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1 Introduction 1

1 Introduction and Motivation

lonic liquids (ILs) are a new class of materials,ichhhave attracted vast scientific and
industrial interest over the last decdd€hey are salt melts comprised solely of ions and
exhibit very low melting points compared to classical molten salts. The term "IL" is com-
monly used when the melting point is equal to or lower than 100° C, while "RTIL"
specifically refers to ILs with melting points lower than or equal to room temperature. The
low melting points of ILs are achieved by the chemical structure of the ions, which is
characterized by low charge density and low molecular symmetry. A few common IL-
forming anions and cations are portrayed in Figure 1.1. The resulting manifold low-energy
conformations prevent the formation of a stable crystal lattice, thus leading to low melting
points® 2 Attracted by their structural diversity and unique profile of physico-chemical pro-
perties (e.g., extremely low volatility, unusual solvation and miscibility properties, electro-
conductivity)>®> many research groups have studied this new class of materials. Possible
applications range from green chemistricatalysi€ ° and electrochemistt{ to analytics'

and separation technologi®<or all of which a brief overview and a few promising examples
shall be given in the following.
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Figure 1.1: Exemplary selection of a few typical cations and anions of which ILs can be composed. The most
intensely investigated combination of ions where the largest experimental and theoretical data set is available
are imidazolium-based cations paired with the bis(trifluoromethylsulfonyl)imidg\[Jfanion.

In chemical synthesis ILs are used as green solvents, as they—because of their very low
vapour pressure—can aid to considerably reduce waste and pollution compared to conven-
tional volatile organic solvents and allow for facilitated product separation in reaction pro-

cesses Furthermore, ILs can have co-catalytic effects in homogenous catalysis leading to
considerable changes in product distribution and in stereoseléttivily electrochemistry
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(i.e., electrodeposition, batteries and solar cells) ILs show very promising results due their
non-volatile character and wide electrochemical wind®dw.For separation technologies and
sensor applications, ILs are capable of enhancing device performance while they currently
revolutionize the field of gas chromatography when employed as stationary'pliaseen-
gineering, ILs are tested as lubricants, gas scavengers and in gas separation techhdiogies,
while certain ILs are found to provide corrosion protection to metal aifdyom the above-
mentioned examples it becomes clear that the eminent issues that need to be addressed to
understand and improve a multitude of these novel applications/processes mainly lie in the IL
interface regions, namely the IL/gas and the IL/solid interface.

The main motivation for the work conducted in the framework of this thesis stems from
applications in heterogeneous catalysis, where ILs have led to completely new catalyst
concepts such as the "Supported lonic Liquid Phase" (SILP) and "Solid Catalyst with lonic
Liquid Layer" (SCILL) technologies, as illustrated in Figure % In the SILP system a
porous inert support material is coated with a thin IL layer that has a homogenous catalyst
dissolved in it, unifying the advantages of highly product- and stereo-selective homogenous
catalysis and—as know from heterogeneous catalysis—continuous flow reactor design. In
SCILL systems, where the catalyst material or catalytically active species immobilized on a
solid support material is impregnated with an IL layer, enhanced selectivity, product
distribution and yields may be observed. This is achieved by specific interactions of the IL
with reactive sites of the heterogeneous catalyst particles or by solubility and mass transport
changes when reactants and products diffuse through the IL to/from the catalyst®ufface.

SILP/SCILL particle

Porous network SILP I Gas phase

Reactants Products

Support materia

SCILL | Gas phase

Reactants Products

Support material

© Immobilised catalyst
© Metal nanoparticle

Figure 1.2: Schematic representation of the SILP and SCILL catalyst concepts, adapted frorRdrefetails,

see text.

Figure 1.3 shows an overview over the aspects relevant for the performance of the catalyst
concepts introduced in the above paragraph. Furthermore, it is shown how surface science
approaches, i.e., defined surface structures, ultra-clean conditions, ultra-high vacuum environ-
ment, can be used to model and understand these systems on a fundamental level. As can be
seen from Figure 1.3, important aspects for tuning the catalyst performance are found in all
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regions of the IL film. At the IL/gas interface, for example, surface formation and preferential
arrangement of the ion can influence properties such as gas solubility and mass transport
across the interface; in the case of the SILP concept enrichment of the catalyst in the surface
near region is desired to avoid diffusion-limited reaction rates. In the IL bulk structure
formation, interactions between the IL ions but also with other species dissolved therein are of
fundamental interest. Finally, the IL/solid interface is accountable for properties such as
surface wetting, ligand effects and interfacial arrangement of the ions.

Interaction with catalytically active
metal surfaces and nanoparticles: IL
arrangement, site blocking,
electronic ligand effects

[ Interaction with transition metal

complexes, reactants and products J/\
&
i

enrichment, orientation,

Surface formation at ¥
IL/vacuum interface:
layering )

Structure formation
and interionic °45 ‘s._“

interaction in IL bulk o %

--u.".E’?N’\

ﬁﬁf!{

Interaction with support:
 Bonding, ordering, anchoring,
wetting and growth

Figure 1.3: lllustration of the aspects relevant for SILP and SCILL performance and surface science approaches
used to model the SILP and SCILL catalysis concepts. The surface structure of the IL film can be analysed by
ARXPS, whereas electronic interactions in the IL bulk can be investigated using geometries in which 7-9 nm of
the liquid are probed. The IL/solid interface can be accessed by investigating ultrathin IL films deposited by
physical vapour deposition on the selected substrate.

Due to the above-mentioned multitude of possible applications, where the IL/gas interface is
of importance, this interface has seen increasing research focus over the last years and has
been examined by multiple surface sensitive spectroscopic methods such as sum-frequency
generation (SFG), X-ray reflectivity and neutron reflectom&f.As already indicated
above, ultra-high vacuum (UHV) techniques can be applied to investigate ILs, owing to the
fact that ILs have sufficiently low vapour pressure at room temperature. Thus, a whole arsenal
of UHV-based surface sensitive techniques such as photoelectron spectroscopy (PES), low
energy ion scattering (LEIS), secondary ion mass spectrometry (SIMS), (high resolution)
electron energy loss spectroscopy ((HR)EELS) and direct recoil spectroscopy (DRS)—to
name only a few—can be used to examine the IL/vacuum intéffatamongst all these
techniques, angle-resolved XPS is one of the most powerful tools to investigate the surface
electronic structure, elemental composition and enrichment effedtsBy addressing the
IL/vacuum interface by means of XPS, our group has previously made important contribu-
tions aiding to understand SILP systems on a fundamentaffelel.

In this thesis, in addition to further expanding our knowledge of the IL/vacuum interface,
an attempt was made to move on and investigate other domains relevant to SCILL and SILP
catalysis. As evident from Figure 1.3 IL bulk properties such as ion-ion interactions and
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structure formation are of utmost interest. The physico-chemical properties of bulk ILs have
been under intense investigation for over two decades, leading to a reputable body of
knowledge. However, open guestions remain and it is shown in this thesis that XPS can
greatly contribute to understanding the electronic structure and ion-ion interactions in the IL
bulk.

With regard to the IL/solid interface, increasing efforts have been made in the past few
years to investigate systems where the solid is in contact with bulk IL. However, information
on the IL/solid interface, where thin IL films cover the surface of interest, is still scarce. Here,
the small number of fundamental studies on IL/solid interfaces still reflects the infancy of this
research area. It has been shown that, despite their very low vapour pressure at room
temperature, a large variety of ILs can be evaporated without decomposition by heating in
vacuum?® *! Several recent experimental and theoretical studies addressed the volatility of a
large number of aprotic ionic liquid$.“***Gas phase measurements showed that a thermally
evaporated IL beam mainly consists of isolated ion pairs, with no larger clusters or single ions
being observedf’ “*Based on these findings, an IL-based physical vapour deposition (PVD)
process was recently developed by our gfBuphis technique allows in-situ deposition of
thin IL films on support materials under ultra-clean conditions, not only enabling us to invest-
igate the IL-solid interface but also providing a tool to fabricate novel hybrid maf&rials.

In this work, by using mainly XPS, a variety of issues of fundamental interest (illustrated
in Figure 1.3) were addressed with respect to IL bulk, IL/vacuum and IL/solid interface
properties. In each chapter a separate introductory and experimental section is provided to
give a deeper insight into the aspects relevant to each subject. This thesis is organized such
that the introduction (Chapter 1) is followed by the fundamentals of the applied surface
science technigues and the experimental setup (Chapter 2). Chapter 3 encompasses the studies
performed on macroscopically thick IL films, and in Chapters 4 and 5 the results obtained on
IL thin films deposited on different support materials are compiled.

In a first study (Chapter 3.1), the ion-ion interactions of ILs were investigated to gain a
fundamental understanding of the electronic structure of and the specific interactions within
the ionic liquid. By combining XPS, nuclear magnetic resonance (NMR) spectroscopy and
density functional theory (DFT) calculations, an assortment of imidazolium-based ILs was
analysed. Coulomb and hydrogen-bonding contributions were scrutinized and experimental
evidence was found for charge transfer effects. In Chapter 3.2 the IL/vacuum interface of a
variety of imidazolium-based ILs was investigated. It was found in a previous study, that
alkyl chains attached to either the cation or the anion are enhanced in the surface layer, while
oligo(ethyleneglycol)ether (PEG) chains of similar length are randomly oriented even at the
immediate IL/vacuum interfacg.Herein the effect of anion structure on the enhancement of
an octyl chain attached to the imidazolium ring was investigated. Thereby a strong anion size-
dependency on the alkyl enhancement was observed, exhibiting reduced surface enrichment
with increasing anion size. For very small anions such as chloride a very efficient chain
enhancement takes place which in magnitude is comparable to that of highly ordered systems
such as thiolate self-assembled monolayers (SAM) on Au(111).
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In Chapter 4.1 ultrathin IL films were deposited on an Au(111) single crystal. The aim of this
study was to gain fundamental insights into the electronic interaction between the IL and the
metal support, the molecular arrangement of the IL at the surface and the growth
characteristics of the resulting IL films. Three different ILs were deposited on an Au(111)
surface and it was found that the charged moieties of anion and cation occupy the surface in
equal amounts, i.e. they adsorb next to each other. Furthermore, it could be shown that the IL
molecules show a ion-dependent chemical shift when in direct contact with the surface and
that the ILs growth proceeds in a layer-by-layer fashion. In Chapter 4.2, a selected IL was
deposited on a reactive Ni(111) surface, where, in analogy to the Au(111) experiments, elec-
tronic interaction, molecular arrangement and growth behaviour were analysed. While slightly
different growth characteristics were observed, a largely different interface arrangement of the
IL was found for the IL/Ni(111) system. Moreover, the reactivity of the surface upon oxygen
exposure was investigated for both coated and pristine Ni(111). Different IL growth beha-
viour was found when thin IL films were deposited on a native glass sample, where, after
formation of a wetting layer, droplet formation occurred. The results from the IL/silicate
interface are presented in Chapter 5, along with approaches to modify the surface in such a
way that more uniform IL coatings on glass can be achieved.
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2 Fundamentals and Techniques

2.1 X-ray Photoelectron Spectroscopy (XPS)

Photoelectron spectroscopy makes use of the photoelectric effect, which was discovered in
1887 by Hertz and explained by Einstein in 1908/hen a material is irradiated with light
whose energywhexceeds the material’s work function (usually a few electron volts, depend-
ing on the sample material), electrons are ejected from the material. The photoelectron leaves
the sample with a defined kinetic energy, BEwvhich can be measured with an energy disper-
sive electron analyser (e.g., a hemispherical analyser). Through knowledgg of the
photoelectron, the binding energy (BEy Eelative to the vacuum level can be calculated
according to the Einstein equation:

Eg = hv — Eyin (1)

While for gas phase species equation (1) is valid, for condensed matter the work functions of
both the sampleg, variable) and the electron analyse{; constant) have to be considered

as they influence &, (see Scheme 2.1 for details). This reference problem is usually
overcome by calibrating the spectrometer to the Fermi level of the (conducting) sample,
which can be achieved by direct measurement of the Fermi level (for example in the case of
Ni) or a characteristic signal of high intensity and narrow natural line width (such as the
Au 4f;; level), leading to Equation (2):

Eg =hv — Eyin — ¢spec =hv — Eeff (2)

kin
In the absence of such a defined reference level, other arbitrary internal reference levels can
be defined, in most cases leading to less accurate absolute BE positions.

E A
Fy
hv Ein Egin R
I.lllml - I

ll\S /4 E Eyac 'llﬂ

Fermi level :: E
Valence
band

Eg

Core levels

g =
i

Scheme 2.1: Schematic energy diagram for X-Ray photoelectron spectr§&€opy.
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During the photoemission process, interactions of the photoelectrons with the surrounding
matter can take place. Typical interactions are inelastic scattering, vibrational or other
electronic excitations. A photoelectron may undergo multiple "energy loss events" leading to
both lower kinetic energies of the primary electron and also the generation of secondary
electrons, resulting in a superimposed background signal. The spectral lines observed in a
typical XP spectrum, however, are due to the discrete energy values of the core levels of the
elements present in the sample, therefore making XPS an element specific technique.
Furthermore, each core level has a constant excitation cross section atvgwach allows

for quantitative analysis, also leading to the expression "electron spectroscopy for chemical
analysis" (ESCA). Quantitative analysis is possible when the transmission function of the
electron analyser is known, which can be easily calibrated by using ILs such as
[C.Cilm][Tf2N], due to the presence of a variety of different elements evenly distributed over
the whole BE range probed by a standard x-ray gun. As signal and background intensity are
dependent of a variety of parameters such as sample position (with respect to both x-ray gun
and analyser), photon flux and detection angle, correction factors can be applied to
compensate for intensity variations and therefore allow for quantitative comparison of spectra
taken at different detection angles (see befSwA.typical XPS survey spectrum of a clean
Au(111) single crystal and an ionic liquid, in this caseC@m][Tf,N], is shown in

Figure 2.1.

oo ' ' | aua1a)

1000 800 600 400 200 O
11CC,Im][T,N]

Intensity / arb. units

1000 800 600 400 200 O
Binding Energy / eV
Figure 2.1: XPS survey scans of an Au(111) single crystal and the@.I[a][Tf,N].

Although the core electrons of an atom are not directly involved in a chemical bond, they are
still influenced by the chemical surrounding of the atom. Consequently, the BE depends on
the chemical state of a compound, leading to a chemical shift of the core level signal, which
can amount to BE shifts of several eV. Typically, this effect can be divided into so-called
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initial state and final state effects. The terms initial and final state refer to the respective
energies in the photoemission process resulting in the measuf®d BE:

By =B} —E} 3)

with: EN  : Energy of the initial state with N electrons
Ef~' : Energy of the final state with N-1 electrons.

A typical initial state effect is given by a permanent partial charge at the emitting atom, for
example through chemical bonding to another atom. When this atom is probed, the kinetic
energy of the emitted photoelectron is higher for a negative and lower for a positive partial
charge, due to higher/lower Coulomb interactions. A typical final state effect is a more
efficient screening of the core hole or more efficient relaxation by surrounding electrons.
Such more effective screening leads to a higher kinetic energy of the photoelectron as the
positive core hole is not interacting as strongly with the emitted photoelectron, resulting in a
lower BE value. Another feature in XP spectra is the appearance of "shake off* and "shake
up" satellites, which can also be assigned to the subgroup of final state effects. A more
detailed description of these phenomena can be found in Refef&rfde¥ Furthermore, an
excited core hole created in the photoemission process can undergo an Auger decay resulting
in an Auger electron with a characteristic kinetic energy independent of the incident photon
energy. Therefore, Auger peaks are a common (but often undesired) feature in an XP
spectrum, as can be seen in Figure 2.1.

The excited photoelectrons have a very high cross section with condensed matter, which
makes XPS an inherently surface sensitive method. Due to inelastic scattering processes
described above fewer electrons from deeper layers can leave the sample surface without
undergoing some kind of energy loss process. The mean distance an electron can travel
without an inelastic scattering event is given by the inelastic mean free\ pathich is a
function of the kinetic energy of the respective electron and also depends on the nature
(atomic number and density) of the material it passes through. For the organic materials and
the kinetic energies used in this stullyis estimated to be 2—3 nth.>® The maximum
information depth of 6-9 nm can be calculated from Equation (4), where the original signal
intensitylo is damped tdg when covered by an overlayer of a certain thickdess

-d
Iy=1Iy-e /rcoso (4)
with & electron take-off angle with respect to the surface normal

Equation (4) can also be used to estimate the film thickness and to analyse the growth
behaviour of a compound deposited on top of a support material. For strict layer-by-layer
growth a polygon-like behaviour along the exponential line should be observed, as until
completion of one closed layer (with a defined thickness given by the dimensions of the
deposit), a linear decrease should be observed until the next layer starts to grow {$é&m Ref.

details). Further information on the growth behaviour can be extracted when measuring in an
angle-resolved XPS (ARXPS) setup. In ARXPS the surface sensitivity can be enhanced by
the cosine of the electron take-off angle relative to the surface normal, as depicted in
Scheme 2.2. By comparing the signal damping in normal and grazing emission, the growth
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behaviour can be analysed in such a way, that it is even possible to distinguish between
Frank-van-der-Meerve (layer-by-layer growth) and Stranski-Krastanov (2D-wetting layer
followed by island growth) growth mechanisms, which will be shown in this thesis (see
Chapters 4 and 5).

0° 80°
normal emission grazing emission

d’=d cos 9

Scheme 2.2: lllustration of the ARXPS setup. The information depth d’ results from the cosine of the tilt angle
with respect to the surface normal, therefore at 80° the surface sensitivity of XPS can be enhanced by a factor of
SIX.

However, ARXPS is not only advantageous for the determination of the growth behaviour of
deposits. In fact, it is a very powerful tool for the investigation of surface enrichment effects
within the top most layers of a compound, which is achieved by comparing the relative
normal and grazing emission intensities of the species (i.e., an element or parts of a molecule)
present in the topmost layers of the sample. If the grazing emission intensity of a certain
speciesA is increased at the expense of another sp&iesmpared to the XPS intensities
under normal emission geometry, it can be concludeditisenriched at the surface. This is
elucidated in Figure 2.2, where the enrichment of theatkyl chain of [G¢CiIm][Tf.N] is
compared to the non-enriched oligo(etherglycol) chains of [Mef&G»][TfN].*
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Figure 2.2: Comparison of ARXP spectra of a);dGIm][Tf,N] and b) [Me(EG)C,Im][Tf,N]. In a) an
unambiguous increase off; and a concomitant decrease af,&n and Geero i Observed in 80° emission. For

b), however, no relative changes are observed. For a detailed assignment of spectral features in the C 1s region,
see Chapter 2.2, for a more detailed discussion of the surface structurgGfniffTf,N] ILs, see Re¥ and

Chapter 3.2. Note, that the 80° emission data have been normalized using a geometry factor to allow for visual
comparison, see R&ffor details.

2.2 lonic Liquids

As already mentioned in the Introduction, ILs are a new class of materials with unique
physico-chemical properties. The concept of molten salts, however, has been around for a
long time and it has been shown that in some well-established industrial processes (vanadia-
based catalysts for sulphuric acid production and flue gas cleaning, s@eaRefreferences
therein) the heterogeneous catalyst is in fact a molten salt under reaction conditions. Also, in
aluminium smelters, a eutectic mixture of alumina@) and Kryolithe (Ng/AIFg]) is used

as the electrolyte from which metallic Al is cathodically deposited. However, examples for
the use of molten salts are rare and usually require high energy input (due to the high melting
points). In addition, high temperature salt melts are usually strongly corrosive and thus
extremely hazardous and difficult to handle. While the first representative of a room
temperature IL (RTIL) was synthesized and characterized almost 100 years ago by Paul
Walden®® it was not until the late second half of thé"a@ntury that the potential of these
materials was recognized and the term "lonic Liquid" was coined. While the early generation
of ILs still had numerous disadvantageous properties such as air- and water-sensitivity,
research efforts by Wilkes led to the development of easy-to-handle air- and water-stable
|LS.57’ 58

After this, as ILs became readily available to a lot of fields, IL research progressed into
new realms. Already after a few years a broad range of IL-based research fields had
developed, which is mainly due to the fact that because of the diversity of possible IL
structures an almost unlimited number of different ILs can be synthé3iéis led to the
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terms "task-specific" ILs and "designer solvents" and accounts for the fact that by changing
the chemical structure of an IL the physico-chemical properties can be adjusted according to
the boundary conditions given by the desired application. An overview of a few common
cations and anions that ILs can be composed of is shown in Figure 1.1.

Although the structural diversity has enormous and exciting potential for future
applications, it is also disadvantageous from a fundamental point of view. The physico-
chemical properties of ILs can be tuned in such a wide range and are therefore so manifold
that so far quite often a thorough understanding of the structure-performance relationship is
lacking and systematic trends have yet to be developed. However, in the fields of fundamental
IL research addressing the physico-chemical properties of ILs there is one IL, namely
[ChCilm][Tf2N], which could be considered the "guinea pig" of IL research, being by far the
best-investigated IL system. Also in this thesis, mainly imidazolium-based ILs are inves-
tigated; in Chapter 3 KCiIm]*-based cations are paired with different anions, while
[ChCilm][Tf2N] is, apart from one pyrrolidinium IL, exclusively used in Chapters 4 and 5. An
overview of the ILs used in this thesis is given in Table 2.1 in the Experimental section. As
the imidazolium cation and the pN]™ anion are mainly used, some important fundamental
properties of these two ions shall be reviewed followed by a brief description of their “bulk”
XP spectra.

Starting with the imidazolium cation, the most striking feature in its chemical structure is
the aromatic ring system, where the positive charge is delocalized leading to a relatively low
average charge density. This property is of fundamental relevance for forming an IL, as it
prevents build-up of a stable crystal lattice by allowing multiple low energy conformations.
Delocalized positively charged moieties are found for a variety of other cations. Another
structural motif leading to reduced melting points is found in systems, where the positive
centre is surrounded by bulky alkyl substituents (i.e.JNRwnd is thus sterically inaccessible
by the anion. For the imidazolium cation, alkyl chains of usually different length (usually one
methyl group ih=1) and one alkyl chain with<dn < 10) are attached to the two nitrogen
atoms. The positive charge does not penetrate very far into the alkyl chain, resulting in a
rather neutral part of the ion (see also Chapter 3.1 for a detailed discussion). While generally
distinct alterations in the physico-chemical properties of an IL can be achieved by changing
the ion backbone, i.e., the cationic headgroup/charged moiety of the cation and by changing
the anion, fine tuning of the resultant IL is usually achieved by changing the length of the
alkyl chains attached to the ionic part of the cafioma further step, functional groups can be
introduced into these side chains leading to even more structural diversity and higher
abundance of individually tuneable properties.

For imidazolium-based ILs, three main intermolecular interaction modes with the counter
ion (or other species such as dissolved molecules or surface atoms in contact with the IL) can
be identified: Coulombic, dispersive and hydrogen-bonding interactions. Coulombic inter-
actions are long range interactions that fall off with 1/r, leading to some kind of long range
order, even in the liquid phase of ILs. Dispersive forces are of much shorter range and taper
off with 1/1°, yet, theoretical calculations show that dispersive interactions play a crucial role
for the liquidity of ILs as they create more shallow energy potential curves compared to solid
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salts such as Na®{.The dispersive interactions discussed here actually address dispersive
forces within the charged regions of the molecules, as they are usually large and have a
strongly delocalized excess charge. Contributions through dispersive forces by the alkyl
chains—usually referred to &an der Waalsnteractions—have to be taken into account, too;
however, these interactions eventually lead to increased melting points. Therefore, the
influence of alkyl chain length on the melting point of the IL has to be subdivided into two
parts, namely the symmetry breaking region ranging frgrC&where decreased melting
points are observed, and the hydrophobic regi@, where melting points are drastically
increased due to increasing dispersive forces between the alkyl ththie imidazolium-

ILs with short alkyl chains (n < 4) have a homogenous structure with alternating ions, it was
shown that for longer alkyl chains domains develop where non-polar alkyl chains and charged
headgroups segregate and create micro-heterogefiéifiis concept holds true for all ILs
containing longer aliphatic carbon chains. A similar trend is observed for the IL/vacuum (and
the IL/air) interface, where for 4 an alkyl-dominated surface layer develops, as has been
shown in a recent XPS study performed by our gfBufherein, it could be shown that for
[C.CiIM][Tf2N] (with 1 < n< 16) stronger surface enrichment of the alkyl chain is found with
increasing alkyl chain length (see Figure 3.14 in Chapter 3.2). Hydrogen bonds have—as the
name implies—a localized bond-like structure and have to be considered in imidazolium ILs
because the proton in the @osition of the imidazolium ring exhibits a certain acidity {pK

~24 for [GCiIm]* %% compared to ~16 for EtOH and > 40 for butane). A measure for the
hydrogen bond donor ability of the cation is given by the Kamlet-Taft parameionethe-

less, the extent to which hydrogen bonding can take place also depends on the nature of the
anion, i.e., its hydrogen bond basicity (Kamlet-Taft paranf&tewhich is closely related to

the availability of localized electron lone pairs and therefore increases with decreasing
strength of the conjugate acid of the anion. Further aspects dealing with electrostatic and
hydrogen-bonding forces in imidazolium ILs are discussed in more detail in Chapter 3.

The [TEN]™ anion with its very bulky yet highly flexible low symmetry structure (apart
from one conformer with £symmetry, all other structures have €/mmetry) has the
negative charge distributed fairly evenly over the wholeS[N-SQ] moiety of the molecule,
with slightly less charge density at the electron-withdrawing @®ups®® Furthermore,
access to the [S-N-Stentre is hindered due to steric shielding by the surrounding triflate
groups? There are a number of low energy conformations leading to a variety of almost
energetically degenerate conformations at room temperature, which help to prevent the
formation of a stable crystal lattice, eventually leading to reduced melting points. Broadly
speaking it can be said that j~-based ILs are rather hydrophobic, chemically inert and
thermally stable, and are therefore most widely dsedXPS, as derived from our own
experience, [TAN]-based ILs exhibit relatively few X-ray radiation-induced decomposition
effects compared to other anions such as)|[Bét [FAP]. Also, no water adsorption on the
IL surface or in the IL bulk is observed during XPS, which can be the case for strongly
hydrophilic ILs such as [{€CnIm]CIl. Furthermore, [TiN]™ ILs can be evaporated under UHV
conditions well below their decomposition temperature and are therefore ideal candidates for
the IL-PVD process used in the thin films experiments presented in Chapters 4 and 5.
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At this point, it seems relevant to discuss the spectral features that a prototypical IL used
throughout this thesis, namely GIm][Tf,N], gives rise to in XPS. In Figure 2.3 a survey
scan of [GC,Im][Tf2N] is shown, along with the detailed core level spectra of all IL-related
signals. The F 1s, O 1s and S 2p regions only show anion-related signals with BE values of
~689, 532 and 169 eV, respectively. The asymmetric structure of the S 2p peak is due to the
2:1 spin-orbit splitting inherent to 2p orbitals, in the case of sulphur amounting to a peak
separation of 1.2 eV. The C 1s and N 1s regions, however, contain multiple signals that can
be assigned to both cation and anion and are therefore of utmost value when analysing the
surface structure with regard to enrichment effects. More specifically, in the N 1s region two
signals with a ratio of 2:1 are observed. The 402 eV feature is attributed to the two
imidazolium nitrogens (exhibiting identical BE values irrespective of their slightly different
chemical environment) and is therefore labelledidN The peak around 399 eV originates
from the imidic nitrogen of the anion and is accordingly namggNFor the C 1s region a

more complicated structure is observed which shall be discussed in more detail in the
following paragraph.

For [GCiIm][Tf2N] three main features can be clearly distinguished in the C 1s region
with BE values of ~293, 287 and 285 eV. Due to the chemical structure of GeniT
cation four chemically non-equivalent carbon species are present (species 1-4, see
Figure 2.3). An additional carbon species is derived from the anion, resulting in five
chemically different species (shown in the fit analysis of the upper C 1s spectrum of
Figure 2.3b). Due to the limited energy resolution all carbon species of the imidazolium ring
bonded to nitrogen atoms give rise to the feature observed at ~287 eV. As is illustrated in the
lower spectrum of Figure 2.3b, we therefore coalesce these three species (2—4) into one
carbon signal (slightly broader, see experimental section for details), labglgd The
high-BE feature is assigned to thes@ffoups of the anion (5) and is accordingly callgg.&
The signal at ~285 eV originating from the aliphatic carbons (1) of the alkyl chain is named
Calkyl-
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Figure 2.3: Overview over XP survey (a) and core level spectra ¢&,[@][Tf,N]. In the C 1s region (b) two
different fitting procedures are shown. The upper spectrum is fitted according % Wieile the latter portrays

the fitting protocol used in this thesis (for details, please see text). In the C 1s spectrum three main features can
be seen which correspond to aliphatic carbon (~285 e)y)C carbon atoms bonded to nitrogen atoms
(~287 eV; Geter9g and the CEk groups of the anion (~293 eVi.fern). In the N 1s region (c), two peaks are
observed, of which the high BE signal corresponds to the two cationic nitrogen atoms (~4Q2#V wKile

the low BE signal is attributed to the imidic nitrogen of the anion (~399 g¥,)NThe F(~689 eV), O(~532 eV)

and S(~169 eV) atoms (d-f )of the anion are all chemically equivalent and give rise to one single signal, whereas
the S 2p signal is spin orbit split by 1.2 eV.

With this procedure an unambiguous assignment of all IL-related signals is achieved and will
be used as presented here throughout this thesis. The subsumption,gfailhtd one peak

does not only allow for a very intuitive interpretation of ARXPS results but also yields a
highly reliable quantitative analysis, which is partly due to the fact that the amount of fit
constraints are reduced to a minimum.
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2.3 The UHV Apparatus

The aim of this chapter is to introduce the reader to the UHV apparatus used in this thesis.
The general setup of the chamber is explained and new additions and alteration made to the
chamber are briefly discussed.

EscaLaB 200: The EscALAaB 200 system is a standard UHV chamber composed of an
analysis chamber, a preparation chamber and a sample transfer system through which samples
can be introduced into the UHV system. To the preparation chamber are fitted a sputter gun
for sample cleaning by Arion bombardment, an IL evaporator system and a quartz-crystal
microbalance (QCM) for IL flux control. Furthermore, low energy electron diffraction
(LEED) optics and a gas dosing system are attached. The analysis chamber is equipped with a
concentric hemispherical electron energy analyser (CHA) for measuring the kinetic energy of
the photoelectrons and a non-monochromatised dual anode X-ray gun generating either Al-K
(hv = 1486.6 eV) or Mg-K (hv = 1253.4 eV) radiation. Furthermore, a UV lamp and an
electron gun are attached for UP and Auger spectroscopy, while a quadrupole mass spectro-
meter allows for detection of desorbing species during heating or photon-induced desorption
from the sample surface. The setup of the chamber is depicted in Scheme 2.3.

CHA-
Analyser

Titanium
Sublimation
Pump

Rotary Vane
Pump

Preparation
Chamber

Analysis
Chamber

Getter Pump

Turbo
@ Molecular
Pump
Pressure
Sensor

%X Separation
Valve

QCMm

Sputter Gun

Scheme 2.3: Diagram of thes€aLAB200 spectrometer in its current state.

The general setup of the chamber in its original (analysis and load lock chamber) and
modified (preparation chamber upgrade) state has been thoroughly discussed ef§effhere.

In the course of this thesis a few major modifications were made. Firstly, the old
EscaLaB 200 MK Il CHA was replaced by a new V&IBNTA R3000 analyser. In addition,

the former X-ray gun was replaced by ReSs XR50 featuring an additional water-cooled
shroud to minimize heat transfer from the x-ray anode to the sample surface. For IL thin film
preparation a detachable IL evaporator system was installed, allowing for IL exchange and
separate baking of the evaporator unit. Finally, a new sample holder system was designed and
installed meeting the specific needs for both the current and future IL research planned in our
group. While the new CHA was characterized elsewfebeth the evaporator unit and the
sample holder system will be reviewed below.
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IL Evaporator: Compared to standard thermal evaporator systems, an IL evaporator has to
meet a number of specific criteria to provide the desired performance. The most important
aspects are that (i) the evaporator can be installed in a way, that the IL will not drip out, (ii)
creeping of the IL inside the evaporator is avoided, (iii) the evaporator unit can be cooled
during bake-out, as the IL evaporation temperature is in the range of the bake-out
temperatures (~160 °C), (iv) the evaporator unit can be attached and removed without venting
the chamber. The above-mentioned criteria were satisfactorily met by choosing a setup as is
displayed in Figure 2.4.

Figure 2.4: Sketch and photo of the IL evaporator setup. With this setup the evaporator can be detached from
the chamber, for refilling or change of IL. Furthermore, the IL can be introduced to the chamber after bake-out,
which is a crucial point as the IL evaporation temperature lies in the range of the bake-out temperature.

For the evaporator unit a commercially availabieeTRA WKC3 high temperature Knudsen

cell was chosen, which has a cooling shroud and a tight-fitting shutter assembly. The shutter
assembly was slightly modified by inserting an additional aperture to avoid excessive
creeping of the IL within the evaporator. Detailed drawings and measurements of the
evaporator unit as well as the modified parts can be found in the Appendix, Chapter 9.1.1.
Using a separate pumping unit and pressure sensor, a gate valve and a z-transfer on which the
evaporator is mounted, the whole setup can be separated from the main chamber. This setup
allows for separate baking of the evaporator (at moderate baking tempera2@€C) and

fast IL refill/lexchange. Temperature control is achieved by a type-K thermocouple linked to a
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EUROTHERM 2261 PID controller. The evaporation rates are monitored using a QCM mounted
on a rotatable feedthrough which can be pivoted directly into the IL beam.

Sample Holder System:Certain improvements to the old sample holder system were
necessary to successfully pursue future research goals. Regarding the old sample holder
system, three main disadvantages occurred when using it for the IL research conducted in this
work. Firstly, the absence of reliable temperature reading (thermo couple only mounted on the
side of the manipulator head) directly on the sample was found to be a major drawback, as it
is necessary to both accurately determine the IL temperature when heating or cooling the
sample but also when annealing the single crystals used for the thin film experiments. A
further disadvantage of the former system was that the sample was positioned rather loosely
in the sample holder. Therefore, when tilting the sample to 80°, tipping of the sample
sometime occurred leading to erroneous sample positions and reduced signal intensities. To
summarize, the main requirements for a new sample holder system were found to be (i)
reliable and fast sample transfer paired with a firm and reproducible sample position in the
manipulator, (ii) stable and accurate temperature reading directly on the sample, (iii) the
option to install a three electrode setup to be able to perform in-situ electrochemistry in future
projects, and (iv) the possibility to efficiently cool (good thermal contact tp ddéling of
manipulator) and heat (both heating filament and electron bombardment for high-temperature
annealing) the sample. After assessing the requirements a completely new design of sample
holder, manipulator head and transfer system was developed. In the sample holder setup
presented in Figure 2.5 all of these requirements are met satisfactorily. By using the pin-
shaped spring contact two major issues—firm mechanical interlock and both thermocouple
and electric connection of the sample—could be solved at once. The sample transfer system
offers an easy yet reliable and robust transfer mechanism. Compared to the former sample
holder system cooling is much more efficient, resulting in sample temperatures as low as 90 K
(using liquid nitrogen as cooling agent) as compared to 130 K achieved with the old sample
holder. Also, electron beam heating works much more reliably with the new sample holder
system, where in first tests with a Ni(111) single crystal temperatures of ~1200 K could be
achieved easily. The detailed construction drawings are compiled in the Appendix section,
Chapter 9.1.2.

Figure 2.5: Sketch (a) and pictures (b-d) of the sample holder system. The pins on the sample holder and the
spring-loaded counter-notches (b) fitted to the manipulator head are made of type K thermocouple material.
Once inserted into the manipulator, the springs push the sample holder back into its locked position (c), which
guarantees both good electrical contact as well as firm and accurate mechanical interlock.
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2.4 Experimental Aspects

Throughout this thesis a variety of different sample preparation methods as well as different
analysis methods and UHV components were used. Therefore, specific experimental aspects
are provided in the corresponding sections. In addition, a few fundamental experimental
aspects will be discussed to give the reader a basic insight into the methods employed.

lonic Liquids: In this work a variety of ILs were used, therefore an overview of all ILs
studied is given in Table 2.1. §CIm][Tf,N], [CsC1Im][Pf2N], [CsC1Im]CI, [CoCiIlm][Tf2N],

and [GCiIm][Tf,N] were synthesized under ultra-clean conditions by Natalia Paape in the
laboratories of Peter WasserscheidgG@m]l was provided by Alasdair Taylor from the
Licence group at University of Nottingham, whileg{izIm][NO3] was synthesized by Ralf
Lungwitz from the Spange group at University of Chemnitz. The above-mentioned ILs were
synthesized under the premise of utmost purity and characterized by a variety of spectros-
copic methods, including NMR spectroscopy, Karl-Fischer titration, thermal gravimetric
analysis (TGA), and density and viscosity measurements. The Ik€1IQ[FAP],
[CsCiCilm][TF2N] and [GCiCilm]Br were kindly given by Merck, while [§C:Im]Br and
[CsCilm][PFs] were purchased therefrom. JGIm][BF4] and [GCilm][TfO] where pur-
chased from Sigma-Aldrich, whereas,@Pyrr][Tf.N] was purchased from loLiTec. The
Merck-ILs were synthesized in small batches, also enforcing ultra-clean statfdBindslLs

from Sigma Aldrich had specified purities of > 95% forg@dm][BF4] and > 97% for
[CsC1IM][TFO], while the IoLiTec IL was specified as >99% pure. All ILs were used as
obtained.

Table 2.1: Overview of al ILs investigated in this thesis. Displayed are their label used throughout this thesis,

their chemical structure, IUPAC name, and the chapter in which the respective IL is investigated.

Label Structure Name Chapter #
e . . o .
[C.Cym]C] N/C)\N o 1-methyl-3 oct.yI|m|dazol|um 3
N Se chloride
—|© .. .
I\ o 1-methyl-3-octylimidazolium
[C8C1|m]Br N N K 3
N Sepy bromide
/a\ ° 1-methyl-3-octylimidazolium
CeCilm]l O\ © y Y 3
[ ] -
- \/ CgHy7 |Od|de
j@ .. .
/7 7\ ) 1-methyl-3-octylimidazolium
CgCiIm][NO NOs 3
[CeCalmiINO] /NQ/N\CW nitrate
(CaCAIMI[BF ] ~ 0 1° 1-methyl-3-octylimidazolium 3
m N N By
ot b TN e R tetrafluoroborate
_|® _le
[CoCm][PFS] J \ 2 IF\\\\\F 1-methyl-3-octylimidazolium 3
m ~ ~ g
ot ¢ N e F’L\F hexafluorophosphate
j@ j@
CN \0\ 1-methyl-3-octylimidazolium
[CeCyIm][TFO] " N 3

trifluoromethylsulfonate
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Label Structure Name Chapter #
/O\ e o |° °| o 1-methyl-3-octylimidazolium
CoCalm][TEN] A o~ e 3,4
[CoCAmIITEN] S, 7 T, bis[(trifluoromethyl)sulfonyllimide
1-methyl-3-octylimidazolium
CeCLMI[PEN] @) e e
[CoCalmil TINF N 2NN, bis|(pentafluoroethyl)sulfonyl]imide
\ ¢ T . C_|@ 1-methyl-3-octylimidazolium
,, | WNCF2CF3 .
[CeCUM][FAP] "\, - |\cpchs tris(pentafluoroethyl)- 3
CFaCFa trifluorophosphate
_|®
N’O\N Br 1,2-methyl-3-octylimidazolium
[C4CiC1Im]Br - e _ 3
Y o bromide
@ <)
[CsC1CiIm] IC N B FiC ﬁ O| c;\ 1,2-methyl-3-octylimidazolium
/N NG \s S/
[Tf,N] Y CaHtir I TN, bis[(trifluoromethyl)sulfonyl]imide
[C4C,Pyrr] / '\N/CAJ@ Fe | E/cje 1-Butyl-1-methylpyrrolidinium 4
[Tf,N] \ 7N, bis[(trifluoromethyl)sulfonyllimide
O Tl fe” 13-dimethylimidazolium
C,C,Im][Tf,N N N TN s 4,5
[CoCUmILTEN] 5 7NN, bis[(trifluoromethyl)sulfonyljimide
y/an\\ e cel T i Ci@ 1-ethyl-3-methylimidazolium
[C,C,Im][TFN] /NQN\CH 3>/J\ /5‘\< 3 y y 5

bis[(trifluoromethyl)sulfonyl]imide

Sample Preparation:In the following a brief introduction to the standard sample preparation
procedures is given. Detailed aspects or specific preparation steps for particular experiments
are provided within the corresponding chapters.

lonic liquid films: Macroscopically thick IL films (thickness ~0.1 mm) were prepared by
depositing the corresponding IL onto a planar gold foil, which had previously been treated
with acetone and isopropanol in an ultrasonic bath, and had been stored in an oven at 70 °C
for drying®® In the load lock chamber of the XPS apparatus the IL samples were carefully
degassed at a pressure of ~1 % hibar to remove residual water and other possible volatile

impurities®’

Single crystal surfaces: The Au(111) and Ni(111) single crystals were both purchased from
MATECK GmbH, with specified purities of 99.999% and 99.99%, respectively. Both crystals
were polished on one side and aligned to the (111) plane to better than 0.1°. They were both
of square shape with dimensions of 11 x 11 x 2nwith spark-eroded holes along two sides
allowing for sample mounting with Ta wires as is shown in Figure 2.5 anf’.Redr the
Au(111) single crystal sample preparation was performed by sputtering the sample with
600 V Ar ions followed by annealing to 800-900 K for 5 min. The Ni(111) was sputtered
with 1 kV Ar" ions and heated to 1100—1200 K for about 1 min. To avoid surface segregation
of sulphur during the cooling process, the Ni(111) sample was additionally cooled with LN
Surface cleanliness was checked with XPS, while long range order of the surface was
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monitored with LEED, where for Au(111) the typical (233) "herringbone" superstructure
was observed. For clean Ni(111) very sharp (1 x 1) reflexes without superstructure were
observed.

