analysis of the valence band spectra for copper-containing ionic liquids in Chap-
ter 10 is complicated due to either the effect of 'shoveling around’ or SiO»-based
impurities in the sample liquids. Nevertheless, the reconstruction method has
enabled a principal assignment of the respective contributions within the exper-
imental spectra under consideration of the additional spectral features caused

by the contained impurities.
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12 Outlook

The developed reconstruction method can be further applied for the analysis of
XPS, UPS (He II), and UPS (He I) spectra of organic species, which has compro-
mised a broad set of substances ranging from small molecules up to polymeric
materials. For this purpose, optimized basic units, such as a monomer of the
studied polymers, are utilized for the subsequent reconstruction. A sufficient
agreement for a quantitative analysis of the valence band spectra is achieved
by these basic units and has revealed the respective chemical enviroment with
characteristic bonds [171].

The Kohn-Sham states resulting from the DFT calculations do not essen-
tially fulfill Koopmans’ theorem. But the employed hybrid functional B3-LYP
has contained an exchange term, which has partially satisfied this theorem.
Thus, the calculated binding energies can be modified by means of the em-
ployed rescaling procedure for neat ionic liquids using three parameters (f,
AExps/ups, and AAEcation—Anion)- An improvement can be achieved for the
calculated binding energies by use of Koopmans-compliant functionals, which
have provided suitable results for the binding energies of small organic molecules
[127]. Finally, only a single absolute shift AEx pg/yps has to be applied as a
rescaling parameter to compensate the remaining major deviation caused by

potential surface charging in the experiment [35].
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Appendix

Additional information on the reconstructed spec-

tra

(A.1) Effect of applied basis set and functional on the sep-
aration of Cl3s and Cl3p states in [OMIm]|CI in the recon-

structed XPS valence band spectrum

By comparison with the experimental spectra, the effect of an inappropriate
separation of Cl3s and Cl3p states was already detected in the reconstructed
XPS spectrum (cf. Figure 41), where the calculation was executed by use of the
basis set 6-31G™" and the hybrid-functional B3-LYP. A potential improvement
might be achieved by the choice of a different basis set or functional for the cal-
culation of an indentical ion pair, which is exemplarily performed for [OMIm]C1
here. The respective results of the Cl3s-Cl3p separation are listed in Table 14.
For all reconstructed XPS valence band spectra, where both peaks can be iden-
tified, an overestimation in comparison to the experimentally derived separation
in the order of 1-2.5 €V is obtained. The regularly applied functional B3-LYP
has revealed a deviation of circa 2 eV from the experimental values, while other
functionals have demonstrated more precise results for the Cl3s-CI3p separation
(cf. ref. [33]). In some spectra using basis sets different from 6-31G™", the Cl3p
peak has completely disappeared, whereas the Cl3s state is enlarged in height
or partially other molecular orbitals are occupied by these initial contributions.
An analogous effect has occurred for the nitrogen and carbon contributions in
the valence band from [XMIm|Tf;N (see Chapter 6.2.1) as well as the halogen
and copper contribution of copper-containing ionic liquids (see Chapter 10).
This effect has consequently denoted as ’shoveling around’ of element-specific
contributions. These misassignments are more evident if more flexible basis sets
are used. In contrast to this, a manageable influence by the effect of ’shoveling
around’ is demontrated for the basis set 6-31G™" and functional B3-LYP em-
ployed in the present thesis. Thus, the choice of this basis set together with
the particular hybrid-functional has seemed as reasonable for the calculation of

ionic liquids.
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AEcizs—cizp (eV) AEcizs—cizp (eV)
Functional 6-31G™" ’ Basis set B3-LYP
B3PW91 12.6 6-31G™ ++ 12.6
BPVS86 11.7 6-311G™ n.a.
MPW1PW91 12.8 6-311G™ n.a.

