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1. INTRODUCTION

lonic liquids (ILs) are salts characterized by a low melting point, often liquid below room
temperature, a negligible vapor pressure and have attracted great interest in research and
industry over the last two decades.t:7? They are typically composed of strongly
asymmetric and weakly coordinating ions, and their properties can be tailored over a
wide range, making them interesting for many applications.3810 Apart from other ad-
vantages, it is this almost uncountable possibility of adapting their physico-chemical
properties by adequate and independent choice among many available anions and cations
with specific molecular sub-units, which has earned ILs the term “designer solvents”.[1112]
Mixing of two or more pure known ILs[13-15] is an extension of this designer concept and a
simple preparation route for new IL systems. However, the resulting properties of the
mixture often deviate significantly from those of the individual ILs and do not follow ideal
mixing rules. The deviations are related to the complex interplay of various long- and
short-range interactions between the ions in the mixture.t314 This leads to rather complex
structures on the nanoscale in the bulk of pure ILs and IL mixtures.[16171 A prediction of the
situation for ions at interfaces of the IL with a solid or with the gas phase is even more
difficult. Mixtures containing fluorinated chains are an example, where a preferential en-
richment of these moieties at the surface has been observed.ts-211 The surface layer com-
position of ILs is determined by the preferential orientation of the ions to the gas (or vac-
uum) side to minimize the surface free energy, which is then directly reflected in the ex-

perimentally observed surface tension (ST).[22

As already discussed at the beginning of the last century by Hardy?3 and Lang-
muiri2+25], the break in symmetry at the surface of a liquid can lead to very distinct prefer-
ential orientation and segregation effects of molecules close to the liquid-gas interface.
Langmuir studied a series of fatty acid solutions in water and observed for lower concen-
trations that the hydrocarbon chains lie flat on the water surface. With increasing concen-
tration of the solution, the fatty acid molecules in the surface layer become more densely
packed until the surface is saturated by the hydrocarbon chains arranged vertically while
the ST levels off.251 This demonstrate that changes in ST often are very different from
changes in bulk composition and the ST cannot be derived from ideal mixing rules. Lang-

muir also reported in his review “Forces Near the Surfaces of Molecules” that for all pure




organic liquids comprised of molecules with long alkyl tails, such as n-hexane and n-hex-
anol, the STs are almost equal, and therefore, independent of the hydrocarbon length. He
inferred that the forces along the entire length of the alkyl part of the molecule are nearly
uniform. The surface tension values of aliphatic alcohols explained Langmuir by splitting
the surface tension into independently acting contributions of tail (hydrocarbon-chain)
and head (hydroxyl) groups.2¢! The long tails are predominantly covering the outer sur-
face leading to very similar ST values. For liquids with shorter alkyl chains, the hydroxyl
groups are also significantly exposed to the gas phase resulting in ST changes. Thus, the
ST of these hydrocarbons is attributed to the result of independent contributions from the
molecular units that are exposed on average to the outer surface;i26271 this concept was
also referred to as “Langmuir principle” elucidating the ST of pure [CnCilm][Tf2N] ionic

liquids. (22

While several groups have extensively studied the surfaces and interfaces of pure
ILs under the well-defined conditions of ultrahigh vacuum,l62s-38 the analysis on the sur-
face composition of IL. mixtures with surface science techniques is a rather new field.[203439-
431 ST at the macroscopic level arises from the fact that molecules in the bulk and at the
surface have very different local environments and thus different interactions. Apart from
the fact that ST of ILs is the focus of interest of many experimental and theoretical
groups,++-+7 it is also of great importance for many IL applications, including gas release
and adsorption, coating and wetting, and multiphase catalysis phenomena at the liquid-
gas interface.¢ The ST of a liquid depends on the chemical composition of the surface
layer and is therefore sensitive to contaminants or the gaseous environment.4849 Surface
science methods under ultraclean vacuum conditions are well suited for studying the in-
trinsic surface properties of ILs due to their extremely low vapor pressures.[28-31.50 These
methods allow one to characterize the surface composition and the molecular arrange-
ment of cations and anions with high accuracy, which in turn sets the stage for investigat-
ing the surface tension of well-characterized and well-defined clean surfaces. The corre-
lation between macroscopic surface tension and microscopic surface structure can then
be used to adjust the surface properties for specific experiments in basic research, such

as using liquid mixtures, or for targeted applications in industry.®2




This thesis starts with the development and calibration of a new pendant drop
(PD)/sessile drop (SD) setup to determine the intrinsic ST/IFT of ILs under vacuum con-
ditions to minimize the risk of possible surface contamination.[?2l Subsequently, tempera-
ture-dependent ST measurements from 370K down to 295 K on the pure ILs
[CsCilm][PF¢] and [m(PEGn)2Im]I (n = 2, 4, 6),/P2 as well as mixtures of these two ILs con-
taining 4.5, 9.6, 19.4, and 49.8 mol% [CsCilm][PFs] are presented.3 Along with their ST
values, the surface composition of these ILs and their mixtures is discussed as determined
from temperature-dependent angle-resolved X-ray photoelectron spectroscopy (ARXPS)
in 0° and 80° emission in a temperature range from 370 K down to 230 K in ultra-high
vacuum (UHV)rrr3iin the so-called DASSA setupisi, In particular, ARXPS was used to verify
the purity of the IL systems employed analyzing all elements present (except hydrogen
and helium), and to reveal changes in stoichiometry at the surface as compared to the
bulk. Then, applying the Langmuir principle, a quantitative correlation between the sur-
face tension and the surface composition of IL mixtures is established, even for very com-
plex ions, which allows for predicting the ST of IL mixtures based on their surface compo-
sition determined by ARXPS. Conversely, the ST value measured for an IL mixture at a
given temperature under clean conditions can also be used to derive the composition at

the outer surface.P3!

Finally, as an independent side project, porous carbonaceous materials doped with
heteroatoms are discussed. These materials are highly tunable, stable and have a large
surface area, possess interesting adsorptive properties and show a great potential for ca-
talysis, energy conversion/storage, optoelectronic and sensing applications.52-561 A very
popular class of pyrolysis precursors are ILs, as their thermal stability and low volatility
provide high yields for carbonization. Due to the wide variety of cation-anion combina-
tions, the amount of types of doping heteroatoms in the final product can be con-
trolled.57581 B- and N-doped carbon (BNC) materials based on a new 1-ethyl-3-methylim-
idazolium tetrakis(1-imidazolyl)borate ([C2C1Ilm][BIma4]) precursor were characterized
by means of X-ray photoelectron spectroscopy (XPS) to provide information about com-
position and bonding configuration of these BNCs obtained under different pyrolysis con-

ditions.[P4
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2. METHODS AND BASICS

2.1. SURFACE/INTERFACIAL TENSION (ST /IFT)

The central part of the experiments presented in this thesis are surface tension measure-
ments using the pendant drop (PD) method, a macroscopic thermodynamic method of
surface science. In this thesis, measured tensions at gas-liquid and at vacuum-liquid
boundaries are both referred to “surface tension (ST)”. For liquid-liquid and liquid-solid
boundaries, the expression “interfacial tension (IFT)” is used. The following basics also

apply to liquid-liquid interfaces. For more details, see Ref. [59-62] and Appendix 8.3.

2.1.1. AXISYMMETRIC DROP SHAPE ANALYSIS (ADSA)

The most important part for accurate PD ST/IFT measurements is the exact determina-
tion of the shape of a hanging (=pendant) drop.¢3-¢¢1 In 1805, Young!¢” developed the quan-
titative theory of surface tension in general, which was completed by Laplacel¢s! with re-
spect to the mathematical description in the following year. The resulted Young-Laplace
equation is a nonlinear partial differential equation that describes the capillary pressure
difference (dp) sustained across the interface between the liquid and a gas phase (or
across the interface between two immiscible liquid phases) due to the surface (or the in-

terfacial) tension y. It is defined asfr2160.62]

dP=V<Ri1+Ri2) .

where R; and R: are the radii of curvature of a curved surface. For more details see Ap-

pendix 8.3.

In 1881, Worthington suggested that the ST of a liquid can be determined from the
shape of a hanging drop, which is deformed by gravity.¢>711 Bashford and Adams pub-
lished 1883 numerical tables for the approximate solutions of the axially symmetric
Young-Laplace equation.”2l There, the drop shape is defined by a single dimensionless

quantity representing the ratio of gravitational and interfacial forces and is specified by
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R? (2)
B =dp 9~
Note that Ry is the curvature radius of the drop at its apex and dp the difference in mass
densities of drop and surrounding medium.72 In 1947, Merrington and Richardson de-
fined fas ‘Bond number’.i”31 When the bond number can be accurately determined from
the drop shape, the surface (interfacial) tension can be directly obtained from the density,
gravitational force and drop size. However, this proved to be challenging for some sys-
tems, especially for drops strongly elongated due to a low surface tension with only Ro as

characteristic drop shape parameter.

In 1938, Andreas et al. demonstrated an improved approach to determine y from
the aspherical drop shape based on the value S = ds / de, which is the ratio of the maximum
drop diameter, de, and the drop diameter, ds, measured at a distance de from the apex./”
This method is named the “Method of selected planes” and is illustrated in Figure 1. The
ratio S is then compared with tables calculated experimentally by Andreas et al., which
correlates the bond number and interfacial tension. These tables were further improved

over time by numerical integration of the Young-Laplace equation.[7+7s!

Figure 1: lllustration of the “Method of selected planes” from Ref. [74] using the ratio S = ds/d.
as characteristic descriptor for the pendant drop shape. The maximum drop diameter de
(blue) and the drop diameter ds (red) at the distance d. above the apex are shown. Adapted
from [P2] under license CC BY 4.0.

The Young-Laplace equation is still used today to derive y. However, today’s
standard programs for calculating the surface tension are based on the ADSA algorithm

(axisymmetric drop shape analysis) developed by Neumann et al.i¢376-801 The software for

12



this algorithm uses an image-processing technique that automatically detects the edge of
the drop.81 Subsequently, the ST/IFT is calculated from the final drop profile using a nu-
merical method,”981 which is based on an optimization process.l’779 In this process, a set
of Laplacian curves (theoretical curves) are fitted to the experimental profile. Before the
fitting process, theoretical curves are generated by integrating the Young-Laplace equa-
tion (Equation 1) for the given values of surface tension and curvature at the apex of the
drop.”779 To fit the Laplacian profile to the experimental profile, an iterative solution pro-
cedure based on numerical solvers is necessary.”? As the results of the numerical solvers,
the optimization parameters are obtained, which give the best fit between the measured
profile and a Laplacian curve. Other surface/interface properties such as drop volume,

surface area and contact angle are then determined from the selected Laplacian curve.77.79

2.1.2. YOUNG EQUATION

To determine the wetting of a liquid on a solid, the sessile drop (SD) method is used as a
standard approach. In this method, a droplet is placed on a solid surface. From the simple
slope, the interaction of the droplet with the solid surface and the resulting wetting be-
havior can be determined. The droplet shape of a liquid L on a solid surface S in a gas

phase G can be described by the Young equation

Ys¢ = VYsi + Y1 cos © (3)

This equation is based on the force balance at the three-phase contact line in the direction
parallel to the surface, which is illustrated in Figure 2. In this equation, y; is the surface
free energy of the solid, yg; the interfacial tension between liquid and solid, y;; = y the
surface tension of the liquid and cos 0 the wetting/contact angle (CA).[59-6282 y¢. — yg; iS

also termed “wetting tension”.lsl For more details see Ref. [59-62,82].

Gas phase G

Liquid L
0 YsL Vs
A——

Solid S

YLG

Figure 2: Contact angle of a liquid on a solid surface.
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2.2. ANGLE-RESOLVED X-RAY PHOTOELECTRON SPECTROSCOPY (ARXPS)

Another central analytical method of this thesis is angle-resolved X-ray photoelectron
spectroscopy (ARXPS). This very surface-sensitive technique is performed under ultra-
high vacuum (UHV) conditions, it will be shortly described here; for more details, see

Ref. [83-86].

X-ray photoelectron spectroscopy (XPS) is based on the external photoelectric
effect, which was found by Hertz and Hallwachs in 18871871 and 1888is8], proved by Lenard
in 1894159 and interpreted by Einstein in 1905%. A schematic illustration of the photo-

electric effect is shown in Figure 3.

t &
E / E
A kin
— i
Vacuum Ey,-2 0
/ e
Fermi E—F 0
— — /
2p | 4 '/
LA
EB
2s 1 4
1s ‘Ir O < E;

Figure 3: Scheme of the external photoelectric effect.

A sample is irradiated with photons of a specific energy hv and photoelectrons are
emitted. The emitted electrons are detected by an electrostatic analyzer as a function of
their kinetic energy Ekin. With excitation of the electrons from the initial Ei to the final state

of energy Ey, conservation of energy applies:
Ef =E; +hv (4)

The binding energy E& is typically referenced to the Fermi energy Er. The kinetic energy
Ekin of an electron in free space is related to the vacuum level Ev, which differs from the
Fermi energy by the work function ®. The work function is a location-dependent quantity,

which can vary and thus also the vacuum level. Because the kinetic energy is measured
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via the analyzer, the work function of the analyzer ®an is also included in the measure-
ment. Taking the work function of the analyzer into account by calibrating the analyzer to

the Fermi energy of a metal sample, the binding energy is given by:
Ep = hv — Epin — Pan (5)

Note that this relationship strictly applies to conductive samples electrically connected to
the electron analyzer only without sample charging, which implies a common Fermi

energy of both, sample and analyzer.

XPS yields characteristic energies for the respective elements and their core levels,
whose exact values also depend on the chemical environment of the electron-emitting
atom. Therefore, XPS is also known as Electron Spectroscopy for Chemical Analysis

(ESCA). For more details on XPS, see Ref. [83-86].

The high surface-sensitivity of XPS arises from the large cross-section for inelastic
scattering of the excited electrons while traveling in matter. The inelastic mean free path
length (IMFP, A) typically ranges from few angstroms to nanometers depending on mate-
rial density and kinetic energy (note that different core levels have distinct Ep and thus
distinct Exin values, which are related to different A values).#1-9s1 ARXPS as one specific form
of XPS allows for probing the near-surface region of a sample with different surface sen-
sitivity by detecting electrons under different emission angles. As it is illustrated in Fig-
ure 4, the change in surface sensitivity with electron emission angle can be understood as
follows: a higher peak intensity in the more surface-sensitive 80° measurement indicates
a higher concentration of this elements in the outermost layers as compared to the more
volume-sensitive measurement at 0° and vice versa. Thus, the changes in peak intensities
with emission angle allows for the determination of surface enrichment and orientation
effects. The contribution to the measured XPS signal in intensity follows an exponential
behavior. Thereby, the intensity Iz at a depth d relative to the intensity Ip at the IL/vacuum
interface (d = 0) for different emission angels can be expressed by the Beer-Lambert

lawl96.971;

Iy, __d_ (6)

where 0 is the emission angle of the photoelectrons relative to the surface normal (see

Figure 4 left). Figure 4 (right) illustrates the exponential decrease of the contribution

15



from depth d in surface-sensitive ARXPS at different emission angles. The resulting inten-
sities to the XPS signal at normal and grazing emission are given accordingly for 0° in

black and for 80° in red.
The information depth (ID) of ARXPS is defined as
ID = 31 - cos(9) (7)

For organic matter, ID is around 7 to 9 nm at 0° (more bulk sensitive), while at 80° (sur-
face-sensitive), ID decreases down to 1 - 1.5 nm. For the 80° measurement, more than

80% of the total core level intensity originates solely from the outermost layer.(22

5 E 0 emission
1/
5 e —
D (80 ) FE ="
ID(0) 80 emission \
d

Figure 4: Left: Schematic representation of ARXPS recordings at an emission angle of
J = 0°and 80° relative to the surface normal of the sample. The length of the arrows within
the sample (black: 0° red: 80°) represents the path length of the electrons of 3A in the ma-
terial, and thus, the resulting information depth ID at 0° (black) and 80° (red). Right: Expo-
nential decrease of the intensity l4 for the emission angles of 0° (black) and 80° (red) of a
signal from a depth d in relation to the intensity lo at the IL/vacuum interface.
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3. MATERIALS, INSTRUMENTATIONS AND EXPERIMENTAL DETAILS

3.1. MATERIALS AND SAMPLE PREPARATION

Table 1 provides an overview of the ILs investigated in this work using ARXPS and PD/SD,
including abbreviations, molecular structure and IUPAC name. All calibration fluids and
ILs studied in this thesis were analyzed without further purification.

