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1 INTRODUCTION

1 Introduction

Ionic liquids (ILs) are salt melts with melting points typically below 100 °C, often even
below room temperature. They are composed of organic cations and organic or inorganic
anions, allowing for a wide structural variability including functional groups with hetero-
atoms, branched chains or aromatic groups.!'* The structural diversity results in a great
tunability of physical and chemical properties like thermal stability, ionic conductivity, vis-
cosity, solubility and electrochemical window, to name a few.”” By mixing ILs in
different compositions (note that the term “IL” is used throughout this thesis for neat ILs
consisting of only one type of cation and anion), further fine tuning of properties
is possible.®"" Thus, ILs and their mixtures are promising candidates for a range

[6, 23]

of applications in the field of e.g. electrochemistry,” '**? lubrication, extrac-

[5, 19, 24-30 [1,7,31-36]

tion I'and catalysis.

In many of these applications, the outer surface representing the interface of the IL
phase with the gas phase plays a major role. This is particularly true for large surface area
systems like the Supported Ionic Liquid Phase (SILP)P%3! catalysis. In SILP, a porous
high surface area support is coated with a thin IL film, which contains the homogeneously
dissolved catalyst. Gaseous reactants and the reaction products have to pass through the IL
surface layer, which — in comparison to the isotropic bulk environment — can be very
different in terms of composition and molecular orientation. Moreover, functionalized
groups present in the IL can also have a profound impact on the composition of the

topmost layer.[& 9, 36, 40-57]

Therefore, a better understanding of the surface of neat ILs and of IL mixtures is of
great interest. During the last two decades, the knowledge about the surface of ILs and IL
mixtures has been extended using different surface-sensitive techniques such as small-
angle X-ray and neutron scattering,”™ X-ray reflectivity,”® low-energy ion scattering

(LEIS),** *°) reactive-atom scattering with laser-induced fluorescence detection (RAS-

50, 61]

LIF),™® ! time-of-flight secondary ion mass spectrometry (TOF-SIMS),! metastable

) [57, 62]

induced electron spectroscopy (MIES Rutherford backscattering spectroscopy

[52-54, 62, 65-69]

(RBS),P% > - ) X_ray photoelectron spectroscopy (XPS) and simula-

tions [2, 8, 54-56, 60, 64, 70-72

I The extremely low vapor pressure of most ILs makes them suitable
for investigations under ultra-high vacuum (UHV) conditions, which is required for some

of the aforementioned techniques.



1 INTRODUCTION

As will be demonstrated in this work, angle-resolved XPS (ARXPS) allows one to
gain detailed information about the bulk and surface composition of IL systems by
comparing spectra recorded under 0° and 80° emission (see Chapter 2). All ILs and their
mixtures investigated here are based on imidazolium cations that contain alkyl chains or
functional groups such as methoxy or fluorinated moieties (see Chapter 3). In Chapter 4.1,
the surface enrichment of the alkyl chains of [C,C;Im][Tf,N] (with n =2, 4, 6, 8, 10 and
12) with respect to the cationic head groups is correlated to the surface tension values of
the ILs. The study of the IL/vacuum interface as well as the bulk composition of neat ILs
and binary IL mixtures of a functionalized and a non-functionalized IL or two
functionalized ILs are presented in Chapters 4.2.1 to 4.2.3: Surface enrichment and
depletion effects in mixtures of [CgC;Im][PF¢] or [CsCiIm][Tf,N] with [(MeO),Im][PFs]
are investigated. Furthermore, mixtures containing [PFBMIm][PF¢] and [C,C,Im][PFs]
with n =2, 4 and 8 and mixtures of [(MeO),Im][PF¢] and [PFBMIm][PF¢] are studied by
temperature-dependent ARXPS from 95 °C to their onset of solidification. This gives
crucial information for SILP systems since the temperature of the process might have a
major impact on the surface composition; for some reactions, e.g. the exothermal water-gas

shift reaction, a lower temperature is desirable.l”!

Finally, in Chapter 4.3, the role of [C4C,Im][BF4] as dispersing and stabilizing
solvent to produce the catalytically active two-dimensional (2D) materials antimonene and
phosphorene is discussed, particularly with respect to the protection of these pnictogens

against oxidation under ambient conditions.
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2 Angle-Resolved X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is an ultra-high vacuum (UHV)-based surface
science technique, which was used to perform the experiments presented in this thesis. In
this chapter, the basic aspects of XPS are highlighted. For more details, see e.g. the books
of van der Heide,!""! Briggs and Seah!” or Hiifner.l”®

XPS is based on the photoelectric effect which was first described by Hertz!”! and
Hallwachs!® in 1887 and 1888 and explained by Einstein in 1905.7) A general scheme is

shown in Figure 2.1.

A
E ) —
A
Ekin
A 4
vacuum A
g ®
. \4
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2p oo >°
E,
2s
hv
1s v

Figure 2.1: General scheme of the photoelectric effect.

A sample is irradiated by photons of a fixed energy, /v, and photoelectrons with
different kinetic energies are emitted from the core levels to above the sample vacuum
level, Eyacuum- These photoelectrons are then detected by an electron analyzer. Their kinetic
energy, FEyin, 18 measured with respect to the vacuum level of the analyzer, Eyacyum.an-
Taking the work function of the analyzer, @,,, into account, which is a constant derived by
calibrating the analyzer to the Fermi level, Epemi, of a clean metal sample, the binding

energy, Ey, of the excited orbital with respect to the common Eremi, can be obtained:
Eb :hV_Ekin_¢an (1)

Note that this relation holds only for conducting samples electrically connected to the

electron analyzer ground to align Eremi of both sample and analyzer.

The binding energy of the detected electrons is element specific and allows for
extracting information on the chemical environment and oxidation state of the probed atom

by the so-called chemical shifts. XPS is thus also known as Electron Spectroscopy for

3
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Chemical Analysis (ESCA). Moreover, XPS is a quantitative technique to extract the

composition of a sample by the signal intensities (apart from hydrogen and helium).

XPS is a very surface-sensitive method resulting from the short inelastic mean free
path, 4, of the excited photoelectrons in matter. This surface sensitivity is characterized by
the so-called information depth, /D, which is also denoted as sample depth or escape depth.
The ID depends on the emission angle, 9, of the photoelectrons relative to the surface

normal (see Figure 2.2), and is defined as:
ID (9) =31 " cos 3 (2)

It corresponds to the depth, where 96% of the measured XP signal originates
from.[™ For 9= 0°, the ID is 7 to 9 nm, depending on Eij,. Increasing & results in a
decreased /D according to Equation 2: For measurements at 3 = 80°, as performed in the
course of this thesis, /D is only 1 to 1.5 nm, which limits the detected signal mostly to the

topmost surface layer of the studied ILs.

0°
o
hv
80° . e
'_\ L/D 80°
/D(0°)I e D0
m

Figure 2.2: Scheme of ARXPS recorded under $ = 0° and 80° emission with respect to the surface
normal of the sample. The dashed lines indicate the maximum “traveled” distance of 34 of
electrons in matter at both emission angles; the resulting information depth, /D, is marked in gray.
At a given emission angle, the intensity, /3, of a signal originating from a depth, d,
relative to the intensity, [y, at the IL/vacuum interface (d = 0) decays exponentially

according to:"*"!

£ = @ Z-cos¥ (3)

Figure 2.3 highlights the dependence of the surface sensitivity of angle-resolved
XPS (ARXPS) on the emission angle. The exponential decay of the contribution to the
measured XP signal is illustrated in Figure 2.3—right for 0° (black) and 80° (red) emission
and a scaled molecular dynamics (MD) simulation of the near-surface region of

[CsCiIm][TE,N] is shown in Figure 2.3—left. For both emission angles, the behavior is

4
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shown for photoelectrons excited from distinct core levels (F 1s, N 1s and P 2p) with
different £}, and thus different Eyj, and A values (Apis= 2.0 nm, Anis= 2.5 nm, Adpop, =
3.0 nm; linearly™ interpolated from previously published values*” ® 8%y I g0°
emission, 86% of the signal of the N s core level originates from the first IL double layer
(d =0.84 nm), whereas in 0° it is only 29%. These values differ depending on 4 of the
photoelectrons with different Ey, as indicated by the solid (F 1s), dashed (N 1s) and dotted
(P 2p) lines in Figure 2.3—right.
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[CeC4Im][TE,N]

Figure 2.3: Side view of a scaled MD simulation of [CsC,Im][Tf,N] (left)."*”! Exponential decay of
the contribution of individual [CgCiIm][Tf,N] double layers to the overall ARXPS signal in the
F Is (solid), N 1s (dashed) and P 2p (dotted) spectra under 0° (black) and 80° (red) emission
(right). The mean ion pair size is estimated from the third root of the molecular volume, V,.**
Ais 2.0, 2.5 and 3.0 nm for the F Is, N 1s and P 2p photoelectrons, respectively. The small black
(0°) and red (80°) numbers in the graph represent the contribution of each IL double layer to the
N 1s signal, for clarity the first double layer is shaded in yellow.
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From these considerations, it is evident that the surface sensitivity of ARXPS can
be varied by changing the electron emission angle: Thereby, a higher peak intensity in 80°
(surface-sensitive) compared to 0° (bulk-sensitive) indicates a higher concentration of this

species in the topmost layer than in the bulk and vice versa.
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3 Materials, Instrumentation and Experimental Details

3.1 Chemicals and Sample Preparation

An overview of the ILs investigated in the course of this thesis is given in Table 3.1
including their formula, ITUPAC name, molecular structure and the respective melting

temperature, T, or glass transition temperature, 7.

1-Ethyl-3-methylimidazolium hexafluorophosphate, [C,C,Im][PF¢], and 1-butyl-3-
methylimidazolium hexafluorophosphate, [C4CiIm][PF¢], were purchased from Merck
(purity for synthesis) and Iolitec (purity 99.5%), respectively. 1-Butyl-3-methylimidazo-
lium tetrafluoroborate, [C4CIm][BF4], and 1-methyl-3-octylimidazolium hexafluorophos-
phate, [CsCiIm][PF4], were purchased from Sigma-Aldrich (purities 99.9% and
>95%, respectively). 1-Methyl-3-octylimidazolium bis[(trifluoromethyl)sulfonyl]imide,
[CsCiIm][Tf,N], was prepared by Dr. Nicola Taccardi according to literature.”! 1,3-
Di(methoxy)imidazolium hexafluorophosphate, [(MeO),Im][PFs], was synthesized by
Dr. Sabine Dommer according to previous publications.®™ ¥ 1-[2-(2-Methoxy-ethoxy)-
ethyl]-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide, [Me(EG),C,Im][Tf,N],
was synthesized by Wei Wei as published carlier.®® 3-Methyl-1-(3,3,4,4,4-pentafluoro-
butyl)imidazolium hexafluorophosphate, [PFBMIm][PF¢], was prepared by Dr. Gabriel
Partl as reported in literature.l*”] All ILs have been investigated as received without any
further purification except for a minimum of four freeze-pump cycles for [C4CIm][BF4]

prior to the preparation of the suspensions with phosphorene or antimonene.

To ensure proper mixing of the ILs in the investigated mixtures, acetonitrile
(Sigma-Aldrich, purity 99.8%) was used as a co-solvent. For the ARXPS measurements,
the respective IL or IL mixture was placed on a molybdenum reservoir with a depth of
0.5 mm with a Pasteur pipette or a spatula and afterwards spread over the whole sample
holder. In the case of IL mixtures, the sample holder was sometimes heated up to ~65 °C to
accelerate the vaporization of the solvent acetonitrile. In the case of the phosphorene and
antimonene samples, a clean gold foil was used as support for the suspensions. After
sample preparation, the sample is introduced into the load lock system of the UHV

measuring apparatus.
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3.2 Dual Analyzer System for Surface Analysis

Commonly ARXPS is performed by either tilting the sample to achieve grazing emission
or by rotating the analyzer to gain the more surface-sensitive information as described in
Chapter 2. In Figure 3.1, the UHV chamber, the so-called Dual Analyzer System for
Surface Analysis (DASSA),’"! is sketched. This setup was developed in cooperation with
Omicron NanoTechnology and was used for the acquisition of most ARXPS data presented
in this thesis. It was built for investigating macroscopic amounts of liquid samples and has
a base pressure below 1 - 107" mbar. The DASSA setup consists of three separated main
parts: Preparation chamber, analysis chamber and load lock system. In the following, the
equipment used throughout this thesis is described in more detail. Further details are

provided in Ref. [97].