TPSS 11.9 cc-pVDZ n.a.
WB97XD 13.1 SDD n.a.
B3-LYP# 12.6 6-31G™ # 12.6

Experiment 10.6 Experiment 10.6

Table 14: Energetic separation between Cl3s and Cl3p states (in e€V) in the
reconstructed XPS valence band spectra of [OMIm]|Cl in their ’as calculated’
state, which are exemplarily listed for different functionals (with the 6-31G™"
basis set) and priorily more extensive basis sets (with the B3-LYP functional) in
comparison to the experimental data. (*) The basis set 6-31G™" together with
the functional B3-LYP are utilized for spectra reconstruction in the present
thesis. A nomenclature of 'n.a.” has corresponded to an unability for the deter-
mination of the separation between Cl3s and Cl3p states in the valence band
due to a missing Cl3p contribution.

(A.2) Carbon contributions in the UPS (He II) spectrum

The reconstructed UPS (He II) spectra of the ionic liquid [EMIm|Cl with a
deconvolution of the carbon contributions, which are denoted as the dominat-
ing species and followed in height by the Cl3p peak, are depicted in Figure 65.
Binding energy-specific contributions of carbon atoms in different chemical en-
vironments are recognized in the deconvoluted spectra. The peak at the onset
of the spectrum has originated from a superposition with the Cl3p orbital and,
thereby, has proven the favored interaction site of chlorine in the vicinity of the
central carbon (C'), which is also recognized in the spectra prior to application
of the rescaling procedure. For the first neat cation peak at approximately 5 eV,
primarily those carbon contributions within the imidazolium ring are assigned.
Carbon is present as the main species in UPS (He II) within the significant
double structure featuring peaks at around 8 and 10.5 eV. Herein, the alkyl
carbons, i.e. C? and C*, are recognized inside the lower binding energy peak,
which was already inferred by the differences in the spectra for various alkyl
chain lengths in the two sets of imidazolium-based ionic liquids of [XMIm|Tf,N
and [XMIm]|Cl. Furthermore, this conclusion is indicated by the C*, which is
found at lower binding energy compared to C®. The peak at higher binding en-
ergy of circa 10.5 eV is significantly shaped by those carbons directly attached
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Figure 65: Deconvolution of the reconstructed UPS (He II) spectrum of
[EMIm]|CI into the respective carbon positions within the imidazolium-based
cation. The respective nomenclature of the different carbons is illustrated
in Figure 9. Rescaling parameters of f = 1.03040, AF = —1.41 eV, and
ANEcation— Anion = —1.95 eV are incorporated. The detailed spectra of the
anion as well as the nitrogen and hydrogen contributions are not shown here.
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to the nitrogens. This fact has supported the choice of this peak for a height
normalization prior to the calculation of difference spectra using UPS (He II)
in Figure 39. All four different carbon positions have contributed with their
approximate stoichiometry at binding energies above 12 eV. While, an appro-
priate agreement with the experiment can not be achieved in this binding energy
range caused by the obvious background due to inelastically scattered electrons,
which are detected with a different binding energy than their elastically scat-
tered /unscattered analogs.

(A.3) Influence of water onto the UPS (He II) valence band
spectrum of [EMIm]|C1

The inclusion of water in an ionic liquid at room temperature is conceivable,
since ionic liquids are present in a liquid or solid state at this temperature by
definition [1]. The water might be either encapsulated in the solid material or is
dissolved in the ionic liquid in its liquid state. [EMIm]|CI, which is investigated
here, has offered a melting point of 41 °C [130] and most of the imidazolium-
based ionic liquids are well known for their hygroscopic behavior [8]. Thus, a
capture of water can be expected for these ionic liquids. A potential interaction
between ionic liquid and water is established through hydrogen bondings be-
tween the anions and the water molecules, where potentially different clusters

are formed (see ref. [56] and references therein).

A strong influence on the charge distribution and the arrangement of the
ions at the surface was recognized in the presence of water [56, 172]: for low
water concentrations of approximately 2,500 ppm a surface structure similar to
the pure ionic liquid, i.e. on the one hand the cation with its longer alkyl chain
protruding towards the vacuum and on the other chlorine is burried beneath
the alkyl chains, is detected. At increased water concentrations of 6,000 to
10,000 ppm, the chlorine anion has occupied the outer surface in [HMIm]|CI,
while the [HMIm] cation has changed its orientation with the longer alkyl
chain pointing towards the bulk liquid. Beyond that, differences are recog-
nized in the orientation of the imidazolium ring for hydrophobic and hydrophilic
imidazolium-based ionic liquids at increased water contents.

