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1 Introduction 

Modern science and technology are substantially shaped by the need for sustainable 

manufacture and processing of materials across the value chain. One major objective to be 

addressed is the comprehensive transformation of the chemical industry towards processes 

with efficient avoidance or recycling of waste and secondary products.1 With special focus 

on atom-economical and selective conversions, it is safe to say that the development, 

optimization and upscaling to commercial operation of novel catalytic systems play a 

decisive role for this paradigm change.2 

The overall performance of catalysts is essentially influenced by the microscopic nature, 

i. e. composition, structure and electronic properties of the active sites.3, 4 Technical hetero-

geneous catalysts feature a non-uniform and defect-rich surface structure and thus an 

intricate spectrum of catalytic centers differing in activity and selectivity.5 Especially for 

the production of more value-added products, the very selectivity problem poses economic 

and ecological limitations, owing to the required separation of the product mixture.6-8 

Despite significant progress in increasing the selectivity of heterogeneous catalysts in 

recent decades9-11, homogeneous organometallic catalysis has gained increasing appeal pro-

viding uniform reactivity with well-accessible information on structure-performance rela-

tionships.12 Based on this knowledge, the structural variability of organometallic chemistry 

in solution affords deliberate design of the catalysts and thus sensitive control over activity 

and selectivity on the molecular level. However, in contrast to heterogeneous systems, 

costly procedures for catalyst separation and recovery can limit lucrative application13. 

With the aim of combining the facile engineering of heterogeneous systems and the 

powerful catalytic performance of metal complexes, techniques for immobilization of 

homogeneous catalysts in product-separable phases have received significant attention.14, 

15 One intensively investigated approach is the heterogenization of organometallics by 

physicochemical grafting onto the surface of solid support materials, e. g. by covalent 

bonding16 or electrostatic interactions17. However, the static fixation can considerably 

compromise the tunability and characterizability, and can impose negative effects on 

activity and selectivity18, 19 – the principal advantages of homogeneous organometallic 

catalysis. As a consequence, the productivity of these systems for commercial use has been 

questioned.19 An alternative strategy addresses immobilization of the homogeneous catalyst 
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in a supported liquid phase (SLP).20, 21 For this, a solid high-surface area support is 

impregnated with a thin film of catalyst solution. The macroscopic properties of the 

catalytic system are still governed by the powdery support material affording the favorable 

reaction engineering of heterogeneous catalysis with efficient separation of catalyst and 

products. Within the immobilized liquid film, however, the well-defined homogeneous 

surrounding principally grants the full spectrum of chemical preferences provided by 

organometallic catalysis. This concept is illustrated in Figure 1a. 

 

Figure 1: Schematic representation of the supported liquid phase (SLP) concept (for ionic liquids: supported 
ionic liquid phase, SILP) a) from the macroscopic (left) to the microscopic scale (right) and b) reduction of 
the diffusion pathways of reactants and products upon enrichment of the catalytically active species (red 
spheres) at the liquid/gas interface. 

Ionic liquids (ILs) have afforded immense scope for scientific and technological 

innovation for this type of catalyst immobilization, termed as the supported ionic liquid 

phase (SILP) concept.22 ILs are salts typically comprising bulky organic cations and/or 

anions with low charge density, yielding low melting points, oftentimes below room 

temperature. Given their ionic character, ILs show quasi negligible vapor pressures and 

therefore intrinsically provide coatings with excellent persistence toward leaching into the 

surrounding gas phase, even after extensive time-on-stream, e. g. more than 800 h in Rh-

catalyzed hydroformylation23. The mostly organic backbone of the ions, on the other hand, 

affords task-specific molecular design for deliberate tuning of physicochemical properties 

for optimum performance regarding, for instance, solvation and coordination behavior, 

hydrophobicity, miscibility and wetting capability. SILP systems have been successfully 

trialed for various other industry-relevant conversions, such as hydrogenation24, 25, 

hydroformylation26, 27, carbonylation28 and hydrosilylation29, 30, to name but a few. Beyond 

that, a study by Werner et al. demonstrated the adaptable character of the SILP concept by 

systematically varying the IL, the support material and the catalyst complex achieving 

remarkably mild conditions in water-gas-shift catalysis.31 
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In this context, a fundamental understanding on the nature of the IL/gas interface offers 

interesting parameters for optimization in SILP catalysis.32 In principle, a particularly high 

catalyst concentration directly at the IL/gas interface, where the feedstock concentration is 

at its maximum, would result in most efficient catalyst utilization, as is signified in Figure 

1b. This benefit becomes particularly obvious considering the high viscosities of ILs and 

thus the much slower diffusion rates of dissolved solutes in solution compared to 

conventional solvents33-35; surface enrichment of the catalyst would minimize the diffusion 

pathways in the liquid phase. The interfacial behavior of organometallic complexes in ILs, 

however, has received little attention in literature. Early works on the composition of the 

IL/vacuum interface of dissolved metal compounds in ILs in our group has revealed strong 

enrichment of [Pt(NH3)4]2+ in [C2C1Im][C2OSO3], while Cl- counterions were found 

depleted from the surface using angle-resolved X-ray photoelectron spectroscopy 

(ARXPS).36 This surface activity was attributed to the higher polarizability of the larger 

metal-containing cation.36 A subsequent study found the phosphine ligand TPPTS as a 

suitable surface-active ligand to trigger surface enrichment, while the precursor complex 

without TPPTS did not exhibit surface affinity.37 A more recent investigation by the groups 

of J. M. Slattery and T. K. Minton identified a Ru complex carrying a trioctylphosphine and 

a para-cymene ligand as highly affine to the IL/vacuum interface using reactive-atom 

scattering (RAS), time-of-flight secondary ion mass spectrometry (TOF-SIMS) and XPS.38 

This PhD work aims at providing the fundamental parameters for deliberate control 

over the local catalyst concentration at the IL/vacuum interface using ARXPS. This 

technique provides not only detailed insights into the surface composition of the samples 

but also chemical information on the metal complexes under investigation. After the 

introductory Chapters 1, 2 and 3, the results obtained in this thesis will be presented in 

Chapter 4. Chapter 4.1 addresses the interfacial behavior and interesting chemical proper-

ties of a variety of catalysts with different ligand systems and how to deliberately modify 

the ligands to achieve enrichment at the IL/vacuum interface. In particular, specific groups 

attached to the ligands that “pull” the complex towards the interface in a buoy-like fashion 

will be presented. Chapters 4.2 – 4.4 discuss the influence of the bulk concentration, 

temperature and the solvent on surface enrichment effects of catalysts established in 

Chapter 4.1. 
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2 Fundamentals 

2.1 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy is among the most powerful and frequently used ultra-

high vacuum (UHV)-based surface science methods and was applied as the primary 

experimental technique in this work. The kinetic energy profile of photoelectrons emitted 

from a material upon irradiation with X-rays yields quantitative insights into the 

composition of the near-surface region along with chemical information, e. g. on oxidation 

state, bonding conditions and other interactions of the atoms under investigation.  

The photoelectric effect provides the basis for this technique and the fundamental 

considerations will be discussed along Figure 2 in the following. Interaction of matter with 

photons of the energy hv, which exceeds the sum of the binding energy EB and the work 

function of the material Φmat, yields emission of photoelectrons with a defined kinetic 

energy Ekin. Using an energy-dispersive spectrometer/analyzer with the work function Φsp, 

Ekin,sp is accessible. Typically, XP spectra are presented as the counts of photoelectrons 

detected per second (“intensity”) against EB, which can be obtained from Equation (Eq) 1, 

as is evident from Figure 2. The Fermi energies EF of a conductive sample and the 

spectrometer are aligned by connecting them electrically. 

 𝐸𝐵 = ℎ𝑣 − 𝐸𝑘𝑖𝑛,𝑠𝑝 − 𝛷𝑠𝑝 (Eq 1) 

 

Figure 2: Schematic energy level diagram for photoemission of an 1s electron and detection using an energy-
dispersive spectrometer. 
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The detected binding energy is sensitive to the element and its chemical environment, while 

the signal intensity quantitatively reflects the atomic composition of the material within the 

accessible information depth (ID). The ID corresponds to the depth, from where ~95% of 

the photoelectrons contributing to a certain XP signal originate, considering only inelastic 

scattering.39 It can be described by 

 𝐼𝐷 = 3 𝜆(𝐸𝑘𝑖𝑛) cos 𝜗 (Eq 2) 

where λ(Ekin) is the inelastic mean free path (IMFP), which depends on the kinetic energy of 

the photoelectrons, and 𝜗 is the emission angle with respect to the surface normal. Upon 

passing the sample towards the analyzer, the intensity, I, of the photoelectrons is attenuated, 

according to the exponential decay 

 𝐼

𝐼0
= 𝑒

−𝑑
𝜆(𝐸𝑘𝑖𝑛)𝑐𝑜𝑠𝜗 

(Eq 3) 

where I0 is the non-attenuated intensity and d is the distance travelled through the sample. 

With typical λ values in lab-based XPS being lower than 4 nm in solid/liquid matter,40, 41 

Equations 2 and 3 reflect the intrinsic sensitivity of XPS to the sample/vacuum interface. 

As is also evident from these equations and from Figure 3, the surface sensitivity of XPS 

can be tuned upon variation of the electron emission angle 𝜗 – a technique referred to as 

angle-resolved XPS (ARXPS). At 0° (normal emission), the ID is 6 – 9 nm in organic 

materials,42 which corresponds to several molecular layers in the surface near region of the 

sample, and the spectra typically reflect the nominal composition. However, even for these 

relatively bulk-sensitive measurements, strong surface enrichment effects can cause 

significant deviations from the nominal composition, as was observed multiple times during 

the herein presented work (see Chapter 4). At 80° (grazing emission), the ID decreases to 

1.0 – 1.5 nm, which mainly reflects the topmost molecular layer of the sample.42 

 

Figure 3: Angular dependency of the surface sensitivity in X-ray photoelectron spectroscopy (XPS). 
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2.2 Ionic Liquids and their Structure at the IL/gas Interface 

Even though the first ever report on an IL dates back to more than a century ago43 (see 

Ref. 44 for an historic review on ILs), it was only over the past few decades that they have 

received intense attention for applications in manifold fields of research. Among many 

more, these range from catalysis32, 45, 46 to electrochemical devices47, 48, organic synthesis49, 

50 and lubricants51, 52. In a rather small but growing number of cases, ILs have also been 

successfully utilized in piloted or commercialized processes.53  

The low melting point of ILs is the result of preventing high lattice energies by using 

bulky ions with low symmetry and charge density. A selection of cations and anions 

frequently used in ILs is shown in Figure 4. The cationic backbones are commonly derived 

from heterocyclic structures, such as imidazolium, pyrrolidinium or piperidinium, or are 

ammonium- or phosphonium-based. Frequently used anions feature fluorinated moieties, 

such as in [Tf2N]-, [TfO]- and [PF6]-, which, however, can raise environmental and safety 

concerns due to toxicity and bioaccumulation,54, 55 or release of toxic products upon 

hydrolysis56. Fluorine-free anions, such as acetate [OAc]-, alkylsulfates [CnOSO3]-, or 

amino acid-based anions have received increasing interest offering less concerning 

alternatives.57, 58  

 

Figure 4: Common cations (top) and anions (bottom) in ILs. 

A deep understanding on the versatile spectrum of interactions and the resulting 

structural organization in ILs is essential for their effective and task-specific utilization.59 

For various applications, this particularly holds true for the composition and structure of 

the IL/gas interfacial region.32, 60 The IL/gas or vacuum interface has been thoroughly 

accessed with a wide array of surface-sensitive methods to extract the surface composition 
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of neat ILs and mixtures including preferred surface orientations and configurations of ions 

and functional groups, surface layering, and enrichment effects.60-82  

In particular, ARXPS was intensively used by many groups, including ours, to study 

the IL/vacuum interface.68, 71, 83-90 The following ARXPS characterization of the well-

studied IL [C4C1Im][PF6] is intended to serve as an example for showcasing typical 

compositional or orientational peculiarities at the IL/vacuum interface. A detailed ARXPS 

study on this IL was already published before by our group.88 

Figure 5 depicts a survey scan and high-resolution region scans of the C 1s, N 1s and 

F 1s region of [C4C1Im][PF6] at 0° (normal emission, more bulk-sensitive, black) and 80° 

emission angle (grazing emission, more surface-sensitive, red). For both angles, the survey 

 

Figure 5: Survey, C 1s, N 1s and F 1s XP spectra of neat [C4C1Im][PF6] in 0° (black) and 80° emission (red). 
Additionally, the applied color-coded deconvolution for the C 1s region is shown for the 0° emission spectrum 
(see peak assignments and chemical structure). 
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scan shows signals for all core levels expected from the molecular structure of clean 

[C4C1Im][PF6]. The broad signal envelope detected in the C 1s region from ~289 to 284 eV 

includes all the carbon species of [C4C1Im]+. A typical deconvolution procedure involves 

distinction of three different types of C atoms contributing to the signal envelope: C atoms 

bound to two heteroatoms, CC2 (green), C atoms bound to one heteroatom, Chetero (violet), 

and C atoms bound to only other carbon atoms and hydrogen, Calkyl (blue).42, 88 The applied 

deconvolution with color-coded peaks is shown for the 0° emission spectrum in Figure 5. 

The N 1s and F 1s regions show single peaks at 402.2 and 686.8 eV, corresponding to the 

N atoms bound within the imidazolium ring, NIm, and the F atoms of the [PF6]- anion, 

respectively. 

Comparing 0° and 80° spectra affords insights into the orientation of ions in the 

outermost layer and on segregation effects in IL mixtures and solutions at the IL/vacuum 

interface. The Calkyl signal shows a higher intensity at 80°, while all other signals slightly 

decrease. These observations are due to a preferential orientation of the [C4C1Im]+ cation 

terminating the surface with its C4 chains, while the imidazolium ring and the anions reside 

below this domain of alkyl chains. This effect is well-known for imidazolium-based ILs 

with extended alkyl chains (number of carbon atoms n ≥ 4), which typically show a higher 

degree of surface activity than shorter chains.60, 67, 68, 79, 80 The magnitude of the enrichment 

of the alkyl chains at the IL/vacuum interface was found to be highly dependent on the size 

of the anion, with smaller anions facilitating a more densely packed alkyl surface layer 68, 

91, 92. Also, different functionalities attached to the alkyl substituents can lead to an entirely 

different surface activity71, 88. 