Suprasil glass samples: Suprasil 300 fused silica samples were kindly provided by M.
Scharrer from the MPI Erlangen. They were obtained frarAdus as 1 mm thick disks of

d = 25mm and fitted to the sample holder by cutting down to dimensions of 15 x 42 mm
This was followed by thorough cleaning with acetone and isopropanol in an ultrasonic bath
and storing in an oven at 70 °C until further use. All subsequent surface modifications carried
out are specifically discussed in Chapter 5. For mounting the samples on a sample holder,
tantalum strips were used as is shown in®Ref.

Thin film preparation: IL thin film deposition was achieved by thermal evaporation of the
respective IL using the evaporator setup discussed above. After degassing the empty
evaporator crucible at 1200 K, the IL was introduced into a pyrolytic boron nitride (PBN)
crucible and fitted to the evaporator. The evaporator unit was slowly pumped down with open
shutter followed by moderate baking €120 °C) while simultaneously "cooling" the
crucible with 60 °C hot water. After bake-out the evaporator was held at 380 K for at least 4
hours to degas the IL, again with the shutter opened. During IL deposition the temperature
was set between 420 and 440 K, depending on IL and desired evaporation rate (see
Chapter 4.2 for details). Deposition rates were estimated using the attenuation (damping) of
the Au 4f XPS signal of the Au(111) single crystal. Consistency of the deposition rate was
regularly monitored with QCM measurements.

XPS measurements and data evaluationGeneral aspects relevant for all studies of this
thesis are discussed in the following, while procedures only relevant to individual chapters are
discussed therein.

XPS measurements: XP spectra were taken with a #IEB 200 spectrometer using non-
monochromatised Al-Kradiation (lv = 1486.6 eV). For the core-level spectra pass energies
were set to low enough values (depending on which analyser was used, as will be specified in
the respective chapters), so that the resulting overall resolution of ~0.9 eV was given mainly
by the natural line width of the non-monochromatised Alr&diation. At the kinetic energies

used (800-1400 eV) the inelastic mean free path (IMFP) of photoelectrons in organic
compounds is in the range 2—3 Af.herefore, measurements at 0° average over several ion
layers of the near-surface region (information depth, ID: 5-9 nm, depending on the kinetic
energy), while for 80° emission the surface sensitivity is enhanced by a factor of six resulting
in an information depth of around 1-1.5 nm, with the majority of the signal originating from
within the first molecular layer.

Data evaluation: For the two different CHA analysers slightly different data analysis
procedures were used. For the old analyser, the spectra were directly imported into Origin 7.5
and fitted using Gaussian functions after linear background subtraction. For the new R3000
analyser, the raw data were analysed with the Casa XPS software, where for peak fitting a
combination of Gaussian and Lorentzian lineshape at a ratio of 70:30 was used, leading to
slightly better fits without affecting the quantitative analysis; indeed, within the margins of




22 2 Fundamental & Experimental Aspects

error, both methods provided identical results for quantitative analysis done in this thesis. For
[CsCiim]” ILs the C 1s spectra were fitted with the constraint of full width half-maximum,
fwhm(Cheterd = 1.11 x fwhm(Guiy), in accordance with previously published restitén

some case, as will be specified were it applies, it was necessary to account for slight charging
phenomena (+ 0.15 eV), which have been observed and discussed preVidhshefore, the
spectra were shifted in a way that Be(g) = 285.0 eV. Please see Chapter 3.1 for a detailed
discussion. For film thickness calculations a constant value of 3 nm for the IMFP of the
recorded photoelectrons was assumed for systems where the kinetic energy of the photo-
electron is ~1200 eV (Au 4f and Si 2p), according to Refor kinetic energies well below

1000 eV (such as the Ni2p signaki,E-640 eV), however, the IMFP value of 3 nm was
adjusted by dividing by a factor of 1.83 (as estimated from IMFP calculations for organic
materials for 1200 and 650 eV, see Bgfwhich provided reliable results.
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3 Pure Ionic Liquid Systems

In this chapter macroscopically thick IL films were investigated with regards to their bulk
electronic structure and their surface composition. The (AR)XP spectra of JeqniT-

based ILs were analysed while the anion was systematically varied. In Chapter 3.1 the bulk
electronic structure and ion-ion interactions are examined, whereas Chapter 3.2 deals with the
surface structure of these systems.

3.1 Electronic Structure and Interionic Interactions in [CgCiIm]*-
based Ionic Liquids

The results presented in this chapter where performed in a joint collaboration with the groups
of B. Kirchner (Leipzig) and P. Wasserscheid (Erlangen) within the DFG priority program
SPP 1191 "lonic Liquids" and were published in the following artfcle:

Towards a Molecular Understanding of Cation—Anion Interactions—Probing the Electro-
nic Structure of Imidazolium lonic Liquids by NMR Spectroscopy, X-ray Photoelectron Spec-
troscopy and Theoretical Calculation§. Cremer, C. Kolbeck, K. R. J. Lovelock, N. Paape,

R. Wolfel, P. S. Schulz, P. Wasserscheid, H. Weber, J. Thar, B. Kirchner, F. Maier, and H.-P.
Steinrtick,Chem. Eur. J 2010,16, 9018-9033.

As mentioned in the introductory chapters, ILs have been labelled "designer solvents" for
the exciting prospect of tailoring their physical properties by using the appropriate cations and
anions as building blocks, thereby combining their individual properties to obtain the desired
IL. It has indeed been shown that trends for groups of compounds exist, which—to a certain
extent—makes it feasible to predict the physical and chemical properties for a chosen
combination of cation and anidfh.”* However, the simple picture of superimposing proper-
ties of the individual ions does not hold true. Anion and cation will always interact in a
specific way leading to a unique combination with specific properties. In order to evaluate the
predictive power and the uncertainties of this "superposition" approach, one has to understand
the nature of different interactions between cation and anion the respective IL. In this chapter
the interactions between the IL ions were investigated to gain a thorough understanding of ILs
and their interionic structure formation and interaction mechanisms. Therefore, ten
[CgCilm]*-based ILs with anions GIBr, I, [NOs], [BF4]~, [TfO]", [P, [TfN], [PfN]
and [FAP] and two [GC;Cilm]*-based ILs with anions Band [TEN]™ were characterized
using a combination of XP and NMR spectroscopies, and theoretical calculationsMvhile
NMR spectroscopy was found to specifically probe the hydrogen bond interactions between
cation and anion, the XPS measurements provided first direct experimental evidence for
cation/anion charge transfer phenomena in ionic liquids as a function of the ionic liquid’s
anion. These charge transfer effects have been found to be surprisingly similaCiom]C
and [GC,Cim]" salts of the same anion, which in combination with the theoretical
calculations leads to the conclusion that hydrogen bonding (H-bonding) and charge transfer
occur independently from each other. They are both more pronounced for small and more



24 3 Pure IL Systems

strongly coordinating anions and greatly reduced in the case of large and weakly coordinating
anions.

3.1.1 General Considerations

Apart from coulomb forces, dispersive and inductive interactions as well as H-bonding type
interactions play a considerable role in f2s’?In particular for the intensively studied class

of imidazolium-based ILs, many groups have tried to qualitatively (and in some cases also
guantitatively) correlate interactions between the ions with the physico-chemical properties of
the IL.*®° Due to the IL's ionic nature, coulombic interactions are expected to play a
pronounced role. Commonly, the excess charges of the ions are considered to be integer
values, i.e., +1e for the imidazolium cation; within the last years a number of molecular
dynamic (MD) simulations have been successfully carried out applying IL force fields with
the constraint of integer-charged imidazolium cations and afdisiowever, it was also
shown that modified force fields with reduced (i.e., non-integer or fractional) charges on the
ions can considerably improve the MD reséift€® for details see the excellent review by
Maginn®® When introducing such “effective charges" in computational chemistry, one might
ask whether the value of this effective charge of a certain ion is a "real" quantity implying
some charge transfer between anion and cation or whether it should be considered as a MD
simulation parameter taking many-body effects (e.g. polarization) into acéotint’ 28An
indication of "real" fractional charges is provided by density functional theory (DFT)
calculations. By applying a natural bond orbital (NBO) analysis of isolated ion pairs in their
calculations, Hunt and co-workers observed a pronounced partial charge transfer between
[C4Cilm]* and its counter-ion GI'* Similar charge transfer effects were already observed in
DFT calculations of N/ CI” ion pairs®® A first step towards experimental evidence for non-
integer charges was made by Tokwtaal, who introduced the parameter "effective ionic
concentration"”, &, in their combined electrochemical impedance and NMR measurements.
Cet was proposed to be dominantly related to the coulombic forces in the IL and to depend
particularly on the nature of the anion and the chain lefigttowever, it not only includes
contributions from effective ionic charges but also takes ion aggregation (or dissociativity)
into account, as discussed in the concept of ionitifo the best of our knowledge a direct
experimental proof of "reduced" or "effective” ionic charges in the case of ILs has not yet
been reported.

A major point in the context of intermolecular forces in imidazolium-based ILs is the
elucidation of H-bonding effecfé.These mainly occur at the proton bound fra@d also—to
a smaller extent—at the protons in' @nd C position in the imidazolium ring (see
Scheme 3.1). H-bonding has been proposed to be of crucial importance for the melting point
as well as the viscosity of IU&: 8% 9 %while early experiments from Elaivet al®® and
Aventet al®* indicate that less H-bonding leads to a reduction in melting point and viscosity,
more recent IR results and DFT calculations from the Ludwig group point towards a reverse
trend’® ®In recent years, a large number of studies concerning H-bonding in ILs have been
carried out, mostly by NMR spectroscopy.” % *Lungwitz et al. correlated the Kamlet-
Taft parameterst and 3, which are well-known indicators for the H-bonding abilities of
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compounds, tdH-NMR shifts of the proton bound to*CTheir studies indicated that anion-
dependent differentidiH-NMR shifts are a direct measure of the strength of H-bonding in
imidazolium-based IL$> "® Most NMR-studies mentioned above were carried out for ILs
diluted in organic solvents, which can have a considerable influence on the NMRshifts.
However, ILs of sufficiently low viscosity can also be studied in undiluted pure form by
NMR spectroscopy, thus ruling out additional solvent interactions that may complicate the
interpretation of the obtained spectfa.
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Scheme 3.1: Labelled structure of theQdm]* cation. The labelling method is the same as used by Hunt et
al.®® Carbon atoms attached to the ring of the ionic headgrodp@&-C') are referred to in the text as G

and C-C" as "Gu,". Additionally, hydrogen atoms relevant for this work are added for sake of clarity.

Finally, apart from coulombic and H-bonding interactions, dispersion and induction forces
also significantly contribute to the specific interactions between anion and Yafimm ab

initio calculations, considerable differences between ILs and classical molten salts were found
due to different dispersive and inductive contributions, which is claimed to be one reason for
the reduced melting points and viscosities offi_s.

Interactions between IL ions are closely related to their electronic structure. A powerful
experimental method in this respect is photoelectron spectroscopy (PES), which provides
direct access to the electronic structure of a compound. Traditionally applied to solid surfaces,
PES of ILs has only emerged during the last few years. Due to the very low vapour pressure
of aprotic ILs (usually < 18° mbar at RT), PES is highly suitable for probing their electronic
structure UHV condition> ** %8 By means of ultra-violet photoelectron spectroscopy
(UPS)® % 99and inverse photoelectron spectroscopy (IPE&)cupied and unoccupied val-
ence states are directly accessible. In combination with theory, the density of valence states
ascribed to the cation and the anion have been successfully investig&tet Moreover,
using XPS, core levels can be studi&d? 33 3638 64. 10019, tarms of electronic structure,

XPS can be used to identify and quantify the different chemical environments of one specific
element by analysing the so-called chemical sHifthe BE of a certain core level is a
function of the chemical environment of the atom, i.e., the oxidation state and the nature of
the neighbouring atoms. In a simplified picture, the same core level of a given atom exhibits a
higher BE if it is positively charged compared to a more negatively charged one. However, up
to now, most XPS studies of pure ILs have concentrated on the surface composition and
molecular orientation of the iorfg,>" 3% 100. 102.107. 1% hjle few have addressed the electronic
structure in terms of ion-ion interactiots.
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To gain a more detailed understanding of the specific interactions within imidazolium-based
ILs, a systematic XPS and NMR study in combination with theoretical calculations is
presented here. Pure ILs carrying the same cation, 1-methyl-3-octyl-imidazolis@alhT),

but ten different anions have been investigated (an overview of all ILs investigated in this
study is given in Table 2.1). The {Ciim]" cation was chosen because it is a well-
investigated system, and also because its XP spectrum shows features important for
referencing of spectra. As mentioned in the introduction, tR€J@]" cation consists of a
positively charged head group, i.e., the imidazolium ring, and a neutral aliphatic tail. This
pronounced asymmetry of the cation is one reason for the low melting point of all ILs
investigated heré The anions were selected due to the fact that they form room temperature
ILs with the [GCiIm]" cation, cover different sizes (ranging fronT @ [FAP]), basicities,
shapes (from spherical to elongated anions) and coordination abilities (from strongly
coordinating halides to weakly coordinating anions with perfluoroalkyl groups), and are free
of aliphatic chains to avoid pronounced dispersive interactions with the chains of the cation.
Moreover, the selected anions do not contain atoms that interfere with XPS and NMR signals
from the cation and thus could hamper an unambiguous interpretation of the spectra. In
addition, two ILs with the cation §C,C;Im]* (methylated at the %position) were compared

to their non-methylated homologues.

Altogether, it is shown in this study that (i) the nature of the anion has a strong influence
on the positive charge of the imidazolium ring, (ii) the absolute value of the positive charge
on the imidazolium ring is hardly influenced by hydrogen bonding interactions between anion
and cation, and, (iii) the nature of the anion presumably modifies the degree of hybridisation
in the imidazolium ring in case of thedGiIm]" ILs.

3.1.2 Experimental Aspects

XPS measurements:IL films (thickness ~0.2 mm) were prepared as described in Chap-
ter 2.4. XP spectra were taken with a V&cELAB 200 MK Il CHA using non-monochrom-

atised Al-K, radiation (lv = 1486.6 eV). All core level spectra were recorded at a pass energy

of 20 eV, resulting in an overall resolution of ~0.9 eV, and at normal emission (0° with
respect to the surface normal). Due to the inelastic mean free path of about 3 nm of
photoelectrons in organic compounds at the kinetic energies used (~1080 eV for N 1s and
~1200 eV for C 1s), measurements at 0° average over several ion layers of the near-surface
region (information depth, ID: ~9 nm). Hence, the measured BEs represent the electronic
states of the corresponding ions in the bulk of the IL. The spectra were fitted using Gaussian
functions after linear background subtraction and fit constraints as discussed in the
experimental section in Chapter 2.4. To allow for comparison of relative BE positions of
different ILs, all spectra were shifted so that the peak positiongf @as at 285.0 eV (for a
detailed discussion, please see the results section). This procedure was necessary to account
for slight charging phenomena (+0.15eV), which have been observed and discussed
previously®® The unshifted C 1s spectra are shown in Figure 3.3a.
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NMR measurements:*H- and**C-NMR measurements were performed by the Wasserscheid
group using aebL ECX 400 MHz spectrometer. The ILs were carefully degassed under
vacuum (10° mbar) and then introduced into a standard NMR tube withMSO-inset as
external standard and reference. All spectra were recorded without additional solvent making
this set of data a valuable NMR reference for a large set of py®Ifg*-based ILs.
Chemical shifts were referenced to DMSO with 2.50 and 39.51 ppfiifand*C-spectra,
respectively:*® For the measurement of the methylated 1G:Im]Br, which is solid at

room temperature, a liquid 5:1 mixture of{GGIm]Br and [GC,C,Im]Br was measured.

Computational methods: All calculations were performed by the Kirchner group. The
models used are isolated ion pairs in the gas-phase. For all compounds, methods and basis
sets applied the structures were always optimized. In most cases, more than one geometrical
configuration of the anion relative to the cation was considered. All calculations from the
Kirchner group were performed with theRBoMOLE 5.10 program packagje using density
functional theory in combination with the dispersion corrected BE¥P=D** functional.

This choice of functional and dispersion correction has been shown to perform well for ionic
liquid ion pairs™® **The TZVPP basis set was employed as implemented inukRBOMOLE

5.10 program package; all calculations were combined with the resolution of identity
technique calculationS! To obtain atomic charges, a natural population analysis (NPA) was
carried out with the aid of the URBOMOLE5.10 implementatioit’ In order to avoid
ambiguities in charge assignment to individual atoms, a sum of charges over characteristic
groups of the molecules (e.g., €Bnd CH groups) is given. Orbitals were calculated with

the TURBOMOLE 5.10 program package. The isosurface value for all orbitals was set to 0.02.

The GrussiaNO3 program was employed for the NBO analysis under application of the
TZVP basis set'® °The NBO analysis was carried out using the BLYP functional without
the resolution of identity approximation.

Mass density measurementsAfter extensive degassing for at least 4 hours at a reduced
pressure of 18 mbar at 40 °C, the mass densities of all samples were measured at room
temperature (20 °C) by weighing a defined volume of the IL (at least, 0.100 mL) on a
chemical balance (for KCi;Im][BF4], [CgCilm][TfO], [CgCilm][Tf2N], [CgCilm][Pf2N],
[CsCiIM][FAP]). With this method, a relative error in mass densg¥pdvalues below 1.5%

was achieved. For the relatively viscous ILsg@@m]Cl, [CsCilm]Br and [GCiIm]l) and

also for [GCiIm][PFg], density measurements were performed at a 0.02% accuracy level
using the vibrating tube methdt.

Sample purity and radiation damage: Using XPS, elemental identification is possible,
meaning that XPS can be used to detect the presence of surface contaminants, such as silicone
or hydrocarbon impurities, that cannot be detected with other techniques such &5 RENR.

100.120. 12171 s used in this study were found to be free of such surface active contaminants.
Also, no signs of halide contamination or other bulk impurities were observed using ARXPS

for all ILs studied herein. Thug-situ cleaning methods such as argon sputtering were not
necessary’ %
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It should be noted that extended exposure to X-rays during XPS can lead to spectral changes.
Damage affecting the N 1s region ofg{zIm][BF,] under X-ray irradiation has previously

been observetf' Similar damage over time under X-ray irradiation was observed for all ILs
investigated herein, most commonly in the N 1s region at BE lower than that of the imi-
dazolium nitrogen, suggesting the presence of a non-charged decomposition product (see
Figure 3.1)**! The most significant damage occurred fogggm][BF.] and [GCiIm][FAP],

both of which contain significant amounts of fluorine; samples could be studied for a
minimum of 4 hours with our standard non-monochromatised X-ray source (power 150 W)
before significant and observable (5% of the total N 1s intensity) damage occurred. Spectra
reported here were collected at much lower X-ray exposure times than 4 hours. No significant
damage was observed over 12 hours irradiation time #;[@][PFs] in XPS, suggesting no
obvious trend for sample decomposition.
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Figure 3.1: XP spectra of N 1s for {C;Im][BF 4] recorded under O emission, for different irradiation times.
The X-ray power was 150 W (I = 10 mA, U = 15 kV).

3.1.3 Results and Discussion

3.1.3.1 XPS measurements and computational results

Given that this study focuses on the influence of the anion on the electronic structure of the
imidazolium ring of the cation, only the C 1s and N 1s spectra (i.e. the regions, where a direct
comparison between different ILs can be made) are discussed. The XPS intensities of all ILs
agree within the margins of error with the nominal IL compositions confirming the high
purity of the samples. Values for the elemental composition and BE values for all relevant
core levels of all ILs are provided in the Appendix in Tables A2 and A3, respectively.

As mentioned in Chapter 3.1.2, direct comparison of absolute BE values is not possible
due to minor charging effects in the range of £ 0.15 eV, which have been observed for all ILs
(see Figure 3.3a and Table A3). Slight charging of IL films during XPS was first observed
and discussed by Smigt al®* Consequently, it is difficult to determine absolute BE values in
particular as no reference level (such as a Fermi edge) is available. To account for the resul-
ting slight variations in BE and to allow for a comparison of different ILs, one can choose a
specific carbon atom as internal reference. Setith. arbitrarily chose the BE position of the
C? carbon as internal reference. However, this approach proved to be impracticable for the
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present study, because the imidazolium ring interacts electronically with the anion (as will be
shown in the following). Therefore, we used the aliphatic carbon signgl @ the octyl

chain, which is present in all ILs studied herein, as internal reference. After fitting the C 1s
spectra, the Gy BE position was set to (the arbitrarily chosen position of) 285.0 eV, the
value commonly used in XPS for adventitious hydrocarot.should be mentioned at this

point that the absolute calibration of the energy scale does not have an impact on the
conclusions drawn from this data.

The use of Gy as a reliable internal BE reference is justified by the following reasons: (i)
the aliphatic chain is expected to be least susceptible to chemical shifts induced by electronic
interaction with the anion due to the lack of coulombic interactions of the anion with the neu-
tral alkyl chain. It has even been shown that polar and non-polar regions are formed in long-
chained ILs, with the alkyl chains being on average separated from the ionic nfdiéfies;

(i) the ionic moieties (the charged imidazolium ring and the anion) most likely exhibit the
strongest interactions as suggested by other gréuf’s;*?4(iii) in an extended study of a
series of [GC1Im][Tf,N] ILs with varying alkyl chain lengths it was found that the XPS peak
separatiom\(BE) of the two different sets of cationic carbon atomgefeand Gy, remains
unchanged for chains longer thag. This means that fromg®nwards the BE of &y is

independent of the electronic structure and environment of the charged imidazolium ring, as is
illustrated in Figure 3.2%
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Figure 3.2: a) BE peak separation betweep& and Gy for [C,C,Im][Tf,N] as a function of chain length. It
can be clearly seen that for=n8 saturation of4(BE) takes place indicating that the electronic structure of the
alkyl chain is not further influenced by the charged fraction of the cation; b) NPA charge of termingicCid
(squares) and averaged NPA charge per,@QHit of the alkyl chain (circles) of |C;Im]Cl (where n = 1-8) as

a function of chain length; c) NPA charges on the {Qidoieties and on the terminal Glgroup of the octyl

chain as a function of position and anion {&GIM]CI squares; [GCiIm][BF4] triangles, [GCiIm][Tf,N]
circles). The dashed line is an exponential fit to the mean values.
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This is further corroborated by calculations of a series gE{l@&]CI (n = 1-8) showing the

rapid decay of the positive charge with increasing chain length saturating around n = 8: In
Figure 3.2b the average NPA charge, as deduced by natural population analysisy per CH
group (x = 2, 3) of the alkyl chain and the NPA charge on the terminaf@idp of the alkyl

chain are plotted as a function of chain length. (iv) For the octyl chain, as shown in
Figure 3.2c for the three calculatedszZIm]X ion pairs, the NPA charges on the (gnits

exhibit a fast drop to zero as a function of distance from the imidazolium ring, irrespective of
the counter anion. The exponential decay length is in the order of one C-C bond length,
proving that the positive charge on the imidazolium ring does not significantly impact on
longer alkyl chains. (v) Finally, for practical reasons, the position of the domingnip€ak

in the C 1s region can be determined with a high accuracy of better than 0.02 eV in our XPS
measurements.

[CgC1lm]*-based ILs

The unshifted and BE-referenced C 1s spectra of al@]"-based ILs are displayed in
Figure 3.3a and b, respectively. Common to all ILs is the dominggt i@ak at 285.0 eV,

which arises from the seven carbon atoms of the alkyl chain (see fit analysis in Table A3 in
the Appendix section). The second feature in the C 1s region is the peak/shoulder at 1.44 to
2.04 eV higher BE than theafy peak. As mentioned in the introduction, this signal corres-
ponds to the five carbon atoms bound to the nitrogen atoms of the imidazolium ring. Further
carbon signals at higher BE are observed fogCiGn][Tf,N] (peak at 293.0 eV),
[CsCilm][PfoN] (peaks at 293.6 and 291.0 eV) andk@gm][FAP] (peaks at 293.3 and
291.0 eV). They correspond to the perfluorated carbon atoms of the anions with specific local
electronic environments (see also Table A3 in the Appendix).
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Figure 3.3: C 1s core level spectra of the teg§@m]* ILs investigated. a) shows the unshifted spectra, while
in b) the BE scale is referenced to BE{§ = 285.0 eV.
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Figure 3.4a shows a close-up of the cation-related C 1s signals focusing on the region inclu-
ding only Gy and Getwero Inspection of this figure and of the fit results in Table A3 reveals
that the Geweropeak is subject to a differential shift with respect to thg,@eak, depending

on the nature of the anion. The shift follows a clear trend, from small peak separation
BE(Cheterg - BE(Caiy) Of 1.44 eV for the smallest, most basic and most coordinating anion
(CIN) to a considerably larger value of 2.04 eV for the much larger, least basic and least
coordinating [FAP] anion. The corresponding N 1s spectra are displayed in Figure 3.4b. For
all ILs a symmetric peak is observed around 402 eV, which corresponds to the two nitrogen
atoms of the imidazolium ring; these nitrogen atoms are indistinguishable witf*xP$®

100. 19210 of the ILs, [GC1Im][Tf2N] and [GC.Im][Pf,N], contain nitrogen in the anion and,
therefore, show an extra N 1s peak at 399.6 eV. The exact BE of the peak at ~402 eV depends
on the nature of the anion and follows the trend observedfqs,G the C 1s region (see
Figure 3.4a). In particular, the differential BE shifts of the imidazolium ring signals observed
for the series of ILs are more or less identical for both the C 1s and N 1s region. This is
evident from Figure 3.4c, where a linear relation between thgCs and N 1s BE shifts

with slope 1 is observed. This observation provides strong evidence that the shifts discussed
above are genuine physical observables and not artefacts of the fitting procedure.
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Figure 3.4: a) and b) Detailed XP spectra of the C 1s (a) and N 1s (b) region fors@Hlfg " ILs (the dashed
lines are visual guides for the BE changes of the imidazolium ring signals). ¢) Correlation of BE positions for
Chetero aNd Neaion fOr the ten [GCIm]™ ILs (filled) and the two [@C;CiIm]* ILs (hollow). Dashed lines with

slope 1 are indicated for both groups.

The observed differential shifts indicate that the nature of the anion must have an effect on the
electronic structure of the imidazolium ring. In particular, for the smallest and most
coordinating anions, the ring signals have the lowest BE and, vice versa, the highest BE
values are measured for the largest and least coordinating anions. In Figure 3.5a and b the
position of the C 1s and N 1s signals of the imidazolium ring are plotted against the IL
molecular volume (for exact values of mass density and molecular volume, please see
Table 3.1 in Chapter 3.2), demonstrating this general trend. From the smallest, most basic and
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most coordinating anion Clup to the medium sized, weakly coordinating dPRnion the

shift towards higher BE is nearly linear. Interestingly, for the three ILs containing [PF
[Tf.N]™ and [P§N]™ (circles) the BE values are nearly constant, despite strong differences in
molecular volume. This indicates that the coordination properties (all three anions are
similarly very weakly coordinating) have the main effect on the BE shift. Apart from the size
of the anion, other parameters describing the coordination behaviour of the ILs were
correlated with the observed anion dependent BE shifts. As is shown in Figure 3.5¢c and will
be discussed in detail later, the observed BE shifts exhibit a linear relationship with the
Kamlet-Taft parameteB, which is a measure for the hydrogen bond acceptor basicity of the

IL anion.”> 1%
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Figure 3.5: a) and b): Correlation of BE values af.Go1s (a), and Bon 1S (b) of the ten [§5,1m] -based ILs

with molecular volume. Differentiation into squares and circles relate to discussion in the text. c) Correlation of
Chetero1s BE with Kamlet-Taft parametef (values for [GCiIm]Cl, [CgCilm]Br and [CGCilm][FAP] are
unpublished data from the Spange group, remaining values froM’Ref.

Before discussing the origin of the XPS shifts of the ionic head group of the imidazolium ion,
the contributions from intermolecular H-bonding interactions will be elucidated below.

[C&C:C1lm] *-based ILs

Apart from coulomb forces, H-bonding interactions between cation and anion play a major
role in imidazolium-based ILS; 76they are mediated through the hydrogen atoms at the C
C* and C position (see also Scheme 3.1) with the hydrogen atorfi@rributing strongest

(see also next sectiof).?% % 9 247g study the possible influence of H-bonding on the
Cheterols BE discussed in the preceding paragraph, two representative ILs, namely
[CgC1C1Im]Br and [GCiC1Im][Tf2N], in which a methyl group in €position replaces the
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most acidic proton, were measured. Consequently, hydrogen bonding between anion and
cation is strongly reduced in these two ILs compared to the non-methylated homologues
[CgCilm]Br and [GCyIm][Tf,N]. 3 126: 127
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Figure 3.6: Analysis of C 1s and N 1s spectra ofJQC;Im][Tf,N] and [GC,C,Im]Br. The grey-shaded fit

curve corresponds to the additional methyl group fpBsition. The C 1s spectra of the two corresponding
[CsCiIm]* ILs (open circles) are overlaid for comparison and illustration of then@thyl contribution.

In Figure 3.6, the C 1s and N 1s spectra of the methylated HGQIm][Tf2N] (first row)

and [GC1C,1Im]Br (second row) are displayed (black dots); for the C 1s region the spectra of
the corresponding [§C:Im]”* ILs are superimposed open circles). The BE of the N 1s signal
from the methylated imidazolium ring exhibits an anion dependent difference of 0.41 eV
(Figure 3.6, right column), which is within the margins of error very close to the differential
N 1s shift of 0.36 eV for the non-methylated homologueg{in][Tf,N] and [GC,Im]Br

(Figure 3.4c and Table A3); only the absolute value of the N 1s BE for §8gG@m]" ILs is
smaller by 0.2 eV (see also Figure 3.4c). In the C 1s spectra of bs@hCjGn]" ILs the

signal of the additional C#group, with its BE between nGero and Gy, is superimposed
making the data interpretation not as straight forward as in the N 1s region. Nevertheless, the
BE positions of Geterofor both [GC1Cilm]* ILs can unambiguously be derived by fitting as
shown in Figure 3.6 (left column), and also by simple subtraction techniques (see Figure Al
in the Appendix). Independent of the presence of the methyl group irf thesifion, the BE
values of Gewerofor the B as well as the [BN]™ ILs are identical within £ 0.05 eV. This data
demonstrates that the observed anion dependent differential XPS shifts of the imidazolium
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ring signals are rather independent of the strength of the H-bonding between anion and cation.
Interpretation of anion dependent differential XPS shifts of imidazolium ring signals

In general, variations in the local electron density at a particular atom contribute to shifts in
the corresponding core levels in XPS, the so-called chemical shifts. As a common trend, an
increase in electron density at the atom under investigation (e.g., induced by electron transfer
due to reduction or by bonding to an electron-donating neighbour atom) leads to a lowering of
the measured core level BE, whereas a decrease in electron density (e.g., due to oxidation
processes or due to bonding to an electron-withdrawing atom) increases the measured BE. In
particular, good correlation between XPS shifts and (semi)empirical charges on the atoms
(e.g., described by oxidation states or Pauling charges) can be found, as already pointed out
by the pioneering work of Siegbahn and coworRé&t&or an accurate calculation of chemical
shifts usingab initio methods, the discrimination between initial state effects (i.e., changes of
the ground state) and final state effects (due to the specific response of the remaining
electrons to screen the generated core hole during the photoemission process) is required,
which is not straightforward at all. Fortunately, initial and final state effects in most cases
result in BE shifts in the same directf6h*?® which leads to the general observation that an
INCREASE in electron density at an atom yields a core-level shift towaadger BEs (and

vice versa).

Hence, we propose that the observed anion-dependent XPS shifts of the cationic headgroup
are attributed to some kind of charge transfer between the anion and the cation. Such charge
transfer is expected to be smallest (probably close to zero) for the large and weakly
coordinating anions, where anion and cation are most separated and local charge densities are
so small that charge transfer is improbable. In this case excess charges very close to the
integer values of +1e for the cation and -1e for the anion are expected. Thus, the observed
highest BE values of the ring signals for the large and weakly coordinating anions indicate a
situation where no charge transfer occurs. For the smaller and more strongly coordinating
anions, which are closer to the imidazolium ring, the much more localized charge is
transferred from the anion to the cation, leading to a less positively charged ring and in turn to
lower XPS BEs. As a consequence of the overall charge neutrality, the negative excess charge
of the anion must also deviate from the formal value of -1e in the ILs. Hence, small and
strongly coordinating anions (such as the halides ands][IN©arry less negative charge
compared to the large anions {Nif~ and [FAP]. The degree of the ionic character of the ILs
in a chemical meaning is thus affected by the choice of combination of anion and cation (the
term "ionicity" will be avoided here because it is commonly used to describe transport
properties and degree of association of anion and &8tiothe saturation effect seen in
Figure 3.5a and b for the anions larger than,/Bfdicates that the charge transfer reaches
values close to zero above a certain size of the weakly coordinating anions.

While in Figure 3.5a and b the molecular volume was chosen as an easily quantifiable
parameter to correlate the amount of charge transfer between anion and cation, it is obvious
that specific interaction parameters, such as coordination characteristics of the molecules (e.g.
shapes, terminal groupsic), will also play an important role. Accordingly, a much better
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correlation of the differential BE shift is found with the Kamlet-Taft parameter

B (Figure 3.5c), as it is a measure of the H-bonding acceptor ability of an ILs anion, which
directly relates to the anion’s coordination strength and charge localiZatitin. The
dipolarity/polarisability parameter* also reflects the coordination ability of a given anion;
however this value incorporates contributions from both the anion and cation as has been
shown recently by Lungwitet al?°

Counter-ion dependent shifts of XPS core levels have been observed before in ionic
crystals, but no clear statement on their origin has been TifadéHowever, these data show
similar trends to that observed in our study, i.e., shift of the respective cation core levels to
higher BE for larger and less basic anions. Unfortunately, the question of reference level is
not easy to handle for those earlier described inorganic salts in comparison to our well-
adapted internal referencing method using the cation’s octyl chains. Therefore, we refrain
from a quantitative and detailed comparison of these previous studies on solid salts with our
findings.

To corroborate our interpretation of the anion dependent XPS shifts as a measure for the
charge transfer between ions, detailed quantum chemical calculations on the representative
ILs [CsCiIm]X and [GCiCiIm]X (X = CI7, Br, [BF,4]", [Tf2N]) in form of gas-phase ion
pairs were performed. For the non-methylategCj@n]” ILs, the in-plane configurations (i.e.,
the anion in-plane of the imidazolium ring in front of thé @sition) were found to be
energetically favoured. However, on-top configurations (i.e., the anion located above the ring
plane in close proximity to the?@&? bond) were found to lie only at slightly higher energies
and, thus, were also consideréd=*3Especially for the larger and less-strongly coordinating
[TfoN]™ anion the on-top configuration is energetically degenerate, i.e. has the same energy, or
is even slightly favoured compared to the in-plane configuration. In case of the methylated
[CeC1C1Im]™ ILs, only on-top configurations were found to be energetically stable. These
low-energy conformers agree well with results from comparable imidazolium ion pair
calculations conducted by Hunt and coworkéra.detailed discussion of ion-pair geometries
and total energy of different conformers is beyond the scope of this investigation, where we
restrict ourselves to the aspects directly related to our experimental findings.
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Table 3.1: NPA charge distribution in units of the elementary charge e summed over chemical groups for
selected ion pairs.

/7 H2[Me2 S ‘

R N

R S A
a) Labelling of groups in the [{C,im]* and [G C,C,Im]" cations
b) [CsCuIm]* monomer [CgC;Im]X for in-plane / on-top configuration
group \ anion - [C [Br]™ [BF4™ [TfoN]™
cation (= -anion) 1 0.811/0.791 0.824/0.803 0.940/0.964 0.936/0.972
ionic headgroup R’ 0.920 0.762/0.742 0.772/0.751 0.860/0.906 0.850/0.913
imidazoliumring R 0.388 0.265/0.269 0.272/0.272 0.359/0.384 0.353/0.394
(CHy)® 0.293 0.263/0.260 0.266/0.263 0.291/0.285 0.286/0.281
(CHy)’ 0.239 0.235/0.214 0.234/0.217 0.210/0.236 0.211/0.238
alkyl rest A 0.080 0.049/0.049 0.052/0.052 0.080/0.058 0.086 /0.059
c) [CsC.CiIm]* monomer [CgC,C;Im]X for on-top configuration
group \ anion - [Ch [Br]™ [BF4]™ [TfoN]™
cation (= -anion) 1 0.838 0.893 0.966 0.970
ionic headgroup R*  0.925 0.787 0.833 0.927 0.927
imidazoliumring R 0.311 0.258 0.292 0.320 0.306
(CH3)6 0.284 0.256 0.262 0.270 0.278
(CH2)7 0.233 0.209 0.207 0.246 0.250
Me? 0.097 0.064 0.071 0.090 0.093
alkyl rest A 0.075 0.051 0.060 0.039 0.043

In Table 3.1 the sums over partial charges for different moieties ¢:If6]X and
[CeC1C1Im]X ion pairs (X = CT, Br, [BF4]", [TfN]7) as well as the isolated §Ciim]* cation

(labelled as "monomer" in Table 3.1) are given as derived by natural population analysis
("NPA charges"). It is evident that the overall excess charges of the cation and anion are non-
integer and smaller than 1 in all cases except for the isolatg]Ip@" cation, where the
charge +1e is imposed by boundary conditions. Thus, charge transfer between anion and
cation is clearly indicated by the NPA analysis. Most of the positive charge on the cation is
located at the atoms of the ionic headgroup (labelled R’ in Table 3.1) being fairly equally
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distributed over the imidazolium ring R and both the adjacent metfiya(@ methylene (¢

groups bonded to the nitrogen atoms of the ring (note that R’ comprises the atemard

Ncation measured in XPS). The two different in-plane and on-top conformers of gBdrifX

ILs show only minor deviations in charging of R’. Only for JNf  is the difference
somewhat larger, which could be related to the higher degree of flexibility of th]Tf

anion compared to the more spherical anions. The insensitivity of the excess charge to the
different in-plane/on-top geometries is particularly surprising for the strongly coordinating
anions CI and Br because of the different method of orbital interaction (to be detailed in the
next section). In short, for the in-plane configuration the charge transfer between the halide
anion and the cation occurs mainly under strong participatiantgpe MOs of the cation
located at the €position and the p atomic orbitals of the anion (i.e., a H-bonding type
interaction) whereas, for the on-top configuration, anion and cation mainly interact timrough
orbitals of the imidazolium ring (i.e., a moragype bonding interaction). Nevertheless, both
geometries with their individual charge transfer mechanisms yield similar net charges of R’.
These findings are in line with earlier results fos¢@m]CI.28 The ReLaTIvE distribution of

the excess charge on the groups of the cation is similar for all anions and resembles the
intrinsic charge distribution of the monomer (see Table 3.1). However,BbeLATE values

of the NPA charges are significantly affected by the anion. Whereas the small, basic and
strongly coordinating anions Tand Br yield the smallest values for the charges on the ionic
headgroup R’ (e.g., a mean value of 0.76e in both configurations), the positive charge is
considerably increased by + 0.12e for the larger, less basic and more weakly coordinating
[BF4~ and [TEN]". The highest value for the positive charge on R’ of 0.91e is found for
[TfoN]™ in the energetically favoured on-top configuration (coming close to the nominal value
of 1). Hence, the measured increase in XPS BEs,@f.&&nd Naior—the R’ atoms that are
accessible by means of XPS—with increasing anion size (decreasing basicity) is indeed
directly reflected by an increase in positive charge on the ionic headgroup, as was proposed
above. To our knowledge this is the first time that inter-ionic charge transfer phenomena
found for ILs in theory can be directly related to experimentally observable chemical shifts in
XPS.

Moreover, the calculations clearly show that the anion-dependent charging of the ionic
headgroup takes place independently of the methylation?atnCparticular for the ILs
investigated in XPS, the on-top configuration NPA charges on R’ of the non-methylated ILs
[CsCiim]Br (0.75e) and [@C,Im][Tf,N] (0.91e) ILs and their methylated counterparts
[CsC1Cilm]Br (0.83e) and [@C:Cilm][Tf2N] (0.93e) reveal a common increase of at least
+ 0.1e of the ionic headgroup when the small and baSiesBeplaced by the larger and less
basic [TEN]™ anion. This is in good agreement with the measured BE shiftsegf,@nd
Ncation Shown in Figure 3.6. As is also indicated in Table 3.1 the additional methyl groﬁp at C
of [CgC1Ci1Im]™ ILs has only minimal contribution (about 0.07e, only weakly anion depen-
dent) to the total positive charge of the ionic headgroup. The positive NPA charges of this
methyl group are thus considerably smaller than the NPA charges onGkk Biad the N-

CH; carbon atoms but larger than the NPA charges on methylene groups in the octyl chain
(which are rather neutral, see Figure 3.2c). This explains the C 1s peak position of the methyl
group between thengeroand the Gy position found by our XPS analysis (see Figure 3.6).
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[G,C Im]Cl-in-plane  [C,C Im][BF, J-in-plane  [C,C Im][Tf,N]-in-plane
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Figure 3.7: Frontier orbitals of [@CIm]X (X = CI', [BF4] ", [TfoN]") in in-plane configuration (isosurface value

0.02 for all orbitals).

The different degree of charge transfer that is presumably responsible for the observed XPS
shifts of the cationic headgroup is directly reflected by the degree of mixing of molecular
orbitals between cation and anion. In Figure 3.7 the three highest occupied orhitats (H

and the lowest unoccupied MOUls0) of three ion pairs [§C1Im]CI, [CsCiIim][BF4] and
[CsCilm][Tf2N] in the low-energy in-plane configurations are shown. In the case of the
smallest and most basic Gl pronounced mixing of the Cl 2p atomic orbitals with molecular
orbitals from the imidazolium cation is found. For them® of the [GCiIm]Cl ion pair,

which is dominated by the p states of,Gind for the LMo dominated by the cation,
considerable density of states is present at both the imidazolium ring and™ theidzi.
Mixing of orbitals becomes, however, more evident for the lower lyiogdd2, which has a
pronouncedo-type bond character and exhibits strong interaction between the Cl 2p states
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and states localized at the®-N?H-N>- unit of the imidazolium ring. As was stated earfféit,

is this Homo-2 orbital that is important for the H-bond formation between the cation and the
CI” anion. For the on-top configuration ofg{GIm]CI the Lumo, Homo, Homo-2 and FoMO-

3 MOs show pronounced orbital mixing between the CI 2p states and the cationic headgroup,
as evident from Figure 3.8.

[C,Cim]Cl-on-top  [C,C Im][BF,]-on-top  [C,C Im][Tf,N]-on-top
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Figure 3.8: Molecular orbitals of [gC;Im]X (X = CI', [BF4] 7, [TfaN]") in on-top configuration (isosurface value

0.02 for all orbitals).