Load Lock
80°
Analyzer
Y S
+/~ o’)\ Qko \OQ'
LEED K Sy
o
. Q° ;\'zﬁ
& +
QmMs
s Sample :
putter| — °
Qms Gun Analyzer,
Manipulator
L @ &S‘%
<
\Ooéo o O%//(bo
%) > 2 )
> 3
n
Preparation Chamber Analysis Chamber

Figure 3.1: Scheme of the DASSA setup showing the three main parts: Preparation chamber (left),
analysis chamber (right) and load lock system (top), as well as the components mounted to the
respective chamber part.

Inside the UHV chamber, the samples typically are kept in horizontal position, so
no dripping of the IL can occur. The samples are introduced into the load lock system and

are degassed there for at least twelve hours. Afterwards, they are transferred onto the

manipulator in the preparation chamber. The manipulator head has two sample stages
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available: A low (equipped with liquid nitrogen cooling and radiative heating) and a high
(with heating by electron bombardment) temperature stage. Throughout this thesis, mainly
the low temperature stage with a temperature range between —123 and 1027 °C is used. For
cleaning the molybdenum reservoirs of the sample holders as well as for occasional surface
cleaning of the investigated samples, a sputter gun (initially: Omicron NanoTechnology
ISE 5; now: SPECS IQE 11/35) for Ar" bombardment is mounted in the preparation
chamber. Furthermore, a quadrupole mass spectrometer (QMS; HIDEN HAL 3F 511) and
low energy electron diffraction (LEED; Omicron) optics are mounted at the preparation

chamber.

Two identical hemispherical ARGUS electron analyzers from Omicron
NanoTechnology are attached to the analysis chamber. They are mounted under an
emission angle of 0° and 80° relative to the surface normal of a horizontally mounted
sample holder on the manipulator. This configuration allows for simultaneous
measurements of the same sample spot and therefore reduces the X-ray exposure time by
about a factor of two compared to conventional ARXPS setups performing two
consecutive measurements for both emission angles. The MATRIX T3.2 software was
customized specifically for the DASSA setup for the simultaneous operation of both
analyzers. A monochromated Al K, X-ray source (Omicron XM 1000; Av =1486.6 V),
operated at 238 W, is mounted in a magic angle configuration with respect to both
analyzers. Survey scans are either recorded with 200 or 150 eV pass energy, whereas for
region scans a pass energy of 35 eV is used resulting in an overall energy resolution of
0.4 eV. Moreover, a dual non-monochromated X-ray source (Omicron DAR 400) with
Mg K, (hv=1253.6 €V) and Al K, (hv =1486.6 V) radiation, an ion source (Omicron
FIG 05), an electron source (Omicron CN 10), an ultraviolet source (UV source; Omicron
HIS 13) and a QMS (Pfeiffer Vacuum PrismaPlus QMG 220) are mounted at the analysis

chamber but have not been used in the course of this thesis.

10



3.3 DATA EVALUATION

3.3 Data Evaluation

In the following, the general procedure for the data evaluation is described. For more

details, see the respective published peer-reviewed articles [P1] — [P5].

For the data evaluation, the CasaXPS (version 2.3.16Dev6) software is used for all
spectra recorded at the DASSA setup. For the quantification, the atomic sensitivity factors
(ASFs) are taken into account for each individual spectrum to correct e.g. different cross

sections. A list of the ASFs used in this thesis is given in Table 3.2.°7

Table 3.2: ASFs applied to the peak intensities for measurements carried out at the DASSA setup.

Core Level ASFpassa
F 1s 1.00
O ls 0.67
N s 0.46
Cls 0.30
S 2p 0.64
P2p 0.46
B 1s 0.15

Commonly, a two point linear background is subtracted from the XP spectra, only
when the IL contains a CF, group like in the [PFBMIm]" cation or the [Tf;N]  anion a
three point linear background is subtracted from the C 1s spectrum. All peaks are fitted
with a Gauss-Lorentz function with 30% Lorentzian contribution. The S 2p and P 2p
spectra consist of the two spin-orbit-split components 2p;,, and 2ps. These two peaks are
fitted with the same full width at half maximum (FWHM), a 1:2 area ratio and peak
separations of 1.21 and 0.90 eV in the S 2p and P 2p spectra, respectively. For fitting the
C Is region different constraints are applied: For ILs consisting of the non-functionalized
[C,lCllm]+ cation, the area of the Chetero’ peak is four times the area of the C, peak (for peak
assignment see Figure 3.2) and both peaks are separated by 0.9 eV. The Cieero peak is 1.1
times wider than the C, and the Cauy1 peaks. For the [(MeO)zlm]+ cation, the Cpetero’ peak is
1.02 times wider and four times more intense than the C, peak and both peaks are
separated by 1.10 eV. For the [PFBMIm]+ cation, the Chpeero’ peak is 1.33 times wider than
the C, peak and both peaks are separated by 1.02 eV. Since the Ccr; peak overlaps with the

shake-up of the aromatic system of the imidazolium ring,”™ its intensity is set equal to the

11



3.3 DATA EVALUATION

intensity of the Ccpy peak for quantification. All those constraints are applied to the spectra

recorded in 0° and 80° emission.

Chetero' Chetero' Chetero'
= T2\
BN SN
] m SANS)
C, C

Figure 3.2: Peak assignment for the C 1s species C,, Chetero, Canyt and Cery 1n different cations:
[C,CiIm]", [(MeO),Im]" and [PFBMIm]". Adapted from [P3] and [P4] under license CC BY 4.0.
Additional constraints are applied for the mixtures published in [P4]. The Fppe peak
in the F 1s spectra is 0.79 times wider than the Fcpy peak and in the N 1s region the Nyeo
and Npgp peaks are set to equal width. Due to only a very weak Npgg signal in the 95 mol%
mixture of [(MeO),Im][PF¢] and [PFBMIm][PFs], the peak separation is constrained to
1.40 = 0.04 eV. For all mixtures in this paper, the C; to Chetero’ ratio is set to the nominally

expected ratio resulting from the molar ratio of the two ILs.

A lower intensity is detected for spectra recorded under an emission angle of 80°
compared to 0° emission. To compensate for this, the 80° spectra are scaled up by a so-
called geometry factor’®” to facilitate the visual comparison of both spectra showing

enrichment and depletion effects directly.

12
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4 Results and Discussion

Within this thesis, five peer-reviewed articles have been published and are summarized in
this chapter. Some additional results, which are unpublished, are included to support
the published results. For further experimental details see the respective publications

[P1] - [P5].

4.1 Surface Composition and Surface Tension of Homologue Ionic
Liquidsm]
In contrast to all other data presented in this thesis, the XPS data shown in this chapter are
measured in a different UHV setup equipped with a non-monochromated Al K, X-ray
source and one analyzer attached, which requires a tilting of the sample for surface-
sensitive 80° emission measurements. This UHV setup was described in detail
earlier.”?1%! In contrast to the data recorded at the DASSA setup, the C, and Cheero’ peaks
are combined in one Cpeero peak due to a lower energy resolution resulting from the non-

monochromated X-ray source of this setup.

The aim of this study was to combine ARXPS measurements and MD simulations
to determine the outer surface composition of the homologue series of [C,C;Im][Tf,N]
with n=2, 4, 6, 8, 10 and 12, and to derive the surface tension values for these six ILs
applying the so-called Langmuir principle. In 1917 and 1930, Langmuir stated that the
surface free energy of a liquid as deduced by surface tension measurements is the result of

»11% and is thus influenced by the orientation of

“the structure of the surface layer of atoms
surface molecules as well as the intermolecular interaction not only at the surface but also
“of the atoms underlying the surface”.!'””! The ILs’ molecular orientation at the surface

was probed by means of ARXPSP!

whereas the density profiles were recently simulated
by MD performed by Dr. Karina Shimizu.!'®! The density of groups at the outer surface
determined by MD simulations (in particular, the number of surface aliphatic chains and
ionic head groups) were then used to calculate the surface tension values for each of the
[C,CiIm][Tf,N] ILs according to the Langmuir principle and compared to the surface

tension values experimentally determined for all six ILs under identical conditions.!*®!
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4.1 SURFACE COMPOSITION AND SURFACE TENSION OF HOMOLOGUE IONIC LIQUIDS [P1]

In the course of this thesis, a re-evaluation of the existing ARXPS data was
necessary to allow for a more accurate quantitative comparison with the MD results. In

. o 42, 52, 86, 99
previous publications,*% 7% 86- %]

the surface enrichment of the alkyl chains relative to the
cationic head groups in the [C,C;Im][Tf,N] series was determined by the intensity ratios of
the Cakyl t0 Chetero intensities as derived solely from fitting the C 1s ARXP spectra.
However, the small peak separation between Cay and Chetero 0f ~1.5 €V leads to rather
high uncertainties of the /(Ciiky1) / /(Chetero) values in the 80° spectra, particularly for large n

values with a strongly dominating Cjjiy1 signal next to a small Cpeero shoulder.

To overcome this difficulty and to obtain more accurate results, the N 1s spectra
with the well-separated Ny, signals of the nitrogen atoms of the imidazolium ring in direct
proximity to the Chetero atoms are additionally taken into account as internal reference.!'%!
The intensity change of the Ny, peak is used to determine the corrected 80° Chetero
intensity: Zeor(Chetero80°) = [I(Nmmg0°) / I(Nmm0°)] * I(Chetero0e). This intensity is then
subtracted from the combined Cheero and Cyiiy1 signal in 80° to obtain the corrected Ciiyi
intensity in 80° emission. This re-evaluation provides corrected /(Ciiky1) / /(Chetero) ratios in
80° with a higher accuracy (about £8%), and reveals that the surface enrichment of the
long alkyl chains was underestimated previously.””! In Figure 4.1a, the corrected 80° ratios

(full red squares) systematically lay above the previously published ratios (open red

triangles).

For the comparison with the corrected ARXPS results, density profiles of the MD
simulations, performed by Dr. Karina Shimizu, are analyzed assuming an exponential
decay of the contribution as expected from the ARXPS signal attenuation depicted in
Figure 2.3. From these surface profiles, the ratios of the terminal methyl carbon atom of
the alkyl chain (representing Cany1) and the C, atom (representing Chetero), Weighted by the
respective nominal atom numbers of these atoms, (n-1) /5, are shown in Figure 4.1a as
crosses (0° in black and 80° in red) to obtain the respective simulated Cay1 t0 Chetero ratio.
Considering the assumptions made for the simulations, the corrected experimental and

simulated ratios overall are in good agreement.

To derive the experimental surface tension values®® from MD simulations using
the Langmuir principle, the cationic head groups (represented by the C, atom) and the
[Tf,N] anions (represented by the Nppn atom) are assumed to contribute equally to the

surface tension of 36.3 mN/m for [C,C;Im][Tf;N]. Furthermore, the nearly constant
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4.1 SURFACE COMPOSITION AND SURFACE TENSION OF HOMOLOGUE IONIC LIQUIDS [P1]

surface tension of 29.5 mN/m for [C,C,Im][Tf,N] with n =8, 10 and 12 (blue triangles in
Figure 4.1b) is assumed to be built up only by the surface alkyl chains (represented by the
terminal methyl carbon atom). Then, the surface tension for each of the [C,C,Im][Tf;N]
ILs is calculated by the sum over the contributions of the three different atoms being
present at the MD simulated outer surface (note that the atoms are weighted by their
respective molar volume). Comparing the values received from the simulations with the
measured surface tension values, they are in good agreement assuming an outer surface
layer thickness of 0.54 up to 0.93 nm for [C,CIm][Tf;N] with n= 2 to 12, that would
correspond to an emission angle of 87.5° in ARXPS (see Figure 4.1b). Note that such
pronounced grazing emission conditions are impractical for our ARXPS setup due to
sample holder shielding. In contrast, the employed 80° geometry probes between 0.91 and
1.31 nm for [C,CiIm][Tf,N] and [C,C,Im][Tf,N], respectively, which is more than just

the topmost surface layer of the ILs as it is evident from Figure 2.3.
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Figure 4.1: a) C,iy1 / Cheero 1atios for varying alkyl chain length, n, in the [C,C,Im][Tf,N] series.
The corrected ARXP intensity ratios are given as full squares and the earlier published (earlier
pub.) intensity ratios as open triangles for 0° (black) and 80° (red) emission, respectively. The
ratios deduced from the density profile analysis (simulation) using an exponential decay are
included as crosses. The nominally expected Caiyi / Chetero Tatio is indicated by the dashed gray line.
b) Surface tension values for varying alkyl chain length, n, in the [C,C{Im][Tf,N] series. The blue
triangles refer to the experimentally obtained surface tension values (exp. data)®®’ and the crosses
represent the values obtained from the density profile analysis assuming ARXP emission angles of
0° (black), 80° (red) and 87.5° (green). The surface tension of the bulk composition using the
Langmuir principle is given as dashed gray line. Adapted from [P1] with permission from
“Langmuir”.

