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The work presented in this thesis involves the application of room temperature ionic lig-
uids (RTILs) as solvents for use in electrochemical experiments. Initially, the fundamentals of
electrochemistry is presented, followed by a comprehensive overview of RTILs in terms of their
properties, applications and their behaviour as electrochemical solvents compared to conven-

tional aprotic solvents. The results of 8 original studies are then presented as follows:

e X-Ray photoelectron spectroscopy is used to quantify the concentration of bromide ions in an
ionic liquid, and is independently confirmed by potential-step chronoamperometry

e The reaction mechanisms and kinetics for the electrochemical reduction of some aromatic nitro
compounds (namely nitrobenzene and 4-nitrophenol) are determined

e The electrochemistry of phosphorus trichloride and phosphorus oxychloride is studied in detail
for the first time, due to the unusual stability of these highly reactive compounds in RTILs

e The reductions and oxidations of sodium and potassium nitrate are studied, giving rise to
‘melt’-like behaviour. The electrodeposition of sodium oxide on platinum is also demonstrated
e The electrochemical oxidation of nitrite and the oxidation and reduction of the toxic gas,
nitrogen dioxide, is presented

e The oxidation of hydrogen gas is studied in ten RTILs with a range of different cations and
anions, and contrasting interactions with the RTIL anions are seen

e The electrochemical oxidation of ammonia gas is studied in five RTILs with different anions
and a general reaction mechanism is suggested

e The reduction of benzoic acid is studied in six RT1Ls, and the kinetics of the dissociation step

are found to be very fast

The first five studies are all carried out in one particular ionic liquid, and the reactions and mech-
anisms are compared to that observed in conventional aprotic solvents. The last three studies
employ several RTILs with different cations and anions to look at the contrasting interaction
of protons with the RTIL cation/anion and ultimately help to understand the pH properties
of the solvent. The overall findings from the work in this thesis are that some reactions and
mechanisms (e.g bromide, nitro derivatives and ammonia) are generally the same in RTILs as
in conventional aprotic solvents, but other species (e.g. nitrates, phosphorus derivatives) show
remarkably different behaviour. It has also been demonstrated that RTILs are suitable media
for the detection of nitrogen dioxide, hydrogen and ammonia gases. This suggests that RTILs
could potentially offer many advantages when employed as solvents in electrochemical reactions

and in amperometric gas sensors.
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Glossary

Table 1: List of symbols commonly used throughout this thesis.

Symbol  Definition

o charge transfer coefficient

) diffusion layer thickness

i dynamic viscosity

K specific conductivity

p density

T dimensionless time parameter

¢ work function of the spectrometer

Pm electrostatic potential of the electrode (metal)
Gonr electrostatic potential at the Outer Helmholtz Plane
os electrostatic potential of the solution

v scan rate

a hydrodynamic radius

c concentration

C homogeneous chemical reaction step

Cbulk bulk concentration

Cal double layer capacitance

D diffusion coefficient

Dy constant corresponding to hypothetical diffusion coeficient at infinite temperature
% direction of concentration gradient

%f direction of potential gradient

%% variation in potential with time

ot time interval

or distance

dzx width

e~ electron

E heterogeneous electron transfer step

E potential

Ey begin potential

E, end potential where voltammogram is reversed
Ei /o half wave potential

Ey standard electrode potential

E.p diffusional activation energy

Fapp applied potential

Ebinding energy of electrons emitted from a one-electron configuration within the atom
E° formal electrode potential
Elinetic  kinetic energy of emitted electron

xii
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Table 2: List of symbols commonly used throughout this thesis contd....

Symbol Definition

Eghoton  energy of X-ray photons

AEg, peak-to-peak separation

ERrE potential difference across the reference electrode/solution interface
Ewe potential difference across the working electrode/solution interface
F Faraday constant (96485 C mol~?)

f fraction of wave heights for ‘split wave’

1 current

10 standard exchange current

b current for the backward process

ic charging or capacitative current

id diffusion limited current in a chronoamperometric experiment
it current for the forward process

ip peak current at a macroelectrode

iss steady state limiting current

J flux

Jq diffusional flux

Jm migratory flux

k1 forward rate constant for a homogeneous chemical step

k_1 backward rate constant for a homogeneous chemical step

ky backward rate constant

kg Boltzmann constant (1.38 x 10723 J K1)

ke forward rate constant

ko standard heterogeneous rate constant

Keq equilibrium constant

M molar mass

n number of electrons or a real integer > 0

Nrd number of electrons transferred in the rate determining step
0 general solution species prone to undergoing a one-electron reduction
[O]o concentration of species O at the electrode surface

R general solution species prone to undergoing a one-electron oxidation
R universal gas constant (8.314 J mol~! K—1)

[R]o concentration of species R at the electrode surface

R? least-squares correlation coeflicient

rd radius of disk electrode

Themi hemispherical radius of disk electrode

R, uncompensated resistance

t time

At time interval

T absolute temperature

To ideal gas temperature

u ionic mobility

T direction

Az length interval

z charge




Table 3: List of units commonly used throughout this thesis.

Unit Definition

A amp

atm. atmospheric pressure
C coulomb

cP centipoise

cm centimetre

d.p. decimal places
eV electron volt

K Kelvin

kV kilo volt

M molar mass

m metre

mm  millimetre

mM  millimolar

mS millisiemens
pum micrometre

nA nanoamp

nm nanometre

ppb  parts per billion
ppm parts per million
S seconds

\Y volt
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Table 4: List of abbreviations commonly used throughout this thesis.

Abbreviation

Definition

A-
AFM
BDD
BE
BQ/H-Q
BZA
Cc/Cc*
EPR
ESR
EW
3-D
DBCH
DCM
DEA
DMA
DMF
DMSO
DPP+
Fc/Fct
HA

IL
IUPAC
MeCN
NM
NMR
OHP
PTFE
PC
PVC
PZC
QUILL
rds

RE
RTIL
TBAP
TMPD
THF
UHV
vdW
VOCs
VTF
XPS
WE

solvent anion

atomic force microscopy

boron doped diamond

binding energy
benzoquinone/hydroquinone
benzoic acid
cobaltocene/cobaltocenium
electron paramagnetic resonance
electron spin resonance
electrochemical window

three dimensional
dibromocyclohexane
dichloromethane

diethylamino

dimethylamino
N,N-dimethylformamide
dimethy! sulfoxide
2,6-diphenylpyrylium cation
ferrocene/ferrocenium

proton solvated by solvent anion
ionic liquid

International Union of Pure and Applied Chemistry
acetonitrile

nitromethane

nuclear magnetic resonance

outer Helmholtz plane
polytetrafluoroethylene
propylene carbonate
polyvinylchloride

potential of zero charge

Queens University Ionic Liquids Laboratory
rate determining step

reference electrode

room temperature ionic liquid
tetra-n-butylammonium perchlorate
N, N, N’, N’-tetramethylphenylenediamine
tetrahydrofuran

ultra-high vacuum

van der Waals

volatile organic compounds
Vogel-Tammann-Fulcher

X-ray photoelectron spectroscopy
working electrode
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Chapter 1

Fundamentals of Electrochemistry

Electrochemistry is the study of the interface between an electrode (an electronic conductor) and
an electrolyte (an ionic conductor), and falls into two distinct categories. The first is known as
‘equilibrium electrochemistry’ and occurs when a potential difference is established between the
electrode and electrolyte without the passage of a sustained current. This can yield a wealth of
thermodynamic information such as reaction free energies, entropies and enthalpies, equilibrium
constants, activities and solution pHs.! The second is known as ‘dynamic electrochemistry’
and involves the study of electron transfer reactions between an electrode (usually metallic)
and a reactant molecule (a species usually in the solution phase). A potential difference is
applied between the electrode and electrolyte and the current is monitored as a function of the
applied potential. The resulting plot is known as a voltammogram and provides both kinetic
and thermodynamic information on the electron transfer process.?

