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Fiir meine Eltern






,Die Wahrheit ist eben kein Kristall, den man in die Tasche stecken kann,

sondern eine unendliche Flissigkeit, in die man hineinfallt.”

Robert Musil, Der Mann ohne Eigenschaften, Band 1, erschienen zuerst 1930 bei

Rowohlt in Berlin.

Translated from German:

“The truth is not a crystal one can put into a pocket,

but an endless liquid one falls into.”
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Abstract

Ionic liquids (ILs) are salts which melt at ambient temperatures. Their low
volatility enables an environmentally friendly and safe use. Their interfacial
properties are of interest for surface impregnation or electrochemical
applications.

The Langmuir-Blodgett (LB) method can be used to transfer well-defined
monolayers of amphiphilic ILs from aqueous subphases onto solid
substrates. Subsequent characterization by X-ray photoelectron spectro-
scopy shows that the anion of the originally deposited IL exchanges with
anions from the subphase solution. In addition, the heterocyclic ring head
group of the cation interacts with the gold surface of the substrate.
Polarization modulation infrared reflection absorption spectroscopy (PM
IRRAS) enables the assessment of molecular order at the metal. Quantum
chemical simulations facilitate the interpretation of the complex experi-
mental spectra.

For surface impregnation, azolium-based ILs with short perfluorinated
side chains are investigated after LB-transfer from H2O and 1 M NaClag
subphases onto Au(poly) substrates. In agreement with contact angle
measurements, it is shown by PM IRRAS that the films transferred from 1 M
NaClag subphase have higher order than those transferred from H-:O.

In order to explain the fundamental heterogeneous electron transfer and
charge processes in electrochemical applications, the electrical double layer
(EDL) of ILs at electrode interfaces must be understood. The IL-LB film
serves as a model for the first layer on Au(111) surfaces. In situ PM IRRAS
measurements show that ring groups remain unaffected by the potential,
while the order of alkyl chains increases at negative potentials. They act as
latent voids. Measurement of perdeuterated alkyl chains indicates
nanosegregation of the cation into polar and apolar domains. Anomalous
capacitance-potential curves show that the EDL of dilute ILs in aqueous
solutions cannot be explained by the classical model of metallcompact
layer|diffuse layer. The formation of an accumulation layer, in between of
the compact and diffuse layers, is proposed.



Zusammenfassung

Ionische Fliissigkeiten (ionic liquids, ILs) sind Salze, die bei mafligen
Temperaturen schmelzen. Thre geringe Fliichtigkeit ermoglicht einen
umweltschonenden und sicheren Einsatz. Die Eigenschaften von ILs an
Grenzflachen sind fiir die Oberflaichenimpréagnierung oder fiir elektro-
chemische Anwendungen von Interesse.

Mit der Langmuir-Blodgett (LB)-Methode konnen wohldefinierte
Monolagen von amphiphilen ILs von wassrigen Subphasen auf feste
Substrate tiibertragen werden. Die folgende Charakterisierung mittels
Rontgen-Photoelektronenspektroskopie zeigt, dass das Anion der ur-
spriinglich aufgetragenen IL mit Anionen aus der Subphasenlosung
austauscht. Zudem wechselwirkt die heterocyclische Ringkopfgruppe des
Kations mit der Goldoberfliche des Substrats. Mittels Polarisations-
modulierter Infrarot-reflexions-absorptions-spektroskopie (PM IRRAS)
kann die molekulare Ordnung am Metall erfasst werden. Quantenchemische
Simulationen ermdglichen die Interpretation der komplexen Spektren.

Fir die Oberflachenimpragnierung werden Azolium-basierte ILs mit
kurzen, perfluorierten Seitenketten untersucht, nachdem sie von H.0 und
1 M NaClag-Subphasen mittels LB-Transfer auf Au(poly)-Substrate iiber-
tragen wurden. In Ubereinstimmung mit Kontaktwinkelmessungen wird
durch PM IRRAS gezeigt, dass die von der 1 M NaClag-Subphase iibertra-
genen Filme eine hohere Ordnung aufweisen als die von H2O iibertragenen.

Um in elektrochemischen Anwendungen die fundamentalen Elektronen-
transfer- und Ladungsprozesse zu erkldren, muss die elektrische Doppel-
schicht von ILs an Elektrodengrenzflachen verstanden werden. Der IL-LB-
Film dient dabei als Modell fiir die erste Schicht auf Au(111)-Oberflachen. In
situ PM IRRAS Messungen zeigen, dass Ringgruppen unbeeinflusst vom
Potential bleiben, wahrend die Ordnung der Alkylketten bei negativen
Potentialen ansteigt. Sie wirken wie latente freie Raumeinheiten. Die
Messung von perdeuterierten Alkylketten deutet auf eine Nanoseggregation
des Kations in polare und apolare Domdnen hin. Anomale Kapazitats-
Potential-Kurven zeigen, dass die Doppelschicht von verdiinnten ILs in
wéssrigen Losungen nicht durch das klassische Modell, Metalllstarre
Schicht|diffuse Schicht, erkldrt werden kann. Die Bildung einer Akku-
mulationsschicht zwischen starrer und diffuser Schicht wird vorgeschlagen.
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1 Introduction and Motivation

Liquids play in important role in everyday life and industry. Macro-
scopically, they can easily be deformed and adopt the form of their container,
but they exhibit generally low compressibilities.'l Microscopically, their
molecules are bound by intermolecular forces, such as dispersive forces or
hydrogen bonding interactions, which results in near order. In contrast to
crystals, they do not exhibit long-range order and their molecules are mobile.
Wetting is a unique phenomenon for them. Liquids are utilized in many
fundamental applications, such as temperature control (heat transfer),
lubrication, power transfer (hydraulics), chemical power storage and supply
(fuel), solvation, or electric conductance.'-3]

Solvents are of specific interest for chemistry. Often, they serve in more
aspects than just for solubility; e.g. temperature control is equally important
in many cases. Their use in separation and purification (extraction, flotation,
rectification, precipitation or crystallization) is as crucial as in chemical
reactions (diffusion medium, homogeneity, dilution and activity control,
impact partner, chemical interaction) or analytics (absorption medium,
mobile phase).i4

The history of solvents was outlined by Reichardt and Welton, and is
briefly summarized below:5! In ancient times, Greek alchemists regarded all
chemically active liquids as “Divine water”. Aristotle (384-322 BC) allocated
reactivity predominantly to the liquid phase, which is outdated considering
many solid-solid reactions known today. In the 15% to 18" centuries,
emphasis was given to solvents and the process of dissolution. It is reflected
by the alchemist’s quest for a universal solvent, which was also called
“Alkahest” or “Menstruum universale” by Paracelsus (1493-1541). Water,
the oldest and most important solvent, cannot fulfill all demands. When van
Helmont (1577-1644) claimed to have prepared this “Alkahest”,
contemporaries mocked at him, asking in which vessel he had contained the
universal solvent. In this era, numerous new solvents, reactions, and
compounds were uncovered, leading to the earliest chemical rule “similia
similibus solvuntur” — like dissolves like. However, physical and chemical
dissolution were not distinguished yet, and it was assumed that the nature
of a substance vanishes upon dissolution. This was opposed by van
Helmont, but the process of dissolution and forces acting on molecules
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remained obscure. Major progress leading to modern solution theory was
made in the 19" to 20™ centuries by Raoult (1830-1901), van’t Hoff (1852-
1911), and Arrhenius (1859-1927). The latter introduced the theory of
incomplete and complete dissociation of ionic electrolytes into dissolved
cations and anions. Crucial contributions to the physical chemistry of
solutions arose from Ostwald (1853-1932), Nernst (1864-1941), Lewis (1875-
1946), Debye (1884-1966), Hiickel (1896-1980), and Bjerrum (1879-1958). At
the same time, the influence of solvents on reaction rates, chemical equilibria,
or absorption spectra was noted. Emphasis on environmental protection,
sustainability, and health!® have lead to a new wave of research in solvents
and liquids. Safer and cleaner technologies are favorable in industry and
academia, but many classic solvents are volatile and used in huge amounts.
Out of this quest, new “neoteric solvents” emerged, e.g. supercritical fluids,
perfluorohydrocarbons, deep eutectic solvents,”l switchable solvents,”! or
ionic liquids (ILs).

Ionic liquids are salts which are liquid at ambient temperatures. Large
organic cations are paired with inorganic or organic anions, leading to
versatility in structures as well as desirable properties, such as non-volatility,
non-flammability, electric conductivity, or thermal and chemical stability.®!
However, in comparison to the classical solvents already running in
processes, the industrial implementation of ILs is rather slow and hesitant.”’!
Their environmental impact, health issues and bioaccumulation have to be
accounted for, too, as awareness and standards in these domains have risen
in the last decades. Yet, ILs are applied in all types of the fundamental liquid
applications today, except for the use as a fuel.’? A more detailed description
of the structures, properties, and applications of ILs is given in chapter 2.

Interesting properties of ILs and polyfluorinated organic compounds
(PFCs) are combined in fluorinated ionic liquids (FILs). A review by
Lindstrom et al. elucidates the state of PFCs:l®! F-C bonds rank among the
strongest bonds in nature, yielding stability at high temperatures and
resistance toward oxidation, hydrolysis, and photolysis. Furthermore, they
are excellent water and oil repellants, leading to application in surface
coatings of papers and textiles. PFCs dispersants and surfactants are used in
paints, lubricants, fire-extinguishing foams, or as emulsifiers in production
of fluoropolymers. Their resistance toward physical, chemical, and
biological degradation is as advantageous as hazardous. Some PFCs are toxic
or mutagenic. In the 2000s, the broad distribution of PFCs in the environment
became evident and they were found almost all human blood samples. The

Chapter 1 Introduction and Motivation



uptake via food may be a major route in bioaccumulation of PFCs. As long-
chain PFCs (= Cs) were found to be significantly more bioaccumulative than
shorter ones, the first are likely to be banned, soon. New compounds are
required which preserve desired properties of PFCs while consisting of
shorter perfluorocarbon segments. Recently, Alpers et al. developed new
partially perfluorinated pyridinium-, imidazolium-, 1,2,3-triazolium-, and
1,2,4-triazolium-based ILs with perfluorohexyl chains for surface
impregnation.'*!l These FILs are an example of R'—(CF2)n(CH2)m—R? diblock
compounds, which are a promising solution for applicable semifluorinated
surfactants.’2l. Amphiphilic, amphidynamic, and amphisteric properties
make them interesting for interfacial applications.["?l One topic of this work
is to analyze the behavior of FILs at different interfaces, which is elaborated
in chapter 5.

The microscopic structure at interfaces results in macroscopic properties.
Besides wetting phenomena, e.g. repellency of water, a physicochemical
understanding of interfaces is important. Usually, interfaces are charged to
some extent. Electrostatic and chemical interactions cause adjacent
molecules to accumulate, deplete, or orient at the interface. In electrolyte
solutions, this phenomenon is called “electrical double layer” (EDL).55! Along
with the formation of the EDL, the electric field of the surface is sharply
screened, affects the behavior of charge carriers. Consequently, a potential
drop occurs at the interface, which is crucial for interfacial applications. As
the potential is directly related to the free energy of the system, it controls
the rate of charge transfer as well as its direction. Both electric field and
potential vary as a function of distance with respect to the electrode surface.
Therefore, knowledge about the structure of the EDL is essential, as it
determines how close a reactant may approach the electrode. For example, a
potential-driven transition of the surface structure formed by an IL-water
mixture on a metal electrode was found to determine the onset of the CO:
reduction reaction.'*% Also, the selectivity of this reaction is enhanced.
Unwanted reaction sites are blocked by the IL and thus the concurring
hydrogen evolution reaction is suppressed.

The EDL has been studied in classical diluted electrolytes,['*71 high-
temperature molten salts,['l and in ILs,1?”! which is reflected in chapter 3.
Generally, liquids are harder to grasp by theory than crystals or gases. In the
quotation in the beginning of this thesis, Musil related the complicated
concept of “truth” not simply to “a crystal that can be put into a pocket, but
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[to] an endless liquid one falls into.”” The truth behind ILs is certainly
drowning. To assess the EDL experimentally, capacitance-potential curves
are measured. A theory is regarded as correct when it accurately predicts the
capacitive behavior of the system. As elaborated in chapter 3.3.3, the
investigations on the EDL of ILs are complex and lead to contradictory
results. Molecular reorientations and generally slow kinetics are not
considered in current equilibrium models and may play an important role.l’!

Amphiphilic and surface-active ILs are also of interest for electrochemical
applications. Besides polar regimes formed by their ionic headgroups, they
exhibit large apolar domains consisting of alkyl chains.?"-? This spatial
segregation in polarity leads to unusual ion distributions, shortening the
EDL and thus enhancing the charge storage performance at electrified
interfaces for supercapacitors.?*! Therefore, the second topic of this thesis
was to investigate the EDL, especially the first layer, of a more simple,
aliphatic and amphiphilic IL at a well-characterized metal electrode surface.
This is described in chapters 6 and 7 for an amphiphilic IL with a perhydro-
or perdeutero-alkyl chain, respectively.

In order to study structural changes in the EDL, surface sensitive
techniques must be applied. For the investigates of amphiphilic ILs at
interfaces, an experimental modelling methodology was used. An overview of
the applied experimental techniques is given in chapter 4 and partially in
sections 3.1 and 3.2. Filipe at al. showed that an imidazolium-based IL
behaves similarly to classic amphiphilic molecules in Langmuir films.>]
Polar headgroups are directed toward the aqueous subphase, whereas
apolar tailgroups are oriented toward air. An analogical orientation was
found for ILs evaporated onto metal surfaces in vacuo.?) The Langmuir-
Blodgett (LB) technique offers to fabricate well-ordered monolayers of
amphiphiles. Utilizing this technique for the goals of this thesis yielded
systems, whose initial state was known to some extent. X-ray photoelectron
spectroscopy (XPS) was used to further characterize these substrates with
respect to elemental composition and chemical nature. Vibrational
spectroscopy methods are particularly suitable for studying the EDL of
polyatomic molecules. According spectra contain valuable information, e.g.
molecular constitution, conformation, order, or orientation. Vibrational
modes of different functional groups resonate at different frequencies, which

* Translated from German. Robert Musil, Der Mann ohne Eigenschaften, Band 1, first published
in 1933 by Rowohlt, Berlin, Germany.
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allows for the simultaneous submolecular characterization of
distinguishable cations and anions. Polarization modulation infrared
reflection absorption spectroscopy (PM IRRAS) was employed because it can
be applied at flat and single-crystalline surfaces, ex situ in air as well as in
situ under electrochemical potential control. Additionally, quantum
chemical frequency calculations were used to facilitate band assignment and
analysis of complex vibrational spectra. Results from vibrational
spectroscopy could be correlated with complementary contact angle
measurements or potential-dependent capacitance measurements by
electrochemical impedance spectroscopy (EIS), which yielded information
on the supramolecular behavior of the studied system. Finally, molecular
scale pictures were constructed to elucidate structure-property relationships.

After examination of the modelled first layer in the EDL, interactions of
IL molecules in solution close to the interface were studied. 1-Ethyl-3-
methylimidazolium triflate is a model IL*%1 and was chosen for this task.
For the analysis, aliphatic CH stretching infrared absorption bands needed
to be assigned. However, this assignment was neither straightforward nor
conclusive from literature reports.52%1 Therefore, an anharmonic frequency
calculation was conducted and discussed with literature in chapter 8. Results
of this study were required for the following analysis of interactions in
aqueous IL solutions in chapter 9.






2.1

2 lonic Liquids

Ionic liquids are composed of cations and anions. To distinguish them
from high temperature molten salts (HTMS), e.g. alkali halides and their
eutectic melts, ILs are defined to melt below a certain temperature T,.
Varying melting points are taken as upper limits, for example

(i) room temperature ILs melting below T}, = 100-150 °C, 10
(ii) ILs melting below T}, =100 °C, 8

(iii) or room temperature ILs being liquid at room temperature.l*!

The second definition is most common and was introduced already in
1914 by Walden. He was one of the first to study physicochemical properties
of what is today defined as ILs.[® ¥ Walden characterized different organic
ammonium salts, of which some melted below 100 °C and one was liquid at
room temperature.

An overview of the IL history in research is given in the reviews of
Wasserscheid,!*! and Plechkova and Seddon:®! Briefly, the research on ILs
was initiated with Walden’s work published in 1914.5! First, ILs remained
unrecognized for many years. Scarce applications are found in 1948-51 and
1976-78 in electrochemistry. Predominantly pyridinium chloroaluminates
were investigated as electrolytes for electroplating of aluminum and
batteries. However, the liquid range with respect to the composition of these
IL-AICls mixtures was narrow and the cation was prone to reduction, which
lead to the application of imidazolium-based salts. Another obstacle is that
chloroaluminates are sensitive to moisture and must be handled under
protective conditions. In 1992, Wilkes and Zawarotko synthesized ILs with
air- and water-stable anions, such as tetrafluoroborates,*! and gave an
impulse for further developments in academia and industry. Due to
extraordinary properties arising from the structural diversity of cations and
anions, ILs expand the spectrum of available liquids and their applicability.

Structure

ILs are usually formed of organic cations and inorganic or organic anions
(Fig. 2.1).81 Large, asymmetrical, and low-coordinating ionic structures

2.1 Structure

7



8

reduce lattice energy and thus lower the melting point. Ionic charge densities
are low and often delocalized among several atoms. By variation of cations,
anions, and substituents, one million ILs may possibly be created, as
estimated by Seddon.®!

A feature, which sets ILs fundamentally apart from conventional molten
salts, is their microstructure: For salts substituted with medium or long alkyl
chains, the formation of heterogeneous domains is observed experimentally
and supported by theory.?"»1 Apolar segments are formed by alkyl chains
and separated from polar segments of charge-carrying headgroups. Both
form a dynamic, intertwined, and three-dimensional network. As this
agglomeration phenomenon acts on molecular scales, it is called “nano-

TS

segregation”, “nanostructuring” or “microheterogeneity” .1’
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Figure 2.1: Common ionic base structures and substituents used to form ILs. Note that not all
possible combinations lead to salts with melting points satisfying strict IL
definitions. Figure design inspired by Fedorov and Kornyshev.[*!

Already in 1914, Walden emphasized the degree of association and
dissociation of cations and anions in liquid salts.’! This topic is still
relevant.® 2! Jon pairs are found in the gas phase.®! The polar domain in the
liquid phase is less well understood, as reviewed by Kirchner et al.?*l Major
arguments of this review are presented below: Experimentalists ascribe
deviations from a linear behavior of logarithmic conductivity as a function
of logarithmic inverse viscosity (Walden plot) to the formation of neutral ion
pairs, because the amount of effective charge carriers is less than expected

Chapter 2 |onic Liquids
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from the bulk concentration of the IL. The measured Debye-length
(Section 3.3) at an interface leads to similar conclusions.*2 On the other hand,
the nucleophilic substitution mechanism in ILs or polarity measurements
indicate a complete dissociation of ILs. Generally, the definition of an ion
pair is difficult per se, as a central ion in a melt is always surrounded by
associating counterions and thus never completely cleaved. The simulated
lifetimes of ions in the closest approach are shorter than a picosecond, and
the distances diffused together as pairs are less than their interionic
distances. Theoreticians criticize the assumption of (formal) unity charges
during evaluation of experimental results. In the dynamic liquid, a
significant and varying charge transfer is proposed to occur between anions
and cations due to the formation of weak bonds, such as H-bonds, or
associates. As a consequence, a part of their charges shall be neutralized,
causing the apparently lower concentration of free charge carriers.

Properties

“Some ionic liquids are toxic, some can be eaten, and others may be used
as pharmaceuticals or explosives.” "l This statement given by Schubert shows
that ILs exhibit versatile properties and can hardly be generalized. The only
discrete property common to all ILs may be ionic conductivity.?! Table 2.1
provides an overview of selected properties of ILs. Ranges from minimum
to maximum values reflect the versatility of ILs as well as their approximate
limits. Medians and arithmetic means show their most common properties.
However, corresponding standard deviations are high in some cases, which
supports that ILs cannot be generalized.

It must be noted that impurities may have a severe impact on IL
properties, but also low purity ILs may preserve desired properties.! ILs
will likely be applied in ternary systems, where the first IL. determines the
chemistry, the second one is used for fine tuning of physical properties, and
the third IL for cost reduction.®! Accordingly, Seddon and Plechkova
estimated a trillion of possible combinations.®! Due to the huge structural
diversity in cations and anions leading to versatile physico-chemical
properties, ILs can be legitimately called “designer solvents”.I®!

2.2 Properties
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Table 2.1: Selected properties of ILs extracted from tables of Marcus.*3l The average was taken
in case of multiple values for a single compound. Note that the number of listed ILs
per property strongly deviates which limits the validity of generalization. Also,
organic salts sharing the structures of ILs were taken into consideration which do
not belong to the most common IL definition of melting below 100 °C. Given values
may be exceeded by non-listed ILs. Min. — Minimum Value, Max. — Maximum
Value, Lg. — Logarithmic, Coef. — Coefficient.

Property / Unit (Number of Listed ILs) Min. — Max. Median Mean

Molar Mass / g mol™! (235) 146.6 — 764.0 299.4 329 + 120
Melting Point / °C (190) -88 — 230 23 36 + 62
Decomposition Temperature / °C (104) 136 — 444 302 308 * 66
Density / g cm= (194) 0.89 - 1.69 1.21 1.2 + 0.2
Surface Tension / mN m™ (97) 23.6 — 65.1 36.5 399 + 89
Dynamic Viscosity / mPa s (153) 15 - 18920 170.75 767 + 2320
Molar Conductivity /S cm? mol™ (91) 0.0028 - 4.72 0.5035 0.7 £ 0.8
Refractive Index (125) 1.369 — 1.569 1.447 1.46 + 0.04
Relative Permittivity (36) 6.5 - 35 14 14 £5
Lg. 1-Octanol/Water Partition Coef. (54)  -3.55 — 1.38 -1.47 -1.3 £ 1.2

A strong advantage of ILs is their low volatility at ambient conditions:#

(i) High acquisition cost can be compensated by recycling, reuse, or
resale.

(ii) Despite toxicity, they can be handled without major constraints.

(iii) They do not evaporate from even poorly sealed vessels and thus

minimize atmospheric contamination.

In addition to the aforementioned features, non-flammability makes ILs
interesting for safer electrochemical devices.’! Another advantage is their
inertness, which leads to wide electrochemical potential windows, typically
spanning 4.5-5 V, up to 8-9 V.[#41 On the other hand, their low conductivity
(Tab. 2.1), which is likely to be caused by slow self-diffusion coefficients due
to high viscosity, is their major drawback for electrochemical applications.?]

Most ILs are hydrophilic, whereas some are hydrophobic, which can be
characterized by their 1-octanol/water partition coefficient (Tab. 2.1). This
behavior is mostly determined by anions and alkyl chain length, and
influences their solvation properties.s] Furthermore, some ILs show a
marked ability to dissolve gases.[® 4]
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Applications

ILs were often perceived as a “lab curiosity” and their impact on industry
was barely recognized.’! This perception is partially caused by non-
disclosure of IL-involving processes.’! Actually, “parallel developments
between academic research and industrial developments” have proceeded
since ILs became known to a greater community, as elucidated by Plechkova
and Seddon.®’! For example, a catalyzed isomerization process had been
operated in a phosphonium-based IL, and it was already terminated (1669-
2004).®1  Further interesting applications were summarized by
Wasserscheid, 49 Plechkova and Seddon,®! or Schubert,! and are described

below.

Toxicity is a disadvantage when dealing with certain ILs. Nevertheless,
they can be used to make certain processes safer: Their ability to absorb gases
is used for the production and storage of hazardous compounds, such as
AsHs or BFs.lBl Also, imidazolium-based ILs have replaced more perilous
phosgene in chlorination as well as hydrofluoric and sulfuric acids in
alkylation processes, which is the largest scale application of ILs so far.l®
Further commercialized applications comprise ILs as the stationary phase in
gas chromatography columns, hydraulic fluid, antistatic additives or as
conductive coatings in electron microscopy.”! In future, IL/oxidizer
combinations may replace hydrazine-based hypergolic fuels, which are
volatile as well as environmentally toxic, and used in rocket engines.*”]

Biphasic systems are of great interest:[® %l In several catalytic processes
homogeneous cationic transition metal catalysts are retained in an IL phase,
which makes them reusable. Products can easily be separated with
molecular solvents. Implemented processes comprise for example alkene
dimerization, hydrosilylation, and reactions for pharmaceutical inter-
mediates.®) Moreover, ILs can be loaded on porous supports or catalysts to
increase the available surface area and make use of bifunctional catalysts, as
summarized by Haumann and Wasserscheid:#8! Either a non-leaching
homogeneous catalyst is immobilized in this way or the reactivity of
nanoparticulate metal on the solid support is tuned by coadsorption of the
IL. The first principle is used in industry for the removal of mercury from
natural gas. Interfacial properties of ILs matter in both cases: To prevent
pores from being blocked, low IL loadings leading to thin films must be used.
However, a complete coverage can only be achieved, if the wetting on the
support is sufficient. Otherwise, the IL forms islands and does not penetrate

2.3 Applications
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the pores. More commercialized interfacial applications encompass
synthesis and stabilization of nanomaterials, or lubrication.”!

Future perspectives are seen in application of ILs for dissolution of
biopolymers (an early patent for the dissolution of cellulose was filed in
1934)#1 to access biomass as renewable feedstock, emulsion polymerization,
stabilization of biomolecules, current and heat conducting fluids in vacuo,
sorption cooling, delivery of pharmaceutical agents, or in composite
materials.8]

The large electrochemical window (Section 2.2) of ILs enables high
polarizations and access to extreme potentials, which leads to the
development of several applications:®*) Many metals are reactive and cannot
be processed in water. ILs may offer a possibility for electroplating of some
reactive metals, such as aluminum or chromium. Electropolishing and
recycling of noble or rare earth metals are also investigated. Driven by the
urge for renewable energy usage, electrochemical energy storage devices
receive much attention. Supercapacitors offer high power densities and fast
charging utilizing electrical double layer adsorption in porous electrodes.
Research on batteries with IL electrolytes may lead to the production of
different systems, e.g. metal-air or lithium-sulfur batteries.
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3 Thermodynamics of Interfaces

In comparison to their bulk analogues, species present at the interface are
exposed to different forces (such as electrostatic or dispersive ones) due to
the adjacent species of the contacting phase or its absence.® Thus, they
persist in energetically different states, and a governing quantity for the
thermodynamics of interfaces is the creation or depletion of the interfacial
area A. The amount of energy, in the form of free enthalpy G under constant
temperature T and pressure p, which is required to reversibly form a unit
section of interfacial area, is called surface tension y (Eq. 3.1).

(Z_j)w =Y (3.1)

Wetting

Experimental assessment of surface tensions mostly involves a third
phase.l®l When three phases are in contact, three surface tensions between
each of the phases equilibrate. The exposed area of a liquid (L) on a solid
substrate (S) in gaseous atmosphere (G) is adjusted by variation of the
contact angle ¥ according to Young's equation (Eq. 3.2, Fig. 3.1). Wetting
properties are equally affected in other systems, e.g. for two immiscible
liquids in a solid capillary.

Ysic = Vs + Yijg cosv (3.2)

b)

Figure 3.1: Droplets (light blue) placed on a solid (golden). Varying surface tensions (red
arrows indicate corresponding forces) at the LIS interface result in a) wetting
(0 <90 °) or b) dewetting (6 >90 °).

Energetically favorable interactions of the LIS interface can be observed
by spreading of a droplet on the substrate and thus, a low contact angle

3.1 Wetting
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(Fig. 3.1a). In contrast, a contracting droplet exhibits a high contact angle and
shows repelling interactions (Fig. 3.1b).

Surface Excess

In a multi-component system containing immiscible phases, species i
dispersed in the bulk phases may adsorb at the phase boundary. The
surface tension changes under constant temperature and pressure according
to the Gibbs adsorption equation (Eq. 3.3). It depends on the surface concen-
trations I; (Eq.3.4) and chemical potentials y; of the speciesi. In case of
variable T and p, excess entropy and excess volume would additionally
influence y.

dy = - E [ dy | (3.3)
Tp
="

i~ (3.4)

For soluble species, the surface concentration yields a relative excess or
depletion with respect to a chosen species in the bulk phase. Insoluble
species accumulate at the interface, e.g. amphiphilic molecules at the
air | water interface. In this case, I; is known from the amount of substance #n;
deposited at the interface and the interfacial area. At low surface concen-
trations, the distances between single molecules provide a large mean
molecular area Apec (Eq.3.5). Interactions of individual species are
negligible and the system behaves like a two-dimensional, ideal gas (Eq. 3.6).

Amolec = i (3.5)
N
HAyglec = kgT (3.6)

Upon compression of interfacial area for a fixed number of molecules ¥
at constant temperature, the surface pressure II will rise in relation to the
Boltzmann constant kg. The surface pressure is given by the difference of the
uncovered and the covered interfaces’ surface tensions (y, and v,
respectively; Eq. 3.7).

n = )/0 —_ y (3.7)

Similarly to three-dimensional systems, a phase transition will take place
upon sufficient compression at dT = dp = dn; = 0. When two phases are
present simultaneously, I is constant for a range of A;gec until the
transition of the whole molecular layer is completed. The phases can be
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characterized by the two-dimensional inverse compressibility modulus
(compressibility) K~ (Eq. 3.8).

K_1=[— 1 <6Amolec> ]_1 (3.8)
Amolec all T, pmni

Adsorption at Electrified Interfaces

Adsorption of ions and neutral compounds changes the surface potential
at the interface.® 5 Thermodynamic considerations require a proper
description of the potential changes between adjacent phases, because the
potential is directly related to the free enthalpy of the system. Therefore, the
amount of charge, the orientation of molecules and ions, and their distances
with respect to the electrode surface must be known. The interfacial potential
drop is preferably studied in electrochemical systems containing an ideally
polarizable metal electrode, because its potential versus a reference electrode
U can be controlled externally and the interfacial potential drop within a
metal is negligible. Accordingly, the Gibbs adsorption equation (Eq.3.3)
must be modified with a polarization term, which describes the change of
the surface charge density per unit area 0. As a result, the electrocapillary
equation is formed (Eq. 3.9).

dy=—cdU = ) L | 9)
P

This equation neglects changes in some junction potentials. Under
constant composition, temperature, and pressure, the Lippman equation
(Eq. 3.10) yields the negative surface charge density.

6)/)
— =—0 (3.10)
(0,

The potential of zero charge (PZC) equals the electrocapillary maximum
dy/oU = —o = 0Ccm? and is approximately determined by the work
function of the metal. As the PZC is only well defined for a uniform face,
mostly liquid or single-crystalline electrodes were studied.> ' Surface
reconstruction phenomena on the latter may complicate investigations.!

Further derivation of equation 3.10 gives the charge density which is
stored at the interface for a given potential, yielding the differential
capacitance C (Eq. 3.11).

3.3 Adsorption at Electrified Interfaces
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(62y> (60) c
_(Zr =(—= = (3.11)
aU? o OU/ 1pu

The capacitance reflects the structure of the interface and can be measured
to test models. For practical reasons, the capacitance is mostly evaluated as
a function of the potential applied rather than the electrode polarization
(surface charge). Helmholtz described the electrode interface as a plate
capacitor, in which two planes of opposite charge are separated along the
screening length d by a dielectric of a given permittivity, which consists of
the vacuum and relative permittivities (material-specific), &y and &,, respec-
tively.52l Often, C(U) curves are discussed qualitatively in terms of a plate
capacitor. In Helmholtz” model for electrolyte solutions, the counter-ions are
supposed to fully screen the electrode charge in a single layer which is
separated from the surface by the solvation shell (dy,). Consequently, the
capacitance of this so-called “electrical double layer” is given by
equation 3.12 for d =d,, and the potential drops linearly across the
adsorbed layer. In more complex models this approach is often used to
describe the first layer and is then referred to as the “Helmholtz”, “inner” or
“compact” layer.

)

Cinner = a (3.12)

Electrolyte Solutions

Traditionally, the EDL of ionic solutions was studied in aqueous solutions
of simple and common compounds, e.g. alkali halides or acids.> 16
Helmholtz’ early model cannot accurately describe the EDL capacitance:
Firstly, thermal movement counteracts the alignment of equally charged
species in one plane. Secondly, the capacitance is predicted to be constant.
This objects experimental results, as C(U) curves are usually camel-shaped
for low concentrations or bell-shaped for high concentrations (Fig. 3.2).15%
Thus, either the permittivity, the screening length or both must depend on
the electrode polarization.
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Figure 3.2: Experimental capacitance (C) - potential (E) curves of KPFs solutions at the Ag(100)
surface measured versus a saturated calomel electrode (S.C.E.) by Valette.l*!
Copied with permission from Elsevier.

Gouy and Chapman independently derived a model from Boltzmann
statistics in which electrostatic attraction acts versus thermally driven
randomization (eq. 3.13).156-57]

¢ = ¢y exp (—) (3.13)

Physical properties of ions are included through their bulk number
density ¢ and their charge g, and the solvent is modeled as a dielectric
continuum similarly to the Debye-Hiickel theory. Upon polarization of the
electrode, ions are predicted to migrate from the bulk along the surface
normal coordinate z (Fig. 3.3, right section). Enrichment of ions at the
interface requires electrical work W for the transfer of ions along with
solvent molecules being replaced and filling left gaps. Due to thermal
movement, ions adsorb at different distances with respect to the electrode
surface and form a “diffuse” layer. The space charge density p is obtained
from the ion concentration and gives the potential drop 1 via the electrostatic
Poisson equation (eq. 3.14). = f(z) denotes the potential of a plane within
the double layer with respect to the electrode potential. Poisson-Boltzmann
(PB) models are often used to describe the EDL.

P
&réo

V2(z » o) = — (3.14)

As a result, a potential dependent cosh term is yielded, predicting a U-
shaped capacitance which describes the valley between camel humps
(Eq. 3.15).

3.3 Adsorption at Electrified Interfaces
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qyp
Caiffuse,Gc = Er€oK cosh (ZkBT> (3.15)

k1= ErcoksT (3.16)
2q3¢,

k™! denotes the Debye length (Eq. 3.16) and describes the exponential

attenuation of a local ionic excess charge. In the original Gouy-Chapman
theory, ¥ (z) is set to the surface potential of the metal ¥ (z = 0), and the
model leads to an exponential potential drop across the interface. For
nonspecifically adsorbing electrolytes, the minimum coincides with the PZC.
The capacitance at the PZC (Cpy() is given by equation 3.17 and is also called
the “Debye capacitance”. In general, high electrode polarizations and/or
ionic bulk concentrations lead to shorter screening lengths and higher
capacitances.

Cpyc = €.60k (3.17)

However, this model is only applicable within small electrode
polarizations because gaseous osmotic pressure laws must be valid, which is
the case for low concentrations only. Moreover, ions are taken as point
charges in this model, which results in charge residing closer to the electrode
surface than an ionic radius, leading to quantitative discrepancies. To
overcome this physically unreasonable obstacle, Stern combined Helmholtz’
with Gouy’s and Chapman’s models in series (Eq. 3.18).581 Consequently, the
plane of closest approach to the electrode surface is set to the radius of a
solvated ion. A part of the compensating ions is adsorbed at this Helmholtz
plane, whereas the remaining charge is distributed diffusely and screens the
potential starting at y(z = d,,;). This leads to a linear potential drop in the
beginning (between z = 0 and z = dy,)) and is followed by an exponential
decay (at z > dg)).

1 1 1
—= (3.18)
C Cinner Cdiffuse
The capacitance at the PZC is then given by equation 3.19:
C _ &€
L —— (3.19)

Grahame stressed that some ions are found to adsorb while their charge
and the surface charge of the metal electrode exhibit the same polarity.!¢l In
this case, energy is required to overcome electrostatic repulsion, which is
given by the formation of a chemical bond. This interaction is short-ranged
and thus, these so-called specifically adsorbed or chemisorbed ions are
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tightly bound to the electrode surface with shed solvation shells. They are
located at the inner Helmholtz plane (IHP) in contrast to nonspecifically
adsorbed counterions in the outer Helmholtz plane (OHP), resulting in two
sections of linear potential drops at the electrodelelectrolyte interface
(Fig. 3.3, left section). In the presence of specific adsorption, the point of zero
total charge (PZTC) is defined and corresponds to the electrocapillary

maximum.

Further improvements toward quantitative accuracy are the involvement
of solvent dipoles orienting along the electric field close to the electrode
surface and their deviant permittivity.® Altogether, these features lead to a
model of the EDL as depicted in figure 3.3.

IHP OHP Diffuse Layer Bulk

—

u> UPZTC‘—\

U= UPZTC f

U < Upzrc

Figure 3.3: Schematic EDL model in a diluted dipolar electrolyte according to Bockris, Miiller,
and Devanathan.® Neutral solvent molecules (grey) with dipole moments are
uniformly oriented on the electrode surface (golden), whereas they are randomly
oriented in the solution phase. Their orientation in solvation shells is omitted for
clarity. Anions (red) with a partially shed solvation shell are specifically adsorbed
on the electrode surface, forming the inner Helmholtz plane (IHP). In the outer
Helmbholtz plane (OHP), cations (blue) are fully solvated and screen charge. Excess
concentrations decay into the bulk along the surface normal coordinate z. The

lower panel shows different potential drops across the interface. In the case of the
model depicted above, the potential drop for U < Upyzrc is valid.

z

In absence of specific adsorption, the inner layer capacitance does not
depend on the ion concentration.!®] Using Stern’s model (Eq. 3.18), Ciyper can
be extrapolated from measuring C at different ion concentrations and
plotting it versus calculated Cyjgyse (Parsons-Zobel plot). Cipper(U) curves
are bell-shaped with a maximum at the PZC. Due to the reciprocal addition
of capacitances in series, the lowest capacitance governs the total

3.3 Adsorption at Electrified Interfaces
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capacitance. Thus, the inner layer capacitance causes the camel-shaped total
capacitance to decrease at more extreme electrode polarizations, where
Cgiffuse 1s very high. Henderson and Schmickler used a crude jellium model
to describe the impact of the metal on the inner layer capacitance, which was
reviewed by the latter:®! Solvent molecules and ions are taken as hard
spheres with a finite size and exhibit a permanent dipole moment or a net
charge, respectively. Depending on the metal-specific bulk electron density,
the electrons exceed to some extent the edge formed by the outer most atomic
cores. This electron spillover is counteracted by an oscillating electron
density decaying into the metal bulk, and a surface dipole moment directed
toward the metal is formed. It is increased upon negative polarizations and
decreased upon positive polarizations. The bell-shaped decrease in Ccompact
upon polarization is attributed to the dielectric saturation of solvent
molecules orienting on the surface. Pseudopotentials are used to account for
different faces of solid metals.

More sophisticated descriptions of the EDL involve consideration of finite
ion and solvent sizes via mean spherical approximations, modified PB, or
lattice gas models, and yield a camel-shaped C(U) dependence.l'” ¢l

High-Temperature Molten Salts

The EDL at the metal I molten salt interface was often studied in eutectic
alkali halide melts at Ty, =350-800 °C.l" 2 C(U) curves usually exhibit a
parabolical shape with the minimum at the PZC (electrocapillary
maximum).['” ¢ Similarly to diluted electrolytes, the potential dependence
of the capacitance contradicts the complete compensation of the electrode
charge by counter-ions in a single layer, as assumed in the Helmholtz model.
Despite that the Gouy-Chapman model yields the correct shape of the C(U)
curve, it cannot be applied due to the high ionic strength and the generally
high capacitance at the PZC.

Dogonadze and Chizmadzhev calculated the ionic structure at a planar
wall with binary distribution functions.l®l As a result of strong correlation
forces, several ionic layers in z-direction are predicted. Their excess charges
are of alternating sign, oscillate and are damped into the bulk. A relationship
for the minimum capacitance was derived, and it depends on the ions” Debye
radius, correlation radius 17! and the distance d; of the first excess
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concentration maximum with respect to the electrode surface (Eq. 3.20)".
Despite several approximations and lacking consideration of differently
sized ions, the model yields an increase in the capacitance with rising
temperature. This was found experimentally and accounted to the
decreasing correlation radius, i.e. the thermal disruption of ionic near-order.

K?Ad,?

- (3.20)

A PB model was derived by Sotnikov and Esin.[*l They assumed that the
electrode charge is completely screened by ion vacancies. In the melt, a local
kind of crystalline structure is preserved and ions are coordinated by an
effective number ¢ of counter-ions. Due to the electric field, a dipole may be
induced by displacement of the central ion with respect to the center of its
coordination shell. The displacement depends on the polarizability a. The
formation of a vacancy at the interface requires work to

(i) reverse the formation of the induced dipole,
(if) transport of the central ion into a suitable bulk vacancy, and

(iif) sorption of & — 1 countercharges into the bulk (e.g. by ion exchange),

which leaves one net unit charge in the coordination shell. The excess
charge and potential distribution oscillate sign-altering in distances of md,
which are comparable to the lattice constant of the salt and are damped into
the bulk (Fig. 3.4). Similarly to Stern’s model (Eq. 3.18), the first layer is
described by the Helmholtz-capacitance in series with a second term, given
in equation 3.21.% In the diffuse term, f and & incorporate the above-
mentioned features of the melt (Eqs3.22 and 3.23). Cpyc is given by

equation 3.24.
1 4md, 41
1_ _ (3.21)
C &  1—4nép|o]
- _ 2 _
B = 8nqcoa(§ —1) r'a@—1) (3.22)

kgT q

* This equation is given in electrostatic units. The Debye length was defined without
consideration of the relative permittivity, i.e. &, = 1.

t These equations are given in electrostatic units. Electrode polarization is incorporated via
the variation of surface charge density o(U) instead of potential. Apart from the first layer,
& =1.
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(3.23)

(3.24)

In the first layer, the relative permittivity deviates from 1 and thus is
explicitly considered. The number of vacancies and the effective co-
ordination number can be estimated from densities of the solid and liquid at
a given temperature and the coordination number in the solid for the latter.
This model describes the temperature dependence as well as the parabolic
potential course well for ions of similar radii and approximately for salts
containing small cations.

Multilayer Bulk

U < Upzc

v

d, T
z
Figure 3.4: Schematic EDL model in high temperature molten salts at negative potentials
U < Upyc according to Sotnikov and Esin.[*! The crystalline structure of the solid
salt is preserved to some extent in the melt (ordering and free space are
exaggerated for clarity). In the first layer at the metal surface (golden), the electrode
charge is overscreened by cations (blue). Anions (red) are effectively coordinated
by ¢ = 3 cations (light blue circle). Central anions get shifted with respect to their
cationic solvation shell in response to the electric field and thus, a dipole is induced
(black arrows). To form a positive vacancy (solvation sheath without a central ion),
an anion is transferred into the bulk and one cation of the sheath is replaced by an
anion. The second layer overscreens the first layer slightly less with negative
charge. Excess charges (excess concentrations) decay oscillating into the bulk along
the surface normal coordinate z. The lower panel shows the oscillating potential
drop across the interface.
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At high temperatures, the capacitance increases more rapidly upon
polarization. Graves and Inman account reversible redox reactions for this:*’!
On the negative branch of the parabola alkali cations deposit onto the
electrode whereas on the positive branch ions from the metal electrode
dissolve into the bulk. However, this would restrict capacitive theories as the
corresponding equations 3.9-3.11 are valid only for a constant composition.
Both the minimal capacitance and the slope of the parabolic branches are
determined by the ratio of the ionic radii: For small cations the melt structure
is dominated by mutual repulsion of the anions and Cp,;, is comparatively
high. In the case of equally sized ion pairs anions cannot pack closely and
Cmin is lowered due to increasing influence of the cations.

According to a review by Parsons, “there has been no convincing demon-
stration of the correctness” of the models mentioned above.l”l Kisza
criticized the measurement of capacitances by single frequency impedance
methods and demands an evaluation by impedance spectra of a broad
frequency range. Accordingly, the mentioned temperature-dependence may
be an artifact due to a capacitive process which could not be separated from
EDL charging. He proposed an alternative PB model based upon Stern’s
approach (Eq. 3.18): The inner layer overscreens the electrode charge and is
followed by a diffuse layer screening the first layer’s excess charge. Due to
the quasi-crystalline structure in molten salts, electrostatic forces dominate
over thermal energy. However, these forces are more equal in voids
(“holes”) of the molten structure and allow for the placement of ions, which
are co-ions with respect to the electrode charge and counter-ions with respect
to the inner layer. The number of voids can be assessed through the free
volume of the melt and the average hole volume, which can be estimated by
the surface tension and thermal energy. The resulting diffuse capacitance
(Eq. 3.25) yields a U-shaped potential dependence, which is hyperbolically
sharp at very low polarizations.

ool -4+

ol BB

The minus sign is valid for i > 0 and the plus sign for ¢ < 0. In absence

Cdiffuse =+ Er€oK

(3.25)

of specific adsorption, Cpy is given by the inner layer capacitance (Eq. 3.26).

11p1£>r(1) Caitfuse = 0 (3.26)
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lonic Liquids

Ionic liquids are solely composed of anions and cations. In contrast to
classical aqueous electrolyte solutions, they do not contain a neutral, dipolar
solvent molecule. Consequently, the Gouy-Chapman theory cannot be
applied to describe their EDL. In comparison to high temperature molten
salts, the thermal energy in (room temperature-) ILs is much lower. To melt
at lower temperatures, ILs must consist of voluminous and asymmetrical
ions. Often, the charge is delocalized and distributed highly inhomo-
geneously along the molecular structure. Polar, charged segments form
domains separated from apolar alkyl chains, resulting in nanosegregation of
ILs. All these features impede the application of simple models assuming
point charges or charged spheres to describe the EDL of ILs.

In 2006, Kisza applied his model for the EDL of HTMS (Section 3.3.2) also
to ILs.ll This model yields a U-shaped C(U) curve, which is broader than
the Gouy-Chapman curve due to lower permittivities of ILs. However, he
refrained from a comparison to experimental IL systems. His model is
seldomly considered for interpretation of IL capacitances.