Apart from these orientational or configurational effects, mixtures or solutions of ILs 

can also exhibit an enrichment of one or more components at the surface, that is, an 

enhanced surface concentration of these components relative to the bulk concentration.36, 

37, 68, 72, 77, 93-98 Recently, this effect has been demonstrated for binary mixtures of the 

fluorinated IL [PFC4C1Im][PF6] and the non-fluorinated analog [C4C1Im][PF6].88 Using 

ARXPS, the fluorinated [PFC4C1Im]+ cations were found significantly enriched at the 

IL/vacuum interface with the PFC4 chains preferably terminating the surface.88 The surface 

affinity of [PFC4C1Im][PF6] induced by the PFC4 chains also inspired the ligand design for 

surface enrichment of a Pt complex presented in this work.[P2, P4, P6, P8] 
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3 Experimental Details 

3.1 Materials and Sample Preparation 

ILs and metal complexes employed within the framework of this thesis are presented in 

Tables 1 and 2, respectively, including the abbreviations used, full names, molecular 

weights and molecular structures. Note that the metal complexes will be referred to as 

“catalysts” in the following, even though some of the employed complexes might not have 

proven yet to be catalytically active for a specific reaction. 

[C2C1Im][PF6] (synthesis grade) was purchased from Sigma-Aldrich. Since surface-

active contaminations were found using XPS, the IL was extracted using toluene according 

to the procedure detailed in [P6]. [C2C1Im][OAc] (purity 98%), [C4C1Im][Cl] (purity 

99.5%), [C2C1Im][C2OSO3], [C4C1Im][PF6] (purity 99% and 99.5%), [C8C1Im][PF6], 

[C4C1Im][Tf2N], [C2C1Im][TfO], [C4C1Im][TfO] and [C8C1Im][TfO] (all purity 99%) were 

purchased from Iolitec. [C3CNC1Im][Tf2N] was synthesized by Dr. Julian Mehler (Chair of 

Chemical Engineering I, Friedrich-Alexander-Universität (FAU) Erlangen-Nürnberg), and 

[C1CNC1Pip][Tf2N] was synthesized by Dr. Nicola Taccardi (Chair of Chemical 

Engineering I, FAU Erlangen-Nürnberg) according to the procedures presented in [P1]. 

[C3CNC1Im][PF6] and [C3CNPFC4Im][PF6] were synthesized by Daniel Kremitzl (Chair of 

Chemical Engineering I, FAU Erlangen-Nürnberg) according to procedures presented in 

[P2] and [P4]. Cis-[PtCl2(CH3CN)2] (purity 98%), [PdCl2(CH3CN)2] (purity 99.99%), 12 

(purity 98%) and TPPTS (purity 95%) were purchased from Sigma-Aldrich. 6-11 were 

synthesized by Luciano Sanchez Merlinsky (Universidad de Buenos Aires, Argentina) 

according to procedures presented in [P5] and [P7]. Except where stated otherwise, all 

materials were used as delivered.  

Detailed procedures for preparation of individual catalyst and ligand solutions can be found 

in [P1-P8]. Typically, the solutions, where a solid catalyst or ligand was available, were 

prepared by stirring the solute in the IL for several hours under ambient conditions. For 

preparation of solutions of 1-5, the following general procedure applies (for additional 

details see [P1-P8] and Chapter 4.1.1): Mixtures of the precursor cis-[PtCl2(CH3CN)2] or 

[PdCl2(CH3CN)2] and the ligand were reacted in stoichiometric amounts in the respective 
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Table 1: Nomenclature, molecular weights and structures of ILs used. The color coding indicates the 

assignment of carbon species to XP signals discussed in Chapter 4 (green: CC2, violet: Chetero, blue: Calkyl). 

Abbreviation Name 
Molecular 

weight / 
g /mol 

Molecular Structure 

[C2C1Im][PF6] 
1-ethyl-3-methylimidazolium 

hexafluorophosphate 256.13 

 

[C2C1Im][OAc] 1-ethyl-3-methylimidazolium 
acetate 170.21 

 

[C2C1Im][TfO] 1-ethyl-3-methylimidazolium 
trifluoromethanesulfonate 260.24 

 

[C2C1Im][C2OSO3] 
1-ethyl-3-methylimidazolium 

ethylsulfat 236.29 

 

[C4C1Im][PF6] 
1-butyl-3-methylimidazolium 

hexafluorophosphate 284.18 

 

[C4C1Im][Tf2N] 1-butyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide 419.37 

 

[C4C1Im][TfO] 1-butyl-3-methylimidazolium 
trifluoromethanesulfonate 288.29 

 

[C4C1Im][Cl] 1-butyl-3-methylimidazolium 
chloride 174.68 

 

[C8C1Im][PF6] 
1-methyl-3-octylimidazolium 

hexafluorophosphate 340.29 

 

[C8C1Im][TfO] 1-methyl-3-octylimidazolium 
trifluoromethanesulfonate 344.40 

 

[C3CNC1Im][Tf2N] 
1-(3-cyanopropyl)-3-
methylimidazolium 

bis(trifluoromethylsulfonyl)imide 
430.34 

 

[C1CNC1Pip][Tf2N] 
1-(1-cyanomethyl)-1-
methylpiperidinium 

bis(trifluoromethylsulfonyl)imide 
419.36 

 

[C3CNC1Im][PF6] 
1-(3-cyanopropyl)-3-
methylimidazolium 

hexafluorophosphate 
295.16 

 

[C3CNPFC4Im][PF6] 
1-(3-cyanopropyl)-3-(3,3,4,4,4-
pentafluorobutyl)imidazolium 

hexafluorophosphate 
427.20 
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Table 2: Molecular structures and weights of complexes used. The color coding indicates the assignment of 
carbon species to XP signals discussed in Chapter 4 (green: CC2, violet: Chetero, blue: Calkyl). For assigment of 
IL-derived ligands (complexes 1-5) and structure of the [Tf2N]- anion, see Table 1. 

Formula 
Abbreviation 
used in this 

thesis 

Molecular 
weight / 
g /mol 

Molecular Structure 

[PtCl2(C3CNC1Im)2][Tf2N]2 1 1126.66 

 

[PdCl2(C3CNC1Im)2][Tf2N]2 2 1038.00 

 

[PtCl2(C1CNC1Pip)2][Tf2N]2 3 1104.70 

 

[PtCl2(C3CNC1Im)2][PF6]2 4 856.30 

 

[PtCl2(C3CNPFC4Im)2][PF6]2 5 1120.38 

 

[Ru(tpy)(bpy)Cl][PF6] 6 670.94 

 

[Ru(tpy)(dcb)Cl][PF6] 7 758.96 
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Table 2 continued. 

Formula 
Abbreviation 
used in this 

thesis 

Molecular 
weight / 
g /mol 

Molecular Structure 

[Ru(dcbNa)2((C9)2bpy)][PF6]2 8 1376.01 

 

[Ru(dcbNa)2((C1)2bpy)][PF6]2 9 1151.58 

 

[Ru(dcbNa)2((OC2)2bpy)][PF6]2 10 1211.63 

 

[Ru(dcbNa)2((t-C4)2bpy)][PF6]2 11 1235.74 

 

[Rh(COD)2][TfO] 12 468.34 

 

[Rh(COD)(TPPTS)2][TfO] 13 1497.00 
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IL at 100 °C under medium vacuum (MV) conditions using Schlenk-techniques until the 

metal precursor was fully consumed and the released volatile CH3CN ligands were fully 

removed yielding clear solutions (see also Scheme 1). Typically, the solutions were further 

stirred for 1 h under the applied conditions to ensure quantitative conversion. For solutions 

of 5, cis-[PtCl2(CH3CN)2] and the ligand IL [C3CNPFC4Im][PF6] were first reacted without 

additional IL solvent for 1 h under the conditions applied above until solidification of the 

mixture before adding the IL solvent to continue the reaction as described above.[P2] 1%mol 

solutions were prepared by simple dilution of freshly prepared, more concentrated 

solutions.[P4, P6] For a 1%mol solution of 5 in [C4C1Im][PF6] and solutions of 5 in 

[C2C1Im][PF6], strong X-ray induced decomposition of the complex was observed due to 

the presence of traces of iodine species in the ILs.[P4], [P6] For preventing this effect, the ILs 

were cleaned by extraction with Millipore water (resistivity 18.2 MΩ⋅cm), as detailed in 

[P4], prior to preparation of the catalyst solutions. Preemptively, the cleaning procedure 

was also applied to all other ILs for preparation of the 1%mol solutions of 5 and a 10%mol of 

5 in [C4C1Im][Tf2N].[P6] For successful preparation of a 33.3%mol solution of 3 in 

[C1CNC1Pip][Tf2N], UHV conditions were required, while in MV, solidification of the 

entire mixture upon reaction progress was observed.[P1]  In case of the ligand substitution 

reaction of 12 with TPPTS in [C2C1Im][C2OSO3], TPPTS was dissolved under inert gas 

conditions for 70 h before 12 was added and the reaction mixture was stirred under vacuum 

for 24 h to yield a clear solution.[P3] 

3.2 ARXPS Instrument: Dual Analyzer System for Surface Analysis 

(DASSA) 

ARXPS measurements were conducted using the Dual Analyzer System for Surface 

Analysis (DASSA) chamber dedicated to examination of the IL/vacuum interface. The 

DASSA setup is detailed in Ref. 42; a sketched representation is shown in Figure 6. 

Equipped with two identical analyzers, the DASSA instrument allows for simultaneous 

acquisition of XP spectra in 0° emission and 80° emission, which grants the following 

benefits: a) the sample can be kept horizontally at all times to ensure a planar liquid surface 

and to prevent the danger of dripping, b) time-efficient investigations with c) minimization 

of X-ray-induced chemical reactions during the measurements, and d) identical conditions 

for 0° and 80° measurements for best comparability. 
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The setup consists of an inert box (violet in Figure 6, filled with N2 of purity grade: 5.0) 

enabling introduction of the samples into the fast entry load-lock (FEL, green) under 

exclusion of air and moisture. In the FEL, the samples were degassed (typically down to a 

base pressure below 5 ⸱ 10-7 mbar) for several hours before transfer to the preparation 

chamber (blue, typical base pressure below 5 ⸱ 10-10 mbar). The manipulator arm is 

equipped with two measurement stages: The low temperature (LT) stage can be 

temperature-controlled via cooling with pre-cooled N2 gas and radiative heating within in 

a range from 150 to 1300 K, while the high temperature (HT) stage is dedicated for 

temperature ranges from room temperature to 1700 K via electron impact heating.42 The 

preparation chamber further comprises a quadrupole mass spectrometer (QMS; Hiden HAL 

3F 511) and low energy electron diffraction (LEED) optics. The analysis chamber (typical 

base pressure below 1 ⸱ 10-10 mbar) is equipped with two identical ARGUS-type analyzers 

at 0° and 80° angle relative to the surface normal of the horizontally kept sample, a 

monochromated XM 1000 Al-Kα X-ray source with an energy resolution of 0.4 eV (at 

parameters applied for high-resolution region scans, see below)42 and a non-

monochromated DAR400 Al-Kα/Mg-Kα dual source both mounted at magic angle to the 

analyzers. The chamber additionally comprises an UV source, an electron and ion gun and 

a QMS.  

Detailed procedures for treatment of the samples upon introduction into the chamber 

can be found in [P1-P8]. Unless stated otherwise, application of the samples onto the setup-

compatible sample holders42 and introduction into the chamber were conducted under 

ambient conditions. In case of solid residuals, the particles settled to the ground of the 

sample holder and were expected not to affect the measurements. Solid IL samples were 

typically applied as hot liquids (~80 °C) after melting and thoroughly degassing under MV 

conditions using standard Schlenk-techniques. The film thickness of the liquid samples was 

typically ~0.5 mm; with this, the IL/solid interface did not affect the composition at the 

IL/vacuum interface. Owing to this fact, except where stated otherwise, “surface” 

corresponds to the IL/vacuum interface throughout this thesis.  

XP spectra were acquired in the LT stage exclusively using the monochromated Al-Kα 

X-ray source (hν=1486.6 eV) at 14.00 kV, 238 W. Aperture 3 was exclusively used. Survey 

spectra were recorded with a pass energy of 150 eV and the high-resolution region spectra 
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were recorded at 35 eV pass energy. QMS spectra were recorded using the Hiden HAL 3F 

511 in the preparation chamber run with the secondary electron multiplier (SEM) detector. 

Absence of common Si-based surface-active contaminations99 was checked for every 

solution using ARXPS.[P1-P8] 

 

 

Figure 6: Sketch of the Dual Analyzer System for Surface Analysis (DASSA) setup consisting of an inert box 
entry system (violet), a fast entry load-lock (green), a preparation (blue) and an analysis chamber (red) with 
its 0° and 80° analyzers. The sketch was adapted from the original user manual.100 

3.3 Data Evaluation 

Detailed procedures for evaluation of the recorded data can be found in [P1-P8]. The 

CasaXPS software (version 2.3.16Dev6) was used for analyzing the XPS data. A two-point 

linear background was subtracted for all non-metallic signals. In case of CTf2N, CTfO, CCF3 
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or CCF2 peaks in the C 1s region, a three-point linear background was used. For metallic 

signals, a Shirley-type background was subtracted. Peaks were fitted using a Gauss-

Lorentzian function with 30% Lorentzian contribution. Fitting of spin-orbit-resolved peaks 

was conducted constraining the peak intensities according to the expected degeneracy ratio 

of the orbitals, the binding energy difference101 and the full width at half maximum 

(FWHM) to equal values. No constraints were used for fitting of the Pd 3d peaks owing to 

a clearly broader Pd 3d3/2 peak than the Pd 3d5/2 peak.  For the same reason, no FWHM 

constraints were applied to Rh 3d peaks; peak area and binding energy separation, however, 

were constraint to yield the best fit with a minor contribution of an oxidized Rh species[P3]. 

The assignment of C atoms to XPS signals discussed in Chapter 2.2 was expanded to neat 

ILs and solutions employed in this thesis and is shown color-coded in Tables 1 and 2. 

Individual fitting procedures can be found in [P1-P8]. The derived intensities are expected 

to reflect the actual surface composition within an uncertainty range of 5-10%. Raw peak 

intensities were corrected using atomic sensitivity factors (ASFs) derived from Ref. 102. 

Table 3 provides an overview of used ASFs and differences in binding energy for spin-

orbit-resolved peaks. To compensate for the inherently lower overall intensity detected at 

grazing emission, the 80° spectra were multiplied by the geometry factor42. This procedure 

facilitates the comparison of individual peaks for deducing orientational and enrichment 

effects. 

Individual procedures for referencing the binding energy scales of the spectra can be found 

in [P1-P8]. For solutions of [Tf2N]- or [TfO]- ILs, 0° spectra were referenced to the F 1s 

signal of the CCF3/CFx groups at 688.8 eV. For solutions of [PF6]- ILs and the solutions of 

[C4C1Im][Cl] with [PF6]--based materials dissolved, 0° spectra were referenced to the F 1s 

signal of the [PF6]- anion at 686.8 eV. 80° spectra were referenced to the binding energy of 

the NIm signal at 0°. Application of this procedure to Pt 4f and Cl 2p signals resulted in a 

shift to lower binding energy for the 80°. Since these shifts were observed for all solutions, 

independently of surface enrichment effects, surface core level shifting was ruled out and 

0° and 80° spectra were thus aligned for better comparability of the spectra. 0° spectra of 

solutions of complexes 6-11 and spectra of neat [C2C1Im][OAc] were referenced to the 

Calkyl signal at 285.0 eV. 80° spectra were referenced as described above. In all publications, 

except for [P6], the intensities of all recorded spectra were normalized to the sum over all 

atomic sensitivity factor-corrected intensities of an individual presented solution to account 
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for potential minor changes of the photon flux between the different measurement series. 

