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Abstract

X-ray Photoelectron Spectroscopy (XPS) has been used to probe the influence
of cation structure on fundamental interactions within lonic Liquid (IL)
systems. A series of tetraalkylammonium-based ILs and their phosphonium
analogues have been investigated. A robust C 1s peak fitting model has been
developed and described for the tetraalkylphosphonium  and
tetraalkylammonium families of ionic liquid, with comparisons made between
the two series. Cation-anion interactions have been investigated to determine
the impact of changing the cationic core from nitrogen to phosphorus on the
electronic environment of the anion. Comparisons between long and short
chain cationic systems, and the effect of cation conformational restriction, are

also described.

Additionally, a high-energy Ag Lo’ X-ray source has been utilised to probe the
structure of the IL/vacuum interface using Energy-resolved XPS (ERXPS) for
tetraalkylammonium- and tetraalkylphosphonium-based ILs, with comparison
made to data obtained with Angle-resolved XPS (ARXPS) experiments using a
standard Al Ka X-ray source. The capability of the Ag Lo’ source for IL
analysis is confirmed, alongside the characterisation of previously undetected

high energy core level photoelectron emissions.

The effect of cation functionalisation is also studied by XPS, with a view to
establish fine-tuning of charge transfer from anion to cation using electron-
withdrawing substituents embedded within the alkyl side chain of the cation.
Binding energy analysis indicated cation functionalisation had minimal
influence on the electronic environment of the ionic head groups with respect
to the non-functionalised analogues. The performance of ILs, with respect to
cation functionalisation, as solvents in the Suzuki reaction is also reported in
this Thesis, whereby evidence is provided for changing the nature of catalysis

via cation functionalisation.
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Abbreviations & Acronyms

ARXPS Angle-resolved X-ray photoelectron spectroscopy
a.u. Arbitrary units

BASIL™ Biphasic Acid Scavenging utilising lonic Liquids
BE Binding energy

BNC Bayonet Neill-Concelman

Caliphatic Aliphatic carbon component

CHA Concentric hemispherical analyser

Chetero Heteroatom carbon component

Cinter Intermediate carbon component
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DLD Delay line detector

ea Auger electron

Ec Coulomb potential

ep Photoelectron

ERXPS Energy-resolved X-ray photoelectron spectroscopy
ESI-MS Electrospray lonisation Mass Spectrometry

eV Electronvolt

FAT Fixed analyser transmission

FWHM Full width half maximum

h Planck’s constant
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HMQC Heteronuclear Multiple Quantum Correlation

HREELS High-resolution electron energy loss spectroscopy
IC lon chromatography

ID Information depth

IL lonic liquid

IR Infrared

J Coupling constant

J Total angular momentum quantum number

KE Kinetic energy

I Orbital angular momentum gquantum number

LEIS Low-energy ion scattering

M Madelung constant

MD Molecular dynamics

MIES Metastable impact electron spectroscopy
n Number of carbons in alkyl chain

Nanion Anionic nitrogen component

Ncation Cationic nitrogen component

NICISS Neutral impact collision ion scattering spectroscopy
NMR Nuclear magnetic resonance

p Pressure

Pv Vapour pressure



Pd-NPs Palladium nanoparticles

pKay Acid dissociation constant of conjugate acid

(logarithmic scale)

ppm Parts per million

RBS Rutherford back scattering

RSF Relative sensitivity factor

RTIL Room temperature ionic liquid

SE Surface enrichment factor

SFG Sum frequency generation

SILP Supported ionic liquid phase

Sn2 Substitution nucleophilic (bi-molecular)
t Time

T Temperature

TEM Transmission electron microscopy

Tm Melting temperature

TOF Turn over frequency

Tppts tris(3-sodium sulfonatophenyl)phosphine
TSIL Task specific ionic liquid

UHV Ultra-high vacuum

UPS Ultraviolet photoelectron spectroscopy
VOC Volatile organic compound
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XAS
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ABE
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AvapHaeg
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AL

Mmrp

Variable  temperature ~ X-ray  photoelectron

spectroscopy

X-ray absorption spectroscopy
X-ray photoelectron spectroscopy
Kamlet-Taft hydrogen bond acceptor ability
Chemical shift

Difference in binding energy
Enthalpy of vaporisation

Standard enthalpy of vaporisation
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Chapter 1. Introduction

1. Introduction

1.1 lonic Liquids: A Background

The generally accepted definition of an ionic liquid (IL) is a compound solely
composed of ions with a melting point (Tn,) below 373 K (100 °C). Although
this temperature is purely arbitrary in nature, i.e. based on the boiling point of
water, it provides a means to distinguish ionic liquids, albeit somewhat loosely,
from traditional, high temperature molten salts. However, it should be noted
that the alternative term “room-temperature ionic liquid” (RTIL) is frequently
applied to ILs where Tp, < 298 K.

It is widely acknowledged that the field of ionic liquid research began in 1914
when Paul Walden observed the salt ethylammonium nitrate, [EtNH3][NOs], to
be liquid at ambient temperature.® However, it was not until the late 20"
Century that IL research began to attract significant attention from the
scientific community.? Investigations conducted by the United States Air
Force and Colorado State University into the fundamental properties of
chloroaluminate-based ionic liquids formed the initial drive in this new era of
ionic liquid research, mainly for their application as a low temperature
alternative to the LiCI/KCI molten salt electrolyte used in thermal batteries.> *
These early ionic liquids, however, suffered from a clear limitation of being air
and water sensitive, thus prompting the development of “second-generation

ILs” containing anions stable to moisture.” °

During the late 1990s the IL field experienced a surge of interest, due in part to
the green chemistry movement.™ * This is typically focused on their use as
potentially “green” alternatives to traditional solvents, most of which are
volatile organic compounds (VOCs), which are recognised as a source of
significant levels of environmental pollution impacting land-based, aquatic and
atmospheric ecosystems.? Alongside their outstanding solvation ability, a key
property of ILs which contributes to this claim is their almost negligible
vapour pressure. Consequently, ILs present a reduced exposure risk than

VOCs, and do not have damaging atmospheric photochemistry.® In recent

12



Chapter 1. Introduction

years, however, there have been significant toxicological and environmental

concerns associated with ILs. 10"

Despite this, the broad utility of these
compounds is indisputable due chiefly to the sheer number of potential ILs, to
an extent such that ILs are often referred to as “designer solvents”.
Consequently, the field has rapidly expanded from its electrochemical roots
with ILs being investigated for application in areas as diverse as hypergolic

1415 pharmaceuticals,® " biomedical sensors,'® and fragrance

rocket fuels,
delivery systems.*® In addition, the first naturally occurring IL has recently
been discovered, thus highlighting the possibility that ILs may exist in nature

to play specific biological roles.?

Whilst the field continues to have widespread interest, growth and success, it
has been expressed that ILs currently suffer from clear and significant
disadvantages that stand in the way of commercial applications.’
Subsequently, although there have been many notable successes in the use of
ILs in industry, for example the BASIL™ (Biphasic Acid Scavenging utilising
lonic Liquids) process,?! it has been stated that ILs are typically limited to
niche, small-scale applications at present.’> > This can be attributed, in part,
to the sheer number and diversity of ILs, and the consequent lack of
understanding on how structural changes to an IL can influence its
physicochemical properties and hence function.”® As such, it has become
increasingly important to understand ILs at a molecular level through
fundamental investigations into their physicochemical and structural

23-25

properties, and with this knowledge it is irrefutable that the utilisation of

ILs in new and existing commercial applications will continue to increase.
1.2 Properties of lonic Liquids

1.2.1 Chemical Structure

An expansive range of cations and anions can be used to form ionic liquids
with the most common ions presented in Figure 1.1. Typically these consist of
bulky, aprotic, asymmetric organic cations coupled with polyatomic anions.
The ubiquitous 1-methyl-3-alkylimidazolium cation, [C,C1Im]", has remained

4
|45

ever popular since the pioneering work of Wilkes et a and ILs based on

13



Chapter 1. Introduction

this cation are undeniably the most extensively investigated." In particular,
tetraalkylammonium- and tetraalkylphosphonium-based ILs have often been

overlooked in favour of their imidazolium relatives.?® %’

In recent years,
however, they have become the subject of increasing interest as understanding
the influence of chemical structure on IL properties, and function, becomes

progressively important to establish methodologies to predict IL properties.®
25,28

Cations Anions
\N/\IV@/R
F
\ / e
®
. N< l-‘? NN
[C,C4Im] o F/‘ iy O_T s=—o
[C,C1Pyrr]* F CF CF
/ % [BF,I : °
N—R R, [NTF ©
_ | F o ¢
® Fu, |@aF N
N ., //,,I" 2

[CAPyI* R4/ ‘ "R, /'P'\ N

Flh Ry ] l " [N(CN)I

® IN i .
P R1, R2, R3, R4 PF 0 0
R4/ /,/R2 [ 6] \S//
R, o/ '\
0 CF;

[Pr1, R2, R3, Ral” (OT

Figure 1.1. Common cations and anions used to form ionic liquids.

It is clear that modern applications of ILs have evolved far beyond their origins
as solvents, and they are no longer solely limited to being a reaction medium.
This is attributed to another important class of ionic liquids known as “task
specific ILs” (TSILs). This term is traditionally used in reference to ILs with
additional functionality chemically incorporated into the cation or anion to
impart a particular type of reactivity or property.>3* Furthermore, the task-
specific/functionality of these ILs can be utilised to form various IL-based
functional materials via physical incorporation of ILs with traditional
materials;*> for example, IL/carbon nanomaterial  hybrids,® IL

34,35 36-38

composite/hybrid luminescent materials, and ionic liquid gels.

Due to the vast number and structural diversity of ILs, a multitude of
interesting and unusual properties, that can be seemingly unsystematic in

nature,® are exhibited by this class of materials in comparison to molecular

14



Chapter 1. Introduction

liquids. As such in this section some of the more general trends in
physicochemical properties of ILs are discussed with focus on properties

which are particularly relevant in this work.
1.2.2 Melting Point

The dominant force in ionic liquids is Coulombic interaction between ions as
represented by Equation 1.1, where M = Madelung constant, Z* and Z~ =
respective charges of ions, g, = vacuum permittivity and r = distance between

ions.!
E.= |\/|Z+Z'/47I80r 1.1

Subsequently, the difference in melting point between a classical salt, such as
sodium chloride, and that of an ionic liquid can be explained in part by
consideration of the Kapustinskii and Born-Landé equations which are used to
define the overall lattice energy for ionic solids. By consideration of these
relationships it is seen that lattice energy is largest for: (1) highly charged ions,
(2) small inter-ion separation and (3) high packing efficiency of ions; thus,
when considering ionic liquids these effects must be reduced in order to
decrease lattice energy, and hence reduce melting temperature. lonic liquids,
therefore, typically consist of bulky, unsymmetrical ions to prevent the
formation of an ordered, regular crystalline lattice and increase inter-ion
separation. Choosing structures that allow for delocalisation of charge also

contributes to a reduction in lattice energy.

It is important to note that other contributions also affect IL melting point
including m-m stacking, hydrogen-bonding and van der Waals interactions.*
This is exemplified by lengthening the alkyl chain in [C,C1Im]" ionic liquids,
where an initial increase in chain length is associated with a reduction in
melting point; however, generally at chain lengths where n > 7, salts with
higher melting points result, as a consequence of increasing van der Waals

interactions, see Figure 1.2.
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Figure 1.2. Melting points for ionic liquids of the type [C,C.Im][PF¢] as a function of chain
length (n).*

Interestingly, Davis et al. have recently shown a way to synthesise low melting
salts that contain a long, linear hydrocarbon chain (n > 16) through the
incorporation of a cis double bond “kink”.** This is believed to result from a
reduction in packing efficiency of the hydrophobic component in a fashion

similar to homeoviscous adaption in cell membranes.*" *

1.2.3 Volatility

lonic liquids were initially considered to be non-volatile until a revolutionary
paper by Earle et al. described the distillation, without decomposition, of
several aprotic ILs at elevated temperatures (T > 473 K) and reduced pressures
(p < 10 mbar).*® This subsequently encouraged considerable interest in the
nature of the IL vapour phase and the measurement of liquid-vapour
equilibrium data, namely vapour pressure (p,) and the enthalpy of vaporisation
(AvapH) and as such a wide range of ILs have been vaporised, and distilled,

449 It has been concluded from a number of these studies that the

since.
vapour phase of ILs (that vaporise without decomposition) is composed of
neutral ion pairs.** 42 This finding is imperative for the determination of
AvapH data by experimental or theoretical techniques that rely intrinsically on

the nature of the vapour species.>®

16
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The accurate determination of vapour pressure, py, still remains a particular
challenge for many families of ILs as the onset of decomposition ensues at
temperatures too low for significant vaporisation to occur.® Additionally, the
low vapour pressure of ILs also hampers reliable quantification of data.
Despite this for a select few ILs vapour pressure measurements have been
estimated at values ~10* mbar at room temperature.>*>® Consequently, ionic
liquids can be analysed using ultra-high vacuum (UHV) (< 10° mbar)
techniques at room temperature, and even modestly elevated temperatures,
without contributing to an increase in the measured base pressure of the
instrument.>  This inherent property of ILs enables their analysis by X-ray

Photoelectron Spectroscopy (XPS), which forms the foundation of this work.
1.2.4 Conductivity

The conductivity of a material is a measure of the mobility and availability of
its charge carriers. As ionic liquids are composed entirely of ions they exhibit
good conductivities comparable to non-aqueous/electrolyte systems, and
depending on IL structure cover a broad range of conductivities (~ 0.1 — 20
mS/cm).® In comparison to concentrated aqueous electrolytes, however, their
conductivities are significantly lower, for example the conductivity of an
aqueous KOH solution (29.4 wt. %) used in alkaline batteries is ~ 540

mS/cm.>®

It is perhaps surprising that ILs exhibit such low conductivities however this
can be partly explained by consideration of the relatively high viscosity of ILs
and the inverse relationship between viscosity and conductivity.”®
Additionally, reduction in the number of available charge carriers due to ion-
pairing and/or aggregation, and reduction in ion mobility due to the large size

of the ions can also contribute to a lower than expected conductivity.

The conductivity of ILs and its relevance to surface charging during XPS
measurements is a significant feature of these materials and is discussed further
in Chapter 2 Section 2.1.3.

17



Chapter 1. Introduction

1.2.5 Structural Organisation

Molecular dynamics (MD) simulation studies conducted by Canongia Lopes et
al. in 2006 described the nanostructural organisation of ILs into polar domains,
composed of cations and anions, and non-polar domains, where aggregation of
alkyl chains occurs.®® Since these initial investigations there has been
overwhelming theoretical and experimental evidence, including X-ray
scattering,” neutron diffraction,®* X-ray diffraction,®” and optical Kerr effect
studies,” which indicate IL structure in the liquid phase to be highly ordered

into nanosegregated domains.?

Many of these structural investigations are based on a homologous series of
ILs of the type [C,Cilm][X] and it has been shown that formation of
nanosegregated domains becomes more apparent with increasing alkyl chain
length. Subsequently, many trends in IL behaviour such as melting point,
viscosity and conductivity can be attributed to the magnitude of
nanosegregation. Additionally, MD simulations on other cationic families
have indicated that cation structure has a strong influence on the morphology
of the domains and/or the degree of nanosegregation. For example, the polar
domains for ILs with tetraalkylammonium or tetraalkylphosphonium cations
appear to consist of filament networks in comparison to globular structures
exhibited by imidazolium cations.®* ® Furthermore, suppression in formation
of nanostructured domains has been shown for polyether functionalised
cations;®® whereas, for perfluorinated cations the formation of three domains is

suggested — polar, non-polar and fluorous.®’

In addition to bulk nanostructure it is important to consider IL structure in the
interfacial region, i.e. IL/solid, IL/liquid or IL/gas (vacuum). lons at the IL
surface experience a non-isotropic environment; consequently, the structure of
this region is often very different from that of the bulk. ® This arises as surface
molecules will be arranged to expose atomic groups with weaker interactions
to the outer most layer in order to minimise free energy of the surface.® Using
the IL/vacuum interface as an example, for most IL systems collective van der

Waals interactions of the alkyl chains are weaker than the electrostatic

18
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interaction between ions, as a result there is increased aggregation of alkyl

chains at the outer surface where they project towards the vacuum phase.®*®

Many successful applications of ionic liquids are dependent on the structural
organisation of the IL interfacial regions, therefore it is critical to understand
surface structure at a molecular level and the properties this can impart. For
example, an understanding of the IL/solid interface is important for
electrochemistry,”” and tribological processes.”® The IL/liquid interface also
plays a vital role in processes such as separation and extraction of materials.”
8 The focus of this Thesis however is on the IL/vacuum interface, which is

discussed further in Section 1.3 with respect to XPS.
1.2.6 Solvation Properties

In comparison to molecular solvents, which are typically classified as polar or
non-polar, and generally follow the adage “like dissolves like”, ILs can
dissolve both polar and non-polar compounds. The currently accepted
definition of polarity is that it is a sum of all possible intermolecular
interactions between the solvent and solute (excluding interactions leading to
definite chemical changes) including Coulombic interactions, dipole
interactions and H-bonding.® Consequently, as ILs can provide a diverse range
of potential solute-solvent interaction types they can dissolve a wide range of
materials of varying polarity, including cellulose,®* metal oxides,® transition
metal complexes,® enzymes,® and polymers.®*  In addition, the
nanosegregation of polar and non-polar domains within ILs can result in
preferential dissolution of solutes within these domains depending on their
polarity, i.e. polar substrates reside within the polar domains, whereas non-
polar substrates reside within non-polar domains.? #:% |t is important to note
that the solvation ability will vary between different ILs for a given solute, and
as such a solute freely soluble in one IL may be insoluble in another. This
highlights the importance of understanding ILs and their properties to enable

predictive design and subsequent application.®’

The combined properties of low volatility, tunability and outstanding solvation

ability define ILs as attractive alternatives to typical solvents and they have
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Chapter 1. Introduction

found use in many applications.>® In particular, the ability of hydrophobic ILs
to participate in biphasic reactions has great potential for combining the
advantages of homogeneous and heterogeneous catalysis and providing an
efficient method for catalyst recovery and recycling alongside product
extraction.> ® ®  Also, depending on the coordinative properties of the anion
and the degree of cation reactivity, ILs are not solely limited to providing an
“innocent” solvent medium. In many instances ILs can also act as ligand, co-
catalyst or even a catalyst. For example, palladium catalysed cross-couplings
have shown enhanced rates when conducted in an imidazolium-based IL
solvent, which is attributed to formation of a palladium-imidazolylidene
complex.®®* Therefore, it is critical to fully understand on a molecular level
how an IL interacts and participates within catalytic reactions in order to

develop fully tuneable systems.
1.2.7 ILs Investigated in this Thesis

Considering the broad range of potential cations and anions proposed to form
ionic liquids it is surprising that the field remains dominated by the 1,3-
dialkylimidazolium cation and derivatives thereof. The work in this Thesis
addresses this and aims to understand if cations of different structures, with
focus on tetraalkylammonium and tetraalkylphosphonium cations, follow the
same trends in their electronic environment and structural organisation as their
imidazolium relatives.  As such, a range of tetraalkylammonium and
tetraalkylphosphonium ILs with cations of varying size and symmetry have
been synthesised and investigated. A list of the cations and anions studied,
alongside their nomenclature, are presented in Table 1.1 and Table 1.2.
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Table 1.1. Cations studied in this Thesis.

Cation Name
[Nes614] Trihexyl(tetradecyl)ammonium
[Negssal Tetraoctylammonium
[Nassal Tetrabutylammonium
[Nasasl Tributyl(methyl)ammonium
[Pe6s14l" Trihexyl(tetradecyl)phosphonium
[Pssssl” Tetraoctylphosphonium
[Pssadl Tetrabutylphosphonium
[Pssaal’ Tributyl(methyl)phosphonium
[C4C,Pyrr]* 1-methyl-1-octylpyrrolidinium
[Et(PEG),MPyrr]* 1-methyl-1-(2-(2-ethoxyethoxy)ethyl)pyrrolidinium
[CsChlm]* 1-methyl-3-octylimidazolium
[Et(PEG),MIm]" 1-methyl-3-(2-(2-ethoxyethoxy)ethyl)imidazolium
[(F13H4Cg)Cilm]* 1-methyl-3-(1H,1H,2H,2H-perfluorooctyl)imidazolium
[N2226]" Triethyl(octyl)ammonium
[N222 Eeec)2)]” Triethyl(2-(2-ethoxyethoxy)ethyl)ammonium

Table 1.2. Anions studied in this Thesis.

Anion Name
cr Chloride
[BF4] Tetrafluoroborate
[PFe] Hexafluorophosphate
[OTH] Trifluoromethanesulfonate
[NTE,] Bis(trifluoromethanesulfonyl)imide

1.3 Probing the IL/Vacuum Interface using UHV Techniques

Many successful applications of ionic liquids, especially those that involve gas
adsorption/desorption, depend on the interaction of the IL/gas(vacuum)
interface with different species. Consequently, the chemical nature of the
IL/vacuum interface plays a crucial role in such applications, including but not

limited to, supported ionic liquid phase (SILP) catalysis,®*® gas

%190 and imaging.'®*

capture/separation, Therefore, it is vital to study and
understand the structure of the interfacial regions and relate this to application-
based results such that appropriate systems can be predicted and developed to

maximise performance.

Previously, before the UHV stability of ionic liquids was established, surface
sensitive investigations were carried out using non-UHV techniques such as
sum frequency generation spectroscopy (SFG),’® %1% X-ray and neutron

104-106

reflectivity, surface tension measurements,’® " 1% and MD
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simulations.”® 1 % These early investigations provided considerable insight
into the structure of IL surfaces and although there are still discrepancies in ion
orientation, there is general agreement that both cations and anions are present
at the surface, with projection of aliphatic chains towards the vacuum for ILs
of the type [C,C1Im][X].

Conventionally, due to the high vapour pressure of typical liquids and their
subsequent rapid rate of evaporation, surface sensitive UHV-based techniques
were limited to the analysis of compounds in the solid state. However, in 2005
— 2006 it was recognised that ILs possessed almost negligible vapour pressures
(~10** mbar), thus permitting UHV-based investigations without modification
to the experimental set-up, and without risk of significant sample loss and/or
contamination of the analytical chamber.®® '  Additionally, the UHV
environment provides a greater degree of accuracy through removal of volatile
impurities, and reduced collisions with gas phase contaminants, which may
hamper or influence measurements.?®  Consequently, during the last decade a
new field of “lonic Liquid Surface Science” has emerged in which a multitude
of UHV-based techniques have been utilised to probe the nature of the surface
(and bulk) structure including, but not limited to, X-ray photoelectron

68, 73, 74, 112-125

spectroscopy (XPS), ultraviolet photoelectron spectroscopy

(UPS),H3 114 126128 metastable impact electron spectroscopy (MIES),™® 4 X-

ray absorption spectroscopy (XAS),"*® low energy ion scattering (LEIS),"* *#*

130 and high-resolution electron energy loss spectroscopy (HREELS).'

Of these techniques XPS has been described as “the most common and most
powerful tool to analyse the chemical composition of the near-surface region
of condensed matter”;”" additionally, as core level binding energies are
sensitive to small changes in electronic environment, much like the chemical
shift in NMR spectroscopy, the chemical state of atoms can be probed. Many
significant contributions have been provided by XPS in the field of “IL surface
science”, with particular focus on the areas: (i) impurity detection, (ii) surface

enrichment/depletion of additives, and (iii) surface composition of pure ILs.
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1.3.1 Impurity Detection

Confirmation of surface purity is a vital aspect of surface science; the presence
of even trace amounts of surface contaminants can cause significant deviations
In measurements, especially as many common contaminants are composed of
carbon, hydrogen, oxygen and nitrogen, which are also common to most ILs.
Furthermore, surface contaminants can cause deleterious effects to the IL

surface chemistry, and thereby hinder surface-based applications as a result.

XPS has proved to be a powerful tool with which to detect contaminants in the
near-surface region of ILs. The first reported XPS study on the commercially
obtained  1-ethyl-3-methylimidazolium ethylsulfate, [C,C;Im][EtOSO4],
detected trace amounts of silicon, which were initially attributed to the silicone
septum on the bottle used to store [C,C;Im][EtOSO3].***> A follow-up study by
Gottfried et al.*®* using angle-resolved XPS (ARXPS) indicated the silicon
contamination to be enriched at the uppermost layers, and was also associated
with additional carbon and oxygen impurities — the constituents of silicones.
Doping a clean sample of [C,C;Im][EtOSO;] with high-vacuum silicone
grease produced spectra with identical contaminants, suggesting a conceivable

131

origin of the silicone impurity. It is important to note here that the

contamination was shown to be highly surface active as it was undetectable by

bulk analytical methods.*" ***

Similarly, using ARXPS Kolbeck et al.*® observed a surface active
contaminant that only contained the same elements as the IL, namely oxygen
and carbon. This highlights the high sensitivity of XPS to detect trace levels of
impurities, as many surface techniques are incapable of distinguishing spectral

features of ILs and those of contaminants.?®

It has also been shown that surface active contaminants can be routinely

removed in situ by Ar ion sputtering."** %

This technique involves
bombarding the surface with a beam of energetic Ar* ions which removes the
top few layers of atoms, thus exposing a clean surface below. Impurities
removed from the surface have been seen to recover over time, demonstrating

slow segregation of the impurities from the bulk to the surface.*® 3

23



Chapter 1. Introduction

Surface purity is integral to many IL applications; consequently, the element
specific and surface sensitive nature of XPS provides an excellent means to
assess the surface purity of ILs and make valid, reliable deductions on IL

surface chemistry.
1.3.2 Surface Enrichment/Depletion of Additives

The surface enrichment of a species present at low concentration in the bulk
can also be a significant advantage. This is particularly relevant in the case of
SILP catalysis; in this example, thin films of ionic liquid are layered on a high
surface area support. The IL layers serve as a homogeneous phase, in which a
catalytically active transition metal complex is dissolved. For reaction to
occur, gas phase reactants adsorb onto the IL surface, diffuse to meet the
catalyst, react, then diffuse back to the surface and desorb. Consequently, the
ability to tune the IL phase such that it maximises the surface concentration of
the catalyst, and increases its accessibility to the reactant, is extremely

advantageous.”’

ARXPS studies by Maier et al.”’ have shown that XPS is an excellent
technique with which to study surface enrichment of transition metal
complexes in ILs. Initial investigations for a mixture of [Pt(NH3)4]Cl;, in
[C,C1Im][EtOSOs] indicated that the metal complex, [Pt(NH3)4]**, was highly
enriched in the top surface layers of the sample, with a depletion of chloride
counter ion.**” A further study expanding on these findings has recently been
described by Kolbeck et al.™** in which, a range of Pt(11) and Pt(1\V) complexes
dissolved in different ILs were investigated. A surface enrichment dependency
of a [PtClg]* complex with IL cation was observed, whereby depletion effects
occurred for imidazolium cations in comparison to enrichment with

pyrrolidinium cations.

XPS has also provided direct insight into the mechanisms and processes of
industrially relevant catalytic reactions. This is particularly exemplified by the
work of Kolbeck et al.”® in which ARXPS was used to determine the
influence of the tris(3-sodium sulfonatophenyl)phosphine (tppts) ligand on Rh-
catalyst concentration at the IL surface —which is of significant interest in the

24



Chapter 1. Introduction

application of hydroformylation catalysis.**> Here three different systems were
investigated: (1) [Rh(acac)(CO);] in [C,CiIm][EtOSOs3], (2) tppts in
[C2C1Im][EtOSO5] and (3) [Rh(acac)(CO),] and tppts in [C,C1Im][EtOSO3].

In the first system, XPS indicated that an absence of ligand was associated
with a depletion of Rh-catalyst at the surface. The second system consisting of
solely of ligand and IL highlighted the high surface activity of the tppts ligand.
However, it is the third system which is of most interest, when both Rh-
catalyst and ligand are dissolved in [C,C1Im][EtOSQ3] the surface is enriched
with Rh-catalyst, thus providing spectroscopic evidence that the nature of the
applied ligand influences the preferred position of the catalyst complex in

either the bulk or at the interface.
1.3.3. Bulk versus Surface Composition in Pure ILs

In order to understand the surface chemistry of ionic liquids it is paramount to
understand the structure of the IL/vacuum interface. Considering the sheer
number of possible ILs and the resultant costliness of a brute force approach,
I.e. investigating each IL individually with all possible surface sensitive
techniques, a more pressing challenge is the development of design rules such

that the surface structure of any given IL can be predicted.

The surface structure of imidazolium-based ILs has been well characterised by
many different techniques, to the extent that preliminary design rules have
been postulated. XPS has played an influential role in this development
through its ability to provide excellent data on atom location (i.e.
enrichment/depletion effects). A summary of these findings is discussed in
this section.

The first reported use of ARXPS to analyse the IL/vacuum interface was in
2006 by Maier et al. where it was shown for [C,C;Im][EtOSO;3] that spectra
taken at emission angles 0° and 70° (probe depths are 7-9 nm and 2-3 nm
respectively) were virtually identical, indicating a homogeneous distribution of
ions in the near-surface region.™” A subsequent investigation by Lockett et al.
on ILs of the type [C,CiIm][BF4] (where n = 4,6,8) using higher emission
angles (6 = 0° — 84°), and hence greater surface sensitivity, indicated an
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increasing amount of aliphatic carbon with emission angle.**® Further studies
elucidated that this effect was enhanced with increasing alkyl chain length and
decreasing anion size, thereby providing evidence that the alkyl chains project
towards the vacuum phase for ILs [C,C1Im][X] (where n > 4).7274 120136 Aq
such a model of the IL surface is proposed consisting of a hydrophobic
overlayer of alkyl chains with an ionic sublayer of charged head groups. This

is consistent with findings from other techniques including SFG,® 103 104. 128

neutral impact-collision ion scattering spectroscopy (NICISS),=" 13

Rutherford back scattering (RBS),*** **° and MD simulations.®%"* 109 110

There are considerably fewer surface investigations on non-imidazolium ionic
liquids, which give rise to the questions: how does cation structure influence
surface structure? Are the proposed design rules for imidazolium ILs
applicable to other varieties of cations? Preliminary investigations on
pyrrolidinium-based ILs indicate that this particular cation variety does indeed
follow the same trends to their imidazolium analogues.’® ™ *2* 14! Considering
the structural similarities of pyridinium ILs, i.e. a polar heterocyclic ring with a
long non-polar alkyl chain, it is likely these will also show similar surface
behaviour.?®  However, this cannot be expected to be the case for
tetraalkylammonium and tetraalkylphosphonium cations, in which the highly
polar central atom is shielded by four conformationally flexible alkyl chains.
It is, therefore, important to determine trends in surface structure for common

acyclic ILs to answer how cation structure may influence surface structure.
1.4 Summary: Aims and Objectives

To fully understand the structure-property relationships of ionic liquids it is
necessary to characterise neat ILs at a molecular level. Over the past ten years
XPS has established itself as a robust technique to characterise ionic liquid-
based systems. Binding energies obtained from XPS have provided extensive
information on the effect of structural changes to local electronic environment
and also cation-anion interactions. Additionally, the surface sensitive nature of
XPS enables depth-profiling experiments to determine the nature of the

IL/vacuum interface.

26



Chapter 1. Introduction

However, the majority of these studies have been focused on non-
functionalised, heterocyclic cations with particular emphasis on the
imidazolium variety. The work in this Thesis addresses this gap in knowledge
through XPS investigations into tetraalkylammonium and
tetraalkylphosphonium  cations, and also the influence of cation
functionalisation. A summary of the principles behind XPS are described in
Chapter 2.

In Chapter 3 the use of XPS to gather binding energy information for
tetraalkylammonium and tetraalkylphosphonium ILs is described; the main
theme for Chapter 3 is the influence of cation structure on cation-anion
interactions with three main questions: (i) Are the trends in anionic influence
exhibited for imidazolium ILs also applicable to these classes of IL? (ii) How
does size and polarity of the cationic heteroatom influence cation-anion
interactions, i.e. ammonium versus phosphonium? (iii) How does
conformational flexibility of the cation alkyl chains influence cation-anion

interactions?

Chapter 4 describes the use of XPS to characterise the surface structure for
tetraalkylammonium and tetraalkylphosphonium ILs. The primary focus here
Is to determine if acyclic tetraalkylammonium and tetraalkylphosphonium ILs
exhibit different surface preferences to the cyclic imidazolium and
pyrrolidinium families of ILs. To investigate this, two depth profiling
techniques are used: angle-resolved XPS (ARXPS) and energy-resolved XPS
(ERXPS). ARXPS studies have been extensively used to investigate ILS as
discussed in Section 1.3.3. Considerably fewer ERXPS studies on ILs exist as
they typically require high-energy synchrotron X-ray sources; however, in
Chapter 4 the first use of a high-energy, commercially available Ag Lo’ X-ray

source to conduct ERXPS investigations on ILs is described.

Lastly, Chapter 5 investigates if an extra degree of tunability can be achieved
through the cation by functionalisation of the cation alkyl side chain, and the
effect this imparts on cation-anion interactions. The application of cation
functionalisation and its influence on catalytic performance in the Suzuki

cross-coupling reaction is also studied.
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2. Experimental

2.1 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface sensitive analytical
technique and is possibly the most widely used electron spectroscopy method.*
Developments made by Kai Siegbahn in the 1960s enabled the measurement of
binding energies of core level electrons ejected from a sample via X-ray
irradiation under ultra-high vacuum (UHV) conditions, and to the present day
this technique is valued for its capacity to provide vital information on
elemental composition and chemical state of atoms in the near-surface region
(<10 nm).?

2.1.1 Photoelectric Effect

The basic principle that forms the foundation of XPS is the photoelectric
effect. Whereby, in a standard XPS experiment, a sample is irradiated with X-
ray photons, which are capable of penetrating many micrometres into the bulk
material. On collision with an electron the photon is annihilated with complete
energy transfer to the electron. If the energy transferred is sufficient the

electron will be ejected from the atom, as illustrated by Figure 2.1.

The attenuation length (average distance travelled between two inelastic events
without elastic events) of an emitted photoelectron is dependent on the X-ray
energy. For the typical Al Ka X-ray source (hv = 1486.6 eV) the subsequent
information depth (ID) is approximately 10 nm.>  Therefore, only
photoelectrons emitted in the near-surface region can escape and be detected,

thus defining the surface sensitive nature of XPS.

The kinetic energy (KE) of an emitted photoelectron (which has not suffered
energy losses from inelastic collisions) can be measured. This value is discrete
in nature and is dependent on the energy of the incident X-ray photon (hv), the
binding energy (BE), and the work function of the spectrometer (¢s), as shown
by Equation 2.1.
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KE = hv — BE — ¢s 2.1

The binding energy is measured relative to the Fermi level (highest occupied
quantum level) of the sample, and is regarded as the energy gap between the
initial and final states of the photoelectron process; its value is both element
and orbital specific. The spectrometer work function describes the energy
required to remove an electron from the Fermi level to the vacuum level, the
spectrometer automatically corrects for this value during analysis (typically =
4.5eV).® Consequently, as KE, hv and ¢ are either known or can be measured,

the binding energy can be derived using Equation 2.1.

A
KE KE
04 Vacuum Level
bs
O  Fermilevel Valence Band Valence Band
) -O00000- 000000~ v
L) —O—0O— —O0—0—
BE
BE
hv,
1500 —@——@— —O—0—
v

Initial State Final State

Figure 2.1. Schematic describing the Photoelectric Effect. An X-ray photon of energy (hvg)
collides with a core level electron in the initial state, thus ejecting it from the atom. This
results in a final state with a core hole. The KE of the emitted photoelectron, ey, is related to

hv,, BE and ¢s as described in Equation 2.1.

XPS experiments are generally performed under UHV conditions. This is to
minimise gas phase collisions of emitted photoelectrons, which would
otherwise result in significant scattering and hence low detection.
Additionally, at UHV the impingement rate of gas molecules with the surface
is very low, thus promoting a clean surface for analysis. Volatile
contaminants, and dissolved gases, present in the sample will also be removed

under UHV conditions, thus improving surface purity.*
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2.1.2 XP Spectrometer Set-up

A schematic of a typical XP spectrometer set-up is shown in Figure 2.2. X-
rays are generated by bombarding a metal anode (usually aluminium) with
high energy electrons; in this work both aluminium and silver anodes are
utilised. The electron bombardment subsequently results in the emission of X-
rays of energy characteristic to the source, e.g. Al Ka = 1486.6 eV or Ag Lo’ =
2984.3 eV. Additional radiation including X-ray satellites, Bremsstrahlung
radiation and Auger emissions are also produced to a lesser intensity.

Concentric Hemispherical Analyser
Monochromator

Detector

/ / }/ -9
nm
y ll um

Figure 2.2. Schematic of XP spectrometer set-up.

The line width of the generated X-rays is then reduced by diffraction against a
quartz crystal monochromator; with reductions from 0.9 eV to approximately
0.25 eV for Al Ko, and from 2.6 to 1.2 eV for Ag La’.2 Additionally, the
monochromator removes any unwanted spectral lines, and focuses the X-rays
onto a small spot (down to 10 pm) on the sample surface® The
monochromator also provides a greater degree of separation between the
sample and source, thereby minimising sample damage from exposure to heat

and back-scattered electrons.

Photoelectrons emitted from the sample pass through transfer lenses to the
analyser.  The most commonly employed analyser is the concentric
hemispherical analyser (CHA), in which emitted photoelectrons pass between

two concentric plates set at different voltages. Typically, the CHA works in
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combination with transfer lenses in Fixed Analyser Transmission (FAT) mode.
In this mode, the voltage of the concentric plates are fixed for a given
photoelectron kinetic energy — known as the pass energy. Before reaching the
analyser the photoelectrons must first pass through a series of electrostatic
transfer lenses which slow down the photoelectrons to the required pass energy
and focus them towards the analyser. Therefore, in order to obtain a
photoelectron spectrum, the lens voltages are scanned to focus, sequentially,
photoelectrons of varying kinetic energies to the required pass energy. As the
pass energy remains constant throughout the energy range, the resolution (in

eV) is constant across the entire width of the spectrum.?

A typical detector consists of an electron multiplier, to count individual
electrons arriving at the detector, and a delay line detector (DLD). The two
most common multipliers used are channel electron multipliers and channel

plates.
2.1.3 Charge Control and Charge Correction

As discussed in Section 2.1.1 binding energies are measured relative to the
energy of the Fermi level. For conducting samples in electrical contact with
the spectrometer the Fermi levels of the sample and spectrometer align.
Consequently, positively charged holes created at the sample surface by exiting
photoelectrons are quickly dissipated by the flow of electrons from

spectrometer to sample.

However, for insulating compounds no such equilibrating mechanism exists,
i.e. the Fermi levels of the sample and spectrometer are not in alignment. As
such, during photoelectron emission, a build-up of positive charge accumulates
at the sample surface, thus its potential with respect to the spectrometer
changes with time. The result of this sizeable, positive potential difference is
the entire XP spectrum to shift to lower kinetic energies (higher apparent
binding energies).” To compensate for surface charging, charge control
methods need to be applied. Charge neutralisation is the most common charge
control approach and involves flooding the surface with low energy electrons

to neutralise the positive charge.
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Generally, charge neutralisation results in overcompensation and the surface
will become slightly negatively charged, causing the observed binding energies
to subtly shift to lower energies. Consequently, for such samples it is
necessary to use charge correction methods (even after charge neutralisation)
to obtain an accurate binding energy scale. Typically, charge correction
involves calibrating the spectrum by referencing to a photoelectron peak of
known binding energy. There are several methods for charge correction,
however referencing to an internal standard is the most common as surface

charging effects will be experienced equally by the reference and the sample.

lonic liquids are conducting when in the liquid state; hence, charge control
methods (i.e. charge neutralisation) are not usually required for liquid ILs.
However, as ILs are ionic conductors, rather than electron conductors, they act
as insulators in the solid state.” Therefore, charge neutralisation must be

applied for solid IL samples to prevent surface charging.®®

In order to measure true binding energy values for ILs, the application of
charge correction methods is standard for all types of ionic liquid. It has
become common practice to charge correct by referencing the spectra to the
signal corresponding to the aliphatic carbon atoms (Caiighaiic 1S, BE = 285.0 eV)

present in most ILs.> 812

2.1.4 Surface Cleaning with Argon Sputtering

Due to the highly surface sensitive nature of XPS even small levels of
contaminants can have a profound effect on the measured spectra. A problem
associated with contaminants is unexpected photoelectron lines which can be
excessively intense and/or overlap with photoelectron lines of the sample.
This can prevent accurate determination of elemental composition and

chemical state analysis of the sample.