In contrast, Kornyshev’s model proposed in 2007 received a lot of atten-
tion.?0 41 He derived a PB lattice gas model for charged spheres of equal size.
The amount of free space (“voids”) is incorporated via the packing parame-
ter n (Fig. 3.5). The potential drops monotonously and is steeper for lower 7.

a) n=1 b) n<1
Multilayer Bulk Multilayer Bulk
T 00000® T 000 @
PODO®O®O POD®O®
cCO0POPO®O® CO® ® 0®
D OICIOICICICIS) S O® 006
S PPOP®O® SACIOICIOICIC]
POPOD®O ® ®0® ©
S0PPPOO® C0® ® @
OICICICICICIS)] PP 0@
SACICIOICICICIC) S P0® ®0®
U< UPZCL/ U< UPZCW

Figure 3.5: Schematic PB lattice gas model to describe the EDL of ILs according to Korny-
shev.[¥5 61 In the upper panel, the number of adsorption sites (grey lattice) at the
electrode (golden) is limited by the size of anions (red) and cations (blue). The melt
is either most densely packed (n = 1, a) or voids (white space) occupy lattice sites
(n < 1, b). The lower panel shows the monotonous potential drop, which is steeper
for higher amounts of voids.
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According to equation 3.27, the C(U) curves are bell-shaped for n > 1/3
and camel-shaped for n < 1/3. The PZC is located at the central extremum
(Fig. 3.6). For isolated ions, i.e. n = 0, this model converges with the Gouy-
Chapman theory (Eq. 3.15).

qy cvo (LY
o cosh (ZkBT) 27 sinh (ZkBT
diffuse — €re<0
1 + 27 sinh? 9 In |1 + 27 sinh? qap
2kgT 2kgT
B B
(3.27)
- qyp
. 1 21 sinh? (ZkBT
— Udiffuse,GC
1 + 273 sinh? (ZilpT) In [1 + 27 sinh? (2£¢T)]
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At the PZC, the Debye capacitance is yielded (Eq. 3.28). Different ion sizes
can be parametrized by modifying 7. In this case, the PZC deviates from
extreme points and cannot be easily extracted from the asymmetric C(U)

curve.
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Figure 3.6: Capacitance-potential curves at different packing parameters for a 1:1 electrolyte
with ions of equal size according to Kornyshevl*l. Note that the curve forn — 0
corresponds to the Gouy-Chapman theory. The capacitance is normalized to the
Debye capacitance and the potential to the thermal energy.

When this theory was published, not many experiments were available
for comparison. The matching bell-shaped C(U) curves measured by
Nanjundiah et al.l*”l were reasonably judged to be “most pertinent”, 5 while
incompatible curves (for example by Gale and Osteryoung, ! or Baldellil®l)
were neglected. Parabolic C(U) curves found for HTMS (Section 3.3.2) may
be described by Kornshev’s model, too.*! Upon melting, a large amount of
free volume is acquired, growing with increasing temperature. This leads to
substantially smaller 7. Along with high thermal energies, the proposed
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camel shape may appear parabolic within potential window of
measurement. Generally, Kornyshev’s model may also be applied for the
diffuse layer of aqueous electrolytes when the finite ion size cannot be
neglected.”0-721

Shortly after Kornyshev, Oldham created a PB model based on Stern’s
approach (Eq. 3.18).7%1 The compact layer is filled with spherical counter- and
co-ions of equal size, approaching the interface to the distance d;,,. The
Boltzmannian term in the diffuse layer was changed for the electrical work
of counter-ions approaching the interface: Whereas in solutions a solvent
molecule can be replaced and fill the ion vacancy created by a charge-
compensating ion, counter- and co-ions need to be exchanged in solventless
ILs. Overall, this modification leads, in contrast to the parabolic shape in
electrolyte solutions, to a bell-shaped C(U) curve (Eq.3.29). This term is
equivalent to Kornyshev’s theory for a densely packed electrolyte (n = 1,
Fig. 3.6). Cpyc also results in the Debye capacitance (Eq. 3.28).

tanh |%
Caiffuse = Er€0K ik (3.29)

J 21n {cosh (133—¢T)}

The difference between U- and bell-shape is phenomenologically

explained by Oldham in the following way:”®l “With an electrolyte solution,
there are solvent molecules that can easily be displaced to make room for
new arrivals [of counter-ions]. For an ionic liquid, however, half of the prime
sites along the interface are already occupied at zero charge and the others
are soon taken by immigrating counterions. Later arrivals must take up resi-
dence “in the suburbs’, where they are farther from the interface and hence
contribute less to the capacitance.” This phenomenon is called lattice
saturation and an independent result of Kornyshev’s model. The capacitance
is supposed to attenuate at large polarizations (Eq. 3.30).14I

-1

C ~ g5k (217 |1§IB—¢T|) (3.30)

However, charge oscillations should also be present in ILs, as calculated
for HTMS by Dogonadze and Chizmadzhev.l®l Kornyshev acknowledged
that his theory fails to predict them.*) Both Kornyshev and Oldman noted
that ILs are neither hard nor spherical and considered their models as a first
approach to understand the EDL of ILs.*> 7 Simulations of charged and hard
Lennard-Jones-spheres at an ideally conducting wall result in a C(U) curve
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of peaked shape and lower capacitance with increasing polarizations.”+73]
Moreover, they show overscreening of the electrode charge in the first layer
and following charge oscillations as found for HTMS. Experimentally, these
oscillations are indirectly found due to the appearance of ordered layers at
interfaces. In 1988, Horn et al. discovered oscillating rupture forces in the
range of molecular diameters with a surface force apparatus while
approaching two mica surfaces in pure ethylammonium nitrate and its
aqueous solutions.”” However, they proposed that the ethylammonium
cations fully screen (not overscreen) the charge of the mica surfaces and form
an ordered Stern layer (first layer), where ethyl chains are directed toward
the bulk. Size effects were accounted for the oscillations, primarily. Atomic
force microscopy approach curves published by Atkin, Endres, or Mao
groups confirm the pronounced layering of ILs at solid interfaces.?” 77-811
Furthermore, the number and strength of oscillations was found to increase
with electrode polarization.l?”. 7! Perkin et al. observed that layering changes
crucially when increasing the alkyl chain length of the 1-butly-3-
methylimidazolium cation by two methylene units.® Whereas oscillatory
forces typical for lamellar and repeating cation-anion layering were found
for the butyl-derivative, the hexyl-derivative exhibited larger distances
within the oscillations, leading to the proposal of a bilayer arrangement.
Very recently, Mao et al. have shown that surface active ILs exhibit
significantly less charge oscillations, and demonstrated its impact on
electrochemical applications.?*! Due to the presence of long alkyl chains in
inherently amphiphilic ILs, distinct polar and apolar domains form.
Resulting bilayers align along the electrode surface upon polarization. Ionic
headgroups are confined in polar domains, but less associated as in short-
chain ILs, which leads to a higher density of free ions. In contrast to
commonly used non-amphiphilic ILs, overscreening of the Helmholtz layer
is compensated in the following layer, but not overcompensated. Bulk-like
electroneutrality is reached sooner. Consequently, shorter Debye lengths as
well as EDLs, and therefore higher capacitance are yielded.

The asymmetry in structure and charge distribution of IL ions, partially
caused by the presence of alkyl chains, fundamentally distinguishes ILs from
HTMS. To account for alkyl chains, neutral “tail” spheres were attached to
charged spheres in Monte Carlo simulations.®®3 C(U) curves with a pronoun-
ced camel shape were obtained, supporting Kornyshev’s theory for a low
packing parameter. Interestingly, the neutral spheres were shown to act as
latent voids: By translational movement or rotation they can be replaced by
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charged groups (Fig. 3.7), which leads to the rising capacitance branches
starting from the central minimum. Capacitance maxima (camel humps)
mark the onset of lattice saturation due to maximal charge density. The chain
length — curve shape relation agrees with experimental results. Short alkyl
chains lead to a bell shape and long chains give a camel shape (Nishi et al. as
shown below).[83-84]
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Figure 3.7: Schematic model to describe the role of alkyl chains in ILs according to Fedorov,
Georgi and Kornyshev.[®¥l The number of adsorption sites (grey lattice) at the
electrode (golden) is limited by the size of anions (red) and cations (blue). Besides
charged groups, real voids (white space) and neutral substituents (grey, striped) of
cationic spheres occupy lattice sites. a) At slightly negatively surfaces charges,
cationic headgroups are oriented toward the electrode or the whole molecules lies
flat on the electrode. b) At more negatively surface charges, the neutral tails are
repelled from the electrode surface and replaced by cationic headgroups. The
maximal amount of space charge density is limited.

Numerous C(U) curves were measured with different techniques for a
variety of systems: Mostly Hg(1)!7-¢% 8485 poly or single crystalline Auls-],
Ptle9, 88,9697, 991001 or glassy carbon (GC),12# 6786971011 working electrodes (WEs)
were employed.? Imidazolium?# 6 8491, 9499, 101102 and pyrrolidinium!®6-7 1001
-based ILs were studied predominantly.l?! Despite the large electrochemical
potential window of ILs (Section 2.2), capacitances are often determined
within narrow potential ranges only, to ensure the absence of faradaic
processes. The measured curves exhibit a variety of shapes, which can be
classified as bell-, camel-, U-shaped, constant within some microfarads or
other (Fig. 3.8). Table 3.1 shows literature examples for various shapes found
for exemplarily chosen n-alkyl-methyl-imidazolium (CnIm*) ILs with similar
or different anions.

Nishi et al. provide C(U) curves of [C2Im][BFs] and [CsIm][BF4] at the
Hg(l) surface as shown in figure3.8a) in upper and lower panels,
respectively.l® Capacitance values measured via the pendant drop method
yield a bell- and a camel-shaped curve, respectively, and thus, support
Kornyshev’s theory (filled symbols). When employing EIS, the capacitance
values change dramatically, and the curve shape cannot be easily classified
(open symbols). Pajkossy et al. analyzed the interfaces of different ILs and
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solid Au(100) electrodes with EIS (Fig. 3.8 b).[*! Within the potential range
measured, the capacitance values are almost constant or change little. These
results do not support the Kornyshev model. Other EIS experiments provide
a large variety of data, which do or do not agree with his theory (Tab. 3.1).
Even for similar ILs, electrode materials, and analytical methods,
contradictory results have been reported in literature (e.g. C4CiImBFsl Au,
EIS).i86:88, 91, 941 Values extracted from EIS measurements highly depend on
several factors, e.g. cell alignment and geometry, equilibration time prior
measurement, start potential and direction of the scan, applied frequencies,
or equivalent circuit employed for data interpretation.[? % 101-104]
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Figure 3.8: Selected experimental capacitance (C) — potential (E) curves of ILs at different metal
electrodes. a) Capacitances measured by Nishi et al. at the IL |Hg(l) interface via
EIS (open symbols) or the pendant drop method (filled symbols).[#4 Vertical lines
indicate the PZC. Dashed lines show a fit of Kornyshev’s theory to central values
around the PZC. Upper panel (black circles) — [C2Im][BF4], lower panel (red
squares) — [CsIm][BFs]. b) Capacitances measured by Pajkossy et al. at the
IL1Au(100) interface via EIS.”)I MPPi TfaN (green) — N-propyl-N-methyl-piperi-
dinium TN, BMI Tf2N (blue) — Ci«CiImTf2N, BMI PFs (red) — [Cam][PFe],
NuN2NuGu TN (black) — N,N-dibutyl-N’,N’-diethyl-N",N"’dimethyl-guani-
dinium Tf2N. Copied with permission from [84] - Published by the PCCP Owner
Societies and [93] - Published by the PCCP Owner Societies.

Oldham stressed that measuring an IL under equilibrium conditions is
difficult because they generally exhibit slow dynamics due to their high
viscosity.””l However, high perturbation frequencies in EIS are required to
measure the EDL capacitance apart from pseudocapacitive features
(Section 4.4). Theoreticians Kornyshev and Fedorov also account the diver-
gence between experiment and theory to difficulties in measuring under
equilibrium conditions.? Intrinsic limitations of EIS are debated.”*721 On the
other side, experimentalists, Roling, or Pajkossy and Jacob, desire a theory
which includes the frequency or time dependence.°% 100102 105]
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Table 3.1: Differently shaped capacitance potential curves of Calm* ILs at electrode surfaces

measured in literature. Sorting refers to the general shape. Smaller humps may be
imposed on these curves. ACV — alternating current voltammetry. AOT - 1,4-bis(2-
ethylhexoxy)-1,4-dioxobutane-2-sulfonate. HOPG - highly oriented pyrolytic

graphite.
C(U) curve Nonionic Chain  Anion Method Reference
shape Conductor length
Au(111) 2,4,8 BFs EIS (single fac) Alam(®”
Au(poly) 4 BF+ EIS Gomes!®!
Bell Au(poly) 4 TtO- ACV, EIS Gorel®]
A GC 4 BF~  EIS MaoP#*
Hg(1) 2 BF+~ Drop time Nanjundiahl¢”]
Hg(1) 2 BF+~ Pedant drop  Nishil®
Hg(l) 2 Tf2N-  Pedantdrop  Nishil®™
Au(poly) 4 TtO- ACV, EIS Gorel®]
GC 2,46 CI EIS Lockettf01]
Camel G 4 BFr  EIS Maol2##*
GC 4 AOT-  EIS Maol24]
Hg(1) 8 BF+ Pedant drop  Nishi®4
Pt(poly) 4 BF+~ EIS Islam!®l
Au(poly) 2 Tf2N-  EIS Alam(se]
Au(poly) 2,4,8 BF«+ EIS Alaml®l
U/ Parabolic " 48  BF-  EIS Alamiss
U HOPG 4 BF+ EIS Alamf#6l
Pt(poly) 4 BF4+ EIS Baldellil®!
Pt(poly) 4 C(CN)> EIS Aliagal®
Au(100) 4 BF+ EIS Gnahm@P1
Au(100) 4 TEN-  EIS Pajkossy!®!
Almost Au(111) 4 PFe¢ EIS Gnahm0
constant Au(poly) 4 BF4+ FT-ACV Luciol4#*
(within 3 uF)  Au(poly) 4 PFe EIS Vargas-Barbosal®
Au(poly) 4 PFs EIS Gomesls8]
Au(poly) 4 TN-  EIS Gomesl8s]
HOPG 4 BF+ EIS Miiller!1osl

30

*%

Mao et al. generally classified the shape to be bell-like.?*l At T =25 °C and 70 °C, humps
are imposed on the bell. At T =130 °C and 200 °C, two distinct maxima are seen.

Lucio et al. classified the shape of their curve to be U-shaped.’ However, changes in their
C(U) curve barely exceed 1 uF cm™.
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Slow dynamics of ILs at interfaces manifest in multiple experiments.
Makino et al. demonstrated “ultraslow relaxations” (up to 0.4 s) in charging
currents upon potential steps of ILs at a Pt electrode.l'”l During the
electrocapillary measurements of Nishi et al., equilibration times in the order
of minutes were needed to reach a steady state surface tension.l®¥ When
stopping a rotating disc covered with an IL, molecular ordering may take
minutes to hours, as shown by Anaredy and Shaw.l'®®l They found that thick,
anisotropic layers of up to 2 pum in length are formed, where thickness and
ordering time highly depend on the composition of the studied IL. The
rotational freedom of a probe dye was measured by Wang et al. as a function
of the distance normal to the electrode surface.®l By reasonably assuming
that an impeded rotation is caused by complexation with anions, they
concluded that the free charge density of the studied IL changes over
100 um. Despite debates about ion pairing (Section 2.2), this still gives a
proof of long-ranging structures formed in ILs at interfaces. Lindner et al.
determined entropy changes during EDL charging.['” Upon potential steps,
steady states of heat are reached slowly after 200 ms. The measured
entropies of EDL formation are much larger than expected from purely
configurational entropies of a two-dimensional lattice gas model. They
concluded that the mobility of ions adsorbed at the interface depends on the
electric field strength and is strongly restricted in comparison to bulk ions.

Restricted ion mobility at charged interfaces is supported by findings of
Motobayashi et al.:l''l By application of surface enhanced attenuated total
reflection infrared spectroscopy they monitored orientation- and con-
centration-dependent signals of [Cdm][Tf2N] at the Au(poly) electrode. A
hysteresis in several band intensities was found while changing the direction
of electrode polarization and accounted to the slow response of the IL upon
potential changes. They explained their findings in with a model of lamellar
layers consisting predominantly of either cations or anions. The hysteresis is
caused by an activation barrier which is required to break these layers and
given by overpotentials. Steric hinderance of larger ions leads to higher
activation barriers."'l Ring moieties of short n-alkyl-methyl-imidazolium
cations often adopt a flat orientation on Pt or Au surfaces at negative
electrode polarizations and erect at positive potentials, as shown by first
spectroelectrochemical studies of the Baldelli group, or later by Motobayashi
et al.l’® 110 112l However, for longer alkyl chains the ring moiety stays more
rigid.l
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The behavior of electrode material exposed to the IL is also hard to
understand at the interface. Recent in situ scanning tunneling microscopy
studies by Rudnev et al. show that the interaction of the Au(111) surface with
imidazolium- and pyrrolidinium-based ILs is hard to generalize:3 A
comparison among different ILs with equal or different cations or anions
reveals that the nature of the anion affects the interface even in negatively
polarized regions, where a predominant covering of cations is expected, and
vice versa. At highly negative polarizations, the typical herringbone
reconstruction is present, whereas etching takes place at moderately
negative potentials. Onset potentials depend on both the scan direction and
the IL composition. Wen et al. observed changing adsorbate structures on
Au(111) at moderately negative potentials.l''¥l These temporal fluctuations
may suggest that the thermodynamically most favorable adsorption state is
either kinetically hindered and other states are occupied instead, or the
energetical minimum is not clearly distinct from adjacent states,
complicating studies in this potential range.

Clearly, the findings mentioned above show that there is a need for in-
depth studies of the IL |electrode interface to understand its EDL, especially
at solid electrode materials.
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4 Characterization Methods

Various techniques are used to investigate interfaces. In this work, the
following experimental techniques were applied:

(i) The Langmuir trough is used to characterize ILs at the airlwater
interface as well as to deposit IL films on gold surfaces via the LB
method.

(ii) Insightinto the IL film composition and its state of adsorption on the
substrate are gained from XPS.

(iii) Contact angle measurements (Section 3.1) provide a macroscopic
characterization.

(iv) EISis applied measure the capacitive behavior at the solution|elec-
trode interface, yielding coarse and supramolecular information of
the interface as a whole system.

(v) More detailed information, i.e. submolecular changes in the
structure and orientation of molecules present at the air|metal and
electrolyte | metal interfaces, can be obtained by means of PM IRRAS.

Within the scope of this chapter, physical fundamentals of the applied
methods and their results” interpretation are explained.

Langmuir-Blodgett Method

The Langmuir-Blodgett method offers a possibility for the fabrication of
well-ordered films with thicknesses in the range of single monolayers up to
multilayers.'’5 First, a small amount of molecules is placed in form of a
crystal or solved in a volatile solvent at the vaporlliquid interface in a
Langmuir trough. The molecules must be insoluble in the used subphase.
With suitable barriers, the interfacial area available per molecules can be
controlled, and the state of compression (expansion) determines the
properties of the two-dimensional system (Fig.4.1) Often amphiphilic
molecules are used because their usually polar headgroups orient toward an
aqueous subphase, whereas their hydrophobic tails are directed toward air.
The interfacial behavior is monitored by measuring the surface pressure with
a Wilhelmy balance. For a strongly wetting subphase, the surface pressure is
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given by the force AF pulling the balance into the subphase normalized to
the circumference [ of the plate after calibration (Eq. 4.1).

AF
= (4.2)

After formation of a suitable monolayer, it may be transferred onto solid
substrates. A constant IT(A,glec) is maintained throughout the transfer by
continously adjusting the position of the barriers. Hydrophobic substrates
can be immersed from air into the film-covered subphase, yielding a
monolayer with tails oriented toward the surface (X-type). A monolayer
oriented with their headgroups toward the subtrates may be deposited by
withdrawing the substrate from the film-covered subphase (Z-type).
Consecutive immersion and withdrawal yield Y-type multilayers, in which
groups of similar polarity (heads or tails) are directed toward each other.

Spring Balance Dipper
Weighing
Wilhelmy Plate T
AF
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> Vapor +— Barriers
ﬁ é 233322222333
/ Amphiphiles: %%
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Well

Figure 4.1: Scheme of a Langmuir trough performing a Langmuir-Blodgett transfer. Amphi-
philes (black, size exaggerated) are deposited on a liquid subphase (blue). A solid
substrate (golden) is withdrawn from the subphase to fabricate a Z-type
monolayer. Barriers (grey) compress the interfacial area to maintain the surface
pressure, which is measured via the Wilhelmy plate (white).

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is used to analyze the composition and
chemical state of elements in suitable samples.[""l This technique is based on
the external photoelectric effect: A photon interacts with an orbital and its
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whole energy hvyqion gets absorbed (h — Planck constant, vppeten — photon
frequency). If the energy is sufficiently high to overcome the electron’s
binding energy, it will be emitted. The resulting photoelectron contains the
spare energy of the photon as kinetic energy, which is analyzed. From the
known photon energy the binding energies are calculated (Eq.4.2).
Additionally, the work function ¢ of the instrument must be overcome.

hvphoton = Eb + Ekin + ¢ (4.2)

A set of core electron binding energies is specific for each element and
used to identify them (except for hydrogen and helium, which contain
valence electrons only). Small shifts in Ej, indicate different chemical
environments and oxidation states. The intensity of a photoelectron line is
proportional to the element concentration and allows for quantification.

After photoemission (Fig. 4.2 a), the hole relaxes to outer electron orbitals
via emission of Auger electrons or X-ray fluorescence (Fig. 4.2b,c). Outer
holes are then filled by charge compensation via contact to the ground or an
electron gun.

a) P b) Y c)
hv - —0-@- -0-0-0-0-
photon e o _—.— '
l l h vphoton
Photoemission Auger emission X-ray fluorescence

Figure 4.2: Schematic photoelectron emission a) and secondary processes: b) Auger effect and
¢) X-ray fluorescence. Electrons are represented by black spheres horizontal lined
energy levels. Holes left are shown by white circles with a dotted circumference.
X-ray photons with the energy hv are depicted as blue waves.

Binding Energy and Chemical Shift

The binding energy is specific for a given element and its chemical
environment. It can be described as the difference in energies of the final
state with N —1 electrons and the N-electron initial state during
photoemission (Eq. 4.3).117]

Eb = EN—1 - EN (4.3)

Essentially, the measured Ej, is an ionization energy. With Koopmans’
theorem, it is interpreted as the negative orbital energy. However, this

4.2 X-Ray Photoelectron Spectroscopy
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interpretation is valid only for an electron shell which stays frozen after
emission. Generally, the electron shell is in an unfavorable state with a core
hole, and in order to minimize energy, it relaxes. Furthermore, electron
correlation and relativistic effects contribute to E. In the case of electrons
emitted from outer levels, correlation and relaxation energies may
compensate each other. For core levels however, relaxation dominates.

Different chemical environments affect the initial and final state energies,
and thus the binding energy of a given photoelectron line may vary. This
effect is called “chemical shift”. For example, electronegative substituents
withdraw electron density. As a result, the atomic core charge is less
screened, and the attraction to the remaining electrons rises along with the
energy required to remove them. Often, shell relaxation affects the final
states similarly and the chemical shift is in line with the state of oxidation,
i.e. Ey changes most significantly. Nevertheless, final state effects may also
affect the binding energy, leading to counter-intuitive chemical shifts.
Atomic relaxation originates primarily from the rearrangement of outer
orbitals. Extra atomic relaxation depends strongly on the investigated
material and may induce charge transfers or polarizations with neighboring
atoms.

Intensity and Surface Sensitivity

The measured photoelectron intensity I depends on several factors.['”]
The photoionization cross section is specific for a given photon energy and
element line. Instrumental factors influence the measured intensities
through the angle of incidence, angle of detection, photon flux, or spot size.
Generally, the element concentration is proportional to the intensity for a
homogeneously distributed element. Inside the sample, emitted electrons
may collide inelastically and lose a part of their kinetic energy. This is
described by the attenuation length of the electrons, which depends on the
matrix as well as the electron’s kinetic energy. The attenuation lengths lie
usually within some nanometers and this leads to two severe effects: Firstly,
only photoelectrons of outer atomic layers retain enough energy to leave the
sample. Low attenuation lengths lead to the surface sensitivity of this
technique. Consequently, low pressures are needed to minimize the
collisions between electrons and molecules in the gas phase, maximizing the
number of detected electrons. Secondly, the inelastically scattered electrons
may still leave the sample and become detected, forming a background
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which must be corrected. Besides matrix collisions, the kinetic energy also
affects the electron transmission to the detector.

Vibrational Infrared Spectroscopy

Molecular vibrations are sensitive to the molecular structure and
environment, which makes vibrational spectroscopy an attractive analytical
technique."®l  Information about the composition, constitution,
conformation, as well as important intra- and intermolecular interactions are
contained in vibrational spectra, complicating their interpretation.
Vibrations can be probed by various methods, such as infrared spectroscopy
(IRS), Raman spectroscopy, sum frequency generation, or electron energy
loss spectroscopy. In the case of infrared spectroscopy, vibrations are excited
by direct absorption of light.

Resonance Frequencies and Intensities

The excitation of normal modes can be described by the quantum
harmonic oscillator, whose potential energy is classically based on Hooke’s
law. The resulting energies are quantized (v — vibrational quantum number)
and equidistantly distributed (Eq. 4.4, Fig. 4.3).55

1 1 1 [£
Evib = (17 + E) h'VOSC = (17 + E) h-— |— (4.4)

2m.m

E pot

Harmonic

Anharmonic

¥ >
equilibrium deflection
state
Figure 4.3: Potential energy E,, curves as a function of deflection (separation of nuclei or
change of a bond angles) and vibrational energy states of the harmonic (red) and
anharmonic (blue) oscillator.
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The resonance frequency v, is proportional to the force constant £ of the
involved bond and the reduced mass m. Consequently, the energetic
position of a vibrational state is determined by bond strength and parti-
cipating nuclei.

In order to excite a state by absorption of light, the photon’s energy must
be approximately equal the energy difference of the states involved (Eq. 4.5).
Furthermore, the probability for a transition, and thus the extinction
coefficient €, depends on the overlap and strengths of the electric field E and
transition dipole moment M (Eq. 4.6). The whole electric dipole moment of
the molecule must change during deflection, leading to nonzero M. For equal
E, equal concentrations, and appropriate hvyyqon, the relative intensities of
vibrational lines depend on the polarity of their deflected groups, which

determine the molecular dipole change and therefore M.

hvphoton = Evib (17) - Evib(v i 1) = h'Vosc (4-5)
- —2
Jedv« |E-M| (4.6)

Transitions are permitted for Av = +1, and due to equidistant energy
states only one absorption line is expected per vibration. However, the
model of the harmonic oscillator does neither consider bond dissociation at
high internuclear distances nor strong coulombic repulsion of close nuclei.
As implemented with the Morse potential, the anharmonic oscillator yields
a more realistic approximation (Fig. 4.3). Anharmonicity enables transitions
to overtones Av=+2,+3,...., which are forbidden in the harmonic
approximation. Non-equidistant energy states explain differing frequencies
of e.g. hot bands. First overtones are expected to resonate at slightly lower
wavenumbers 7 than twice their fundamentals (V,,-, < 2V,,_4).

Overtones or combination bands are usually less populated and weak.
However, their intensity may be enhanced by Fermi resonance (FR). For this,
two conditions must be fulfilled: (i) The vibrations must resonate at
approximately equal frequencies (i.e. they are accidentally degenerated),
and (ii) have the same symmetry. As a result of the FR, intensity is
transferred from the generally stronger fundamental mode to the resonating
state and both drift apart in frequency.

Energies required to excite vibrations are also sufficient to excite
rotations. Both excitations overlap and form a band, whose central position
is dominated by vibrational energies. In the case of condensed matter,
molecular interactions are strong and impede free rotations, which leads to
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broad and overlapping bands. On the other hand, moments of inertia are
high for bigger molecules, and thus their rotation constant becomes small,
leading to an overall lower frequency range of populated rotation states.

Infrared Reflection Absorption Spectroscopy

Techniques in both internal and external reflection configuration can be
applied to probe vibrational modes on surfaces.l'"”) To investigate metal
surfaces via attenuated total reflection (ATR, internal) IR spectroscopy, a thin
but rough metal film needs to be deposited onto an IR transparent prism
made of e.g. diamond or silicon. Metal surfaces of smooth single crystals can
be probed externally by infrared reflection absorption spectroscopy (IRRAS).
Spectra depend on the polarization of the irradiating light, its angle of
incidence, as well as thicknesses and optical constants, i.e. the refractive
index n and the attenuation coefficient k, of matter within the beam path.
These systems can be accurately described by the Maxwell- and Fresnel-
equations.

In general, metals exhibit high values of k in comparison to common
molecular matter. At high angles of incidence with respect to the surface
normal, e.g. 80 °, the phase of p-polarized light shifts by /2 upon reflection,
causing the electric field vectors of incident and reflected beams to overlap.
As a result of this constructive interference, an ellipsoid standing wave is
formed at the interface in z- and x-direction (Fig. 4.4 a). Under the same
circumstances, the phase of s-polarized light is shifted by 1, which leads to a
destructive interference at the interface in y-direction (Fig. 4.4 b).
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Figure 4.4: a) At the metal (golden)lair/vacuum interface at grazing incidence, p-polarized
light is shown at different states of propagation. Incident (red) and reflected (blue)
waves overlap and form an ellipsoid standing wave (pink). b) s-polarized light
cancelling at the interface upon reflection under the same conditions. c) Creation
of image charges and surface dipoles on a metal surface. z-components are
enhanced, whereas x- and y-components are counteracted.

Moreover, metal electrons are mobile and polarizable, which leads to
image charges at the interface and the formation of surface dipoles.
Consequently, dipoles being excited in parallel to the surface are
counteracted, whereas dipoles in z-direction become enhanced (Fig. 4.4 c).
Due to this “metal surface selection rule” (MSSR), only z-components of
molecular vibrations are probed.

Polarization Modulation

If low surface concentrations are to be probed by IRRAS, long acquisition
times are needed in order to achieve a sufficient signal to noise ratio.
However, water vapor, carbon dioxide, and hydrocarbons are present in air.
Electrochemical measurements demand an ionic conductor which usually is
a liquid electrolyte. Species present in the latter cover spectral regions of
interest. Concentrations of airborne and electrolyte species fluctuate
significantly over measurement time in comparison to the usually small total
absorbance of sample species, which complicates their measurement and
impedes the use of separately recorded background spectra. This obstacle
may be overcome by modulating the incident light between s- and p-
polarizations with a photoelastic modulator (PEM, Fig. 4.5):121 Both beams
contain information about the molecules within the beam path, but upon
reflection from a metal surface only p-polarized light probes interfacial
molecules due to the MSSR.

Chapter 4 Characterization Methods



Spectrometer Potentiostat

E PEM
IR p-Pol
Source
| Control and
Data Treatment

Electronic preamplification,
filtering and demodulation

Figure 4.5: Scheme of an electrochemical in situ PM IRRAS setup: Originating from an IR
source (e.g. a globar) the light (red) is modulated firstly in the interferometer. After
linear polarization (p-Pol), the light is modulated by the photoelastic modulator
(PEM). Next, the beam is focused through a prism (white, e.g. an equilateral CaF:
crystal) to the spectroelectrochemical cell, consisting of the working electrode

(golden disk), counterelectrode (CE, grey ring), reference electrode (Ref, black
arrow), and electrolyte (blue). The electrolyte cavity between the prism and the WE
is small and usually set to a few micrometers. The electric potential at the WE is
controlled by the potentiostat, which is controlled by the spectrometer. Upon
reflection, the light is focused on the detector (D), and followingly electronically
preamplified, split and filtered. A lock-in amplifier receives information about the
frequency of the voltage which is applied to the PEM. After dual-channel
acquisition, the interferograms are converted to spectra.

The polarization modulation (PM) is caused by a half-wave retardation
(HWR) of light passing through an IR transparent, birefringent single crystal
(ZnSe), which is mechanically deformed by a piezoelectric under alternating
voltage. The detected reflectivity Rp then consists of the polarized
reflectivities (R, Ry,), and their fractions vary with time t. Equation 4.7 yields
the detected reflectivity for p-polarized light entering the PEM, whose strain

axis is tilted by 45 ° with respect to the orthogonal polarization planes.
R,+R, R,—R, 7

4.7
3 3 cos 17HWR1'tcos(wmt)] (4.7)

Rp(t) =

Table 4.1 elucidates scenarios for the detected reflectivity depending on
different w,,t. The inciding polarization is not changed at zeros of the
modulation (no deformation). Between the zeros and extrema, the PEM
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yields elliptically polarized light. At most extreme stresses the polarization
shifts by 90°. However, the complete shift only occurs for single
wavenumbers Vg, to which the HWR has been set, and whole multiples of
them. Deviant wavenumbers are retarded insufficiently, which leads to two
consequences:

(i) Maximum signal intensity is gained at ¥yr and approximately
some tens to hundreds of wavenumbers around. Vg depends on
the voltage applied to the piezoelectric and must be set to the
spectral region of interest for maximum phase shift and intensity.

(ii) An additional background in the form of Bessel functions
J:(¥/Vgwr - T) of integer order 7 is introduced into the spectrum,
which originates from a Fourier expansion of the twofold cosine
relationship.

Table 4.1: Detected reflectivities for different modulation times. {,, and {3 denote possibly
different natural numbers (0, 1, 2, ...).

v RD(t); RD(t)l
w,t — T cos(wyt .~ - -~ -
m Tuwr (@nt) V # Vuwr + 5 - Vawr V = Vawr + & - Vhwr
M
> +{,m 0 R, R,
T V 1 R,+R R,—R vV R R
=t {,T —— PS4 P Scos[~ —] pt 5
3 VHWR 2 2 2 VHWR 2 2
v R,+ Ry R,—R; v
0+ q,m — i1 + cos [~ T[] R,
VHWR 2 2 VHWR

Experimentally, one signal S;,, is built from two simultaneously
acquired spectra:

(i) The differential signal AR in the numerator of equation 4.8 is
separated from the twofold modulated interferogram after high pass
filtering and application of a lock-in amplifier detecting the second
harmonic Rp (2wy,)-

(ii) Low pass filtering yields the average signal (R) shown in the
according denominator.

A gain factor g is required to account for different electronic treatments
in the two channels. In order to separate the signals, w, is much higher than
the modulation frequency of the interferometer. Both signals contain
absorptions from species within the beam path and isotropically oriented
molecules close to the surface, and their ratio compensates these.
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AR |R, — Rs| - ]2
@®Y). “9IR,*R, R,—R (4.8)
(R) pt R Rp— R

Sraw =<
2 2 ']0

exp

On highly reflecting metals, the second term in the denominator can be
neglected (Eq. 4.9), because R, # R, = (Rs + R,) »> (Rs — Rp) and J, < 1.

R, —R|-
Sraw = (AR> ~ M (4.9)

“m»/),, TR, ¥R)/2

exp

The background can be corrected by subtraction of an uncovered
surface’s spectrum Sp,crground from the spectrum of a surface covered with
the sample. Due to the high spectral impact of changes in the cell geometry
and beam path, a sufficiently precise reproduction of a second experiment
under equal conditions is hardly achievable in case of in situ experiments,
and the background must be estimated instead, for example with a
polynomial function. After background subtraction the measured signal AS
adopts the form of the theoretical PM IRRAS signal (Eqs 4.10 and 4.11). It is
proportional to the absorbance A4 for small absorptions, which is usually
valid when PM IRRAS is applied.

AS = Saw — Sbackground (4.10)
AR |R, — Rs|
<—> =———=x23A (4.11)
R heo (Rp+R5)/2

In certain cases, the background is hard to correct by manual spline-
interpolation. Difference spectra can be used to track intensity changes.
Spectra at variable electrode potentials Sy, (U) can be referenced to the
spectrum of a selected potential Syaw (Urer) (Eq. 4.12).

ASraw,U = Sraw(U) — Sraw (Urer) (4.12)

Due to relaxation of strained in situ cell components, the thin cavity
between the prism and the electrode may change its thickness over time. As
a result, the water background of the spectrum changes. This can be partially
compensated by a vertical offset of the spectra to averaged values in non-
adsorbing spectral regions.
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Determination of Molecular Orientation and Order

The measured absorbance of a (PM) IRRAS sample on a metal surface
depends on its surface concentration and the overlap of the electric field
vector with the transition dipole moment vectors of the excited modes
(Eqs 4.6 and 4.13).01201

- —2 — —
JAd=r[edv « T|E,- M| =I(E )M costo (4.13)

Additionally, it is influenced by the optical constants of the media in the
beam path. Due to the MSSR, molecular absorbance depends on the overlap
of a certain modes’ M with the mean square electric field strength in z-
direction. An isotropically distributed vector contributes |[M|/3 to each space
coordinate and is tilted by the so-called magic angle of ca 54.7 ° (Fig. 4.6 a).

a) 7 b)
E,
E, . Methylene
| Backbone
y
/ 0=54.7° Moy
X | 1

Figure 4.6: a) Isotropic orientation of a vector (pink) in a space cube. The vector’s tilt angle
with respect to the z-directed electric field vector E, (blue) corresponds to the
magic angle. b) Scheme of a methylene group (C —black, H—white) within an alkyl
chain on a metal surface (golden). The transition dipole moment vectors of the
symmetric and asymmetric CHz stretching vibrations (Msym and Mas, respectively;
pink) are orthogonal to each other and the methylene backbone (red).

Experimental intensity enhancements or attenuations in comparison to an
isotropic spectrum reflect changes of the overlap angle 6, and thus the tilt vs
the surface normal which is parallel to E,. With knowledge of the optical
constants and thicknesses of all layers in the stratified system, an isotropic
(PM) IRRA spectrum consisting of reflectivities (Eq. 4.11) can be simulated
using Maxwell and Fresnel equations. Next, the tilt angle for a mode’s M is
evaluated from a comparison of the simulated spectrum under experimental
conditions and measured intensities (Eq. 4.14). The tilt of the transition
dipole moment vector can be related to (sub-) molecular axes and deliver
information about molecular orientation. Therefore, the orientation of M
with respect to the molecular structure must be known, which can be
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estimated by considering the partial charges in deflection or by quantum
chemical calculations.

1 f c"lexperimental dv
§ fc/l(iSOtmpiC)dfi

simulated

cos?f = (4.14)

However, a molecular axis cannot always be defined, e.g. for alkyl chains
in liquid state with multiple gauche conformations, where different
conformers are present at the same time and an averaged structure is
unknown. In these cases, a discrete tilt angle cannot be reasonably
determined, but the principles above are still valid and allow to assess the
average orientation of molecules. The segmental order parameter S is based
on the averaged tilt () of individual molecular parts (Eq. 4.15).

1
S = > (3cos?(8) — 1) (4.15)

In the case of methylene groups, their backbones are defined as a set of
submolecular axes. From geometric considerations, the tilt Op,cxpone 1S equal
to an as-if all-trans chain tilt, and can be calculated from the tilt angles of
symmetric and asymmetric methylene stretching modes, 6, and 6,
respectively, because all vectors are orthogonal to each other (Eq.4.16,
Fig. 4.6 b).

€0S? By + €0S% Oy + €OS? Bpacibone = 1 (4.16)

Accordingly, the segmental methylene order parameter reflects the order
between three limiting cases:

(i) For § =0, the methylene groups are completely disordered with an
average tilt corresponding to the magic angle 6y,,cpone = 54.7 °.

(i) At §=-0.5, the methylene groups are ordered in the all-trans
conformation while the alkyl chain is oriented in parallel to the
surface (Bpackbone = 90 ©).

(iii) The methylene groups persist also in the all-trans conformation for
§ =1, but the alkyl chain is oriented perpendicular to the surface

(ebackbone =0 O)-
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Electrochemical Impedance Spectroscopy

With electrochemical impedance spectroscopy elements of electro-
chemical cells can be interpreted in terms of classic electric circuit
components.?!l By Ohm’s law, the complex impedance Z is defined as the
fraction of potential by current i (Eqs 4.17 and 4.18, with the imaginary unit
j=+/—1). Under potentiostatic conditions, a direct voltage is applied and
perturbed by an alternating voltage of a given frequency f = wpc/2m. The
resulting alternating current i and its phase shift ¢ with respect to the voltage
are measured to give the complex impedance.

_ u(f) _ U - exp(—jwact)
i(f) o exp(—jwact + @)
Z =|Z|cosp —j|Z|sinp =Z' —jZ" (4.18)

Z = |Z| exp(—j¢p) (4.17)

Practically, four criteria must be met for a successful measurement:

(i) The voltage-current relation must be linear. Thus, low amplitudes
Uy in the range of a few millivolts are applied to invoke small and
quasi-linear current responses i.

(ii) The relation between perturbation and response function must be
causal, so currents measured must not originate from other sources
despite the voltage applied.

(iii) The system must be stationary, i.e. stable over time.

(iv) Real and imaginary parts of the impedance must be finite over the
whole frequency range, which can be tested via Kramers-Kronig
relations.

For evaluation, the measured data need to be interpreted with a model
circuit. In the case of single frequency measurements, the results are directly
calculated from the measured set. For varying frequencies, two-dimensional
plots of the phase angle, absolute, real, or imaginary impedances are
evaluated graphically or by fitting. However, the selection of a proper
equivalent circuit may be difficult. Multiple physically different circuits can
lead to equal or differing functions describing a set of data similarly well.
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Determination of the Double Layer Capacitance

The simplest model for an electrochemical half cell comprises a resistor,
which describes the electrolyte resistance, in series with a capacitor, which
accounts for the EDL capacitance.'?!l Ideal resistors and capacitors exhibit
completely real and completely imaginary impedances, respectively. Thus,
the EDL capacitance can by determined from the imaginary impedance by
equation 4.19:

1
C=—— 4.19
oncZ” (4.19)

However, pseudocapacitive effects and frequency dependence of the
capacitance, “capacitance dispersion”, complicate the application of simple
models. Pseudocapacitive effects originate from species which transfer
charge to the electrode and simultaneously adsorb in the inner layer.
Molecular reorientations are also of such nature. On the other hand, surface
heterogeneity and roughness (single crystals should not be affected by
these), slow ion diffusion and adsorption, reorientation of molecules,
faradaic processes, or surface reconstruction may cause capacitance
dispersion. Pseudocapacitive features are equilibrated at f — 0 Hz and their
capacitance should correspond to a slow cyclic voltammogram divided by
its scan rate. Higher frequencies cause these features to be perturbed and
vanish, and thus pure EDL capacitances are theoretically received by
extrapolating C(f — o). For a better visualization of capacitive processes
taking place at different time scales, impedance spectra in absence of faradaic
currents may be converted to capacitance spectra by equation 4.20:

1 : n
Ccomplex = m =C+jC (4.20)

Pajkossy stressed that the solution resistance must be subtracted from the
complex impedance before conversion whereas others neglected or objected
to this.’0. 103104 Without subtraction, the ending of the first semi-circle should
show the real equilibrium capacitance of the EDL charging process.
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5 Interfacial Structure of Partially
Fluorinated lonic Liquids Based on Azolium

Cations

Due to persistence in the environment, accumulation in food chains, and
toxicity, fluoroorganic compounds with perfluorinated chains longer than
seven carbon atoms are likely to be banned soon.l)/ New pyridinium- and
azolium-based ILs by Alpers et al. were developed with perfluorohexyl
chains.l111 Despite the short perfluorinated segments, these FILs possess
desired interfacial properties of PFCs. For applications in surface
impregnation, the hydrophobicity of these compounds in macroscopically
thick films was tested. In this chapter, interfacial properties of selected
azolium FILs from Alpers et al. are studied: FIL monolayers were fabricated
and characterized at the airlaqueous subphase and air | metal interfaces. An
in-detail investigation of microscopic properties, i.e. composition,
conformation, order, orientation, or interaction was correlated with
macroscopic contact angle measurements. Major results of these
investigations are published and adapted with permission from T. Sieling, ].
Christoffers, I. Brand, ACS Sustainable Chem. Eng. 2019, 7, 11593-11602.[»1
Copyright 2019 American Chemical Society.

Structures of the studied FILs are shown in figure 5.1. The side chains of
the cations consist of two methylene units connected to perfluorohexyl
groups. They are attached to the azolium nitrogen atoms, which are linked
in B-positions to each other. The azolium head groups deviate in numbers
and positions of nitrogen atoms within the azolium ring, forming
bis(1H,1H,2H,2H-perfluorooctyl)-imidazolium  (Im*), -1,2,3-triazolium
(1,2,3-Tria*), and -1,2,4-triazolium (1,2,4-Tria*) triflates (TfO-). The FILs,
along with the imidazolium iodide derivative [Im*][I], were synthesized and
provided by Torben Alpers from the working group of Jens Christoffers,
University of Oldenburg.!0-11
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Figure 5.1: Ion structures of the FILs investigated in this study; the anion is always triflate
(trifluoromethanesulfonate, TfO"); a) [ImF][TfO] [1,3-bis(1H,1H,2H,2H-perfluoro-
octyl)imidazolium triflate]; b) [1,2,3-Tria][TfO] [1,3-bis(1H,1H,2H,2H-perfluoro-
octyl)-1,2,3-triazolium triflate] and c¢) [1,2,4-Tria][TfO] [1,4-bis(1H,1H,2H,2H-
perfluorooctyl)-1,2,4-triazolium triflate]. Numbers at the cations denote the
numbering system of the respective azolium rings.

All used azolium compounds share typical IL structures. Their melting
points are high: [ImF][TfO] - T, = 163 °C, [1,2,3-Tria][TfO] — T, =99 °C, and
[1,2,4-Tria][TfO] — T, = 196 °C.I"01 Strictly, [1,2,3-Tria][TfO] is the only FIL
used which adheres to the most common definition of ILs (Section 2).
However, in the following section will be shown that the behavior of the
selected FILs at the airlsubphase interface is in accordance with the
definition in most cases.

Characterization of the Fluorinated lonic Liquids at the

Air|Liquid Interface

The amphiphilic FILs form monolayers at the liquidlair interface.lr!
Compression isotherms on pure water and 1M NaClag subphases are
shown in figure 5.2. Quality and reproducibility of compression isotherms
depend on the subphase.

On the pure water subphase, the studied FILs give compression isotherms
of poor reproducibility. Characteristic points and shapes of the isotherms
vary significantly in independent experiments (Fig. 5.2a). The lift-off area
depends on the amount of FIL placed at the interface and is in the range of
1.15 nm? to 0.9 nm? Upon compression, the surface pressure increases to 35-
60 mN m™, but the collapses of the monolayers are ill-defined. Clearly, the
studied compounds are surface active at the air|water interface. However,
the results indicate that ill-defined, aggregated structures are formed at this
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interface. Parallels can be drawn to results by Filipe et al., who first
investigated an imidazolium-based IL at the air|water interface in detail.?’!
They have shown that the long chain amphiphilic compound [CisIm][Tf2N]
forms stable monolayers at low surface pressures only. Further compression
to higher surface pressures leads to the formation of a multilayered film.
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Figure 5.2: Compression of FILs at the air|liquid interface. Gray and black — [ImF][TfO], red -
[1,2,3-Tria][TfO] and blue - [1,2,4-Tria][TfO]. a) Surface pressure vs mean
molecular area isotherms of FILs on pure water. Different shades indicate repeated
experiments. b) Compression isotherm (upper panel) and corresponding
compressibility moduli (lower panel) of the FILs on the 1 M NaClwg subphase. The
limiting mean molecular area is indicated with a vertical line.