For individual normalization procedures see [P1-P8]. For sake of clarity, the normalized 

intensities presented in the publications were also used herein, which is not affecting the 

trends observed and the conclusions derived. 

Table 3: Atomic sensitivity factors (ASFs) applied to the raw intensities recorded in XPS and binding energy 

differences ΔBE for spin-orbit-resolved signals employed(/*observed) in this thesis. 

Core Level ASF ΔBE / eV 

C 1s 0.30  

Cl 2p 0.85 1.60 

F 1s 1.00  

I 3d5/2 6.17  

N 1s 0.46  

Na 1s 2.04  

O 1s 0.67  

P 2p 0.46 0.90 

Pd 3d 5.13 5.30-5.36* 

Pt 4f 5.72 3.35 

Rh 3d 4.61 4.70 

Ru 3d 4.08 4.20 

S 2p 0.64 1.21 
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4 Results 

The majority of the results presented in this dissertation were published in peer-reviewed 

journal articles [P1 – P8]. This chapter summarizes and links the individual findings of 

these publications. For detailed discussions and further information, the reader is referred 

to the articles annexed in Chapter 8. An additional set of data unpublished within the 

timeframe of this thesis is presented in Chapter 9. Molecular structures of ILs and 

complexes employed are presented in Tables 1 and 2, respectively. 

4.1 Chemical Properties and Surface Composition of Catalysts with 

Different Ligand Systems in IL Solutions  

4.1.1 Catalysts with IL-derived Ligand Systems[P1, P2, P4, P6, P8] 

A fundamental requirement for the study of catalyst solutions using ARXPS is a sufficient 

solubility of the catalyst in the IL. While for catalytic conversions a relatively low solubility 

in the ppm range is typically acceptable, adequate intensities can only be detected in 

ARXPS with a (surface) concentration of, as a rule of thumb, ≥1%mol. Introducing IL 

building blocks into the ligand system was an intuitive approach to obtain complexes that 

are highly soluble in various ILs. With respect to potential catalytic applications, such 

charge-tagged complexes have shown a particularly high resistance against catalyst 

leaching, including, among many examples103, 104, catalysts with nitrile-functionalized IL 

cations as ligands105-108. The following paragraphs present the formation of such catalysts, 

their interfacial behavior and rational design of the ligand system for deliberate surface 

enrichment, as well as a short discussion of the impact of the surface enrichment in 

hydrogenation of ethene. 

 

Scheme 1: Preparation of [PtCl2(C3CNC1Im)2][Tf2N]2 (1) in excess [C3CNC1Im][Tf2N], which acts as both 
solvent and ligand. Complexes 1-5 were prepared in a similar way also directly in other ILs.[P1, P2, P4, P6] Note 
that also unfunctionalized ILs were successfully applied as solvents, so that the CN-functionalized ligand IL 
was reacted in stoichiometric amounts with the metal precursor.[P2, P4, P6] 
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While in previously published preparation routes for Pd derivatives, PdCl2 and 

stoichiometric amounts of the ligand were reacted at room temperature and ambient 

pressure in volatile solvents such as dichloromethane or acetonitrile105-107, we targeted a 

pathway directly in the respective IL solvent.[P1] This approach will be exemplarily 

demonstrated along the formation of 1 in [C3CNC1Im][Tf2N], as is depicted in Scheme 1: 

At elevated temperature (100 °C) and under vacuum, the CH3CN ligands of the metal 

precursor cis-[PtCl2(CH3CN)2] are quantitively substituted by the IL cation and 

immediately pumped off.[P1, P2, P4, P6] 

The formation of the final product was monitored using XPS in 0° emission and QMS, 

as shown in Figure 7 for a mixture of [PtCl2(CH3CN)2] and [C3CNC1Im][Tf2N] with 1:4 

molar ratio (due to consumption of the solvent being the ligand source, quantitative 

formation of the final product yielded a 1:2 molar ratio, that is, 33.3%mol of the final product 

in the IL).[P1] XP spectra of the precursor solution at room temperature in Figure 7 (green) 

revealed relatively low intensities of the precursor-specific Pt 4f and Cl 2p signals at 74.2 

and 199.0 eV, which is due to the fact, that the precursor showed low solubility yielding 

only a suspension with remaining solid particles.[P1] The N 1s region showed two distinct 

peaks corresponding to the N atoms incorporated into the imidazolium ring, NIm, at 

402.1 eV and a joint signal from N atoms of uncoordinated CN groups of the IL cation and 

[Tf2N]-, NCN/Tf2N, at 399.7 eV.[P1] Owing to the low solubility of the precursor, N atoms of 

coordinated CN groups of the CH3CN ligands were expected to only show a minor 

contribution at ~401.3 eV, NCNcoord (see discussion below). The room temperature mass 

spectrum of the precursor solution in Figure 7b (green) revealed small signals at 12-15, 24-

28 and 38-41 amu assigned to CH3CN vapor,109 indicating slow abstraction of the labile 

ligands under UHV.[P1] Heating the mixture to 100 °C (black in Figure 7b) resulted in a 

strong increase of these signals disclosing a boost of the reaction toward practical rates.[P1] 

Upon progress of the reaction, the CH3CN-specific signals and the overall pressure in the 

chamber decreased to a minimum (not shown), while solid precursor particles were visibly 

consumed eventually yielding a clear solution.[P1] 

Comparing the XP spectra of the precursor suspension (green) with a fully reacted 

solution (black) shown in Figure 7a clearly revealed a strong increase of the Pt 4f and Cl 2p 

signals at 74.4 and 199.1 eV, respectively. In fact, the intensity now excellently conformed 

with the nominal intensity expected from quantitative formation of the desired product 
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(33.3%mol concentration).[P1] Additionally, the N 1s region clearly showed a third peak at 

401.3 eV after reaction labelled NCNcoord, whose intensity nicely matched the 1:2 Pt:NCNcoord 

ratio expected from the structure of 1.[P1] The applied deconvolution of the N 1s region with 

color-coded peaks is also shown in Figure 7a.[P1] Since the appearance of this peak was 

accompanied by an equivalent decline of the NCN/Tf2N signal at 399.6 eV, this effect was 

assigned to successful coordination of [C3CNC1Im]+ to the metal via the CN groups: upon 

coordination, the CN group acts as an electron donor resulting in a shift to higher binding 

energy.[P1] 

 

Figure 7: a) Pt 4f, Cl 2p and N 1s XP spectra of a suspension of [PtCl2(CH3CN)2] in [C3CNC1Im][Tf2N] with 
1:4 molar ratio before (green) and after (black) ligand substitution to yield a clear solution of 1 recorded in 0° 
emission at room temperature and color-coded deconvolution applied to the N 1s spectrum after reaction, 
b) mass spectra of the initial reaction mixture at room temperature (green) and at 100 °C (black). Adapted 
from [P1] under CC-BY-NC-ND license. 

The in vacuo preparation route has proven feasible for a variety of complexes in the 

respective CN-functionalized ILs (complexes 1-3)[P1] or in unfunctionalized ILs, namely in 

[C4C1Im][PF6] (4 and 5)[P2, P4], [C2C1Im][PF6], [C8C1Im][PF6], [C4C1Im][Tf2N] (all 5)[P6] in 

various concentrations.[P1, P2, P4, P6] In almost all cases, the reaction was also successful under 

medium vacuum (MV) conditions using Schlenk-techniques, which allowed for stirring of 

the mixture and thus a more practical and widely applicable preparation protocol (see 

Chapter 3 for details).[P1] The preparation route was not successful in [C4C1Im][Cl] owing 

to coordination of Cl- from the solvent rather than the CN-functionalized ligands.[P6] 
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XPS has also proven to provide interesting information on the electronic properties of 

the coordinating moieties and the metal centers.[P1] Figure 8a contrasts the N 1s spectra 

recorded in 0° emission of 33.3%mol solutions of 1 (middle, see also above) and 2 (bottom) 

in [C3CNC1Im][Tf2N], and 3 (top) in [C1CNC1Pip][Tf2N]. While for solutions of 1 and 2 

the NCN atoms gave a joint signal with the NTf2N atoms NCN/Tf2N at 399.6 eV, the NCN signal 

from the solution of 3 was detected separated at 400.5 eV and thus shifted about 0.9-1.0 eV 

(b) to higher binding energy.[P1] This finding indicated a significantly higher electron 

density at the CN group in the imidazolium derivative [C3CNC1Im][Tf2N] due to the longer 

separation between the functionalization and the electron-withdrawing N atoms of the 

heterocycles, compared to [C1CNC1Pip][Tf2N].[P1] With this, our results complemented a 
15N-NMR study on pyridinium ILs, unveiling that longer CN-functionalized chains, indeed, 

result in higher negative charges localized at the nitrile N atoms110. 

 

Figure 8: a) N 1s region spectra of 33.3%mol solutions of 1 (middle) and 2 in [C3CNC1Im][Tf2N] (bottom), 
and 3 in [C1CNC1Pip][Tf2N] (top), b) Pt 4f region spectra of solutions of 1 in [C3CNC1Im][Tf2N] (black) and 
3 in [C1CNC1Pip][Tf2N] (blue). All spectra were recorded at 0° emission angle. Adapted from [P1] under CC-
BY-NC-ND license. 

This behavior, in turn, suggested a stronger coordination power of the [C3CNC1Im]+ cation 

when compared to [C1CNC1Pip]+: The binding energy difference between the NCN and 

NCNcoord signals of solutions 1 in [C3CNC1Im][Tf2N] (1.6 eV, see Figure 8, middle) and 3 

in [C1CNC1Pip][Tf2N] (1.3 eV, top), induced by coordination of the CN groups to the 

metal, is about +0.3 eV higher for the long-chained derivative, which is in line with a 

stronger donation of electron density to the metal upon coordination.[P1] In fact, as depicted 

in Figure 8b, an according shift of the Pt 4f signals by 0.2 eV to lower binding energy for 
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the solution of 1 was also detected, though the magnitude of this shift is on the border of 

experimental uncertainty.[P1] Interestingly, the solution of 2 in [C3CNC1Im][Tf2N] also 

showed an about 0.3 eV lower coordination-induced binding energy shift, which agreed 

with a weaker Pd-N bond than Pt-N found computationally for related systems111.[P1] 

In the following passages, the interfacial behavior of the complexes and a successful 

modification of the ligand system to deliberately maximize the local catalyst concentration 

at the surface will be discussed along 4 and 5 as model systems in the well-studied 

commercially available IL [C4C1Im][PF6]. 4 is equivalent to 1, only with [PF6]- as counter 

anions instead of [Tf2N]-. The ligand system of 5 was complemented with fluorous butyl 

chains (PFC4)[P2, P4], which have exhibited surface activity in binary mixtures of ILs 

before77, 88, 97. The complexes were prepared as [PF6]- salts to ensure distinct peaks in the 

XP spectra for the PFC4 chains, which would otherwise superimpose with signals of [Tf2N]- 

also carrying CF3 groups.[P1, P2, P4, P6, P8] Accordingly, the IL was chosen to be an [PF6]- IL 

and the non-functionalized butyl chain of [C4C1Im]+ affords a separated, IL-specific Calkyl 

signal (see Chapter 2 for assignment) to extract a detailed picture of the surface 

composition.[P2, P4] 

Figure 9a depicts the Pt 4f, F 1s, N 1s, and C 1s XP spectra of a 5%mol solution of 4 in 

[C4C1Im][PF6] in 0° (black, more bulk-sensitive) and 80° emission (red, more surface-

sensitive). Apart from the Pt 4f7/2 signal detected at 74.3 eV, the F 1s and N 1s regions 

showed single peaks at 686.8 and 402.2 eV corresponding to the F atoms of [PF6]-, FPF6, 

and NIm atoms, respectively, both from complex and IL. Notably, owing to the relatively 

low catalyst concentration of 5%mol and partial overlay with the NIm (cf. Figures 7 and 8), 

no sufficiently accurate deconvolution of a NCNcoord peak was achieved.[P2, P4] Also, no NCN 

signal (~400 eV, cf. Figures 7 and 8) was detected since the solvent [C4C1Im][PF6] did not 

contain a CN group.[P2] The C 1s region showed an envelope which is equivalent to what 

has been discussed in Chapter 2.2 involving CC2, Chetero and Calkyl species. The intensities 

detected at 0° excellently agreed with the nominal composition of the solution.[P2, P4] At 80°, 

however, the Pt 4f signals declined to ~50% of the 0° signals, while the F 1s and N 1s 

signals showed a slight decrease and the Calkyl signal significantly increased at 80° of 

~30%.[P2, P4] These findings are in line with a surface preferably terminated with the C4 

chains of the [C4C1Im]+ cation, as previously discussed in Chapter 2.2. while the 

imidazolium rings and [PF6]- anions form a layer beneath. The fact that the Pt signal showed 
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the largest decline was attributed to a preferential orientation of the complex in the near-

surface region where the charged imidazolium moieties of the ligands are incorporated into 

the imidazolium/[PF6]- layer and the Pt center is located slightly below this layer. In this 

picture, 4 would be present in the first molecular layer and homogeneously distributed, even 

though the Pt center is depleted from the outer surface and does not exhibit surface 

enrichment.[P2, P4] 

 

Figure 9: Pt 4f, F 1s, N 1s, and C 1s spectra of 5%mol solutions of a) 4, b) 5 and c) 9.5%mol solution of 
[C3CNPFC4Im][PF6] in [C4C1Im][PF6] in 0° (black) and 80° (red) emission. Note that the solutions shown in 
b) and c) contain the same IL:PFC4 ratio of 2:19. Adapted from [P2] and [P4] under CC-BY-NC-ND and CC-
BY-NC licenses. 