Upon replacement of Cly the much larger and less basic JBFRand [TEN]™ anions, no
comparable strong mixing of orbitals could be detected for the in-plane configuration as is
shown in Figure 3.7. The character of MOs of the ion pairs for the in-plane configuration
(Figure 3.7) is mainly given by either the MOs of the cation or MOs of the anion. As depicted
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in Figure 3.8 for the on-top configuration ofg{GIm][BF4] and [GCiIm][Tf,N], only some
minor orbital mixing is observed in theoMo-3 for [CsC,Im][BF,4] and in the kbmo-1 of
[CsCalm][Tf2N], which accounts for the slightly reduced charges in these ILs.

Furthermore, the frontier orbitals of{CiC1Im]CI in on-top configuration were calculated
and compared to the on-top conformers ofJMM]CI; Figure 3.9 demonstrates that
[CsC1C1Im]CI on-top shows the same pronounced orbital mixing as it was observed for
[CsC1IM]CI on-top, which further corroborates our interpretation of results.

[C.Cm]Cl-on-top  [C,C.C,Im]Cl-on-top
LS L *}

ogcr

e Ok

&

Figure 3.9: Comparison of [§C;C,Im]Cl and [GsC;Im]Cl on-top configurations of theumo and Homo-3

orbitals, where the most pronounced orbital mixing is observed. It becomes evident that introducing the
additional methyl group in position does not largely affect the electronic structure in the frontier orbitals.

As an intermediate summary, our experimental XPS results in combination with quantum
chemical calculations clearly indicate a strong electronic interaction between anion and cation
for small, basic and strongly coordinating anions. This interaction leads to a partial charge
transfer between anion and cation and, as a consequence, to effective charges considerably
smaller than 1. The amount of charge transfer decreases with increasing anion size and
decreasing basicity, i.e. with decreasing coordination strength. For the anighs [[FB],

[TfoN], [PN]7, [FAPT, which are all of low basicity and coordination strength, charge
transfer between anion and cation is very small (< 0.1 e) leading to charge values close to the
ideal values * 1le. We believe that these findings are crucial for the understanding of ionicity
and polarity of ILs in general. Moreover, correct charges assigned in MD simulations are
most important to obtain correct interaction potentials, especially for coulombic interactions.

As emphasized in the introduction, in addition to coulombic interactions, hydrogen
bonding type interactions also play an important role for the physico-chemical properties of
ILs. Thus, to obtain complementary information on the molecular interactions between anion
and cation,*H- and **C-NMR spectroscopy measurements on the teiC{61]*-basedILs
were carried out, and the results were compared to the XPS findings.
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3.1.3.2 1H- and 13C-NMR spectra of the [CgC1Im]*-based ILs

To rule out any influence of solventdd- and *C-NMR spectra of the neat ILs were
recorded. For all ILs, the signals arising from the ring protons t, H°) and the
corresponding carbon atoms*(C*, C°) of the cation (labelled in Scheme 3.1) are shown in
Figure 3.10a and c, respectively. Both the and**C-NMR spectra show anion-dependent
shifts.
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Figure 3.10: a)'H-NMR spectra of Hand H'® of [C;C,Im]X. b) correlation ofH-NMR resonances of?Hopen
circles) and K" (solid squares, values are for mid position fd¥Hf) with molecular volume (dashed lines are
guides to the eye). ¢JC-NMR-spectra of €and C° of [C;C,Im]X; the spectra are offset for sake of clarity in
the order of increasing molecular volume.

"H-NMR of [CCiIm]X ILs

Focusing first on théH-NMR signals of the imidazolium ring in Figure 3.10a, all peaks shift
towards lower ppm values when going from small, basic and strongly coordinating anions to
larger, less basic and weakly coordinating anions. Our data agree well with previously
published'H-NMR data by Tokudat al, who investigated neat JCiim]* salts carrying
[TfO]~, [TfoN], [P.N]~, [BF4]~ and [PK]™ counterions’” The NMR shift is largest for the®H
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proton (from 9.9 ppm for Cko 7.4 ppm for [FAP) and slightly smaller for the #H° signals

(from 7.9 ppm for Clto 6.5 ppm for [FAP). The correlation of the NMR shifts with the size

of the anion is shown in Figure 3.10b, whéleNMR positions of the ring protons are
plotted against IL molecular volume. The data reveal a similar overall trend as the chemical
shifts in XPS (Figure 3.5): with increasing molecular volume, a steep decrease in ppm shifts
from CI' to about [BE]/[PFs]” is measured, followed by a plateau-like behaviour for the
larger anions (dashed lines in Figure 3.10b). Again, it should be mentioned that anion size is a
rough, but easily accessible parameter which seems to give a good correlation as long as
anions with a spherical charge distribution are considered. Also, as evident from Figure 3.11,
a good overall correlation of th&H-NMR shifts is found with the ILs’ Kamlet-Taft
parameterst and3, which represent the hydrogen bond donor and acceptor capability of the
IL, respectively’®
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0501 ~ . o o ] 0.0 P
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Figure 3.11: Correlation ofH-NMR resonance of the®Hproton with the Kamlet-Taft parametess(a) and 8
(b). a and B values are taken from REF, apart from the values for KC;Im]Cl, [CsCiIm]Br and
[CsCilm][FAP](only ), which are unpublished data from the Spange group).

Such anion-dependef-NMR shifts have been commonly interpreted as a measure for the
extent of H-bonding in imidazolium ILs or as a measure of the exterastdcking of the
imidazolium rings’* % 12" 13yncreasedtstacking—as is predicted for an increasing concen-
tration of ILs diluted in common solvents—generally leads to a shift towards lower ppm
values™ In our case of pure ILs it appears unlikely that the very large and weakly
coordinating anions [RN]™ and [FAP] show a higher degree of association to the
imidazolium cations and, thus, a bettestacking, as compared to the small halides. Lungwitz
and Spange observed an analogous anion-dependshift-for a series of [@;Im]*-based

IL solutions with the ILs sufficiently diluted in GBI, to ensure that the ILs are present as

ion pairs’ "®The measured NMR shifts were unambiguously identified as a measure for H-
bonding-type interactions between the anion and the cation because of their good correlation
with corresponding Kamlet-Taft parameterandf3 of the ILs as probed by solvatochromic
dyes. According to the interpretation of the Spange group, the interaction with small and
strongly coordinating anions leads to a weakening of the C-H bond af thesffion, and

thus, to a proton resonance which is closer to that of an acidic proton. Comparing the data
from Lungwitz with our measurements, the trend of tHeNMR signals of the Iz-lproton

with the different anions is similar; however, in our case of the pure ILs absolute values for
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the ppm positions are about 0.5 ppm smaller, which is attributed to the influence of the
solvent. The above-mentioned interpretation is adapted for the observed anion-defténdent
NMR shifts, which are accordingly attributed to changes in the magnetic shielding constant at
H? and (to a lesser extent) at’H Shifts towards higher ppm are usually due to less
pronounced shielding of the protons, indicating stronger H-bonding and vice versa. This is in
line with the qualitative picture of diamagnetic shielding in NMR: the lower the electron
density at the location of tHél-nucleus (as is the case of pronounced hydrogen bonding), the
weaker the local shielding of the external magnetic field resulting in higher ppm shifts (it is
important to note that quantification of NMR shifts is very complicated—particularly in case
of delocalizedrelectron systems—and many theoretical approaches have been employed in
the past to ascribe for the different effects, see*RefAs the concentration of the ILs is not
varied in our case and the structure of thgCi@n]" cation remains virtually unchanged in

our series, it is not expected that variationsristacking have a strong influence on the
observed 'H-shifts. Nevertheless, it is interesting to note thaiCj@n][BF, and
[CsCilm][PFg] are to some extent outliers in the series exhibiting smaller shifts than expected
from their molecular volume (see Figure 3.10b) which might be attributed to the fact that for
these anions very low basicity and coordination strength is combined with relatively small
molecular volume compared to the larger fluorinated anions in this study.

BC-NMR of [CgC1Im]X ILsS

In the hydrogen bonding scheme described above, smaller and more strongly coordinating
anions lead to a more pronounced loss in electron density at the position of the ring protons
and consequently to high ppm shifts th-NMR. Thus, one might expect that the
neighbouring carbon atoms?>CC* and € simultaneously gain in electron density. This
assumption is supported by the anion dependent C 1s and N 1s XPS shifts of the imidazolium
ring, which indicate an increase in electron density within the ring for the small anions as
compared to the large and weakly coordinating anions. As a consequence, if electron density
was the sole contribution to signal shifts, fH€-NMR signals of the ring carbon atoms
should shift towards @wer ppm with decreasing size of the anion, due to a higher shielding
within the imidazolium ring (see also the discussion on charge density’@mdMR for

typical aromatic compounds given by Wibesigal**9). In Figure 3.10c thé’*C-NMR data of

the ring carbon atoms of all §CiIm]* ILs are shown. Overall, thEC-NMR signals of the
imidazolium ring are approximately constant within the whole series and changes are very
small. The differential shifts of the?Gignal amounts to + 1.5 ppm around 135 ppm, and
those of the @IC° signals to + 0.5 ppm around 122.5 ppm, being therefore in the range of
typical heteroaromatic compounds, and are more or less independent of the anion (only
[CsCilm][NO3] seems to be an outlier with larger shifts of the ring carbon atoms).
Consequently,®*C-NMR seems to be rather insensitive to the influence of the anion.
Nonetheless, a small trend is observed: for smaller aniortdGHeMR signals slightly shifts
towards higher ppm (most pronounced &, Geaning thatH- and**C-NMR signals exhibit
"parallel” shifts for the &H? group of the ring, as seen in Figure 3.10c, which contradicts the
mere consideration of electron density in the casE@NMR spectra. It seems that some
compensating effects are present, such as changes in the ring current, hybridization re-
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arrangements accompanied by anisotropy changes etc., which are known to have an impact on
local shielding constants if°C-NMR. In particular, it has been shown for monocyclic
aromatic compounds that it is the degree pbecupancy for sphybridized ring carbon

atoms rather than the local charge density that affectS@BIMR shifts*® It is therefore
assumed that the different degree of orbital mixing (see also Figure 3.7 and the discussion in
the preceding section) has a direct impact ort¥BeNMR shifts.

If this assumption was correct one should expect anion-dependent hybridisation changes in
the imidazolium ring. For that reason we performed an NBO analysis of selective bonds
within the imidazolium ring using natural resonance theory (NEThlere, NBO values of
one and two describe classical single and double bonds, respectively, whereas values close to
1.5 in the aromatic compound benzene would correspond to a typical delocalized aromatic
bond. In view of the fact that the effect of the different anions on the NBO values is rather
small, we compare the isolateds{Gzim]* cation (representing the most extreme case, where a
coordinating anion is absent) with gGIm]CI, the most strongly coordinating anion in our
series (NBO averaged for in-plane and on-top configuration).
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Figure 3.12: NBO values of selected ring bonds in the isolate®;[@]" cation (first value) and in the
[CsCiIm]Cl ion pair (second value, average of in-plane and on-top configuration).

From Figure 3.12 it becomes evident that for the "weakly coordinating anion” (i.e. the isolated
cation) the ring bonds exhibit a pronounced aromatic bond character with a rather delocalized
resystem (NBOs vary from 1.39 for the'48%-N? bonds, 1.26 for the INC® / N>-C* bonds to

1.55 for the &-C° bond) ). For the strongly coordinating @n, the ring bonds of the cation
resemble more an Arduengo carbene with a double bon8d-@t (1.79) whereas the ?C°

and N-C* bonds exhibit single bond character (1.10). The reduced NBO value fof-the C

bond (0.97, 0.94 for the in-plane-configuration) is a clear indication for the H-bonding of the
H? proton with the coordinating Chnion as already discussed in the contextHeRMR, see

also Ref® An illustration of the proposed interactions and changes in hybridization
(representative for the in-plane configurations) is given in Scheme 3.2, where both the degree
of H-bonding as well as slight changes in hybridization and aromaticity of the system are
depicted. This interaction scheme is also supported by the work of Fetmahpwho find a
significant weakening in the “@4? vibrational bands for the rather strongly coordinating
anion [NQ]~ as compared to [BF."®



3 Pure IL Systems 45

NL €N ~ Ny @ \ N ~ N N

_— \/ ~R _— \/ ~R /N\@/N\R _— \/ ~r
H H
N H OH
N\, ©
© ) X
X X éx
weakly coordinating strongly coordinating extreme case of complete

anion anion proton abstraction:
Arduengo carbene

Scheme 3.2: Interaction scheme of the imidazolium ring with anions of increasing (from left to right)
coordination strength.

Our interpretation is supported by tH€-NMR chemical shifts for the classical imidazolium
compound [GC,Im]CI (C? resonance at 135 ppm) and the corresponding extreme case of
complete proton abstraction, an Arduengo carbeferdbnance at 213.7 ppi).For the
carbene, changes in hybridization, and thus, changes in shielding constant, lead to a strong
increase in chemical shift despite the fact that the electron density af’ thesifion is
obviously enhanced. Although our results from the NBO analysis point in the right direction,
further theoretical investigations would be helpful to elucidate details regarding the electronic
structure of the imidazolium ring as a function of the anion, especially for the larger, less
basic and therefore least coordinating representatives.

NMR results from [CgC,C1Im]X ILs

To consolidate our interpretation - and**C-NMR shifts of [GC,Im]X ILs, a comparison

was made with the 2Gmethylated ILs [@C1C1Im]Br and [GC1C1Im][TToN]. [CsC1Calm]Br is

solid at room temperature, and therefore could not be measured in pure form. To circumvent
the use of a solvent which could possibly lead to undesired shifts in the NMR spectrum, a
liquid 5:1 mixture of [GCim]Br:[CsCiCiim]Br was investigated, théH- and **C-NMR
spectra of which are shown in Figure 3.13. From'tBeNMR measurements it can be seen
that the peak assigned t Ghdergoes a clear downfield shift of about 8 ppm towards higher
values upon methylation, which is a general feature in aromatic systems, when a proton is
substituted with a methyl grodf® This shift is commonly assigned to a change in electron
current at théC nucleus resulting from the different bonding environment (exchange of s-
type(H) with sp-type(C) orbital). In contrast, the*€ signals undergo a highfield shift of

~1.5 ppm, which can be assigned to the molecular changes due to methylation. However, this
shift could also be related to the slight highfield shifts observed for tReptétons in*H-

NMR. Whereas in the spectra ofgfGGC1Im]Br and [GC1C1Im][Tf2N] no H peak is present,

the H”® peaks are subject to a subtle highfield shift of about 0.2 ppm for both ILs indicating
less pronounced (or at least no enhanced) H-bonding throfighTHis means that upon
methylation of the €position the main H-bonding interaction is indeed eliminated and to no
extent compensated by thé'Hprotons.
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Figure 3.13: Imidazolium ring signals in (&fC- and (b)*H-NMR of [GCim][Tf,N] (black curves) and
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this region are indicated by dotted boxes). The differential ppm shifts due to methylatfoaratr@arked by
arrows.

Our results from NMR and the NBO analysis show that the interaction between anions and
the imidazolium cations via hydrogen bonding type interactions is strongly altered by the
nature of the anion. Small and more basic anions exhibit pronounced hydrogen bonding with
the hydrogen atoms of the ring (particularly witf) lds compared to the larger and less basic
anions. Moreover, the electronic structure of the imidazolium ring in terms of charge
distribution is modified by the coordination ability of the anion, where large anions lead to a
more aromatic character of tmesystem of the ring; this is in contrast to small anions, which
give rise to a more carbene-like bond structure of the imidazolium ring. Importantly, we find
no evidence that the presence or absence of intermolecular hydrogen bonds considerably
influences the absolute value of the net charge transfer between anion and cation; this is
deduced from XPS results and DFT calculations in combination with NMR data for the
methylated and non-methylated ILs.

3.1.4 Summary

In this systematic XPS, NMR and theoretical study tegC[{in]” and two [GCiCilm]” ILs

were investigated. In XPS, an anion-dependent shift of the C 1s and N 1s levels originating
from the headgroup of the imidazolium cation towards higher BE is found for larger, less
basic and weakly coordinating anions. This shift is interpreted as a measure for the net
positive charge on the ionic moiety of the cation, i.e., the imidazolium ring with the adjacent
methyl and methylene groups. The charge transfer between anion and cation is
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unambiguously related to the nature of the anion: for spherical anions a linear correlation of
the BE shift with IL molecular volume is observed, whereas for the more asymmetric large
anions carrying perfluoralkyl groups, the BE shift exhibits only minor changes with
increasing size. Overall, a linear correlation with the hydrogen bond acceptor basicity of the
anion—characterized by the corresponding Tamlet-Kraft paranfietes found, which
indicates that the interionic charge transfer is closely related to the anion’s coordination
strength and, thus, to the localization of the negative excess charge in the anion. These
findings are corroborated by DFT calculations on isolate€{l@]X ion pairs, which show

that a net charge transfer via orbital mixing of anion and cation occurs for all energetically
favourable conformations (i.e. the, "on-top" and "in-plane" configurations). The positive
excess charge on the ionic headgroup of the cation varies from +0.75 g@dn{[CI up to

of +0.91 e for [GC.Im][Tf:N], coming close to the nominal value of +1.0 e. The calculations
also show that for less basic and less strongly coordinating anions, the on-top configuration is
energetically favoured; this also holds true fogQ¢Z;Im]X ILs, where the most acidic
proton in 2-position is substituted by a neutral methyl group. Despite the considerably lower
contribution of hydrogen bond type interactions in the methylate@,{GIm]X ILs (deduced

from natural bond order (NBO) analysis dhtiNMR), the anion-dependent charge transfer is
nearly identical to that for the non-methylated homologue ILs (deduced by natural population
analysis of atomic charges (NPA) and XPS). Thus, the anion-dependent charge transfer
cannot solely be mediated through pronounced H-bonding but is most likely dominated by the
degree of orbital mixing of anion and cation. This contribution is strongly dependent on the
proximity of the ions; hence, the local charge distributions play a crucial role.

Apart from coulombic interactions related to the charged ions, an understanding of the role
of hydrogen bonding type interactions is essential for ILs. The analysis dHtN&R-
spectra of pure ILs, where additional solvent interactions can be ruled out, reveals that the
increasing size of the anion, accompanied by gradual reduction in anion basicity, leads to a
reduction in H-bonding, which is in line with findings from other groups measuring ILs in
organic solvents. ThEC-NMR signals of the imidazolium ring are only weakly influenced
by the nature of the anion. However, a small shift of the signal assigned tG dabGn
reflects an anion-dependent change of electronic structure within the ring, which is likely
related to a modification of ring hybridisation, an argument also supported by the NBO
analysis.

In this study an important contribution was made towards a detailed understanding of
intermolecular interactions in ionic liquids, which can be transferred to other liquid systems
where comparable interactions play an important role. The insights obtained from this study
also provide a better understanding and interpretation of force field parameters (e.g., effective
charges) used in molecular dynamics simulations.
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3.2 Surface composition of [CgC1Im]* Ionic Liquids
The results presented in this chapter are based on the following public¢&fioHs:

Influence of Different Anions on the Surface Composition of lonic Liquids Studied Using
ARXPSC. Kolbeck, T. Cremer, K. R. J. Lovelock, N. Paape, P. S. Schulz, P. Wasserscheid,
F. Maier and H.-P. Steinriic&, Phys. Chem.,B2009,113 8682—-8688

Insights into the Surface Composition and Enrichment Effects of lonic Liquids and lonic
Liquid Mixtures F. Maier, T. Cremer, C. Kolbeck, K. R. J. Lovelock, N. Paape, P. S. Schulz,
P. Wasserscheid and H.-P. SteinritRRys. Chem. Chem. Phy2010,12, 1905-1915

Using the ten [@C1Im]” ILs investigated in the previous chapter, we employed ARXPS in
this study to examine the influence of different anions on the surface composition of these
ILs. Within the first molecular layer, for all ILs an enrichment of the octyl chain was found at
the expense of the charged moieties of the cation and the anions, which arrange in a sublayer.
The aliphatic alkyl chains show the most pronounced surface enrichment for the smallest
anions, while the effect decreases with increasing size of the anion. In a collaborative effort,
UPS and MIES results for fCiIm]Cl and [GC.Im][Tf,N] were related to the ARXPS
measurements, leading to the conclusion that for small anions the surface is solely terminated
by densely packed alkyl chains, while for larger anions ionic groups are still present at the
interface.

3.2.1 General Considerations

As mentioned in Chapter 1, an understanding of the nature of the IL/gas and IL/vacuum
interface is of fundamental interest for a variety of IL-based applications such as sensors and
gas chromatography; **or nanoparticle synthesi& **°For the SILP and SCILL approaches

the IL/gas interface is vital because transport of reactants is directly influenced by the
interaction of gaseous molecules with the IL ions at the surface. Furthermore, an
understanding of the IL/vacuum interface at a molecular level is crucial in order to explain
fundamental macroscopic surface properties such as surface t€hsionthe IL/vacuum (or
IL/gas) interface, the composition and molecular arrangement at the surface will be different
to that of the bulk due to the unbalanced forces, which are present as a result of the non-
isotropic environment.

Based on the very low vapour pressure of aproti¢®il’$ *®ultra-high vacuum (UHV)
conditions have been applied to investigate IL surfaces using®x@%s 3% 36-38. 64, 100-105
metastable impact electron spectroscopy (MIES} high resolution electron energy loss
spectroscopy (HREELSY,low energy ion scattering (LEIE) and direct recoil spectroscopy
(DRS)3" 2 Other surface sensitive methods without UHV requirements such as sum
frequency generation (SF&Y*° X-ray and neutron reflectomet?¥,*® *°surface tension
measurement$? 1*% Blyrazing incidence X-ray diffractioff and simulations have also been
applied*® 53 ™\ost of these surface studies have mainly concentrated on non-functional-
ized imidazolium-containing IL%’ and only few surface investigations of functionalized ILs

have been reported. 38 105 147



3 Pure IL Systems 49

The discussion on IL surface structure often involves two different but interrelated aspects:
surface composition and molecular orientation at the surface. Surface composition involves
the identification of the molecules present in the near-surface region and whether there is
enhancement of certain ions (or parts of ions) and depletion of other ions (or parts of ions)
with respect to the bulk composition. This identification becomes even more important when
small amounts of surface-active impurities are present in th8>fL.2%* *2*Molecular
orientation at the surface concerns detailed ordering and geometry effects of the ions (or part
of the ions) present at the surface.

With regard to surface composition, a consensus has been established that both cations and
anions are present in the surface region of a wide range of pure imidazolium ILs, particularly
those ILs containing shorter alkyl chains such a€[n]*.3% %2 *¥For ILs containing longer
aliphatic alkyl chains (i.e. £y or longer) it has been shown that more alkyl carbon is present
in the near-surface region than non-alkyl parts of either the charged imidazolium ring or of the
anionl0? 123, 144.149. 15 5 jllustrated in Figure 3.14 and also Figure 2.2 in Chapter 2.1, using
ARXPS, our group recently investigated the influence of different substituents on the surface
composition of [T§N]-based imidazolium IL$® The degree of surface enrichment of
aliphatic alkyl carbon chains gradually increases igC{@n][Tf.N] ILs (n =2-16) with
increasing chain length, as observed by Looéedl. for [C,C;Im][BF,4] (where n = 4-8) also
using ARXPS'®? Moreover, it was found that aliphatic alkyl chains seem to generally
dominate the composition at the outer surface of pure ILs, independent of whether the chains
are attached to the cation or the anion, as demonstrated szflrf(]ICBOSQ].38 These
findings were confirmed by Baldelit al using SFG*° When the aliphatic chains are
substituted by functional groups with the potential of intra- and intermolecular attractive
interactions (such as ether moieties), the surface composition is found to be similar to the IL
bulk (see also Figure 2.3.

In contrast to results on surface composition of ILs, there is more uncertainty concerning
preferential molecular orientation of ions in the near-surface region. This uncertainty is partly
related to different experimental techniques and their variation in sensitivity to orientation
effects at the outer surfate.Particular focus has surrounded the orientation of the
imidazolium ring of the cation and the longer alkyl chain of the cation. It has been shown that
the alkyl chain is oriented approximately along the surface normal with a chain density lower
(at least for larger anions) than that of archetypal thiolate self-assembled monolayers on
Au(111)1% 198 1531 (different studies the imidazolium ring has been found to be either
perpendicular or parallel to the surface norMalhe location of the anion relative to the
cation has been addressed by only a few systematic surface studies employing ILs with the
same cation but different anions. Using SFG, Rivera-Rubtal. found for nine different
anions with [GCiIm]" that the imidazolium ring lay parallel to the surface plane and the butyl
chain projects into the gas phase, independent of the anion idéhfigpnet al. found using
SFG and X-ray reflectivity that, for jJCiim]X (where X = I, [BF4~ and [PF]"), the
loosely-packed butyl chains were projected towards the gas/liquid interface whereas the
tightly-packed charged cores (i.e. imidazolium cores and anions) were in contact with the
neighbouring IL molecules in the bul€ From their results these authors also suggested that
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I~ was located beneath the imidazolium core (i.e. the charged ring) wherghsaisF[Pk]~

were located alongside. Conclusions on surface orientation have also been made based on the
macroscopic property surface tenstdh.*® Lockett et al. successfully used synchrotron
radiation to investigate the mutual location of ionic headgroups in differeft’|Apart from

pure ILs only few surface studies of more complex IL systems such as of IL sofufigh&*

and IL mixture$>® have been reported.
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Figure 3.14: (a)—(c): C 1s XP spectra of JGIM][Tf,N] (n = 1, 8, 16), recorded under 0° (black) and 80° (grey
circles) electron emission angle, with respect to the surface normal. The intensity ratiQg,foiCieero and

Neation : Nanion Of [CAC1Im][Tf,N] recorded at different electron emission angles as a function of chain length are
shown in (d) and (e), respectively. A line for the nominal ratios (dashed line) is also added. For a detailed
discussion, please see Ref.

In order to obtain a better understanding of the factors that determine the IL surface structure
this ARXPS investigation addresses the influence of the anion on the composition of the near-
surface region of ten KCiIm]X ILs. We have chosen FCilm]* as the common cation for
three reasons. Firstly, there are a broad range of ILs with this cation with very different anions
available that are liquid at room temperatifr&econdly, these ILs can be prepared with
surface contamination below XPS detection limits. Thirdly, surface enrichment of the octyl
chain was already thoroughly studied fog@dm][Tf2N] in previous work on the influence

of substituents on the IL surface compositidihe anions X under investigation are very
different in chemical nature, and include anions such as halideg] [NBF,] ", [PF]~, [TfO]™

and also more complex anions containing perfluoroalkyl groups such A§TiPf.N]™ or

[FAP]". The anions were chosen to cover different sizes (ranging fromo (FAPT), shapes

(from spherical to elongated anions), and coordination abilities (from strongly coordinating
halides to weakly coordinating anions with perfluoroalkyl groups). Many of the anions
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studied here are commonly used in IL applications. Certain anions (e.g., [MEOSO
[OcOSQ], [B(CN)4") were deliberately excluded from this ARXPS study, since they exhibit
XPS carbon signals that strongly overlap with carbon signals from g&lig]* cation®® In

this investigation it is demonstrated that the different anions have a considerable effect on the
degree of surface enrichment of the octyl chains. The anion location is also commented upon
for all ILs. The ILs studied herein are shown in Table 2.1, while some of their physical

properties are listed in Table 3.1).

3.2.2 Experimental Aspects

XPS measurementsAs already described in the experimental section and elsetee,

thin IL films were prepared by deposition of the corresponding IL onto a planar Au foil in air,
introduced into the UHV system, followed by careful degassing in the sample transfer
chamber. ARXP spectra were recorded under polar angles of 0° (normal emission), 70°, and
80° (grazing emission), corresponding to an information depth of 7-9 nm, 2-3 nm, and 1.0—
1.5 nm, respectively. A preferential increase in core level intensity with increasing detection
angle and, thus, with increasing surface sensitivity, indicates a higher concentration of this
element in the topmost layers as compared to the "bulk measurement” at 0° emission.

Usually, the Au 4f, signal is employed as a reference for the reported BE; however, ILs
have been shown to charge, even for low viscosity*illénder the experimental conditions
of the XPS setup in use, peak positions were reproduced with variations of about + 15 eV.
To facilitate visual comparison of IL spectra, we used an internal standard for the BE scale,
where the C 1s signal of the octyl chain of the comm@g{ié]* cation was set to 285.0 eV.
Please see the Chapter 3.1 for a detailed discussion of the referencing procedure.

For C 1s spectra of ILs with perfluoroalkyl group-containing aniongCyiéh][TfO],
[CsCiIm][TF2N], [CsCilm][Pf2N], and [GCiIm][FAP]) a three point linear background
subtraction was applied; for all other spectra a two point linear background subtraction was
used. All peaks were fitted using Gaussian lineshapes. As discussed earlier in the
experimental section, when using a non-monochromatised,AbkKrce as in this study, it is
best to fit C 1s peaks arising from the cation with two components ogly, &dd Getero 2
These peaks are labelled as 1 and 2, respectively, in the chemical structure given in
Figure 3.16. This procedure provides reliable results, employing only one empirically derived
constraint for the FWHM values of peaks 1 and 2, namely fwhm(E=
1.11 x fwhm(Guy). Applying this constraint was found to give good fits for aj@dm]X
ILs, and has previously given good fits for a range of non-functionalized and functionalized
ILs.%®

From the areas under the fitted peaks, and by taking into account the sensitivity factors for
the different elements, quantitative information can be obtained on the stoichiometry of the
near-surface region. The atomic sensitivity factors (ASFs) used for C 1s, N 1s, O 1s, F 1s,
S 2p spectra are those reported previotfshdditional ASFs for Cl 2p, Br 3d, | 3¢l B 1s,

P 2p were determined as described by Kolbetcil*” All ASF values for the corresponding
elements are given in Tables Al and A2.
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Mass density, sample purity and radiation damageAll aspects relevant for this study were
already discussed previously. Please refer to Chapter 3.1 for details.

3.2.3 Results and Discussion

Figure 3.15 shows survey scans fogQ@m]Cl, [CsCiIm][BF,4] and [GCilm][Pf:N]. These

three ILs were chosen as case studies to explain the resg@glni{{BF 4] was studied using
ARXPS by Lockettet al, thus providing a relevant opportunity for compari$8ms noted

in Section 3.1, XPS signals were observed for all expected elements with no indication of
impurities (above the limits of XPS detection, ~1%). For all elements, a table containing
quantitative analysis of all spectra (taken at 0, 70, and 80°) is given in the Appendix,
Table Al. Comparison between the BE positions for both thedand the anion elements is
given in Table A3 in the Appendix.
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Figure 3.15: XP survey scan spectra of (a3@adm]Cl, (b) [CeCiIm][BF 4], (c) [CsC1Im][Pf,N], recorded under
0°emission.

As already established in the previous chapter, the C 1s region for all g&fniXx ILs
studied contain 12 carbon atoms from the imidazolium cation, which were decomposed into
two types: Giy and Getero in the structure in Figure 3.16 labelled as 1 and 2, respectively.
Chetero IS located at a higher BE (~286.4-287.0 eV) thamr,G285.0 eV) due to the C-N
bond(s) to the more electronegative nitrogen atoms of the imidazoliurf? fiing: procedure

for determining the relative amounts ofy{ and Getwero has been explained previously for
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[CsC1lm][Tf2N].*® The BE peak separation forg and Geterois dependent on the nature of

the anion, which was discussed in detail in Chapter 3.1 and if’?.RBfFigure 3.16a—f the

C 1s region is shown for FC,;Im]Cl, [CgCiIm][BF,4] and [GCilm][Pf,N] at 0° and 80°,

along with fitted components. At 0° the measured intensity ratige Cheterofor all three ILs
approximately match the nominal ratio, 7:5 = 1.4, as shown in Figure 3.169, suggesting that
within the probing depth of 7-9 nm there is a homogeneous distribution of alkyl chains and
imidazolium rings. At 80° and, thus, a probing depth of 1.0-1.5 nm, the intensity of.the C
component decreases relative to the intensity of thg Gmponent, indicating that there are
more alkyl carbons present in the near-surface region than ring carbon atoms. The intensity
ratio Gaiy/Cheteroat 80° follows the trend: 3.1 for §CiIm]Cl > 2.4 for [GCilm][BF4] > 2.1

for [CgCylm][Pf,N], as shown in Figure 3.16g. This trend scales with the size of the anions:
most alkyl chains are present for the smallest aniorw@iereas for the much larger {Ri™

the surface enrichment of alkyl carbon relative to ring carbon is less pronounced. For all nine
ILs studied, the ratio Gyi:Cheteromeasured at 80° follows this trend” €IBr™ > I > [PR]™ ~

[BF4]™ ~ [TfO]” > [TfoN]™ > [PEN]™ > [FAPT (see Table 3.1).
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In order to quantify this observation, the molar volume ¥ the molecular volume M/Na

is used, where Mp, Na are the molar mass, the mass density at room temperature and the
Avogadro constant, respectively. It has previously been shown that many key physico-
chemical properties of ILs can be directly related to molecular voldtewmlecular volumes

are not only available from measurements but can also be predicted from calciiafioms.
values for molecular volumes of the ILs studied herein, given in Table 3.1, are determined
from our own liquid density measuremefts.

Table 3.1: Quantitative analysis of the XP spectra ofCJ@n]X for the carbon atoms of the cation. The
experimentally determined ratios of, relative to Geero @re given; the experimental values are derived from
XP spectra taken at 0°, 70° and 80°. Nominal ratigfCheteroiS 7:5 = 1.4:1. In addition, liquid density values
and molecular volumes (determined using liquid density) are shown.

L Ratios I(Guy)/I(Cheterd at 2Liquid densityp/  *IL molecular volume /
0° 70° 80° gen® nm®
[CeCilm]CI 1.52 2.20 3.11 1.009 0.380
[CeCilm]Br 1.47 1.96 3.06 1.169 0.390
[CoCalm]I 1.47 2.01 274 1.305 0.410
[CoCoIM][NO4] 1.49 211 3.28 1.065 0.401
[CoCyIM][BF4] 1.40 171 238 1.099 0.426
[CoCiIM][PFy] 1.39 1.68 235 1.235 0.458
[CeCaIm][TfO] 1.37 1.69 2.40 1.142 0.501
[CeCum][TFN] 136 1.63 2.25 1311 0.603
[CCUm]PEN] 140 1.60 2.11 1.396 0.685
[CoC.Im][FAP] 136 1.66 201 1.497 0.711

2values taken from Réf°

Figure 3.17 shows the intensity ratigi/Cheterofor all ten ILs at 0° and 80° (70° are omitted
here), plotted against the molecular volume of the ILs. The error bars for the intensity ratios
are + 7%, representing a conservative estimation for the mean error for all data sets and fitting
procedures; the error in the molecular volumes is given by the density measurements
(£ 1.5%). At 0° (1.D. 7-9 nm) the surface composition of all ten primary ILs investigated was
approximately the same as the nominal composition (see also Appendix, Table A2),
suggesting that the average of the first seven to nine nanometres corresponds to a homo-
geneous distribution of cations and anions. The largest enhancement for alkyl carbon is obser-
ved for the smallest anion, Tland the smallest enhancement is observed for the largest
anion, [FAPT. The amount of enhancement observed is thus clearly correlated with the size of
the anion. However, the change in surface enhancemenf@ffil©m chloride to iodide (i.e.

the halides) is relatively large for a relatively small change in molecular volume. Conversely,
the change in surface enhancement gf,Grom [BF]™ to [FAPT is relatively small for a
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relatively large change in molecular volume. To explain the influence of the anion on the
degree of octyl chain surface enrichment (which is related to the mean orientation of the
cation at the surface) it is proposed that mainly the size of the anion and the strength of the
interaction between the charged groups determines how densely packed and well oriented the
surface layer is. Therefore, in the case ofd@n]Cl, the small size of a ion pair allows for a
dense packing of the alkyl chains (leading to some kind of self-assembly due to dispersive
interactions of the alkyl chains), therefore leading to a strong enhancement. It should be noted
that the surface enrichment of the octyl chains in the case o [MCat least as pronounced

as for the smaller Clwhich might be related to a specific interaction of the planarsJNO

anion with the imidazolium ring, allowing for a well ordered surface structure. For the larger
anions, the packing density decreases and the ionic region becomes more diffuse, leading to a
loss in order and also reduced enrichment of the octyl chains at the surface. Once the lateral
distance between alkyl chains exceeds a certain value, no dispersive interactions are possible
and a remarkable drop in alkyl surface enhancement should be observed. Figure 3.17a indeed
shows a plateau-like behaviour for ILs from [fFonwards.

(a) 354 - K J ' J e 0°
OE 3.0 - Nominal

~—

= 2.5- Br.liil %ﬁ)}}l h [PfN] -

Cls

/

204 B O SV 3 T
Q 7 [FAP] 4
3 15-_%-@- Ri= = = - — —HH® -]
T T T T T T T
0.4 0.5 0.6 0.7
lonic liquid molecular volume / nm’®
o 97 —i— | RSSSN CF
R h -4 BN Br
S 064  =ur
5 / BN [NO,
g ] g - 3
© - - < 17 -
z ¥ 9.7 g Ca | B PR
" e 0.5 - R¢ :‘ ’V :‘ "‘ :’:ﬁlr’
5 N g7 N XY -
TANEE 9 g f.N]
1REd ii Nid TN

w272 [P NI

0 70 80 [FAP]’
Electron emission angle / ° = = nominal

Figure 3.17: (a) Ratio of the intensities fog: Chetero for [CsC1lm]X, recorded under ©(grey circles) and 80°
(black circles) emission, against ionic liquid molecular volume (calculated using liquid densities). A line for the
nominal ratio (dashed line) is also added. (b) Ratios of the intensitjgs Mcation for [CeCiIM]X (where X =

anion, A = element selected from anion X) at different electron emission angles.



56 3 Pure IL Systems

In order to draw a full picture of the surface composition, anion-related signals were also
investigated. Figure 3.17b shows the intensity ratio for one central atom from the anion,
labelled A, and the two nitrogen atoms from the imidazolium ring (representing the centre of
the polar headgroup of the cation); the nominal ratio is 0.5 for all ILs studied. Selections for
the central atom A of the corresponding anion are Cl, Br, | (halides), Ns([N®f.N]~ and
[PfoN]D), B ([BF4]), P ([PR]” and [FAPT), S ([TfO]). The signal-to-noise level for the
measured ratios is quite low because most excitation cross-sections of elements A are quite
small. Additionally, for 70° and 80° measurements, damping of A and N 1s signals by surface
alkyl carbon atoms occurs. Overall, the total error bars are estimated to + 10%. For seven of
the ten ILs the A:N intensity ratio shows a weak increase with increasing surface sensitivity.
This observation leads to the tentative conclusion that for all the ILs shown the mean centre of
the anion in the near-surface region is located nearly at the same (or even slightly shorter)
distance from the outer surface as compared to the imidazolium ring, irrespective of the nature
of the anion. Jeoest al. have proposed that, using SFG and X-ray reflectivity faCjen]l,

the anion is located beneath the imidazolium Hfgrhere is no evidence from our data to
suggest that the iodide anion, or any other anion, is preferentially located beneath the
imidazolium ring; such a scenario would lead to significant damping of the anion signal
relative to the cation signal at grazing emission. ddail. also proposed, for [Ci1Im][BF 4]

and [GC,Im][PFg], that the anion is located at the same level as the imidazolium ring; this
conclusion fits well with the data presented Hée.

A comparison can be directly made between the results obtained herein and by eétockett
al. for [C8C1Im][BF4].102 Both experiments show an increase in the amount .@f @t
increasing surface sensitivity. A smaller ratio, and consequently lower enhancement, was
observed by Locketet al. at 80° emission (about 1.9 as opposed to 2.3 obtained in this
work).X%2 This difference is likely due to different fitting procedures employed (fitting either
three or one peak fornGerg and/or different acceptance angles of the corresponding electron
analyser.

As noted elsewhere, ARXPS is not very sensitive to detailed geometry effects such as
molecular orientation but is instructive for determining depth distribution of certain elements,
i.e. the surface compositidh.Since the systems investigated are liquids, and therefore the
surface is mobile and fluid, the data recorded represent an average of the true situation at any
time. In the most surface sensitive geometry at 80°, with an information depth of 1-1.5 nm,
65% of the XPS intensity arises from the first 0.3—0.5 nm, which is below the size of most of
the IL ions studied herein. This high surface sensitivity allows one to derive information on
the surface composition and to speculate on the arrangement of the molecules in the topmost
layer. For all of the ILs in this study, the outer surface is dominated by the presence of alkyl
carbon atoms compared to the ILs’ nominal composition. The strong implication therefore is
that the topmost IL layer consists of cations oriented to a certain degree with the octyl chains
preferentially protruding into the vacuum. The corresponding imidazolium rings (i.e. the
charged cation head groups) are located below this aliphatic carbon overlayer and at the same
(or a slightly larger, see Figure 3.17b) distance from the outer surface than the centre of the
anions (which is expected to coincide roughly with the centre of negative charge).
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cr [C4C,Im]* [TE,NI

Figure 3.18: Proposed model of the highly ordered IL-vacuum interface {@.[@]Cl (a) compared to the
[CsCiIm][Tf,N] interface (b). For a) the first molecular layer consists of a well-defined layer of octyl chains
protruding to the vacuum with the ionic parts of the cation and the chloride anions buried underneath with no
direct contact with the vacuum. For the larger anions such aiN[Tfthe first molecular layer is considerably

less ordered so that (at least) the {froups of the anion still protrude to the vacuum (for details, see text).
Below are top-view models illustrating how the size of the anion influences the packing density (and therefore
the amount of alkyl enhancement) of the alkyl chains.