In this thesis we are mostly concerned with the second type of electrochemical process, i.e.
the study of the reactions occuring between a solid electrode and an electrolyte solution. The
rest of this chapter serves as an introduction to the fundamental electrochemical principles and

methods relevant to the work reported in this thesis. A more detailed account can be found in

several standard Electrochemistry textbooks.3~7

1.1 The Electrode/Solution Interface

In voltammetry, a potential is applied between an electrode and an electrolyte solution to induce
a current, the magnitude of which is measured as a function of that potential. Before we can
design and successfully interpret the observations made during electrochemical experiments, it

is important to first consider the structure of the electrode/solution interface and the types of
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current that may be induced to flow across it.

1.1.1 Structure of the Interfacial Region

In an electrochemical experiment, the electrode acts as a source or sink of electrons. When
immersed in an electrolyte solution, a potential difference develops across the interface as a
result of charge separation between the electrode and solution. This causes the ions in the
immediate vicinity of the electrode surface to re-orientate themselves in an effort to achieve the
most energetically stable arrangement and to maintain electroneutrality. As a result, ions of
opposite charge are attracted to the electrode surface and ions of the same charge are repelled.
An electric field gradient is established extending out towards the bulk solution, and this region
is termed the ‘double layer’.

There have been various models proposed to describe the structure of the double layer.
Helmholtz®? first proposed a relatively simple model where two rigid layers of equal and op-
posite charge are formed at each side of the electrode-electrolyte interface, confined to a region
known as the Outer Helmholtz Plane (OHP). A more realistic model was then proposed by
Gouy!? and Chapman,!! who treated the ions as point charges and proposed that the potential
dropped exponentially over a ‘diffuse layer’, tending to the bulk solution value. Stern!? then
developed a new model (shown in Figure 1.1) that eliminated weaknesses of the two earlier mod-
els. He suggested that the double layer was indeed comprised of an OHP which was opposite
(but not equal) in charge to the electrode surface, as well as a diffuse layer of ions treated as
spheres of realistic dimensions, rather than point charges. In this model, the potential drops
linearly between the electrode (¢n,) and OHP (¢onp) and then exponentially decreases to the
bulk solution (¢s). Further refinements to the model were then made by Bockris et al.!3 and

Grahame,'* although the Stern approach is generally adequate to describe the interfacial region.
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: dE
lc = ACC”E = ACdl’U (1.1)

where A is the electrode area, Cy is the double layer capacitance, % is the variation in potential

with time and v is the scan rate. Non-faradaic charging currents can be undesirably large when
the scan rate is high (e.g. kV s}, often used in ‘fast scan’ voltammetry), so electrodes of small
diameter (microelectrodes) are required in such experiments to avoid the faradaic response being
swamped by capacitative currents.

Although both faradaic and non-faradaic processes contribute to the overall measured current
response, experimental conditions are usually designed so that non-faradaic contributions are
minimised, and only faradaic processes are recorded. The magnitude of any faradaic current is
mainly dependent on the following factors: the rate of mass transport of an electroactive species
to and from the electrode surface, any heterogeneous electron transfer between the electrode
and solution at the interface, and any homogeneous chemical reactions ocurring before or after

the electron transfer. These topics will be addressed in the following sections.

1.2 Mass Transport

In order for an electrode process to occur, a fresh supply of electroactive material must be
transported from the bulk solution to the electrode surface. The motion of molecules and
jions in solution can generally be divided into three main categories; diffusion, migration and

convection, each of which will be described below.

1.2.1 Diffusion

Diffusion is the movement of species in solution from an area of high concentration to an area
of low concentration due to the presence of a concentration gradient. When an electroactive
species is depleted near the electrode surface (by electrochemical oxidation or reduction), a

significant concentration gradient is formed, driving the movement of fresh material to replenish
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the exhausted region. This effect is described mathematically by Fick’s first law:!6

Oc
= _pD= 1.2
Ja oz (1.2)

where Jj is the flux due to the diffusion of a species with concentration c in direction z, gﬁ is

the concentration gradient in the direction from z to a plane surface and D is the measure of

the ease with which the species diffuses, known as the diffusion coefficient of the species, given

by:

(6z)°

D=5

(1.3)

where dt is the time interval in which a particle moves a distance of dz. The value of D in
aqueous solution typically varies between 1072 and 10710 m? s=! at 298 K,? and is dependent
on factors such as molecular size of the diffusing species, solvent viscosity and temperature.
The negative sign in equation 1.2 arises because the flux of the species tends to oppose the
concentration gradient.

In order to describe the variation of concentration with time, we first consider the flux of

material in and out of an element with width dz, as shown below:

dx

A
v

J) —— Figure 1.2: Flux in and out a
J(xtdx)—— region of width dx.

X x+dx

The rate of change of concentration with time within this region is given by:

Oc _ J(z) - J(z + dx)
ot dr

(1.4)

By differentiating equation 1.2 and substituting into equation 1.4, we obtain Fick’s second law

of diffusion:

dc &%c

5‘5 = 6_1172- (15)
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which can be written for a three-dimensional system to describe transport in each direction:?

2 2 2
Oc _p0c, pdc poc

ot Ox? Oy? 022 (16)

This equation enables the prediction of concentration changes of an electroactive material close

to the electrode surface.

1.2.2 Convection

Convection is the movement of species due to a mechanical force acting on the solution. There
are two types; ‘natural’ convection, which arises from thermal gradients and/or density differ-
ences within the solution, and ‘forced’ convection, which occurs through external forces, such
as gas bubbling through a solution, pumping, stirring or motion of the electrode. ‘Natural’
convection forces are often undesirable and difficult to predict, but are not significant on short
timescales (< 10 seconds) and only become important when slow voltage scan rates are em-
ployed. Under such conditions, forced convection (which is several orders of magnitude greater
and more predictable than natural convection) may be introduced to overwhelm the effects of

natural convection, improving the reliability and reproducibility of experimental results.

1.2.3 Migration

Migration is the movement of a charged species due to the presence of an electric field.* When
a potential is applied to a solution, an electric potential gradient is established in the interfacial
region between the electrode and the solution, inducing the migration of charged species towards

the electrode. The migratory flux, J,,, can be expressed mathematically by:?
JIm = —uc— (1.7)

where u is the ionic mobility, ¢ is the concentration and % is the direction of the potential

gradient. The mobility is given by the Einstein relation:4
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__|z|FD

Y= TRT

(1.8)

where z is the charge, R is the universal gas constant, F is the Faraday constant and T is
the temperature. Unfortunately, migration can have unpredictable and complicated effects on
voltammetry,3 but can be overcome by introducing a large excess of chemically and electrochemi-
cally inert ‘background electrolyte’ in the solution. The concentration of background electrolyte
must be at least 30 times greater than that of the electroactive species, usually satisfied by
0.1 M.3 The excess of ions near the interfacial region creats an ‘atmosphere’ that ensures that
electric fields do not build up beyond the double layer, essentially maintaining electroneutrality
during electrolysis.

In addition to this, there are other advantages to using a supporting electrolyte. Firstly,
the abundance of ions results in the compression of the double layer to a very small region
(ca. 10-20 A), facilitating electron transfer via quantum mechanical tunneling. Secondly, the
solution conductivity is increased and results in reduced Ohmic drop effects, which can distort
(stretch or slant) voltammetry due to electrical resistance of the solvent to the passage of current.
Thirdly, the activity coeflicient of the electroactive material becomes fixed, which is important
since changing the activity coefficient is likely to have a dramatic and undesirable effect on

voltammetry.