If the contamination is surface segregated, argon ion sputtering can be used to
etch the surface and remove the contaminant, with typical sputter energies of
0.5 - 5.0 keV. This process involves bombarding the surface with a beam of
energetic argon ions. This removes the top few layers of atoms, thus exposing

a clean surface that is free of contaminant below.
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2.2 The XP spectrum

There are two types of XP spectra that can be measured: survey (or wide)
scans and high-resolution scans. For a survey scan photoelectrons emitted
from the entire energy range of the spectrometer are recorded, this is typically
used to determine sample purity and elemental composition. High-resolution
scans focus upon a specific energy region and are used to determine binding

energies with higher accuracy.

2.2.1 Survey Scan

Cis
-

F1s

S/x10" Counts
N
|

CKLL OKLL F KLL
N KLL
2 —
0 —
| I I I I | I I
1400 1200 1000 800 600 400 200 4]

Binding Energy / eV

Figure 2.3. Survey (wide) XP spectra of the ionic liquid [Pee614][NTf,] acquired with Al Ka
X-rays. Charge corrected by referencing the Cgjiphaic 15 photoelectron emission peak to 285.0
eV.

An example survey scan for the ionic liquid [Psgs14][NTT,] is presented in
Figure 2.3. In this case the spectrum was acquired with the Al Ka X-ray
source and the energy range subsequently covers 0 — 1400 eV. The spectrum
consists of a series of peaks situated on a background that decreases in a step-
like manner after each spectral feature from high to low binding energy. The
main photoelectron lines occur in the energy range 30 — 800 eV and are well-
defined sharp peaks. Photoelectron binding energies are both element and
orbital specific, thus each element has a characteristic set of spectral lines,
which can be used for element identification. The exceptions to this are

hydrogen and helium, which are not detectable by XPS as their photoelectron
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cross sections are below XPS detection limits.® Photoelectrons which
experience energy losses via inelastic scattering before escaping the surface

contribute to the background signal.

Another spectral feature of the survey scan are Auger peaks, which occur
between 800 — 1400 eV in Figure 2.3. These peaks arise from internal atom
de-excitation of the core holes produced by photoemission, as illustrated by
Figure 2.4. In this example, a K level core hole is “filled” by an L; level
electron, energy equal to the difference in binding energy of the K and L;
levels is released and is sufficient to eject an electron from the L, 3 level. This
is known as a KL;L, 3 transition; however, it should be noted that many other

combinations also exist.

A

KE

04 Vacuum Level

ey
04 Fermi Level

Valence Band Valence Band

» -000000-  -000000-
1 —@—@— « —@—O—

" >
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Figure 2.4. Schematic illustrating Auger electron emission (e) after initial photoionisation.
This example illustrates a KL;L,3 Auger transition. The core hole is filled by an electron
“falling” from the L level to K level. Energy liberated is transferred to an electron in the L3
level, which is ejected from the atom.

The kinetic energy of the emitted Auger electron is only dependent on the
energy levels of the element. Subsequently, Auger Kinetic energies are
characteristic of the emitting atom, and can be used for element identification

using the kinetic energy scale.
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At binding energies ~ 0 — 30 eV the valence band spectral feature can be seen.
This consists of a series of low intensity lines which correspond to

photoelectrons emitted from the valence band.
2.2.2 High Resolution Scan

A high resolution scan focuses on a narrow energy range (typically between 10
— 50 eV) which contains a core photoelectron line, as exemplified by the C 1s
high resolution scan for [Pgg6,14][NTf2] shown in Figure 2.5. In comparison to
the survey scan, a smaller energy step size and lower pass energy are applied in
combination with longer acquisition times, which significantly improves
spectra resolution. Consequently, high resolution spectra enable a greater
degree of accuracy in binding energy analysis, which provides vital

information on element/component electronic environments.

12
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Figure 2.5. C 1s high resolution spectra including component fittings for [Pgge14][NTF].
Charge corrected by referencing the Cyighaiic 15 photoelectron emission peak to 285.0 eV.

As seen from Figure 2.5 it is not always possible to resolve different
contributions to the photoelectron emission spectra if they are particularly
close in energy. It is, therefore, important to develop fitting models that
accurately describe the different chemical environments of an element in order
to determine their binding energies. Cl1s fitting models have previously been
described by the University of Nottingham for imidazolium,® pyrrolidinium,*

pyridinium,* and guanidinium-based ILs.> In this Thesis C 1s fitting models
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for tetraalkylammonium/phosphonium and functionalised ILs have been
developed and described (see Chapter 3 Sections 3.2.3 and 3.3.3, and Chapter
5 Section 5.2.2).

2.2.3 Information from XP spectra
2.2.3.1 Semi-quantitative Analysis

As mentioned previously each element (excluding hydrogen and helium)
exhibit at least one core level line in the photoelectron spectrum. The peak
positions for these core level lines, when measured on a binding energy scale,
are sufficiently unique to enable elemental identification. Therefore, a single
survey scan allows complete elemental analysis.® Typical survey scan
detection limits are 0.1 atomic % for elements with low photoelectron cross-

section core levels.

The intensity of any specific photoelectron peak is dependent on its
photoelectron cross-section (which in turn is element and orbital specific),
consequently a direct comparison of peak areas does not provide useful
information on relative atomic concentrations. Therefore, scaling of each
photoelectron peak with the empirically derived relative sensitivity factor
(RSF) obtained from the Kratos Library is required. This enables the relative
atomic concentrations to be determined semi-quantitatively (accuracy 10 — 20
%).

2.2.3.2 Chemical State Analysis

Binding energies obtained from XPS can be regarded as its most valuable
output. The measured binding energy of a photoelectron line is a function of
the local chemical environment of the atom it originated from. Factors such as
type of bonding, oxidation state and surrounding atoms can influence the
electron density of an atom, and hence cause a measurable shift in binding

energy; this is known as a “chemical shift”.

Typically, a decrease in electron density of an atom, which may be caused by

an increase in oxidation state or neighbouring electron withdrawing
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atoms/groups, generally results in an increase in binding energy. Whereas,
increasing electron densities will give rise to lower binding energy values.
Photoelectron lines corresponding to different chemical environments of the
same element can therefore be distinguished from each other as seen from the
C 1s region in Figure 2.5. As discussed previously in Section 2.2.2 curve
fitting may be required to resolve the different components in order to
accurately measure their binding energies. The associated error with binding

energy measurement is = 0.1 eV.
2.3 Synthesis of ILs

2.3.1 Materials and Instrumentation

Compounds investigated herein were prepared in our laboratory using
modified literature procedures.’® Chemical precursors were obtained from
commercial suppliers and used without further purification unless otherwise
stated. Trihexyl(tetradecyl)phosphonium chloride (Cyphos IL 101),
Tetraoctylphosphonium bromide (Cyphos 482), and
tributyl(methyl)phosphonium methylsulfate (Cyphos IL 108) were obtained
from Cytec Industries Inc. Lithium bis(trifluoromethanesulfonyl)imide was
obtained from 3M.  Tetrakis(triphenylphosphine)palladium(0) 99% was
obtained from Acros Organics.

All compounds were dried in vacuo (p < 10 mbar) at 50 °C and stored under
argon before being characterised by *H and *3C for all ionic liquids, and *'P-
{*H} and F-{*H} NMR where appropriate, (recorded at room temperature on
a Brucker DPX-400 or DPX-300 spectrometer). Chemical shifts (3) are
reported in parts per million (ppm) with reference to residual traces of
protonated solvents in commercial NMR solvents: protonated chloroform (64
7.27) and CDCl3 (8¢ 77.00), and protonated dimethyl sulfoxide (64 2.50) and
(CD3)2SO (6¢ 39.51). Coupling constants (J) are given in Hz and multiplicities
were labelled singlet (s), doublet (d), t (triplet), g (quartet), quint (quintet), sext
(sextet), sep (septet), dd (double doublet), tt (triple triplet) and m (multiplet).
Further characterisation methods also included IR (Perkin Elmer 1600 FT
spectrometer); ESI-MS (Brucker MicroTOF 62 spectrometer) and XPS (Kratos
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Axis Ultra Spectrometer) for all ILs studied. For syntheses which involved
anion exchange chemistries, ion chromatography (Dionex ICS-3000 machine
fitted with AS20 analytical column and AG20 guard column) showed that
residual halide was below the detection limits of the instrument (~ 10 ppm).
TEM measurements were performed using a JEOL 2100F instrument equipped
with a Gatan Orius camera with an operating voltage of 200 kV. TEM data
was analysed using the Gatan Digital Micrograph software. Holey carbon
coated copper TEM grids were used and purchased from Agar Scientific.

2.3.2 XPS Data Collection

Aluminium Source Experiments: XP spectra were recorded using a Kratos
Axis Ultra spectrometer employing a focused, monochromated Al Ka. source
(hv = 1486.6 eV), hybrid (magnetic/electrostatic) optics, concentric
hemispherical analyser, and a multi-channel plate and delay line detector
(DLD) with an X-ray incident angle of 60° (relative to the analyser). X-ray
gun power was set to 120 W. Spectra were recorded using an entrance
aperture 300 um x 700 um with a pass energy of 80 eV and step size 0.5 eV
for survey spectra, and pass energy 20 eV and step size 0.1 eV for high
resolution spectra. Acquisition times for survey scans and high resolution

scans were 1200 s and 600 s respectively.

Silver Source Experiments: XP spectra were recorded using a Kratos Axis
Ultra Spectrometer in which the Al Ka source was substituted with a
monochromated Ag La’ source (2984.3 eV) operated at the same X-ray gun
power (120 W) with minor adjustments to the gun position and
monochromating crystals. All spectra were recorded with an entrance aperture
of 300 um x 700 um with pass energy of 160 eV and step size 1.0 eV for
survey spectra, and pass energy of 40 eV and step size 0.2 eV for high
resolution spectra. Acquisition times for surveys scans and high resolution
scans were 2400 s and 1200 s respectively.

For both sources binding energy calibration was made using Au 4f;, (83.96
eV), Ag 3ds, (368.21 eV) and Cu 2ps;, (932.62 eV). The resolution of the

photoelectron detector was based on the Ag 3ds, peak full width half
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maximum (FWHM), with the values obtained for each source as follows: Al
Ka (Ag 3ds, FWHM = 0.55 eV); Ag Lo’ (Ag 3ds; FWHM = 0.90 eV).

Charge neutralisation (used for solid samples only) was applied using a
standard Kratos charge neutraliser consisting of a filament, coaxial with the
electrostatic and magnetic transfer lenses, and a balance plate which creates a
potential between the neutraliser and sample. Charge neutralisation was
applied at 1.9 A filament current and 3.3 V balance plate voltage. Sample
stubs were earthed via the instrument stage using a standard BNC connector.

The preparation method for each sample is dependent on the nature of the
material to be analysed, and the type of experiment. For standard XP
experiments: liquid samples were prepared by placing a small drop (= 10 mg)
of ionic liquid onto a stainless steel multi-sample bar; solid samples were fixed
to the bar using double-sided adhesive tape. For ARXPS and ERXPS
experiments: A small drop (= 10 mg) of a liquid sample was placed on a
stainless steel sample bar and cast into a thin film (approx. thickness 0.5 — 1.0
mm). Samples were pre-pumped in a preparative chamber to pressures lower
than 1 x 10°® mbar before transfer to the main analytical chamber. Pressure in
the main chamber consistently remained < 1x 10® mbar during XPS

measurements.
2.3.3 XPS Data Analysis

Data was analysed using the CASAXPS (Version 2.3.17 dev 6.6) software.
The Al Ka source was used to determine elemental composition using RSFs
taken from the Kratos Library (RSF F 1s = 1) and used to determine relative
atomic percentages from high-resolution scans of the most intense
photoelectron peak for each element. Depending on background shape a two-
point linear, Shirley or linear spline background subtraction was performed to
measure peak areas. Peaks were fitted using GL (30) lineshapes (70 %
Gaussian, 30 % Lorentzian).

For ILs with a long alkyl chain (n > 8) charge referencing was achieved by
setting the experimentally determined binding energy of the aliphatic

component (Caiphaiic) equal to 285.0 eV. For compounds with a short alkyl
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chain (n < 8) charge referencing was achieved by setting the measured binding
energy of the cationic heteroatom photoelectron emission peak equal to that for
its long chain analogue, i.e. Ncation 15 for [N44.41][NTT,] was set equal to 402.5
eV (where 402.5 eV is the measured binding energy of Ncaion 1S for
[Nes614][NTT,]). If neither charge referencing method is applicable to the IL

investigated it is stated otherwise within the text with an alternative provided.

ARXPS experiments at grazing emission angle (6 > 70°) give significantly
lower signal intensity than experiments at normal emission angle (6 = 0°).
Therefore, to aid visual interpretation of the ARXPS spectra presented, each
spectrum recorded 6 = 80° is normalised to the area of the F 1s photoelectron
emission peak recorded for the respective ionic liquid at 6 = 0°. This peak was
selected for normalisation as the F 1s moiety is present in all ILs in the same
stoichiometry, and the F 1s peak is easily identifiable with a binding energy
well separated from any other photoelectron emission signals. This technique
does not affect the relative ratios of different elements within the IL, thus
provides a visual comparison of the same region for an IL on changes to
emission angle. Therefore, any changes in intensity of an element with

emission angle can be observed.
2.3.4 Information Depth for ARXPS and ERXPS

The information depth (ID) can be defined as the depth, within the sample,
from which 95.7 % of the measured signal will originate and can be expressed
as ID = 3haLcos0. For the lower energy Al Ko X-ray source, ID varies mainly
with cosf, where 0 is the electron emission angle relative to the surface
normal. At the kinetic energies measured here (~ 800 — 1400 eV) the
attenuation length of photoelectrons in organic compounds is of the order of ~
3 nm.}” From this, the ID in each of angle-resolved geometries employed in
the ARXPS experiments can be estimated. Therefore, when 6 =0°,ID=7 -9
nm (N.B. this value is also dependent on the kinetic energy of the escaping
photoelectron, and therefore the identity of the element probed) and for 6 =
80° ID =1 — 1.5 nm. It should be noted that at 80°, 65 % of the signal
intensity arises from the uppermost 0.3 — 0.5 nm; this is less than the width of a

single molecule for most ILs. An increase in element/component intensity
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with increasing 0, and thus with increasing surface sensitivity, indicates a

higher concentration of this element in the top most layers.

When using the higher energy Ag Lo’ X-ray source for ERXPS studies, a fixed
normal emission angle of 6 = 0° is used. Consequently ID can be simplified to
ID = 3)aL, thus ID is solely a function of attenuation length and hence kinetic
energy. As a larger Kinetic range is investigated ~ 100 — 2800 eV, ID will be
very dependent on the kinetic energy of an escaping photoelectron, and hence
the core orbital from which it originated. A full description of this technique is
provided in Chapter 4 Section 4.5.

2.3.5 Ammonium-based ILs — Synthetic Procedures
2.3.5.1 [Ng66.14]ClI

Trihexyl(tetradecyl)ammonium bromide (3.27 g, 5.97 mmol) was dissolved in
methanol (100 ml) and eluted through a column containing Amberlite-IRA400
(CI) ion-exchange resin (40 g) at a drop rate of 1 ml/min. The solvent was
removed and the product was dried in vacuo at 50 °C to yield an off-white
solid (3.0 g, 100 %). 'H NMR (400 MHz, CDCls): & ppm 0.81 — 0.86 (m,
12H), 1.20 — 1.36 (m, 40H), 1.57 — 1.68 (m, 8H), 3.30 — 3.34 (m, 8H); °C
NMR (101 MHz, CDCl3): 8 ppm 13.7, 14.0, 22.1, 22.3, 22.5, 25.9, 26.3, 29.0,
29.2,29.3,29.5, 31.1, 31.8, 59.0; IR v max (CHCls) / cm™ 1246, 1468, 2858,
2929; MS (ESI) positive for Ca;HggN, M™: calcd 466.5346, found 466.5346.

2.3.5.2 [Ng66,14][BF4]

To a stirring solution of trihexyl(tetradecyl)ammonium bromide (2.18 g, 3.98
mmol) in chloroform (15 ml) a solution of sodium tetrafluoroborate (0.6 g,
5.36 mmol) in water (15 ml) was added dropwise at room temperature. The
reaction mixture was stirred for 16 h. Chloroform (40 ml) and water (15 ml)
was added, and the organic layer was separated and washed with water (6 x 25
ml). The solvent was removed and the product was dried in vacuo at 50 °C to
yield a white solid (1.72 g, 78 %). *H NMR (400 MHz, CDCls): 8 ppm 0.86 —
0.90 (m, 12H), 1.25 — 1.34 (m, 40H), 1.54 — 1.66 (m, 8H), 3.15 — 3.20 (m, 8H);
3C NMR (101 MHz, CDCls): & ppm 13.8, 14.1, 25.8, 26.2, 29.0, 29.3, 29.4,
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29.6, 31.1, 31.9, 58.6; *°F NMR (377 MHz, CDCl5): § ppm -151.79 (g, J = 1.1
Hz), -151.73 (br. s); IR v max (CHCls) / cm™ 1059, 1468, 2857, 2929, 2959;
MS (ESI) positive for Cs;HggN, M™: calcd 466.5346, found 466.5333.

2.3.5.3 [Ne 6.6 14][PFe]

To a stirring suspension of trihexyl(tetradecyl)ammonium bromide (1.85 g,
3.38 mmol) in water (30 ml) an aqueous solution of hexafluorophosphoric acid
(60 % wi/w, 0.60 ml, 3.92 mmol) was added dropwise using a plastic syringe.
The reaction mixture was stirred for 16 h at room temperature. Chloroform
(55 ml) was added and the organic layer was separated and washed with water
(6 x 25 ml). The solvent was removed and the product was dried in vacuo at
50 °C to yield a white, waxy solid (1.96 g, 95 %). 'H NMR (400 MHz,
CDCl3): & ppm 0.86 — 0.91 (m, 12H), 1.26 — 1.34 (m, 40H), 1.54 — 1.65 (m,
8H), 3.12 — 3.16 (m, 8H); **C NMR (101 MHz, CDCls): 5 ppm 13.8, 14.1,
21.7, 22.3, 22.7, 25.8, 26.1, 29.0, 29.3, 29.4, 29.6, 29.7, 31.0, 31.9, 58.6; 'P
NMR (162 MHz, CDCls): & ppm -144.38 (spt, J = 713 Hz); *F NMR (377
MHz, CDCls): & ppm -72.30 (d, J = 713 Hz); IR v max (CHCls) / cm™ 848,
1468, 2857, 2929; MS (ESI) positive for CaHgsN, M™: calcd 466.5346, found
466.5347.

2.3.5.4 [Ng6614][OTH]

To a stirring solution of trihexyl(tetradecyl)ammonium bromide (1.80 g, 3.29
mmol) in chloroform (15 ml) a solution of lithium trifluoromethanesulfonate
(0.63 g, 4.04 mmol) in water (15 ml) was added dropwise at room temperature.
The reaction mixture was stirred for 16 h. Chloroform (40 ml) and water (15
ml) was added, and the organic layer was separated and washed with water (6
x 25 ml). The solvent was removed and the product was dried in vacuo at 50
°C to yield a pale yellow, viscous liquid (1.85 g, 91 %). *H NMR (400 MHz,
CDCls): & ppm 0.86 — 0.91 (m, 12H), 1.25 — 1.37 (m, 40H), 1.56 — 1.68 (m,
8H), 3.18 — 3.22 (m, 8H); *C NMR (101 MHz, CDCls): & ppm 13.8, 14.1,
21.9, 22.3, 22.6, 25.9, 26.2, 29.0, 29.3, 29.4, 29.6, 31.1, 31.9, 58.8; '°F NMR
(377 MHz, CDCls): 8 ppm -78.18; IR v max (CHCls) / cm™ 1030, 1164, 1269,

51



Chapter 2. Experimental

1468, 2857, 2929, 3011; MS (ESI) positive for Cz;HssN, M™: calcd 466.5346,
found 466.5356.

2.3.5.5 [N 6,6,6,14] [N sz]

To a stirring solution of trihexyl(tetradecyl)ammonium bromide (1.50 g, 2.74
mmol) dissolved in chloroform (15 ml), a solution of lithium
bis(trifluoromethanesulfonyl)imide (0.95 g, 3.30 mmol) in water (15 ml) was
added dropwise. The reaction mixture was stirred for 16 h at room
temperature. Chloroform (40 ml) and water (15 ml) was added, and the
organic layer separated and washed with water (6 x 25 ml). The solvent was
removed and the product was dried in vacuo at 50 °C to yield a pale yellow,
viscous liquid (1.92 g, 94 %). *H NMR (400 MHz, CDCl3): & ppm 0.87 — 0.92
(m, 12H), 1.26 — 1.37 (m, 40H), 1.54 — 1.65 (m, 8H), 3.12 — 316 (m, 8H); °C
NMR (101 MHz, CDCl,): 8 ppm 13.7, 14.1, 21.8, 22.3, 22.7, 25.8, 26.1, 28.9,
29.3, 29.4, 29.6, 31.0, 31.9, 58.7, 119.8 (g, J = 322 Hz); **F NMR (377 MHz,
CDCl3): 6 ppm -78.73; IR v max (CHCl3) / cm-! 1059, 1137, 1192, 1351,
1468, 1482, 2858, 2929, 2959; MS (ESI) positive for CsHegN, M™: calcd
466.5346, found 466.5349.

2.3.5.6 [Ngggs][NTT;]

To a stirring solution of tetraoctylammonium bromide (2.20 g, 4.02 mmol) in
chloroform (15 ml), a solution of lithium bis(trifluoromethanesulfonyl)imide
(1.40 g, 4.88 mmol) in water (15 ml) was added dropwise. The reaction
mixture was stirred for 16 h at room temperature. Chloroform (40 ml) and
water (15 ml) was added, and the organic layer separated and washed with
water (6 x 25 ml). The solvent was removed and the product was dried in
vacuo at 50 °C to yield a pale yellow, viscous liquid (2.88 g, 96 %). *H NMR
(400 MHz, CDCls): 6 ppm 0.87 — 0.90 (m, 12H), 1.22 — 1.43 (m, 40H), 1.54 —
1.65 (m, 8H), 3.11 — 3.15 (m, 8H); **C NMR (101 MHz, CDCls): § ppm 14.0,
21.8, 22.5, 26.1, 28.9, 31.6, 58.7, 120.0 (q, J = 321 Hz); **F NMR (377 MHz,
CDCls): & ppm -78.73; IR v max (CHCls)/cm™ 1059, 1137, 1192, 1351, 1468,
1482, 2858, 2929, 2959; MS (ESI) positive for CsHggN, M™: calcd 466.5346,
found 466.5342.
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2.3.5.7 [Nsaa4][NTF.]

To a stirring solution of tetrabutylammonium bromide (3.06 g, 9.50 mmol) in
dichloromethane (15 ml), a solution of lithium
bis(trifluoromethanesulfonyl)imide (4.08 g, 14.2 mmol) in water (15 ml) was
added dropwise. The reaction mixture was stirred for 16 h at room
temperature. Dichloromethane (75 ml) and water (25 ml) was added, and the
organic layer separated and washed with water (6 x 50 ml). The solvent was
removed and the product was dried in vacuo at 50 °C to yield a white solid
(4.70 g, 95 %). *H NMR (400 MHz, CDCls): & ppm 1.00 (t, J = 7.3 Hz, 12H),
1.36 — 1.46 (m, 8H), 1.55 — 1.63 (m, 8H), 3.12 — 3.16 (m, 8H); **C NMR (101
MHz, CDCls): & ppm 13.4, 19.4, 24.7, 58.5, 120.0 (q, J = 322 Hz); *F NMR
(377 MHz, CDCls): & ppm -78.80; MS (ESI) positive for C1HzsN, M™: calcd
242.2842, found 242.2839. Data in agreement with reported literature

values.'®
2.35.8 [Naaa1][NTF]

To a stirring solution of tributyl(methyl)ammonium bromide (2.91 g, 10.4
mmol) in  chloroform (25 ml) a  solution  of lithium
bis(trifluoromethanesulfonyl)imide (3.58 g, 12.5 mmol) in water (25 ml) was
added dropwise at room temperature. The reaction mixture was stirred for 16
h. Chloroform (75 ml) and water (25 ml) was added, and the organic layer
separated and washed with water (6 x 50 ml). The solvent was removed and
the product was dried in vacuo at 50 °C to yield a colourless, viscous liquid
(4.53 g, 91 %). 'H NMR (400 MHz, CDCls): & ppm 1.00 (t, J = 7.3 Hz, 9H),
1.36 — 1.45 (m, 6H), 1.60 — 1.68 (m, 6H), 2.99 (s, 3H), 3.20 (m, 6H); *C NMR
(101 MHz, CDCls): 6 ppm 13.4,19.4, 24.1, 48.4, 61.7, 119.9 (q, J = 321 Hz);
F NMR (377 MHz, CDCls): & ppm -78.90; MS (ESI) positive for C13HgoN,
M™: calcd 200.2373, found 200.2381. Data in agreement with reported

literature values.*®
2.3.5.9 [Nys41][BF]

To a stirring solution of tributyl(methyl)ammonium bromide (2.92 g, 10.4

mmol) in water (20 ml) a solution of sodium tetrafluoroborate (1.70 g, 15.7
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mmol) in water was added dropwise. The reaction mixture was stirred
vigorously for 16 h at room temperature. Dichloromethane (50 ml) was added,
and the organic layer separated and washed with water (6 x 25 ml). The
solvent was removed and the product was dried in vacuo at 50 °C to yield a
white solid (2.14 g, 72 %). *H NMR (400 MHz, CDCl3): & ppm 0.97 (t, J = 7.3
Hz, 9H), 1.35 — 1.44 (m, 6H), 1.60 — 1.68 (m, 6H), 3.01 (s, 3H), 3.22 (m, 6H);
3C NMR (101 MHz, CDCl3): & ppm 13.4, 19.5, 24.0, 48.2, 61.4; *F NMR
(377 MHz, CDCls): 6 ppm -151.25 (q, J = 1.1 Hz), -151.73 (br. s); IR v max
(CHCls)/cm™ 1061, 1466, 2879, 2938, 2968, 3045; MS (ESI) positive for
C13H3oN, M™: calcd 200.2373, found 200.2379.

2.3.5.10 [N4.4.41][PFes]

To a stirring suspension of tributyl(methyl)ammonium chloride (6.84 g, 29.0
mmol) in water (110 ml) an aqueous solution of hexafluorophosphoric acid (60
% wiw, 4.80 ml, 34.8 mmol) was added dropwise using a plastic syringe. The
reaction mixture was stirred for 16 h at room temperature. Dichloromethane
(150 ml) was added, and the organic layer separated and washed with water (6
x 50 ml). The solvent was removed and the product was dried in vacuo at 50
°C to yield a white solid (9.82 g, 98 %). *H NMR (400 MHz, CDCls): § ppm
0.99 (t, J = 7.3 Hz, 9H), 1.36 — 1.45 (m, 6H), 1.61 — 1.69 (m, 6H), 2.97 (s, 3H),
3.16 — 3.21 (m, 6H); **C NMR (101 MHz, CDCls): 5 ppm 13.4, 19.5, 24.0,
48.2, 61.6; *'P NMR (162 MHz, CDCls): 8 ppm -144.35 (spt, J = 713 Hz); *°F
NMR (377 MHz, CDCls): 6 ppm -71.93 (d, J = 713 Hz); MS (ESI) positive for
Ci3HoN, M™: calcd 200.2373, found 200.2362. Data in agreement with

reported literature values.?
2.35.11 [Nzlzyzvg]Bl’

To a stirring solution of triethylamine (11.8 ml, 84.9 mmol) in ethyl acetate (10
ml), bromooctane (17.6 ml, 101.9 mmol) was added dropwise at room
temperature. The reaction mixture was heated to 70 °C and stirred for 60 h.
The solvent was removed and the product was dried in vacuo to yield a white
solid (10.7 g, 43 %). *H NMR (400 MHz, CDCls): & ppm 0.83 (t, J = 7.0 Hz,
3H), 1.22 - 1.36 (m, 19H), 1.61 — 1.69 (m, 2H), 3.22 — 3.26 (m, 2H), 3.47 (q, J
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= 7.5 Hz, 6H); *C NMR (101 MHz, CDCls): 5 ppm 8.0., 13.9, 22.0, 22.4,
26.3, 28.9, 29.0, 31.5, 53.5, 57.4. Data in agreement with reported literature

values.?
2.3.5.12 [N2228][NTf]

To a stirring solution of triethyl(octyl)ammonium bromide (3.30 g, 11.2 mmol)
in water (20 ml), a solution of lithium bis(trifluoromethanesulfonyl)imide
(3.90 g, 13.6 mmol) in water (20 ml) was added dropwise. The reaction
mixture was stirred for 16 h at room temperature. Dichloromethane (40 ml)
was added and the organic layer separated and washed with water (6 x 20 ml).
The solvent was removed and the product was dried in vacuo to yield a
colourless, viscous liquid (5.25 g, 95 %). *H NMR (400 MHz, CDCls): & ppm
0.88 (t, J=7.0 Hz, 3H), 1.28 — 1.35 (m, 19H), 1.60 — 1.65 (m, 2H), 3.05 - 3.09
(m, 2H), 3.26 (g, J = 7.5 Hz, 6H); *C NMR (101 MHz, CDCls): & ppm 7.3,
14.0, 21.6, 22.5, 26.2, 28.9, 28.9, 31.5, 53.0, 57.2, 119.7 (q, J = 321 Hz) ; *°F
NMR (377 MHz, CDCls): & ppm -78.88; MS (ESI) positive for CysHzN, M™:
calcd 214.2529, found 214.2534. Data in agreement with reported literature

values.?
2.3.5.13 [N222 Et(PEG)2)]BF

To a stirring solution of triethylamine (2.30 ml, 16.5 mmol) in ethyl acetate
(2.0 ml), 1-bromo-2-(2-ethoxyethoxy)ethane (3.30 ml, 21.7 mmol) was added
dropwise at room temperature. The reaction mixture was heated to 75 °C and
stirred for 48 h. The solvent was removed and the product was dried in vacuo
to yield an off-white solid (2.90 g, 57 %). *H NMR (400 MHz, CDCls): 5 ppm
1.14 (t, J = 7.0 Hz, 3H), 1.36 (t, J = 7.3 Hz, 9H), 3.45 (g, J = 7.0 Hz, 2H), 3.50
—3.56 (m, 8H), 3.62 — 3.64 (m, 2H), 3.72 - 3.74 (m, 2H), 3.90 — 3.95 (m, 2H);
B3C NMR (101 MHz, CDCls): & ppm 8.1, 15.1, 54.2, 57.3, 64.5, 66.4, 69.3,

70.6. Data in agreement with reported literature values.??

To a stirring solution of triethyl(2-(2-ethoxyethoxy)ethyl)ammonium bromide

(290 g, 9.70 mmol) in water (10 ml), a solution of lithium
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bis(trifluoromethanesulfonyl)imide (3.30 g, 11.7 mmol) in water (10 ml) was
added dropwise. The reaction mixture was stirred for 16 h at room
temperature. Dichloromethane (40 ml) was added and the organic layer
separated and washed with water (6 x 20 ml). The solvent was removed and
the product was dried in vacuo to yield a yellow liquid (3.68 g, 77 %). ‘H
NMR (400 MHz, CDCl3): & ppm 1.19 (t, J = 7.0 Hz, 3H), 1.33 (t, J = 7.3 Hz,
9H), 3.35 — 3.44 (m, 8H), 3.51 (g, J = 7.0 Hz, 2H), 3.55 — 3.57 (m, 2H), 3.63 —
3.65 (m, 2H), 3.84 — 3.89 (m, 2H); **C NMR (101 MHz, CDCl;): & ppm 7.5,
15.1, 54.0, 56.8, 64.2, 66.5, 69.4, 70.6; *°F NMR (377 MHz, CDCl3): & ppm -
78.85; MS (ESI) positive for C1,H,sNO,, M™: calcd 218.2115, found 218.2117.

Data in agreement with reported literature values.?
2.3.6 Phosphonium-based ILs — Synthetic Procedures
2.3.6.1 [Pg6.6,14][BF4]

Trihexyl(tetradecyl)phosphonium chloride (5.20 g, 10.0 mmol) was suspended
in water (15 ml) and a solution of sodium tetrafluoroborate (1.32 g, 12.0
mmol) in water (10 ml) was added dropwise at 0 °C with vigorous stirring.
The reaction mixture was allowed to warm to ambient temperature and stirred
for 16 h and then extracted with diethyl ether (4 x 25 ml). The combined
organic extracts were washed with aqueous 1 % sodium hydroxide solution (2
x 8 ml) followed by water (6 x 50 ml). The solvent was removed and the
product was dried in vacuo at 50 °C to yield a colourless, viscous liquid which
solidified on cooling (5.44 g, 96 %). *H NMR (400 MHz, CDCls): & ppm 0.86
—0.91 (m, 12H), 1.26 — 1.34 (m, 32H), 1.44 — 1.58 (m, 16H), 2.13 — 2.20 (m,
8H); *C NMR (101 MHz, CDCls): & ppm 13.9, 14.1, 18.7 (d, J = 47.5 Hz),
21.6,21.7,22.3, 22.6, 28.9, 29.3, 29.5, 29.6, 30.3 (d, J = 14.6 Hz), 30.7 (d, J =
14.6 Hz), 30.9, 31.9; *'P NMR (162 MHz, CDCls): & ppm +32.80; *F NMR
(377 MHz, CDCly): & ppm -151.47 (q, J = 1.4 Hz), -151.41 (br. s); MS (ESI)
positive for C3,HegP, M™: calcd 483.5053, found 483.5039. Data in agreement

with reported literature values.*
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2.3.6.2 [Pe 6141 [PFs]

Trihexyl(tetradecyl)phosphonium chloride (5.40 g, 10.4 mmol) was suspended
in water (60.0 ml) and an aqueous solution of hexafluorophosphoric acid (60
% w/w, 2.0 ml, 13.6 mmol) was added dropwise using a plastic syringe at 0
°C. The reaction mixture was allowed to warm to room temperature and
stirred for 16 h then extracted with diethyl ether (4 x 25 ml). The combined
organic extracts were washed with an aqueous 1 % sodium hydroxide solution
(2 x 8 ml) followed by water (6 x 50 ml). The solvent was removed and the
product was dried in vacuo at 50 °C to yield a white solid (6.13 g, 94 %). *H
NMR (400 MHz, CDCl3): & ppm 0.86 — 0.91 (m, 12H), 1.26 — 1.34 (m, 32H),
1.43 — 1.58 (m, 16H), 2.07 — 2.15 (m, 8H); *C NMR (101 MHz, CDCls): &
ppm 13.9, 14.1, 18.6 (d, J = 47.6 Hz), 21.4, 21.5, 22.3, 22.7, 28.8, 29.3, 29.5,
29.6, 29.7, 30.2 (d, J = 14.6 Hz), 30.6 (d, J = 14.6 Hz), 30.9, 31.9; *'P NMR
(162 MHz, CDCls): & ppm +32.81, -144.31 (spt, J = 713 Hz); *F NMR (377
MHz, CDClI3): 6 ppm -72.09 (d, J = 713 Hz); MS (ESI) positive for C3,HgsP,
M™: calcd 483.5053, found 483.5048. Data in agreement with reported

literature values.®
2.3.6.3 [P66.6,14][OTT]

To a stirring solution of trihexyl(tetradecyl)phosphonium chloride (6.98 g, 13.4
mmol) in acetone (50 ml) a solution of lithium trifluoromethanesulfonate (2.52
g, 16.2 mmol) in acetone (50 ml) was added dropwise. The reaction mixture
was stirred for 16 h at ambient temperature. The solvent was removed and
diethyl ether (25 ml) was added, lithium chloride and unreacted lithium
trifluoromethanesulfonate were removed by filtration. Diethyl ether (125 ml)
was added to the filtrate, and washed with water (6 x 50 ml). The solvent was
removed and the product was dried in vacuo at 50 °C to yield a colourless,
viscous liquid (7.27 g, 86 %). *H NMR (400 MHz, CDCls): & ppm 0.86 — 0.91
(m, 12H), 1.25 — 1.32 (m, 32H), 1.42 — 1.59 (m, 16H), 2.16 — 2.23 (m, 8H); *C
NMR (101 MHz, CDCl3): & ppm 13.8, 14.1, 18.8 (d, J = 46.8 Hz), 21.6, 21.7,
22.3,22.6, 28.8, 29.2, 29.3, 29.5, 29.6, 30.3 (d, J = 14.6 Hz), 30.6 (d, J = 14.6
Hz), 30.8, 31.9; 3P NMR (162 MHz, CDCls): & ppm +32.84; °F NMR (377
MHz, CDCl3): & ppm -78.25; MS (ESI) positive for CsHegP, M™: calcd
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483.5053, found 483.5048. Data in agreement with reported literature

values.'®
2.3.6.4 [Pss.614][NTT2]

To a stirring solution of trihexyl(tetradecyl)phosphonium chloride (5.34 g, 10.3
mmol) in acetone (50 ml) a solution of lithium
bis(trifluoromethanesulfonyl)imide (3.50 g, 12.2 mmol) in acetone (50 ml) was
added dropwise. The reaction mixture was stirred for 16 h at ambient
temperature. The solvent was removed and diethyl ether (25 ml) was added,
lithium chloride and unreacted lithium bis(trifluoromethanesulfonimide) were
removed by filtration. Diethyl ether (125 ml) was added to the filtrate and
washed with water (6 x 50 ml). The solvent was removed and the product was
dried in vacuo at 50 °C to yield a colourless, viscous liquid (7.15 g, 94 %). 'H
NMR (400 MHz, CDCl3): & ppm 0.85 — 0.92 (m, 12H), 1.25 — 1.37 (m, 32H),
1.45 — 1.59 (m, 16H), 2.17 — 2.24 (m, 8H); *C NMR (101 MHz, CDCls): 5
ppm 13.9, 14.1, 19.0 (d, J = 46.8 Hz), 21.6, 21.7, 22.3, 22.6, 28.8, 29.2, 29.3,
29.5, 29.6, 29.6, 30.3 (d, J = 14.6 Hz), 30.7 (d, J = 14.6 Hz), 30.9, 120.0; *'P
NMR (162 MHz, CDCls): & ppm +32.99; *F NMR (377 MHz, CDCls): & ppm
-78.75; MS (ESI) positive for CayHgsP, M™: calcd 483.5053, found 483.5062.