All liquid samples investigated with ARXPS were prepared on a molybdenum sam-
ple holder with a film thickness of 0.1 to 0.5 mm and degassed for at least 12 h in the fast-
entry load-lock of our vacuum chamber prior to UHV ARXPS analysis. P1-3lis1]

For all ST studies with the PD method, the reservoir was filled with 1 to 1.5 ml of
the investigated liquid. ST studies under vacuum conditions were performed at a chamber
background pressure in the low 10-°® mbar range. Before ST investigations were per-
formed, the PD chamber was heated to at least 363 K and the ILs were degassed for at
least 12 h after reaching this temperature.rz3i

Surface tension calibration measurements were performed with Millipore water
H20 (resistivity 18.2 MQ-cm) and with benzene CesHe (purity 99.7%) purchased from
Merck at room temperature (Tuzo = 295.45 K and Tcens = 295.15 K) and =1 bar ambient
pressure.

UHV ARXPS as well as surface tension measurements in high vacuum (HV) and in
air were performed with 1-methyl-3-octylimidazolium hexafluorophosphate [CsCilm]
[PFe] (purity 99%) purchased from IoLiTec and used as delivered. ARXPS measurements
were carried out at temperatures from 363 K down to around 233 K.i31' The HV surface
tension was measured from 360 K down to 295 K.P2p31 Then, the chamber was vented with
air and the surface tension of the HV-degassed IL was investigated in the same tempera-
ture range at ambient pressure of %1 bar. For comparison, the surface tension of the ini-
tial, non-degassed [CsCilm][PFs] was also studied at a pressure of %1 bar in a similar tem-
perature range.[2

UHV ARXPS and HV ST measurements were also performed for 1,3-bis(polyeth-
ylene glycol)imidazolium iodide [m(PEGn)2Im]I with (n = 2, 4, 6) synthesized by V. Seidl
according to [P1] and mixtures of [CsC1Im][PF¢] and [(mPEG2)2Im]I with 4.5, 9.6, 19.4, and
49.8 mol% [CsCilm][PF¢] content. The mixtures were prepared in total amount of one to
three grams by weighing [CsCilm][PF¢] in [(mPEG2)2Im]l, stirring and waiting over-
night.P31First, ARXPS investigations of [m(PEGn)2Im]I with (n = 2, 4, 6) were performed at

17



room temperature (298 K).P1l For [CsC1Ilm][PFs], [m(PEGz)2Im]IP1P31 and the mixtures,
ARXPS measurements were recorded at temperatures from 363 K down to around
238/233 K,*31 where the onset of sample charging in ARXPS indicated solidification.51 ST
studies for all pure ILs [m(PEGn)2Im]I with (n =2, 4, 6)*2 and mixtures of [CsC1Im][PFs] in
[(mPEG2)2Im]®3i were performed under HV conditions from around 370 K down to 290 K.

B- and N-doped carbons (BNCs) were synthesized by ]. Mehler using 1-ethyl-3-me-
thyl-imidazolium tetrakis-(1-imidazolyl)borate [C2C1Ilm][BIm4] mixed with an eutectic
mixture of NaCl and ZnClz and heated to pyrolysis temperatures of 1073,1173 and 1273 K
(800, 900 and 1000°C)according to [P4]. The porous BNCs were analyzed by XPS at an
emission angle of 0° at *x298 K. Here, a double-sided adhesive Cu foil was glued to the
molybdenum sample holder and the BNCs were spread evenly on this foil with a spatula.
Excess BNC was tapped off the sample holder. These samples were also degassed for at

least 12 h in the fast-entry load-lock of our vacuum chamber prior to UHV ARXPS analysis.

Table 1: Overview of abbreviations, molecular structures and IUPAC names of the investi-
gated reference liquids and ILs.

Abbreviation Molecular Structure IUPAC Name
~ A . I|: F 1-methyl-3-
NN NN Np7 octylimidazolium
[CoCalm][PFe] \—/ Fl F hexafluorophos-
phate

O\/\) P (/\/O)\ i 1,3-bis(polyethyl-
[(mPEGn)2Im]I /( N7"'N : I ene glycol)imida-

(n=2,4,6) n\—/ zolium iodide

1-ethyl-3-methyl-

| - :
AN\ N—B=—N imidazolium
[C2Cilm][BIme] N7 N N \) tetrakis-(1-
— N) imidazolyl)borate
\ N
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3.2. DETAILS ON THE INSTRUMENTS

3.2.1. HiGH VAcuuM PENDANT DRroP (PD)/SESSILE DROP (SD)

The pendant drop method is one of the most popular standard techniques to determine
surface tension. For the determination of the contact angle, the sessile drop method is
used as standard technique. Commonly PD/SD measurements are performed under non-
vacuum conditions¢), in various gas atmospheres or under different pressure conditions.
In a standard setup with a syringe operating under ambient pressure, the 1 bar pressure
acting at the pendant drop surface allows for pushing out from or drawing back into the
vertically mounted cannula by moving the syringe stamp. This enables an easy adjustment
of a constant and stable drop volume. When measuring in vacuum, no such external pres-
sure acts at the droplet surface. This implies that the liquid can only be pushed out, while

no negative pressure difference can be generated by retracting back the syringe stamp.

A detailed description of our new PD/SD chamber is given in Chapter 4.1.1, and
only the basic details of the general setup are provided here. Figure 5 shows a photograph
(left) and a drawing (right) of the HV PD/SD chamber developed in this thesis and used
to acquire all the ST data shown herein. This setup enables us to study ST/CA on well-

defined and well-characterized clean surfaces.*2

The new high vacuum PD/SD setup (see Figure 5) is mounted in a small stainless
steel vacuum six-way cubic cross as vacuum chamber. It operates in the pressure range
from atmosphere (x1 bar) to HV (10-7 mbar), and in a temperature range from room tem-
perature to about 400 K. The chamber is pumped by a turbomolecular pump (Pfeiffer,
HiPace 80), which is connected to an oil-free scroll pump (Pfeiffer, HiScroll 6). To vary the
pressure or introduce a specific gas atmosphere, the gate valve to the pumps is closed,
and the chamber can be either vented with air, or gases can be introduced by a fine dosing
valve. The pressure is recorded with a multi-range pirani/cold cathode gauge (Pfeiffer,
PKR 251). Attached heating tapes allow for uniform baking of the chamber, degassing of
the liquids, and temperature-dependent measurements. In this thesis, PD measurements
were performed in a temperature range of 370 K down to 290 K. Optical images of the
pendant or sessile drops are recorded through a CF40 window using a high-speed camera
(DataPhysics, iDS, UI-3350CP-M-GL R2).r21The drops are illuminated from the back by a

diffuse LED light screen, mounted on the opposite window for accurate imaging.[r2166981 A
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cover with minimum sized rectangular opening (10 mm x 25 mm) is positioned at the il-
lumination flange (that is, between the light source and the drop), to reduce reflections
from the metallic walls inside the cross. All ST measurements were performed with cam-

era setting of 16 for contrast and 12 for brightness.®2

Figure 5: Photograph (left) and drawing (right) of the whole vacuum PD/SD system with
attached z-shift of the SD assembly. Adapted from [P2] under license CC BY 4.0.

3.2.2. DATAEVALUATION PD

Surface tension studies were performed using a stainless-steel capillary with outer and
inner capillary diameters of 2.02 mm and 0.50 mm, respectively. Two twisted stainless
steel wires (0.2 mm) were inserted into the cannula to increase the contact area. Videos
for surface tension investigations of the pendant drops were recorded with a high speed
camera (4 frames per second). For the surface tension evaluation, 5 to 10 frames per drop
were used. To ensure the reproducibility of the data, 5 drops were formed at a fixed tem-
perature (with a maximum temperature drift of +1 K). The corresponding axisymmetric
drop shape analysis (ADSA) of the drop shape and the self-consistent solution of the
Young-Laplace equation was evaluated using the software SCA 22/15 (surface and inter-
facial tension; version 5.0.35) from DataPhysics.[P2?31 This software numerically solves the
Young-Laplace equation in a self-consistent way with respect to manually set reference

lines (see Figure 6).lP2

20



IFT: 38.63 mN/m 1

Figure 6: Left: PD configuration for ST measurements with diffuse light source (left), cham-
ber with drop (middle) and camera (right). Right: Drop image with manually set reference
lines for evaluation of surface tension (red, 1: magnification lines, 2: cannula end line, 3:
boundary line) and received contour lines (turquoise). Adapted from [P2] under license CC
BY 4.0.

Table 2: Densities [g/cm?] and their literature references for the calibration liquids water
and benzene. Adapted in parts from [P2] under license CC BY-NC 4.0. Temperature-depend-
ent density parameters for pure [CsC1Im][PFs] and [(mPEGz)2Im]I with references. The den-
sity of their mixtures containing 4.5, 9.6, 19.4 and 49.8 mol% [CsC1Im][PF¢] is calculated
from the mixing ratio of the two pure ILs. For information on density calculation, see Appen-
dix 8.2. The densities for the surface tension evaluation at different temperatures are deter-
minedasp = py+ p1 - T + p, - T? (temperature in K). Adapted in parts from [P3] under li-
cense CC BY-NC 4.0.

Calibration Liquids

T [K] plg/cm?3] Literature
MP-water 295.45 0.9990 [99]
Benzene 295.15 0.8767 [100]

Ionic Liquids

Po [g/cm3] p1[g/cm*K]  p; [g/cm3-K?]

[CsC1Im][PFs] 1.61 -1.59-10-3 1.21-10 [101]

49.8 mol% 1.65 -1.30-10-3 7.39-107

19.4 mol% 1.69 -1.24-10-3 6.40-107

9.6 mol% 1.71 -1.22-10-3 6.07-107

4.5 mol% 1.72 -1.21-10-3 5.91-107
[(mPEGz)zIm]I 1.72 -1.20-10-3 5.70-107 [P1]
[(mPEG4)zIm]I 1.60 -1.13-10-3 4.77-107 [P1]
[(mPEGs)zIm]I 1.56 -1.14-10-3 4.89-107 [P1]
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Alist of densities used for ST evaluation and the corresponding literature are given

in Table 2.IP1-P31 For information on density calculation, see Appendix 8.2.

For all systems investigated as a function of temperature, the ST was successfully

fitted by a linear regression

Yeate = Yo+ Y1 T (8)
where yo and y1 are the fitting coefficients and T the temperature in Kelvin.pz»3i

Further information on the software can be found in [P2] and in Appendix 8.3. De-
tailed descriptions of the data evaluation of the measured liquids are given in [P2] and

[P3].

3.2.3. DUAL ANALYZER SYSTEM FOR SURFACE ANALYSIS

In conventional ARXPS, measurements are performed by either tilting the sample or ro-
tating the analyzer to change electron detection angle, particularly to achieve grazing
emission with increasing surface sensitive information, as described in Chapter 2.2. In
contrast, the unique Dual Analyzer System for Surface Analysis (DASSA),51 which was de-
veloped in our group together with Omicron NanoTechnology with focus on ARXPS inves-
tigations of macroscopic ionic liquid samples, two electron analyzers mounted for normal
(0°) and grazing (80°) emission angle operate simultaneously while the sample is main-
tained in a horizontal geometry. Figure 7 depicts a scheme of the DASSA, which was used

to acquire all of the ARXPS data presented in this work.

The DASSA setup consists of preparation chamber, analysis chamber and fast-en-
try load-lock (FEL) system. A sputtering gun (SPECS IQE 11/35), quadrupole mass spec-
trometer (QMS; HIDEN HAL 3F 511), and low energy electron diffraction system (LEED;
Omicron) are installed in the preparation chamber. The samples are introduced into the
FEL system via a nitrogen-filled inert box, degassed for at least 12 h, and then transferred
to the manipulator in the preparation chamber. The manipulator head has two sample
stages, a low-temperature stage with liquid nitrogen cooling and radiation heating, and a
high-temperature stage with electron bombardment heating. Note that in this thesis,

mainly the low-temperature sample stage was used due to the temperature range from
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363 K down to 233 K. The sputtering gun (for Art bombardment) mounted in the prepa-
ration chamber is used for cleaning the molybdenum reservoirs and for occasional surface

cleaning of the IL samples under investigation.

—
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Figure 7: Schematic representation of the DASSA setup with the three main parts: Prepara-
tion Chamber (left), Analysis Chamber (right) and the Loading Lock (top). The assembled
components of the three chambers are indicated.

The two identical hemispherical ARGUS electron analyzers with emission angles of
0° and 80° relative to the surface normal are mounted in the analysis chamber. This ge-
ometry allows simultaneous acquisition of XP spectra (Software: MATRIX T3.2) at normal
(0°) and grazing (80°) emission from the same sample spot, reducing X-ray exposure time.
The sample is kept in a horizontal position to avoid dripping of macroscopic liquid sam-
ples. A monochromatic Al Ka X-ray source (Omicron XM 1000; hv = 1486.6 eV, 238 W
power) is mounted in a “magic angle” configuration with respect to both analyzers. Survey
scans are recorded with a pass energy of 150 eV, while a pass energy of 35 eV is used for
region scans, resulting in a total energy resolution of 0.4 eV. In addition, a dual non-mon-
ochromatic X-ray source (Omicron DAR 400) with Mg Ka (hv =1253.6 eV) and Al Ka
(hv = 1486.6 eV) radiation, a QMS (Pfeiffer Vacuum PrismaPlus QMG 220), an electron
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source for charge compensation (Omicron CN 10), an ultraviolet source (Omicron HIS 13)
and an ion source (Omicron FIG 05) are connected to the analysis chamber, but were not

used in this thesis. Further details are described in Ref. [51].

3.2.4. DATA EVvALUATION ARXPS

All XPS data were analyzed using the CasaXPS software (version 2.3.16Dev6). A two-point
linear background was subtracted for all peaks, except for the I 3d region, where a three-
point linear background was used. Fitting was performed using pseudo-Voigt functions
(product of Gaussian and Lorentzian with 30% Lorentzian contribution).”3! Atomic sensi-
tivity factors (ASFs) relative to F 1s were applied for the quantitative analysis of the core
levels.i021 The specific core levels and the associated ASFs used in this work are listed in

Table 3.

Table 3: ASFs applied to peak intensities for measurements performed in this work using the
DASSA setup.