In this investigation, the concept formulated by Langmuir about 100 years ago was
most likely used in such explicit way for the first time to understand the surface tension

data of highly structured fluids such as ILs. Combining ARXPS measurements and MD
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4.1 SURFACE COMPOSITION AND SURFACE TENSION OF HOMOLOGUE IONIC LIQUIDS [P1]

simulations, the composition of the outer surface could be determined consistently, and a
correct estimation of the complex surface tension trend within the [C,CIm][Tf,N] series
could be derived applying the Langmuir principle of surface group contributions in a

quantitative way.
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4.2 BINARY MIXTURES CONTAINING FUNCTIONALIZED IONIC LIQUIDS

4.2 Binary Mixtures Containing Functionalized Ionic Liquids

Over the last two decades, many surface science studies have been carried out revealing
information about the surface composition and electronic structure of neat ILs containing a

[8, 42-53, 61-64, 67-72, 87, 99, 107-122

wide variety of cations and anions. I To extend this under-

standing, IL mixtures got more into the focus of research recently. Up to now, mainly
mixtures of two non-functionalized imidazolium-based ILs!® % # 30-52. 34:36. 58-61. 63-67] 1y 6
been investigated and only few examples are found in literature discussing mixtures

containing functionalized imidazolium-based cations.!** ** 7%

The aim of this chapter is to extend the knowledge about the surface composition of
interesting methoxy-functionalized ([(MeO),Im][PF¢]) and fluorinated ([PFBMIm][PF¢])
ILs. Oxygen atoms, like in the methoxy groups of [(MeO),Im][PF¢], are additional
hydrogen bond acceptor sites in the ILs resulting in promising properties e.g. for the
extraction of estrogens or analgesics from aqueous solutions and the dissolution of
greenhouse gases like N,O and COz.m’ 88, 123-126] Furthermore, the oxygen functionalization
can decrease the toxicity as well as increase the biodegradability of the ILs.['?” '%*]
Fluorinated chains such as in [PFBMIm][PF¢] tend to agglomerate forming fluorous
domains in addition to the well-known polar and non-polar domains in non-fluorinated
ILs.” 7% 71121 Generally, properties and domain structures of ILs can be tuned by changing

[

the chain length in neat ILs and the composition in IL mixtures. 4 60,70] Commonly, the

surface tension of fluorinated ILs is lower compared to their alkylated analogues!®® 2% 3!
and they are potential candidates to replace harmful fluorine-containing solvents like

lubricants, coolants in refrigerators and others.[* 1]

In this chapter, the knowledge about the surface enrichment and depletion effects is
extended to binary IL mixtures containing both non-functionalized and functionalized
cations as well as mixtures with methoxy-functionalized and fluorinated imidazolium-
based cations. In addition, the effect of temperature on the surface enrichment and

depletion is studied.
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4.2 BINARY MIXTURES CONTAINING FUNCTIONALIZED IONIC LIQUIDS

4.2.1 Equimolar Mixtures of Methoxy- and Non-Functionalized Ionic
[P2]

Liquids
Surface enrichment and depletion effects have been investigated in equimolar binary
mixtures of a methoxy-functionalized IL, [(MeO),Im][PF¢], and two non-functionalized
ILs, [CsCiIm][PF¢] and [CgCiIm][Tf,N]. The neat ILs as well as the mixtures are all
studied at 90 °C to ensure measurements in their liquid state. Both mixtures either consist
of ILs with a common [PF¢] anion and two different cations, or are composed of four

different ions.

Due to unique core level signals and chemical shifts of the various ions in ARXPS,
it is possible to distinguish between both cations, [(MeO),Im]" and [C3C;Im]", as well as
between the two anions, [PF¢] and [Tf;N] . In [(MeO),Im][PF¢], the two oxygen atoms,
Oweo, directly bound to the nitrogen atoms of the imidazolium ring influence the electronic
structure of the cation strongly, resulting in a binding energy of 403.6 eV for the Nyeo
signal of the cation. In contrast, the Ny, signal of the [CgC]II’l’l]+ cation is located at
402.2 eV, corresponding to a shift of ~1.4 eV (see Figure 4.2—1, II and III). Furthermore,
the carbon atoms of the imidazolium ring of the [(MeO),Im]" cation are shifted to higher
binding energy by 0.2 to 0.4 eV, compared to the C; and Chetero’ peaks of [CgCIIm]+. The
Owmeo signal is located at 535.3 eV, that is, ~2.7 eV higher compared to the Orpn peak of
[CsCiIm][Tf,N] at 532.6 eV (see Figure 4.2—I and 1I).

These strong chemical shifts of the [(MeO),Im]" cation are remarkable and will be
discussed first. In literature, only very few examples of such high oxygen binding energies
are reported, e.g. in peroxo-oxygen-functionalized polymers.!"**! Typically, oxygen atoms
located in the chains of IL cations, like in the polyethylene glycol-functionalized IL
[Me(EG),CIm][Tf,N], exhibit binding energies of ~532.7 eV which is very similar to the
binding energy position of the oxygen atoms in the [Tf,N]™ anions.”® **! Moreover, the
N Is binding energy of the nitrogen atoms of the imidazolium ring of this IL and
[CsCiIm][TE:N] is about the same, excluding a pronounced impact of the oxygen
functionality on the electronic structure of the [Me(EG),C;Im]" head group. Very recently,
other ether-functionalized ILs have been investigated by XPS revealing negligible binding
energy shifts in the N Is region and, compared to [(MeO),Im][PFs], only small O 1s peak
shifts.!*
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Figure 4.2: ARXP spectra of the neat ILs [(MeO),Im][PF¢] (I), [CsCiIm][TE,N] (II) and
[CsCiIm][PF4] (IIT), and the equimolar mixture of [CyCiIm][PF¢] and [(MeO),Im][PF¢] (IV) and
the equimolar mixture of [CsC,Im][Tf,N] and [(MeO),Im][PF¢] (V) recorded under 0° (black) and
80° (red) emission. The sample temperature was 90 °C. Adapted in part from [P2] under license

CCBY-NC4.0.
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4.2 BINARY MIXTURES CONTAINING FUNCTIONALIZED IONIC LIQUIDS

These particularly large chemical shifts of the XP signals of [(MeO),Im][PF¢] are
due to the extraordinary electronic structure of this cation. Density Functional Theory
(DFT) calculations combined with charge distribution analysis using the natural bond
orbital (NBO) methodology, performed in a collaboration by Prof. Dr. Patricia Hunt,
showed that the positive charge in the cationic head group is distributed over the
imidazolium ring and the adjacent oxygen atoms, Owmeco, resulting in an extended aromatic
system (see Figure 4.3a). In contrast to the non-functionalized analogue cation, [C,C,Im]",
the whole imidazolium ring of the [(MeO),Im]" cation (see Figure 4.3b) has a more
positive charge of +0.93 e (vs. +0.31 e for [C,C,Im]"; see Figure 4.3¢). As a consequence,
the charge on the nitrogen atoms, N0, of the [(MeO)QIm] cation shows a more positive

value of —0.02 e compared to —0.35 e for the Ny, atoms of the [Cnglm]+ cation.

Q@ &
° O/N‘\“/IN\O/ +0.6 e

9“‘3 : -
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Y- ;«.

Py B "
v

2 /N‘\V//N\/ o6
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Figure 4.3: a) Molecular orbital of [(MeO),Im]" showing the aromatic delocalization of the
positive charge over the imidazolium ring and the Oyeo atoms. The NBO charge distribution at the
atoms of the b) [(MeO),Im]" cation and c¢) [C,C,Im]" cation. Red is positive and blue is negative.
The charges localized in the imidazolium ring (purple) and on the nitrogen (orange) and oxygen
(green) atoms are given. Adapted from [P2] under license CC BY-NC 4.0.

Next, the composition of the first 7 to 9 nm, as probed by the 0° XPS measurement,
of the equimolar mixture of [CsC;Im][PFs] and [(MeO),Im][PFs] will be discussed, i.e. the
mixture with two different cations but the common [PF¢]™ anion. The cationic head groups

of the ILs can be easily distinguished due to the well-separated Nyeo and Ny, peaks in the
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4.2 BINARY MIXTURES CONTAINING FUNCTIONALIZED IONIC LIQUIDS

N Is region (see black spectrum in Figure 4.2-IV). Instead of the 1 : 1 ratio of the two
nitrogen species expected for the equimolar bulk composition, the N 1s spectrum exhibits a
N to Nyeo ratio of 1:0.85 in 0° emission. This means that within the 0° XPS probing
depth, a pronounced depletion of the [(MeO),Im]" cation from the topmost layers is found

leaving the surface region enriched by the [CsC;Im]" cation.

The depletion of the [(MeO),Im]" cation from the near-surface region is also found
for the equimolar mixture of [CgC;Im][Tf,N] and [(MeO),Im][PF¢], i.e. the mixture with
two different cations and two different anions. The intensities of the Ny, and Nyeo peaks in
0° (black) emission (see Figure 4.2—V) reveals a 1 : 0.77 ratio instead of the expected 1 : 1
ratio. This indicates an even more pronounced depletion of the [(MeO),Im]" cation from
the near-surface region in comparison to the previously discussed mixture with the
common [PF¢] anion. This difference is possibly related to the slight surface enrichment
of the [Tf;N] anion in the second mixture. In the F Is region with the two peaks
corresponding to the six fluorine atoms of the [Tf;N] anion at 688.8 eV and of the [PFs]
anion at 686.7 eV (see Figure 4.2—V) the Frpy signal is ~14% larger than the Fppg peak

instead of the expected 1 : 1 ratio.

The overall surface enrichment and depletion effects within the first 7 to 9 nm
probed in 0° emission are much more pronounced when focusing on the outermost 1 to
1.5 nm investigated under 80° emission. In the following, surface enrichment and depletion
effects of the neat ILs are briefly pointed out. Figure 4.2—I shows the ARXP spectra of
[(MeO),Im][PFs] in 0° (black) and 80° (red) emission, revealing no changes in intensity
ruling out strong preferential orientation in the surface layer. In contrast, the octyl chains of
neat [CgCIm][Tf,N] and [C3C;Im][PF] are surface-enriched as indicated by a higher Cyyi
intensity in 80° compared to 0° (see Figure 4.2—1II and III). The [Tf,N] anion signals of
[CsCiIm][T:N] show a minor enrichment of the CF3 groups along with a slight depletion
of the SO, groups detected in the O 1s spectrum due to the lower kinetic energy (as
compared to the S 2p signal). In the F 1s and P 2p spectra, a depletion of the [PFs] anion
is observed for [CsC;Im][PFs] (see Figure 4.2—I11).