The UPS (He IT) spectrum for a system composed of one ion pair of [EMIm]CI
together with one water molecule is deconvoluted into the main constituents in

Figure 66. Herein, the cation and anion contributions have not significantly var-
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Figure 66: Reconstructed UPS (He II) spectra with a deconvolution into
contributions of the different species (ions/water) from [EMIm]|Cl with ad-
ditional water in comparison to the experimental spectrum. The rescaling
of the binding energies is performed with the aim to meet the position of
the Cl3p peak with the parameters of f = 1.03040, AF = —1.25 ¢V, and
ANEcation— Anion = —1.95 eV, which were partially borrowed from the neat
ionic liquid. A supplementary relative binding energy shift for the additional
water molecule AAFE 44qspecies = +1.20€V is incorporated to adapt the binding
energy of the most intense water peak to a position of 7.5 eV referring to the
approximate position in the experimental UPS (He I) spectra (cf. ref. [173]).
The height ratios of the reconstructed spectra of the respective ions and water
molecule are arbitrarily considered due to a lack of knowledge about the exact
stoichiometry in the experiment. It has to be noted that the Ols state from
XPS is the only, but not exclusive hint for the water content, since other im-
purities, such as SiOs-based species found in one of the copper-containing ionic
liquids, might contribute. The experimental spectrum is obtained from personal
communication with Dr. M. Himmerlich.
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ied in comparison to the neat ionic liquid. A difference between experimental
and reconstructed UPS (He II) spectrum of the neat ionic liquid is recognized
under the shoulder at the lower binding energy side of the highest peak with an
approximate range from 6.5 to 9 eV. The water contribution, which is shifted to
a binding energy of 7.5 eV according to the peak position in ref. [173], would fit
to the missing contribution in the reconstructed UPS (He II) spectrum. How-
ever, these assignments have to be treated as first hints towards an analysis. A
distinct statement about the stoichiometry between ionic liquid and water can
not be provided by the UPS (He II) spectrum, since the different contributions
are significantly intertwined and the spectra are additionally affected by a back-
ground from inelastically scattered electrons. The final ratio between water and
ionic liquid has to be determined on the basis of the experimental XPS core
level spectra. This would comprise in particular the Ols states, which might
be overlayed by potential oxygen-containing contaminations (cf. Chapter 10).
In addition, depletion or enrichment effects might occur for water in the near

surface area as recognized for other species (cf. ref. [163]).

Additional information on the investigated ionic

liquids and rescaling parameters

All ionic liquids investigated in the present thesis are listed with their full name,
abbreviation, and stoichiometric composition in Table 15. The respective cation
structures are displayed for imidazolium-based and pyrrolidinium-based ionic
liquids in Figure 1 as well as for copper-containing ionic liquids in Figure 19
(left). While, the structure of the [TfsN] anion is illustrated in Figure 29.

The rescaling parameters according to the stepwise procedure described in
Chapter 3.3 are listed in Table 16. Herein, the values of the scaling factor f,
the relative shift AF for the different radiation sources (XPS, UPS (He II), and
UPS (He I)), the shift between cation and anion AAE¢ation— Anion @s well as
the potential shifts of the additional species like evaporated or dissolved atoms
ANAE pgdspecies are itemized for the adaption of the reconstructed spectra onto
the experimental ones. The origin of these rescaling parameters and their re-