Core Level ASF (DASSA)
F1s 1.00
[ 3ds/2 6.17
O01s 0.67
N 1s 0.46
C1ls 0.30
P 2p 0.46
B 1s 0.15

For the spin-orbit split P 2p1/2and 2ps3/2 core levels, the intensity ratio was set to 1:2,
the separation of both peaks to 0.90 eV with the same full width at half maximum
(FWHM). For pure [CsC1lm][PFs], the C 1s region was fitted with three peaks for C2, Chetero
and Caikyl. The C2 and Chetero peaks are separated by 0.90 eV, have an intensity ratio of 1:4,
and FWHMs of 1:1.1; C2 and Caiky1 have equal FWHM. In case of pure [(mPEG2)2Im]], the
C 1sregion was fitted with two peaks, C2 and Chetero, with a peak separation of 0.87 eV and
a ratio of 1:12. For Chetero, the FWHM was 1.19 times that of the C2 peak. The C 1s region
of the mixtures was fitted considering the different peak positions, peak widths of the

pure ILs and the corresponding mixing ratios and resulting atomic ratios. The Caiky signals
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in the mixtures are small for low [CsCilm][PFs] content. Therefore, an additional con-
straint for unambiguous fitting was used, namely a fixed peak separation of the Chetero and

the Caikyl peaks of 1.59 eV in 0° and 1.46 eV in 80°.73]

In order to visualize depletion/enrichment effects by direct comparison and to ac-
count for an overall reduced signal intensity for the grazing emission geometry, all 80°
spectra were scaled up by a common geometry factor. This factor is chosen in such way
that the sum of the weighted intensities of all core-levels obtained at 0° and 80° are iden-
tical according to an established procedure.lP1r3iii851 [n addition, the energy scales of all
80° spectra were shifted slightly by -0.1 eV so that the N 1s peaks in 80° of the common

imidazolium head group fall on the N 1s peaks in 0°.[3!

For the BNCs determination of [C2C1Im][BIma4], only the 0° data were considered and
analyzed. The N 1s and C 1s regions were fitted with three peaks. The peak with the high-
est binding energy is due to the satellite features of the N and C atoms in an aromatic
configuration. In the N 1s region, the C-N and B-N peaks were fitted with a separation of
2.1 eV and FWHMs of 1.1:1. The C-N and C-C peak are separated by 1.7 eV and have
FWHMs of 1.7:1 in the C 1s region. The B 1s region was fitted with two peaks B-O and
B-N, separated by 1.4 eV and have equal FWHM.P4
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4, RESULTS AND DISCUSSION

Four peer-reviewed articles were published as part of this thesis and are summarized in
this chapter. Further experimental details are given in the corresponding publications

[P1] - [P4].

4.1. HIGH VACUUM PENDANT DROP AND SESSILE DROP SETUPIP2]

This chapter mainly focuses on the the PD/SD chamber (see Chapter 3.2.1), which was
developed, built and put in operation in course of this thesis in 2021. In addition, the main
features of the chamber, the pendant drop and sessile drop sample system, and calibra-
tion and reference measurements of the PD system are also presented here. Additional ST
results are presented in Chapter 4.2 and 4.4. For more details on the setup, problems and

solutions, as well as data evaluation, see [P2] and Appendix 8.3.

4.1.1. PENDANT DROP

Once a pendant drop is formed in vacuum, the liquid drop and the liquid in the cannula
are retained only by capillary forces counteracting gravitational forces; otherwise, the lig-
uid would simply drip out of the syringe. To ensure that the capillary forces are compara-
ble to those of gravity in order to obtain suitable stable hanging drops for the measure-
ments, a stainless steel capillary with outer and inner capillary diameters of @ = 2.02 mm
and @i = 0.50 mm, respectively, turned out to be suitable for IL. measurements. To increase
the contact area and thus the capillary forces within the cannula, two twisted stainless
steel wires (0.2 mm diameter) are inserted into the cannula. Figure 8a shows the new PD
syringe setup, which is made of stainless steel. It consists of a stationary reservoir with
degassing holes, a replaceable cannula and a stamp that can be moved vertically with a
micrometer screw-drive. Liquid tightness between the stamp and the reservoir, and be-
tween the cannula and the reservoir, is achieved by viton seals mounted on the stamp and
between the cannula and the reservoir. The entire assembly is mounted on a CF 40 flange
(see Figure 8b) so that the tip of the cannula ends in the center of the six-way cross after

assembly.[p2]
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Figure 8: Concept and construction for vacuum drop formation: a) Inner part in vacuum
consisting of a stamp, reservoir with degassing holes and cannula (inside the cannula, in-
serted twisted wires increase capillary forces). The stamp is pushed in the reservoir to press
the liquid into the cannula and forms a drop at its end. b) Complete setup with the microm-
eter screw that moves the stamp in vertical direction. Adapted from [P2] under license CC
BY 4.0.

First, the liquid under investigation is filled into the setup’s reservoir in air. The setup is
then attached to the PD chamber via the CF 40 flange and the chamber including the res-
ervoir is carefully pumped down with the stamp retracted, i.e. with the reservoir degas-
sing holes open. Pumping and degassing of the sample is performed for at least 12 h at
chamber temperatures of 340 to 370 K to remove all volatile species from the liquid. The
temperature is verified by two independent type K-thermocouples, which are mounted
next to the cannula tip. When the final vacuum is reached and the sample is completely
degassed, the stamp is slowly moved down into the reservoir, closing the degassing holes
before touching the liquid surface. The stamp pushes the liquid into the cannula, and a
drop of growing size is formed slowly at the end of the cannula (see Figure 8a). Just before
a targeted drop reaches its maximum size, the stamp must be pushed back a little, other-
wise liquid from the reservoir will still be pressed into the cannula and the drop will fall
off very quickly. When the drop detaches from the cannula, it is collected in a glass vessel
located in an extra tube attached to the chamber below the cannula. Video recordings are

made of the formed drops.r2

4.1.2. SESSILE DROP

Our system can also be used to perform sessile drop measurements on ultra-clean sur-
faces. For these measurements, a cannula with a smaller outer diameter of @o = 1.05 mm
(inner diameter: @i = 0.5 mm) is used to obtain a suitable small size of the formed drop-

lets.l’2l In order to neglect the influence of gravitational force and to obtain reproducible
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data, the volume of a sessile drop should be 0.5 to 10 pl, according to literature.103-1081 After
pumping the chamber and degassing the liquid in the reservoir, some preliminary drops
are first formed and disposed in a small drip pan (see Figure 6) that can be placed under
the cannula. This is followed by the actual deposition of the droplets on a solid sample
(e.g. a well-prepared single crystal surface), which is fixed onto specially designed SD
sample holders for solid samples as shown in Appendix 8.3. The sample holder is mounted
on a z-shift manipulator of a vacuum suitcase. The suitcase is attached to the bottom
flange of the PD/SD chamber via a gate valve and pumped by a small ion getter pump.[r2l
The vacuum suitcase allows for the transfer of well-prepared samples via the FEL cham-
ber from DASSA®BY (see Section 3.2.3) to the PD/SD chamber without breaking the vac-
uum. Conversely, it also allows for vacuum-transfer of deposited sessile drops without air
contact to DASSA for further XPS analysis in terms of sample composition and purity. To
deposit a drop on the solid sample surface, the gate valve is opened and the sample is
moved with the z-shift to the target position under the cannula. After the droplet is de-
posited, the contact angle (CA) is determined by taking pictures with the PD/SD camera.
A resistive pBN heater (Neyco, PCPBNP05, ® = 12.7 mm, resistance: 5-7 Ohm, maximum
power: 80 W) mounted beneath the sample holder in the z-shift allows for simultaneous

sample heating up to 800 K to perform temperature-dependent CA measurements.r2l

4.1.3. PD CALIBRATION MEASUREMENTS WITH WATER AND BENZENE

Surface tension calibration measurements were performed using Millipore water (resis-
tivity 18.2 MW-cm) at room temperature (295.45 K, ST literature value at this tempera-
ture is 72.34 mN/m(09) at 1 bar ambient pressure. To find the optimum conditions and
positions for the light source and the high-speed camera relative to the setup and to
calibrate the whole system, images were acquired with different contrast and brightness
settings in the SCA 22/15 software from DataPhysics. The density value for water of
0.9990 g/cm3 was used.®¥! An optimized surface tension value of 72.40 + 0.06 mN/m de-
viates by less than 0.1% from the literature value at camera contrast and brightness set-
tings of 16 and 12 and at slightly lower or rather higher brightness without further refine-
ment needed.?

To crosscheck the calibration, ST measurements were also performed using the

settings derived from water (see above) for benzene in air at room temperature
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(p ® 1 bar, 295.15 K). The surface tension values were determined using the density for
benzene at this temperature and compared with the values from Ref. [100]. These were
obtained under equilibrium conditions of benzene vapor pressure. We could not achieve
these equilibrium conditions in our setup. The surface tension of 28.85 + 0.03 mN/m de-
termined by us is slightly higher than the literature value (28.62 mN/m at 295.15 K1),
This deviation of 0.8% is within the statistical uncertainty range of * 2% typically ob-
served for surface tensions measured with the PD method.“s1111 The slightly higher surface
tension value of benzene compared to the literature can be attributed in part to the higher
benzene vapor pressure and non-equilibrium conditions in our setup. The formed ben-
zene drops evaporate slowly during image acquisition, resulting in a decrease in the drop
volume and a more spherical drop shape.l’2 As our system is manually operated, no pL
could be added to the drop to compensate for evaporation loss, as is often done in litera-
ture.#81121131 This evaporation problem is not relevant to our targeted measurements of
ILs, since our system was designed for surface tension measurements of non-volatile

liquids.

4.2. PD MEASUREMENTS OF IONIC LIQUID SYSTEMS IN HIGH VACUUMIP1-P3]

The aim of this chapter is to obtain a fundamental understanding of the intrinsic surface
tensions of liquids and their mixtures. For this purpose, the intrinsic surface tensions
must be accurately determined under well-defined and ultra-clean conditions, that is, at

best in HV.[P21

In [P2], we studied the surface tension of two different pure ILs, one is the standard
IL [CsC1lm][PFe¢] and the other is the newly synthesized ILs [(mPEGn)2Im]I (n = 2, 4, 6).
Investigations of [CsC1Im][PFs] were first performed in high vacuum (3.3:10-¢ mbar), then
degassed and non-degassed in air (=1 bar) in the temperature range from 360 K down to
295 K and compared with literature values. Subsequently, the [(mPEGn)2Im]I ILs were
studied as a function of temperature in high vacuum(?21 and compared with surface tension
measurements at 1 bar inert argon atmosphere with a conventional PD setup performed
by Ziwen Zhai. Information on the latter measurement in argon atmosphere, as well as
other characterization methods of [(mPEGn)2Im]I can be found in [P1] and are not dis-

cussed here.P11 For more details to this study, see [P2].
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In the first part of [P3], we investigated the temperature dependence (from 363 K
down to 300 K) of the surface tension of [(mPEGz)2Im]I and [CsCilm][PF¢] mixtures with
4.5, 9.6, 19.4, and 49.8 mol% [CsCilm][PF¢] content under ultra-clean HV conditions at a
pressure in low 10-¢ mbar. We compare the ST obtained from the measurements with the
ST of the ideal behavior to determine the correlation with the surface composition in
Chapter 4.4. The studied mixtures consist of ILs with different anions and cations. Further
experimental details can be found in Subchapter 4.3.2 on surface composition, in Chap-

ter 4.4 on the correlation of surface composition and surface tension, and [P3].

4.2.1. SURFACE TENSION OF [CgC1IM][PF¢](P2]

For temperature-dependent PD measurements in high vacuum and degassed in air,
[CsC1Im][PF¢] was inserted into the PD reservoir and degassed under HV conditions as
described in Chapters 3.1 and 4.1.1. First, the surface tension was measured at a pressure
of 3.3:10-¢ mbar from 360 K down to 295 K; then the chamber was vented with air and
the ST of the HV-degassed IL was measured in the same temperature range at an ambient
pressure of =1 bar. For comparison, the ST of the original, non-degassed [CsCilm][PF¢]
was also measured at a pressure of 1 bar in a similar temperature range. For evaluation,
the temperature-dependent density of dried [CsCilm][PFs] from Ref. [101] (see Sec-
tion 3.2.2, Table 2) was used for all data sets. In all cases, we observed a linear decrease
of ST with increasing temperature values (see Figure 9a), which was fitted by Equation 8
(see Chapter 3.2.2). With the corresponding coefficients and this equation, the surface
tension were calculated for 298 K (see Table 4) and plotted for the different measurement

conditions (see Figure 9b).

For the degassed IL at 298 K in air under ambient pressure, the ST value is
34.03 mN/m, which agrees to within 0.24% with the one obtained in Ref. [114] using the
Wilhelmy Plate method at similar conditions (33.95 mN/m for degassed [CsCilm][PFs],
ambient pressure, 298 K). Comparing this value with those measured by Freire et al. using
the Du Noiiy ring method (34.87 mN/m for degassed [CsCilm][PFs], ambient pressure,
298 K, Ref. [44]), it differs by about 2%. When comparing the different absolute ST values
of different groups, deviations of several % are common.“61111 However, much smaller rel-
ative changes in ST caused, e.g., by a change in water content, can be detected with high

accuracy when an identical device is used as it is the case of the present work. Thus, the
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changes in the ST values of the degassed IL in HV (34.18 mN/m at 298 K), of the degassed
IL in air (34.03 mN/m) and of the non-degassed IL in air (33.89 mN/m) are indeed signif-
icant. The ST was systematically lower for the degassed IL at atmospheric pressure in air
and lowest for the non-degassed IL in air (see Figure 9b, Table 4). The difference in den-
sity between vacuum and gas phase should give an effect of less than 0.1% = 0.03 mN/m.
These systematic reduced ST values are mainly attributed to the residual water content
of the non-degassed IL or the additional water absorption by the degassed IL after venting
the chamber. Note that a quantitative determination of water content could not be per-
formed in in these experiments. Nevertheless, the measurement method is accurate
enough to detect a clear influence of the different water content on the surface tension.®2
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Figure 9: Surface tension values of [CsC1Im][PFs] in vacuum and in air (=1 bar) under de-
gassed and non-degassed conditions. (a) The temperature-dependent ST is determined using
the density of dried [CsCiIm][PFs] from Ref. [101]. (b) Calculated surface tension values for
the three different conditions at 298 K based on the linear fits of (a) using Equation 8.
Adapted from [P2] under license CC BY 4.0.
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Table 4: Surface tension values of [CsCilm][PFs] at T = 298 K under degassed and non-de-
gassed conditions at different pressures. Coefficients of the linear fits to the data according
to Equation 8. The surface tension is calculated using the temperature-dependent density of
dried [CsC1Im][PFs] from Ref. [101]. Reproduced from [P2] under license CC BY 4.0.

Condition P /4 0 7 y[mN/m]
[mbar] [mN/m] [mMN/m] | [nN/m-K-1] | from Ref. [114]
(T =298K) (T =298K)
Degassed 3.3:10¢ 34.18 50.67 -0.0553
Degassed 1.0-103 34.03 50.69 -0.0559 33.95
Non-degassed | 1.0-103 33.89 50.32 -0.0551

4.2.2. SURFACE TENSION OF [(MPEGy):zIM]I[P2]

As a next step, we also investigated the temperature-dependent ST of a new class of
[(mPEGn)2Im]I salts, with symmetric polyethylene glycol (PEG)-chains at the imidazolium
cation of increasing lengths (n = 2, 4, 6) in HV at a low pressure of 5-10-¢ mbar (see
Figure 10). The density and subsequently the surface tensions in an inert argon
atmosphere of 1 bar using a conventional PD setup was studied by Ziwen Zhai.’tl The
purity of the ILs and the absence of surface contaminations were also verified by nuclear
magnetic resonance (NMR) and ARXPS, respectively. The latter method is explained in
more detail in Subchapter 4.3.1. An overview of all measurement methods and the
characterization of these ILs can be found in [P1]. The temperature-dependent ST data
are linearly fitted according to Equation 8 (Chapter 3.2.2). The corresponding fitting
parameters in Table 5 are presented together with the resulting surface tension values in
HV at 298 K for the three ILs with different PEG-chain lengths (dashed vertical line in
Figure 10). They agree very well with the surface tension values under 1 bar argon®
measured with a standard PD setup. The very small deviation between the two setups,
with an average of 0.5% (see Table 5), is attributed to the careful calibration procedure of
both instruments with water. Compared to the calibration measurements with benzene
(see Chapter 4.1.3 and [P2]), drop changes due to evaporation have no influence on the

determined surface tension.r2
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Figure 10: Surface tension values of [(mPEGn)2Im]I with n = 2, 4, 6 measured in vacuum at
different temperatures. The crosses at 298 K (dashed line) represent the calculated surface
tension values based on the linear fits according to Equation 8. Adapted from [P2] under
license CC BY 4.0.