For both IL mixtures, the surface enrichment of the [C3C;Im]" cation at the expense
of the [(MeO),Im]" cation is more obvious in the 80° spectra (red in Figure 4.2-IV and V)
compared to 0°. The Npyeo signal is lower at 80° emission whereas the Ny, signal has

almost identical signal intensities under both emission angles. The Opeo peak in the O Is
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spectra decreases roughly by the same amount as the Ny signal validating the accuracy
of the measurement as these two atoms are directly bound to each other. This is in line with
the observations that the [CgCIIm]+ cation is surface-enriched at the IL/vacuum interface
with its octyl chain pointing towards the vacuum as the Cyuyi signal gains intensity when
going from 0° to 80° emission. Most likely, the driving force for the surface enrichment of
the [CsC,Im]" cation and the depletion of the [(MeO),Im]" cation is to obtain an overall
low surface tension. Unfortunately, the surface tension value for [(MeO),Im][PF¢] is not
known but the surface tension for ILs with the same anion but different alkyl chain lengths

(71, 86, 1L A33-135) 11y general, the IL containing the longer alkyl

are available in literature.
chain, in this case [CsC;Im][X], possesses a lower surface tension compared to that with a
short chain. Moreover, oxygen atoms in the side chain might increase the surface tension in

addition.®®

For the [Tf;N] and [PF¢] anions in the equimolar mixture of [CsCIm][Tf,N] and
[(MeO),Im][PF¢], the enrichment and depletion in the first 1 to 1.5 nm is directly visible in
the F 1s spectrum recorded at 80° (see Figure 4.2—V). The Frpn peak is about two times
higher than the Fpgs peak. This pronounced surface enrichment of the [Tf,N] anion on
expense of the [PF¢] anion goes along with the surface tension values of ILs consisting of
the respective anion and a common cation. The surface tension of [CgC;Im][PFs] is
32.5 mN/m whereas [CgC;Im][Tf;N] has a lower surface tension of 29.5 mN/m which

supports the observed enrichment of the [Tf;N]” anion.*"!

4.2.2 Mixtures of Fluorinated and Non-Fluorinated Ionic Liquids[P3 !

Mixtures of [PFBMIm][PF¢] and [C4C,Im][PFs] have been investigated with different
molar content of [PFBMIm][PFg] by means of temperature-dependent ARXPS from 95 °C
to their onset of solidification. Both ILs consist of the same [PF¢] anion whereas the
cation differs in the functionalization of the butyl chain. In contrast to the fully
hydrogenated chain in the [C4C;Im]" cation, the two terminal carbon atoms in the chain of
the [PFBMIm]" cation are fully fluorinated, resulting in a pentafluorobutyl (PFB) chain.
Due to the differences in the chemical environment of the fluorine atoms in the [PF¢]
anion compared to the ones in the [PFBMIm]" cation, two distinct peaks are detected in the
F 1s region. Also the carbon atoms in both butyl chains are in different chemical

environments leading to chemical shifts in the C 1s spectrum.
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Starting with the neat ILs at 95°C, the Cuiy peak in the C1s spectrum of
[C4CIm][PFs] (at ~285.1 eV) is more intense in 80° (red) emission compared to 0° (black)
(see Figure 4.4a-right panel), showing a slight surface enrichment of the butyl chain, as it

is known from literature!™ %°

} for [C,CiIm]" cations with an alkyl chain with n>4. In
contrast, all the other IL signals are lower in intensity in 80° with respect to the 0°
measurement as depicted for the F 1s (left panel) and N Is (middle panel) spectra in

Figure 4.4a.

The ARXP spectra of [PFBMIm][PF¢] in Figure 4.4f show an increase of the 80°
intensity of the Fcpx (CFx = CF; + CF3) peak at 688.9 ¢V in the F Is spectrum and an
increase of the Ccp; and Ccpy peaks at 293.6 and 291.3 eV, respectively, in the C Is
spectrum. The Fpgg and Ppgg signals of the anion at 686.8 and 137.0 eV, respectively, as
well as the Nppg, C, and Cheero signals of the cationic head group at 402.2, 287.8 and

286.8 eV, respectively, are damped by the surface-enriched fluorinated chain.

Mixing [PFBMIm][PF¢] and [C4CIm][PFs] in molar ratios of 10, 25, 50 and
75 mol% [PFBMIm][PFg] shows the same binding energy positions (within the margin of
error) like in the neat ILs. Compared to neat [PFBMIm][PFs], a more pronounced surface
enrichment of the fluorinated chain is observed in the ARXP spectra (see Figure 4.4b — ¢).
In Figure 4.5, this is better visualized showing the normalized ratio of the Fcpx and Fppg
content with respect to the molar ratio of the two ILs. For the 80° measurements, a higher
(Ferx/Ferxnom) / (Fpre/Frrsnom) ratio is detected, the lower the amount of [PFBMIm][PFs] in
the mixture. This indicates a more pronounced surface enrichment of the fluorinated chain
(compared to the nominal bulk composition) with decreasing [PFBMIm][PF¢] content.
This enrichment is so pronounced that it is also detected in 0° emission for mixtures with
10 and 25 mol% [PFBMIm][PFs]. A non-stoichiometric IL distribution in the near-surface
region was recently also found for other IL systems by our group and others.>* ?% 1] 1n
contrast to the surface-enriched fluorinated chain, the alkyl chain of the [C4C11rn]+ cation
shows no surface enrichment in the mixtures (see Figure 4.4b —e-right panel). This is
attributed to a competing effect of the fluorinated and non-fluorinated chain most likely
driven by the difference in surface tension of both ILs since it is known that non-
functionalized ILs usually possess a higher surface tension compared to their fluorinated

60, 130, 131
analogues.[ » 130, 131]
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Figure 4.4: ARXP spectra recorded at 0° (black) and 80° (red) emission of a) neat [C4C;Im][PFj],
b) —e) mixtures of [PFBMIm][PF¢s] and [C,C,Im][PFs] at molar ratios of b) 10 mol%
[PFBMIm][PF¢], )25 mol% [PFBMIm][PF¢], d) 50 mol% [PFBMIm][PF¢] and e) 75 mol%
[PFBMIm][PF¢], and f) neat [PFBMIm][PF¢]: F 1s (left), N Is (middle) and C 1s (right). The
sample temperature was 95 °C. Reproduced from [P3] under license CC BY 4.0.
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Mole Fraction ([C,C,Im][PF])

1.0 0.8 0.6 0.4 0.2 0.0
4 T T T T T T T T T
95°C
] = 0°
= 80°

nominal ™ |

(FCFX/FCFx,nom) / (FPFG/FPFG,nom)
N
T
1

O T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Mole Fraction ([PFBMIm][PF.])

Figure 4.5: Normalized ratio of Fcg, and Fpgg at 0° (black) and 80° (red) emission. The gray dashed
line indicates the nominal composition. The sample temperature was 95 °C. Adapted from [P3]
under license CC BY 4.0.

In the following, temperature-dependent measurements are analyzed focusing on
the 80° emission spectra, due to the higher surface sensitivity under this emission angle.
By decreasing the temperature starting at 95 °C, an increase of the Cyjiy1 signal in the C Is
spectrum of neat [C4C;Im][PFs] is detected until —55 °C, indicating a more pronounced
surface enrichment of the butyl chain. Concomitantly, the cationic head group and the
[PFs] anion are more surface-depleted, as indicated by the decrease of intensity of the C,,
Chetero’ and Fppg peaks. In literature,[43] such intensity changes with decreasing temperature
are assigned to an increase in preferential orientation of the IL ions at the outer surface.
This is attributed to an increase in entropy with a more random distribution of the alkyl

chains at higher temperature.

When cooling neat [PFBMIm][PF;] from 95 to 25 °C, a moderate decrease of the
Fpre signal is detected in 80° without significant changes of the Fcpx peak intensity in the
F 1s region. This shows a small increase of the surface enrichment of the fluorinated chain
at the IL/vacuum interface compared to the surface depletion of the [PF¢] anion. In
Figure 4.6f, this enrichment is depicted as an increase of the normalized ratio of Fcrx and

Fprs when lowering the temperature. At 20 °C, peak broadening due to solidification of

[PFBMIm][PF¢] is detected.
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Figure 4.6: Normalized ratio of Fcg, and Fpgg at 80° emission. The measurements were started at a
sample temperature of 95 °C and subsequently cooled. a) Neat [C,C,Im][PF¢]: Not shown due to
the lack of a Fcp, signal of a fluorinated chain in the ILs, b) — ¢) mixtures of [PFBMIm][PF] with
[C,CiIm][PF¢] (rn=2-blue triangles, 4-red squares, 8—green diamonds) at molar ratios of
b) 10 mol% [PFBMIm][PFs], c¢) 25 mol% [PFBMIm][PFs], d) 50 mol% [PFBMIm][PFs] and

e) 75 mol% [PFBMIm]|[PF¢], and f) neat [PFBMIm][PFs]. The gray dashed lines indicate the
nominal compositions. Adapted in part from [P3] under license CC BY 4.0.
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As a next step, the 10, 25 and 50 mol% mixtures of [PFBMIm][PF¢] and
[C4CIm][PFs] are cooled from 95 °C until their onset of solidification, indicated by peak
broadening and/or peak shifts. Depending on the composition, differences in the
temperature of solidification of the supercooled mixtures are observed, i.e. the lower the
[PFBMIm][PF¢] content, the lower is the onset of solidification. In general, during cooling
the Fcpy peak gains intensity which leads to an increase of the normalized ratio of Fcgy and
Fpre as shown in Figure 4.6b — d (red squares) at 80° emission. The observed behavior is
again attributed to an increase in order at low temperature. In accordance with the Fcpy
signal, the surface enrichment of the fluorinated chain at the IL/vacuum interface is also

observed in the C 1s region by an increase of the Ccp; and Ccp; intensities.

Cooling the 75 mol% [PFBMIm][PF¢] mixture from 95 to 35 °C shows the same
surface enrichment behavior of the fluorinated chain of the [PFBMIm]" cation as observed
for the other three mixtures previously discussed. When cooling further to 20 °C, a drastic
drop of the normalized ratio of Fcpx and Fpps is detected (red squares in Figure 4.6¢),
resulting from a decrease of the Fcpy intensity by ~40% whereas the Fppg intensity stays
constant. In the C Is spectrum, a simultaneous decrease of the Ccpz; and Ccp, signals is
observed while the Cyiyi signal of the [C4C11m]+ cation gains intensity. Upon further
cooling, no additional changes are observed in the XP spectra until at around —10 °C peak
broadening due to solidification starts. The sudden intensity decrease of the signals of the
fluorinated chain of the [PFBMIm]" cation is attributed to a partial depletion of this cation
from the XPS detection volume, resulting in a [C4C;Im] " -rich mixture at the IL/vacuum

interface. This is indicated by the increase of the signal of the butyl chain.

Indeed, the differential scanning calorimetry (DSC) measurement of the 75 mol%
mixture (performed by Dr. Mikhail Gantman) in Figure 4.7 shows an exothermal peak at
around 18 °C when cooling (blue) the sample which is attributed to the solidification of
parts of the mixture. Subsequently, heating the 75 mol% [PFBMIm][PF¢] mixture up to
95 °C shows the same ARXP spectra (within the margin of error) as before starting the

cooling series. This indicates the reversibility of the experiment.
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Figure 4.7: DSC measurement of a 75 mol% mixture of [PFBMIm][PFs] and [C4CiIm][PFg]
showing the solidification of at least parts of this mixture around 18 °C. The heating and cooling
rates were 2 K/min.

In the course of this experimental series, additional experiments with mixtures of
[PFBMIm][PF¢] and [C,C,Im][PF¢] or [CsCIm][PF¢], respectively, have been performed
to check the influence of different alkyl chain lengths, n, on the surface enrichment of the
fluorinated chain in the [PFBMIm]" cation. In the following, only the temperature-
dependent measurements are discussed and are included in Figure 4.6b — e as blue triangles
for the mixtures of [PFBMIm][PF¢] and [C,C;Im][PFs] and as green diamonds for the
mixtures of [PFBMIm][PFs] and [CsCIm][PFs], for more details see Chapter 9.2.3.

In Figure 4.6b —e, the normalized ratios of Fcpx and Fppg of the mixtures of
[PFBMIm][PF¢] with [C,C,Im][PF¢] with n =2, 4 and 8 are shown. When decreasing the
temperature, an overall increase of the ratios is observed for all mixtures. Taking a closer
look at the values of the ratio for the 10, 25, 50 and 75 mol% mixtures including different
chain lengths, two trends are noticed: The lower the amount of [PFBMIm][PF¢] in the
mixture, the more pronounced is the surface enrichment of the fluorinated chain compared
to the [PF¢] anion in the bulk. The second trend is that the shorter the alkyl chain, the
higher is the normalized ratio of Fcpx and Fpge, i.e. the mixtures containing [C,C;Im][PFg]
give the highest ratios whereas the mixtures with [CgC;Im][PF¢] show the lowest ratios.
This difference is attributed to a competing effect of the alkyl chain of the [C,C;Im][PFs]
with the fluorinated chain of the [PFBMIm][PF¢]. Luis e al.”" showed that in 1-alkyl-3-
methylimidazolium perfluorobutanesulfonate, [C,CIm][C4FoSOs] (with n=2, 4, 6, 8, 10
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and 12), which contains fluorinated chains and alkyl chains, the fluorinated chain
dominates the IL/vacuum interface for n <4. Reaching n = 4, the alkyl chains also start
pointing towards the surface. When further increasing the chain length, this competition
becomes more pronounced with the alkyl chains dominating the surface. This is in line
with the findings mentioned above that the most pronounced surface enrichment of the
fluorinated chain is detected for the mixtures of [PFBMIm][PF¢] and [C,C;Im][PFs]
compared to the mixtures of [PFBMIm][PFg] with [C4C,Im][PF¢] or [CsCiIm][PFs].