XP spectra of an equivalent solution of 5, which only differs from 4 in the PFC4 chains, 

are shown in Figure 9b. The spectra showed additional signals in the F 1s and C 1s regions, 

FCFx at 688.8, CCF3 at 293.7 and CCF2 at 291.4 eV, which originate from the PFC4 chains.[P2, 

P4] While the FCFx atoms all contribute to a single signal, the fluorinated carbon atoms CCF3 

and CCF2 can be clearly distinguished due to the number of F atoms bound to them.88 Also, 

non-fluorinated C atoms from the PFC4 chains contributed to the Chetero signal (see Table 2 

for detailed assignment). In addition, the NCNcoord signal at 401.3 eV was now evidently 

discriminable from the NIm signal showing a much higher intensity.[P2, P4] In fact, all 

complex-specific Pt 4f, FCFx, NCNcoord, CCF3 and CCF2 signals showed much higher intensities 
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as compared to the solution of 4.[P2, P4] This effect was even observed in the more bulk-

sensitive 0° measurements.[P2, P4] Aside from that, the intensity of the solvent-specific Calkyl 

signal at 285.2 eV was detected eminently lower. These observations clearly revealed a 

strong enrichment of complex 5 at the IL/gas interface and the associated depletion of the 

[C4C1Im]+ cations.[P2, P4] The enrichment is solely caused by the presence of the PFC4 

chains, which trigger localization of the complex at the interface in a buoy-like fashion – 

referred to as the “buoy effect”.[P2, P4] 

More detailed insights into the catalyst-enriched surface could be extracted from 

comparison of 0° and 80° spectra in Figure 9b. All complex-specific signals increase at 80° 

being most prominent for the FCFx, CCF3 and CCF2 signals, while the Pt 4f peaks only showed 

a weak increase.[P2, P4] We assigned this behavior to a preferential surface orientation of 5 

with the PFC4 chains exposed to the vacuum and the Pt center located beneath.[P2, P4] The 

Calkyl signal showed a drastic decline at 80° to an extent where it is only a small shoulder of 

the C 1s envelope stressing the extreme enrichment of 5 and the concomitant depletion of 

the solvent.[P2, P4] 

Additional information on the buoy effect was elucidated by investigating the surface 

tension of the two solutions using the pendant drop (PD) method (experiments conducted 

by Dr. Ulrike Paap, Chair of Physical Chemistry II, FAU Erlangen-Nürnberg).[P4] The 

surface tension of the catalyst solutions was measured under ultra-clean vacuum conditions 

in a newly developed chamber.112, [P4] At 298 K, the solution of 4 showed a surface tension 

of 43.9 mN/m, which is even slightly higher than observed for neat [C4C1Im][PF6] with a 

surface tension of 43.4 mN/m.[P4] In contrast, for the solution of 5 a value of 40.0 mN/m 

was found at 298 K, which is significantly lower than for the solution of the non-surface-

active derivative and the neat IL. These observations attested the lowering in surface free 

energy, signified by the measured surface tension, as the driving force of the strong 

accumulation of 5 at the IL/vacuum interface.[P4]  

Given that the strong enrichment of 5 at the IL/vacuum interface was solely induced by 

the buoy-like character of the two PFC4-functionalized ligands, the interfacial behavior of 

the ligand as an individual solute without being attached to the metal center was 

investigated.[P4] For this, a solution with 9.5%mol concentration of only the ligand 

[C3CNPFC4Im][PF6] in [C4C1Im][PF6] was prepared providing an identical IL:ligand ratio 
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of 2:19 as in the 5%mol solution of 5; the only difference is the absence of the Cl2Pt-moiety 

as the coordination partner.[P4] The XP spectra shown in Figure 9c clearly revealed much 

lower intensities for the ligand-specific signals and a much higher intensity for the IL-

specific Calkyl signal, when compared to the solution of 5 in Figure 9b. In fact, the intensities 

corresponded only to a moderate surface enrichment of the ligand itself in the IL, and, 

consequently, the surface enrichment of uncoordinated [C3CNPFC4Im][PF6] was found 

much less pronounced than for 5, which carries two of these surface-active ligands.[P4] This 

is due to the fact that for removing 5 from the IL/vacuum interface and diffusion into the 

bulk, the cooperative removal of two surface-affine PFC4 chains must be accomplished.[P4] 

In a broader sense, this result indicated that the catalyst design with two (or even more) 

surface-active ligands bound to the metal center rather than one yields a much higher degree 

of enrichment.[P4]  

With the successfully achieved accumulation of 5 at the IL/vacuum interface and a non-

enriched catalyst 4 suitable for comparison, the impact of the surface enrichment on the 

catalytic performance in hydrogenation of ethene was studied (catalytic experiments 

conducted by Sharmin Khan Antara, Chair of Chemical Engineering I, FAU Erlangen-

Nürnberg, for details see [P8]). The reactor setup involved a pool with a stationary film of 

IL solution with well-defined planar gas-liquid contact area (71 x 22.5 mm) to study the 

impact of the enhanced catalyst concentration at the surface.[P8] 0.05%mol and 1%mol 

solutions of 5 and 4 in [C4C1Im][PF6] were investigated and, indeed, the solutions of 5 

yielded a two times higher activity. However, visibly and confirmed upon investigation 

with in situ light scattering (experiments conducted by Ziwen Zhai, Institute of Advanced 

Optical Technologies - Thermophysical Properties, FAU Erlangen-Nürnberg), metallic Pt 

particles acting also as heterogeneous catalysts have formed under the reductive conditions 

of the hydrogenation reaction.[P8] 

ARXPS analyses were conducted before and after the hydrogenation experiment for the 

1%mol solutions.[P8] Pt 4f and F 1s XP spectra at 0° (left) and 80° (right) of solutions of 5 

(top) and 4 (bottom) are shown in Figure 10. During transfer between the experimental 

setups used for catalysis and the ARXPS analyses, the relatively large Pt particles settled 

to the ground of the vessel and no metallic Pt could be observed in XPS 

(BE ~ 71.7 eV[P4]).[P8] Before catalytic conversion, the spectra resemble the characteristics 

discussed above for the 5%mol solutions and reflect surface enrichment of 5, while 4 showed 
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no surface affinity.[P8] After the catalytic experiment, however, the solution of 5 showed a 

pronounced decrease in intensity of the complex-specific Pt 4f and FCFx signals at both 0° 

and 80°, while the FPF6 signal remained constant at 0° and showed a minor increase at 

80°.[P8] All other core levels (not shown) reflected similar characteristics.[P8] These 

observations were in line with a lower amount of 5 dissolved in solution due to formation 

of metallic Pt particles.[P8] For the solution of 4 (bottom), the signal intensities remain on a 

steady level before and after the catalytic experiment due to a lower degree of Pt particle 

formation as a result of the lower activity of 4.[P8] The higher activity of 5 was assigned to 

the higher catalyst concentration at the IL/gas interface.[P8] 

 

Figure 10: Pt 4f and F 1s XP spectra of 1%mol solutions of 5 (top) and 4 (bottom) in [C4C1Im][PF6] in 0° (left) 
and 80° emission (right) at room temperature before (black) and after (blue) catalytic hydrogenation of ethene 
(run at 313 K for 18 h, gas feed 17 mL/min Ar, 4 mL/min H2 and 4 mL/min C2H4, partial pressure H2 0.1 
MPa, total pressure 0.62 MPa). Adapted from [P8] under CC-BY-NC license. 

4.1.2 Polypyridyl-based Catalysts[P5, P7] 

Polypyridyl ligands offer a large diversity of structures and are widespread in various of 

organometallic application areas – bipyridine was even denoted as the “most widely used 

ligand”113, at the turn of the millennium. In view of catalysis, polypyridyl complexes raised 

significant interest in water oxidation114, 115, the water gas shift reaction116, 117 and CO2 

reduction118, among more examples119. A Ru-based polypyridyl complex was also 

investigated in CO2 reduction in [C2C1Im][Tf2N] for coordination of CO2 to create a 

formate species.120   
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A first set of Ru(II)-based polypyridyl complexes, 6 and 7, was investigated in the ILs 

[C4C1Im][PF6] and [C2C1Im][OAc].[P5] The complexes both contain the tridentate ligand 

2,2′:6′,2′′-terpyridin (tpy), the bidendate ligands 2,2’-bipyridine (bpy) or 2,2'-bipyridine-

4,4’-dicarboxylic acid (dcb), respectively, and a Cl ligand, while the counterion is [PF6]-. 

Solutions with a nominal catalyst concentration of 2.5%mol were prepared. Complex 6 

showed good solubility in [C4C1Im][PF6] with some remnants of undissolved complex, 

while in [C2C1Im][OAc] no solid residuals could be visually identified indicating full 

dissolution. Complex 7 was found more or less undissolved in [C4C1Im][PF6] and XPS 

investigations of the dispersion did not show any complex-related signals. In 

[C2C1Im][OAc], however, 7 exhibited a sufficiently high solubility but also showed 

remnants of undissolved particles. While for [C4C1Im][PF6] a widely inert character was 

expected, the basic character of [C2C1Im][OAc] increases the potential for deprotonation 

of CC2 atoms of the [C2C1Im]+ cation forming acetic acid and the respective N-heterocyclic 

carbene (NHC) capable of coordination. In fact, an NHC-acetic acid complex and acetic 

acid were detected in the gas-phase over [C2C1Im][OAc] by UPS and MS121, but the general 

presence of NHCs in [OAc]--based ILs is still under debate.122  

Figure 11a depicts the C 1s/Ru 3d and N 1s XP spectra of the nominal 2.5%mol solution of 

6 in [C4C1Im][PF6]. The Ru 3d5/2 signal was detected at 280.8 eV, which is in a comparable 

range as found for solid Ru(II) complexes123. With a spin-orbit separation of 4.2 eV, the Ru 

3d3/2 signal coincided with the intense Calkyl/aryl signal at 285.0 eV, as is visible from Figure 

11b providing the color-coded deconvolution. The Chetero and Calkyl/aryl signals contain 

contributions from the complex and IL.[P5] The N 1s region displayed the NIm signal at 401.9 

eV and a low-intensity peak at 399.9 eV corresponding to the coordinated N atoms of the 

tpy and bpy ligands, Ntpy/bpy.[P5] The Ru:Ntpy/bpy ratio of 1.0:5.0 in 0° emission excellently 

agreed with the stoichiometry of the complex indicating intactness of the coordination 

sphere; intactness of the Ru-Cl bond, however, could not be confirmed since no Cl 2p signal 

was detected owing to the low catalyst concentration.[P5] In accordance with the fact that 

not all of the complex is dissolved, the Ru 3d and Ntpy/bpy signals showed lower intensity 

than expected from the nominal 2.5%mol concentration. Since the 0° spectra contain ~85-

90% contribution of the bulk and only ~10-15% of the topmost surface layer, the actual 

concentration could be determined quite accurately, even in case of depletion, which will 

be discussed below. The intensity corresponded to a concentration of ~1.3%mol.[P5] 
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Figure 11: C 1s/Ru 3d and N 1s XP spectra of nominal 2.5%mol solutions of a) 6 in [C4C1Im][PF6], c) 6 in 
[C2C1Im][OAc] and d) 7 in [C2C1Im][OAc] in 0° (black) and 80° emission (red) with upscaled Ru 3d5/2 and 
Ntpy/bpy signals (x5) shown in the insets; b) applied deconvolution of the C 1s/Ru 3d region depicted in a) 
exemplarily shown in 0° emission. Reproduced from [P5] with permission from the PCCP Owner Societies. 

Comparing 0° and 80° emission spectra in Figure 11a revealed a ~50% decrease of the 

Ru 3d5/2 at 80° (see inset in C 1s/Ru 3d spectrum for 5x amplified intensities) indicating 

depletion of 6 from the IL/vacuum interface.[P5] This indication was confirmed by a simple 

estimation of the exponential damping (IMPF: 2.8 nm for Ru 3d photoelectrons, topmost 

molecular layer consists only of IL ions (~0.4 nm124)), which yielded a similar decrease of 

the Ru 3d signal, while a pure orientational effect with the tpy and/or bpy ligands exposed 

to the vacuum and an overall homogeneous distribution of the complex at the interface 

yielded only ~30% signal reduction at 80°.[P5] Conforming with the depletion of 6, the 

Ntpy/bpy signal also showed a strong decline with increasing surface sensitivity (see inset in 

N 1s spectrum for 5x amplified signal). The increase of the Calkyl/aryl signal reflected the 

preferential termination of the surface with the butyl chains of the solvent, as discussed in 

Chapter 2.2.  
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In contrast to the [C4C1Im][PF6] solution, 6 showed full dissolution in [C2C1Im][OAc] 

and visibly yielded a higher intensity for the Ru 3d5/2 signal, as depicted in Figure 11c.[P5] 

Closer inspection of this signal revealed a major peak at 280.9 eV conforming with the 

species found in solution of [C4C1Im][PF6] and, additionally, an unexpected low-binding 

energy shoulder at 280.0 eV accounting for ~20% of the overall Ru 3d intensity. The overall 

intensity of the Ru 3d signal agreed well with the intensity expected from nominal 

composition of the solution; this was also true for the here actually detected Cl 2p signal.[P5] 

A possible explanation for the second metal species was extracted from the Ntpy/bpy signal, 

which showed an intensity deficit at 0°, hence indicating a deficiency of ligands. This could 

be due to substitution of a fraction of polypyridyl ligands which then evaporated under 

UHV. The substitution could be triggered by coordination of [OAc]- or NHCs formed in 

solution, even though no evidence for coordinated anions nor for NHC species was 

observed in XPS.[P5] However, acetic acid vapor, which must form alongside NHC species, 

was detected by QMS supporting the presence of NHC in solution, similar to the UPS and 

MS results by Hollóczki et al121. Acetic acid vapor was also observed for neat 

[C2C1Im][OAc].[P5] It should be further noted that both the Ru 3d signals and the Ntpy/bpy 

showed very low intensities, and the latter was detected in close vicinity to the very intense 

NIm signal, introducing a relatively large uncertainty into quantitative statements; the exact 

nature of the species present remained therefore inaccessible using XPS.[P5] 

Interestingly, the different Ru species were found to exhibit a different interfacial 

behavior, as is evident comparing normal and grazing emission spectra in Figure 11c: 

While the major contribution at 280.9 eV energy showed a significant decline to ~50% at 

80°, the low-binding energy species at 280.0 eV remained virtually constant. Similar to the 

[C4C1Im][PF6] solution, 6 showed depletion in [C2C1Im][OAc], whereas the minority 

species was found homogeneously distributed at the surface, which, again, is an indication 

for a different coordination sphere around the metal center. Also, the Calkyl/aryl signal showed 

a significant increase, which is due to an orientational effect at the surface with the alkyl 

moieties of both cation and anion exposed to the vacuum, similar to the surface orientation 

discussed above for [C4C1Im][PF6].[P5] This behavior was first reported by Zhang et al. for 

a binary mixture94 and was confirmed in [P5] for neat [C2C1Im][OAc] and the catalyst 

solutions.[P5] 
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Investigation of the solution of 7 in [C2C1Im][OAc], also yielded a significantly lower 

intensity of the Ru 3d5/2 signal at 280.9 eV than expected, owing to the lower solubility than 

the nominal concentration, as shown in Figure 11d. At 0°, the Ru:Cl:Ntpy/bpy ratio of 

1:1.3:6.1 agreed quite well with the molecular structure of the complex indicating its 

intactness.[P5] Notably, the solution showed a significant amount of a surface-active 

contamination, which was removed by mild Ar+ sputtering.[P5] The observation that the 

Ru 3d signal was detected at the same binding energy as observed for solutions discussed 

above and that an acceptable Ru:ligand ratio was found confirmed efficient employment of 

sputtering for these systems.[P5] Intriguingly, in contrast to 6, no low-binding energy feature 

was observed for the solution of 7 in [C2C1Im][OAc], indicating a higher stability of the 

complex in the IL due to the carboxylic acid/carboxy groups.[P5] 

The carboxylic acid/carboxy groups, however, do not seem to have a significant impact 

on the interfacial behavior of the complex, since comparing normal and grazing emission 

spectra reflected similar characteristics as discussed above revealing depletion of 7 from 

the IL/vacuum interface. 