Table 5: Surface tension values of [[MPEGn)2Im]I withn = 2, 4, 6 at T = 298 K measured in
vacuum. Coefficients of the linear fits to the data according to Equation 8. Comparison to

literature data measured under 1 bar Ar atmosphere./Pt Reproduced from [P2] under license
CC BY 4.0.

IL y[mN/m] 7 71 [mN/m-K-1] | y[mN/m] from [P1]
at5-10-* mbar | [mN/m] at 1 bar Ar
(T =298K) (T =298K)
[(mPEG2)2Im]I 46.72 72.17 -0.0854 46.26
[(mPEG4)2Im]I 43.95 71.05 -0.0909 43.94
[(mPEGs)2Im]I 43.17 72.87 -0.0996 42.96

Alinear decrease in surface tension is again observed with increasing temperature.
When comparing the different ILs, a decrease in surface tension with increasing PEGn»-
chain lenght n is evident. The surface tension decreases from from 46.72 mN/m for PEG2
to 43.95 mN/m for PEG4 and to 43.17 mN/m for PEGe at 298 K (see Table 5), which is a
decrease by -5.9% when increasing the PEG-chain length from 2 to 4, and only by -1.8%
when increasing the PEG-chain length from 4 to 6.2 In addition to our PD measurements
in HV, we also perform ARXPS measurements in UHV. The latter clearly reveal a

preferential orientation of the PEG-chains towards the surface and a depletion of the
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iodine anion; both become more pronounced with increasing chain length, which is
described in more detail in Subchapter 4.3.1.°1 The significant ST decrease from PEG2 to
PEG4 and the moderate decrease from PEG4 to PEGs can be explained by the Langmuir
principle in which the surface tension is related to the outermost surface composition.22!
Above a certain PEG-chain length, the surface layer is more or less completely saturated
with PEG-chain constituents, so that the surface tension flattens out.’2 An analogous
behavior was also reported for [C,Cilm][Tf2N] ILs with different alkyl chain lengths,22
where ARXPS measurements also exhibited an orientation of the alkyl chains towards the
surface. For this IL class, more or less constant ST values were observed above a certain

alkyl chain length due to saturation of the outer surface with aliphatic carbon.r2

4.2.3. SURFACE TENSION OF MIXTURES OF [(MPEG2)2IM]I AND [CgC1IM][PF¢](P3]

In addition, temperature-dependent PD measurements were performed for
[(mPEG2)2Im]I and [CsCilm][PF¢] mixtures containing 4.5, 9.6, 19.4, and 49.8 mol%
[CsC1Im][PF¢] in vacuum (low 10-¢ mbar range). Figure 11 shows a linear decrease of the
surface tensions for the pure ILs (open squares), as already described in Subchap-
ters 4.2.1 and 4.2.2, and their mixtures (full squares) with increasing temperature, fitted
by Equation 8 (see Chapter 3.2.2). The ST of the mixtures decreases with increasing con-
tent of [CsC1Ilm][PFs]. Comparing the ST values calculated at 298 K from Equation 8, the
highest value of y = 46.72 mN/m is found for pure [(mPEG2)2Im]I and the lowest value of
34.18 mN/m for [CsC1Ilm][PFs]. The values for the mixtures are in between. Remarkably,
the change in ST is more pronounced at lower [CsCi1Im][PF¢] contents, decreasing from
46.72 for 0 mol% to 44.67 for 4.5 mol% (by -2.05 mN/m) and further to 43.16 mN/m for
9.6 mol% (by -1.51 mN/m). It finally decreases only from 37.72 mN/m for 49.8 mol% to
34.16 mN/m for 100 mol% (by -3.56 mN/m). As it is clear from Figure 11, the same trend
is observed for all studied temperatures.3 Thus, the ST of the mixtures does not follow
the ideal behavior, which would result from the ST values y;i of the pure ILs weighted with

the corresponding bulk mole fractions x; and the following equation

YT, mixture (x) = YT,[(mPEG2)2Im]l * X[(mPEG2)2Im]l T YT,[c8C1Im][PF6] * X[C8C1Im][PF6] (9

In Figure 11, the non-ideal character is also evident from the fact that the lines for the

measured data (solid lines) clearly fall below the ideal characteristics (dashed lines).
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Figure 11: The surface tension values measured by the PD method in HV are shown as open
and filled squares, along with their linear fits (lines) using Equation 8, compared with the
surface tension expected for ideal behaviour of different mixtures (dashed lines). Obviously,
the measured surface tension deviates strongly from the ideal mixing rules of all mixtures
and temperatures. Reproduced from [P3] under license CC BY 4.0.

4.3. SURFACE COMPOSITION OF IONIC LIQUID SYSTEMSIP1l. [P3]

Both, ILs and polyethylene glycols (PEGs) are known for their physiological and chemical
properties, such as low vapor pressure, low toxicity, and high chemical and thermal sta-
bility.n15-117 PEGs are approved for use in biotechnology, medicine, drug discovery and
food.1161171 PEG ILs offer a hydrophilic alternative to mainly established hydrophobic ILs
(substituted in the cation with alkyl and/or aryl groups), as they exhibit altered physico-
chemical properties but no significant changes in reactivity.[118-120l Therefore, they find ap-
plication as electrolytes in electronic devicesi'21-1251 and as solvents or catalysts in organic
processes.[126]

In [P1], a series of bis-mPEGn-substituted imidazolium-based ILs with different an-
ions (I, OMs, PFeand Tf2N) and PEGa-chain lengths (n = 2, 3, 4, 5, 6) were synthesized and
experimentally investigated with respect to melting temperature, thermal stability, den-
sity, viscosity, surface tension, electrochemical potential window and electrical conduc-
tivity. In addition, the surface behavior and orientation of the [(mPEGn)2Im]I (n = 2, 4, 6)
ILs were analyzed using ARXPS and these results were compared with corresponding mo-
lecular dynamics (MD) simulations. In the following Chapter 4.3.1, the focus is on the

ARXPS studies of the [(mPEGn)2Im]I (n = 2, 4, 6) ILs, with different chain lengths in the
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cation and the same anionic head group, at room temperature. For details of the synthesis,
characterization and MD simulations performed by the co-authors, see the peer-reviewed
article.ru

In the second part of [P3], temperature-dependent effects (down to solidification
temperature) of the surface composition of [(mPEGz)zIm]I, [CsCilm][PFs¢] and various
mixtures of both ILs consisting of with very different anions and cations were analyzed.
These investigations were performed under ultra-clean UHV conditions in a pressure
range of 8:10-11 to 1.5-10-° mbar using ARXPS. In Chapter 4.3.2, the focus is on the tem-
perature-dependent surface composition - particularly on the Opec signals of the O 1s and
on the Caiy! signals of the C 1s regions at 80° - in order establish a correlation with the
macroscopic surface tension values, will be presented in Chapter 4.4 (for further details,

see [P3]).

4.3.1. [M(PEGy)2IM]I (N = 2, 4, 6) [P1]

For the three [m(PEGx)2Im]I salts (n = 2, 4, 6), ARXP spectra were recorded for all relevant
core levels I 3ds/2, 0 1s, N 1s, C 1s (and Si 2p, not shown here) at 298 K (see Figure 12).
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Figure 12: ARXP spectra for [(mPEGn)2Im]I with n = 2 (top row), 4 (middle), 6 (bottom) rec-

orded under 0°(black) and 80°(red) emission angle at 298 K. Reproduced from [P1] under
license CC BY-NC-ND 4.0.
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The binding energies (BEs) of | 3ds/2 and N 1s are identical at 0° and 80°, while the O 1s
and C 1s levels are slightly shifted by 0.3 + 0.1 eV to higher binding energy at 80°. The
[3ds/2 and N 1s peaks at 0° (black) have much higher intensity than at 80° (red). This
indicates a depletion of the corresponding atoms at the outermost surface, which be-
comes more pronounced with increasing chain length, as shown in Figure 13, where the
ratios of the composition values, n(80°)/n(0°) are plotted. Fitting the peaks of the O 1s
and C 1s signals shows a broadening of the peaks associated with the shifts in binding

energy.[r1l
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Figure 13: Composition ratios n(80°)/n(0°) for the individual atoms derived from the corre-
sponding intensities 80°and 0° for O1s (red), Chetero (black), N 1s (blue), and I 3ds/z (green)
for the [(mMPEGn)2Im]I salts (n = 2, 4, 6). With increasing chain length, the thickness of the
surface layer with the preferentially enriched PEG-chains (light red) also increases, and thus,
the ionic moieties are further away from the outer surface. Same data as shown in [P1]. Re-
produced from [P1] under license CC BY-NC-ND 4.0.

Taking into account the increase in peak width, the plot of chain signals in
Figure 13 exhibits an 80°/0° ratio above 1, and consequently, an excess of O and Chetero.
Notably, two carbons of the imidazolium ring and two adjacent carbons also contribute to
the Chetero peak. This small excess of chain signals at 80° and the simultaneous decrease in
N 1sand I 3ds/2 is caused by a pronounced enrichment of the PEG-chains at the outer sur-
face due to their preferential orientation toward vacuum. As a result, these chains atten-
uate the 80° signals of the underneath ionic moieties, i.e., the N 1s signal of the positively
charged imidazolium ring and the I 3ds/2 signal of the anion. The peak broadening and the

shift of the O 1s and C 1s peaks to higher binding energy at 80° (see Figure 12) can be
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explained by the fact that the PEG-chain atoms at the outer surface, in contrast to the ionic
constituents, experience an anisotropic environment with IL neighbors on one side and
vacuum on the other. This leads to a surface core level shift (SCLS) to higher binding en-
ergy. The very similar behavior of the I and N signals in Figure 13 indicates that both the
anion and the imidazolium ring are approximately the same distance from the outer sur-
face. Despite this strong enrichment of the PEG-chains, the 80°/0° ratios in Figure 13 for
the O 1s and Chetero signals each show somewhat larger value than the nominal value of
one. This is due to the fact that the number of O and Chetero atoms in the chains (14) far
exceeds the number of [ and N atoms (3). Thus, no significant enrichment, but a pro-
nounced depletion can be observed. Whether one or both PEG-chains are enriched on the
surface cannot be clearly determined with ARXPS. A very strong damping effect of the
[3ds/2 and N 1s signals at 80° was already observed for the shortest PEG-chain (n = 2),
and is even more pronounced for longer chains. These observations indicate that most
likely both chains of a single cation are preferentially oriented toward the vacuum. Our
ARXPS results were confirmed by MD simulations from the group of Ana-Suncana Smith.
Furthermore, the simulations clearly show that a considerable part of cations in the sur-

face layer are oriented such that both chains are oriented towards vacuum.1l

4.3.2. [(MPEG:2):IM]], [CsC1IM][PFs] AND THEIR MIXTURESIP3]

The O 1s and C 1s regions of the pure ILs and the corresponding mixtures at 298 K for
emission angles of 0° and 80° are shown in Figure 14. Again, for the pure [(mPEG2)2Im]I
(Figure 14, bottom), the SCLS is observed in the Opec peak of the O 1s region and the Chetero
peak in the surface-sensitive 80° spectra compared to the bulk-sensitive 0° spectra, as
already described above and discussed in more detail in [P1]. In mixtures, the SCLSs are
also observable for the Opec peak, indicating the presence of the PEG-chains at the sur-
faces, but to a lesser extent, which will be discussed below. The SCLS in the Chetero signal
is less pronounced because the atoms of the imidazolium ring also contribute to this peak.
Both SCLSs can be attributed to the preferential orientation of the PEG-chains towards
the surface, as already discussed in more detail in [P1] and in the Subchapter 4.3.1. With
increasing [CsCilm][PFs] content in the mixture, a decrease in Opkc intensity at 0° and an
even stronger decrease at 80° is observed for the mixtures in contrast to pure

[(mPEG2)2Im]L.
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Figure 14: ARXP spectra of the O 1s and C 1s region at 0° (black) and 80° (red) emission of
pure [CsC1Im][PFs], pure [(mPEG:z)2Im]I, and different mixtures of these ILs, recorded at
T =298 K. The relative increases in Caikyl intensity with change of emission angle from 0° to
80° are given by the blue numbers. Adapted from [P3] under license CC BY 4.0.

The C 1s spectrum at 80° for pure [CsCilm][PFs] shows a lower intensity of the
C2/Chetero peaks, but a significantly higher intensity of the Cakyl peak compared to 0°. This
indicates an orientation of the alkyl chains of the cation towards the vacuum, while the

C2/Chetero atoms are oriented towards the bulk,"3 as observed for many [CsCilm]* cation
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[Ls.1271 For the mixtures, this behavior is also present, but the Caiky1 enrichment at the sur-
face is stronger for a lower [CsC1Im][PF¢] content and at the same time, the C2 and Chetero
depletion is less pronounced (see factors shown in blue in Figure 14). This is attributed
to a different degree of enrichment and depletion of the Cakyl and PEG-chains in the dif-
ferent mixtures (for the C2 and Chetero signals, again consider the contribution of the dif-

ferent cations; the Caikyi signal originates exclusively from the [CsC1lm]* cation).®s!

Temperature-dependent measurements to study surface enrichment and depletion
as well as orientation effects of the pure ILs and mixtures were performed from 363 K
down to 238 / 233 K. Figure 15 shows the quantitative analysis of the Caikyl and Opkc data.
The n(80°)/Nnominal ratio for Caikyl of the pure [CsC1Im][PFs] (black squares) shows a weak
decrease from 1.48 at 223 K to 1.32 at 363 K. This is attributed to the more randomly
oriented [CsCiIlm]* cations at the surface at higher temperature. In contrast, the mixtures
display a very pronounced decrease in the n(80°)/nnominal ratio for Caikyt with increasing
temperatures. This is explained by the loss of selective surface enrichment of the alkyl
chains relative to the PEG-chains (see discussion below), which is a loss in preferential
segregation of the [CsCilm]* cations at increased temperatures. The ratio change with
temperature is most pronounced for the 4.5 mol% mixture, where the n(80°)/nnominal ra-
tio for Caikyl decreases from around 10 down to 2.7 in the temperature range of 238 K up

to 363 K.[P3

In case of pure [(mPEGz2)2Im]I, the normalized Opkc content (grey squares) at the sur-
face measured in 80° shows a very weak decrease from 1.17 to 1.15 with increasing tem-

perature (see Figure 15).[P3!