At the end of this chapter, it should be noted that another fluorinated IL was
investigated in the course of these ARXPS binary mixture studies, namely the protic IL
3-methyl-2-((3,3,4,4,4-pentafluorobutyl)thio)imidazolium  bis[(trifluoromethyl)sulfonyl]-
imide, [C;S(PFB)HIm][Tf,N]. Due to decomposition during heating and X-ray exposure,
this IL was not suitable for further investigations neither as neat IL nor in mixtures with

[C4CIm][PFs]. For details see Chapter 9.2.1.

4.2.3 Mixtures of Methoxy-Functionalized and Fluorinated Ionic Liquids™?

The two previous chapters discussed mixtures of two differently functionalized ILs with
non-functionalized [C,C;Im][X] ILs. In the following, mixtures containing both
functionalized imidazolium-based ILs, [(MeO),Im][PFs] and [PFBMIm][PF¢], will be

presented.

Temperature-dependent measurements from 95 °C to lower temperature of three
mixtures of [(MeO),Im][PF¢] and [PFBMIm][PF¢] with molar ratios of 50, 90 and
95 mol% [(MeO),Im][PF¢] have been performed. Both ILs consist of the same [PF¢] anion
but differ in the functionalization of their cation either containing oxygen or fluorine
atoms. In the ARXP spectra, a differentiation of the two cations is possible due to
differences in the electronic structure of both head groups resulting in the aforementioned
chemical shift in the N Is spectra (see Chapter 4.2.1). Therefore, orientation, enrichment

and depletion effects are possible to identify.

The ARXP spectra of [PFBMIm][PFs] as well as spectral changes by decreasing
the temperature until solidification have already been discussed in Chapter 4.2.2 in detail.

Briefly, the fluorinated chain is surface-enriched with respect to the [PF¢] anion which is
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even more pronounced when lowering the temperature as can be seen by an increase in the

Fcrx, Ccps and Ccp; intensities in Figure 4.8a.

For [(MeO),Im][PFs], no preferential orientation is detected at 95 °C!*% in
Figure 4.8¢ and the spectra are almost identical to the ones presented in Chapter 4.2.1
recorded at 90 °C.” When cooling [(MeO),Im][PF4] from 95 to 50 °C, no changes occur
in the ARXP spectra except for an additional peak arising around 401.5 eV in the N 1s
spectrum, which is attributed to beam damage due to a prolonged radiation time.
Furthermore, the beam damage is also seen by a shift of about —0.3 eV of all core levels
when comparing the spectra recorded at 95 and 50 °C. Heating the sample back to 95 °C
gives the original peak positions (within the margin of error) and the shoulder in the N 1s
region decreases significantly. Note that no beam damage effects are detected for any of

the mixtures discussed below.

Gaining knowledge about the surface enrichment and depletion of the two distinct
cations in the mixtures of [(MeO),Im][PFs] and [PFBMIm][PFs] was the main goal when
investigating the mixtures with 50, 90 and 95 mol% [(MeO),Im][PFs]. At 95 °C, the
surface enrichment of the fluorinated chain of the [PEFBMIm]" cation is deduced from the
increase in Fcpx, Ceps and Ccp; intensity when going from 0° (black) to 80° (red) emission
(see Figure 4.8b —d). In contrast, the Fpps and Ppps signals are lower in intensity in 80°
compared to 0° revealing the surface depletion of the [PF¢] anion with respect to the other
moieties of the cations. Due to two well-separated peaks in the N 1s region, it is possible to
distinguish between the head groups of the [PFBMIm]" and the [(MeO),Im]" cations which
are located at ~402.2 and 403.3 eV, respectively. Comparing the spectra recorded under 0°
and 80° emission, a surface enrichment of the head group of the [PFBMIm]" cation is
deduced while the [(MeO),Im]" cation is surface-depleted, resulting from a decrease of the
80° intensity of the Nyeo peak and a constant or even higher Npgg signal. Combining the
information of the F 1s, N 1s and C 1s spectra, an enrichment of the [PFBMIm]" cation is
observed in the 50, 90 and 95 mol% [(MeO),Im][PF¢] mixtures with the fluorinated chain
pointing towards the vacuum whereas the [(MeO),Im]" cation and the [PF4] anion are

surface-depleted.
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Figure 4.8: ARXP spectra recorded at 0° (black; only depicted for measurements at 95 °C) and
80° (red) emission of a)neat [PFBMIm][PF¢], b)—d) mixtures of [(MeO),Im][PFs] and
[PFBMIm][PF¢] at molar ratios of b) 50 mol% [(MeO),Im][PFs], ¢) 90 mol% [(MeO),Im][PF¢] and
d) 95 mol% [(MeO),Im][PF¢], and e)neat [(MeO),Im][PFs]: F Is (left), N Is (middle) and
C 1s (right). The samples were cooled from 95 °C to lower temperatures. Adapted in part from [P4]
under license CC BY 4.0.
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Again, this is attributed to a difference in surface tension related to the two different
cations. Several structural features are known to influence the surface tension. From

literature,[%]

it is known that the surface tension of an oxygen-functionalized IL,
[Me(EG),C{Im][Tf,N], is higher compared to [CgC;Im][Tf,N] which has a comparable
side chain length. In general, for homologous series of ILs with the same anion, the shorter

the alkyl chain the larger the surface tensionl’": ®¢- 1. 133-133]

and an IL containing a
fluorinated chain exhibits a lower surface tension compared to its respective alkylated
IL.160- 130- 31 Therefore, it is assumed that the surface tension value of [PFBMIm][PFq] is
considerably lower than the one for [(MeO),Im][PFs] resulting in the observed depletion of

the [(MeO),Im]" cation with respect to the surface-enriched [PFBMIm]" cation.

With increasing [(MeO),Im][PFs] content in the mixtures, the normalized ratio of
Fcrx and Fpge (full squares in Figure 4.9) indicates a higher degree of surface enrichment of
the fluorinated chain of the [PFBMIm]  cation relative to the [PFs]  anion bulk
concentration. In 80° (red) emission, the ratio for neat [PFBMIm][PF¢] is ~1.8 which
represents solely the enrichment of the fluorinated chain. Values larger than this, like for
the mixtures presented here, suggest an additional enrichment of the [PFBMIm]" head
group. Furthermore, the open triangles in Figure 4.9 represent the normalized ratio of Nppg
and Nyeo in 80° (red) emission revealing the relative position of the two cationic head
groups with respect to each other. The higher the [(MeO),Im][PF¢] content in the mixture,
the higher is the normalized ratio of Nppg and Nyio, indicating a more pronounced
depletion of the [(MeO),Im]" cation with respect to the surface-enriched [PFBMIm]" head
group. This trend coincides with the trend observed for the Fcpy and Fppe ratio but is less
pronounced for the nitrogen data. While the N 1s spectra only show the relative enrichment
of the head groups damped by the surface-enriched fluorinated chain, the Fcpx peaks in the
F 1s spectra are not damped by any species. Remarkably, the trends of the normalized
ratios of Fcpx and Fpgg as well as of Nppg and Nyeo are also detected in 0° (black) emission
for the mixtures with 90 and 95 mol% [(MeO),Im][PF¢], i.e. the depletion of the [PF¢]”
anion and the [(MeO),Im]" cation is not only present in the topmost layer but also takes
place in the near-surface region. Similar segregation effects have been detected for other IL

systems earlier.>* % 1]
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Figure 4.9: Normalized ratio of Fcg, and Fpgs (full squares; left axis) and normalized ratio of Npgg
and Ny,o (open triangles; right axis) at 0° (black) and 80° (red) emission. The gray dashed line
indicates the nominal composition. The sample temperature was 95 °C. Adapted from [P4] under
license CC BY 4.0.

Next, the 50, 90 and 95 mol% mixtures of [(MeO),Im][PF¢] and [PFBMIm][PF¢]
are cooled to check for an even stronger surface enrichment of the [PFBMIm]" cation
compared to the mixtures containing [PFBMIm][PFs] and [C,C,Im][PF¢] described in
Chapter 4.2.2. Since enrichment effects are most pronounced in 80° emission compared to
0°, only 80° spectra are discussed in the following. In Figure 4.8b —d, the F 1s, N 1s and
C 1s spectra recorded at different temperatures are depicted and the normalized ratio of
Fcerx and Fppg (full squares) and of Nppg and Nyeo (open triangles) are given in

Figure 4.10b —d.

The solidification temperature of the mixtures is decreasing with decreasing
[(MeO),Im][PF¢] content. In general, when lowering the temperature of the 50, 90 and
95 mol% mixtures, the Ccrs, Ccpr and Fepg peak intensities increase whereas the Fppg
intensity decreases to a lower extent. These changes correspond to an increase in the
normalized ratio of Fcpx and Fpgg giving the highest value of ~12.2 at 50 °C for the mixture
with 95 mol% [(MeO),Im][PFs]. Also when cooling, a decrease of the Nyo peak and an
increase of the Nppg peak are detected, resulting in a higher normalized ratio of Npgg and

Nmeo at low temperature. These results clearly show that the surface depletion of the [PF¢]
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anion and the [(MeO),Im]" cation as well as the surface enrichment of the [PFBMIm]"
cation with its fluorinated chain pointing towards the vacuum side is more pronounced the
lower the temperature is. In other words, in contrast to the more random distribution of the
[PFBMIm]" and [(MeO),Im]" cations at 95 °C, a more ordered surface is detected at lower

temperature resulting from changes in the entropic term —7-AS°.
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Figure 4.10: Ratio of the normalized Fcg, and Fpgs content (full squares; left axis) and of the
normalized Nppg and Nyeo content (open triangles; right axis) at 80° emission. The measurements
were started at a sample temperature of 95 °C and subsequently cooled. a) Neat [PFBMIm][PF],
b) — d) mixtures of [(MeO),Im][PFs] and [PFBMIm][PFs] at molar ratios of b) 50 mol%
[(MeO),Im][PFs], ¢) 90 mol% [(MeO),Im][PFs] and d) 95 mol% [(MeO),Im][PF¢], and e) neat
[(MeO),Im][PFs]: Not shown due to the lack of Fcg, and Npgp signals. The gray dashed lines

indicate the nominal compositions. Adapted in part from [P4] under license CC BY 4.0.
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Compared to the mixtures of [PFBMIm][PF¢] and [C4C;Im] [PF¢]'"*7 discussed in
Chapter 4.2.2, a more pronounced enrichment of the fluorinated chain and the [PFBMIm]"
head group is detected for the mixtures discussed in this chapter. For instance at 95 °C, the
mixtures with 10 mol% [PFBMIm][PF¢] have a normalized ratio of Fcpx and Fppg of ~7.4
or 3.5 when containing [(MeQO),Im][PF¢] or [C4CIm][PF¢], respectively.
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4.3 Role of an Ionic Liquid Covering Graphene-Analogues'™”

Exfoliated few layer two-dimensional (2D) antimonene and phosphorene in zero oxidation
state are promising catalysts for the alkylation of acid-sensitive nucleophiles with esters
under mild conditions, resulting in excellent selectivity and good yield. Preparing these
pnictogens in [C4CiIm][BF4] results in suspended 2D materials. Moreover, catalytic
reactions indicate that the IL efficiently protects these graphene-analogues from oxidation
by air and water. To verify the zero oxidation state of antimonene and phosphorene and to
confirm the protective effect of [C4C;Im][BF,4], highly concentrated suspensions were
prepared and spread on a clean gold foil by Vicent Lloret and Stefan Wild under inert
glove box atmosphere. Subsequently, the suspensions were introduced into the DASSA
setup after a short time period under ambient conditions. In this chapter, the XPS
investigations will be discussed in detail. For further characterization and the catalytic

activity studies performed by the co-authors, see the peer-reviewed article.!'*®

In the following, only the 0° emission spectra of the antimonene (Sb 3d and O 1s
region in Figure 4.11) and phosphorene (P 2p region in Figure 4.12) suspensions will be
discussed. Starting with neat [C4C,Im][BF,], the survey spectrum shows the expected IL
signals and additionally an O 1s (see also region spectrum in Figure 4.11-I) as well as a
tiny Si 2p signal. Both most likely originate from a minor polysiloxane contamination of
the glass ware used.*” ''* %% Ag expected, no signal is observed in the P 2p region shown

in Figure 4.12-1.