Langmuir films can be stabilized by addition of salt to the subphase.['?
The amphiphilic FIL cations Im*, 1,2,3-Tria*, and 1,2,4-Tria* may interact
electrostatically with anions from the subphase. In effect, reproducibility of
compression isotherms and stability of the FIL films increase drastically
when formed on the 1 M NaClaq subphase (Fig. 5.2b, upper panel). The
studied FILs share a common lift-off area of ca 1.1 nm2 Upon compression
of [ImF][TfO] and [1,2,4-Tria][TfO], Il increases monotonously and finally,
the monolayers collapse at a limiting area of Aylectim = 0.55 nm?2. The cor-
responding surface pressures at monolayer collapse are T ,; = 51.9 mN m™
and 53.7 mN m™, respectively. In contrast to the other azolium ILs, the
compression isotherm of [1,2,3-Tria][TfO] displays a phase transition and the
appearance of a two-phase region (constant IT) starting at Apgjec = 0.69 nm?
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and [1=21.6mNm™. The collapse of this monolayer occurs at
Amoleclim = 0.54 nm? and [, = 63.4 mN m™.

Packing of such two-dimensional films is determined by the actual
geometry of present species. As expected from their similar structure, the
three azolium FILs share almost equal lift-off areas and limiting areas. Based
on the crystal structure of 1,3-dimethyl-imidazolium perchloratel'! and van
der Waals radii,['¥ the in-plane cross-sectional area of a 1,3-dialkyl-imid-
azolium ring with erected substituents is estimated to be in the range of 0.50-
0.53 nm?. This is slightly less than the limiting area of the studied FILs,
Amoleclim = (0.55 + 0.02) nm?2. Fluorocarbon chains exhibit a cross-sectional
area of 0.26-0.30 nm?,'?> 1?5l and consequently, for the studied FILs containing
two fluorocarbon chains, Ap,gjec1im 1S €xpected to be 0.52-0.60 nm?2. This range
matches better with the measured A ec1im and indicates that the packing of
the monolayers is determined by the arrangement of the cations’ fluoro-
carbon chains rather than by the ring headgroups.

In contrast to monolayers of [ImF][TfO] and [1,2,4-Tria][TfO], the [1,2,3-
Tria][TfO] film exhibits a phase transition and collapses at significantly
higher surface pressures (Fig. 5.2b, upper panel). For further discussion of
their physical states, the inverse compressibility moduli were calculated for
the films according to equation 3.8 and are shown in the lower panel of
figure 5.2b. Maximal values of K~! = 150 mN m™ or 180 mN m are reached
in monolayers of [ImF][TfO] and [1,2,4-Tria][TfO], respectively. This
indicates a two-dimensional liquid-like state after lift-off, which is expected
for ILs. Due to the phase transition, the inverse compressibility modulus of
the [1,2,3-Tria][TfO] film shows a valley between two maxima. One
maximum appears at Apolec1 = 0.74 nm? (K7 * = 86 mN m™) and, similarly to
the other azolium derivatives, indicates a liquid-like region for higher A, jec-
The second maximum exhibits significantly less compressibility
(K;' =540 mN m™) and appears prior to the collapse (Amolecz = 0.59 nm2).
The high values of K; ! indicates a solidification of the monolayer.

The markedly different interfacial behavior of the 1,2,3-Tria* cation, in
comparison with Im™ and 1,2,4-Tria* cations, may be explained by
hydrogen-bonding interactions. Whereas a nitrogen atom is present at
position 2 in the 1,2,3-triazolium ion (Fig. 5.1b), the a-position between two
nitrogen atoms is occupied by a CH group in imidazolium and 1,2,4-
triazolium ions (Fig. 5.1a,c). This group has been shown to interact via H-
bonds with anions in ILs.['?l Due to this donating H-bond, ion pairs may be
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formed in the films by association with anions (TfO-, Cl5, maybe HO").
Consequently, the mean molecular area is not determined by the sole cation
but increased due to anion being present in-plane. Indeed, at surface
pressures below the phase transition of the [1,2,3-Tria][TfO] monolayer
(1T <21.6 mN m™), the compression isotherms of Im* and 1,2,4-Tria* cations
show larger Aoec at the same II (Fig.5.2b, upper panel). This trend
increases drastically after the phase transition (I7 >21.6 mN m™). This inter-
action is not possible for the 1,2,3-Tria* cation. Its electron lone pair situated
at N(2) may accept H-bonds, which is impeded by the positive charge
located at the ring moiety. In effect, anions must pack differently to interact
with the amphiphilic cations, which may be responsible for the phase
transition. Interestingly, the K~1(Apglec) curves of the Imf* and 1,2,4-Tria*
films exhibit a small dip between 0.74 nm? < A gec < 0.59 nm?, where the
1,2,3-Tria* film gives a pronounced minimum due to the appearance of its
two-phase region (Fig. 5.2b, lower panel). This may indicate that also for
those azolium ions a phase transition could be possible, which is likely due
to their structural similarity. However, it seems to be somehow impeded,
most probably by H-bonding.

For further investigations of the composition, conformation and
orientation, the films were deposited onto polycrystalline gold substrates at
surface pressures of transfer, [T, = 15 mN m™ and 30 mN m™ by LB vertical
withdrawing. The transfer ratios of 1.03 + 0.07 indicate that the monolayers
present at the airlliquid interfaces were quantitatively transferred onto the
gold surfaces. Therefore, surface coverages calculated from transfer
conditions can be used for simulation of isotropic PM IRRA spectra under
experimental conditions. Table 5.1 shows Ay leciim and mean molecular
areas at transfer Ay,ojec+ as well as corresponding surface concentrations, [jjy,
and [}, respectively. Surface coverages 0 of transferred films were calculated
by taking [}, as maximum packing density (or Agjeclim @S minimal area per
molecule).
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Table 5.1: Mean molecular areas and corresponding surface concentrations at surface
pressures of the monolayer transfer and collapses used to calculate surface
coverages on the 1 M NaClqq) subphase.

FIL ”t / Amolec,t / Amolec,lim / I—E / 1010 I—I‘im / 10710 0
mN m™! nm? nm? mol cm™2 mol cm™

[ImF][TfO] 15 0.82 0.55 2.0 3.0 0.68
[1,2,4-Tria][TfO] 15 0.79 0.55 2.1 3.0 0.69
[1,2,3-Tria][TfO] 15 0.77 0.54 2.2 3.0 0.71
[ImF][TfO] 30 0.70 0.55 2.4 3.0 0.80
[1,2,4-Tria][TfO] 30 0.68 0.55 24 3.0 0.80
[1,2,3-Tria][TfO] 30 0.62 0.54 2.7 3.0 0.89

Due to the irreproducibility of the compression isotherms on the water
subphase, the parameters listed above were only calculated for the 1M
NaClag subphase. The simulation of spectra (Section 5.4) will show that
errors caused by neglecting differing A, e+ On the purely aqueous subphase
are negligible in the range of used packing densities.

Composition of the Imidazolium-Based Fluorinated lonic

Liquid Langmuir-Blodgett Films on the Au(poly) Surface

For the analysis of the film composition on Au(poly) via XPS, the
[ImF][TfO] monolayer was selected as an example.P!l Literature data of imid-
azolium ions at gold and nickel interfaces are available,'?1? and this system
is also of interest for the upcoming chapter. The survey XP spectrum shown
in figure 5.3a reveals the presence of Au, C, Cl, F, N, and O for the [ImF][TfO]
monolayer deposited from the 1M NaClag subphase. A more detailed
analysis requires fitted high-resolution XP spectra (Figs 5.3 and 5.4).

As expected for the fluorinated imidazolium cation, C 1s, F 1s, and N 1s
photoelectron lines for the cations are detected (Fig. 5.3). The N 1s signal of
the monolayer transferred from the 1 M NaClaq subphase exhibits one broad
signal with a full width at half maximum (fwhm) of 2.5 eV at E;, = 400.5 eV
(Fig. 5.3b). In case of the monolayer transferred from the pure water
subphase, the N 1s line appears at E, = 400.1 eV and is much broader
(fwhm =33 eV, Fig.5.5b). For bulk imidazolium compounds and
macroscopic films, a binding energy close to 402.0 eV is expected.[? 130
Cremer et al. have shown that this binding energy is downshifted by up to -
1.4 eV for sub-monolayer coverages of imidazolium-based Ils evaporated
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onto Au(111) and Ni(111) surfaces.l'?128] Similar effects were observed by
Beattie et al. during self assembly of an imidazolium IL on Au(poly)
substrates.l'?’! Direct interaction of the imidazolium ring with the metallic
surfaces is assumed to be responsible for this large downshift.'?”l The
measured binding energies of the transferred FIL monolayers indicate that
the ring headgroups are in direct contact with the Au(poly) surface in both
cases. Large fwhms of the N 1s signals may reflect differences in the chemical

environment of the cations.
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Figure 5.3: XP spectra of the ImF*-based LB monolayer transferred at [T, = 30 mN m™! from the
1M NaClag subphase onto an Au(poly) substrate: a)survey spectrum; high
resolution spectrab) N 1s, ) F 1s and d) C 1s. Residuals (R) are shown below fitted

spectra.

The F 1s line originates from the side chains of the Im* cation, whereas
C1s lines arise from both carbon atoms in the side chains and the head
group. As shown in figure 5.3b, one F 1s photoelectron line is found for the
fluorocarbons of the FIL at E}, = 688.3 eV, which is in agreement with binding
energies of partially fluorinated SAMs on Au and Ag surfaces.[3"134 Whereas
individual components of CFz or CFs moieties are not resolved in the F 1s
line, they can be distinguished in the C 1s spectrum (Fig. 5.3c). In accordance
with literature, 13134 the different CFn groups (n =2 or 3) can be assigned in
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the following way (Tab.5.2): CFs — E, = 293.2 eV, CF—CF-CFn — E,, =
291.0 eV, and CF>—CF>—-CH: - E}, =290.1 eV. The remaining carbon atoms are
adjacent to electron-withdrawing groups, either CFz groups or a nitrogen
atom incorporated into the positively charged aromatic ring. Thus, they give
a joint signal at Ey, = 285.7 eV.[17. 131-134] The signals at Ey, = 287.7 eV and E}, =
284.1 eV are ascribed to adventitious carbon. 133

Table 5.2: Binding energies, full widths at half maxima, and assignments of C 1s, CI 2p, F 1s,
N 1s, and O 1s photoemission lines in the LB monolayer of Imf transferred at
II; = 30 mN m™* from the 1 M NaClg subphase onto a Au(poly) substrate.

XPSLine E,/eV fwhm /eV Assignment

Cls 284.1 1.3 Cadventitious

Cls 285.7 1.7 C-N, CH>—CF:

Cls 287.7 1.9 Cadventitious

Cls 290.1 0.9 CF—CF—-CH>

Cls 291.0 1.1 CFn—CF2-CFn (n=2 or 3)
Cls 293.2 1.0 CFs

Cl2p(sn, 12) 197.2,198.8 1.2%,1.2* [Cl]- on Au
Cl2p(s, 12) 199.7,201.2 1.2%,1.2% [Cl] in adlayer

Fls 688.3 1.9 CFE2 and CFs
N 1s 400.5 2.5 N
O1ls 530.8 3.4 [OH]-, H20, Au oxide, or contamination

*The fwhms of all CI 2p signals were constrained to be variable but equal during fitting.

Due to the triflate anion present in the originally synthesized compound,
photoelectron lines of C, F, S, and O are to be expected. Whereas C-F groups
are also present in the cation and therefore are not suitable for the analysis
of the anion, S-O species are unique for the latter. However, neither the
survey (Fig. 5.3a) spectrum nor the S 2p spectrum (Fig. 5.4a) show intensity
in the region of 168 eV < Ej, <171 eV, where S 2p photoemission lines of the
sulfonyl group are expected.!* Corresponding O 1s lines should appear at
E,=532.0eV.30 The recorded O1ls spectrum reveals one broad
(fwhm =3.4 eV) photoemission line at E, =530.8 eV (Fig. 5.4b), which is
downshifted by -1.2 eV from the expected signal. Thus, this signal may
tentatively be assigned to hydroxide anions, which were transferred along
with the organic monolayer from the aqueous subphase onto the gold
surface. Other sources for this signal could be adventitious contaminations
or water, whose evaporation was hindered in vacuo, e.g. due to coordination
or encapsulation. Downard et al. crystallized [CisIm][Cl]- H2O from 1,2-
dichloroethane,'*! which indicates that a sort of crystal water may also be
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deposited in LB films. Furthermore, this binding energy matches well with
surface oxides of Au,'*1%l being produced by treatment in the UV/ozone
chamber.l'* The absence of O 1s and S 2p lines characteristic for the sulfonyl
group indicates that, within the limits of XPS sensitivity, the triflate anions
were not transferred from the 1 M NaClag subphase onto the Au(poly)

surface.
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Figure 5.4: High resolution XP spectra of the ImFf-based LB monolayer transferred at
I, = 30 mN m™! from the 1 M NaClwg subphase onto an Au(poly) substrate: a) S 2p,
b) O 1s, c) Cl 2p. Residuals (R) are shown below fitted spectra.

Although not present in the original imidazolium FIL, two doublets of CI
species are detected (Fig.5.4 c). The first, well-resolved doublet is located at
Ey, =197.2 eV (Cl 2ps) and E}, = 198.4 eV (Cl 2p12). This doublet is ascribed to
chloride anions adsorbed directly on the gold surface.l“*141 The second
doublet is weak and shifted toward higher binding energies at Ej, =199.7 eV
(Cl 2psr) and Ey, = 201.2 eV (Cl 2p1p). It is assigned to chloride ions present in
an adlayer, 4141 providing a source of counter-ions for the Im"* cations. XPS
results show clearly, that the triflate anions, which were present in the
original FIL, are absent in the monolayer after transfer from the 1 M NaClaq)
subphase. Instead, chloride and probably hydroxide ions, too, are found on
the gold surface. Despite the marked transfer of chloride ions, sodium ions
are absent within XPS sensitivity (Figs 5.3a and 5.4d). Note that due to its
more than eightfold higher photoionization cross section when using Al Ka
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radiation, Na would be much more easily detected than C species of similar
amount.l¥?l This indicates that only the film is transferred, validating the

surface sensitivity of the LB method.

In the case of the pure water subphase, the anion content after transfer of
the imidazolium-based film onto Au(poly) is different. The corresponding
survey spectrum reveals Au, C, F, N, and O species (Fig. 5.5a). Traces of S
are not evident from the survey spectrum, but the high-resolution S2p
spectrum (Fig. 5.5¢c) shows a weak doublet at E, =167.6 eV (S2ps32) and
Ey, =168.9 eV (S2piz). These binding energies correspond to sulfonyl
species.l'14] Small downshifts in comparison to bulk spectral® may be
explained by direct interaction with the Au(poly) surface, as seen above for

chloride anions.
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Figure 5.5: XP spectra of the ImF-based LB monolayer transferred at [T, = 15 mN m™! from the
water subphase onto an Au(poly) substrate: a) survey spectrum; high resolution
b) N 1s, ¢) S 2p. Residuals (R) are shown below fitted spectra.

In conclusion, the amphiphilic cations were transferred successfully onto
the gold substrates and the cationic headgroups are directed toward the
metal surface. The LB technique on electrolyte subphases provides new
experimental approach for exchange of water-soluble ions. As a result, the
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5.3

composition of the deposited FILs changes. Thus, for the following
investigations the FILs in LB monolayers will be named [ImF][X], [1,2,4-
Tria][X], and [1,2,3-Tria][X], where X~ corresponds to Cl-, HO-, and/or TfO-

anions.

Wetting Properties of the Fluorinated lonic Liquid

Monolayers on the Au(poly) Surface

After LB transfer, the FIL monolayers will determine the surface
properties of the polycrystalline gold substrates. Contact angle measure-
ments can provide a fast and macroscopic assessment of interfacial
differences. As alkyl chain segments are hydrophobic and perfluoroalkyl
segments are lipophobic and hydrophobic, water was chosen as contact
liquid. !

Figure 5.6 shows exemplary images of the [ImF][X] under different
transfer conditions. The contact angle of the film transferred from the water
subphase at [T, = 15 mN m is ¥ = (95 + 2) © and thus shows slightly hydro-
phobic behavior (Fig. 5.6a). When transferring the film from the 1M
NaClagsubphase at [T, =30 mN m, it increases significantly tod = (111 £ 1) °
(Fig. 5.6b).

a) b)

Figure 5.6: Water contact angle images of [ImF][X] monolayers on Au(poly) surfaces
transferred from a) water (I, =15 mN m™) and b) 1 M NaClaq (I, = 30 mN m™)
subphases.

For both triazolium films, the contact angles are similar to the
imidazolium film, as listed in table 5.3. They depend crucially on the transfer
conditions, but the chemical structure of the cation has less impact. Averaged
contact angles amount to ¥ = (94 * 2) ° for transfers from aqueous subphases
and ¥ = (109 + 2) ° for transfers 1 M NaCl subphases.

5.3 Wetting Properties of the Fluorinated lonic Liquid Monolayers on the Au(poly) Surface

59



54

Table 5.3: Water contact angles of FILs transferred from water (/I = 15mN m™) and 1M
NaClag) (1T = 30 mN m™) subphases.

FIL II; / mN m™ Subphase 9/°
[ImF][X] 15 water 95+2
[1,2,4-Tria][X] 15 water 93+1
[1,2,3-Tria][X] 15 water 94+1
[ImF][X] 30 1M NaClag 111£1
[1,2,4-Tria][X] 30 1M NaClag 109£1
[1,2,3-Tria][X] 30 1M NaClag 106£1

The difference of ca 15 ° in contact angles from the two subphases may be
attributed to various causes, e.g. the film composition and anion content,
density (surface concentration) of the molecules, or orientation and packing
of the azolium cations. XPS investigations showed that the CFs group
containing triflate anion is replaced by a certainly more hydrophilic chloride
ion. Still, these layers exhibit more hydrophobic properties, which indicates
that the film composition is unlikely to be responsible for higher contact
angles. Interestingly, the contact angle equals (70 £ 1) ° on a thick film of
[ImF][TfO] smeared onto glass,'”! which is Ad=-25° or -41 ° lower than
measured for the [ImF][X] LB monolayers of this work. This result indicates
that the packing and conformational order of the amphiphilic cations in the
monolayer severely influence the surface properties of the LB-modified
Au(poly) substrate.

Orientation of the Fluorinated lonic Liquid Monolayers

on the Au(poly) Surface

Information about conformation and orientation of the azolium FIL
monolayers on the solid substrate can be extracted from PM IRRA spectra
by utilizing the MSSR.IPI Ring headgroups and fluorinated tails give rise to
several IR absorption modes, of which some are separated and suitable for
analysis.

A variety of modes appear in the ¥ = 1700-900 cm™ spectral region of the
isotropic optical constants determined from [ImF][I] (Fig. 5.7). Iodide anions
were chosen because they not absorb IR light and thus, all IR absorption
modes originate exclusively from the cation in the investigated region. They
facilitate mode assessment and qualitative analysis (composition,
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conformation). For quantitative analysis (orientation), isotropic intensities of
suitable modes are required.
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Figure 5.7: Isotropic optical constants of [ImF][I] in KBr: a) attenuation coefficient and b)
refractive index.

Vibrational modes of perfluorinated n-alkanes are well known.[132-134 145-146]
However, substituents may perturb them and lead to changes in their nature
and position. To aid the assignment of bands, the IR spectrum of the isolated
Im™ cation in vacuo was calculated with quantum chemical methods. First,
geometry optimizations were carried out with the conformers depicted in
figure 5.8.

As shown in table 5.4, various density functional theory (DFT) and
correlation methods with different basis sets have a severe impact on the
actual single point energies of the individual conformers. Nevertheless, all
calculations indicate that conformer V has the minimum energy and thus, it
represents the most stable structure. Most of the energy difference to the
other conformers is attributed to the basis set superposition error (BSSE). The
fluorinated chains, and therefore the basis sets on their nuclei, approach,
overlap, and thus describe the electron density in their proximity better. An
error of few kJ per moles may be expected, due to this effectively higher-
level basis set for close atoms. However, the correction of the BSSE is
difficult. For intermolecular systems, the BSSE can be estimated and
corrected by calculation of the individual molecules in their interaction
geometry with the additional basis set at ghost atoms of interacting partner.
For intramolecular interactions there is no pleasing method.'¥”1 On the other
hand, dispersive interactions cannot be described by non-correlation
methods as Hartree-Fock (HF) or DFT (empirically parametrized corrections
are available for the latter).[*] In the case studied here, a convenient error
compensation is achieved by an energetically favorable BSSE, which mimics
the fluorophillic chain-chain interactions.
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Figure 5.8: Geometry optimized conformers of the ImF* cation. Chain directions out of the
figure plane are indicated by the rotational state of methylene groups. I-all trans
chains anti to the ring plane, II-V — chains syn to the ring plane, II — all trans chains,
III-V gauche methylene groups, Il — chains pointing in opposite directions, IV —
chains directed to the C(4)-C(5) facing side, V - chains directed to the C(2) facing
side, a) More unstable conformers I-IV. b) Minimum energy conformer V
(B3LYP/def2-TZVP) from different perspectives. Note the helical arrangement of
the CF2 groups in the right structure. Color code: H — white, C — grey, N —blue, F -
green.

Conformer V is depicted from different perspectives in figure 5.8b. The
tail chains are placed in syn-conformation with respect to the ring plane.
Gauche-aligned methylene groups allow for a close contact between the tail
chains, which are directed toward the C(2) atom facing side of the
imidazolium ring. This structure corresponds to a conformation that can be
expected in organized LB films. The final geometry optimization (cartesian
coordinates are listed in the appendix, table 12.1) and frequency calculation
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of V were conducted with the def2-TZVP triple-C basis set and the B3LYP
functional.

Table 5.4: Single point energies relative to the minimum energy (conformer V) of the
conformers depicted in figure 5.8a. n.c. — not calculated.

Egp — Espmin / K] mol™
B3LYP/ B3LYP/ RI-MP2/
Conformer 6-31+G* def2-TZVPD def2-TZVPD
I 13.4 10.2 n.c.
I 16.3 10.4 n.c.
I 0.3 3.3 2.7
v 6.7 6.1 10.2
\Y% 0.0 0.0 0.0

Modes of the Im** cation were assigned based on literature and the
frequency calculation (Fig. 5.7a, Tab. 5.5). In general, vibrational modes are
abbreviated with symbols according to Schraderl#! (Tab.13.4,
Abbreviations and Symbols). The IR absorption modes 1 at ¥ = 1576 cm™ and
7=1560 cm™ are ascribed to the in-plane stretching modes R: and R: of the
imidazolium ring, for which the nomenclature of Grondin et al. is used.[3> -
151 The scissoring modes (modes 2) of the methylene groups 8(CH:) are
located at ¥=1457 cm™ and ¥=1433 cm™. Stretching and deformation
modes involving fluorocarbon chains dominate the ¥ =1380-900 cm™
spectral region (Fig.5.7a).141 Strongest IR absorption modes appear at
1280 cm™ < ¥ < 1200 cm™ and consist of vas(CFs) and vas(CFz) asymmetric
stretching, CC stretching v(CC)neiix, and CFz deformation modes w(CFz).
These modes are complex in nature because of the helical structure of the
perfluorocarbon chain and reduced mass of the C-F bond. Since fluorine
atoms are larger than hydrogen atoms (van der Waals diameters equal
294 pm and 220 pm, respectively),'?*l the staggered conformation found in
methylene groups is energetically unfavorable. Instead, repulsive 1,3 F-F
interactions induce a twist of 12 © on the average in the C-C-C-C axis, which
results in the formation of 15/7 or 13/6 helices (Fig. 5.8b).['> 34 In the spectral
region of ¥ =1150-800 cm™, progression modes involving symmetric CF:
stretching modes appear.l'J The number and frequency of these modes
depend on the chain length and its conformation. In amorphous films, their
intensities decrease and the number of these modes increases. Symmetric CF:
stretching modes vs(CF2) combined with v(CC)neiix stretching modes are
observed at ¥=1400-1300 cm™. For a fluorocarbon chain of high
conformational order, two strong modes are expected at ¥ = 1380-1360 cm™!
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and ¥ = 1330-1320 cm™. In contrast, disorder leads to a decrease in intensity

and increases in number of modes in this region.'4]

Table 5.5: Wavenumber, assignment, and direction of the transition dipole moment vector of
the IR absorption modes of the amphiphilic, partially fluorinated imidazolium
cation in the 1700-900 cm™ spectral region. The following spectra are compared:
isotropic [ImF][I] in KBr (Figs 5.7 and 5.9a), anisotropic [ImF][X] LB monolayers
transferred from 1M NaClag (IT; =30 mN m™) and water (II, =15 mN m™)
subphases (Fig. 5.9b). n.o. —not observed

7/ em™

Isotropic LB monolayers

Direction of M

I,=30 1II,=15 (based on calculation
# mN m™? mNm? Mode assignment results)
1 1576, n.o. n.o. Ri, R plane of the ring
1560 sh
2 1457, 1444 1444 S(CHz) bisector of the
1431 methylene group
3 1366, 1365 1365 Vs(CF2)progression, ” to the helix axis
1352sh  1355sh 1355sh  v(CC)nelix
4 1322, 1322, 1322, Vs(CF2)progression, a small tilt from the
1302sh 1302sh 1302 sh v(CC)reiix, T(CH?2) helix axis
5 1266sh 1269 sh 1268 sh vas(CFs), w(CF2), almost L to the helix axis
v(CQO), 1(CH2)
6 1247, 1249, 1249, Vas(CF3), vas(CF2), almost L to the helix
1233 sh 1230sh 1230sh v(CC), w(CF2), T(CH2) axis
7 1216 1213 1213 Vas(CF3), vas(CF2), roughly in the direction
v(CQO), 1(CH2) of the helix axis
8 1187 1188 1188 Vas(CF2), w(CHz2) L to the helix axis
9 1147 1147 114:8, Vs(CF2)progression, S(CFZ) L to the helix axis
1138 sh
10 1124 1124 1124 vs(CF2), w(CHo>) almost L to the helix
axis
11 1079 1072 1072 vs(CF2), vs(CF3), in the direction of the
w(CH?2) helix axis
12 1039 1046 1030 vs(CF2), vs(CF3), in the direction of the
w(CH?2) helix axis
Chapter 5 Interfacial Structure of Partially Fluorinated lonic Liquids Based on Azolium
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Figure 5.9: PM IRRA spectra in the 1700-900 cm™ spectral region of a) randomly distributed
[ImF][I] in a monolayer thick film (1.6 nm) at the surface coverages marked in the
figure; b-d) in LB monolayers on the gold surface of b) [ImF][X] c) [1,2,4-Tria][X]
and d) [1,2,3-Tria][X]. Monolayer transfer conditions are given in the figure.
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The experimental spectrum in figure 5.7a shows two sets of modes
located at ¥ =1366 cm™ (mode 3) and 7=1322 cm™ (mode 4). Both exhibit
shoulders on the lower wavenumber sides. The presence and positions of
modes 3, 4, and 9 indicate a helical conformation of the fluorocarbon chain.

Figure 5.9 displays spectra of the [ImF][X], [1,2,4-Tria][X], and [1,2,3-
Tria][X] LB monolayers transferred from water and 1 M NaClag subphases
at different surface pressures onto Au(poly) substrates as well as a
monolayer thick film of the isotropically distributed Im™ cation, simulated
under experimental conditions from optical constants. For the latter,
different surface coverages according to table 5.1 were simulated (Fig. 5.9a).
The film thickness was estimated based on the quantum chemical geometry
optimization of the Im* cation. An interatomic length of 1.1 nm was found
along the long axis of the molecule and van der Waals radiil’**l were added.
Additionally, 0.2 nm were given for uneven distributions of the amphiphilic
cation within the monolayer,®! resulting in a final thickness of 1.6 nm. The
simulations show that the difference in intensities between 6 =0.89 and
0 =0.70 is negligible, as the surface concentrations stay in the same order of
magnitude. Literature spectra of partially fluorinated thiolate and selenolate
SAMs indicate that the modes of fluorocarbons are very strong and their
intensity dominates over modes of methylene bridges and azolium rings.[*>
134,146,152l Thus, simulated spectra of ImF* cations are suitable for the analysis
of fluorocarbon chains in [1,2,4-Tria][X] and [1,2,3-Tria][X] spectra as well.

All three compounds share similar features in LB films. For comparison
with the simulated spectrum, table 5.5 also shows the modes of the Im"™ film.
As in imidazolium compounds, 1,2,3-triazolium and 1,2,4-triazolium ions
exhibit ring stretching modes (1) located between ¥ =1590cm™ and
¥=1520 cm™.l¢11 In the experimental LB film spectra (Fig. 5.9b-d), the in-
plane stretching modes of the azolium rings are strongly attenuated.
Experimental intensities of 3(CHz2) modes (2, around ¥ = 1450 cm™) in the
films are increased in comparison to the isotropic spectrum (Fig. 5.9a), but
they are broad and poorly defined. The presence and positions of modes
3 (¥=1322 cm™), 4 (¥ = 1366 cm™), and 9 (V = 1147 cm™) indicate that the six
carbon atoms long perfluorocarbon chains adopt a helical conformation in
all transferred LB films. Weak shoulders suggest a non-perfect confor-
mational order.

In general, LB monolayers transferred from water subphases exhibit
comparably higher absorbances than monolayers transferred from 1M
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NaClag subphases. However, surface concentrations during transfers from
water subphases (I; =2.0-2.2 *107° mol cm?) were lower than during trans-
fers from 1 M NaClag subphases (I} = 2.4-2.7 107 mol cm, Tab. 5.1). Accor-
ding to equation 4.13, the absorbance is proportional to the surface
concentration and overlap of transition dipole moment vectors with electric
field vectors. Despite a concentration-determined attenuation being
expected for films transferred from water subphases in comparison to films
transferred from 1 M NaClag subphases, they exhibit higher absorbances.
This indicates that the average orientation of the transition dipole moment
vectors with respect to the electric field vector (surface normal, MSSR) is
different for both sets of monolayers. Due to the LB transfer, the monolayers
are likely to be distributed anisotropically on the Au(poly) surfaces.

For orientational analysis, modes with appropriate transition dipole
moment vectors with respect to a sub-molecular axis have to be selected. The
absence of ring stretching vibrations indicates that the azolium rings are
oriented parallel to the surface. Strongest absorptions are given by modes of
the fluorocarbon chains in the ¥ =1270-1220 cm™ spectral region. The
difference in absorbances between water and 1 M NaClaq subphases is most
pronounced there. However, their transition dipole moment vector are ill-
defined, i.e. they are slightly tilted from the normal to the helix axes
(Tab. 5.5). Moreover, in some cases these modes are hardly separable by
fitting. The triflate anion, present in traces only for LB monolayers
transferred from water subphases, gives Vvas(SOs) modes at v =1270-
1220 cm™,® which complicates quantitative evaluation in this region.
Modes 3, 4, and 9 originate from the fluorocarbon chains, and they are
separated from other modes. The error margin during fitting is expected to
be less for those modes in comparison to more entangled, super positioned
modes. Figure 5.10 shows the orientations of the transition dipole moment
vectors of these modes with respect to the fluorocarbon chains from the
quantum chemical frequency calculation of the Im™ cation. From literature,
modes 3 (¥ =1366 cm™) and 4 (¥ = 1322 cm™) are expected to be oriented in
parallel to the helix axis.l3* 146l However, figure 5.10b shows that this is not
the case. The methylene and imidazolium moieties significantly influence
this mode, resulting in a small tilt from the helix axis for mode 4. In
agreement with literature, the transition dipole moment vectors of mode 3
orient parallel and mode 9 (¥ = 1147 cm™) perpendicular with respect to the
helix axis.[134 4]

5.4 Orientation of the Fluorinated lonic Liquid Monolayers on the Au(poly) Surface
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a) Mode 3 b) Mode 4 c) Mode9
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Figure 5.10: Wired structure of the amphiphilic imidazolium cation (conformer V) with
marked direction of the transition dipole moment vector (orange) for the IR
vibrations at mode 9, mode 4, and mode 3 from two perspectives (top and
bottom). Wavenumbers displayed give the unscaled result of the DFT calculation.
Color code: H — white, C — grey, N —blue, F — green.

Further analysis requires fitting of the spectra (Fig. 5.11) to extract the
intensities of individual IR absorption modes. Integrated absorbances of the
selected modes can be compared with simulated spectra to extract tilt angles
of the transition dipole moment vectors using equation 4.14. As mode 3 is
directly in line with the helix axis, the tilt of the fluorocarbon chains can be
directly evaluated.

Chapter 5 Interfacial Structure of Partially Fluorinated lonic Liquids Based on Azolium
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Figure 5.11: Deconvoluted PM IRRA spectra of FILs: a) simulated spectrum, b)-h) FIL-LB-
films with compound and transfer conditions given in insets. Residuals R shown
with magnification below. Bands used for tilt angle determination were colored
orange.
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Results of the tilt angle analysis are summarized in table 5.6. In case of the
FIL monolayers transferred from the purely aqueous subphases, the selected
transition dipole moment vectors of modes 3, 4, and 9 yield an average tilt
angle of 6 = (55 + 4) °. This value is very close to the magic angle of 54.7 ° and,
as three modes with different transition dipole moment vectors are affected,
the fluorocarbon chains are therefore randomly distributed in the transferred
films, indicating the absence of long-range orientational order. On the
contrary, long-range orientational order is observed for FIL monolayers
transferred from the 1 M NaClag subphase. The tilt angle of mode 3 directly
gives the helix tilt, yielding 8 = (43 £ 3) ° on the average. In accordance with
the DFT calculation, the tilt angle of mode 4 deviates by ca 10-15 ° from the
one of mode 3.

Table 5.6: Calculated tilt angles between the transition dipole vector of the analyzed IR
absorption modes and the surface normal in LB monolayers of FILs on the Au(poly)
surface. The orientation of the transition dipole vector with respect to the helix axis

is marked.
FIL 1/ _ Subphase o
mN m™ Mode 3 | Mode 4 Mode 9 L

[Im][X] 15 H20 45 57 57
[1,2,4-Tria][X] 15 H20 57 51 54
[1,2,3-Tria][X] 15 H0 58 63 56
[Im][X] 30 1 M NaClg) 48 29 45
[1,2,4-Tria][X] 30 1M NaClag 42 42 55
[1,2,3-Tria][X] 15 1 M NaClg 41 23 62
[1,2,3-Tria][X] 30 1 M NaClg) 42 27 60

Clearly, the order of the fluorinated alkyl chains depends on subphase for
LB transfer. Higher order is found for FIL monolayers transferred from the
1 M NaClaq subphase, which is in accordance with measured water contact

angles.
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5.5

Molecular Scale Picture of the Fluorinated lonic Liquid

Monolayers on the Au(poly) Surface

Detailed information on the composition, conformation, and orientation
of the FIL films transferred onto Au(poly) surfaces are provided by XPS as
well as PM IRRAS studies and outlined in figure 5.12. [Pl

FIL monolayers transferred from the pure water subphase exhibit a
complex composition (Fig. 5.12a). Probably hydroxide and trace amounts of
triflate anions are deposited as counter-ions for the amphiphilic cation. The
aromatic azolium rings are oriented preferentially parallel to the gold surface
and interact with it. The fluorocarbon chains adopt a helical conformation;
however, their orientational order with respect to the surface normal is ill-
defined.

OH @C @eN @O OF OS OCI HAu

Figure 5.12: Schematic representation of the packing and orientation of [ImF][X] in LB
monolayer transferred onto gold surfaces from a) water, b) 1M NaClag
subphases. Copied from own publication. P!l

Chloride and probably hydroxide anions are found in FIL films
transferred from the 1 M NaClag subphase (Fig. 5.12b). Different chloride
species found in XPS indicate specific adsorption on the gold surface and the
presence of an adlayer. The rings are in contact with the gold surface and
adopt an orientation parallel to it. The fluorocarbon chains exhibit a helical
conformation and are directed toward air with a defined orientation.

As shown in section 5.3, FIL monolayers exhibit different water contact
angles depending on the conditions of transfer rather than on imidazolium,

5.5 Molecular Scale Picture of the Fluorinated lonic Liquid Monolayers on the Au(poly)
Surface
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1,2,3-, or 1,2,4-triazolium structures. Similarly, their molecular orientation is
affected hardly by the conditions of transfer in contrast to the individual
azolium ion nature. Indeed, this indicates that microscopic packing and
orientation properties severely influence the macroscopic contact angle.
More uniformly directed fluorocarbon chains, as found in films transferred
from the 1 M NaClwg subphase, may lead to increased hydrophobicity of the
surfaces. On the other hand, fluorocarbon chains in films transferred from
the pure water subphase are of random orientation and thus, yield lower
contact angles. However, the latter surfaces are still hydrophobic, too,
indicating that fluorocarbon chains are coarsely directed toward air.
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6 Interfacial Structure of an Aliphatic

Imidazolium-Based lonic Liquid

Understanding the electrical double layer at the molecular level is
fundamental for interface science and electrochemistry. Whereas the EDL of
diluted solutions is well understood, the unification of theory and
experiments aiming at IL interfaces remains insufficient (Section 3.3.3). The
Langmuir-Blodgett method enables the fabrication of well-ordered
monolayers of amphiphilic ILs. This gives the opportunity to study a well-
defined system, whose preliminary state is known to some extent. To gain
more information about its composition and structure, it can be
characterized ex situ prior to electrochemical studies. In situ studies under
electrochemical control elucidate the capacitive behavior of IL monolayer,
which can be correlated with potential-dependent sub-molecular changes in
the structure of the film. Major results of these investigations are published
with open access in T. Sieling, I. Brand, ChemElectroChem 2020, 7, 3233-
3243.1»2

Imidazolium-based ILs are widely used in research on the EDL of
ILImetal interfaces (Section 3.3.3). Therefore, 1-methyl-3-octadecylimid-
azolium chloride [CisIm][Cl] was chosen as a simple, aliphatic and
amphiphilic model compound. Due to T, = 210 °C,'*% this compound is not
a strict IL. However, similarly as described in the previous chapter, the
composition changes. The ex situ investigation of FILs at the airlaqueous
subphase and air | Au(poly) interfaces in chapter 5 yielded interesting results
for this study:P1l

(i) An electrolyte subphase stabilizes the IL monolayers at the
airlaqueous solution subphase interface.

(ii) While amphiphilic cations stay at the airlelectrolyte subphase
interface, the water-soluble anion can be exchanged with anions
from the subphase.

(iii) Interaction of the cationic, aromatic headgroup with the gold
substrate is observed via XPS. This specific interaction may play an
important role in the EDL and is observed in literature.*”, 101, 127]
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However, chloride anions were shown to adsorb specifically from
aqueous alkali chloride solutions on Au electrode surfaces, 515 which may
complicate studies. Moreover, [CisIm][C]] is soluble in pure water and does
not form stable LB monolayers.[') The hydrophilicity of chloride anions
serves to form commercially unavailable compounds. An electrolyte

be

ue
to weak adsorption ot perchlorate anions on gold," 1 U.1 M KClU4aq)
subphases were used in order to form a [CisIm][ClOs4] film.

Characterization of the Aliphatic lonic Liquid at the

Air|Liquid Interface

At the airl0.1 M KClOs@q interface, [CisIm][Cl] forms stable mono-
layers.P?l Due to solubility of the ions in water, a [CisIm][Cl] monolayer is
unstable on the pure water subphase.l’® Interestingly, Filipe et al. have
shown that [CisIm][Tf2N] forms stable monolayers at the airlwater
interface.®! Therefore, the hydrophobic character of both, the cation and the
anion, determines the ability of ILs to from stable monolayers at liquid
interfaces. The Langmuir isotherm of the [CisIm][Cl] IL is shown in
figure 6.1a. Electrostatic interactions between perchlorate anions from the
subphase and amphiphilic cations stabilize the monolayer at the
airlelectrolyte interface.

After starting at the lift-off area of 0.68 nm?, the surface pressure of the
[CisIm][CI] monolayer increases progressively until the film collapses at
Amoleclim = 0.30 nm? and [T, = 36.2 mN m™ (Fig. 6.1a, left axis).
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Figure 6.1: a) Surface pressure versus mean molecular area compression isotherm of
[CisIm][CI] on the 0.1 M KClOu4aq subphase (red, left axis) and corresponding
compressibility modulus (blue, right axis). The limiting mean molecular area is
indicated with a vertical line. b) Compression (red) and expansion (blue) of the
[CisIm][Cl] monolayer on a 0.1 M KClOa@q) subphase. The duration was ca 30 min.

Considering molecular packing, a saturated hydrocarbon chain spans a
cross sectional area of 0.26 nm? "> which is not reached before monolayer
collapse at Apolectim = 0.30 nm?2. Thus, the compression is limited by the
imidazolium ring. As described in section 5.1, the cross sectional area of a
flat imidazolium ring including methylene anchors is close to 0.50-0.52 nm?,
and much wider than A, gjeclim- For a vertically arranged imidazolium ring
with some degree of unhindered rotation, the area is approximately 0.3 nm?.
This suggests that the rings are erected or slightly tilted prior to the
monolayer collapse. However, the value of A;gjec1im iS comparably small and
indicates monolayer instability. Results of Felipe et al. indicate that
[CisIm][Tf2N] forms a trilayer at A gec <0.33 nm? on a water subphase.®
After formation of this trilayer, the isotherm of the [CisIm][Tf2N] IL exhibits
a large hysteresis between compression and expansion. Moreover, the
solubility of [CisIm][C]] in pure water may suggest that the ionic strength or
nature of the electrolyte solution is not sufficient to suppress dissolution of
single molecules. To verify the stability and packing of the film,
compression-expansion cycles were conducted to the surface pressure of the
monolayer transfer (II,=25mN m™, Fig.6.1b). The compression and
expansion isotherms of two cycles overlap almost perfectly. Particularly, the
absence of a hysteresis indicates that neither dissolution nor multilayer-
aggregation phenomena take place at these mean molecular areas.

The 2D liquid-like state is a key property when transferring the film onto
the gold electrode. The liquid character of ILs must be preserved for further
studies, as the CisIm* cations need space and flexibility to react on electrode
potential changes. The compressibility modulus (Fig. 6.1a, right axis) was

6.1 Characterization of the Aliphatic lonic Liquid at the Air|Liquid Interface
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calculated using equation 3.8 and reaches a maximum value of 72 mN m™.
Followingly, the hydrocarbon chains persist in a 2D liquid-like between lift-
off and monolayer collapse, as expected for ILs. Next, the [CisIm][ClI]
monolayers were transferred onto Au substrates at [I; =25 mN m™ and
Amolect = 0.36 nm? (I} = 4.6 - 107© mol cm™2), where a densely packed monolayer
is formed at the airlelectrolyte interface. The transfer ratio was 1.00 + 0.07.

Composition of the Aliphatic lonic Liquid Monolayer on

Gold

To study the composition of the [CisIm][Cl] monolayer via XPS, it was
transferred from the 0.1 M KClOas@g subphase onto an Au(poly) substrate,
which could be mounted easily onto an XPS sample holder.?? The survey
XP spectrum of the film shown in figure 6.2 exhibits photoemission lines of
Au, C, N, O. Weak signals of Cl and N can be found in high-resolution XP
spectra (Fig. 6.3b,c).
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Figure 6.2: XP survey spectrum of the Cislm*based LB-film transferred from 0.1 M KClOaq)
onto an Au(poly) substrate.

C1s and N 1s photoemission lines originate from the CisIm* cation.['”)
The C1s spectrum shows two components (Fig. 6.3a). The main signal at
E,=284eV is ascribed to carbon atoms in the aliphatic chain. The
neighboring, weaker signal at Ej, = 286 eV arises from carbon atoms bound
to nitrogen atoms in the CisIm* cation. As the subphase contained 0.1 M
KClOsag), potassium ions could have been transferred onto the Au(poly)
surface. The K 2p photoemission doublet is expected in the vicinity of the
C 1s lines, at 292 eV < E, < 298 eV.[1¥1 Within XPS sensitivity, no K 2p signal

Chapter 6 Interfacial Structure of an Aliphatic Imidazolium-Based lonic Liquid



is detected in this region, showing the absence of potassium ions in the
transferred monolayer. Note that the photoionization cross section of the
K 2psp2 line is almost one and a half time larger than for the N 1s line when
using Al Ka radiation, and thus it should be more easily detected when
present in similar amounts.[*?l Similarly, no Na 1s signal was detected in the
FIL monolayer transferred from the 1 M NaClwg subphase (Section 5.2).1p"]

As discussed in section 5.2, the downshifted binding energy of the N 1s
line at E}, = 401 eV (Fig. 6.3b) indicates interaction of the imidazolium ring
with the Au(poly) substrate.?”. 12Upll Fine differences in the chemical

environment of the imidazolium headgroup are proposed to lead to the

breadth of this signal.
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Figure 6.3: High resolution X-ray photoelectron spectra of the Cislm*based LB monolayer
transferred from 0.1 M KClOsaq) onto a Au(poly) surface: a) C 1s, b) N 1s, c) Cl 2p
and d) O 1s.

The CI 2p spectrum in figure 6.3c shows a doublet at E}, =207 eV (Cl 2psp2)
and Ey, =209 eV (Cl 2pi2). The binding energy of Cl 2ps2 matches excellently
with perchlorate ions present on Al and Au(111)1 surfaces as well as
perchlorate ions in salts!'®!l paired with organic cations. Chloride anions,
present in the compound placed on the LB originally, are within XPS
sensitivity absent in the LB monolayer on the Au surface, because no
intensity is observed in the region of 197 eV < Ey, <201 eV.[140-141],

6.2 Composition of the Aliphatic lonic Liquid Monolayer on Gold
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Two signals are found in the O 1s spectrum (Fig. 6.3d). The strong line at
Ey =533 eV is ascribed to the perchlorate adsorbed on Au(111) with 0.5 eV
difference to literature.'®¥) The weaker line at E}, = 531 eV is tentatively
ascribed to hydroxide ions, encapsulated water, [ or Au surface oxide.!"*"
139 Note that this XPS study was conducted on an UV/ozone-cleaned
Au(poly) slide, whereas the following electrochemical studies were realized
with flame annealed Au(111) single crystals. As observed in the previous
study of FILs, water-soluble anions were exchanged by out-numbering
anions of the subphase.lP!l Thus, the transferred IL monolayer will be called
[CisIm][X], where X~ = ClOs™ and possibly HO™.