Since complexes 6 and 7 have shown significant depletion from the IL/vacuum 

interface, we deliberately modified the ligands with a variety of non-fluorinated side chains 

to achieve surface segregation in a systematic study of another set of Ru polypyridyl 

complexes (8-11, synthesized by Luciano Sanchez Merlinsky, Universidad de Buenos 

Aires, Argentina).[P7] The environmental and toxicologic concerns of per- and 

polyfluoroalkyl substance (PFAS)-based side chains54, 55, as used in Chapter 4.1.1 to 

facilitate surface enrichment of 5, and the proposed ban of such substances on the European 

Union level (see Ref. 125 for a critical review) motivated us to only focus on non-

fluorinated modifications.[P7] 

In complexes 8-11, all coordination sites are occupied by bpy ligands, in specific, two 

disodium 2,2'-bipyridine-4,4’-dicarboxylate (dcbNa) ligands introducing charges for 

satisfying solubilities and one bpy ligand modified with two C9 (in complex 8), C1 (9), 

ethoxy (OC2, 10) and tert-butyl (t-C4, 11) groups as the potentially surface-active 

moieties.[P7] The complexes were synthesized as [PF6]- salts.[P7] Recently published by 

another group, a Ru complex with a trioctylphosphine and a para-cymene ligand showed 

strong enrichment at the IL/vacuum interface.38 However, the authors studied only one 
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complex and the solution showed a surface-active polysiloxane contamination, which might 

have influenced the enrichment effect.38 Metallosurfactant-like complexes were also 

investigated in aqueous solution showing enrichment with special focus on structural 

properties at the water/air interface and shapes of micelles and vesicles.126-130 In terms of 

catalysis, however, the focus was laid on studying the impact of the metallomicelles and 

vesicles on catalytic conversions131, 132 rather than exploiting the high local catalyst 

concentration at the liquid/gas interface, for which this thesis aims at providing a basis.  

[C2C1Im][OAc] was chosen as the solvent providing satisfying solubilities of all the 

complexes. 1%mol solutions of 8-11 have visibly provided full dissolution of the complexes 

and are discussed in the following to systematically compare the interfacial behavior of the 

attached organic groups. 

Figure 12a depicts C 1s/Ru 3d and N 1s XP spectra of the solution of 8. Very intense 

Ru 3d5/2 and Nbpy signals were detected at 280.9 and 400.0 eV, which are at a similar binding 

energy as found for the catalyst solutions shown in Figure 11. The Ru 3d5/2 signal clearly 

corresponded to only one Ru species (see inset for 5x enhanced signal) ruling out a chemical 

alteration in solution as observed for the solution of 6 in [C2C1Im][OAc].[P5, P7] Also, the 

Ru 3d:Nbpy ratio excellently matched the stoichiometry of the complex confirming stability 

in solution.[P7] Both the Ru 3d5/2 and the Nbpy signals showed a largely enhanced intensity 

at 0° and 80° compared to the nominal composition (cf. solutions in Figure 11 with a 

comparable actual concentration or higher), which is again indicative for pronounced 

enrichment at the IL/vacuum interface.[P7] The Calkyl signal, which contains contributions 

from the IL and the ligand system of 8, showed an immense increase at 80°, while the 

Ru 3d5/2 and Nbpy signals only slightly increased revealing the C9 chains as the surface-

active moieties terminating the surface.[P7] The strong enrichment of 8 goes along with a 

strong decrease of the IL-specific NIm signal indicative for the depletion of the solvent.[P7] 

Overall, these results are in analogy to the buoy-like enrichment encountered in Chapter 

4.1.1, which was induced by PFA-based side chains and provide an interesting and 

environmentally less concerning alternative to these systems.[P7] 

This fluorine-free buoy effect was not detected for equivalent solutions of the 

complexes 9-11 without long alkyl chains shown in Figures 12b-d.[P7] The complex-

specific Ru 3d5/2 and Nbpy signals showed intensities barely discriminable from the 
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background and the spectra resemble findings discussed for solutions of complexes 6 and 

7. Overall, these findings suggested depletion from the IL/vacuum interface also for 9-11 

in [C2C1Im][OAc], and thus revealed that the C1-, OC2 or t-C4-modified bpy ligands are not 

suitable for inducing enrichment of the complexes.[P7] 

 

Figure 12: C 1s/Ru 3d and N 1s XP spectra of 1%mol solutions of a) 8, b) 9, c) 10 and d) 11 in [C2C1Im][OAc] 
in 0° (black) and 80° emission (red). Upscaled Ru 3d5/2 signals (x5) are depicted in the insets. Adapted from 
[P7] under CC BY license. 
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4.1.3 Cyclooctadiene- and TPPTS-based Schrock-Osborn-type Catalysts[P3] 

Similar to the polypyridyl complexes discussed in Chapter 4.1.2, the uncharged nature of 

cyclooctadiene (COD) as sole ligands attached to metal cations (such as Rh(I) in the 

following) yield charged metal complexes promising sufficient solubilities in ILs. We 

employed commercially available [Rh(COD)2][TfO] (12), which, indeed, showed a 

particularly high solubility in the IL solvents employed, that is, [CnC1Im][TfO] (n=2, 4, 8) 

and [C2C1Im][C2OSO3]. In terms of catalysis in ILs, an early work has revealed a higher 

overall conversion in hydrogenation of cyclohexene when using a [Rh(COD)2]+-based 

catalyst compared to Wilkinson’s catalyst.133 [Rh(COD)2]+ complexes were also used as 

catalyst precursors, e. g. for in situ formation of catalysts with Schrock-Osborn-type 

structure [Rh(COD)(L)2][X] (L=phosphine ligand) in asymmetric hydrogenation.134, 135 A 

similar in situ formation of such a catalyst was also attempted in [P3] using L=TPPTS, 

which has been used before for similar intentions in our group37, and will be presented after 

discussing XPS analyses of [Rh(COD)2][TfO] solutions in the ILs. 

Rh 3d and C 1s XP spectra of a 20%mol solution of 12 in [C2C1Im][TfO] are shown in Figure 

13a. Besides the major spin-orbit-resolved Rh 3d signals of Rh(I) at 313.9 and 309.2 eV, 

additional smaller contributions shifted about 1 eV to higher binding energy (indicated by 

arrow and shown color-coded in Figure 13b) were detected indicating a more oxidized Rh 

species.[P3] These features were also detected in a solution prepared under full exclusion of 

air, as well as, in the solid compound and no indication of X-ray-induced oxidation of the 

catalyst was found (not shown), which suggested presence of the oxidized species already 

in the commercial [Rh(COD)2][TfO] powder[P3]; note that an additional oxidized Rh species 

was also reported for commercial samples of Wilkinson’s catalyst using XPS.136 In the 

C 1s region, the CTfO signal at 292.9 eV is due to the IL anion and the C atoms of the COD 

ligands were assigned to give a joint signal with Calkyl species of the IL cation, Calkyl/COD. It 

is worth noting that the COD ligands contain chemically non-equivalent C atoms due to a) 

coordination to the metal center and b) different hybridization (sp2 and sp3)137, 138 for which 

differences in binding energy could be expected. However, the considerations discussed 

below supported validity of assuming a joint Calkyl/COD signal with equal CCOD atoms.[P3] 

The intensities detected from the Rh 3d and Calkyl/COD signals at 0° were found to only 

reflect 63% and 58% of the nominally expected values, while all other signals (not shown) 
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showed a slightly higher intensity of ~10%.[P3] Owing to the latter fact, a similarly higher 

intensity must be expected for the Calkyl contribution to Calkyl/COD, so that the lower intensity 

observed for the Calkyl/COD signal (58% of nominal) was attributed to the contribution of 

CCOD atoms, which consequently was only 45% of the expected intensity.[P3] The fact that 

the COD content is therefore lower than the Rh content suggested partial non-intactness of 

the complex in [C2C1Im][TfO] and/or under UHV conditions[P3], which will be outlined in 

more detail below. Note that non-intactness of [C2C1Im]+ was ruled out with the 

NIm:CC2:Chetero ratio, which excellently agreed with the molecular structure of the cation, 

and with the ~10% higher N 1s intensity at 0°.[P3] At 80°, the Rh 3d and Calkyl/COD 

significantly declined revealing a strong depletion of the metal species present in solution 

from the topmost molecular layer.[P3] Since the topmost molecular layer only contributes 

with ~10-15% to the 0° spectra and since visual inspection indicated that all of 12 was 

dissolved in the IL, the strong intensity deficit of Rh 3d and Calkyl/COD at 0° must also be 

attributed to the non-intactness of 12 in solution.[P3] The lack of COD carbon becomes 

evident from Figure 12c, which contrasts the C 1s region expected from nominal 

composition (top: Calkyl/COD expected to be larger than Chetero) and the actually detected XP 

spectrum. 

 

Figure 13: Rh 3d (left) and C 1s (right) XP spectra of a 20%mol solution of 12 in [C2C1Im][TfO] in 0° (black) 
and 80° (red) emission, b) deconvolution applied for the Rh region at 0°, c) deconvolution applied for the C 
1s region exemplarily shown at 0° involving spectra actually detected (bottom) and expected from nominal 
composition (top). Reproduced from [P3] under license CC BY 4.0. 
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We provided three different approaches to deduce the COD content per metal center 

present[P3]: approaches a) and b) assume full superposition of Calkyl and CCOD and differ in 

estimation of the contribution of CCOD to Calkyl/COD from a) F 1s, O 1s, NIm, CC2, Chetero and 

S 2p signals and b) from only the NIm signal and c) allowing considerable binding energy 

shifts of chemically differing C atoms in COD ligands by estimating the CCOD contribution 

to the entire cationic signal envelope from the NIm signal. All approaches yielded a 1.4:1 

COD:Rh ratio in solution instead of 2:1; the fact that the different pathways showed similar 

results supported the assumption of a joint Calkyl/COD signal.[P3]  

The overall intensity deficit of the Rh 3d signal measured in 0° (about ~40%) as 

compared to the nominal Rh content was also found in [C4C1Im][TfO], [C8C1Im][TfO] and 

[C2C1Im][C2OSO3] confirming similar effects as described above.[P3] An even lower COD 

content than Rh was also observed for all ILs except for [C8C1Im][TfO], where the Rh and 

COD matched the 1:2 ratio indicating that the longer alkyl chains in this IL might prevent 

(or decrease) ligand loss.[P3] The COD deficit relative to Rh found in the former ILs could 

be explained by substitution of COD with [TfO]- or [C2OSO3]- anions, which are able to 

coordinate via the SO3
- groups, e. g. in η1-OS(O)2R, η2-O2S(O)R, or μ-O2S(O)R motifs139. 

In fact, this conjecture was supported by the O 1s XP spectrum of the 20%mol catalyst 

solution in [C2C1Im][TfO] (not shown) showing a minor high-binding energy shoulder, 

which could correspond to coordination of the anion.[P3] Besides this effect, the strong Rh 

deficit at 0° observed for all solutions could be explained by formation of species preferably 

located in the bulk of the solution and thus not accessible with XPS, possibly nanoparticles 

or clusters formed from 12. 

Inspired by the application of [Rh(COD)2]+ complexes to form [Rh(COD)(L)2][X] 

(L=phosphine ligand) in situ134, 135, we attempted to exploit the deficit of COD in solution 

for increasing the local Rh concentration at the IL/vacuum interface by offering a more 

surface-active phosphine ligand.[P3] TPPTS was previously found to exhibit surface activity 

in a similar Rh complex.37 We chose [C2C1Im][C2OSO3] where TPPTS has shown a high 

solubility, even though the reported solubility of 16.6%mol
37 by far exceeded the maximum 

solubility found within the scope of this thesis of ~7%mol, which was assessed using the 

P 2p XP signal of a saturated solution.[P3] To ensure full solubility of TPPTS in the precursor 

solution, we used a slightly lower TPPTS concentration of 5.9%mol for formation of 
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[Rh(COD)(TPPTS)2][TfO] (13) with stoichiometric amount of [Rh(COD)2][TfO] yielding 

a final concentration of 13 of 3.1%mol when quantitative formation is assumed.[P3] 

Figure 14 contrasts the obtained solution of 13 in [C2C1Im][C2OSO3] (top) and a 

TPPTS-only solution with an identical TPPTS content (bottom). Comparison of the P 2p 

signals revealed a 0.7 eV shift of the signal to higher binding energy for the solution of 13 

which confirmed coordination of the phosphine ligand to the metal center. According to the 

relatively strong donation capabilities of TPPTS, the Rh 3d5/2 signal was detected at 309.0 

eV, which is 0.2 eV lower in binding energy as observed for a 20%mol solution of 12 in the 

IL.[P3] Owing to the low intensity of the Rh 3d signal, however, a relatively large uncertainty 

must be expected for the binding energy. In contrast to the solution without adding TPPTS, 

the Rh 3d intensity at 0° found for the solution of 13, indeed, matched the value expected 

from the nominal composition, which revealed a higher relative metal content in the near-

surface region when compared to the precursor solution, where a deficit of Rh was found 

at 0°.[P3] The aryl C atoms of TPPTS gave a joint signal with Calkyl and CCOD atoms, 

Calkyl/COD/aryl, which showed a strong increase at 80° confirming the surface activity of the 

TPPTS ligand.[P3] The extent of the increase is slightly lower than found for the TPPTS-

only solution, which was assigned to the contribution of COD to the signal exhibiting no 

surface activity.[P3] Owing to the low concentration and the damping of the relatively large 

TPPTS ligand, which is preferentially located at the surface, no Rh 3d or P 2p signals could 

be detected. With the absence of these signals, strong enrichment of 13 at the surface could 

be excluded.  

 

Figure 14: Rh 3d, C 1s and P 2p XP spectra of a 3.1%mol solution of 13 (top) and C 1s and P 2p XP spectra of 
a solution of TPPTS in [C2C1Im][C2OSO3] with similar overall TPPTS content in 0° (black) and 80° emission 
(red). Reproduced from [P3] under license CC BY 4.0. 
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Chapter 4.1 has provided chemical and surface-compositional information on the catalysts 

under investigation with rational modifications of the ligand system to facilitate 

enhancement of the catalyst concentration at the IL/vacuum interface. Apart from structural 

features of the ligands, surface enrichment effects are also highly affected by the 

surrounding of the catalyst and external conditions.[P2, P4, P6, P7] In the following chapters, 

the influence of the bulk concentration of the catalyst, the sample temperature and the IL 

solvent will be discussed mainly for solutions of 5 and 8, which have shown strong surface 

enrichment (see Chapters 4.1.1 and 4.1.2). 