The Sb 3d signals of the highly concentrated antimonene suspension are weak
compared to the strong O 1s contamination peak (note the scaling factors in Figures 4.11
and 4.12). Therefore, a magnified spectrum is shown in green for antimonene (see
Figure 4.11-II) revealing small non-oxidized, Sb’, and oxidized, Sb™, Sb 3d peaks with
Sb 3ds, peak positions of ~528.2 and 530.3 eV, respectively. For the phosphorene
suspension, only one phosphorus species is detected in the P 2p region as small peak at
~130.6 ¢V in Figure 4.12—11, corresponding to non-oxidized phosphorus, P°. The absence
of a signal of oxidized phosphorus, P, expected between 132 and 137 eV!'"* confirms the
protecting effect of [C4C,Im][BF4] for this pnictogen.
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Figure 4.11: Sb 3d spectra including the O 1s peak of neat [C4C,Im][BF,] (I), a highly concen-
trated antimonene suspension (II) with a magnification (green) to see the small peaks of non-
oxidized and oxidized antimony, after removal of most of the [C,C;Im][BF,4] by heating (III) and
after exposure to air for about one day (IV). The spectra are offset for clarity. Adapted from [P5]
under license CC BY 4.0.

Heating both suspensions above 150 °C for about one hour under UHV leads to a
significant increase in the XP intensity of the non-oxidized antimonene and phosphorene
signals in Figures 4.11-1II and 4.12-III whereas the intensity of the IL related signals
decreases drastically due to thermal IL desorption (and possibly some IL decomposition).

This indicates that the majority of antimony and phosphorus in the 2D materials is in a zero

oxidation state whereas the Sb™ is indeed a minority species in the antimonene suspension.

The heated samples (with a considerably decreased IL content) are then removed
from the UHV chamber and kept under ambient conditions for about one day. Subsequent
XPS measurements revealed that due to the removal of most of the [C4C,Im][BF4], indeed
its protective effect of the pnictogens against oxidation is lost: A considerable amount of
oxidized antimony and phosphorus is detected in the respective sample after exposure to
atmosphere. For the Sb 3ds, peak of the non-oxidized Sb’ species at ~528.3 eV a
pronounced decrease is detected while the peak of the oxidized Sb™* species at ~530.2 eV
has gained intensity (see Figure 4.11-1V). For the phosphorene sample, the non-oxidized
P species is still detected at ~130.7 eV, however, at higher binding energy a broad peak
between 132 and 137 eV is observed corresponding to oxidized phosphorus, P,

highlighted in green in Figure 4.12-IV.
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Figure 4.12: P 2p spectra of neat [C4C,Im][BF,] (I), a highly concentrated phosphorene suspen-
sion (II), after removal of most of the [C,C,Im][BF,4] by heating (III) and after exposure to air for
about one day (IV). The spectra are offset for clarity. Adapted from [P5] under license CC BY 4.0.
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5 Summary

This thesis focuses on the surface investigations of neat ionic liquids (ILs) and of binary IL
mixtures, particularly mixtures involving functionalized imidazolium-based cations. The
investigations are performed by means of angle-resolved X-ray photoelectron spectroscopy
(ARXPS), a surface-sensitive ultra-high vacuum (UHV) technique, accessing the first 7 to
9 nm under 0° emission and the topmost 1 to 1.5 nm under 80° emission. Intensity changes
of the IL signals with the emission angle directly reflect surface enrichment and depletion

of ions as well as molecular orientation effects in the outermost surface layer.

The first part of this thesis is dedicated to the correlation of the surface composition
with the surface tension according to the concept of molecular group contributions at the

(104, 105] Combining ARXPS measurements and

outer surface introduced by Langmuir.
molecular dynamics (MD) simulations, the composition of [C,C;Im][Tf,N] ILs (with
n=2,4,6,8, 10 and 12) close to the surface is investigated by comparing the surface
enrichment of the alkyl chain with respect to the cationic head group along the IL

(1961 While an earlier fit model for ARXPS C s peaks worked well qualitatively, a

series.
correction involving the attenuation of the nitrogen signals of the imidazolium ring is
crucial for the quantification of the Cheero and Caxy signals at 80°. Taking the
corresponding 0° and 80° information depth into account, a very good agreement between
ARXPS measurements and MD simulations is obtained. Finally, the surface tension values
are derived from the simulated outer surface composition allowing for the comparison with

(86

experimental data.® An emission angle of 87.5° might be surface-sensitive enough to

limit ARXPS signals to the molecular groups at the outer surface.

As main topic of this thesis, enrichment and depletion effects at the IL/vacuum
interface are investigated in various IL mixtures, containing functionalized imidazolium-
based cations. The cation of neat [(MeO),Im][PFs], a methoxy-functionalized IL
containing oxygen atoms directly bound to each nitrogen atom of the imidazolium ring,
reveals a different electronic structure induced by the oxygen atoms. The resulting more
positively charged imidazolium ring exhibits characteristic XP peaks located at higher
binding energy compared to [C,C;Im]" cations, e.g. in the N Is spectrum a shift of the
Nmeo peak of ~+1.4 eV in contrast to the Ny, peak is detected.”™ The chemical shift of the
nitrogen atoms of the [(MeO),Im]" cation facilitates the investigation of enrichment and

depletion effects in IL mixtures. In the liquid state, no surface enrichment or depletion
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effects are detected for neat [(MeO),Im][PF4].1"> *% The other investigated functionalized
IL is [PFBMIm][PFs], possessing a butyl chain with its two terminal carbon atoms
fluorinated. At 95 °C, a surface enrichment of the fluorinated chain with respect to the

other IL moieties is observed.!*® 137

(136 and with non-functionalized

Mixing the functionalized ILs with each other
[C,CIm][PFq] (with n= 2, 4 and 8) or [CsC,Im][T£:N]P* 7 results in distinct XP peaks
for each ion, which allows for obtaining detailed information about the relative positions of
the cation and the anion or the respective cations and anions to each other. It is proposed
that the IL with the lower surface tension is preferentially enriched at the IL/vacuum
interface. At 95 °C, one major result is that the fluorinated chain of mixtures containing
[PFBMIm][PFs] is surface-enriched. This is more pronounced the lower the
[PFBMIm][PF¢] content in mixtures with [(MeO),Im][PFs] and [C,C;Im][PF¢] (with n =2,
4 and 8) is.["** ") Furthermore, the shorter the alkyl chain length, n, of [C,CIm][PF¢] in
the mixtures with [PFBMIm][PF¢], the more pronounced is the enrichment of the
fluorinated chain, which is attributed to a competing effect of the long alkyl chains with the
shorter fluorinated chains at the surface. In contrast, the cationic head group of
[(MeO),Im][PF¢] is depleted from the topmost layers in mixtures with [CsCiIm][PF¢],
[CsCIm][TH;N] and [PFBMIm][PF,].”* " A non-stoichiometric distribution of cations
and anions of several mixtures is not only observed in 80° but also in the more bulk-
sensitive 0° measurements revealing that in the near-surface region enrichment and
depletion effects are present. In catalytic processes, e.g. Supported lonic Liquid Phase
(SILP) catalysis, a lower temperature can be desirable to achieve high equilibrium
conversions.'”” To understand changes in the surface composition as a function of
temperature, most of the aforementioned mixtures are investigated by means of
temperature-dependent ARXPS from 95 °C to their onset of solidification. The surface
enrichment of the fluorinated chain of the [PFBMIm]" cation with respect to the [PF4]
anion is more pronounced, the lower the temperature resulting from a decrease in entropic

contributions.

The last part of this thesis is dedicated to the investigation of the catalytically active
two-dimensional (2D) materials antimonene and phosphorene dispersed in [C4CIm][BF4]
with focus on the protection against oxidation by the IL.'** In highly concentrated
suspensions, XPS reveals that the majority of the synthesized antimonene and phosphorene

is in a zero oxidation state. Thus, the IL protects the 2D materials from oxidation by air
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and water. If the protective [C4CIm][BF4] film is removed and the samples are kept under
ambient conditions for one day, pronounced oxidation of antimonene and phosphorene are

observed.

41



6 ZUSAMMENFASSUNG

6 Zusammenfassung

Diese Dissertation befasst sich mit der Oberflichenuntersuchung reiner Ionischer
Fliissigkeiten (engl. ionic liquids, ILs) und deren bindren Mischungen, die funktionalisierte
Imidazolium-basierte Kationen enthalten. Die Untersuchungen werden mittels winkelauf-
geloster Rontgenphotoelektronenspektroskopie (engl. angle-resolved X-ray photoelectron
spectroscopy, ARXPS), einer oberflichenempfindlichen Messmethode im Ultrahoch-
vakuum, durchgefiihrt. Dies ermdglicht unter einem Emissionswinkel von 0° die ersten 7
bis 9 nm sowie unter 80° die duBlersten 1 bis 1,5 nm einer Probe zu untersuchen. Der
Vergleich der unter 0° und 80° detektierten IL-Signalintensititen ldsst direkte Riick-
schliisse auf Oberflichenanreicherung und -abreicherung von Ionen zu und gibt Informa-

tionen iiber molekulare Orientierungseffekte in der dulersten Oberflachenschicht.

Der erste Teil dieser Dissertation behandelt den Zusammenhang der IL-Ober-
flichenzusammensetzung und der Oberflichenspannung gemil des Konzeptes nach
Langmuir zum Beitrag der Molekiilgruppen der duBlersten Oberfliche zur Oberflédchen-

1041951 Dyrch das Kombinieren von ARXPS-Messungen und Molekular-

spannung.!
dynamik-Simulationen (MD) wird die Oberflaichenzusammensetzung der [C,C;Im][Tf,N]-
ILs (mit n= 2, 4, 6, 8§, 10 und 12) untersucht, indem entlang dieser IL-Reihe die
Anreicherung der Alkylkette im Verhéltnis zu den kationischen Kopfgruppen verglichen
wird."% Da ein friiheres Fitmodell der ARXPS C Is-Signale nur qualitative Ergebnisse
lieferte, wird fiir die Quantifizierung der Chpeero- Und Caiyi-Signale der 80°-Spektren eine
Korrektur iiber die Dampfung der Stickstoffsignale des Imidazoliumrings eingefiihrt. Unter
Beriicksichtigung der entsprechenden Informationstiefen unter 0° und 80°, ergibt sich eine
gute Ubereinstimmung zwischen den ARXPS-Messungen und den MD-Simulationen.
Dariiber hinaus wird die Oberflichenspannung mittels der simulierten Oberfldchen-
zusammensetzung abgeleitet und mit experimentellen Werten verglichen.®™ Ein

Emissionswinkel von 87,5° wire wahrscheinlich ausreichend oberflichensensitiv, um

mittels ARXPS nur die duBerste Oberfliche zu untersuchen.