spective compensation potential are thoroughly discussed in Chapter 3.3.
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band spectra as well as the respective density of states (DOS)
(right) of [XMIm]Cl. All experimental and reconstructed spectra
are normalized to the intensity at about 10 €V. The binding en-
ergies of the reconstructed spectra of XPS, UPS (He II), and the
DOS are modified by a scaling factor of f = 1.03040, an identical
absolute shift of AE = —1.41€V, and an equivalent relative shift
between the ions of AAEc¢ation—Anion = —1.95 V. (With the
courtesy of: Wiley-VCH, A. Ulbrich et al., ChemPhysChem, 13
(2012) 1718-1724, page 1721 [33]). . . . . o o oo
The partial density of states (pDOS) from the outer part of the
alkyl chain (C*Hz or C*Hy-C"H3) of [XMIm|CI ionic liquids.
Herein, the binding energies are modified by the rescaling param-
eters of f = 1.03040, AE = —1.41 eV, and AAEGation— Anion =
—1.95 eV. (With the courtesy of: Wiley-VCH, A. Ulbrich et al.,
ChemPhysChem, 13 (2012) 1718-1724, page 1721 [33]).. . . . . .
Six different ion pair geometries for [EMIm|CI (respective total
energy and relative difference for the ion pairs are listed in Table
10). @
Reconstructed XPS valence band spectra from six different ion
pair geometries of [EMIm|CI (displayed in Figure 43). The calcu-
lated binding energies of the Cl3s and Cl3p states are indicated
for the reconstructed spectra. A rescaling procedure is not ap-

Reconstructed UPS (He II) spectra from six different ion pair ge-
ometries of [EMIm|CI (displayed in Figure 43). The calculated
binding energies of the peaks and some related shoulders are in-
dicated for the reconstructed spectra. A rescaling procedure is
not applied here. . . . . . . ... o Lo
Side view (top) and top view (bottom) of two conformers of the

[EMIm] cation with planar (left) and nonplanar geometry (right).

Ton pairs of [OMIm]|Cl with artificially incorporated changes, i.e.
kinks and /or torsions, in the longer alkyl chain (respective changes
as well as total energy and relative difference are listed in Table
2
Reconstructed UPS (He II) spectra of ion pairs of [OMIm]|CI
with artificially incorporated kinks and torsions (displayed in Fig-
ure 47). A rescaling procedure is not applied here. . . . . .. ..
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o1

Reconstructed XPS valence band spectrum of [BMPyrr|Tf,N to-
gether with the experimental spectrum (left) and for compari-
son only the reconstructed spectrum is shown for [OMPyrr|TfN
(right). Herein, the reconstructed spectrum is decomposed into
the ions (top) and elements (bottom). The reconstructed spec-
trum of [BMPyrr|TfsN is normalized to the respective height of
the experimental peak at approximately 12 eV. All reconstructed
spectra for [BMPyrr|Tf;N are modified by the rescaling parame-
ters of f = 1.02963, AE = —0.79 ¢V, and AAFEcation—Anion =
—1.47 eV to fit the value of NT®2N The same values except of
AE = —0.77eV (due to minor deviations) are used for [OMPyrr]-
Tf,3N, since for this ionic liquid no experimental spectra are avail-
able. For comparison to ionic liquids of the sets of [XMIm|Tf,N
and [XMIm]|Cl, the rescaling parameters for ion pairs featuring
an analogous geometry are almost identical within one set (cf.
Table 16). The experimental spectrum is obtained from personal
communication with Dr. M. Himmerlich. . . ... ... .. ...
Reconstructed UPS (He II) spectrum of [BMPyrr|Tf,N together
with the experimental spectrum (left) and for comparison only
the reconstructed spectrum is shown for [OMPyrr|Tf;N (right).
Herein, the reconstructed spectrum is decomposed into the ions
(top) and elements (bottom). The presence of the He II S-line is
considered in the reconstructed spectra by means of a duplicate
of the reconstructed He II a-line combined with a shift of -7.56 eV
and a height of 4% of the initial a-line intensity. The spectrum
of [BMPyrr]|Tf2N is normalized to height of the peak at approx-
imately 11 eV. All reconstructed spectra for [BMPyrr|TfsN are
modified by the rescaling parameters of f = 1.02963, AF =
—0.99 eV, and AAFEcation— Anion = —1.47 €V to fit the value of
NTEN " The same values are used for [OMPyrr|Tf,N, since for
this ionic liquid no experimental spectra are available. For com-
parison to ionic liquids of the sets of [XMIm]Tf2N and [XMIm]|ClI,
the rescaling parameters for ion pairs featuring an analogous ge-
ometry are almost identical within one set (cf. Table 16). The
experimental spectrum is obtained from personal communication
with Dr. M. Himmerlich. . ... ... .. ... ... .......
Structure of the calculated charge- and spin-balanced cluster con-
sisting of ionic liquid and copper in the stoichiometric composi-
tion of [EMIm]2[Tf2N]2 CUQ ......................
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39