4.2 Influence of the Bulk Concentration on the Surface Composition[P2, 

P4, P7] 

Owing to the excellent solubility of 5 in ILs, we studied this complex over a wide 

concentration range of 1-30%mol in [C4C1Im][PF6], which is the solvent used above for 

demonstrating the buoy effect for 5.[P2, P4] The normalized content of the Pt 4f signal, which 

is plotted in Figure 15a (top) against the molar concentration, is the detected signal intensity 

divided by the nominal one and thus a measure of the enrichment. A value of 1 (indicated 

by a grey dashed line) corresponds to a situation with homogeneous distribution of the 

catalyst at the surface and random surface orientations and configurations of the 

molecules.[P2, P4] In both 0° (black) and 80° emission (red), the normalized content clearly 

increased upon decreasing the bulk concentration of the catalyst revealing most pronounced 

surface enrichment of the catalyst at lowest concentration.[P2, P4] This result is greatly 

promising for catalytic applications, where low catalyst concentrations are practical, with 

most efficient metal utilization using a minimum of catalyst in the bulk with a maximized 

surface concentration. A similar trend was found previously for binary mixtures of the 

fluorinated IL [PFC4C1Im][PF6] in [(C1O)2Im][PF6]97 and in [C4C1Im][PF6]88. 

Inspection of the absolute Pt 4f intensities shown in Figure 15a (bottom) provided more 

detailed insights into the surface composition upon varying the catalyst concentration.[P2, 

P4] While at 0° (black) the intensities increased with increasing concentration according to 

the higher bulk content of the catalyst up to 30%mol, the 80° intensities (red) only showed a 

strong initial increase from 1 to 5%mol but remain more or less on a steady level at higher 

concentrations (note that the slight increase going from 5%mol to higher concentrations was 
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due to the contribution of the bulk with its higher Pt content to the 80° spectra).[P2, P4] These 

results suggested that the surface layer is already in the saturation regime at 5%mol while a 

concentration of 1%mol is not sufficient to achieve saturation.[P2, P4] 

 

Figure 15: Normalized contents (top) and total peak intensities (bottom) derived from metal signals of a) 5 in 
[C4C1Im][PF6], and b) 8 in [C2C1Im][OAc], in 0° (black) and 80° emission (red) upon varying the catalyst 
bulk concentration. Adapted from [P2], [P4] and [P7] under CC-BY-NC-ND, CC-BY-NC and CC BY 
licenses. 

We further aimed to correlate the concentration-dependent peculiarities extracted from XPS 

to the surface tension of the solutions using the PD method (experiments conducted by Dr. 

Ulrike Paap and Afra Gezmis, Chair of Physical Chemistry II, FAU Erlangen-Nürnberg). 

Figure 16 depicts the obtained surface tension for solutions of 5 in [C4C1Im][PF6] with a 

catalyst concentration between 0-10%mol at 298 K (black) and the total peak area detected 

in XPS signals at 80° (blue open squares) against the molar catalyst concentration.[P4] Aside 

from the Pt 4f signal, the XPS data is now complemented with the FCFx (blue open triangles) 

and Calkyl (blue open circles) signals.[P4] In accordance with the Pt 4f signal, these signals 

show an increase and a decrease, respectively, upon increasing the concentration until a 

plateau is reached at 5%mol to again emphasize a situation where the surface is saturated 

with the complex at 5%mol or higher.[P2, P4] The surface tension values (black solid squares), 

however, showed a steady decrease with increasing concentration without displaying a 
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plateau at 5 and 10%mol, even though XPS evidenced a similar composition of the topmost 

surface layer.[P2, P4] This behavior was attributed to a significant change in cohesive forces 

upon changing the catalyst concentration in the layers below the topmost surface layer, 

which corresponds to a change in surface tension. This behavior is known for aqueous 

surfactant solutions where the surface tension decreases beyond saturation until the critical 

micelle concentration was reached.140 Even though the microscopic surface composition of 

IL mixtures derived from ARXPS was nicely correlated to surface tension data for IL 

mixtures in the recent past77, 98, 141, a complete representation of the ARXPS data with the 

surface tension was not achieved for the system investigated herein.[P2, P4] 

 

Figure 16: Surface tension γ at 298 K (black full squares, referring to left vertical axis) and total peak areas 
of the Pt 4f (blue open squares, x20), FCFx (blue open triangles, x0.5) and Calkyl signals (blue open circles) in 
80° emission at room temperature (referring to right vertical axis) of solutions of 5 in [C4C1Im][PF6] over a 
concentration range of 0–10%mol. Adapted from [P4] under CC-BY-NC license. 

As is also visible from Figure 15b, variation of the concentration of 8 in [C2C1Im][OAc] 

yielded similar outcomes as found for 5 in [C4C1Im][PF6]; however, we were able to study 

the Ru-based system at particularly low concentrations ranging from 0.05%mol to 1%mol 

(mind the different concentration scales in Figures 15a and b)[P7]: The enrichment also 

increased upon lowering the concentration (Figure 15b, top) and the absolute Ru 3d 

intensities at 80° (Figure 15b, bottom, red) showed a plateau at 0.5%mol and higher. At 

lower concentrations, the absolute intensity strongly decreased indicating saturation of the 

surface with 8 already at 0.5%mol, which is much lower than found for the Pt complex 5 (no 
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saturation at 1%mol).[P7] This effect is certainly influenced by the surface tension of the 

different solvents ([C4C1Im][PF6]: 43.4 mN/m under vacuum[P4] and [C2C1Im][OAc]: 47.1 

mN/m at 298 K142), which has shown to substantially affect the surface affinity of solutes 

in solution, as will be discussed in detail in Chapter 4.4. However, also the structure of the 

complexes could contribute to the saturation concentration influencing the packing density 

of complexes at the IL/vacuum interface. 

4.3 Temperature Dependency of the Catalyst Concentration at the 

Surface[P4] 

The thermal stability of 5 and the wide liquid window of the [C4C1Im][PF6] solutions 

allowed us to study the influence of the temperature on the catalyst enrichment in this IL.[P4] 

In this chapter, we will first discuss the results obtained from a 1%mol solution 

corresponding to a situation where the surface was unsaturated with the complex at room 

temperature (see previous chapter) and compare to a solution within the saturation range, 

that is, 5%mol.  

Figure 17a depicts the normalized Pt and Calkyl contents recorded in 0° and 80° from a 

1%mol solution within a temperature range from 233-353 K.[P4] Both analyzation geometries 

unambiguously reflected a decrease of the Pt content upon raising the temperature, while 

the IL-specific Calkyl content increased.[P4] These findings clearly corresponded to a lower 

degree of catalyst enrichment at the surface at higher temperatures.[P4] Subsequently 

recording XP spectra at room temperature after measurements at the temperature extrema 

(open circles and triangles in Figure 17) revealed reversibility of the thermal effect.[P4] An 

according temperature dependence was reported before for a binary mixture of the 

fluorinated IL [PFC4C1Im][PF6] in [C4C1Im][PF6] and was assigned to the larger 

contribution of the entropic term -TΔS to the surface free energy favoring a less ordered, 

that is, a less catalyst-enriched surface for our solutions.88 

In contrast, temperature-dependent measurements of a 5%mol solution of 5 in 

[C4C1Im][PF6] over a temperature range from 213-313 K, shown in Figure 17b, revealed 

virtually constant normalized contents at all temperatures measured.[P4] With this, no 

temperature effect was observed and the saturation of the surface with the complex was 

kept over the entire temperature range.[P4] 
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Figure 17: Normalized contents derived from Pt 4f (top) and Calkyl (bottom) signals of a) a 1%mol and b) a 

5%mol solution of 5 in [C4C1Im][PF6] in 0° (black squares) and 80° emission (red squares) at different 

temperatures. After measurements at the temperature extremes of the measurement series, the sample was 

brought back to room temperature and measured again (open circles after cooling series and open triangles 

after heating series). Adapted from [P4] under CC-BY-NC license. 

4.4 Influence of the Solvent on the Surface Composition[P3, P6] 

The final parameter affecting surface enrichment phenomena discussed herein is the IL 

solvent. While the influence of the IL on the electronic properties of organometallics was 

addressed several times using XPS143-145, the different interfacial behavior of catalysts when 

varying the solvent IL was, to the best of my knowledge, not reported before. Solutions of 

the surface-active catalyst 5 have proven well-applicable for this intention[P6], which will 

be discussed first before providing complementary results from solutions of 12. 

As mentioned above, the preparation route for 5 in IL solution outlined in Chapter 4.1.1 

has proven suitable in [C2C1Im][PF6], [C4C1Im][PF6], [C8C1Im][PF6] and [C4C1Im][Tf2N], 

and 5 was found completely soluble in these ILs at all concentrations discussed in the 

following.[P6] The only difference in the [PF6]- ILs is the length of the alkyl chains attached 
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to the [CnC1Im]+ cation, which results in a higher surface affinity of the solvent cation with 

longer chains, as discussed in Chapter 2.2. [C4C1Im][Tf2N] was used to extract the 

influence of the anion on the surface enrichment compared to [C4C1Im][PF6] sharing the 

same cation.[P6] [Tf2N]- ILs have shown a higher surface affinity than analogues based on 

[PF6]- or other anions in mixtures of ILs.72, 74, 94, 96, 146-148 To broaden the dataset with another 

anion, we also intended to use [C4C1Im][Cl] as the solvent.[P6] However, since preparation 

of 5 was not successful in this IL, as outlined in Chapter 4.1.1, we additionally compared 

solutions of only the ligand [C3CNPFC4Im][PF6] in [C4C1Im][Cl] and [C4C1Im][PF6].[P6] 

Pt 4f and Calkyl XP spectra of 1%mol solutions of 5 in [C2C1Im][PF6] (black), 

[C4C1Im][PF6] (green), [C8C1Im][PF6] (blue) at 0° (left panel) and 80° (right panel) are 

depicted in Figure 18a. For comparison, the Pt 4f spectra of a 1%mol solution of 5 in 

[C4C1Im][Tf2N] (orange) are shown. In the series of the [PF6]--based IL solutions, the Pt 4f 

signal of 5 showed a strong gradual decrease at 0° and 80° upon increasing the Cn chain 

length. This effect was also observed for all other complex-specific signals (not shown)[P7], 

while the IL-specific Calkyl signals reflected an inverse trend, which is most evident in the 

80° spectra: the [C2C1Im][PF6] solution showed only a minor Calkyl intensity, whereas in 

[C4C1Im][PF6] values close to nominal were found and the [C8C1Im][PF6] solution showed 

a much higher intensity than expected from the nominal composition.[P7] Overall, these 

findings clearly displayed a decreasing degree of surface enrichment of 5 in ILs with 

increasing Cn chain length owing to the higher surface affinity of longer Cn chains 

facilitating competition of the IL for presence at the surface.[P7] In fact, the Pt 4f intensity 

detected from the [C8C1Im][PF6] solution is in line with the nominal composition of the 

solution demonstrating that the surface affinity of 5 could even be suppressed to yield a 

homogeneous surface distribution by adequate choice of IL solvent.[P7]  

The comparison of the Pt 4f intensities detected for the [C4C1Im][PF6] (green) and 

[C4C1Im][Tf2N] (orange) solutions in Figure 18a immediately revealed a much lower 

signal for the [Tf2N]- solution and, consequently, a strong influence of the anion on the 

surface concentration of the solute[P7]. The intensities found for the [C4C1Im][Tf2N] 

solution quantitatively conformed with homogeneous distribution of 5 rather than surface 

enrichment, similar as in [C8C1Im][PF6]. This finding was also accompanied by a slight 

increase of the Calkyl signal at 80° for [C4C1Im][Tf2N] (not shown), which is indicative for 
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a larger presence of the alkyl chains at the outer surface when compared to the solution of 

[C4C1Im][PF6], where this signal showed a slight decrease at 80°.[P6]  

 

 

 

 

 

 

 

Figure 18: a) Pt 4f (top) and C 1s (bottom) XP spectra of 1%mol solutions of 5 in [C2C1Im][PF6] (black), 
[C4C1Im][PF6] (green) and [C8C1Im][PF6] (blue) in 0° (left) and 80° emission (right) at room temperature and 
Pt 4f spectrum of a 1%mol solution of 5 in [C4C1Im][Tf2N] (orange), b) absolute Pt 4f intensity from solutions 
of 5 with concentrations of 1%mol in the [PF6]− ILs (black), 1%mol in [C4C1Im][Tf2N] (red brown), 10%mol in 
the [PF6]− ILs (blue), 10%mol in [C4C1Im][Tf2N] (green) and 20%mol in [C4C1Im][Tf2N] (violet) in 0° (full 
symbols) and 80° emission (open symbols) against the surface tension γ of the neat ILs at 298 K. Note that 
for 1%mol in [C4C1Im][Tf2N] the signals for 0° (full) and 80° (open) fall on top of each other. Adapted from 
[P7] under CC BY license. 