Schwerpunkt dieser Dissertation sind Oberflichenanreicherungseffekte und -abrei-
cherungseffekte an der IL/Vakuum-Grenzfliche in verschiedenen IL-Mischungen, die
funktionalisierte Imidazolium-basierte Kationen enthalten. [(MeO),Im][PF¢] ist eine
methoxy-funktionalisierte IL, deren Sauerstoffatome direkt an die beiden Stickstoffatome

des Imidazoliumrings gebunden sind. Diese Sauerstoffatome verdandern die elektronische
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6 ZUSAMMENFASSUNG

Struktur des Kations. Der Imidazoliumring des [(MeO),Im] -Kations ist im Vergleich zu
dem der [CnCllm]+-Kationen positiver geladen, woraus charakteristische XP-Peaks bei
hoheren Bindungsenergien resultieren. Im N 1s-Spektrum ist, im Vergleich zum Ny,-Peak,
das Nueo-Signal beispielsweise um ~+1,4 eV verschoben.”™ Diese chemische Verschie-
bung der Stickstoffatome des [(MeO),Im] -Kations erleichtert die Untersuchung von
Oberflachenanreicherungseffekten und -abreicherungseffekten in IL-Mischungen. Die
Spektren des reinen, flissigen [(MeO),Im][PFs] zeigen keine Oberflichenaktivitit.’® 3¢
Des Weiteren wird die funktionalisierte [PFBMIm][PF¢]-IL untersucht, deren beide
endstdndigen Kohlenstoffatome der Butylkette vollstdndig fluoriert sind. Im Vergleich zu
den anderen IL-,Teilen®, ist die fluorierte Kette bei 95 °C an der Oberfliche ange-

reichert.l3% 137

136 : :
] SOWIC von ¢<€mer

Mischungen der beiden funktionalisierten ILs miteinander!
funktionalisierten IL mit den nicht-funktionalisierten ILs [C,C,Im][PF¢] (mit n = 2, 4 und
8) oder mit [CsC Im][T;N]®® 7 resultieren in charakteristischen XP-Signalen, welche
die Unterscheidung der Ionen ermdglicht. Daraus kdnnen Schlussfolgerungen iiber die
relative Position der jeweiligen Kationen und Anionen zueinander gezogen werden. Es
wird angenommen, dass sich die IL mit der kleineren Oberflichenspannung bevorzugt an
der IL/Vakuum-Grenzflache befindet. Eines der Hauptergebnisse bei 95 °C ist, dass sich
die fluorierte Kette der [PFBMIm][PF¢]-Mischungen an der Oberfliche anreichert. In den
Mischungen mit [(MeO),Im][PF¢] und [C,CiIm][PFs] (mit n= 2, 4 und 8) ist dieser
Anreicherungseffekt umso ausgeprégter, je kleiner der Anteil des [PFBMIm][PF¢] in der
Mischung ist.!*% *7) Des Weiteren hat die Lange der Alkylkette, , einen Einfluss auf die
Anreicherung der fluorierten Kette. Je kiirzer die Alkylkette der [C,CiIm][PF¢]-IL in der
Mischung mit [PFBMIm][PF¢], desto stirker reichert sich die fluorierte Kette an. Dies wird
auf einen konkurrierenden Effekt der langen Alkylkette mit der kiirzeren fluorierten Kette
an der Oberfliche zuriickgefiihrt. Im Gegensatz dazu wird die Abreicherung der
kationischen Kopfgruppe des [(MeO),Im][PFg] aus der obersten Lage der Mischungen mit
[CsCiIm][PF¢], [CsCiIm][Tf;N] und [PFBMIm][PFs] detektiert.”® '*°! In einigen
Mischungen werden nicht-stochiometrische Verteilungen der Kationen und Anionen nicht
nur an der Oberfliche unter 80°, sondern auch unter einem Emissionswinkel von 0°
beobachtet. Dies zeigt, dass Anreicherungs- und Abreicherungseffekte im oberflachen-
nahen Bereich vorliegen. Bei katalytischen Prozessen, wie beispielsweise SILP-Systemen

(Supported Ionic Liquid Phase), kann eine niedrigere Prozesstemperatur erwiinscht sein,
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um einen hoheren Gleichgewichtsumsatz zu erzielen.””! Temperaturabhingige Ander-
ungen der Oberflichenzusammensetzung einiger der zuvor genannten IL-Mischungen
werden mittels temperaturabhingiger ARXPS-Messung von 95 °C bis zum Beginn der
Verfestigung der Mischungen untersucht. Mit abnehmender Temperatur ist eine Zunahme
der Oberfldchenanreicherung der fluorierten Kette im Verhéltnis zum [PFg] -Anion zu

beobachten, was durch die Abnahme des Entropiebeitrages erklart werden kann.

Der letzte Teil dieser Dissertation widmet sich der Untersuchung der fein verteilten
katalytisch aktiven zweidimensionalen (2D) Materialien Antimonen und Phosphoren in
[C4CiIm][BE4]."*™ Der Fokus dieser Untersuchung ist die schiitzende Wirkung der IL, um
Oxidation zu verhindern. XPS zeigt, dass der grofite Teil des synthetisierten Antimonens
und Phosphorens in hoch konzentrierten Suspensionen im Oxidationszustand Null vorliegt.
Das bedeutet, dass die IL die 2D-Materialien vor der Oxidation durch Luft und Wasser
schiitzt. Wenn ein Grofiteil des schiitzenden [C4C;Im][BF,4]-Films entfernt wird, fiihrt das
eintdgige Lagern der Proben unter Umgebungsbedingungen zur Oxidation des Antimonens

und des Phosphorens.
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9.2 UNPUBLISHED RESULTS

9.2 Unpublished Results

In the course of this thesis, investigations on several additional ILs have been carried out
without being published. This chapter gives an overview of different classes of ILs,
cleaning procedures applied and problems during investigation. An overview of the
investigated ILs with their physical state at room temperature (RT) and some

characteristics are given in Table 9.1.

All data presented in the appendix are depicted without any further data treatment,
i.e. all binding energies are given as measured without any referencing. Only the 80°
emission spectra are scaled up by the respective geometry factor®” for a better visuali-

zation of enrichment and depletion effects occurring in the ILs.
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9.2.1 (Pentafluorobutyl)thio-Functionalized lonic Liquid and its Mixture
with [C,C{Im]|[PF]

[CiS(PFB)HIm][Tf,N] was synthesized by Dr. Gabriel Partl as a yellow liquid at room
temperature. Figure 9.1 shows the ARXP spectra in 0° (black) and 80° (red) emission of
this protic IL at 24 °C.

No fitting constraints are applied except for the S 2p spin-orbit-split components
(equal FWHM; area(ps;) = 2 - area(pi2); peak separation: 1.21 eV) and in the C 1s spectra
the Cheeror peak is 1.1 times wider than the C, peak and both peaks are separated by
1.60 eV.

In 0° emission, one peak is detected in the O Is spectrum as well as in the F 1s
spectrum. The Orpy peak is located at 532.4 eV and the Fcpx peak is at 688.5 eV consisting
of several components which cannot be resolved with the DASSA setup: CF, and CF;
groups of the fluorinated chain of the [C;S(PFB)HIm]" cation and the CF3 groups of the
[TE,N] anion. Two components are detected in the N 1s and S 2p spectra. The Ny, and
Sthio peaks of the [C;S(PFB)HIm]" cation are located at 401.6 and 165.2 eV. At 399.2 and
169.4 eV, the Npn and Stpn peaks of the [Tf,N] anion are detected. Four peaks are
detected in the C 1s spectrum. The Chpetero’, Co, Cerr and Ccps peaks are at 286.2, 287.8,
290.8 and 292.8 eV, respectively. Like in the Fcpx peak, signals of the CF5 group of the
fluorinated chain of the [C;S(PFB)HIm]" cation and the CF3 groups of the [Tf;N] anion
are overlapping in the Ccps peak. No signal is detected in the Si 2p region confirming a
high purity of the IL as polysiloxane from e.g. glass ware or septa is a common
contamination in ILs.!*” *) The quantitative analysis, given in Table 9.2, shows also a
good agreement between the atom numbers in 0° emission and the nominally expected

numbers.

In 80° emission (red in Figure 9.1), the Orpn, Ntpn and Stpn signals are lower in
intensity compared to 0° indicating a depletion of these atoms of the [Tf,N] anion whereas
the intensity of the Ccrp, Ceps and Fepx peaks is the same or even higher in 80° compared
to 0° suggesting that the CF3 groups of the anion are pointing towards the vacuum as well

as the fluorinated chain of the [C;S(PFB)HIm]" cation.
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Figure 9.1: ARXP spectra of [C;S(PFB)HIm][Tf,N] in 0° (black) and 80° (red) emission recorded

at 24 °C.

The aim of the measurements of [C;S(PFB)HIm][Tf,N] was to test its suitability as

second example of a fluorinated IL in mixtures to perform similar experiments as

described in Chapter 4.2.2 for mixtures of [PFBMIm][PF;] and [C,C;Im][PFs]. Measure-

ments at elevated temperature result in a strong decrease of the cation related signals
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indicating the decomposition of the [C;S(PFB)HIm]" cation. In addition, a peak broade-
ning of the [Tf,N] anion signals is detected. Also an influence of the X-rays on the de-

composition of the IL cannot be ruled out.

Table 9.2: Quantitative analysis of the 0° and 80° XP spectra of [C;S(PFB)HIm][Tf,N] at 24 °C.

Fls | O1s N1s C1s S2p
CFX szN thio szN CF3 CFZ Cz hetero’ szN thio
Binding Energy / eV | 688.5 | 532.4 | 401.6 | 399.2 | 292.8 | 290.8 | 287.8 | 286.2 | 169.4 | 165.2

ASF 1.00 | 0.67 | 046 | 046 | 030 | 0.30 | 0.30 0.30 0.64 | 0.64
Nominal 11 4 2 1 3 1 1 5 2 1
0° emission 11.54 | 4.21 1.97 1.04 | 3.00 | 0.89 | 091 4.42 2.07 | 095

80° emission 1293 | 3.55 | 1.64 | 091 | 3.16 | 1.01 | 0.79 4.17 191 | 0.93

Additionally, an equimolar mixture of [C;S(PFB)HIm][Tf,N] and [C4C;Im][PF¢]
was prepared. To ensure proper mixing of both ILs, acetone (Sigma-Aldrich, purity
>99.5%) was used as a co-solvent. The solution was spread on a molybdenum sample
holder and the solvent acetone evaporated at RT due to the previously described

decomposition of the [C;S(PFB)HIm]" cation at higher temperatures.

The ARXP spectra recorded at 24 °C are presented in Figure 9.2. In 0° (black)
emission, the signals of the [PF¢] anion, Fpps and Pppg, are at 686.5 and 136.8 eV,
respectively. The Orpn, Nton and Ston signals of the other anion are located at 532.5,
399.3 and 169.4 eV, respectively. As mentioned above for neat [C;S(PFB)HIm][Tf,N], the
XP peaks of the CF;3 group of the fluorinated chain in the cation and the CF; groups of the
[Tf,N] anion are superimposed (Fcpx at 688.6 eV and Ccps at 292.9 eV). In addition to the
CF; signal of the [C;S(PFB)HIm]" cation, the Ccpa, Ca.thio and Chetero’ thio peaks are located
at 290.9, 287.8 and 286.2 eV, respectively, in the C 1s spectrum. The signals of the
[C4C11m]Jr cation are at 287.4, 286.5 and 284.9 eV for the Cscaci, Chetero’,cact and Caiiyl,
respectively. Note that as a fit model the constraints for both neat ILs are applied for fitting
the C 1s spectrum without any sophisticated optimization. In the N 1s spectrum, the signal
of the nitrogen atoms of the imidazolium ring of the [C;S(PFB)HIm]" cation, Ny, cannot
be distinguished from the signal of the nitrogen atoms of the [C4C;Im]" imidazolium ring,
Ncaci, resulting in a combined peak at 401.8 eV. The Sy, peak is located at 165.2 eV. No
Si2p or other XP signals are detected in addition to the expected IL mixture signals

confirming that no contaminations are transferred into the mixture during sample
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preparation. Within the margin of error, the quantitative analysis (see Table 9.3) in 0°

emission fits with the nominal atom ratio.

To get information about the surface enrichment and depletion effects in the
equimolar mixture of [C;S(PFB)HIm][Tf,N] and [C4C,Im][PF¢] the 80° (red) spectra are
analyzed (see Figure 9.2). The intensity in 0° and 80° emission is roughly the same for the
O1pN, Nrpn and Stpn signals of the [Tf,N]  anion while the Fprg and Pppg peaks of the
[PFs] anion have a lower intensity in 80° than in 0°, indicating a depletion of the [PF¢]
anion with respect to the [Tf,N] anion as known from literature.[®" > %) The Fcrx, Cers
and Ccp, intensities are higher in 80° emission indicating a surface enrichment of the
fluorinated chain of the [C;S(PFB)HIm]" cation and the [Tf;N] anion. This enrichment is
more pronounced in contrast to neat [C;S(PFB)HIm][Tf;N]. No changes in intensity are
detected for the Sy, peak when changing the emission angle. Due to the Sy, signal and the
intensity decrease of the combined Ncac; and Ny, peak from 80° emission to 0° most
likely the head group of the [C4C;Im]" cation is depleted from the surface compared to the
surface-enriched head group of the [C;S(PFB)HIm]" cation. In the C 1s region, the signal
between 285 and 289 eV has also a lower intensity in 80° but it is hard to say anything
about the relative positions of the two head groups with respect to each other. As
mentioned, the fitting model preliminary used for the C 1s spectrum does not allow for

reliable quantitative ARXPS analysis.