For the halide ILs, and in particulardGlIm]CI, this layered model, as schematically shown

in Figure 3.18, fits our data particularly well, assuming the head groups of the cations and the
anions form a confined "ionic sublayer". The degree of packing and, therefore, the density of
the polar groups depend on the size of the anions, and, most likely, on the strength of
interaction between anion and imidazolium ring: highly coordinating anions such lasn@l

more strongly to the imidazolium ring than anions such ag\[Tfand [FAPT.”* The ionic

region is therefore more ordered and compact for the smaller anions, imposing a dense
packing of the aliphatic chains by attractive vdWs interactions between the aliphatic chains in
the ILs similar to the situation for alkyl-thiolate self-assembled monolayers adsorbed on
surfaces such as Au(11}}: ®2In fact, when comparing the damping achieved by the octyl
chains in [GCim]CI with Cg-thiol SAMS on an Au(111) substrate, similar values are
obtained leading to the conclusion that indeed, for very small anion8iCland [NQ], a

highly associated and oriented alkyl overlayer may be present. For alkyl SAMs on Au(111) a
S-S distance of 0.5 nm is found, which is close to tpe@g chain distance of ~0.6 nm for
[CsCiIm]CI estimated from the IL molecular volume ofiGIm][CI]. For the larger anions

the interaction between the charged groups (i.e., the imidazolium ring and the anion) is
weaker. Within the first molecular layer, the ionic parts of the molecules are consequently not
as well confined as for the halides. The resultant higher disorder, and simply the fact that



58 3 Pure IL Systems

larger anions demand more lateral space in one "unit cell" of ion pairs, results in a reduction
in vdWs interactions and in a loss of order for the aliphatic chains. This is shown in
Figure 3.18, where a top-view scheme is presented in which g&Ifg" cation forms an
idealised, confined surface structure with both a small spherical and a large, bulky anion,
resulting in a highly confined alkyl chain structure for the small anion and an open structure
with high degrees of freedom for the alkyl chains in the case of the large anion. It must also
be noted that the specific chemical moieties of the anions may orient themselves; for example,
the perfluoroalkyl groups of [3N]~, [P.N]” and [FAP] have been shown to be located closer

to the surface than other parts of the arffoff®Such competing orientation effects are also
expected to lead to a loss in surface enrichment of alkyl chains.

Considering the complexity of the system, the proposed model, especially the scheme for
larger anions presented in Figure 3.18 is probably not the only one which is consistent with
the experimental findings. As an alternative, one could envisage, for example, inhomogeneous
lateral arrangements, with islands of highly oriented alkyl chains, separated by non-ordered
regions, the size of which depends on the size of the anion. While we cannot unequivocally
rule out such arrangements, our model seems to be the most simple and plausible.

Further evidence for the proposed models discussed here comes from complementary PES
work by the Krischok (TU llmenau), who performed UPS and metastable impact electron
spectroscopy (MIES) measurements ofGIm]Cl (n = 2,4,6,8):%* and [GCiIm][Tf,N].*®°
While UPS is a standard tool to investigate the VB structure of compounds, but exhibits
slightly higher surface sensitivity than valence band XPS, in MIES only the outermost surface
atoms are probed. This ultimate surface sensitivity is achieved by the energy transfer from a
metastable excited He* ion to the most proximate surface atom resulting in a "photoelectron”.
From the MIES data it becomes evident from the absence of a Cl 3p contribution, that for
[CsCilm]CI the outer surface is solely alkyl-terminated, suggesting the existence of a highly
confined alkyl overlayer. In contrast, it is found fors@gIm][Tf,N] that contributions from
both the anion and the cationic headgroup are still observed in MIES and are therefore present
at the outermost surface, further corroborating the models proposed in Figure 3.18.

3.2.4 Summary

As an extension of previous work on the influence of functionalized and non-functionalized
chain substituents on the surface composition of imidazolium-basgd| TTEs, the influence

of the anion was systematically investigated here. Also, this study was conducted as an
extension to the results presented in Chapter 3.1 addressing the electronic properties of
[CeCiim]™ ILs. Thereby, the same tend@GIm]* ILs with anions covering different sizes
(ranging from CI to [FAPT), shapes (from spherical to elongated anions) and coordination
abilities (from strongly coordinating halides to weakly coordinating anions with
perfluoroalkyl chains) were investigated using ARXPS.

All ILs were free from surface contaminations and no significant beam damage occurred
over the time-scale of the ARXPS experiments reported here. At an emission angle of 0°, i.e.,
for an information depth of 7-9 nm, the measured compositions of all ILs correspond to the
nominal stoichiometry, suggesting that on average anions and cations are homogeneously
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distributed within this region. At 80°, i.e., an information depth of 1.0-1.5 nm, the con-
comitant rise in C 1s intensity of aliphatic carbon at the expense of all other IL signals unam-
biguously proves surface enrichment of the octyl chains in the first molecular layer. This
enrichment decreases with increasing anion size: it is most pronounced &md@r and is
considerably less distinctive for the larger anions,NIPf and [FAP]. In contrast, no
significant surface segregation effects of the anions relative to the imidazolium rings (i.e., the
positively charged head group of the cation) occur in the first molecular layer. In other words
this observation means that the ionic cation head groups and the anions are located at about
the same distance from the outer IL surface, forming a more or less confined polar layer; the
IL surface is terminated by the octyl chains to a different degree, depending on anion size. To
explain the influence of the anion on the degree of octyl chain surface enrichment (which is
related to the mean orientation of the cation at the surface) we propose that mainly the small
size of the anion and the strength of the interaction between the polar groups lead to the
formation of a densely packed, well oriented surface layer, e.g. in the cas€gh{[CI. For

the larger anions, the packing density decreases and the ionic region becomes more diffuse,
leading to a loss in order and also a reduced enrichment of the octyl chains at the surface.

Based on the fundamental knowledge attained in this chapter the subsequent chapter deals
with ultrathin IL films deposited on metal substrates, focusing on aspects such as IL
arrangement at the solid interface, surface wetting and subsequent IL growth behaviour, and
also scrutinising the electronic interaction of the adsorbate with the solid.
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4 Ionic liquid — Metal Interfaces
The content of this chapter is based on the following publicatf3ris”

The Liquid/Solid Interface of Ultrathin lonic Liquid Films: {GIm][Tf,N] and
[CsCiIM][TT2N] on Au(111) T. Cremer, M. Stark, A. Deyko, H.-P. Steinriick, and F. Maier,
Langmuir, 2011,27, 3662-3671.

Interfaces of lonic Liquids and Transition Metal Surfaces—Adsorption, Growth, and
Thermal Reactions of Ultrathin [CiIm][Tf,N] Films on Metallic and Oxidised Ni(111)
SurfacesT. Cremer, L. Wibmer, S. Krick Calderén, A. Deyko, F. Maier, and H.-P. Steinrtick,
Phys. Chem. Chem. Phy2012,DOI: 10.1039/c2cp40278e

The previous chapter addressed both bulk- (Chapter 3.1) and surface-related (Chapter 3.2) IL
properties. The IL/solid interface is the third main subject investigated in this thesis.
Compared to the previous aspects of IL research, the IL/solid interface is the least explored, as
reflected by the small number of fundamental studies available. To gain detailed information
on the electronic interactions between IL and support material, and to determine properties
such as growth behaviour and molecular arrangement at the surface, ultrathin IL films can be
deposited in ultra-high vacuum by IL-PVD, see Chapter 2. The resulting films with thick-
nesses of only a few nanometres, or even in the sub-monolayer regime, allow direct access to
the unadulterated (i.e., not affected by bulk IL on top of the interface layer) IL/solid interface
by surface-sensitive spectroscopic methods such as ARXPS. In this chapter, ultrathin IL films
were produced by IL-PVD on two different metal supports, namely the (111)-faceted surfaces
of Au and Ni single crystals. Questions related to arrangement of the IL ions at the solid
interface, surface wetting and subsequent IL growth behaviour, as well as electronic
interaction between adsorbate and solid, were addressed. In the first study, three different ILs
deposited on an Au(111) surface were investigated using ARXPS. Later, IL films prepared on
a more reactive system, namely a Ni(111) surface, were examined, also with respect to the
interaction of the IL with oxygen-precovered and oxidized Ni surfaces. Furthermore, surface
reactivity of IL-precovered Ni(111l) with oxygen was investigated to gain fundamental
insights into aspects related to surface passivation of reactive surfaces after IL-impregnation.

4.1 General Considerations

Bulk properties of ILs have been extensively studied over the last two décaddere
recently, the interfaces of ILs with other media such as the liquid/liquid, liquid/gas and
liquid/vacuum have attracted considerable attention (for a detailed discussion and references,
please see Chapters 1 and 3.2). The IL/solid interface, however, has only very recently
become the focus of research activities, despite its importance in many practical applications:
For all liquid/solid interface-controlled processes, a detailed understanding of the chemical
structure, coordination behaviour, reactivity, stability and also phase transitions of ILs at the
solid surfaces is of pivotal relevance. Examples are enginéeramplytical chemistiy *°
nanoparticle synthestd? *° nanocomposite¥® and solar cell$®® *"° Additionally, ILs are
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extensively used in electrochemical and battery research (both as electrolytes and as modifier
of the electrode)’* There, interfacial effects such as electric double layer (EDL) formation,
adsorption and deposition at the electrodes, and charge transfer processes at the electrode-
electrolyte interface are important issues for enhancing device performance. As an example,
for the electrodeposition of Si and Ge from IL solutions, solvation layers at the
electrochemically polarized interface play a crucial tétesinally, certain ILs are found to
provide corrosion protection for metal allofsAn understanding of the interaction between

IL and the alloy surface, as well as the chemical nature of the resulting film, will allow for a
more controlled design of ILs in the production of uniform protective films or advanced
lubricants. With respect to advanced catalytic materials, two new concepts, namely
"Supported lonic Liquid Phase" (SILP) cataly$i€and the "Solid Catalyst with lonic Liquid
Layer" (SCILL) systenf! ?’ have been developed and were discussed in Chapter 1. A modi-
fication of the SCILL system not mentioned thus far, is, to render an air-sensitive catalyst
easier to handle at ambient conditions by a protective IL layer. This concept was introduced
by the Wasserscheid group, who coated Raney-nickel with IL and observed a reduction in
pyrophoric character, while the catalytic activity remained mainly unchahg&dhile the
importance of the IL/gas interface and of IL bulk properties was highlighted in the previous
chapter, it is stressed again here that the IL/solid interface considerably contributes to the
overall properties of these catalytic systéthdherefore, the presently small number of
fundamental studies addressing the IL/solid interface does not reflect the importance of this
research area but epitomises its infancy.

Various methods have been applied for the investigatiorheflt/solid interface buried
under a macroscopically thick IL film. It has been shown by atomic force microscopy (AFM)
that in the vicinity of single crystal surfaces such as Au(111), mica, and graphite, ordered IL
layers are formed, with the degree of layer ordering strongly dependent on the chemical
structure of the IL and the nature of the solid surfAt@hereby, a rather strong interaction
between the Au(111) surface andi@zPyrr][Tf,N] is observed, as compared to, for example,
[C2C1IM][TF2N].Y% 1 The increased layer penetration forces of the AFM tip in distance-
force-measurements at the IL-metal interface are tentatively assigned to a stronger interaction
of the Au(111) surface with the more localized charge at the pyrrolidinium cation, as opposed
to the delocalized charge in case of imidazolium ILs. In a current study using AFM, STM and
electrochemical impedance spectroscopy, an anion-enriched interface layer is proposed for
positive surface potential, while a cation-enriched surface layer is observed for open circuit
potential (OCP) and also for negative potentiflsSome of these conclusions are corrobo-
rated by X-ray reflectivity studié€ *’” where Mezgeet al. deduced a vertical bi-layer struc-
ture on the polar Sapphire(0001) surface. Also, various theoretical investigations addressing
the IL/solid interface of bulk ILs yield similar results, i.e., ordered layers in the vicinity of the
interface’’®'% With respect to the IL layer directly at the IL/solid interface, SFG measure-
ments by the Conbd{/®' 18" Baldelli*®® *¥8192and OucHi™ groups revealed that the IL ions
exhibit distinct geometries and seem to be well-ordered at the interface. Furthermore, some of
these studies showed that at the electrified IL/metal interface preferential ionic adsorption and
charge-dependent reorientation can occur. Further evidence for well-ordered interface layers
is provided by in-situ STM measurements by the Freyland group aret 8y who find
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ordered interface structures but also rearrangement of the IL at the surface depending on the
applied electrochemical potentidf:*®® Very recently, alternating anion-cation layering

between mica surfaces was reported, which strongly depends on the chemical nature of the
|L.197

A different approach to obtain a better understanding of the IL/solid interface is to
investigate thin IL layers with thicknesses in the order of only several nanometres or even in
the sub-monolayer regime. In AFM studies of thin IL films drop-cast onto various support
materials Bovioet al. found solid-like structures on oxide supports and a more liquid-like
behaviour on highly ordered pyrolytic graphite (HOP#)1%As mentioned in Chapter 2 it
has been shown by Earkt al, that—despite their very low (nearly negligible at room
temperature) vapour pressure—a number of aprotic ILs can be evaporated without
decomposition by heating in vacuum. In an extended TPD study Armstaigfound that
the IL vapour consists of neutral ion pairs (NIffsBased on these findings our group
recently established a process denoted as physical vapour deposition of ILs (IL-PVD) that
allows access to the IL/solid interface by means of surface sensitive tecHRigiés.IL-

PVD approach opens up an entire new field of UHV-based IL research: well-established
methods for in-situ sample preparation under ultra-clean conditions can be applied and
extremely well-defined systems can be investigated. When studying these ultrathin IL layers
by ARXPS, detailed information on the initial stages of IL growth, wetting behaviour, the
arrangement of the ions at the IL/solid interface, and the electronic interactions between IL
and support can be derived. In a preliminary study (see also Chapter 5.3.1), the IL/glass
interface was investigated and a bilayer structure was found for low coverages within the first
IL adsorption layer. IL growth was found to proceed in a Stranski-Krastanov-like manner,
where the completion of one wetting layer is followed by 3D island growth for higher
coverages® In recent infrared-reflection-absorption-spectroscopy (IRAS) studies Sebota

al. used the IL-PVD approach to investigate thinG@m][Tf.N] layers on a well-defined

Al ;O3 support and on catalytically active model systems containing Pd and Pt nanopatrticles.
They found distinct orientations of the ions at theQAlsurface and deduced preferential
adsorption sites (step-edges for Pd, (111) facets for Pt) and ligand effects (in case of Pt)
resulting from specific electronic interactions between the IL and the catalytically active
nanoparticled®*2%* Finally, first STM investigations on IL-PVD films for an IL/Au(111)
interface by the Behm group show a low degree of lateral ordering.6R@r][FAP]2%

while in a recent A-resolution X-ray study a checkerboard arrangement is proposed for
Langmuir films of the same IL on mercuiy}.

The consecutive discussion of experimental aspects is followed by the results section, in
which first thin IL films of three different ILs deposited on an Au(111) single crystal are
presented. Later, the experiments on thin IL films deposited on a Ni(111) substrate are
discussed before the findings on IL/metal interfaces are summarized leading over to
Chapter 5, where IL-PVD was used to investigate the nature of the IL/glass interface.
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4.2 Experimental Aspects

Single Crystals: The Au(111) single crystal with a size of 11 x 11 x 2 mm3 was purchased
from MaTecK (Ch.Nr. 0807289, purity 99.999 %, one side polished and aligned to the (111)
plane to better than 0.1°). It was mounted on a Mo sample holder and fixed with two Ta
wires. Surface preparation was performed by sputtering with 600 &Vors, followed by
annealing at ~800 K. Sample cleanliness was checked by XPS, while long range surface order
was verified with LEED, in which the typical (23\8) herringbone reconstruction was
observed. The substrate temperature during IL deposition and XPS was between 290 and
320 K (RT and slightly above).

The Ni(111) single crystal with a size of 11 x 11 x 2 mm?3 was purchased from MaTecK
(Ch.Nr. 10072815, purity 99.99 %, one side polished and aligned to the (111) plane better
than 0.1°). The crystal was mounted on a Mo sample holder with two Ta wires. Surface
preparation was performed by sputtering with 1 keV Ans, followed by annealing at
~1100 K on a LN cooled manipulator (LNcooling is vital for sample preparation as fast
cooling rates are necessary after annealing of the crystal to avoid surface segregation of
impurities). Sample cleanliness and long range surface order were checked by XPS and
LEED, respectively. The substrate temperature during IL deposition was 220 = 20 K, during
XPS as low as 160 K.

lonic Liquid Thin Films: Two ILs, [GCiIm][Tf,N] and [GCiIm][Tf,N], were synthesized

under ultra-clean conditions, according to previous publicatfoasd [GC,Pyrr][Tf.N] was
purchased from IoLiTec and used without further purification. IL films were prepared by
thermal evaporation of the IL using a modified high-temperature Knudsen cell for organic
materials (ECTRA WKC3), see Chapter 2. The temperature of the crucible was regulated by a
EUROTHERM 2261 controller with an accuracy of +/- 1 K using a type-K thermocouple. For
evaporation, approximately 1 mL of the corresponding IL was placed in a PBN crucible fitted
to the evaporator. This setup was mounted to the UHV system and—to avoid bubbling of the
IL—slowly evacuated to UHV followed by baking of the evaporator unit (~120°C), while
simultaneously cooling the IL-filled crucible. Prior to evaporation, the IL was further degas-
sed and purified by keeping the sample ~30 K below the evaporation temperature for several
hours at a base pressure of ~IXifbar. The evaporation temperatures were 420 K for
[CsCalm][Tf2N], 440 K for [C,C,Pyrr][Tf,N] and 420-440 K [@C,Im][Tf,N], depending on

the deposition rate. The evaporation rates were monitored by QCM measurements in order to
guarantee constant IL fluxes (found to be constant for all experiments apart from
[C1CiIm][Tf,N] on Au(111)). Film thicknessabwere determined by analysis of the damping

of the substrate Au 4f and Ni Zplevels by rearranging Equation (4) to

d=1In (Io/ld) - cos? (5).

The film thickness is given in monolayers (ML), where 1 ML of IL is referred to as one
closed layer of ION PAIRS, vertically arranged on top of each other; possible arrangements of
the ion pairs which are consistent with this definition, are illustrated in Scheme 4.1a.
According to this definition one closed layer of ions covering the surface in a checkerboard
arrangement, as shown in Scheme 4.1b, corresponds to a coverage of 0.5 ML.
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Scheme 4.1: (a) Schematic illustration of the arrangement of ion pairs in the first ML of IL deposited on an
Au(111) substrate; according to R&1. Note that the definition of 1 ML is independent of possible arrangements
of the IL ions at the surface which can be, e.g., alternating/disordered (left) or in a layered geometry with the
cations (middle) or the anions (right) preferentially adsorbed at the surface. (b) Closed layer of alternating
cations and anions in a checkerboard-like arrangement, corresponding to a coverage of 0.5 ML.(c) nominal
coverage of 0.5 ML for a case, where a bilayer structure is preferred. Here, the surface is fully covered at a
coverage of 1 ML.

The heighth of 1 ML is approximated from the IL bulk molecular volumg using
h=3V, =" M/Na (6).

The respective values for molar mddsmass density and molecular volum¥y, are taken
from Ref'®® and are summarized in Table 4.1 along wlith experimentatiH,,p values, from
Refs4°‘ 204

Table 4.1: Molar mass (M), mass densjty; (@t T = 298.15 K) , molecular volume {V ion pair height (k)
and enthalpy of vaporisatiomf, ), for all ILs evaporated in this thesis (C,Im][Tf,N] is used in Chapter 5).

lonic Liquid M/ g mol* plgcm?® Vyn/ g moi™ hy / nm AH,ap/ kI mot™
[C1Calm][TF,N] 377.29 1.567 0.400 0.73 n. a.
[CoCalm][TFN] 475.47 1.311 0.603 0.84 1492 2
[C.CiPYr[TEN] 422.41 1.394 0.503 0.80 1524 3
[CoCalm][TFN] 391.31 1518 0.428 0.75 13422

2 yalue taken from R&t; °value taken from Ré*

X-ray induced beam damage effects play a crucial role when studyin§”1E% This is
particularly the case for ultrathin IL films as will be shown in Chapter 4.3.1.5). Therefore,
each IL film was freshly prepared on the Au(111) surface and measured only for about one
hour, in order to minimize radiation-induced changes. After each measurement, the IL film
was completely removed by ion sputtering, the Au(111) surface was restored by annealing,
and a new IL film was deposited. The same procedure was followed for the experiments
conducted on Ni(111).

IL Growth Analysis: The growth mode of a deposited material on a substrate can be
determined by analysis of the attenuation of a substrate-derived signal, in our case the Au 4f
and Ni 2p/; peak intensity. For this study, IMFP valuesiof 1.6 and 3 nm were used for

Ni 2ps/2 angAU 4f electrons, respectively (kinetic energies of 630 eV for Np2md 1400 eV
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for Au 4f), as has been reported for organic materials of densities similasGdrQ[Tf oN]
(uncertainty in\ + 10 %) In case of ideal two-dimensional growth, also denoted as layer-
by-layer growth (i.e., the full completion of a layer is achieved before a new layer starts to
grow on top), the substrate signal is expected to decrease with increasing amount of IL in a
sectionwise linear fashion from the start of a new layer up to its comptéti?i.with
increasing number of the layers the absolute value of the (negative) slope of these sections
decreases. The intensity decrease of the Bl &gnal after completion of successive layers,

lam), follows an exponential decay, as given in Equation (7)

fagm _ __dam
Iy = €Xp (A(Ekin)-cosﬂ) (7)

with lp being the Ni 2p; intensity measured for the clean surfadi@) the total film thickness

of n completed layersf the emission angle with respect to the surface normal)@&asg) the

inelastic mean free path of the respective substrate signal electrons. The ultimate proof for
two-dimensional growth is obtained, when the data derived from a fit of the data to Equation
(7) at one angle (e.g., 0°) can be used to predict the behaviour at other angles (e.g., 80° in our
case):®® This latter approach can also be used, when the number of data points or the signal-
to-noise-ratio of the substrate signals are not good enough to differentiate a sectionwise linear
decrease for perfect layer-by-layer growth from an overall continuous exponential decrease: if
the deposition time dependence at 80° can be reproduced with the same set of parameters
used for the 0° data, taking only the cosine of 80° into account, this is a clear indication for
layer-by-layer growth, as will be discussed in more detail in the results section. A less
pronounced decay of the substrate signals in grazing emission compared to the damping
calculated from Equation (7) then indicates a deviation from perfect layer-by-layer growth.
One should note here that for high emission angles and strong damping some deviations from
Equation (7) are expected due to neglecting elastic scattering éffects.

Furthermore, the increase of the IL signals can be used to further analyse the growth
behaviour, according to Equation (8)

fagy _ 1 _ a(m)
Io 1 €Xp (A(Ekin)-cosﬂ) (8)

with |, beeing the IL signal intensity of an infinitely thick IL layetf(n) the total film
thickness oh completed layersy the emission angle with respect to the surface normal, and
A(Exin) the inelastic mean free paths of corresponding IL-related core level electrons.

XPS Measurements and Data AnalysisXP spectra were measured with the VG Scienta
R3000 electron analyser and non-monochromatised  Alr&diation (v = 1486.6 eV)
generated by the VGHEALAB 200 X-ray source at a power of 150 W (U =15 kV, | = 10 mA)

in case of the Au(111) experiments. For Ni(111) the new Specs XR 50 x-ray gun was used at
a power of ~240 W (U = 12.5 kV, | =19 mA). Survey spectra were taken with a pass energy
of 200 eV, while all detailed core level spectra were recorded with a pass energy of 100 eV,
resulting in an overall resolution of ~0.9 eV. Due to the inelastic mean free path of about 1.6—
3 nm of photoelectrons in organic compouAds® at the kinetic energies used (~600—

1300 eV), measurements at 0° emission average over several layers of the near-surface region
(information depth, ID: 5-9 nm, depending on the kinetic energy); at 80° emission
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approximately the first 1-1.5 nm of the sample are probed. As the Au 4f and/N\iig@pals

were used for thickness determination according to Equation (5), different IMFP values of
3nm (Au) and 1.6 nm (Ni) were used due to the largely different kinetic energy of the
respective photoelectrons, according to R&f$ For the ultrathin films on Au(111) all BEs
(apart from macroscopically thick films, see below) reported are referenced to theAu 4f
signal at 83.85 eV, while for the Ni(111) experiments all spectra are referenced to the Fermi
edge. The BEs for the macroscopically thick IL films are reported as measured due to the ab-
sence of a reference level. In contrast to earlier publications by our §roufy; 103 107. 108 160

the spectra were analysed using the software CasaXPS, employing a symmetric pseudo-Voigt
function with a G:L ratio of 70:30. Compared to earlier fitting procedures using the multi-
peak fitting tool of Origin 7.5, where only a Gaussian lineshape was available, the pseudo-
Voigt function leads to somewhat better fits, but does not affect the quantitative analysis
(differences are well below the margins of error). The C 1s spectrag®flipd[Tf.N] and
[C4CiPyrr][TToN] were fitted with the constraints that fwhmé,)is equal to

1.11 x fwhm(Guy) and 0.92 x fwhm(Giy), respectively. When fitting the N 1s region, the
constraint of equal fwhm values for both signals was used. For IL-related F 1s, O 1s, N 1s and
S 2p regions a 2-point linear background subtraction was used, whereas for the C 1s region a
3-point linear background subtraction was applied. The Au 4f and i Bggions were
analysed using a Shirley background subtraction and numerical integration. To compare the
thin film data of the Au(111) experiments to that of a macroscopically thick film, a droplet of
about 0.1 mL of IL was deposited onto the Au(111) crystal under ambient conditions and then
introduced into the UHV system. For preparation of a macroscopically thick film on clean
Ni(111), a small amount of about 0.1 mL of IL, degassed and stored for several hours under
UHV conditions, was directly deposited onto the freshly prepared Ni(111) crystal within the
UHV system to avoid re-contamination of the Ni(111) surface.

4.3 Results and Discussion

4.3.1 The lonic Liquid — Gold Interface

Besides serving as a model system from which fundamental insights into the IL/metal inter-
face can be gained, the IL/Au interface is actually application-relevant as it is of importance
to research fields such as nanoparticle synthesis and electrochéfith/**°By investiga-

ting a model system, where usually only relatively weak physisorption takes place, first in-
sights into the initial stages of IL growth, electronic interactions and molecular arrangement at
the interface can be studied without risk of complicated side effects such as coadsorption of
residual gas molecules or reaction/decomposition of the adsorbed IL molecules at the surface.
Furthermore, it allows for investigation of radiation-induced changes of the thin IL films.

In this chapter, the adsorbate/substrate interaction, the molecular arrangement and orientation,
and the growth behaviour of three imidazolium-based ILsQ{@][Tf2N], [CsCiIm][Tf2N]

and [GC,Pyrr][Tf,N]) on Au(111) is investigated. In particular, it is shown that (i) anions and
cations within the first adsorption layer are adsorbed next to each other, in direct contact with
the substrate, (ii) indications for formation of a rather well-ordered interface IL layer
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(checkerboard arrangement) are found fofGQ@m][Tf,N], (iii) a reorientation of the octyl
chain takes place upon formation of the first closed layer &:.]@][Tf,N], and that (iv) the

IL layers grow in a layer-by-layer fashion up to a thickness of at least 9 nm. Furthermore,
radiation induced decomposition processes are discussed.

4.3.1.1 [C1CiIm][Tf2N] on Au(111)

[C1C1IM][Tf2N] was chosen as a first example to study the adsorption of ultrathin IL films on
Au(111) for several reasons: (1) it consists only of polar head groups (the charged moieties)
and, thus, no influence of additional neutral alkyl chains is possible; (2) various distinct
adsorption geometries in the first molecular layer should be distinguishable by ARXPS (e.g.
the planar imidazolium ring parallel or perpendicular to the surface, the elongadbidi [Tf
anion in acis- or atrans-configuration); and (3) all core levels can be easily attributed to
either the cation or the anion.

In the thick reference film (topmost spectrum in Figure 4.1) the cation exhibits one XPS
signal in the N 1s region at a BE of 402.0 eV, originating from the two equivalent
imidazolium nitrogen atoms (denoted asaibh'). In the C 1s region one peak at 286.8 eV is
observed, which is assigned to the five carbon atoms bonded to the imidazolium nitrogen
atoms (denoted as r&ero, according to earlier work, see Ff’é)‘. The anion leads to a distinct
N 1s signal from the imide nitrogen at around 399.3 e\, {oN) and a C 1s signal from the
two equivalent Cggroups at 292.8 eV ('ion’)- ASs a consequence, the N 1s and the C 1s
regions allow for the analysis of both cations and anions and is therefore of utmost
importance because, from direct comparison of intensity changes and differential BE changes,
information on the electronic interaction between surface and adsorbate and also on
adsorption geometries can be derived. Other XPS signals are observed for all IL related atoms
such as O, S and F, which, however, will not be discussed in the following.

In Figure 4.1 the C 1s and N 1s spectra of ultrathyC{tn][Tf,N] films of increasing
thickness are displayed along with the already mentioned manually deposited macroscopically
thick reference film (topmost spectra in Figure 4.1); furthermore, the C 1s and N 1s regions of
the clean gold substrate before deposition are included (bottom spectra). All spectra in
Figure 4.1 were recorded in surface sensitive geometry at 80° emission angle. The spectra for
the more bulk sensitive geometry at 0° emission are shown in Figure 4.2 and exhibit very
similar spectral characteristics in terms of BE positions and peak shape. However, the signal-
to-noise ratio is lower in 0° emission; moreover, radiation damage effects are more
pronounced for the 0° spectra, because these spectra were recorded after measuring the 80°
spectra and thus at a higher accumulated X-ray dose (see Chapter 4.3.1.5). Consequently, for
the analysis of the IL/Au(111) interface we mainly focus on the 80° spectra.
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Figure 4.1: Waterfall plots of PVD films of [C;Im][Tf,N] on Au(111) with different thicknesses, starting from
the clean Au(111) substrate up to macroscopic films. Depicted are the C 1s and N 1s core level spectra for 80°
emission. Please see text for details.

With increasing film thickness the :Non Nanion Canion aNd Gietero peaks in Figure 4.1
initially reveal constant BEs, up to a coverage of 0.4 ML (note that throughout this study the
coverage of 1 ML corresponds to one closed layer of vertically arranged IL ion pairs
according to Equation (6) and Scheme 4.1). All peaks are clearly shifted by around 1 eV
towards lower BE compared to the reference spectra of the thick film, with the exact value of
the shift depending on the particular peak.
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Figure 4.2: Waterfall plots of PVD films of [C,Im][Tf,N] on Au(111) with different thicknesses, starting from
the clean Au(111) substrate up to macroscopic films. Depicted are the C 1s and N 1s core level spectra for 0°
emission.
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For film thicknesses above 0.5 ML a nearly parallel shift of the IL peaks towards higher BEs
is observed, until a maximum value is reached at a final coverage of 4.5 ML. The total BE
shifts range from 0.9-1.4 eV, depending on the respective peak. The detailed analysis reveals
that, with respect to the thickest deposited IL film (4.5 ML), anion-related signals shift less
(.00 £0.02 eV for Guonls and 0.88+£0.02eV Nonls) than the cation signals

(1.40 eV £0.02 eV for feterols and 1.21 +0.02 eV for :Non1s), as is also detailed in
Table 4.2. The BE changes are most pronounced for film thicknesses between 0.4 and
2.1 ML. In this coverage regime also, the signal shapes change for both 0° and 80° spectra.
All peaks are broadened and slightly asymmetric, seen best for the 0.7 ML spectra in
Figure 4.1. Similar findings are also observed up to 4.5 ML coverage in the 0° spectra, where
due to the increased information depth the Au/IL interface layer still contributes to the XP
signal (see also Figure 4.2).

Table 4.2: Comparison of BE values of different (4.5 and 80 ML PVD and ex-situ deposited macroscopically

thick) [C,CiIm][Tf,N] films with the 0.4 ML PVD filmg-values in brackets are the resulting differential shifts.
For details, see text.

Binding energy position / eV

System

Chetero Canion Neation Nanion
Thick, evaporated (4.5 ML) 287.08 293.09 402.19 399.44
sub-ML (0.4 ML) 285.68 A = 1.40) 292.094 = 1.00) 400.980=1.21) 398.564 = 0.88)
Thick, evaporated (80 ME) 287.08 293.07 402.29 399.56
sub-ML (0.4 ML) 285.68 A = 1.40) 292.094 =0.98) 400.980 = 1.31) 398.564 = 1.00)
Thick layer ex-situ 286.81 292.81 401.99 399.28
sub-ML (0.4 ML) 285.68 A = 1.13) 292.094=0.72) 400.980 = 1.01) 398.564 = 0.72)

1 used as BE reference in text and E&f2: film thickness of 60 nm was estimated from deposition rate.

As is evident from Figure 4.1 and Table 4.2, the BE positions for the in situ deposited films
do not converge to the values of the ex situ prepared reference film, but to higher values. For
the thickest in situ deposited film (4.5 ML) all IL signals exhibit an about 0.2-0.3 eV higher
BE than observed for the thick reference film. This difference persists for even higher
coverages (thickest film deposited by means of PVD was ~60 nm, where C 1s BE positions
are within 0.02 eV identical to the 4.5 ML film, whereas N 1s signals are again shifted to
higher BE by ~0.1 eV, see Table 4.2). One possible explanation for the observed different BE
positions of evaporated and manually deposited films is the presence of different work
functions (surface potentials) at the Au(111)/IL interface due to unavoidable contamination of
the Au(111) surface in case of the ex-situ prepared films. In this case, thick IL films prepared
in-situ by IL-PVD would eventually display different BE positions than the ex-situ prepared
thick film.
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For very thin IL films, it is evident that the XPS peaks of the sub-0.5 ML films exhibit narrow
peak widths, which are comparable to the fwhm values of IL films above 2 ML thickness
(measured at 80°) and of the reference IL, but are shifted towards lower BE by about 1 eV.
These chemical shifts are attributed to the interaction of both the cations and the anions with
the Au(11l) surface. Assuming that anions and cations in the first layer are alternately
adsorbed next to each other (as schematically depicted in Scheme 4.1b), a coverage of 0.5 ML
would correspond to a closed IL film on the surface; its nhominal height would be the mean
height of cations and anions ions (i.e., 0.36 nm). The observed chemical shifts (i.e., lower
BESs) of the various core levels of the ions in contact with the substrate may be due to a bon-
ding mechanism (initial state effect), which could involve charge transfer between substrate
and IL. Another possibility is a more efficient screening of the excited IL core hole in the
vicinity of the gold surface (final state effect). Both scenarios result in lower BE values, and
have been observed for adsorption of neutral molecules such as benzene or methanol on metal
surfaces, with similar magnitudes as found K&bé

Increasing the coverage above 0.5 ML leads to the already mentioned broadening of the
XP spectra. This observation is attributed to the superposition of signals from the IL ions in
direct contact with the gold surface (at lower BE) and IL molecules adsorbed on top of these
interface ions, which display a higher BE. In the coverage range between 0.5 ML and 2.0 ML,
the peak broadening should be most pronounced. This is shown in Figure 4.1, where the peak
broadening for 0.7 ML and the 1.7 ML films is clearly observed. With further film thickness
increase, the peaks originating from the interface IL layer are subject to pronounced signal
damping, and the "bulk" IL characteristics become dominating. Note that for this scenario, a
layer-by-layer growth is assumed. Evidence for this assumption comes from the quantitative
analysis of decrease of the Au 4f intensities at 0° and 80° emission, which will be discussed in
Chapter 4.3.1.4.

Table 4.3: Elemental composition for severaf@am][Tf,N] films below 0.5 ML thickness, determined under

80° emission, and the elemental composition derived for a thick, macroscopic film; also given are the nominal
values (the intensities are normalized to 3N+7C+6F = 16 atoms in total).

Coverage
Signal Nominal value
0.3 ML 0.4 ML Thick
Necation 14 1.3 1.8 2.0
Nanion 0.8 0.8 1.0 1.0
Canion 1.9 2.2 21 2.0
Chetero 35 3.3 4.5 5.0

F 8.4 8.5 6.7 6.0




72 | Mdtal Interfaces

Additional information on the arrangement of the IL ions at the Au(111) interface can be
derived from the quantitative analysis of the XP spectra; the composition (i.e., stoichiometry
derived from the C 1s and N 1s signals of the cations and anions in Figure 4.1) is summarized
in Table 4.3. For thin films below 0.5 ML, the contribution of thgid signal measured at

80° corresponds to the stoichiometric value (x 0.1), while F is noticeably enhanced. The
cation signals feteroand Nation hOwever, are considerably smaller. Since cations and anions
are deposited as neutral ion pairs, i.e. in equal amounts, on the gold &utfecdeviations

from the nominal composition indicate an arrangement of the anion and the cation in an
adsorption geometry where the anion is located slightly above the cation, and thus, the cation
signals are damped by inelastic scattering. Table 4.4 shows the respective anion-to-cation-
ratios which further highlight the observed anion signal enhancement. To understand the
observed attenuation of the cation signals, an arrangement of cations and anions adsorbed
next to each other on the surface is considered, with the imidazolium ring parallel to surface;
the anions are bound via the S@roups incis-conformation and the GFgroups point
towards the vacuum (see Scheme 4.2). At a coverage of 0.5 ML, the gold surface is fully
covered with anions and cations in direct contact with the underlying gold (see above). From
Scheme 4.2, it is evident that the mean distance of the flat-lying imidazolium ring from the
surface is significantly smaller than that of the anion.

Table 4.4: Anion-to-cation ratios for sub-0.5 ML and thick referencgC{lt][Tf,N] films, along with the
nominal value. Deviations to higher values indicate surface enrichment of anion-related signarsdQEion.

System investigated Caniorf Chetero Nanior/ Neation
0.3 ML 0.60 0.63
0.4 ML 0.66 0.62
thick film on Au(111} 0.47 0.55
nominal 0.40 0.50

1 macroscopically thick, ex-situ deposited @@m][Tf,N] film

In particular, the C§ groups of the [TAN]™ anion are located above the level of the
imidazolium ring of the cation, and alsq¥, is estimated to be somewhat higher than the
imidazolium ring, due to the slightly enhanceghil¥Ncation ratio. This explains why ARXPS
signals from these parts of the anion are more intense in 80° emission whereas the
corresponding cation signals are reduced in intensity due to damping. Since this qualitative
analysis is not very sensitive to the detailed geometry, a situation where the cation is even
partly covered by parts of the pN]” would also be in agreement with our findings.
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Au(111)

Scheme 4.2: Three-dimensional drawing of anion and cation @,[@][Tf,N] in the proposed adsorption
geometry on Au(111), for films below 0.5 ML coverage. Note that most atoms of the anion are considerably
further away from the surface (i.e. closer to the vacuum side) than the cation, which leads to a damping of the
cation signals at an electron emission angle of 80°.

Some additional support for the adsorption geometry proposed in Scheme 4.2 comes from the
different chemical shifts observed for the anions and cations within the first adsorption layer.
In a simplified picture these shifts should decrease with increasing distance of the respective
atoms from the surface. Hence, the anion-related species located further away from the Au
surface, namely the nitrogen and thes@Foups, should be subject to reduced screening,
which is indeed observed: The shift of the cation-related signalg.n BNd Getero IS larger
(1.20-1.40 eV) than that of the anion-related signalgnd Gnion (0.9-1.0 eV).

There are some recent studies in the literature addressing the adsorption behaviour of
[TfoN]-based ILs. For [€CIm][TfoN] thin films on a well-defined AD; oxide model
surface, Sobotat al'®® derived information on the molecular orientation from infrared
reflection absorption spectroscopy (IRAS). They proposed that the cation is preferentially
oriented parallel to the surface and that the anion is adsorbetsit@nformation similar to
the one shown in Scheme 4.2. In our own ARXPS work o&I&][Tf,N] deposited on a
native glass substrate as-configuration of the anions was also proposed in the sub-ML
regime?®® Interestingly, a double layer (sandwich) adsorption geometry was proposed, in
which the anion is located on top of the cation and not in direct contact with the surface, see
also Chapter 5. For the {C;Im][Tf,N] thin films on Ni(111) discussed in Chapter 4.3.2, a
similar sandwich arrangement is found for very low coverageg ML, while a structure of
alternating cation and anion layers was deduced for thick IL layers on a polar sapphire surface
from an high-energy X-ray reflectivity study. For [C.Ciim][Tf,N] on Au(111) such a
bilayer structure can definitely be ruled out in the initial growth phase.

It should be noted that density functional theory calculations of isolat€IfQ[Tf 2N]
ion pairs show that theans-conformer is energetically favoured by only about 10 kJ/mol
relative to thecis-conformer, meaning that at RT both conformers should be present in
(nearly) equal amount$’ However, a lineatranstype adsorption geometry of the JN|~
anion would lead to more stoichiometric relative intensities in ARXPS on the Au(111)
surface, which is clearly not observed. Additional support forcteeonfiguration comes
from the known non-coordinating behaviour of ;Gffoups, which makes the preferential
orientation of these groups towards the vacuum very likely. This behaviour has been found for

the IL/vacuum interface of macroscopically thick IL filifs'%®



74 | Mdtal Interfaces

At coverages above 0.5 ML, the relative intensities of the different core levels change towards
the nominal values of the bulk film. Especially in 80°, the corresponding nominal bulk values
are reached as soon as the first (half)layer in direct contact with the gold surface is completely
damped by the overlaying film. This situation is reached when the film thickness exceeds
2 ML, which corresponds to about 1.5 nm (information depth at 80°: 1.0-1.5 nm).

In summary, our findings clearly indicate that for molecules directly adsorbed at (and in
contact with) the gold surface, pronounced orientation effects take place. For the sub 0.5 ML
films, the imidazolium rings of [€C:Im][Tf,N] are adsorbed parallel to the surface and the
anions are bonded to the surfacecisconformation via the oxygen atoms, with the;CF
groups pointing towards the vacuum. At coverages larger than one layer of molecules (i.e.,
half a layer of ion pairs), this high degree of order is lifted and the additional molecules tend
to adsorb with a more random orientation on top of the confined interface layer.