Overall, for the 1%mol solutions, the local concentration of the catalyst at the surface 

was found to be strongly influenced by the length of the Cn chain in the [CnC1Im]+ cations 

and the nature of the anion.[P6] These structural features translate into a different interfacial 

behavior and thus, different surface tension values of the neat ILs.69 The Pt 4f intensity 

detected for solutions with different ILs and concentrations plotted against the surface 

tension values γ of the neat ILs at 298 K obtained under ultra-clean vacuum conditions 

(experiments conducted by Dr. Ulrike Paap and Afra Gezmis, Chair of Physical Chemistry 

II, FAU Erlangen-Nürnberg) is depicted in Figure 18b. The previously discussed higher 

Pt 4f intensity at both 0° and 80° and thus stronger enrichment with decreasing alkyl chain 

length found for the 1%mol solutions of the [PF6]- ILs (full and open black squares) 

excellently goes along with an increase in surface tension when decreasing the chain 

length.[P6] This is due to the most effective lowering in surface free energy upon 

accumulation of the surface-active complex 5 at the IL/vacuum interface when the surface 
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tension of the IL is high.[P6] The surface tension values of [C8C1Im][PF6] and 

[C4C1Im][Tf2N] (full and open dark red circles) are even low enough to facilitate 

homogeneous distribution, as discussed above.[P6] 

In contrast to the 1%mol solutions, higher concentrations of 10%mol in the [PF6]- ILs 

resulted in a constant Pt 4f intensity at 0° and 80° (full and open blue squares). The 10%mol 

solution of 5 in [C4C1Im][PF6] was already found to show saturation of the surface with the 

complex, as discussed in Chapter 4.2.1.[P2, P4] With a similar Pt 4f intensity and overall 

similar characteristics as the [C4C1Im][PF6] solution, surface saturation with the catalyst 

was also concluded for [C2C1Im][PF6] and [C8C1Im][PF6].[P6] Especially for the solution of 

[C8C1Im][PF6], where no surface enrichment of 5 was found at 1%mol, this finding was quite 

surprising.[P6] Apparently, a higher bulk concentration of 5 renders accumulation of the 

complex at the interface more favorable, even to an extent where the surface is fully 

saturated.[P6] A different behavior was found for a 10%mol solution of [C4C1Im][Tf2N] (full 

and open green circles), where the Pt 4f intensity at 0° and 80° agreed well with the nominal 

composition indicating absence of enrichment or depletion phenomena.[P6] However, at 

20%mol, the Pt 4f intensity strongly exceeded the nominally expected value at 0° and 80° 

by a factor of 1.7 and 1.5, respectively, indicating surface enrichment of the catalyst.[P6] 

While at 10%mol, the particularly low surface tension of [C4C1Im][Tf2N] prevented 

enrichment of 5, increasing the concentration to 20%mol resulted in a situation where surface 

enrichment is more favorable than homogeneous distribution.[P6] 

To confirm the effect of different anions on the surface composition, we studied 9.5%mol 

solutions of only the ligand [C3CNPFC4Im][PF6] in [C4C1Im][Cl], wherein synthesis of 5 

was not successful, and in [C4C1Im][PF6].[P6] The [C4C1Im][PF6] solution showed 

significant surface enrichment of the dissolved ligand but less pronounced when compared 

to a solution of 5 with the overall same amount of ligand (attached to the Pt center) in 

solution, as was already discussed in Chapter 4.1.1.[P4] Comparison of the XP spectra F 1s, 

N 1s and C 1s XP spectra of the two ligand solutions ([C4C1Im][Cl] top, [C4C1Im][PF6] 

bottom) shown in Figure 19 revealed a slightly more pronounced increase of the FCFx signal 

and, in turn, a more pronounced decrease of the NIm, CC2 and Chetero signals at 80° for the 

[C4C1Im][Cl] solution. Additionally, the Calkyl signal showed a decrease at 80°, while for 

the solution of [C4C1Im][PF6] this signal showed no angular dependency. These findings 

conformed with a higher surface concentration of [C3CNPFC4Im][PF6] in [C4C1Im][Cl], 
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which is in line with a much higher surface tension of neat [C4C1Im][Cl], that is, 

49.9 mN/m[P6], than compared to [C4C1Im][PF6] with a surface tension of 43.4 mN/m at 

298 K and complement the findings discussed above.[P6] 

 

Figure 19: F 1s, N 1s, and C 1s XP spectra of 9.5%mol solutions of [C3CNPFC4Im][PF6] in [C4C1Im][Cl] (top) 
and [C4C1Im][PF6] (bottom) in 0° (black) and 80° emission (red). Adapted from [P7] under CC BY license. 

The concept of tailoring the surface concentration of solutes by variation of the solvent 

was also expanded to solutions of the Rh complex 12 in [TfO]--based ILs.[P3] In contrast to 

complex 5, dissolving 12 in all ILs under investigation (see Chapter 4.1.3) resulted in strong 

depletion from the IL/vacuum interface of the metal species present in solution.[P3] Upon 

increasing the chain length on the [CnC1Im]+ cation of the solvent from n = 2 to 4 and 8, the 

depletion of Rh even increased owing to the higher surface affinity of the longer chains, 

similar to what has been discussed for 5 in [PF6]- ILs.[P3] 
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5 Summary 

The nature of the IL/gas interface, in particular, the local catalyst concentration at this 

interface, is expected to significantly influence the catalytic performance in SILP catalysis 

and other concepts based on high interfacial areas between IL phase and the 

reactant/product environment. From this perspective, the aim of this thesis was to provide 

the fundamental parameters for the deliberate control over catalyst enrichment and 

depletion at the IL/vacuum interface. The ARXPS studies presented herein afforded 

valuable insights into the surface composition and how to deliberately modify the catalyst 

concentration at the surface by design of the ligand system, the bulk concentration of the 

catalyst, the temperature and the IL solvent. Apart from surface-compositional aspects, the 

experiments also furnished information on the chemical behavior of the catalysts in ILs. 

Several organometallic catalysts with different ligand systems were investigated. Pt and 

Pd catalysts with ligand systems derived from CN-functionalized IL cations served as 

model systems for the majority of ARXPS experiments presented herein, providing high 

solubilities and stability under elevated temperatures, irradiation with X-rays and vacuum 

conditions. For these systems, a novel vacuum-driven preparation route directly in the IL 

was established, which was applicable to a variety of IL solvents. XPS has not only shown 

to be a powerful tool to monitor the formation of these catalysts in IL solution but also for 

extracting chemical information, which conformed with literature findings obtained from 

other experimental methods. 

Since the initially studied catalysts showed no affinity to the IL/vacuum interface, these 

systems served as the starting point for demonstration of targeted surface enrichment by 

modification of the ligand systems with surface-active fluorinated alkyl groups. These 

groups acted like buoys localizing and accumulating the catalyst at the IL/vacuum interface. 

The results also indicated that the degree of enrichment is higher when employing two 

surface-active ligands instead of one. The impact of the buoy effect on the catalytic 

performance in ethene hydrogenation indicated a higher activity of the surface-enriched 

catalysts; this effect was, however, observed along formation of Pt particles limiting the 

significance for homogeneously catalyzed reactions to some extent. The herein described 

buoy effect is nonetheless promising to be transferred to other homogeneous catalysts, 

which do not exhibit particle formation under reaction conditions. 
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  ARXPS investigations on a first set of Ru polypyridyl complexes containing a tpy and 

a bpy ligand revealed a change in the coordination sphere in [C2C1Im][OAc], while the 

complexes remained intact in more inert [C4C1Im][PF6]. Functionalization of the ligand 

system with carboxylic acid groups, however, ensured chemical stability also in 

[C2C1Im][OAc]. These complexes were found depleted from the IL/vacuum interface in 

both ILs. 

In a second set of Ru polypyridyl complexes carrying only bpy ligands, several 

functionalities attached to the ligand system were investigated to facilitate surface 

enrichment of these catalysts. In view of the environmental and safety concerns of PFA-

based groups, which were used for demonstration of the buoy effect with the Pt catalysts, 

only PFA-free functionalities were considered including C9, C1, OC2 and t-C4 groups. The 

C9 groups induced strong enrichment of the catalyst at the IL/vacuum interface, while all 

other complexes showed depletion demonstrating the fluorine-free or PFA-free buoy effect 

of the long hydrophobic alkyl chains. 

Another measurement series on the cyclooctadiene-based catalyst [Rh(COD)2][TfO] 

revealed non-intactness of the catalyst in [C2C1Im][TfO], [C4C1Im][TfO] and 

[C2C1Im][C2OSO3] under the applied vacuum conditions, evident from a Rh deficit and an 

even higher COD deficit found in XPS. Only in [C8C1Im][TfO], the Rh:COD ratio matched 

the stoichiometry of the complex, even though a strong concomitant deficit of these two 

species also suggested chemical alteration of a fraction of the catalyst in this IL. The present 

metal species showed depletion from the IL/vacuum interface in all ILs. Offering the 

phosphine ligand TPPTS for ligand substitution, however, resulted in XPS signals at 0° 

conforming with the nominal composition indicating presence of the complex in the near-

surface region as expected from the weigh-in. Since no Rh signal was found at 80°, strong 

surface enrichment of the catalyst at the IL/vacuum interface could be excluded. However, 

the Rh concentration in the near-surface region could be enhanced relative to the depleted 

precursor complex by employing the TPPTS ligands. 

Besides the surface activity of the ligand system, other parameters, that is, the bulk 

concentration, temperature and the IL solvent, were found to affect the local catalyst 

concentration at the surface. As exemplified for the surface-active Pt and Ru catalysts, the 

surface enrichment is more pronounced at lower bulk concentrations, which offers most 
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efficient atom utilization at the surface with a minimum employment of catalyst. The 

absolute amount of catalyst at the IL/vacuum interface has shown to increase with 

increasing bulk concentration until saturation of the surface with catalyst was reached.  

Variation of the sample temperature has shown to afford sensitive control over the 

enrichment of the catalyst, as was studied for the surface-active Pt catalyst. In a 

concentration regime, where the surface was not saturated with the catalyst, the degree of 

enrichment showed an increase upon lowering the temperature. The fact that this effect was 

reversible constitutes the applied temperature to a delicate parameter for adjustment of the 

catalyst concentration at the surface.  In the saturation regime, the surface composition was 

found constant at all temperatures investigated. 

Finally, selection of the solvent strongly affected the catalyst concentration at the 

surface, as found for solutions of the surface-active Pt catalyst. As a general trend, a higher 

surface tension of the IL resulted in a higher degree of surface enrichment of the catalyst. 

ILs with a particularly low surface tension [C8C1Im][PF6] and [C4C1Im][Tf2N] even 

facilitated suppression of the catalyst’s surface activity to afford homogeneous distribution 

at the surface. At sufficiently high concentrations, however, the surface was highly 

populated with the catalyst in all ILs under investigation. Nonetheless, for the solvent 

[C4C1Im][Tf2N] with lowest surface tension, a higher catalyst concentration was required 

to induce surface enrichment.
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6 Zusammenfassung 

Die Beschaffenheit der IL/Gas-Grenzfläche, insbesondere die lokale 

Katalysatorkonzentration an der Oberfläche, kann die Leistungsfähigkeit von SILP-

Katalysatoren und anderen Systemen mit großen Grenzflächen zwischen der IL-Phase und 

der Reaktanten/Produktphase erheblich beeinflussen. Unter diesem Gesichtspunkt war das 

Ziel dieser Arbeit, die grundlegenden Parameter für die gezielte Steuerung der 

Konzentration von metallorganischen Katalysatoren an der IL/Vakuum-Grenzfläche durch 

Oberflächenanreicherung oder -abreicherung des Katalysators bereitzustellen. Die hier vor-

gestellten ARXPS-Studien lieferten wertvolle Erkenntnisse über die Oberflächen-

zusammensetzung der untersuchten Systeme und die gezielte Veränderung der 

Konzentration des Katalysators an der Oberfläche durch die Wahl und Struktur der 

Liganden, der Konzentration im Volumen der Lösung, der Temperatur und des IL-

Lösungsmittels. Darüber hinaus lieferten die Experimente auch Informationen über 

chemische Eigenschaften der Metallkomplexe in ILs. 

Es wurden mehrere metallorganische Katalysatoren mit unterschiedlichen Liganden-

systemen untersucht. Pt- und Pd-Katalysatoren mit Liganden, die von CN-funktionalisier-

ten IL-Kationen abgeleitet sind, dienten als Modellsysteme für einen erheblichen Anteil der 

hier vorgestellten ARXPS-Experimente, besonders durch ihre hohen Löslichkeiten und 

durch ihre Stabilität gegenüber höheren Temperaturen, Röntgenstrahlen und Vakuum-

bedingungen. Für die Synthese dieser Verbindungen wurde ein neuer Weg unter Vakuum 

direkt in der jeweiligen IL etabliert, der für eine Vielzahl von IL-Lösungsmitteln anwendbar 

war. XPS hat sich nicht nur als eine leistungsfähige Methode zur Nachverfolgung der 

Bildung dieser Katalysatoren in Lösung erwiesen, sondern diente auch zur Untersuchung 

chemischer Eigenschaften der Komplexe und der ILs, die mit den Literaturergebnissen 

anderer experimenteller Methoden übereinstimmten. 

Da die ursprünglich untersuchten Katalysatoren keine besondere Affinität zur 

IL/Vakuum-Grenzfläche zeigten, sondern homogen verteilt waren, dienten diese Systeme 

als Ausgangspunkt für die Demonstration einer gezielten Oberflächenanreicherung durch 

Modifizierung der Liganden mit oberflächenaktiven fluorierten Alkylgruppen. Diese 

Gruppen wirkten wie Bojen, die den Katalysator an der IL/Vakuum-Grenzfläche 

lokalisieren und anreichern, wobei der Grad der Anreicherung höher einzuschätzen ist, 
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wenn zwei oberflächenaktive Liganden anstelle von einem verwendet werden. Die 

Auswirkungen des Bojeneffekts auf die katalytische Leistung bei der Hydrierung deuteten 

auf eine höhere Aktivität der oberflächenangereicherten Katalysatoren hin; dieser Effekt 

wurde jedoch zusammen mit einer Bildung von Pt-Partikeln beobachtet, was die 

Aussagekraft für die gewünschte Anwendung in der homogenen Katalyse einschränkte. Im 

Prinzip ist der Bojeneffekt jedoch auch auf andere Katalysatoren übertragbar, die keine 

Partikelbildung unter den Reaktionsbedingungen zeigen, sodass der Einfluss der 

Oberflächenanreicherung auf die katalytische Leistungsfähigkeit dieser homogenen 

Katalysatoren genauer untersucht werden kann. 

Weitere ARXPS-Untersuchungen mit einer Reihe von Ru-Polypyridyl-Komplexen, die 

einen tpy- und einen bpy-Liganden enthalten, ergaben eine Veränderung der 

Koordinationssphäre in [C2C1Im][OAc], während die Komplexe in der recht inerten IL 

[C4C1Im][PF6] intakt blieben. Die Funktionalisierung des bpy-Liganden mit Carbonsäure-

gruppen sorgte jedoch auch in [C2C1Im][OAc] für chemische Stabilität. Die Komplexe 

zeigten eine Abreicherung an der IL/Vakuum-Grenzfläche in beiden ILs. 

Bei einer zweiten Reihe von Ru-Polypyridylkomplexen, die nur bpy-Liganden 

beinhalten, wurden verschiedene an einen Liganden gebundene Funktionalitäten unter-

sucht, um die Metallkomplexe an der Oberfläche anzureichern. Angesichts der negativen 

Wirkung auf Umwelt und Gesundheit von PFA-Materialien, die zur vorigen Demonstration 

des Bojeneffekts mit den Pt-Katalysatoren verwendet wurden, wurden nur PFA-freie 

Funktionalitäten in Betracht gezogen, darunter C9-, C1-, OC2- und t-C4-Gruppen. Die 

hydrophoben C9-Gruppen bewirkten eine starke Anreicherung des Katalysators an der 

IL/Vakuum-Grenzfläche, während alle anderen Komplexe Abreicherung zeigten, was den 

fluorfreien- oder PFA-freien Bojeneffekt der langen Alkylketten belegte. 

Eine weitere Messreihe behandelte den Komplex [Rh(COD)2][TfO] und zeigte, dass 

der Katalysator in [C2C1Im][TfO], [C4C1Im][TfO] und [C2C1Im][C2OSO3] unter den ange-

wandten Vakuumbedingungen nicht intakt war, was durch ein Rh-Defizit und ein noch 

höheres COD-Defizit mittels XPS nachgewiesen wurde. Nur bei [C8C1Im][TfO] stimmte 

das Rh:COD-Verhältnis mit der Stöchiometrie des Komplexes überein, obwohl ein starkes, 

miteinander einhergehendes Defizit dieser beiden Spezies auch auf eine chemische 

Veränderung eines Teils des Katalysators in dieser IL hindeutete. Die vorhandene 
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Metallverbindung zeigte eine Abreicherung von der IL/Vakuum-Grenzfläche in allen ILs. 