Since neat [C;S(PFB)HIm][Tf,N] decomposes at elevated temperature, a cooling
experiment starting from RT was performed. The decomposition of the [C;S(PFB)HIm]"
cation and a third F 1s species appearing at ~684.7 eV are detected. Presumably, the
extended X-ray exposure time destroys the mixture due to a limited diffusion of the

molecules.
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Figure 9.2: ARXP spectra of an equimolar mixture of [C;S(PFB)HIm][Tf,N] and [C,C,Im][PF¢] in
0° (black) and 80° (red) emission recorded at 24 °C.
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9.2.2 Ether-Functionalized Phosphonium Ionic Liquids

[Ph;PPhOPh][FAP] and [Ph;PPhOPh][Tf,N] were synthesized by Dr. Nicola Taccardi as
yellow, very viscous liquids (at RT) which crystalized over time becoming white solids. 7p,
is ~75 °C for [PhsPPhOPh][FAP] and ~91 °C for [PhsPPhOPh][Tf,N] (both temperatures
are deduced from samples heated up in the preparation chamber of the DASSA setup). The

samples were measured at 105 °C in their liquid state.

No fitting constraints are applied except for the S 2p and P 2p spin-orbit-split
components (equal FWHM; area(ps;) =2 - area(piz); peak separation S 2p=1.21 ¢V,
P 2p=0.90 eV). For determining the atom numbers in 0° and 80° emission, the Ccrs and
Ccr peak intensities are linked to the Fcpx peak. The remaining shake-up intensity between
288 and 294 eV in the C 1s region is added to the intensity of the Cpypenyi peak. The
quantitative analyses are provided in Table 9.4.

Table 9.4: Quantitative analysis of the 0° and 80° XP spectra of a) [Ph;PPhOPh][FAP] and
b) [PhsPPhOPh][Tf,N] at 105 °C.

F1s O 1s Cls P2p
a) contami-
[Ph;PPhOPh][FAP] | CF, | P-F | C-O-C | CF; | CF, | C-O-C nation FAP | cation
+ phenyl
Binding Energy / eV | 687.9 | 686.2 | 533.5 | 292.7 | 289.6 | 286.7 285.0 134.7 | 1333
ASF 1.00 | 1.00 0.67 0.30 | 0.30 0.30 0.30 0.46 0.46
Nominal 15 3 1 3 3 2 28 1 1
0° emission 14.44 | 2.81 1.02 2.89 | 2.89 1.21 29.80 1.02 0.91
80° emission 893 | 1.66 1.08 1.79 | 1.79 0.63 39.62 0.81 0.70
b) F1s O 1s Nls Cls S2p P2p
[Ph;PPhOPh][TEN] | TE,N | C-O-C | THN | THN | THEN | C-O-C | phenyl | Tf,N | cation
Binding Energy / eV | 688.7 | 533.7 | 532.4 | 399.2 | 292.7 | 286.8 2853 | 1694 | 133.6
ASF 1.00 0.67 0.67 0.46 0.30 0.30 0.30 0.64 0.46
Nominal 6 1 4 1 2 2 28 2 1
0° emission 6.24 1.11 4.12 1.04 2.08 1.91 27.52 2.05 0.93
80° emission 6.53 1.11 3.95 0.99 2.18 1.78 27.61 1.97 0.87
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In general, [Ph;PPhOPh][FAP] (see Figure 9.3) has a strong surface active

contamination which is presumably polysiloxane whereas for [Ph;PPhOPh][Tf,N] (see

Figure 9.4) only a very small contamination in the Si 2p region (not shown) is observed. A

homogeneous distribution of all moieties of [PhsPPhOPh][Tf,N] is detected. Both ILs are

decomposing under X-rays within a few hours as indicated by peak broadening.
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Figure 9.3: ARXP spectra of [Ph;PPhOPh][FAP] in 0° (black) and 80° (red) emission recorded at

105 °C.
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105 °C.
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9.2.3 Temperature-Dependent Measurements of Mixtures of [PFBMIm][PF]
with [C,C{Im][PF¢] and [CsC{Im][PF¢]

As highlighted in Chapter 4.2.2, temperature-dependent ARXPS measurements of mixtures
of [PFBMIm][PF¢] and [C,C;Im][PF¢] or [CsCiIm][PFs] were investigated besides the
published measurements of mixtures containing [PFBMIm][PF¢] and [C4CiIm][PE¢].11"

For the data of all these mixtures, the published fitting constraints are applied.!"*”

The ARXP spectra of [C,C,Im][PF¢] recorded at 95 °C show the expected peaks in
the F Is, N 1s, C Is and P 2p regions in 0° and 80° emission. In addition, a polysiloxane
contamination is detected in the O 1Is and Si 2p spectra as well as a too high C,jy1 peak in

the C 1s region as deduced from the quantitative analysis and the 80° spectrum.

When preparing mixtures of [PFBMIm][PF¢] and [C,C,Im][PF¢] with 10, 25, 50
and 75 mol% [PFBMIm][PFs], a cleaning procedure is applied. Both solids are dissolved
in acetonitrile. Subsequently, only the lower part of the solution is carefully extracted with
a Pasteur pipette, assuming that most of the surface-enriched polysiloxane contamination
stays in the remaining topmost 1 to 2 mm of the solution. Unfortunately, this cleaning
process has not led to the intended outcome of contamination free samples as illustrated in
the 80° survey spectrum of a mixture containing 10 mol% [PFBMIm][PF¢] in Figure 9.5-1
measured at 95 °C. In contrast to the spectrum of neat [C,C;Im][PFs], no Si contamination
peak is observed but an oxygen peak as well as a dominating C 1s signal are visible in
ARXPS while the IL peaks are very weak. Furthermore, a dewetting of the 10, 25 and
50 mol% [PFBMIm][PF¢] mixtures on the molybdenum sample holder is visually observed

as well as the XP spectra reveal additional Mo signals.

Gentle sputtering with 300 eV Ar" ions (~8 pA) for 5 to 15 min improves the
wetting on the sample holder for the 10, 25 and 50 mol% [PFBMIm][PFs] mixtures. This is
attributed to the removal of some contamination on the molybdenum sample holder by
sputtering. In Figure 9.5-11, the survey spectrum of the 10 mol% [PFBMIm][PF¢] mixture
after the sputter process indicates not only the improvement of the wetting behavior by the
absence of the Mo and O 1s signals but also shows strong IL signals. Note that for the
75 mol% [PFBMIm][PFs] mixture no dewetting and no oxygen, silicon and carbon

contaminations are observed.
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Figure 9.5: Survey spectra of a 10 mol% mixture of [PFBMIm][PF¢] and [C,C;Im][PF¢] as pre-
pared (I) and after sputtering (II) recorded at an emission angle of 80°. The sample temperature was
95 °C. The spectra are offset for clarity.

In addition, mixtures of [PFBMIm][PF¢] and [CsC,Im][PF¢] with 10, 25, 50 and
75 mol% [PFBMIm][PF¢] are prepared using acetonitrile as a co-solvent. No further
treatment is necessary because these mixtures fully wet the sample holders and no
contamination is detected in the ARXP spectra. For the 10 mol% mixture of
[PFBMIm][PF¢] and [CsCiIm][PF¢], an additional FWHM constraint is applied: The Fpge
peak is 0.76 times wider than the Fcpx peak due to a dominating Fprs peak in the F Is

spectra.

All mixtures are measured at 95 °C and subsequently cooled to lower temperature
until peak broadening or shifts are detected indicating the onset of solidification. In
general, the same trends, e.g. the surface enrichment of the fluorinated chain of the
[PFBMIm]" cation in contrast to the surface-depleted [PFs] anion, are observed as
described for the mixtures of [PFBMIm][PF;] and [C4C;Im][PF;] in Chapter 4.2.2. This is
attributed to the difference in surface tension of the [C,,C;Im][PF¢] and the [PFBMIm][PF]
as it is in accordance with literature that ILs containing fluorinated chains generally

[60, 130, 131

possess a lower surface tension compared to their alkylated counterpart ] and the

shorter the alkyl chain, the higher is the surface tension of the IL.!7! 86 133-133]

At 95°C, a more pronounced enrichment of the fluorinated chain of the

[PFBMIm]" cation relative to the [PF4] anion is detected in the F 1s spectrum for both
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types of mixtures when decreasing the [PFBMIm][PFs] content. This is visualized in
Figure 9.6 by plotting the normalized ratio of the Fcpy and Fppe intensities for the mixtures
containing [C,CIm][PF¢] (blue triangles) and [CsCIm][PF¢] (green diamonds) in 0° (open
symbols) and 80° (full symbols) emission. The enrichment of the fluorinated chain of the
[PFBMIm]Jr cation is also detected by the intensity increase of the Ccps and Ccp; peaks in
the C Is spectrum of the mixtures when comparing the 0° and 80° spectra. Another
observation is that in 80° the enrichment is much less pronounced for the mixtures with
[CsCiIm][PF¢] compared to the mixtures containing [C,C;Im][PF¢] which is attributed to a
competing effect of the fluorinated chain and the longer alkyl chain.””"! In 0° emission,
even the same trend is observed but to a lower extent than in 80°, revealing that below the
first 1 to 1.5nm an enrichment of the fluorinated chain of the [PFBMIm]" cation is

detected as observed for other IL systems as well.[>* %6 136 137]
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Figure 9.6: Normalized ratio of Fcp, and Fpge for mixtures of [PFBMIm][PF¢] and [C,C,Im][PF¢]
with n =2 (blue triangles) and 8 (green diamonds) at 0° (open symbols) and 80° (full symbols)
emission. The gray dashed line indicates the nominal composition. The sample temperature was
95 °C.

Furthermore, the Canyi signal in the C 1s spectra of the mixtures of [PFBMIm][PFs]
and [CsCiIm][PFs] has a higher intensity in 80° compared to 0° emission showing the

surface enrichment of the octyl chain of the [CsC;Im]" cation besides the enrichment of the

fluorinated chain of the [PFBMIm]" cation. This is in contrast to the mixtures containing
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[CoCiIm][PFs] and [C4CiIm][PF¢] for which no enrichment of the alkyl chain is detected.
This observation is in line with MD simulations of Luis e al.!”") indicating that the surface
of mixtures, containing long alkyl chains and shorter fluorinated chains, is dominated by
the alkyl chains. This is on expense of the shorter fluorinated chain and the cationic head
groups, whereas in the presence of a short alkyl chain the surface is dominated by the

fluorinated chain.

For the temperature-dependent measurements, only the 80° emission spectra of the
mixtures of [PFBMIm][PF¢] and [C,C,Im][PF¢] or [CsCiIm][PF¢] are briefly discussed
because the enrichment and depletion effects are more obvious under this emission angle.
When decreasing the temperature, the signals of the fluorinated chain, Fcgy, Ccps and Cepa,
increase in intensity whereas the Fppg peak intensity decreases. In the XP spectra of the
mixtures containing [CgCiIm][PF¢], the C,iy signal increases as well. Figure 4.6 in
Chapter 4.2.2 shows the increase of the normalized intensity ratio of Fcpx and Fppg of the
mixtures of [PFBMIm][PF¢] and [C,C;Im][PF¢] with n = 2 (blue triangles), 4 (red squares)
and 8 (green diamonds) with decreasing temperature indicating a more pronounced surface
enrichment of the fluorinated chain of the [PFBMIm]" cation with respect to the [PFq]

anion relative to the bulk concentration.

In general, the most pronounced surface enrichment of the fluorinated chain of the
[PFBMIm]" cation is detected for the mixtures containing [PFBMIm][PFs] and
[CoCiIm][PF¢] compared to the mixtures of [PFBMIm][PFs] with [C4CIm][PF¢] or

[CsCiIm][PFs] and this effect is enhanced when decreasing the temperature.
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