56

o7

o8

Reconstructed XPS valence band spectra for copper evaporated
onto [EMIm|Tf,N with a deconvolution into the ions (top) and
elements (bottom) from the calculated cluster displayed in Fig-
ure 51 in comparison to the experimental spectrum. The spectra
are normalized to the height of the peak at approximately 10.5 V.
All binding energies of the reconstructed spectra are rescaled
by f = 1.02830, AE = —2.69 ¢V, and AAEcation—Anion =
—1.77 eV, while for the copper contribution a second relative
shift of AAFE gqaspecies = —1.00 €V is applied. The experimen-
tal spectrum is obtained from personal communication with Dr.
A. Ulbrich. . . .. .
Structure of the calculated charge- and spin-balanced cluster con-
sisting of ionic liquid and lithium in the stoichiometric composi-
tion of [EMII’II]Q [sz N]2L12 e e e e e e e e e e e e e e s e
Reconstructed UPS (He II) spectra (top) and XPS valence band
spectra (bottom) for lithium evaporated onto [EMIm|Tf;N in
comparison to the respective pDOS (middle) with a deconvo-
lution into the ions or elements. All contributions are achieved
from the [EMIm]s[Tf5N]oLis cluster displayed in Figure 53. A
rescaling procedure is not applied due to the lack of experimen-
tal spectra. . . . . ... e
Structure of the calculated charge- and spin-balanced cluster con-
sisting of ionic liquid and potassium in the stoichiometric com-
position of [EMII’H]Q [szN]QKQ ...................
Reconstructed UPS (He IT) spectrum (top) and XPS valence band
spectrum (bottom) for potassium evaporated onto [EMIm|TfoN
in comparison to the respective pPDOS (middle) with a deconvo-
lution into the contributions of the ions (left) and the elements
(right). All contributions are achieved from the [EMIm],[Tf;N]o-
K, cluster displayed in Figure 55. A rescaling procedure is not
applied due to the lack of experimental spectra. . . . . .. .. ..
Reconstructed XPS valence band spectra of [Cu(Im%);|CuCly
with a deconvolution into ions (top) and elements (bottom). The
spectra are normalized to the height of the peak at about 4 eV.
All binding energies of reconstructed spectra are modified by f =
1.03045, AE = —3.02 eV, and AAEcation—Anion = —1.05 V.
The experimental spectrum is obtained from personal communi-
cation with Dr. M. Himmerlich. . . . . .. ... ... ... ....
Reconstructed XPS valence band spectra of [Cu(Im®),]PFg with
a deconvolution into the ions (top) and elements (bottom). The
spectra are normalized to the height of the peak at approximately
16.5 eV. All binding energies of reconstructed spectra are modi-
fied by f = 1.02427, AE = 4+0.25 eV, and AAEcation— Anion =
—0.60 eV. The experimental spectrum is obtained from personal
communication with Dr. A. Ulbrich. . . . .. ... ... ... ..
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64