4.3.1.2 [CgCiIm][Tf2N] on Au (111)

It was shown in Chapter 3.2 and in previous publications by our group that the composition of
the IL/vacuum interface of a given IL is drastically influenced by the length of the alkyl chain
attached to the Nposition of the imidazolium ringf' *°® Hence, we moved on to study the
influence of the alkyl chain on the adsorption behaviour and molecular orientation at the
IL/substrate interface. Therefore, ultrathin films ofg@dm][Tf,N] were deposited on
Au(111). Compared to [HCiIm][Tf2N] discussed above, one methyl substituent of the
imidazolium ring is replaced by a g&;7 chain, which introduces an additional feature

to the XP spectra (for details, please see Chapters 2 and 3).
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Figure 4.3: Waterfall plots of PVD films of {C;Im][Tf,N] on Au(111) with different thicknesses, starting from
the clean substrate up to macroscopic films. Depicted are the C 1s and N 1s core level spectra for 80° emission.
For details, see text.
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In Figure 4.3 the 80° emission C 1s and N 1s spectra of ultrate@Ifa][Tf,N] films of
increasing thickness are displayed along with a manually deposited macroscopically thick
reference film (topmost spectra) and the spectra of the clean gold substrate (bottom spectra).
The corresponding 0° emission spectra are shown in Figure 4.4. The main difference to the
spectra for [@C1Im][Tf,N] is the prominent additional carbon signal at 285.5 eV (reference
spectrum) in the C 1s region, which is attributed to the seven alkyl carbon atoms in the octyl
chain of the cation (denoted ;ﬁ@").sg Similar to [GC1Im][Tf2N], all C 1s and N 1s signals

are shifted to lower BE for coverages below 0.5 ML. With increasing coverage, the peak
positions start to shift towards higher BE until they reach a maximum value (analogous to our
findings for [GC.Im][Tf2N], this peak shift can be observed up to higher coverages in the 0°
measurements, see Figure 4.4). The total shifts from the 0.2 ML film to the 5 ML film range
from 1.3 to 1.8 eV, depending on the particular core level, and are thus slightly higher than for
[C1CiIm][Tf2N], see Table 4.5. The BE values of the spectra of the thick reference film are
again about 0.3 eV lower than for the thickest IL-PVD film, in accordance with observations
made for [GC,Im][Tf2N].
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Figure 4.4: Waterfall plots of PVD films of {C,Im][Tf,N] on Au(111) with different thicknesses, starting from

the clean Au(111) substrate up to macroscopic films. Depicted are the C 1s and N 1s core level spectra for 0°
emission.

In analogy to the results for {CiIm][Tf,N], we propose that the constant BEs for the core
levels of [GCiIm][Tf,N] films up to 0.5 ML are due to the formation of a closed IL
(half)layer with cations and anions adsorbed at the Au(111) surface next to each other, in a
checkerboard-like structure (Scheme 4.1b). For higher coverages, IL molecules adsorb onto
this closed interface layer and thus exhibit higher BE values resulting in broadened XPS
signals that are shifted to higher BEs. Interestingly, there is one peak that behaves differently
as itis illustrated in detail in Figure 4.5 for three selected coverages.
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Table 4.5: Comparison of BE values of thick evaporated (5.4 ML) and ex-situ deposited, macroscopically thick
[CeCilm][Tf,N] films with the 0.4 ML PVD filmZ-values in brackets are the resulting differential shifts. For
details, see text.

Binding energy position / eV

System
CaIkyI Chetero Canion Ncation Nanion
Thick, evaporated 285.82 287.60 293.63 402.56 399.87
sub-ML (0.4 ML) 284.00 285.76 292.19 401.09 398.59
(A=1.82) (A=1.84) (A = 1.44) (A =1.47) (A =1.28)
Thick, ex-situ 285.47 287.28 293.31 402.46 399.82
sub-ML (0.4 ML) 284.00 285.76 292.19 401.09 398.59
(A=1.47) (A =1.52) (A=1.12) (A=1.37) (A =1.23)

: used as BE reference in text and &&f.

While the Gnion peak at 292.2 eV and the,fero peak at 285.8 eV show no shifts up to

0.5 ML, the Guy peak remains unshifted up to 0.4 ML, but thereafter, upon increasing the
coverage to 0.5 ML, displays a shift from 284.0 to 284.3 eV. Above 0.5 ML further
differential shifts and peak broadening are observed for all peaks. Asith@&ak does not

shift in parallel with the Geeropeak, even a change in shape can be observed in the C 1s core
level spectra. This change is most pronounced at a total coverage of 0.5 ML and 0.6 ML (see
also Figure 4.3), where the energy separation betweennthe &hd the Gy peak is only

1.5 eV compared to ~1.8 eV for most other coverages.

In light of our interpretation for the observed BE shifts in the 0—2 ML coverage range, a
shift of Caky towards higher BE indicates a larger distance between the octyl chain and the
gold surface (see also discussion fornGaIm][Tf2N]). Consequently, the observed BE
changes for the &y signal in the low coverage regime are the following: For coverages up to
0.4 ML the alkyl chains are in direct contact with the gold surface together with the polar
headgroups of the cation and the,NJf anions as depicted in the scheme in Figure 4.5, in
order to maximize attractive interactions with the substrate. For higher IL coverages
(threshold between 0.4 and 0.5 ML), it becomes energetically more favourable for the non-
polar octyl chains to point away from the surface towards the vacuum, thereby allowing
additional adsorption of incoming IL moieties in direct contact with the gold surface (middle
scheme in Figure 4.5). This situation with the nonpolar alkyl chain pointing towards the
vacuum is similar to that for self-assembled monolayers such as alkane thiols adsorbed on
gold X* Further IL deposition then leads to the formation of "bulk” IL layers on top of this
interface layer similar to the situation for,[GIm][Tf,N] on Au(111).
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Figure 4.5: Fit analysis of the C 1s region of ultrathing@@Im][Tf,N] films(left) and sketches of ion orientation
(right) for coverages below, at and above 0.5 ML (right). Between 0.4 to 0.5 ML, onlyhpe@k shifts (by

~0.3 eV). For higher coverages all peaks shift to higher BE as the additionally adsorbed ions are not in contact
with the gold surface and thus exhibit a higher BE. The sketch depicts the arrangemeyd; lon][Tf,N] on

Au(111) at the corresponding coverages: at very low coverages the anions are adsorbed in cis-conformation,
while the cations adsorb with the imidazolium ring parallel to the surface. The alkyl side chains are in contact
with the substrate as well, in order to maximize dispersive interactions. At ~0.5 ML, the alkyl chains reorient
and start point towards the vacuum, allowing further adsorption of IL ion pairs, which are bonded via their
charged headgroups to the gold surface. At coverages >0.5 ML further IL molecules (grey) adsorb on top of the
interface layer (black).

If this scenario was correct, the existence of a well-ordered interface layer with the octyl
chains oriented towards the vacuum should be clearly seen by intensity changes in ARXPS.
Indeed, a closer look at the relative intensities of the cation-related signals strongly supports
this interpretation. In Figure 4.6 intensity ratio changes feiedCaky are shown as a
function of film thickness, as derived from the surface sensitive spectra at 80°. While under
bulk sensitive conditions at 0° the stoichiometric ratio of 5:7 =0.71 is measured, an
enhancement of 4, at the IL-vacuum interface leading to a ratio of 0.46 is observed for a
macroscopically thick IL film, as it was reported earffer®” For the thin films, at coverages
below 0.3 ML, the ratio is nearly stoichiometric, indicating that the whole cation is lying flat
on the surface.
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Figure 4.6: Ratio of GedCaky (Mean relative error: +0.05), measured at 80° emission, as a function of
coverage. The horizontal line indicates the nominal stoichiometric ratio of 5 : 7 = 0.714, which within the error
bars has been measured for the thick film under 0° emission. Also indicated is the value of 0.46 measured at 80°
emission for thick films, which is significantly smaller due to surface enrichment for the octyt®chain.

For thicknesses of ~0.5 and ~0.6 ML a significant drop in the.{Caky ratio is found,

which is a clear indication for presence of the alkyl chains at the outer surface, leading to a
damping of the Gewero@toms of the imidazolium ring. Hence, the findings from the intensity
changes corroborate our interpretation discussed above for the BE shifts in the low coverage
regime. To summarize, at coverages below 0.4 ML, the peak ratios reveal a nearly equal
distribution of anions, cation headgroup and cation alkyl chains on the gold surface. As the
surface becomes filled and the molecules move closer together, the alkyl chains start to lose
the contact to the surface and point towards the vacuum. This is most likely due to the fact
that the attractive dispersive forces between the alkyl chains and the substrate are weaker than
those between the ionic headgroups and the gold surface. After a closed complete interface
layer is formed at around 0.5 ML coverage, further IL deposition leads to IL layers that are
already similar to the bulk in terms of BE positions and surface enrichment of the octyl
chains. It is worth noting that the arrangement of the polar headgroups in the interfacial layer
on Au(11l) seems to be less ordered fosC@n][Tf.N] than for [GCiIm][Tf,N], at low
coverages. For the latter, the analysis of ARXP spectra of the < 0.5 ML films indicates that
the N and the Cfgroups of the anion are located further away from the surface than the
atoms of the imidazolium ring (see Figure 4.1 and Table 4.4). In contrast, in the same
coverage range for fC,Im][Tf,N] on Au(111) this effect is not observed to the same extent
(e.g., for the 0.2 and 0.3 ML films the anion-to-cation ratio of the corresponding nitrogen and
carbon signals for 80° are close to the stoichiometric value of 0.5 and 0.4, respectively,
whereas for the 0.4 and 0.5 ML films a slight increase is observed, indicating a slight increase
of order), as is evident from Table 4.6. This difference is most likely related to the octyl
chains that introduce an additional degree of disorder into @ If@][Tf oN] films and thus

hinder an optimum molecular packaging of ionic head groups comparedGgdrJ Tf,N].
Nevertheless, it is likely that most of the imidazolium rings are also adsorbed parallel on the
surface and the anion is adsorbed via the oxygen atoms of thgr&s as was deduced in

the case of [@C:Im][Tf2N], which is further corroborated by the differential BE shifts of
~0.3-0.4 eV between anion and cation, similar to those observed @i Tf oN].
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Table 4.6: Anion-to-cation ratios for BC,Im][Tf,N] sub-ML films and the thick reference films (5.4 ML PVD
and macroscopically thick film). Also denoted are the nominal values.

System investigated Canior Chetero NaniorfNcation CheterdCalky!
0.2 ML 0.40 0.53 0.69
0.3 ML 0.37 0.50 0.66
0.4 ML 0.45 0.58 0.66
0.5 ML 0.45 0.59 0.55
Thick, evaporated 0.39 0.55 0.47
Thick, ex-situ 0.41 0.54 0.46
Nominal 0.40 0.50 0.71

4.3.1.3 [C4C1Pyrr][Tf2N] on Au (111)

The third example of ultrathin IL films deposited on Au(111) isd@®yrr][Tf.N], which—in
contrast to the other two ILs—possesses a different cationic headgroup and atom distribution.
Therefore, before proceeding to the results obtained for the thin films, the key features and
differences of [QC,Py][Tf2N] shall be discussed briefly in the following. Compared to the
aromatic imidazolium ring, where the positive charge is rather evenly distributed over the
entire cationic headgroup (see also Chapter 3.2), the five-membered ring of the pyrrolidinium
moiety is solely composed of sparbons. Therefore, the positive charge is significantly more
localized at the nitrogen atom, which is also represented in the spectral features observed in
the C 1s and N 1s regions of fGPyrr][Tf2N], as illustrated in Figure 4.7. Although the
cation is structurally different from the §C;Im]" cation, the C 1s and N 1s XP spectra show
features similar to imidazolium-ILs, which are accordingly classified iRt Caiyt: Canion

Nanion and Nation t00. While for imidazolium-based ILs thederofeature is broader due to the
slightly different chemical environment of atoms assigned Ha./& the four Getero atoms
(labelled with "1" in Figure 4.7) of [{C1Pyrr][Tf,N] are more or less chemically equivalent.

For fitting of the spectra, the fwhm value of the&ofeature is found to be smaller than the
fwhm of Guky (See experimental section for details) and also the peak separation between
Chetero and Guy is not as pronounced as for imidazolium ILs Aam]™ 1.62eV,
[C4C1PynI]": 1.36 eV). For the N 1s region two peaks are observed, which, compared to the
imidazolium-based ILs, also exhibit a larger peak separation (3.2 eV as opposed to 2.7 eV for
[CsCiIM][TT2N]). The higher BE signal is assigned tQa.fy, which in comparison to the
imidazolium-ILs, exhibits a higher BE value due to the somewhat more localized positive
charge at the quaternary nitrogen centre. A detailed 0° emission XPS studZ&fHiE]" ILs

was recently published by Mext al, who, with respect to electronic structure and Coulomb
interactions (i.e., reduced charges for small and basic anions), found striking similarities to the
[C.Ciim]*-based ILs investigated in Chapter 31.
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Figure 4.7: C 1s and N 1s core level spectra of a macroscopically thick film,6{R@r][Tf,N]. a) and b)

shows the 0° emission spectra with corresponding fits, while in ¢) and d) the 0° and 80° emission data are

compared. Note, that 80° emission data have been normalized using a geometry factor to allow for visual
comparison, see R&ffor details.

While for imidazolium-based ILs surface enrichment of the alkyl chain was found>fd n

in the case of [¢C,Pyrr][Tf2N] no such enrichment can be deduced from the 80° emission
data (see Figure 4.7c and d and Table 4.7 for elemental composition). In Table 4.7 the
nominal and experimental elemental compositions are compiled, clearly indicating that for
[C4C4Pyrr][TT2N] no preferential arrangement of the alkyl chain takes place. However, SFG
studies of [GC,Pyrr][Tf2N] suggest that the alkyl chain does point towards the vacuum at an
average tilt-angle of 60° with respect to the surface normal and that the pyrrolidinium ring is
oriented parallel to the surface pldfieSuch a surface arrangement is not corroborated by our
ARXPS data. Even considering the fact that thgy,Geature not only originates from the

three terminal carbon atoms of thg &kyl chain, but also comprises the two alkyl carbons in

the five-membered ring, signal enhancement is expected to be less pronounced than for
[C4Cim][TfoN]. Regardless, for a surface structure as proposed by Adaga., Caky
enhancement should be observed in our 80° emission ARXP spectra. Furthermore, in such a
decided arrangement as proposed by SFG, anion-related signals should be damped by the
alkyl chains protruding into the vacuum. As no such damping is deduced from our ARXPS
results, it seems to be more likely that no pronounced surface order is present at the
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[C4CiPyrr][ToN] surface. Further evidence for rather randomly distributed surface layers
comes from the thin film experiments of JGPyrr][Tf,N] presented below, where no
preferential ordering similar to that observed for@gm][Tf.N] or the G alkyl chain of
[CsCalm][Tf,N] takes place. All in all, clarity regarding the somewhat contradicting results
could be gained by studying the chain length dependence®fR@r][Tf,N] using ARXPS,
similar to our earlier work on imidazolium-based fs.

Table 4.7: BE values and elemental composition of a macroscopically thick filmGaPyer][Tf ,N].

Elemental composition

Core level BE / eV
Nominal value Bulk sensitive (0°)  Surface sensitive (80°)

Ncation 1S 402.7 1 1.0 0.9
Nanion 1S 399.5 1 0.9 0.9
Canion 1S 293.0 2 1.7 1.8
Chetero 1S 286.9 4 4.2 4.0
Cay 1s 285.5 5 5.2 5.3
F1s 689.0 6 5.8 6.1
O1s 532.8 4 3.9 3.5
S 2p 169.2 2 2.3 2.4

In the following, the spectra of the C 1s and the N 1s region taken under 80° emission
(Figure 4.8) will be discussed and compared to the findings of the IL-PVD experiments of
[C1CiIM][TF2N] and [GCiIm][Tf2N] on Au(11ll). Focusing first on BE positions, again
similar observations are made: the IL signals of thin films up to a coverage of about 0.5 ML
exhibit a BE shift of about 1.1-1.3 eV to lower values (again slightly depending on the ion,
see discussion below) with respect to the reference thick film. Further increase of film
thickness results in a simultaneous shift towards higher BEs of all observed peaks
accompanied by signal broadening in the coverage regime between 0.6-2 ML. The total
energy shift is about 1.2 eV up to the thickest deposited IL film (~3.5 ML), which again is at
about ~0.2 eV higher BE compared to the signals of the macroscopically thick IL film. The
shifts resemble the observations made for the two imidazolium ILs in both, magnitude and
coverage-dependence and fully agree with the interpretations given in the previous chapters.
Consequently, the main interpretation of the observed phenomena is as follows: for
[C4CyPyrr][TfoN] a closed layer (i.e., a checkerboard-like structure) is formed at 0.5 ML,
where both cations and anions are adsorbed directly at the gold surface resulting in lower BE
values compared to the bulk IL. This interface layer is maintained during deposition of the
next IL layer, which already exhibits BE values close to the bulk values. The superposition of
signals from both layers result in an overall shift to higher BEs and a spectral broadening in
the intermediate coverage range (from 0.6—2 ML). Once film thicknesses equal or larger to
the information depth at 80° (in the range of 1-1.5 nm, corresponding to 1.5-2 ML) are
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achieved, the broadening diminishes and the BE value saturates at the "bulk value"; the
somewhat higher value of the thickest evaporated film with respect to the ex-situ deposited
thick reference film is again assigned to different work functions at the Au(111)/IL interface.
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Figure 4.8: Waterfall plots of PVD films of JC,Pyrr][Tf,N] on Au(111) with different thicknesses starting from
the clean substrate up to macroscopic films. Depicted are the C 1s and N 1s core level spectra for 80° emission.
For details see text.

Apart from this generally similar behaviour with respect to initial surface wetting and final
state screening of the first adsorbed IL (half)layer, the ARXPS spectra of the
[C4CiPyrr][TfoN] film reveal some differences compared to the imidazolium thin films
discussed in the previous sections. First, the differential BE shifts between anion- and cation-
related species in direct contact with the Au surface are not very pronounced; in fact, as is
evident from Table 4.8, only &&on Shows a minor differential BE shift (-0.14 eV) relative to

the other IL signals, which—uwithin the margins of error—exhibit the same shift towards
lower BE (1.14 £ 0.04 eV) with respect to the reference film.

Secondly, the anion-related,fen Signal shifts towards lower BE in the JGPyrr][Tf,N]
films, which is in strong contrast to the imidazolium systems, where anion-related species
were found to exhibit minor BE shifts compared to the cation-related signals. For the
imidazolium-based systems it was concluded that thg.Nind Gnion moieties are located
further away from the surface and are therefore less susceptible to efficient screening through
the Au electrons, resulting in a smaller low-BE shift with respect to the reference film. We
therefore conclude for YC,Pyrr][TfoN], that Ninion @and Grion do not favour such preferential
arrangement at the Au(111) interface, but are more or less randomly oriented and in equally
close contact with the surface as the cations.
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Table 4.8: Comparison of BE values of thick evaporated (3.5 ML) and ex-situ deposited, macroscopically thick
[C4CyPyrr][Tf,N] films with the 0.4 ML PVD filmA-values in brackets are the resulting differential shifts. For
details, see text.

Binding energy position / eV

System
Calkyl Chetero Canion Ncation Nanion

thick evaporatet 293.24 287.07 285.79 402.82 399.61
sub-ML (0.4 ML) 292.11 285.91 284.50 401.66 398.51

(A=1.13) (A =1.16) (A=1.28) (A=1.17) (A =1.10)
thick layer ex-situ 293.00 286.80 285.53 402.65 399.44
sub-ML (0.4 ML) 292.11 285.91 284.50 401.66 398.51

(A =0.89) (A = 0.90) (A=1.02) (A =0.99) (A =0.93)

% used as BE reference in text

Further proof for such a rather disordered interface layer comes from the anion-to-cation
ratios observed for thin C;Pyrr][Tf,N] layers on Au(111), compiled in Table 4.9. For the
[C4CiPyrr][ToN] films below 0.5 ML coverage, the atomic cation-to-anion ratios of all
species remain constant, within the margins of error, and are at 80° emission close to the
nominal ratios. Therefore, an ordered interface layer for the 0.5 ML film similar to that found
for [C1C1Im][Tf,N] (i.e., cation in close proximity to the gold surface and the anion slightly
further away due to the bonding with the8ffoups incis-conformation) can be ruled out.

For thick [GC,Pyrr][Tf2N] films, apart from a slight enhancement of the; @Foups, no
preferential arrangement of the ions at the IL/vacuum interface can be deduced from our data.
For the ultrathin IL layers investigated here, no enhancement of either the alkyl chain or parts
of the anion (as observed for[GIm][Tf.N]) are found.

Table 4.9: Anion-to-cation and nGedCaiy ratios for [C,C,Pyrr][Tf,N] sub-ML films on Au(111), a thick

evaporated film and the manually deposited thick film, along with the nominal values. Ratios are derived from
surface sensitive measurements in 80° emission.

System investigated Cheterd Calky Nanior/ Neation Caniorf Chetero
0.2 ML 0.76 0.91 0.48
0.3 ML 0.74 0.96 0.45
0.4 ML 0.74 0.94 0.53
0.6 ML 0.72 0.98 0.47
Thick evaporated 0.70 1.00 0.45
Thick ex-situ 0.75 1.01 0.45

Nominal 0.8 1 0.5
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Whether this unordered structure is related to the additional symmetry-breaking character of
the butyl chain or due to the more bulky character of the pyrrolidinium cation (‘e., sp
hybridized nitrogen in pyrrolidinium vs. $fybridized nitrogen in the flat imidazolium) is
unclear. We would like to refrain from further discussion because the data basis for pyrroli-
dinium-based IL is insufficient at this stage (especially if compared to imidazolium ILs).

To summarize this section, initial growth, arrangement and electronic interaction was in-
vestigated for [QC,Pyrr][TfoN] films on an Au(111) single crystal. Similar to the other two
ILs investigated earlier, {C,Pyrr][TfoN] initially grows in a layer-by-layer fashion on top of
an interface IL layer (nominal thickness 0.5 ML) in which anions and cations both cover the
gold surface and form a checkerboard-like arrangement. For sub-monolayer coverages, where
the IL molecules are in direct contact with the Au surface, and also for thicker IL films, no
enrichment/orientation effects were observed. Hence, the cations and anions are equally dis-
tributed and randomly oriented within the first adsorption layer, which is different to the two
imidazolium ILs discussed previously.

While thus far the initial wetting behaviour and subsequent IL growth was deduced by the
differential shifts of IL-related signals within the first adsorption layer and the subsequent
signals broadening for higher coverages, in the following chapter the IL growth mechanisms
of the three IL are analysed based on the substrate signal (Au,4£1E00 eV) damping,
which allows for a detailed analysis of the IL growth beyond the first adsorption layer up to
film thicknesses in the range of the information depth of XPS (~7-9 nm for Au 4f photo-
electrons at 0° emission).

4.3.1.4 IL growth mode on Au(111)

After having focused mainly on the adsorption behaviour of the first layef@0.5 ML) at

the substrate/IL interface, we now address the growth behaviour of thicker IL films on the
Au(111) substrate. For this purpose, the attenuation of the Au 4f peak was used. In the
following, the data for [@C,Im][Tf,N] are analysed in detail, while the growth behaviour of
[C4C1Pyrr][TT2N] is analysed in the same way ass@dm][Tf.N], for [C:Cilm][TfoN] a
somewhat different evaluation was carried out, yet leading to identical conclusions.

In Figure 4.9a, the attenuation of the Au 4f signals measured under 0° and 80° are shown,
with the data at 80° displaying a significantly steeper exponential decrease due to the higher
surface sensitivity. The data for the two emission angles can both be fitted with Equation (7),
using an inelastic mean free pathiot 3 nm. Thereby, the 80° fit curve only differs from the
the 0° fit parameters by the factor of cos(80°) accounting for the reduced information depth in
80° emission. The good agreement for both angles is an unambiguous indication for a two-
dimensional layer-by-layer growth mode. In more detail, for strict layer-by-layer growth the
decrease of the substrate signals should evolve in a section-wise linear fashion during
completion of each layer (i.e., a full completion of a layer is achieved before a new layer
starts to grow on top; for a general discussion on growth mode studies using XPS or Auger
electron spectroscopy, see e.g., R8f. Therefore, also plotted in the insert in Figure 4.9a are
linear sections for the first two molecular layers, assuming that each molecular layer adsorbed
in a checkerboard geometry corresponds to a coverage of 0.5 ML. Apparently, the number of
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data points and the statistics are not good enough to unequivocally resolve slope changes
between adjacent straight sections (note that each investigated layer was prepared separately).
However, the good agreement of the data points with the exponential behaviour unequivocally
points towards a two-dimensional growth mode for both emission angles.
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Figure 4.9: a) The exponential decay of the Au 4f substrate signal in dependence on the deposition time and thus
on the amount of IL deposited. The curves are fits to the data using Equation (7) with an inelastic mean free path
A of 3.0 nm and the corresponding detection anglbse.ifisert shows that the polygon-like fit expected for strict
layer-by-layer growth yields the same level of agreement with the experimental data. b) The thickness of the
deposited [@C,IM][Tf,N] films, calculated from the damping of the Au 4f signal using Equation (5), plotted vs.

the deposition time. After about 200 s, a coverage of 1 ML is reached. The deviation of 80° emission data is
assigned to elastic scattering effects.

The layer-by-layer growth is also evident from the increase of film thicknesses with
evaporation time in Figure 4.9b, calculated with Equation (5) from the damping of the Au 4f
signal: It clearly shows a linear increase up to 5.4 ML for the normal emission measurements.
The data for 80° show perfect agreement up to ~2 ML. For higher coverages a deviation from
the straight line towards lower values is observed; this is also evident from the data for
>400 sec in Figure 4.9a, which slightly lie above the fit. The deviation in 80° for the thicker
films is not unexpected because elastic scattering effects that mainly contribute for grazing
photoelectron detection come into play, leading to higher substrate intensities and therefore to
lower film thicknesse&’’ Another reason could be minor signal contributions from the
sample edge, which are difficult to suppress completely at 80°. In summary, the 0° and 80°
data in Figure 4.9a and b independently clearly indicate a layer-by-layer growth mode of

[CsCiIM][Tf2N] on Au(111).

It should be noted that similar attenuation characteristics of the Au 4f signals were also
measured for the deposition of {[GIM][TfoN] on Au(111), indicating two dimensional
growth characteristics for this IL, too. However, during the deposition experiments conducted
with [C,C,Im][Tf,N], evaporation rates were not as stable as for the experiments using
[CsCalm][Tf,N] and [GC,Pyrr][Tf,N]. Therefore, a plot similar to that in Figure 4.9 is not
possible due to the erroneous values of deposition times (x-axis). However, evidence for the
conclusion that [€C;Im][Tf,N] also grows in a layer-by-layer structure is provided in
Figure 4.10, where the calculated thickness d(80°) derived from the attenuation of the 80°
Au 4f intensities is plotted versus d(0°) for bothg@dm][Tf,N] and [GCilm][Tf.N],
documenting excellent agreement between the growth characteristics of the two ILs, therefore
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providing an indirect proof for layer-by-layer growth ofi{&GIm][Tf oN].
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Figure 4.10: Thickness of [C,Im][Tf,N] and [GCyIm][Tf,N] layers, as calculated from the damping of the

Au 4f signals. The data for 0° and 80° have been independently determined from Equation (5) using the same
inelastic mean free path of 3.0 nm. For both ILs the data fall right onto the dashed line, indicating perfect
agreement of the analysis based on the 0 and 80° data set. The behaviour is strong evidence for two-dimensional
growth of both ILs.

The findings discussed so far for the imidazolium-ILs can be transferred without reservations
to the behaviour observed for JGPyrr][Tf2N], as is detailed in Figure 4.11. Again, very
good agreement of the 0° and 80° emission data with the expected exponential damping
behaviour is found for low IL coverages, whereas only for the 80° curves deviations are
observed, in analogy to the findings fors{ZIM][Tf.N]. Note that in both evaporation series

the deviation of the 80° curve from a linear behaviour starts at an overall IL film thickness of
~1.5 nm, independent of the IL used. In summary, the attenuation behaviour of the substrate
signals and the calculated film thicknesses shown in Figure 4.11a and b clearly indicate a
layer-by-layer growth of [@C,Pyrr][TfoN] on the Au(111) single crystal similar to that
observed for the two imidazolium ILs on gold.
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Figure 4.11: Growth analysis of [C,Pyrr][Tf,N] thin films; (a) Damping of the Au 4f signal plotted against

the deposition time, black data points are 0° emission, while open symbols are measured in 80° emission. The
black line shows the fit to the 0° data, while the dashed line represents the damping estimated from the solid 0°
emission fit line according to Equation (7). (b) Thickness values derived from 0° emission data (black) show a

linear increase, while the 80° emission values (open symbols) increase linearly up to a film thickness of about

1.5 nm. At higher coverages, the 80° values show an apparent tend towards lower values which is assigned to
elastic scattering effects. The data points in brackets are outliers and were not included in the fit.
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Interestingly, the results of two-dimensional growth for all three ILs on Au(111) differ from
the growth behaviour found for §C;Im][Tf,N] on glass where only for the first layer two-
dimensional growth is found, followed by three dimensional growth of IL islEHdzhis is
possibly related to the adsorption behaviour and molecular orientation in the first layer, where
on glass a double layer formation with the anions above the cations was reported, whereas on
Au(111) the checkerboard arrangement with anions and cations both in contact to the
substrate was found.

4.3.1.5 Radiation Damage

As the investigation of ultrathin IL films by XPS requires sufficiently long measurement time
in order to obtain reasonable signal-to-noise ratios, the influence of radiation-induced spectral
changes has to be addressed. In the following this issue is discussedGom][df.N];
however, the derived conclusions also apply to the other twdNJTILs [CgCilm][Tf2N]
and[GC,Pyrr][TfoN] on Au(111).

In Figure 4.12, F 1s, N 1s and C 1s core level spectra of a 0.5 MLIp@[Tf2N] film
(closed layer of anions and cations in direct contact with the substrate, see Scheme 4.1b) are
shown, as measured at 80° at a mean X-ray exposure of one hour (= typical measuring time,
solid line) and after nine hours (dashed line). After nine hours, an intensity loss gfith&C
and the F 1s peaks of about 50 % compared to the one hour spectra is observed; this clearly
indicates that about half of the €&roups of the anion have disappeared from the IL film.
The Ninion peak at ~398.8 eV decreases by roughly a factor of two, and concomitantly, the
change in the shape of the N 1s spectra indicates the formation of a new nitrogen species
between the MNion and Ninion peak, i.e. at ~400 eV. Since the total N 1s intensity remains
constant, the radiation-induced decomposition indicates a stoichiometric conversion of the
anion to a new nitrogen species adsorbed at the gold surface. JiBes@nal slightly
increases by about 20 % and shifts towards lower BE by ~0.2 eV, with the peak width
remaining nearly the same.
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Figure 4.12: The development of XP spectra of a 0.5 ML PVD film ¢,[@][Tf,N] over time during
irradiation with Al-K, radiation. The spectra shown are recorded under 80° emission and were taken after 1 h
(solid line) and after 9 h (dashed line) total exposure time. The F 1s signal of the anion (a) decreases during the
9 h irradiation to about one half. In the nitrogen region (b) a similar decrease is observed fof,thedbk
whereas the Nion peak hardly changes its intensity; between the two peaks, a new component arises at about
400 eV, with the total intensity in the N 1s region remaining constant. The C 1s region (c) reveals a decrease in
intensity of the Gon peak whereas thenger, peak slightly increases in intensity and shifts to lower BEs.
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To investigate the influence of film thickness on beam damage, seve@alf Tf,N] films

between 0.5 and 5 ML thickness were measured at 0° emission (bulk sensitive geometry),
after a prolonged exposure time of three hours for each layer. From these spectra, the ratio
CheterdCanion is determined and is plotted in Figure 4.13. This ratio can be taken as a measure
for the degree of beam damage in the studied layers: For a stoichiometric film a ratio of
5:2=2.5 is predicted (indicated as dashed line) and for a losszajr@ips due to beam
damage a deviation to larger values is expected. This is indeed observed, with the effect being
pronounced for the thin films and approaching the expected value at high film thicknesses.
Obviously, the radiation-induced decomposition process occurs more efficiently (faster) for
lower film thicknesses, with the effect strongest for molecules in direct contact with the gold
surface (coverage below 0.5 ML), i.e. at the gold/IL interface.
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Figure 4.13: Ratio of GeerdCanion plotted vs. film thickness for the 0° emission spectra after prolonged (3 h)
exposure to Al-Kradiation. The dashed line indicates the nominal ratio of 5 : 2 for stoichiometric composition,
which is observed for shorter exposure times. With increasing film thickness the ratio approaches the nominal
value.

In order to explain the intensity changes in the XP spectra of the #@alpd[TfoN] films on
Au(111), we propose the following scenario: For the 0.5 ML film (Figure 4.12) the
simultaneous loss of F 1s andngn intensity after X-ray exposure clearly indicates the
decomposition of anions adsorbed at the gold surface with the formetb@taining species
desorbing into the gas phase; thus, these species are no longer observed in XPS. The residual
anion fragment is still present in the film and is characterized by the new N-containing species
with the N 1s BE of ~400 eV. Measurements performed on an a ~7 nm thick film show a
concomitant decrease of O 1s and S 2p signals, as depicted in Figure 4.14. Together with the
decrease of the Gfelated signals this suggests that the anion is most likely cleaved at the N-

S bond. The large peak shift of the imide nitrogen of about 1 eV to higher BE in the
remaining fragment is in line with the formation of a new anionic (or neutral) nitrogen
species.
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Figure 4.14: Time-development of radiation damage of a 7 @,[@][Tf,N] film measured at 0° emission.
Shown are spectra taken after a mean exposure of 1 hr (top), 6 hrs (middle), and >12 hrs (bottom). Core level
scans of all IL regions are shown. Anion-related signalso{ls, F 1s, S 2p and O 1s show a concomitant
decrease over time, while & 1s and the overall nitrogen signal retains the same intensity. From this
behaviour it is concluded that radiation damage mainly occurs at the anion cleaving the S-N bond. While
volatile S-O-C-F fragments leave the sample, the remaining new N-containing species has a different BE at ~400
eV. Spectra are offset for clarity.

The increase of thepGerosignal in Figure 4.12 by 20 % after exposure of the 0.5 ML film to
X-rays for nine hours (Figure 4.12) is attributed to damping effects. As discussed in the
introduction of Chapter 3.2, for [C1Im][Tf,N], damping of the cation-related signals4{h

and Geterg by the more bulky anions occurs at 80° (surface sensitive geometry). When the
[Tf.N]™ anion is destroyed by radiation-induced fragmentation, the attenuation of cation-
related XPS signals is reduced, which results in the observed moderate intensity increase of

the GeteroSignal.

The higher degree of beam damage for the thinner layers indicates that the gold surface
plays an important role for the decomposition process th&l[Tenions. Since secondary
electrons from the substrate with low kinetic energies have a much larger penetration depth
than the film thickness, it is most likely that the direct proximity of the surface is crucial for
the decomposition, meaning that either long-lived intermediate states are stabilized or that the
gold surface acts as a kind of catalyst for the anion decomposition.

4.3.1.6 Conclusions

The results presented in this chapter are the first results on the adsorption of ILs on a well-
defined metal single crystal surface, namely;G@M][TfoN], [CgCiIm][TfoN] and
[C4CaPyrr][TfoN] on Au(111), under UHV conditions. Ultrathin IL films of increasing
thickness were prepared in situ by physical vapour deposition (IL-PVD), a technique, which
was recently introduced by our groff.In particular, the molecular arrangement and
orientation of the ILs at the IL/metal interface and their successive growth were investigated
using quantitative angle resolved X-ray photoelectron spectroscopy (ARXPS).
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From the attenuation of the Au 4f signals with increasing IL coverage measured under 0° and
80° emission, layer-by-layer growth characteristics are unequivocally derived for all three
ILs, up to thicknesses ~15 ML (~9 nm).

For [GCiIm][Tf2N], pronounced chemical shifts towards lower BEs are observed for all
IL-derived signals in the initial growth phase up to ~0.5 ML (corresponding to a closed layer
of IL molecules). These shifts unambiguously indicate that both cations and anions are in
direct contact with the Au surface, most likely in a checkerboard-like arrangement to
guarantee charge neutrality. The cations are adsorbed in a flat geometry, i.e., with the
imidazolium ring parallel to the surface, and the more bulky anions are preferentially
adsorbed in &is-configuration with the S@groups pointing towards the gold substrate and
the Ck-groups towards the vacuum. In the case @C[@n][Tf,N], with the additional octyl
chain at the cation, a similar adsorption configuration within the first molecular layer
(£0.5ML coverage) is found, but with a slightly lower degree of order than for
[C1CiIm][Tf,N]. Around the completion of the first layer at 0.5 ML, a change in adsorption
geometry occurs. Up to 0.4 ML coverage, a first layer has formed with anions and cations,
including the alkyl chain, directly attached to the substrate. Between 0.4 ML and 0.5 ML, the
neutral alkyl chains start to point away from the surface, providing space for additional
cations and anions with their charged headgroups in direct contact with the surface. Also for
[C4C4Pyrr][Tf2N], similar initial IL growth and formation of a checkerboard-like adsorption
layer is found, where both ions are in direct contact with the surface and form a closed layer at
0.5 ML. However, for this IL no preferential vertical arrangement of the ions at the Au
surface is observed, indicating a lesser degree of order within the interface layer as compared
to the imidazolium ILs.

For all three ILs, at thicknesses above 0.5 ML, the BEs of the IL-related signals shift to
higher values, which is attributed to the loss of direct interaction with the substrate and
probably also due to reduced final state screening in the molecular layer as compared to the
situation within the first (half)layer which is in direct contact to the Au substrate.

The two-dimensional growth characteristics of all three ILs on the Au(111) surface are
quite different to results found for a similar IL ¢GIm][Tf,N]) on amorphous silica
substrates (glass) discussed in Chapter 5, where three dimensional film growth and different
molecular arrangements at the interface (bi-layer with the cation preferentially adsorbed at the
glass side) was observEd.This very different behaviour clearly indicates a strong influence
of the substrate surface on the bonding interactions leading to different growth modes of ILs.

Finally, beam damage induced effects were studied in detail as a function layer thickness.
These studies show that (1) beam damage takes place in ultrathin films at prolonged exposure
to the X-rays, (2) the effect is most pronounced in direct vicinity to the gold surface, and (3)
decomposition predominantly occurs for the anion most likely by breaking S-N bonds and
loss of smaller fragments (particularly £groups) to the vacuum.

To expand our knowledge of the IL/metal interface and to gain an understanding of the
role of the support material, results obtained fofCj@m][Tf.N] thin films deposited on a
Ni(111) surface are presented in the following section.
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4.3.2 The lonic Liquid — Nickel Interface

To gain a more detailed insight into the fundamental aspects of IL/metal interfaces and to
increase the presently very small data base, in this section the adsorbate/substrate interaction,
the molecular arrangement and orientation, the growth behaviour and the thermal evolution of
[C1C4IM][TF2N] on clean, oxygen-precovered and oxidized Ni(111) single crystal surfaces is
investigated. The Ni(111) surface was chosen for multiple reasons. One main aspect is—as
recently found by the Wasserscheid group—that when Raney nickel is impregnated with an
IL layer, a drastic reduction in pyrophoric character is achieved, while the catalytic activity of
the compound is not affecté® Secondly, for a surface science approach, Ni(111) is
perfectly suited as it is a well-defined and relatively well understood system. Furthermore the
reactivity of this surface towards oxygen under UHV conditions (oxidation takes places at
mild temperature and low oxygen partial pressures) allows for reactivity studies and therefore
opens up an approach to investigate the effects of IL impregnation on the reactivity of the
system.

In this study IL growth characteristics are discussed first, followed by a detailed analysis of
the ultrathin films addressing the interfacial arrangement of the ions and their electronic inter-
action with the surface. These results are compared with findings for ultrat@nrfqI Tf 2N]
films on the Au(111) single crystal surface discussed previously (Chapter 4.3.1). In a second
part the interactions of RCiIm][Tf,N] with an oxygen-precovered and an oxidized NiO
surface are analysed and the thermal desorption behaviour of the IL from the different
surfaces is investigated. Furthermore, the reactivity of the clean Ni(111) surface towards
molecular oxygen is probed as a function of IL coverage on the surface.

It is shown that for coverages well below one monolayer, anions and cations are
preferentially adsorbed in a sandwich structure on Ni(111), with the cation in direct contact
with the Ni surface, while the anion sits on top pointing towards the vacuum. With increasing
coverage a reorientation of the ions to a checkerboard-like structure is observed, similar to
that found on Au(111). An overall preference for a checkerboard-type adsorption behaviour,
i.e., anion and cation adsorbed next to each other, is found on the oxygen-precovered
O(V3xV3)R30° Ni(111) surface. The thermal stability of adsorbed IL layers on these surfaces
and on a fully oxidized Ni(111) surface was studied by heating the layers to elevated
temperatures. For clean Ni(111), reversible adsorption takes place. For the oxidized surface,
however, only cation-related moieties desorb, starting at ~450 K, while anion-related signals
remain on the surface up to much higher temperatures. When exposing IL-precovered Ni(111)
surfaces to molecular oxygen, it is found that for sub-monolayer coverages of increasing
thickness a successive inhibition of the surface reactivity takes place. At this point it is
necessary to mention that most experiments on Ni(111) have been carried out at lower
temperatures compared to the Au(111) studies (note that theddied manipulator is vital
for preparation of the clean Ni(111) surface as fast cooling rates are necessary after annealing
of the sputtered crystal to avoid surface segregation of impurities). Thus, the thermal mobility
of the adsorbed [{C:1Im][Tf,N] molecules at the Ni surface was to some extend smaller than
on Au(111). However, several IL films of different thickness were heated in control experi-
ments up to room temperature which did not reveal significant changes in ARXPS; hence, it is
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safe to assume that the lower adsorption and measuring temperature of the Ni sample around
220 K is not a decisive factor for the results discussed in the following.