1.2.4 The Diffusion Coefficient

In the last sections, the diffusion coefficient has been introduced as a measure of the ease with
which a species diffuses, or alternatively the rate at which material moves down a concentration
gradient. In practice, it is more useful to think of the diffusion coefficient in terms of hydrody-

namic theory, which relates D to the inverse of solvent viscosity according to the Stokes-Einstein

relation:?

_ kgT

D =
6nma

(1.9)
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where kg is the Boltzmann constant, T is the temperature, 7 is the viscosity and a is the
hydrodynamic radius of the diffusing species (which encompasses the radius of the molecule and
its solvation shell).

There are also other ways to experimentally calculate D, including using the steady-state
limiting current at a microdisk electrode (see section 1.6.2.2), the Randles-Sev¢ik method!7-18
(see section 1.6.2.1) and the Cottrell equation!® (see section 1.6.1). The variation of the diffusion

coeflicient with temperature is given by the following Arrhenius relationship:

D = Dyexp (—g;;D) (1.10)

where D, is a constant corresponding to the hypothetical diffusion coefficient at infinite tem-
perature, R is the universal gas constant and E,p is the diffusional activation energy of the

electroactive species.

1.3 Heterogeneous Electron Transfer

In the last sections, the processes by which electroactive material is transported to an electrode
surface has been described. We now move on to consider the faradaic currents produced from

an electron transfer reaction in terms of electron transfer kinetics.

1.3.1 The Butler-Volmer Model

There have been several attempts to rationalise the rate of heterogeneous electron transfer, but
the most widely accepted treatment is that proposed by Butler?® and Volmer,?! and is assumed
for all the work reported hereafter in this thesis. To explain this model, it is useful to consider

the simple one-electron reduction of a species, O, to its reduced form, R:

ks
O+e =R (1.11)
ky
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where k; and ky, are the forward and backward rate constants for the heterogeneous electro-
chemical processes, respectively.

Any current flow is proportional to the rate constant and the concentration of species A and
B at the electrode surface. Therefore, at a given potential, the overall current can be expressed

as the sum of currents for the forward and reverse processes:

i =1y + it = FAkp[R]p — FAk¢[O]o (1.12)

where F' is Faraday’s constant, A is the electrode area and [R]o and [O]o are the concentrations
of species R and O at the electrode surface. Using transition state theory, the two rate constants

can be expressed as:

0
kf = kO exXp (-— aF(ljo Ef )) (113)
_ _ 0
ky = ko exp ((1 a)l;(f Bt )) (1.14)

where ko is the standard electrochemical rate constant, (E — E;%) is the overpotential (the
difference between the potential and the formal potential) and « is the transfer coefficient.
When no overpotential is applied (i.e. E = E;%), the standard electrochemical rate constant is
the value of kf and kj,, and has the same dimensions. The transfer coeflicient, o, is a measure
of the symmetry of the energy barrier for electron transfer.? It is a dimensionless quantity with
a value between 0 and 1, usually close to 0.5, reflecting the fact that the transition state lies
‘midway’ between species A and species B.

By substituting equations 1.13 and 1.14 into equation 1.12, we arrive at the Butler-Volmer

equation:

i = FAkg [[R]o exp ((1 -- aﬂ;(ﬁ - Efo)) — [Oo exp (-aF(i; Efo))} (1.15)

This equation can be combined with equations for mass transport to give a theoretical

treatment for the current response to the applied potential (see section 1.7).
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1.3.2 Electrochemical Reversibility

The term ‘reversibility’ provides an indication of the rate of the electron transfer kinetics of a
redox couple. An ‘electrochemically reversible’ system is one where electron transfer is sufficienly
fast that equilibrium is achieved on a short timescale and maintained as the potential is varied.

Under these conditions, equation 1.15 simplifies to the Nernst equation:!

E=FE"+ %zln[[—(l%z (1.16)

This describes how the electrode potential varies with electrolyte composition at the electrode

1 In the other extreme, a system with relatively slow

surface under equilibrium conditions.
electrode kinetics is classed as ‘irreversible’. In this case, equilibrium is not attained at potentials
close to E¢? on the timescale of the experiment, and a significant overpotential must be applied to
drive a reaction. Systems displaying intermediate electrode kinetics are termed ‘quasi-reversible’.

For irreversible reactions, between the limiting current plateau of a voltammogram and the

equilirium potential there is a region of potential where the current depends exponentially on

potential, described by the following form of the Butler-Volmer equation:

—aF(E - E;’)) (117

’i=i0 exp( RT

where i is the standard exchange current. This equation can be arranged to give the ‘Tafel’

equation:%%5

aF(E — EY)

. (1.18)

Ini = Inig —

Using the above equation, the exchange current and transfer coefficient may be determined.
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1.4 Homogeneous Processes

When an electrochemical process is coupled with homogeneous chemical reactions, the effect
on voltammetric behaviour can be significant, and electrochemical methods can be employed to
study kinetics and mechanisms. A simple notation used to describe such processes was proposed
by Testa and Reinmuth,?? with the letter ‘E’ used to describe an electrochemical step, and the
letter ‘C’ for a chemical process. These terms are combined in the order in which they occur in
the reaction mechanism. The types of reactions most relevant to this thesis include EC, ECE

and CE mechanisms, which are briefly introduced below.

1.4.1 EC Mechanism

In an EC process, the product of the electrochemical step (E) is unstable and undergoes a
follow-up chemical step (C) to yield a species which is electrochemically inert in the potential
window of interest. An example of this type of mechanism is the one-electron reduction of the

2,6-diphenylpyrylium cation (DPP7) in acetonitrile:23

Ph Ph

o+\__/+e-—~ o— . (E)
Ph Ph

Ph

J N\, x2 ©
Ph

In this process, the parent molecule (DPP) is reduced by one electron to form a highly reactive
radical species, which then rapidly dimerises in solution. The chemical step is second order, so

in this case the mechanism is denoted as ECs.
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1.4.2 ECE Mechanism

An ECE reaction is essentially the same as an EC reaction, except the product formed is

electrochemically active in the potential window under study and is itself immediately reduced

or oxidized. An example is the reduction of 4-nitrosophenol in aqueous solution:?*

0O OH
// + 2(_" /
HO N —% s HO N (E)
+2H" \
H
OH H
/ /
HO N — » O —N ©
\ -H,0
H
/H /H
o) =N F2 _ 1o N (E)
+2H" \H

In this reaction, the nitroso-group is reduced by two electrons to hydroxylamine, which then de-

hydrates to 4-benzoquinoneimine, and is then rapidly electrochemically reduced to 4-aminophenol.

1.4.3 CE Mechanism

In a CE process, the parent molecule undergoes a homogeneous chemical step (C) prior to

electron transfer (E). An example of this is the reduction of a weak acid such as acetic acid:?3

O O
/U\ — /lk + HY (O
OH O-

'y Hy (E)

H" + ¢
In this reaction, acetic acid dissociates into acetate and a proton. The proton is then electro-
chemically reduced by one-electron to form hydrogen. The kinetics of the dissociation step (C)
determines the current, and thus can be studied using electrochemical techniques. This type of

analysis is presented in Chapter 11 for the reduction of benzoic acid.
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1.5 Practical Electrochemistry

The last few sections have outlined the basis of electrochemical processes in terms of well-
established theory. We next move on to consider the practical aspects associated with measuring
the various parameters that have been introduced. The initial focus is on the design of cells for

electrochemical experiments, and the types of electrodes employed.