65

Reconstructed UPS (He II) spectra of [Cu(Im®);]CuCly with a
deconvolution into the ions (top) and elements (bottom). The
spectra are normalized to the height of the peak at approximately
9.5 eV. All binding energies of the reconstructed spectra are mod-
ified by f = 1.03045, AE = —2.92 eV, and AAEGation—Anion =
—1.05eV. The experimental spectrum is obtained from personal
communication with Dr. M. Himmerlich. . . ... .. ... ...
Reconstructed UPS (He II) spectra of [Cu(Im®),|PFs with a de-
convolution into the ions (top) and elements (bottom). The spec-
tra are normalized to the height of the peak at approximately
9 eV. All binding energies of the reconstructed spectra are mod-
ified by f =1.02427, AE = 40.10 eV, and AAE¢ation—Anion =
—0.60 eV. The experimental spectrum is obtained from personal
communication with Dr. A. Ulbrich. . . . .. .. .. ... .. ..
Reconstructed XPS valence band spectra of [Cu(Im),|CuCly
with a deconvolution into ions (top) and elements (bottom). For
these reconstructions different photoionization cross sections from
I. M. Band et al. [120] (left) and from J. J. Yeh and I. Lindau
[119] (right, already displayed in Figure 57) are utilized. The
spectra are normalized to the height of the peak at around 4 eV
for both methods. All binding energies of the reconstructed
spectra are modified by f = 1.03045, AF = —3.02 eV, and
ANFEcation—Anion = —1.05 eV. The experimental spectrum is
obtained from personal communication with Dr. M. Himmerlich.
XPS survey spectra of [Cu(Im®),]PFg with an assignment of the
peaks to the respective atomic orbitals. The experimental spec-

148

trum is obtained from personal communication with Dr. A. Ulbrich.150

Effect of oxidation progression on the valence band spectra of
Si(111) studied by XPS using Al K, radiation. (With the cour-
tesy of: Elsevier, H. Nohira and T. Hattori, Appl. Surf. Sci.,
117/118 (1997) 119-122, page 120 [169]) . . . . . . . . . ... ..
Effect of oxidation on the valence band spectra of 4H n-type SiC
(left) and 6H n-type SiC (right) studied by UPS (He I). Herein,
the spectra of the /3 x /3 reconstructed SiC (a), SiC exposed
to oxygen (b), after a 30 s oxygen plasma treatment (c), after
a 1 min oxygen plasma treatment (d), and a 1.5 nm PECVD-
generated layer of SiO» (e) are displayed. (With the courtesy of:
The American Vacuum Society, M. L. O’Brien et al., J. Vac. Sci.
Technol. B, 18 (2000) 1776-1784, page 1781/1782 [170]) . . . . .
Deconvolution of the reconstructed UPS (He II) spectrum of
[EMIm]|CI into the respective carbon positions within the imida-
zolium-based cation. The respective nomenclature of the differ-
ent carbons is illustrated in Figure 9. Rescaling parameters of
f =1.03040, AE = —1.41eV, and AAEcation— Anion = —1.95¢V
are incorporated. The detailed spectra of the anion as well as the
nitrogen and hydrogen contributions are not shown here. . . . . .
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66