4.3.2.1 [C1C1Im][Tf2N] Adsorption on Ni(111)
IL growth mode

Upon deposition of [@C1Im][Tf2N] on the Ni(111) surface (at 220 £+ 20 K) a decrease of the

Ni substrate signal (Figure 4.15 a) is observed at 0°, due to attenuation by the adsorbed IL
molecules. At 80° the decrease is much faster, due to the increased surface sensitivity.
Assuming layer-by-layer growth, the data at 0° (solid squares) are fitted with a sectionwise
linear decay (red solid lines in Figure 4.15a) with each section ending on the exponential
curve according to Equation (7) for a full layer; note that at normal emission the observed
behaviour virtually cannot be distinguished from a continuous exponential decay (blue dotted
line). Using an inelastic mean free patth\of 1.6 nm for the Ni 24, electrons with a kinetic
energy of ~630eV (see Experimental sectidnp deposition rate of approximately

1.2 A/min, corresponding to 0.16 ML/min, is deduced from the fit. Based on this rate, the
behaviour at 80° (open diamonds), expected for perfect two-dimensional growth, is calculated
and is also included in Figure 4.15 a (straight red lines ending at the green dotted curve for
each completed layer). For the first layer, the corresponding linear decrease is in perfect
agreement with the experimentally observed data at 80°, which confirms the assumption of
two-dimensional growth of the first layer. While the 0° data are consistent with the
expectation of layer-by-layer growth up to the highest investigated coverage of ~5 ML, the
80° data deviate from the expected behaviour already in the second layer, i.e., the data points
lay above the predicted straight line segments. This deviation can partly be attributed to
elastic scattering effects, which come into play at high emission angles, but is, most likely,
due to non-ideal layer-by-layer growth of fGIm][Tf,N] films on Ni(111), starting in the
second layer. In comparison, for the growth o&GdImM][Tf.N] films on Au(111) the
attenuation of the substrate signals at 0° and 80° revealed a more perfect two-dimensional
growth behaviout® It should be noted at this point that the uncertainty in the absolute IMFP
value (+ 10 %), as estimated from literattffdeads to an uncertainty of identical magnitude

in the calculated absolute film thickness values, but otherwise would not change the derived
conclusions.

The Ni 2p; intensities at a given deposition time did not show any changes after heating
the sample from 220 K (i.e., the deposition temperature) to room temperature, indicating that
the growth behaviour at these two temperatures is the same and that no dewetting, i.e.,
formation of three-dimensional islands, occurs at this temperature. This is particularly
noteworthy as the original growth temperature is well below the melting point of the IL
(Tm=299.1 K, see Réf.), where one could imagine a very low mobility. This observed
behaviour is in agreement with findings by Soedal, who deduced quasi-liquid layers for
thin [C,C1Im][Tf,N] films on Ni(111) from their TOF-SIMS data at temperatures as low as
200 K24
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Figure 4.15: a) Decay of the Ni Zpsubstrate signal as a function of deposition time and, thus, of the amount of

IL deposited, for emission angles of 0° (solid squares) and 80° (open diamonds) with respect to the surface
normal. The dotted blue line represents an exponential fit to the 0° data according to Equation (7), while the
dotted green curve is calculated from the 0° fit parameters taking the additional factor cos 80° into account. An
ideal two-dimensional layer-by-layer growth should follow along the red straight sections b) 80° emission
intensities of all measured IL-related signals (sum of all C 1s, red squares; sum of all N 1s, blue circles; F 1s,
black diamonds), as a function of deposition time. The dotted lines follow an exponential increase according to
Equation (8) taking different IMFP values into account. An ideal two-dimensional layer-by-layer growth should
follow along the red (for C 1s and N 1s) and black (for F 1s) straight sections. (for details, see text).

Apart from the attenuation of the nickel signals as shown in Figure 4.15a, additional
information on the growth behaviour of G Im][Tf,N] on Ni(111) can be derived from the
IL-derived C 1s, N 1s, and F 1s spectra taken at 80° emission angle (S 2p and O 1s spectra at
80° were not measured to minimise beam damage in the ultrathin layers; also, spectra of the
IL-derived peaks at 0° were not measured. As changes in orientation from a bilayer
(sandwich) arrangement to a checkerboard arrangement occur within the first layer, which go
along with changes of the relative intensities of the anion- and cation-derived peaks (Figures
4.16 and 4.17), the sum of the C 1s signals and the sum of the N 1s signals are plotted in
Figure 4.15b as a function of deposition time in order to average out these effects. For perfect
two-dimensional growth, the IL intensities should increase sectionwise linearly, with the
interceptions (intensities at complete successive layers) following Equation (8). Up to
completion of the first layer, the C1s and N1s data agree with the red straight line in Figure
4.15b, which was obtained using an averaged IMFP for the C1s and N1s electrons of 2.6 nm.
This behaviour is in very good agreement with the proposed two-dimensional growth of the
first layer. The Fl1s data lie slightly above the blue straight line, obtained using the
corresponding IMFP of 1.9 nm. While this difference is just above the error bars, it
gualitatively fits due to the enrichment of the ;Gffoups at the outer surface (see Scheme
4.3a). For coverages above 1 ML, the experimental C 1s, N 1s and F 1s data lie below the
corresponding straight lines, indicative of a deviation from perfect two-dimensional growth at
these coverages. This observation is in line with the conclusion drawn from the damping of
the Ni 2py» signal in Figures 4.15a.

Arrangement of ions at the Ni(111) surface and electronic interactions

Information on the arrangement of the IL ions at the Ni(111) surface can be derived from the
C 1s and N 1s spectra in Figure 4.16, collected at 80° emission: With increasing thickness of
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the IL layer, an overall increase of the peak intensities is observed, as expected (see also
Figure 4.15b). Concomitantly, the positions of the cation-related signals considerably shift
towards higher BE values, whereas the anion related signals remain constant within £ 0.1 eV
(as guide to the eye, the binding energy positions of the macroscopic reference film and the
thin film for cation-related signals are indicated by dashed lines in Figure 4.16). Also, relative
intensity changes between the anion- and cation-derived signals are observed in Figure 4.16
as will be thoroughly discussed below. Both effects suggest a distinct preferential
arrangement of the IL at the interface. Also note that in the C 1s region a shoulder is observed
at the low BE side of the &ion peak (~285 eV) for sub-ML coverages, due to a signal
contribution from coadsorbed species (most likely CO and/or adventitious cagggn C
adsorbed at vacant sites of the Ni surface. This additional C 1s signal was accounted for by
fitting an additional peak at 285.2 eV labelled = (BE for CO on Ni(111), see RéP), as

can be seen in Figure 4.17.
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Figure 4.16: Waterfall plots of N 1s and C 1s spectra of ultrathy€C[@n][Tf,N] films deposited on Ni(111) at
220 K substrate temperature using IL-PVD, as a function of layer thickness. The topmost spectra represent a
macroscopically thick IL film deposited in UHV. The spectra have been measured usingadiaiion, at an
emission angle of 80° with respect to the surface normal. The dashed lines serve as guide to the eye to analyse
the BE shifts for cation-related signalg.fN, and Getero
In a first step we analyse the BE shifts observed for the IL layer in direct contact with the Ni
surface, relative to those of the macroscopically thick film, which was deposited in-situ on the
Ni(111) (as opposed to ex-situ preparation in the case of Au(111), sé®)Rief Figure 4.17
spectra of three ultrathin films (0.15, 0.40 and 0.84 ML) are shown along with the spectrum of
the thick film. Inspection of the C 1s and N 1s spectra reveals that the cation-relaied C
and Nuaiion Signals of the ultrathin layers L ML ) are shifted to lower BE by 0.50 + 0.10 eV
relative to the thick layer, whereas thegnigs and Niion Signals do not display a significant
shift (0.05 + 0.10 eV). The preferential shifts of the cation-related signals to lower BE could
be seen as a hint towards a specific electronic interaction of the cation with the substrate.
However, since the shift is rather small compared to BE shifts observed in other IL/metal
systems (see below) and as up to 1.66 ML no shifts are observed within the margin of error,
such an argument has to be treated with caution. Alternatively, the differential shift between
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the cation- and anion-derived signals could also be due to differential screening of the doubly
positively charged cation and the neutral anion after photoionization by the metal electron as a
pure final state effect; however, this interpretation is speculative and requires theoretical

support.
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Figure 4.17: Detailed analysis of three ultrathin IL films (selected spectra from Figure 4.16) and the
macroscopic thick reference film. For details of the peak fitting, see text. The peak labgjlédt"?85.2 eV in
the C 1s region accounts for coadsorbed CO species.

At this point it is interesting to compare the results for Ni(111) to those found for Au(111) at
0.4 ML [C,C1Im][Tf2N] coverage'® there, considerably larger shifts to lower BE (relative to

a thick IL layer) were found: 1.4 and 1.2 eV fofeferols and Nuson 1S, respectively, and

1.0 eV and 0.9 eV for Lion 1s and Mnion 1S, respectively (see Table 4.10). Obviously, the
electronic interaction for IL molecules in direct contact with Au(111) is different to adsorbed
IL ions on the Ni(111) surface, as reflected by these differencabsoluteBE positions.
Notably, therelative (=differential) change of the BE difference betweegrfels and Gnion

1s and the BE difference betweegfh 1s and Mhionls of the 0.4 ML film and the reference

film on Au(111) amounts to 0.35 £ 0.10 eV. This relative BE shift is similar to the differential
BE shifts of 0.45 + 0.10 eV observed for Ni(111). For gold, the large overall shifts of all IL
core levels (and the analysis of the relative intensities measured in ARXPS) led us to the
conclusion that both anioand cation are adsorbed in a checkerboard arrangement next to
each other at the Au(111) surface for coverages below 0.5 ML, resulting in a fully covered
surface atd = 0.5 ML. The smaller shift for the anion-related C 1s and N 1s peaks was
attributed to a geometry of the pN]™ anion incis-configuration with the O atoms pointing
towards the surface and the {gfoups towards the vacuum, namely being a result of the
larger distance of Gionand Nuionfrom the surfacé®

Detailed information on the adsorption geometry on Ni(111) and the mutual location of
ions comes from the intensity ratios of the anion- and cation-related species. As was demon-
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strated for ultrathin IL layers on Au and for macroscopic IL films, the measuring geometry at
emission angles of 80° is highly surface sensitive, so that surface enhancement of parts of the
ions (i.e., alkyl chains or GFgroups) can be identified by intensity analysis (see also
Chapters 3.2 and 4.3.3 107 108,166

Table 4.10: BE values for selected thin@dm][Tf,N] films in direct contact with the respective surface and

for the corresponding thick films. The thick Ni film was manually deposited in the UHV system (see experimental
section for details), while the thick IL film on gold was evaporated.

Binding energy position / eV

System
Chetero Canion Ncation Nanion
Ni: thick layer, in-situ 286.84 292.84 402.02 399.34
deposited
Ni: submonolayér 286.35 292.75 401.55 399.30
(A=0.49) (A=0.09) (A=0.47) (A=0.04)
Au: thick layer, evaporaté 287.0¢ 293.0¢ 402.1¢ 399.4¢
Au: 0.4 ML 285.68 292.12 401.01 398.57
(A=1.41) (A=0.97) (A=1.18) (A=0.87)

% average value of 5 layers with coverages below 1 ML (20.10 éV)sed as BE reference in RE&f.

For the ultrathin [@C,Im][Tf.N] layers of up to 0.40 ML on Ni(111), a pronounced
enhancement (by a factor of ~2) of the anion-related signals is observed in Figure 4.18 (note
that the additional C 1s intensity at ~285 eV originating from the mentioned coadsorption of
CO from the background pressure has been subtracted before the analysig)iofdkNn a

ratio of about 1.03 £ 0.05 is found instead of the nominal value of 0.5 and.fRHCaetero@

ratio of 0.83 £ 0.05 instead of the nominal value of 0.4. At ~0.8 ML, both ratios have
decreased significantly, and at higher coverages they approach the values of 0.55 (N 1s) and
0.47 (C 1s), which are measured for the reference bulk IL.
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Figure 4.18: Ratios of Gio/Chetero (black symbols) and JNo/Ncation (red symbols): Ratios as a function of film
thickness for [@C;Im][Tf,N] on Ni(111) are plotted as solid black squares (carbon) and as solid red circles
(nitrogen); data are derived from the XP spectra shown in Figs. 2 and 3. The black and red crosses are the
0.55 ML values observed for {C,Im][Tf,N] on the O-precovered @8x»¥3)R30° surface and open black and

red triangles are values for a 0.4 ML film of GIm][Tf,N] on Au(111) (error bars are omitted for clarity).
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The strongly enhanced (by a factor of ~2) anion-to-cation-ratio up to 0.4 ML is attributed to a
damping of the cation-related signals by,NJf anions sitting on top of the cation in a
sandwich arrangement as shown in Scheme 4.1 (bottom row, right) and Scheme 4.3a; this
pronounced attenuation of the cation signal also implies that the imidazolium ring is lying
flat, i.e., parallel to the surface plane. This sandwich or bilayer adsorption geometry at the
IL/Ni interface is different to the adsorption behaviour found fad@n][Tf,N] on Au(111)

at the same coverage (0.4 ML), where @idMNcation ratio of 0.62 and a £eio/ Chetero ratio of

0.66 were found. There, it was concluded that the ions adsorb next to each other and form a
checkerboard-like structure resulting in a surface completely covered with alternating anions
and cations already at a nominal coverage of 0.5 ML (see Scheme 4.1 (bottom row, left) and
Scheme 4.3b%%°

For the macroscopically thick IL film on Ni(111) an almost stoichiometric anion-to-cation-
ratio is observed in the surface sensitive geometry of 80°, with values of 0.55 (nominal:
1:2 = 0.50) for NhiofNcation @and 0.47 (nominal: 2:5 = 0.40) foryfe/Cheters this is evident
from Figure 4.18, where the corresponding ratios are plotted vs. film thickness (slight en-
hancement of the &ion signals due to the GEroups pointing towards the vacuum side has
been observed before—see K&y.

Table 4.11: Relative intensities of anion- and cation-related species measured under 80° emission. Deviations

from the nominal values are a measure for the surface enhancement of one species, in this case of anion-related
species. Values for the Au(111) single crystal are taken froffRef.

System investigated Caniorf Chetero Nanior/ Neation
0.4 ML on Ni(111) 0.83 1.03
0.4 ML on Au(111), see Réf° 0.66 0.62
0.55 ML on Ni(111) 0.72 0.83
0.55 ML on O/3xV3)R30° on Ni(111) 0.58 0.73
thick film on Ni(111) 0.47 0.55
thick film on Au(111) 0.47 0.55
nominal 0.40 0.50

The Niniof Ncation @nd Grio/ Cheteroratios of the different systems are summarized in Table 4.11
and the deduced arrangements are illustrated in Scheme 4.3: for Au(111) the ions adsorb next
to each other with the [IN]™ anion incis configuration leading to a geometry, where thg CF
groups point towards the vacuum and therefore to a small{Chetero €nhancement. Also, a

slight enhancement of MNo/Ncation iS 0bserved as the anion is located slightly further away
from the surface. These effects are most pronounced for 0.4 ML, i.e., a coverage around one
closed layer of ions on the surface. For the Ni(111) surface, a different picture can be drawn:
For coverages up to 0.4 ML theiNi/Ncation and Griod Chetero Fatios are much larger than on
Au(111), which is attributed to damping of the cation signals by the on-top sitting anions in a
sandwich structure (note, that in such a sandwich structure the surface is fully covered at
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1 ML as opposed to 0.5 ML in case of a checkerboard arrangement), see Scheme 4.1.

a) F3C\ 9 2 b)
YeEs NN/
/ “““N N— /\ /4 \"““-NAN-"'""
Vil 0o 0 o o)
Ni(111) Au(111)

Scheme 4.3: Schematic sketch of the arrangement;GfIf@][Tf,N] on the Au(111) and Ni(111) surfaces. For
Au(111) the ions adsorb next to each other in a checkerboard arrangement, while on Ni(111) a bilayer
(sandwich) structure is found for low coverages up to ~0.4 ML. With increasing coverage the bilayer structure
on Ni(111) changes into a checkerboard arrangement, which is attributed to increasing repulsive coulomb
interactions with neighbouring ion pairs at smaller intermolecular distances.

At higher coverages the intensity ratios decrease to values similar to the ones found for
Au(111) at 0.4 ML, indicating that at these coverages the sandwich geometry is energetically
no longer favourable and that a transition towards a checkerboard-like structure with
alternately oriented ion pairs occurs. The driving force could be repulsive dipole-dipole
interactions between neighbouring ion pairs with the same orientation at higher coverages
(which are even enhanced by the image dipoles induced on the metal substrate). In contrast to
that, the lateral interactions in the checkerboard arrangement are attractive, as all nearest
neighbours have an opposite orientation of the dipole. In the sandwich arrangement, the
repulsive lateral interactions increase with increasing coverage (hence, decrease in next
neighbour distance), so that at a certain critical coverage the overall situation becomes unfa-
vourable and a change towards a checkerboard arrangement occurs. At this point it is interes-
ting to note that a sandwich arrangement at low coverages was also fourgCiém[{If oN]
deposited on a glass sample, as will be discussed in Chapter 5.

4.3.2.2 [C1C1Im][Tf2N] Adsorption on Oxygen Precovered Ni(111) and on NiO

To investigate electronic interaction and ion arrangement at the oxygen-precovered Ni
surface, a freshly prepared Ni(111) surface was exposed, t8@D K, 1x10® mbar Q,

10 min, ~6 L), until the LEED pattern of the well-know¥B%\3) R30° superstructure was
observed® The Ni 2p, and O 1s XP spectra of the clean Ni(111) and both oxygen-treated
surfaces along with the LEED images are shown in Figure 4.19. In addition, an oxidized
NiO/Ni sample was prepared by exposing the Ni(111) crystal to a much higher oxygen dose
(300 K, 1x10° mbar @, 5 min, ~300 L), resulting in a closed but not atomically flat oxide
film.?” The Ni 2p, peak (topmost Ni spectrum in Figure 4.19) exhibits the characteristic BE
and shape of a pure Ni(ll) species, i.e., NiO. From the intensity of metallic Ni(0) at 0° (i.e., in
the bulk sensitive geometry, not shown), the oxide layer thickness is roughly estimated to
~1-2 nm. In the O 1s region two peaks are found, which are assigned to NiO (529.5 eV) and a
hydroxyl species (531.0 eV) terminating the surface, in agreement with liteTture.
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Figure 4.19: Ni2p, and O 1s spectra of clean Ni(111), O-precovered3®(3)R30° Ni(111) and a fully
oxidized Ni surface before IL deposition. The spectra were measured usipgaflid€ion, at an emission angle

of 80° with respect to the surface normal. LEED pictures were takep,alEt eV for O-precovered Ni(111)

and E4,=110 eV for Ni(111). For preparation and spectral details, see text.

The comparison of the XP spectra obtained after dosing 0.55 ML, GfIf@][Tf ,N] onto the

clean Ni(111) surface and the oxygen-precovered Ni(111) surface is shown in Figure 4.20,
where the IL-derived peaks can be clearly observed in the C 1s, N 1s, F 1s and O 1s regions.
The damping of the Ni 2p and Qgs signals is similar, indicating that the oxygen adlayer is

not affected by the adsorbed IL. Furthermore, the Ny 2md Qgs1s signals remain at the

same BE after IL exposure. On the oxygen-precovered surface, all IL-related signals display a
uniform shift by ~0.7 eV to lower BE as compared to the clean surface. This uniform shift
indicates a change in reference level for the adsorbate, due to the increased work function of
the oxygen-precovered layer. The magnitude of the shift fits well to the reported work
function increase of 0.7-0.8 eV upon oxygen chemisorption on Nif}¥#} indicating a

weak interaction (physisorption) of the IL with the substrate.

The analysis of the C 1s and N 1s peak ratios of the 0.55 ML IL on the oxygen-precovered
surface reveals values of 0.58 fain&/{Cheteroand 0.73 for MhioNcation Which are lower than
the corresponding values observed for a 0.55 ML film on Ni(111); see also Figure 4.18. The
values fall in the range of values found for Au(111) at the same IL coverage and for Ni(111)
at higher IL coverages (see Table 4.11), indicating a preferential checkerboard-type arrange-
ment for [GC1Im][Tf,N] on the O/3x¥3)R30° Ni(111) surface at this coverage.

We next address IL adsorption on the thin NiO layer: After deposition of nominally
0.75 ML [GC,Im][Tf2N] (estimated from the deposition time of 5 min), the IL-related peaks
in Figure 4.20 show up in the C 1s and N 1s spectra, as expected, and the substrate related Ni
and O signals decrease due to damping by the IL. All IL signals are slightly shifted to lower
BE (by 0.4 eV), as compared to deposition onto clean Ni(111), somewhat less than found on
the chemisorbed oxygen layer (see above). Note that the true coverage could be smaller than
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the nominal value of 0.75 ML due to slight morphology changes (surface roughening) during
oxidation. We refrain from extracting detailed information on adsorption geometries at the
interface from the cation/anion intensities measured at 80° emission angle due to the unknown
morphology of the underlying NiO surface. Nevertheless, for sake of completeness, it is
mentioned that for the 0.75 ML film on NiO, an anion-to-cation ratio similar to the oxygen-
precovered case is found.

Figure 4.20: Comparison of XP spectra after deposition of 0.55 MC{&][Tf,N] on Ni(111) (bottom black
spectra), 0.55 ML IL on the O-precoveredv@v3)R30° surface (middle grey spectra) and 0.75 ML IL on the
NiO surface (top black spectra); the O 1s spectrum labelled with an asterisk stems from the O-precovered
O(¥3x¥3)R30° surface before IL deposition. The spectra were measured usingrddifttion, at an emission

angle of 80° with respect to the surface normal.

4.3.2.3 Thermal Evolution of [C1C1Im][Tf2N] on Ni(111) and on NiO

From the differences in adsorption behaviour and electronic interaction@fif@[Tf,N] on

Ni(111) and NiO one could envisage also differences in the thermal stability. To study the
thermal evolution, two IL films with coverages of ~0.75 ML were prepared on Ni(111) and
NiO/Ni(111) at 220 K and then heated to 400 K and thereafter to higher temperatures in 50 K
steps (at each temperature the sample was held for 5 min); XP spectra were recorded after
each heating step. This procedure was repeated until no IL signals remained. The results are
summarized in Figures 4.21 and 4.22.

For Ni(111), it is found that already after heating the sample to 400 K (which is 40 K
below the evaporator temperature during IL deposition), all IL-related signals have almost
vanished completely (Figure 4.21). This is a strong indication that the IL desorbed intact from
the surface, already at this rather mild temperature. Based on parallel decrease of both anion-
and cation-related signals and the rather low desorption temperature we propose that
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[C1CiIm][Tf,N] desorbs in the form of neutral ion pairs (NIPs). Further annealing to 450 K
leads to desorption of the remaining minor IL signals leaving behind the bare Ni(111) surface.
The remaining small O 1s signals (which were already present at 400 K) are assigned to small
amounts of surface oxide (or chemisorbed O) and hydroxyl species due to dissociation of
residual HO or G on the liberated Ni(111) adsorption sites.
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Figure 4.21: XP spectra (a) Ni gpand (b-e) IL-related signals collected before ("RT") and after ("400 K" and

"450 K") heating 0.75 ML of [€C;Im][Tf,N] on Ni(111); the sample was heated in 50 K steps, until no IL
signals were observed; only selected spectra are shown. In (a) thg Niggetrum of the clean Ni(111) surface

before IL deposition is added ("Ni(111)"). The spectra were measured usingrAdiétion, at an emission

angle of 80° with respect to the surface normal.

The situation on NiO is completely different (Figure 4.22). After heating to 400 K, the cation-
related signals (fetero and Nation in Figure 4.22b and c) do not disappear, but decrease to
about 40% of the initial intensity, and shift slightly to higher BE by ~0.5 eV. The anion-
derived signals show a much smaller decrease to ~70%, but significant broadening and a shift
to higher BEs of 0.55 eV. Interestingly, also, the oxygen signal at 531 eV due to NiOH groups
shows a shift to higher BE. Upon further annealing, the cation signals diminish at 500 K,
while the anion-related signals remain visible (~50%), but disappear at higher temperatures,
too. Finally, after annealing to 700 K, all IL signals are gone. However, at this temperature,
also, the NiO has already started to decompose, as is evident from the increasing metallic
Ni(0) peak at 852 eV in the Ni 2p spectra in Figure 4.22a, an effect which is known to occur
for T > 550 K*2
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Figure 4.22: XP spectra (a) Ni 2p and (b-e) IL-related signals collected before ("RT") and after ("400 K"—

"700 K") heating 0.75 ML of [¢€Z,Im][Tf,N] on an oxidised Ni(111) surface (see text for experimental details);

the sample was heated in 50 K steps to 500 K and then to a final temperature of 700 K, only selected spectra are
shown. In the Ni 24 region also the spectrum of the clean Ni(111) surface before oxidation ("Ni(111)") and the
oxidised surface before IL-deposition ("NiO") are shown, for the latter also the O 1s spectrum is displayed in
(d). The spectra were measured using Alrkdiation, at an emission angle of 80° with respect to the surface
normal.

From the observed behaviour we conclude thgC{tn][Tf2N] does not desorb from NiO as
neutral ions pairs. On the other hand, there are no indications for chemical decomposition of
either cation or anion, since the ratios of both cationmi{MCheterg and anion-related
(CaniorfNaniorl F) signals remain unchanged with temperature, indicating intact desorption of
the respective ions. For the imidazolium cation one could imagine the following possible
scenario: the cation can pair up with the @dups terminating the NiO surface to form
[C1C1Im][OH] which will further react to HO and the corresponding carbéhAt elevated
temperatures, these neutral molecules would leave the surface immediately upon formation. In
this scenario, the anion initially remains on the surface pairing with the vacant Ni ion and
would then, at higher temperatures, desorb either together with some other cationic species or
as a neutral molecule (after some further reaction). At this point this proposed mechanism has
to be considered as speculative. Additional information on the mechanism of this complex
desorption behaviour could be gained using temperature programmed desorption (TPD)
techniques, which are not available in our experimental setup.

4.3.2.4 Reactivity of IL-precovered Ni(111) towards molecular oxygen

Systematic investigations (currently performed by the Wasserscheid group) of Raney nickel
catalyst (RNC) impregnated with different hydrophobic ILs shows a dramatic reduction of

pyrophoric character when IL-coated RNC is exposed to air, whereas its catalytic activity
remains intact and even enhanced selectivity is repgﬁeza‘.‘Therefore, Ni(111) was used as
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a model substrate for investigating surface passivation effects after IL impregnation. From the
previous chapter it has become evident that the Ni(111) surface is a rather reactive surface,
which reacts with oxygen under quite mild conditions (RT?® hibar Q) to form NiO layers,

and is therefore ideally suited to perform in-situ investigations on the effects of IL
impregnation on the reactivity of the surface.

In Figure 4.23, a comparison of two different preparation protocols is shown. First, the
Ni(111) surface was treated with, @800 K, 1 x 10° mbar @, 5 min, ~300 L) followed by
deposition of ~0.75 ML IL (this system will be referred to as WDand serves mainly as a
reference measurement for the following system). In a second experiment, an identical IL film
was deposited on the freshly prepared clean Ni(111) followed by exposing the sample to the
same amount of oxygen (this system is referred to#&/Ni in the following). The Ni 2p
and O 1s spectra of the system IO are shown in Figures 4.23a and b, while the
corresponding @IL/Ni spectra are shown in Figures 4.23c and d. The comparison of IL-
related C 1s and N 1s signals of both systems is compiled in Figure 4.23e and f.

The oxidized surface (grey spectra labellefNDin Figure 4.23a and b) has already been
discussed in detail in Chapter 4.3.2.2. After IL deposition the NiO-related signals are damped
by the IL overlayer and in the O 1s region an additional feature assigned to iN§-[Tf
oxygen appears at 532 eV, which, as well as the other IL-related signals, is slightly shifted to
lower BE (~0.4 eV) with respect to the BE position found for IL on clean Ni(111). This shift
is, as discussed in Chapter 4.3.2.2, assigned to work function changes of the oxidized Ni
surface. In summary, for the system IL/M the Ni(111) surface is first fully oxidized to a
OH-terminated NiO overlayer, onto which the IL is deposited and stays intact. The system
IL/O,/Ni serves as a reference for the system of interest discussed in the following, where the
reactivity of an IL-precovered surface towards molecular oxygen is investigated.

For the Q/IL/Ni system displayed in Figure 4.23, largely different observations are made;
when IL is deposited on the clean Ni(111) surface, the substrate signal is damped and the IL
BEs observed are according to the values discussed in Chapter 4.3.2.1 (i.e., BE of
[C1C1IM][Tf2N] adsorbed directly at the Ni(111)). When this IL/Ni system is exposed,to O
the Ni signal remains virtually unchanged and, thus, no appreciable bulk oxidation occurs,
while in the O 1s region a minor shoulder at low BE emerges which is in the BE range of
physisorbed oxygen (indicated by an arrow in Figure 4.23d). Further insights can be gained
from a comparison of C 1s and N 1s spectra of the systems ILMNi/XO and IL/O,/Ni as is
shown in Figures 4.23e and f. While the C 1s and N 1s BE positions for IL/Ni #hdND
are identical, a slight low BE shift of ~0.4 eV (see above) is detected for thgNL&Ystem,
which is assigned to work function changes of the oxidized surface. This observation is
valuable as this low-BE shift can be taken as an indicator for the case where surface oxides
build up upon @exposure. The fact that for the/lD/Ni system the IL signals remain at their
initial BE indicates that no (or only very little, see below) intercalation of atomic oxygen at
the Ni/IL interface occurs, i.e. that the IL molecules mainly remain in direct contact with
Ni(111) surface. However, upon close inspection of C 1s and N 1s spectra of the system
OJ/IL/Ni a slight shoulder/broadening of the signals (more pronounced for anion-related
signals Gnion and Npion) at the low BE side is observed, along with the small additional
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oxygen signal already mentioned above (indicated by arrow in Figure 4.23d). Whether these
minor spectral changes are a result of oxygen coadsorption/intercalation or are even an
indication for some kind of reaction of the IL with oxygen from the gas phase, is not yet
known. Nevertheless, considering that an intercalated O-layer would be subject to signal
damping by the IL overlayer, a low BE shoulder of the size as observed in Figure 4.23d
would roughly correspond to one full layer of intercalated oxygen (compagssi@nal of
IL/O(V3xV3) surface in Figure 4.20, where 0.55 ML were deposited), which then should
result in a low BE shift o&ll IL signals. Therefore, we interpret the slight shoulder (mainly
present for anion-related signals O 1gids1s and Nnon 1) at low-BE to a direct interaction

of gas phase oxygen with the IL. To gain further insights into possible surface passivation
effects by preadsorbed IL layers, the surface oxidation dependent on IL coverage is discussed
in the following.
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Figure 4.23: Comparison of Ni 2p and O 1s spectra of two different preparation protocolgNL(@, b) and

O, /IL/Ni (c, d) surface reactivity with and without IL deposition. (e) and (f) show the C 1s and N 1s regions of
0.75 ML films on Ni(111) before (IL/Ni) and after {{D/Ni) O,-treatment and an 0.75 ML film deposited on
oxidized Ni(111) (IL/@Ni). Spectra are recorded at electron emission angles of 80°.

For that purpose, in a further set of experiments @i system was investigated in more
detail by depositing increasing amounts of IL (0.15, 0.45 and 0.75 ML) on clean Ni(111),

followed by exposure to the same oxygen dose as in the previous experiments. The
corresponding spectra are shown in Figure 4.24. While for the substrate-relateg Bin@p
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O 1s regions, the spectra for the bare oxidized surface are included for better comparison, in
the IL-related C 1s and N 1s regions a spectrum of the 0.15 ML film before oxygen exposure
is displayed (grey lines). First, in the case of the smallest coverage (0.15 ML), a more or less
full oxidation of the Ni surface is observed (evident from the Ni 2p and O 1s spectra), while
surprisingly the IL signals are broadened and decreased in intensity to such an extent that they
can no further be identified as such. These findings indicate that—in contrast to the 0.75 ML
case described above—for very low IL coverage IL decomposition seems to occur during the
exposure to oxygen. It is known from the literature that oxidation of the Ni(111) surface
proceeds from the step edges and propagates from?thAéfke fact that for such low
coverages both IL decomposition and full oxidation of the Ni surface is observed, is
tentatively assigned to the availability of non-IL-occupied reactive Ni sites (such as step edges
and kinks), promoting highly reactive oxygen species, leading to both Ni-oxidation and IL
decomposition.

For the oxygen-treated 0.45 ML film, largely different observations are made. Most
importantly, the Ni 2g, signal shows no significant signs of oxidation and also much less
oxygen is observed in the O 1s region. Furthermore, the IL signals are clearly visible but are
considerably shifted to lower BE, and also show a slight decrease and broadening for the
anion-related signals. From the Ni 2p and O 1s spectra the conclusion can be drawn that even
this partially covered surface completely inhibits the oxidation of the Ni surface, similar to the
observation made for the 0.75 ML case. However, upon close inspection of IL-related signals
(Figures 4.24 ¢ and d) it becomes evident that the low BE shift observed for the cation
(~0.49 £ 0.02 eV) and the anion (~0.93 = 0.04 eV) signals is—according with our previous
findings—attributed to IL adsorbed on O-precovered Ni(111). This implies that oxygen
adsorbed at vacant Ni adsorption sites must be able to intercalate between the Ni and the IL
adlayer resulting in an O interface layer that changes the work function and, therefore, leads
to low BE shifts of IL signals. The low-BE shifts of IL-related signals as well as the
conclusions drawn from the Ni Zpand O 1s spectra, i.e., that no mentionable bulk oxidation
of Ni(111) occurs (as would be the case for the clean Ni(111) surface under similar oxygen
exposure), indicate that only an O-intercalation-layer (chemisorbed atomic oxygen) develops.
Finally, for the 0.45 ML, the decrease in anion-related signalg{End Gnior), accompanied
by their more pronounced low-BE shift compared to the cation-related species, indicates
additional O-induced decomposition effects similar to the oxidation of the 0.15 ML/Ni(111)
system; in this case mainly the IR~ anion seems to be affected.

Finally, as discussed previously, at a coverage of 0.75 ML, no changes in thg,Ni 2p
spectra are observed while only a small shoulder in the O 1s emerges (already mentioned and
partly discussed when comparing the systems JINOand Q/IL/Ni), which one would
intuitively attribute to intercalated oxygen as was discussed for an IL coverage of 0.45 ML.
However, for the 0.75 ML film the BE values of the IL signals remain at the values observed
for IL directly adsorbed at the Ni surface, indicating that O-intercalation does not take place
(see detailed discussion above).
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Figure 4.24: Surface reactivity depending on IL coverage. The IL films of 0.15, 0.45 and 0.75 ML thickness were
exposed to oxygen (for experimental details, see text). In the substrate related (&) 2md O 1s (b) regions

the spectra of the bare oxidized substrate are included (labelled ‘0 ML’), while for the IL-related N 1s (c) and
C 1s (d) regions the 0.15 ML film before oxygen treatment is shown (grey spectra labelled ‘0.15 ML)

4.3.2.5 Conclusions

A detailed ARXPS study addressing the initial growth, the molecular arrangement and
reactivity of ultrathin [GC,Im][Tf,N] layers on clean, oxygen-precovered and oxidized
Ni(111) single crystal surfaces is presented in this chapter. IL films of increasing thickness
were deposited on the clean Ni(111) surface using physical vapour deposition in ultra-high
vacuum from a Knudsen cell. The results are compared to previous studies for the same IL on
a glass substrate and on an Au(111) single crystal surface.

On the clean Ni(111) surface, IL growth was found to proceed in a two-dimensional
fashion. The comparison to the behaviour on Au(111) showed some deviations from a perfect
layer-by-layer growth after the completion of the first layer. From the detailed analysis of the
BEs and intensities of the various IL-derived core-level peaks, and by comparison to the
corresponding signals for a bulk IL film, information on the electronic interactions and on the
molecular arrangement at the IL/solid interface was derived. Analysis of BEs revealed small
differential BE shifts of the cation-related signals with respect to the thick film reference,
while no such shifts were observed for the anion-related peaks. These findings are in contrast
to the results on Au(111), where in addition to a similar differential BE shift a uniform shift of
~1 eV to lower BEs was found, which was assigned to an overall stronger coupling to the Au
surface. The analysis of the XP spectra in the surface sensitive geometry, i.e., at an emission
angle of 80°, shows for low IL coverages (up to 0.4 ML) a considerable enhancement of
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anion-related signals, indicating that the ions are arranged in a bilayer (or sandwich) structure,
with the cation in direct contact with the Ni(111) surface and the anion sitting on top of the
imidazolium ring. This finding strongly differs from the adsorption geometry found on
Au(111) at the same coverage, where the ions adsorb next to each other in direct contact to
the surface, in a checkerboard-like arrangement. Interestingly, the low-coverage bilayer
structure on Ni(111) transforms into a checkerboard-like structure when increasing the IL
surface coverage. The driving force for this transformation could be related to repulsive
dipole-dipole interactions between neighbouring ion pairs with the same orientation, which
increase due to the lower intermolecular distances at higher surface coverage; at a certain
critical coverage the arrangement in a checkerboard-like structure, with attractive interactions
of next neighbour ion pairs, becomes energetically favourable. Upon heating the sample the
IL was found to desorb intact at temperatures as low as 400 K, which demonstrates rather
weak interaction with the Ni(111) surface and is in agreement with the weak electronic
coupling observed between[GIm][Tf,N] and Ni.

For sub-ML IL films deposited onto an oxygen-precovered Ni(111) surface with a well-
defined Of3x\3)R30° superstructure, all IL-derived signals are found to shift uniformly to
lower BE by ~0.7 eV, which is attributed to a work function change due to the chemisorbed
oxygen. This again indicates no (or only very little) electronic interaction between IL and
substrate. In the 80° measurements, the enhancement of the anion-related species was found
to be less pronounced than for the clean Ni(111) surface, but comparable to an IL film of
similar thickness on Au(111), indicating a checkerboard-like arrangement of the IL.

[C,C1IM][Tf 2N] adsorption on an oxidized Ni(111) surface also showed a uniform shift of
the IL-derived peaks, which is again assigned to work function changes. Upon heating, a
complex reaction/desorption behaviour of IL-related species was found, in strong contrast to
the reversible low-temperature desorption found for the IL/Ni(111) system. While the cation-
related signals disappeared at relatively low temperature, the anion-related signals were found
to remain on the surface up to temperatures above 500 K. As a tentative reaction pathway, a
reaction between the imidazolium cations and hydroxyl groups terminating the NiO is
proposed, where @ and carbene are formed and desorb as neutral molecules. THE [Tf
anion pairs up with the remaining positive Ni centre and remains on the surface until oxide
decomposition takes place.

When IL-precovered Ni(111) was exposed to molecular oxygen under conditions where
normally considerable surface oxidation takes place, upon increasing IL coverage a sig-
nificant inhibition of surface reactivity was observed with increasing IL layer thickness. The
guestion to what extent the IL layer itself can be used to influence surface reactivity and
selectivity will be subject to further investigations. In the future, the application of additional
experimental methods such as temperature programmed reaction spectroscopy (TPRS) and
STM experiments of thin IL films, and also theoretical investigations, are expected to be
beneficial in order to obtain complementary information to the spectroscopic results presented
in this work.
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4.4 Summary

In this chapter ultrathin IL films were deposited on Au(111) and Ni(111) surfaces. To the best
of our knowledge, these studies represent the first detailed investigations of thin IL films on
well-defined single crystal surfaces under UHV conditions. They provide significant infor-
mation on the interaction of the IL molecules with the substrate surface, the molecular
arrangement at the interface and growth characteristics of ILs on different support materials,
demonstrating the strong influence of the substrate properties on electronic and chemical
interaction between IL and substrate and also on molecular orientation at the interface, on
growth and on chemical reactivity.

In the course of these, studies the general growth behaviour of the ILs investigated turned
out to be relatively similar for Au(111) and Ni(111), exhibiting a general trend of two-
dimensional growth (more or less perfect layer-by-layer growth for Au(111) and slightly
mixed growth for Ni(111)). Yet, both substrates prove to behave completely different with
respect to electronic interaction and molecular arrangement at the interface. On Au(111), the
ions adsorb next to each other directly at the old surface in a checkerboard-like arrangement
exhibiting pronounced electronic interaction with the substrate. This arrangement leads to a
fully covered surface at a nominal coverage of 0.5 ML. For the Ni(111) surface, completely
different observations are made; here, for very low coverages, a pronounced bilayer structure
is observed, where the cation is in direct contact with the Ni surface and the anion sits on top
of the cation and is not in direct contact with the surface. Furthermore, electronic interactions
between the Ni and the IL molecules are found to be rather weak.

From comparing three different ILs on Au(111), information on the influence of the IL
nature could be derived; for {CiIm][Tf.N], a rather well ordered interface layer is found,
with the cation lying flat on the surface and the anion adsorbedigrcanformation with the
SO, groups in close proximity to the Au(111l) and thes;@fFoups pointing towards the
vacuum. A similar, yet slightly less ordered structure was found fg€:[@][Tf.N]. In
addition, the alkyl chain of the cation interacts with the Au surface for low coverages but—
due to the lower interaction strength—detaches upon formation of one close IL layer (0.5 ML)
to liberate adsorption sites for further ionic headgroups. In contrast to the two imidazolium
ILs, no indications for an ordered interface layer is found fg€C{Ryrr][Tf2N].