1.5.1 Electrochemical Cells

An electrochemical cell is a device consisting of two half-cells that are in electrical contact. In
dynamic electrochemistry, we are usually only interested in faradaic processes taking place at
a single working electrode (WE), where one half-cell reaction occurs. In order to complete the
electrochemical circuit, a second electrode called a ‘counter electrode’ is added to the cell, which
acts to balance the injection of charge in the solution at the WE, and this is where the second
half-cell reaction takes place. It is important to ensure that a counter electrode process does
not interfere with a process occuring at the WE, as this can have signiﬁcanf complications in
understanding voltammetric behaviour.

Experimentally, it is common to use a third electrode, called a ‘reference electrode’ (RE)
in a three-electrode arrangement with the working and counter electrodes. The voltage of the
WE is then measured relative to the RE. The potential of the RE remains fixed throughout the
experiment, and any changes in the externally applied potential are directly related to those at
the WE. The applied potential, Fapp, is given by:?

Eapp = Ewg — ERg — iRs (1.19)
where Ewg and ERrg are the potential differences across the WE/solution and RE/solution in-
terface, respectively, ¢ is the current and Rs is the uncompensated resistance of the electrolyte

solution. The final term in equation 1.19 is called ‘Ohmic drop’, and can result in the appear-

ance of stretched or ‘slanted’ voltammetry. Ohmic drop is usually small (particularly in highly
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conducting solutions containing a large concentration of supporting electrolyte e.g. 0.1 M) and in
many cases is negligible. If present, it can be minimised either by reducing the distance between
the working and reference electrodes, or by decreasing the size of the working electrode such
that only small currents are passed (e.g. to micron sized dimensions). In the latter case, the
reference and counter electrodes can be combined to give a two-electrode set-up, with the second
electrode acting both as a reference and counter electrode, termed a ‘quasi-reference electrode’.

There are a variety of WE geometries routinely used in electrochemical experiments, but
the most prolific is the disk (described in detail in the next section). Counter electrodes are
typically good electronic conductors (e.g. metals) with a large surface area, so as not to limit

electron transfer at the WE. There are four main types of RE (described in section 1.5.3).

1.5.2 Disk Electrodes

Microdisk and macrodisk electrodes are é very popular type of working electrode in electrochem-
ical experiments and are used extensively throughout this thesis. One of the reasons for their
widespread use is their ease of fabrication; a conducting metal wire is sealed into an insulating
material (such as glass or PTFE) and a cross-section of the wire is exposed. In addition, the
symmetry of the disk serves to simplify mass transport considerations, and disk electrodes can
be considered theoretically in two-dimensions.

There are two types of diffusion that can occur at a disk electrode. ‘Planar’ diffusion takes
place at all points normal to the disk surface, and ‘convergent’ diffusion takes place at the disk
edges, illustrated graphically in Figure 1.3a. When the disk size is large (a so called ‘macro-
electrode’), convergent diffusion is negligible and planar diffusion dominates. The mathematical

expression for linear (planar), one-dimensional diffusion is given by:”

VD7t << 14 (1.20)

where D is the diffusion coefficient, ¢ is the time and rq is the radius of the disk electrode.
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density, reduced capacitance and lower ohmic drop. Due to the smaller overall current, it is
also possible to simplify the experimental arrangement by employing a two-electrode set-up (as

described above), which is useful when only small quantities of solvent are available.

1.5.3 Reference Electrodes

For most electrochemical experiments, it is a requirement for there to be a ‘reference’ electrode
that provides a stable potential relative to the voltage of the working electrode. In conventional
solvents, there are four main types. The first are based on potential determining equilibria such
as Agt + e = Agor %Clz + e~ = Cl7, where for ‘cationic electrodes’, equilibrium is estab-
lished between atoms or molecules and their corresponding cations in solution, or for ‘anionic
electrodes’, their corresponding anions. The second type of reference electrode consists of three
phases, with a metal covered by a layer of its sparingly soluble salt, which is immersed in a
solution containing the anion of this salt. Examples include Hg/HgsCly/Cl~ (saturated calomel
electrode) and Ag/AgCl/Cl~. The third type of reference electrode involves the use of a redox
couple. In this case, an inert, non-reactive metal such as platinum or gold, is immersed in a
solution containing both species contributing to a redox couple. For example in water: %BQ +
e +Ht = %HQQ, where BQ is benzoquinone and HyQ is hydroquinone, or in aprotic solvents:
Fct + e~ = Fc, where Fc is ferrocene and Fc™ the ferrocenium cation. The fourth type is called
a ‘quasi’-reference (sometimes called ‘pseudo’-reference) electrode. These usually consist of just
a metal wire, such as silver or platinum, placed directly in the solution. The main advantage of
using this type of electrode is that the solvent volume can be minimized to microlitre quantities,
since a two-electrode arrangement can be employed and the distance between the electrodes
can be minimized. However, the potential of quasi-reference electrodes are not stable and can
shift over the course of an experiment. This can be overcome by calibrating the potential vs an

internal reference couple, either before an experiment (in cases where there is little change in
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electrolyte composition and where the potential is not expected to shift), or in-situ (involving
the introduction of a redox couple into the same solution, provided that there is no interference
with the electrochemical system being studied). IUPAC recommend the use of either the fer-
rocene/ferrocenium, Fc/Fct couple,?® or alternatively the cobaltocene/cobaltocenium Cc*/Cec
has been suggested.?”?8 Quasi-reference electrodes are the most commonly used in this thesis,
and where necessary, peak potentials have been reported vs either the ferrocene/ferrocenium or

cobaltocenium/cobaltocene redox couples.

1.6 Voltammetric Techniques

Voltammetry is the study of the current response when a voltage is applied to an electrode.
Two approaches may be considered; either the potential is stepped to a fixed value and the
current is measured as a function of time, or the potential is swept linearly through a range and
the current is measured. The following sections introduce the different voltammetric techniques
that are relevant to the experiments reported within this thesis in the context of disk geometry
under diffusion-only conditions. For simplicity, it is assumed in both cases that the electrolyte
solution contains an electroactive species, A, which can be converted to species B in a simple

one-electron oxidation, as shown below:

k
A=B+e” (1.22)

ky

where k; and kp, are the forward and backward rate constants for the electrochemical process.

1.6.1 Potential Step Chronoamperometry

The study of the variation of the current response with time under potentiostatic control is called
chronoamperometry.® In a chronoamperometric experiment, the potential is instantaneously
stepped from an initial value, Fy, (usually where no current flows) to a final value, Ey, (where

the electron transfer process occurs) as depicted in Figure 1.4. A large current is initially
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Figure 1.4: A potential waveform applied during a chronoamperometric experiment
and the experimental output on a microdisk electrode (Shoup and Szabo equation)
compared to a macrodisk (Cottrell equation).

recorded, which then falls steadily with time due to the depletion of species A at the electrode
surface. For processes where planar diffusion dominates (e.g. macroelectrodes), the diffusion

limited current, ¢4, tends to zero (see Figure 1.4) and is given by the Cottrell equation:!?

_ nFAD%c

ig = (1.23)

T2t
where n is the number of electrons transferred, F' is Faraday’s constant, A is the electrode
surface area, c is the concentration of the electroactive species, and t is the time. A plot of ¢
Versus —ﬁ should result in a linear line through zero from which the diffusion coeffcient can be
calculated. The Cottrell equation is only valid in systems subject to the following boundary
conditions: (a) only species A is present in solution at ¢t=0, (b) the solution is sufficiently large
that far from the electrode surface the concentration of A approaches the bulk value, and (c)
the concentration of A is reduced to zero immediately after the potential step.