Electrochemical Characterization of the Aliphatic lonic

Liquid on Au(111) in an Agueous Electrolyte

The ionic liquid Imetal electrode interface is analyzed in terms of a well-
defined model:*?l The composition and rough orientation of the [CisIm] [X]
monolayer on gold was studied in section 6.2. Next, the capacitance of this
system and its potential-dependent changes must be measured to elucidate
the first layer of the EDL. An aqueous 0.1 M KClOx@q) electrolyte was chosen
for the several reasons:

(i) Slow kinetics in viscous ILs having comparatively high self-
diffusion coefficients and low conductivities (Section 2.2) influence
potential-driven changes and have been shown to impede successful
correlations between capacitance measurements and theory
(Section 3.3.3). With an aqueous electrolyte in this system, the
diffuse part of the EDL is known, and, most probably, slower rate
constants in the LB film will determine the capacitance-potential
curve.

(i)) The 0.1M KClOsaqlAu(111) interface is well characterized in
literature.[17. 1621631 Weak adsorption of perchlorate ions on Au(111)
should not perturb studies of the [CisIm][X] monolayer.

(iii) For the following submolecular PM IRRAS studies, it is clear that the
measured signals only originate from this very-first layer because
other organic species are absent.

Chapter 6 Interfacial Structure of an Aliphatic Imidazolium-Based lonic Liquid



Conveniently, characterization in an aqueous electrolyte does not require
elaborate and expensive experimental approaches to exclude moisture.l°% 101
Similar measures would additionally be required to be adopted for the PM
IRRAS investigation.[''* 12l Due to the impact of a neutral and diluting
solvent, this system cannot represent a real IL. Still, results of this model may
help to understand the ILImetal interface and potential-driven changes,
especially in aqueous solutions of ILs. These kinds of approaches may
facilitate the filling of gaps between experiments and theory.

Figure 6.4a shows C(U) curves of the flame annealed, bare Au(111)
electrode in 0.1 M KClOs@q. These curves match excellently with those of
Pajkossy et al. ™ indicating a sufficiently clean and proper setup. The
studied potential window is limited to negative potentials by the hydrogen
evolution reaction at U <-0.7 V and to positive potentials by gold oxidation
at U>0.6V.4l  All potentials in this thesis are referenced vs
AglAgCllsat. KCl (abbreviated as AglAgCl). Capacitive peaks around
U=0.3-04V originate from anion (perchlorate/hydroxide) adsorption/
desorption in combination with lifting or partial recovery of surface

reconstruction for positive or negative scans, respectively.[5 164165]

Clearly, the capacitances of this film-less system deviate entirely from the
0.1 M KClOxgag | [C1sIm][X] | Au(111) system (Fig. 6.4b). This shows that

(i) the C(U) curve, and thus the interface itself in this system, is
dominated by the [CisIm][X] monolayer and

(ii) this monolayer stays adsorbed over a wide potential range.

In the potential range of measurement, the capacitance at the 0.1 M

KClOsaq | Au(111) interface greatly exceeds the capacitance at the 0.1 M
KClOsag | [CisIm][X] | Au(111) interface.
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Figure 6.4: Differential capacitance versus potential plots of 0.1 M KClOas@g on the Au(111)
electrode surface. a) Flame annealed Au(111) electrode. b) Au(111) covered with

6.3 Electrochemical Characterization of the Aliphatic lonic Liquid on Au(111) in an
Aqueous Electrolyte
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the [CisIm][X] LB monolayer. Negatively (red lines) and positively (blue lines)
going potential scans in a) two and b) three consecutive potential scans, as marked
in the figure.

The measured capacitance may depend on the frequency applied
(Section 4.4.1). For determination of the DL capacitance at the [CisIm][X]-
covered Au(111) interface in 0.1 M KClOs@q (Fig. 6.4b), a low frequency
(f =20 Hz) was chosen. Frequencies in this order of magnitude were used
for the capacitance measurements of more simple aqueous electrolyte (e.g.
alkali halides) at metal electrodes.l5! 53 154 1571 Also, metal electrodes covered
by organic molecules were studied in this range of frequencies.!'! Possible
molecular reorientations shall be elucidated in this study and, due to usually
slow kinetics, must be detected with a low frequency. The resulting curves
do not show equilibrium capacitances, but they are useful for qualitative

interpretation.[166]

Two plateau-like regions are visible in the C(U) curves of the 0.1 M
KClOsag | [CisIm][X] | Au(111) system. These are marked in figure 6.4b as
states I and II. State I is in the potential region of -0.3V<U<0.1V and
exhibits a low capacitance of 6-7 uF cm™. Pseudocapacitive peaks present on
both sides of state I, which is the capacitance minimum, indicate
rearrangements or reorientations in the film. Following these peaks on the
negative polarization branch, state II forms in the potential region
of -1.0 V< U <-0.7 V. Its capacitance is higher and increased to 13-15 pF cm™.
For more negative potentials (U <-1.1 V), the onset of hydrogen evolution
reaction and desorption of the [CisIm][X] monolayer is proposed. Note that
on a bare Au(111) electrode in 0.1 M KClOaaq), the onset of the hydrogen
evolution reaction occurs at U = -0.7 V.[1¢+165] Upon reversal of the potential
scan, the film is reconstituted with a hysteresis at -1.2 V<U <-1.0 V on the
Au(111) surface. Furthermore, the presence of a ca 100 mV hysteresis of the
positive and negative potential scan between states I and 1I
(-0.4V<U<-0.3V) indicates that the transition between these states is a
slow process.

Further insight is given by electrochemical impedance spectroscopy in a
wide frequency range (Fig. 6.5). The 0.1 M KClOs@g | [CisIm][X]| Au(111)
system was studied at four selected potentials: U = 0.4 V (transition peaks),
0.0 V (stateI), -0.4 V (transition peaks), and -0.8 V (state II). Instead of fitting
vague model circuits, these results are examined diagnostically.

Chapter 6 Interfacial Structure of an Aliphatic Imidazolium-Based lonic Liquid



The potential changes affect the total impedance little (Fig. 6.5a). For wide
frequency ranges (210" Hz < f<2-102Hz and 1-10*Hz < f <1 - 10° Hz),
the slope of the |Z|(f) curves is independent of the potential. Highest
impedances are reached at U = 0.0 V. When shifting to more positive or more
negative potentials, the absolute impedance decreases, concurring with the
capacitance changes described above.

a) ]

108 U vs Ag|AgCl

0.4V E

o 10° 0.0V 3
N 104 -

10° 4

b) 90 4

80 - ]

704 o (] B

60 - o,’ ..55.55 .

° 50 e 5:.5\ ]

$ 40 s::‘. .

30 X ]

20 b b.' 7]

0 _M

10" 10° 10" 102 10° 10* 10°
fl Hz

Figure 6.5: EI spectra of the [CisIm][X] LB monolayer on the Au(111) in 0.1 M KClO4q).
a) Impedance and b) phase angle versus frequency at the following potentials: blue
-U=04V,black-U=0V,light red - U =-0.4 V, and dark red — U =-0.8 V versus
Agl AgCl. The measured values are connected by splines.

The phase angle shows more pronounced difference in the potential-
dependence (Fig. 6.5b), particularly in the region of 10" Hz < f <10° Hz.
Whereas -¢ is close to 85° for U=0.4V, 0.0V, and -0.4V, it decreases for
U=-08 V to -9 =50° at f=0.1 Hz. Minima following such decreases are
ascribed to the formation of pores and channels in films adsorbed on
electrode surfaces.l'¢71¢1 Although no minimum is observed (yet), the
decrease in the phase angle suggests a permeability or sensitivity for ion
transport through the [CisIm][X] film.

Additionally, a representation of the EIS results in the complex
capacitance plane (Eq. 4.20) is given in figure 6.6. The double layer capa-
citance can be extracted from the real part at the ending of the first semicircle
and matches quite well with the single frequency curve measured in
figure 6.4a.

6.3 Electrochemical Characterization of the Aliphatic lonic Liquid on Au(111) in an
Aqueous Electrolyte
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Figure 6.6: EI spectra of the [CisIm][X] LB monolayer on the Au(111) in 0.1 M KClOug) in the
complex capacitance plane at the following potentials: blue — U =0.4 V, black —
U=0V,lightred -U =-0.4V, and dark red - U =-0.8 V versus Ag| AgCl. Values at

f=10Hz are highlighted in purple and by size. The measured values are
connected by splines.

Electrochemical studies suggest that alterations in the structure and/or
composition of the [CisIm][X] monolayer on the Au(111) surface are caused
by electric potentials.

Potential-Driven Changes in the Langmuir-Blodgett Film

In order to investigate (sub-)molecular potential-driven changes in the
[CisIm][X] monolayer on the Au(111) surface, in situ PM IRRAS under
electrochemical control is employed.lP? The CisIm* cation consists of an
imidazolium headgroup and an aliphatic tail. Both give rise to IR absorption
modes in different regions.’> 701731 Therefore, PM IRRA spectra provide
information on orientation and conformation of molecules in the studied
film.

Potential-Dependent Behavior of the Ring Moieties

Raw in situ PM IRRA spectra of the 0.1 M KClOs@g | [C1sIm][X] [ Au(111)
system are depicted in figure 6.7 and were measured with the half-wave
retardation of the PEM set to Vyyg=1600 cm™.IP2l The in-plane ring
stretching vibrations R1 and R: are located at ¥ = 1575 cm™ and ¥ = 1561 cm™,
respectively.l'”V Figure 6.7a shows that all spectra overlap, independently of
the applied electrode potentials. The enlargement shown in the inset of
figure 6.7a reveals humps at ¥ =1570 cm™, 1540 cm™, and 1506 cm™', which

Chapter 6 Interfacial Structure of an Aliphatic Imidazolium-Based lonic Liquid



likely arise from not fully compensated water vapor as shown by matching

dips in figure 6.7b.
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Figure 6.7: Raw in situ PM IRRA spectra of the [CisIm][X] monolayer on Au(111) in 0.1 M
KCIOs (D20) measured at Pywr=1600 cm™. a) Ring stretching region. b)
Differential and averaged signals as well as the raw PM IRRA spectrum of a single
potential scan (U =-0.05 V) in the ring stretching region. c¢) CH stretching region
2770 em™ < ¥ <3200 em™. d) Enlargement of c. Different colors in a), c), and d)
represent potential ranges applied to the Au(111) electrode as indicated in c). Note
that spectra in a and c are displayed in the same intensity scale, AR/{(R) spans 0.21.

After background correction, a very weak signal in the order of 10
absorption units appears around ¥ = 1570 cm™ in the ring region (Fig. 6.8a,
purple line). However, it is not suitable for quantitative analysis due to the
insufficient signal to noise ratio and very low intensity. The transition dipole
moment vectors of the ring modes are in the plane of the imidazolium ring.5>
1701 The presence of intensity indicates that the rings are not completely flat
on the electrode surface, although interaction with gold is shown by XPS
(Section 6.2). With optical constants of the in-plane ring modes (Fig. 6.8b),
different intensity enhancements (Section 4.3.4) due to varying tilt angles of
the ring were simulated under experimental conditions and shown for
comparison together with the experimental spectrum (Fig. 6.8a). The film
thickness was set to 2.7 nm and the surface coverage (0 =0.94) estimated
from the LB transfer as described in section 5.1. Low intensities indicate that
the ring is tilted toward the gold surface, and vice versa. From comparison
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to the simulated spectra, an average tilt of 6 = 50-60 ° is estimated tentatively.
Whereas the mean molecular area for a flat imidazolium ring is calculated to
be close to 0.50-0.52 nm? (Section 5.1), the available area at LB transfer
conditions is much less (Apglect =0.36 nm? at 1, = 25 mN m™, section 6.1).
Roughly, a ring tilt of 8 = 53 ° vs the surface normal is estimated under these
conditions, which corresponds well to the tilt angle determined from PM
IRRAS experiments. Apparently, the orientation of the imidazolium moiety
is dominated by the LB transfer conditions and rigid with respect to potential
changes. Motobayashi et al. have shown that octyl- or dodecyl- methyl-
imidazolium cations adopt a flat orientation on the Au(poly) surface.l''!]
Over a broad potential range they stay rigid in contrast to short chain
methyl-imidazolium cations (Section 3.3.3), which is in accordance with this

experiment.
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Figure 6.8: a) Averaged and background corrected PM IRRA spectrum (purple line) of the
[CisIm][X] monolayer on Au(111) in 0.1 M KClO4 (D20); the shadowed area shows
the estimated intensity uncertainty due to background correction. Simulated PM
IRRA spectra of the in-plane ring stretching modes from optical constants under
experimental conditions are shown behind. Different intensity attenuations and
enhancements of the absorption coefficient in steps of 0.25 k correspond to the
overlap of the transition dipole moment vectors of the ring stretching modes and
the electric field vector: attenuation (0-0.75 k, blue lines), random distribution (1 k,
black dotted line), and enhancement (1.25-3 k, red lines) of the absorption modes.
b) Absorption coefficient and refractive index of [CisIm][Cl] in methanol-ds in the
in-plane ring stretching region.

CH stretching vibrations of aromatic carbon atoms in the imidazolium
ring appear between ¥ = 3200 and 3000 cm™. Overtones and combinations of
ring modes enhanced by Fermi resonances may also appear in this region,
too.l"7+1771 Their transition dipole moment vectors are also located in the ring
plane. Similarly to the in-plane ring stretching modes, the aromatic v(CH)
modes do not change with the applied potential and cannot be distinguished
from the background spectrum (Fig. 6.7c).
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6.4.2

Potential-Dependent Behavior of the Alkyl Chains

Potential dependent changes are clearly visible in the ¥ = 3000-2800 cm™!
spectral region, even without background correction (Fig. 6.7d).[P?l These
modes are ascribed to methyl- and methylene groups from the aliphatic
chain of the CisIm* cation on the Au(111) surface.l'”1731 Their optical
constants are required for the quantitative analysis and are shown in

figure 6.9.
o1 T T 190
0.10 :
< 0.06 <

0.04 - - 1.40

0.02 :

0.00 Y e 1.35
3050 3000 2950 2900 2850 2800

v/cem™

Figure 6.9: Absorption coefficient and refractive index of [CisIm][Cl] in methanol-ds in the
aliphatic CH stretching region.

An isotropic simulation of a monolayer thick film of [CisIm][Cl] under
experimental conditions is shown in figure 6.10a and plotted in the same
scale as potential-dependent in situ PM IRRAS experiments underneath
(Fig. 6.10b). The asymmetric CH stretching vibrations of methyl group
bonded to the hydrocarbon chain va.s(C-CHs) appears at
7=(2949 £ 2) cm .14 It is overlapped with overtones or combinations of
methylene scissoring modes d(CH:) enhanced by Fermi resonance (FR1).["*-
175,178 The IR absorption mode of the symmetric methyl stretching vs(C-CHzs)
is centered at ¥ = (2877 + 2) cm™. In the simulated spectrum (Fig. 6.10a), the
asymmetric vas(CHz2) and symmetric vs(CHz) methylene stretching modes
appear at ¥=2932 cm™ and ¥ =2856 cm™, respectively. These modes are
redshifted in the experimental spectrum (Fig.6.10b), yielding
7=(2926 +1) cm™ for vs(CH2) and ¥ = (2852 + 1) cm™ for vs(CHz). The lower
wavenumbers indicate that less gauche configurations are present in the
[CisIm][X] LB film on the Au(111) surface than for [CisIm][Cl] which
probably forms micelles in methanol solution. Still, the methylene band
positions in both samples are characteristic for liquid and mobile alkanes.['7?]
This is compatible with a preservation of the LB transfer conditions, at which
the compressibility modulus indicates a 2D liquid-like state (Section 6.1).
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Figure 6.10: a) PM IRRA spectrum simulated from isotropic optical constants of the of
[CisIm][CI] IL for a monolayer thick film (2.7 nm) under experimental conditions.
b) Background corrected PM IRRA spectra (Vg = 2900 cm™) of the [CisIm][X] LB
monolayer on Au(111) in 0.1 M KCIOs4 (D20) at potentials marked in the figure.
Colors correspond to higher (blue) or lower (red) absorbance.

Two bands originating from overtone or combination of d(CHz) vibrations
are enhanced by Fermi resonance interaction with vs(CHz) vibrations: FR1
around 7 =2949 cm™ and FR2 around ¥ = 2900 cm™ (Fig. 6.10). The latter
mode is related to lateral interchain interactions und thus influenced by
neighboring methylene groups and their packing.l'7! 178179 In comparison to
the simulated spectrum originating from CisIm* molecules in the solution
phase (Fig. 6.10a), this mode is enhanced in the in situ spectra of the
[CisIm][C]] monolayer in the Au(111) surface (Fig.6.10b). Followingly,
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intermolecular interaction are significantly stronger in the film. On the other
hand, the FR1 mode is influenced by intrachain interactions and sensitive to
the ratio of gauche and trans conformations in a hydrocarbon chain. In
addition to the unchanging wavenumber positions mentioned above, the
FR1 mode’s independence of the electrode potential indicates no variations
in the average conformation of the hydrocarbon chain. According to
quantum chemical simulations, ca 30 % of gauche conformations are present
in a liquid hydrocarbon chain.['8!

Interesting potential-dependent changes are observed in the intensities of
the fundamental methylene stretching modes (Fig. 6.10b), most pronounced
for the vas(CHz2) band. According to equation 4.13, intensity variations can be
ascribed to different factors:

(i) Change of the surface concentration. This is not the case, as
subsequent C(U) curves show no desorption and the minimal
capacitance stays at similar values (Section 6.3).

(i) Change of the electric field strength of the radiation on the surface.
If this was the case, all bands were affected similarly.l'"l However,
intensity changes are unique for different bands in this experiment.

(iii) Change of the transition dipole moment. In the case of methylene
groups, this term does not depend on the electrode potential.'8!l The
dipole moment (and therefore the transition dipole moment)
increases with increasing polarizability and electric field strength of
the electrode.l'® As evident from equation 4.13, the increase in
intensity is proportional to the square of the transition dipole
moment and thus to the square of the electric field. Upon
polarization of the electrode, a parabolic intensity increase centered
around the PZC is expected,'® which is not the case. Also, this effect
should affect all bands, though to different extents.

(iv) Change in the overlap angle 6 of E, and M(CH>). This cause is most
likely, as other factors were excluded. It indicates potential-driven
reorientations, which are subject to this study.

To quantify orientational changes, integral intensities must be extracted
from the spectra and compared (Section 4.3.4). Two methods have been
applied: Curve fitting and raw integration within fixed boarders. Both
methods have severe advantages and disadvantages. Curve fitting is
difficult, but capable of giving accurate and more results. As described
above, at least seven bands contribute to the spectrum. Each band is
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characterized by a unique wavenumber position, fwhm, intensity, and
Gaussian-Lorentzian shape. Without constraints, physically unreasonable
results are achieved, mostly due to the broad and featureless flanks of the in
situ spectra (Fig. 6.10b), which lead to unrealistically large and low fwhms.
With constraints, an operator-given bias is imposed into the procedure.
Fourier self-deconvolution and the second derivative can aid for
constraining band positions or setting initial bands. Zero to two bands were
constrained during deconvolution, and a fully Gaussian line shape was
assumed (Fig. 6.11a).

a) PRI LI LI IULIL L IS LI LN I I IR LI S I
6-[U=040V +Hu=-0.05Vv Hu=-080Vv .
@ 4 T + .
o I 1 ]
- 24 + T 3
< I I J
0 P N
RX2 f\\/MV A i 1 \/J‘V Ay \//\\/\J
LI IR B I B I I I I I I B
3000 2950 2900 2850 30002950 2900 2850 3000 2950 2900 2850
viem™
b)‘ej\%
)
RS
%
S
0

U R I I I I I I B
30002950 2900 2850 3000 2950 29002850 3000 2950 2900 2850
v/cm™
Figure 6.11: Analysis of the PM IRRA spectra of the [CisIm][X] LB monolayer on Au(111) in
0.1 M KClOs (D20) in the aliphatic CH stretching region. a) Exemplary deconvo-
lution of the spectra measured at three different potentials vs Ag| AgCl. b) Spectra
of three different experiments averaged over all potentials within one set int the

lower panels. Maxima of the second derivative shown in the upper panels were
used as integration boarders.

On the other hand, raw integration is an easy procedure and solely yields
the integrated area. To set the bounds of integration, maxima in the second
derivative were used (Fig. 6.11b). The operator bias is kept to a minimum. A
fixed set of bounds for the whole potential scan is only valid, if the band
positions and their fwhms do not change.

The resulting integrals of both procedures overlap well (Fig. 6.12). Fitting
led to band positions and fwhms, which do not change much depending on
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the applied potential. Thus, the crude and simple raw integration can be
used. The overlap with the latter procedure shows that operator-based errors
by presetting fitting parameters in the deconvolution procedure is small.
Concluding, both methods can be used and co-control each other after
careful analysis of the IR spectra.
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Figure 6.12: a) Integrated absorbances of vas(CHz), b) vs(CHz), and FR2 bands as a function of
electrode potential in the 0.1 M KCIOs (D20)|[CisIm][X]| Au(111) system. b)
Results normalized to the integrals at a shared reference potential close to the
capacitance minimum. blue — positive sweeps, red — negative sweeps, circles in
darker shades — results of the raw integration, rhombuses in lighter shades —
results of the band deconvolution.

Generally, highest integrated absorbances of methylene stretching modes
in the [CisIm][X] monolayer on Au(111) are found in in adsorption state I at
moderately negative potentials (Fig. 6.12, cf. Fig. 6.4a). The transition into
state II at more negative potentials leads to an intensity decrease for all
depicted bands.

The FR2 mode reflects interchain interaction, which is a crucial film
property considering effects such as nanosegregation in ILs. The transition
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dipole moment vector of overtones or binary combinations of d(CH:z) modes
are located in the same plane and direction as for the resonating vs(CH-z)
mode. For a single, decoupled mode, it lies in the bisector of the methylene
group. Both absorbances must be affected if the methylene groups reorient.
It is to distinguish whether the FR2 mode loses intensity upon going to
negative polarizations due to either change in the tilt angle or reduced
interchain interaction. A change in the latter would cause a dissimilar
behavior, as FR is a process of intensity redistribution and energy must be
preserved. If both modes lose intensity in the same manner, the change in
the tilt angle of the methylene groups is responsible. However, in this case
the extent of intensity change can still be different due to unequal transition
dipole moment strengths. Thus, the integrated absorbances were normalized
to the value at U =-0.05 V, close to the capacitance minimum and maximum
absorption (Fig. 6.12b). Whereas the integral intensities of both vas(CH:z) and
vs(CH2) modes decrease to approximate 50 % of the reference value, the FR2
intensity decreases even more to 30-40 % of the reference value. This
indicates that interchain interaction indeed decreases with decreasing
potentials. However, this result should be taken tentatively when
considering the standard errors of the mean.

As discussed above, changes in the orientation of methylene groups are
accounted for the intensity changes. The alkyl chain is in a liquid state with
multiple gauche conformations and no discrete conformation. Therefore,
orientational changes cannot be calculated explicitly, but they can be
assessed with the segmental order parameter (Section 4.3.4). According to
intensity changes of the methylene stretching modes, the order depends on
the applied electrode potential (Fig. 6.13). In the adsorption state I at rather
positive potentials (-0.3 V< U <0.1 V), low order is found (5 =0.25+0.1). It
corresponds to a large average tilt of methylene segments with respect to the
surface normal. The potential-driven transition of the film into state II
(-1.0 V< U <-0.7 V) results in an intensity decrease in vas(CH:z) and vs(CH>)
modes (Fig. 6.12b,c), and consequently in an increase in order. S equals
0.60+0.05 at U=-0.8V, indicating increasing order in packing and
orientation of the hydrocarbon chains.
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Figure 6.13: Segmental order parameter of the hydrocarbon chain in the [CisIm][X] LB
monolayer on the Au(111) electrode surface in 0.1 M KCIOs4 (D20) as a function of
potential in the negative (red) and positive (blue) going potential scans.

The decrease in intensity of vas(CH:z) and vs(CH:z) modes, and therefore
positive values of S, indicate an overlap of the methylene backbone with the
electric field vector normal to the surface (Section 4.3.4), i.e. the hydrocarbon
chain erects. The results described above show that significant changes in the
hydrocarbon chains of the amphiphilic cation accompany the phase
transition of the [CisIm][X] monolayer adsorbed on the Au(111) surface and
show that this transition is of supramolecular nature.

Molecular Scale Picture of the Aliphatic lonic Liquid at

the Electrolyte|Electrode Interface

The results obtained by complementary probing techniques yield a
consistent molecular scale picture of electric potential-driven changes in the
studied system.P2 First, LB transfer was used to deposit a 2D-liquid [CisIm]*-
based monolayer on gold. The following XPS analysis confirms the
successful transfer and shows that chloride anions present in the original
compound were replaced by perchlorate anions of the subphase. N 1s
spectra indicate a contact between the imidazolium ring and the gold
surface. Accordingly, alky chains must be directed toward vacuum.
Perchlorate ions may either be located in the ring plane, due to H-bonding
with ring CH atoms, or be positioned above the ring, interacting with it via
dispersive and electrostatic forces.'+1% The tetrafluoroborate anion is
similar in structure, size, and net charge to the perchlorate ion. According to
IRS, nuclear magnetic resonance spectroscopy, and quantum chemical
calculations, it should be located above the ring in 1-ethyl-3-methy-
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imidazolium IL water mixtures, independently of the water
concentration.!’¥ Rare crystal structures of imidazolium perchlorates reveal
hydrogen bonds between cations and anions,'?> 184 or perchlorate ClO4™ ions
being located above the ring.'%1%1 According to Downard et al, rectangular
[(H20)LCL]>  dimers are formed in the crystal structure of
[CisIm][Cl] - H20.I'%1 For the amphiphilic cation, two conformers are found,
in which the headgroup is either bent or linear with respect to the
interdigitated alkyl chains. Whereas the anionic [(H20):Cl2]?>" dimers interact
above the imidazolium plane with all aromatic CH groups in the linear
conformer, these H-bonding interactions take place in the ring plane of the
bent conformers. Concluding, anions may be located in the ring plane as well
as above in the [CisIm][X]|Au(111) system. Due to the interaction of the
imidazolium ring with the Au surface and the packing density of the cation,
space in the plane of the ring for H-bonding is limited, and thus the position
above the ring is more likely.

The correlation of results obtained from different electrochemically
controlled techniques, provides a complex behavior for the 0.1 M KClOuq)
I [CisIm][X] | Au(111) system. In situ PM IRRAS indicates an attenuation of
the in-plane ring signals in the monolayer, suggesting that the imidazolium
ring is inclined toward the Au(111) surface. The orientation of the ring is
determined by LB transfer conditions and does not respond to potential
changes. On the contrary, the liquid hydrocarbon chain in the CisIm* cation
adapts to electric potentials. The chain order in states I and II are illustrated
schematically in figure 6.14.

State I refers to moderate potentials (-0.3V<U<0.1V) and low
capacitances (6-7 pF cm™). According to Su et. al, the PZC of an unmodified
Au(111) electrode in 0.1 M KClOsqag) is close to 0.3 V vs AglAgCL Ul from
which can be concluded that a low negative charge density is accumulated
on the Au(111) electrode in adsorption state I. In this case, perchlorate anions
may be located close to the ring headgroup, in order to (partially)
compensate the positive excess charge given by the cations. Different
experimental” 8 1101 and theoretical” %1% results indicate a stratified
cation-anion structure of ILs subjected to moderate electrode potentials
(Section 3.3.3). This structure is also preserved to some extent in the presence
of water.[”76 811 The low capacitance can be ascribed to the low permittivity
of the film. To a substantial part, the film consists of apolar hydrocarbon
chains, whose permeability is low (g, = 2). Perchlorate ions are classified as
chaotropic and affect the packing, conformation, and mobility of aliphatic
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chains.” A low order and large average tilt of methylene groups can be
explained by aggregation of the alkyl chains, which is driven by van der
Waals interactions (Fig. 6.14a).

a) State |, U=-0.1V
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Figure 6.14: Scheme illustrating the molecular scale-order in the [CisIm][X] ionic liquid film
on the Au(111) surface in 0.1 M KClOus@qg in adsorption states a) I and b) II. Note
that van der Waals radii are used for the different atoms. The use of ionic radii
would imply that no solvation shell is present, whereas hydrodynamic radii
suggest a complete hydration shell. However, the hydration number of ions close
to the electrode and in the organic film is unknown.

Upon polarization to more negative potentials (-1.0 V<U<-0.7V), a
transition into the high capacitance (13-15 uF cm™) state II occurs. The
decreased surface charge density should lead to an increase in attraction
between the Au(111) surface and imidazolium cations. The change of the ion-
electrode interaction may also lead to a change in ion-ion interactions at the
phase boundary, which could be responsible for the phase transition. A
change of the phase angle in the EIS experiment indicates an increased ion
permeability through the monolayer due to the formation of defects.
Perchlorate anions may leave the monolayer, to compensate the change in
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surface charge density. Instead, potassium cations and water may penetrate
the film. The formation of defects for transport of different species may cause
a supramolecular rearrangement in the film. As the imidazolium rings stay
rigid, the transition only affects a fragment of the film. The disentanglement
of partially aggregated structures, as proposed in figure 6.14a, may lead to
an erection of the alkyl chains, which is observed via increased order in PM
IRRAS experiments and necessary for ion penetration (Fig. 6.14b). Moreover,
the tentatively proposed decrease in interchain interaction supports a
disentanglement of alkyl chains. Due to the flow of electrolyte into the film,
the permittivity becomes increased and the screening length reduced. This
is consistent with higher capacitances in adsorption state II.

The hysteresis between positive and negative potential scans in the C(U)
curves is reflected in the potential-dependent alterations of the methylene
stretching intensities and chain order, although less significantly in these
cases. It may be related to an activation barrier which is required to lift the
structure present in the state prior to phase transition. Such phenomena have
been observed or proposed in literature.[110-111.113] In the proposed process for
the [CisIm][X] monolayer, alkyl chains my be aggregated in state I. To form
defects, which are required for ion permeability, the energy gain of van der
Waals interactions in this aggregate must be overcome and is given by an
overpotential.

Interestingly, the reorientation of alkyl chains matches well with coarse-
grained IL simulations of Fedorov et al. mentioned in section 3.3.3.1% Indeed,
the neutral tails in this IL film may act as latent voids. When the driving force
is given by the need for charge compensation, they may create space close to
the phase boundary by reorientation (cf. Fig. 3.7).
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7 Infrared Spectroscopic Features in
Perdeuterated Alkyl Chains of lonic Liquids

and Anion Effects

In the previous chapter, the aliphatic chains in the amphiphilic
imidazolium-based IL LB monolayer were shown to give interesting
responses to the applied potential. The IR spectroscopic analysis was based
on methyl and methylene groups in the saturated alkyl chain, which give
rise to symmetric and asymmetric stretching modes in the 2970 cm™
>7>2840 cm™ spectral region.'>1731 However, the vs(CHz) and vs(CHs)
modes are perturbed by overtones and binary combination bands of
deformation modes due to Fermi resonance (Fig. 6.10, FR1 and FR2).[17>173.178]
The resulting overlap with fundamental modes of interest hampered the
analysis of individual components in the supramolecular assembly in both
ways qualitatively, for the accurate determination of resonance frequencies
and the physical state of the alkyl chain, and quantitatively, for its order or
tilt. This overlap can be partially unraveled by isotopic substitution of
hydrogen atoms by deuterium atoms in the alkyl chain. The v(CD2) and
v(CD2) modes are bathochromically shifted by A? = -750 cm™ in comparison
to their perhydro-analogues.>1% They absorb in the ¥ =2220-2060 cm™
spectral region, which does not interfere with IR absorption modes of other
functional groups present in this system or in airborne contaminations. In
perdeuterated alkyls, asymmetric and symmetric stretching modes are
separated by ca A¥ =100 cm™, in contrast to ca AV =75 cm™ in perhydro-
alkyls. Furthermore, modes enhanced by FR resonance are less intense and
not or only barely overlapped with asymmetric stretching modes.['”> 194
Conveniently, the substitution of the H by D atoms perturbs the chemical
and physical properties of the alkyl chain fragment only to a little extend.'*?!
Most importantly, they allow for the analysis of a molecule or molecular
fragment in a system containing other, non-deuterated alkyl group, which is
required for the analysis of interactions between different molecules in
chapter 9. Drawbacks for the use of deuterated molecules are their
availability, or costs.
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To study the behavior of side chain apart from v(N-CHs) modes of the
methyl at the imidazolium ring, 1-methyl-3-(octadecyl-ds7)-imidazolium
triflate [Cislm-ds7][TfO] was used. It was synthesized and provided by
Torben Alpers from the working group of Jens Christoffers, University of
Oldenburg. With T, = 66 °C,'’l it is an IL per definition, in contrast to its
chloride derivative used in chapter 6. To study the impact of the anion,
Cislm-ds7*-based LB monolayers were transferred from 0.1 M KClOs@q and
0.1 M KClag subphases for anion exchange, according to the previous
chapters 5 and 6.IP'?2l The [CisIm-ds7][X] LB films were transferred under the
same transfer conditions as of their perhydro-derivative (Section 6.1) onto
gold surfaces. The results of this study are subject to a forthcoming
publication, which is currently under review.rs]

Composition of the Aliphatic lonic Liguid Monolayer
after Langmuir-Blodgett Transfer from a Chloride-

Containing Subphase

The composition of the [CisIm-ds][X] film transferred from the 0.1 M
KClOsaq) subphase should not differ markedly from its perhydro-analogue,
which was analyzed in section 6.2. After transfer from a chloride-containing
subphase, anion exchange of TfO~ to Cl~ is expected, as described in the FIL
study.lP'p?2l The former XPS studies also showed that the cation of the
subphase is not transferred with an amphiphilic imidazolium cation into the
LB film. Originally, the transfer of the CisIm*based LB film was studied
together with the transfer of the [ImF][X] FIL, and thus a NaClaq subphase
was used. Later, to keep the study consistent with previous (spectro-
)electrochemical studies in KClOs@g, KCl was employed. XP spectra of the
Cislm*-based LB film transferred from 0.1 M NaClag onto Au(poly) are
shown in figures 7.1 and 7.2.

The survey spectrum shown in figure 7.1 indicates the presence of Au, C,
Cl, N, and O species. Sodium ions are found neither in the survey nor in the
high-resolution XP spectra (Figs 7.1 and 7.2a). Due to its more than eightfold
higher photoionization cross section when using Al Ka radiation, Na would
be much more easily detected than C species of similar amount.[4?!
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Figure 7.1: XP survey spectrum of the Cisim*-based LB-film transferred from 0.1 M NaClg)
onto Au(poly).

The C 1s spectrum gives a strong line at E}, = 285 eV with a shoulder at
slightly higher binding energies E}, = 286 eV (Fig. 7.2b), which are assigned
to the C-C and C-N groups in the amphiphilic CisIm* cation, respectively.['?”]
The N 1s spectrum exhibits one line at E,, = 400 eV and is ascribed to the
nitrogen atoms of the imidazolium ring (Fig. 7.2c). In the LB monolayer, its
binding energy is downshifted with respect to IL bulk surfaces, indicating
interactions of the aromatic ring with the Au(poly) surface.['7-12°]
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Figure 7.2: High resolution X-ray photoelectron spectra of the CisIm*based LB monolayer
transferred from 0.1 M NaCleg onto a Au(poly) surface: a) Na 1s, b) C 1s, c) N 1s,
d) O1sand e) CI 2p.
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As for the other samples in sections 5.2 and 6.2, an O 1s line at E, =532 eV
is found (Fig. 7.2d) and assigned tentatively to hydroxide ion, encapsulated
water, or surface oxide.[*13I Please, note that this XPS study was conducted
on an UV/ozone-cleaned Au(poly) slide, whereas the following
spectroscopic studies were conducted with flame annealed Au(111) single
crystals. The Cl 2p spectrum reveals two Cl 2p doublets (Fig. 7.2e), of which
the strong one at E, = 197.1eV (Cl2ps32) and Ey = 198.7 eV (Cl 2p1pe) is
assigned to chloride specifically adsorbed on the Au(poly) surface.l“-1411 The
other weak doublet at E, =200.1 eV (Cl 2ps22) and E}, =200.7 eV (Cl 2p12) may
reflect chloride species within the imidazolium film. Due to the nature of the
LB film, it is called [CisIm][X], where X represents chloride and possibly
hydroxide ions. Generally, the XPS results agree with previous studies of
[ImF][X] | Au(poly) and [CisIm][X] | Au(poly) LB monolayers transferred from
NaClag and KClOsaq) electrolyte subphases, respectively.p»?

Considering the surface concentration and geometry of the CisIm*
molecules (Section 6.1), a side-by-side arrangement of chloride and
imidazolium rings is not reasonable. However, binding energies of both
imidazolium nitrogen and chloride species indicate interaction with the gold
surface. Specific adsorption is known for chloridel!4-141. 1541551 and proposed
for imidazolium®” 0% 127 cations. Apart from the Au(poly) surface, other
impacts of chemical environments may influence their binding energies. For
chloride anions only two positions are reasonable, i.e. on the Au surface
below the film and within the [CisIm][X] film close to the cationic ring
moiety.['®! As two different chlorine species are found in the XP spectra, both
positions are possible. In this case, the downshift of the N 1s binding energy
with respect to the bulk IL surface might be explained by a deviant effective
coordination number at the surface and thus a different chemical
environment in comparison to the bulk.

Infrared Spectra of the lonic Liquid with the
Perdeuterated Aliphatic Chain at the Air|Au(111)

Interface

For reference, an ATR IR spectrum of the starting compound [CisIm-
dx7][TfO] is shown in figure 7.3a. This spectrum is typical for perdeuterated
alkyl substituents.>194  Asymmetric stretching modes give rise to
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absorptions at ¥ = 2214 cm™ for CDs and at ¥ = 2195 cm™ for CD2 groups.!'>
194 In contrast to the H-substituted alkanes, the vs(CDs) mode absorbs at
lower wavenumbers, at ¥=2072cm, than the vs(CD2) band at
7=2091 cm™.1"21%4 Both symmetric modes are subject to FR with overtones
or binary combinations of methyl or methylene bending modes.!"*Y The weak
FR3 mode at ¥ =2158 cm™ interacts with the vs(CD2) mode. In some cases,
this mode was assigned to belong to the vs(CDs) FR couple.l**8l However,
results by MacPhalil et al. indicate no absorption close to this position in an
alkane with selectively deuterated methyl groups.l'”l They observe a weak
FR mode close to 7 = 2120 cm™!, which is associated to vs(CDs) and not visible
in the ATR spectrum of figure 7.3a.
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Figure 7.3: Spectra of CisIm-ds7*-based samples. a) ATR spectrum of the [CisIm-ds7][TfO]
powder. b-e) Ex situ PM IRRA spectra (¥yywr = 2200 cm™) in air after LB transfer of
[CisIm-ds7][X] onto Au(111) under conditions denoted on the right side of the
figure; b) usual transfer conditions as in chapter 6, c) transfer with deuterated
solvents to exclude possible D/H-exchange, d) isotopic dilution, and e) fabrication
of a chloride containing film. The vertical line serves as a guide to mark the
position of the unusual band at ¥ = 2183 cm-.

PM IRRA spectra shown in figure 7.3b-d were recorded from [CisIm][X]
monolayers transferred from the 0.1 M KClOas@q subphase onto on Au(111).

7.2 Infrared Spectra of the lonic Liquid with the Perdeuterated Aliphatic Chain at the
Air|Au(111) Interface
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The positions of vas(CDs), FR3, vs(CD2), and vs(CDs) modes in the LB
monolayer (Fig.7.3b) match well with the ATR powder spectrum of
[CisIm][TfO] (Fig. 7.3a). A striking distinction is drawn by the appearance of
two comparatively strong modes at ¥ = 2197 cm™ and ¥ = 2183 cm™, which
are not typical for a long alkyl chain in both, bulk phase and interfaces.*% 1%
2021 Both signals are tentatively assigned to asymmetric methylene stretching
modes. 2]

Prior to deposition of [CisIm-ds7][TfO] onto the electrolyte subphase, it
was dissolved in CHCIs. D/H-exchange may cause the appearance of an
additional band, for example if CHD groups were present. However, the
exchange is improbable due to the lacking basicity of the solvent and
subphase. To rule this out, [Cislm-ds7][TfO] was dissolved in CDCls and
transferred from a subphase consisting of 0.1 M KClO:s in D:20. The
corresponding spectrum (Fig.7.3c) is similar to the spectrum of the H-
containing solvent and subphase (Fig. 7.3a), which confirms that the H/D
exchange is not responsible for the appearance of two distinct bands in the
vas(CDz2) spectral region.

Hsi et al. investigated spectra of single selectively deuterated methylene
groups in palmitic and stearic acids.?® Whereas CD: groups close to the
carboxyl group as well as in the middle of the alkyl chain gave rise to single
vas(CDz2) and vs(CD2) bands only, a splitting of both bands was observed at
methylene groups close to the terminal methyl group. The split vas(CD2)
bands appeared close to ¥ = 2180 cm™ and 2165 cm™. Hsi et al. wondered
whether the splitting may be induced by crystal field splitting due to
intermolecular interactions with neighboring molecules. Isotopic dilution of
the deuterated compound in an excess of the perhydro-compound prevents
intermolecular CD: interactions while preserving packing properties of the
target compound. However, the spectra were not differing significantly
apart from intensity, and thus crystal field interactions were not accountable
for the splitting. As described in section 6.4.2, the H-substituted chains of
CuisIm* cations are in a liquid state.P!! This makes crystal field splitting
unlikely, as it requires high order and well-defined packing. Nevertheless,
the effect of isotopic dilution was tested for the Cislm-ds7*-based monolayer
on Au(111). In a single solution of CHCIs, both [CisIm-ds7][TfO] and
[CisIm][Cl] substances were dissolved in a molar ratio of 1:10. The
corresponding spectrum after LB transfer onto Au(111) is shown in
figure 7.3d. Due to the low surface concentration of the Cislm-ds7* cation,
absorptions are overall weak. However, a signal appears close to
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7= 2183 cm™, showing that interchain CD interactions are not responsible
for the origin of this absorption.

Finally, the [CisIm-ds7][X] was transferred from an 0.1 M KCl@g subphase
(Fig. 7.3e), yielding a monolayer with chloride as dominating counter-ion to
the amphiphilic cation. A very weak absorption band appears at
7 = 2183 cm™, while the band at ¥ = 2197 cm™ remains strong. This indicates,
that the high-wavenumber band originates “commonly” from vas(CD)
modes, whereas the lower wavenumber band is “special”. Obviously, the
anion has a great impact on interactions or packing of the alkyl chains.

As it is the case for v(CH2) resonance frequencies,'>173 also v(CD2)
resonance frequencies are influenced by the physical state of the alkyl
chain %219 2041 In solid structures, methylene units are arranged in all-trans
conformation, whereas liquid structures exhibit multiple gauche units.
However, for v(CD:2) modes, this effect is less pronounced. For example, in
lipids the melting of alkyl chains results in a hypsochromic shift of barely
AV =4 cm™ or less for vas(CD2).11%2 1% This is far too less to only account an
alkyl chain solidification for the band at ¥ = 2183 cm™, which is separated by
AV = -14 cm™ from the other vas(CD2) band.

Comparing the shape of the alkyl chain spectra of the [CisIm][X]
(Fig. 6.10b) and [CisIm-ds7][X] (Fig.7.3b) LB films on the Au(111) surfaces
reveals a striking similarity. In both cases, a band assigned to asymmetric
methylene stretching modes, vas(CHz) at 72926 cm™ and vas(CD2) at
722197 cm™, is followed by an intense mode on the lower wavenumber
side. In the perhydro-film, this mode is located ¥ = 2900 cm™ (A¥ = -26 cm™).
Based on literature, it was assigned to the overtone or binary combination
modes FR2, which originate from lateral interchain interactions of methylene
groups and are enhanced due to FR with vs(CH2) modes.'7 178171 In the
[Cislm-ds7][X] film, the mode of similar behavior appears at 7 = 2183 cm™
(A =-14 cm™). It cannot be excluded that this mode originates from FR
interactions. However, a FR interaction band has not been described in
literature at wavenumbers this high in IR absorption.[19>1% 202, 205]
Furthermore, the FR3 mode is in resonance with vs(CD2) modes and appears
at lower wavenumbers, ¥ = 2159 cm™ (A¥ = -38 cm™) in both ATR bulk and
PM IRRA surface spectra (Fig.7.3a,b). If the mode at ¥~=2183 cm™ is of
similar origin as the FR2 mode at ¥ = 2900 cm™ in the perhydro-analogues, it
should be severely quenched to the bulk-level when no lateral interchain
interactions of CD2 groups are possible. Nevertheless, the isotopic dilution
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experiment described above still proves the presence of this band (Fig. 7.3d).
Therefore, it is unlikely that the band at ¥ = 2183 cm™ originates from FR
interactions similar to the perhydro-film.

Influence of the Local Chemical Environment

One possible explanation for the nature of the band at ¥ = 2183 cm™ may
be the chemical environment. Both polarity and polarizability of solvents
significantly influence the resonance frequency and intensity of IR
absorption modes.! For example, Fawcett et al. have shown that vas(CDs)
and vs(CDs) bands of acetonitrile-ds shift monotonously with increasing
polarity of the solvent.?l The resonance frequency shifts bathochromically
for both modes, though to greater extent for vas(CDs) by up to AV = -25 cm™
in comparison to vs(CDs) by up to AV =-9 cm™. Kleeberg et al. have
investigated CDCls in solvents interacting by van der Waals forces only as
well as in H-bond acceptor solvents. For the latter, bathochromic shifts of up
to AV =-85.7 cm™ for the v(CD) mode were observed, whereas in van der
Waals solvents the shift spans up to A¥ = -27.7 cm™ with increasing polarity.
Both CDCls and acetonitrile-ds are small molecules and their CDx groups are
attached to electron-withdrawing groups. Similarly, the perdeuterated
octadecyl chain of the CisIm-ds»* amphiphile is attached to an electron-
withdrawing and cationic imidazolium substituent. However, apart from
carbon atoms in a- and (-positions, the electron-withdrawing effect is
negligible for the long alkyl chain, hampering the comparison to the
literature examples mentioned above.