The reactivity of the Ni(111) towards oxygen under relatively mild conditions allows for
IL deposition on differently oxygen-terminated surfaces (well-ordered3@B8)R30°
superstructure and oxidized NiO surface), for which a more checkerboard-like adsorption
geometry was deduced for the first adsorption layer, similar to the findings on Au(111).
Furthermore, IL desorption experiments showed that the IL is relatively weakly adsorbed on
Ni(111), resulting in stoichiometric IL desorption at relatively low temperatures. For the NiO
surface, a complicated reaction with preferential desorption of cation-related species was
deduced and is tentatively attributed to a reaction between terminal hydroxyl groups
stabilising the NiO surface and the imidazolium ring. Finally, it is shown that the surface
reactivity towards molecular oxygen is greatly reduced upon increasing IL layer thickness.
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In the following chapter ultrathin IL films deposited on amorphous glass (Chapter 5.3.1) and
ultra-pure fused silica (Chapters 5.3.2) samples are investigated in the context of the so-called
"Nanolab" concept. The focus of these investigations lies in the molecular arrangement and 1L
growth behaviour of imidazolium-based IL on these support materials, and in approaches to
modify the surfaces to obtain good substrate wetting and more uniform IL films.
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5 The Ionic Liquid — Glass Interface and the Nanolab
Concept

The interface between ILs and silica is of great interest to the SCILL and, in particular, to the
SILP concept introduced earlier. In these catalytic materials silica is used as a structural
support for the IL/catalyst coatings due to its high surface area and porous structure. The
interaction between the IL and the silica surface determines a number of performance-relevant
properties such as wetting behaviour and IL growth characteristics, which are highly depen-
dent on the chemical nature of both support material and IL. For these systems, the desired
properties of the resulting IL films on the support material are such that a thin, uniform IL
film is formed, thereby vyielding the highest-possible surface area and short diffusion
pathways through the IL. Such aspects are not only relevant to the SILP and SCILL systems,
but also to research fields such as tribology (se€’®Rahd references therein). It has, for
example, been shown recently that ultrathin IL films on hydroxyl- and amino-terminated
silicon surfaces can be prepared using a dip-coating procedure; these films have mean film
thicknesses below ten nanometres and display outstanding lubrication charactéfistics.

The so-called "Nanolab" concept, which is a collaborative project within the Erlangen
"Cluster of Excellence — Engineering of Advanced Materials", is an extension of the SILP
concept. The inside walls of a light-guiding photonic crystal fibre (PCF) are modified
according to the SILP-premises to obtain a reactor of pl volume (typical PCF dimensions:
0.1mm in diameter and 1m in length), which exhibits high catalytic activity and allows for in-
situ optical spectroscopy of reactants and products, or—in the best case—detection of
transient species. For such a system, uniform IL films are not only a desired advantage
leading to better performance, but are mandatory: irregular IL-film morphologies lead to IL-
droplets and, consequently, to closures obstructing gas flow through the fibre core. Moreover,
film inhomogeneity will lead to scattering effects of the guided light, reducing the optical
performance of the PCF.

It was shown in the previous chapter that the combination of IL-PVD and ARXPS is a
powerful tool in the study of interactions between the IL and a given support material and in
the analysis of the wetting behaviour and initial growth phase of IL films. To investigate the
IL wetting and growth behaviour on silica particles and inside the PCF walls, flat model
substrates were used to deposit ultrathin IL films, followed by ARXPS measurements. In the
course of these studies, non-ideal growth behaviour (three-dimensional growth and droplet
formation) was observed for native, unmodified samples, leading to further investigations on
surface modification and functionalization to yield more homogeneous IL coatings.
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5.1 General Description of the Nanolab Concept and the Surface
Science Approach

Based on the SILP technology, where a thin IL layer with a dissolved catalyst covers a high
surface area support, the "Nanolab" approach presents an interesting and promising expan-
sion. The main idea is the design of a sensor/nanoreactor within a light-guiding capillary
channel (the PCF) with a SILP layer covering the inner walls of the channel(s). A schematic
drawing of this approach is shown in Scheme 5.1. PCFs are light-guiding glass fibres (high
purity fused silica with very low OH content), containing axial capillary channels, and can be
tuned in a wide range with respect to both structure and light-guiding prog&tfiés light

can be guided in both the hollow core (e.g., in a "Kagome" fibtednd also within the
silicate material of a solid core fibre (e.g., in a "Mercedes" fitife)here the evanescent
field allows for quantitative broadband sensing of species inside the hollow cladding of the
fibre. 2* The PCF cross sections and SEM images of a hollow core and a solid core fibre,
along with the corresponding intensity profiles, is shown in Figure 5.1. Furthermore, it has
previously been shown by our collaborating group of Philip Russel of the Max Planck
Institute for the Science of Light, in Erlangen, that reaction monitoring is principally possible
in PCFs; Chert al.followed a photobleaching process in PGEsyhile Cubillaset al. have
expanded this concept to liquid phase photocatalytic reactions in a very receftstudy.

IL/catalyst layer

ST

)

reactants products

Scheme 5.1: Sketch of the Nanolab approach. The inside wall of a photonic crystal fibre is modified with a
supported ionic liquid phase, i.e., an IL film with a dissolved catalyst. This setup will allow for in-situ reaction
monitoring, of reactants, products or even detection of reaction intermediates. Note that in case of the hollow-
core fibre shown on the right the coating should be restricted to the walls of the inner core channel of the PCF,
i.e., the area where most of the light is confined.

An operational setup for a Nanolab reactor requires the immobilization of the IL films along
the fibre walls in a way that no droplet formation and/or clogging of the fibre occurs. In a
typical SILP coating procedure, the IL films are prepared by impregnating the support with an
IL dissolved in a volatile solvent, followed by evaporation of the volatile compéhéyst.
access to the PCF capillaries is only possible through the end of the fibre, a similar wet-
chemical approach is also the most promising way to achieve fibre coating. In the best case,
the inner wall of the fibre is covered completely with a homogeneous IL film, while the
dissolved catalyst is enriched at the IL/gas interface. However, early experiments showed that
it is extremely difficult to form uniform IL layers on the native glass surface along the whole
fibre and that, in most cases, droplet formation and clogging of the fibre occurs. Possible
reasons for the droplet formation will be thoroughly discussed in light of our own investiga-
tions presented below.



5 The IL | SiO, Interface 113

2 ><] <]
f dol

Figure 5.1: Overview over two different PCF cross sections; a) "Mercedes" fibre, where the light is guided in
the solid core in the middle of the fibre, and b) "Kagome" fibre, which is a hollow core band gap fibre, in which
the light is guided in the hollow cavity of the fibre. For details, seé?&ef.

A promising approach to solve this problem is to introduce an interface functionalization
layer, in which a functionalized IL is attached to the glass surface either by covalent bonding
or through coulombic" interactions. The resulting functionalized IL layer is then expected to
beneficially influence the wetting behaviour of the IL. Both approaches utilize the availability
of hydroxyl groups terminating the SiGurface to anchor the IL molecules to the surface.
Chi et al. have introduced the concept of attaching triethylsilylether functionalities to the side
chain of the imidazolium cation N¢3-(3-triethoxysilylpropyl)-3-methyl imidazolium,
[TESIm]"), which react with terminal OH groups on the surface to form a covalently bonded
IL layer (see Scheme 5.28f.A second approach is the coulombic attachment of an imidazo-
lium cation to anionic silanolate groups, which is achieved by using a zwitterionic IL (1,3-
dimethylimidazolium-2-carboxylate) as introduced by Holbe¢yal. for halide-free IL syn-
thesis>>® and adapted by Lungwitet al. for surface modificatio*® see Scheme 5.2b for
details. To allow for a high surface coverage of such a functionalization layer, the surface has
to be pre-treated to minimize contaminations and exhibit a high number of hydroxyl groups.
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Scheme 5.2: Reaction schemes for IL functionalization of the Suprasil surface: After pre-treatment of the surface
to achieve highest-possible density of surface hydroxyle groups, a) covalent bonding of a [TES|ndf{TH)
coulombic attachment of [C,Im]* moieties to anionic silanolate groups is achieved.
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For an understanding of the wetting behaviour, which is determined by the interaction of IL
with the (modified) glass substrate, the characterisation of ultrathin IL films op SiO
substrates is necessary. As the investigation of the interior of the PCF fibre is impossible with
ARXPS, planar fused silica glass slides (referred to as "Suprasil", see below) were used as a
model substrate for ARXPS investigations of IL thin film growth for the Nanolab approach.
Hence, ultrathin films of [@C;Im][Tf,N] were prepared on pristine, etched and IL-
functionalized Suprasil glass by IL-PVD and were investigated by means of ARXPS.

After discussing relevant experimental aspects in Chapter 5.2, we investigate the initial
growth stages and molecular arrangement ofc{{in][Tf,N] at the interface of a native
untreated glass sample in Chapter 5.3.1. Chapter 5.3.2 deals with the effect of surface etching
and IL-functionalization of Suprasil samples on the IL growth. Molecular arrangement effects
of the ions at the interface will only be briefly discussed where necessary.

5.2 Experimental Aspects

Sample preparation: For the experiments conducted in Chapter 5.3.1 a standard microscope
slide (10 x 10 x 1 mf), was carefully cleaned by ultrasonic treatment for 1 hour in ultra-pure
water at 80 °C prior to its introduction into the UHV system. XPS analysis of the glass surface
showed the expected Si and O signals with some residual carbon contamination (~0.3 ML).

"Suprasil 300" is the trade name for ultrapure fused silica glass with an extremely low bulk
OH-content below 1ppm, low bulk contamination levels, and very high optical transmission
ranging from near IR to UV. All Suprasil samples were cut down to dimensions of 15 x 12
x 1 mn?. This was followed by thorough cleaning with acetone and isopropanol in an
ultrasonic bath and storing in an oven at 70 °C until further use. Subsequent surface
modifications were performed as follows (summarized in Table 5.3, Chapter 5.3.2):

Soft-etched Suprasil: The samples were immersed for 10 min in a 60 °C pH 10 buffer
solution of HBO3;, KCIl and NaOH (VWR 32040.298). After extensive rinsing with ultra-pure
water, the samples were dried in a drying cabinet at 60 °C for at least 1 hour. Hydroxide
treatment of silica leads to hydroxylation and eventually to dissolution of the solid material,
as illustrated in Scheme 5.3:
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Scheme 5.3: Reaction mechanism of @duced hydroxylation and dissolution of silica. In contrast to acidic
treatment, the etching process is a catalytic process and is able to dissolve the bulk glass due to silicid acid
formation which is soluble in alkaline solution.
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This leeching indeed led to surface morphology changes (i.e. formation of nanopores), which
could be deduced from the ARXPS data aftefC@n][Tf,N] deposition onto the sample
(spectra are compiled in the Appendix in Figure A2). Due to these pronounced morphology
changes it was impossible to obtain unambiguous information on the wetting behaviour, so
this approach of surface hydroxylation was abandoned.

Strong-etched Suprasil: The samples were immersed in a 60 °C pH 14 NaOH solution

(c =1 mol/L) and stirred for 1 hour. This was followed by thoroughly rinsing the samples
with ultra-pure water and drying in a drying cabinet for at least 1 hour. This preparation
protocol was quickly abandoned, as the dissolution process was so fast that in the Mercedes-
PCF, breakdown of the struts supporting the solid core was observed. Nevertheless, one set of
experiments (i.e., characterisation using ARXPS and investigation of IL growth) was per-
formed for a strong-etched Suprasil sample, the spectra of which are compiled in the Appen-
dix in Figure A3.

Piranha-etched Suprasil: For preparing a fresh Piranha solution (1 :3 mixture of 10%
aqueous kD, solution and conc. $$0,) about 30 mL of conc. $$0, were placed in a
thoroughly pre-cleaned and dried beaker and stirred at moderate speed. Then, 10,64 of H
solution were slowly added. After heating the mixture to 80 °C, the Suprasil samples were
immersed into the reaction mixture and stirred for 40 min. Afterwards, the samples were
thoroughly cleaned by rinsing with ultra-pure water (aqua ad iniectabilia), blow-dried in
Argon atmosphere and immediately used for the next preparation step (or introduced into the
UHV system). The reaction mechanism for the generation of atomic oxygen and OH radicals
for silica hydroxylation is as follows:

H,SO4 + H, O, > H3O+ + HSO,4 + Oe
O + H,O > 2 +0OH

Ozone-treated Suprasil: The pre-cleaned samples were placed on a sample holder in an
"ozone-box" composed of a UV lamp and a Petri dish filled with ultra-pure water. After
sealing the box, the samples were kept in the reaction chamber for a minimum of 5 hours or
until further use. The reaction mechanism for the generatie@bfradicals is as follows:

30, +hy(UV) > 20;
O3+ H,O = 0O,+20H

IL functionalization with [TESIM][Tf .N]: The samples were prepared by covering a pre-
treated, hydroxylated sample with a thick film Bf3-(3-triethoxysilylpropyl)-3-methyl
imidazolium bis(trifluoromethylsulfonyl)imid ([TESIm][EN]) and reacted for 24 hours at

60 °C in a drying cabinet. Afterwards the excess IL was removed by rinsing the sample with
acetone (please see Scheme 5.2a for the reaction pathway and the resulting surface
modification). The XP spectra of a macroscopically thick [TESImNTffilm are shown in

the Appendix, Figure A5.

IL functionalization with C ;C,;Im-CO,: The samples were prepared by covering an ozone-
treated sample with a droplet of a 1,3-dimethylimidazolium-2-carboxylate/water mixture and
reacted for 24 hours at 100 °C in a drying cabinet. During the reaction time the solid on top of
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the sample was regularly re-immersed in a droplet of water. Afterwards, the excess IL was
removed by rinsing the sample with acetone. For the reaction pathway and the resulting
surface modification, please see Scheme 5.2h. This approach led to a distinct modification of
the Suprasil surface. However, in the course of this study it was not possible to thoroughly
investigate the IL growth behaviour on this surface. The available preliminary data are

compiled in the Appendix, Figure A4.

Finally, the samples were mounted on a sample holder using tantalum strips as shown in
Ref®, and introduced into the UHV system.

Thin film preparation: For the experiments presented in Chapter 5.3.1 the ultrathin IL films
were produced by controlled thermal evaporation from a well-defined IL reservoir, consisting
of a planar gold foil (10 x 10 nfin covered with a thick [€:Im][Tf.N] film. This IL
reservoir was introduced into the UHV chamber (base pressure® mliér) via a load lock
system. For deposition, the reservoir temperature was raised to the evaporation temperature of
320 K and held at this temperature for half an hour prior to the evaporation/re-condensation
process, in order to ensure stable and clean conditions (background pressuré rébaf)0
Evaporation of [@C,Im][Tf,N] was then carried out with the sample at room temperature
sitting face to face to the IL reservoir at a distance of 1 cm. The IL films were deposited in
three successive evaporation steps.

For the experiments using the Suprasil glass, thin film preparation was carried out in
analogy to the IL-PVD experiments performed in Chapter 4 using #&RRWKC3
Knudsen cell; please see Chapter 4.2 for detailed information. The base pressure during
evaporation was ~1 x Tbmbar. The evaporation temperatures fofQ@m][Tf,N] were in
the range of 430-440 K, depending on the deposition rate. The latter were monitored by QCM
measurements in order to guarantee constant IL fluxes. Film thickriessae determined
by analysis of the damping of the substrate Si2p levels by Equation (5) according to the
detailed discussion in Chapter 4, while nominal film thicknesses and mean deposition rates
were determined from reference measurements on Au(111), for which ideal layer-by-layer
growth is observed and therefore Equation (5) is strictly valid.

In accordance to Chapter 4.2, the film thickness is given in monolayers (ML), where 1 ML
of IL is referred to as one closed layer of ion pairs, vertically arranged on top of each other;
possible arrangements of the ion pairs which are consistent with this definition are illustrated
in Scheme 4.1a. According to this definition, one closed layer of ions covering the surface in a
checkerboard arrangement, as shown in Scheme 4.1b, corresponds to a coverage of 0.5 ML,
while for a bilayered structure all adsorption sites are occupied at a coverage of 1 ML
(Scheme 4.1c) For the JC;Im][Tf,N] IL used in Chapter 5.3.1 the height h of 1 ML was
estimated to 0.75 nm, see Table 4.1. However, in the analysis in Chapter 5.3.1 a value of
0.7 nm is used, accounting for a certain amount of void volume (using a value of 0.75 nm
would not change any of the conclusions drawn from this data). For the Suprasil experiments
using [GCi1Im][Tf.N], the same value as in Chapter 4, namely h = 0.73 nm, was used.
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XPS measurements and data analysig:or the experiments in Chapter 5.3.1, the measure-
ments were performed with ars@LaB 200 CHA and Al-K radiation generated by the
original EscaLAB 200 X-ray gun at a power of 75 W. The spectra were recorded with a pass
energy of 20 eV, yielding an overall energy resolution of 0.9 eV. The denoted intensity scale
is the same for all levels studied and corresponds to the counts for one single sweep with a
dwell time of 0.1 s. For all spectra shown, five sweeps were accumulated. Measurements at 0°
emission probe the near-surface region of an organic compound with an information depth of
~7-9 nm ("bulk"-sensitive), whereas measurements at 70° probe only the topmost layers
(~2-3 nm, "surface sensitive™.To correct for reduced overall transmission at 70° detection
angle, the corresponding ionic liquid spectra were multiplied by an empirical factor deter-
mined individually for each sample holder. After this correction, for a homogeneous distribu-
tion of the various elements in the investigated sample, identical signals are expected in both
geometries. For the Suprasil experiments presented in Chapter 5.3.21EhgASR3000
analyser was used, with identical settings of pass energy used in Chapter 4.

Data analysis was performed using Origin 7.5 for the experiments conducted in Chap-
ter 5.3.1, employing Gaussian fit functions. For the Suprasil experiments Casa XPS was used
and, in analogy to the detailed discussion given in Chapter 4.2, a G:L (70:30) lineshape was
employed.

The native glass and the Suprasil samples are insulating materials and, therefore, charging
of the sample is observed during XPS. To allow for visual comparison of the spectra, a BE
calibration was employed, as explained below. It should be noted that information on absolute
BE position is not possible due to the absence of a reliable reference level and therefore,
throughout Chapter 5, we refrain from discussing differential BE shifts between different IL
layer thicknesses, and absolute BE position are used only to refer to a certain peak observed in
a given figure. To account for this sample charging effect, all spectra were shifted, so that the
BE of O 1s and Si 2p signals roughly matched literature values for the respective samples. In
Chapter 5.3.1, BE values of 103.8 eV (Si 2p) and 532.5 eV (O 1s) were used for calibration,
by adapting literature values from Réf.as discussed in R&%. while in Chapter 5.3.2 the
spectra were referenced to values of ~103 eV for Si 2p and ~532 eV for O 1s obtained for
pure quartz materials from R&¥.
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5.3 Results and Discussion

The results on [&2:Im][Tf,N] thin films on a native glass sample presented in Chapter 5.3.1
are based on the original publication:

Physical Vapour Deposition of pCiIm][Tf2N]: A New Approach to the Modification of
Surface Properties with Ultrathin lonic Liquid Film$. Cremer, M. Killian, J. M. Gottfried,
N. Paape, P. Wasserscheid, F. Maier, and H.-P. SteintlieknPhysChen2008,9, 2185-
2190.

The IL growth studies of [{C;Im][Tf,N] on different terminated Suprasil surfaces
discussed in Chapter 5.3.2 are as yet unpublished results (manuscript in preparation).

5.3.1 [C2C1Im][Tf2N] on Native Glass

In this section a first in-situ study of ultrathin fGIm][Tf.N] films on a native, untreated

glass substrate is presented. The sample was chosen, because the investigation of ultrathin
ionic liquid films on silicate surfaces is of fundamental and technological interest, e.g., for the
development and understanding of supported ionic liquid phase (SILP) mafeTiatseby,

the main interest was to investigate a "real" sample, i.e. one that resembles a real silica surface
in terms of residual carbon contamination and amount of OH groups. For evaporation, the IL
[CoCilm][Tf,N] was selected because of its comparably high vapour presmsdrés high

thermal stability’® To investigate [@C1Im][Tf.N] thin films on a glass substrate, films of
increasing average thickness were prepared by successive deposition (total deposition times:
0, 10, 25, and 55 min), while each deposition step was followed by taking ARXP spectra. In
addition, a thick IL film was prepared by prolonged deposition (estimated mean thickness
larger than 100 nm). In Figure 5.2, the XP spectra of the deposited IL films are depicted along
with the spectra of the IL reservoir. To obtain a detailed overview, all IL- and substrate-
related regions are shown for normal emission (0°) and grazing emission (70°).

Depending on the deposition time, and, consequently, the thickness of the IL layer, shifts
of the XP spectra were observed, which are attributed to charging of the insulating glass
substrate. The magnitude of this shift depends on the emission angle and on the deposition
time (e.g., at 0° a shift of 9.2 eV is found for the bare glass substrate as compared to 0.4 eV
for the thick IL film on the glass substrate). To correct for this charging and for better
comparison, the spectra have been shifted to align the peaks in Figure 5.2 (the mean values of
these shift are denoted in the figure caption), as stipulated in Chapter 5.2. As a consequence,
throughout Chapter 5, BE values should not be regarded as "real" or "true" values.
Furthermore, no comparison of differential BE shifts between thin film and bulk IL values,
e.g., similar to those observed for the IL/Au interface, is possible. Accordingly, the
conclusions drawn are mainly based on the damping of substrate signals and relative intensity
changes of IL-related signals. The C 1s spectra of the glass surface prior to deposition show a
peak at ~285.6 eV, which is attributed to a contamination of the surface with small amounts
of carbon (estimated to ~0.3 ML by comparing the Si 2p damping in 0° and 70° emission).
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Figure 5.2: Si2p, O 1s, F1s, N 1s, C 1s and S 2p XP spectra@fif@[Tf,N] (schematic drawing shown at

the top), deposited on a glass substrate, at emission angles of 0° (left) and 70° (right). Spectra are shown for
deposition times of 0, 10, 25, and 55 min and for a thick layer ("ref glass"); also shown are the corresponding
spectra of the IL in the reservoir ("ref Au"). For the IL films on the glass substrate charging is observed. To
compensate for that and to allow comparison of the different layers, the spectra have been shifted uniformly to
lower BE (with maximum deviations of 0.5 eV) by the following values (0°/70°): 0 min: 9.2/6.9 eV, 10 min:
8.7/7.0 eV, 25 min: 9.2/7.1 eV, 55 min 8.5/6.6 eV, thick: 0.5/0.4 eV. Note that the N 1s and C 1s spectra have
been smoothed.

As a first step of analysis, the spectra for the thick evaporated IL film on glass are
compared to those of the reservoir (i.e., a macroscopically thick IL film on gold). This
comparison yields identical peak intensities for both normal and grazing emission within
+ 5%. This agreement indicates that the chemical composition and statistical distribution of
anions and cations of the deposited film is identical to that of the source IL, and that the
evaporation process leaves the IL intact. Furthermore, for all IL-related core levels of the
thick film, no significant changes of intensity with increasing emission angle were observed,
indicating a homogeneous distribution of the elements within the near-surface region. It also
rules out pronounced preferential vertical orientation of IL molecules. This finding is in
accordance with our ARXPS investigations opGam][Tf,N], in which surface segregation
of the alkyl chains was observed ford, whereas for r 4 the ions are more or less
randomly oriented® Table 5.1 shows the quantitative evaluation of the XPS signals of the
thick film in 70° geometry, where the signals from the glass substrate totally vanish. For this
film, the surface composition is, within the margins of error, in excellent agreement with the
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nominal stoichiometry and the reference macroscopically thick IL film before deposition. The
N 1s and the C 1s spectra of the thick IL film on glass (and also of the IL reservoir) show two
well-separated peaks at 401.7/399.0 eV and 286.4/292.5 eV, respectively. They are attributed
to the corresponding atoms in the cation and anions. Their intensity ratios of 2:1 for N 1s and
6:2 for C 1s fit perfectly to the nominal composition. Furthermore, the peak positions and
peak shapes of the thick IL film are in good agreement with XP spectrg@flfg[Tf-N]
published by other groups (e.g., see Ref .

Table 5.1: Elemental compositions of IL core levels g€j@n][Tf,N] macroscopically thick film, thick IL-PVD

film and the corresponding nominal composition. Experimental values are derived from measurements at 70°
emission angle.

Elemental composition of IL core levels

System
N 1s C1s O 1s F 1s S2p
Referencé 3.2 7.7 4.1 6.0 2.0
Thick evaporated 29 8.3 4.1 5.7 2.0
Nominal 3 8 4 6 2

* macroscopically thick, ex-situ deposited

After demonstrating that the IL remains intact upon vapour deposition, we investigated the
initial growth stages of ultrathin IL layers. With increasing deposition time (0, 10, 25, and
55 min), the Si 2p signals of the glass substrate (Figure 5.2) show the expected decrease in
intensity, and the IL-related signals (F 1s, N 1s, C 1s and S 2p) show a concomitant increase
due to the increasing IL film thickness. The degree of charging, i.e., the denoted uniform
shifts of the spectra, is reduced with increasing deposition time (note that the spectrum for
10 min deposition time at 0° is also considerably broadened, which is not fully understood but
tentatively assigned to experimental aspects rather than being of physical significance).

It is noteworthy for the following discussion, that the derived conclusions are not very
sensitive to the exact inelastic mean free path (i.e., 3 nm) or the estimated thickness of the
monolayer (i.e., 0.7 nm). From the decrease of the Si 2p signals of the glass substrate, infor-
mation on the layer thickness and on the growth mode can be obtained, according to the
procedure used in Chapter 4. In Figure 5.3, the relative Si 2p intensity is plotted vs. evapora-
tion time for both emission angles. Assuming two-dimensional growth within the first layer, a
linear decrease of the substrate signals is expected for both emission angles; the data for the
first two deposition steps (10 and 25 min) in both experimental geometries are indeed
consistent with such a linear decrease. Using Equation (4), from the damping of the Si 2p
signal the completion of 1 ML is estimated to be achieved at a deposition time of 31 and
34 min for 0° and 70° emission, respectively, resulting in a mean value of 32.5 min (see
Figure 5.3).
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Figure 5.3: Relative intensity of the Si2p levels at 0° (black squares) and 70° (grey circles) as function of
evaporation time. The size of the symbols corresponds to the mean error bars. The vertical line at 32.5 min
indicates the time (average value determined from the data at 0 and 70°) needed for the completion of the first
complete IL layer, as determined from the linear decrease of the signals at both emission angles, an estimated
thickness of 0.7 nm and an inelastic mean free path of 3 nm (for details see text). The solid lines represent the
linear decrease assuming two-dimensional IL islands (with the height of one IL layer) using the average value of
32.5 min for the completion of the first layer. The dashed lines show the expected decrease for the growth of
islands with uniform height of two IL layers (i.e., 1.4 nm).

The solid lines represent the fits to both geometries, using the average value of 32.5 min for
the completion of the first layer. The observed very good agreement for the two geometries
(within the margin of error of =3 min) is a strong indication that the growth mode is two-
dimensional up to one closed layer of ion pairs. If the growth of the IL film did occur in a
three-dimensional fashion, the decrease of the Si2p signal with deposition time would be
slower, in particular when measured at 70°. As one possible scenario, the behaviour expected
for the growth of islands with uniform height of two IL layers (i.e., 1.4 nm) is plotted in
Figure 5.3 (dotted lines). The smaller negative slope, in particular for 70°, is immediately
evident (note that this effect becomes even more pronounced when growth in islands of larger
thickness occur; in other words, the higher the islands, the greater the similarity of the slopes
at 70° and 0° emission). As the deviation from the experimental data points is well outside the
margins of error, three dimensional growth can be ruled out. At this stage of analysis, we
conclude that the first layer of IL ion pairs grows two-dimensionally. Conclusions for the
growth on top of this first layer are tentative as only one more data point at 55 min is
available. However, from the fact that its intensities for both 0° and 70° are above the values
expected for completion of two layers, growth in three dimensional islands is likely. More
evidence for a non-ideal growth behaviour, i.e. formation of 3D islands, comes from inves-
tigations in Chapter 5.3.2, where thicker IL layers were deposited on an untreated Suprasil
sample.

In the following, the IL-related signals shown in Figure 5.2 are discussed in more detail:
With increasing deposition time, the F 1s, N 1s, and S 2p andthg 1S peak show the
expected increase in signal intensity, whereas for the O 1s peak angthd<peaks the
situation is more complex due to the superimposed signal from the glass substrate and the
carbon contamination, respectively (note that the O 1s BE of oxygen in glass and in the IL are
nearly identical). The comparison of the data for the two emission angles after 10 and 25 min
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deposition time shows a significantly higher intensity for 70° compared to 0°. This behaviour
is consistent with the two-dimensional film growth of the first monolayer, which has been
proposed above, indicating a complete wetting of the glass substrate by the IL film. After
55 min deposition, the F 1s, N 1s, S 2p and C 1s spectra are nearly identical for both angles,
but are still significantly smaller than for the thick film obtained after extensive deposition.
These observations and the fact that the Si signal of the substrate is still clearly visible after
55 min (see above) indicate three-dimensional island growth on top of the first layer; for an
evaporation time of 55 min only parts of the surface are covered by these islands. An
influence of the small carbon contamination on the observed growth mode cannot be
completely ruled out. In fact, evidence for a rather pronounced influencgafdines from
experiments presented in Chapter 5.3.2.
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Figure 5.4: N 1s XP spectra of {C,Im][Tf,N] deposited on glass, at emission angles of 0° (top) and 70°
(bottom). Spectra are shown (from left to right) for deposition times of 10, 25, and 55 min, and for a thick layer
("ref glass"). In addition to the spectra, fits are shown in order to determine the relative contributions of the
cation- (~401.7 eV) and anion-related (~399.0 eV) N 1s signals. The resulting intensity ratios are denoted.

A more thorough discussion is needed for the N 1s spectra at 10 and 25 min deposition times,
where additional information on the orientation of the ions in the ultrathin IL films can be
derived. From the stoichiometry of the IL, an intensity ratio of 0.5 is expected for
NaniofNcation This ratio is indeed observed for the thick IL layer on glass (and also on Au), as
can be seen in Figure 5.4, where the N 1s spectra are plotted along with fits of the two
componentdnspection of the N 1s spectra for deposition times of 10 and 25 min shows ratios
of [TfoN]™: [C,Cim]™ significantly smaller than 2 :1 (0° spectra: 1.3:1 at 10 min and
1.6 : 1 at 25 min, respectively; for 70°, even smaller values of 1.1 :1 and 1.5 : 1 are observed
as shown in Figure 5.4 and Table 5.2). This behaviour can be understood if we assume that
the anions and cations within the first adsorption layer are not randomly distributed, but form
a bilayer structure with the pC;Im]" in direct contact to the surface and the,N[f at the
vacuum side, as shown in the Scheme embedded in Table 5.2. In this geometry, the
[C2Cilm]*-derived N 1s signals are damped by theNTT half-layer sitting on top of it. This
damping should be more pronounced at grazing emission, as is indeed observed (note that in
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0° emission near-stoichiometric values should be observed, however, the statistics are not
good enough in 0° emission to make unequivocal statements). Although the higher
NanioNcation ratio is unequivocal from the experimental spectra, we refrain from further
detailed quantitative analysis since the positions of the N atoms in the bilayer, the thickness of
the bilayer, and the mean free path of the electrons are not known with sufficient accuracy.
Furthermore, the relatively low count rate restricts a more detailed interpretation of the data.
Also, for higher film thicknesses, radiation-induced changes may have an impact on the
anion-to-cation ratio due to prolonged X-ray exposure.

The bilayer structure at the IL/glass interface is now briefly compared to the findings on
Ni(111) (Chapter 4.3.2); for very low coverages a bilayered structure is observed, however,
upon approaching a thickness of 1 ML, a reorientation towards a checkerboard-like structure
takes place. A similar scenario can be envisioned for the IL/glass system investigated here,
because the Nor/Ncation ratio is most pronounced for very low coverages, whereas for higher
film thicknesses the values slowly approach the nominal values. However, the effects
observed on the glass surface are not as clear cut as for the Ni(111) surface, which can be
attributed to the limited number of data points. Also, on the glass surface, the films were
deposited on top of each other, so that signal contributions due to onset of radiation damage
cannot be fully excluded (see Chapter 4.3.1.5 for a detailed discussion of radiation damage

effects).
Table 5.2: Nnion/Neation ratios of thin (10, 20 and 55 min) and thick (ref glass) IL-PVD films on glass, along with

a sketch of the arrangement of,{GIm][Tf,N] for very low coverages within the first adsorption layer adsorbed
on glass, with the [@;lm]™ cation in contact with the substrate and theN[f anion at the vacuum side.

Evaporation time NaniorfNcation Scheme of sub-ML arrangement
(film thickness} 0° 70°

FSC\S €] //O
10 min (0.30 ML) 0.77 0.91 ZR~N—S0

0" o CF,
20 min (0.78 ML) 0.63 0.67 —N—T2N
e -

55 min (1.68 ML) 0.59 0.63 | Glass
Thick, evaporated 0.5 0.53

*film thicknesses are derived from the damping of the Si 2p signals using Equation (5) and might, due to the imperfect growth behaviour,
deviate from the real deposited amount (i.e. the nominal thickness).

From proposing a bilayer structure within the first adsorption layer, an imminent question is
that of the orientation of the imidazolium ring. From the findings in Chapter 4, where for
Au(111) and Ni(111) the imidazolium ring was found to lie flat on the surface, it is tempting
to speculate that the imidazolium ring is also oriented parallel to the surface, in accordance
with the pronounced anion enrichment found in the 70° emission N 1s spectrum. However,
results from SFG spectroscopy contradict such an interpretation; for systems, in which the
SiO, surface is covered by a macroscopically thick IL film, a more upright orientation of the
imidazolium ring at the interface is suggest®Moreover, it was found that both the anions

and the cations are located at the silicate suffadéthough it is important to compare the
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results and to note that there is conflicting evidence, the two systems are quite different.
Therefore, a detailed comparison of findings from bulk-IL/solid interfaces with the thin layers
investigated here has to be done with great caution, and further experimental data will help
elucidate the extent to which data from bulk and thin film can be compared.

With respect to the stability of the deposited ultrathin IL films it is interesting to note that
after bringing the 55 min deposited film to ambient conditions (air) over two hours virtually
no differences were observable by subsequent XPS measurements. This finding demonstrates
the practical usefulness of hybrid materials covered by an ultrathin ionic liquid film, which
acts as a protection lay®Only in cases, where the ultrathin film was kept in vacuo (pressure
at 10° mbar) at room temperature for extended periods of time (10 hours), was a considerable
decrease of IL signals measured due a non-negligible evaporation rate at room temperature,
i.e., the reversibility of the physical vapour deposition process.

To conclude, it is shown in this first study that for ultrathin films ofJ@n][Tf,N] on a
native untreated glass sample the initial growth of the IL film occurs via the formation of a
closed first layer followed by three-dimensional island growth. In the very first adsorption
layer, a preferential distribution of the ions is observed, with th€|@]" cations preferring
direct contact to the glass surface and thgNJfanions at the vacuum side, similar to the
results presented in Chapter 4.3.2, where a bilayer structure was found for sub-ML coverages
of [C1C1Im][Tf2N] on Ni(111). The study presented here provides an excellent starting point
for thin film studies of high purity glass samples presented in the next section. As uniform IL
films (i.e., good wetting behaviour) are of paramount importance for the Nanolab concept, the
subsequent chapter deals with approaches fop Sifface modification to achieve more
uniform films morphologies.

5.3.2 Surface Modification and [C1C1Im][Tf.N] Growth on Suprasil

As evident from the previous investigation, on untreated glass IL growth proceeds in a
Stranski-Krastanov-type fashion, i.e., three-dimensional growth (droplet formation) on top of
a wetting layer. Hence, to achieve better IL wetting, different surface modification procedures
were tested: Firstly, a hydroxylated and contamination-free surface was prepared in order to
implement an IL-functionalization of the glass surface. Such IL-functionalization can be
achieved either by covalent attachment of functionalized imidazolium cations to the SiO
surface or by bonding an imidazolium moiety by coulombic interactions to surface silanolate
groups. The preparation step, in which procedures were tested to obtain hydroxyl-terminated
surfaces, is referred to in the following discussion as "sample etching”, while the reaction step
between IL-moieties and the surface OH groups is referred to as "IL-functionalization”. In the
etching step, a number of protocols were tested, ranging from strongly alkaline 1 M NaOH
solution ("strong etched"), slightly basic pH 10 buffer solution ("soft etched"), over a
conc. HSQOyY/H,0O, mixture (“piranha etched”), to an ozoneUV gas phase treatment
("ozone-etched"). While the exact etching protocols are specified in the experimental section
in Chapter 5.2, the parameters are again summarized in Table 5.3, along with a short summary
of the results in terms of surface morphology and reduction in carbon contamination. As
mentioned in the experimental section, only the results from piranha-/ozone-etched and
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[TESIM][Tf 2N]-functionalized samples are discussed in detail, while the data obtained for the
other systems are compiled in the Appendix.

Table 5.3: Overview over different etching (hydroxyl-termination) and IL-functionalization protocols.

Label Active species pH TI[°C] Time Effect on Surface

Strong etch* OHin NaOH 14 60 60 min Dissolution of Si©n a macroscopic scale
(i.e., disintegration of struts of Mercedes PCF)

Soft etch* OHin 10 60 10 min Dissolution of Sin a nanoscale
H3:BOy/KCI/NaOH (i.e., formation of nanopores)

Piranha etch acidic/OH radicals< 1 80 60 min Surface hydroxylation, reduction of adventitic
surface carbon

Ozone etch OH radicals - RT > 5 h Surface hydroxylation, reduction of adventitic
surface carbon

[TESIm][Tf,N] Silyl-ether group - 70° >24h Covalent attachment of cation to surface —OH

C,C{Im-CO* CO, group - 80° >24h  Coulombic bond of,fGIm]" to surface Si-O

* systems marked with an asterisk are not discussed in detail in this chapter, but available data is compiled in the Appendix.

In terms of XPS measurements of SiG@amples, a direct quantification of surface
modification in terms of hydroxylation is not possible, due to the similar O 1s BE values for
bulk SO, and SOH. Furthermore, it is not possible to draw any meaningful conclusions
concerning the amount of surface hydroxyl from changes in Si/O ratio in ARXPS, as is
exemplified in Table 5.4 for an untreated (pristine) and a hydroxylated (Piranha-etched)
Suprasil sample. The only substrate XPS signal that can be analysed and quantified to a
certain extent from ARXP spectra taken before and after etching, is the amount of residual
carbon contamination on the surface. For the experiments conducted in this work, however,
this value is afflicted with a relatively large experimental scatter due to the ex-situ sample
preparation. As a rough guideline mosg/Qvas found on untreated, pristine samples, while
the piranha and ozone-etched samples showed the least amount of residual surface carbon.

Table 5.4: Relative abundance of oxygen and silicon in Suprasil glass measured in 0° and 80° emission. Values
match the nominal composition of the bulk value of 8fC1:2 within the margins of error (+ 5%).

Relative abundance in 0° emission Relative abundance in 80° emission
System
(@) Si (@) Si
Pristine 62.5% 37.5% 62% 38%
Piranha etched 66% 34% 65% 35%

nominal 66.7% 33.3% 66.7% 33.3%
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Therefore, to assess the effect that the etching protocols might have on the surface
morphology and on the IL growth behaviour in general, we deposited ultrathin IL films on the
differently prepared sample surfaces followed by analysis with ARXPS (note that from this
analysis morphology changes could be deduced for the alkaline-etched samples, see
Appendix). In the following sections, IL deposition was performed on three selected systems,
namely pristine, Piranha-/ozone-etched and [TESImd|fJFfunctionalized Suprasil (Piranha-

and ozone-etching leads to identical results and are therefore not discussed separately). These
different systems are compared with respect to their IL wetting behaviour, and the corres-
ponding IL growth characteristics are compared to the results on Au(111) , for which ideal
layer-by-layer growth has been unambiguously derived (see Chapter'#.3.1).

For all following experiments the film thicknesses are given in values of "nominal
thickness", as calculated from reference measurements on Au(111). Therefore, for growth
characteristics which diverge from ideal layered growth (i.e. a de-wetting of the surface), the
IL-covered parts will exhibit higher coverages than the nominal value (e.g., if 50% of the
surface is de-wetted, at a nominal coverage of 1 ML the remaining IL-covered surface will be
covered by 2 ML of IL).

5.3.2.1 [CiCiIm][Tf2N] on Pristine Suprasil

For the investigation of [{C;Im][Tf,N] growth on pristine Suprasil, a native untreated
sample was introduced into the UHV system and characterized prior to IL deposition,
followed by multiple evaporation steps amounting to nominal thicknesses up to ~10 ML. In
Figure 5.5 the core-level spectra of the "clean" surface (= prior to IL deposition) and the first
three subsequent IL evaporation steps (with nominal coverages of 1, 2 and 3 ML as derived
from reference measurements on Au(111)) are shown. From the Si 2p spectra, it becomes
evident that with increasing IL film thickness the substrate signal is attenuated. The damping
characteristics are more pronounced in 80° emission, which is expected from the enhanced
surface sensitivity in this geometry (for a flat surface morphology). Comparing the substrate
signal damping to the case where the same IL with similar coverage was deposited on the Au
reference sample, it becomes obvious that the damping found on the pristine Suprasil is much
less pronounced (see Figure 5.9 in Chapter 5.3.2.4, where a detailed comparison of the growth
behaviour of differently terminated Suprasil surfaces is made). Although a thorough
discussion of the growth behaviour will be given in Chapter 5.3.2.4, it should be pointed out
at this stage that from the damping of the substrate signals an imperfect (= mixed 2D/3D)
growth behaviour can unambiguously be deduced. This is particularly noteworthy because
strong indications for an imperfect growth due to dewetting of the IL from carbon-
contaminated surface areas are deduced from the analysis of the C 1s region discussed in the
following paragraph.
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Figure 5.5: Si2p, C 1s, F 1s and N 1s ARXP spectra of initial stages,Gflfid[Tf,N] growth on a pristine
Suprasil sample. Shown are the sample before IL deposition (0 ML) and three consecutive evaporation steps
with nominal thicknesses of 1, 2 and 3 ML. The spectra are plotted with identical y-axis without further
correction for reduced overall transmission in 80° emission.