When convergent diffusion dominates (e.g. a microelectrode), the problem becomes more
complex and must be considered in two dimensions. The experimental transient obtained at a

microelectrode decays to a limiting current (see Figure 1.4), as opposed to zero for Cottrellian

behaviour. In this case, the current can be described as a function of a dimensionless parameter,
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729
t =4nFryqDcf(7) (1.24)
where
4Dt
= 1.25
=5 (1.25)

Here, n is the number of electrons transferred, F is the Faraday constant, D is the diffusion
coefficient, ¢ is the initial concentration of parent species, rq4 is the radius of the disk electrode,
and t is the time. Aoki and Osteryoung?® used two different expressions for f(7). At short times

when 7 is less than 1.44:

f(r) = \/g + 7 +0094y/7 (1.26)

whereas at longer times when 7 is greater than 0.82:

3 5

F(r) =1+0.718357"2 + 0.056267~ 2 — 0.006467" 2 (1.27)

However, since this was not sufficient to describe the variation of 7 with 7 over the full range of
7, Shoup and Szabo® derived a single expression to describe the current over the entire range,

with a maximum error of less than 0.6 %:
F(7) = 0.7854 + 0.8862772 + 0.2146 exp(—0.78237" ) (1.28)

In some systems, ‘double potential step’ chronoamperometry can also be performed to calcu-
late the diffusion coefficient of species B. This usually involves stepping the potential from F; to
E,, then back to E; and measuring the current decay for both processes. At a microelectrode,
the first step can be analysed by the Shoup and Szabo3? expression, and the second step by an
exponentially expanding time grid described by Klymenko et al.3!

It should be noted that chronoamperometric transients cannot provide any information on
the electrode kinetics of a reaction, since the position of the potential step is chosen to be more

negative than the formal potential for the reduction process, such that the mass transport is

rate limiting.



CHAPTER 1: FUNDAMENTALS OF ELECTROCHEMISTRY 20

1.6.2 Linear Sweep and Cyclic Voltammetry

‘Linear sweep voltammetry’ involves the measurement of current as the potential is varied (usu-
ally linearly) from an initial value, E1, to a final value, F5, at a fixed scan rate, v. It is common
to then reverse the sweep and record the current when the potential is swept back to E; at the

same scan rate. This process is termed ‘cyclic voltammetry’ and is depicted in Figure 1.5.

Figure 1.5: Triangular potential
‘ramp’ used in cyclic voltammetry,
showing the variation of applied po-
tential with time.

7

The experimental output from a cyclic voltammetric experiment is a plot of current, ¢, vs po-
tential, F, called a ‘voltammogram’. The shape and position of the voltammogram is influenced
by various factors including the type of mass transport operating and the size of the working
electrode. As a result, the characteristic voltammetry obtained at macro and microelectrodes is

very different, and will be discussed below.

1.6.2.1 Voltammetry at Macroelectrodes

Typical characteristic cyclic voltammetric waveshapes on large electrodes where planar diffu-
sion dominates are depicted in Figure 1.6. The three voltammograms shown correspond to
‘reversible’, ‘quasi-reversible’ and ‘irreversible’ electron transfer processes with the same formal
potential, E°.

For the reversible case, the voltammogram has an E;° close to half way between the oxidation
and reduction peak potentials, Epox and EpRed.3 The shape of the curve can be understood
as follows. Initially, the applied potential is not large enough to induce electron transfer, so no

current is recorded. As the potential is swept positively, the current increases approximately
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Figure 1.6: A comparison of cyclic voltammetric wave-shapes representing planar

diffusion at a macrodisk electrode.
exponentially as species A is oxidised. At higher potentials, the current begins to fall off as
mass transport to the electrode becomes limiting. Eventually, a maximum current (peak) is
observed as a result of the balance between electron transfer and diffusion. The current then
falls off after reaching a maximum since the diffusion layer becomes thicker, and species A has
further to diffuse to the electrode. The peak current, iy, at 298 K can be calculated using the

Randles-Sevéik equation:!” 18

ip = (2.60 x 10°)n2 ADZv2 cpy (1.29)

where n is the number of electrons, A is the area of the electrode, D is the diffusion coefficient,
v is the scan rate and cpyx is the concentration of the electroactive species in bulk solution.
When the voltammogram is reversed, species B (the oxidised form of A) is in a high concen-
tration local to the electrode surface and is reduced at the electrode to give the back-wave shown
in Figure 1.6. When the system is fully reversible, the forward and reverse peaks are separated
by 2.2-18% (corresponding to % mV at 298 K), and the peak potentials are independent of
scan rate. At high scan rates (shorter experimental timescale), there is less depletion of ma-
terial at the electrode surface, resulting in a smaller diffusion layer and consequently a steeper
concentration gradient. This results in more flux of material towards the electrode surface and

hence higher peak currents. As a result, the peak currents for the forward and reverse peaks
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increase with increasing scan rate with i linearly proportional to the square root of scan rate
for a diffusional process.

If the electron transfer is sufficiently slow, the resulting voltammogram is classed as ‘irre-
versible’ and a wave shape similar to that in Figure 1.6 is seen. The wave is more broad than
for the fully reversible case, and accordingly the peak current is less than that predicted by

equation 1.29. For an irreversible system, the peak current at 298 K is given by:°
ip = (2.99 x 10%)n(ana)? AD w2 coue (1.30)

where n,q is the number of electrons transferred in the rate determining step and « is the charge
transfer coeflicient. As with the reversible case, the peak current scales linearly with the square
root of scan rate. The are, however, some differences compared to the fully reversible case.
Firstly, although the electrode process has the same E;°, a larger overpotential is required to
drive the electron transfer, resulting in the oxidation peak appearing at a more positive potential.
Secondly, the absence of a voltammetric back peak suggests that if the reverse process takes place,
it does so at a sufficiently negative potential outside of the potential window shown. It could
also be the result of a rapid chemical reaction after the electron transfer step (as mentioned
previously).

For intermediate ‘quasi-reversible’ systems, the shape of the voltammogram appears more
‘drawn out’ (see Figure 1.6), and the peak separations are greater that 59 mV since the kinetics
of the electron transfer are not fast enough to maintain a full Nernstian equilibrium. The peak
currents are also smaller than for the fully reversible case. When the scan rate is increased, peak
to peak separations vary (unlike for a reversible system), and the peak current is not proportional
to the square root of scan rate. Matsuda and Ayabe have classified reversible, quasi-reversible
and irreversible voltammetry according to the magnitude of kg relative to the voltammetric scan

rate, as shown in Table 1.1.
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Table 1.1: Criteria for classification of reversibility according to electron transfer and scan rates.

Electrochemical Process Criteria

Reversible ko > 0.3 v2 cm s~}
Quasi-reversible 03v: >ky>2x 1075 v2 cm s~!
Reversible ko < 2 x 1075 v% cm s™?

1.6.2.2 Voltammetry at Microelectrodes

When the electrode diameter is sufficiently small (ca. < 50 um), convergent diffusion takes
place at the electrode surface. The resulting voltammogram is sigmoidal in shape (as shown in
Figure 1.7) and reaches a limiting current plateau, in contrast to the peak-shaped behaviour
obtained at macroelectrodes. This type of behaviour is called ‘steady-state’, and occurs because
the rate of mass transport to a microelectrode is sufficiently fast that the concentration of
electroactive species at the electrode surface is continually replenished over the whole potential

range. In this case, the concentration profile at a given potential is independent of time.

L A

iSS

Figure 1.7: Steady-state voltam-
metry at a microdisk electrode.