The mixtures, however, exhibit a clearly continuous increase of the O content at the
surface with increasing temperature. The 4.5 mol% [CsCilm][PF¢] mixture e.g. increases
from 0.86 K to 1.09 K in the temperature range from 238 K up to 363 K. This behavior
reflects the increasing PEG-chain contribution at the surface, which goes along with the
loss in alkyl chain signal (described above).[’31 As previously discussed for pure ILs and IL
mixtures,1839 the generally observed loss in alkyl chain enrichment in ARXPS with in-

creasing temperature is attributed to the loss in surface order as an entropic effect.s!

All other core level intensities of the anions and the imidazolium head groups show
small changes with temperature (see [P3]), which is to be expected because they are pref-

erentially depleted from the outer surface.[rs]
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Figure 15: Opgc (top) and Caikyi (bottom) normalized content n(80°) /Nnominal, derived from the
corresponding 80° intensities and their nominal atomic numbers of Orec and Caiky! for the
pure ILs and mixtures at different temperatures. Adapted from [P3] under license CC BY 4.0.

4.4. CORRELATION OF SURFACE COMPOSITION AND SURFACE TENSION OF

IONIC LIQUID SYSTEMSIP3I

While macroscopically the ST is the observable change in free energy per unit area, at the
microscopic level the ST arises from the fact that molecules in the bulk and at the surface,
i.e., at the boundary to vacuum (or a gas phase), have very different local environments
and thus different interactions. As already shown, one can predict the correct surface ten-
sion trend along the n-alkyl imidazolium ILs with increasing chain length n by combining
structural data from ARXPS experiments with MD simulations.22I [n addition, our group

already reported on mixtures of ILs with common [PFs]- anion and imidazolium cations
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carrying either short butyl or partially fluorinated butyl chainsi8:281 by combining conven-
tional ST measurements (PD under 1 bar argon) and ARXPS experiments. A similar ap-
proach was successfully employed by the McKendrick group.2021 They used reactive atom
scattering with laser-induced fluorescence (RAS-LIF) in combination with MD and ST
measurements to study mixtures of ILs with different alkyl chain lengths in the cation and
also with partially fluorinated chains at room temperature. From the obtained RAS-LIF
signals, they were able to derive a quantitative analysis of the alkyl content on the surface,
originating mainly from the alkyl residues on the outer surface. From the underrepresen-
tation of the alkyl signals, they indirectly deduced a preferential surface enrichment of the
fluorine chains in the mixtures, which allowed then to describe the observed ST values of
the mixture using the Langmuir concept, already described in Chapter 1 and briefly ex-

plained in Chapter 4.2. 2021

The final part of [P3] addresses the combination of ST measurements performed
under ultraclean vacuum conditions (see Chapter 4.2) and ARXPS in ultra-high vacuum
(see Subchapter 4.3.2) of [(mPEG2)2Im]I, [CsC1Im][PFs] and mixtures of both ILs with 4.5,
9.6, 19.4, and 49.8 mol% [CsCilm][PFs] content. From the ARXPS signals of the octyl
chains, a clear preferential surface enrichment of the [CsCilm]* cations and of the PEG-
chains, a simultaneous depletion of the [(mPEG2)2Im]* cations in the mixtures can be de-
duced. As discussed in this Chapter 4.4, this non-stoichiometric surface behavior is also
reflected in the measured surface tension values. It will be demonstrated that the simple
Langmuir concept links the surface tension and surface composition of IL mixtures in a

quantitative way, even for very complex ions.[P3]

To correlate the surface tension results with the ARXPS data, the ST data at 298 K
in Figure 16a are linked to the corresponding atomic Opkc and Caiky1 contents in Figure 16b
as determined from the 80° ARXP spectra. The latter are normalized to the number of
corresponding atoms in the ion, i.e., seven Cakyl atoms in [CsCilm][PFs] and four Orkc
atoms in [(mPEG2)2Im]lL In Figure 16b, the Caiy signal (gray circles) represents the sur-
face concentration of the alkyl-chains of the [CsCi1Im]* cation and the Opkc signal (red cir-
cles) represents the surface concentration of the PEG-chains of the [(mPEG2)2Im]* cation.
Ideally, a linear concentration dependence is expected (gray and red solid lines for Caikyi
and Opkg, respectively). However, a significant deviation is evident, as the measured Caikyl

data are above the gray ideal line and the Opec data are well below the ideal line. This
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reflects the above-mentioned preferential enrichment of the alkyl-chains and depletion of
the PEG-chains in the mixtures at the surface. An ideal behavior of the ST would corre-
spond to a linear decrease with increasing [CsCilm][PF¢s] content (black solid line in
Figure 16a). The fact that the ST values of all mixtures fall below the ideal line with a
much stronger decrease in the ideal behavior at low [CsCiIlm][PFs] contents, is attributed
to the strong preferential enrichment and depletion effects that occur at the liquid-
vacuum interface, which were derived from the [CsCiIlm]*- and [(mPEGz2)2]*-chain signals

in ARXPS (see Subsection 4.3.2).[p3]

Next, we apply the Langmuir principle approach for pure ILs22 to the binary IL mix-
tures studied in this thesis. For this purpose, the groups of [(mPEG2)2Im]I (Orec) and
[CsC1Im][PFe¢] (Caiyki) measured in 80° ARXPS, which are predominantly present on the
outer surface (see Subchapter 4.3.2), and thus mainly contribute to the ST of the pure ILs,
are used to represent the effective surface mole fractions of the corresponding IL in the
mixture. Instead of the ideal mixing behavior of Equation 9, the surface tension of a mix-
ture with a certain bulk composition x at temperature T is estimated from norecgo°(x) and
Ncalkyl,80°(x), that is, the number of Opec and Caikyl atoms, respectively, as derived from the

temperature-dependent 80° ARXP spectra:[?3]

NopEG,s0°(X) nCalkyl,80°(X)
Y7, [((mPEG2)2Im]l " 4 + Yr,[c8C1Im][PF6] * -7

YT,ARXPS go°(x) = (10)

NopEG,s0° (%) n nCalkyl,80°(X)
4 7

In this equation, Y7 [(mpEG2)2im)1 @aNd Y7 [csciim][pFs] are the temperature-dependent sur-

face tension values of pure [(mPEG2)2Im]I and [CsC1ilm][PFs], respectively.

Figure 17 shows the ST values of the mixtures derived from the 80° ARXPS using
Equation 10 for selected temperatures (circles for 298, 323, 348, 363 K). The extremely
good agreement between calculated and measured ST of the mixtures is about 1% devia-
tion with a maximum deviation of 1.7% for one data point. This indicates that the ARXPS
80° geometry (signals are integrated over the topmost one nm) appears to be sensitive

enough to detect the deviations of the surface mole fraction from the bulk composition.®2

Compared to the RAS-LIF method (see top section),20211 in the ARPXS method, all ele-

ments can be analyzed, and so in our case the enrichment of the alkyl chains and the de-
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pletion of the PEG-chains were studied. In addition, we were able to perform surface com-

position and surface tension studies over a wide temperature range and under well-de-

fined vacuum conditions, which allowed for the acquisition of very reliable data sets.s!
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Figure 16: a) Surface tension values of the pure ILs and their mixtures at 298 K (black
squares), determined from PD measurements in Chapter 4.2.3 (Figure 11), combined with
the surface tension values calculated from the 80° ARXPS data according to Equation 10
(open orange circles) as a function of the bulk mole fraction. The surface tension of ideal
mixtures without enrichment/depletion effects is shown as a black line for comparison.
b) Number of atoms, n(80°), determined from ARXPS data at 80° normalized to the number
of corresponding atoms in the IL for Orkg (red circles) and for Caikyi (gray circles) for the pure
IL and for the mixtures at 298 K as a function of the bulk mole fraction. The ideal behavior,
i.e, the expected changes without the presence of surface enrichment/depletion effects is
shown by the straight lines. Adapted from [P3] under license CC BY 4.0.
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Figure 17: Surface tension values measured by the PD method (open and full squares), their linear
fits (lines) using Equation 8, and the ST values calculated from the 80° ARXPS data (filled circles)
using Equation 10 are shown. For comparison, the ideal behavior for the ST of the 4.5 and 49.8 mol%
mixtures is plotted according to Equation 9 (dotted lines; a comparison for all mixtures is shown in
Figure 12 in Subchapter 4.2.3). Adapted from [P3] under license CC BY 4.0.

4.5. CoMPOSITION OF BNCs OF [C2C1IM][BIM4][P4]

In [P4], B- and N-doped carbon (BNC) materials with [C2C1Im][BIma4] as a precursor were
characterized with different techniques, e.g. elemental analysis, inductively coupled
plasma atomic emission spectroscopy (ICP-OES), gas sorption, infrared (IR) spectroscopy,
Raman spectroscopy, XPS, X-ray diffraction (XRD) and microscopy. After the material
characterization, the materials were tested in the adsorptive removal of pollutant meth-
ylene blue (MB). In this chapter, the XPS studies are discussed in detail and only the 0°
emission spectra for BNC-800, BNC-900 and BNC-1000 are shown here, where the num-
ber corresponds to the pyrolysis temperature. For further characterization and studies

on the catalytic activity of the BNCs performed by the co-authors, see [P4].

The composition and bonding configuration of BNC investigations by XPS at 0°
(see Figure 18) show essentially the same bonding situation as Fourier-transform infra-
red spectroscopy (FTIR), according to literature binding energy values.'2] Species asso-
ciated with B-N (B 1s at 191.2eV, N 1s at 398.7 eV), C-N (C1s at 286.6eV, N 1s at
400.8 eV), and C-C bonds (C 1s at 284.7 eV) are present and confirm the results from the
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complementary FTIR spectra. Both XPS and FTIR also reveal that the BNC materials con-
sist of carbon domains with boron and nitrogen incorporations. The absence of charac-
teristic signals in C 1s (expected at 284.1 eV) and B 1s (expected at 190.4 eV) allows us to
exclude C-B bonds. However, a very small amount of oxidized boron is also visible in the
B 1s region at higher BEs (192.6 eV) for all three BNC materials. Boron-oxygen bonds are
attributed to the oxophilic nature of unsaturated boron in defects and have also been ob-

served in other BNC materials prepared via pyrolysis.[130
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Figure 18: XP spectra of N 1s, C 1s and O 1s of BNC-800 (first row), BNC-900 (second row),
and BNC-1000 (third row). Intensity scales within one column are equal. Green, blue and
grey are the signals related to C-N, B-N and C-C. A small B-0 contribution is marked in ma-
genta. The broad peaks (orange) at higher BE in the N 1s and C 1s region are due to satellite
features of N and C atoms in an aromatic configuration. Reproduced from [P4] under license
CC BY 4.0.

In Figure 18, all N 1s and C 1s spectra of the samples studied here show a broad
peak shifted to higher BE (orange peaks), which can be attributed to satellites of aromati-
cally bound carbon and nitrogen. In comparison to the overall bulk composition as given
by elemental analysis, the composition derived from the more surface sensitive XPS anal-
ysis (sum of all species within one region) reveals a quite good agreement of the relative
C-N-B content for BNC-800 and BNC-1000; only BNC-900 shows a boron content slightly
too high. Considering the B : N ratio of the B-N-related XP signals (blue peaks in Figure 18)
and the absence of B bound to C, we assume that in BNC-800, mainly BN3 sites and the N
at C-N sites (green peaks) are incorporated into the carbon domains. While the boron con-

tent remains more or less constant at 900 °C, the nitrogen starts to burn mainly at C-N
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sites and converts C-N carbon into C-C carbon, as can be seen from the increase in the C-
C peaks (grey peaks in Figure 18). Compared to 900 °C, the pyrolysis done at 1000 °C re-
leases even more nitrogen and also boron as it is evident from the pronounced decrease
in N 1s and B 1s intensities, which is associated with the increased conversion to C-C car-
bon. The lower B: N = 1: 2 ratio of the B-N signals in BNC-1000 as compared to B: N =
1:3in BNC-800 (attributed to BN3) is also an indication that preferentially boron nitride

configurations are formed in the near-surface region at 1000 °C.[P4
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5. SUMMARY

5.1. ENGLISH VERSION

The focus of this thesis is to gain a deeper understanding in surfaces of pure and mixed
ionic liquid (IL) systems. The concept of mixing two (or even more) pure ILs provides an
elegant and simple way for preparing new, fine-tuned and well-adapted IL materials for
dedicated applications. In particular at surfaces and interfaces, however, the related prop-
erties often deviate from simple mixing rules due to non-ideal behavior. Hence, surfaces
of pure ionic liquids and of IL mixtures were investigated using angle-resolved X-ray pho-
toelectron spectroscopy (ARXPS) and pendant drop (PD) measurements to access infor-
mation on surface composition and surface tension, respectively. The ARXPS experiments
are performed in ultra-high vacuum (UHV) and provide information from the first 7 to
9 nm in 0° emission, and down to the topmost 1 to 1.5 nm in 80° emission. Preferential
enrichment and depletion of ions at the surface as well as molecular orientation in the
outermost surface layer are directly reflected by intensity changes of IL-derived signals
with emission angle. PD measurements are performed in high vacuum (HV) providing in-
trinsic surface tension values without the risk of surface-active contaminants or an influ-

ence of a gas atmosphere.

Since PD measurements in vacuum were not available at the beginning of this dis-
sertation, the first main part of this thesis is therefore the development, description and
calibration of a new high vacuum pendant drop/sessile drop setup, where measurements
can be performed in the pressure range from 107 mbar up to 1 bar. Control measure-
ments are performed with Millipore water and benzene. Particularly, the surface tension
(ST) values of Millipore water investigated in our new chamber compared to literature

values are in extremely good agreement with deviations smaller than 0.1%."2

Next, first measurements of pure ILs and mixtures at different pressures and de-
gassing conditions are investigated, as these provide information about the influence of
these variables on ST with very high accuracy. The STs of [CsCilm][PFs] in vacuum, de-
gassed and non-degassed are studied. Compared to the vacuum measurements of the de-
gassed IL, we observed a significant decrease in surface tension when measured in air.

This decrease is attributed to the uptake of water from the surrounding atmosphere.2
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Temperature-dependent surface tension values under HV of [m(PEGn)2Im]I ILs
with different polyethylene glycol (PEG)-chain lengths (n = 2, 4, 6) are presented next, 2l
showing very good agreement with previously published data of these ILs measured un-
der 1 bar Ar*1 in a completely different setup. The reported decrease in surface tension
with increasing chain length is confirmed by our vacuum data and is attributed to an in-
creasing enrichment of the PEG-chains at the surface; this chain enrichment is directly
observed in ARXPS at 298 K. A consequence of the PEG-chain enrichment is the surface
depletion of the imidazole ring of the cation as deduced from the N 1s signal and of the
anion as deduced from the I 3ds/2 signal. The strong damping effect for the [ 3ds;2 and
N 1ssignals at 80° is already observed for the shortest PEG-chain (n = 2), and is even more
pronounced for the longer chains (n = 4 and 6). This indicates that both chains of a single
cation are indeed preferentially oriented toward the vacuum side. Our ARXPS results con-
firm MD simulations, which also show that a significant part of cations in the surface layer

are oriented such that both chains are oriented towards vacuum.[P1l

For the IL mixture experiments, we selected [m(PEG2)2Im]I and [CsC1Ilm][PFs] due
to their very different ST values of 46.72 mN/m and 34.18 mN/m, respectively. The values
for the mixtures are found to lay in-between those of the pure ILs but strongly deviate
from simple ideal mixing rules. In particular, the experimentally ST values of the mixtures
are systematically shifted towards the values of [CsC1Im][PF¢], which indicates a stronger
enrichment of alkyl groups at the surface, again confirmed by our ARXPS results. The lat-
ter show a strong selective enrichment of the alkyl-chains of the [CsCilm]* cation and a
simultaneous depletion of PEG-chains of the [m(PEG2)2Im]* cation for all mixtures, which
is most pronounced at the lowest [CsC1lm][PF¢] content. We then apply a simple Langmuir
approach based on the ARXPS-derived surface composition, which allows us to predict
and to reproduce the experimentally measured ST with a very high accuracy. On the one
hand, this approach provides a microscopic basis for the macroscopic surface tension by
the information obtained from ARXPS, and on the other hand, information about surface
enrichment effects in mixtures can now be derived from the deviation of the ST data ob-

tained by the PD method from the ideal behavior.[P3]

In the last part of this thesis, the XPS characterization of B- and N-doped carbon
materials (BNC) obtained by pyrolysis at 800, 900 and 1000 °C of [C2C1Im][BIma4] as pre-
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cursor are discussed. The focus of this study is on the composition and bonding configu-
ration of the BNCs. The XPS results show that the BNC materials consist of carbon domains
with boron and nitrogen inclusions* and confirm the results shown in previous Fourier-
transform infrared spectroscopy (FTIR) studies.i*29 In addition, a conversion of C-N bonds
to C-C carbons with increasing pyrolysis temperature is directly reflected in the corre-

sponding XP spectra in the N 1s and C 1s regions.?