In an interesting study, Cameron et al. shed new light on this issue.l'l
They have analyzed the amphiphilic phospholipid dipalmitoyl-
phosphatidylcholine (DPPC), in which different positions of the palmitate
chain were selectively deuterated (Fig. 7.4). Different resonant frequencies
are found along the alkyl chain. Due to the electron-withdrawing ester
group, vas(CD2) modes close to it resonate at high wavenumbers,
722215 cm™ and ¥ = 2198 cm™ for a- and B-positions, respectively. In the
middle section of the alkyl chain, vas(CD2) modes are found to decrease to
7 = 2182 cm™, and the resonance frequency decreases further to ¥ = 2171 cm™
when approaching the terminal methyl group. The frequency shift of vs(CD2)
modes is not monotonous.
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Figure 7.4: Tllustration of results obtained by Cameron et al.®¥ for the palmitoyl chain of
DPPC in lipid bilayer assemblies, selectively deuterated at different positions.
Only the palmate substituent is shown, R = phosphatidylglycerylcholine. The
wavenumber spans denoted in the figure comprise anhydrous and hydrated
DPPC as well as different temperatures. These conditions affect the spectra to less
extent than the position of selective deuteration does. Increasing temperatures lead
to disorder in the alkyl chain, which cause the appearance of gauche
conformations and raises the overall resonance frequency of the convoluted band.

Certainly, inductive effects of the carbonyl group do not affect the modes
of the middle and terminal sections significantly. However, the chemical
environment may have an impact on the resonance frequencies and
intensities of these modes. The middle section is much closer to the
hydrophilic and zwitterionic phosphatidylcholine part of the lipid than the
terminal section. Lipids are known to pack in lamellar bilayers, in which
hydrophobic tailgroups are directed toward each other and hydrophilic
headgroups to themselves.?” In effect, the ending section of the palmitate is
exposed to a far more apolar environment than the section close to the ester
group. This phenomenon is closely related to the nanosegregation of polar
and apolar segments found in the bulk of ILs (cf. Section 2.2).2!22 Similar to
the solvents effects described above, the polarity and polarizability of the
local environment may influence the resonance frequencies of vas(CD2)
modes. In the study of Cameron et al., the apolar segments exhibit lower
frequencies and the polar segments higher ones, which is in fundamental
contrast to the solvent effects as mentioned above. It may be proposed that
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the appearance of two vas(CD2) modes in the [CisIm-ds7][X] monolayer on
Au(111) (Fig. 7.3b-d) reflects a strong segregation of two lateral segments
within the film. In the segment directed toward air, an apolar domain
consisting of hydrocarbon chain fragments only is formed. In the segment
adjacent to the Au(111) surface, hydrocarbon chain fragments are present
along with the cationic headgroup and anions. This arrangement is typical
for LB films and in accordance with molecular dynamics simulations of
[CisIm][Tf2N] on water.[! However, if the whole palmitate substituents of
DPPC are perdeuterated, individual vas(CD2) modes will couple and give rise
to a convoluted band located at ¥ = 2193 cm™.'2 Therefore, a single band is
found in the ATR spectrum of the bulk compound before LB transfer
(Fig. 7.3a). On the other hand, the ordering and packing is not bulk-like in a
monolayer on the Au(111) surface.

To estimate the impact of different chemical environments, harmonic
vibrational spectra of a [Cislm-ds7][ClO4] ion pair were calculated in vacuo
and under the impact of solvents with the Polarizable Continuum Model
(PCM).2%1 Dielectric continua of water and heptane were employed to
simulate polar and apolar environments, respectively. The DFT calculations
were carried out by Thorben Petersen from working group of Thorsten
Kliiner, University of Oldenburg. We constructed an input geometry in
which the alkyl chain exhibits four gauche conformations, as roughly 30 %
of gauche conformations are found in liquid alkyl chains.'® Gauche
conformations often appear at methyl endings.l?” 21 As the ring group is
inclined toward the Au surface and the alkyl chain is oriented upward,
gauche conformations are also likely to be close to the headgroup.P? As
discussed in section 6.5, the perchlorate anion was positioned above the ring.
Besides this geometry and ion arrangement, others may exist on the surface.
However, the solvent or environment effect should affect the most
reasonable input geometries similarly, and a single conformer may serve to
study the effect of interest. The geometry-optimized structures in vacuo is
shown in figure 7.5. For the solvent models, the same conformation was
optimized. Cartesian coordinates for all structures are listed in the appendix
(Tabs 12.2-12.4).
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Figure 7.5: Optimized geometry of the [CisIm-d37][ClO4] ion pair in vacuo (PBEO-D3BJ/def2-
TZVP). H — white, C — grey, N —blue, O —red, Cl — green.

IR absorption spectra of the [CisIm-ds7][ClOs] ion pair in different
environments are compared in figure 7.6. The calculated v(CD) modes
described by resonance frequencies, integral intensities Iz, and relative
weights of individually displaced methyl and methylene groups in the alkyl
chain are listed in the appendix (Tabs 12.5-12.7).
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Figure 7.6: Calculated spectra of the [CisIm-d37][ClO4] ion pair in vacuo, as well as in heptane
and water solvent simulations (PBE0-D3B]J/def2-TZVP). The left axes correspond
to the wavenumber-dependent extinctions (red), which are the result of
convoluted Lorentzian modes with a fwhm =15 cm™. Absolute intensities of
individual modes are given in the from of the blue line spectra and reflected by the
right axes. The resonance frequencies were scaled by a factor of 0.9575.12101

It is evident, that the influence of the solvent model is rather subtle.
Intensity-weighted averages of vas(CD:2) and vs(CD:2) modes differ slightly
(Tab. 7.1). In line with the experimental solvent effects mentioned above,
both methylene stretching bands are bathochromically shifted in water
compared to hexane and vacuum. However, the difference in polarity is
huge, whereas the difference in resonance frequencies span only
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AV =-2 cm™. Interestingly, the IR intensity depends on solvent and is much
higher in water than in heptane, in which it is little higher than vacuum.

Moreover, the simulated spectra show features between the dominant
vs(CD2) and vas(CDz) band convolutions (Fig. 7.6). Distinct humps are seen at
V/cm™'= 2147, 2151, and 2158 for vacuum, heptane, and water
environments, respectively, and their intensity is given by vs(CD2z) modes in
a-position to the imidazolium ring. Due to the electron-withdrawing effect
of the cationic imidazolium moiety, the alkyl chain modes vs(CD2) and
vas(CD2) at a- and [-positions are hypsochromically shifted (Tab.7.2) in
contrast to other modes in the alkyl chain.

Table 7.1: Intensity-weighted averages and standard deviations of the calculated spectra of
the [CisIm-d37][CIO4] ion pair in vacuo, as well as in heptane and water solvent
simulations (PBE0-D3B]J/def2-TZVP). The wavenumbers were scaled by a factor of
0.9575.12101

7 /cm™

Mod
0ces Vacuum Heptane Water

vs(CD2) 2112 £ 11 2112 £ 11 211011
Vas(CD2) 2190 + 14 2190 + 14 2188 +11

This indicates that not all experimental features in between the major
vs(CDz2) and vas(CD2) bands (¥ = 2170-2120 cm™, Fig. 7.3) must be assigned to
FR interaction bands.

Table 7.2: Resonance frequencies v(CD2) modes in a- and [-positions to the imidazolium ring
in the calculated spectra of the [CisIm-ds7][ClO4] ion pair in vacuo, as well as in
heptane and water solvent simulations (PBE0-D3B]/def2-TZVP). The wavenumbers
were scaled by a factor of 0.9575.1210 Please, note that the vs(3-CDz) mode is mixed
with the vs(e-CD2) mode in vacuo and heptane, and thus two modes are given.

7/ cm™ (I;y / km mol™)

Mode Vacuum Heptane Water
vs(3-CD2) 2127 (12.6),2129 (5.3) 2129 (12.7), 2131 (6.8) 2132 (10.4)
vs(a-CD2) 2147 (17.3) 2151 (17.1) 2158 (17.8)
vas(p-CD2) 2207 (1.6) 2207 (2.9) 2205 (14.9)
vas(a-CD2) 2228 (3.6) 2233 (4.4) 2341 (6.0)

The harmonic frequencies calculation cannot show band perturbations by
resonance effects nor overtones or combination bands. For this, an
anharmonic frequency calculation is required. As the ATR bulk spectrum
does not show the special band, a two-dimensional film of packing according
to LB transfer parameters would be needed to be simulated on an Au(111)
surface. This is complex and not straight-forward but may yield insight into
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the nature of the band at ¥ = 2183 cm™ and rule out or confirm environmental
or FR contributions.

Infrared Spectra of the lonic Liquid with the Perdeu-
terated Aliphatic Chain at the Electrolyte|Au(111)

Interface

In situ spectra of the [Cislm-dx][X] monolayer on Au(111) in 0.1 M
KClOs4aq were recorded under similar conditions as for its perhydro-
derivative described in section 6.4. Raw spectra are shown in figure 7.7a and
exhibit only subtle differences for the v(CD) modes. Due to generally low
absorbances of the perdeuterated chains, the background correction was
challenging. Therefore, the corrected results (Fig.7.7b) are interpreted
qualitatively only. Difference spectra are not subject to any operator bias and
are shown for control in figure 7.7c.

Clearly, two vas(CD2) bands appear at ¥ = 2197 cm™ and ¥ = 2183 cm™, and
a weak vs(CD2) band is seen at ¥ =~ 2091 cm™ (Fig. 7.7b). The same resonance
frequencies as observed in the ex situ spectra (Section 7.1). Due to the low
signal-to-noise ratio, possible small changes in the resonance frequency as a
function of the electric potential cannot be tracked. As for the perhydro-
derivative (Section 6.4), predominantly the va(CD:2) bands decrease in
intensity upon polarization to negative potentials. In agreement with that,
the intensities of both modes, at 7=2900 cm™ (FR2) in the [CisIm][X]
monolayer and at ¥=2183 cm™ for the [CisIm-ds][X] monolayer, decrease
with decreasing potentials. However, whereas the FR2 mode in the
perhydro-film decreases more strongly in comparison to the vas(CHz) mode
(Fig. 6.12b), the mode at ¥ = 2183 cm! decreases parallelly with the mode at
7=2198 cm™ (Fig.7.7c). This indicates that both modes do not behave
similarly and are not of analogous origin, despite their analogue resonance
frequency as a band in between symmetric and asymmetric methylene
stretching modes. The vs(CD2) band follows this behavior, but to significantly
less extent. At U =-0.80 V, the intensities of the v(CD2) modes seem to vanish
completely, suggesting a fully erected all-trans chain (§=1, §=0°). In
comparison, an upward orientation (S = 0.6) was observed in the perhydro-
derivative (Section 6.4.2).IP2l Thus, a vertical orientation of perdeuterated
chains is not reasonable, but may result from an inaccuracy in the difficult
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background correction or an insufficient signal-to-noise ratio. Importantly,
the band positions do not vary with the potential, showing that the physical
state of the alkyl chain is preserved.
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Figure 7.7: In situ PM IRRA spectra of the [CisIm-d37][X] monolayer transferred from 0.1 M
KClOs (H20) on Au(111) in 0.1 M KCIOs (H20) measured at Vg =2200 cm™. a)
Raw spectra with potential ranges applied to the Au(111) electrode as indicated in
the figure. b) Background corrected spectra in absorbance units. ¢) Difference
spectra of raw signals in differential reflection units. Colors in b) and c) correspond
to higher (blue) or lower (red) intensities.
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As expected from the ex situ spectra (Section 7.1), the behavior of the
[CisIm-ds7][X] monolayer on Au(111) changes when transferred and studied
from/in the 0.1 M KClag solution. Raw situ spectra, under equal conditions
apart from the electrolyte composition, show only slight potential-

dependent changes (Fig. 7.8a).

b)

2300

Figure 7.8: In situ PM IRRA spectra of the [CisIm-ds7][X] monolayer transferred from 0.1 M
KCl (H20) on Au(111) in 0.1 M KCI (H20) measured at ¥y = 2200 cm. a) Raw
spectra with potential ranges applied to the Au(111) electrode as indicated in the
figure. a) Background corrected spectra in differential reflectivity units. c)
Difference spectra of raw signals in differential reflection units. Colors in b) and c)
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In background-corrected spectra, two vas(CD2) bands at ¥ =2198 cm™ and
7=2181 cm™, as well as a vs(CD2) band at ¥ = 2093 cm™ (Fig. 7.8b). Difference
spectra highlight that main changes occur for the va(CD:2) band at
7=2180 cm™, and to way less extent for the band ¥ =2198 cm™ (Fig. 7.8¢).
Both vas(CDz2) bands are most intense at U =-0.05 V. When sweeping to both
more positive (U =0.45V) and more negative potentials (U =-0.80 V), the
band at ¥=2180cm™ almost vanishes. On the other hand, the band
7=2198 cm™ seems to retain its intensity upon sweeping to positive
potentials, whereas it loses intensity during negative polarizations. The
almost independent behavior of both vas(CDz) bands supports that different
chain segments may be involved. Interestingly, symmetric bands are only
slightly affected by potential changes.

Refinement in the Molecular Scale Picture for the

Aliphatic lonic Liquid

The molecular scale picture deduced from investigations of the perhydro-
analogous 0.1 M KClOxaq) | [CisIm][X] | Au(111) system shall be advanced by
results gained from the [CisIm-ds7][X] film. As described above, both the
modes at ¥ = 2197 cm™ and at ¥ = 2183 cm™ are ascribed to asymmetrical CD:
stretching vibrations in different environments. Following the trend of the
DFT calculation in solvent models and experimental findings in solvents, the
lower wavenumber mode at ¥=2183 cm™ is ascribed to the polar
environment, leaving the apolar environment for the mode at ¥ = 2197 cm™.
Intensity changes of these modes may result from two causes:

(i) The average tilt of a chain fragment in one of the domains may
change, leading to intensity enhancements or attenuations according
to the MSSR.

(i) The number of methylene groups present in one domain may vary.

Both causes may depend on the applied electrode potential and
counteract each other, leading to changes which may be invisible in the PM
IRRA spectra. A quantitative study with ascription of a specific number of
methylene units to one phase is not straight-forward, as the chemical
environment influences the extinction coefficient (Fig. 7.6). In the simplest
assumption, the film is laterally homogeneous. The content of water and ions
within the segregated domains must be considered. Polar domains are likely
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to be close to the cationic headgroup and richer in water and anions, whereas
apolar domains must lack water and ions. Moreover, the nature of the anions
strongly influences the supramolecular behavior of the film. Fundamentally
different properties distinguish the chloride and perchlorate ions:

(i) Chloride anions are solvated by a primary hydration shell. They are
more kosmotropic than perchlorate ions and stabilize hydrogen
bonds.21

(ii) In contrast, perchlorate ions are chaotropic and weaken H-bond
structures.?'!l They are less solvated and adhere to organic matter.

(iii) Chloride anions are known to specifically adsorb on Au(111),[15+15
which may have a severe impact on the behavior of the [CisIm-ds7][X]
on the Au(111) surface.

(iv) On the other hand, perchlorate ions only weakly adsorb,i! 157
leaving dominating electrode interactions to the imidazolium
headgroup.%7. 101, 127]

In the following, three limiting states will be considered, which are
summarized in table 7.3 together with in situ PM IRRA observations for both
electrolytes. Please, note that U=0.05V corresponds to the capacitance
minimum of the 0.1 M KClOs@q) | [CisIm][X] | Au(111) system (Section 6.3). As
no vas(CD2) band increases while the other one decreases in intensity and vice
versa (Figs 7.7 and 7.8), spectral changes are likely to originate from changes
in the average tilt angle of a chain segment, in contrast to redistribution of
methylene segments among polar and apolar domains. Considering the
MSSR, strong bands indicate alkyl chains inclined toward the Au surface and
weak bands suggest erected chains.

Table 7.3: Observations concerning the two vas(CD2) bands in in situ PM IRRA experiments of
the [Cislm-ds7][X] film on Au(111) in different electrolytes at three potentials of
limiting behavior (Figs 7.7 and 7.8).

U/V 0.1 MKClO4g) 0.1 M KClag)
The apolar band is strong.
The polar band is not visible.

0.45 Both bands are strong.

-0.05 Both bands are most intense. Both bands are most intense.

-0.80 Both bands are not visible. The apolar band' ° stror.1g.
The polar band is not visible.

First, the 0.1 M KClOsqaq electrolyte system is interpreted. Bands
corresponding to both polar and apolar domains in the [CisIm-
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ds7][X]| Au(111) are strong at U =0.45 V and U =-0.05 V. As proposed for the
perhydro-system (Section 6.5), an aggregated structure is likely and
methylene groups in both domains are tilted (Fig. 7.9a,b). The apolar domain
is formed by coiling alkyl chains to maximize energy gained by dispersive
interactions. In the polar domain, perchlorate anions are located close to the
imidazolium ring and water molecules are present. At U = 0.45 V, both bands
are slightly less intense than at U =-0.05V, which may be due to a partial
erection of chain fragments in order to make space for perchlorate ions
moving into the film to screen the increased electrode surface charge. At
negative potentials, both bands vanish, indicating and erection of both
bands. As deduced for the CisIm*-film (Section 6.5), this may be required to
screen the electrode charge by perchlorate ions flowing away from the
electrode and potassium ions entering the film. However, after this ion
transfer, the apolar domain could coil up again and would show visible
signals then in PM IRRAS. As known from charge-oscillating nature of
HTMS, neat ILs and IL-water solutions mentioned in section 3.3, at more
extreme polarizations, a cationic surface layer is likely to be followed by an
anionic second layer. The driving force of screening the cationic layer acts
against the van der Waals energy gain of coiled alkyl chains. Due to the
chaotropic nature of perchlorate ions, they can penetrate into the apolar
segment without water and attach to the alkyl chains (Fig.7.9c). Their
interaction with alkyl chains partially compensates the energy which would
be gained in a pure alkyl chain aggregate.

In the 0.1 M KCl@g | [CisIm-ds7][X] | Au(111) system, the spectra are similar
to the 0.1 M KClOs@q electrolyte system at U=-0.05V. Thus, also the
structure of the monolayer may be similar. Alkyl chains in both polar and
apolar domains are proposed to be tilted (Fig. 7.10b). Either the imidazolium
ring, the chloride anions, or both of them are specifically adsorbed on the
Au(111) surface. Upon polarization to negative potentials, chloride anions
desorb form the Au surface and may leave the film, while hydrated
potassium cations penetrate into the polar domain, causing the alkyl chains
therein to erect and create space. In contrast to the perchlorate anions,
chloride anions are more hydrated and kosmotropic. Chloride ions within
the apolar segment are energetically unfavorable and their interaction with
the alky chain may not yield enough energy to withstand the formation of
an apolar coiled aggregate (Fig. 7.10c). Consequently, the anionic layer may
be situated above the electrolytelfilm interface, farther away from the
electrode surface in comparison to perchlorate ions. Polarization to positive
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potentials may lead to an inverse effect. Yet, the cohesive energy is too strong
to desorb single Cislm-ds7* cations. Instead, chloride ions penetrate into the
film and find space in the polar chain segment close to the cationic
headgroup, when all sites on the Au(111) surface for specific adsorption are
occupied (Fig. 7.10a).
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Figure 7.9: PM IRRA spectra (left) and molecular scale scheme (right) of the 0.1M
KClO4ag) | [C1sIm-d37][X]| Au(111) system at different potentials: a) U=0.45V, b)
U=-0.05V, and ¢) U=-0.80 V. Note that van der Waals radii are used for the
different atoms. The use of ionic radii would imply that no solvation shell is
present, whereas hydrodynamic radii suggest a complete hydration shell.
However, the hydration number of ions close to the electrode and in the organic
film is unknown.
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Figure 7.10: PM IRRA spectra (left) and molecular scale scheme (right) of the 0.1M
KClag | [CisIm-d37][X] | Au(111) system at different potentials: a) U=0.45V, b)
U=-0.05V, and c) U=-0.80 V. Note that van der Waals radii are used for the
different atoms. The use of ionic radii would imply that no solvation shell is
present, whereas hydrodynamic radii suggest a complete hydration shell.
However, the hydration number of ions close to the electrode and in the organic
film is unknown.
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8.1

8 Assignment of C-H Stretching Modes in 1-
Ethyl-3-Methylimidazolium-Based lonic
Liquids

1-Ethyl-3-methylimidazolium-based ILs were subject to many vibrational
spectroscopic studies and thus have a model character. Therefore, the 1-
ethyl-3-methylimidazolium triflate [C2Im][TfO] IL is used to the study the
interactions of ILs in aqueous solutions in the following chapter 9. However,
the detailed assignment of IR absorption bands in neat [C2Im][TfO] as well
as in its solutions is complicated and not straight-forward. Usually, the
aromatic imidazolium ring CH stretching vibrations were focused on and
debated with anharmonic frequency DFT calculations as well as
experiments.l 151175177, 2121 Grondin et al. presented anharmonic frequency
calculations for C2Im* cations with different degrees of deuteration at the
ring C-atoms. To explain spectral features for IR absorptions at ¥ >3050 cm™,
they also calculated FR interaction with overtones and combinations of the
in-plane ring modes Ri and Ra.. Unfortunately, no FR interactions were
calculated for alkyl CH stretching vibrations. They were neglected in these
studies, and sometimes assigned in a coarse and summarized manner to
alkyl stretching.l28 7. 2131 Nevertheless, it should be noted that alkyl chains
are an important structural motif that introduces asymmetry into ILs, leads
to nanosegregation phenomena, and thus fundamentally distinguish ILs
from classical molten salts.

Electronic Impact of the Imidazolium Ring on Aliphatic

C-H Stretching Modes

Electronic effects of the imidazolium ring were proposed to severely
affect the vibrations of the ethyl chain.®* Experimental IR spectra of
[C2Im][TfO] deviate significantly from their longer chain homologues, which
is illustrated in spectra by Kiefer et al. (Fig.8.1A).34 In spectra of
[CasIm][TfO] ILs, the alkyl CH stretching band positions and intensities

8.1 Electronic Impact of the Imidazolium Ring on Aliphatic C-H Stretching Modes
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follow a clear trend and leave no doubts for their assignment. In contrast to
its higher homologues, the intensity of the band at ¥ =2990 cm™ in the ethyl
derivative is weak. Kiefer et al. assigned this bands to both vas(C-CHs) and
vas(N-CHs) modes.?l On the other hand, intensities of the IR absorption
modes in the aromatic v(CH) spectral region are significantly higher. Kiefer
et al. compared the behavior of these n-alkyl-methylimidazolium triflates to
n-alcohols of similar chain lengths.**l Again, the IR spectrum of the ethyl-
derivative deviates from the trend given by alcohols with longer alkyl chains
(Fig. 8.1B). However, the vas(C-CHs) mode intensity and resonance frequency
is similar to the ones of longer alcohols and thus, the authors reasoned that
just the prolongation of the alkyl chain cannot explain the anomalous
behavior in [CIm][TfO]. Consequently, they concluded that the charge
redistribution due to the positively charged imidazolium ring affects the
terminal C-CHs group. This effect should be negligible in [CasIm][TfO] ILs;
because of the spatial separation by the methylene groups, the terminal
methyl group should not be significantly affected by the ring moiety.
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Figure 8.1: FTIR spectra of A — [CaIm][TfO] and B — n-alcohol derivatives by Kiefer et al.>4
Copied with permission from Elsevier.

Ethyl groups in both [CoIm][TfO] and ethanol are bound to a
electronegative atom. IR spectra of both compounds hint for intriguingly
different vibrational properties concerning the vas(C-CHs) mode.’ To
elucidate this, harmonic frequency calculations were conducted for the
C2Im* and ethanol molecules. Unscaled harmonic frequencies, IR intensities
(I1r), force constants, and reduced masses are shown in table 8.1. Cartesian
coordinates of the optimized ethanol and C2Im* molecules are given in the
appendix (Tabs 12.8 and 12.9, respectively).
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Table 8.1: Properties of vas(ethyl) modes in harmonic frequency calculations of ethanol and
CaIm* molecules (B3LYP-D3BJ/6-311++G(d, p)).

Molecule  Mode 7 /cm™ Iig / km mol! £ /Ncm? m/gmol!

Ethanol vas(CHa) 3106 33.43 6.27 1.103
vas(CHa) 3100 30.49 6.23 1.101
vas(CH>) 3004 52.68 5.89 1.108

CaoIm* vas(CH2CHs) 3135 8.01 6.41 1.108
vas(C-CH3s) 3124 6.14 6.34 1.102
vas(CH2CH3) 3110 2.67 6.30 1.105

Although both ethyl groups are bound to electronegative O or N atoms,
their vas(CH) modes exhibit fundamentally different characteristics. Whereas
separate vas(CHs) and vas(CH2) modes with significantly different force
constants (Tab. 8.1) appear in ethanol, these modes are mixed in the CoIm*
cation. In this cation, one vas(C-CHs) and two vas(CH2CHs) modes with
similar force constants are present. The relative weights of deflected groups
are almost equal in both out-of-phase and in-phase vas(CH2CHs) modes
(Fig. 8.2). This behavior was also a result of calculations, e.g. by Heimer et
al.;’2l or Grondin et al.’5!, but it has not been discussed in detail.

vas(CH,CHj3) out of phase vas(CH,CH3) in phase

/ N

Figure 8.2: Mixed asymmetric stretching vibrations in the ethyl group of the CoIm* cation.

Indeed, the electronic structure can be accounted for these spectral
differences. C-H bond lengths and natural bond orbital (NBO) charges (Q) in
both calculated ethyl groups are compared in table 8.2. In ethanol, the C-H
bond lengths are around 109.2-190.3 pm in the CHs group and with 109.8 pm
significantly larger in the CH2 group. In contrast, all ethyl C-H bond lengths
are close to 109.0-109.2 pm in the C2Im* cation. The NBO analysis is used to
characterize the charge distribution in molecules. In ethanol, the H atoms in
the methylene group are less positively charged than in the methyl group

8.1 Electronic Impact of the Imidazolium Ring on Aliphatic C-H Stretching Modes
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(AQy =-0.05e). However, in the Cim* cation the NBO charge of the
methylene H atoms is more positive and lies in between the charges of the
methyl H atoms (Qy =-0.22 e). This difference can be explained by the
mesomeric effect with free lone pairs of the O atom, which donate charge
density to the antibonding orbitals of the methylene C-H bonds and thus
elongate them. In imidazolium rings, electrons forming (formal) m-Orbitals
contribute to aromaticity and are not available for donation. Inductive effects
of the electronegative N atom and the overall positively charged ring group
withdraw electron density and shorten the C-H bond lengths of the
methylene group. Similar bond lengths in C-H groups coincide with similar
force constants. As reduced masses do not differ greatly (Tab. 8.1), single C-
H vibrations of the CHz and CHs groups are degenerated and mix. Elongated
alkyl chains may decouple methyl and N-CH: groups, and thus change the
vibrational nature of the system, which is in line with the conclusion of Kiefer
et al.l34

Table 8.2: C-H bond lengths and NBO charges in the ethyl group of optimized ethanol and
Cz2Im* molecules (B3LYP-D3BJ/6-311++G(d,p)). The bond(s) and atoms of interest
are marked red in the “Species” column.

Species Bong length / pm Qu/e Qc/e
Ethanol Colm?* Ethanol Colm?* Ethanol Colm?*
H H
z N H 109.340 109.133 0.200 0.236
" nor 0592  -0.588
\&H 109.241  109.166* 0.203 0.214*
H H
H, H
’ X H  109.836  109.043* 0.148 0.219* -0.023 -0.167
H H

*Due to Cs symmetry, the H atoms out of the O-C-C plane exhibit the same distance in ethanol
within the methylene or methyl group, respectively. Symmetry is broken in the nonplanar
CaIm* cation, and thus averaged values are reported for the H atoms out of the N-C-C plane.

Electronic effects of the electronegative imidazolium ring cause a mixed
vibrational behavior. It is required to understand the vibrations of the CoIm*
cation, as these mixed modes may severely impact their coupling.
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8.2

Experimental C-H Stretching Modes of N-CH3 Groups in

Alkyl-Methylimidazolium-Based lonic Liquids

An overview of some literature attempts to assign certain modes in
different C2Im* ILs with weakly or not strongly coordinating anions is given
in table 8.3. The IR and Raman spectra of these ILs are similar regardless of
the used anions in the 2800 cm™ < ¥ <3050 cm™ spectral region.l>%71 Despite
the fact that all cited examples were aided by harmonic frequency
calculations, the assignments differ strongly. In some cases, results of
(scaled) harmonic frequency calculations were grossly neglected. For
example, this lead to the doubtful assignment of the vas(C4,5-Hz2) mode to the
experimental IR/Raman absorption bands at ¥ = 2990/2997 cm™ by Singh et
al., while ¥ = 3105 cm™ in their scaled harmonic calculation.*

Table 8.3: Literature assignments of aliphatic v(CH) modes in CoIm*based ILs, sorted
according to anionslreferences],

Assigned ¥ / cm™

Mode PFs3  THENGS THENB TFO-9) TfOB4  BFs1
vs(C-CHs) 2878 2950 3000 2837 sgogee | 2388:28%0
vs(N-CHs) 2917 2970 2970 2770 2938
vs(CHz) 2942 2990 2890 2872 2950
vas(CHz2) 2970 2956

2970, 2990***
vas(C-CHs) 2952 3050 + 30* 2930

2990**

vas(N-CHz) 3115 2958, 2971 3112

*  These vas(CH) bands are not observed. According to the authors, the bands are explicitly
supposed to be masked by the v(C2-H) band.F’]

** C-CHs and N-CHs groups were not distinguished. 3

** Of three vibrations denoted as “Ethyl HCH asym str” one is unassigned.?®?

In the following, a more detailed assignment of v(CH) IR absorption
bands in [C2Im][TfO] is attempted. As found in the harmonic calculations of
Grondin et al.l'®l eight fundamentals for the CH alkyl stretching vibrations
are expected for one C2Im* conformer: two vas(N-CHs) modes, two almost
equally mixed vas(CH2CHs) modes (in phase and out of phase), and the
following single modes, vas(CHs), vs(CHz), vs(C-CHs), vs(N-CHs). The assign-
ment of v(N-CHs) bands can be aided by experiments and literature. The IR
spectrum of [C2Im][Tfo] resembles the one of [C2Im][Tf2N] in the 2800 cm™
<¥ <3000 cm™ spectral region.s! As shown by Hofft et al., the IR spectra of
crystallized and frozen [CoIm][Tf2N] hint for much more bands in this region,
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which merge in the liquid.?”® Unfortunately, they did not analyze the alkyl

modes.

A comparison between ATR IR spectra of [CoIm][TfO] (Fig. 8.3a) and
[CisIlm-ds7][T£O] (Fig. 8.3b) facilitates the assignment from experimental side.
As the octadecyl-ds7 chain in [Cislm-ds7][TfO] cannot contribute to the alkyl
v(CH) region, bands present there must originate from the non-deuterated
N-CHs group. Two N-CHs-related bands appear at ¥=2886 cm™ and
722965 cm™ in the spectrum of [Cislm-ds7][TfO] (Fig. 8.3b). For reference,
the v(CHs) modes in elongated alkanes are observed at ¥ / cm™ =2870 —
vs(CHs), 2931 — vir(CHs), 2952 and 2962 — both vas(CHs).I'7? Higher C-H force
constants may be the result of the electron withdrawing effect of the
positively charged imidazolium ring and lead to a hypsochromic shift in

resonance frequencies (Section 8.1).
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Figure 8.3: ATR IR spectra of neat a) [C2Im][TfO] (red) with a magnified and offset second
derivative (blue) in the alkyl v(CH) region and b) [CisIm-ds7][TfO].

In literature, the band around ¥=2970 cm™ is ascribed to symmetric
stretching vibrations in aliphatic groups in helium nanodroplet isolated IR
spectra of [C2Im][Tf2N] ion pairs by Obi et al.#”l Cooper et al. assigned this
signal to the undistinguished vs(N/C-CHs) band(s) in vapor-phase jet-cooled
IR spectra of [C2Im][Tf2N] ion pairs.?”) Chatzipapadopolous et al. ascribed
this band to the vs(N-CHs) mode in time-resolved coherent anti-Stokes
Raman scattering (CARS) spectra of methyl/ethyl/octyl-methylimidazolium
Tf2N- ILs.I® These authors assume the corresponding asymmetric stretching
vibrations to resonate in the 3000 cm™ <# <3100 cm™ spectral region.
Following their assignment of the vs(N-CHs) band, the band at ¥ = 2886 cm™
in the [Cislm-ds7][TfO] IL is likely to originate from an overtone or binary
combination of O(N-CHs) modes. Nevertheless, aliphatic stretching

vibrations at wavenumbers this high are unusual.
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1,3-dimethylimidazolium (Cilm*) ILs may yield further useful
information (Tab. 8.4). Experimental IR or Raman bands around ¥ /cm™
=3035, 3001, 2971, 2940 and 2874 are reported in most listed cases. The
number of bands hints for possible FR interactions, leading to enhanced
overtone or combination modes in the CH stretching region. Endo et al.
studied [CiIm][PF¢] at different temperatures in liquid and two crystalline
states.[214. The CiIm* cation itself exhibits no conformational isomerism, and
thus packing of ions with respect to each other in a and {3 crystals must be
different, which causes the difference in their Raman spectra (Tab. 8.4).
Interestingly, the intensity and frequency pattern of the methyl bending
modes matches well with the pattern of their stretching modes, which
indicates that the environmental of the imidazolium cation influences
stretching and bending modes in similar ways.

Table 8.4: Bands found in the aliphatic v(CH) spectral region of 1,3-dimethylimidazolium

compounds.
Anion!Reference] 7 / cm1
T{O-1215] 2968 s 2943 sh 2864 m 2770 w
THN1% 3033 w 2969 vs 2939 sh n.s.
PFs, liquid, 373 K214l 3039 br 3001 sh 2973 vs 2938 sh 2872 w n.s.
PFs, liquid, 313 K214l 3035 br 3001 sh 2974 vs 2938 sh 2871 w n.s.
PFs7, a crystall?14l 3035w 2999 w 2974 vs 2867 w n.s.

PFe, 3 crystal2i4l 3059 w 3034 w 3007 w 2977 s 2942w 2888 w ~2850 n.s.

n.s. — spectral region not shown.

A study of Huang et al.”®l sheds light on methyl FR interactions. They
used experimental and theoretical techniques to examine vibrational spectra
of methylamine, dimethylamine, and trimethylamine as monomers and in
small clusters. Methyl stretching/bending FR interactions in methylamines
neither depend on the size of the cluster nor on coupling of individual
methyl groups attached to the N atom. The resonance frequency of the vs(N-
CHs) mode was found to determine the complexity of the spectrum. In
trimethylamine, the vs(N-CHs) mode is shifted “outside the FR window”.[2¢]
The resonance frequency of the vs(N-CHs) fundamental can probably be
accounted to electronic effects, which depend on the substitution pattern of
the N-atom. If the insignificant methyl-methyl coupling can be transferred
to 1,3-dimethylimidazolium-based ILs, N-bound methyl groups in the latter
may yield similar patterns in longer n-alkyl-methylimidazolium cations.

8.2 Experimental C-H Stretching Modes of N-CH3 Groups in Alkyl-Methylimidazolium-
Based lonic Liquids

123



8.3

124

Concluding the discussion above, both bands at ¥ =2965cm™ and
7 = 2886 cm™ must undoubtedly be assigned to the N-CHs group in [CisIm-
ds7][TfO], and therefore probably in [C2Im][TfO], too.

Assignment of C-H Stretching Modes by Anharmonic

Frequency Calculations of the C,Im™* Cation

Overtone and binary combination modes enhanced by FR interaction
with fundamentals certainly influence the spectra of alkyl moieties.['7!-173 178,
271 They must be considered for vibrational assignment in experimental
spectra. Vibrational modes are strongly affected by the molecular structure.

For a frequency calculation, a molecular geometry must be specified.
Umebayashi et al. showed that two conformers of the 1-ethyl-3-
methylimidazolium cation can be found in single crystals with different
anions.”®! In the most abundant nonplanar CoIm* conformer the ethyl chain
is oriented in a C(2)-N(1)-C(6)-C(7) dihedral angle of 105 ° (C(6) and C(7)
correspond to the methylene and methyl group of the ethyl chain,
respectively). In contrast, the ethyl chain is only tilted by 15 ° out of the ring
plane in the (almost) nonplanar conformer, which is less abundant. Their
DFT and ab initio calculations indicate two local geometry minima for above
mentioned dihedral angles of 0 ° and ca 110 ° for a C2Im* cation in vacuo.
Supported by harmonic frequency calculations, they could assign two
distinct modes in the far IR region, each belonging to one conformer.
Consequently, both planar and nonplanar C2Im* conformers are present in
the liquid phase, but the latter to much greater extent.

Therefore, an anharmonic frequency calculation including resonances
was conducted using the generalized second-order vibrational perturbation
theory (GVPT2) formalism for the most stable, nonplanar C2Im* cation. For
far less computational cost in comparison to electron correlation
incorporating Meller-Plesset or coupled cluster post-HF methods,'¥”! DFT
methods were shown to predict successfully ground- and excited-state
equilibrium structures.?’’l However, the choice of the density functional and
basis set may strongly influence the results.?”) The B3LYP functional was
shown to yield best anharmonic corrections in a benchmark study.?
Furthermore, a proper description of electron correlation for dispersive
interactions is required to achieve so-called chemical accuracy, which is
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incorporated in DFT parametrically. The wB97X-D functional exhibits long-
range dispersion interaction corrections, and Singh et al. propagated the use
of this functional for the description of the [CoIm][TfO] IL.1%* 220 Furthermore,
empirical dispersion correction may be used in conjunction with the B3LYP
functional (D3BJ). A 6-311++G(d,p) triple-C basis set was used for all
calculations. Cartesian coordinates of nonplanar and planar C.Im* cations,
optimized on the different levels of theory mentioned above, are given in the
appendix (Tabs 12.9-12.12).

It must be emphasized that all calculations in this work and others!® 353
151] were executed for single ions, ion pairs, or small clusters in vacuo, and
their comparison to experimental spectra is not always possible. For
example, two asymmetric stretching vibrations are expected for methyl
groups. For single molecules in gas phase and in crystals, these two modes
can be identified separately in experiments.'””l However, chemical
interactions and subtle rotations in liquid phase broaden the absorption
bands and yield a single vas(CHs) band convoluted by two individual
vas(CHs) modes.l'7? In addition, intermolecular interactions in the liquid may
substantially influence the geometry, and thus mode intensities and
resonance frequencies. As aromatic v(CH) modes were shown to be
significantly affected by intermolecular interactions, 151175177, 2121 and they
will be discussed apart from the less sensitive aliphatic v(CH) modes.[?-28 2201

Assignment of Aliphatic C-H Stretching Modes in the CaIm™* Cation

Aliphatic v(CH) modes are significantly weaker and less well resolved in
IR spectra than in Raman spectra of liquid [C2Im][TfO].?-2I Thus, the latter
are used for the primary band assignment and to judge the quality of the
calculated resonance frequencies and intensities (Raman activities, Ipaman)
(Fig. 8.4). Corresponding IR spectra are shown in figure 8.5. For the B3LYP-
D3B]J/6-311++G(d, p) calculation of the nonplanar C2Im* cation, harmonic and
anharmonic modes as well as overtones and binary combinations in FR are
shown in tables 8.5 and 8.6, respectively, in the v(CH) spectral region.

8.3 Assignment of C-H Stretching Modes by Anharmonic Frequency Calculations of the
C2Im™* Cation
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Figure 8.4: Raman spectra in the v(CH) spectral region: a) Spectrum of [C2Im][BF4] (digitized
from Heimer et al., %2 copyright permission from Elsevier) and the calculation from
d); b-d) frequency calculations (DFT/6-311++G(d,p)) of the CoIm* cation in vacuo.
b) Harmonic spectra scaled by 0.95725P2 for wB97X-D and 0.9679122! for B3LYP
and B3LYP-D3B]J functionals. ¢) Anharmonic spectra. d) Anharmonic spectrum
(left axis) with line spectrum of individual modes (right axis). Curves in calculated
spectra present the Lorentzian-distributed sum spectrum with fwhm =18 cm™.
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Figure 8.5: IR spectra in the v(CH) spectral region: a) Spectra of frozen [C2Im][Tf2N] (digitized
and adapted with permission from O. Hofft, S. Bahr, V. Kempter, Langmuir 2008,
24, 11562-11566.2131 Copyright 2008, American Chemical Society.), liquid
[C2Im][TfO], and the calculation from d); b-d) frequency calculations (DFT/6-
311++G(d,p)) of the Cam* cation in vacuo. b) Harmonic spectra scaled by
0.957252201 for wB97X-D and 0.967912211 for BALYP and B3LYP-D3B]J functionals. c)
Anharmonic spectra. d) Anharmonic spectrum (left axis) with line spectrum of
individual modes (right axis). Curves in calculated spectra present the Lorentzian-
distributed sum spectrum with fwhm =18 cm™.
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Harmonic calculations have already been used to assign vibrational
bands in C2Im*-based ILs,%>%71 and shall be featured briefly. The comparison
of experimental spectra (Figs 8.4a,8.5a) with scaled harmonic frequency
calculations (Figs 8.4b,8.5b) only yields a coarse agreement. In the Raman
spectra, the most intense band at ¥ =2970 cm™ can be correlated to the most
intense calculated mode, vs(N-CHs) (Tab. 8.5). Similarly, the second most
intense band at ¥ =2950 cm™ may be assigned to the vs(C-CHs) mode. As
discussed in section 8.2 and shown in table 8.3, harmonic calculations lead
to a versatile and sometimes arbitrary band assignments. In general, the
harmonic aliphatic v(CH) modes were predicted to be more intense than
aromatic v(CH) modes in Raman spectra. This is reversed for IR spectra and
in agreement with experimental results for both techniques (Figs 8.4a,b and
8.5a,b; Tab. 8.5). The employed density functional methods give slightly
varying harmonic spectra, however none of them exhibits a significant
advantage for band assignment. Similar harmonic spectra are obtained for
the planar C2Im* conformer (Figs 8.4b,8.5b).

Table 8.5: Fundamental modes in simulated vibrational spectra of the nonplanar C2Im* cation
in the v(CH) spectral region (B3LYP-D3B]/6-311++G(d,p)).

Harmonic Anharmonic

¥ e/ el ¥ e/ el
Mode cm! As km mol? cm! As km mol?
vs(C4,5-Hz) 3292 0.55 8.99 3175 0.29 20.12
v(C2-H) 3278 0.12 32.58 3154 0.37 9.12
vas(C4,5-Hz) 3274 0.20 16.38 3148 0.22 13.63
vas(N-CH3s) 3166 0.24 041 3034 0.28 1.41
vas(CH2CH3) 3151 0.33 0.22 3012 0.29 0.75
vas(N-CH3s) 3135 0.06 8.01 3007 0.10 11.42
vas(CH2CH3) 3124 0.52 6.15 2997 0.34 7.03
vas(C-CHs) 3110 0.41 2.67 2965 041 0.50
vs(CH?) 3080 0.48 5.61 2980 0.12 5.49
vs(N-CHs) 3070 0.98 3.60 2963 0.51 1.10
vs(C-CHs) 3047 0.90 3.06 2949 0.90 0.98

It is evident that many experimental features at ¥ / cm™ = 3132, 3114, 2930,
2888, 2838, 2760 are not given by the harmonic calculations of Raman spectra,
and neither in similar regions of IR spectra at ¥/ cm™ = 3123, 3113, 3104,
<2920. FR interactions are sensitive to intramolecular as well as
intermolecular interactions,['”® 222l and in the liquid phase the latter deviate
strongly from the gas phase behavior. Nevertheless, anharmonic frequency
calculations yield a far better description for the spectral modes for both
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Raman and IR spectra (Figs 8.4a,c and 8.5a,c). The overlap of the calculated
spectrum of the C2Im* cation in gas phase with the experimental spectrum
recorded for associated cations in liquid phase is surprisingly good.

Considering the strongest Raman modes at ¥ =2970 and 2950 cm™ (Fig.
8.4a,c), the B3LYP functional matches best, whereas the wB97X-D functional
describes a different intensity pattern. This functional also fails to predict the
correct position of the FR interactions modes with the aromatic v(CH) modes
at ¥>3050 cm™, which is elaborated in section 8.3.3. The intensity shape in
the Raman spectrum around ¥ = 2950 cm™ is only given for the more stable
nonplanar C2Im* conformer (Fig. 8.4d). This is in agreement with results of
Umebayashi et al.[*'®]

Table 8.6: FR interacting modes in simulated vibrational spectra of the nonplanar C2Im* cation
in the v(CH) spectral region (B3LYP-D3B]/6-311++G(d,p)).

Overtone or Fundamental(s) in v/ Ipaman / Iir /
Combination FR cm™! As km mol!
2R vs(C4,5-Hz) 3114 0.06 0.78
Ri+ R v(C2-H) 3106 0.01 2.98
2R> v(C2-H) 3084 0.09 2.83
O(CH2CH3) + Ri vas(CH2CHz) 3032 0.00 0.30
O(CH2CH3s) + Re vs(CH>) 3022 0.05 0.15
O(CH2CH3s) + Re vs(CH>) 3004 0.00 0.61
0s(N-CHs) + R1 vs(N-CHs5) 2992 0.07 0.15
0s(N-CHs) + R2 vs(N-CHs) 2981 0.05 0.03
20as(N-CHs) vs(N-CH3s) 2935 0.10 0.45
20(CH2CHs) vs(CHz), vs(C-CH3) 2927 0.16 0.70
20(CH2CHs) vs(C-CHs) 2908 0.02 0.16
O(CH2CH:) + d(CH2CHs)  vs(CHa), vs(C-CHs) 2898 0.01 3.10
20as(N-CHs) vs(N-CHs) 2893 0.01 0.50
20as(C-CHs) vs(C-CHs) 2868 0.21 0.56
20s(N-CHs) vs(N-CH3s) 2821 0.10 0.21
20s(C-CHs) vs(C-CH:) 2769 0.12 0.08

The anharmonic spectrum of the nonplanar C2Im* cation calculated on the

B3LYP-D3BJ/6-311++G(d,p) level of theory is analyzed in detail (Figs
8.4d,8.5d; Tabs 8.5,8.6). By matching the spectra via their intensity patterns,
three in the 2700cm™
<¥<2900 cm™ spectral region can be assigned to FR interaction bands
(Fig. 8.4a,d), i.e. at ¥/ cm™ =2760 — 20s(C-CHs), 2838 — 20s(N-CHs), 2888 —
20as(C-CHs) (Tab. 8.6). The shoulder at ¥ =2930 cm™ may be assigned to the
20s(CH2CH3s) mode.

characteristic experimental Raman bands

8.3 Assignment of C-H Stretching Modes by Anharmonic Frequency Calculations of the
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These assignments are in line with experimental Raman spectra of
[Cosulm][BFs] ILs reported by Heimer et al.®?l (Fig.8.6): The band at
¥ =2760 cm™ shifts bathochromically upon prolongation of the alkyl chain
from ethyl to butyl, whereas its intensity remains almost constant. Electron-
withdrawing effects of the imidazolium ring affect the methyl group less in
butyl than in ethyl substituents and thus slightly longer C-H bond lengths
are expected, which in turn should lead to bathochromic shifts. Thus, it is
reasonable that this mode is related to the C-CHs group. On the other hand,
the mode at 7=2838 cm™ changes neither its intensity nor resonance
frequency and thus belongs to the N-CHs group.
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Figure 8.6: Raman spectra of [C2Im][BF4], [CsIm][BF4], and [CsIm][BF4] in the v(CH) spectral
region (digitized from Heimer et al.[®? copyright permission from Elsevier).
Assuming that the prolongation of the alkyl chain does not significantly impact
the aromatic v(CH) modes, the intensities of the spectra were normalized to the
maximum at ¥ = 3175 cm™ and minimum at ¥ = 3142 cm™.