Data in agreement with reported literature values.™®
2.3.6.5 [Pggss][NTT,]

To a stirring solution of tetraoctylphosphonium bromide (5.00 g, 8.87 mmol)
dissolved in  chloroform (25 ml), a solution of lithium
bis(trifluoromethanesulfonyl)imide (3.05 g, 10.6 mmol) in water (25 ml) was
added dropwise. The reaction mixture was stirred for 16 h at ambient
temperature. Chloroform (75 ml) and water (25 ml) was added, and the
organic layer separated and washed with water (6 x 50 ml). The solvent was
removed and the product was dried in vacuo to yield a pale yellow liquid (6.72
g, 99 %). ‘H NMR (400 MHz, CDCls): & ppm 0.87 — 0.90 (m, 12H), 1.24 —
1.37 (m, 32H), 1.42 — 1.55 (m, 16H), 2.08 — 2.15 (m, 8H); *C NMR (101
MHz, CDCl3): & ppm 14.0, 18.7 (d, J = 46.7 Hz), 21.51, 21.56, 22.5, 28.7,
28.9, 30.5 (d, J = 14.6 Hz), 31.6, 119.9 (q, J = 321 Hz); *'P NMR (162 MHz,
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CDCls): & ppm +32.95; **F NMR (377 MHz, CDCls): & ppm -78.75; IR v max
(CHCl3)/em™ 1060, 1136, 1192, 1378, 2859, 2931, 2958; MS (ESI) positive
for Cs,HesP, M™: calcd 483.5053, found 483.5041.

2.3.6.6 [Pasa4][NTF]

To a stirring solution of tetrabutylphosphonium bromide (1.86 g, 5.49 mmol)
dissolved in dichloromethane (15 ml), a solution of lithium
bis(trifluoromethanesulfonyl)imide (2.39 g, 8.33 mmol) in water (15 ml) was
added dropwise. The reaction mixture was stirred for 16 h at ambient
temperature. Dichloromethane (75 ml) and water (25 ml) was added, and the
organic layer separated and washed with water (6 x 50 ml). The solvent was
removed and the product was dried in vacuo to yield a white solid (2.72 g, 92
%). 'H NMR (400 MHz, CDCls): & ppm 0.97 (t, J = 7.0 Hz, 12H), 1.48 — 1.53
(m, 16H), 2.07 — 2.15 (m, 8H); **C NMR (101 MHz, CDCls): § ppm 13.2, 18.4
(d, J =475 Hz), 23.4 (d, J = 4.6 Hz), 23.7 (d, J = 15.3 Hz), 119.7 (g, J = 321
Hz); *P NMR (162 MHz, CDCls): & ppm +33.12; F NMR (377 MHz,
CDCls): & ppm -78.85; MS (ESI) positive for CigHssP, M™: calcd 259.2549,

found 259.2546. Data in agreement with reported literature values.?®
2.3.6.7 [P4441][NTF;]

To a stirring solution of tributyl(methyl)phosphonium methylsulfate (3.48 g,
10.6 mmol) dissolved in chloroform (25 ml), a solution of lithium
bis(trifluoromethanesulfonyl)imide (3.65 g, 12.7 mmol) in water (25 ml) was
added dropwise. The reaction mixture was stirred for 16 h at ambient
temperature. Chloroform (75 ml) and water (25 ml) was added, and the
organic layer was separated and washed with water (6 x 50 ml). The solvent
was removed and the product was dried in vacuo to yield a colourless, viscous
liquid (5.06 g, 96 %). *H NMR (400 MHz, CDCls): & ppm 0.97 (t, J = 7.0 Hz,
9H), 1.45 — 1.55 (m, 12H), 1.77 (d, J = 13.1 Hz, 3H), 2.08 — 2.16 (m, 6H); *C
NMR (101 MHz, CDCl3): & ppm 3.9 (d, J = 52.2 Hz), 13.2, 19.9 (d, J = 49.1
Hz), 23.3 (d, J = 4.6 Hz), 23.6 (J = 15.3 Hz), 119.7 (q, J = 322 Hz) ; *'P NMR
(162 MHz, CDCls): & ppm +31.54; **F NMR (377 MHz, CDCl;): & ppm -
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78.89; IR v max (CHClz)/em™ 1059, 1137, 1191, 1351, 2877, 2936, 2966; MS
(ESI) positive for C13H3oP, M™: calcd 217.2080, found 217.2084.

2.3.6.8 [P44.41]Cl

Tributyl(methyl)phosphonium methylsulfate (14.3 g, 43.5 mmol) was
dissolved in methanol (100 ml) and eluted through a column containing
Amberlite-IRA400 (CI) ion-exchange resin (141 g) at a drop rate of 1 ml/min.
The solvent was removed and the product was dried in vacuo at 50 °C to yield
an off-white solid (9.73 g, 88 %). *H NMR (300 MHz, CDCls): & ppm 0.92 (t,
J=7.0 Hz, 9H), 1.44 — 1.55 (m, 12H), 2.06 (d, J = 13.6 Hz, 3H), 2.37 — 2.49
(m, 6H); *C NMR (75 MHz, CDCls): & ppm 4.8 (d, J = 52.3 Hz), 13.4, 20.1
(d, J = 48.9 Hz), 23.6 (d, J = 4.6 Hz), 23.7 (d, J = 15.5 Hz); P NMR (121
MHz, CDCls): § ppm +32.01; MS (ESI) positive for Ci3HzP, M™: calcd
217.2080, found 217.2097. Data in agreement with reported literature

values.?*
2.3.6.9 [P4’4y4'1] [B F4]

To a stirring solution of tributyl(methyl)phosphonium methylsulfate (6.54 g,
19.9 mmol) in water (15 ml), a solution of sodium tetrafluoroborate (3.34 g,
30.4 mmol) in water (20 ml) was added dropwise at room temperature. The
reaction mixture was stirred for 16 h. Dichloromethane (100 ml) and water (15
ml) was added to the reaction mixture. The organic layer was separated and
washed with water (6 x 50 ml). The solvent was removed and the product was
dried in vacuo at 50 °C to yield a white solid (5.10 g, 90 %). *H NMR (400
MHz, CDCls): & ppm 0.97 (t, J = 7.1 Hz, 9H), 1.49 — 1.56 (m, 12H), 1.82 (d, J
= 13.4 Hz, 3H), 2.14 — 2.22 (m, 6H); *C NMR (101 MHz, CDCls): & ppm 3.7
(d, J =529 Hz), 13.3, 19.7 (d, J = 49.1 Hz), 23.3 (d, J = 4.6 Hz), 23.7 (d, J =
15.3 Hz); *'P NMR (162 MHz, CDCls): 5 ppm +32.99; **F NMR (377 MHz,
CDCl3): & ppm -150.64 (q, J = 1.2 Hz), -150.59 (br. s); MS (ESI) positive for
Ci3HsoP, M™: calcd 217.2080, found 217.2080. Data in agreement with

reported literature values.?
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2.3.6.10 [P4.4.41][PFe]

To a stirring solution of tributyl(methyl)phosphonium methylsulfate (9.06 g,
27.6 mmol) in water (100 ml), an aqueous solution of hexafluorophosphoric
acid (60 % w/w, 4.6 ml, 33.1 mmol) was added dropwise using a plastic
syringe at 0 °C. The reaction mixture was stirred for 16 h. Chloroform (100
ml) was added to the reaction mixture. The organic layer was separated and
washed with water (6 x 50 ml). The solvent was removed and the product was
dried in vacuo at 50 °C to yield a white solid (9.73 g, 97 %). *H NMR (300
MHz, CDCls3): 8 ppm 0.97 (t, J = 7.1 Hz, 9H), 1.45 — 1.56 (m, 12H), 1.76 (d, J
= 13.3 Hz, 3H), 2.07 — 2.17 (m, 6H); *C NMR (75 MHz, CDCls): 5 ppm 3.6
(d, J =52.3 Hz), 13.2, 19.7 (d, J = 49.4 Hz), 23.3 (d, J = 4.6 Hz), 23.7 (d, J =
15.5 Hz); *'P NMR (121 MHz, CDCls): & ppm +32.81, -144.31 (spt, J = 713
Hz); *F NMR (282 MHz, CDCls): & ppm -71.66 (d, J = 713 Hz); MS (ESI)
positive for C13Hz0P, M™: calcd 217.2080, found 217.2089. Data in agreement

with reported literature values.?
2.3.7 Pyrrolidinium-based ILs — Synthetic Procedures
2.3.7.1 [CgC1Pyrr]Br

To a stirring solution of 1-methylpyrrolidine (20.0 ml, 188 mmol) in ethyl
acetate (15 ml), 1-bromooctane (40.0 ml, 232.0 mmol) was added dropwise at
room temperature. The reaction mixture was heated to 40 °C and stirred for 24
h. The solvent was removed and the crude white solid recrystallized from
acetonitrile/ethyl acetate and dried in vacuo at 50 °C to yield a white solid
(33.0 g, 63 %). 'H NMR (400 MHz, CDCl5): & ppm 0.83 (t, J = 7.0 Hz, 3H),
1.19 — 1.38 (m, 10H), 1.69 — 1.77 (m, 2H), 2.23 — 2.30 (m, 4H), 3.27 (s, 3H),
3.59 — 3.63 (m, 2H), 3.75 — 3.86 (m, 4H); *C NMR (101 MHz, CDCls): 5 ppm
13.9, 21.5, 22.4, 24.0, 26.3, 28.9, 29.1, 31.5, 48.6, 64.1, 64.3; MS (ESI)
positive for C13HgN, M™: calcd 198.2216, found 198.2210. Data in agreement

with reported literature values.?’
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2.3.7.2 [CsCPyrr]CI

1-octyl-1-methylpyrrolidinium bromide (7.20 g, 25.9 mmol) was dissolved in
methanol (100 ml) and eluted through a column containing Amberlite-IRA400
(CI) ion-exchange resin (80 g) at a drop rate of 1 ml/min. The solvent was
removed and the product was dried in vacuo at 50 °C to yield an off-white
solid (5.68 g, 93 %). *H NMR (300 MHz, CDCls): & ppm 0.79 (t, J = 7.0 Hz,
3H), 1.16 — 1.36 (m, 10H), 1.63 — 1.74 (m, 2H), 2.17 — 2.28 (m, 4H), 3.23 (s,
3H), 3.53 — 3.58 (m, 2H), 3.71 — 3.84 (m, 4H); *C NMR (75 MHz, CDCls): &
ppm 13.9, 21.5, 22.3, 23.9, 26.2, 28.8, 29.0, 31.4, 48.2, 63.9, 64.1; MS (ESI)
positive for C13H,sN, M™: calcd 198.2216, found 198.2222. Data in agreement

with reported literature values.?
2.3.7.3 [CgClerr][BF4]

To a solution of 1-octyl-1-methylpyrrolidinium bromide (6.82 g, 24.5 mmol)
in water (25 ml), a solution of sodium tetrafluoroborate (3.24 g, 29.5 mmol) in
water (25 ml) was added dropwise. The reaction mixture was stirred overnight
at room temperature. Dichloromethane (75 ml) was added and the organic
layer separated and washed with water (4 x 50 ml). The solvent was removed
and the product was dried in vacuo at 50 °C to yield a white solid (6.37 g, 91
%). *H NMR (400 MHz, CDCls): & ppm 0.87 (t, J = 7.0 Hz, 3H), 1.26 — 1.35
(m, 10H), 1.70 — 1.78 (m, 2H), 2.22 — 2.28 (m, 4H), 3.06 (s, 3H), 3.31 — 3.35
(m, 2H), 3.48 — 3.60 (m, 4H); *C NMR (101 MHz, CDCls): 5 ppm 14.0, 21.6,
225, 23.8, 26.3, 29.0, 29.0, 31.6, 48.2, 64.3, 64.4; *F NMR (377 MHz,
CDCls3): 6 ppm -151.53 (q, J = 1.1 Hz), -151.48 (br. s); MS (ESI) positive for
Ci3HzN, M™: calcd 198.2216, found 198.2220. Data in agreement with

reported literature values.?’
2.3.7.4 [CsC1Pyrr][PFs]

To a stirring solution of 1-octyl-1-methylpyrrolidinium bromide (8.10 g, 29.0
mmol) in water (100 ml), an aqueous solution of hexafluorophosphoric acid
(60 % wiw, 4.9 ml, 34.9 mmol) was added dropwise using a plastic syringe at
0 °C. The reaction mixture was stirred for 16 h. Dichloromethane (100 ml)

was added to the reaction mixture. The organic layer was separated and
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washed with water (6 x 50 ml). The solvent was removed and the product was
dried in vacuo at 50 °C to yield a white solid (9.88 g, 90 %). *H NMR (300
MHz, CDCls): & ppm 0.88 (t, J = 7.0 Hz, 3H), 1.27 — 1.35 (m, 10H), 1.72 —
1.77 (m, 2H), 2.20 — 2.30 (m, 4H), 3.04 (s, 3H), 3.26 — 3.31 (m, 2H), 3.47 -
3.53 (m, 4H); *C NMR (75 MHz, CDCls): & ppm 14.0, 21.5, 22.5, 23.8, 26.2,
29.0, 31.6, 48.3, 64.4, 64.6; *'P NMR (121 MHz, CDCl5): & ppm -144.31 (spt,
J = 713 Hz); **F NMR (282 MHz, CDCls):  ppm -72.09 (d, J = 713 Hz); MS
(ESI) positive for Ci3HxgN, M™: calcd 198.2216, found 198.2226. Data in

agreement with reported literature values.*®
2.3.7.5 [CsC1Pyrr][NTf,]

To a solution of 1-octyl-1-methylpyrrolidinium bromide (5.82 g, 20.9 mmol)
in water (25 ml), a solution of lithium bis(trifluoromethane)sulfonimide (7.21
g, 25.1 mmol) in water (25 ml) was added dropwise. The reaction mixture was
stirred overnight at room temperature. Dichloromethane (75 ml) was added
and the organic layer separated and washed with water (4 x 50 ml). The
solvent was removed and the product was dried in vacuo at 50 °C to yield a
white solid (9.40 g, 94 %). "H NMR (400 MHz, CDCl3): & ppm 0.88 (t, J = 7.0
Hz, 3H), 1.28 — 1.35 (m, 10H), 1.70 — 1.78 (m, 2H), 2.25 — 2.28 (m, 4H), 3.04
(s, 3H), 3.27 — 3.32 (m, 2H), 3.49 — 3.56 (m, 4H); *C NMR (101 MHz,
CDCls): 8 ppm 14.0, 21.5, 22.5, 23.8, 26.1, 28.9, 31.5, 48.4, 64.5, 64.8, 86.1,
119.7 (g, J = 321 Hz); **F NMR (377 MHz, CDCl;): 5 ppm -78.94; MS (ESI)
positive for C13H,sN, M*: calcd 198.2216, found 198.2222. Data in agreement

with reported literature values.?’
2.3.7.6 [Et(PEG),MPyrr]Br

To a stirring solution of 1-methylpyrrolidine (1.80 ml, 17.7 mmol) dissolved in
ethyl acetate (1.0 ml) 1-bromo-2-(2-ethoxyethoxy)ethane (3.20 ml, 21.3 mmol)
was added dropwise at room temperature. The reaction mixture was heated to
50 °C and stirred for 24 h. The solvent was removed and the product was
dried in vacuo at 60 °C for 24 h to yield yellow viscous liquid (4.65 g, 93 %).
'H NMR (400 MHz, CDCls): & ppm 1.14 (t, J = 7.0 Hz, 3H), 2.19 — 2.27 (m,
4H), 3.33 (s, 3H), 3.46 (q, J = 7.0 Hz, 2H), 3.51 — 3.53 (m, 2H), 3.62 — 3.65
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(m, 2H,), 3.80 — 4.00 (m, 8H); *C NMR (101 MHz, CDCls): & ppm 15.1, 21.3,
48.7, 62.9, 65.3, 65.4, 66.4, 69.3, 70.5; MS (ESI) positive for C1;Ho4sNO,, M™:
calcd 202.1802, found 202.1806.

2.3.7.7 [Et(PEG),MPyrr][NTf;]

To a stirring solution of 1-methyl-1-(2-(2-ethoxyethoxy)ethyl)pyrrolidinium
bromide (1.60 g, 5.70 mmol) in water (20 ml) a solution of lithium
bis(trifluoromethanesulfonyl)imide (1.95 g, 6.80 mmol) in water (10 ml) was
added dropwise at room temperature. The reaction mixture was stirred for 16
h. Dichloromethane (40 ml) was added and the organic layer separated and
washed with water (4 x 20 ml). The solvent was removed and the product was
dried in vacuo at 50 °C for 16 h to yield a pale yellow liquid (2.30 g, 68 %).
'"H NMR (400 MHz, CDCls): & ppm; 1.19 (t, J = 7.0 Hz, 3H), 2.22 — 2.32 (m,
4H), 3.13 (s, 3H), 3.51 (g, J = 7.0 Hz, 2H), 3.56 — 3.67 (m, 10H), 3.89 — 3.95
(m, 2H); C NMR (101 MHz, CDCls): & ppm 15.1, 21.4, 48.9, 63.5, 64.9,
65.7, 66.5, 69.3, 70.6, 119.9 (q, J = 321 Hz); **F NMR (377 MHz, CDCly): §
ppm -78.92; IR v max (CHCls) / cm™ 1059, 1137, 1186, 1352, 1460, 1475,
2879, 2979, 3011; MS (ESI) positive for C;1H24NO,, M™: calcd 202.1802,
found 202.1804.

2.3.8 Imidazolium-based ILs — Synthetic Procedures
2.3.8.1 [CsC1Im]Br

To a solution of 1-methylimidazole (7.0 ml, 87.8 mmol) in ethyl acetate (20
ml), 1-bromooctane (20.0 ml, 116 mmol) was added dropwise with stirring at
40 "C. The reaction mixture was stirred at 40 'C for 60 h. The solvent was
removed and the crude product recrystallised from acetonitrile/ethyl acetate
and dried in vacuo at 60 'C to yield a colourless, viscous liquid (19.5 g, 81 %).
'H NMR (400 MHz, DMSO-dg): & ppm 0.85 (t, J = 6.8 Hz, 3H), 1.13 — 1.37
(m, 10 H), 1.74 — 1.81 (m, 2H), 3.86 (s, 3H), 4.17 (t, J = 7.2 Hz, 2H), 7.74 —
7.75 (m, 1H), 7.81 — 7.82 (m, 1H), 9.25 (m, 1H); **C NMR (101 MHz, DMSO-
de): & ppm 14.4, 22.5, 26.0, 28.8, 29.0, 29.9, 31.6, 36.3, 49.2, 122.8, 124.1,
137.0; MS (ESI) positive for C1oH3N,, M™: calcd 195.1849, found 195.1856.

Data in agreement with reported literature values.?
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2.3.8.2 [CsC1IM][NTH,]

To a stirring solution of 1-methyl-3-octylimidazolium bromide (5.64 g, 20.5
mmol) in water (20 ml) a solution of lithium
bis(trifluoromethanesulfonyl)imide (7.06 g, 24.6 mmol) in water (10 ml) was
added at room temperature with stirring. The reaction mixture was stirred for
16 h. Dichloromethane (40 ml) was added and the organic layer separated and
washed with water (4 x 20 ml). The solvent was removed and product was
dried in vacuo at 50 °C for 16 h to yield a colourless liquid (9.14 g, 94 %). 'H
NMR (400 MHz, CDCls): 6 ppm 0.88 (t, J = 6.9 Hz, 3H), 1.23 — 1.37 (m,
10H), 1.83 — 1.90 (m, 2H), 3.95 (s, 3H), 4.16 (t, J = 7.5 Hz, 2H), 7.29 — 7.30
(m, 1H), 7.31 — 7.32 (m, 1H), 8.76 (m, 1H); **C NMR (101 MHz, CDCls): 5
ppm 14.0, 22.5, 26.1, 28.8, 28.9, 30.0, 31.6, 36.3, 50.2, 119.9 (q, J = 322 Hz),
122.2, 123.7 136.1; *F NMR (377 MHz, CDCls): & ppm -79.02; MS (ESI)
positive for CioHosN,, M™: caled 195.1849, found 195.1963. Data in

agreement with reported literature values.?®
2.3.8.3 [Et(PEG),MIm]Br

Under an argon atmosphere 1-bromo-2-(2-ethoxyethoxy)ethane (3.30 ml, 21.7
mmol) was added dropwise to 1-methylimidazole (1.40 ml, 17.9 mmol) with
stirring at room temperature. After complete addition the temperature was
increased to 75 °C and stirred for 96 h. Unreacted starting materials were
removed in vacuo at 50 °C for 16 h to yield a yellow viscous liquid (5.00 g,
100 %). *H NMR (400 MHz, CDCls): & ppm 1.16 (t, J = 7.0 Hz, 3H), 3.47 (q,
J = 7.0 Hz, 2H), 3.52 — 3.54 (m, 2H), 3.61 — 3.63 (m, 2H), 3.85 — 3.88 (m,
2H), 4.06 (s, 3H), 4.57 — 4.59 (m, 2H), 7.48 — 7.49 (m, 1H), 7.66 — 7.67 (m,
1H), 10.11 (m, 1H); *C NMR (101 MHz, CDCls): 8 ppm 15.1, 36.6, 49.6,
66.5, 68.8, 69.3, 70.4, 122.8, 123.4, 137.4; MS (ESI) positive for C1oH19N,O5,
M™: calcd 199.1441, found 199.1444.

2.3.8.4 [Et(PEG),MIM][NTf]

To a solution of [Et(PEG),MIm]Br (2.04 g, 7.31 mmol) in water (15 ml) a
solution of lithium bis(trifluoromethanesulfonyl)imide (2.50 g, 8.60 mmol) in

water (15 ml) was added dropwise. The reaction mixture was stirred for 16 h
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at room temperature. Dichloromethane (50 ml) was added and the organic
layer separated and washed with water (4 x 20 ml). The solvent was removed
and the product was dried in vacuo at 50 °C for 16 h to yield a pale yellow
liquid (3.05 g, 88 %). *H NMR (400 MHz, CDCls): § ppm 1.20 (t, J = 7.0 Hz,
3H), 3.52 (g, J = 7.0 Hz, 2H), 3.55 — 3.58 (m, 2H), 3.63 — 3.65 (M, 2H), 3.82 —
3.85 (m, 2H), 3.93 (s, 3H), 4.34 — 4.37 (m, 2H), 7.27 — 7.28 (m, 1H), 7.50 —
7.51 (m, 1H), 8.76 (m, 1H); *C NMR (101 MHz, CDCls): & ppm 15.1, 36.3,
49.7, 66.5, 68.4, 69.4, 70.3, 119.9 (g, J = 321 Hz), 123.0, 123.5, 136.4; “°F
NMR (377 MHz, CDCl3): 6 ppm -79.02; MS (ESI) positive for C19H19N,0,,
M™: calcd 199.1441, found 199.1446. Data in agreement with reported

literature values.*
2.3.8.5 [(F13H4C3)C1| m] |

To a stirring solution of 1-methylimidazole (0.74 ml, 9.44 mmol) in toluene
(2.0 ml) 1-iodo-1H,1H,2H,2H-perfluorooctane (2.20 ml, 9.00 mmol) was
added dropwise at room temperature. The reaction mixture was stirred and
heated at 110 °C for 24 h in darkness. The product was recrystallised from
acetonitrile/ethyl acetate/diethyl ether and dried in vacuo at 50 °C for 16 h to
yield yellow viscous liquid (2.10 g). N.B. *H NMR indicated a substantial
amount of 1-methylimidazole ~ 40 % which could not be removed via
recrystallization, or in vacuo due to the highly viscous nature of the product.
Metathesis to [(F13H4Cg)C1Im][NTf,] resulted in a significantly less viscous
product and excess 1-methylimidazole was removed in vacuo at this stage. *H
NMR (300 MHz, CDCls): & ppm 2.88 — 3.05 (m, 2H), 4.09 (s, 3H), 4.83 — 4.87
(t, J = 6.7 Hz, 2H), 7.50 — 7.51 (m, 1H), 7.65 — 7.66 (m, 1H), 10.06 (m, 1H);
BC NMR (75 MHz, CDCls): § ppm 37.3, 122.8, 123.6, 137.6; °F NMR (282
MHz, CDCl3): 6 ppm -126.30 — -126.15 (m, 2F), -123.29 — -122.70 (m, 4F), -
122.04 — -121.67 (m, 2F), -133.52 — -113.28 (m, 2F), -80.88 (tt, J = 9.8 Hz, J
= 2.4 Hz, 3F); MS (ESI) positive for C1,H10F13N2, M™: calcd 429.0636, found

429.0529. Data in agreement with reported literature values.*
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To a stirring solution of [(F13H4Cg)CiIm]l (2.10 g, 3.78 mmol) dissolved in
dichloromethane (15 ml) a solution of lithium
bis(trifluoromethanesulfonyl)imide (1.30 g, 4.53 mmol) in water (15 ml) was
added dropwise at room temperature. The reaction mixture was stirred for 16
h at room temperature in darkness. Dichloromethane (35 ml) was added and
the organic layer separated and washed with water (4 x 25 ml). The solvent
was removed and the product was dried in vacuo at 50 °C for 16 h to yield pale
yellow viscous liquid (1.70 g, 63 %). *H NMR (400 MHz, DMSO-ds): & ppm
2.95 — 3.08 (m, 2H), 3.88 (s, 3H), 458 (t, J = 7.1 Hz, 2H), 7.73 — 7.74 (m,
1H), 7.88 — 7.89 (m, 1H), 9.20 (m, 1H); *C NMR (101 MHz, DMSO-d¢): &
ppm 30.1, 35.8, 41.2, 117.9, 121.1, 122.5, 123.7, 137.2; **F NMR (377 MHz,
DMSO-ds): 6 ppm -125.86 — -125.76 (m, 2F), -123.35 — -123.10 (m, 2F), -
122.80 — -122.50 (m, 2F), -121.85 — -121.55 (m, 2F), -113.31 — -113.13 (m,
2F), -80.32 (t, J = 9.8 Hz, 3F), -78.79 (s, 6F); MS (ESI) positive for
Ci2H10F13N2, M™: calcd 429.0636, found 429.0625. Data in agreement with

reported literature values.
2.3.9 Palladium Catalysed Suzuki Cross-Coupling
2.3.9.1 Suzuki Cross-Coupling Reactions

Palladium catalysed Suzuki cross-couplings were performed according to a
previously described literature procedure to determine the respective turn-over
frequency (TOF) for each system.** Under an argon atmosphere a mixture of
NaCl (38.0 mg, 0.67 mmol), phenylboronic acid (0.58 g, 4.76 mmol) and
[Pd(PPhs)s] (5.50 mg, 4.76 x 10) in 2.00 ml (also weighed) of ionic liquid
was stirred at 110 °C. Into this mixture, a solution of Na,CO3 (83.0 mg, 0.78
mmol) in water (3.00 ml) and bromobenzene (0.50 ml, 4.76 mmol) were
injected. The reaction was allowed to proceed at 110 °C for ten minutes.
Immediately after this time the reaction was quenched by immersing the
reaction flask in liquid nitrogen. Conversion was determined via *H NMR by
integration of the protons ortho to the —B(OH), group in phenylboronic acid;

for each IL a well-defined peak corresponding to the IL was chosen as an
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internal standard to enable quantification of phenylboronic acid conversion.

TOFs were determined using a previously reported method.*
2.3.9.2 Model Suzuki Reaction for XPS Analysis

Under an argon atmosphere a mixture of NaCl (12.0 mg, 0.21 mmol),
bromobenzene (13.1 pl, 0.125 mmol) and [Pd(PPhs)s] (24.0 mg, 2.1 x 10
mmol) in 0.25 ml (also weighed) of ionic liquid was stirred at 110 °C. Into this
mixture, a solution of Na,CO3 (26.0 mg, 0.25 mmol) in water (0.125 pl) was
added. Reaction mixture heated at 110 °C with stirring for 3 h. After 3 h
mixture was cooled to room temperature and dichloromethane (3.0 ml) added
and washed with water (4 x 4.0 ml). Solvent removed and product dried in

vacuo to yield yellow/orange liquid for analysis by XPS.
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3. XPS of Ammonium and Phosphonium lonic Liquids

3.1 Introduction

lonic liquids (ILs) have received heightened interest in recent years due in part
to their structural diversity." By simply changing the ions, physicochemical
properties such as density, viscosity, melting point and polarity etc. can be
tuned for specific functions. The ability to predict and fine-tune the properties
of an ionic liquid to meet a specific requirement is one of the greatest
challenges in the field, and yet if fully achieved would provide an invaluable
tool. To predict the bulk behaviour for any given ionic liquid it must first be
understood on a molecular level, where changes to the chemical architecture
and its impact on cation-anion interactions must be explored both theoretically

and experimentally.

Over the past ten years X-ray photoelectron spectroscopy (XPS) has
established itself as a robust technique to characterise ionic liquid-based
systems,? and has provided a wealth of information in areas such as bulk and

311 1213 and cation-anion

surface composition, in situ reaction monitoring,
interactions.® %" To date investigations into cation-anion interactions have
typically been limited to cyclic, nitrogen-based cations, where the effect of the
anion on the electronic environment of a common cation has been explored.
Additionally, the application of cation-anion interactions to tune a catalytic
reaction has recently been described by Men et al. in which the anionic tuning
of cation-anion interactions was used to modify the catalytic activity of a
palladium catalyst in a Suzuki cross-coupling reaction.'® However, so far, little
is known as to the influence of the cation on the electronic environment of the

anion.

A particularly interesting sub-set of ionic liquids are those based upon a
tetraalkylphosphonium cation; research into these compounds has often been
neglected in favour of their nitrogen-based counterparts with particular
emphasis on the imidazolium and pyrrolidinium cations.'® This is likely due to

the high cost and air-sensitive nature of the trialkylphosphine starting
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materials; nevertheless, it has been observed that tetraalkylphosphonium-based
ionic liquids can offer superior physico-chemical properties in comparison to

their nitrogen-based relatives.’*%

Furthermore, there are only a few
systematic studies that directly investigate the effect of changing the central
cationic heteroatom from nitrogen to phosphorus i.e. tetraalkylammonium

versus tetraalkylphosphonium.?*%’

It has been shown that changing the
cationic core from nitrogen to phosphorus can have a marked effect upon the
physico-chemical properties of 1Ls;?® however, little is known about the

fundamental cation-anion interactions of these systems.

The work described in this Chapter utilises XPS to probe cation-anion
interactions for ILs in which the cation is varied (tetraalkylammonium versus
tetraalkylphosphonium) with common anions to examine the influence of the
cationic heteroatom on the electronic environment of the anion, with an aim to

determine if a degree of tunability can be achieved via the cation.
3.2 XPS of Ammonium lonic Liquids

3.2.1 Purity and Quantification

XP survey and high resolution scans were used to establish elemental
composition and purity for each ionic liquid presented in this study. All
expected elements are present with stoichiometry within the expected
experimental error (x 20 %). Earlier XPS studies on ionic liquids have
highlighted the presence of hydrocarbon- and silicone-based impurities in the
near-surface region, which cannot be detected by NMR or other bulk sensitive
techniques.* 2% A weak O 1s and Si 2p signal was observed in the case of
[N66,614]Cl, [Ng441][BFs] and [CsCy1Pyrr]Cl, see Appendix A; this is likely to
be a result of laboratory grease during sample preparation or from double sided
tape used for sample mounting, and is not expected to impact upon the
recorded binding energies.* ** 3" Surface contaminants, such as grease, can be
routinely removed through argon etching, as described within Chapter 2,
Section 2.1.4. However, this could not be achieved for [Nggg 14]Cl,

[Na441][BF4] and [CgC1Pyrr]Cl as irreparable damage to the sample occurred.
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There was no evidence of this contaminant in any other ionic liquids used in
this study. Furthermore, there is no evidence of metal-based cations or halides
that may be carried over from ionic liquid synthesis, particularly anion
exchange chemistries. Experimental stoichiometries, calculated from high
resolution spectra, for the ammonium and pyrrolidinium ionic liquids
investigated are presented in Table 3.1. Experimental stoichiometries are
within the typically quoted error of XPS quantification data of + 20 %, and the
majority are well within = 10 %. Interestingly, larger deviations are seen for
the chlorine CI 2p signal. This could be a result of the small size of the
chloride anion, and as such it experiences a dampening effect from the large

carbon content of the cations.
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3.2.2 Effect of Alkyl Chain Length

Binding energies can be described as the most important output from XPS
analysis as they provide both elemental and chemical information. Small
changes in the electronic environment of an element by, for example, a change
in chemical bonding or oxidation state will cause a shift in the measured
binding energy. This allows both chemical structure and inter-ion interactions
to be probed on a molecular level, thus providing vital information on the
impact of structural changes on electronic environment and communication
between ions. Accordingly, it is of great importance to obtain reliable and
reproducible binding energies, thus an appropriate method of charge correction
must be applied post data collection. An internal reference method, in which
the peak used for referencing is part of the material being analysed, is
considered the most accurate approach as charging effects will be experienced

equally by both the reference peak and other sample peaks.** 3%

It is well established for ionic liquids with a long alkyl chain (n > 8) that
reliable charge correction is achieved by setting the experimentally determined
binding energy of the aliphatic carbon component (Cajiphaiic 1) to a standard
reference value, usually 285.0 eV.'> * However, in the case of cations with
shorter alkyl chains, i.e. n < 8, it has been determined that this method is not
applicable, as the proximity of the electron-withdrawing ionic head group to
the aliphatic carbon influences its electronic environment; therefore it no
longer represents a truly aliphatic carbon environment.*® Consequently, an
indirect approach to charge correction of ionic liquids with short alkyl chains
must be taken.

A previous study on imidazolium-based ionic liquids has indicated that the
length of the alkyl chain has negligible impact on the binding energy of the
atoms contained within the imidazolium ring and the anion, thus the binding
energies for these atoms can be used as an internal reference for ionic liquids
containing the same anion and similar cations. Therefore, it is important to
determine if this also holds true for both ammonium- and phosphonium-based
ionic liquids to allow reliable charge correction of short alkyl chain systems of
this type.
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A series of ammonium ionic liquids containing cations with alkyl chains of
varying size and a common anion ([NTf,]") were investigated to determine the
influence of the aliphatic chain on the nitrogen cationic core. To enable
reliable comparison of N 1s binding energies, spectra were charge corrected by
referencing the F 1s photoelectron peak to 688.7 eV (the measured F 1s
binding energy obtained for [Negse14][NTf,] where charge correction was
achieved by referencing Cajiphatic 1S to 285.0 eV). The F 1s photoelectron peak
was chosen as for other ionic liquid families it has been seen previously that it
remains relatively “stable” in binding energy, i.e. within the experimental error

of £ 0.1 eV, regardless of the length of the alkyl chain,'® %%

Four different cations were investigated comprising [Neee14]", [Nesssl
[Ns441]" and [Nss44]". Two peaks in the N 1s high resolution XP spectra
were observed in each case (see Figure 3.1). The peak at a higher binding
energy (= 402.5 eV) corresponds to the more electropositive cationic nitrogen,
whereas the peak at lower binding energy (= 399.3 eV) corresponds to the
electronegative anionic nitrogen. The measured Ncation and Nanion 1S binding
energies for the four ionic liquids are within the experimental error (£ 0.1 eV)
see Table 3.2 and Figure 3.1; thereby indicating that the length of the alkyl
chain has minimal impact on the nitrogen cationic core (and also the anionic

nitrogen).
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N 1s I\'Ication Nanion
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Figure 3.1. N 1s XP spectra for [Nges14][INTf2], [Neggsl[NTf2], [Nss41][NTF,] and
[N4444][NTf,]. Spectra normalised to the area of the F 1s photoelectron emission peak for

[Ns66.14][NTF,] and charge corrected by referencing the F 1s photoelectron peak to 688.7 eV.

Consequently, reliable charge correction can be achieved for ammonium
cations consisting of short alkyl chains (n < 8) by referencing the binding
energy of the Ncation 1S peak to the value obtained for its long chain analogue (n
> 8), whereby prior charge correction has been carried out by referencing the
Caliphatic 1S peak to 285.0 eV. It must be stressed that this procedure is only
valid for a series of ionic liquids containing structurally similar cations and

identical anions as it has been seen that cationic binding energy is very
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dependent upon anion type.'% * 16 1730 The influence of the anion on the

cation is to be discussed further in Section 3.2.4.
3.2.3 C 1s Fitting Model

The development of fitting models to describe and deconstruct the different
electronic environments for each element is particularly important. This is
especially relevant to carbon, which has been described as the most important
core level in XPS investigations of ionic liquids,? as an accurate description of
the Caiiphaic 1s component is crucial for reliable charge correction and the

extraction of accurate binding energies.

Due to the variety and complexity in structure of ionic liquids, C 1s fitting
models must be developed on a case-by-case basis, with the aim of developing
a fitting model that deconstructs these electronic environments into the
minimum number of components possible.> *° C 1s fitting models have been
described previously for a range of ionic liquid families including

#6:30 pyrrolidinium,™ pyridinium,*® and guanidinium.'” Here this

imidazolium,
is extended to include the tetraalkylammonium and tetraalkylphosphonium

cations.

Upon inspection of the C 1s region for ammonium-based ionic liquids two
unresolved peaks for cationic carbon are observed in the binding energy range
284 — 288 eV. An additional peak corresponding to anionic carbon is observed
at higher binding energy for ionic liquids containing the anions [OTf]" and
[NTf;]". A representative example of the C 1s region for [Ngge14][NTT2] is
shown in Figure 3.2.

Considering the structure of a tetraalkylammonium cation is not dissimilar to
that of pyrrolidinium, a three-component model based on that developed for
pyrrolidinium cations was used to describe the different electronic
environments of cationic carbon. An analysis of the structure of [Ngg614]" (Se€
structure shown in Figure 3.2) highlights the three plausible electronic

environments of carbon.
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Figure 3.2. High resolution C 1s spectra for [Ngee14][NTT,] including colour coded
component fittings for Cyiphaic (blue), Ciner (purple), Crewero (green) and CF5 (grey); fitting
envelope (red); counts (black dots) . Charge corrected by referencing Cijiphaiic 15 photoelectron
peak to 285.0 eV.

The carbon directly bound to the nitrogen (Chretero) iS expected to have the
highest binding energy as it is in closest proximity to the electropositive
nitrogen, and thus feels a larger effect of the electron-withdrawing influence of
the cationic nitrogen. The next carbon along the chain (Ciner) is designated as
an “intermediate” carbon environment; here the electron-withdrawing impact
of the nitrogen centre is less pronounced, resulting in a slightly lower binding
energy. The remaining carbons are essentially aliphatic and give rise to the

third contribution, Cajiphatic, Which exhibits the lowest binding energy.

To obtain a satisfactory fit that accurately describes the electronic environment
it is necessary to constrain certain parameters. Component areas are
constrained to their nominal stoichiometries, i.e. for [Nee6,14][NTf2] Caiiphatic :
Cinter : Chetero : Canion €quates to 6 : 1 : 1: 0.5. The full width at half maximum
(FWHM) for Chetero and Cinger are set to be equal (and constrained to be between
0.8 and 1.3 eV). The FWHM for Cajiphatic IS Set to be 1.1 times larger than for
Chetero as studies on similar ionic liquid systems have characteristically shown
the FWHM ratio of Cajiphatic : Chetero t0 be 1.1 : 1.1% 3% The fitting envelope (red
trace) shown in Figure 3.2 demonstrates excellent agreement to the
experimental spectra (black dots) highlighting the validity of this fitting model.

C 1s component fittings for the ammonium ionic liquids investigated in this
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study are included in Appendix A, and are also in agreement with the

experimental spectra.
3.2.4 Effect of the Anion

It has been previously established that XPS can be used to probe cation-anion
interactions.® ** These earlier studies focus upon the anionic influence on the
cationic electronic environment, whereby the effect of various anions on a
common cation is investigated. It was demonstrated that the binding energies
Of Chetero 1S and Ncaion 1S for imidazolium- and pyrrolidinium-based ionic
liquids are dependent upon the basicity - and hence coordination strength - of
the anion from correlations made between binding energy and the Kamlet-Taft
hydrogen-bond acceptor parameter (B).** **3° More recent investigations have
also extended this to include pyridinium- and guanidinium- based ionic liquids

in which similar behaviour is observed.'® '

The dependence of Cretero 1S and Neation 1S 0N anion basicity has been attributed
to the degree of charge transferred from anion to cation. lonic liquids
containing high basicity anions such as halides show lower Chetero 15 and Ncation
1s binding energies, which indicate the cation is in a more electron-rich
environment. This is indicative of a significant amount of charge-transfer from
anion to cation. Low basicity anions such as [NTf,]" give rise to higher Chetero
1s and Neaion 1S binding energies signifying that the cation is more electron-

poor due to a decrease in the degree of charge transferred.