Moving on to the IL-related C 1s, F 1s and N 1s regions, a simultaneous increase in signal
intensity is observed in the 0° emission spectra up to 3 ML film thickness, while for the 80°
spectra signal saturation is observed for the 2 ML film (corresponding to a film thickness of
~1.5 nm, which is in the range of the maximum information depth at 80° emission). As
indicated above, particularly important conclusions with respect to the IL wetting behaviour
can be drawn from analysing the C 1s region: In the experiments presented in Chapter 5.3.1,
the methyl group of the £Side chain showed a significant BE overlap with the adventitious
carbon contamination & on the surface, making a detailed analysis of the C 1s region
extremely difficult. This disadvantage was circumvented in this study by using
[C1CiIm][Tf2N], whose Getero BE value (~286.3 eV) is well separated frogy/G~284.2 eV),
therefore allowing for an unambiguous interpretation of the features in the C 1s region. On the
pristine surface, a prominent,d; signal is observed which is greatly enhanced in 80°
emission, indicating that this feature is indeed a surface contamination (in case of a bulk
contamination the Si/fg, ratio should not change in grazing emission). The amount is roughly
estimated to ~0.3ML and is therefore in the range of that observed for the
[CoCalm][Tf2N]/glass system investigated in Chapter 5.3.1. Upon IL deposition the IL signals
Canionand Geteroincrease with increasing amount of IL, while in both emission anglesathe C
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feature remains visible as a prominent feature. This observation is especially surprising for the
80° emission data, because for film thicknesses of 2 and 3 ML the damping should be similar
to that observed in the Si 2p region, where a strong decrease is observed in 80° emission. Also
in normal emission, the f& feature is not as efficiently damped as the corresponding Si 2p
signal. From this behaviour it is concluded that the IL preferably adsorbs on uncontaminated
areas of the SiDsurface, thereby efficiently damping the silicate Si2p and O 1s substrate
signals, whereas the contaminated surface areas (most likely agglomerated patchgs of C
seem not to be significantly wetted by the IL. It seems very likely that the non-homogeneous
distribution of surface carbon on native glass surfaces is one of the reasons (or even the most
important reason) for the observed mixed growth behaviour of the IL on this substrate.

In Chapter 5.3.1 a preferential arrangement of the ions at the IL/glass interface was
deduced from analysing the nitrogen region, i.e. the intensity ratios of,the @hd Naton
signals. From a close inspection of the N 1s region it becomes evident that the nominal ratio
of 2:1 is observed for all coverages in both bulk- and surface-sensitive geometries, indicating
a random distribution of the ions already at nominal coverages of 1 ML. For the 1 ML film,
this observation at first sight contradicts the results presented in Chapter 5.3.1, where for
[C.Cim][Tf,N] on a native glass sample significant enhancement of anion-related signals
was observed even for coverages close to one ML. However, a nominal thickness of 1 ML is
too thick to unambiguously determine preferential arrangement at the IL/solid interface, and
therefore, we refrain from further discussing preferential arrangement at this stage and refer
instead to Chapter 5.3.2.2, where it is shown in experiments on Piranha-etched Suprasil that
for low coverages (0.2 ML) of [{CiIm][Tf,N] a bilayered arrangement is observed, in
agreement with our findings from Chapter 5.3.1.

To summarize the growth behaviour of;@Zim][Tf,N] on pristine, untreated Suprasil
samples, non-ideal (dewetting and/or islanding) growth behaviour is observed. From a close
analysis of the C 1s region, it was deduced that surface areas covered by an adventitious
carbon contamination are significantly less coated by IL molecules. This finding corroborates
the tentative statement on a possible influence of the carbon contamination made in
Chapter 5.3.1, where the C 1s region could not be analysed due to the signal overlap between
that of the terminal methyl group of the ethyl side chain of th€{&]" cation and Gy

In the following, the effect of surface modification procedures, i.e., a Piranha-etched
Suprasil sample, are investigated with respect to the IL wetting behaviour. For the piranha-
etched sample, it will become evident that the reduced amount of surface contamination in
combination with surface hydroxylation is beneficial for the IL wetting behaviour.

5.3.2.2 [C1CiIm][Tf2N] on Hydroxyl-terminated Suprasil

Piranha-etched and ozone-treated SuprasilBefore moving on to the results of thin film
deposition on Piranha-etched samples, the chemical reaction of a Piranha solution (and ozone
treatment) with silicate surfaces and residual carbon contaminations will be briefly discussed.
Piranha solution is usually used in applications where not only a hydroxyl termination is
required (treatment with a strong acid would be sufficient), but where the surface has to be
clean and free of residual carbonaceous materials. It was shown in the experimental section
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that in a Piranha solution atomic oxygen and also hydroxyl radicals are formed. These highly
reactive species can react with carbonaceous contaminations, where evenzﬂarbcrsp
materials, i.e., char or graphite, can be broken down according to the following reaction
pathway:

C C /
\ \ .
c=¢c + 0Oy ——» CcC=0 + «C
/ / \

C C

Oxygen radicals successively break the C=C bonds by inserting oxygen, eventually leading to
CO, and water-soluble compounds, leaving behind the clean, hydroxylated surface. The
ozone treatment has a similar effect on residual carbonaceous surface contaminations, but has
the advantage that the reaction takes place in the gas phase, therefore being promising for
applications in PCFs. Qualitatively, the Piranha etching method and the ozone treatment lead
to similar results regarding the IL wetting behaviour. Therefore, examples from both systems
are used for the discussion of hydroxylated Suprasil surfaces; the results presented in the
following are obtained from a Piranha-etched Suprasil sample, while the results for the
growth comparison of the three different samples made in Chapter 5.3.2.4 were obtained on
ozone-etched samples.

In Figure 5.6, the spectra of the clean sample and three successive evaporation steps with
nominal film thicknesses of 0.2, 1 and 2 ML are shown. In analogy to the findings for the
pristine Suprasil sample in the Si 2p region, considerable damping of the substrate signal is
observed with increasing film thickness. However, upon close inspection of the 80° emission
spectra, it becomes evident that for the 2 ML film the Si2p signal is considerably more
damped than in the case of the 3 ML film on the pristine sample, indicating a better wetting
behaviour. The carbon contamination, which is—in comparison to the pristine sample—
much smaller (< 0.1 ML), is very efficiently damped by the IL overlayer in both 0° and 80°
emission, similar to the damping observed in the Si 2p region. This observation stands in
strong contrast with the findings on the pristine sample, for which inhomogeneous growth
behaviour was assigned to a de-wetting from contaminated areas of the surface (evident from
the persistence of the & signal, even at coverages, at which the Si2p signals are
significantly damped). This observation is attributed to the chemical modification of the
carbonaceous material apparently resulting in a better IL wetting behaviour (Piranha and
ozone treatment introduces oxygen and hydroxyl species pgiotiereby rendering it more
polar). In contrast to the untreated Suprasil, the general IL growth behaviour of Piranha-
etched and ozone-treated samples is similar to the 2D layered growth behaviour observed on
Au(111), as evident from Figure 5.9.

Before summarizing and moving on to the next system, a closer look is taken at the N 1s
region of the 0.2 ML film, which, in 80° emission, shows a considerably different anion-to-
cation ratio than for the higher coverages: The anion signal is dramatically enhanced with
respect to the MNion Signal, similar to our findings for [C,Im][Tf,N] on Ni(111) and
[CoCim][Tf2N] on glass (Chapters 4.3.2 and 5.3.1, respectively). Th&{Ncaion Value
of 1.2 £ 0.2 deviates even more pronounced from the nominal value of 0.5 than that of
[C1CiIm][Tf2N] on Ni(111); one should note that for the glass measurements the signal-to-
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noise ratio is worse due to relatively short measuring times to prevent radiation damage (see
experimental section, Chapter 5.2), leading to relatively large error bars. An analysis of the
C 1s region yields a value of ;6edChetero= 0.7 (instead of 2:5 =0.4), which is also
indicative for a remarkable anion enhancement, i.e., a bilayered structure. From the 0°
emission data no conclusions can be drawn as the signals are too small.

Figure 5.6: Si2p, C 1s, F 1s and N 1s ARXP spectra of initial stages,Gflfd[Tf,N] growth on Piranha-

etched Suprasil. Shown are the sample before IL deposition (0 ML) and three consecutive evaporation step with
nominal thicknesses of 0.2, 1 and 2 ML. 0° and 80° spectra are plotted using the same scale (y-axis) without
further correcting for reduced transmission in 80° measurements.

To briefly summarize, for thin [{C;Im][Tf.N] films on Piranha-etched (and ozone-treated)
Suprasil, a considerable reduction of surface contamination by adventitious carbon can be
achieved. As a consequence, an overall better wetting of the IL is found, and remarkably, also
the carbon contamination is significantly damped by overlaying IL. This observation is in
strong contrast to the finding on untreated Suprasil and is assigned to the fact that both ozone
and Piranha treatment lead to a O-functionalization of the carbonaceous species, therefore
becoming more "IL-o-philic". Furthermore, for very low IL coverages the anion signals are
enhanced with respect to the cation signals, indicating a bilayered structure for sub-ML
coverages, in accordance with the findings in Chapter 5.3.1.

5.3.2.3 [C1C1iIm][Tf2N] on [TESIm][Tf2N]-functionalized Suprasil

To obtain an IL-functionalized surface, an ozone-treated sample was reacted with
[TESIm][Tf,N] according to the procedure stipulated in Chapter 5.2. For a successfully
functionalized surface it is expected that [TESIm]N]frelated signals can be detected prior

to [C.C1Im][Tf,N] deposition. As shown in Figure 5.7, in all IL-related regions, additional
cation and anion-related signals are observed for the 0 ML sample.
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Figure 5.7 Si2p, C1ls, F1ls and N1s ARXP spectra of initial stages @hIf@[Tf,N] growth on
[TESIM][T,N]-functionalized Suprasil. Shown are the sample before deposition (0 ML), and three consecutive
evaporation steps (1, 2 and 3 ML). 0° and 80° spectra are plotted using the same scale (y-axis) without further
correction for reduced transmission in 80° measurements.

In the C 1s region a prominent, broad feature consisting.&fd@&nd Gy is observed. In
comparison to the reference spectrum of pure [TESIny{[T{see Figure AS5), the £y

feature is more intense due to additional intensity from surface carhgh rgulting from

the ex-situ functionalization step. Thefen feature at ~292 eV is not very pronounced and
also the other anion-related signals, i.essiddand F, are of relatively low intensity. The
Naniorf Ncation ratio shows a value of ~1 : 3 in normal emission and ~1 : 2 in 80° emission. This
indicates that in general more cationic species are present on the surface, but also that the
anion—being slightly enhanced in 80° emission—is on average located slightly above the
cationic headgroup. The lower overall anion signal intensities are tentatively assigned to some
kind of ion exchange, where vacant surface hydroxide groups deprotonate and act as the
counter ion (leading to a different stoichiometry for [TESlrahd [TEN]), as depicted in
Scheme 5.4. From the overall [TESImJjWi-related signal intensity in comparison with the

sum intensity of 1 ML [@C,Im][Tf,N] on Au(111) film, a [TESIm][T§N] surface coverage

of ~0.6 ML is estimated.
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Scheme 5.4: Sketch of the [TESIm}NJffunctionalized Suprasil surface, as indicated by the ARXPS measure-
ments. Covalently attached cations pair up with anionic silanolate groups on the surface, therefore leading to
reduced amounts of [AM]]~ anions. The anions present are on average located slightly above the cation.

Upon IL deposition, again, a significant decrease of substrate signals is observed, similar to
the observations made for the ozone-treated sample. Also for this samplesdB€e/Caav

is subject to significant damping by the deposited IL, again indicating layered growth
behaviour in the initial stages of IL film growth.

To summarize, on the IL-functionalized surface [TESImJN[frelated signals are found,
not at stoichiometric values, but with less anion-related signals. This is assigned to a partial
pairing of [TESIm] moieties with surface silanolate groups. IL growth on top of this
functionalized layer, leads to significant damping of all surface-related signals and therefore
indicates a good wetting behaviour, at least in the initial stages of IL film growth.

In the following chapter, the growth characteristics of the three different systems
investigated are discussed by analysis of the damping behaviour using Equations (4) and (5).
The results are compared to reference measurements on Au(111), where—as was shown in
Chapter 4.3.1—perfect layer-by-layer growth is observed.

5.3.2.4 Comparison of [C1C1Im][Tf;N] growth on different Suprasil surfaces

The 80° emission C 1s spectra of IL flms deposited on the three different Suprasil surfaces
discussed in detail in the previous sections are depicted in Figure 5.8. In contrast to the
spectra shown before, also spectra of higher IL coverages, i.e. 4 ML and also 6 ML (ozone-
treated and IL-functionalized Suprasil) and 10 ML (pristine Suprasil) films are shown. From
the direct comparison of the 1 ML film it becomes immediately evident that for the pristine
sample the ¢, feature is significantly less damped compared to the other two samples. While
for the ozone-treated and the IL-functionalized samples exclusively IL signals are observed
for the 4 ML film, Gy still remains as a prominent feature in the case of the pristine sample.
Even for a nominal coverage of 10 ML thggfeature is still visible, while in the modified
samples already at 4 ML coverage the bulk IL spectrum is observed. These characteristics, in
combination with more efficient damping of the Si 2p signal as compared tqdhe&iure,

led to the conclusion that the IL shows preferential adsorption on clean, uncontaminated
regions of the surface, while dewetting occurs on the carbon-contaminated surface areas.
While the majority of the surface is covered by a homogeneous IL layer, leading to significant
damping of the substrate signal, remaining intensity is still observed from the Si located
below the contaminated areas.
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Figure 5.8: 80° emission C 1s spectra of three different Suprasil samples(pristine, left; ozone-treated, middle;
IL-functionalized, right) with increasing IL layer thickness. All spectra are scaled to the same intensity.

In the following, the IL growth will be discussed in more detail by analysing the attenuation
behaviour of the Si2p substrate signal. In Figure 5.9 the relative decrease in Si 2p signals
(I1g) as measured in 0° geometry is plotted against evaporation time. The curves for the
hydroxylated (squares) and the IL-functionalized (triangles) surface agree well, within the
experimental accuracy of evaporation rates, with the damping behaviour observed for the
reference film on Au(111) (circles), where the attenuation of the Au4f signal was used. The
pristine sample, however, shows considerable deviation towards higher values, which is a
strong indication for non-ideal growth behaviour. This finding corroborates the interpretation
that, for the pristine sample, a de-wetting of contaminated surface regions takes place. When
the calculated film thickness is plotted against the deposition time, a linear increase in film
thickness is observed for the ozone-treated sample, whereas the IL-functionalized sample
shows slight deviations to lower values at relatively high coverages. Again, the pristine
sample is an outlier and shows considerably lower values for the calculated film thickness due
to the formation of 3D IL islands and/or dewetting effects as discussed before.
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Figure 5.9: Left: Attenuation of the substrate Si2p signal for three different Suprasil samples (pristine,
diamonds; ozone-treated, squares; IL-functionalized, triangles) and the Au 4f signal of the reference system
(Au(111), circles) from the 0° XP spectra; Right: Calculated IL film thickness as a function of IL deposition time
for the same systems.

The findings of IL wetting behaviour of the different Suprasil samples are corroborated on a
macroscopic level by contact angle measurements, summarized in Table 5.5. The contact
angle of the pristine sample shows the highest value, and the ozone-treated sample shows
greatly reduced contact angle (about 50%), and therefore the best wetting behaviour on a
macroscopic level, in agreement with the nanoscale results obtained from the ARXPS data.
For the IL functionalized sample an initial contact angle of 23° was observed; however, this
value changes over the course of ~20 min, to eventually reach a value of ~20°.

Table 5.5:Contact angles of [C,Im][Tf,N] on three different quartz glass samples, namely untreated (pristine),
ozone-etched and IL-functionalized silica glass.

Suprasil Type Contact Angle Comment

Pristine 36.6° £ 2° -

Ozone-etched 18.3° +5° -

IL-functionalized 23° (| 20°) contact angle decreases over time

To summarize the results, it is shown that IL growth on untreated, carbon-contaminated
samples proceeds in a way that after formation of an initial wetting layer, IL island formation
occurs, leading to an inhomogeneous growth of the IL film, even for coverages beyond
10 ML. For cleaned, hydroxylated Si®urfaces, however, a layered IL growth comparable to
that on Au(111l) is observed, and IL-functionalization of the hydroxylated surface does not
lead to any further improvement. The results obtained on a molecular level by ARXPS match
well the macroscopic contact angle measurements.
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5.4 Conclusions

In this chapter, the growth behaviour and molecular arrangement@fifg[TfN] (n = 1, 2)

on silicate-based surfaces was investigated. From investigating untreated, pristine glass and
ultrapure fused silica samples for the first adsorption layer gEJ@][Tf.N], a bilayer
structure similar to that on Ni(111) was observed. Resulting from the relatively large amounts
of adventitious carbon present on the sample surface, non-ideal (dewetting and island
formation) growth behaviour could unambiguously be deduced for coverages exceeding
values of 1 ML. For samples cleaned with Piranha solution or@Q/@JUV gas phase
treatment, reduced amounts of adventitious carbon contamination were observed, and IL
growth was found to proceed in a layer-by-layer fashion, similar to that observed on Au(111).
By adding a functionalization layer using a task-specific IL, which is covalently attached to
the terminal hydroxyl groups of the silica samples, no further improvement of the wetting
behaviour and subsequent IL growth could be deduced. Moreover, contact angle measure-
ments of [GC.IM][TfoN] on the differently modified samples showed that the smallest
contact angle was achieved on the ozone-treated sample.

Our investigations clearly demonstrate that important information on the initial stages of IL
growth and the wetting behaviour on silicate surface can be obtained by ARXPS
investigations of such thin IL films. However, the limited applicability for this class of
materials in surface science experiments should be kept in mind. Firstly, sample charging is
an issue, and the necessary referencing procedure leads to a relatively high inaccuracy of the
BE values, therefore obstructing the strength of XPS to derive detailed information on
electronic interactions between the IL and the adsorbate. Furthermore, for samples as
investigated in this chapter, standard UHV techniques available for sample cleaning cannot be
employed, and due to the—in most cases indispensable—ex-situ sample preparation, a certain
amount of adventitious carbon contamination will always be introduced. The investigation of
silicate (and also aluminate) systems under better-defined conditions using standard UHV
preparation methods such as sputtering techniques or in-situ oxide growth, should provide
more detailed information and a deeper understanding of the processes occurring at the
IL/dielectric interface.
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6 Summary and Outlook

In this thesis, ionic liquid (IL) bulk properties, the IL/vacuum interface and the IL/solid
interface were investigated, primarily using angle-resolved X-ray photoelectron spectroscopy
(ARXPS) under ultrahigh vacuum (UHV) conditions. ILs represent a class of materials with
unique physico-chemical properties leading to a myriad of potential applications. Many of
these take advantage of the extremely low vapour pressure, in particular of aprotic ILs, to
fabricate permanent, non-volatile liquid coatings of solid materials. The research carried out
herein focused on issues related to thin IL coatings, in particular concerning new catalytic
concepts such as the supported ionic liquid phase (SILP) and solid catalyst with ionic liquid
layer (SCILL) systems. In addition to ion-ion interactions within the IL film, IL/gas and
IL/solid interfaces have been shown to significantly contribute to the overall performance of
these catalytic materials. Well-defined UHV conditions and in-situ preparation methods were
used to investigate first IL-film model systems and address the following fundamental
qguestions on a molecular level: How does the chemical structure of IL molecules influence
the intermolecular forces within the IL bulk? To what extent does the anion influence the
structure formation in the near-surface region of ILs? How do properties such as the
electronic interaction between IL and solid, the growth behaviour, and the molecular
arrangement at the IL/solid interface depend on the choice of IL or support material?

As a first step, the electronic structure of ten 1-methyl-3-octylimidazoliugC([@]")-
based ILs with different anions was investigated, focusing on anion-cation interactions.
Through a cooperative effort using ARXPS as well as nuclear magnetic resonance (NMR)
spectroscopy and density-functional-theory (DFT) calculations, distinct interaction schemes
between anion and cation were derived. The hydrogen bonding strength was found to increase
when smaller and more-strongly coordinating anions are used. Moreover, first experimental
evidence of orbital mixing leading to reduced net charges could be deduced from the chemical
shifts found in XPS, corroborated by DFT results. For the same set of ILs, the IL/vacuum
interface was investigated by ARXPS concerning both surface composition and enrichment
effects. It was demonstrated that the cation octyl chains preferentially terminate the
IL/vacuum phase boundary. This alkyl chain surface enrichment increases with decreasing
size and coordination strength of the anion, due to a denser packing and a higher degree of
order in the chains resulting from inter-chain van-der-Waals forces. These findings on bulk
properties formed the basis the first detailed ARXPS investigations of the IL/solid interface,
which represent the main part of this thesis.

To access the so far largely unexplored IL/solid interface, a physical vapour deposition
process (IL-PVD), developed in the author's preceding diploma thesis, was used to deposit
ultrathin IL layers on the substrates of interest. This approach, in combination with ARXPS,
enabled the investigation of: (1) the electronic interactions between the IL and the support
material, (2) the arrangement of ions at the IL/solid interface, and (3) the growth characteris-
tics of ultrathin IL films on a given support material.
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Addressing well-defined IL/metal interfaces, ultrathin IL films of various thickness were
investigated on the (111) surfaces of Au and Ni. On Au(111), IL films of 1-alkyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (fC.iIm][Tf,N] with n =1, 8) and 1-
butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (KC:Pyrr][Tf,N]) were de-
posited and analysed using ARXPS. The main results are: For all three ILs, both anion and
cation preferentially adsorb directly on the gold surface in a checkerboard-like arrangement.
With increasing IL coverage, the IL films grow in a layer-by-layer fashion. For the octyl-
imidazolium cation, the alkyl chains disconnect from the surface upon completion of one
closed layer of IL molecules and start pointing towards the vacuum, thereby liberating
adsorption sites for additional ionic headgroups which interact more strongly with the metal
surface. Furthermore, for imidazolium ILs, the first IL-interface layer exhibits a high degree
of molecular orientation: the imidazolium ring lies flat on the surface and thN][Tdnion
adopts eis-type configuration with the SQyroups in contact with the gold surface and the
CFR; groups pointing towards the vacuum. Interestingly, no indications for such a well-ordered
interface arrangement were found for the pyrrolidinium-based IL, where a rather random
orientation of the molecules was observed.

On the more reactive Ni(111) surface, thin layers ofC[@n][Tf,N] were deposited,
exhibiting a less perfect layer-by-layer growth behaviour than on Au(111). For IL coverages
well below a full molecular layer, a bilayered structure of ions was deduced from a pronoun-
ced enhancement of anion-related signals in the surface-sensitive geometry of the ARXPS
measurements. This bilayered structure at the IL/Ni interface, with the cation in direct contact
with the surface and the anion positioned on top terminating the surface towards the vacuum,
differs from the checkerboard-like arrangement found on Au(111l). Investigations of the
adsorption behaviour on oxygen-precovered and oxidised Ni(111) surfaces indicated a loss in
film ordering in comparison to clean Ni(111). Isothermal heating experiments provided first
insights into reactions between the IL film and the surface; on a clean Ni(111) surface the IL
cations and anions desorb intact upon heating, whereas on a fully oxidised Ni surface
preferential desorption of cation-related species revealed a thermally induced surface reaction.
The investigations using model Ni(111) surfaces concluded with highly application-relevant
considerations such as IL-induced surface passivation and reduction of pyrophoric character.
In these experiments, an unambiguous lowering of the Ni reactivity towards oxygen was
observed with increasing IL coverage.

In addition to well-defined IL/metal-interfaces, also the IL/silicate-interface was investiga-
ted. This system is of paramount interest for SILP and SCILL catalysis and is also closely
related to the so-called "Nanolab" project, where uniform IL films are essential for optimum
device performance. It was shown that on native, untreated glass substrates—in contrast to the
metallic materials—ILs form a wetting layer followed by three-dimensional growth (i.e.,
droplet formation). As such behaviour is disadvantageous for the above-mentioned applica-
tions, the silicate support was subjected to different surface modification procedures (i.e., sur-
face hydroxylation and IL-functionalization layers), which were shown to positively influence
the IL growth. Furthermore, it was demonstrated that the residual surface carbon contami-
nation present on untreated silicate materials is the main reason for non-ideal IL growth.
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In conclusion, this thesis documents fundamental research addressing IL bulk properties, the
surface composition of macroscopically thick IL films, and the IL/solid interface in the
context of IL-coated solids. The presented results contribute to a large number of IL-related
research fields. In particular the studies concerning ultrathin IL films on solids mark the
starting point for an exciting and broad field of material research. Furthermore, the detailed
understanding of the IL/solid interface at a molecular level is expected to be beneficial for
various research areas such as heterogeneous catalysis, electrochemistry, energy storage
devices (i.e., electric double layer capacitors and batteries), solar cells, tribology and coating
technologies.

Main directions for future thin film research include: (1) expanding the fundamental know-
ledge base by investigation of well-defined model systems; (2) IL thin film research focussed
on less well-defined, but application-relevant systems; and (3) use of functionalized, task
specific ILs.

In order to expand the knowledge base on well-defined IL/solid interfaces, ARXPS
investigations of other single crystalline metal surfaces, single-crystal oxide supports, or well-
ordered carbonaceous materials (highly ordered pyrolytic graphite (HOPG) or graphene) are
recommended. In addition, the application of complementary methods dedicated primarily to
structure determination of highly ordered surfaces and adsorbate systems such as scanning
tunnelling microscopy (STM), electron diffraction, or synchrotron-based techniques (e.qg.,
near-edge X-ray adsorption fine structure (NEXAFS)), will contribute to a more thorough
understanding of IL boundaries. Concomitantly, theoretical approaches such as DFT calcula-
tions and molecular dynamic (MD) simulations are required for an atomistic understanding of
IL/solid interfaces.

The examination of less well-defined—Dbut highly application-relevant—systems can also
contribute significantly to various aspects of IL research, as shown by the results obtained
from investigating the IL/silicate interface. Such studies are particularly important for coating
and surface modification technologies, where a better understanding of the interface region
may help improve existing systems and aid in developing new materials.

Finally, interesting results are expected from further study of thin films with task-specific
ILs, where functional groups attached to the IL backbone allow for specific interactions
between the IL and the surface. In addition to the presented IL-PVD-methods, new deposition
techniques allowing the use of less-thermally-stable ILs will need to be developed, in order to
achieve this.
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7 Zusammenfassung und Ausblick

Im Rahmen der vorliegenden Doktorarbeit wurden unterschiedliche Systeme ionischer
Flussigkeiten (“ionic liquids”, ILs) erforscht. Dabei kam in erster Linie winkelaufgeltste
Rontgen-Photoelektronenspektroskopie ("angle-resolved X-ray photoelectron spectroscopy”,
ARXPS) zum Einsatz. Neben der Bestimmung grundlegender IL Volumen- und Oberflachen-
eigenschaften an makroskopischen IL-Proben stellten die Untersuchungen an ultradiinnen IL-
Filmen auf ausgewahlten Festkorperoberflachen unter Ultrahochvakuum(UHV)-Bedingungen
den Schwerpunkt dieser Arbeit dar.

ILs, definitionsgemall reine Salzschmelzen mit einem Schmelzpunkt unterhalb von
100 °C, besitzen einzigartige physikalisch-chemische Eigenschaften. Die enorme Vielzahl
moglicher ILs, die Flexibilitat in ihrer chemischen Struktur und Zusammensetzung und die
daraus resultierenden Eigenschaften bieten das Potential fiir zahlreiche Anwendungsmdéglich-
keiten. Viele dieser Anwendungen machen sich den extrem niedrigen Dampfdruck aprotischer
ILs zu Nutze um etwa dauerhafte, nicht-flichtige flussige Beschichtungen von festen
Materialien herstellen zu kénnen. Die in dieser Arbeit durchgefiihrten Untersuchungen stehen
eng im Zusammenhang mit getragerten IL-Filmen, insbesondere hinsichtlich neuer kata-
lytischer Konzepte wie den "Supported lonic Liquid Phase" (SILP) und "Solid Catalyst with
lonic Liquid Layer" (SCILL) Systemen. In diesen katalytischen Materialien tragen neben
interionischen Wechselwirkungen innerhalb des IL-Films vor allem die IL/Gas- und die
IL/Festkorper-Grenzflachen wesentlich zur Funktionalitat bei. Unter wohldefinierten Beding-
ungen im UHV und durch Verwendung von IL-Film-Modellsystemen wurden vor allem die
folgenden grundlegenden Fragestellungen auf molekularem Niveau bearbeitet: Wie beein-
flusst der chemische Aufbau der IL-Kationen und-Anion ihre intermolekulare Wechselwirk-
ungen? Inwiefern verandert sich die Zusammensetzung der IL-Vakuum-Grenzflache und des
oberflachennahen Bereichs einer IL als Funktion der verwendeten lonen, insbesondere be-
zuglich des Anions? Welche Rolle spielen die Wahl von IL und Tragermaterial und deren
elektronische Wechselwirkung in Bezug auf die molekulare Anordnung und das Wachstums-
verhalten von dinnen IL-Filmen unmittelbar an der IL/Feststoff-Grenzflache?

In einer ersten Reihe von Untersuchungen an makroskopisch dicken IL Filmen wurden
zehn 1-Methyl-3-octylimidazolium ([§C;Im]")-basierte ILs mit verschiedenen Anionen hin-
sichtlich ihrer elektronischen Struktur und ihrer Oberflachenzusammensetzung untersucht.
Die Kombination von XPS-Messungen mit Kernspinresonanz (NMR)-Spektroskopie und
Dichte-Funktional-Theorie (DFT)-Rechnungen ermdglichte die Analyse der interionischen
Wechselwirkungen in der IL. Es konnte unter anderem gezeigt werden, dass die Bereitschaft
des Imidazolium-Kations zur Ausbildung von Wasserstoffbriicken steigt, wenn kleine und
stark koordinierende Anionen eingesetzt werden. Dartber hinaus lieferten anionenabhangige
chemische Verschiebungen in den XP-Spektren erste experimentelle Nachweise fir Orbital-
Uberlapp zwischen Kation und Anion. Ein solcher Uberlapp fuhrt zu einer reduzierten
Gesamtladung der lonen, was auch durch DFT-Rechnungen bestéatigt wurde. Die Ober-
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flachenzusammensetzung dieser zehn ILs wurde mit Hilfe von ARXPS bestimmt. Es zeigte
sich, dass die Oktyl-Ketten des Kations in allen Féllen bevorzugt die IL/Vakuum-Phasen-
grenze terminieren, wobei das Anion einen starken Einfluss besitzt: je kleiner und starker
koordinierender das Anion desto starker die Oberflachenanreicherung der Kation-Kette. Fir
sehr kleine Anionen spielen vermutlich zusatzliche Effekte wie z.B. van-der-Waals Wechsel-
wirkungen zwischen den Alkylketten eine Rolle.

Die Ergebnisse aus den makroskopischen IL-Proben lieferten die Grundlage fir den Kern
dieser Arbeit, ndmlich die systematische Untersuchung der bisher weitgehend unerforschten
IL/Festkorper-Grenzflache. Dazu wurden mit einem — vom Autor in der vorangegangenen
Diplomarbeit entwickelten — physikalischen Verdampfungs-Rekondensations-Verfahren (IL-
PVD) ultradiinne IL-Schichten auf ausgewahlten Substratsitu hergestellt und charakte-
risiert. In Kombination mit ARXPS-Messungen ermoglichte dieser Ansatz die Untersuchung
der elektronischen Wechselwirkungen zwischen der IL und dem Tragermaterial, der
vertikalen Anordnung der lonen an der IL/Festkdrper-Grenzflache und der Wachstumseigen-
schaften ultradinner IL-Filme auf dem jeweiligen Tragermaterial:

a) IL-Metall-Grenzflache (Gold): Auf Au(111) wurden ultradinne Filme von 1-Alkyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imid ([{€,Im][Tf,N] mit n = 1, 8) und 1-
Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imid ([§C:Pyrr][Tf2N]) mittels IL-

PVD abgeschieden. Die ARXPS-Daten lieferten folgende Ergebnisse: Fur alle drei ILs
adsorbieren sowohl Anionen als auch Kationen nebeneinander direkt auf der Goldoberflache.
Mit zunehmender Bedeckung zeigen die IL-Filme schichtweises Wachstum. Die bei kleinen
Bedeckungen zunachst auf dem Metall adsorbierten Oktylketten w@rlf@[Tf,N] l6sen

sich bei Vollendung der ersten geschlossenen IL-Schicht vom Metall und orientieren sich zum
Vakuum hin; dabei werden neue Adsorptionsplatze fur starker wechselwirkende ionische
Kopfgruppen frei. Insgesamt zeigen Imidazolium-ILs in der ersten IL-Lage einen hohen Grad
an molekularer Orientierung, bei der der Imidazoliumring flach auf der Oberflache liegt und
das [TEN]-Anion eine cis-artige Konfiguration einnimmt, wobei die $Gruppen in
Kontakt mit der Goldoberflache stehen, wahrend sich dig@HEppen zum Vakuums hin
orientieren.

b) IL-Metall-Grenzflache (Nickel): Auf der reaktiveren Ni(111) Oberflache wurden diinne
[C1CiIm][Tf,N] Schichten aufgebracht, die ein, im Vergleich zur Goldoberflache, weniger
perfektes, aber dennoch lagenweises Wachstumsverhalten aufwiesen. Fir Filmdicken weit
unterhalb einer vollstandigen molekularen Bedeckung wurde in der oberflachenempfindlichen
Geometrie der ARXPS Messungen eine doppellagenartige Struktur der lonenpaare abgeleitet,
bei der sich das Kation in direktem Kontakt mit der Oberflache befindet, wahrend das Anion
daruber sitzt und sich zum Vakuum hin orientiert. Das IL-Adsorptionsverhalten wurde auch
an sauerstoffvorbelegten und oxidierten Ni(111)-Oberflachen untersucht. Dabei zeigte sich
eine, im Vergleich zur sauberen Ni(111) Oberflache, weniger ausgepragte Ordnung der lonen.
Untersuchungen nach dem Heizen der adsorbierten IL-Filme ermdglichten erste Einblicke in
die Reaktivitdt zwischen IL und den jeweiligen Substratoberflachen: Wahrend die Kationen
und Anionen der IL beim Erhitzen intakt von der sauberen Ni(111) Oberflache desorbieren,
findet auf einer vollstandig oxidierten Ni Oberflache bevorzugte Desorption von Kationen-
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Fragmenten statt, was auf eine thermisch induzierte Oberflachenreaktion hinweist. In weiteren
Untersuchungen wurden auch stark anwendungsrelevante Fragestellungen wie IL-induzierte
Oberflachenpassivierung und Reduzierung des pyrophoren Charakters bearbeitet. In diesen
Experimenten stellte sich mit steigender IL Bedeckung eine eindeutige Verminderung der Ni-
Reaktivitat gegenuber Sauerstoff ein.

c) IL-Oxid-Grenzflache (Silikat): Das letzte Grenzflachensystem stellte die IL/Silikat-Grenz-
flache dar. Diese ist von hochstem Interesse fir die SILP und SCILL Katalyse und ist insbe-
sondere eng mit dem sogenannten "Nanolab"-Ansatz verbunden, fir den benetzende IL-Filme
eine unumgangliche Voraussetzung sind. Im Gegensatz zu den metallischen Tragermateria-
lien neigen ILs auf unbehandelten Glas-Substraten nach Ausbildung einer ersten benetzenden
Schicht zur Tropfenbildung. Da ein solches Wachstumsverhalten nachteilig fir die oben
genannten Anwendungen ist, wurden verschiedene Oberflachenmodifizierungen (Oberfla-
chenhydroxylierung und IL-Funktionalisierung) vorgenommen, wodurch sich das IL-Wachs-
tumsverhalten guinstig beeinflussen liel3.

Zusammenfassend liefern die hier durchgefuhrten Forschungsarbeiten wichtige Beitréage zu
einer Vielzahl von IL-relevanten Forschungsgebieten. Insbesondere die Untersuchungen an
ultradiinnen IL-Filmen auf Festkorperoberflachen markieren den Ausgangspunkt fur ein span-
nendes und breites Feld weiterer Materialforschung. Ein vertieftes Verstandnis der IL/Fest-
stoff-Grenzflache auf molekularer Ebene ist essentiell fur IL-Fragestellungen in der hetero-
genen Katalyse, Elektrochemie und fur Energiespeichermedien, Solarzellen, sowie Tribologie
und Beschichtungs-Technologien.

Zukunftige Forschungsaktivitaten liegen aus meiner Sicht in drei Hauptrichtungen: (1) Die
Erweiterung der grundlegenden Wissensbasis durch die Untersuchung weiterer wohldefinier-
ter Modellsubstrate (sowohl einkristalline Metall- und Oxidoberflachen als auch kohlenstoff-
basierter Oberflachen wie z.B. HOPG (highly oriented pyrolytic graphite) oder Graphen-
schichten). Neben ARXPS-Untersuchungen besteht Bedarf an ergdnzenden Methoden fir die
Strukturaufklarung an hoch geordneten Grenz- und Oberflachen wie zum Beispiel Raster-
tunnelmikroskopie (STM), Elektronenbeugung oder Synchrotron-Techniken (z.B. "Near-Edge
X-ray Adsorption Fine Structure Spectroscopy”, NEXAFS), um ein tieferes Verstandnis tUber
IL/Festkorper-Grenzflachen zu erreichen; begleitend werden theoretische Ansatze wie DFT-
Rechnungen und Molekulardynamik-Simulationen auf3erordentlich hilfreich sein; (2) weitere
Experimente hin zu mehr anwendungsrelevanten und damit weniger geordneten IL/Fest-
korper-Systemen. Mit diesen Ansatzen konnen bestehende Systeme verbessert und die
Entwicklung neuer Materialien vorangetrieben werden; (3) die Verwendung funktionali-
sierter, aufgabenspezifischer ILs fur die Praparation dinner IL-Filme. In diesem Zusammen-
hang mussen neben der weiteren Verwendung des IL-PVD-Verfahrens auch neue Konzepte
zur Herstellung dinner IL Filme im Fall thermisch weniger stabiler ILs — insbesondere bei
funktionalisierten ILs — entwickelt werden.
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9 Appendix
9.1 Modifications to the XPS Chamber

In the course of this thesis, a number of major modification were made tstheAB 200
apparatus. In 2009, the chamber was equipped with a detachable IL-evaporator, discussed in
detail in Chapter 4. Also, a newci8NTA R3000 electron analyser installed was installed, as
described in detail in R&f. Finally, a new X-ray gun (&csXR50) and a new, custom-build
sample holder system were fitted to the system in 2011. The specifications and drawing of
relevant parts of the IL-evaporator and the sample holder system are compiled in the
following.

9.1.1 IL-Evaporator
TeECTRA WKC3 high temperature Knudsen Cell:

03 mm tube

AMiildi mim Faadthrainiak
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Specifications differing from the standard version:

Type K thermocouple
Custom length: 450 mm (distance flange-orifice), effective distance when mounted on
z-transfer: d (flange-orifice) = 265 mm
Z-transfer: 300 mm (485-185 mm); Brand: Mewasa
Custom made aperture (outer @: 12 mm, inner @: 5 mm; thickness: 2 mm)

"Sledge" for head of evaporator (assures smooth gliding through flange region): The
sledge was cut from stainless steel foil and fixed to the water pipes by bending the
6 mm wide side strips around the water pipes followed by spot welding the resulting

loop.
Sledge dimensions Front view of sledge fixation
& mm 5 mm
—w — Knudsen cell body |
95 mm g
\ BN Water pipes
S,
50 mm
_ Shutter bar
10 mm] 3

30 mm

170 mm

108 mm

four-membered CF40 flange cross:
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9.1.2 Sample Holder System

e Sample Holder, assembled

» Filament connector; material: copper

» Holder for thermocouple connector; material: stainless steel
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» Plates for thermocouple connector; material: stainless steel

* |Insulator for flament connector; material: macor
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» Ceramic for thermocouple feedthrough; material: sapphire

[
T

| | a#
O OF

= I
o
|

» Ceramic for thermocouple pins; material: sapphire

» Thermocouple pins; material: type-K thermocouple material
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» Brackets for sample holder; material: copper

* Base plate; material: copper
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* Insulating plate; material: sapphire

33,00

top

2 O ®

6,00

side o I

» Sample holder; material: molybdenum or tantalum
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9.3 Figures

Figure Al: Comparison of XPS spectra ok{C,Im]Br and [CsC;Im]Br (top), and of [GC,CiIm][Tf,N] and
[CeCiIm][Tf,N] (bottom). The blue spectra are the difference spectra and indicate the BE position of the
additional CH; group in [GC,CyiIm]" ILs.

[ —0- [CgC,CyIM|[Tf ,N]
[ — [CgCyIm][TF ,N]
[ — difference spectrum &

Cls
OO

C1s

-0-[C4C,C,Im]Br
3 OO

— [C4CyIm]Br
[ — difference spectrum

Intensity / arb. units

295 290 285 280 295 290 285 280
Binding Energy / eV Binding Energy / eV

Figure A2: Core level spectra of thin {C,Im][Tf,N] films deposited on soft-etched (pH 10 buffer solution,
60°C,10 min) Suprasil glass. In 0° emission a little decrease of Si2p substrate signal is observed due to
substrate damping by the deposited IL, while the 0° emission IL regions show increased IL signals, however at
considerably lower overall intensities as compared to the p-etched sample. In 80° emission, however, the IL
signals are hardly present and and mainly,Qds visible in the C 1s region . Furthermore, the spectra are
significantly broadened, which is also observed for the 80° Si 2p spectra. 0° and 80° spectra are plotted as
measured with identical y-scales for better comparison.
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Figure A3: Core level spectra of thin {C,Im][Tf,N] films deposited on strong-etched (1 M NaOH, 60°C, 1 h)
Suprasil. In both 0° and 80° emission an increase of IL-related regions is observed, however no pronounced
angle-dependence is observed, indicating morphology changes (i.e. large pits), resulting in a loss of angular
information. 0° and 80° spectra are plotted as measured with identical y-scales for better comparison.

Figure A4: Left column: 0° and 80° emission wide scans of-i@@azolium-functionalized Suprasil (left
column). Middle and right column: 0° emission core level spectra of an evaporation serig€dfCTf,N],
recorded at 0° emission with respect to the surface normal. (1) represent the pristine sample (0 ML), (2) to (5)
are IL deposits of increasing thickness (accumulated doses of 5, 10, 20 and 40 min at T = 450 K). Nominal
thicknesses are not available due to calibration problems during the experiments.
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Figure A5: Core level spectra of a macroscopically thick film of [TESIni\[Tfrecorded at 0° emission wiuth
respect to the surface normal. In the C 1s region, three features, name(D, Cuy (2) and Gyion (3) can be
distinguished, while in the N 1s two peak attributed ¢g.N(4) and N, (5) are observed. The experimental
intensity ratios (not shown) match well the nominal composition of the IL.
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