In the case of the bands at ¥ =2888 and 2930 cm™, the situation is more
complex and experimental comparisons are difficult. When the alkyl chain
is prolongated, additional methylene modes may influence this region, too.
As mentioned above, the assignment by spectral intensity shape results in
the ascription of the 20.(C-CHs) mode to the Raman band at ¥ = 2888 cm™.
However, in the discussion of N-CHs groups in the previous section 8.2, the
IR band at 7=2886 cm™ was ascribed to a FR of the N-CHs group.
Experimental indications should be preferred over the simulation of an
unassociated C2Im* cation in vacuo. Of course, intensities in Raman spectra
deviate from IR spectra. Nevertheless, resonance frequencies of single modes
are equal and a band is found in both IR and Raman spectra at this position
(AV =2 cm™, experimental spectra in figures 8.4a and 8.5a). Furthermore, the
difference in calculated and experimental resonance frequencies is high for
the discussed assignment (¥ = 2888 cm™, A¥ = 20 cm™ for the ascription to the
theoretical 20.(C-CHs) mode). In comparison, the resonance frequency
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differences in theoretical assignments for experimental bands at
7=2838 cm™ (AV=17 cm™ for the ascription to the theoretical 20s(N-CHs)
mode) and at ¥=2760 cm™ (A¥ =9 cm™! for the ascription to the theoretical
20s(C-CHs) mode) are little less. Another matching assignment for the band
at ¥=2888 cm™ may be the 20.(N-CHs) overtone (A¥=5cm™), which
however exhibits negligible calculated Raman intensity (Tab. 8.6). In this
case the mode matching by the Raman intensity pattern may fail and the gas
phase calculation may not reflect the liquid properly.

The most intense Raman feature in the calculated spectrum is double-
peaked and fits to the experimental spectrum. The calculation reveals that
the most intense experimental band at ¥=2970 cm™ is composed of two
fundamentals, i.e. vs(N-CHs) and vas(C-CHs) modes, which are separated
theoretically by AV =2 cm™ only. Interestingly, the experimentally second
strongest feature at ¥ =2950 cm™ can be assigned to the vs(C-CHs) mode,
which exhibits the lowest resonance frequency among all fundamentals. In
the 2950 cm™ <7 <3070 cm™ spectral region, broad Raman bands are
recorded experimentally. According to the calculation, they are dominated
by the vs(CHz), vas(N-CHs) and vas(CH2CHs) modes. Considering again the
experimental results of Heimer et al.®? (Fig. 8.6), it becomes evident that
intensity in the shoulder at ¥ = 3000 cm™ vanishes upon prolongation of the
ethyl chain. Consequently, it may indeed have CH:CHs-character.
Prolongation of the alkyl chain should change electronic effects, C-H bond
lengths, and thus mixing of the methyl group’s vas(C-CHs) with vas(CHz)
(Section 8.1). This is in line with the changes of the 20s(C-CHs) overtone
described above.

In harmonic as well as in anharmonic calculations, the vas(N-CHs) modes
are split by A¥=30cm™ (Tab.8.5), which should in principle also be
resolvable in spectra of liquids. In the Raman spectrum of [C2Im][BF4]
(Figs 8.4 and 8.6), asymmetric C-CHs-related modes should appear in the
spectral region around ¥ = 3000-3010 cm™ according to the simulation. This
is close the expected resonance frequency of vas(N-CHs) modes, and in C2Im*-
based ILs these modes may overlap (Tab. 8.5). As explained above, the
Raman spectra of [CsIm][BFs] and [CsIm][BF4] ILs are not affected by the C-
CH in this spectral region. They exhibit two shoulders at ¥ = 3002 cm™ and
7=3037 cm™ (Fig. 8.6), and the latter also appears in [CoIm][BF4]. Both
wavenumbers match well with the anharmonic calculation (Tab. 8.5).
Moreover, the IR spectrum of frozen [C2Im][NTfz] reported by Hofft et al.
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(Fig. 8.5a) shows two bands close to these wavenumbers, too. They can be
clearly assigned to the vas(IN-CHs) modes.

In general, the matching of predicted and experimental intensity patterns
is more difficult in the case of IR spectra (Fig. 8.5a,d). In liquid [C2Im][OT{],
the strongest aliphatic v(CH) band is located at ¥ =2990 cm™ and may be
assigned to both vas(CH2CHs) and vas(N-CHs) fundamentals (Tab. 8.5).
Relative intensities of other fundamentals seem to be underestimated by the
calculation. In agreement with the calculated resonance frequency and
experimental findings discussed in section 8.2, the band at ¥ =2966 cm™ is
assigned to the vs(N-CHs) mode. By comparison to the Raman assignment,
the band at ¥ = 2949 cm™ is assigned to the vs(N-CHs) fundamental (Tab. 8.5).
IR Spectra of frozen [C2Im][NTf.] by Hofft et al. indicate a variety of bands
at 7 <2949 cm™. These bands are proposed to originate from overtone and
combination bands (Tab. 8.6), which are hard to distinguish due to similarly
low intensities.

Impact of Fermi Resonance Effects on the Resonance Frequencies
of CH Stretching Fundamentals

According to the calculation of the Cam* cation, aliphatic v(CH)
fundamentals are proposed to resonate at relatively high frequencies. The
fundamental with the lowest wavenumber is located around ¥ = 2950 cm™!
(Tab. 8.5), which is in a harsh contrast to what is known for long-chain n-
alkanes.['71731 It is striking that aliphatic vs(CH) bands are proposed at
7>2948 cm™ (Tab. 8.5), whereas experimentalists may expect these modes
at significantly lower wavenumbers (Tab. 8.3). This may explain the strongly
differing band assignments in literature, which were carried out without use
of anharmonic frequency calculations (Tab. 8.3 and references cited there).
As elaborated in section 8.1, electronic effects of the imidazolium ring can be
accounted for these high resonance frequencies. With change in the
resonance frequencies, FR interactions change, too. Thus, the impact of
electronics effects propagates in a hardly predictable manner.

As an example, the resonance frequency shifts due to FR coupling of
vs(C-CHs) modes in ethanol and the C2Im* cation are compared (Fig. 8.7).
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Figure 8.7: Resonance frequencies of the vs(C-CHs) FR couples in a) ethanol and b) the Cz2Im*
cation (B3LYP-D3BJ/6-311++G(d,p)): Blue - vs(C-CHs) fundamental, red -
overtones or binary combinations. Lighter colors indicate deperturbed
wavenumbers, whereas darker colors correspond to perturbed wavenumbers
incorporating the FR effect. The change in resonance frequency is highlighted with
arrows. Heights do not describe intensities but distinguish individual modes.

According to the anharmonic frequency calculation, the deperturbed
vs(C-CH3s) fundamental at 7 =2901 cm™ resonates with four overtones and
combinations in ethanol (Fig. 8.7a). The overall effect of FR coupling on the
resonance frequency of the fundamental is subtle and leads to a AV = +5 cm™!
shift. Although the deperturbed wavenumber of the vs(C-CHs) mode in the
Ca2Im* cation (Fig. 8.7b) is close to the one in ethanol, 7 = 2910 cm™, FR effects
perturb the resonance frequency to a greater extent and cause a shift of
AV =+38 cm™. As discussed in section 8.1, C-H bond lengths in the ethyl
group attached to the methyl-imidazolium moiety are similar, and
asymmetric stretching vibrations of methyl and methylene groups mix. The
same was calculated for the corresponding bending modes. Mixing of one
Oas(CHs) with the 8(CH:z) mode yields two d(CH2CHs) modes. As a result, one
more FR interacting mode is given for the vs(C-CHs) in the CoIm* cation, in
contrast to ethanol. Note that these modes may not only resonate with
vs(C-CHs) but also with vs(CH2) in a complex manner.

Impact of H-Bonding on the Aromatic C-H Stretching Modes

The interaction of aromatic v(CH) modes was shown to greatly influence
the 3000 cm™ < ¥ <3200 cm™ spectral region of n-alkyl-methylimidazolium
ILs. The ascription of bands in this region was discussed in literature and is
summarized below. An overview of different assignments is given in
table 8.7.

Even for weakly coordinating anions, more modes are observed
experimentally than expected from the three aromatic v(CH) fundamentals,
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vs(C4,5-Hz2), v(C2-H), and vas(C4,5-H2). Koddermann et al. reasoned that
different types of H-bonded imidazolium species exist simultaneously, i.e.
in ion pairs or H-bond networks.l??l However, this strongly disagrees with
spectra of deuterated compounds, which reveal three bands only.['5% 175 177]
Lassegues et al. postulated with anharmonic calculations of the nonplanar
CaIm* cation and experimental deductions from selective deuteration the
presence of overtones or the combination of the ring stretching modes Ri/Rz,
which appear around ¥ =1560 cm .07 They argued that for weakly
coordinating anions no considerations of H-bonds need to be invoked, which
was strongly opposed by Wulf et al.l'’¢777] Indeed, the bathochromic shift of
the v(C2-H) band increases with increasing anion basicity/coordination
strength.l5 176] Whereas Lassegues et al. mostly considered reduced cubic
constants, which reflect the mode coupling,['”> Roth et al. also focused on the
frequency separation of potentially resonant modes.??l With CARS and
anharmonic simulations, the latter showed that hydrogen bonds matter even
with the weakly coordinating Tf2N- anion. They concluded that the C(2)-H
group is mostly affected and thus experiences a considerable bathochromic
shift, which allows for stronger resonance. Consequently, a v(C2-H)-
associated FR couple around was assigned to the two bands around
7 = 3120 cm™!, whereas vs(C4,5-Hz) and vas(C4,5-H2) bands were ascribed to
the bands at 7 = 3180 cm™ and ¥ = 3160 cm™, respectively.

Table 8.7: Literature assignments of aromatic v(CH) modes in CoIm*-based ILs, sorted
according to anionslreferences],

Assigned 7 / cm™?

Mode THN-1751 THN-R12L TRN22I TfO 28] TfO 31 TfO 34
vs(C4/5-Hz) 3174 3174 net 3190 net 3166/3171 3155
vas(C4/5-Hz) 3160 3153 3153 ip 3157 ip 2990/2997
3125 net 3117 net

v(C2-H) [3104 ip ‘3088 i 3116 3116
Ri+Ro 3104,

3120 3125*
2R1 3153, 3086 {3088
2Ro <3100

* one FR couple.
ip — in ion pairs; net — in H-bond networks.

In this section it shall be checked, how the vacuum phase calculations
correspond to previous experimental and theoretical findings. In the case of
the nonplanar CIm* conformer, the wB97X-D functional predicted FRs
(V/cm™=3195, 3202, 3202) to resonate at wavenumbers greater than
the aromatic v(CH) modes (¥ / cm™ = 3121, 3143, 3145) (Figs 8.4c and 8.5c).
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This in in contrast to experimental findings of intensity gains or losses
around ¥ = (3090 + 25) cm™ for strongly and weakly coordinating anions,
respectively.B> 151, 175177, 2121 Thuys, all calculations were conducted with the
B3LYP functional and empirical dispersion correction (D3B]) for associated
molecules.

In addition to the unassociated nonplanar Cz2Im* cation, two associates
were simulated on the B3LYP-D3BJ/6-311++G(d,p) level of theory: The
[CAIm][TfO] ion pair (Fig.8.8a) and the twofold water associated
[CaIm - 2 D2OJ* complex (Fig. 8.8b).

a) b)

255/ 253

’
’ \

’
s

208\, /257

©

O-H distances given in pm g

OHD @C @eN @O OF OS

Figure 8.8: Geometries of associated C2Im* cations for simulations of anharmonic spectra: a)
the [C2Im][TfO] ion pair, and b) the [CzIm - 2 D20]* cation.

The geometry of the [C2Im][TfO] ion pair was optimized starting from the
lowest energy conformer (with and without BSSE correction) found by Singh
et al. (wB97X-D/6-311++G(d,p)).*® In vacuo, H-bonding effects with an
otherwise uncoordinated and unscreened anion may be overcompensated.
Thus, water was chosen as a neutral and simple H-bond acceptor to both
sides of the imidazolium ring. To dimmish unreasonable overtone effects of

8.3 Assignment of C-H Stretching Modes by Anharmonic Frequency Calculations of the
C2Im* Cation
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the 5(OH2) modes of the (apart from the imidazolium moiety) uncoordinated
water molecules, D20 was employed.

In the used GVPT2 formalism, FR interactions are identified by the Martin
test.?’l An empirical threshold X is set to define a potential resonance as
significant or insignificant (Eqs 8.1 and 8.2). For FRs, the value A to test
versus that threshold is determined by the deperturbed frequency difference
of the interacting fundamental (¥7¢) and overtone (2¥;) or combination modes
(V; + ¥) and their cubic force constants (#£;; or %y, respectively), which are
the third derivative of the potential energy with respect to each of the
dimensionless normal coordinates and reflect the coupling strength of
modes. Following these equations, FR interactions become significant for
high cubic force constants and low frequency differences, which lead to high
values of A. During the calculations, K was set to relatively tolerable
0.1 cm™.

bt
Overtones: A= + >K (8.1)
256(2VL - 2Vf)3
bt
Binary combinations: A = ) >K (8.2)

64 + 7, — 277)3

The anharmonic frequency calculation of the unassociated nonplanar
CoIm* cation by Lassegues et al. did not include the calculation of IR or
Raman intensities. Considering the calculation of the previous section 8.3.1,
the intensities of 2Ri, 2R>, and Ri+R2 modes (Tab. 8.6) are too low to
accurately describe experimental spectra (Figs 8.4a,d and 8.5a,d). This
supports that H-bond interactions need to be considered.
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Figure 8.9: Simulated a) Raman and b) IR spectra of the [C2Im][TfO] ion pair in the v(CH)
spectral region (B3LYP-D3BJ/6-311++G(d,p)): Anharmonic spectra (left axes) with
line spectra of individual modes (right axes). Curves in calculated spectra present
the Lorentzian-distributed sum spectrum with fwhm =18 cm™".

Cartesian coordinates of the optimized [CoIm][TfO] ion pair are given in
the appendix (Tab. 12.13). In this structure, the H-accepting sulfonyl group
is mainly associated with the C(2)-H group (Fig. 8.8a). In comparison to the
calculation of the bare C2Im* cation (Figs 8.4d and 8.5d; Tab. 8.5), the v(C4,5-
H2) modes are hypsochromically shifted by A? = 1-3 cm™ in the [CoIm][T{O]
ion pair (Fig. 8.9; Tab.8.8), whereas the v(C2-H) mode experiences a
substantial bathochromic shift of AV =20 cm™ to ¥ = 3131 cm™. This leads to
a considerable FR with the 2Rz overtone at ¥ = 3074 cm™. These findings are
in a good (but not perfect) agreement with experimental resonance
frequencies of the [C2Im][TfO] and [C2Im][Tf2N] ILs mentioned in table 8.7.
For the Ri + R2 combination, a FR interaction is unlikely, as it did not pass the
Martin test (Tab. 8.8).
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Table 8.8: Simulated anharmonic modes in the aromatic v(CH) spectral region of the
[CeIm][TfO] ion pair (B3LYP-D3BJ/6-311++G(d,p)).

Fundamental(s) A/ 7/ Ijaman / Ig /
Mode in FR cm! cm! As km mol?
vs(C4,5-H>) 3176 0.45 2.58
vas(C4,5-Hz) 3151 0.27 8.21
v(C2-H) 3131 0.14 79.06
2R1 vs(C4,5-H>) 0.33 3113 0.13 2.04
2R v(C2-H) 1.73 3074 0.09 28.08
Ri+Re - <0.1 (%) 3108 0.00 1.34

In the [CoIm - 2 D20]* complex, water molecules are associated with both
C(4,5-H2 and C(2)-H groups (Fig.8.8b). Cartesian coordinates of the
optimized [CzoIm - 2 D20]* complex are given in the appendix (Tab. 12.14). In
comparison to the calculation of the bare CoIm* cation (Figs 8.4d and 8.5d;
Tab. 8.5), the v(C4,5-H2) modes are hypsochromically shifted by AV =1-
9 cm™ in the water adduct (Fig. 8.10; Tab. 8.9), whereas the v(C2-H) mode
experiences huge bathochromic shift of A7 =107 cm™ to ¥ =3047 cm™. The
FR is strong (A =5-21 cm™) for both ring overtones and the combination
(V=3099-3124 cm™), and their strengths vary in IR and Raman spectra
(Tab. 8.5). In this case, the v(C2-H) mode is located at lower resonance
frequencies than its FR interaction modes. Indeed, strong H-bond acceptors,
such as bromide, were shown to produce strong intensities around
7 =3050 cm™.1151,177]

Table 8.9: Simulated anharmonic modes in the aromatic v(CH) spectral region of the
[CeIm - 2 D20]J* complex (B3LYP-D3BJ/6-311++G(d,p)).

Fundamental(s) A/ 7/ Iaman / Ig /
Mode in FR cm! cm! As km mol?
vs(C4,5-Ho) 3176 0.63 23.13
vas(C4,5-Hz) 3157 0.17 9.24
v(C2-H) 3047 0.46 113.76
2R1 v(C2-H) 4.70 3124 0.06 5.36
2R v(C2-H) 12.16 3099 0.01 20.72
Ri +Re v(C2-H) 20.90 3122 0.11 41.52

It must be emphasized that the [Co2Im - 2 D20]* complex was employed to
simulate significant H-bond acceptors and not an aqueous environment. In
fact, even dilute solutions of [CIm][TfO] in water show no shifts in
resonance frequencies of the alkyl v(CH) region and little changes in the
aromatic v(CH) region.[?2% 2201 However, coordinated water molecules as
depicted in figure 8.8b have a pronounced effect on many modes (Figs 8.5d,
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8.4d and 8.10), which shows that the [C2Im - 2 D20O]* complex is not suitable
to describe experimental results of diluted [C2Im][TfO].
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Figure 8.10: Simulated a) Raman and b) IR spectra of the [C2Im - 2 D20]* complex in the v(CH)
spectral region (B3LYP-D3BJ/6-311++G(d,p)): Anharmonic spectra (left axes) with
line spectra of individual modes (right axes). Curves in calculated spectra present
the Lorentzian-distributed sum spectrum with fwhm =18 cm™'. Note that the

bands at ¥ <2800 cm™! originate from vas(OD2) and vs(OD2) fundamentals.

The quest to distinguish the ring FR couples remains difficult and
experimentally not even be comprehensible, depending on the mixing and

redistribution of involved modes.
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Final Assignment

Based on sections 8.3.1 and 8.3.3, aliphatic and aromatic v(CH) modes are
finally assigned in table 8.10 and figure 8.11.

Table 8.10: Assignment of in the modes in the v(CH) spectral region for [C2Im][BF:], frozen
[CaIm][Tf2N], and liquid [C2Im][TfO] aided by anharmonic frequency calculations.

7 /em™

Raman IR IR
Mode calculated [CoIm][BF4] [CoIm][Tf2N] [CIm][TfO]
vs(C4,5-H>2) 3176 3176 3156 3156
vas(C4,5-Hz) 3151 3156 3145
v(C2-H) 3131 3132 3122 ]

3117

2R1/2R2/R1 + Ra 3113/3074/3108 3114 3112/3104 3086/
vas(N-CHs) 3034 3041 3042 3042
vas(CH2CH3) 3012 3012
vas(N-CHs) 3007 2997 3000 ] 2990
vas(CH2CH3) 2997 2990
vas(C-CHs)/vs(N-CHz) 2965/2963 2970 2970 2966
vs(C-CHz) 2949 2950 2947 2948
205(CH2CHs) 2927 2930 2932
O(CH2CHs) + d(CH2CHs) 2898 2903 2903
20as(N-CH3)/28as(C-CHs) 2893/2868 2888 2886
20s(N-CHs) 2821 2838
20s(C-CHs) 2769 2760

As the selected anions are moderately (TfO-) or weakly (BFs, Tf2N")
coordinating, the simulation of the [CoIm][TfO] ion pair was used for
assignment of aromatic v(CH) modes. However, the model of the ion pair
may not accurately represent chemical interactions (mostly H-bonding) in
the liquid, and thus a detailed distinction of 2R1, 2Rz, R: + R» modes was not
attempted.
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Figure 8.11: Reassigned vibrational spectra of CaIm*-based ILs in the v(CH) spectral region: a)
Raman spectrum of [CoIm][BF4] (digitized from Heimer et al.,®? copyright
permission from Elsevier); b) IR spectra of frozen [CoIm][Tf2N] (digitized and
adapted with permission from O. Hofft, S. Bahr, V. Kempter, Langmuir 2008, 24,
11562-11566.2131  Copyright 2008, American Chemical Society.) and liquid
[C2Im][TfO]. Fundamentals are colored black, overtones and combinations are
colored grey.

This assignment is used in the following chapter to interpret complex
spectroelectrochemical results.
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9 Interfacial Interactions in Aqueous

Solutions of lonic Liquids

After analyzing the EDL model composed of a single IL. monolayer on the
Au(111) surface (chapters 6 and 7), the next step was to investigate
interactions in the EDL formed by IL molecules originating from the bulk
solution. As elaborated in the beginning of section 6.3, aqueous solutions are
employed, due to decoupling of slow diffusion kinetics and molecular
interactions occurring in ILs. Such experiments may fill a gap in theory and
experiments between dilute inorganic electrolytes and highly concentrated
ILs. In addition, aqueous solutions of ILs are of interest for electrocatalysis,
e.g. the CO2 reduction.!'*15 2242251 Fundamental electrochemical studies on ILs
in aqueous solutions are scarce, but they may likely gain in importance. In
2016, two interesting studies with aqueous solutions of 1-ethyl-3-methyl-
imidazolium triflate [C2Im][TfO] were published:127 3

Brummel et al. applied CV and in situ IRRAS to study the effect of the
[C2Im][TO] IL on the oxidation of methanol on Pt(111) in 0.1 M HClOxq).*"!
With increasing IL concentration, the hydrogen as well as hydroxide
adsorption were decreased steadily, but were never suppressed fully. Due
to much stronger intensities of the corresponding IR absorption modes, their
investigations were focused on the triflate anion. When C2Im* cation desorbs
at positive potentials, the TfO~ anion adsorbs, in a tilted geometry. The extent
of absorption depends on time. The triflate adsorption is significantly slower
than its desorption. Also, water molecules were found to reorient and be
replaced on the electrode surface. Upon increasing the IL concentration, the
IR adsorption bands of TfO~ sharpen and shift hypsochromically, indicating
specific adsorption and/or interactions with water.

Cui et al. studied different [C2Im][TfO]-water mixtures on Au(poly/111)
electrode surfaces by means of cyclic voltammetry and AFM force-distance
curves, as well as the impact on Zn electrodeposition.?” Cyclic voltammetry
reveal new processes upon water addition to the IL, which may be attributed
to the adsorption of [IL-water] onto Au. AFM force-distance curves reveal
solvation layers. Their number and rupture forces depend on both the
applied potential and the IL volume fraction. They concluded, that at 30-
40 vol-% water a transition occurs from the multilayer structure known for
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neat ILs to a Stern layer structure with a diffuse layer as in aqueous solutions.
Depending on the water fraction, dense or porous Zn structures are formed
during electrodeposition.

For the study of this chapter, the model IL: [C2Im][TfO] was also chosen.
It mixes with water at any fraction and is commercially available in high
purity. Two systems were used to investigate the electrochemical behavior
of the [CoIm][TfO] IL. In one approach, the experiments were carried out
with a flame annealed Au(111) electrode. In this case, the structure of the first
layer at the Au(111) surface is unknown in aqueous solutions. To aid the
interpretation of results, a second system with a predefined first layer was
employed. As described in chapters 6 and 7, the Au(111) surface was
modified with a [CisIm][X] monolayer. This approach incorporates a first
layer, whose structure and behavior was studied before in absence of the
[C2Im][TfO] in the electrolyte.

However, studies on [CisIm][X] monolayer covered Au(111) electrode
surfaces in [CoIm][TfO]@g solutions lacked sufficient reproducibility, despite
similarities in the C(U) curve shapes. The results did not allow to draw
conclusions whether the monolayer was present on the electrode surface.
Therefore, these results are not reported. Previous experiments (Chapters 6
and 7) had been carried out in 0.1 M KClOs@q solutions and indicated no film
desorption or dissolution. Followingly, low concentrations of [CoIm][TfO]
are analyzed in 0.1 M KClOs@g. The used concentrations lead to different
volume and mole fractions, which are given in table 9.1.

Table 9.1: Properties of the [C2Im][TfO] solutions in 0.1 M KClOa@qg. The volume fraction of
KClOs4 is constant and amounts to 0.55 %.

Concentration / M Volume fraction / % Mole fraction / %

[CIm][TfO] H:20 [CIm][TfO] H0 [CIm][TfO] KCIO:  H20
0 55.20 0 99.45 0 0.181  99.82
0.005 55.15 0.09 99.36 0.009 0.181 99.81
0.010 55.10 0.19 99.26 0.018 0.181  99.80
0.025 54.94 0.47 98.98 0.045 0.182  99.77
0.050 54.68 0.94 98.51 0.091 0.182  99.73
0.100 54.16 1.87 97.58 0.184 0.184 99.63

[CisIm][X] monolayers were fabricated according to conditions as
described in section 6.1.P21 For IR spectroscopic analyses, it is desirable to
distinguish C-H stretching modes as well as in-plane ring stretching modes
of the film from the same bands in the bulk electrolyte [C2Im][TfO] species.
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9.1.1

Therefore, the perdeuterated 1-(methyl-ds)-3-(octadecyl-ds)-imidazolium-
4,5-d> triflate [CisIm-d«][TfO] compound was employed. It was synthesized
and provided by Torben Alpers from the working group of Jens Christoffers,
University of Oldenburg.®! Originally, the completely perdeuterated -dis
compound was aimed at, but during synthesis a D/H-exchange occurred at
the C(2) atom of the imidazolium ring. This atom is the most acidic one and
prone to this exchange.l>!l As this compound was to be transferred from
aqueous 0.1 M KClOs@q) subphases and analyzed in H20 and D:O solutions,
there was no need to prevent the exchange during the synthesis. With
T =64 °C,%1 it is an IL per definition.

Electrochemical Characterization of an Aqueous lonic
Liquid

Capacitance/potential curves of the flame annealed and [CisIm][X]
monolayer covered Au(111) surfaces in [CaIm][TfO]aq + 0.1 M KClOaq
electrolytes are crucial to investigate the EDL structure. First, experimental
C(U) curves are described, and next, they are discussed within EDL theories.

Capacitance-Potential Curves

C(U) curves of [CIm][TfO]wg at concentrations of 0, 5, 10, 25, 50, and
100 mM in 0.1 M KClOu(aq) are shown in figures 9.1 and 9.2. The measurement
procedure was the same as described in section 6.3. Curves on the left side
(a) were measured at flame annealed Au(111) electrode interfaces, whereas
the right side (b) shows curves for [CisIm][X] monolayer covered Au(111)
surfaces. Plenty features appear in these curves and are marked exemplarily
in figure 9.1a for c(IL)=10 mM; in other figures they appear in similar
potential regions but are omitted for clarity of presentation. Although the
organic cation and anion have no amphiphilic character, shaking of the
solutions lead to the appearance of some bubbles, which indicates surface
activity of the IL.

9.1 Electrochemical Characterization of an Aqueous lonic Liquid
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Figure 9.1: Differential capacitance versus potential curves of 0, 5, and 10 mM [C2Im][TfO]q)
in 0.1 M KClOs@q) at the Au(111) electrode surface. a) Flame annealed Au(111)
electrode. b) Au(111) electrode covered with the [CisIm][X] LB monolayer. As
marked in the figure, negatively (red lines) and positively (blue lines) going
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the same capacitance magnitude as all graphs of figure 9.2.

Starting with the flame annealed Au(111) electrode, the addition of 5 mM
[CoIm][TfO]aq imposes large changes on the C(U) curve with respect to the

capacitive characteristic of the pure 0.1 M KClOuiaq solution (Fig.9.1a,
0 and 5 mM). Generally, the capacitance is lowered at-0.5 V <U <0.5 V. The
capacitance of the perchlorate and hydroxide adsorption peak™lat U = 0.4 V

is greatly reduced from € =60 uF cm™ to C =36 uF cm™ (1). It indicates
adsorption of the [C2Im][TfO] IL from solution onto the Au(111) surface. This
is consistent with literature; for example, Beattie et al. have shown self-

assembly of an imidazolium-based IL onto the Au(poly) surface.!'””!
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Figure 9.2: Differential capacitance versus potential curves of 25, 50, and 100 mM
[CaIm][TfO)ag in 0.1 M KClOsaq at the Au(111) electrode surface. a) Flame
annealed Au(111) electrode. b) Au(111) electrode covered with the [CisIm][X] LB
monolayer. As marked in the figure, negatively (red lines) and positively (blue
lines) going potential scans were recorded for three cycles. Please note that all
graphs are shown in the same capacitance magnitude as graphs a) 10 mM, b) 0 mM
and b) 10 mM of figure 9.1.

At U=-0.6 V, a new feature (4) appears due to the addition of 5 mM
[CoIm][TfO]q). This feature resembles the pseudo-capacitive peak (6) found
for the [CisIm][X] monolayer covered systems (Figs9.1b and 9.2b). In
chapters 6 and 7 it was shown that this capacitive feature is accompanied by
a huge structural change in the film. Thus, this potential region may
represent a sate at which the electrode charge cannot be sufficiently screened
by the surface charge density of a densely packed imidazolium-based film,
which may be valid for the uncovered Au(111) electrode in [CoIm][T{fO]q

solution, too.

At concentrations >10mM [Cam][TfO]ag in 0.1 M KClOsaq the
electrochemical perchlorate characteristic vanishes completely at the flame
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annealed Au(111) electrode surface. Broad features (1) emerge at 0 V< U <
0.5V (Fig.9.1a, 10mM), and strengthen with increasing electrolyte
concentrations (Figs 9.1 and 9.2). The positive capacitance branches of the
[CisIm][X] monolayer covered Au(111) merge with the corresponding curves
of the flame annealed electrode (Fig. 9.2b, 100 mM). However, the negative
capacitance branches at -0.2 V < U <-1.0 V differ in these two systems.

Apart from hystereses between positive and negative scans, consecutive
scans in the same direction reveal a general decrease in the capacitance,
mostly in the negative region (5). Exclusively for the 10 mM and 25 mM
solutions at the flame annealed Au(111) electrode, a pronounced feature at
U =-0.3V (3) lowers and vanishes upon subsequent scans. These findings
seem to depend on time or the number of scans rather than on the potential
itself. They may tentatively be attributed to a segregation process in the
electrolyte solution, in which organic ion rich and deficient phases are
formed. In more concentrated ILwag solutions, this phenomenon was not
observed.?”]

The pseudocapacitive peak (6), which was attributed to the
supramolecular phase transition in the [CisIm][X] monolayer on the Au(111)
surface (Section 6.5),IP?l changes upon addition of [C2Im][TfO] (Figs 9.1b and
9.2b). The almost 100 mV capacitance hysteresis apparent in the pure 0.1 M
KClOs@q) solution (Fig. 9.1b, 0 mM) is lifted and the peak in the positive
potential scan appears at ca AU =-0.1V lower in [CoIm][TfO] containing
solutions. Thus, the transition to the ordered state of the monolayer¥? is
shifted to lower potentials. This indicates that the disordered state may be
stabilized by the IL molecules from the electrolyte.

For both the flame annealed and [CisIm][X] monolayer covered Au(111)
surfaces, a camel shape emerges in the C(U) curve with increasing
concentrations of [C2Im][TfO]ag. A pronounced U-shaped valley is seen
between the camel-humps (2). The potentials at the capacitance minima Uy,
and the capacitances are summarized in table 9.2. With increasing c(IL), the
minimum is shifted to more negative potentials for both positive (blue) and
negative scans (red) for [CisIm][X] monolayer covered as well as flame
annealed Au(111) electrodes. However, this behavior is not monotonous, but
reaches the most negative shift at c¢(IL) =50 mM, where it is located at
Unin = -0.2 V for negative scans of both electrode systems and for the positive
scan of the monolayer covered electrode. For the flame annealed Au(111)
electrode, U, is located ca 0.01 V higher in the positive scans.

Chapter 9 Interfacial Interactions in Aqueous Solutions of lonic Liquids



Besides the potentials of the capacitance minima, also the capacitances at
the minima differ for the two systems. C(Uy,;,) decreases upon increase in
c(IL) at the flame annealed Au(111) electrode from 13 to 8 uF cm™
indicating surface adsorption of the IL and suppression of the weakly
adsorbed perchlorate characteristic. In contrast, C(Uy,,) increases from
5to8 uFcm™? at the monolayer covered electrode. The minimum
capacitance of the film covered system converges with the one of the flame
annealed Au(111) surface, which may indicate rearrangements or increasing
disorder in the [CisIm][X] monolayer.

Table 9.2: Potential and magnitude of capacitance minima in [C2Im][TfO]aq) + 0.1 M KClO4(aq)
electrolytes at flame annealed and [CisIm][X] monolayer covered Au(111) surfaces.

Flame annealed Au(111) [CisIm][X] ] Au(111)
c(IL) / mM Upin/ V C(Upin) / pF cm Upin / V C(Upin) / pF cm™

Negative scan

100 -0.15 9.9 -0.22 8.7
50 -0.19 9.3 -0.23 6.9
25 -0.21 8.1 -0.19 5.6
10 -0.14 8.0 -0.18 4.8

5 -0.03 12.9 -0.13 5.1

Positive scan

100 -0.07 8.3 -0.18 7.8
50 -0.13 8.6 -0.20 6.4
25 -0.11 8.1 -0.18 5.5
10 -0.04 8.2 -0.08 4.8

5 0.05 13.4 -0.06 54

In general, the data suggest no desorption/dissolution of the [CisIm][X]
monolayer: The capacitance minima are slightly more negative for the
[CisIm][X] monolayer covered electrode than for the flame annealed one
(Tab.9.2). In addition, capacitances of the monolayer covered Au(111)
surface are ca 5 uF cm™ lower than for the flame annealed Au(111) surface
at the most negative potentials (-1.0 V< U <-0.5V, 5), independently on the
[CoIm][TfO]@q concentration (Figs. 9.1 and 9.2). If the film or a part of it
would desorb, it is likely to be dissolved into the bulk solution and not be re-
adsorbed to the electrode surface. Charge compensation at negative
potentials could also be achieved by smaller ions from the electrolyte
solution. As a result, the C(U) curves of the hypothetically once monolayer
covered Au(111) surface should merge completely with the flame annealed

9.1 Electrochemical Characterization of an Aqueous lonic Liquid

149



9.1.2

150

one. Increasing capacitances would also be expected at negative potentials
(5) during subsequent scans, which is not the case. Briefly, the
electrochemical results suggest that the [CisIm][X] monolayer remains
adsorbed on the surface. Thus, potential regions of similar capacitive
behavior in both systems, flame annealed and monolayer covered Au(111)
surfaces, do not originate from the first layer but from layers in between the
first layer and the bulk phase.

Discussion of Capacitances Within Electrical Double Layer Theories

According to the classic EDL theories (Section 3.3), the inner layer, and
thus its capacitance, is unaffected by change of the electrolyte concentration.
Effectively, the much lower diffuse layer capacitance is measured around the
PZC at low electrolyte concentrations (Section 3.3.1, Fig.3.2). At higher
concentrations, the diffuse capacitance becomes large. Due to reciprocal
addition of capacitances in series, the first layer capacitance dominates the
measured capacitance then. Interestingly, the curves measured for the
[CoIm][TfO]aq + 0.1 M KClOsaq | Au(111) systems display a reverse behavior,
i.e. an emerging camel-shape behavior with increasing IL concentration,
whose explanation is not straight-forward. In the Gouy-Chapman
perspective, the nature and size of the individual ions are neglected except
for their charge, and the bulk concentration was raised from 0.1 M to 0.2 M.
The Gouy-Chapman theory does not describe the apparent behavior.
Clearly, in particular for ILs whose ions are generally voluminous, the finite
ion size must be accounted for the description of the EDL.

The capacitance minimum is associated with the PZC and found for
diluted electrolytes, HTMS, and ILs exhibiting lots of free volume and
similar ion size (Section 3.3). Denoting the shape of the C(U) curves with
c(IL) =100 mM as camel-shaped implies that the PZC is found at
C(Upin) ®-0.2 V. In the case of the pure 0.1 M KClOuaq solution, the PZC is
found at ca 0.3 V.81 The addition of specifically interacting [CoIm][TfO]
molecules may shift the PZC to negative potentials. For example, pyridine
was proposed to shift the PZC to markedly more negative potentials.['4l
Pyridine is not an IL but an organic and aromatic heterocycle, which is valid
for imidazolium-moieties, too. Similarly to the well-known specific
adsorption of sulfates on Au surfaces,!'! the sulfonyl group of the triflate
anion may interact with the Au(111) surface.
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Another reason for the non-Gouy-Chapman behavior of the IL solution
system may be an accumulation of the IL beyond the physical laws of
electrostatics and thermal randomization. Such phenomena are known from
literature: Li et al. proposed a second adlayer for the adsorption of pyridine
from 0.1 M NaClOsqq) solution at the Au(111) interface. Pennathur et al. have
shown via IRS that ILs in aqueous solutions strongly accumulate at organic-
modified metal surfaces.l?”l Results of Beattie et al. indicate a multilayered
self-assembly of 1-hexyl-3-methylimidazolium Tf2N onto Au(poly) surfaces
from ethanol solution."”! Time-dependent accumulation phenomena may
also explain the decrease in subsequentially scanned capacitances in some
potential ranges, which were mentioned above.

As the C(U) curves of the [CisIm][X] monolayer covered Au(111) surfaces
match greatly at U > -0.5V with the flame annealed surfaces, these
capacitances are most probably not dominated by the first layer on the
Au(111) surface. Assuming that the first layer structure and capacitance
remain unchanged when increasing the concentration of [CoIm][TfO]ag in
0.1 M KClOu@q), the diffuse capacitance must lower to become visible with its
characteristic minimum. The Kornyshev theory incorporates size effects and
should in principle be applicable for aqueous solutions, too.*! For a pure IL,
the concentration is strictly coupled to the density of the salt at a given
temperature. Thus, it influences both the Debye capacitance (intensity of the
central extremum) and the packing parameter (shape of the curve).
Practically, both effects may be decoupled in an aqueous solution. Still,
maximum ion packing density is responsible for the lattice saturation
phenomenon and may not be exceed. However, interactions such as ion-ion
correlations or dispersive forces may influence the local concentration close
to the interface. The flame annealed Au(111) surfaces may be modified by
self-assembly.l'”] Next, the propensity of ILs for organic-modified surfaces
may increase the local concentration.l?”! Thus, the local concentration is not
only determined by electrostatic interactions or thermal movement, but also
by chemical interactions which are not incorporated into EDL theories. If the
CoIm* and TfO- ions accumulate at the interface, lattice saturation
phenomena may occur differently than predicted by Kornyshev’s theory.

The lowest capacitance dominates the general behavior of the system, as
capacitances in series add reciprocally. In order to match the theoretical
diffuse double layer with the emerging camel-shape in the experiments, its
capacitance must lower upon increase in c(IL). Theoretical diffuse layer
capacitances for the studied system are calculated in figure 9.3.
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Figure 9.3: Differential capacitance versus potential curves calculated according to
Kornyshev’s*l theory. An aqueous solution at room temperature was employed
with the PZC at U = -0.2 V. Different parameters were varied: a) concentrations
(x M [CaIm][T£O] + 0.1 M KCIOs); b) camel-shape yielding packing parameters; c)
permittivities (g, =16.5 is the static permittivity of [CIm][TfO])?*7; d) charge
numbers. When not varied, the parameters were: c =0.15M, n =0.1, &, =78.49, and
qg=1.0eC.

Increase in the ion concentration yields generally higher capacitances,
when the packing parameter does not change significantly, and thus would
not explain the occurrence of a capacitance minimum at higher
concentrations (Fig. 9.3a). However, if the packing parameter at a constant
concentration changes, the camel humps change with it (Fig. 9.3b). The less
dilute the ions are, the more the camel flanks lower. This may lead to the
appearance of the capacitance minimum. Moreover, the permittivity of the
dielectric continuum was varied (Fig. 9.3c). Accumulation of ions and
ordering of molecules severely influence the permittivity in the first and
second layers of the EDL.”’! A lower permittivity in the diffuse layer causes
tremendously lower capacitances, which also could lead to the appearance
of the U-valley in the measured C(U) curves (Figs 9.1 and 9.2). As the relative
permittivity of ILs is significantly lower than for water,**l this would be in
line with the strong propensity of ILs for organic-modified metal surfaces
mentioned above,??%l and thus the aggregation/accumulation of the IL in the
vicinity of the electrode surface. Last, the effective ion charge in the 1:1
electrolyte was modified (Fig. 9.3d). Association, e.g. via H-bonds or
dispersive forces, neutralizes a part of the formal charge, as reviewed by
Kirchner et al. (Section 2.1).12> 331 In aqueous solutions, the formal charge of
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q =1 eC for a singly charged ion may be reduced significantly. A result of
lower effective charge numbers leads to a broader valley and broader camel-
humps as well as generally lower capacitances, which are needed to
corroborate the measured C(U) curves with theory. Trends which may
concur beneficially to describe the experimental curves were colored red in
figure 9.3.

Attempts for fitting C(U) curve of the flame annealed Au(111) electrode
surface in 0.1 M [CoIm][TfO]q) + 0.1 M KClOs@q) were made in figure 9.4.

8] 1] ] Resultsofthefi:
6] 1 Fullcurve: Upye=  (-0.148 £0.007)V
E 1 n = 0.090 + 0.006
w 14 4 g = 152+ 1.5
= ] g =  (0.2431£0.008)eC
© 127 7 valley only: Up,e = (-0.1556 +0.0005) V
10 - n = 36:°10"+02 10"
——————— g = 10.7 +0.3
-1.0 0.5 0.0 0.5 g = (0.226 + 0.003) eC
U/V versus Ag|AgCl

Figure 9.4: Differential capacitance versus potential curve of 0.1 M [CoIm][TfO]aq + 0.1 M
KClOsg) at the flame annealed Au(111) electrode surface (second negative scan
from figure 9.2). The curve was fitted with Kornyshev’si*! theory over the whole
range (red) and the U-shaped valley only (blue). Please note that these fits yield
unphysical values and should not be taken seriously, as mentioned in the text.

This curve was fitted over its whole range (red) and for the U-shaped
valley only (blue) with Kornyshev’s theory of a 1:1 electrolyte at room
temperature in water coarse agreement is only yielded for very low relative
permittivities and effective ion charges. When fitting the U-shaped valley
only, the packing parameter changes mostly and the overall curve converges
with Gouy-Chapman theory. Nevertheless, unphysically low charges in the
range of q = 0.2 eC are required due to the width of the valley for both fits.
Also, the permittivities are too low for the dielectric continuum in the diffuse
double layer, & =~ 11-15. Note that the measured capacitances are probably
not in equilibrium (cf. section 6.3), which may be a general problem for ILs
(Section 3.3.3). Some conclusions can be drawn from these unrealistic results:

(i) The assumption that the composition, structure, and capacitance of
the first layer do not change with increasing electrolyte
concentrations is unlikely to be valid.

(if) If a classical Stern-layered system is assumed, both diffuse and inner
layer capacitances have values which do not diverge by huge
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magnitudes. As a result, the measured capacitance reflects both
layers.

(iii) The camel humps may originate from purely pseudo-capacitive
features, which would impede any application of equilibrium EDL
theories.

The deliberations mentioned above may be taken as tentative attempts to
explain the unusual appearance of the camel shape with increasing IL
concentrations.

Potential-Driven Reorientations in the Electrical Double

Layer

To study the capacitive phenomena of the previous section, in situ PM
IRRAS was applied to the [CisIm-d«][X] covered and flame annealed Au(111)
electrodes and in 10 mM [C2Im][TfO]q) + 0.1 M KClOs@g. Different spectral
regions elucidate the behavior of the anions, alkyl chains in the film, ring
moieties of imidazolium molecules in electrolyte and film, and alkyl groups
of the imidazolium molecules in the electrolyte.

Spectroelectrochemical Analysis of the Anions

Triflate, perchlorate, and hydroxide anions are present in the solution.
First, the [CisIm-ds][X]| Au(111) system immersed in 10 mM [CaoIm][TfO]aqg
+ 0.1 M KClOuqg) is discussed, because the measurement in an H2O solvent
allows for the observation of important triflate bands. Both triflate and
perchlorate anions give discreet signals (Fig. 9.5). Due to the comparably
high concentration of KClOug), the vas(ClOs) band at ¥ = 1113 cm™ dominates
the raw (Fig. 9.5a) and background corrected spectra (Fig. 9.5b).[22I

The Csv symmetry of the triflate ion is broken due to chemical interactions
(probably mono- or bidentate H-bonds at the sulfonyl group), and thus, the
degeneracy of the asymmetric stretching modes is lifted.?! As a result, two
vas(SOs) bands appear at ¥ =1275cm™ and ¥ =1252 cm™ (Fig. 9.5a,b). In
agreement with literature,??!l the corresponding vs(SOs) band is found at
7= 1034 cm™. The same reasons lead to split vas(CFs) modes at ¥ = 1183 cm™
and ¥ = 1173 cm™, leaving the mode at 7 = 1228 cm™ to be assigned to vs(CFs).
These assignments confer with the modes in the ATR spectrum of neat
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[CIm][TfO], where corresponding bands are found at:¥/cm™ =1286 —
vas(SOs), 1227 —vs(CFs), 1173 — vas(CF3), 1035 —vs(S0O5).128-291
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Figure 9.5: In situ PM IRRA spectra of the [CisIm-da][X]IAu(111) system in 10 mM
[CaIm][TfO] + 0.1 M KClOs (H20) measured at ¥pywr =2200 cm™ in the 1350-
1010 cm™! spectral region: a) averaged raw spectrum (red) and its magnified and
offset second derivative (blue); b) background corrected spectra — water and Bessel
function background subtracted (red) and ClOs background subtracted
additionally (blue); ) difference spectra referenced to Upef=-0.9 V. Colors in c)
correspond to higher (blue) or lower (red) intensities.