The voltammogram is characterised both by the limiting current and the half wave potential,
Ey /. In systems where the electrode kinetics are fast, Ey/y is close to the formal potential for
the redox couple, but deviates significantly when the electron transfer is slow. Depending on
the reversibility, it is also possible to extract heterogeneous information from the curvature of
32

the wave.

The steady-state limiting current, iss, can be used to electrochemically calibrate the radius,
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T4, of a microdisk electrode using:

iss = —4nF Dcry (1.31)

where F' is Faraday’s constant, ¢ is the concentration, and D is the diffusion coefficient of the
electroactive species (characterised independently). Alternatively, the diffusion coefficient of an
electroactive species can be calculated from ig by knowledge of the electrode radius.

It should also be noted (as mentioned previously) that planar diffusion can still dominate at
microelectrodes at sufficiently high scan rates or in cases of species with low diffusion coefficients
(e.g. in highly viscous media such as room temperature ionic liquids, which will be explored

throughout this thesis).

1.7 Modelling Electrochemical Processes

Although electrochemical experiments provide a wealth of information about processes taking
place near the electrode surface and in solution, it is often useful to use theoretical models
to fit experimental data and predict the outcome of voltammetric experiments. In simulating
voltammetric data, numerical methods are often employed as analytical techniques cannot be
solved exactly. There are various strategies, but the type used in several places throughout this
thesis is based on the Fast Implicit Finite Difference method,33 using the commercially available
software package DigiSim® .34

Finite difference methods are based on solving the partial differential equations associated
with mass transport. It is common to approximate the the continuous space and time dimensions
as discrete variables, depending on the number of spatial dimensions involved. For a simple 1-
dimensional case, the x coordinate can be divided into small intervals of length Az, and the
time ¢ divided into small time steps At. This is shown pictorially in Figure 1.8. At each point
on the grid, the concentration of the species of interest is approximated by assuming that the

concentration between adjacent points varies linearly. By solving these now linear equations
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generates a concentration profile, and a time-dependent current curve can be calculated for the
region immediately adjacent to the electrode surface.

DigiSim® is a versatile simulation program, as it allows the simple input of a wide range
of fixed parameters such as the scan rate, potential range, electrolyte concentration, diffusion
coefficients and electrode area. It is then possible to select and optimise parameters for the
electron transfer rate constant, the transfer coefficient, the half wave potential (for heterogeneous
steps) and the forward rate constants and equilibrium constants (for homogeneous steps). It is
noted that when simulating responses at a microdisk (where hemispherical diffusion takes place),
the hemispherical radius, rhemi, should be used instead of the disk radius.3® ryemy; is related to

rq by the following expression:3°

2r
Fhomi = 7‘* (1.32)

1.8 X-Ray Photoelectron Spectroscopy

Although not an electrochemical technique per se, X-ray photoelectron spectroscopy (XPS) has
been used in various places throughout this thesis to provide additional information about the
elements present both in a room temperature ionic liquid solution (Chapter 4) and on a solid

electrode surface (Chapter 7). This section will provide a brief introduction to the technique,
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but a more comprehensive account can be found in several textbooks.36-38

XPS is a quantitative spectroscopic technique that provides information on the elemental
composition, empirical formula, chemical state and electronic state of the elements within a
material. The technique works by irradiating a material (usually a solid) with a beam of alu-
minium or magnesium X-rays while simultaneously measuring the kinetic energy and number of
electrons that escape from the top 10 nm of the surface. Because the energy of a particular X-ray
wavelength is a known quantity, the electron binding energy of each of the emitted electrons can

be calculated from the following equation:

Ebinding = Ephoton — Ekinetic — ¢ (1.33)
where Eyinging is the energy of the electron emitted from one electron configuration within the
atom, Eppoton 1S the energy of the X-ray photons being used, Ejinetic is the kinetic energy of the
emitted electron as measured by the instrument and ¢ is the work function of the spectrometer
(not the material). The binding energy of the peaks are characteristic of each element and are
used to determine which elements are present. The composition of each element can then be
determined from the peak areas after employing appropriate sensitivity factors. All elements
with an atomic number between those of lithium and lawrencium can be detected (not hydrogen
and helium), and the sensitivity is usually in the parts per thousand range. Detection limits
of parts per million (ppm) are possible, but often require a very long collection time. XPS
requires ultra-high vacuum (UHV) conditions, and as a result, it is very rarely used to study the
composition of liquids. Chapter 4 presents one of the first XPS studies on liquids, by employing

a low-volatility ‘room temperature ionic liquid’.

This chapter has outlined the fundamental electrochemical principles that are relevant to
this thesis. The next chapter introduces room temperature ionic liquids as a class of solvents,

which are used in all electrochemical experiments reported throughout this thesis.
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2.1 Introduction

Although there is no exact definition, ionic liquids are most commonly defined as materials that
are composed solely of ions and melt at temperatures of 373 K or less.?2 The advantage of this
type of liquid is that reactions can be performed at much more ‘ambient’ temperatures compared
to reactions in molten salts (e.g. NaCl, melting point of 1073 K, or LiCl-KC], melting point of
628 K), and the equipment employed at moderate temperatures may be used. The first ionic
liquid reported in the literature (ethylammonium nitrate) was discovered in 1914.3 However,
relatively little was reported about these solvents in the open literature until 1951, when Hurley
and Wier reported the electrodeposition of metals such as aluminium in ethylpyridinium bro-
mide.*® It was in 1982 that a new ‘class’ of ionic liquid that incorporated the ‘haloaluminate’
anion (e.g. [AICl4]~) was synthesized.® Several papers were subsequently published on this type
of solvent, but the ionic liquids’ high sensitivity to air and moisture resulted in much effort and
expensive experimental equipment required to maintain the essentially ‘anhydrous’ conditions
necessary (e.g. a glove box). The introduction of apparently ‘air and moisture stable’ ionic lig-
uids,” which possess many significant advantages over their haloaluminate counterparts, resulted
in the increase in the number of publications in the early 1990’s. The interest in ionic liquids
has surged since around 1999, coinciding with the publication of a review paper by Welton 2
which appears to be the most cited ionic liquid paper to date (more than 3400 citations at the
time of writing).

The next sections will introduce some of the main physical properties of ionic liquid solvents,
and some of their key applications. Focus will then turn to the use of RTILs as electrochemical
solvents, the purpose for which they were originally conceived.?!® For a more comprehensive

summary of RTILs for use in other applications, the reader is directed to several interest-

ing review papers on catalysis,® 11713 ‘green’ chemistry,!41® organic reactivity,!”!® analytical

uses, 19722 biocatalysis and enzymes?324 and applications in the chemical industry.?
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2.2 Classes of Ionic Liquids