Here the influence of the anion on the electronic environment of a
tetraalkylammonium cation has been investigated for five [Neg614][X] ionic
liquids (where X = CI, [BF4], [PFe¢], [OTf] and [NTf,]), a visual
representation of anion influence on Neation 1S and Chetero 1S is provided in

Figure 3.3.
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Figure 3.3. N 1s and C 1s high resolution XP spectra for [Ngge14][X] where X = CI', [BF,]’,
[PFe], [OTf] and [NTf,]. Areas are normalised to the Ngion 15 peak for [Ne e 14]Cl. Spectra
are charge corrected by referencing Cijiphatic 15 to 285.0 eV. N.B. spectra truncated to only show

the cation region. Dashed lines are included to indicate binding energy shift (or lack of in the
case of Cyjiphatic 15) for the Neation 18 and Creero 1S COMponents.

It can be seen from Figure 3.3 that the measured binding energies (Table 3.2)
Of Neation 1S and Chetero 15 possess the following trend: [NTf,]” > [OTf] = [PFe]
> [BF4]" > CI'. This can be interpreted as an increase in charge-transfer with

increasing anion basicity, and is in accordance with studies on other ionic

liquid families including imidazolium,** * pyrrolidinium,® pyridinium,* and

guanidinium.”  Consequently, it seems apparent that the process of charge-

transfer from anion to cation (and also its dependence on anion basicity) is
general to all systems studied to date.
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3.3 XPS of Phosphonium lonic Liquids

3.3.1 Purity and Quantification

As in the case of ammonium-based ionic liquids, survey and high resolution
spectra were used to establish purity and elemental composition for the
phosphonium ionic liquids investigated in this study, see Table 3.3 and
Appendix A.

There was no evidence for the presence of hydrocarbon/silicone contaminants,
or metal-based cations and halides carried over from salt metathesis chemistry.
Experimental stoichiometries were found to be within the £ 20 % error
associated with XPS quantification, and the majority are well within + 10 %.
Similar to ammonium ionic liquids a larger deviation in the chloride signal for
[Pes.6.14]Cl was noted, which is likely a result of the size of the chloride anion
as previously mentioned. Additionally the P 2p signal is systematically less
than the theoretical value with deviations larger than the experimental error
recorded for [Psg614][BF4] and [Psgs14][PFs]. It is possible that this may be
due to systematic error of the applied relative sensitivity factor for these

particular compounds, i.e. the RSFs are not ideally suited for these compounds.
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3.3.2 Effect of Alkyl Chain Length

To determine if short chain (n < 8) phosphonium cations can be charge
corrected utilising a similar method to their ammonium analogues (see Section
3.2.2) it must first be understood if the length of the aliphatic chain influences

the electronic environment of the phosphorus cationic core.

P 2p 2p35;

[P0 JINTF]

l : [P, . JINTF,]

Intensity / a.u.

[PessslINTE.]

[PesereINTF]

[ | | [ [ [ I
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Binding Energy / eV

Figure 3.4. P 2p XP spectra for [Pgge14l[INTT,], [Pssgsl[NTf,], [Pas4:][NTF,] and
[P4444][NTF,]. Spectra normalised to the area of the F 1s photoelectron emission peak for

[Pe66,14][NTT,] and charge corrected by referencing the F 1s photoelectron peak to 688.7 eV.
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To achieve this, an analogous series of phosphonium ionic liquids comprising
of [Pe6614][NTF2], [Pssss][NTf2], [Pass1][NTF,], and [Pss44][NTF,] were
investigated (Figure 3.4). To enable reliable comparison of P 2p binding
energies, spectra were charge corrected by referencing the F 1s photoelectron
peak to 688.7 eV (the measured F 1s binding energy obtained for
[Ps66,14][NTT2] where charge correction was achieved by referencing Caiiphatic
1s to 285.0 eV).

The P 2p region for all compounds studied shows two unresolved peaks arising
from splitting of the P 2p peak into a doublet as a result of the spin-orbit
coupling effect. Spin-orbit coupling arises from coupling of the magnetic field
produced by an electron spinning arounds its own axis (defined by the spin
angular momentum quantum number, s, (where s = +£1/2)) with the magnetic
field produced by an electron spinning around its nucleus (defined by the
orbital angular momentum quantum number, I) and is described by j = (I + s).
Consequently, s levels (I = 0) are singlets but all other levels (I > 0) give rise to
doublet components, see Table 3.4. The relative intensities of the components

are given by the ratio of their degeneracies (2j + 1).

Table 3.4. Spin-orbit splitting parameters. Where | = orbital angular momentum quantum
number, s = spin angular momentum quantum number, and j = total angular momentum

quantum number.

Orbital I S j(+s) AreaRatio(2j+1)
S 0 +1/2 1/2 N/A
p 1 +1/2 1/2,3/2 1:2
d 2 +1/2 3/2, 512 2:3
f 3 +1/2 5/2, 712 3:4

Therefore for the P 2p level the ratio of components (2pi. and 2psp) is
statistically defined as 1: 2, which is characteristic for all p-orbitals. The
binding energy difference of the P 2p spin-orbit splitting components, ABE (P
2P12 — 2P3p), 1S 0.9 eV.

It can be seen from Figure 3.4 and Table 3.2 that the measured Pcation 2P312
binding energies are within the experimental error, thereby indicating that the
length of the alkyl chain does not impact upon the phosphorus cationic core.

Accordingly, short chain (n < 8) phosphonium cations can be charge corrected
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in a similar manner to their ammonium equivalents, whereby the Pcation 2P3r2
peak is referenced to the value obtained for its long chain (n > 8) analogue
(where prior charge correction has been achieved by referencing Cjjiphatic 1S t0
285.0 eV).

3.3.3 C 1s Fitting Model

The C 1s region for phosphonium ionic liquids differs quite considerably from
that of ammonium ionic liquids. It can be seen from the C 1s region for
phosphonium ionic liquids that only a single peak with slight asymmetry is
observed in the binding energy range 284 — 287 eV, with an additional peak
observed at higher binding energy that corresponds to anionic carbon for
phosphonium ionic liquids containing an [OTf]" or [NTf,]" anion. A
representative example of the C 1s region for [Psgs14][NTT,] is provided in
Figure 3.5.

12
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—P~__CgH
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c
3 CsHy4 C\
[&] 6 — C5H11
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Figure 3.5. High resolution C 1s spectra for [Psse14][NTT,] including colour coded
component fittings for Caiphaiic (DIU€), Chewero (green) and CF5 (grey); fitting envelope (red);
counts (black dots) . Charge corrected by referencing Cyjighaiic 15 photoelectron peak to 285.0
eV.

It is apparent that the broad peak in the energy range 284 — 287 eV is distinctly
lacking the more obvious shoulder at higher binding energy as seen in the case
of the ammonium analogues, see Figure 3.2 and Figure 3.5. Consequently, this

peak was fitted using a two component model; the first contribution at higher
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binding energy arising from the carbon atoms directly bound to the phosphorus
(Chetero), With the remaining carbons considered as essentially aliphatic
(Caiphatic) and occurring at lower binding energy. Parameter constraints were
applied in a similar manner to the previously discussed ammonium model, in
which component areas were constrained to their nominal stoichiometry i.e. for
[Ps.6,6,14[NTT2] Catiphatic : Chetero : Canion Was set to 7 : 1 : 0.5. The FWHM for
each component was constrained to be between 0.8 and 1.3 eV, with the
FWHM for Cajipnatic also set to be 1.1 times larger than for Chetero.

A comparison of binding energies (Table 3.2) for the Cheero COMponent of the
[Ne6614]” and [Pegs14]” cations show that Chetero fOr [Negss.14]” is 0.6 - 0.8 eV
larger than for the [Pe6614]" analogue. This can be attributed to the difference
in charge density of the nitrogen and phosphorus cationic centres. The smaller
atomic radius of nitrogen, in comparison to phosphorus, results in a higher
charge density. Consequently, the Chetero carbons for ammonium-based ionic
liquids experience a stronger electron-withdrawing effect from the positively
charged nitrogen centre which is reflected by a shift to higher binding energy.

Furthermore, from Table 3.2 it can be seen that Cpeero binding energies for
phosphonium-based ionic liquids are more similar in value to the Cipger
component for the ammonium analogues. This highlights the weaker electron-
withdrawing effect of the phosphorus centre, as a result of its lower charge
density, and validates the use of a two-component fitting model to describe the

C 1 region for phosphonium-based ionic liquids.
3.3.4 Effect of the Anion

To investigate if phosphonium ionic liquids display a similar anionic
dependence on charge transferred from anion to cation five
tetraalkylphosphonium ionic liquids of the type [Psg6,14][X] (where X = CI,
[BF4]', [PFe], [OTf] and [NTf,]") were studied. From Table 3.2 it is seen that
the measured binding energies of Pcation 2p3/2 follow the trend [NTf,] = [OTf]
~ [PF¢]” > [BF4] > CI, this shift is also illustrated by Figure 3.6, thus

presenting a similar trend to the tetraalkylammonium analogues.
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Figure 3.6. P 2p and C 1s high resolution XP spectra for [Pg614][X] where X = CI', [BF,],
[PFe], [OTf] and [NTf,] . Areas are normalised to the Pcgion 2p peak for [Peee14]Cl. Spectra
are charge corrected by referencing Cjipharic 15 to 285.0 eV. N.B. spectra truncated to only show
the cation region. Dashed lines are included to indicate binding energy shift (or lack of in the
case of Cyjiphatic 15) for the Psion 2P3r2 and Chegero 15 COMpoNents.

Additionally, the binding energies for the Cheero cOmponent display the same
pattern as for the Pcation 2p3;2 component, although the shift in Cpetero does not
appear as obvious as in the case of the ammonium compounds (see Figure 3.3
and Figure 3.6) due to the broad line shape of the respective phosphonium C 1s
emission envelope. Nevertheless, the measured Chretero 1S binding energies do
present this shift to be outside of the experimental error, and therefore real.
Accordingly, phosphonium ionic liquids also exhibit the same anionic
dependence on charge-transfer, thereby suggesting this to be an intrinsic
property for most ionic liquid systems

A linear correlation of Ncaton 1S and Chrewero 1S binding energies with the
Kamlet-Taft B parameter (a measure of hydrogen bond acceptor ability of the
anion) has been established for imidazolium-based ionic liquids.** However,

to date, B has been less extensively studied for ammonium and phosphonium
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ionic liquids due to the solid nature of many of these compounds at room
temperature, thus there are only a select few examples in the literature, which
are mainly based on the [NTf,]” anion.*** Consequently, a comparison of p
with binding energy cannot be made for the compounds investigated in this
study due to a restricted dataset of liquid samples, however it is expected that a

similar trend to imidazolium-based ionic liquids would be observed.
3.4 Correlation of XPS C 1s fitting model to *H/**C NMR

As discussed previously in Section 3.3.3 it is apparent that changing the
cationic core from nitrogen to phosphorus has a measurable impact on the
electronic environments of the neighbouring carbon atoms of the cation, which

may be attributed to the different charge densities of the cationic cores.

This can also be observed by 'H NMR studies of the [Ngge14][NTF,] and
[Pe66.614][NTT,] ionic liquids. Here it is shown that the hydrogen atoms bound
to Chetero OCcur at highest chemical shift followed by the Cier associated
hydrogens, whereas the remaining hydrogen environments resonate further
upfield, see Figure 3.7 and Figure 3.8 . The effect of changing the cationic
core from nitrogen to phosphorus is clearly presented by the chemical shift for
the Chetero hydrogen (H;, 1-), which occurs at a significantly higher chemical
shift of 3.14 ppm for [Nege14][NTf,] in comparison to 2.20 ppm for
[Pes614][NTF,];  thereby, illustrating the stronger electron-withdrawing
influence of the nitrogen cationic core, in comparison to phosphorus, as a

result of its higher charge density.
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Figure 3.7. 2D 'H-®C HMQC NMR of [Nggg1][NTf,]. Spectra truncated to show peaks
corresponding to cationic carbon/hydrogen environments. N.B. It is important to note that as
'H/%C NMR is more sensitive to differences in electronic environment than XPS a numerical
system is used to label the different carbon environments (and their associated hydrogen
atoms), see labelled structure above. Therefore the deconstructed carbon NMR environments,

with the equivalent XPS notation in brackets, are C; - (Chetero), C22 (Cinter) and Cs, 314
(Caiiphatic)-
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Figure 3.8. 2D 'H-*C HMQC NMR of [Pg61][NTF,]. Spectra truncated to show peaks
corresponding to cationic carbon/hydrogen environments. N.B. It is important to note that as
'H/*C NMR is more sensitive to differences in electronic environment than XPS a numerical
system is used to label the different carbon environments (and their associated hydrogen
atoms), see labelled structure above. Therefore the deconstructed carbon NMR environments,

with the equivalent XPS notation in brackets, are C, ;- (Cretero) @Nd Cp.6, 214 (Catiphatic)-
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Due to the high carbon content for these ionic liquids their corresponding *C
NMR spectra are particularly convoluted. Subsequently, 2D Heteronuclear
Multiple-Quantum Correlation (HMQC) NMR was used to correlate directly
bonded carbon-proton nuclei to enable the assignment of the **C NMR spectra,
see Figure 3.7 and Figure 3.8. In the case of [Ngg614][NTT,] the signal for
Chetero (C1.1°) has the highest chemical shift (~60 ppm) as would be expected
due its close proximity to the electron-withdrawing nitrogen cationic centre.
However, for [Pege614][NTf2] the Chewero (Ci.10) Signal is shifted significantly
upfield to ~19 ppm presenting itself as a doublet (*Jcp = 46.8 Hz) due to *C-
31p coupling. This abnormally high degree of shielding is likely to be a result
of the larger size of phosphorus, whereby the larger phosphorus orbitals induce
more complex shielding effects on the carbon atom directly bound to it. This
is known as the heavy-atom effect and has been seen previously for carbon

atoms directly bound to increasingly heavier halogen and chalcogen atoms.*%?

Furthermore, for [Nges14][NTT,] the overall trend in carbon chemical shift
does not reflect that exhibited by the proton shift (where &4 (H;1-) > 61 (H22')
> O (Hs-s, 313, He14)) @s dc (C,2:) is shifted further upfield than would be
expected. This is a consequence of carbon shifts being strongly affected by
additive contributions of substituents in o, B, y and & positions.** ** As such
carbon NMR does not always provide a reliable indicator of the chemistry of
the compound; proton NMR, however, is much less influenced by these effects
and provides a better description of the chemical environment. Consequently,
a good correlation exists between *H NMR chemical shifts and XPS C 1s
component binding energies, providing further validation for the C 1s fitting
models described previously, and illustrating the influence of charge density

for the different cationic cores.
3.5 Effect of Cationic Core

3.5.1 [N6,6,6,14]+ Versus [P6,6,6,14]+

As mentioned previously in Section 3.2.4 cation-anion interactions for a range
of ionic liquids have been extensively investigated using XPS. However, to

date these studies have been limited to the anionic influence on a common
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cation. Subsequently, the influence of the cationic core on a common anion is

investigated herein.

It is expected that the difference in charge density of the ammonium and
phosphonium cationic core will affect the degree of charge-transfer, which
would be reflected in the binding energy of the anionic components. It was
postulated that a greater degree of charge-transfer would occur for the
ammonium cation, as the larger charge density would be more effective in
removing excess negative charge from the anion; hence, the binding energies
of the anion are expected to indicate a more electron-poor environment in

contrast to the phosphonium analogue.

A comparison of binding energies (Table 3.2), however, did not support this
assumption. Figure 3.9 illustrates a comparison between [Ne66.14][BF4] and
[Pes614][BF4] for all regions. All XP spectra are charge corrected by
referencing Caiiphatic 15 to 285.0 eV; and are normalised to the area of the F 1s
photoelectron emission peak for [Ngge14][BF4] as the number of fluorine
atoms are equivalent for both samples. It can be seen that the binding energies
of the anionic components are identical, within the error of experiment (+ 0.1
eV), for example the F 1s component for [Neges14][BF4] and [Ps6,6,14][BF4] IS
685.7 eV in each instance (Figure 3.9 and Table 3.2). This is also true for the
B 1s component where binding energies are 194.0 eV and 193.9 eV for
[Ness14][BF4] and [Pegs14][BF4] respectively. The P 2s photoelectron
emission peak is also observed in the B 1s XP spectrum for [Ps¢614][BF4] at a

lower binding energy of 190.4 eV.
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Figure 3.9. XP spectra of [Ngg614][BF4] and [Psg6.14][BF4] for: (a) F 1s, (b) B 1s, (c) C 1s,
(d) N 1s and (e) P 2p. Areas normalised to area of F 1s peak for [Ngg614][BF4]. Spectra were
charge corrected by setting Cjighatic 15 = 285.0 eV.

The anionic component binding energies for a range of anions of varying size
and basicity, including CI', [PFg], [OTf] and [NTf,], also match within the
experimental error for the [Nege14]” and [Pes614]" cations. This suggests that
the anion cannot experience the difference in charge density of the cation, and
it is proposed that the long alkyl chains are wrapped around the cationic centre
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effectively shielding it from the anion. This is in agreement with
measurements on the enthalpy of vaporisation at 298 K, AyapHo2es, for
[Pe6614][BF4], which describe how the experimentally determined van der
Waals contribution is significantly smaller than the theoretical value, it is
suggested that parts of the alkyl chain close to the phosphorus are unavailable
for van der Waals bonding with adjacent species due to shielding from the
outer parts of the chain.** In contrast, molecular dynamics simulations indicate
that the alkyl chains are in a fully stretched conformation, with a small degree

of bending for longer chains (n > 6) and no evidence of coiling or wrapping.*
46

It should be noted that although the anion is shielded from the difference in
charge density of the two different cations, it is not shielded from experiencing
a positive charge completely. In this way, the “wrapping” of the aliphatic
chains has little impact on the actual ability of the anion to transfer charge, and
hence a shift in binding energy of the cationic core is seen for anions of
different basicity as mentioned previously in Sections 3.2.4 and 3.3.4.

3.5.2 [N4,4,4,1]+ VErsus [P4,4y4yl]+

In the previous section it was determined for ammonium and phosphonium
cations with long alkyl chains that there is no difference in binding energy of
the anionic components for a variety of different anions. To test whether the
length of the alkyl chain impacts on cation-anion interactions and the ability of
the anion to experience the difference in charge density of the cationic centres,
a series of short chain analogues were investigated where the cation size has
been reduced to [Nsss1]" and [Pss41]”. A visual comparison between

[Ns441][BF4] and [P444.1][BF4] for all regions is shown in Figure 3.10.
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Figure 3.10. XP spectra of [Ng441]1[BF4] and [P44.4.11[BF4] for: (a) F 1s, (b) B 1s, (c) C 1s, (d)
N 1s and (e) P 2p. Areas normalised to area of F 1s peak for [Ny 441]1[BF4]l- [Naa41][BFs] XP
spectra charge corrected by setting Neation 1S t0 402.3 eV. [P4441]1[BF4] XP spectra charge
corrected by setting P ation 2P3/2 t0 132.6 eV

The F 1s binding energy for [Nss41][BF4] is 0.2 eV higher than for
[Pa441][BF4] (Figure 3.10 and Table 3.2), this being at the upper limit of the
accepted experimental error (and slightly larger, at 0.22 eV) is taken to suggest
that the shift is real. A similar shift of 0.2 eV is also seen for the B 1s binding
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energy (Table 3.2), however due to the larger energy range used in Figure
3.10b to accommodate the P 2s peak it is less obvious than that of the F 1s

photoelectron peak.

As the B 1s and F 1s binding energies are higher for [Nss41]" relative to
[Ps441]" this is indicative that the boron and fluorine atoms are more electron-
poor for [N4441]", which suggests a greater degree of charge-transfer occurs
for the ammonium-based ionic liquid. This supports the initial hypothesis that
charge-transfer should be more significant for ammonium-based ionic liquids
due to the larger charge density of the cationic core relative to the
phosphonium analogue. Additionally, it indicates that reducing the length of
the alkyl chain allows for a more open structure of the cation which permits the
anion to experience the difference in charge density of the cationic centre.

It should be noted that for [N4441][NTf.] and [P4441][NTf,] only a small shift
(~ 0.1 eV) to a higher binding energy is observed for the anionic components
of [Naa41]" relative to [Ps441]" (Table 3.2). This is within the experimental
error so no real conclusion can be made; however, as [NTf,] is poorly co-
ordinating it is likely that it participates in charge-transfer to a very small
degree, hence little or no difference is observed when comparing the different
cationic centres. Furthermore, comparison could not be made between the
[Ns441]" and [Ps441]" cations when coupled with the highly basic CI™ anion.
This was due to the instability of [Ns441]Cl under the X-ray beam, which
resulted in irregularities in peak line shape, thus reliable binding energies could

not be obtained for this ionic liquid.

Fabris et al. found that a trioctylmethylphosphonium ([Psgg1]") cation coupled
with a methylcarbonate ([MeOCOQ]’) or hydrogen carbonate (JHOCOOQ])
anion exhibited stronger basicity than its ammonium counterparts and other
conventional basic catalysts, and as a result was a more efficient catalyst for
Michael reactions.*” This could support the assertions made from the work
described here, as the high basicity of [Pggg:][MeOCOO] and
[Psss1][HOCOO] may arise from a smaller degree of charge-transfer
occurring from anion to cation; consequently the anion is more electron-rich

thus the electrons are more available for donation. In contrast, a higher degree
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of charge-transfer occurs for the ammonium analogues and inorganic bases as
a result of the larger charge density of the cationic centre, hence basicity is

reduced as electron density is less available for donation.

It is still unclear at this time how the charge-transfer phenomenon is mediated.
Previous studies on 1-alkyl-3-methylimidazolium systems have shown a
correlation between anion basicity and hydrogen-bonding at the C-2 position,
and also with Negion 15 and C 1s binding energy.** However, upon methylation
of the C-2 position (hence decreasing the hydrogen-bonding contribution) an
anion-dependent shift of the Ncaion 1S and C 1s binding energies is still
observed at a similar magnitude as the non-methylated analogues.* This
indicates that charge-transfer cannot solely be mediated through hydrogen-
bonding, which is especially relevant in the case of tetraalkylammonium and
phosphonium ILs as the proton alpha to the heteroatom is even less available
due to steric hindrance of the long alkyl chains. This suggests charge-transfer

is also highly dependent on the coulombic interaction of the cation and anion.
3.6 Influence of Cation Conformational Flexibility

As discussed in Section 3.5 it was seen that changing the cationic core from
nitrogen to phosphorus for long chain systems, i.e. [Ngg614]" Versus [Pee.14]",
had minimal impact on charge-transfer due to a perceived hydrocarbon-based
shielding of the cationic core. In an effort to reduce the effect of hydrocarbon-
based shielding of the heteroatom, a second series of experiments were
conducted where the alkyl components are pruned back, i.e. [Ns441]" versus
[Pas41]", and it was found that changing the cationic core from nitrogen to
phosphorus does indeed influence the degree of charge-transfer, with an

increase in charge-transfer shown for ammonium ILs.

Here the concept of hydrocarbon-based shielding of the cationic core, and its
impact upon cation-anion interactions, is explored further by comparison of a
relatively unconstrained [Ngg614]" cation with a conformationally constrained
[CsC1Pyrr]" cation. Whereby, the degree of charge-transfer is assessed for a
common anion, in which anions of varying size and basicity are investigated,
including the CI', [BF4]  and [NTf,] anions.
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The 1-octyl-1-methylpyrrolidinium and trihexyl(tetradecyl)ammonium cations
are structurally very similar; however, a large proportion of the alkyl chain for
[CeC1Pyrr]" is effectively “pinned back” in a 5-membered heterocyclic ring.
Subsequently, the nitrogen core is expected to be more exposed than in the
case of [Neges14]” in which the central nitrogen is shielded by a layer of
conformationally flexible long-chain hydrocarbon.  Crystallographic data

reported by Adamova et al.#

supports this assertion since they describe the
N Cl distance for [N2222]Cl as significantly longer than for [C3C,Pyrr]CI.
This is attributed to the fact that the presence of strained rings around the
central nitrogen atom for [C3C4Pyrr]Cl allows a closer approach of the halide

anion.?*

On consideration of the Coulomb potential, the interaction energy of two point
charges is inversely proportional to separation distance. Consequently, the
closer two point charges are to each other the stronger the interaction between
them. Therefore, it is anticipated that a greater degree of charge-transfer will
occur in the case of the constrained [CgCiPyrr]* cation due to a stronger
interaction with the anion, which would be reflected in the measured binding

energy values for the anionic components.

The high resolution XP spectra for all elemental regions for [Ngg614]Cl and
[CsC1Pyrr]ClI are presented in Figure 3.11. To enable a visual comparison
between the samples, spectra were normalised to the intensity of the Cl 2p
photoelectron emission for [Ngs6.14]Cl, as both samples contain chlorine atoms
in the same stoichiometric quantity. Consequently, the different
stoichiometries of carbon for each cation are clearly evidenced by the
significantly more intense C 1s spectra for [Ngge14]Cl In comparison to
[CsC1Pyrr]Cl, where the stoichiometric carbon content for [Nege14]" is ~ X 2.5

larger than for [CgC1Pyrr]".
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Figure 3.11. XP spectra for all regions for the ionic liquids [Ngg 6 14]Cl (red) and [CgC,Pyrr]ClI
(blue). Spectra were charge corrected by setting Cyjiphaiic 15 = 285.0 eV and normalised to the

area of the CI 2p photoelectron peak for [Ng ¢ 6,14]Cl.

Additionally, from Figure 3.11 and Table 3.2 it can be seen that the measured
binding energies for Ncation 1S, Caiiphatic 1S, Cinter 15 and Chetero 1S are identical
within the experimental the error (£ 0.1 eV). However, a 0.3 eV shift to higher
binding energy is observed for the CI 2ps,, component of [CgC1Pyrr]Cl, this is
greater than the experimental error and indicates a noticeable change in the
electronic environment of the anion, which is attributed to the availability of

the cationic core.

It should be noted that due to spin-orbit coupling the Cl 2p photoelectron line
is split into a doublet with a ratio of 1: 2 (2p12: 2psp). This is an inherent
property of p-orbital photoelectron lines and does not indicate two different
electronic environments of chlorine. It is observed that ABE (Cl 2p1, — 2p3p)

is 1.6 eV for each cation, this consistency reinforces that a true shift is
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observed and is not the result of other processes such as beam damage. A
small broadening of the CI 2p component peaks is observed for [Ngge614]Cl
with an observed FWHM = 0.98 eV, in comparison to 0.82 eV for
[CsCiPyrr]CIl. This is likely to be indicative of small differences in surface

charging of the samples.

The increase in binding energy of the Cl 2ps, (and 2pi,) component for
[CsCPyrr]Cl, relative to [Ngg6,14]Cl, suggests that the chloride anion is less
electron rich when partnered with the 1-octyl-1-methylpyrrolidinium cation
and indicates a greater degree of charge-transfer from anion to cation for this
ionic liquid. This supports the proposed hydrocarbon-based shielding of the
cationic core, from the anion, for cations containing long alkyl chains such as
[Ne,6,6,14]Cl.

A similar trend is also observed when comparing the F 1s high resolution
spectra for [CgC1Pyrr][BF4] and [Ngge6,14][BF4] (Table 3.2 and Figure 3.12), in
which a 0.2 eV shift is observed. The B 1s component also shifts slightly to
higher binding energy by 0.1 eV for the [CgCyPyrr]* cation, however this is
within the experimental error and suggests that the cationic structure has
minimal impact on the electronic environment of the central boron atom. This
may simply be the result of the inversely proportional relationship between
interaction energy and separation distance, i.e. the fluorine atoms are closer to
the cationic core and experience a stronger interaction, whereas the increased

distance to the boron atom results in a weaker interaction.

.48 and Tsuzuki et

Furthermore, point charges calculated by de Andrade et a
al.* indicate that the negative charge of the [BF4]" anion is distributed across
the four fluorine atoms, which could provide justification for the fact that

changes in charge-transfer are more noticeable in the F 1s binding energies.
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Figure 3.12. XP spectra for all regions for the ionic liquids [Ngge14][BF4] and
[CsC,Pyrr][BF,]. Spectra were charge corrected by setting Cyjiphaic 15 = 285.0 eV and

normalised to the area of the F 1s photoelectron peak for [N ¢ 6.14][BFa].

It has been previously shown that there is a strong correlation between the
degree of charge-transfer and the solvatochromically determined hydrogen-
bond basicity (B) of the anion; whereby high basicity anions such as halides
transfer a significant amount of charge, with the opposite true for low basicity
anions such as [NTf,].1>** This could also provide an explanation for the
smaller difference in F 1s binding energy (0.2 eV) than the observed Cl 2ps;
shift (0.3 eV), as the [BF4]" anion naturally transfers less charge than the CI
anion. To date, solvatochromic parameters have been extensively reported for
the 1-alkyl-3-methylimidazolium-based ionic liquids, whereas significantly
fewer have been reported for 1-alkyl-1-methylpyrrolidinium and
tetraalkylammonium-based ILs.*> *  Subsequently, a comparison of the

Kamlet-Taft (B) parameter with the Ncaion 1S binding energy cannot be made in
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this study, although an analogous trend to the imidazolium based systems

would be expected.

A comparison of binding energies for [CsC1Pyrr][NTf,] and [Nggs614][NTT2]
indicate that the anionic components all match within the experimental error
excluding O 1s and N 1s (Table 3.2 and Figure 3.13). The O 1s and N 1s
binding energies are shifted to higher binding energy by 0.2 eV for
[CsCiPyrr][NTTF,] in comparison to [Negs14][NTF]. Examination of point
charges determined by Hunt et al,.>® Canongia Lopes et al.,”* and Tsuzuki et
al.** demonstrate that the negative charge is mainly distributed across the
oxygen and nitrogen atoms of the [NTf,]" anion. Therefore, it is likely that the
electronic environment and hence binding energies of these atoms will be most

affected by changes to electron density, which can be seen in this study.

Interestingly, the cationic nitrogen peak is also shifted 0.2 eV higher for
[CsC1Pyrr][NTT;] relative to [Neg6,14][NTT,] which indicates that the electronic
environment of Ncaion fOr [Nses14][NTT2] is significantly more electron-rich
than [CgCiPyrr][NTT,].

To explain this observation the charge-transfer ability of the anion must be
considered. It has been established that the Ncation 15 binding energy follows
the trend [NTf,]” > [BF4]" > CI', which corresponds to an increase in charge-
transfer with increasing anion basicity;** thus, the electronic environment of
Ncation 1S more electron-poor when coupled with the [NTf;]". Consequently, a
stronger electron-releasing effect of the aliphatic chain will be induced for

ionic liquids containing an [NTf,] anion.

Considering that the [Ngge14]” cation has a substantially larger aliphatic
contribution than [CgC1Pyrr]", it seems reasonable that the Ncaion environment
for [Negse14][NTF,] experiences a stronger inductive effect from the

surrounding alkyl chains causing a subsequent shift to lower binding energy.
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Figure 3.13. XP spectra for all regions for the ionic liquids [Ngge14][NTF,] and
[CsCiPyrr][NTf,]. Spectra were charge corrected by setting Caiiphaiic 1S = 285.0 eV and

normalised to the area of the F 1s photoelectron peak for [N 614][NTT,].

In conclusion, the electronic environment of the anion is dependent upon

cationic structure, with an increase in charge-transfer from anion to cation

achieved for the more constrained structure of a 1-octyl-1-methylpyrrolidinium

cation.

This provides evidence for a hydrocarbon-based shielding of the
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cationic core for cations containing long-alkyl chains, which subsequently

impacts upon cation-anion interactions.
3.7 Conclusions

In this Chapter the high purity of various tetraalkylammonium and
phosphonium ionic liquids has been confirmed with a description of binding
energies and multi-component fitting models. Furthermore, a robust C 1s peak
fitting model has been developed and described for both the
tetraalkylammonium and tetraalkylphosphonium families of ionic liquid. A
method for charge correction of short alkyl chain (n < 8) cations has also been
discussed and it was established that reliable charge correction is achieved
through referencing the Ncation 15/Pcaiion 2P32 binding energy of the cationic
core to the value obtained for its long chain (n > 8) analogue (which has prior
to been charge corrected by referencing Caiphaic 1S to 285.0 eV) N.B. anion
must be identical in each case.

Evidence for the different charge densities of the ammonium and phosphonium
cationic cores has also been provided through XPS and NMR measurements,
and the effect this has on cation-anion interactions has been investigated by
XPS. For long chain systems, i.e. [Nee614]" Versus [Pees14]”, it appears that
changing the cation core has minimal impact on the electronic environment of
the anion due to a perceived shielding effect of the long alkyl chains. In an
effort to reduce the effect of hydrocarbon based shielding of the heteroatom, a
second series of experiments were conducted where the alkyl components are
pruned back, hence allowing a more clear investigation of the role of the
heteroatom based charge carrier. A decrease in alkyl chain length to [Ns441]"
and [Pss41]" indicates that changing the cation core from nitrogen to
phosphorus does indeed influence the electronic environment of the anion;

with an increase in charge-transfer shown for ammonium ILs.

Further evidence for the concept of hydrocarbon-based shielding of the
cationic core was provided through a comparison of a conformationally
flexible [Negs14]" cation with a constrained [CgCyPyrr]” cation. Here, it was
observed that the electronic environment of the anion is dependent on cation
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structure, with an increase in charge-transfer from anion to cation achieved for

the more constrained 1-octyl-1-methylpyrrolidinium cation. This not only

furthers our understanding of inter-ion interactions of ILs, but also provides a

step towards being able to predict how changing the different components of

an ionic liquid will impact on their respective electronic environments, a step

that is key to developing the ability to tune an ionic liquid system to meet a

specific function.
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4. Depth Profiling of Ammonium and Phosphonium
lonic Liquids: An ARXPS and ERXPS Study

4.1 Introduction

The relatively new topic of ionic liquid (IL) surface science has experienced
rapid growth during recent years. As such, a multitude of ultra-high vacuum
techniques have been used to probe the IL/vacuum interface, including
laboratory and synchrotron X-ray photoelectron spectroscopy (XPS),*”’

ultraviolet photoelectron spectroscopy (UPS),8'12

metastable impact electron
spectroscopy (MIES),” 1* ** low energy ion scattering (LEIS),***" Rutherford
backscattering (RBS),*** and neutral impact collision ion scattering
spectroscopy (NICISS).2% To date, the vast majority of these studies have
focused on cyclic nitrogen-containing cations, particularly the 1-alkyl-3-
methylimidazolium  family, = whereas  acyclic  cations including
tetraalkylammonium and tetraalkylphosphonium have been somewnhat
overlooked despite their potential use in a wide range of existing applications
including heterogeneous catalysis, gas capture/separation, and nanoparticle
formation. Clearly, the structure of the IL/vacuum interface plays a crucial
role for many of these applications; therefore, it is necessary to understand how
changes to the component ions can influence the IL surface, and consequently
impact their chemistry-based applications. XPS has been shown to be a robust
and powerful tool for the analysis and characterisation of ionic liquid surface
structure, and has provided many significant contributions in the area of bulk

and surface composition.* " 212426

With the advent of commercially available harder/high energy X-ray sources —
such as Ag La’ — Energy-resolved XPS (ERXPS) is expected to attract
considerable interest over the coming years. Although ERXPS is not a new
technique, it has previously required the use of synchrotron X-ray sources,
which can be costly and time-limited. = Consequently, the improved
accessibility offered by high energy laboratory-based sources provides a new
means to conduct ERXPS studies on ionic liquids. This has several advantages
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over currently existing depth profiling techniques. Firstly, no geometry change
to the sample is required, as in the case of angle-resolved XPS (ARXPS), thus
enabling repeated analysis of a consistently level surface thereby minimising
error caused by physical shifting of the sample. Secondly, depth profiling data
can be obtained from a single experiment as opposed to repeated experiments
in which the emission angle is altered (ARXPS) or photon-energy varied
(synchrotron-based ERXPS); thus minimising X-ray exposure and hence

sample damage.

Lastly, higher energy core orbitals can be probed, elucidating further
information concerning ionic liquid electronic environments, which is
imperative to understanding ionic liquids at a molecular level. Accordingly,
the work herein provides the first description of a high energy Ag La’ source
for XPS depth profile analysis and characterisation for a variety ionic liquids.

Previous depth profiling studies on ionic liquid systems have used ARXPS,
with few examples of ERXPS (N.B. limited to synchrotron sources). These
investigations are again predominantly concerned with the 1-alkyl-3-
methylimidazolium cation, > * 2> ?® with only a handful of ARXPS studies

addressing the structurally distinct pyrrolidinium cation.”> %

Nevertheless,
through these investigations a robust set of design rules have been established
for the IL/vacuum interface of 1-alkyl-3-methylimidazolium-based ionic
liquids, in which, for sufficient chain length (n > 4), the alkyl chains are
projected towards the vacuum forming an aliphatic overlayer, with a polar
sublayer of positively and negatively charged head groups residing
underneath. 2 * 2% This set of design rules also appears to hold true for the

1-alkyl-1-methylpyrrolidinium ~analogues;> %

however, it would be
unreasonable to simply assume that other structurally diverse cations such as
the acyclic tetraalkylammonium and tetraalkylphosphonium would also follow
this trend. Subsequently, the work described in this Chapter directly addresses
this gap in knowledge to further understand the role of the cation on the

structure of the IL/vacuum interface.
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In summary, the aim of this work is to understand how the cation can influence
the structure of the IL/vacuum interface through depth profiling investigations
on ILs with cations of varying structural diversity, including the lesser-studied
tetraalkylammonium and tetraalkylphosphonium cations. This is achieved
utilising the highly surface sensitive XPS techniques: ARXPS and ERXPS, to
probe differences in the bulk and surface compositions for the ionic liquids
investigated. Furthermore, through a comparison of binding energies obtained
via both the Al Ka and Ag Lo’ X-ray sources validation for using the Ag Lo’
source to obtain robust and reliable chemical state analysis of ionic liquids has
been provided, as well as characterising previously undetectable core level

photoelectron emissions.
4.2 High Energy XPS: The Ag La’ X-ray Source

4.2.1 Intensity and Broadening of Photoelectron Peaks

The main, and most important, difference between the Al Ka (hv = 1486.6 eV)
and Ag Lo’ (2984.3 eV) sources are their respective energies, whereby the
energy of the Ag La’ X-rays are approximately twice that of the Al Ka X-rays.
For each source the same spectrometer set-up is used in each case, with only
minor adjustments to the X-ray gun position and the quartz crystal

monochromator.

The same quartz crystal monochromator is permitted for use with each source
as an integer number of Al Ka and Ag Lo’ X-ray wavelengths (0.834 nm and
0.415 nm respectively) equate to the spacing between the quartz (1010) planes
(0.425 nm) at an angle close to 78.5°." The Bragg diffraction criterion
specifies that for constructive interference of reflected photons to occur they
must satisfy the conditions outlined in the Bragg equation shown below, where
n = order of diffraction, A = wavelength, d = crystal spacing, and 6 = angle of

diffraction.
nl = 2dsin® 4.1

Consequently, the Bragg diffraction criteria is satisfied to first order for Al Ka

and second order for Ag Lo’ (as the wavelength for Ag La’ is half that of Al
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Ka). The combination of Bragg diffraction and a slight concavity of the quartz

crystal results in a focused X-ray beam at the sample surface, see Figure 4.1.
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Figure 4.1. Schematic illustrating the XPS monochromator geometry in which X-rays
generated at the anode are reflected off quartz crystal and focused at the sample. The inset

describes the Bragg diffraction criterion for constructive interference of the scattered X-rays.