Reconstructed UPS (He II) spectra with a deconvolution into con-
tributions of the different species (ions/water) from [EMIm|CI
with additional water in comparison to the experimental spec-
trum. The rescaling of the binding energies is performed with
the aim to meet the position of the Cl3p peak with the parame-
ters of f = 1.03040, AE = —1.25 €V, and AAEcation— Anion =
—1.95 eV, which were partially borrowed from the neat ionic lig-
uid. A supplementary relative binding energy shift for the addi-
tional water molecule AAE4qqspecies = +1.20€V is incorporated
to adapt the binding energy of the most intense water peak to
a position of 7.5 eV referring to the approximate position in the
experimental UPS (He I) spectra (cf. ref. [173]). The height ra-
tios of the reconstructed spectra of the respective ions and water
molecule are arbitrarily considered due to a lack of knowledge
about the exact stoichiometry in the experiment. It has to be
noted that the O1ls state from XPS is the only, but not exclusive
hint for the water content, since other impurities, such as SiO,-
based species found in one of the copper-containing ionic liquids,
might contribute. The experimental spectrum is obtained from
personal communication with Dr. M. Himmerlich. . . ... . ..
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Asymmetry-corrected photoionization cross sections (in barn) are
calculated by use of the parameters from J. J. Yeh and I. Lindau
[119] for atomic orbitals of all elements, which are incorporated
in ionic liquids investigated in the present thesis. The photoion-
ization cross sections are tabulated for three radiation sources:
XPS Al K, (hw=1486.7 eV, v=80°), UPS (He II) (hw=40.8 eV,
v=42.5"), and UPS (He I) (hw=21.2 €V, y=42.5°). . . . ... ..
Asymmetry-corrected photoionization cross sections (in barn) are
calculated by use of the parameters from I. M. Band et al. [120]
for atomic orbitals of selected elements of ionic liquids. These are
listed for XPS using Al K, radiation (hw=1486.7 eV, 7=80"). . .
Rescaled binding energies for the N1s and C1s core levels obtained
from ion pairs of [EMIm]|T{;N and [OMIm|Tf;N (displayed in
Figure 9) together with those of the single cation [OMIm|™ in
comparison to the experimental values. The nomenclature for
all positions within the imidazolium-based cations is depicted in
Figure 9 (top right). (¥) A normalization of the binding energies
from [EMIm]|Tf,N and [OMIm]Tf5N onto the experimental NN
core level is performed by a scaling factor of f = 1.02838 and
respective absolute shifts of AE = —1.36 eV for [EMIm|T{;N
and AE = —1.39 eV for [OMIm|Tf;N. A relative shift is not
incorporated at this stage (AAEcation—Anion = 0€V). (¥) The
normalization of the binding energies for the isolated cation of
[OMIm]|*' is achieved by the identical scaling factor and a shift
of AE = —4.90¢eV. (With the courtesy of: The Royal Society of
Chemistry, M. Reinmdller et al., Phys. Chem. Chem. Phys., 13
(2011) 19526-19533, page 19529 [90]) . . . . . . . . . . . . .. ..
Rescaled binding energies of the different carbon atoms in the
reconstructed core level spectra of [BMPyrr|Tf;N and [OMPyrr|-
TN in Figure 17 with a partial comparison to the experimental
data. For the positions within the pyrrolidinium cations see inset
in Figure 17. (*) The value of NT®2N in [BMPyrr|Tf,N is utilized
as reference for the rescaling procedure. Herein, the binding en-
ergies are adapted by the following rescaling parameters: a scal-
ing factor of f = 1.02963, an absolute shift of AE = —0.79eV
for [BMPyrr|TfsN and AE = —0.77¢eV for [OMPyrr]Tf2N, and
a relative shift of AAFEcation— Anion = —1.47€eV. The binding
energies of the neat pyrrolidinium-based cations are obtained
by an identical scaling factor as used for [BMPyrr|Tf;N and
they are finally shifted by AE = —5.66¢eV for [BMPyrr|" and
AE = —5.61¢eV for [OMPyrr|t to match the value of NFY™ of
theion pair. . . . . . . . . . L e
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NBO partial charges (in e) for different carbons of the [OMPyrr]-
Tf5N ion pair and the isolated cation [OMPyrr|". For respective
nomenclature of carbon atoms see inset in Figure 17. . . . . . . .
The geometrical distances (in A) between the atoms within the
[BMPyrr] cation and selected atoms of the [TfaN] anion, which
are tabulated for the utilized ion pair from [BMPyrr|T{sN (for
the affiliation of the carbon atoms see inset in Figure 17). .
The binding energies (in €V) of the carbon atoms of the [OMPyrr]
cation, which have shaped a similar ion pair together with an
anion of [Tf;N] or [Cl], are related to the respective geomet-
rical distances (in A) to the anion. (#) All reconstructed spec-
tra are normalized onto the binding energy value of NFP¥'™ for
[BMPyrr|Tf,N in Table 4. Herein, an identical scaling factor of
f =1.02963 and for the pyrrolidinium-based cation in [OMPyrr]-
Tf;N an absolute of AE = —0.77eV as well as a relative shift of
ANEcation— Anion = —1.47 €V are employed. In contrast to this,
the contributions of [OMPyrr|Cl are modified by an overall shift
AE=—=175eV. . . . .. e
Total energy and relative difference (in eV) of different ion pair
geometries of [EMIm|Tf;N featuring a position in vicinity of the
central carbon atom (C! position). The respective conformer of
the [Tf2N] anion is indicated as cis, trans or intermediate (i.e. in
between the other two distinct cases). (#) An optimization of
the ion pairs A1-D4 was performed by means of the Gaussian03
program package [122] and the respective energy difference is es-
timated related to the ion pair geometry B4 in Figure 31. (*) For
all ion pairs E1-E4 the optimization was executed by the Gaus-
sian09 program package [121] and, thus, the energy difference is
accomplished according to the ion pair E4 in Figure 31. . . . . .
Total energy and relative difference (in eV) of different ion pair
geometries of [EMIm|Tf;N featuring a position in vicinity of the
carbon atoms at the imidazolium rings’ bottom (C?M and C?¥
position). The respective conformer of the [TfsN] anion is indi-
cated as cis or trans, while an intermediate shape (i.e. in between
the other two distinct cases) is not observed here. Optimization
of the ion pairs was performed by means of the Gaussian09 pro-
gram package [121]. The energy difference is calculated relative
to the favored geometry of E4 (Figure 31) and Table 8. (¥) A
further interaction is established in particular between the [Tf;N]
anion and hydrogens of the ethyl chain rather than the methyl
GIOUD. v v v e e e e e e e
Total energy and relative difference (in eV) of the calculated ion
pairs of [EMIm]|CI displayed in Figure 43 in dependence of the
respective geometry. . . . . ... .o
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16