Although there is not (as yet) an accepted method of grouping ionic liquids into category’s based
on their properties, it can loosely be stated that they fall into three main, arbitrary classes. The
first generation, as mentioned above, are based around haloaluminate anions such as [AICl4]~
but have major drawbacks due to their high sensitivity to moisture, requiring them to be handled
under anhydrous conditions (i.e. glove box).6 The second generation based on anions such as
tetrafluoroborate ([BF4)™) or hexafluorophosphate ([PFg]™),% are less reactive with water but
still absorb moisture, changing the physical and chemical properties of the liquids, which in
turn alters their behaviour. The more ‘modern’ ionic liquids are composed of more hydrophobic
anions such as bis(trifluoromethylsulfonyl)imide ([NTfp] ) or perfluoroalkylphosphate ([FAP]7),
and are less moisture sensitive than their predecessors. These are thought to belong in an
intermediate class, somewhere between second and third generation. The third generation are
so-called ‘task-specific’ ILs (first invented by Davis et al.)?®?® where the ionic liquid contains
functional groups. Finally, there are other ILs which are difficult to categorize according to the
definitions above, containing anions such as dicyanamide [N(CN),]~, thiocyanate [SCN]~ and
methyl sulphate [MeSQy4]~. Some of these unclassified RTILs are halide free or possess physical
properties such as lower viscosity and high conductivity. Common cations include imidazolium
(|Cpmim]), pyrrolidinium ([Cpmpyrr]), pyridinium ([Crnpy)), tetraalkylammonium ([Nap,c,al) and
tetraalkylphosphonium ([Pgpca]). Figure 2.2 shows the structures of some commonly used
cations and anions that make up non-haloaluminate RTILs. The nature of the cation and anion
can be varied to allow for ‘tuneable’ solvents for specific purposes;29 theoretically, there are up
to ca. 108 combinations possible!3? Table 2.1 gives some examples of the types of ionic liquid
cations and anions already synthesized, and the range of molecules is growing rapidly each
year. Since many of these compounds being synthesized are new, there is much work needed to

understand their physical properties before they can be considered for specific applications.
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Figure 2.2: Molecular structures of some common cations and anions employed in
room temperature ionic liquids, and the nomenclature used throughout this thesis.
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Table 2.1: Examples of cations and anions that have been employed as non-haloaluminate ionic liquids.

Cations Ref. Anions Ref.
1,3-dialkylimidazolium 25,31,32 [BFy]~ 32,33
1,2,3-trialkylimidazolium 31,34 [PFg|~ 7,32,34
1,3,4-trialkylimidazolium 31 [NTf]~ 31,34
1-alkyl-3-methoxyalkylimidazolium 31 [OTf]~ 31,35
1-(w-phenylalkyl)-3-methylimidazolium 36 [FAP]~ 37
1-methyl-3-(2,6-(S)-dimethylocten-2-yljimidazolium 38 [NOs3)~ 39

N, N-dialkylpyrrolidinium 40-42 [SCN]- 43
tetraalkylammonium 44,45 [AsFe]~ 32,34, 46
methoxyalkyltrialkylammonium 47 [N(CN)p]~  43.48
tetraalkylphosphonium 49 [H(HF),|~ 4250
N-alkylpyridinium 51 [MeSO4]~ 52
trialkylsulfonium 53 [TFA]- 31

N, N-dialkylpiperidinium 42 [CTts]~ 46
hydrazinium 54 [Ts]~ 48
1-alkyl-3-methylbenzotriazolium 48 [Co(CO)4]~ 3
1-alkyl-2-methylpyrrolinium 36 [DNA]- 57

2.2.1 Task-Specific Ionic Liquids

The ability to change the combination of cation and anion is highly advantageous, as the phys-
ical properties of an ionic liquid can be ‘fine-tuned’ for a specific purpose. A review by Davis?’
suggests a huge number of feasible anions and cations are possible, simply by adding an addi-
tional functional group to the cation or anion. Figure 2.3 shows the structures of some cations
and anions that have been employed as ‘task-specific’ ionic liquids. In particular, the imida-
zolium ring can be functionalized with a reactive functional group for a specific purpose. For
example, a primary amine functionalized imidazolium cation has been used to separate COq
from gas streams,*® while ionic liquids with appended sulfonic acid groups have been used as
a solvent-catalyst for esterifications.’® Zwitterionic liquids, where the anion and cation are
tethered together in a single structure have also been used for electrochemical applications.59
Despite the possibility of such a huge library of ionic liquid structures possible and the expo-
nential growth in the number of publications in ionic liquids, studies have mostly been limitied
to a relatively small number of ionic liquids. This could be due to the unfavourable effects that

adding functional groups has on the physical properties of the ionic liquid e.g. increased reactiv-
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Figure 2.3: Examples of some ‘task-specific’ ionic liquids and ‘zwitterionic liquids’,
taken from the literature.27-66.67

ity with species in solution, a narrower electrochemical window and a much more complicated
synthetic and purification procedure.

The rest of this chapter will focus on the properties and applications of the second and
third generation RTILs with anions such as bis(trifluormethylsulfonyl)imide, tetrafluoroborate
and hexafluorophosphate, as these are the types used in the experiments reported in this thesis.

Comprehensive accounts of haloaluminate8 46,6164 and task-specific?628:65 jonic liquids can be

found in the literature.

2.2.2 Synthesis of RTILs

Most imidazolium-based ionic liquids are synthesized following the method given in Figure 2.4.
In this reaction, the cation is initially formed by alkylation of an imidazole using an alkyl halide.

The ionic liquid is then formed by a metathesis reaction with an alkali metal or silver salt of
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Figure 2.4: Reaction scheme for the synthesis of an imidazolium RTIL.3! A similar

method is followed for pyrrolidinium, tetraalkylammonium and tetraalkylphospho-

nium ionic liquids.49 41,43,44,49
the desired anion, leaving the alkali metal or silver halide as a by-product. A similar two-step
procedure is used for the synthesis of pyrrolidinium, tetraalkylammonium and tetraalkylphos-
phonium ionic liquids.4%41,43,4449 1n all cases, if the second step does not go to completion,
unreacted halide ions from the first step are left in the ionic liquid as impurities, and must be
removed in additional purification steps. The removal of halide impurities is very important, as

halides can increase the viscosity and have significant effects on the electrochemical window of

the solvent and outcome of synthetic routes (see section 2.4.2).

2.3 Properties of RTILs

Before considering a solvent for use as a reaction medium or in an electrochemical experiment,
it is important to understand its physical and chemical properties. As a class of solvent, ionic
liquids generally have high viscosities, densities greater than water, high intrinsic conductivities,
wide electrochemical windows, high thermal stabilities, high polarities and solvating proper-

ties similar to those of conventional aprotic solvents. This section will examine each of these

properties individually.

2.3.1 Viscosity

The viscosity of a solvent is an important physical property, since high viscosities form barriers

for many applications and slow down the rate of diffusion-controlled chemical reactions.®® Ionic
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liquids have viscosities comparable to that of oils, i.e. two to three orders of magnitude higher
than conventional molecular solvents. Table 2.2 compiles a list of some physical properties
of some commonly used RTILs and conventional aprotic solvents, with viscosity values given
in the second column. Viscosities of most RTILs are generally in the range of 30450 cP at
ambient temperature (with a few more viscous ionic liquids known that include halide anions,
e.g. [C4mim]I and [Cemim]|Cl). The high viscosity of ionic liquids is obviously a disadvantage for
use in industrial applications for the reasons described later, explaining the quest for new ionic
liquids exhibiting lower viscosities. Viscosities can be lowered by the addition of small amounts of
organic cosolvents,% but this tends to cause the solvent to lose some of its favourable properties
such as low-volatility and thermal stability.

The viscosity of ionic liquids is primarily determined by van der Waals (vdW) forces and

10,11,7 For example, ionic liquids with the [Comim]* cation exhibit lower

hydrogen bonding.
viscosities than [C4mim]*, as increasing the length of the carbon chain on the imidazolium
cation results in increased van der Waals interactions. Increased vdW forces results in more
energy being necessary for molecular motions. The addition of fluoride functional groups on
the imidazolium carbon chain also results in a higher viscosity due to an increase in hydrogen
bonding.!1:31 The identity of the anion has a greater effect on viscosity than does the composition
of the cation. For example, anions containing a greater number of fluoride ligands (e.g. [BF4]~
and [PFg]~) form much more viscous ionic liquids than the weakly basic [NTfz]~ anion (where
the negative charge is delocalized over the two sulfoxide groups) due to the increased number of
strong H—F interactions.