Bereitstellung des Phosphinliganden TPPTS für eine Ligandensubstitution führte jedoch zu 

XPS-Signalen in 0° entsprechend der nominellen Zusammensetzung, was auf das 

Vorhandensein des Komplexes in der erwarteten Menge im oberflächennahen Bereich 

hindeutete. Da bei 80° kein Rh-Signal gefunden wurde, konnte eine starke 

Oberflächenanreicherung des Katalysators an der IL/Vakuum-Grenzfläche ausgeschlossen 

werden. Letztlich konnte die Rh-Konzentration im oberflächennahen Bereich Liganden 

jedoch gegenüber dem abgereicherten Vorläuferkomplex durch Koordination von TPPTS 

erhöht werden. 

Neben dem Einfluss der Liganden auf die Oberflächenzusammensetzung der 

Katalysatorlösungen wurden noch weitere Parameter für eine gezielte Einstellung der 

Oberflächenkonzentration des Katalysators untersucht, nämlich die Katalysator-

konzentration im Volumen, die Temperatur und das IL-Lösungsmittel. Die 

oberflächenaktiven Pt- und Ru-Katalysatoren zeigten eine stärkere Oberflächen-

anreicherung bei niedrigeren Volumenkonzentrationen. Anwendungsbezogen verspricht 

dieses Ergebnis eine möglichst effiziente Nutzung des Katalysators an der Oberfläche bei 

minimalem Materialaufwand. Die absolute Menge des Katalysators an der IL/Vakuum-

Grenzfläche nahm mit zunehmender Konzentration im Volumen zu; bis hin zur Sättigung 

der Oberfläche mit dem Katalysator.  

Weiterhin zeigte die Temperatur einen starken Einfluss auf die Anreicherung des 

Katalysators, welcher für den oberflächenaktiven Pt-Katalysator untersucht wurde. In 

einem Konzentrationsbereich unterhalb der Oberflächensättigung nahm der Grad der 

Anreicherung bei Temperaturerniedrigung zu. Dieser Effekt war reversibel und stellt daher 

die Probentemperatur als einen empfindlichen Parameter für die Einstellung der Kata-

lysatorkonzentration an der Oberfläche heraus. Im Sättigungsbereich war die Oberflächen-

zusammensetzung bei allen untersuchten Temperaturen konstant. 

Auch die Wahl des Lösungsmittels wirkte sich stark auf die Katalysatorkonzentration 

an der Oberfläche aus. Wie sich für Lösungen des oberflächenaktiven Pt-Katalysators 

gezeigt hat, gilt, dass eine höhere Oberflächenspannung der IL zu einer stärkeren 

Oberflächenanreicherung des Katalysators führt. ILs mit einer besonders niedrigen 

Oberflächenspannung wie [C8C1Im][PF6] und [C4C1Im][Tf2N] unterdrückten sogar die 
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Oberflächenaktivität des Katalysators, sodass eine homogene Verteilung an der Oberfläche 

resultierte. Bei ausreichend hohen Konzentrationen war die Oberfläche jedoch in allen 

untersuchten ILs stark mit dem Katalysator angereichert. Für das Lösungsmittel 

[C4C1Im][Tf2N] mit der geringsten Oberflächenspannung war jedoch eine höhere 

Katalysatorkonzentration erforderlich, um die Oberflächenanreicherung zu bewirken. 
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H.-P. Steinrück, Phys. Chem. Chem. Phys. 2024, 26, 7602-7610.
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9 Unpublished Results 

9.1 Surface Enrichment of a Pt bis(NHC) Complex in IL Solution 

A series of measurements on the neutral complex trans-[PtCl2(C8PEG3ImNHC)2] (14) in 

solution of the polyethylene glycol (PEG)-functionalized ILs [(PEG2)2Im][I] and 

[(PEG2)2Im][PF6] conducted within the framework of this thesis was not published yet and 

will be presented in the following. The molecular structures with assignment of carbon 

species to XPS signals and molecular weights of 14 and the ILs are shown in Figure 20. 

 

Figure 20: Molecular structures and molecular weights of trans-[PtCl2(C8PEG3ImNHC)2] (14) (top), 
[(PEG2)2Im][I] (bottom left) and [(PEG2)2Im][PF6] (bottom right). 

14 comprises two NHC ligands carrying a C8 chain with the intention to induce surface 

enrichment, similar to the C9 chains in 8 presented in Chapter 4.1.2, as well as a PEG3 chain 

to ensure satisfying solubilities in PEG-functionalized ILs. PEG-ILs have attracted 

significant attention as solvents and electrolytes in the recent past90, 149-151. It has been 

shown that incorporating ester and ther functionalities into the molecular structure of ILs 

can result in an enhanced biodegradability and lower toxicity152, 153, as well as interesting 

physiochemical properties, such as relatively low viscosities153, 154. PEG-ILs, including 

[(PEG2)2Im][I], which will be used as a solvent herein, have been object of recent ARXPS 

and PD investigations in our group.90, 98 These studies revealed a preferential termination 
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of the IL/vacuum interface with the PEG-functionalized chains in the neat ILs.90, 98 In a 

mixture with [C8C1Im][PF6], [(PEG2)2Im][I] was strongly depleted from the IL/vacuum 

interface owing to the much higher surface tension of 46.7 mN/m at room temperature 

compared to 34.2 mN/m for [C8C1Im][PF6].98 Also, other ether-functionalized ILs were 

successfully characterized using XPS.97, 155 

14 was synthesized by Alexander Bergen (Chair of Inorganic and General Chemistry, 

FAU Erlangen-Nürnberg) and [(PEG2)2Im][I] and [(PEG2)2Im][PF6] were synthesized by 

Vera Seidl and Junyu Chu (both Chair of Inorganic and General Chemistry, FAU Erlangen-

Nürnberg), respectively. Since the ILs showed significant amounts of a surface-active 

hydrocarbon-containing contamination, evident from an unexpected Calkyl signal found in 

ARXPS analyses of the neat ILs, which increased at 80° (not shown), the ILs were cleaned 

by extraction using a 1:1 mixture of pentane/toluene (for [(PEG2)2Im][PF6], conducted by 

Dr. Jade Barreto, Chair of Physical Chemistry II, FAU Erlangen-Nürnberg), similar to the 

procedure applied for [C2C1Im][PF6] (see Chapter 3) reported in [P6]. By means of this 

procedure, the presence of the surface-active contamination was reduced to an extent, 

where for [(PEG2)2Im][I] no significant Calkyl signal was found and for [(PEG2)2Im][PF6] 

only a minor Calkyl signal was detected (not shown), which is not expected to qualitatively 

affect the findings observed and discussed in the following. 

Owing to slight overall differences in binding energy between the XP spectra of the 

different solutions and ILs shown in the following, the spectra were referenced to the O 1s 

signal of the PEG chains at 538.2 eV, which agrees with the reported literature value.90, 98 

The 80° spectra were referenced to the NIm signal at 0°; 80° and 0° spectra of Pt 4f and 

Cl 2p signals were aligned (see Chapter 3). For fitting of the C 1s region, the peak area of 

Chetero was constraint according to the nominal CC2:Chetero ratio, that is, 1:12, the FWHM of 

Chetero and Calkyl was constraint using a factor of 1.1 and 1.0 to the value of CC2 and the 

position of Chetero was set to a value 0.9 eV lower than CC2, which is the typical procedure 

applied in this thesis. Furthermore, the FWHM values of NIm and NNHC were set to equal 

values. 

Pt 4f, N 1s, C 1s and I 3d5/2 XP spectra of a 1%mol solution of 14 in [(PEG2)2Im][I] 

(exact concentration: 1.00%mol) are depicted in Figure 21a, and the quantitative analysis of 

the spectra is shown in Table 4a. For comparison and better identification of the complex-
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related signals, also the respective XP spectra of neat [(PEG2)2Im][I] are depicted in Figure 

21b. The spin-orbit-resolved Pt 4f peaks were detected at 76.1 and 72.7 eV. In the N 1s 

region, the major NIm signal was detected at 401.7 eV accompanied with a clearly 

discernible low-binding energy shoulder at 400.6 eV corresponding to the N atoms of the 

NHC ligands, NNHC. The Pt:NNHC ratio of 1.0:4.3 at 0° was in good agreement with the 

nominal composition of 14, confirming the coordination of the two NHC ligands to the 

metal center in solution of the IL. The C 1s region was again deconvoluted with the three 

peaks, as discussed in Chapter 2.2: CC2 atoms of the IL and the coordinated CC2 atoms of 

the NHC ligands were treated as a joint signal, CC2/NHC, at 287.3 eV, the Chetero atoms from 

14 and the IL yielded a peak at 286.4 eV and the Calkyl signal only corresponding to the 

alkyl chains in 14 was detected at 285.0 eV. 

 

Figure 21: Pt 4f, N 1s, C 1s and I 3d5/2 XP spectra of 1%mol solutions of 14 in a) [(PEG2)2Im][I] and c) in 
[(PEG2)2Im][PF6], b) N 1s, C 1s, I 3d5/2 XP spectra of neat [(PEG2)2Im][I] in 0° (black) and 80° emission 
(red). 

Unexpectedly, the I 3d5/2 region showed two species, that is, a high-binding energy 

shoulder at 619.4 eV, Icoord, besides the major peak at 618.2 eV, Iuncoord. The latter signal 

corresponded to the free I- anions of the IL, as is evident from the spectrum of neat 

[(PEG2)2Im][I] provided in Figure 21b, which only showed the signal at 618.2 eV. The 

presence of the Icoord signal found for the solution of 14 indicated coordination of at least a 

fraction of the I- anions to the Pt center, possibly substituting a Cl ligand. In fact, from the 

XP spectra a Pt:Cl ratio of only 1.0:1.3 was derived at 0°, indicating a deficiency of Cl 



 

296 

ligands in the near-surface region. It is essential to note, however, that NMR studies 

(conducted by Alexander Bergen, Chair of Inorganic and General Chemistry, FAU 

Erlangen-Nürnberg) have revealed a second Pt-containing species differing from the 

stoichiometry of 14, which was not identified using ARXPS but might influence the Pt:Cl 

ratio. Synthesis of a batch without this second Pt species resulted in a Pt:Cl ratio only 

slightly below the nominal 1:2 ratio (not shown); this batch, however, contained a surface-

active Si contamination limiting the expressiveness of the spectra for discussion of the 

surface composition. As is shown in Figure 21c, no I 3d5/2 was detected from an equimolar 

solution of 14 in [(PEG2)2Im][PF6] (exact concentration: 0.97%mol, solution prepared and 

XP spectra acquired by Dr. Jade Barreto, Chair of Physical Chemistry II, FAU Erlangen-

Nürnberg), which excluded that the Icoord peak was due to a contamination from synthesis. 

 As is evident from the quantitative analysis of the 0° spectra of 14 in [(PEG2)2Im][I] 

presented in Table 4a, the complex-specific Pt 4f, Cl 2p, NNHC and Calkyl signals showed 

much higher intensities than expected from the nominal composition of the solution (0.088 

vs 0.010 for Pt and 1.7 vs 0.14 for Calkyl). On the contrary, the CC2, Chetero and O 1s signals, 

which originate from both 14 and the IL showed values close to the nominal ones or slightly 

lower, and the solvent-specific NIm signal was detected with much lower intensity 

compared to the nominal value (1.5 vs 2.0). These observations were assigned to strong 

accumulation of 14 at the IL/vacuum interface. At 80°, the complex-specific Pt 4f, Cl 2p 

and NNHC signals showed a strong rise by more than a factor of 2, while the Calkyl signal 

exhibited an even much more pronounced increase of more than a factor of 4. 

Consequently, the IL/vacuum interface is preferentially populated with the C8 chains, while 

the Pt-bis(NHC) moiety and the PEG3 chains are located more distant from the surface. In 

compliance with the strong surface enrichment of 14, all other signals, in particular, the IL-

specific NIm peak showed a strong decline at 80°, which largely exceeded the decline 

observed in the neat IL spectra depicted in Figure 21b. The solution of 14 in 

[(PEG2)2Im][PF6] yielded almost identical XP spectra as found for the solution of 

[(PEG2)2Im][I], as is evident from comparing Figures 21a and 21c, confirming a similar 

degree of surface enrichment (see also Table 4c). Overall, the results obtained for the 

solutions of 14 in the PEG-functionalized ILs nicely agreed with the interfacial behavior of 

8 in [C2C1Im][OAc], revealing the applicability of the buoy effect of long alkyl chains also 

for the neutral complex 14. 
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Table 4: Quantitative analysis of XPS core level spectra of a) 1%mol 14 in [(PEG2)2Im][I], b) neat 

[(PEG2)2Im][I] and c) 1%mol 14 in [(PEG2)2Im][PF6]. For spin-orbit-split signals, the indicated binding energy 

values correspond to larger peak, that is, Pt 4f7/2, Cl 2p3/2, I 3d5/2 and P 2p3/2. 

a) 1%mol 14 in 

[(PEG2)2Im][I] 
(exact conc.: 1.00%mol) 

Pt 4f Cl 2p NIm NNHC CC2/NHC Chetero Calkyl O 1s 
I 3d5/2 

coord 

I 3d5/2 

uncoord 

Binding Energy / eV 72.7 198.4 401.7 400.6 287.3 286.4 285.0 532.8 619.4 618.2 

Nominal 0.010 0.020 2.0 0.040 1.0 12.2 0.14 4.1 0 1.0 

Experimental, 0° 0.088 0.11 1.5 0.37 0.92 11.1 1.7 3.9 0.12 0.67 

Experimental, 80° 0.20 0.24 0.55 0.75 0.63 7.6 7.6 2.6 0.16 0.22 

b) neat 

[(PEG2)2Im][I] 
          

Binding Energy / eV   401.7  287.3 286.4  532.8  618.2 

Nominal   2.0  1.0 12  4.0  1.0 

Experimental, 0°   1.9  1.0 11.9  4.2  1.0 

Experimental, 80°   1.5  1.0 12.1  4.6  0.79 

c) 1%mol 14 in 

[(PEG2)2Im][PF6] 
(exact conc.: 0.97%mol) 

Pt 4f Cl 2p NIm NNHC CC2 Chetero Calkyl O 1s F 1s P 2p 

Binding Energy / eV 72.6 198.2 401.8 400.5 287.4 286.5 284.9 532.8 686.5 136.3 

Nominal 0.010 0.020 2.0 0.039 1.0 12.2 0.14 4.1 6.0 1.0 

Experimental, 0° 0.080 0.14 1.5 0.42 0.92 11.0 2.4 5.3 4.0 0.79 

Experimental, 80° 0.20 0.35 0.63 0.85 0.68 8.2 10.0 3.6 1.6 0.41 

 