With increasing order of diffraction a wider energy distribution of the
respective X-ray beam will result i.e. X-ray linewidth will increase with
diffraction order. Consequently, as Ag Lo’ X-rays satisfy second order
diffraction conditions a larger linewidth of ~1.2 eV occurs in comparison to ~
0.2 — 0.3 eV for Al Ka.?” As such, the photoelectron peaks obtained using the
Ag Lo’ X-ray source are typically broader than when obtained using the Al Ka
source. For example, when using the Ag 3ds, peak to determine energy
resolution a full width half maximum (FWHM) of < 0.55 eV is obtained using
the Al Ka source in comparison to 0.9 eV for Ag La’. This is also exemplified
in Figure 4.2, which shows a visual comparison of the high resolution spectra
obtained with each X-ray source for all regions for [N4441][NTf,]. It can be
seen that the FWHM for the photoelectron peaks detected with the Ag Lo’

source are typically 0.1 eV larger than those obtained with the Al Ka source.
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Figure 4.2. Comparison of XP spectra obtained with Ag La’ source (blue) and Al Ko source
(red) for all regions for [N444.][NTf,]. Spectra charge corrected by referencing Neation 1S =
402.5 eV and normalised to the intensity of the respective photoelectron peak obtained using

the Al Ka X-ray source.

The FWHM for the C 1s regions are not stated as the C 1s spectra consists of
several components, consequently the FWHM of the respective components
are dependent on the constraints used in the fitting model. However, a slight
broadening in line shape can be observed for the Ag La’ C 1s region in Figure

4.2.
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Due to the broader line shape of photoelectron emissions resulting from the Ag
Lo’ source the FWHM constraints for the C 1s fitting model have to be slightly
modified. The fitting model is followed exactly as previously described for the
Al Ka source, see Chapter 3 Sections 3.2.3 and 3.3.3, however the FWHM is
constrained to be between 0.8 — 1.5 eV instead of 0.8 — 1.3 eV.
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Figure 4.3. High resolution C 1s spectra obtained with the Ag Lo’ source for [Ny 441][NTT;]
including colour coded component fittings for Cajighaiic (D1U€), Cinter (PUrPIE), Chetero (green) and
CF; (grey); fitting envelope (red); counts (black dots). Charge corrected by referencing Ncation
1s=402.5eV.

A representative example of the C 1s fitting model for [Na44:][NTf,] is
provided in Figure 4.3. The fitting envelope (red trace) demonstrates excellent
agreement to the experimental spectra (black dots) highlighting the validity of
the fitting model. C 1s component fittings for all ionic liquids investigated
with the Ag La’ X-ray source are included in Appendix B, and are also in good

agreement with the experimental spectra.

Additionally, an increase in order of diffraction is also accompanied by a
significant decrease in X-ray beam intensity. Consequently, the signal
intensity when using the Ag Lo’ source is considerably reduced in comparison
to the Al Ka source, as demonstrated by the unnormalised C 1s spectra for
[Ns441][NTT,] obtained from each source in Figure 4.4. As a result longer
acquisition times have to be employed when using the Ag La’ X-ray source to

obtain spectra comparable in quality to the Al Ka source, see Chapter 2
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Section 2.3.2 for details. Furthermore, in order to obtain a visual comparison
of spectra obtained from the two different sources an appropriate normalisation

procedure must be applied.
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Figure 4.4. Comparison of C 1s high resolution spectra intensity for [N4441][NTf,] obtained
with Ag La’ source (blue) and Al Ka (red). Spectra charge corrected by referencing Naion 15
=402.5eV

4.2.2 Energy Range

The kinetic energy of an emitted photoelectron is dependent on the energy of
the incident radiation. Consequently, on consideration of the Einstein equation
shown below — where KE = kinetic energy, hv = energy of incident radiation,
BE = binding energy, and ®s = spectrometer work function — the binding
energy of a photoelectron peak should not change between X-ray sources.

KE =hv - BE — @s 4.2

This is clearly seen by a comparison of survey spectra for [Na441][NTf,]
obtained with the Al Ko and Ag Lo’ sources between the energy range 0 —
1400 eV (Figure 4.5). Additionally, due to the higher energy of the Ag La’ X-
rays, which is approximately twice that of Al Ko radiation, a broader energy
range of photoelectron emissions can be observed, thus core orbitals of higher
binding energy can be detected i.e. the S 1s photoelectron emission at = 2500
eV.
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In contrast, Auger electron emissions have a kinetic energy that is independent
to the energy of the incident radiation as they arise from internal atom de-
excitation. As a binding energy scale is used in an XP spectrum for the
analysis of photoelectron emissions, the apparent “binding energy” of the
Auger emissions will vary as the energy of the X-ray source is changed. This
is clearly exhibited by Figure 4.5 where the Auger emissions using the Al Ka
source occur between 800 — 1400 eV, whereas the same Auger emissions occur
at 2300 — 2800 eV using the Ag La’ source. As only photoelectron emissions
are analysed in this study the binding energy scale is used throughout.
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Figure 4.5. Survey XP spectra for [Ng44:][NTf,] using Al Ko and Ag Lo’ X-ray sources;
showing photoelectron emissions detected by both sources (black labels); Auger emissions for
Al source (red labels); Auger and photoelectron emissions for Ag source (blue labels). Spectra
normalised to intensity of the F 1s photoelectron emission peak obtained using the Al Ka

source.

The dependency of the kinetic energy for any given photoelectron emission on
the energy of the incident radiation also has implications on the depth of the
sample probed. For example, radiation of higher energy will result in a higher
kinetic energy of the emitted photoelectron. In turn, this results in a longer
attenuation length, and hence a greater probability of it escaping from deeper
within the sample. As such the Ag Lo’ source can probe deeper within a
sample, in comparison to Al Ko radiation, thereby elucidating further

information on the bulk structure of ionic liquids.
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It should be noted that in order to calculate XPS sensitivity factors for a
particular analyser, it is necessary to determine its efficiency for focusing and
discriminating electrons as a function of their energy, also known as the
transmission function.?® Relative sensitivity factors (RSFs) for the softer Al
Ka source, i.e. for photoelectron kinetic energies in the range 0 — 1500 eV, are

29, 30 In

well-defined in the literature enabling elemental quantification.
contrast, for the harder Ag La’ source no sensitivity factors or transmission
function protocol currently exists for photoelectron kinetic energies in the
range 1500 — 2900 eV. Consequently, for depth profiling experiments using
the Ag La’ X-ray source a qualitative approach is utilised and is discussed

further in Section 4.5.
4.2.3 Binding Energy Analysis

A comparison of binding energies obtained with the Ag Lo’ and Al Ko source
has been made. These investigations were carried out upon a series of
structurally diverse ammonium and phosphonium ionic liquids comprising of
the cations [CsCiPyrr]”, [Nass1l", [Ness14]'s [Pasasi]” and [Pege1s]”. In
addition, the corresponding anions comprising CI", [PFg]” and [NTf,]" were
chosen such that a range of sizes and basicity were covered, and importantly
they all include an element that has higher energy core orbitals which can only
be detected with the higher energy Ag La’ source i.e. the Cl 1s, P 1sand S 1s

photoelectron emissions.
4.2.3.1 Chloride-based ILs

A clear difference in sample stability under the high energy Ag La' X-ray
beam was observed for the five chloride-based ionic liquids investigated.
Unsurprisingly, due to its instability under the lower energy Al Ka X-rays,
[Ns.441]Cl exhibited irreparable sample damage under the high energy Ag Lo’
X-rays. Furthermore, its long chain analogue [Ngg614]Cl also exhibited the
same behaviour, and consequently reliable binding energies could not be
obtained in either case due to considerable line broadening and irregularities in
line shape. Interestingly, the cyclic pyrrolidinium displayed an increased
stability towards the high energy Ag Lo’ X-rays, thus allowing the extraction
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of reliable binding energies in this instance. However, after prolonged
exposure to the X-ray beam, increasing signs of sample damage were
observed, as illustrated by the CI 2p region shown in Figure 4.6. Here the
effects of beam damage can be observed after around three hours by a loss in
peak line shape and broadening of the photoelectron emission peak. After,
eight hours this has progressed further such that the original Cl 2p
photoelectron line possesses an obvious shoulder in the binding energy range
200 — 202 eV, indicating more than one electronic environment of chlorine is
present. A similar effect is also seen in the spectra for other elemental regions
of this ionic liquid. As the ammonium-based chloride samples investigated are
high melting solids, the observed change in spectra as a function of beam
exposure, is likely due to the accumulation of actinic degradant on the sample

surface.
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Figure 4.6. CI 2p region for [CgC,Pyrr]Cl as a function of exposure time to Ag La’ X-ray

radiation.

In contrast to their ammonium analogues the phosphonium ionic liquids
investigated remained robust against beam damage. This mirrors the reported
cationic influence on thermal and electrochemical stability for these ionic
liquids in which the order of stability is tetraalkylphosphonium > 1-alkyl-1-

methylpyrrolidinium > tetraalkylammonium.®*°

The measured binding energies for the chloride ionic liquids which were not
affected immediately by beam damage are presented in Table 4.1, with
comparison made to binding energies obtained with the Al Ko source.
Excellent agreement is seen for binding energies obtained in the range 0 —
1400 eV for the two X-ray sources as they match within the experimental error
of £ 0.1eV.
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Additionally, binding energies for the higher energy Cl 1s and P 1s core
orbitals have been characterised with values of =~ 2820 eV and 2147 eV

respectively.

Furthermore, inspection of the [P4441]Cl survey spectra - obtained with both
the Al and Ag X-ray sources - highlighted the presence of silicon and oxygen
surface contaminants in each case, see Figure 4.7. This is likely due to
contamination by laboratory grease during synthesis or from the double-sided
tape used in sample mounting (solids only) and is unlikely to influence the
measured binding energies.?® *%*! Interestingly, it can be seen from Figure 4.7
that the higher energy Ag source can be used to detect the Si 1s photoelectron
emission at =~ 1840 eV. It is apparent that the Si 1s peak is considerably more
intense than the Si 2s and 2p peaks, which are barely visible at energies of 153
eV and 100 eV respectively, due to the different orbital cross-sections. This
illustrates that the Ag Lo’ X-ray source could provide a greater sensitivity and

means of detection for silicon based surface contaminants in future studies.
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Figure 4.7. Survey XP spectra for [P4441]Cl using Al Ka and Ag Lo’ X-ray sources;
showing photoelectron emissions detected by both sources (black labels), Auger emissions for
Al source (red labels), Auger and photoelectron emissions for Ag source (blue labels). Spectra
normalised to intensity of the C 1s photoelectron emission peak obtained using the Al Ka

source.
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4.2.3.2 Hexafluorophosphate-based ILs

In contrast to the chloride-based ionic liquids the hexafluorophosphate series
did not present any effects of beam damage. The measured binding energies
are presented in Table 4.2, with comparison made to those obtained with the
Al Ka source. It should be noted that reliable binding energies could not be
obtained for the P 2p region for [Pege14][PFs] and [Ps441][PFs] due to very
poor resolution of the photoelectron emission peaks, see Appendix B;
consequently charge correction was achieved for [Ps441][PFs] by referencing
the Peation 1S photoelectron peak to the value obtained for [Pgg6.14][PFs] (wWhere

prior charge correction was achieved by referencing Cajiphaiic 15 = 285.0 eV).

Overall, good agreement between the two X-ray sources was observed for
binding energies in the range 0 - 1400 eV, with the majority of measured
values within the experimental error (x 0.1 eV). Small discrepancies larger
than the experimental error were seen for the carbon components Cinr in the
case of [Negg614][PFs], and Chetero In [P44.41][PFs]. However, as these values
depend upon a fitting model, which may introduce a larger degree of error,
these differences are not significant. Interestingly, the measured binding
energy of the F 1s photoelectron emission appears to be systematically ~ 0.2
eV higher than that measured using the Al Ko source. However, as this shift is
on the upper limit of experimental error no absolute conclusion can yet be

made on this difference.
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4.2.3.3 Bis(trifluoromethanesulfonyl)imide-based ILs

As with the hexafluorophosphate series, the ionic liquids containing the
[NTf,] anion did not show any indication of beam damage. In addition, there
was no evidence of contaminants such as laboratory grease, and all peaks in
the survey spectra could be assigned to elements within the respective ionic
liquids, highlighting the high purity for this particular series of ionic liquids,
see Appendix B. Furthermore, as these compounds were in their liquid state at
room temperature they emitted superior photoelectron flux in comparison to
the chloride- and hexafluorophosphate-based analogues. This enabled the

measurement of high quality spectra with excellent resolution.

The measured binding energies for both sources display excellent agreement
with values within the experimental error (+ 0.1 eV), see Table 4.3. As seen
previously for the [PFgs]” compounds, the measured binding energy of the F 1s
photoelectron peak is ~ 0.2 eV higher for the XP spectra obtained with the Ag
La’ source, (Section 4.2.3.2).

Consequently, the Ag Lo’ X-ray source provides robust chemical state analysis
for a variety of ionic liquids, as well as the characterisation of previously
inaccessible higher energy core orbitals such as Si 1s, Cl 1s, P 1s and S 1s.
The added value of the high energy Ag Lo’ X-ray source, however, is its
ability to provide another approach to depth profiling based on detecting two
different core photoelectron emissions (which have a large difference in

binding energy) from the same element.

As the five bis(trifluoromethanesulfonyl)imide-based ionic liquids in this study
were free of contaminants; displayed high stability; and were in the liquid state
at room temperature, they were investigated further in a depth profiling study
to determine the influence of the cation on the ionic liquid/vacuum interface,

this is discussed in detail in the following sections.
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4.3 Depth Profiling: Surface Sensitivity and Information Depth

The surface sensitivity of XPS experiments is influenced by two main factors:
1) electron emission angle, 6 and ii) the attenuation length, A of the emitted
photoelectrons (N.B. this value is also dependent upon the photoelectron
kinetic energy). A measure of surface sensitivity is provided by the
information depth (ID) which is defined as the depth at which 95.7 % of the
signal originates; the dependence of ID upon 6 and Aa. is shown by Equation
4.3.

ID = 3AaCOSO 4.3

It should be noted that definitions for inelastic mean free path (Awvrp) and
attenuation length (Aa ) are often used interchangeably in the literature.
Herein, Mvrp is defined as the average distance travelled by an electron of a
specific energy between two inelastic events, with elastic scattering included.
Whereas, Aa_ is defined as the average distance travelled by an electron of a
specific energy between two inelastic events without elastic scattering.
Consequently, Aa_ is used to describe depth, rather than Amep, as it does not
include elastic scattering events which can cause an overestimated depth, and

is typically 20 % smaller than Ayvep.*> **

Subsequently, there are two methods with which to alter the surface sensitivity
of an XPS experiment: (1) Angle-Resolved XPS (ARXPS), based on varying
the detection angle (8) of the emitted photoelectrons and (2) Energy-Resolved
XPS (ERXPS), utilising the dependence of Aa_ on the kinetic energy of the
emitted photoelectron.

4.3.1 Angle-Resolved XPS

Of the two methods ARXPS is the most commonly employed to obtain a depth
profile for ionic liquid systems. Typically, the lower energy Al Ka X-ray
source is used due to its higher signal intensity, and ID varies chiefly with 6.
The emission angle, 6, can be varied with respect to the surface normal by
rotation of the sample stage with respect to the concentric hemispherical

analyser (CHA), as illustrated by the schematic in Figure 4.8.
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To detector To detector
.
X-ray
] information
sample depth
0° emission angle 80° emission angle
ID=7-9nm ID=1-1.5nm

Figure 4.8. Schematic detailing the influence of sample geometry on information depth when
recording XP spectra at normal emission angle, 6 = 0° (left); and at grazing emission angle, 6 =
80° (right).

By increasing the emission angle the distance that an emitted photoelectron
must travel through the sample is increased, thus only photoelectrons that have
escaped from a shallower depth are detected. At the kinetic energies measured
here using the Al Ko source (~ 800 — 1400 eV) the attenuation length of
photoelectrons in organic compounds is of the order ~ 3 nm.*> From this, the
ID for each of the angle-resolved geometries employed in the ARXPS
experiments can be estimated. Subsequently, at a normal emission angle (6 =
0°) ID is between 7 — 9 nm, and on increasing emission angle to 70° then 80°
the measured ID changes to 2 — 3 nm and 1 — 1.5 nm respectively.”® At 6 =
80°, approximately 65 % of the measured signal arises from the topmost 0.3 —
0.5 nm of the sample; this is smaller than the size of most IL ions, highlighting

the high degree of surface sensitivity this technique provides.

In a typical ARXPS experiment a series of spectra are recorded in the “bulk
sensitive” geometry, where 0 = 0°, and with increasing emission angle to more
“surface sensitive” geometries i.e. 70° < 6 < 85°. For a homogeneous and
isotropic arrangement of ions in an ionic liquid, identical core photoelectron
intensities would be observed for all emission angles. However, a preferential

increase in a core photoelectron emission intensity with increasing 6, and thus
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increasing surface sensitivity, indicates a higher surface concentration for the

respective element/component in comparison to the bulk.
4.3.2 Energy-Resolved XPS

In the case of ERXPS the dependence of Aa_ on the kinetic energy of the
emitted photoelectron is exploited in order to depth profile a sample. Unlike
ARXPS, a fixed geometry is employed with a normal emission angle of 6 = 0°.
Consequently, ID can be simplified to ID = 3Aa., thus ID is solely a function

of attenuation length and hence kinetic energy.

This can be achieved in two ways. Firstly, by looking at spectra of the same
core photoelectron emission but changing the energy of the incident radiation,
thereby varying photoelectron kinetic energy, and hence the depth which is
probed. Typically this procedure requires the use of synchrotron radiation
sources as they can provide high intensity X-ray photons that can be tuned
across a broad range of energies. The most surface sensitive mode for
synchrotron depth profiling experiments are at a photon energy about 50 eV
higher than the binding energy of the core level photoelectron emission
examined, in which the surface layer probed is around several atoms thick.?

The second ERXPS approach can be accomplished by looking at two different
core photoelectron emissions from the same element produced using the same
X-ray source. Importantly, the binding energy difference — and consequently,
the kinetic energy difference — between the two photoelectron emissions must
be sufficiently large, therefore high energy X-ray sources such as Ag Lo’ are

required to detect core levels of higher energy.

In contrast to ARXPS there are only few reported examples of using ERXPS to
probe the IL/vacuum interface, and these have been limited to variable-photon
energy experiments which require a synchrotron source.” % Although many
synchrotron facilities exist, obtaining time on them can be limited and also
expensive. Herein, an alternative approach of utilising a high energy
laboratory Ag Lo’ X-ray source for the depth profiling of a series of
bis(trifluoromethanesulfonyl)imide-based ionic liquids is described.
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4.4 ARXPS of Ammonium and Phosphonium lonic Liquids

XP spectra have been obtained at two emission angles, 0° and 80°, with respect
to the surface normal for all five bis(trifluoromethanesulfonyl)imide-based
ionic  liquids, i.e. [CgCiPyrr][NTfy], [Nasa1][NTf], [Pss41][NTF],
[Nes614][NTF,] and [Pegse14][NTF,], using the Al Ka X-ray source.
Experimental stoichiometries were determined from the high resolution scans

for each element and are presented in Table 4.4.

Stoichiometries determined at the electron emission angle 6 = 0° (ID =7 -9
nm) agree very well to the nominal stoichiometry and are within the
experimental error for all ionic liquids studied and are well within = 10 % for
the majority. It can be seen that the experimental O 1s stoichiometry is
systematically lower than the nominal value. This suggests that the RSF, taken
from the Kratos Library, for this element is not ideally suited for the
compounds under investigation. Similar deviations in stoichiometry have been
reported elsewhere.® > % As this investigation is on changes in stoichiometric
ratio with respect to emission angle, small deviations in RSF values have

minimal impact on the conclusions made.
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Previous ARXPS studies upon 1,3-dialkylimidazolium ionic liquids have
shown a significant increase in intensity of the Caiiphaic 1S component with
increasing emission angle, providing evidence for an enrichment of alkyl

1,2,4,6,7,

chains at the outer surface. .26 A systematic investigation into this

effect as a function of alkyl chain length has also shown that the degree of

surface enrichment increases with the length of the alkyl chain.> **’

In this study, the surface enrichment of alkyl carbon for a variety of
tetraalkylammonium and tetraalkylphosphonium cations, including the 1-octyl-
1-methylpyrrolidinium cation, is investigated using an empirical surface
enrichment factor, SE, first described by Kolbeck et al. in the study of
imidazolium-based systems.6 SE is defined as the ratio of the Caiphaic 1S
component at 80° (ID = 1 — 1.5 nm) to that at 0° (ID = 7 — 9 nm), i.e.
representative of the nominal value). Consequently, an SE value of 1.0 would

indicate no surface enrichment of the alkyl chains.

For [CgC1Pyrr][NTf;] an SE value of 1.45 was obtained indicating a significant
degree of surface enrichment of the alkyl chains, this is also illustrated by
comparison of the C 1s photoelectron emission spectra obtained at 0° and 80°
in Figure 4.9 (N.B. to aid visual interpretation of the presented XP spectra a
normalisation procedure was applied, see Chapter 2 Section 2.3.3 for details).
This behaviour is in accordance with previous ARXPS reports on
pyrrolidinium and imidazolium ionic liquids.> %> % Furthermore, the reported
SE factor for the imidazolium analogue, [CsCiIm][NTf,], is comparable at a
value of 1.52.° This suggests that the surface enrichment behaviour of

pyrrolidinium- and imidazolium-based ionic liquids is very similar.

A decrease in SE is observed for [Ng441][NTf,] where SE = 1.24 indicating
that surface enrichment of alkyl carbon is less for this cation in comparison to
[CsC1Pyrr][NTf,]. As this cation contains the same amount of alkyl carbon as
[CsC1Pyrr][NTf,] (see Table 4.4) and yet does not show the same degree of
carbon surface enrichment, it is indicative that not all four of the alkyl chains
for [N44.41][NTf,] point towards the vacuum at the IL surface.
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Figure 4.9. High resolution XP spectra of the C 1s region for the five
bis(trifluoromethanesulfonyl)imide-based ionic liquids studied in this Chapter, recorded at 0°
(red) and 80° (blue) electron emission angle, 6, with respect to the surface normal.
[CeCiPyrr][NTH,], [Nes6.14][NTT,] and [Pes614][NTT,] Spectra charge corrected by referencing
Catiphatic 15 10 285.0 €V. [N4441][NTF,] and [P444.][NTT,] spectra were charge corrected by
referencing Neation 15/Pcation 2P32 10 the value obtained for [Ngge14][NTT2)/[Ps6614][NTT,].
Spectra recorded at 6 = 80° normalised to the area of the F 1s photoelectron emission peak

recorded for the respective ionic liquid at 6 = 80°.

Remarkably, the SE values for the compounds [P4441][NTf2], [Nes6.14][NTT2]
and [Ps6.614][NTT,] show almost negligible surface enrichment of alkyl carbon
with SE values of 1.03, 1.02 and 1.01. This is particularly surprising for the
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[Nes614]” and [Pss614]” cations which contain a considerably large amount of
aliphatic carbon. A visual comparison of the C 1s photoelectron emission at 0°
and 80° for each ionic liquid studied is presented in Figure 4.9, highlighting
the differences in surface enrichment for each cation.

Previously, Chapter 3 described an XPS study on tetraalkylammonium and
tetraalkylphosphonium ionic liquids which investigated the influence of the
cation on anionic binding energies, in which a perceived hydrocarbon-based
shielding of the cationic core for long chain cations, i.e. [Ngggs14]" and
[Pes614]", Was observed. It was proposed this was due to the long alkyl chains
wrapping around the cationic core rather than being fully extended.
Furthermore, it was observed that the hydrocarbon-based shielding could be
reduced through a decrease in alkyl chain length or conformational restriction
i.e. using cyclic analogues such as [CgCiPyrr][NTf,]. The results obtained in
this ARXPS study fully support this assertion as the lack of surface enrichment
of alkyl carbon for [Ng614][NTT2], [Pe66.14][NTT2] and [P444,1][NTT,] strongly
suggest that the alkyl chains are indeed wrapped around the cation core for
these cations. Also, in accordance with the studies described in Chapter 3, the
effect of hydrocarbon-based shielding is clearly diminished for the cations
[CsC1Pyrr][NTf,] and [N4441][NTf,] as evidenced by an increase in surface

enrichment of alkyl carbon for these ionic liquids.

In comparison to the large surface enrichment of carbon observed for
[CsC1Pyrr][NTf,] where a 50 % increase in the Caipnaic Signal is seen, more
subtle effects are seen for the anionic components. Here, a small decrease of ~
15 % is seen in the F 1s and Cinion 1S signals, with a corresponding ~15 %
increase in the S 2p signal, Table 4.4. It is proposed that this is the result of an
orientation preference of the anion (which is situated beneath the aliphatic
carbon overlayer) such that the —CF3 groups are pointed towards the bulk ionic
liquid, away from the vacuum. A similar trend is also seen for the anionic
components of the other ionic liquids studied. This supports the synchrotron-
based XPS studies conducted by Lockett et al.?® in which they suggest the
anion, on average, has a cis configuration with both —CF3 groups facing the

bulk. A further study by Men et al.> on a homologous series of ionic liquids of
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the type [C,C1Pyrr][NTf,] also supports this conclusion. It should be stressed
that due to the liquid state of the samples, a fluid and dynamic nature exists as
a result of molecular tumbling, thus the data obtained represents an average of
the true situation at any time. Additionally, as this possible orientation
preference of the anion exhibits a considerably smaller effect on the ionic
liquid near-surface region, in comparison to carbon surface enrichment, it is

not the primary focus of this ARXPS study.

Information on the relative position of the cationic head group (X; where X =
Necation 1S OF Peation 2p) to the anionic head group (Nanion 1S) can be obtained by
measuring the change in elemental ratio for each with electron emission angle,
see Table 4.5. It can be seen for the pyrrolidinium and ammonium ionic
liquids that there is very little change in ratio with emission angle indicating
that cation and anion are at approximately the same distance from the interface.
Interestingly for the phosphonium ionic liquids, [P4441][NTf;] and
[Pes.614][NTT,], an increase in X / Nanion from 0.8 to 1.3 and 1.1 respectively is
observed suggesting that the cation is located slightly above the anion at the

surface.

Table 4.5. Elemental ratio of cationic head group X (where X = Nggion 1S OF Peation 2p) t0

anionic head group (Nanion 18) at 6 = 0° and 80° with an associated error of + 5 %.

Elemental Ratios

lonic Liquid X/ Nanion 0° X/ Nanion 80°
[CsCiPyrr[NTT,] 1.00 1.13
[Naaa[NTF] 111 113
[Paaas][NTH] 0.80 1.33
[Nes614][NTT,] 1.00 1.00
[Pes.6,614][NTT] 0.82 1.09

In summary, [CsC1Pyrr][NTf,] and [Na441][NTT,] display similar behaviour at
the ionic liquid/vacuum interface as previously recorded in the literature for
imidazolium ionic liquids of the type [C,CiIm][X], whereby the surface is
constructed of an alkyl chain overlayer, with a sublayer of charge-bearing head
groups residing underneath. However, for [Ne¢614][NTT2], [Ps6,6.14][NTT,] and
[P4441][NTf,] a different picture emerges, in which minimal surface ordering

is present indicating a homogeneous distribution of carbons atoms in the near-
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surface and the bulk. This provides further evidence for the wrapping of the
aliphatic chains around the cationic core for these cationic systems. It is
proposed that the “wrapping” effect occurs as a result of extensive van der

Waals interactions existing between the four alkyl chains.

It is unclear at this time as to why [P4441][NTf,] also displays evidence for
wrapping of the alkyl chains around the cationic core, unlike its short chain
ammonium analogue ([N4441][NTf2]). However, a recent study by Scarbath-
Evers et al.® has indicated a higher flexibility of bond angles and dihedral
angles for phosphonium ionic liquids,* for this reason it is conceivable that the
wrapping of alkyl chains around the cationic core is more likely for the short

chain phosphonium cation.

It is postulated that extensive van der Waals interactions between the four
aliphatic chains may be the cause for their wrapping around the cation core; in
an attempt to provide further evidence for this, variable-temperature ARXPS
(VT-ARXPS) experiments were conducted. It is proposed that heating the
sample could provide enough energy to weaken the van der Waals interactions
between the four chains, which would result in an “unwrapping” of the chains
and their subsequent projection towards the vacuum phase. This would be
detected through an increase in surface enrichment of the aliphatic carbon
component by ARXPS.

To investigate this the ionic liquid [Psggs14][NTT,] was initially chosen for
investigation. Sample heating was achieved in situ through heating via the
sample stage. Due to software limitations of the XP spectrometer when
heating the stage, the emission angle was restricted to an upper limit of 75°,
rather than the 80° geometry used in previous experiments; however, a high
surface sensitivity is retained at this geometry, with an approximate ID = 1.5 —
2 nm, thus any change in carbon surface enrichment would still be detectable.
Thus with the emission angle fixed at 75°, XP spectra were recorded at room
temperature, 50 °C, 70 °C and 150 °C and the experimental stoichiometries

were determined, see Table 4.6.
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An upper temperature limit of 150 °C was set to avoid distillation of ionic
liquids into the vacuum chamber as decomposition (and slow distillation) for
various ammonium and phosphonium ionic liquids has been to seen to occur
between 200 - 300 °C (pressure 6 mbar).*® It is seen from Table 4.6 that with
increasing temperature there is negligible change in all elemental and
component intensities, the consistency of the value for the Caliphaic 1S
component indicates that no change in surface enrichment occurred.
[Pa441][NTf;] and [Nsg614][NTT,] were also investigated by VT-ARXPS with
comparison made at room temperature and 150 °C. As with [Psg614][NTT:]
there is negligible change in experimental stoichiometry with temperature for
these ionic liquids. Consequently, a potential “unwrapping” of the aliphatic
chains could not be observed through this investigation. This could be due to
the energy requirements to dissociate the aliphatic chains from each other, i.e.
higher temperatures required, or it is possible that by increasing the
temperature the resultant increase in motion of the component ions and their

constituents prevents surface ordering.
4.5 ERXPS of Ammonium and Phosphonium lonic Liquids

As previously mentioned in Section 4.3.2 a depth profile of an element within
an ionic liquid can be obtained if two core photoelectron emissions from that
element can be detected, most importantly they must also have a wide
separation in energy. By using the higher energy Ag La’ X-ray source
photoelectron emissions at higher binding energy can be detected, Figure 4.5.
This technique, termed ERXPS, was therefore used to obtain a depth profile
for the sulfur atom of the [NTf,]" anion through comparison of the S 1s and S
2p photoelectron peaks for the ionic liquids: [CsCiPyrr][NTf2], [Na441][NTF,],
[P4.441][NTF2], [Ne6614][NTF2] and [Pe614][NTT,]. It is important to note that
no geometry change to the sample is required, i.e. all spectra are recorded at
fixed emission angle 6 = 0°, consequently any error introduced by a change in

geometry is removed.

This approach is based on the fact that the depth from which a photoelectron is

able to escape is dependent on the kinetic energy of the photoelectron. A
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higher Kinetic energy will allow the photoelectron to travel for a longer
distance in the sample without experiencing energy loss through collisions i.e.

it has a longer attenuation length, Aa .

From Table 4.3 the binding energies for S 2p and S 1s core orbitals for all
ionic liquids studied are respectively = 169 eV and 2478 eV. This corresponds
to kinetic energies of S 2p ~ 2816 eV and S 1s =~ 507 eV. Consequently, a
photoelectron emitted from the S 2p orbital has a greater probability of
escaping from deeper in the sample than an S 1s photoelectron. The NIST
Electron Inelastic-Mean-Free-Path Database was used to estimate A5 for S 2p
and S 1s photoelectrons for each ionic liquid to give approximate values of 5.3
nm and 1.4 nm respectively.>® This was achieved by using the database to first
calculate the inelastic mean free path (Amep) for each ionic liquid using the
TPP-2M method. This calculation can only be carried out up to a kinetic
energy of 2000 eV. Consequently, extrapolation of the obtained data set up to
3000 eV is required to obtain an estimate Apep in the energy range 2000 —
3000 eV. The resultant plots of Awvep Versus Kkinetic energy for each ionic
liquid are presented in Figure 4.10.

®
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"""" [Ng 6,6,14l[NTT;]
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Figure 4.10. Calculated Ayrp Values for the kinetic energy range 50 — 3000 eV for all five
ionic liquids studied using the TPP-2M method.
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The attenuation length is typically 20 % smaller than the calculated inelastic
mean free path as it does not include elastic scattering events;** *
subsequently, this is accounted for in the estimation of Aa_ in this work.
Figure 4.11 provides a representative example of this procedure for
[Ng441][NTT,]. This shows a plot of the calculated Ayvrp for the energy range
50 — 3000 eV (solid line), and the estimated A (dashed line) — which is 80 %
of Mmer. The corresponding Aa. Values can then be determined for the

required Kinetic energies.

o
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Figure 4.11. Plot describing the calculated Ay (Solid black line) and estimated A, (dashed
line) for [N4441][NTf,]. Highlighting the Ais_ values obtained for S 1s and S 2p

photoelectrons.

The Mmre and Aa. values obtained for each ionic liquid are presented in Table
4.7. 1t can be seen that the values are consistent between compounds and are
therefore not sensitive to the ionic liquid.
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Table 4.7. Auvrp and Aa values for the S 2p and S 1s photoelectrons for all five [NTf,] ionic

liquids.
S2p S1s
Mmep (NM) AaL (nm) Mmep (NM) AaL (nm)
[CoCaIm][NTF] 6.6 5.3 17 14
[Ne o612 [NTE] 6.8 5.4 18 14
[Naaa ] [NTF] 6.6 53 17 14
[P4441][NTH] 6.6 5.3 1.7 1.4
[Pos6 1] [NTF] 6.7 5.4 18 14

As this technique uses a fixed geometry of the sample i.e. an emission angle
where 6 = 0°, ID can be expressed as ID = 3iaL. The information depths for
the required photoelectron emissions were obtained using the calculated Aa_
valuesto givean S1sID =4.2nmand S 2p ID = 15.9 nm. Consequently, the
S 2p signal gives a “bulk sensitive” representation of the sulfur concentration
in the sample, in contrast to the S 1s signal which gives a “surface sensitive”

representation.

Due to the different cross-sections of the two sulfur orbitals (S 2p and S 1s),
and hence different RSF values, a direct comparison of peak areas does not
provide quantitative information on sulfur surface enrichment within a sample.
To achieve this, the area ratio of S 2p : S 1s must first be determined for a
homogeneously disordered ionic liquid sample, this can then be used to
construct the currently unknown RSF for the S 1s peak by multiplication of the
known S 2p RSF by the appropriate factor (obtained from the area ratio of S 2p
: S 1s). Once attained the S 1s and S 2p signals can be quantified and directly
compared for any sample, thus providing a measure of sulfur surface
enrichment. However, as previously discussed many ionic liquids show
significant surface ordering and therefore do not contain a homogeneous
distribution of ions, thus the confirmation of an appropriate ionic liquid

standard is currently underway.

As such, in this work a qualitative approach is used to determine differences in
sulfur surface enrichment between samples. By comparison of the peak area
ratio of S 2p : S 1s between different samples a relative depth profile can be

obtained, whereby the area for S 2p is effectively constant (as it is
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representative of the bulk) and the area for S 1s will vary with surface
enrichment of sulfur, thus affecting the ratio of S 2p : S 1s accordingly for each
sample. Therefore a comparison of this ratio between different samples will
show any differences with respect to sulfur surface enrichment relative to each
other; this method is illustrated by the schematic presented in Figure 4.12 .

S1s

Intensity
Intensity

Binding Energy, eV

Binding Energy, eV
ionic liquid surface

Relative
depth

Figure 4.12. Schematic representation illustrating the influence of depth of the sulfur atom
from the [NTf,] anion on the corresponding S 1s and S 2p photoelectron emission intensities.
The higher Kkinetic energy of an emitted S 2p photoelectron results in a higher probability of its
escape from within the bulk (ID = 15.9 nm), thus the intensity the S 2p photoelectron emission
signal remains constant regardless of the depth of the emitting sulfur atom. In contrast, the
lower Kkinetic energy of an emitted S 1s photoelectron reduces its probability of escape from
within the bulk (ID = 4.2 nm). Consequently, the change in intensity of the S 1s photoelectron
emission peak provides information on the surface concentration of sulfur, i.e. high sulfur
surface concentration increases the S 1s signal, whereas low sulfur surface concentration

decreases the S 1s signal (relative to S 2p).

The S 2p and S 1s peak areas for each of the ionic liquids studied were
measured from the respective survey spectra with an average taken for three
different positions on the sample to obtain the peak area ratio as presented in
Table 4.8.
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Table 4.8. Ratio of S 2p to S 1s photoelectron emission peak area for the ionic liquids studied

in this work. Areas measured from survey spectra with an associated error of £5 %

lonic Liquid Photoelectron emission peak area
S2p:Sis
[Na4.4,1][NTF] 1:205
[CgClerr][Nsz] 1:17.7
[P4441][NTT] 1:14.1
[Neg6,14][NTT] 1:13.9
[Pes,614][NTT] 1:13.8

It is apparent that the concentration of the [NTf,] anion in the near-surface
region appears highly dependent on the structure of the cation. A greater
surface presence of sulfur is observed for [N4441][NTf,] as the ratio of S 1s to
S 2p is largest, this is closely followed by [CsC1Pyrr][NTf,]. In contrast, the
ionic liquids [Neg614][NTT2], [Pes6.14][NTF2] and [Ps441][NTF,] all have a
similar S 2p : S 1s ratio which is significantly lower than the values obtained
for [Ng441][NTF,] and [CsCiPyrr][NTf,], thus corresponding to a decrease in
surface concentration of the sulfur atom of the [NTf,]" anion. It is interesting
how this difference in behaviour mirrors the trend observed in the angle-

resolved studies on these ionic liquids as discussed previously in Section 4.4.

An explanation for the differences in surface concentration of the [NTf,]” anion
in the near-surface region can be provided through considering the difference
in ordering at the ionic liquid/vacuum interface for these ionic liquids. As
mentioned in Section 4.4 for the ionic liquids [Ng441][NTf,] and
[CsC1Pyrr][NTf,] the surface is constructed of an alkyl chain overlayer, with a
sublayer of charge-bearing head groups residing underneath, an illustration for
the surface structure is provided in Figure 4.13. Therefore, the observed sulfur
enrichment by ERXPS for these ionic liquids may arise through detection of
the polar sublayer of charged head groups which reside underneath the alkyl

overlayer.
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Vacuum

IL surface )
Alkyl Chain
Overlayer
@ Polar
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Figure 4.13.  Schematic illustrating the surface structure for [CgC,Pyrr][NTf,] and
[N4441][NTT,], using [CsC,Pyrr][NTf,] as a representative example.

However, in the case of [Ngge614][NTT2], [Pes614][NTT2] and [Ps441][NTT]
ARXPS indicated that no such ordering occurs at the IL/vacuum interface and
a homogeneous distribution of ions exists. This is supported by a reduction of
the S 2p : S 1s ratio, which indicates a reduction in surface concentration of
sulfur, and hence a greater proportion of the sulfur signal arises from the bulk.
Furthermore, as both ARXPS and ERXPS studies on these ionic liquids
provide evidence for a homogeneous distribution of ions, they could be used in
future studies as an appropriate reference sample to estimate the currently
unknown S 1s RSF. This would enable quantitative data on sulfur surface
enrichment to be obtained through future ERXPS investigations. RSFs were
not extracted for the ionic liquids in this study as the current dataset is limited
to ammonium and phosphonium ILs of the [NTf,]" variety, thus the resultant
RSFs may not be applicable to other cations and anions. Therefore it is
important for robust testing against a variety of ionic liquids, alongside using
other techniques to confirm the homogeneous nature of the ILs discussed

above, before extracting and reporting RSF values.