5.2. GERMAN VERSION (DEUTSCHE ZUSAMMENFASSUNG)

Ein Schwerpunkt dieser Arbeit ist es, ein tieferes Verstiandnis der Oberflachen von ioni-
schen Flissigkeiten (IL) und von IL-Mischungen zu erlangen. Das Konzept des Mischens
zweier (oder sogar mehrerer) reiner ILs bietet eine elegante und einfache Moglichkeit zur
Herstellung neuer, fein abgestimmter und gut angepasster IL-Materialien fiir spezielle An-
wendungen. Insbesondere an Oberflachen und Grenzflachen weichen die damit verbun-
denen Eigenschaften jedoch haufig von den einfachen Mischungsregeln ab, da sie sich
nicht ideal verhalten. Daher wurden Oberflachen von reinen ionischen Fliissigkeiten und
von IL-Mischungen mittels winkelaufgeloster Rontgenphotoelektronenspektroskopie
(ARXPS) und Pendant Drop-Messungen (PD) untersucht, um Informationen iiber die
Oberflachenzusammensetzung bzw. die Oberflachenspannung zu erhalten. Die im Ultra-
hochvakuum (UHV) durchgefiihrten ARXPS-Experimente liefern Informationen tiber die
ersten 7 bis 9 nm bei 0°-Emission und iiber die obersten 1 bis 1,5 nm bei 80°-Emission.
Die bevorzugte An- und Abreicherung von lonen an der Oberflache sowie die molekulare
Orientierung in der dufdersten Oberflachenschicht spiegeln sich direkt in den Intensitats-
anderungen der IL-Gruppensignale mit dem Emissionswinkel wider. Die PD-Messungen
wurden im Hochvakuum (HV) durchgefiihrt. Sie liefern intrinsische Oberflachenspan-
nungswerte ohne das Risiko oberflachenaktiver Verunreinigungen oder des Einflusses ei-

ner Gasatmosphare.

Da PD-Messungen unter Vakuumbedingungen zu Beginn dieser Dissertation noch
nicht zur Verfligung standen, besteht der erste Hauptteil dieser Arbeit in der Entwicklung,
Beschreibung und Kalibrierung eines neuen Hochvakuum-Pendant-Drop/Sessile-Drop-

Aufbaus, mit dem Messungen im Druckbereich von 10-7 mbar bis 1 bar durchgefiihrt wer-
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den konnen. Es werden Kontrollmessungen mit Millipore-Wasser und Benzol gezeigt. Ins-
besondere die Oberflaichenspannungswerte (ST) von Millipore-Wasser, die in unserer
neuen Kammer untersucht wurden, stimmen mit Literaturwerten sehr gut iiberein, wobei

die Abweichungen weniger als 0,1% betragen.r

Als nachstes wurden erste Oberflichenspannungsmessungen von reinen ILs und
von Mischungen bei verschiedenen Driicken und Entgasungsbedingungen durchgefiihrt,
da diese Informationen iiber den Einfluss dieser Variablen auf die ST mit sehr hoher Ge-
nauigkeit liefern. Die ST von [CsC1lm][PFs] wurde im Vakuum, entgast und nicht entgast
an Luft untersucht. Im Vergleich zu den Vakuummessungen an der entgasten IL nimmt
die Oberflachenspannung bei der Messung an Luft signifikant ab, was auf die Aufnahme

von Wasser aus der umgebenden Atmosphare zurtickgefiihrt wird.r2

Im Folgenden werden temperaturabhdngige Oberflachenspannungswerte unter
HV von [m(PEGn)2Im]I ILs mit unterschiedlichen Polyethylenglykol (PEG)-Kettenlangen
(n =2, 4, 6) vorgestellt,2 die eine sehr gute Ubereinstimmung mit frither veréffentlichten
Daten dieser ILs zeigen, die unter 1 bar Ar*3l in einem vollig anderen Aufbau gemessen
wurden. Die berichtete Abnahme der Oberflaichenspannung mit zunehmender Ketten-
lange wird durch unsere Vakuumdaten bestatigt und auf eine zunehmende Anreicherung
der PEG-Ketten an der Oberflache zuriickgefiihrt; diese Kettenanreicherung wurde bei
ARXPS-Untersuchungen bei 298 K direkt beobachtet. Eine Folge der PEG-Kettenanreiche-
rung ist die Oberflachenabreicherung des Imidazolrings des Kations im N 1s-Signal und
des Anions im I 3ds/2-Signal. Der starke Dampfungseffekt fiir die I 3ds/2- und N 1s-Signale
bei 80° wird bereits fiir die kiirzeste PEG-Kette (n = 2) beobachtet und ist bei den langeren
Ketten (n = 4 und 6) noch ausgepragter. Aufgrund der insgesamt starken Dampfungsef-
fekte sind daher vermutlich beide Ketten eines einzelnen Kations vorzugsweise zur Vaku-
umseite hin orientiert. Unsere ARXPS-Ergebnisse werden durch MD-Simulationen besta-
tigt; diese zeigen auch, dass ein erheblicher Teil der Kationen in der Oberflaichenschicht

so orientiert ist, dass beide Ketten zum Vakuum hin ausgerichtet sind.r1

Fiir IL-Mischungsexperimente wurden [m(PEGz2)2Im]I und [CsC1ilm][PFs] aufgrund
ihrer sehr unterschiedlichen ST-Werte von 46,72 bzw. 34,18 mN/m ausgewahlt. Die ST-
Werte fiir die Mischungen liegen zwischen denen der reinen ILs, weichen aber stark von
idealen Mischungsregeln ab. Insbesondere sind die experimentellen ST-Werte der Mi-

schungen systematisch in Richtung der Werte von [CsC1Im][PFs] verschoben, was auf eine
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starkere Anreicherung der Oktylketten an der Oberflache hinweist. Letzteres wird wiede-
rum durch unsere ARXPS-Ergebnisse bestitigt, die eine starke selektive Anreicherung
der Alkylketten des [CsCilm]*-Kations und eine gleichzeitige Verarmung der PEG-Ketten
des [m(PEG2)2Im]*-Kations fiir alle Mischungen zeigen; diese Effekte sind in der Mischung
mit dem niedrigsten [CsCilm][PF¢]-Anteil am starksten ausgepragt. Mit Hilfe eines einfa-
chen Langmuir-Ansatzes, der auf der von ARXPS abgeleiteten Oberflichenzusammenset-
zung basiert, konnen die experimentell gemessenen ST-Werte mit sehr hoher Genauigkeit
vorhergesagt und reproduziert werden. Dieser Ansatz liefert zum einen mit den aus
ARXPS gewonnenen Informationen eine mikroskopische Erklarung fiir die makroskopi-
sche Oberflachenspannung, zum anderen kénnen nun aus der Abweichung der mit der
PD-Methode gewonnenen ST-Daten vom Idealverhalten Informationen iliber Oberfla-

chenanreicherungseffekte in Gemischen abgeleitet werden.®3!

Im letzten Teil dieser Arbeit wird die XPS-Charakterisierung von B- und N-dotier-
ten Kohlenstoffmaterialien (BNC) diskutiert, die durch Pyrolyse bei 800,900 und 1000 °C
von [C2C1Im][BIma4] als Vorprodukt erhalten wurden. Der Schwerpunkt dieser Studie liegt
auf der Zusammensetzung und der Bindungskonfiguration der BNCs. Die XPS-Ergebnisse
zeigen, dass die BNC-Materialien aus Kohlenstoff-Domanen mit Bor- und Stickstoffein-
schliissen bestehen® und bestdtigen die Ergebnisse fritherer Fourier-Transformations-
Infrarotspektroskopie (FTIR)-Studien.'291 Dariiber hinaus spiegelt sich in den entspre-
chenden XP-Spektren in den N 1s- und C 1s-Regionen eine Umwandlung von C-N-Bindun-

gen in C-C-Kohlenstoffe mit steigender Pyrolysetemperatur direkt wider.[r4
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mPEGsIm (D). The general procedure was followed starting from 1H-
imidazole (0.323 g, 4.74 mmol), NaH (0.148 g, 6.16 mmol, 1.3 equiv)
and mPEG5Tos (2.12 g, 5.55 mmol, 1.1 equiv) in THF (20 mL). Filtra-
tion through a plug of neutral alumina (dichloromethane/1% methanol)
yields the desired product D as a yellowish oil (1.32 g, 4.38 mmol, 92%).

1H NMR (400 MHz, chloroform-d;) & (ppm) = 7.50 (s, 1 H, Im-H),
6.99 (s, 1 H, Im-H), 6.96 (s, 1 H, Im-H), 4.07 (t, *Jyy = 5.2 Hz, 2 H,
NCH,), 3.70 (t, 3Jyy = 5.1 Hz, 2 H, NCH,CH,), 3.64-3.55 (m, 14 H,
PEG-CH,), 3.52-3.48 (m, 2 H, PEG-CH,), 3.33 (s, 3 H, OCH,); 13C NMR
(101 MHz, chloroform-d,)  (ppm) = 137.4, 129.0, 119.3, 71.8, 70.5,
70.5, 70.4, 70.4, 70.4, 70.4, 58.9, 46.9.

mPEGgIm (E). The general procedure was followed starting from 1H-
imidazole (0.289 g, 4.24 mmol), NaH (0.132 g, 5.51 mmol, 1.3 equiv),
and mPEG4Tos (2.10 g, 4.66 mmol, 1.1 equiv). After filtration through
a plug of neutral alumina (dichloromethane/1% methanol), the desired
product was obtained as a yellowish oil (1.41 g, 4.08 mmol, 96%).

1H NMR (400 MHz, chloroform-d,) & (ppm) = 7.62 (s, 1 H, Im-H),
7.05 (s, 1 H, Im-H), 7.02 (s, 1 H, Im-H), 4.13 (t, *Jyy = 5.1 Hz, 2 H,
NCH,), 3.75 (t, 3Jyy = 5.2 Hz, 2 H, NCH,CH>), 3.66-3.59 (m, 18 H,
PEG-CH,), 3.55-3.52 (m, 2 H, PEG-CH,), 3.37 (s, 4 H, OCH;); 1*C NMR
(101 MHz, chloroform-d,) & (ppm) = 137.4, 129.0, 119.3, 71.8, 70.6,
70.4, 70.4, 58.9, 46.9.

4.2.2. General Procedure to Bis-mPEG,-imidazolium lodide 1-5

The respective 1-(polyethylene glycol)imidazole and mPEG,I
(2 equiv) were dissolved in toluene and heated to 60 °C for 48 hours.
After cooling to room temperature, the phases were separated and the
residue was washed with toluene. For ionic liquids, which are soluble
in toluene, the solvent was removed under reduced pressure and the
residue was washed with hot n-hexane. If necessary, the product can be
further purified by the extraction with water from a dichloromethane
solution. Then, the water was removed and the desired ionic liquid was
dried for 3 days at 50 °C before use.

[(mPEG,),Im]I (1). The general procedure was followed starting
from A (2.07 g, 12.2 mmol) and mPEG,I (5.59 g, 24.3 mmol, 2 equiv)
in toluene (10 mL) to obtain the desired product 1 as a brownish oil
(4.38 g, 10.9 mmol, 90%).

1H NMR (400 MHz, chloroform-d, ) é (ppm) = 10.02 (s, 1 H, Im-H),
7.56 (s, 1 H, Im-H), 7.55 (s, 1 H, Im-H), 4.57 (t, 3J;;; = 4.7 Hz, 4 H,
NCHS,), 3.94 (t, Jyyy; = 4.7 Hz, 4 H, NCH,CH,), 3.72-3.64 (m, 4 H, PEG-
CH,), 3.57-3.50 (m, 4 H, PEG-CH,), 3.37 (s, 6 H, OCH,); 1*C NMR (101
MHz, chloroform-d,) é (ppm) = 136.6, 122.7, 71.5, 70.3, 68.6, 58.9,
49.8; EA, calculated for C,3H,5IN, 0,4 (found): C, 39.01% (39.15%); H,
6.30% (6.33%); N, 7.00% (6.87%).

[(mPEG3),Im]I (2). The general procedure was followed starting
from B (1.09 g, 5.09 mmol) and mPEG;I (2.79 g, 10.2 mmol, 2 equiv) in
toluene (10 mL) to yield the desired product 2 as a brownish oil (2.12 g,
4.34 mmol, 85%).

1H NMR (400 MHz, chloroform-d;) § (ppm) = 9.84 (s, 1 H, Im-
H), 7.62 (s, 1 H, Im-H), 7.62 (s, 1 H, Im-H), 4.55 (t, 3J,y = 4.7 Hz,
4 H, NCHy), 3.92 (t, *Jyy = 4.7 Hz, 4 H, NCH,CH,), 3.71-3.66 (m,
4 H, PEG-CH,), 3.65-3.60 (m, 8 H, PEG-CH,), 3.56-3.51 (m, 4 H,
PEG-CH,), 3.36 (s, 6 H, OCH,); 13C NMR (101 MHz, chloroform-d,) &
(ppm) = 136.6, 122.8,71.7,70.2, 70.1, 68.7, 58.8, 49.7 ppm; EA, calcu-
lated for C;,H33IN, 04 (found): C, 41.81% (41.88%); H, 6.81% (6.92%);
N, 5.74% (6.00%).

[(mPEG,),Im]I (3). The general procedure was followed starting
from C (1.62 g, 6.26 mmol) and mPEG,4I (3.98 g, 12.5 mmol, 2 equiv) in
toluene (10 mL) to give the desired product 3 as a brownish oil (3.32 g,
5.76 mmol, 92%).

1H NMR (400 MHz, chloroform-d,) & (ppm) = 9.88 (s, 1 H, Im-H),
7.63 (s, 1 H, Im-H), 7.63 (s, 1 H, Im-H), 4.54 (pseudo-t, 3Jyy; = 4.7 Hz,
4 H, NCH,), 3.92 (pseudo-t, *Jyy; = 4.7 Hz, 4 H, NCH,CH,), 3.69-3.61
(m, 20 H, PEG-CH,), 3.56-3.51 (m, 4 H, PEG-CH,), 3.35 (s, 6 H, OCH,);
13C NMR (101 MHz, chloroform-d;) & (ppm) = 136.8, 122.9, 71.8,

Journal of Ionic Liquids 2 (2022) 100041

70.4,70.3, 70.3, 70.2, 68.7, 58.9, 49.8; EA, calculated for Cy; Hy;IN,Og
(found): C, 43.75% (43.78%); H, 7.17% (7.40%); N, 4.86% (5.55%).