Note that some authors may assign the higher wavenumber mode
generally to asymmetric stretching vibrations and the lower one to
symmetric stretching vibrations.’** Singh et al. assigned the mode at
7 =1223 cm™ to the vas(CFs) mode and the band at ¥ = 1147 cm™! to the vs(CFs)
mode,*! and this assignment was propagated by co-authors Kiefer et al. in a
second paper.B¥ This disagrees with early HF calculations, e.g. by Huang et
al.?! Besides calculations, the latter also deduced that a single and
degenerate vas(CFs) mode cannot appear with two vs(CFs) modes, because the
latter would require two differently coordinated triflate ions which in turn
must lead to more than one vas(CFs) modes. I reproduced the harmonic
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frequency calculation on the level of theory of Singh et al.l®¥ (wB97x-D/6-
311++G(d,p)) and found that the DFT calculation itself is consistent with HF
calculations by Huang et al.?’l as well as the experimental observations of
two vas(CFs) modes resonating at lower wavenumbers than the single vs(CFs)
mode.

The vas(SOs) band at 7 = 1275 cm™ is to be broader than the second vas(SOs)
band at ¥ =1252 cm™ (Fig. 9.5b), and therefore another mode may be
convoluted there. Cui et al. investigated mixtures of water and [CoIm][TfO]
up to 70 vol% water.””) Upon increase in the water volume fraction, the
single vas(SOs) band appearing at 7 = 1250 cm™ started to split into at least
two bands located at ¥ = 1252 cm™ and ¥ = 1276 cm™, which is in agreement
with the modes shown in figure 9.5a,b. Cui et al. reasoned that the band at
721276 cm™ may appear due to the formation of triflic acid,®”! which can
explain the broad feature around ¥ = 1275 cm™ found in this work, too. In
addition, they showed that the mixture becomes more acidic upon increasing
water fraction.?’]

Difference spectra in figure 9.5c show that potential-dependent changes
in the anion intensities are negligible. The lack of potential-dependent
changes suggests that the measured spectra are dominated by anions from
the solution phase in comparison to anions which are possibly adsorbed at
the Au(111) surface. Moreover, the spectral noise increases tremendously at
7 <1200 cm™ due to increasing IR absorption of the CaF: prism window of
the in situ PM IRRAS cell.%I Consequently, the vs(SOs) band at ¥ = 1034 cm™!
is only observed for averaged spectra but not for single potential scans.
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Figure 9.6: In situ PM IRRA spectra of the flame annealed Au(111) electrode in 10 mM
[CaIm][TfO] + 0.1 M KClOs (D20) measured at ywr = 1600 cm™ in the 1350-
1010 cm™! spectral region: a) averaged raw spectrum (red) and its magnified and
offset second derivative (blue); b) background corrected spectra.

The vs(SOs) band at 7 = 1032 cm™ and vas(ClO4) band at ¥ = 1106 cm™ are
also seen in spectra recorded from the flame annealed Au(111) electrode in
in 10 mM [CaIm][TfO] g + 0.1 M KClOuag (Fig. 9.6). In contrast to the spectra
discussed above, these spectra were recorded in D20 and not in H20. The
strong d(D20) band at 7 = 1219 cm™ impedes the analysis of other modes in

this region.

Spectroelectrochemical Analysis of the Alkyl Chains in the
Monolayer

Potential-dependent PM IRRA spectra of the alkyl chains in the
perdeuterated CisIm-da* cations on the Au(111) surface immersed in 10 mM
[CoIm][TfO]aq) + 0.1 M KClOsg are shown in figure 9.7.

As for raw spectra in 0.1 M KClOsqq) (cf. section 7.4), changes are hard to
see in the measured spectra (Fig. 9.7a). The background-corrected spectra
(Fig. 9.7b) reveal several bands, which are assigned based on the results
described in chapter 7: ¥ / cm™ = 2217 — vas(CDs), 2197 and 2181 — vas(CD2),
2091 - vs(CD2). Due to low intensities (AS<2-10°) and a difficult
background correction, difference spectra are shown for assurance
(Fig. 9.7¢).
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Figure 9.7: In situ PM IRRA spectra of the [CisIm-d«][X] monolayer on Au(111) in 10 mM
[C2Im][TfO] + 0.1 M KCIO4 (H20) measured at ¥yyg =2200 cm™. a) Raw spectra
with potential ranges applied to the Au(111) electrode as indicated in the figure.
b) Background corrected spectra. c) Difference spectra of raw signals. Colors in b)
and c) correspond to higher (blue) or lower (red) intensities.

When immersed in 10 mM [CoIm][TfO]ag + 0.1 M KClOs@qg), the alkyl
chains in the perdeuterated CisIm-d«* cations on the Au(111) surface show a
similar behavior in absence of [C2Im][TfO]w@g in the electrolyte solution (cf.
section 7.4): At positive and moderately negative potentials, both vas(CD2)
bands are strong, but at negative potentials they vanish. In the same matter
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the vs(CD:) band, which is weak at positive potentials, cannot be
distinguished from the background noise at negative potentials.

Symmetric and asymmetric v(C(4,5)-D2) stretching modes of the
imidazolium ring are expected to appear at ¥ = 2386 cm™ and ¥ = 2345 cm™,
respectively.l'5! 1751 In the spectra of this experiment, these modes could not
be observed due to insufficient CO. compensation.

Spectroelectrochemical Analysis of the Imidazolium Ring Moieties

CoIm* cations give rise to in-plane ring stretching modes.['s" 1751 Due to less
complexity, in situ PM IRRA spectra of the flame annealed Au(111) electrode
in 10 mM [C2Im][TfO]q) + 0.1 M KClOuq) are discussed first (Fig. 9.8a).
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Figure 9.8: IR spectra of in-plane imidazolium ring modes and alkyl deformation modes in
the 1600-1420 cm™ spectral region. a,b,d) In situ PM IRRA spectra of the flame
annealed Au(111) electrode in 10 mM [C2Im][TfO] + 0.1 M KClOs (D20) measured
at Pywg = 1600 cm™: a) averaged raw spectrum (red) and its magnified and offset
second derivative (blue); b) background corrected spectrum; d) difference spectra
referenced to Upef=-0.9 V. Colors in d) correspond to higher (blue) or lower (red)
intensities. ¢) ATR spectrum of the neat [C2Im][TfO] liquid.
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The imidazolium ring stretching modes, Ri and R are clearly
distinguished from the background in the raw spectrum (Fig. 9.8a). The
background corrected spectra (Fig.9.8b) reveal at least two modes at
7=1571 cm™ (medium) and ¥ = 1554 cm™! (strong). In comparison to the ATR
spectrum of neat [CoIm][TfO] (Fig.9.8c), these modes underwent a
significant bathochromic shift (¥ = 1575 cm™).

In an H20 solution of [C2Im][TfO], Brummel et al. observe the stronger in
plane ring stretching mode at ¥ = 1574 cm™,® which is in contrast to the
modes observed in this work. However, a D20 solution was employed here.
Depending on the degree of deuteration at the imidazolium ring, different
resonance frequencies are expected for the concerning modes, as
summarized in table 9.3. Clearly, the intensity ratio and wavenumber
positions of the measured Ri and R2 modes indicate, that H/D exchange
occurred at the C(2)-H group of the C2Im* cation. This group is prone to H/D
exchange and it may readily occur in diluted D20 solutions within 20 min at
room temperature, whereas the exchange at C(4,5)-H: groups requires more
than a week at 100 °C.0151 Therefore, the C2Im* cation in D20 solutions is

denoted as CoIm-di* in the following.

Table 9.3: Imdazolium-related resonance frequencies of [C2Im][Tf2N] fundamentals according
to Lassegues, Grondin, et al.['5.175177]

Mode Colm?* Colm-di* (C2)  CaIm-do* (C4,C5) Colm-ds* (C2,C4,C5)
vs(C4,5-H>) 3161* 3173 s

vas(C4,5-H2)  3161* 3151s

v(C2-H) 3161* 3160 s

vs(C4,5-D2) 2386 w 2385 w
vas(C4,5-D2) 2345 m 2354 s
v(C2-D) 2350 s 2345s

Ri 1576 m 1570 w 1568 w 1519 w

Ro 1568 m 1551 s 1524 s 1546 s

* unresolved band

A weak mode at ¥ = 1541 cm™ does certainly not originate from C2Im-ds*
species, but may tentatively be assigned to a ring mode of CoIm-di* adsorbed
on Au(111) in a nonplanar orientation. On the other hand, it could originate
from background noise (water vapor, cf. Fig. 6.7). Besides the in-plane ring
modes, alkyl deformation modes are observed in the expectable range of
1480 cm™ < ¥ <1440 cm™.I%11  Difference spectra reveal no significant
potential dependent changes in the observed bands, apart from a broad
background variation at lower wavenumbers (Fig. 9.8d).
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Assignments are similar for the [CisIm-d4][X] monolayer covered Au(111)
surface immersed in 10 mM [CoIm-di1][TfO]@g + 0.1 M KClOuaq (Fig. 9.9). The
CaIm-di* cation gives rise to the same modes as mentioned above: 7 /cm™
=1571 — Ry, 1554 — R, 1480 < ¥ < 1440 — 5(CHs) and d(CHz). The strikingly
new feature is the band at ¥ = 1541 cm™, which may have a shoulder on the
lower wavenumber flank. In agreement with the experimental and
theoretical results by Lassegues, Grondin, et al.,['-17>177] this mode originates
from a completely deuterated imidazolium ring (Tab.9.3). Under the
experimental conditions, this may only be generated by substitution of the
C(2)-H by D in the CisIm-d«* cation, leading to the formation of the
completely perdeuterated Cislm-dss* molecule. The undoubted appearance
of this band supports the weak spectral indication of the imidazolium rings
in the [CisIm][X] film, which are supposedly non-flat oriented on the Au(111)
surface (Section 6.4.1).
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Figure 9.9: IR spectra of in-plane imidazolium ring modes and alkyl deformation modes in
the 1600-1420 cm™! spectral region. a,b,d) In situ PM IRRA spectra of the [CisIm-
d«][X] monolayer on Au(111) in 10 mM [CaIm-d1][TfO] + 0.1 M KClOs (D20)
measured at Vg = 3000 cm™':S a) averaged raw spectrum (red) and its magnified
and offset second derivative (blue); b) background corrected spectrum; d)
difference spectra referenced to Up.qf=-0.9 V. Colors in d) correspond to higher
(blue) or lower (red) intensities. ¢) ATR spectrum of the neat [C2Im][TfO] liquid.

As in absence of the [CisIm-dss][X] monolayer, the difference spectra show
no significant potential-dependent changes in this region. For both
imidazolium compounds this means that neither the (surface) concentrations
nor the orientation of the ring moieties change. This agrees with own studies
(Section 6.4.1)IF? as well as results from Motobayashi et al.l''l The scenario
that variations in the orientation may compensate changing concentrations

is unlikely.

§ This experiment was also conducted at Vg = 1600 cm™, which is more suitable for the
analysis of this region. Indeed, this experiment yielded larger intensities of the observed
modes. However, the spectra were perturbed by noise of ill-compensated water vapor, which
is why the spectra at ¥y = 3000 cm™ are shown. Apart from intensities and noise, no further
differences are noticeable.
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9.2.4

Spectroelectrochemical Analysis of the CH Groups in the
Electrolyte

Whereas no significant potential-dependent changes were observed for
the anions or ring groups, the CH groups of the C2Im-d1* display interesting
potential-driven changes, which differ in both the flame annealed and
[Cislm-dss][X] monolayer covered Au(111) electrode surfaces. Unfortunately,
the background correction for the alkyl moieties was too difficult to be
executed without major operator-imposed errors, due to the steep D20
background in both systems. In theses cases, the second derivative spectra
of the averaged spectra as well as the difference spectra become extra-
ordinary useful.

First, the [CisIm-dss][X] monolayer covered Au(111) electrode surface in
10 mM [CaIm-d1][TfO]@g + 0.1 M KClOs@aq) is analyzed (Fig. 9.10). No discreet
mode can be observed in the averaged raw PM IRRA spectrum (Fig. 9.10a).
Its second derivative reveals some modes. Symmetric and asymmetric
v(C4,5-Hz) modes of the C2Im-di* cations are expected at ¥ = 3173 cm™ and
¥ =3151 cm™, respectively (Tab.9.3). However, they were not observed
(Fig. 9.10a). Cui et al. investigated mixtures of [CIm][TfO] and water.?”]
Evidently, the absorbance of the ring CH modes decrease greatly when
increasing the water fraction. Consequently, these modes become weak and
hard to detect in a dilute solution via IR and Raman spectroscopies.
Furthermore, the resonance frequencies of modes in the 2700 cm™
<¥ <3050 cm™ spectral region were shown to be insensitive to dilution of
[C2Im][TfO] in water, 728 2201 which facilitates the band assignment.

D/H-exchange of the aromatic C(2)-H group should not affect the
aliphatic v(CH) modes significantly.'” Modes indicated by the second
derivative (Fig. 9.10a) are assigned based on the anharmonic frequency
calculations (Chapter 8) and located at: ¥ / cm™ = 2960 — vs(N-CHs) and vas(C-
CHs), 2924 - 25(CH2CHz), 2904 — d(CH2CHs) + d(CH2CHs), 2873 — 20as(N-
CHs), 2854 — 20.(C-CHs), and tentatively 2834 — 20s(N-CHzs). Interestingly,
not all of these modes respond in the same manner to changing potentials.
Whereas stretching fundamentals of the ethyl chain remain invariant,
intensities of FR overtone and combination modes located at ¥ = 2924, 2904,
and 2854 cm™ decrease upon scanning from positive to negative potentials
(Fig. 9.10c). No changes are observed for the vs(N-CHs) and 20as(N-CHa)
modes at 7 =2960 and 2873 cm™, which are indicated by reference lines in
the graph. Following, potential-driven changes affect the ethyl chain in the

9.2 Potential-Driven Reorientations in the Electrical Double Layer
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CoIm-di* cation, but not the CH groups of the ring or the N-CHs group.
Background changes of D20 in the lower wavenumber region complicate the
studies (¥ <2900 cm™). The difference spectra may indicate a potential or
time dependence in the water background.

a) T T T c) T T T T T T
o5 1
06+ i |AS gy = 1-1073 f\}v\
& ]
= - 0.30
T 04+ PARKR) V2 /\/\/ H /\m
. 0.20 WA S
0.2 _// _ 0.00 _M«WMMF/V\A\/M\_\
b) 0.0 +—F+—+——"F—+——F+—+—F+—+— -0.20 v NP v A\/W\'\
0-10 7 fic, mjrTto] i -o.40-“V"““"“““V‘”"f:i”A”M\W
> |
_..é 6 -O.SS'W W/\J\q
J ,\WV\J\'\,./\'"V"’
e 2 .0.751 T
:: < -2.90 PP SN VN, Wr M\
] . 2 o MMMWW"/U\‘M
0.00 ————F———1— > -0.551 //\M
3200 3100 3000 2900 2800 0,40 P A /V\
v/em™ Marr A A W] f‘f'\
-0.201 /‘f\
NS W
0.00 -
0.30 m/\
0.50 A

T T T T T T T T T
3200 3100 3000 2900 2800
v/cm™
Figure 9.10: IR spectra of CH stretching modes in the 3250-2750 cm™! spectral region. a,b,d) In
situ PM IRRA spectra of the [CisIm-da3][X] monolayer covered Au(111) in 10 mM
[CoIm-d1][TfO] + 0.1 M KClOs (D20) measured at #yg = 3000 cm™: a) averaged
raw spectrum (red) and its magnified and offset second derivative (blue); c)

difference spectra referenced to Upef=-0.9 V. Colors in c) correspond to higher
(blue) or lower (red) intensities. b) ATR spectrum of the neat [C2Im][TfO] liquid.

The flame annealed Au(111) electrode surface in 10 mM [C2Im-d1][TfO]aq)
+ 0.1 M KClOsag yields different results (Fig. 9.11). At ¥=3176 cm™ and
7=3153 cm™ two bands appear (Fig.9.11a,b), which can be assigned to
symmetric and asymmetric v(C4,5-Hz) modes of the Cam-di* cations
(Table 9.3). The background correction was difficult and corrected spectra
should not be interpreted quantitatively (Fig.9.11b,c). Nevertheless, the
difference spectra show interesting potential-dependent changes
(Fig.9.11d), and the background corrected spectra visualize them
(Fig. 9.11c). Upon scanning to negative potentials, the most prominent
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change is an intensity decrease of the d(CH2CHs) + d(CH2CHs) combination
band at ¥ =2905 cm™. In contrast, 20(CH2CHs) and 28.s(C-CHs) overtone
bands at ¥ ~2924 cm™ and ¥ = 2854 cm™, respectively, increase slightly in

intensity.
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Figure 9.11: In situ PM IRRA spectra of the flame annealed Au(111) electrode surface in 10 mM
[CaoIm-d1][TfO] + 0.1 M KClOs (D20) measured at #yg = 3000 cm™: a) averaged
raw spectrum (red) and its magnified and offset second derivative (blue); b)
background corrected mean signal; c¢) background corrected spectra; d) raw
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difference spectra referenced to Uyer=-0.9 V. Colors in d) correspond to higher
(blue) or lower (red) intensities. Due to the difficult and uncertain background
correction, spectra in b) and c) may not be interpreted quantitatively.
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All of these changing FR modes involve the C-CHs group, suggesting that
particularly this sub-molecular segment is prone to potential-dependent
changes.

Deductions for the Electrical Double Layer in Aqueous

lonic Liquid Solutions

Previous potential-dependent investigations indicate a complex EDL
structure for [C2Im][TfO]@q + 0.1 M KClOs@g) solutions at flame annealed and
[CisIm][X] monolayer covered Au(111) electrode surfaces.

In capacitance-potential curves a minimum is formed in between two
camel humps upon increase in [CoIm][TfO]ag concentration in 0.1 M
KClOs@aq). This behavior is found for uncovered and monolayer covered
Au(111) surfaces and contrasts with classical aqueous electrolytes, whose
capacitance minimum at the PZC is formed upon decrease of ionic strength.
Attempts to explain this non-Gouy-Chapman behavior of the aqueous IL
solution with Kornyshev’s theory resulted in unphysical values of the
continuum permittivity or ionic charge. Consequently, the shape of the
C(U)-curves cannot be explained by considering merely electrostatic
interactions, thermal randomization, or ion size (lattice saturation) effects.
Time-dependent features hint for a slow segregation process within the
solution. C(U)-curves of flame annealed and monolayer covered Au(111)
surfaces merge at positive potentials with in increasing IL concentrations,
which indicates that not the closest layer to the electrode surface dominates
the measured capacitance.

In situ PM IRRAS studies reveal that the addition of 10 mM [CoIm][TfO]q)
to 0.1 M KClOuq does not affect the [CisIm-dss][X] monolayer on the Au(111)
electrode surface significantly. Similarly to the perchlorate anion, the triflate
anion is chaotropic.l?'» 2231 Band characteristics and potential-dependent
changes as found and interpreted in chapters 6 and 7 match. Moreover, in
situ spectra confirm the presence of characteristic anion modes. Their signals
were independent of the applied potential, and thus indicate neither
reorientations nor concentration changes within the sensitivity of
measurement. The same is valid for imidazolium ring stretching vibrations
in the cations. For both uncovered and [CisIm-dss][X] monolayer covered
Au(111) electrode surfaces, the resonance frequencies of the ring stretching
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modes revealed a H/D-exchange in D20 at the C(2) position, which agrees
with literature.'>l In accordance with the ring modes, CH stretching
fundamentals of both aromatic and aliphatic groups do not change as a
function of the applied potential in the cation. This indicates a stiff, potential-
independent orientation of CoIm-di* cations in the vicinity of the electrode
surface. Note that changes in (surface) concentrations or molecular
orientations still may occur beyond the limits of noise and PM IRRAS
sensitivity.

Despite that the ethyl chain in the CoIm-di* cation is very short, and thus
not prone to aggregation or segregation phenomena known for Cr-slm?*-
based ILs,?'2 interesting spectral changes are observed for its FR modes.
Bending overtone and combination bands related to the methyl group of the
ethyl moiety clearly respond to the electric potential. These responses cannot
originate from a nonplanar to planar conformation change (chapter 8),
molecular reorientation, or concentration changes, as these causes must
affect much more modes. Nevertheless, FR modes are sensitive to intra- and
intermolecular interactions.'”® 221 Without conformational changes,
intramolecular effects remain invariant. On the other hand, intermolecular
interactions may change along with the EDL structure depending on the
potential. In a combined theoretical and experimental study, Singh et al.
suggested that C2Im* and TfO- ions form small clusters with a water-free
domain even in highly diluted [CoIm][TfO] g solutions.??’! Variations in the
electric field at the Au(111) surface may perturb local concentrations of
different species. In the present study, cations (CoIm-di*, K*, HsO"), anions
(CIO«7, TfO, HO), or neutral water molecules may enrich or deplete, interact
stronger or weaker with each other, or reorient in the EDL as a response to
potential changes. As a result, C2Im-di* cations present in the EDL may
perceive different chemical environments with changing electrode
potentials, which is observed by the methyl FR modes. The FR band
alterations occur for the same modes in both uncovered and [CisIm-ds][X]
monolayer covered Au(111) electrode surfaces, but differ with respect to
intensity gain and losses in both systems. This indicates a pronounced effect
of the interfacial layer, and that primary Cm-di* cations in it (flame
annealed surface) or close to it ([Cislm-ds][X] monolayer covered surface)
are affected. Hitherto, no further explanations for molecular scale causes of
the FR band changes can be given and additional studies are required.

An attempt to describe the coarse structure of the EDL at the x mM
[CoIm][TfO]aq) + 0.1 M KClOs@qg | Au(111) interface is given in figure 9.12.

9.3 Deductions for the Electrical Double Layer in Aqueous lonic Liquid Solutions
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Figure 9.12: Proposed three layer model to describe the EDL of diluted ILs. White space may
be occupied by solvation shells, unoriented solvent dipoles, or voids.

Ions may adsorb specifically and nonspecifically in the Stern layer along
with oriented solvent molecules. Multilayering and charge oscillations are
not incorporated into Kornyshev’s theory, ! but are clearly present in both
pure and diluted ILs.1?” 76 811 On the other hand, water was found to weaken
interactions of cations and anions in ILs, and less (or less strongly associated
layers with undetectable rupture forces) are found.” 81l Nevertheless, ILs
exhibit a “strong propensity [...] in their aqueous solutions for an organic-
modified surface”?*l and may self-assemble in multilayers on gold.!'”) The
in situ PM IRRA spectra show that intermolecular interactions may
significantly affect the first and closely following layers. Thus, after the Stern
layer the formation of an accumulation layer is proposed. Here, the ion
distribution may depend on many factors, e.g. ion-ion correlations or,
intermolecular interactions of so far unspecified nature. If the accumulation
layer does not screen the electrode charge completely, it may be followed by
a diffuse layer transition into the bulk, which is governed by the classical
Gouy-Chapman behavior in terms of electrostatic interaction and thermal
randomization, only.
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10 Conclusion and Outlook

Different methods were applied to study the structure and potential-
driven changes of amphiphilic ionic liquids at various interfaces. Structure,
order, and composition of IL monolayers were shown to affect their
interfacial properties.

First, films of ILs with short, more environmentally friendly,
perfluorinated alkyl chain segments were studied.P!! Monolayers of
fluorinated ionic liquids (bis(1H,1H,2H,2H-perfluorooctyl)- imidazolium,
1,2,3-triazolium, and 1,2,4-triazolium triflates) were formed by the LB
technique. These FILs were examined on both pure water and 1 M NaClag
subphases. Whereas compression isotherms on the water subphase were ill-
defined and badly reproducible, the addition of NaCl electrolyte lead to
reproducible and well-defined results. Some of the above-mentioned
compounds melt at T, > 100 °C, and thus cannot be strictly defined as ILs.[®!
However, inverse compressibility moduli of all studied amphiphilic ILs
revealed a wide 2D liquid-like state when spread in (sub-)monolayer
coverages at the airlaqueous solution interface. Upon compression, Im™-
and 1,2,4-Tria*-based films reach the monolayer collapse in the liquid-like
state. In contrast, the 1,2,3-Tria*-based monolayer exhibits a phase transition
to a solid-like structure, in which it finally collapses. This interesting
difference within the studied azolium-based ILs is attributed to H-bonding
interactions with the CH group located in a-position with respect to two
neighboring and substituted N atoms, which is absent in the 1,2,3-Tria*
cation. For further analysis, the FIL monolayers were transferred from pure
water and 1 M NaClag subphases onto polycrystalline gold substrates. Next,
the deposited monolayers were characterized by XPS. The analysis revealed
that triflate anions were exchanged by chloride and maybe hydroxide anions
from the 1 M NaClag subphase during LB transfer of the Im™-based film.[r!l
At least two Cl 2p doublets indicate the presence of two different chloride
species, which are specifically adsorbed on the gold surface or present in the
following layer. Furthermore, the imidazolium ring is also proposed to
directly interact with the Au surface, because the according N 1s line is
downshifted in contrast to the bulk ILs.'” 121 The same is valid for the
transfer from an aqueous subphase. In this case, triflate was deposited
together with the FIL cation, and no or a partial anion exchange by hydroxide
anions took place. Conformation and order of the FILs were studied by PM
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IRRAS at the Airl Au(poly) interface. Aided by optical constants, a density
functional theory frequency calculation, and literature of the imidazolium
FIL cation, bands in experimental spectra were assigned and quantitatively
evaluated. As expected, the perfluorinated hydrocarbon segment adopted a
helical conformation. Upon transfer from the aqueous subphase, a low order
of helical CF stretching modes was found. In contrast, the fluorinated chains
adopted a well-defined tilt of 6 = (43 + 3) °, when transferred from the 1 M
NaClag subphase. The chain order was reflected in the water repellency of
the films: Monolayers transferred from pure water gave a contact angle of
9=(94%2)°, whereas ¥ =(109 £2) ° was measured for those transferred
from 1 M NaClag. In macroscopically thick films of [ImF][TfO] smeared on
to glass, much less water repellency was found, 9 = (70 + 1) °.'% Clearly, the
molecular scale order affects macroscopic properties of the material.

For studies of a model Helmholtz layer in the EDL, aliphatic ILs (1-
methyl-3-octadecylimidazolium chloride or triflate) were transferred onto
single crystalline Au(111) electrode surfaces.l’? Due to solubility in pure
water, they were studied on an 0.1 M KClOsaq subphase. The CisIlm?*-
monolayer collapses (or transforms to a multilayer according to Filipe et
al.)®! within liquid-like compressibility moduli. A liquid-like monolayer
state was chosen for transfer, enabling molecular mobility and the possibility
to respond to potential changes during following investigations. As for the
studied FILs, XPS showed that LB transfers from 0.1 M KClOs@q or 0.1 M
KClag) solutions lead to exchange of anions depending on the respective
subphases. Also, lowering of the N 1s binding energy indicated interaction
of the imidazolium moiety and the Au surface. Capacitance-potential curves
of flame annealed and film covered Au(111) electrodes in 0.1 M KClOsaq
revealed that the Cislm*monolayer had modified the surfaces
fundamentally. In the latter, two capacitive plateaus appeared and were
separated by transition peaks. The low capacitance (6-7 pF cm™) state was
located at moderately negative potentials (-0.3 V<U<0.1V vs AglAgCl),
and the high capacitance (13-15 uF cm™) state at more negative potentials
(-1.0 V<U<-0.7 V). The pseudocapacitive peaks in between those states
exhibited a ca 0.1 V hysteresis for positive and negative scans, indicating a
slow rearrangement. At U=-0.8V, an electrochemical impedance
spectroscopy study hinted for ionic permeability in the monolayer. The in
situ polarization modulation infrared reflection absorption spectroscopy
investigation of this system indicated that imidazolium ring moieties were
rigid and did not respond to changes in the electric field of the electrode. On
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the other hand, profound potential responses were found for the octadecyl-
chain, i.e. intensity changes for the asymmetric CH stretching vibration at
7=(2926 + 1) cm™ and a Fermi resonance band at ¥ = 2900 cm™. This FR band
is sensitive to intermolecular interactions,!'”®! and thus indicates potential-
driven changes in them. The overall chain order was evaluated from the
average tilt of the methylene groups. In the low capacitance state, it equaled
§ =0.25 £ 0.1, whereas it increased to § = 0.60 + 0.05 in the high capacitance
state at more negative potentials. Judged by the non-changing position of the
resonance frequencies in CH stretching modes, the liquid physical state and
the number of gauche conformations were constant. The increase in chain
order is in line with a general erection of alkyl chains, probably to let co- and
counter-ions pass in order to screen the strongly negative electrode charge.
This corroborates well with results by Fedorov et al.®* They showed that
alkyl chains act as latent voids in neat ILs, i.e. that free lattice sites can be
redistributed by molecular reorientation of uncharged alkyl segments.

Next, the impact of the anion and the behavior of the octadecyl chains in
the Cisim*monolayer was studied in detail by perdeuteration. Whereas the
original bulk compound [CisIm-ds7][TfO] exhibits one asymmetric CD
stretching band, CisIm-ds7*-monolayers transferred from the 0.1 M KClOuaq
subphase gave rise to two bands in the according spectral region
(V=2197 cm™ and ¥ = 2183 cm™). The appearance of two prominent bands in
the vas(CD2) region is unusual and was found ex situ at the airlAu(111)
interface as well as in situ at the 0.1 M KClOsaq | Au(111) interface. Isotopic
dilution of the deuterated compound in its perhydro-analogue still showed
two bands, and thus eliminated intermolecular interactions as a cause for the
appearance of the second band. Aided by DFT calculations with the
polarizable continuum solvent model, it is proposed that both bands
originate from vas(CD2) modes in alkyl chain segments with polar (water) or
apolar (alkyl) environments. In situ PM IRRA spectra of the [CisIm-
dx7][X]1 Au(111) system were recorded in 0.1 M KClOsaq and 0.1 M KClag)
electrolytes after LB-transfer from the respective subphase. Depending on
the anion., the two va(CD:2) bands responded differently to potential
changes. An explanation may be given by the Hofmeister series.?!!
Perchlorate anions are chaotropic and may interact with both water and
alkyl chains, whereas chloride anions are more kosmotropic and preferably
interact with water. Altogether, perchlorate anions are proposed to stay
within the erected alkyl chain region to screen the positive imidazolium ring
layer at negative potentials. In contrast, chloride anions should move out of
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the alkyl chain region, leading to the formation of an apolar, aggregated, and
coiled chain structure.

The assignment of the two bands at ¥ =2197 cm™ and ¥ = 2183 cm™ in
[CisIm-ds7][X] film may be revisited and must be debated with the perhydro-
analogue ([CisIm][X]). In the latter, similar potential-dependent responses
were found for modes located at 7=(2926+1)cm? and band at
722900 cm™. Based on literature, 17173 178 217] these modes were assigned to
the vas(CH2) band and a FR band, respectively. In contrast the bands at
722197 cm™ and ¥ = 2183 cm™ were both assigned to vas(CD:2) modes, which
implies a profound difference in v(CH) and v(CD) spectra apart from a
bathochromic shift. The CH-related band at ¥ = 2900 cm™ may actually be a
convolution of two bands, i.e. a literature-consistent FR band and an
additional vas(CH2) bands with exceptionally low resonance frequency due
to environmental effects as proposed above. As the nature of the anion
exhibits a strong influence on the behavior of the film, different anions along
the Hofmeister series, e.g. sulfate, nitrate, thiocyanate, or tetrafluoroborate,
may be employed. Parallel studies of perhydro- and perdeutero-films may
allow for a potential differentiation of FR effects in the ¥ = 2900 cm™ in future
studies. An anharmonic frequency calculation of both monolayers on
Au(111) surfaces would facilitate the final band assignment.

To study the interactions of the Cisim*monolayer with IL molecules from
the solution phase vibrational spectroscopy, the modes of the chosen solute
IL, 1-ethyl-3-methylimidazolium triflate, must be assigned. Especially in the
aliphatic CH stretching region, literature presents contrary assignments,
which were aided by harmonic frequency calculations.®>%] Therefore,
anharmonic frequency calculations were conducted on DFT level. The
analysis of the most stable, nonplanar C2Im*-cation in vacuo allowed for a
complete assignment in the v(CH) region. These spectra were consistent with
experimental spectra from literature and changes upon elongation of the
alkyl chain. As previously proposed, electronic effects of the
electronegative imidazolium ring were found to exhibit a profound impact
on the CH stretching modes of the ethyl chain. Due to the charge
distribution, resonance frequencies become hypsochromically shifted and
CH bond lengths are similar. Thus, symmetric ethyl-CH stretching and
bending modes mix to give new in-phase and out-of-phase vibrations. The
mixed modes enable complicated Fermi resonance interactions. Charge
distribution and FR effects lead to a spectrum in which the v(CH)
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fundamentals resonate at unexpectedly high frequencies, ¥>2948 cm™,
which explains previous difficulties in the mode assignment.

Finally, the EDL of 0-100 mM [CaIm][TfO]ag + 0.1 M KClOs@qg solutions
with flame annealed and CisIm*monolayer covered Au(111) electrode
surfaces were investigated. Their capacitance-potential curves exhibited an
anomalous behavior and contrasted classical studies of diluted electrolytes,
e.g. NaFaglAg(100),% which agree with the Gouy-Chapman theory.
According to the latter, an increase of electrolyte concentration leads to
higher capacitances in the diffuse layer. Due to reciprocal addition of
capacitances in series, the inner layer capacitance should dominate the
measured C(U)-curve at high concentrations. However, with increasing
concentrations of [C2Im][TfO] in 0.1 M KClOuq), a camel-shaped C(U)-curve
emerged for both flame annealed and CisIm*-monolayer covered Au(111)
electrodes. This shape is expected according to Kornyshev’s theory, which
incorporates ion size effects and lattice saturation;*! in this diffuse double
layer, ions can be diluted by voids or solvent molecules. Considering the
anomalous capacitive behavior, the Stern model®l of an inner and diffuse
layer cannot explain the observed results. In situ vibrational studies in
10 mM [CoIm][TfO]@g + 0.1 M KClOuaq) solution showed that the [CisIm-
dss][X]-monolayer responded to potential changes as in pure 0.1 M KClOuq
solution. This was related to the chaotropy of the triflate anions, which is
similar to perchlorate.'2 Apart from the alkyl chains of the CisIm*-film,
no potential-driven reorientations were found among anions, ring moieties
in both CoIm* and CisIm* cations, or the alkyl groups of the C2Im* cations.
The same was valid for the uncovered Au(111) surface. Interestingly, Fermi
resonance enhanced overtone and combination bands of deformation modes
in the ethyl group in the CoIm* molecules responded to potential changes.
The same three FR bands were affected in both electrode systems, but their
intensity changes deviated for flame annealed and CisIm*-monolayer
covered Au(111) surfaces. FR interactions are sensitive to intermolecular
interactions.[”® 2221 [f these are proposed to cause the observed intensity
changes, the interaction of C2Im* must vary significantly upon potential
changes. More detailed experimental and theoretical studies are required to
understand the nature of these changes. Literature results of ILs or
heteroaromatic molecules show for the formation of adlayers next to the first
layer at the electrode surface, even in highly diluted solutions.[?” 12,164 2261 In
these layers, the molecules are accumulated with respect to the bulk phase.
A more complicated EDL model is proposed: The Stern layer next to the
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metal surface may overscreen the electrode charge. It may be followed by an
accumulation layer of IL molecules. In this layer, forces beyond electrostatic
interactions and thermal randomization govern the structure. As known for
molten salts, strong ion-ion correlations lead to a multilayered and charge-
oscillating structure.l?® ¢ 76 On the other hand, the extent should be small in
diluted systems.?”? Nevertheless, the observed FR interaction changes
indicated interesting and potential-dependent association. Last, the
accumulation layer may be screened with a diffuse layer into the bulk phase.

EDL models are crude and only account for thermal motion, electrostatic
interactions, and, with Kornyshev, ionic size.?”! Properties such as
polarizability, ionic correlation, dispersive interactions, or H-bonding are
relevant, but hard to incorporate into a general theory. These weak
interactions also affect time-consuming molecular rearrangements or
reorientations, hampering the analysis by dynamic methods as conveniently
used EIS. Studies of this thesis show that ILs at interfaces are strongly
subjected to the above-mentioned effects. The LB-monolayer model
approach facilitates the decoupling of different interactions, serving as a
good model for both experimental and theoretical studies of the EDL in ILs.



11 Methodological Details

All experiments were conducted at room temperature.

11.1 Chemicals

Deionized water with a resistivity > 18.2 M(Q) cm was obtained from a
Pure-Lab Classic system (Elga LabWater, UK). All commercially obtained
chemicals were used as received and are listed in table 11.1.

Table 11.1: Commercially obtained chemicals.

Product Sum Formula Supplier Grade
Argon Ar Air Liquide 5N
Chloroform CHCIs Sigma-Aldrich > 99 %, contains 0.5-1.0 %
ethanol as stabilizer
Chloroform-d CDCls Eurisotop 99.96 % D
Deuterium oxide D20 Eurisotop, 99.90 % D,
Deutero 99.9 %
Ethanol C2HeO Fisher Scientific >99.8 %, a.r.g.
1-Ethyl-2-methyl- C7HuiFsN20sS  IoLiTec 99.5 %
imidazolium triflate
Hydrogen peroxide = H0O2 Merck 30 %, puriss, p.a., reag.
ISO, reag. Ph. Eur.
Methanol CH4O Fisher Scientific >99.99 %, a.r.g.
Methanol-ds CD«O Eurisotop 99.96 % D
1-Methy-3-octadecyl- C22HisCIN2 IoLiTec >98 %
imidazolium chloride
2-Propanol GsHsO Merck >99.8 %, ACS reagent,
reag. ISO, reag. Ph. Eur.
Potassium bromide KBr Fisher Scientific Spectroscopy grade
Potassium chloride KCl Carl Roth >99.5 %, p.a., ACS ISO
Potassium perchlorate KClOs Merck, 99.5 %, EMSURE®, ACS;
Acros >99 % for analysis
Sodium chloride NaCl Carl Roth >99.5 %, p.a., ACS ISO
Sulfuric acid H2504 Sigma-Aldrich  95-97 %, puriss, p.a., ACS
reagent, reag. ISO, reag.
Ph. Eur.
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The compounds in table 11.2 were synthesized and provided by Torben
Alpers, working group of Jens Christoffers (University of Oldenburg)
according to procedures given in the references.

Table 11.2: Compounds obtained from the Christoffers group.

Compound Sum formula
1,3-Bis(1H,1H,2H,2H-perfluorooctyl)-imidazolium iodidel'®! Ci9H11F26IN2
1,3-Bis(1H,1H,2H,2H-perfluorooctyl)-imidazolium triflatel'0 C20H11F20N203S
1,3-Bis(1H,1H,2H,2H-perfluorooctyl)-1,2,3-triazolium triflatel’l  Ci9H10F2sN30sS
1,4-Bis(1H,1H,2H,2H-perfluorooctyl)-1,2,4-triazolium triflatel'l ~ Ci9H10F20N3035
1-Methyl-3-(octadecyl-ds7)-imidazolium triflatel'*%! C23HsD37F3sN203S
1-(Methyl-ds)-3-(octadecyl-ds7)-imidazolium-4,5-d: triflatel1%! C23H1D42FsN203S

Electrode Materials

The substrates for LB transfer were Au(111) disc electrodes (3 mm and
12 mm diameter, polished with an orientation accuracy < 1°, MaTeck,
Germany) or a gold film evaporated onto a glass slide. Prior to use, Au(111)
electrodes were flame annealed in a Bunsen burner and gently cooled in an
argon atmosphere. Microscope glass slides (VWR International, Belgium)
were cut in pieces of 1.0 x 2.5 cm? and rinsed with water and 2-propanol.
Afterward, the glass slides were dried in a stream of argon. On the cleaned
glass surface 0.7 nm of adhesive Cr (99.7 %, Goodfellow) and 200 nm Au
(99.999 %, Goodfellow) layers were evaporated using a Tectra MiniCoater
instrument (Tectra, Germany). Before each LB transfer, the slides were rinsed
with water and ethanol, dried with Ar and placed in an UV/ozone cleaner
(Bioforce Nanoscience Inc., USA) for 10 min. These slides are denoted as
Au(poly) in this thesis.

Langmuir-Blodgett Method

Surface pressure versus mean molecular area isotherms were recorded
using a KSV LB Mini Trough (KSV, Finland) equipped with two hydrophilic
barriers and a Wilhelmy balance with a paper Wilhelmy plate. Prior to use,
it was cleaned with copious amounts of water, ethanol, wiped with
chloroform, and rinsed with ethanol and water again. After each rinse, the
surface was dried with delicate task wipes (Kimtech). To protect the
experimental setup from dust, it was placed in a laminar flow hood. Fresh
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solutions of ILs in organic solvents (typically 2 mL) were prepared daily:
FILs [ImF][TfO], [1,2,3-Tria][TfO], and [1,2,4-Tria][TfO] in CHCls : MeOH =
2:1 (v/v), 1gL7; aliphatic ILs [CisIm][Cl], [CisIm-d37][TfO], and [CisIm-
d«][TtO] in CHCIs ([CisIm-ds7][TfO] in CDCls once), 2-3 mM. For the isotopic
dilution experiment of [CisIm][Cl]:[CisIm-ds7][TfO] =1:10 molar ratio, a
solution of 12.8 mg [CisIm][Cl] + 1.8 mg [CisIm-d37][TfO] in 20 mL CHCIs was
prepared, yielding an averaged mass concentration of 0.73 g L-!. Using a
microsyringe (Hamilton, USA), a few microliters of the IL solution were
placed on the aqueous subphase and left for solvent evaporation: 10 min for
CHCls: MeOH  solutions and 5min for CHCIs/CDCls solutions.
Compression and expansion isotherms were conducted at a barrier speed of
15 mm s7'. The accuracy of measurements was + 0.02 nm? for A,y and
0.1 mN m™ for II. Transfer conditions are described in the according
chapters. If not stated differently, the substrates were dried and kept in argon
atmosphere overnight after transfer.

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectra were measured from the LB monolayer
transferred onto an Au(poly) substrate, using an ESCALAB 250 Xi
spectrometer (Thermo Fisher Scientific, UK). The instrument was operated
using a monochromatic Al Ky X-ray radiation source (hvppoion = 1486.6 €V).
Samples were grounded by connecting carbon tape to the surface and the
sample holder. It has been shown that ILs| Au degrade upon irradiation with
X-rays.['”] Thus, the acquisition time was kept rather low to avoid sample
damage. Due to different sensitivities and concentrations, the pass energy,
step size, and dwell time were varied for different photoelectron lines
(Tab. 11.3). The binding energy scale was referenced to the Au 4f75 line at
E, =84.0eV. The spectra were fitted using Avantage v5.982 software
(Thermo Fisher Scientific, UK) by employing Gaussian-Lorentzian functions
with a fixed ratio within each spectral region after Shirley-type background
subtraction. For the fit of CI 2p and S 2p lines the doublet splitting was fixed
to 1.60 eV and 1.2 eV,['¥] respectively, and the fwhms were constrained to be

the same.

11.4 X-Ray Photoelectron Spectroscopy
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Table 11.3: XPS acquisition parameters.

Figure  Spectrum type Passenergy/eV  Stepsize/eV  Dwell time / ms

5.3a Survey 100 0.5 50
5.3b N 1s 30 0.05 1000
5.3¢ F1s 30 0.05 200
5.3d Cls 30 0.05 1000
5.4a S2p 100 0.1 500
5.4b O1ls 30 0.05 1000
5.4c Cl2p 30 0.05 1000
5.4d Na 1s 70 0.1 500
5.5a Survey 100 0.5 25
5.5b N 1s 30 0.05 500
5.5¢ S2p 70 0.1 1000
6.2 Survey 200 1.0 10
6.3a Cls 70 0.1 250
6.3b N 1s 70 0.1 500
6.3¢c Cl2p 70 0.1 500
6.3d O1ls 20 0.05 500
7.1 Survey 100 0.5 30
7.2a Na 1s 20 0.5 250
7.2b Cls 20 0.05 250
7.2¢ N 1s 20 0.05 1000
7.2d O1s 50 0.1 250
7.2e Cl2p 20 0.05 1000

Infrared Spectroscopy

All IR spectra were recorded with a Vertex 70 spectrometer (Bruker,
Germany). Acquisition and processing of spectra was executed with OPUS
v5.5 software (Bruker, Germany). The spectrometer and measurement
chambers are purged with dry air.

Attenuated Total Reflection

ATR IR spectra were recorded by co-adding 64 scans with a nominal
resolution of 2 cm™ of the pure [CisIm-ds7][TfO] powder on a single reflection
silicon prism using a MVP-Pro ATR unit (Harrick Scientific Products, USA).
The spectrum of neat [C2Im][TfO] was measured with 256 scans and 4 cm™
resolution.
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11.5.2 Polarization Modulation Reflection Absorption

PM IRRA spectra were measured with the Vertex 70 spectrometer and an
external reflection setup (Bruker, Germany) containing a photoelastic
modulator with the frequency of 50 kHz and a demodulator PMA 50 (Hinds
Instruments, USA). The nominal resolution for all PM IRRA spectra was
4 cm™. Further experimental parameters are given in table 11.4. The spectral
background was corrected by spline interpolation. Spectra are either given
in differential reflectivity or converted to absorbance.

In situ were recorded in a three-electrode spectroelectrochemical cell2*
at various potentials applied to the Au(111) electrode (12 mm diameter),
which simultaneously served as a mirror for the IR light. All glass and Teflon
ware were cleaned with copious amounts of water, ethanol, and water for
experiments given in sections 6.4 and 7.4. For investigations in section 9.2,
glass and Teflon ware were cleaned in self-heating Caroic acid (96 % H250a
:30 % H202=3:1 v/v. Caution, Caroic acid may react explosively with organic
compounds!), followed by rinsing with copious amounts of water and
boiling in water (at least two times). Next, these parts were dried in an oven
over night. A CaF: equilateral prism (Bioxin Photoelectric, China) was used
as an optical window for the IR radiation. Before assembly of the
spectroelectrochemical cell, the prism was washed with water and ethanol
and cleaned for 10 min in the UV/ozone chamber. The spectroelectro-
chemical cell has a built-in platinum counter electrode. The reference
electrode was AglAgCl in 3M KClag (CH Instruments, USA). The
electrolyte was purged with argon for 1 h to remove oxygen, and afterwards
an Ar blanket was maintained above the electrolyte. The potential was
stepped and hold for 20 s before starting the collection spectral scans. In each
experiment, four to six negatively going and positively going potential scans
were recorded. Each potential scan was analyzed separately and averaged.
The thickness of the electrolyte layer between the CaF: prism and the Au
electrode was evaluated from the shape of the water reflectivity curve.l?
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Table 11.4: PM IRRAS acquisition parameters. @ — Angle of incidence for the IR beam.