Overall, the data obtained with ERXPS is not only supportive to ARXPS, but
also additive to it. It is apparent that the surface ordering of the [NTf,] anion
is very dependent on cation structure, in which sulfur surface enrichment
occurs for [Nga41][NTF,] and [CgCiPyrr][NTf,], and in corroboration with
ARXPS it provides further evidence for the wrapping of alkyl chains around

the cationic core for long chain ammonium and phosphonium systems.
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4.6 Conclusions

Two depth profiling techniques (ARXPS and ERXPS) have been used to probe
the cationic influence on the structure of the ionic liquid/vacuum interface. An
ARXPS study has shown that the degree of aliphatic carbon surface
enrichment is dependent on the type of cation used, whereby it is largest for
constrained or short chain ammonium cations. However, in the case of long
chain ammonium and phosphonium systems (and also a short chain
phosphonium analogue) minimal surface ordering is observed, providing
further evidence for the wrapping of aliphatic chains around the cationic core

in these systems, resulting in a homogeneous distribution of ions.

Additionally, the first use of an Ag La’ X-ray source for ionic liquid analysis
has been described. A comparison of binding energies obtained with this
source against the Al Ka source has been made and indicate that the Ag Lo’
source also provides robust chemical state analysis for ionic liquids, alongside
characterising higher energy core photoelectron emissions i.e. Cl 1s, P 1s, S 1s
and Si 1s.

Furthermore, the use of the Ag La’ X-ray source to provide another depth
profiling technique, ERXPS, to measure the depth profile of the sulfur atom of
the [NTf,]" anion has been demonstrated. A cationic dependence on surface
ordering of the anion was shown, with similar trends observed as to those
obtained through ARXPS. It was found that both depth profiling techniques
were supportive and additive to each other and provide evidence for a
hydrocarbon-based shielding of the cationic core for cations of the type
[Ne6614]", [Pess14l’, and [Paasa1]’, in contrast to [CsCiPyrr]" and [Nasa1]"

where the alkyl chains are extended away from the cationic core.
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5. XPS of Functionalised lonic Liquids

5.1 Introduction

Ionic liquids (ILs) are often referred to as “designer solvents” due to that fact
that by simply changing the component ions chemical and physical properties
can be altered to suit a specific function. Furthermore, an additional degree of
tunability can also be obtained via functionalisation of either the cationic or
anionic components; typically this is applied to impart a particular type of
reactivity or property, and has led to a sub-set of ILs known as task-specific
ionic liquids (TSILs).>® TSILs have been prepared for a range of applications

4, 5

including CO; capture,* ® metal extraction, ’ transition metal catalysis,®

biomass dissolution,’® and surfactant synthesis.™

Previously, in Chapter 3 the influence of the cation on charge-transfer was
reported, with focus on substituting the central charge carrier from nitrogen to
phosphorus in a series of structurally related, and conformationally constrained
quaternary salts. It was noted that the nature of the cation did indeed impact
on the magnitude of charge-transfer, and consequentially the bulk electronic
environment of the liquid itself. In this Chapter, this level of analysis is
extended a step further by investigating the influence of additional
functionality embedded within the alkyl side chains of the cations themselves.
Subsequently, the impact of two classes of commonly employed functional
substituents — polyether and perfluorinated alkyls — is probed using X-ray
photoelectron spectroscopy (XPS). The influence of these substituents on the
physico-chemical properties of ILs is well documented,™ ** however little is
known about their effect on inter-ion interactions and local electronic
environments of ILs. As such, the investigations described here are designed
to probe local tuning of the inductive effect of the substituent groups. The
XPS spectra of these materials, particularly the charge carrier regions, is
compared to non-functionalised analogues to reveal the influence of
functionalisation, and consequently any impact on the magnitude of charge-

transfer from anion to cation.
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lonic liquids have found particular application as solvents for transition metal
catalysis including, but not limited to, hydrogenation,** ** hydroformylation,*®

oxidation,”® and Pd-catalysed cross-coupling reactions.!’%

In particular, a
“non-innocent” nature has been observed for imidazolium-based ILs utilised as
solvents in various Pd cross-coupling reactions, in which enhancements in
activity are attributed to the formation of a palladium-imidazolylidene

complex, see Figure 51182021

i .
1
PhsP—Pd—PPh,

CnHZﬂﬂ
\N N/

\—/

Figure 5.1. Structure of palladium-imidazolylidene complex formed in situ under Suzuki

cross-coupling conditions using ionic liquids of type [C,C,Im][X] as the solvent.

A recent XPS study by Men et al. has demonstrated that the electronic
environment, and hence catalytic activity, of the palladium-imidazolylidene
complex in the Pd-catalysed Suzuki reaction can be tuned via anion
exchange.”? Consequently, it is of considerable interest to understand how
functionalisation of the cation may also impact on an IL-based catalytic
system. Herein, turn-over frequencies (TOFs) for polyether-functionalised ILs
are examined in a well-studied catalytic system — the palladium catalysed
Suzuki cross-coupling. The measured TOFs are then compared to those
measured in a series of benchmark reactions carried out in non-functionalised
ILs.

5.2 Effect of Functionalisation on IL Electronic Environment

As described in Chapter 3, XPS studies of cation-anion interactions have
shown a strong correlation between binding energy of the cationic heteroatom
(and also the carbon component directly bonded to it) and anion basicity.?**
This is interpreted as a measure of the degree of charge transferred from anion

to cation. Highly basic anions, such as halides, transfer a significant amount of

152



Chapter 5. XPS of Functionalised lonic Liquids

electron density to the cation; however, less basic anions, such as [NTf,],

transfer notably less.

Furthermore, a study by Villar-Garcia et al. on ionic liquids of the type
[C,CiIm][X] (where n = 2 — 12) for a variety of anions has shown that the
binding energy of the Caiphaic 1 component, as a function of chain length, is
also anion dependent.?® This effect can only be seen for short alkyl chain
lengths where n < 8; for larger alkyl chain length, i.e. n > 8, the Cajiphatic 1S
binding energy is not significantly influenced by anion type. The relative
Caliphatic 15 shift follows the trend [NTf,]" > [TfO] = [N(CN),]" = [BF4]" >
[PFg]” > CI' = Br’; where, in fact, CI" and Br" show no significant shift in

Caliphatic 1 binding energy at all, see Figure 5.2.%

Caliphatic 1S 14 Caliphatic 1S
24 Cis a ) C1s
[C2CqIm]INTHz]
[C>CqlmICI 424 = [C4CyImIINTF2]
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8 —— [CsCyIm]CI é —— [CsCyIM]INTf2]
S —— [C12CqIm]CI % | = [C1oCyIm][NTF2]
% 1 ) 8
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p
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Figure 5.2. C 1s XP spectra for a.) [C,C,Im]CI (where n = 2 — 12) and b.) [C,C,Im][NTf,]
(where n = 2 — 10) showing the anion dependent shift in binding energy of the Cijiphatic 1S
component for varying alkyl chain lengths.?® [C,CiIm]Cl spectra charge corrected by
referencing Neaion 15 = 401.7 eV, and [C,,C,Im][NTf,] spectra charge corrected by referencing

Neation 15 = 402.1 eV. Spectra normalised to area of respective Naion 15 peak.

This may be rationalised as a consequence of two sets of interactions: (1) the
magnitude of charge-transfer from anion to cation, and (2) the inductive effect
of the aliphatic chain. Subsequently, for high basicity anions, such as CI’, a
large degree of charge-transfer occurs from anion to cation, as such the
cationic nitrogen is more electron-rich and the inductive effect of the alkyl
chain is minimised, hence the Caipnaiic 1S binding energy remains effectively
constant. In contrast, for low-basicity anions, such as [NTf,]" charge-transfer
from anion to cation is minimal; thus, the cationic nitrogen is more electron-

poor causing a larger inductive influence of the alkyl chain, which results in an
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observable shift in Caiphaic binding energy. A schematic illustrating the
anionic influence on these two different contributions is provided in Figure
5.3.

©

Cl

maximum charge transfer

©
[NTT,]

minimal charge transfer

\N /\ﬁ /\/\/\/\
\ / « maximum inductive effect

Figure 5.3. Schematic illustrating the influence of the anion on the magnitude of charge-
transfer from anion to cation (blue arrow) and inductive effect (black arrow) for a high basicity

anion (top structure) and a low basicity anion (bottom structure).

Here, the influence of cation functionalisation on both sets of interactions is
investigated. A series of ionic liquids comprising a variety of cationic head-
groups, and containing either polyether or perfluorinated functionalities, were
investigated by XPS with comparison made to their non-functionalised
analogues. The [NTf,] anion was chosen for analysis as it does not participate
in significant charge-transfer from anion to cation; consequently, the inductive
effect of the aliphatic chain is most significant for this anion. As such it is
proposed that disruption to the inductive contribution via cation
functionalisation may impact charge-transfer from anion to cation to a greater
degree, which would be reflected in the binding energy of the anionic

components.
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5.2.1 Purity and Synthesis

The functionalised ILs in this study were synthesised in a similar manner to
their non-functionalised analogues i.e. N-alkylation of a nitrogen base (1-
methylimidazole, 1-methylpyrrolidine or triethylamine) with a functionalised
alkyl halide (1-bromo-2-(2-ethoxyethoxy)ethane or 1-iodo-1H,1H,2H,2H-
perfluorooctane) followed by anion metathesis, see Chapter 2 Section 2.3.
Interestingly, the expected product for N-alkylation between triethylamine with
1-iodo-1H,1H,2H,2H-perfluorooctane could not be isolated. Instead *H and
3C NMR analysis on the white solid recovered from the reaction mixture
indicated the formation of the protic salt, [HN22]l, see Figure 5.4. This was
further supported by the lack of any signal in the recorded °F NMR spectrum.
Similarly, for the reaction between 1-methylpyrrolidine and 1-iodo-
1H,1H,2H,2H-perfluorooctane the expected N-alkylation product was not

recovered due to formation of the analogous protic salt, [HC,Pyrr]l.
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Figure 5.4. 'H NMR (a) and *C NMR (b) of product ([HN,,,]l) isolated from reaction
between triethylamine and 1-iodo-1H,1H,2H,2H-perfluorooctane recorded at frequencies of
300 MHz and 75.5 MHz respectively in chloroform-d. The signals at chemical shifts 1.81 and
7.27 ppm in the *H NMR spectrum are assigned to water and chloroform respectively.
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This is consistent with previous reports in the literature on the propensity of
fluoroalkyl iodides with a -CH,CH,— spacer to undergo elimination reactions,
rather than Sn2 substitution, in the presence of bases such as potassium
hydroxide, sodium methoxide and various alkylamines;®' a schematic

illustrating this process is provided in Figure 5.5.

H H F F F F F F R F F F F F
heat
(‘\ F — 3 [HNEt]l —+ \ F
~ C
F F
<H H F F F F E F F F F F

*NEt3

Figure 5.5. Elimination reaction that occurs between triethylamine and 1-iodo-1H,1H,2H,2H-

perfluorooctane to form the protic elimination salt [HN,,,]l.

When 1-methylimidazole is used as the nucleophile the dominant process is
Sn2, rather than elimination, to form the expected perfluoro-functionalised
ionic liquid, [(F13H4Cg)C1Im][NTf;]. This difference in reactivity can be
attributed to the basicity for each nucleophile. The pK,y values for
triethylamine and 1-methylpyrrolidine are 10.7 and 10.6 respectively.®* * In
comparison, 1-methylimidazole has a lower pKay of 7.1,% thus is considerably
less basic, and favours the Sn2 pathway over elimination. This is supported by
reports of functionalisation with perfluorinated alkyl chains using similarly

soft bases such as phosphines (PEts, pKan = 8.7) via the Sy2 reaction.® ¢

Consequently, in this investigation comparison was made between the non-
functionalised IL and its polyether and perfluorinated analogues for the
imidazolium cationic head group only. In the case of the ammonium and
pyrrolidinium ILs comparison was restricted to the non-functionalised and

polyether functionalised equivalents.

XP survey and high resolution scans using the Al Ko source were used to
establish elemental composition and purity for each IL presented in this study.
It was seen that all expected elements are present and the stoichiometry within
the experimental error, see Table 5.1 and Appendix C. For each IL there was
no evidence for the presence of silicon-based contaminants, metal based

cations and/or halides that may be carried over from IL synthesis.
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5.2.2 C 1s Region

In Chapter 3, Section 3.2.3 the importance of developing fitting models that
deconstruct the different electronic environments for the carbon region was
described. Clearly, the introduction of additional functionality into the alkyl
side chain will increase the complexity of the carbon photoelectron emission
envelope. Consequently, an appropriate fitting model must be developed for
each functionalised IL to describe the influence of functionality on the various

carbon electronic environments.

Here, carbon fitting models developed for each cationic head group studied,
i.e. imidazolium, pyrrolidinium and ammonium, are described with

comparison made between the various functionalities.
5.2.2.1 Imidazolium-based ILs

Fitting models for the C 1s region of non-functionalised imidazolium-based
ionic liquids of the type [C,CiIm][X] have been extensively reported in the

28, 37, 39-41

literature. Two different models, named after the groups who

developed them, have been proposed: (1) the Licence model (used in this

investigation) and (2) the Maier model.*?

The development of two different models is a consequence of the different
XPS instruments employed by both groups. The Kratos set-up utilised by the
Licence group (and consequently used in this work) consists of a
monochromated Al Ka source with an energy resolution of 0.55 eV (FWHM
for Ag 3ds;2). In comparison, for the non-monochromated set-up utilised by
Maier and co-workers a particular line width is not given, but an overall energy
resolution of 0.9 eV is reported.*? Consequently, due to the improved energy
resolution of the set-up utilised by Licence and co-workers the resultant C 1s

spectra can be deconstructed to a greater extent.

Component fitting, using the Licence model,? * for the C 1s spectra obtained
for [CgCiIm][NTf,] is shown in Figure 5.6a. The peak at ~ 293 eV
corresponds to carbon from the [NTf,]" anion, and the two partially resolved

peaks in the binding energy range 284 — 288 eV correspond to cationic carbon.
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Five components were used to describe the different carbon environments
contained in [CgCiIm][NTf,]. The peak at ~285.0 eV is fitted with one
component (Caiphatic), the peak at ~286 — 288 eV is fitted with three
components (Cg7 ; C45 ; Cy) and the peak at ~293 eV is fitted with one

component CFs.

Analysis of the chemical structure is used to determine the order of binding
energy for the components Cy; Cus; Ce7; and Caiipnaic.  C2 occurs at highest
binding energy as it is positioned between two electron-withdrawing nitrogen
atoms. This is followed by the C45 component, in which the carbon atoms are
directly bound to one nitrogen atom. C,s5 is expected to occur at higher
binding energy relative to Cg; as the C,5 carbon atoms are part of the
positively charged imidazolium ring. Caiphaiic €Xhibits the lowest binding

energy as the carbons contributing to this component are essentially aliphatic.

To obtain a satisfactory fit that accurately describes the electronic environment
appropriate parameter constraints were implemented. This consists of
constraining component areas to their nominal stoichiometry. For
[CsC1Im][NTT,] it is expected that the component ratio of CF3: C, : Cy45: Cs7:
Caliphatic would be 2 : 1 : 2 :2:7. However, it is necessary to account for
intensity losses due to shake-up/shake-off phenomena in atoms involved in
conjugated bonding, in this example the C, and C4 5 environments.

Shake-up is a consequence of excitation of a valence electron from a = orbital
to an unoccupied 7 orbital after photoelectron emission. Consequently, the
kinetic energy of the emitted photoelectron is lowered, and it does not
contribute to the main photoelectron line, but rather forms a satellite peak at
higher binding energy.*® Similarly, in shake-off valence electrons are ionised,
i.e. excited into the continuum state. No apparent signal is observed in the
case of shake-off as the energy for this transition is disperse, subsequently the
emitted photoelectron loses most of its kinetic energy and contributes to the
inelastic baseline. Shake-up and shake-off collectively lead to a 20 % loss in

intensity of the main photoelectron line.3" 3
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Taking shake-up/shake-off into consideration, the component area constraints
for CF3: Cy: Cys: Ce7: Caiphatic Were setto 2 : 0.8 : 1.6 : 2 : 7. Additionally,
the FWHM for C,, C45 and Cg7 were set to be equal (and constrained to be
between 0.8 and 1.3 eV). The FWHM for Caiphaiic 1S separately constrained as
it has been shown to produce a broader signal.?® * As expected, it is seen
from Figure 5.6a that the fitting envelope (red trace) demonstrates excellent

agreement to the experimental spectra (black dots) for [CsC1Im][NTf].

In Figure 5.6b it is seen that the C 1s peak lineshape alters significantly with
polyether-functionalisation for the compound [Et(PEG);MIM][NTf,] in
comparison to the non-functionalised [CgCiIm][NTf,].  Therefore, an
appropriate fitting model for [Et(PEG),MIm][NTf,] was developed. Previous
studies on polyether-functionalised ILs have shown that the binding energy for
a carbon atom bound to oxygen is very similar to a carbon atom in a C-N
bond.>* #- 4% Using this assumption, the carbon atoms of the polyether chain
directly bound to oxygen (Cs, Cio, C11 and Cy3) were considered to be in a
similar electronic environment to the carbon atoms bound to nitrogen outside
the imidazolium ring (Cs and Cy) (see Figure 5.6b) with the single remaining
carbon (Cy4) of the chain considered as essentially aliphatic. Each peak was
fitted with the same number of components as for [CgCiIm][NTf,], i.e. one
component for the peak at ~ 285.0 eV; three components for the peak at 286 —
288 eV; and one component for the peak at ~293 eV. However, changes to the
nominal stoichiometry of each component were accounted for such that CF; :
Co 1 Cu5 1 Co781011,13 : Craatiphatico Was set to 2 : 0.8 : 1.6 : 6 : 1. FWHM
constraints were applied in a similar fashion as for [CgC;Im][NTf,;]. From
Figure 5.6b it is seen that the fitting envelope (red trace) demonstrates
excellent agreement to the experimental spectra (black dots), highlighting the

validity of this fitting model.
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Figure 5.6. C 1s spectra with colour-coded component fittings; fitting envelope (red); counts
(black dots); and corresponding structures for (a) [CgC.Im][NTT,] (b) [Et(PEG),MIM][NTf,]

and (c) [(FisHsCe)C1IMI[NTF].

Charge correction achieved by referencing the S 2pip»

component to 169.0 eV (value obtained from [CgC.Im][NTf,] where prior charge correction

achieved by referencing Cajiphaic 15 t0 285.0 eV).

On functionalisation with a perfluorinated chain further complexity in the

carbon photoelectron emission envelope is seen, Figure 5.6¢. Here it is seen

that the peak corresponding to anionic carbon of the [NTf,] ion is co-incident
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with a broader photoelectron emission envelope between 290 — 295 eV due to

the various fluorinated carbon environments contained in the cation.

A possible fitting model for [(F13H4Cg)C1Im][NTf,] was developed, with the
structure in Figure 5.6¢ showing the different carbon environments that are
proposed. It is suggested that the Cg carbon atom is in a similar electronic
environment to the Cg 7 carbon atoms, which implies the electron-withdrawing
influence of the neighbouring perfluorinated chain on Cg is similar in
magnitude to that of the positively-charged imidazolium ring for Cg7. The
remaining carbons of the perfluorinated chain are split into two components Cg
and Cyo.14. The Cg environment is positioned at higher binding energy relative
to Cio.14 due to its closer proximity to the positively-charged imidazolium ring.
From Figure 5.6¢ it is seen that the fitting envelope (red trace) demonstrates
good agreement to the experimental spectra (black dots) indicating this to be a
plausible fitting model to describe [(F13H4Cg)C1Im][NTF,].

5.2.2.2 Pyrrolidinium-based ILs

The C 1s fitting model for non-functionalised pyrrolidinium-based ionic
liquids has been previously described in Chapter 3 Section 3.2.3. For the
purposes of this section a brief review is provided. For the ionic liquid
[CsC1Pyrr][NTT,] the C 1s envelope is fitted with four components: the peak
at ~293 eV is fitted with one component corresponding to anionic carbon in the
[NTf,] ion; and the two partially resolved peaks in the energy range 284 -288
eV are fitted with three components corresponding to the different cationic
carbon environments. The order in binding energy of the cationic components
is rationalised as follows, the carbon directly bound to the nitrogen (Chetero) 1S
expected to have the highest binding energy as it will experience a stronger
electron-withdrawing effect of the cation core. The next carbon along the
chain (Ciner) experiences this to a lesser degree and is consequently lower in
binding energy. The remaining carbon environment is considered essentially
aliphatic and exhibits the lowest binding energy. Component areas are
constrained to their nominal stoichiometry, i.e. CF3 : Chetero : Cinter : Caliphatic
equatesto 2:4:3:6. The FWHM for Chetero and Cineer are set to be equal (and
constrained to be between 0.8 and 1.3 eV), and the FWHM for Cgjiphatic Set to
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be 1.1 times larger than for Cpewero. Figure 5.7a shows excellent agreement
between the experimental spectra (black dots) and the fitting envelope (red

trace) as previously described in the literature.?*
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Figure 5.7. C 1s spectra with colour-coded component fittings; fitting envelope (red); counts
(black dots); and corresponding structures for (a) [CgCiPyrr][NTf,] and (b)
[Et(PEG),MPyrr][NTf,]. Charge correction achieved by referencing the S 2ps, component to
169.0 eV (value obtained from [CgC,Pyrr][NTf,] where prior charge correction achieved by
referencing Cajiphatic 15 to 285.0 eV).

As seen previously with imidazolium-based ILs, polyether functionalisation
resulted in a significant change to the measured C 1s spectrum in the region
284 -288 eV, see Figure 5.7b. The assumption that carbon bound to oxygen
has a similar binding energy to carbon bound to nitrogen was also applied.
Accordingly, the carbon atoms directly bound to oxygen in the polyether chain
(Cs, C1o, C11 and Cy3) were considered to be equivalent to the carbon atoms
bound to the nitrogen cationic core (C,, Cs, Cg and Cy), collectively forming

the Chetero COMpoNenNt.
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Interestingly, the best fit was obtained if the Cy4 carbon atom was fit as a
separate component, and considered as essentially aliphatic, rather than
considering it to be similar to the Cs,4 (Ciner) €nvironment. This implies that
the electron-withdrawing influence of an oxygen atom on a carbon atom in the
B-position (relative to oxygen) is weaker than the equivalent situation in which
the oxygen is replaced by a positively-charged nitrogen cationic core.
Subsequently, the component areas for CF3 : Chetero : Cinter : Caliphatic Were set to
2:8:2:1.

5.2.2.3 Ammonium-based ILs

As mentioned in Chapter 3 Section 3.2.3 the fitting model used for non-
functionalised pyrrolidinium ionic liquids was also applied to their
tetraalkylammonium analogues. For the ionic liquid [N222g][NTf,] the only
changes to the model were the appropriate modifications to the component
areas to describe the different carbon environments contained in the cation. As
such the component areas for CF3 : Chetero : Cinter © Caliphatic Were constrained to 2
4 : 46 as shown by the structure in Figure 5.8a.

Additionally, due to the similarity in structure for pyrrolidinium and
ammonium ILs only slight modifications to the model for polyether-
functionalised pyrrolidinium ionic liquids were needed to describe the C 1s
region for [Nz Eweec2)][NTF2]. Here the [N222 Ewrec2)][NTf2] component
areas for CF3 : Chetero : Cinter : Caliphatic Were setto 2 : 8 : 3 : 1, see Figure 5.8b.
It was again seen that the best fit was achieved by setting the Co carbon

environment as a separate component, Cajiphatic.
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Figure 5.8. C 1s spectra with colour-coded component fittings; fitting envelope (red); counts
(black dots); and corresponding structures for (&) [N222s][NTT,] and (b) [N222 Eupeczy] INTT2].
Charge correction achieved by referencing the S 2ps, component to 169.0 eV (value obtained
from [N, s][NTf,] where prior charge correction was achieved by referencing Caiphaic 1S t0
285.0eV).

5.2.3 Binding Energy Analysis

To determine if functionalisation of the alkyl chain does indeed influence the
degree of charge transferred from anion to cation, a comparison of binding
energies for the functionalised ILs versus their non-functionalised analogues
was made. To enable reliable comparison between compounds an appropriate

charge-referencing procedure must be used.

Relatively ~ simple  non-functionalised  ILs, ie.  [CgCiIm][NTf;],
[CsC1Pyrr][NTf,] and [N2228][NTf,], can be charge referenced directly using
an established internal reference method of setting the observed Caiphatic 1S

component to 285.0 eV, as described in Chapter 3 Section 3.2.2.2% However,
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from the C 1s spectra described in Section 5.2.2, it is clear this method is
inappropriate for use in the case of compounds which do not contain large
aliphatic side chains, i.e. when n < 8, or if the substituent chain contains
substantive functionality which may perturb the electronic contribution.

It has been previously shown, for ionic liquids of the type [C,C1Im][NTf;], that
the binding energy of elements associated with the anion, i.e. F 1s, O 1s, and S
2psz In the case of [NTf,], are insensitive to structural changes in the
periphery of the cation.?® Consequently, these photoelectron emission lines
can be used as an indirect method of charge referencing through extracting
their absolute values from a standard sample, e.g. [CsC1Im][NTf,], which has
been charge-referenced using direct methods (i.e. setting Caiiphatic 1S to 285.0
eV). Considering that perfluorinated and polyether functionalised ionic liquids
contain fluorine and oxygen in multiple environments respectively, the S 2ps,
component was selected for internal charge referencing. Using imidazolium-
based ILs as a representative example this procedure is outlined as follows;
charge referencing of [CgCiIm][NTf;] is achieved by setting Caiiphaiic 1S t0
285.0 eV, and the binding energy for the S 2ps, component is extracted, the S
2ps32 binding energy for [Et(PEG),MIm][NTf,] and [(F13H4Cg)C1IM][NTf,] is
then set equal to that of [CgCiIm][NTf,]. This procedure is also used for
charge-referencing the pyrrolidinium- and ammonium-based ionic liquids,
where [CsC,Pyrr][NTf,] and [N2228][NTT,] are the respective standards. The
measured binding energies for each IL investigated are presented in Table 5.2
(N.B. due to the complexity and variety of carbon contained in the
functionalised side chain, the reported carbon components are limited to those

that contain carbon atoms directly bound to the cationic charge carrier).
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Somewhat surprisingly, the measured binding energy for all components (for
each family of cationic head group) showed remarkable consistency, with all
but two values being within acceptible experimental error (£ 0.1 eV). Thereby
demonstrating the dominance of the anion in setting the electronic nature of the

ionic liquid.

On closer inspection of the imidazolium-based ionic liquids, the only
difference of note is a 0.2 eV shift in the F 1s photoelectron emission peak for
[(F13H4Cg)C1IM][NTf,] when compared to both [CgCiIm][NTf,] and
[Et(PEG),MIm][NTf,]. Figure 5.9 illustrates all regions for the imidazolium-
based ILs investigated. It is seen from the F 1s region that a single broad peak
exists for each IL. In the case of [(F13H4Cg)C1Im][NTf,] this is accompanied
by modest peak broadening (FWHM = 1.70 eV) when compared to both
[CeC1IM][NTS,] (FWHM = 1.65 eV) and [Et(PEG),MIm][NTf,] (FWHM =
1.64 eV). This broadening is consistent with a relative increase in the number
of discrete chemical states of fluorine for [(F13H4Cg)C1Im][NTT,], and is likely
to contribute to the observed shift in binding energy of 0.2 eV.

Furthermore, it can be seen from the O 1s region that a single broad peak is
observed for each IL, with measured binding energies all within experimental
error, see Figure 5.9 and Table 5.2. This data indicates that the oxygen atoms
of the polyether chains in [Et(PEG),MIm][NTf,] are in a similar electronic
environment to the oxygen atoms bound to sulfur in the [NTf,]" anion. This is
also observed for the pyrrolidinium- and ammonium-based analogues

investigated; see Figure 5.10 and Figure 5.11.
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Figure 5.9. XP spectra for [CgC,Im][NTf,] (red trace), [Et(PEG),MIm][NTf,] (blue trace) and

[(F13H4Cg)C1IM][NTS,] (green trace).

Intensities normalised to the intensity of the Ncaion 1S

peak for [CgC.Im][NTTf,], therefore peak areas are representative of the elemental composition

of each compound. Charge correction achieved by referencing the S 2p;;, component to 169.0

eVv.
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Figure 5.10. XP spectra for [CsC,Pyrr][NTf,] (red trace) and [Et(PEG),MPyrr][NTf,] (blue
trace). Intensities normalised to the intensity of the Nguion 1S peak for [CeCiPyrr][NTf,],
therefore peak areas are representative of the elemental composition of each compound.

Charge correction achieved by referencing the S 2ps, component to 169.0 eV.
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Figure 5.11. XP spectra for [N,,,g][NTf,] (red trace) and [Ny 2 erec)n][NTT.] (blue trace).
Intensities normalised to the intensity of the Ngaion 1S peak for [Nz 228][NTT,], therefore peak

areas are representative of the elemental composition of each compound. Charge correction

achieved by referencing the S 2ps, component to 169.0 eV.

For each cationic head group minimal change is seen in the binding energies

for Ncaion 1S and the carbon components directly bound to the cationic core

with increasing functionalisation of the alkyl chain.

Clearly, the inductive
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influence of the peripheral side chain has negligible effect on the cationic head
group. Furthermore, measured binding energies for all anionic components
equally remain consistent. This is indicative that charge-transfer from anion to
cation is also unaffected. Consequently, it can be concluded that by XPS
cation-anion interactions are not greatly influenced by functionalisation of the

alkyl chain as the ionic head groups appear electronically identical.
5.3 Palladium Catalysed Suzuki Cross-Coupling

It has been previously shown that the Suzuki cross-coupling reaction of aryl
halides with boronic acid (Figure 5.12), typically using [Pd(PPhs)s] as a
catalyst, shows an enhanced reaction rate when performed in ionic liquids of
the type [C,C:Im][X] in comparison to traditional molecular solvents.”> This
has been attributed to the in situ formation of an air stable, catalytically active

1,18 20, 4647 Several

palladium-imidazolylidene complex, see Figure 5.
techniques have been used to detect this species in solution including NMR
spectroscopy,®® ESI-MS,** *® and XPS:**  the crystal structure of the
respective complex for a [C,C1Im][BF4]-based catalytic system has also been

successfully achieved.*°

Ar'-Ar ArX
// Pdo\x
Ar-Pd"-Ar Ar-Pd'-x
NaOH
Na[B(OH),]
Ar-Pd"-OH
TH NaX
NaOH — ©
OH Na®

Figure 5.12. Catalytic cycle for Suzuki cross-coupling reaction of an aryl halide with aryl

boronic acid. Ligands that co-ordinate to palladium are omitted for clarity.
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A recent XPS investigation by Men et al. into the formation of the palladium-
imidazolylidene complex in ILs of the type [CsC1Im][X] (where X = [OAc],
CI', [BF4], [OTf]” and [NTf,]) has shown the Pd 3ds,, binding energy of the
palladium complex to be dependent on anion type.”* It is seen that the Pd
binding energy follows the trend [NTf,]” > [OTf] ~ [BF4] > CI' > [OAc]. A
lower binding energy corresponds to an increase in electron density of the
cationic head group, indicating significant charge-transfer from anion to cation,
which results in a more electron-rich Pd centre; this is seen for high basicity
anions such as CI" and [OAc]". However, the reverse is true for low basicity
anions such as [NTf,]", which do not transfer a significant amount of charge to
the cationic head group; consequently, the Pd centre is more electron deficient
in comparison. Due to the difference in catalytic performance between
[Pd(PPhs3)4] and the palladium-imidazolylidene complex generated in a [BF4]
based ionic liquid, it was proposed that a more electron poor palladium centre

would be more catalytically active.?

Subsequently, the authors investigated the impact of anion basicity on tuning
the catalytic reaction; whereby, *H NMR was used to determine the TOF for
systems comprising the [CgCiIm]* cation coupled with anions of varying
basicity. A correlation between Pd 3ds/,; binding energy and TOF was indeed
observed, in which the least basic [CgCiIm][NTf,] exhibited the highest
reaction rate (and Pd binding energy), followed by [CgCiIm][BF4]
(intermediate  basicity) and then [CsCilm][OAc] (highest basicity).??
Therefore, reaction rate appears dependent on the basicity of the ionic liquid

anion, and hence the electronic environment of the IL.

In this section it is investigated whether the reaction rate for this system can be
improved further through the cation of the ionic liquid. From Section 5.2.3 it
is apparent that structural modification to the alkyl side chain of the cation
appears to have minimal impact on the electronic environment of the ionic
liquid, however in the case of polyether functionalised ionic liquids the oxygen
atoms of the polyether side chain could provide chelation sites which may
influence the catalytic activity of the Pd centre of the palladium-

imidazolylidene complex.
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5.3.1 Influence of the Cation on Reaction Rate

The palladium catalysed Suzuki cross-coupling of bromobenzene and
phenylboronic acid, see Figure 5.13, was performed in both [CsC1Im][NTf;]
and [Et(PEG),MIm][NTf,] using the procedure described by Men et al.? to
determine their respective TOFs from *H NMR spectroscopy, and is described
in Chapter 2 Section 2.3.9.1.

[Pd(PPhs),] (0.1 mol %)

HO\ /OH
Br B
IL (2 ml), H,O (3 ml)

NaCl (0.67 mmol)
Na,COj3 (0.78 mmol)
110 °C, 10 mins

Figure 5.13. Reaction scheme for Suzuki cross-coupling of bromobenzene and phenylboronic

acid.

Conversion was obtained from *H NMR through integration of the peak
corresponding to the protons ortho to the —B(OH), group in phenylboronic
acid, as their chemical shift (64 ~ 8.3 ppm) is well separated from the other
proton environments of the reaction mixture which resonate further upfield.
For each IL used, a well-defined peak corresponding to the IL was chosen as
an internal standard to enable quantification of phenylboronic acid conversion.
Additionally, it is assumed that no side-reactions occurred during the reaction,
and that starting materials are only converted to the desired product. NMR
analysis indicates this assumption is valid as all peaks can be assigned to
starting material, product or solvent. TOF can then be determined using the

following equation:

mol of starting material converted
mol of catalyst X time

TOF = 5.1

5.3.1.1 [CgC1IM][NTT,] versus [Et(PEG),MIm][NTf,]

Interestingly, a distinct series of colour changes occurred during the reaction
for [CgC1Im][NTT,] and [Et(PEG),MIm][NTf,]. The reaction mixture for the
non-functionalised [CgC1Im][NTf,] remained pale yellow throughout;
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however, in the case of the polyether functionalised [Et(PEG),MIM][NTf,] the
reaction mixture turned black after five minutes. On analysis of the respective
TOFs for each system, see Table 5.3, it is seen that a high catalytic activity is
not only retained, but also shows a modest increase for the polyether
functionalised system with a TOF = 4971 h™ in comparison to [CsC1Im][NTf]
(TOF = 4709 h™h).

Table 5.3. Turnover frequencies (reported as an average of three separate reactions) for
Suzuki cross-coupling of bromobenzene and phenylboronic acid in various ionic liquid

solvents and determined from conversion of phenylboronic acid via*H NMR.

lonic Liquid TOF / h! (error %)
[CoCoIM][NTF] 4709 (% 2 %)
[Et(PEG),MIM][NTF] 4971 (2 1 %)
[CsC1Pyr[NTH] 4007 (+ 1 %)
[Et(PEG),MPyrf][NT,] 4939 (+ 1 %)

Stabilisation of palladium nanoparticles (Pd-NPs) by various nitrile-
functionalised ionic liquids has previously been seen;***° therefore, it is
possible that the observed increase in catalytic activity using
[Et(PEG),MIm][NTf,] as the solvent is from the formation of Pd-NPs, which
are stabilised by the ether linkages contained in the peripheral side chain of the
cation. Earlier work by Yang et al. has also indicated an increase in product
yield for Suzuki cross-coupling reactions run in ether-functionalised ILs,

however until now the nature of the palladium catalysts has been unclear.™

Subsequently, this was investigated further using transmission electron
microscopy (TEM) to determine the presence of nanoparticles in both the non-
functionalised and the polyether functionalised systems. In each case the
reaction was quenched after five minutes and a small sample removed for

analysis.
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Figure 5.14. TEM micrographs showing palladium nanoparticles extracted from the
[Et(PEG),MIm][NTf,] Suzuki cross-coupling reaction mixture. The images were taken after
an exposure time of 10 s (upper image) and 300 s (lower image) to the electron beam. It
should be noted that although the sample shifts under the electron beam the size and number of

nanoparticles does not show a significant increase.

An abundance of Pd-NPs is indeed observed in the [Et(PEG),MIM][NTf;]
Suzuki cross-coupling reaction mixture. It was seen that the sample was stable
to electron beam exposure at 200 kV as there was no evidence of growth in
size or number of nanoparticles as a function of exposure time, see Figure
5.14.

The nanoparticles display a uniform size distribution between 3 — 4 nm, and an
interplanar spacing of 0.242 nm is clearly seen at high magnification (as

labelled in Figure 5.15) which is consistent with Pd (111) planes.
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Figure 5.15. TEM micrographs showing palladium nanoparticles in the
[Et(PEG),MIm][NTf,] Suzuki cross-coupling reaction mixture, an interplanar spacing of 0.242

nm is observed and is consistent with Pd (111) planes.

TEM analysis of the [CgC1Im][NTT,] Suzuki cross-coupling reaction mixture
exhibited considerably fewer nanoparticles. A region of small, irregular
shaped nanoparticles were observed as highlighted in Figure 5.16. However,
these were only visible after a few minutes of exposure to the electron beam;
additionally, the number of nanoparticles was seen to increase with further
beam exposure. It is thought that these nanoparticles are formed from beam
damage, i.e. reduction of the palladium-imidazolylidene complex via the high

energy electron beam, and are consequently not present in the reaction mixture.
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Figure 5.16. TEM micrograph of the [CgC;Im][NTf,] Suzuki cross-coupling reaction mixture.

A region of small, irregular shaped nanoparticles is highlighted within the white circle.

In accordance with literature reports it is apparent that Suzuki cross-coupling
in the non-functionalised ionic liquid, [CgC1Im][NTf,], is not likely to be
mediated  through  nanoparticular  catalysis. In contrast, for
[Et(PEG),MIm][NTf,] there is clear evidence of nanoparticle formation;
however, it is not clear whether catalysis is enhanced via palladium
nanoparticles, the respective palladium-imidazolylidene complex or both.
Consequently, XPS and ESI-MS were used to determine if the palladium-
imidazolylidene complex can indeed form under Suzuki cross-coupling
conditions when using [Et(PEG),MIm][NTf,] as the solvent.

The detection limits for XPS analysis are generally around 0.1 atomic % for
survey scans and 0.01 % for high resolution scans, although this value can vary
for different elements. In a typical catalytic reaction the concentration of
palladium is too low for detection by XPS. This is exemplified by the Suzuki
cross-coupling conditions described in Section 5.3.1; when using
[CsC1IM][NTH,] as the ionic liquid solvent in this system the Pd concentration
is ~ 3.2 x 10 atomic %. Consequently, for XPS analysis a “model” Suzuki
system, in which the palladium concentration is ~ 0.1 atomic %, was used to

prepare the palladium containing IL solutions, as previously described in the
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literature.”* This involved heating a mixture of NaCl (12 mg, 0.21 mmol),
bromobenzene (13.1 pl, 0.125 mmol), [Pd(PPhs)4] (24 mg, 0.021 mmol) and
Na,CO3 (26 mg, 0.25 mmol) in the appropriate ionic liquid (0.25 ml) and water
(3 ml) at 110 °C for 3 hours — see Chapter 2 Section 2.3.9 for full details. It
should be noted that phenylboronic acid was not added to ensure the reaction

did not turn over.