[(mPEGs),Im]I (4). The general procedure was followed starting
from D (1.25 g, 4.13 mmol) and mPEG5I (2.99 g, 8.25 mmol, 2 equiv) in
toluene (10 mL) yielding the desired product 4 as a brownish oil (2.70 g,
4.06 mmol, 98%).

'H NMR (400 MHz, chloroform-d;) & (ppm) = 9.70 (s, 1 H, Im-H),
7.65 (s, 1 H, Im-H), 7.65 (s, 1 H, Im-H), 4.53 (pseudo-t, 3Jyy = 4.7 Hz, 4
H, NCH,), 3.90 (pseudo-t, *Jyy = 4.7 Hz, 4 H, NCH,CH,), 3.67-3.58
(m, 28 H, PEG-CH,), 3.52-3.48 (m, 4 H, PEG-CH,), 3.33 (s, 6 H,
OCH,); 1¥C NMR (101 MHz, chloroform-d;) & (ppm) = 136.8, 122.9,
71.8,70.4,70.4, 70.3, 70.3, 70.3, 70.2, 68.7, 58.9, 49.7; EA, calculated
for Cy5H,gIN, 04, (found): C, 45.18% (44.63%); H, 7.43% (7.57%); N,
4.22% (4.76%).

[(mPEGg),Im]I (5). The general procedure was followed starting
from E (1.25 g, 3.59 mmol) and mPEGgI (2.92 g, 7.19 mmol, 2 equiv)
in toluene (10 mL) to obtain the desired product 5 as a brownish oil
(2.60 g, 3.45 mmol, 96%).

TH NMR (400 MHz, chloroform-d,) & (ppm) = 9.73 (s, 1 H, Im-H),
7.64 (s, 1 H, Im-H), 7.64 (s, 1 H, Im-H), 4.54 (pseudo-t, 3J,y; = 4.7 Hz, 4
H, NCH,), 3.91 (pseudo-t, 3Jyy = 4.7 Hz, 4 H, NCH,CH,), 3.68-3.59
(m, 32 H, PEG-CH,), 3.50-3.54 (m, 4 H, PEG-CH,), 3.35 (s, 6 H,
OCH,); 3C NMR (101 MHz, chloroform-d,) é (ppm) = 136.8, 122.9,
71.8, 70.5, 70.4, 70.4, 70.3, 70.3, 70.2, 68.8, 58.9, 49.8; EA, calculated
for CyoHs57IN;0,, (found): C, 46.28% (45.76%); H, 7.63% (7.74%); N,
3.72% (4.22%).

4.2.3. Synthesis of [(mPEG,),][OMs] (6)

A mixture of mPEG,Im (C) (0.615 g, 2.38 mmol) and mPEG,0OMs
(1.02 g, 3.57 mmol, 1.5 equiv) were heated to 60 “C for 48 hours. After
cooling to room temperature the mixture was washed with diethyl ether
(8 x 10 mL). The product was extracted with dichloromethane (10 mL),
filtered and the solvent was removed under reduced pressure. The de-
sired product 6 was further dried for 3 days at 50 °C in vacuo to yield a
yellowish oil (1.25 g, 2.30 mmol, 96%).

TH NMR (400 MHz, chloroform-d;) & (ppm) = 9.80 (s, 1 H, Im-H),
7.53 (s, 1 H, Im-H), 7.52 (s, 1 H, Im-H), 4.48 (pseudo-t, *Jyy; = 4.7 Hz, 4
H, NCH,), 3.86 (pseudo-t, 3Jyy; = 4.7 Hz, 4 H, NCH,CH,), 3.65-3.58 (m,
20 H, PEG-CH,), 3.54-3.50 (m, 4 H, PEG-CH,), 3.34 (s, 6 H, OCH3), 2.80
(s, 3 H, SCHy); '3C NMR (101 MHz, chloroform-d,) é (ppm) = 137.6,
122.7,71.7,70.4,70.3,70.3,70.1, 69.0, 58.8, 49.4, 39.4; EA, calculated
for Cy5H,44N,044S (found): C, 48.52% (46.23%); H, 8.14% (8.02%); N,
5.14% (5.39%); S 5.89% (5.49).

4.2.4. Synthesis of [(MWPEG,),][PFs] (7)

[(mPEG,),Im]I (3) (0.503 g, 0.873 mmol) was dissolved in water
(10 mL), AgPF¢ (0.360 g, 1.42 mmol, 1.6 equiv) was added and the re-
action mixture was stirred at room temperature for 24 hours in the dark.
The resulting suspension was diluted with dichloromethane (60 mL) and
the phases were separated and the aqueous phase was extracted with
dichloromethane (3 x 10 mL). The combined organic phases were fil-
tered and washed again with water (4 x 10 mL). The organic phase was
dried with MgSO,, filtered and the solvent was removed in vacuo to give
the desired product 5 as a yellowish oil (0.398 g, 0.670 mmol, 77%).

1H NMR (400 MHz, chloroform-d;) é (ppm) = 8.78 (s, 1 H, Im-H),
7.50 (s, 1 H, Im-H), 7.49 (s, 1 H, Im-H), 4.36 (pseudo-t, 3JHH = 4.7 Hz,
4 H, NCH,), 3.86 (pseudo-t, 3Jpy; = 4.7 Hz, 4 H, NCH,CH,), 3.68-3.59
(m, 20 H, PEG-CH,), 3.56-3.51 (m, 4 H, PEG-CH,), 3.34 (s, 6 H, OCH,);
13C NMR (101 MHz, chloroform-d, ) 8 (ppm) = 136.4, 122.8, 71.8, 70.4,
70.3,70.3,70.2, 70.2, 68.5, 58.8, 49.7; 19F NMR (377 MHz, chloroform-
dy) 6 (ppm) = —72.42 (d, "Jpg = 710.1 Hz, PFg); 31P NMR (162 MHz,
chloroform-d,) é (ppm) = —143.76 (sept, 'Jpp = 710.2 Hz, PF¢"); EA,
calculated for Cy; Hyy FgN,OgP (found): C, 42.43% (42.20%); H, 6.95%
(6.95%); N, 4.71% (5.06%).
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Table S2. Temperature-dependent viscosity data (#77) of [(MPEGa).Im][A] (A =OMs", PFs, NTf;") (6-8) at atmospheric
pressure of 0.1MPa.

Viscosity 77/ mPas
T/K [(MPEG4)2Im][OMs] [(MPEG4)2Im][PFs] [(MPEG4)2Im][NTf:]
(6) (M

®
293.14 384.9 573.8 176.1
303.14 182.2 263.9 93.61
313.13 100.2 140.1 56.10
323.13 61.65 81.88 36.40
333.13 41.71 52.45 25.30
343.13 30.27 35.78 18.50
353.13 23.26 25.68 14.14
363.13 18.71 19.30 11.10
373.13 15.51 15.10 9.02
383.13 13.13 12.13 7.63
393.13 11.36 9.93 6.38

Table S3. Fit coefficient of Vogel-Tammann-Fulcher equation 77 = 70-exp[B/(T—To)] for viscosity data of IL 1-8.

IL 70/ mPas B/K To/K R AARD / %"
[(MPEG,)Im]I (1) 0.092 983.40 189.70 0.999 2.952
[(mPEG:)Im]I (2) 0.138 849.37 197.20 0.999 2.113
[(mPEG;)Im]I (3) 0.178 808.40 199.75 0.999 1.806
[(MPEGs):Im]I (4) 0.216 777.88 199.81 1.000 1.504
[(MPEGe)Im]I (5) 0.267 748.51 200.30 1.000 1.143
[(MPEGu4):Im][OMs] (6) 0.802 44391 221.22 0.999 2.365
[(mPEG,):Im][PFq] (7) 0.248 694.62 203.45 1.000 0.825
[(MPEG,):Im][NTf] (8) 0.323 566.11 203.28 1.000 0.336

' Average absolute relative deviation between the experimental 77 data and the correlation.
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5 Liquid Density

Table S4. Temperature-dependent liquid density (p) of [(mPEG,)Im]I (n = 2, 4, 6) (1, 3, 5) at an argon pressure of
0.1 MPa.?

[(mPEG2)>Im]I (1) [(mPEGa)>Im]I (3) [(mPEGg)2Im]I (5)

T/K p/gem’™ T/K p/gem’? T/K p/gem’
283.15 1.4271 283.15 1.3230 283.15 1.2796
288.15 1.4228 288.15 1.3188 288.15 1.2753
293.15 1.4184 293.15 1.3146 293.15 1.2710
298.15 1.4141 298.15 1.3103 298.15 1.2668
303.15 1.4098 303.16 1.3061 303.16 1.2625
308.16 1.4055 308.16 1.3019 308.16 1.2583
313.16 1.4013 313.16 1.2977 313.16 1.2541
318.16 1.3970 318.16 1.2935 318.16 1.2499
323.16 1.3928 323.16 1.2894 323.16 1.2459
328.16 1.3887 328.16 1.2854 328.16 1.2418
333.16 1.3847 333.16 1.2813 333.16 1.2378
338.16 1.3806 338.17 1.2773 338.16 1.2338
343.16 1.3765 343.16 1.2733 343.16 1.2297
348.15 1.3725 348.15 1.2693 348.16 1.2257
353.15 1.3685 353.15 1.2653 353.16 1.2217
358.15 1.3645 358.15 1.2614 358.16 12177
368.15 1.3604 363.15 1.2574 363.16 1.2138

@ The expanded uncertainties (k = 2) for temperature and pressure are 0.01 K and 3 kPa, respectively. For the
density, the relative expanded uncertainty (k = 2) is 0.02%.

Table S5. Fit coefficients of the second-order polynomial peaic(T) = po + ;1T + p2T? for temperature-dependent liquid
density data pca(T) of [(mPEG,).Im]I (n =2, 4, 6) (1, 3, 5).

IL po/gem™?  pi/gemPK!' pr/gemPK? R? AARD / %"
[(mPEG:)2Im]I (1) 1.7215 -1.2009-10°° 5.7002-107 1.000 0.0024
[(mPEGa4)2Im]I (3) 1.6043 -1.1282:107°  4.7691-107 0.999 0.0027
[(mPEGg)2Im]I (5) 1.5624 -1.1376:10°  4.8934-107 1.000 0.0027

# Average absolute relative deviation between the experimental p data and the correlation.
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(bottom) of [(MPEG:).Im]" (left) and [(mPEGa).Im]" (right). The chosen cutoff values were 0.2 nm for n = 2 and
0.325 nm for n =4. In the n =2 case, this was mostly to guarantee a high representativeness of the most populated cluster,
close to at least 60% at all oxygen numbers. This choice also ensures that only one cluster contains a single conformation,
while the number of clusters spanning nearly all structures does not exceed three, again contributing to clusters’
representativeness. In the n = 4 case, the value 0.325 nm strikes the best balance between representativeness and
specificity: between about 50% and 70% of conformations fall within the largest cluster, while the number of clusters
spanning almost all structures is about five. The value 0.35 nm, for example, would reduce this number to about one,
impeaching conformational specificity (i.e. the midpoint structure would be too generic), while the value 0.3 nm would
not produce sufficient representativeness of the most populated cluster.
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8.1.2. PROBING SURFACE AND INTERFACIAL TENSION OF IONIC LIQUIDS IN VACUUM

WITH THE PENDANT DROP AND SESSILE DROP METHODIP2]
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Optimizing cannula dimensions

In addition to the setup calibration in air using ultrapure water (see main text), PD measurements
were also performed in air using the ionic liquid (IL) 1-Methly-3-octylimidazolium
hexafluorophosphate ([CzCi1Im][PFs]) at different inner and outer cannula diameters. Here, systematic
changes in the surface tension were detected: the derived surface tension (ST) values are largest with
smallest outer cannula diameter, slightly decreases with increasing outer diameter and starts to
increase again for a very large outer cannula diameter. The reason for this behavior is attributed to
the difference in drop shape for different cannula diameters [1]. Very small cannulas form very small
drops with practically no deformation due to gravity and thus, the drops are rather round [2-4]. For
spherical drops, the bond number is very small and the error in ST grows as the bond number
decreases [5]. This leads to a greater difference in the individual ST values for each measured drop. On
the other end, diameters that are very large can form droplets with a large volume, but the
constriction at the neck of the droplet is also not very pronounced [6,7] as for the very small cannulas.
Since the constriction at the drop neck is a decisive factor for reliable surface tension determination,
we decided to use a cannula with an outer diameter of @, = 2.02 mm and @ = 0.5 mm made of
stainless-steel (note that the inner diameter does not influence the surface tension if the wettability
of the cannula is given [8]; cannula diameters of at least 1.65 mm for PD are also recommended by

different manufacturers such as Kriiss and DataPhysics).




Drop stability in HV

In contrast to the situation under atmospheric pressure, several difficulties occurred before stable
pendant drops of an ionic liquid in vacuum could be measured. Starting with conventional PD cannula
dimensions with rather large inner diameters at the beginning, the emerging drops quickly fell off due
to the excess of gravitational force without the counterbalancing atmospheric pressure. The only
forces that counteract gravity and keep the drop at the tip’s end are capillary forces. We tested
stainless-steel cannula sizes with different inner and outer diameters. The smaller the inner diameter
compared to the outer diameter of the cannula, the more stable the drop was. However, 0.5 mm as
inner bore was the minimum limit for practical drilling reasons, which was not sufficient to form stable
IL drops. We thus increased the capillary forces by simply inserting two twisted stainless-steel wires
(0.2 mm in diameter) into the 0.5 mm cannula bore to further reduce the inner diameter and increase
contact surface and thereby the capillary forces. By using this approach, stable drops were successfully
formed. For all HV measurements presented here, the twisted wires were always present to ensure

stability of the drops even at higher temperatures (see Fig. 52).

Bubble formation in HV

Another very serious problem turned out to be gas bubble formation during the drop formation in HV.
Correct degassing of the ILs was thus crucial. Otherwise, bubbles regularly appeared during drop
formation, which then caused drop shape deformations and additional IL wetting problems at the
outer cannula after bubble bursts accompanied by IL spilling inside the vacuum chamber (see also
video Sl-moviel-bubble-formation-live.mp4, Sl). For the degassing of the ILs measured so far, a
reservoir temperature of at least 70 °C to 100 °C was necessary depending on IL with a degassing time

of about 8 to 10 hours while applying a vacuum better than 10° mbar.
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8.1.3. DIRECT CORRELATION OF SURFACE TENSION AND SURFACE COMPOSITION OF
IONIC LIQUID MIXTURES - A COMBINED VACUUM PENDANT DROP AND ANGLE-

RESOLVED X-RAY PHOTOELECTRON SPECTROSCOPY STUDY!P3I
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Table S1: Temperature-dependent density parameters for pure [CsC:im][PFs] from Ref. [1], [([mMPEG:):im]i

from Ref. [2] and their mixtures with 4.5, 9.6, 19.4 and 49.8 mol% [CsCiim][PFs] content; the densities

for the surface tension evaluation at different temperatures are obtained following p = py +p; - T +

p, - T? (temperature in K).

po [g/em’] p1 [g/em*K] P2 [g/em®K?]
[CsCalm][PFs] 161 -1.59-10° 1.21-10°
49.8 mol% 1.65 -1.30-10°3 7.39-107
19.4 mol% 1.69 -1.29-10°3 6.40-107
9.6 mol% 1.71 -1.2210° 6.07-107
4.5 mol% 1.72 -1.21-10° 5.91-107
[(mPEG2)2Im]I 1.72 -1.20-103 5.70-107

Table S2: Number of Opec and Cawy atoms derived from the temperature-dependent 0° and 80° ARXPS

spectra.
0°
49.8 mol% 19.4 mol% 9.6 mol% 4.5 mol%
T[K] | noresoi(x) | Ncamyior(x) | noreso(X) | Ncampos(x) | noeesoi(x) | Neayro(x) | noeeso(x) | Neaikyrodx)
363 2.04 3.46 3.22 1.51 371 0.79 4.09 0.31
348 2.01 3.50 3.20 1.52 3.69 0.85 40.5 0.36
323 1.95 3.65 3.18 1.63 3.65 0.86 4.04 0.40
298 1.95 3.67 3.10 1.80 3.59 0.99 3.95 0.46
80°
49.8 mol% 19.4 mol% 9.6 mol% 4.5 mol%
T [K] | noeeso(x) | Ncaikyigor(X) | noees.sor(X) | Ncaiky,so(x) | Norecao(X) | Ncalkyiaor(x) | Norec.sor(x) | Neatky,soi(X)
363 1.67 5.53 3.02 2.98 3.61 1.90 4.15 0.66
348 1.62 5.75 2.93 3.22 3.60 1.99 4.16 0.85
323 1.50 6.18 2.81 3.80 345 2.30 4.10 1.12
298 1.43 6.34 2.55 4.23 331 3.00 3.87 1.61
8




Table 53: ST values y (ideal) for different mixtures and temperatures as expected from ideal mixing

behaviour using equation (2) along calculated ST values yr(calc.) using equation (3) with the number of

Opec and Canyr atoms as deduced from the 0° ARXP spectra (top row of Table 55).