The calculated binding energy positions of the first state related
to the [EMIm] cation (at lowest binding energy) and of the Cl3p
orbital in the reconstructed UPS (He II) spectra of various ion
pair geometries of [EMIm]|CI displayed in Figure 43 as well as the
resulting difference between these contributions. . . . . . . . . ..
The total energy and relative difference (in e€V) from the pla-
nar and nonplanar conformers of the [EMIm] cation displayed in
Figure 46. . . . . . . . . . Lo
Total energy and relative difference (in €V) of ion pairs of [OMIm]-
Cl displayed in Figure 47 with artificially incorporated kinks (K)
and /or torsions (T) in the longer alkyl chain. (#) The ion pairs of
B1 and B3 have featured the same total energy due to symmetry
reasons, since their octyl chain is rotated around the C-N bond. .
Energetic separation between Cl3s and Cl3p states (in e€V) in the
reconstructed XPS valence band spectra of [OMIm]|CI in their
‘as calculated’ state, which are exemplarily listed for different
functionals (with the 6-31G™" basis set) and priorily more exten-
sive basis sets (with the B3-LYP functional) in comparison to
the experimental data. (#) The basis set 6-31G™" together with
the functional B3-LYP are utilized for spectra reconstruction in
the present thesis. A nomenclature of 'n.a.” has corresponded
to an unability for the determination of the separation between
Cl3s and Cl3p states in the valence band due to a missing Cl3p
contribution. . . . . .. ..o
Full name, abbreviation, and stoichiometric composition of the
ionic liquids investigated in the present thesis. (¥) The ionic
liquids are studied for reason of comparison. (*) All of those
ionic liquids are examined by the reconstruction method with
the focus on a perspective analysis of the related experimental
XPS and UPS spectra. . . . . . .. .. ... ... ... ...,
Scaling factor f, absolute binding energy shift AE (in eV), and
relative binding energy shift AAFEcation-Anion (in €V) between
the contribution of the anion (fixed) and cation for XPS and
UPS (He II) spectra of the ionic liquids investigated in the present
thesis. A second relative shift for potential charge influenced
species AAEaddspecies, which is incorporated for metal atoms like
copper or water in an ionic liquid. (*) Ionic liquids, which are used
for reason of comparison, are listed without a direct comparison
due to partially unavailable experimental spectra and, thus, are
arbitrarily adapted to the experiment. The binding energies of
those ionic liquids are modified according to the scaling factor
and the relative shift of their analogs, which are completely in-
vestigated. . . . . ... L
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