Interestingly, for both [CgCiIm][NTf,] and [Et(PEG),MIm][NTf,] a pale
yellow solution is formed in each case, which remained stable to heating at 110
°C, with no observable change in colour or indication of nanoparticle
formation. The Pd 3d high resolution scan for each ionic liquid solution is
presented in Figure 5.17. It is seen that the Pd 3d peak is split into a doublet
due to spin-orbit coupling with an area ratio of 2 : 3 (3d3, : 3ds;) where ABE
(Pd 3ds;, — Pd3ds;;) = 5.3 eV for each ionic liquid in accordance with the
literature.’>  The measured Pd 3ds, binding energies are within the
experimental error with values of 338.6 eV and 338.7 eV for the
[CsCiIM][NTS,] and [Et(PEG),MIM][NTf,] solutions respectively. This is
consistent with the Pd 3ds,, binding energy for palladium in the +2 oxidation
state, and more specifically with the palladium-imidazolylidene complex.?
Additionally, there is no evidence in either sample for palladium present in the
(0) oxidation state, which would occur at a lower binding energy of ~ 336 eV.
XP spectra for the other elemental regions of the Pd-containing solutions were
also found to be identical to those obtained for the corresponding pure IL
samples (see Appendix C), indicating that the Pd solute does not affect the

electronic environment of the bulk ionic liquid in either case.
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- [CoCyIm][NTH,]

Intensity / a.u.

| [Et(PEG),MIM][NTF,]

346 344 342 340 338 336
Binding Energy / eV

Figure 5.17. Pd 3d spectra for palladium-containing ionic liquid solutions formed in
[CsC1IM][NTS,] (red trace) and [Et(PEG),MIm][NTf,] (blue trace). Spectra charge corrected
by referencing S 2pz, to 169.0 eV and normalised to intensity of the F 1s peak for
[CsCiIM][NTS,]. Dashed lines represent the binding energies of Pd 3ds, and Pd 3ds;,
components for the [CgCiIm][NTf,] palladium-containing solution to provide visual guide

lines.

ESI-MS was also used to confirm the formation of the palladium-
imidazolylidene complex for both [CgC1Im][NTf,] and [Et(PEG),MIm][NTf;].
In each instance excellent agreement is seen between the measured spectra and
the theoretical isotope pattern; see Figure 5.18 and Figure 5.19.
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Figure 5.18. Measured and theoretical ESI-MS spectra for the palladium-imidazolylidene
complex formed in [CgC{IM][NTT,].
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Figure 5.19. Measured and theoretical ESI-MS spectra for the palladium-imidazolylidene
complex formed in [Et(PEG),MIm][NTT,].

Consequently, it can be seen for both [CgCiIm][NTf,] and
[Et(PEG),MIm][NTf,] that the palladium-imidazolylidene complex does
indeed form in each case, in the absence of the phenylboronic acid starting
material, and remains stable for extended periods of time under heating and
vacuum conditions. However, in the presence of phenylboronic acid and with
subsequent reaction turn-over, nanoparticle formation is observed for
[Et(PEG),MIm][NTf;] only. This suggests an in situ reduction of the
palladium-imidazolylidene complex to palladium nanoparticles for
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[Et(PEG),MIm][NTf,], which is attributed to Pd-NP stabilisation via the ether
linkages of the alkyl chain.

5.3.1.2 Comparison to Pyrrolidinium ILs

In the previous section it is suggested that functionalising the cation can
influence the nature of catalysis, i.e. in the case of simple, non-functionalised
imidazolium ILs molecular catalysis dominates, whereas for polyether-
functionalised ILs nanoparticle-mediated catalysis occurs. To investigate this
further, two control reactions were carried out using an alternative pair of non-
functionalised and polyether-functionalised ILs, this time based on
pyrrolidinium charge carriers, ie. [CsC1Pyrr][NTH;] and
[Et(PEG),MPyrr][NTf,]. Through using a pyrrolidinium charge carrier, which
cannot form carbenes, the formation of a complex equivalent to the palladium-
imidazolylidene complex is not possible; thus, elucidating further information

on the influence of polyether chains on catalysis.

The observed TOF for the Suzuki cross-coupling reaction in the ionic liquid
[CsCiPyrr][NTf,] exhibits a dramatic decrease to 4007 h™ (Table 5.3),
confirming that the presence of either an imidazolium moiety or polyether

functionality is necessary for an increased catalytic rate.

For the ionic liquid [Et(PEG),MPyrr][NTf,], however, there is the potential for
nanoparticle stabilisation through the polyether functionality, and a noticeable
formation of a black solution was observed as the reaction proceeded
indicating the presence of Pd-NPs. The high TOF for this system reflects this
with a value of 4939 h™ (Table 5.3), and is comparable in value to the
analogous polyether-functionalised imidazolium-based ionic liquid system.
Additionally, a most striking comparison is made between
[Et(PEG),MPyrr][NTf,] and [CgC1Im][NTTf;] as similar TOFs are obtained in
each case (Table 5.3). This indicates that it is not a synergistic effect between
the imidazolium-head group and a polyether chain which increases catalytic
activity, i.e. either an imidazolium head group or a polyether chain is necessary
for a higher catalytic activity; however, both together do not lead to a

significant improvement. This result is strongly indicative that Pd-NPs are
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formed and stabilised in polyether-functionalised ionic liquids during the
course of the Suzuki reaction and contribute to the increased TOFs that are

observed.

In summary, it has been observed that changing the structure of an IL can
change the nature of the palladium catalytic species, which is determined by
the functionality within the cation. For a simple non-functionalised
imidazolium ionic liquid, [CsC1Im][NTT,], a molecular palladium catalyst is
formed and the reaction proceeds at high TOF. The introduction of polyether
functionality in the IL also gives rise to a catalytically active solution;
however, it is proposed that the catalyst is nanoparticular. Careful insight into
the nature of the ionic liquid, and specifically the interaction that it may have
with a catalytic (or pre-catalytic) solute can clearly offer a degree of control
that should be considered in the design of reactive systems involving ionic

liquids.
5.4 Conclusions

In this Chapter XPS has been used to investigate a variety of functionalised
ILs with comparison made to their non-functionalised analogues. All
compounds were synthesised to high purity and robust C 1s peak fitting
models for the functionalised ionic liquids were developed. The subsequent
comparison of the different C 1s electronic environments, with pre-existing
models for the non-functionalised ILs, highlighted the influence of increasing
functionalisation on the complexity of the C 1s photoelectron emission

envelope.

Additionally, it was observed that functionalisation of the cation alkyl side
chain with polyether and perfluorinated groups had negligible impact on the
degree of charge transferred from anion to cation. Therefore, disruption to the
inductive influence of the alkyl side chain by the inclusion of electron-
withdrawing groups appears to have minimal impact on cation-anion
interactions; consequently, the electronic environment of the charge-bearing

head groups appear identical for each cationic family of ionic liquids.
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The introduction of functionalisation into the cationic structure of ILs
employed as solvents in the palladium catalysed Suzuki cross-coupling was
also examined. A moderate increase in TOF was observed for polyether
functionalised ILs, in comparison to an established system utilising
[CsC1IM][NTH,] as the solvent (in which catalytic activity is associated with a
palladium-imidazolylidene complex). The measured increase in reaction
productivity was linked to the nature, and type of catalytic species present in
solution i.e. the formation and stabilisation of Pd-NPS in polyether
functionalised ILs. This highlights the implications of cation structure on the
catalytic species formed, and that indeed the nature of catalysis can even be
changed, via the cation, from molecular to nanoparticular catalysis in this
system. As such this work demonstrates the ability to tune ionic liquids in
order to dramatically alter and improve their role within catalytic systems, and

presents a step towards designer catalysis.
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6. Concluding Remarks

The influence of changing the anion on cation-anion interactions, structural
organisation and physicochemical properties of ionic liquids (ILs) is
extensively reported within the literature. The cationic influence, however, is
considerably less understood, with the majority of investigations focused on
the ubiquitous 1-3-dialkylimidazolium cation. This Thesis directly addresses
this gap in knowledge through utilising X-ray Photoelectron Spectroscopy
(XPS) to gather vital information on how cation structure can influence
fundamental interactions within IL systems. Additionally, an example of how
seemingly subtle changes to cation structure can significantly influence IL-

metal based catalysis has been provided.

It IS, perhaps, paradoxical that  tetraalkylammonium and
tetraalkylphosphonium ILs receive less interest from the scientific community,
in comparison to imidazolium-based ILs, and yet experience extensive
industrial use. As such this Thesis is an important expansion to these classes
of ILs, and provides a step towards understanding structure-property
relationships between these particular compounds. Fundamental investigations
into the electronic  environment of tetraalkylammonium  and
tetraalkylphosphonium ILs have revealed subtle cationic effects on cation-
anion interactions. Whereby, for cations containing long alkyl chains, the
cation core (i.e. ammonium versus phosphonium) has minimal effect on the
electronic environment of the anion, due to a proposed hydrocarbon shielding
effect. However, for cations containing shorter alkyl chain lengths, or
conformational restriction, hydrocarbon shielding is diminished; consequently,
the role of charge carrier can be seen, whereby charge-transfer from anion to

cation is more pronounced for the more charge dense ammonium cation.

In order to understand surface-based applications of ILs it is crucial to first
understand their surface structure, with the ultimate goal of developing design
rules such that the structure for any given IL can be predicted. Currently, the
accepted design rules that describe the IL/vacuum interface are limited to

imidazolium-based ILs. The work described in this Thesis sets the foundations
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for developing design rules that accurately describe the surface structure for
ILs consisting of tetraalkylammonium and tetraalkylphosphonium cations. For
the first time a high energy, laboratory-based X-ray source (Ag La’) has been
used to conduct depth profiling investigations using Energy-resolved XPS
(ERXPS); which, in combination with traditional Angle-resolved XPS
(ARXPS) studies, supports the concept of hydrocarbon based shielding of the
cationic core for quaternary ammonium and phosphonium cations containing

long alkyl chains.

Consequently, the added value of the Ag Lo’ source has clearly been
demonstrated through its convenience and accessibility in providing a
complementary depth profiling technique which yields detailed information on
differences between the bulk and surface structure. Limitations to this
technique, however, have been recognised; firstly, the reduced intensity of the
Ag Lo’ line (in comparison to Al Ka) requires longer acquisition times
promoting an increased risk of sample damage. Secondly, depth profiling is
restricted to compounds containing elements with high energy (BE > 1400 eV)
photoelectron emissions (e.g. in this work, S 1s, P 1s and Cl 1s); as such,
information regarding many commonly used cations and anions (e.g.
[C.C1Im]*, [CiC1Pyrr]", [NrrRr&]IT and [BF,]) is unattainable.

In addition to the effect of changing the cationic core, the influence of cation
functionalisation was also investigated with a view to enable fine-tuning of
cation-anion interactions via electron-withdrawing substituents embedded
within the alkyl side chain. Binding energy analysis from XPS indicated that
cation functionalisation with perfluorinated and polyether chains had minimal
influence on charge-transfer from anion to cation, and the electronic
environment of the ionic head groups remains identical to their non-
functionalised analogues. Despite this, cation functionalisation has a clear and
significant effect on the palladium catalysed Suzuki cross-coupling reaction; in
which the nature of catalysis can be changed via cation functionalisation with a
polyether chain.  This highlights the highly complex (and sometimes
unpredictable) nature of IL-transition metal systems, and provides a step

190



Chapter 6. Concluding Remarks

towards fully understanding the structure-property relationships of ILs to

enable the development of wholly tuneable systems.

In summary, this Thesis provides new insight to the field of lonic Liquids by
investigating the influence of cation structure in the areas of cation-anion
interactions, structural organisation and catalysis; and consequently provides
valuable information on the often overlooked tetraalkylammonium and

tetraalkylphosphonium cations.
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Appendix A: XP Spectra for Chapter 3

Survey and fitted high resolution spectra for neat ammonium-, phosphonium- ,
and pyrrolidinium-based ionic liquids studied in Chapter 3 using the Al Ka X-
ray source are presented in Figures Al.1 — Al1.9, Figures A2.1 — A2.9 and
Figures A3.1 — A3.3 respectively.

C 1s high resolution spectra were fitted according to the models described
within Chapter 3. Cl 2p, P 2p and S 2p high resolution spectra were fitted
taking into account spin-orbit coupling; whereby the area ratio of 2p1:2psp
components are set to 1:2. The O 1s and S 2p high resolution spectra for ionic
liquids containing the [OTf] and [NTf,] anion are affected by shake up/off
phenomena and a 4 % intensity loss (per oxygen/sulfur atom involved in
double bonding) was taken into account when calculating atomic percentages

for these elements.

For ILs containing a long aliphatic chain (n > 8) spectra are charge corrected
using an established internal reference method of setting the Caiphatic 1S
component to 285.0 eV. For ILs comprising short aliphatic chains (n < 8) an
indirect means of charge correction is applied; in which, spectra are charge
corrected by referencing the binding energy of the cationic head group, N 1s/P
2p3s2, to the value obtained for its long-chain analogue. A full description of

this procedure is provided within Chapter 3.
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Al XP Spectra— Ammonium-based ILs

Figure Al1.1. XP spectra with component fittings for [Ngg14]Cl. N.B. O 1s signal detected in
survey scan indicating trace amount of surface contaminant present — this is likely to be the
result of laboratory grease/double-sided mounting tape — and is not expected to affect the

recorded binding energies.
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Figure A1.2. XP spectra with component fittings for [Ng g 6.14][BF4]-
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Figure A1.3. XP spectra with component fittings for [Ng 6 14][PFs].
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Figure Al.4. XP spectra with component fittings for [Ng g 614][OTT].

S/x10° Counts

5/x%10° Counts

5/x10' Counts

S/x10° Counts

70 C 15
50 —
40 —
30
20
10 -
S2s S ‘2P
0 | | I | I |
1400 1200 1000 800 600 400 200 0
Binding Energy / eV
104 Cis
8 -
Caiighatic )
5
6 3
o
=
4 - Cinter %)
Chelﬁw \
\
2
0 T T T T T m— T
296 294 292 290 288 286 284 282 280 408 406 404 402 400 398 396 394
Binding Energy / eV Binding Energy / eV
50 - S 2pg; 0 O1s
25 —
8
S 20|
2
o
“o
T 15
@
10
5 -
o -
T T T T T T T T T T T T
174 172 170 168 166 164 538 536 534 532 530 528
Binding Energy / eV Binding Energy / eV
30 (‘312st
c
-
i A
20 | @ N7
Cc N c VARN o
cHy” ¢ e TSeH, F€T O
C
s
10 o (I:
C4Hy
0-
T T T T T T T
694 692 690 688 686 684 682

Binding Energy / eV

196



Appendix A: XP Spectra for Chapter 3

Figure A1.5. XP spectra with component fittings for [Ne g6 14][NTT,].
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Figure A1.6. XP spectra with component fittings for [Ngggg] [NTT,].
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Figure A1.7. XP spectra with component fittings for [Ny 4.44][NTf,].
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Figure A1.8. XP spectra with component fittings for [Ny 4.41]1[NTf,].
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Figure A1.9. XP spectra with component fittings for [N4441][BFs]. N.B. O 1s and Si 1s
signals detected in survey scan indicating trace amount of surface contaminant present — this is

likely to be the result of laboratory grease/double-sided mounting tape — and is not expected to

affect the recorded binding energies.
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A2 XP Spectra — Phosphonium-based ILs

Figure A2.1. XP spectra with component fittings for [Ps6614]Cl.

60 —
1]
€
3
o
O 40 4
mD
Z Cl2p
)
204 CKLL clzs| P2
wﬂ
P2p
1
0 | | I I I | I I
1400 1200 1000 800 600 400 200 0
Binding Energy / eV
Cis
10
8 Caiiphatic
2 2
S E
S 64 S
@ 4] Chetero @
A\
AN
2 N
0 T T T T T T T I T T T T T T T T
296 294 292 290 288 286 284 282 280 142 140 138 136 134 132 130 128
Binding Energy / eV Binding Energy / eV
60
50 |
" CiaHzr
g 40 Cl 2py, c
_O @ IS
e CsHyq P. CsHyq
3 \C/ |\c/ cl
C
CsHyq

T
196
Binding Energy / eV

T
198

202



Appendix A: XP Spectra for Chapter 3

Figure A2.2. XP spectra with component fittings for [Ps 66 14][BF4].
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Figure A2.3. XP spectra with component fittings for [P 6.14][PFel.
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Figure A2.4. XP spectra with component fittings for [Ps6614][OTT].
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Appendix A: XP Spectra for Chapter 3

Figure A2.5. XP spectra with component fittings for [P ¢614][NTT,].
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Appendix A: XP Spectra for Chapter 3

Figure A2.6. XP spectra with component fittings for [Pgggg][NTT,].
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Appendix A: XP Spectra for Chapter 3

Figure A2.7. XP spectra with component fittings for [P4444[NTT,].
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Appendix A: XP Spectra for Chapter 3

Figure A2.8. XP spectra with component fittings for [P4441][NTT,].
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Appendix A: XP Spectra for Chapter 3

Figure A2.9. XP spectra with component fittings for [P4441]1[BF4].
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Appendix A: XP Spectra for Chapter 3

A3 XP Spectra — Pyrrolidinium-based ILs

Figure A3.1. XP spectra with component fittings for [CgC,Pyrr]CI. N.B. O 1s signal detected

in survey scan indicating trace amount of surface contaminant present — this is likely to be the

result of laboratory grease/double-sided mounting tape — and is not expected to affect the

recorded binding energies.
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Appendix A: XP Spectra for Chapter 3

Figure A3.2. XP spectra with component fittings for [CsC,Pyrr][BF.].
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Appendix A: XP Spectra for Chapter 3

Figure A3.3. XP spectra with component fittings for [CsC,Pyrr][NTf,].
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Appendix B: XP Spectra for Chapter 4

Appendix B: XP Spectra for Chapter 4

Survey and fitted high resolution spectra for neat ionic liquids studied in
Chapter 4 using the Ag La’ X-ray source and Al Ka X-ray source are
presented in Figures B1.1 — B1.13 and Figures B2.1 — B2.3 respectively.
Angle-Resolved XPS (ARXPS) spectra measured using the Al Ko X-ray
source at emission angles 6 = 0° and 80° (normalised to the area of the F 1s
photoelectron emission peak recorded for the respective ionic liquid at 6 = 0°)

are presented in Figures B3.1 — B3.5.

C 1s high resolution spectra were fitted according to the models described
within Chapters 3 and 4. CI 2p, P 2p and S 2p high resolution spectra were
fitted taking into account spin-orbit coupling; whereby the area ratio of
2p1/2:2P3;, components are set to 1:2. The O 1s and S 2p high resolution spectra
for ionic liquids containing the [NTf,]" anion are affected by shake up/off
phenomena and a 4 % intensity loss (per oxygen/sulfur atom involved in
double bonding) was taken into account when calculating atomic percentages

for these elements.

For ILs containing a long aliphatic chain (n > 8) spectra are charge corrected
using an established internal reference method of setting the Cuaiphatic 1S
component to 285.0 eV. For ILs comprising short aliphatic chains (n < 8) an
indirect means of charge correction is applied; in which, spectra are charge
corrected by referencing the binding energy of the cationic head group, N 1s/P
2p3/2, to the value obtained for its long-chain analogue. A full description of

this procedure is provided within Chapters 3 and 4.
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Appendix B: XP Spectra for Chapter 4

B1 XP Spectra — Ag La’ X-ray source

Figure B1.1. XP spectra with component fittings for [CgC,Pyrr]CI.
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Appendix B: XP Spectra for Chapter 4

Figure B1.2. XP spectra with component fittings for [Pg 6.14]Cl.
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Appendix B: XP Spectra for Chapter 4

Figure B1.3. XP spectra with component fittings for [P444:]Cl. N.B. O 1s and Si 1s signals

detected in survey scan indicating trace amount of surface contaminant present — this is likely

to be the result of laboratory grease/double-sided mounting tape — and is not expected to affect

the recorded binding energies.
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Appendix B: XP Spectra for Chapter 4

Figure B1.4. XP spectra with component fittings for [CgC,Pyrr][PF¢].
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Appendix B: XP Spectra for Chapter 4

Figure B1.5. XP spectra with component fittings for [Nege14][PFs]. N.B. O 1s and Si 1s
signals detected in survey scan indicating trace amount of surface contaminant present — this is
likely to be the result of laboratory grease/double-sided mounting tape — and is not expected to

affect the recorded binding energies.
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Appendix B: XP Spectra for Chapter 4

Figure B1.6. XP spectra with component fittings for [Ny 441][PFe].
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Appendix B: XP Spectra for Chapter 4

Figure B1.7. XP spectra with component fittings for [Psss14][PFs]. N.B. O 1s and Si 1s
signals detected in survey scan indicating trace amount of surface contaminant present — this is
likely to be the result of laboratory grease/double-sided mounting tape — and is not expected to
affect the recorded binding energies. N.B. Reliable component fitting and binding energies
could not be obtained for the P 2p region due to very poor resolution of the photoelectron
peaks. This is due to the poor photoelectron flux exhibited by this compound which results in
a low signal to noise ratio. Consequently, low intensity peaks (i.e. P 2p) are severely

compromised as illustrated by the P 2p region shown below.
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Appendix B: XP Spectra for Chapter 4

Figure B1.8. XP spectra with component fittings for [P4441][PFs]. N.B. Reliable component
fitting and binding energies could not be obtained for the P 2p region due to very poor
resolution of the photoelectron peaks. This is due to the poor photoelectron flux exhibited by
this compound which results in a low signal to noise ratio. Consequently, low intensity peaks

(i.e. P 2p) are severely compromised as illustrated by the P 2p region shown below.
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Appendix B: XP Spectra for Chapter 4

Figure B1.9. XP spectra with component fittings for [CgC,Pyrr][NTf,].
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Appendix B: XP Spectra for Chapter 4

Figure B1.10. XP spectra with component fittings for [Ng 614 [NTT>].
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Appendix B: XP Spectra for Chapter 4

Figure B1.11. XP spectra with component fittings for [Ny 441][NTT,].
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Appendix B: XP Spectra for Chapter 4

Figure B1.12. XP spectra with component fittings for [Pg 614 [NTT>].
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Appendix B: XP Spectra for Chapter 4

Figure B1.13. XP spectra with component fittings for [P44.41][NTf,].
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Appendix B: XP Spectra for Chapter 4

B2 XP Spectra — Al Ka X-ray source

Experimental stoichiometries, calculated from high resolution spectra, for
tetraalkylammonium and tetraalkylphosphonium ILs not featured previously in
Chapter 3 are presented in Table B2.1. Experimental stoichiometries are
within the typically quoted error of XPS quantification data of + 20 %, and the
majority are well within £ 10 %. As seen previously in Chapter 3 Section
3.2.1 and 3.3.2 larger deviations are seen for the chlorine Cl 2p signal, which is
associated with the small size of the chloride anion and its associated

dampening from the large carbon content of the cations.

Composition® (%)

Compound C N F P Cl

RSF 0.278 0.477 1.00 0.486 0.891
[P4441]Cl 89.2 (86.7) - - 5.4 (6.7) 5.3(6.7)
[Ngs41l[PFs] 65.1(61.9) 4.6(4.8) 26.1(286) 4.1(48) -
[Py441][PFs] 67.9(61.9) - 23.4(28.6) 8.7(9.5) -

Table B2.1. Measured experimental and nominal (in brackets) stoichiometries for ammonium
and phosphonium ILs not featured previously in Chapter 3. °®Relative sensitivity factors
(RSFs) taken from the Kratos Library were used to derive atomic percentages from the most
intense photoelectron peak for each elementi.e. C=C 1s,N=N1s,F=F 1s,P =P 2p and CI
=Cl 2p.
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Appendix B: XP Spectra for Chapter 4

Figure B2.1. XP spectra with component fittings for [P444:]Cl. N.B. O 1s and Si 1s signals
detected in survey scan indicating trace amount of surface contaminant present — this is likely
to be the result of laboratory grease/double-sided mounting tape — and is not expected to affect

the recorded binding energies.
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Appendix B: XP Spectra for Chapter 4

Figure B2.2. XP spectra with component fittings for [Ng44:][PFs]. N.B. O 1s and Si 1s
signals detected in survey scan indicating trace amount of surface contaminant present — this is
likely to be the result of laboratory grease/double-sided mounting tape — and is not expected to
affect the recorded binding energies.
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Appendix B: XP Spectra for Chapter 4

Figure B2.3. XP spectra with component fittings for [P4441][PFs]. N.B. O 1s and Si 1s
signals detected in survey scan indicating trace amount of surface contaminant present — this is
likely to be the result of laboratory grease/double-sided mounting tape — and is not expected to

affect the recorded binding energies

35 -
F1s
Surve
50 C1s
o 25—
€
3
§ 20+
=
% 154
< F KLL
© 10 4 P2s
CKLL P2p
5 | O1s #
: A SN
0 | | | I | | |
1400 1200 1000 800 600 400 200 0
Binding Energy / eV
40 P
Cis Poon caton
30
Caiphatic
25 ongs 30 Panion 2Paiz Praton 2P312
g 20 — §
=] o
o Q
“o = 204
x 15 Chetero *
@ @ Panion 2P112 Peation 2P1i2
10+
10
5 —
0 0 et P -
T T T T T T T T T T T T T T T T T
206 294 292 290 288 286 284 282 280 142 140 138 136 134 132 130 128
Binding Energy / eV Binding Energy / eV
40 -
30
2
c
3
o
"o 20
%)
104
0
T T T T T T T
694 692 690 688 686 684 682
Binding Energy / eV
CH,
F
C3H; P®  C.H, Fu,, [QwF
e N P
c c 7 N
¢ F¥ | ¥F
F
CsH7

231



Appendix B: XP Spectra for Chapter 4

B3 Angle-resolved XP Spectra — Al Ka X-ray source

Figure B3.1. XP spectra recorded at 6 = 0 and 80° for [CgC,Pyrr][NTf,].
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Appendix B: XP Spectra for Chapter 4

Figure B3.2. XP spectra recorded at 6 = 0 and 80° for [Ng g 6,14][NTT].
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Appendix B: XP Spectra for Chapter 4

Figure B3.3. XP spectra recorded at 6 = 0 and 80° for [Ny 4.41][NTf].
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Appendix B: XP Spectra for Chapter 4

Figure B3.4. XP spectra recorded at 6 = 0 and 80° for [Pgs614][NTT,].

Intensity / a.u.

Intensity / a.u

Intensity / a.u

Intensity / a.u

3
30x10° C1s
Survey F1s 0°
25 — 80°
20
15 -
10 S2
P 2
5 /’/ i
0 T T T | T T
1400 1200 1000 600 400 200 0
Binding Energy / eV
000 L&15
150 4
3000
S 100
]
z
2000 o 2
g
E
504
1000 |
0
o
T T T T T T T T T T T T T
296 294 292 290 288 286 284 282 260 138 136 134 132 130 128
Binding Energy / eV Binding Energy / eV
3004
500
400 —
200 o 2pap
= 300
z
1004 2
£ 200 2pyp
100
0
0
T T T T T T T T T T T T T T
408 408 404 402 400 398 396 394 174 172 170 168 166 164
Binding Energy / eV Binding Energy / eV
1400 | 2500 —
1200 |
2000 —
1000 |
3
L 1500 4
800 | =
z
]
5
600 £ 1000
400 —
500
200 |
0| 0
T T T T T T T T T T
536 534 532 530 528 694 692 690 688 686 684

Binding Energy / eV

Binding Energy / eV

235



Appendix B: XP Spectra for Chapter 4

Figure B3.5. XP spectra recorded at 6 = 0 and 80° for [P4441][NTT,].
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Appendix C: XP Spectra for Chapter 5

Appendix C: XP Spectra for Chapter 5

Survey and fitted high resolution spectra for neat ionic liquids studied in
Chapter 5 are presented in Figures C1.1 — C1.6. Spectra for the palladium-
imidazolylidene complexes are presented in Figures C2.1 — C2.2.

C 1s high resolution spectra were fitted according to the models described
within Chapter 5. S 2p and Pd 3d high resolution spectra were fitted taking
into account spin-orbit coupling; whereby the area ratio of 2pi:2psp
components are set to 1:2, and the area ratio of 3ds/,:3ds;, components are set to
2:3 respectively. The O 1s and S 2p high resolution spectra for ionic liquids
containing the [NTf,] anion are affected by shake up/off phenomena and a 4 %
intensity loss (per oxygen/sulfur atom involved in double bonding) was taken
into account when calculating atomic percentages for these elements. For
ionic liquids containing an imidazolium-based cation, any carbon or nitrogen
atoms involved in conjugated bonding are affected by shake up/off phenomena

and a respective 20 % and 12 % intensity loss is taken into account.

For non-functionalised ILs, i.e. [CgCiIm][NTf;], [CsCiPyrr][NTf,] and
[N2228][NTT,], spectra are charge corrected using an established internal
reference method of setting the Caiiphaic 1S component to 285.0 eV. For
functionalised ILs an indirect means of charge correction is applied; in which,
spectra are charge corrected by referencing the S 2p3, component to the value
obtained for its non-functionalised analogue (for which, prior charge correction
has been achieved by referencing Caiiphaiic 15 = 285.0 V). A full description of

this procedure is described within Chapter 5.
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Appendix C: XP Spectra for Chapter 5

C1 — XP Spectra for neat ILs

Figure C1.1. XP spectra with component fittings for [CsC.Im][NTf,].
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Appendix C: XP Spectra for Chapter 5

Figure C1.2. XP spectra with component fittings for [Et(PEG),MIm][NTf,].
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Appendix C: XP Spectra for Chapter 5

Figure C1.3. XP spectra with component fittings for [(F13H4Cg)C1IM][NTT,].
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Appendix C: XP Spectra for Chapter 5

Figure C1.4. XP spectra with component fittings for [Et(PEG),MPyrr][NTf,].
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Append

ix C: XP Spectra for Chapter 5

Figure C1.5. XP spectra with component fittings for [N, g][NTf,].
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Appendix C: XP Spectra for Chapter 5

Figure C1.6. XP spectra with component fittings for [N, 2 expec)2] [NTT2].
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Appendix C: XP Spectra for Chapter 5

C2 — XP Spectra for palladium-imidazolylidene complexes

Figure C2.1. XP spectra for palladium-imidazolylidene complex formed in [CgCiIm][NTT,].

Labelled C 1s components as for structure presented in Figure C1.1, Cppenyi COrresponds to

phenyl carbon environment present in the palladium-imidazolylidene complex.
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Appendix C: XP Spectra for Chapter 5

Figure

Cc2.2. XP spectra for

palladium-imidazolylidene

complex formed

in

[Et(PEG),MIm][NTf,]. Labelled C 1s components as for structure presented in Figure C1.2,
Conenyl COrresponds to phenyl carbon environment present in the palladium-imidazolylidene

complex.
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Introduction

Ionic liquids (ILs) - low temperature molten salts - have
received significant interest in recent years due in part to their
structural diversity." By simply changing the ions, physico-
chemical properties such as density, viscosity, melting point
and polarity etc. can be tuned for specific functions. Tuning an
ionic liquid to suit a specific application has attracted much
interest, with this concept being taken even further by utilising
mixtures of ionic liquids.>” By considering binary and ternary
mixtures of ionic liquids the scope for potential applications
considerably broadens with some examples already shown in
lithium ion batteries, CO, absorption,” gas chromatography
stationary phases,® and heavy metal extraction” to name but a
few. The ability to predict and fine-tune the properties of an
ionic liquid to meet a specific requirement is one of the greatest
challenges in the field, and yet if fully achieved would provide
an invaluable tool. To predict the behaviour for any given ionic
liquid it must first be understood on a molecular level, where
changes to the chemical architecture and its effect upon
cation-anion interactions must be explored both theoretically
and experimentally.

Over the past ten years X-ray photoelectron spectroscopy
(XPS) has established itself as a robust technique to characterise
ionic liquid-based systems.® To date the majority of investiga-
tions using this technique have focused upon nitrogen-based
cations, particularly dialkylimidazolium systems.®® XPS can be
used to identify different electronic environments present for
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Comparisons between long and short chain cationic systems are also described.

each element, as well as the determination of chemical composi-
tion and purity. So far, XPS of IL-systems has provided a wealth of
information in areas such as bulk and surface composition,'*"!
in situ reaction monitoring,"> and cation-anion interactions."
Cation-anion interactions, in particular, have only so far been
investigated for imidazolium and pyrrolidinium cations, where
the effect of the anion upon the electronic environment of the
cation has been explored.”*** Correlations of these results to
NMR spectroscopy, theoretical calculations and Kamlet-Taft para-
meters have also been achieved.'® Furthermore, XPS has also been
used to monitor the electronic environment of the constituent
atoms for a binary IL mixture where the mole fraction of the
anionic constituents are systematically varied, thus highlighting
how changes in the anionic composition of IL mixtures can be
used to tune the electronic environment of their constituents."
A particularly interesting sub-set of ionic liquids are those
based upon a tetraalkylphosphonium cation; research into
these compounds has often been neglected in favour of their
nitrogen-based counterparts with particular emphasis on the
imidazolium and pyrrolidinium cations.'® This is likely due to
the high cost and air-sensitive nature of the trialkylphosphine
starting materials; nevertheless, it has been observed that
tetraalkylphosphonium-based ionic liquids can offer superior
physico-chemical properties in comparison to their nitrogen-
based relatives.'®™® Furthermore, there are only a few systematic
studies that directly investigate the effect of changing the central
cationic heteroatom from nitrogen to phosphorus, ie. tetraalkyl-
ammonium versus tetraalkylphosphonium.'®* It has been
observed that changing the cationic centre from nitrogen to
phosphorus has a marked effect upon the physico-chemical proper-
ties of ILs;?® however, little is known about fundamental cation-
anion interactions of such systems. The work described herein
utilises XPS to probe these interactions for ILs in which the cation is
varied (tetraalkylammonium versus tetraalkylphosphonium) for the
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same anion to examine the influence of the cationic heteroatom
upon the electronic environment of the anion, with an aim to
determine if a degree of tunability can be achieved via the cation.

The most important output from XPS analysis are binding
energies; these provide both elemental and chemical informa-
tion. Small changes in the electronic environment of an element
by, for example, a change in chemical bonding or oxidation state
will cause a shift in the measured binding energy much like the
chemical shift in NMR spectroscopy. This allows both chemical
structure and inter-ion interactions to be probed on a molecular
level providing vital information on the impact of structural
changes upon electronic environment and communication
between ions. Accordingly, it is of great importance to obtain
reliable and reproducible binding energies and a number of
factors must be considered. Firstly, the possibility of surface
charging must be taken into account. Ionic liquids in the solid
state are poor conductors and charge neutralisation must be
applied. Ionic liquids in their liquid state, however, are moderately
conducting and can dissipate excess charge on the sample surface,
thus charge neutralisation is not necessary. Despite this, it has
been observed for imidazolium ionic liquids that surface charging
can occur over time especially for viscous samples, causing subtle
yet measurable shifts in binding energy.**

Secondly, charge correction must be applied using a suitable
internal reference post data collection to ensure binding energies
obtained are accurate and allow for reliable comparison between
samples, a thorough description of charge correction methods for
IL systems has recently been reported.>

Finally, development of fitting models to describe and decon-
struct the electronic environment for each element is particularly
important. This is especially relevant to carbon, which has been
described as the most important core level for XPS of ILs.® Due to the
variety and complexity in structure of ILs, C 1s fitting models must
be developed on a case-by-case basis, with the aim of developing a
fitting model that deconstructs these electronic environments into
the minimum number of components possible.*'*

In this work we report an investigation into the XP spectra for
seven tetraalkylphosphonium-based ionic liquids with compari-
son to their tetraalkylammonium analogues, see Table 1. The
high purity of each sample is confirmed with a description of
binding energies and multi-component fitting models. Further-
more, a robust C 1s peak fitting model has been developed and
described for both the tetraalkylphosphonium and tetraalkyl-
ammonium families of ionic liquid. Cation-anion interactions
have been probed by investigating: (1) the effect of varying the
anion upon the cation for both families of ionic liquid; (2) the
effect of varying the cationic core from phosphorus to nitrogen
for a variety of different anions. Comparisons are also made
between small and long alkyl chain systems.

Experimental
Materials

All compounds investigated herein were prepared in our labora-
tory using modified literature procedures.> A full description

This journal is © the Owner Societies 2014
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Table1 Structures and abbreviations of cations and anions investigated in
this study, chloride anions were also studied

Abbreviation Structure Name
CisHzg
+ p® . .
[Ps,6,6,14] CsH13/ | s Trihexyl(tetradecyl)phosphonium
CeHia
CiqHpg
lo |
[Ne,6,6,14]" N Trihexyl(tetradecyl)ammonium
e CeH1g | CeHis
CeH1s
I
+ PO . .
[Pa,4,4,1] cas” |\C4H9 Tributyl(methyl)phosphonium
C4Hg
CHs
+ le .
[Nya,4,1] CaHs |\C4Hg Tributyl(methyl)ammonium
CaHy
F
lo
[BF,]™ e ‘\F Tetrafluoroborate
F
F
F\le/F
[PF] e |\F Hexafluorophosphate
F
0 0
N/
[oTf]™ VARN:! Trifluoromethanesulfonate
FaC 0
0 e 0
N
[NTf,]™ o:\\s/ \s//:o Bis(trifluoromethanesulfonyl)imide

CF3 CF3

of each chemical synthesis is provided within the ESLf
Chemical precursors were obtained from commercial suppliers
and used without further purification unless otherwise stated.
Trihexyl(tetradecyl)phosphonium chloride (Cyphos IL 101) and
tributyl(methyl)phosphonium methyl sulfate (Cyphos IL 108)
were obtained from Cytec Industries Inc. The structures of the
compounds investigated in this study are shown in Table 1. All
compounds were dried in vacuo (p < 10~> mbar) at 50 °C and
stored under argon before being fully characterised by 'H, *°C,
31p and '°F NMR (recorded at room temperature on a Bruker
DPX-400 MHz spectrometer); IR (Perkin Elmer 1600 FT spectro-
meter); ESI-MS (Bruker MicroTOF 61 spectrometer) and XPS
(Kratos Axis Ultra spectrometer). For syntheses which involved
anion exchange chemistries, ion chromatography (Dionex
ICS-3000, IonPack AS15, 4 x 250 mm analytical column)
showed that residual halide was below the detection limits of
the instrument (<10 ppm). Full data, including XPS spectra
with peak deconstruction models, for all compounds investi-
gated are provided within the ESI.}
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XPS data collection

XP spectra were recorded using a Kratos Axis Ultra spectrometer
employing a focused, monochromated Al Ko source (/= 1486.8 eV),
hybrid (magnetic/electrostatic) optics, concentric hemispherical
analyser, and a multi-channel plate and delay line detector (DLD)
with an X-ray incident angle of 30° and a collection angle of 0°
(both relative to the surface normal). X-ray source was operated
at 10 mA emission current and 12 kV anode potential. All spectra
were recorded using an entrance aperture of 300 x 700 mm with
pass energy of 80 eV for survey scans and 20 eV for high resolution
scans. The instrument sensitivity was 7.5 x 10° counts s~ * when
measuring the Ag 3ds/, photoemission peak for a clean Ag sample
recorded at pass energy of 20 eV and 450 W emission power.
Ag 3ds), full width at half maximum (FWHM) was 0.55 eV for
the same instrument settings. Binding energy calibration was
made using Au 4f,,, (83.96 eV), Ag 3ds, (368.21 eV) and Cu 2p3),
(932.62 eV). Charge neutralisation (used for solid samples only)
was applied using a standard Kratos charge neutraliser con-
sisting of a filament, coaxial with the electrostatic and magnetic
transfer lenses, and a balance plate which creates a potential
gradient between the neutraliser and sample. Charge neutralisa-
tion was applied at 1.9 A filament current and 3.3 V balance plate
voltage. Sample stubs were earthed via the instrument stage
using a standard BNC connector.