49.8 mol% 19.4 mol% 9.6 mol% 4.5 mol%
T y(ideal)  w+(calc.) | y(ideal) w-(calc.) | ¥(ideal) w-(calc.) | ¥(ideal) y-(calc.)
(K] [mN/m]  [mN/m] | [mN/m]  [mN/m] | [mN/m]  [mN/m] | [mN/m]  [mN/m]
363 35.90 35.96 39.11 38.93 40.11 40.02 40.68 40.73
348 36.96 36.95 40.30 40.10 41.34 41.17 41.95 41.92
323 38.72 38.50 42.30 41.92 43.41 43.19 44.05 43.96
298 40.48 40.24 44.29 43.60 45.47 45.02 46.15 45.94

Table 54: Weights of [CsC1im][PFs] and [(mPEG:),Iim]l used for the 4.5, 9.6, 19.4 and 49.8 mol% mixtures;

last column shows solidification temperatures of the corresponding mixtures as indicated by the onset

of sample charging in ARXPS.

[CsCaIm][PFs] [(mPEG),Im]I Solidification

Temperature
[e] le] K]
4.5 mol% 0.0424 1.0486 237
9.6 mol% 0.2476 2.7352 235
19.4 mol% 0.1624 0.7992 231
49.8 mol% 1.0257 1.2193 230

9
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Table S5: Binding energy (BE) differences of the Chetero and Caiyi peaks for both angles as a function of
temperature of the 49.8 mol% mixture. These ABE values were used as constraints to fit the C 1s spectra

of all other mixtures (for details, see text).

T[K] ABE(0°) [eV] ABE(80°) [eV]

363 1.62 1.49

348 161 1.48

323 161 1.47

298 1.59 1.46

273 1.57 1.42
253/248 1.54 1.40
238/233 1.53 1.39
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142



Table S6: Quantitative analysis of the 0° and 80° ARXPS spectra for pure [CsCiIm][PFs], [(mMPEG:):im]i
and their mixtures with 4.5, 9.6, 19.4 and 49.8 mol% [CsCiim][PFs] content at 298 K.

F1s 13ds/2 01s N 1s C; Chetero Caikyl P2p
ASF 1.00 6.17 0.67 0.46 0.3 0.3 0.3 0.46
[CsCalm][PFe]
0° BE/eV 686.5 401.9 287.5 286.6 284.9 137.4
80° BE/eV 686.7 402.1 287.6 286.7 285.1 137.4
Nominal 6 2 1 4 7 1
n(0°) 6.11 1.99 1.00 3.97 6.84 1.09
n(80°) 4.62 1.60 0.80 3.61 9.38 0.99
49.8 mol%
0° BE/feV 868.6 618.3 532.9 401.9 287.4 286.5 284.9 137.5
80° BE/eV 868.7 618.4 533.1 402.0 287.5 286.6 285.2 137.5
Nominal 2.99 0.50 2.01 2.00 1.00 8.02 3.48 0.50
n(0°) 3.14 0.53 1.96 1.99 0.99 7.61 3.75 0.52
n(80°) 2.70 0.44 1.48 1.69 0.85 6.68 6.15 0.52
19.4 mol%
0° BE/feV 686.5 618.2 532.8 401.8 287.3 286.5 284.9 137.4
80° BE/eV 686.6 618.4 533.1 401.9 287.5 286.6 285.1 137.4
Nominal 1.17 0.81 3.22 2.00 1.00 10.5 1.36 0.19
n(0°) 1.30 0.82 3.12 1.98 0.99 9.89 1.85 0.25
n(80°) 1.12 0.62 2.56 1.56 0.78 8.80 4.54 0.21
9.6 mol%
0° BE/eV 686.5 618.2 532.8 401.8 287.3 286.5 284.9 1375
80° BE/eV 686.7 618.4 533.2 401.9 287.6 286.7 285.2 137.6
Nominal 0.58 0.90 3.62 2.00 1.00 11.2 0.67 0.10
n(0°) 0.70 0.90 3.59 1.95 0.98 10.9 0.99 0.11
n(80°) 0.69 0.69 331 1.56 0.78 9.93 3.00 0.13
4.5 mol%
0° BE/feV 868.6 618.2 532.8 401.7 287.3 286.5 284.9 137.1
80° BE/eV 686.7 618.4 533.1 401.8 287.5 286.6 285.2 137.3
Nominal 0.27 0.95 3.82 2.00 1.00 11.6 0.32 0.05
n(0°) 0.33 0.96 3.96 191 0.96 11.4 0.48 0.08
n(80°) 0.40 0.76 3.94 1.64 0.82 10.8 1.63
[(mPEG2)2im]I
0° BE/feV 618.2 532.8 401.7 287.3 286.5
80° BE/eV 618.4 533.2 401.9 287.6 286.7
Nominal 1 4 2 1 12
n(0°) 1.00 4.34 1.94 0.97 11.7
n(80°) 0.84 4.74 1.66 0.83 11.9
11
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8.1.4. B/N-DOPED CARBON SHEETS FROM A NEW IONIC LIQUID WITH EXCELLENT

SORPTION PROPERTIES FOR METHYLENE BLUEIP4]
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Figure $1: Flowsheet of a glass reactor for the up-scaled synthesis of Na[Blma]

Chemical analyses and confirmation of purity:

NMR:

All qualitative NMR spectra were recorded on a JEOL ECX 400 MHz instrument. Chemical shifts are
reported relative to the peak of SiMes, using 'H-(residual) chemical shifts of the solvent as a secondary
standard and are reported in ppm. Sample temperature was approximately 20 °C. *H-NMR scans were
conducted with an excitation frequency of 399.72 MHz and 8 scans. *B-NMR spectra were recorded
with an excitation frequency of 128.23 MHz and 32 scans. *C-NMR spectra were recorded with an
excitation frequency of 100.51 MHz and 250 scans.

EA:
The bulk carbon, hydrogen, nitrogen, sulfur and oxygen contents of [EMIM][BIms] and carbonaceous
materials were determined via elemental analysis in an elementar UNICUBE®. For C/H/N/S
measurements, the samples were combusted at 1150 °C in an oxygen 5.0 atmosphere. Subsequent
reduction of NO, gases to N» was performed at 850 °C on a Cu contact. For analysis, a TCD (C/H/N) and
IR-detector (S) were used. To determine the O content, the samples were reduced to CO with a large
excess of graphite at 1150 °C and subsequently analyzed in a TCD. For all measurements, helium was

used as a carrier gas.

DSC:

The DSC measurements were performed with a computer-controlled Phoenix DSC 204 F1 thermal
analyzer from Netzsch. A small amount of sample was placed into an aluminium crucible and sealed.
The samples were then heated to 100 °C with a heating ramp of 5 K min’. The melting point was
determined from the heating process to avoid supercooling phenomena during cool-down. An empty
sample pan with a small hole in the lid served as the reference. To avoid condensation of water, the

instrument was purged with dry nitrogen.

TGA:

To determine the thermal stability of [EMIM][BIm4], a Setsys Evolution from Setaram was used.
Approximately 25 mg of sample were placed in a Quartz crucible and heated to 400 °C under a nitrogen
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8.2. DENSITY CALCULATIONS OF MIXTURES

In [P3], as well as in this thesis (see Table 2, Chapter 3.2.2), the ideal densities of the
[CsC1Im][PF¢] / [(mPEG2)2Im]I mixtures with 4.5, 9.6, 19.4, and 49.8 mol% [CsC1Im][PFs]

content were calculated according to the following simplified relation:(3u

Pmix(T) = p1(T) - x1 + p2(T) - (1 = x1) (A1)

Here, p,(T) and p,(T) correspond to the temperature-dependent densities of the individ-

ual pure ILs and y; is the respective mole fraction belonging to the density p, (T).

Equation A1l is the most simple approach, but yields correct values only for an ideal
mixture if the two components have the same (or very similar) mole volumes, which is a

good approximation for [CsCiIm][PFs] / [(mPEG2)2Im]I mixtures (see also Table A2).

A generally valid equation for any ideal homogeneous two-component mixture can
be formulated based on the used weights m; of the individual components i and their
known density values p; (T): 131132

m+m;  omy+tm, (A2)

V1 + V2 N ml + mz
p1(T) * p2(T)

To demonstrate that the use of Equation A1 is justified and leads to correct results

Pmix (T) =

for the here studied systems, a direct comparison of the mixture densities derived either
by Equation A1l or by A2 is shown in Table A2 (weight values are provided in Table A1).
Indeed, the deviations are only noticeable in the third to fourth decimal place, and thus,
the use of Equation A1 has no significant impact on the resulting mixture densities as well
as on the derived surface tension values over the entire temperature range. Note that the
surface tension resulting from the PD analysis scales proportionally with the used mass

density, see Appendix 8.3.
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Table Al: Weights of [CsCilm][PFs] (molar mass: 340.2 g/mol) and [(mPEGz)2Im]I
(403.1 g/mol) used for the 4.5, 9.6, 19.4 and 49.8 mol% mixtures. The last column shows the
solidification temperatures of the corresponding mixtures as indicated by the onset of sam-
ple charging in ARXPS. Adapted from [P3] under license CC BY 4.0.

[CsCilm][PFe] [(mPEG:z)2Imi SClidification

g] gl Temperature
[K]
4.5 mol% 0.0424 1.0486 237
9.6 mol% 0.2476 2.7352 235
19.4 mol% 0.1624 0.7992 231
49.8 mol% 1.0257 1.2193 230

Table A2: Temperature-dependent density parameters for pure [CsCilm][PFs] and
[(MPEG2)2Im]I with references. Mixtures densities containing 4.5, 9.6, 19.4 and 49.8 mol%
[CsC1Im][PF¢] are calculated according to Equations A1 or A2. The densities at different tem-
peratures are determined as p(T) = pg + p1 - T + p, - T?. In addition, the room tempera-
ture density values are also provided for a direct comparison (corresponding mole volume
at room temperature Vm(298K) = M/p(298K) of pure [CsCiIm][PFs] is 340.3 g-mol
1/1.239 g-I'' =275 [/mol and 400.3 g-mol1/1.414 g-I'1 = 283 I/mol of pure [(mPEGz)2Im]I).
Adapted from [P3] under license CC BY-NC 4.0.

Equa- Po P1 P2 P298 k Dgzifl-
tion [g/cm3] [g/cm3*K] [g/cm3*K?]  [g/cm3] %

[CsC1Im][PFg]rton 161  -1.59-103 1.21-106  1.2392

49.8 mol% Al 1.65  -1.30-103 7.39:107  1.3271
A2 1.64  -1.31-103 7.79:107  1.3284 0.102

19.4 mol% Al 1.69  -1.24-103 6.40-107  1.3801
A2 1.70  -1.25-103 6.46-107  1.3809 0.058

9.6 mol% Al 171 -1.22-103 6.07-107  1.3973
A2 171 -1.23-103 6.11-107  1.3978 0-032

4.5 mol% Al 172 -1.21-103 591107  1.4062
A2 172 -1.22-103 593-107  1.4064 0017

[(mPEG,)Im]I! 172 -1.20-103 5.70-107  1.4141
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8.3. MANUAL
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Young Equation. In addition, the "Acceleration of Gravity g" can be calculated for each location. To do this,
press the "Look up..." button. A new window opens in which the "Latitude [°]" and the "Location above
Sea-Level [m]" can be entered. This can then be accepted in the software via the "OK" button (see
Fig. 21d). After calculating the surface/interfacial tension, the drop volume and the drop area as well as
the fitting error can be displayed under "Results". To do this, press the corresponding red dot of the
evaluated image in "Plot Presentation" (see Fig. 21e).

Further details can be found in the “Operating manual OCA 25” from DataPhysics.

Operating video and software user video can be found with the manual on the external PD/SD
hard disk.
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towards the preparation chamber (see Fig. 27). Only when the z-shift is mounted in this orientation, the
sample can be picked up by the long arm of the FEL chamber or placed into the sample position of the z-
shift. After mounting the z-shift to the FEL cross, the FEL chamber must be pumped down. When the z-
shift is under vacuum, the valve connected to the z-shift should be closed. This valve must be kept open,
when the z-shift is not under vacuum to ensure pumping of the z-shift via the FEL chamber (no valve
movements with different pressure conditions on both sides!). To improve background pressure, the z-
shift should be baked anytime when left with contact to air for a longer period of time. After the correct
pressure has been reached in the FEL chamber, the sample holder can be transferred from the preparation
chamber to the sample holder position of the z-shift. To do this, the valve on the z-shift must be opened
and the sample holder stage fully extended. After completion of the sample holder transfer, the sample
holder stage has to be moved completely in the z-shift and the valve has to be closed. The FEL chamber
must be vented again. Then the z-shift is disassembled from the FEL cross, the blind flange is reassembled
and the z-shift is attached to the PD/SD chamber (described in Chapter 4.1). The PD/SD chamber must be
than pumped down and the sample in the reservoir degassed. Pre-degassing with the liquid to be tested
in the PD/SD chamber can be carried out before the z-shift is attached. For this purpose, the PD assembly
with the SD cannula (@, = 1.05 mm) and the corresponding liquid is installed in the PD/SD chamber. A
blank flange is attached instead of the z-shift. The chamber is pumped into the HV and heated, as already
described in Chapter 3.2 and 7.3. After the bake-out, the PD/SD chamber is vented, the z-shift is attached
and the chamber is pumped down again. Only a short cold degassing (about 1 - 2 hours, depending on
pressure) of the liquid is necessary. The z-shift valve remains closed when it is attached to the PD/SD
chamber and the short bake-out (around 2 hours after reaching the corresponding pre-degassing
temperature) for post-degassing is started. In this case, it is sufficient to bake the chamber without baking
the z-shift. Subsequently, one proceeds as described in Chapter 4.1. After the sample has been examined,
the sample holder with the sessile drop can be attached to the DASSA and transferred in HV in the reverse
manner as described above.

Image sections of the sample transfer from the z-displacement across the long arm of the FEL chamber at
the DASSA are shown in Fig. 28.
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