Fig. Sample film Medium @  Vywr Total number of Scans
/° [ em™ (Spectral sets to
average)

5.9b [ImF][X] Air 80 1300 500 (1)
5.9¢ [1,2,4-Tria][X] Air 80 1300 500 (1), 1500 (3)
5.9d [1,2,3-Tria][X] Air 80 1300 500 (1), 3000 (6), 1500 (3)
6.7 [Cislm][X] 0.1 M KClOxq) 54 1600 3000 (5)
6.10 [CisIm][X] 0.1 M KClO4aq) 55 2900 3000 (5)
73b  [Cislm-dw][X] Air 80 2200 36096 (71)*
73c  [Cislm-dv][X] Air 80 2200 512 (1)
73d  [Cislm-dv][X] Air 80 2200 1536 (3)
73e  [Cislm-dv][X] Air 80 2200 400 (1)
7.7 [CisIm-ds][X] 0.1 M KClOuq) 58 2200 2000 (4)
7.8 [CisTm-ds][X] 0.1 M KCleag 58 2200 2500 (5)
95,97 [Cislm-de][X] 10 mM [CIm][TfO] 58 2200 3600 (6)

+ 0.1 M KClOx4(aq)
9.6; None 10 mM [C2Im][TfO] 54 1600 2000 (5)
9.8a,b,d +0.1 M KClOsaq)
9.9a,b,d; [Cislm-de][X] 10 mM [CIm][TfO] 54 3000 2400 (6)
9.10a,c + 0.1 M KClOx4(aq)
9.11 None 10 mM [C2Im][TfO] 54 3000 2400 (4)

+ 0.1 M KClOx4(aq)

*This experiment originally should track time-dependent changes directly after LB transfer.
However, no significant changes occurred over 24 h, and the average of these spectra,
weighted by the number of scans, was used for its extraordinary signal-to-noise ratio.

Extraction of Isotropic Optical Constants and Simulation of
Polarization Modulation Infrared Reflection Absorption Spectra

Isotropic optical constants of [ImF][I] were obtained from a transmission
measurement in a KBr pellet (1 % analyte). After background correction with
the spectrum of a pure KBr pellet, the attenuation coefficient was extracted
with Lambert-Beer’s law and Kramers-Kronig transformation was used to
determine the refractive index.

For the determination of isotropic optical constants of [CisIm][C]], the
compound was dissolved in methanol-d+ and measured using a thin layer
cell (Sigma-Aldrich, Germany) with ZnSe windows (Sigma-Aldrich,
Germany) for transmission. A 50 um Teflon spacer was introduced between
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two ZnSe windows and the transmission spectra of the pure solvent and the
3.9 vol-% analyte solution were measured. The isotropic optical constants
were calculated according to the procedure described by Zamlynny.!83l

Fresnell (Vlad Zamlynny, Arcadia University, Canada) was used for the
simulation of PM IRRA spectra. Reflectivities were calculated for a stratified
system utilizing the Abeles-matrix notation of the Fresnel-equations. The
angles of incidence were set according to the experimental conditions
(Section 11.5.2). Details for estimation of surface coverages and monolayer
thicknesses are given in the according descriptions (Sections 5.1, 0, 6.1, and
6.4.1). Isotropic optical constants of air, Au, CaFz, methanol-ds, and water
were required for the simulations and provided by the program.

Electrochemical Characterization

Electrochemical measurements were performed in a three-electrode glass
cell with the Au(111) disc electrode (3 mm diameter) as the working
electrode. All glass and Teflon ware were cleaned in self-heating Caroic acid
(96 % H2504: 30 % H202=3:1 v/v. Caution, Caroic acid may react explosively
with organic compounds!), followed by rinsing with copious amounts of
water and boiling in water. A gold wire spiral served as the counter electrode
and a silver|silver chloride electrode (AglAgCllsat. KCl; CH Instruments,
USA), abbreviated as Agl AgCl, as the reference electrode. All potentials are
referred versus this electrode. The reference electrode was separated from
the electrolyte solution via a salt bridge. Prior to the experiment, the cell was
purged with argon for 1h, and afterwards an Ar blanket was maintained
above the electrolyte. An Autolab PGSTAT302N potentiostat (Metrohm,
Netherlands) with the corresponding software Nova 2.1.3 (Metrohm,
Netherlands) was used to perform electrochemical measurements. The
single frequency electrochemical impedance spectra were recorded in
negative and positive directions with a scan rate of 5mVs! and a
perturbation of Uy =10 mV peak-to-peak amplitude at f=20 Hz. The
differential capacitance versus potential curves were calculated for an R-C-
circuit as described in section 4.3.4. Frequency-dependent EIS was
performed versus a Pt-wire quasi-reference electrode (QRE) at selected
potentials. Multiple C (U) sweeps were recorded to ensure the stability of the
Pt-QRE and used for potential calibration. A Uy = 10 mV RMS amplitude was

11.6 Electrochemical Characterization
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applied with ten points per decade being measured within a range of f = 10°
- 10! Hz.

Water Contact Angle Measurement

The static water contact angle was measured with the sessile drop method
using 9 pL drops with the contact angle system OCA 15plus (Dataphysics,
Germany) equipped with a CCD camera and SCA20 software (v1.0.0). The
denoted values are the average of eight measurements.

Computational Chemistry

Calculations were performed using the Gaussian 161! program on the
High-Performance Computing Cluster Carl, University of Oldenburg.
Geometry optimizations were followed by frequency calculations on the
same level of theory. No imaginary harmonic frequencies were found for the
optimized molecule geometries.

For B3LYPP7/6-31+G*2%, B3LYP/def2-TZVPDI?¥24l, and B3LYP/def2-
TZVPI239-240] calculations of the Im™ cation, Gaussian 16 Rev. A.03 (Gaussian
Inc., USA) was employed. Orca 4.0.0 (Max Planck Institute for Chemical
Energy Conversion, Germany) was used for RI-MP224l/def2-TZVPD
calculation with the def2-TZVPD/C?42l auxiliary basis set.

The solvent model calculation in section 7.3 was executed as follows by
Thorben Petersen, working group of Thorsten Kliiner: Calculations were
performed with Gaussian 16 Rev. A.03. Throughout the calculations, density
functional theory on the PBE0R¥l/def2-TZVPP*! level of theory in
conjunction with Grimme’s D3 dispersion correction!*s! with Becke-Johnson
damping?* was employed. The harmonic frequencies were obtained after
full structural optimization of the respective geometry and afterwards scaled
by a factor of 0.9575.21 For solvation, the Polarizable Continuum Model]2%!

of water, &, =78.3553, and heptane, ¢, = 1.9113, was applied.

NBOPR#I analyses, harmonic and anharmonic frequency calculations for
the Cam* cation, ethanol molecule, [CaIm-di-D20]* associate, and
[C2Im][TfO] ion pair were executed with Gaussian 16 Rev C.01. As denoted
in according tables and figures, B3LYP, B3LYP-D3B]J, or wB97X-D?#I density
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functionals and the 6-311++G(d,p)i?¥24] basis set were employed. Prior to
frequency calculations, the geometries of the molecules were optimized to
tight convergence criteria. For the anharmonic frequency calculation, the
GVPT221 241 method was used and the Martin test?" threshold was set to
K =0.1cm™. In some cases low wavenumber modes were found to yield
unreasonably high intensities or imaginary frequencies after anharmonic
corrections and would perturb the whole spectrum with it. Thus, the lowest
10 modes in the CoIm* cation, 20 modes in the [C2Im-d1-D20]* associate and
20 modes in the [CIm][TfO] ion pair were excluded from anharmonic
frequency calculations.

11.8 Computational Chemistry
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Table 12.1: Cartesian coordinates of the minimum energy conformer V of the Im* cation (Eg, =

12 Appendix

-3437.249259 hartree, B3LYP/def2-TZVP).

Symbol x/A y/A z/A  Symbol x/A y /A z/A
C -0.07638  4.80982  0.66999 C 3.48015 1.21986 -0.33188
H -0.00435 4.40414 1.66435 C 3.33526 -0.12687  0.46228
N 0.9524 5.10308 -0.12443 C 3.75756 -1.39051 -0.37208
N -1.21144  5.0763  0.02458 C 4.03847 -2.65539  0.51089
C 0.45574 5.56913 -1.32489 C 4.06932 -4.00353 -0.28427
C -0.89711 5.55228 -1.23194 F -1.56299 220984 -0.50589
C 2.37996 496613 0.22184 F 230724 229624  1.55481
H 245107  4.9409 1.30752 F -419249 138509 -1.2716
H 2.87261 5.87605 -0.11706 F -4.63947 120575 0.86845
C 256954 4.88714 0.56762 F -2.28697 -0.38617 -1.19581
H 246963 4.77368  1.64459 F 212738 -0.326  0.98872
H -3.12264  5.80665 0.38093 F -5.07606 -1.1575  -0.7155
C -3.33315  3.7074 -0.03517 F -4.42677 -1.50256 1.34915
H -4.33296  3.71629  0.40208 F -3.35599 -2.86243 -1.70137
H -3.45194 3.81433 -1.11274 F -2.18979 -2.95823  0.15349
C 269039  2.3545 0.24924 F -419078  -4.2112 1.42942
C -3.6526  1.16286 -0.05208 F -5.5555 -3.89575 -0.23225
C -2.98207  -0.2566 -0.04941 F -3.79915 -5.14695 -0.48388
H -1.64935 5.84789 -1.94131 F 1.3658 221337  0.1296
H 1.09641 5.88514 -2.12888 F 2.95975 251025 1.60307
C -4.01609 -1.43454 0.06891 F 3.03545 1.05614 -1.59839
C -3.42967 -2.82409 -0.35967 F 478774 1.55505 -0.37657
C -4.27557  -4.0547 0.11004 F 2.05003 -0.26991  0.83892
C 3.07577 3.75318  -0.4002 F 410478 -0.03966 1.56294
H 414988 3.89886 -0.28717 F 2.76553 -1.66753 -1.24027
H 2.86833 3.679 -1.46823 F 4.87409 -1.09674 -1.06631
C 2.70496 243549 0.26794 F 3.08038 -2.75776  1.45427
C 3.48015 1.21986 -0.33188 F 5.23143 -2.50285  1.1102
C 3.33526 -0.12687  0.46228 F 2.84917 -4.33256 -0.70501
C 3.75756 -1.39051 -0.37208 F 4.88383 -3.90373 -1.33669
C 4.03847 -2.65539 0.51089 F 451793 -4.96175  0.5234
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Table 12.2: Cartesian coordinates of the [Cislm-ds7][ClIOs] ion pair in vacuo
(Esp =-1733.515394 hartree, PBE0-D3B]/def2-TZVP).

Symbol x/A y /A z/A Symbol x/A y/A z/A
C -7.775663 0.923799  -1.30422 C 2.624664 -1.21133 -0.01354
C -7.838711 -0.26591  -0.65833 D 2.561782 -0.86872 1.026647
C -6.375262  0.997203 0.385907 D 2.484566 -0.31593 -0.63118
N -6.859397 1.694431 -0.63375 C 4.004921 -1.79106 -0.27023
H -8.293051 1.281207 -2.17741 D 4.06909 -2.12756 -1.31283
H -8.420863 -1.14843 -0.85785 D 4141296 -2.69015 0.344197
H -5.582737 1.307391 1.06141 C 5.134507 -0.81547 0.012164
N -6.962475 -0.1952  0.395137 D 5.07165 -0.48095 1.055201
C -6.416661 3.02201 -1.02311 D 4997473 0.084615 -0.59992
H -5.558782  3.30355 -0.41365 C 6.514587 -1.39458 -0.24715
H -6.096414 2994047 -2.06344 D 6.579781 -1.72196 -1.29251
H -7.233988  3.73252  -0.89836 D 6.64849 -2.29918 0.359464
C -6.639769  -1.27663 1.327153 C 7.64499  -0.4227 0.045214
D -7.359391 -2.07284 1.127205 D 7.587222  -0.1039 1.093985
D -6.819649  -0.90907 2.339092 D 7.499843 0.482948 -0.5539
C -5.213361 -1.76915 1.170522 C 9.021931 -1.00936 -0.22309
D -5.06134 -2.54361 1.930588 D 9.099459 -1.27717 -1.28455
D -4.527357  -0.95298 1.411349 D 9.117057 -1.94928 0.333017
C -4908113 -2.32783 -0.20948 C 10.180008 -0.09403 0.150569
D -5.665593  -3.07775 -0.47331 D 11.122119 -0.64315 0.032785
D -4.982129 -1.5231  -0.94927 D 10.104768 0.155525 1.214992
C -3.522652  -2.95436 -0.30793 C 10.255748 1.181415 -0.67643
D -3.413975 -3.4046 -1.30113 D 9.367079 1.7965 -0.49523
D -3.446414 -3.78217 0.409129 D 10.227531 0.911468 -1.73899
C -2.384702 -1.97185 -0.08246 C 11.498565 2.020975 -0.41013
D -2.509783 -1.11326  -0.74931 D 11.527844 2.846992 -1.12842
D -2.433202 -1.56021 0.931167 D 12.390757 1.414886 -0.60794
C -1.012745 -2.5858 -0.2967 C 11.571125 2.585919 0.999467
D -0.939438 -2.96395 -1.32482 D 11.637594 1.795588 1.750454
D -0.892307 -3.46124 0.355343 D 12.444832 3.229837 1.123787
C 0.117166  -1.60367 -0.03861 D 10.683052  3.18312 1.226885
D -0.026234 -0.71513  -0.66332 Cl -3.134554 1.825589 0.318744
D 0.052899 -1.2434  0.99489 o -3.80355 1.154163 -0.78101
C 1.495602 -2.19002 -0.28724 o -3.446756 3.231606 0.26198
D 1.561628 -2.53693 -1.32659 o -1.729403 1.608692 0.253167
D 1.631814 -3.08322 0.336418 O -3.66573 1.284845 1.563793
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Table 12.3: Cartesian coordinates of the [Cislm-d7][CIO4] ion pair in heptane
(Esp =-1733.526935 hartree, PBE0-D3B]/def2-TZVP).

Symbol x/ A y /A z/A Symbol x/A y /A z/A
C -7.94528 0.800038 -1.16587 C 2.651555 -1.21444 -0.02602
C -7.95476 -0.37432 -0.48903 D 2.610723 -0.93984 1.035332
C -6.40575 0.907067 0.396918 D 2.500582 -0.28141 -0.58242
N -6.97251 1.581517 -0.59525 C 4.025636 -1.77658 -0.34739
H -8.53607 1.140548 -1.99832 D 4.071469 -2.03552 -1.41283
H -8.55472  -1.25827 -0.617 D 4169263 -2.71827 0.197688
H -5.56937 1.240252 1.001613 C 5.162364  -0.8262 -0.01247
N -6.99079  -0.28329 0.482776 D 5.119828 -0.57359 1.054419
C -6.59237 2.914731 -1.02882 D 5.015795 0.118378 -0.55087
H -5.68007  3.21014 -0.51418 C 6.53638 -1.38403 -0.34158
H -6.39686 2.895115 -2.09958 D 6.58395 -1.62226 -1.41172
H -7.39896 3.613966 -0.80976 D 6.677374  -2.3363 0.185281
C -6.60845 -1.33689 1.423911 C 7.673559 -0.44131 0.013435
D -7.30436 -2.1601 1.255628 D 7.635775 -0.21591 1.087071
D -6.77357  -0.95967 2.434582 D 7.518623 0.513222  -0.50142
C -5.17196 -1.7866  1.235407 C 9.044571 -1.00164 -0.33097
D -4.97808 -2.54971 1.996933 D 9.103282 -1.17093 -1.41373
D -4.50197 -0.9509 1.453519 D 9.147636 -1.98833 0.135552
C -4.88657 -2.34782 -0.14813 C 10.21031  -0.1241 0.104789
D -5.64047 -3.10695 -0.39214 D 11.14964 -0.65781 -0.08433
D -4.98898 -1.54944 -0.89147 D 10.15684 0.022659 1.189474
C -3.49755 296002 -0.27489 C 10.26898 1.224585 -0.5979
D -3.39875 -3.3941  -1.27628 D 9.384882 1.818317 -0.33952
D -3.40423  -3.79705 0.428993 D 10.21806 1.057453  -1.68058
C -2.3622  -1.97436 -0.04934 C 11.51769 2.036745 -0.2788
D -2.50908 -1.09878 -0.68992 D 11.53116 2.928652 -0.9139%4
D -2.39017 -1.59382 0.977438 D 12.40512  1.45417 -0.55372
C -0.99194 -2.57316 -0.31311 C 11.62119 2.462465 1.177151
D -0.93613 -2.90572 -1.35775 D 11.70403 1.602982 1.84617
D -0.85962  -3.47566 0.298275 D 12.49756 3.093122 1.343983
C 0.142496 -1.6029  -0.03138 D 10.73817 3.032921 1.480514
D -0.01338 -0.68572  -0.61035 Cl -3.11773 1.948824  0.215585
D 0.101394 -1.29612 1.020722 o -3.7518 1.236435 -0.87329
C 1515914 -2.17378 -0.33825 @] -3.48343  3.34187 0.140261
D 1.562592 -2.45781 -1.39743 o -1.69965 1.796168 0.151181
D 1.660834 -3.10243 0.229031 O -3.61614 1.405262 1.469781

187



188

Table 12.4: Cartesian coordinates of the [CisIm-d»][CIO4] ion pair in water
(Esp =-1733.549094 hartree, PBE0-D3B]/def2-TZVP).

Symbol x/A y /A z/A Symbol x/A y/A z/A
C -7.87177  0.844612 -1.39194 C 2.575246 -1.26941 -0.02331
C -7.9497  -0.33619  -0.72999 D 2487674 -0.81959 0.973704
C -6.39155 0.875878 0.230095 D 2.454484 -0.44608 -0.73855
N -6.8935 1.582347 -0.77488 C 3.960851 -1.87166 -0.18122
H -8.42161 1.218397 -2.23791 D 4.050011 -2.31844 -1.17948
H -8.58048 -1.19354 -0.88748 D 4.080244 -2.69692 0.532065
H -5.58629 1.185853 0.880524 C 5.083356 -0.86829 0.021176
N -7.0207 -0.29354 0.277498 D 4994105 -0.42231 1.019785
C -6.4733 2918117 -1.15701 D 4963537 -0.0424 -0.69126
H -5.64093  3.220876  -0.52693 C 6.469481 -1.46932 -0.13686
H -6.15273  2.909442  -2.19722 D 6.560577  -1.9107 -1.13741
H -7.30594 3.608849 -1.03359 D 6.587988 -2.29854 0.572004
C -6.73805 -1.36183 1.236406 C 7591317 -0.4664 0.072242
D -7.44566 -2.16147 1.017874 D 750726 -0.03251 1.077045
D -6.95716  -0.98221 2.235049 D 7.460792 0.364813 -0.62951
C -5.30739  -1.85653 1.14053 C 8.975182 -1.07464 -0.09348
D -5.18024 -2.61094 1.923516 D 9.077747 -1.46449 -1.11428
D -4.62681 -1.03711 1.388264 D 9.058681 -1.94125 0.572766
C -4.96075 -2.45452 -0.21334 C 10.12217 -0.11552 0.195686
D -5.69911 -3.22632 -0.45827 D 11.0677 -0.67052 0.168403
D -5.04932  -1.68569 -0.9899 D 10.01925 0.261004 1.219714
C -3.56443 -3.05899 -0.27196 C 10.21737 1.049874 -0.77871
D -3.43805 -3.55357 -1.24151 D 9.320634 1.675207 -0.70163
D -3.47952 -3.84767 0.485912 D 10.2247  0.65079 -1.80019
C -2.43864 -2.0545 -0.08388 C 11.44706 1.926687 -0.57901
D -2.56236 -1.23325 -0.79969 D 11.49766 2.655709 -1.39458
D -2.50431 -1.59715 0.909479 D 12.3477 1.307396 -0.66734
C -1.05914 -2.66783 -0.25078 C 11.46763 2.666483 0.749306
D -0.98 -3.11845 -1.24818 D 11.50732 1.977777 1.596371
D -0.938 -3.49109 0.464675 D 12.3357 3.326078 0.821423
C 0.067827 -1.66737 -0.06021 D 10.57053  3.28218 0.865803
D -0.05351 -0.84549 -0.77673 Cl -2.91991 2.113397  0.44953
D -0.01645 -1.2138 0.935276 o -3.36809 1.508749 -0.78014
C 1451625 -2.27269 -0.21992 @] -3.26965 3.512435 0.449722
D 1.537893  -2.72268 -1.217 o -1.49579 1.965696 0.579289
D 1.571979  -3.09576 0.49575 O -3.57576 1.461907 1.564875
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Table 12.5: Harmonic CD stretching vibrations of the [CisIm-ds7][ClO4] ion pair in vacuum.

7 Iir Stretching vibration: participating group position in the alkyl
/cm™  /km mol? chain (1 - a-CH: to 18 — terminal CHs) (relative weight in %)
2188.1 243  vs(CD2): 6 (25.5), 8 (14.7), 4 (5.1)

2188.9 11.82  vs(CDs) 18 (62.0); vs(CD2): 17 (5.4)

21917 441  vs(CD2): 8 (13.8), 10 (13.0), 6 (8.6), 12 (5.0)

2193.5 7.67  vs(CD2):12 (11.0), 3 (10.6), 4 (8.2), 10 (6.8)

2194.0 14.78  vs(CD2): 3 (11.1),12 (9.1), 4 (6.4), 6 (5.3), 8 (5.3)
2195.8 401  vs(CD2): 14 (8.6), 11 (8.4), 8 (7.5),13 (7.3), 10 (7.4)
2198.0 1.62  vs(CD2): 11 (15.2), 14 (11.3),9 (9.4), 15 (7.1)

2198.5 1294  vs(CD2):10 (9.9),12 (9.9), 13 (8.4)

2201.7 3446  vs(CD2):4(21.4),3(15.1)

2202.0 3.61  vs(CD2):9 (15.0),13 (12.3), 14 (6.0), 15 (5.7)

2202.8 1716  vs(CD2): 16 (17.3), 17 (10.3), 14 (8.5)

2204.3 48.32 vs(CD2): 13 (11.0), 11 (10.9), 9 (10.4), 15 (8.8)

2206.0 41.82  vs(CD2): 15 (17.6), 14 (11.0), 13 (6.5), 16 (8.0), 12 (5.0)
2209.5 14.56  vs(CD2): 17 (27.2), 16 (15.3)

22116 1699  vs(CD2):7 (32.5),9 (7.2),5 (5.4)

2221.7 12.57  vs(CD2): 5 (26.1), 2 (14.7)

22237 527  vs(CD2):2(26.7),5 (15.3)

22422 1731  vs(CD2):1 (42.7),2 (6.3)

2249.6 425  vas(CD2): 8 (9.6),9 (8.1),10 (8.7), 11 (6.1)

2250.8 447  vas(CD2): 6 (10.5), 11 (6.6), 12 (6.9), 7 (5.2), 10 (5.2), 8 (5.1)
22525 2.67  vas(CD2): 6 (10.3), 8 (6.8), 12 (7.3)

2256.6 0.41  vas(CD2): 10 (8.1), 13 (7.8), 8 (7.1), 12 (6.6), 14 (6.0)
2261.8 454  vas(CD2): 14 (10.1), 15 (8.7), 16 (5.8)

2264.2 6.46  Vvas(CD2): 4 (13.6), 3 (6.6)

2264.6 298  vas(CD2): 16 (7.9), 15 (6.0), 4 (5.5)

22724 1.58  vas(CD2): 17 (7.6), 11 (7.7), 9 (7.6), 14 (5.1)

2274.0 473 vas(CD2): 17 (13.6), 15 (6.3), 9 (5.0)

22751 15.73  vas(CD2): 3 (18.6), 4 (8.4)

2280.2 280  vas(CD2):10(9.8),9(9.7),7 (7.7), 11 (7.4), 13 (6.8), 14 (5.9)
2284.7 3093  vas(CD2): 16 (18.7), 15 (16.2), 17 (8.8)

2285.2 2213 vas(CD2): 13 (12.4), 7 (9.4),12 (8.8), 14 (8.2), 11 (6.1)
2286.6 8334  vas(CD2): 7 (13.4),9 (7.9),8 (7.7),10 (5.5), 13 (5.5), 11 (5.3)
2298.1 2553  vas(CD2): 5 (26.7),4 (8.5), 6 (7.1)

23054 1.64  vas(CD2): 2 (28.4),3 (6.5), 1 (6.3)

2306.5 19.56  vas(CDs): 18 (50.0); vs(CD2): 17 (9.1)

23134 18.75  vas(CDsa): 18 (48.5); vs(CD2): 17 (7.1)

2327.0 3.62  vas(CD2): 1(49.0),2(7.9)
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Table 12.6: Harmonic CD stretching vibrations of the [CisIm-ds7][ClO4] ion pair in heptane.

7 Iir Stretching vibration: participating group position in the alkyl
/cm™  /km mol? chain (1 — a-CH: to 18 — terminal CHs) (relative weight in %)

2188.0 14.48  vs(CDs): 18 (62.3); vs(CD2): 17 (5.9)

2189.0 2.01  vs(CD2): 6 (23.8), 8 (16.2)

2191.8 464  vs(CD2):10 (14.5),8 (11.2), 6 (9.9), 12 (7.0)

2193.5 441  vy(CD2): 12 (14.2), 8 (8.1), 14 (6.6), 11 (6.3), 6 (5.0)
2195.4 1.03  vs(CD2): 14 (8.4), 8 (7.6), 11 (7.5), 10 (6.9), 13 (6.9)
2196.9 2114  vs(CD2): 4 (15.3), 3 (14.0)

2197.3 1.38  vs(CD2): 11 (14.7), 9 (10.5), 14 (10.3), 15 (5.9)
2198.1 2933 vs(CD2): 10 (8.9), 12 (8.7), 13 (6.3)

2200.9 3.85  vs(CD2):9(15.9),13 (11.7), 14 (5.9), 10 (5.2)
22022 3335  vs(CD2): 16 (16.7),17 (9.7), 14 (8.0)

22032 46.07  vs(CD2): 13 (12.6), 11 (9.8), 9 (7.2), 15 (7.0)

22038 3895  vs(CD2):3(21.8),4(18.9)

22054 4304  vs(CD2): 15 (20.8), 14 (11.9), 16 (8.5)

2208.3 26.71  vs(CD2): 7 (20.1),9 (8.1)

2209.0 16.86  vs(CD2): 17 (26.0), 16 (14.9)

2223.4 12.67  vs(CD2): 5 (28.3), 2 (15.5)

2225.6 6.81  vs(CD2):2(28.0),5 (15.6)

2246.5 17.08  vs(CD2): 1 (42.5),2 (5.5)

2249.3 317  vas(CD2):10 (9.3),9 (9.1), 8 (8.4),11 (7.1)

2250.9 3.66  Vas(CD2): 6 (8.0),8(7.2),7 (54),12 (6.7),11 (6.3)
2253.1 496  vas(CD2): 6 (11.4),12 (6.5)

2256.7 042  vas(CD2): 13 (7.3), 10 (7.4), 8 (7.3), 14 (6.2), 12 (5.3)
2261.4 5.75  vas(CD2): 14 (9.6), 15 (8.5), 16 (6.0)
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2264.2 045  vas(CD2): 16 (8.7), 15 (6.6)
2265.0 9.45  vas(CD2): 4 (15.8), 3 (7.6)

2271.8 1.37  vas(CD2): 9 (8.0), 11 (7.8), 17 (6.7), 12 (5.3), 14 (5.2)
2273.6 710  vas(CD2): 17 (15.2), 15 (6.9)
2275.8 16.35  vas(CD2): 3 (19.3), 4 (8.2), 2 (5.3)

2279.1 3.67  vas(CD2): 10 (9.6), 9 (8.8), 7 (8.0), 11 (7.6), 13 (6.2), 14 (5.6)
2283.8 3.85  vas(CD2): 7 (11.5),13 (10.8), 12 (7.0), 14 (6.5), 8 (6.0)

2284.0 42,61  vas(CD2): 16 (21.5), 15 (19.5), 17 (10.1)

22850  128.02  vas(CD2): 7 (9.9),13 (8.3),9 (7.3), 12 (6.6), 8 (6.5), 11 (6.5), 10 (5.8)
2297.6 33.86  vas(CD2):5(27.2),4 (8.9),6(7.1)

2305.1 291  vas(CD2): 2 (19.0),3(7.2),5 (6.1), 1 (5.0)

2305.5 2323 Vas(CD3): 18 (49.9); vas(CD2): (9.2)

2312.3 21.96  vas(CDs): 18 (48.5); vas(CD2): (7.0)

2331.8 444  vas(CD2):1(39.9), 2 (6.3)
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Table 12.7: Harmonic CD stretching vibrations of the [CisIm-ds7][ClO4] ion pair in water.

7 Iir Stretching vibration: participating group position in the alkyl
/cm™  /km mol? chain (1 - a-CH: to 18 — terminal CHs) (relative weight in %)
2186.2 22.05  vs(CDs3): 18 (62.3); vs(CD2): 17 (6.7)

2192.3 030  vs(CD2): 8(10.2), 6 (10.0), 9 (10.0), 11 (9.2), 12 (6.1)
2192.6 0.17  vs(CD2): 10 (15.4), 12 (12.9), 8 (9.6), 9 (5.4)

2193.8 6.70  vs(CD2): 6 (11.6), 11 (9.2), 14 (7.4), 10 (5.0)

2195.0 0.74  vs(CD2): 9 (11.0), 12 (10.0),11 (7.8), 7 (7.3), 14 (6.5), 8 (6.4)
2195.8 2.01 vs(CD2): 14 (9.3), 6 (6.9), 8 (6.8), 13 (5.9), 15 (5.7), 12 (5.1)
2197.3 1.48  vs(CD2): 11 (11.2),9(8.0), 7 (7.5), 6 (6.6), 14 (6.2), 10 (5.9)
21980  36.00  vs(CD2):10(11.0), 12 (7.7), 8 (6.8), 7 (5.5)

21991  100.04  vs(CD2): 7 (14.8),9 (10.6), 8 (9.1)

2200.0  121.21  vs(CD2): 13 (13.9), 16 (10.5), 14 (7.3), 11 (6.4), 12 (5.8), 17 (5.0)
2201.1 3553  vs(CD2):4 (15.1), 3 (8.6), 16 (6.1)

22014 1246  vs(CD2): 16 (10.5), 13 (9.4), 17 (7.3), 4 (6.0)

2204.5 4756  vs(CD2): 15 (25.1), 14 (12.6), 16 (7.1)

2207.6 2640  vs(CD2): 3 (17.8), 4 (14.7)

2208.1 23.72  vs(CD2): 17 (24.1), 16 (13.5)

2208.3 39.15  vs(CD2): 5 (33.3)

2226.8 1042 vs(CD2): 2 (42.4)

2248.5 0.27 vas(CD2): 10 (8.5), 9 (8.3), 11 (7.2), 8 (7.0), 12 (5.0)

2250.6 012 vas(CD2):7 (7.1), 12 (6.8), 8 (6.5), 11 (6.5), 6 (6.0)

2253.8 394  vas(CD2): 6 (7.7),12 (6.3),9 (5.8), 13 (5.1)

22542 17.80  vs(CD2): 1 (36.2)

2257.8 0.99 vas(CD2): 14 (7.4), 13 (6.3), 6 (6.0), 8 (5.8), 11 (5.0)

2261.3 1090  vas(CD2): 15 (7.7), 14 (6.6), 16 (6.5)

2263.4 0.31  vas(CD2): 16 (7.4), 15 (5.5)

2266.4 6.68  vas(CD2): 4 (9.7)

2270.1 1.95  vas(CD2): 9 (6.3),11 (5.4), 4 (5.2), 12 (5.0)

22724 11.33  vas(CD2): 17 (18.1), 15 (7.7)

2274.6 1440  vas(CD2): 3 (11.6), 11 (5.6), 8 (5.0)

2276.5 492 vas(CD2):3(8.7),10 (7.0), 11 (6.2), 7 (6.1), 6 (5.2), 4 (5.0)
2279.3 70.58  vas(CD2): 8 (10.6), 9 (10.2), 7 (9.3), 10 (7.6)

22814  175.05  vas(CD2): 13 (14.1), 14 (10.3),12 (9.7), 15 (7.8), 11 (6.6), 16 (5.5)
2282.2 61.81  vas(CD2): 16 (16.2), 15 (13.2), 13 (8.7), 17 (7.4), 12 (5.7)
22865 10149  vas(CD2):5(23.9), 4 (15.1), 6 (10.5), 3 (5.8)

2302.5 1494  vas(CD2): 2 (32.5), 3 (9.3)

23034 3322 vas(CD3): 18 (50.3); vas(CD2): 17 (9.1)

2310.6 29.33  vas(CDs3): 18 (48.9); vas(CD2): 17 (6.6)

2341.0 596  vas(CD2): 1 (41.5)
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Table 12.8: Cartesian coordinates of the ethanol molecule (Eg, = -155.102132 hartree, B3LYP-

D3BJ/6-311++G(d,p)).

Symbol x/A y /A z/A Symbol x/A y/A z/A
C -1.222833 -0.223717  0.000004 H 0.13903 1.19436 0.887668
H -2.074074 0.462519 0.00002 H 0.139021 1.194379 -0.887642
H -1.289432 -0.859863 0.885585 O 1.154315 -0.396175 -0.000009
H -1.289444  -0.85984 -0.885592 H 1.989865 0.079731 -0.00003
C 0.081252  0.550069 0.000006
Table 12.9: Cartesian coordinates of the nonplanar C2Im* cation (Es, = -344.664785 hartree,

B3LYP-D3B]J/6-311++G(d, p)).

Symbol x/ A y/A z/A Symbol x/A y/A z/A
C 1.177381 1.227004 0.079278 H 3.52653 -0.270328 -0.55112
C -0.162436 1.304196 -0.149044 H 3.243746 -0.36657 1.209915
C 0.413171 -0.825787 -0.20329 C -2.03035 -0.380261 -0.555428
N 1.51803 -0.112595 0.042026 H -2.40407 0.244376 -1.367674
H 1.907849 1.997622 0.256653 H -2.013709 -1.410432 -0.911706
H -0.817612 2.156301 -0.204476 C -2.873258 -0.235753 0.705351
H 0.365214 -1.898216 -0.290505 H -2.897878  0.79815 1.054774
N -0.620477 0.012205 -0.325861 H -3.898275 -0.540256 0.487135
C 2.870622 -0.655909 0.228402 H -2.492484 -0.868002 1.50975
H 2.827032 -1.740858 0.162487

Table 12.10: Cartesian coordinates of the nonplanar C2Im* cation (Esp = -344.637191 hartree,

B3LYP/6-311++G(d,p)).

Symbol x/A y /A z/A Symbol x/A y /A z/A
C -2.032026 -0.369958 -0.55725 ~ C  -2.032026 -0.369958 -0.55725
C -2.890951 -0.246668  0.69687 H  -2.890951 -0.246668  0.69687
N -0.619959 0.019947 -0.317638 H  -0.619959 0.019947 -0.317638
C 1.185796 1.225656 0.083274 H  1.185796 1.225656 0.083274
C -0.154188 1.308564 -0.140135 H  -0.154188 1.308564 -0.140135
C 0.412857 -0.819874 -0.201292 H  0.412857 -0.819874 -0.201292
N 1.522378 -0.113998 0.041866 ~H  1.522378 -0.113998 0.041866
H 1.917924 1.995411 0259827 H  1.917924 1.995411 0.259827
H  -0.803155 2.166143 -0.192093 H  -0.803155 2.166143 -0.192093
H 0.361328 -1.892278 -0.292467
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Table 12.11:

Cartesian coordinates of the nonplanar C2Im* cation (Esp = -344.522424 hartree,
wB97X-D/6-311++G(d,p)).

Symbol x/ A y /A z/A Symbol x/A y /A z/A
C 1.16982 1.222342  0.073129 H 3.516094 -0.265014 -0.552942
C -0.165484 1.293979 -0.153767 H 3.234972 -0.350966 1.209544
C 0.41481 -0.822594 -0.197641 C -2.020081 -0.390416 -0.550849
N 1.513373 -0.110364 0.042155 H -2.392153 0.218237 -1.376163
H 1.897937 1.996873 0.246585 H -2.003608 -1.427676 -0.887346
H -0.823727 2.144371 -0.213 C -2.865149 -0.222808 0.701513
H 0.369918 -1.896666 -0.279378 H -2.891461 0.817923 1.030476
N -0.617868 0.005458 -0.32326 H -3.889026 -0.531817 0.486017
C 2.862167 -0.646942 0.229947 H -2.486276 -0.839453 1.51887
H 2.822299 -1.732838 0.171083
Table 12.12: Cartesian coordinates of the planar CoIm* cation (Esp = -344.636279 hartree,

B3LYP/6-311++G(d,p)).

Symbol x/ A y /A z/A Symbol x/A y/A z/A
C 2127285 0.396511 0.000007 C  2.641338 -1.081201 0
C  -2.726963 -1.00021 -0.000004 H  2.331429 -2.12421 0.000004
N -0.63878 0.404662 -0.000003 H 3.23183 -0.878898 -0.893023
C 1439419 1.154708 0.000003 H  3.231839 -0.878893 (.893014
C 0.137593 1548865 -0.000005 H -2.44004 0.954889 0.884178
C 0.176282  -0.65439 -0.000001 H -2.44005 0.954908 -0.884148
N 1.444064 -0.226802 0.000003 H  -2.451779 -1.567113 0.892423
H 2.348622 1.731838 -0.000009 H  -3.813855 -0.904397 -0.000005
H  -0296576 2534363 -0.000005 H -2.45178 -1.567098 -0.892441
H  -0.128936 -1.686105 0.000006
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Table 12.13: Cartesian coordinates of the [CoIm][TfO] ion pair (Es, =

B3LYP-D3B]J/6-311++G(d, p)).

-1306.547878 hartree,

Symbol x/A y /A z/A Symbol x/A y/A z/A
C 2787816 -1.292178 0.779231 H  -1.516954 2.034974 -1.525709
C  -3.058495 0.039821 0.723096 C -1.6138 2.812316  0.479808
C  -1.588815 -0.421978 -0.861389 H  -2.250168 2.771074 1.367312
N  -1.867944 -1.559448 -0.218499 H  -1.538668 3.855674 0.166707
H  -3.154824 -2.059854 1.437203 H  -0.613831 2.455664 0.723325
H  -3706096 0.651464 132521 S 1.730047 0.188277  -0.84951
H  -0.848572 -0.315881 -1.635046 C 1.7089 -0.103199 1.012672
N  -2.300788 0.563328 -0.309944 F 2.070099 0.994669 1.689105
C  -1.221671 -2.848655 -0.488061 F 0.451806 -0.432535 1.423293
H  -0.273058 -2.645725 -0.983102 F 2518282 -1.10659 1.370213
H  -1.869273 -3.468343 -1.109209 O  0.750761 1.294511 -0.99513
H -1.03105 -3.343741 0462769 O  3.120595 0.49705 -1.156867
C  -2185363 1.991855 -0.668703 O  1.203954 -1.101245 -1.36993
H  -3.178935 2.334769 -0.966202

Table 12.14: Cartesian coordinates of the [C2Im
B3LYP-D3BJ/6-311++G(d,p)).

-2 D20]* complex (Es, = -497.616029 hartree,

Symbol x/ A y /A z/A Symbol x/A y/A z/A
C 1.11677 -1.749505 -0.430745 H  -0.706937 3.196947 1.299363
C 1.048046 -2.682155 0.772286 H  0.773353 -2.24293 -1.341319
N 0.275037 -0.548845 -0.242885 H  2.131444 -1.388936 -0.597531
C -1.474 0768791  0.02333 H  0.032641 -3.044496 0.944232
C  -1.107358 -0.521831 -0.200691 H  1.687316 -3.548612 0.593501
C 0.73861 0.689986 -0.046159 H 1.39643 -2.180263 1.677244
N -0.30797 1509163 0.117472 O  -4.148463 -0.687395 -0.162815
H  -2456143 1.197527 0.114953 D  -4.704611 -0.963059 0.574201
H  -1.722986 -1.39347 -0.332644 D  -4.726409 -0.721561 -0.933098
H 1.785745 0.959855 -0.03364 O  3.813509 0.527326 -0.246375
C  -0.231044 295462 0349768 D  4.345225 (.749436 -1.019421
H 0.815325 3.250566 0.383092 D 4.445479 0.445791 0.477166
H -0.73184  3.4821 -0.461427
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13 Abbreviations and Symbols

Table 13.1: Acronyms.

Acronym Meaning

ACV Alternating current voltammetry

AOT 1,4-bis(2-ethylhexoxy)-1,4-dioxobutane-2-sulfonate
ATR Attenuated total reflection

BSSE Basis set superposition error

CARS Coherent anti-Stokes Raman scattering
EDL Electrical double layer

EIS Electrochemical impedance spectroscopy
FT Fourier transformed

GC Glassy carbon

GVPT2 Generalized second-order vibrational perturbation theory
HF Hartree-Fock

HTMS High temperature molten salt

HOPG Highly oriented pyrolytic graphite

HWR Half-wave retardation

IHP Inner Helmholtz plane

Im Imdiazolium

IRRAS Infrared reflection absorption spectroscopy
IRS Infrared spectroscopy

MSSR Metal surface selection rule

NBO Natural bond orbital

OHP Outer Helmholtz plane

PB Poisson-Boltzmann

PCM Polarizable continuum model

PEC Polyfluorinated compound

PM Polarization modulation

pPzC Point of zero charge

PZTC Point of zero total charge

Tf Triflyl

WE Working electrode

XPS X-ray photoelectron spectroscopy

fwhm Full width at half maximum
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Table 13.2: Latin symbols.

Symbol Property/Meaning Indices

A Absorbance

A Interfacial area molec — mean molecular area
molec,0 — lift-off mean molecular
area
molec,lim — limiting mean
molecular area
molec,t — mean molecular area at
transfer

B Excess charge factor

C Differential capacitance per unit complex — complex capacitance

area (real) diffuse — diffuse or Gouy-

Chapman layer
inner — inner or Helmholtz layer
min — minimum

C Integral capacitance

D = (dy +a)/d,

E Energy b - binding energy of an electron
kin — kinetic energy of an electron
N — system with N electrons
pot — potential energy
sp — single point energy
sp, min — sp energy of the
minimum energy conformer

E Electric field vector z —in z-direction

F Force

G Free enthalpy

I Intensity (without index for XPS) IR — calculated integrated IR
absorption coefficient
Raman - calculated integrated
Raman scattering activity

Iz Bessel function T —integer order of the function

K~ Inverse compressibility modulus

X Threshold fort he Martin test

M Transition dipole moment vector

N Particle number

N Number of electrons

Q Atomic charge by NBO analysis Indices for H and C elements

R Reflectivity d — detected
s — perpendicularly polarized
p — parallelly polarized

R Residuals

Chapter 13

Abbreviations and Symbols



NNN S <~

Q

(o)

QU ™

exp

PM IRRAS signal

Segmental order parameter
Temperature

Electrode potential with respect to
a reference electrode

Electrical work for ion transfer
Complex impedance

Real impedance

Imaginary impedance
Distance between ionic layers
following the first layer in a
molten salt

Molar volume concentration
Bulk number concentration
Screening length

In equations: Euler’s number

In indices: experimental

Planck constant

Frequency of alternating voltage
or current

Current

Imaginary unit

Attenuation coefficient

Force constant of an oscillator

Boltzmann constant
Circumference of the Wilhelmy
plate

Reduced mass

Refractive index

Amount of substance at the
interface

Pressure

Polarization parallel to the plane
of incidence

Ionic charge

Internuclear distance

background — uncovered surface
raw — uncorrected spectrum

m — melting point

1 — to the first ionic layer
sol — solvation shell

f — fundamental mode in FR

i, j — combination or overtone in
FR

Three indices indicate cubic force
constants.

i —for a given species
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Polarization perpendicular to the
plane of incidence

time

Vibrational quantum number
Space coordinate along the
surface

Space coordinate along the
surface

Space coordinate along the

surface normal

Table 13.3: Greek symbols.

Symbol Property/Meaning Indices
r Surface excess / concentration lim — at limiting mean molecular
area
t — at transfer
0 Surface coverage
A Fermi resonance probability
1 Surface pressure
@ Angle of incidence for the IR
beam
a Polarizability
B An effective screening length in
the model of Sotnikov and Esin
Y Surface tension 0 — uncovered subphase
L - liquid
G — gaseous
S —solid
6 An effective screening length in
the model of Sotnikov and Esin
£ Permittivity
€ Molar extinction coefficient
¢ Natural number 7 —added to Tyygr
w —added to w,
0 Tilt angle of the index vector with  as — asymmetrical methylene

respect to the electric field vector

stretching M

backbone — methylene backbone
axis

sym — symmetrical methylene

stretching M

Chapter 13
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R T®E >R O

€ T A

Water contact angle

Inverse Debye length

Inverse ionic correlation radius

Chemical potential

Frequency osc — oscillator
photon — idem

Wavenumber HWR — wavenumber at the HWR

Effective coordination number

Archimedes constant

Space charge density

Phase shift of alternating current

with respect to alternating voltage

Work function of the X-ray

photoelectron spectrometer

Surface charge density per unit

area

Order of a Bessel function

(integer)

Potential at a plane within the

electrical double layer

Angular frequency AC - alternating current or
voltage
m — photoelastic modulator
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Table 13.4: Vibrational nomenclature according to Schrader.'*] Ring modes are named as
proposed by Lassegues, Grondin et al.l5!,175]

Symbol  Meaning

Vibrations:
v Stretching
o) Deformation / Scissoring
0 Rocking
() Wagging
T Twisting
Ring modes composed of several vibrations
FR Overtone or combination band enhanced by Fermi resonance

With indices: as — asymmetric and s — symmetric

Intensities:

Vs Very strong
s Strong

m Medium

w Weak

vw Very weak
sh shoulder
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