The preparation method for each sample was dependent
upon the nature of the material to be analysed. Liquid samples
were prepared by placing a small drop (&~ 10 mg) of ionic liquid
onto a stainless steel multi-sample bar; solid samples were
fixed to the bar using double-sided adhesive tape. All samples
were pre-pumped in a preparative chamber to pressures lower
than 1 x 10~° mbar before transfer into the main analytical
chamber.

Surface contaminants such as oxygen and silicon were removed
vig argon ion bombardment using a Kratos Minibeam III ion gun
using a sputter energy of 4 kV for three minutes. Solid samples that
required argon bombardment were prepared by placing a small
amount of solid in a stainless steel powder stub, then heating

View Article Online
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the sample until melted, followed by argon bombardment.
Surface cleaning by argon bombardment was effective for all
of the compounds investigated, where necessary, excluding
[Ng6,6,14][Cl] and [Ny 4,41][BF4] where irreparable damage to
the sample occurred.

XPS data analysis

Data was analysed using the CASAXPS software. Relative sensi-
tivity factors (RSF) were taken from the Kratos Library (RSF of
F 1s = 1) and used to determine relative atomic percentages
from high-resolution scans of the most intense photoelectron
peak for each element. Peak areas were measured after per-
forming a two-point linear or Shirley background subtraction.
Peaks were fitted using GL(30) lineshapes (70% Gaussian, 30%
Lorentzian). For compounds with a long alkyl chain (n > 8)
charge-referencing was achieved by setting the experimentally
determined binding energy of the aliphatic carbon component
(Catiphatic) equal to 285.0 eV."*** For compounds with a short
alkyl chain (n < 8) charge-referencing was achieved by setting
the measured binding energy of the cationic heteroatom photo-
emission peak equal to that for its long chain analogue, i.e.
Neation 18 for [Ny 4,1][BF4] was set equal to 402.3 eV (where
402.3 eV is the measured binding energy for Niuion 15 for
[Ne 6,6,14][BF4]). A full description of charge-referencing for each
family of ionic liquids investigated within this study is provided
within the Results and discussion section.

Results and discussion
Sample purity

XP survey and high resolution scans were used to establish
elemental composition and purity for each ionic liquid pre-
sented in this study. Fig. 1 shows a typical survey scan for
[Ps 6,6,14][PFs] which displays all expected photoelectron and
Auger lines. Previous XPS studies upon ionic liquids have
highlighted the presence of hydrocarbon and silicone-based
impurities in the near-surface region, which cannot be detected

F1s C1s
6 —
(2]
c
>
o}
O 44
“o F KLL
" 9 P 2p
2 —
P fs
o- . .
I I I I I I I
1400 1200 1000 800 600 400 200 0

Binding Energy / eV

Fig. 1 Survey XP spectrum for [Pg g 6,14l[PFel. The absence of photoelectron lines corresponding to other elements, especially oxygen and silicon,

highlights the high purity of the compounds used in this study.
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by NMR or other bulk sensitive techniques.?>**?° A weak O 1s
and Si 2p signal was observed in the case of [Ng ¢ 14][Cl] and
[Ny,4.4,1][BF4] (see ESIT); this is likely to be a result of laboratory
grease during sample preparation and is not expected to impact
upon the recorded binding energies.****3® Surface contami-
nants, such as grease, can be routinely removed through argon
etching, a full description for this procedure in relation to the
compounds studied herein is provided within the experimental
section. There was no evidence of this contaminant in any of
the other ionic liquids used in this study. Furthermore, there is
no evidence of metal-based cations or halides that may be
carried over from ionic liquid synthesis, particularly anion
exchange chemistries. Experimental stoichiometries, calculated
from high resolution spectra, are presented in Table 2. Experi-
mental values are within the error of the nominal stoichiometry
of £10%.

Interestingly, deviations larger than +10% are observed for
the phosphorus P 2p signal, in which the calculated value is
significantly and systematically less than the theoretical value.
Previous angle resolved studies upon ionic liquids have shown
that long alkyl chains (n > 2) point out towards the gas phase
resulting in a surface enrichment of carbon.'®*' The ionic
liquids in this study have a large alkyl contribution which
may significantly impact the stoichiometry of other elements
as it has been seen that the cationic head group is pushed
deeper into the bulk with increasing alkyl chain length.** It is
feasible that differences in the conformations and mobility of
the alkyl chains for tetraalkylammonium and phosphonium
cations result in a nitrogen cationic core that is situated closer
to the surface, but a phosphorus cationic core that is buried
further within the bulk. This provides a possible explanation
for the lower than expected intensity of the P 2p photoelectron
peak. Earlier studies have shown a larger surface enrichment of
carbon for ILs with small anions, such as chloride, whereby the
anion is situated at the same level as the cation.*® This could
explain the smaller than expected ClI 2p signal.
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Binding energies and multi-component fitting models for
[NR,R’,R”,R”’]XY (X = Cli, [BF4]7, [PFG]i, [OTf_Ii, [Nsz]i)

The measured binding energies for the ammonium series of
ionic liquids investigated are presented in Table 3. To obtain
accurate and reproducible binding energies an appropriate
charge-referencing method must be used. It is well established
that for ionic liquids with a long alkyl chain (n > 8), reliable
charge-referencing can be achieved by setting the experi-
mentally determined binding energy of the aliphatic carbon
component (Cyiphatic) €qual to a standard reference value, in the case
of this work 285.0 eV."*** For cations with shorter alkyl chains this
procedure is not applicable. Previous studies indicate that length of
the alkyl chain has negligible impact upon the binding energy of the
cationic head group when the anion is kept the same."* Charge
referencing for [N, 441][BF4] was achieved by setting the measured
binding energy of Neaion 15 to 402.3 €V; in this case 402.3 eV is the
measured binding energy of Neation 1S for [N g6 14][BF4], which
has been charge referenced to Cyjiphatic as discussed previously.
A similar procedure is used for [Ny 4 41][NT£,].

Due to the presence of several different carbon environments,
peak identification and fitting of the C 1s region for ionic liquids
is of particular importance. Fig. 2 shows some representative
examples of the C 1s region for [Ngee14/X (X = CI7, [BF,]7,
[NTf,]7). In the case of [Ngg614][NTf,] there are three clear
peaks, two of which are unresolved. The resolved peak at
2293 €V is assigned to the CF; group of the [NTf,] anion as
seen previously for imidazolium and pyrrolidinium ionic
liquids."*** The two unresolved peaks between 285-287 eV for
[Ne,6,6,14][Cl], [Ne 6,6,14[BF4] and [Ne 6 6,14][NTf,] arise from the differ-
ent electronic environments of carbon present in the cation, thus it
is necessary to develop a model to explain these different contribu-
tions. Previously we have developed a series of multi-component
models to describe the C 1s spectra of a range of ionic liquid
families including dialkyl-imidazolium, alkyl-pyridinium and pyrrol-
idinium based cations."* Here we extend this to include the
tetraalkylphosphonium and tetraalkylammonium based cations.

Table 2 Measured experimental and nominal (in brackets) stoichiometries for ionic liquids studied in this work

Composition” (%)

Compound C N o F B S P Cl
RSF*%%7 0.278 0.477 0.780 1.000 0.159 0.668 0.486 0.891
[Ne,6,6,14][Cl] 95.5 (94.0) 2.3 (2.9) — — — — — 2.2 (2.9)
[Pe,6,6,14][C] 95.2 (94.1) — — — — 2.7 (2.9) 2.1 (2.9)
[Ne,6,6,14)[BFa] 84.0 (84.2) 2.5 (2.6) — 10.7 (10.5) 2.8 (2.6) — — —

[Po 6.6, \4][BF, 85.3 (84.2) — — 10.6 (10.5) 2.2 (2.6) — 2.0 (2.6) —
[No.c,6.14][PFs] 80.5 (80.0) 2.5 (2.5) — 15.0 (15.0) — — 2.0 (2.5) —
[P6,6,6,14][PFs] 79.9 (80.0) — — 16.3 (15.0) — — 3.8 (5.0) —
[Ne,6,6,14)[OTf] 80.7 (80.5) 2.4 (2.4) 7.1 (7.3) 7.6 (7.3) — 2.1 (2.4) - —
[P6.6,6.14)[OTE] 81.3 (80.5) — 7.4 (7.3) 7.3 (7.3) — 2.1 (2.4) 2.0 (2.4)

[Ne.6,6,14][NT£,] 70.5 (70.8) 3.9 (4.2) 8.9 (8.3) 12.9 (12.5) — 3.8 (4.2) — —
[P6,6,6,14][NT£,] 70.8 (70.8) 2.2 (2.1) 8.9 (8.3) 12.6 (12.5) — 3.9 (4.2) 1.7 (2.1) —
[Ny,4,41][BF4] 70.9 (68.4) 4.9 (5.3) — 18.4 (21.1) 8 (5.3) — — _
[P44.41][BF.] 68.6 (68.4) — — 21.3 (21.1) 0 (5.3) — 5.0 (5.3) —
[Ny,,41][NTE,] 52.3 (51.7) 6.6 (6.9) 14.2 (13.8) 20.6 (20.7) 6.4 (6.9) — —

[Py a,41][NTE,] 52.6 (51.7) 3.5 (3.4) 13.8 (13.8) 20.8 (20.7) — 6.5 (6.9) 2.8 (3.4) —

“ Relative sensitivity factors (RSF) taken from the Kratos Library were used to derive atomic percentages from the most intense photoemission peak
for each element i.e. C—C 1s, N—N 1s, O0—0O0 1s, F—=F 1s, B=B 1s, S=S 2p, P—P 2p, CI=CI 2p.
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Table 3 Experimental binding energies in eV for the ionic liquids studied in this work. The associated experimental error is £0.1 eV. [Ng g 614 */[Pe.6.6,14] "
compounds charge corrected by setting Caiiphatic 15 to 285.0 €V. [N4 4.41]/[P4.4.44]" compounds charge corrected by setting Neation 15/Pcation 2P to the

value obtained for the [Ng g 614]1"/[Ps 614" analogue

Binding energy/eV

Compound Cation Anion

Caliphatic Cinter Chetero Ncation Pcation Cani()n Nani()n Panion
Cation Anion 1s 1s 1s 1s 2Pas2 1s 1s O 1s F 1s B 1s Cl2ps;2 S2pspn  2pape
[Nessial [Cl” 285.0 285.6 286.3 4021 « — — — — — — 196.6 — —
[Poooia)  [Cl” 285.0 — 285.7  — 1323 — — — — — 196.6 — —
[Nooo1a] [BFs™  285.0 285.6 286.5 4023 — — — — 685.7 194.0 — — —
[Pesscia) [BFa~  285.0 — 285.8 — 132.6 — — — 685.7 1939 — — —
[Noooia] [PFs]”  285.0 285.7 286.6 4024  — — — — 686.6 — — — 136.4
[Pesorsl  [PFs]”  285.0 — 2858 — 132.7 — — — 686.5 — — — 136.3
[Neoo1a] [OTE]™  285.0 285.7 286.6 4024  — 202.3 — 531.8 6883 — — 1682  —
:P6,6,6,14]+ OTf]™ 285.0 — 285.8 — 132.7 292.3 — 531.9 6884 — — 168.2 —
[Neosial [NTH]™  285.0 285.7 2867 4025 — 292.8 399.3 532.5 688.7 — — 168.9 —
[Poooaal  [NTE]~  285.0 — 2859  — 132.7  292.8 399.3  532.5 688.7 — — 168.8  —
[Naaaql BF,]~  285.0 285.2 286.4 4023  — — — — 685.7 1941 — — —
[Pisail BF,]~  285.0 — 2854  — 132.6 — — — 685.5 193.9 — — —
Niaaad  [NTE]T 2851 285.4 286.6 4025 — 292.8  399.3 532.5 688.7 — — 168.8  —
[Paaa1] NTf,]~ 285.1 - 285.6 — 132.7  297.7 399.2 5324 688.6 — — 168.8 —

As the structure of the ammonium cation is not dissimilar to
that of the pyrrolidinium, a three-component model was adopted
for the ammonium-based ionic liquids in this study. An analysis of
the structure of [Ngg614] (See structure shown in Fig. 2) highlights
the three chemical environments of carbon. The carbon directly
bound to the nitrogen (Cpetero) iS €xpected to have the highest
binding energy as it is in closest proximity to the electropositive
nitrogen, and thus feels a larger effect of the electron-withdrawing
influence of the cationic nitrogen. The next carbon atom along the
chain (Ciyer) is designated as an “intermediate” carbon environ-
ment; here the electron-withdrawing impact of the nitrogen centre
is less pronounced, resulting in a slightly lower binding energy. The
remaining carbons are essentially aliphatic and give rise to the third
contribution, Cyjiphatic, Which exhibits the lowest binding energy.

To obtain a satisfactory fit that accurately describes the chemical
environment it is necessary to constrain certain parameters. Com-
ponent areas are constrained to their nominal stoichiometries, i.e.
for [N 6,6,14][BF4] Catiphatic : Chetero : Cinter €quates to 6:1:1. The full
width at half maximum (FWHM) for Cpetero and Cineer are set to be
equal (and constrained to be between 0.8 and 1.5 eV). The FWHM
for Caiiphatic is set to be 1.1 times larger than for Cpecero as studies
upon other similar ionic liquid systems have characteristically
shown the FWHM ratio of Cyjiphatic : Chetero to be 1.1:1."*** Binding
energy constraints were not applied as the binding energy shift
between Chetero and Cineer iS expected to be dependent upon the
nature of the anion."'* The fitting envelopes (red curve), shown in
Fig. 2a-c, demonstrate excellent agreement to the experimental
spectra (black dots). C 1s fittings for [Ng ¢ 6,14]X (X = [PFs] , [OTf]")
and [Ny 441X (X =[BF4] ™, [NTf,] ") are included in the ESI} and are
also in agreement with the experimental spectra.

Binding energies and multi-component fitting models for
[PR,R’,R”,R”’]XY (X = 0177 [BF4]77 [PFG]iy [OTfJ71 [NTfZ]i)

The C 1s region for phosphonium ionic liquids differs quite con-
siderably from that of ammonium ionic liquids. Fig. 3 shows some

15282 | Phys. Chem. Chem. Phys., 2014, 16, 15278-15288

representative examples of the C 1s region for [Pg 614X (X = Cl7,
[BF,] ", [NTf,] ). In the case of [Pg¢614][NTf,] there are two clearly
resolved peaks with the peak at higher binding energy corre-
sponding to the CF; group of the anion. A broad peak with slight
asymmetry occurs between 284-286 eV for [Pse 614X (X = CI7,
[BF,], [NTf,] ); which is distinctly lacking the obvious shoulder
at higher binding energy seen in the case of the ammonium
analogues (Fig. 2 and 3). Consequently, this peak was fitted using
a two-component model; the first contribution arising from
carbons directly bound to the phosphorus atom, Cpetero, and
the remaining carbons considered as aliphatic, Cyjiphatic-

A comparison of binding energies (Table 3) for the Cpetero
component of the [Ng¢614]" and [Peee14] cations show that
Chetero fOT [N 6.6.14] 1S ~0.6-0.8 eV larger than for the [P 6 6,14]"
analogue. This can be attributed to the difference in charge density
of the nitrogen and phosphorus cationic centres. The smaller
atomic radius of the nitrogen atom, in comparison to phosphorus,
results in a higher charge density. Consequently, the Cpeero carbons
for ammonium-based ionic liquids experience a stronger electron-
withdrawing effect from the positively charged nitrogen centre,
which is reflected by a shift to higher binding energy.

Furthermore, from Table 3 it can be seen that Cpetero binding
energies for phosphonium-based ionic liquids are more similar
in value to the Cj,, component for the ammonium analogues.
This highlights the weaker electron-withdrawing effect of the
phosphorus centre, as a result of its lower charge density, and
validates the use of a two-component fitting model to describe
the C 1s region for phosphonium-based ionic liquids.

Cations with short alkyl chain length i.e. [Py 44 ,]" were fitted
using the same method and charge referenced in a similar way
to the short chain ammonium cations as discussed previously.

Effect of anion: cation-anion interactions

It has been previously established that XPS can be used to probe
cation-anion interactions.’®'*** Earlier work has demonstrated
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are normalised to the Neation 15 photoemission peak for [Ng g 6 141[BF 4. All XP
spectra charge corrected to Cyjiphatic = 285.0 eV.

that binding energies of Cpetero 15 and Neagion 1S for imid-
azolium and pyrrolidinium-based ionic liquids are dependent
upon the basicity of the anion."*'* High basicity anions such as
halides result in lower binding energies, which indicate that
the cation is in a more electron-rich environment. This is
indicative of a significant amount of charge-transfer from
anion to cation. Low basicity anions such as [NTf,]” give rise
to higher binding energies signifying that the cation is more
electron-poor due to the reduction in charge-transfer.

The influence of the anion on the electronic environment of the
cation has been investigated for three [Ngg¢¢14][X] ionic liquids,
where X = [NTf,] ", [BF,] and Cl™ (Fig. 4). It is seen that the binding
energy of Neation 1S follows the trend: [NTf,]” > [BF,]” > CI~,
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normalised to the area of Pcation 2p photoemission peak for [Pg g 6.14][BF4l.
All XP spectra are charge corrected by setting the measured binding energy
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this can be interpreted as an increase in charge transfer with
increasing anion basicity, and is in accordance with earlier
studies upon imidazolium and pyrrolidinium™* ionic liquids.
Binding energies for Cpecero 18 (Table 3 and Fig. 2) also exhibit
an identical trend.

The effect of varying the anion has also been investigated for
the analogous phosphonium series, [Pgg¢,14][X] Where X =
[NTf,]™, [BF4]” and Cl™ (Fig. 5). The P 2p region shows two
unresolved peaks, P 2p,,, and P 2ps,, observed in an intensity
ratio of 1:2. This is a result of spin-orbit coupling and is an
inherent property of p-orbitals and does not indicate two
different electronic environments of phosphorus. The same
trend as for ammonium-based ionic liquids is observed in
that binding energies for the Pcation 2P3, cOmponent are in
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Fig. 5 P 2p XP spectra of [Pg 66,14 [NTf2l, [Pe 6.6,141[BF4l and [Pe 6 6,14l[ClI.
Areas are normalised to the P 2p peak for [Pg e,614][BF4l. XP spectra were
charge corrected by referencing the aliphatic C 1s photoemission peak to
285.0 eV.

the order: [NTf,]” > [BF,]” > Cl7, with Cpetero 15 following a
similar pattern.

A linear correlation of Ncution 1S and Cpetero 1S binding
energies with the Kamlet-Taft f parameter (a measure of
hydrogen bond acceptor ability of the anion) has been estab-
lished for imidazolium-based ionic liquids."* However, to date,
f has been less extensively studied for ammonium and
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phosphonium ionic liquids with only a select few examples in
the literature.**° Consequently, a comparison of § with binding
energy cannot be made for the compounds investigated in this
study, however it is expected that a similar trend to imidazolium-
based ionic liquids would be observed.

Effect of cation: cation-anion interactions, [N6,6,6,14]+ versus
[P6,6,6,14]+

As discussed previously, it is expected that the difference in
charge density of the ammonium and phosphonium cationic
centres will affect the degree of charge-transfer, which would be
reflected in the binding energy of the anionic components. We
postulated that a greater degree of charge-transfer would occur
for the ammonium cation, as the larger charge density would
be more effective in removing excess negative charge from the
anion; hence, the binding energies of the anion were expected
to indicate a more electron-poor environment in contrast to the
phosphonium analogue.

A comparison of binding energies, however, did not sup-
port this assumption. Fig. 6 illustrates a comparison between
[Ne 6,6,14][BF4] and [Pg ¢,6,14][BF4] for all regions. All XP spectra
are charge corrected by referencing Cajiphatic 15 to 285.0 eV; and
are normalised to the area of the F 1s photoemission peak for
[Ne 6,6,14][BF4] as the number of fluorine atoms are equivalent
for both samples. It can be seen that the binding energies of
the anionic components are identical, within the error of
experiment (£0.1 eV), for example the F 1s component for
[Ne,6,6,14)[BF4] and [P s 614][BF4] is 685.7 €V in each instance,
(Fig. 6 and Table 3). This is also true for the B 1s component where
binding energies are 194.0 eV and 193.9 eV for [Ne ¢ 6,14][BF4] and
[Ps,6,6,14)[BF4] respectively. The P 2s photoemission peak is also
observed in the B 1s XP spectrum for [P ¢ 614|[BF4] at a lower
binding energy of 190.4 eV.

The binding energies for a range of anions of varying size
and basicity, including CI™, [PF¢]”, [OTf]” and [NTf,]”, also
match within experimental error for the [Ng ¢ 6.14] and [P e.6.14]"
cations. This suggests that the anion cannot “see” the difference
in charge density of the cation, and it is proposed that the long
alkyl chains are wrapped around the cationic centre effectively
shielding it from the anion. This is in agreement with measure-
ments on the enthalpy of vaporisation at 298 K, A,,,H0g, for
[Pe,6,6,14][BF4], which describe how the experimentally deter-
mined van der Waals contribution is significantly smaller than
the theoretical value, it is suggested that parts of the alkyl chain
close to the phosphorus are unavailable for van der Waals
bonding with adjacent species due to shielding from the outer
parts of the chain.”® In contrast, molecular dynamics simula-
tions indicate that the alkyl chains are in a fully stretched
conformation, with a small degree of bending for longer chains
(n > 6) and no evidence of coiling or wrapping.*"*>

It should be noted that although the anion is shielded from
the difference in charge density of the two different cations, it is
not shielded from ““seeing” a positive charge completely. In this
way, the “wrapping” of the aliphatic chains has no impact on
the actual ability of the anion to transfer charge, and hence we
see a shift in B.E. of the cationic core for anions of different
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basicity as mentioned previously in the section “Effect of the
Anion: Cation-Anion Interactions”.

Effect of cation: cation-anion interactions, [N4,4,4,1]+ versus
[P4,4,4,1]+

In the previous section we determined that for ammonium and
phosphonium cations with long alkyl chains, there is no
difference in binding energy of the anionic components for a
variety of different anions. To test whether the length of the alkyl
chain impacts upon cation-anion interactions and the ability of
the anion to “see” the difference in charge density of the cationic
centres, a series of short chain analogues were investigated
where the cation size has been reduced to [Ny 4.41]" and [Py 441]"

This journal is © the Owner Societies 2014

A visual comparison between [Ny 4 4,1][BF4] and [Py 4 4,1][BF,]
for all regions is shown in Fig. 7. The F 1s binding energy for
[Ny,4.4,1][BF4] is 0.2 eV higher than for [P, 4.41][BF.] (Fig. 7 and
Table 3), this is slightly larger than the accepted experimental
error and suggests that the shift is real. As the F 1s binding
energy is higher for [N, 441]" relative to [Py 44,] this is indi-
cative that the fluorine atoms are more electron-poor for
[Naa4.]", which suggests a greater degree of charge-transfer
is occurring for the ammonium-based ionic liquid. This sup-
ports our initial hypothesis that charge-transfer should be more
significant for ammonium-based ionic liquids due to the larger
charge density of the cationic centre relative to their phosphonium
analogues. Additionally, it indicates that reducing the length of
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the alkyl chain allows for a more open structure of the cation
which permits the anion to ‘“see” the difference in charge
density of the cationic centre.

Fabris et al. found that a trioctylmethylphosphonium
([TOMP]") cation coupled with a methylcarbonate ((MeOCOO] ")
or hydrogen carbonate ([HOCOO]™) anion exhibited stronger
basicity than its ammonium counterparts and other conventional
basic catalysts, and as a result was a more efficient catalyst for
Michael reactions.*® This could support the assertions made from
the work described here, as the high basicity of [TOMP] [MeOCOO]
and [TOMP] [HOCOO] may arise from a smaller degree of charge-
transfer occurring from anion to cation; consequently the anion is

15286 | Phys. Chem. Chem. Phys., 2014, 16, 15278-15288

more electron-rich thus the electrons are more available for
donation. In contrast, a higher degree of charge-transfer occurs
for the ammonium analogues and inorganic bases as a result of
the larger charge density of the cationic centre, hence basicity is
reduced as electron density is less available for donation.

It is still unclear to us at this time how the charge-transfer
phenomenon is mediated. Previous studies upon 1-methyl-3-
alkylimidazolium systems have shown a correlation between
anion basicity and hydrogen-bonding at the C-2 position,
and also with Neuon 15 and C 1s binding energy.'* However,
upon methylation of the C-2 position (hence decreasing the
hydrogen-bonding contribution) an anion-dependent shift of the
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Neation 15 and C 1s binding energies is still observed at a similar
magnitude as the non-methylated analogues.’® This indicates that
charge-transfer cannot solely be mediated through hydrogen-
bonding, which is especially relevant in the case of tetraalkyl-
ammonium and phosphonium ILs where the proton alpha to the
heteroatom is even less available due to steric hindrance of the long
alkyl chains. This suggests charge-transfer is also dependent upon
the strength of the coulombic interaction of the cation and anion.

It should be noted that for [Ny 4,41 ][NTf,] and [P, 4 41[NTf;] only a
small shift (~0.1 eV) to a higher binding energy is observed for the
anionic components of [N, 44,]" relative to [P, 44,]" (Table 3), this is
within the experimental error so no real conclusion can be made;
however, as [NTY,]™ is weakly basic it is likely that it participates in
charge-transfer to a very small degree, hence little or no difference is
observed when comparing the different cationic centres.

Conclusion

The impact of changing the cation core from nitrogen to phos-
phorus on cation-anion interactions has been investigated using
XPS. For long chain systems, ie. [Negp14] versus [Peseal, it
appears that changing the cation core has minimal impact on the
electronic environment of the anion due to a perceived shielding
effect of the long alkyl chains. In an effort to reduce the effect of
hydrocarbon based shielding of the heteroatom, a second series
of experiments were conducted where the alkyl components are
pruned back, hence allowing a more clear investigation of the role
of the heteroatom based charge carrier. A decrease in alkyl chain
length to [Ny 4 41] and [P, 4 41]" indicates that changing the cation
core from nitrogen to phosphorus does indeed influence the
electronic environment of the anion; with an increase in charge-
transfer shown for ammonium ILs. Further investigation into
binary cationic mixtures by XPS was not attempted as any shift in
the measured binding energies, with adjusted mol. fraction,
would lie within the experimental error of the XPS instrument.
This indicates that tunability of the electronic environment for IL
systems is more strongly influenced by the anion than the cation.

Interestingly, Carvalho et al.>® investigated the influence of the
cationic heteroatom for ammonium- and phosphonium-based ILs
on physical properties such as densities, viscosities, melting tem-
peratures and refractive indices. A shielding effect was expected but
not observed, and it was seen that the properties investigated were
markedly affected by the cationic core. Taking this into considera-
tion with the work described herein a dual tunability of IL systems
could be proposed, where electronic environments, ie. chemical
properties, are tuned via the anion and physical properties are
tuned via the cation. This work provides a step toward being fully
able to fine-tune both the chemical and physical properties of an IL
system by altering their constituent ions to suit a specific function.
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Cation—anion interactions can be tuned via the degree of cation
constraint. X-ray Photoelectron Spectroscopy (XPS) experiments
reveal that anion—cation based interactions may be enhanced
by introducing conformational restriction into the substituent
chains of quaternary ammonium cations. A larger degree of charge-
transfer was observed for the constrained [CgC,Pyrr]* cation relative
to the [Ng¢614]" cation.

Ionic liquids (ILs) are often referred to as ‘“‘designer solvents”,
due to the fact that by simply changing the component ions
chemical and physical properties can be altered to suit a
specific function." Therefore, one of the key goals in the field
is to be able to predict how changes to the component ions will
influence the properties of an ionic liquid system. To achieve
this, ionic liquids must first be understood at a molecular
level, and hence changes to the chemical structure and its
effect upon inter-ion interactions must be explored. Thus far
most ionic liquid research has focused upon cyclic nitrogen-
based cations such as 1-alkyl-3-methylimidazolium, 1-alkyl-1-
methylpyrrolidinium and 1-alkylpyridinium, and there are relatively
few studies that address the distinction between cyclic cations
and their acyclic counterparts, for example 1-alkyl-1-methyl-
pyrrolidinium versus tetraalkylammonium.> ® Herein, we describe a
series of experiments designed to probe the influence of con-
strained and unconstrained cations upon cation-anion interactions
utilising X-ray Photoelectron Spectroscopy (XPS).

XPS is now an established technique that can be used to
monitor how changes to the chemical architecture of an IL may
influence the electronic environment of the elements contained
in the constituent ions, as well as providing quantitative infor-
mation on the elemental composition of a sample.” It has been
suggested that “many (ionic liquid) applications could poten-
tially profit from XPS analysis capabilities”.” Most noticeably XPS
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of ionic liquids has entered a new domain with the advent of
in situ reaction monitoring, the main advantage compared
to other spectroscopic techniques being the simultaneous
monitoring of all elements,®° thus exemplifying the power
and value of this technique.

XPS investigations into cation-anion interactions have indicated
a degree of charge-transfer from anion to cation which is correlated
to anion basicity;'""'> however, little is known about the influence of
the cation upon charge-transfer. In a recent XPS study upon
tetraalkylammonium-based ILs and their phosphonium analogues
we found that changing the cationic core from nitrogen to phos-
phorus had minimal impact upon charge-transfer due to a perceived
hydrocarbon-based shielding of the cationic core." In this work we
explore the concept of hydrocarbon-based shielding of the cationic
core and its impact upon cation-anion interactions by comparison
of a relatively unconstrained [N 614] cation with a conformation-
ally constrained [C4C;Pyrr]" cation.

XP spectra were recorded using a Kratos Axis Ultra Spectro-
meter employing a monochromated Al Ko source (1486.6 eV),
hybrid (magnetic/electrostatic) optics, hemispherical analyser
and a multi-channel plate and delay line detector (DLD). Liquid
samples were prepared by placing a small drop (~10 mg) of
ionic liquid onto a stainless steel multi-sample bar; solid
samples were fixed to the bar using double-sided adhesive
tape. All samples were pre-pumped in a preparative chamber
to pressures lower than 107° mbar before transfer into the
main analytical chamber to ensure removal of any volatile
material. Charge referencing was achieved post-data collection
by setting the Cgjiphatic 1S component to 285.0 eV, a full
description of this procedure has been described elsewhere.'*

The 1-octyl-1-methylpyrrolidinium and trihexyl(tetradecyl)-
ammonium cations are structurally very similar; however, a
large proportion of the alkyl chain for [CgC,Pyrr]" is effectively
“pinned back” in a 5-membered heterocyclic ring. Subsequently,
we expect the nitrogen core to be more exposed than in the case
of [N 6,614] in which the central nitrogen is shielded by a layer
of conformationally flexible long-chain hydrocarbon. Crystallo-
graphic data reported by Adamova et al.*> supports this assertion

This journal is © The Royal Society of Chemistry 2014
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since they describe the N- - -Cl distance for [N, , »|Cl as signifi-
cantly longer than for [C3C,Pyrr|Cl; owing to the fact that the
presence of strained rings around the central nitrogen atom for
[C5C,Pyrr]Cl allows a closer approach of the halide anion.™

By consideration of the Coulomb potential, the interaction
energy of two point charges is inversely proportional to separa-
tion distance. Consequently, the closer two point charges are to
each other the stronger the interaction between them. There-
fore, it is anticipated that a greater degree of charge transfer
will occur in the case of the constrained [CgC4Pyrr]" cation due
to a stronger interaction with the anion, which would be
reflected in the measured binding energy (BE) values for the
anionic components.

The CI 2p high resolution scan for each cation is presented
in Fig. 1. It should be noted that due to spin-orbit coupling
the photoelectron line is split into a doublet by a ratio of 1:2
(2p1/2:2p3s2)- This is an inherent property of p-orbital photo-
electron lines and does not indicate two different electronic
environments of chlorine.

A 0.3 eV shift to higher binding energy is observed for the Cl
2ps/, component of [CgC,Pyrr]Cl (Table 1, Fig. 1), this is greater

600 —

2p3p

= [Ng6,6,14ICl
e [CgC4Pyrr]CI

500 —

400 —

300 —

Intensity / a.u.

200 —

100 —

I I I I I I
200 199 198 197 196 195
Binding Energy / eV

Fig. 1 High resolution XP spectra of the Cl 2p region for [Ng ¢ 6,14/Cl and
[CgC1PyrrICL. Areas normalised to the area of Cl 2p photoemission peak for
[N6,6,6,14ICL
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than the experimental error (£0.1 eV) and indicates a notice-
able change in the electronic environment of the anion, which
we attribute to the availability of the cationic core. It should be
noted that ABE(Cl 2p;,-2ps/,) is 1.6 eV for each cation, this
consistency reinforces that a true shift is observed and is not the
result of other processes such as beam damage. A small broad-
ening of the Cl 2p peaks is observed for the [Neg614] cation,
which is likely to be a result of differences in surface charging of
the samples. The increase in binding energy of the Cl 2p;),
component for [CgC,Pyrr|Cl, relative to [N ¢ 6 14]Cl, suggests that
the chloride anion is more electron deficient when partnered
with the 1-octyl-1-methylpyrrolidinium cation and indicates a
greater degree of charge-transfer from anion to cation for this
ionic liquid. This supports our proposal of a hydrocarbon-based
shielding of the cationic core from the anion for cations contain-
ing long alkyl chains such as [Ng ¢ 6,14]Cl.

A similar trend is also observed when comparing the F 1s
high resolution scans for [C4C;Pyrr|[BF,] and [Ngg e 14][BF4]
(Table 1, Fig. 2), in which a 0.2 eV shift is observed. The B
1s component also shifts slightly to higher binding energy by
0.1 eV for the [CgC,Pyrr]" cation, however this is within the

4000 —

= [Ng ,6,14l[BF4]
—— [C5C1Pyrrl[BF,]

3000 —

2000 —

Intensity / a.u.

1000 —

0 -

T I T T I I I
689 688 687 686 685 684 683
Binding Energy / eV

Fig. 2 High resolution XP spectra of the F 1s region for [Ng ¢ 6.14][BF4] and
[CgCyPyrrl[BF4]. Areas normalised to the area of F 1s photoemission peak
for [Ng 6,614l [BF4].

Table 1 Experimental binding energies in eV for the ionic liquids used in this study. The associated experimental error is £0.1 eV. Charge referencing

achieved by setting the Cyjiphatic cOmponent to 285.0 eV

Binding energy/eV

Cation Anion

Compound Ncation 1s Caliphatic 1s Cinter 1s Chetero 1s Cl 2P3/z B1s F1s Canion 1s Nanion 1s O 1s S 2P3/2
[Ne 6,6,14]Cl 402.1 285.0 285.6 286.3 196.6 — — — — — —
[CsC4Pyrr]Cl 402.1 285.0 285.5 286.1 196.9 — — — — — —

[Ne 6,6,14][BF4] 402.3 285.0 285.6 286.5 — 194.0 685.7 — — — —
[CsCiPyrr][BF,]  402.4 285.0 285.4 286.5 — 1941 6859 — — — —

[Ne 6,6,14][NTf,] 402.5 285.0 285.7 286.7 — — 688.7  292.8 399.3 532.5  168.9
[CsCyPyrr][NTE,]  402.7 285.0 285.6 286.8 — — 688.8  292.9 399.5 532.7  169.0

This journal is © The Royal Society of Chemistry 2014
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experimental error and so we can deduce that the cationic
structure has minimal impact upon the electronic environment
of the central boron atom. This may simply be the result of the
inversely proportional relationship between interaction energy
and separation distance, i.e. the fluorine atoms are closer to the
cationic core and experience a stronger interaction, whereas the
increased distance to the boron atom results in a weaker
interaction.

Furthermore, point charges calculated by de Andrade et al.®
and Tsuzuki et al.'” indicate that the negative charge of the
[BF4]™ anion is distributed across the four fluorine atoms, which
could provide justification for the fact that changes in charge-
transfer are more noticeable in the F 1s binding energies.

It has been previously shown that there is a strong correlation
between the degree of charge-transfer and the solvatochromically
determined hydrogen-bond basicity (/) of the anion; whereby high
basicity anions such as halides transfer a significant amount of
charge, with the opposite true for low basicity anions such as
[NTf,].*»"* This could also provide an explanation for the smaller
difference in F 1s binding energy (0.2 eV) than the observed Cl 2p;,
shift of the chloride ionic liquids, as the [BF,]” anion naturally
transfers less charge than the CI™ anion. To date, solvatochromic
parameters have been extensively reported for 1-alkyl-3-methyl-
imidazolium-based ionic liquids, whereas significantly fewer have
been reported for 1-alkyl-1-methylpyrrolidinium and tetraalkyl-
ammonium-based ILs.'® Subsequently, a comparison of the
Kamlet-Taft (f) parameter with Ncuion 1S binding energy
cannot be made in this study, although an analogous trend to
the imidazolium based systems would be expected.

A comparison of binding energies for [CgC,Pyrr|[NTf,] and
[Ne,6,6,14][NTf,] indicate that the anionic components all match
within the experimental error excluding O 1s and N 1s (Table 1).
The O 1s and N 1s binding energies are shifted to higher
binding energy by 0.2 eV for [C4C,Pyrr]|[NTf,] in comparison
to [N 6,6,14)[NTf,]. Examination of point charges determined by
Hunt et al.,'® Canongia Lopes et al.** and Tsuzuki et al.'” demon-
strate that the negative charge is mainly distributed across the
oxygen and nitrogen atoms of the [NTf,]” anion. Therefore, it is
likely that the electronic environment and hence binding energies
of these atoms will be most affected by changes to electron
density, which can be seen in this study (Table 1).

The N 1s high resolution scan for [CgC,Pyrr|[NTf,] and
[N 6,6,14][NTf,] is presented in Fig. 3. It can be seen that there
are two distinguished nitrogen environments for each com-
pound corresponding to cationic and anionic nitrogen. A shift
to higher binding energy of anionic nitrogen for [CsC,Pyrr][NTf,]
can clearly be seen.

Interestingly, the cationic nitrogen peak is also shifted
0.2 eV higher for [CgC;Pyrr][NTf,] relative to [Ng g 6 14][NTf>],
which indicates that the electronic environment of Ncation
for [Neee614][NTf,] is significantly more electron-rich than
[CsCyPyrr|[NTH, ).

To explain this observation the charge-transfer ability of the
anion must be considered. It has been established that the
Neation 18 binding energy follows the trend [NTf,]” > [BF,]” >
Cl™, which corresponds to an increase in charge transfer with

12082 | Chem. Commun., 2014, 50, 12080-12083
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Fig. 3 High resolution XP spectra of the N 1s region for [Ng g 6,14 [NTf,]
and [CgCyPyrr]l[NTf,]. Areas normalised to the area of F 1s photoemission
peak for [Ng g 614 [NTf5].

increasing anion basicity;"" thus, the electronic environment of
Neation 1S more electron-poor when coupled with the [NTf,]”
anion. Consequently, a stronger electron-releasing effect of the
aliphatic chains will be induced for ionic liquids containing
an [NTf,]” anion.

Considering that the [Ngg614]" cation has a substantially
larger aliphatic contribution than [C¢C,Pyrr]", it seems reasonable
that the Neagon environment for [Nggege14][NTf,] experiences
a stronger inductive effect from the surrounding alkyl chains
causing a subsequent shift to lower binding energy.

In conclusion, the electronic environment of the anion is
dependent upon cationic structure, with an increase in charge-
transfer from anion to cation achieved for the more constrained
structure of a 1-octyl-1-methylpyrrolidinium cation. This
provides evidence for a hydrocarbon-based shielding of the
cationic core for cations containing long-alkyl chains, which
subsequently impacts upon cation-anion interactions. This
research not only furthers our understanding of inter-ion
interactions of ILs, but also provides a step towards being able
to predict how changing the different components of an ionic
liquid will impact upon their respective electronic environ-
ments, a step that is key to developing the ability to tune an
ionic liquid system to meet a specific function.

We gratefully acknowledge the University of Nottingham
and EPSRC (EP/K005138/1) for financial support and Ms Emily
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