The viscosities of ionic liquids are highly temperature dependent, with a 20 % change over 5 K
not uncommon around room temperature.3? Okoturo and VanderNoot! report the viscosity of

23 RT1Ls over a temperature range of 283—-343 K. They found that although some ionic liquids fit

well to an Arrhenius relationship over the whole temperature range, those with symmetric cations
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Table 2.2: Viscosity (n), density (p), conductivity (k) and accessible electrochemical windows (EW) at
a platinum electrode of some commonly used RTIL and molecular electrochemical solvents.

Ionic Liquid nat 293 K/cP  pat 293 K/gcm™3 & at 293 K/mS ecm™! EW!/V
[Comim|[{NTf;] 343! 1.5370 8.831 4.3
[C4mim|[NTf,) 5231 1.4470 3.9%! 4.8
[Cemim|[NTf,) 7436 1.3370 - 5.0
[C4dmim][NTf,] 10571 1.4270 207 5.2
[Cemim|[FAP] 7437 1.567° 1.337 5.3
[Campyrr][NTf,] 8971 1.4070 2,240 5.2
[C4mim][OTH] 903! 1.303! 3.781 4.9
[C4mim]|[BF,] 11271 1.2173 1.774 4.7
[N 2.2.2][NTf) 16744 1.274 0.677° 5.4
[C4mim]|[NO3] 26673 1.1673 - 3.7
[C4mim][PFg] 37173 1.3773 1.574 4.7
[P14,66.6][NTf2)] 45049 1.0770 - 5.0
[P14,6,6,6][FAP] 46470 1.1870 - 5.6
[C4mim]|I 111076 1.4970 - 2.1
[Cemim]Cl1 745337 1.057 - 3.2
Acetonitrile 0.3477 0.7977 §7.677 §5.078
Dichloromethane 0.4477 1.3377 - §3.578
N,N-Dimethylformamide 0.9277 0.9477 §4.077 §4.378
Dimethylsulfoxide 1.9977 1.1077 §2.777 84.4%
Propylene carbonate 2.577 1.21* - 84,778

§ containing 0.1 M TBAP at 295 K
t obtained from our own studies on blank RTILs using a 10 um diameter Pt electrode and Pt quasi
reference electrode. Electrochemical windows defined by the voltage range where the current is less than

1 nA.

or cations with functional groups fit better to the Vogel-Tammann-Fulcher (VFT) relationship

(given below):80-82

k= AVTe BT-T0) (2.1)

where k is conductivity, A and B are emperically derived constants, and Ty is the ideal glass

temperature at which the conductivity drops to zero. Some ionic liquids did not fit well to either

equation.”



CHAPTER 2 : ROOM TEMPERATURE IONIC LIQUIDS 38

2.3.2 Density

Ionic liquids are typically more dense than organic solvents and water and generally fall in the
range of 1 to 1.6 g cm™3 (see third column, Table 2.2).8% The density decreases with increasing
length of the alkyl chain on the imidazolium cation! and increases with the molecular mass
of the anion in the approximate order [BF4]™ < [OTf]™ < [PFg]™ < [NTfa]”™ < [FAP]™. Most
density values are reported at around room temperature. However, several researchers have
recorded densities as a function of temperature and have reported an approximately linear
decrease of density with temperature.36:8485 Typical values for the volume expansion coefficient
of ca. 5 x 107% K~! were found,® which are significantly lower than those of common organic
solvents (e.g. toluene, ca. 11 x 1074 K~!). This knowledge may be useful for employing RTILs

in applications at higher temperatures, where extraction of reaction products is important.

2.3.3 Intrinsic Conductivity

In electrochemical experiments, the conductivity of a solvent is of vital importance. Ionic liquids
have reasonably good conductivities, comparable to those of organic solvents with additional sup-
porting electrolyte (e.g. 0.1 M TBAP). Some examples of measured conductivities of ionic liquids
and conventional solvents at 293 K are shown in the fourth column of Table 2.2. Based on the
fact that ionic liquids are composed entirely of charged ions, it is expected that they should have
high conductivities. However, conductivity depends upon both the number of charge carriers
and their mobilities. The high viscosity and large size of constituent ions result in reduced ion
mobility and average conductivities. The conductivities of ionic liquids are often approximately
inversely proportional to viscosity, and the lower viscosity ionic liquids such as [Comim][NTf]
and [C4mim][NTfz] have reasonably high conductivities of 8.8 and 3.9 mS cm™!, as compared
to 7.6 and 4.0 mS cm™! for acetonitrile and DMF, respectively. At increased temperatures, the

conductivity increases,7 due to the increased mobility resulting from a decrease in viscosity.
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The variation of ionic liquid conductivity with temperature follows the Vogel-Tammann-Fulcher
(VTF) relationship.3?72.86:87 Vila et al.37 reported the variation of conductivity with temper-
ature in nine imidazolium based ionic liquids and showed that this relationship applies with a
high level of precision. They also observed that conductivity decreases as the cation alkyl chain
length is increased. However, conductivity was found to be less dependent on anion size, where
the greatest conductivity was observed at an ‘optimal’ anion size, i.e. [BF4]~.

It is also worth mentioning a few reports of ionic liquids with higher conductivities than those
reported in Table 2.2. For example, Hagiwara et al.?9%:88 have synthesized a range of ionic
liquids with conductivites ranging from 12 mS cm~! to as high as 110 mS cm™!.°% These ionic
liquids were made by reacting n-alkylimidazolium chlorides with anhydrous hydrogen fluoride
(HF) and are described by the formula [Cp,mim][F(HF),,] (where m= 2 or 3). They were
reported to have viscosities as low as 4.9 cP and modest electrochemical windows of ca. 2.5-
3.5 V.50 However, these ionic liquids have not been extensively investigated as solvents, probably
due to the extremely harsh conditions employed in their synthesis and their possible degradation

to hazardous species such as HF.

2.3.4 Electrochemical Window

The electrochemical window of a solvent is defined by the voltage difference between the anodic
and cathodic decomposition potentials of the molecules/ions that make up the solvent.® This
voltage range is very narrow (approximately 1.5 V) in aqueous solutions on various electrode
surfaces,”® due to the oxidation and reduction of water. However, the electrochemical window
in aprotic solutions containing supporting electrolytes is much wider e.g. 5.0 V for acetonitrile,
3.5 V for dichloromethane and 4.4 V for dimethylsulfoxide.”® Ionic liquids have also been
shown to possess wide electrochemical windows, in the ’range of ca. 4.0-6.0 V.,° due to the

robustness of the cations and anions that make up their structure. The window size is dependent
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on the specific cation and anion combination used. The wide clectrochemical windows have
been exploited in electrodeposition studies (discussed in section 2.5.6), where certain metals
and semi-conductors have been deposited that are out of the range of traditional solvents.10:89
When voltage differences larger than their electrochemical window are applied, ionic liquids have
been shown to decompose to products such as methylpyrrolidine, octanes, octenes, 2-butanol,
dibutylmethylamine and butylpyrrolidine (in the case of [C4mpyrr][NTf,]), and to 1-butyl-3-
methylimidazolium radicals (in the case of [C4mim][BFy4]).%°

The electrochemical windows given in the literature tend to differ from one report to another
for a number of reasons, such as the presence of impurities, which can narrow the electrochemical
window (see section 2.4), or the choice of electrode material. In addition, many researchers use
different reference electrode materials, with many electrochemical windows reported vs a quasi-
reference electrode such as a Pt/Ag wire. It is useful to know both the cathodic and anodic
potential windows when choosing an ionic liquid for a particular electrochemical experiment,
and voltages should be reported vs a stable reference couple. It has been suggested?:92 that
either ferrocene or cobaltocenium hexafluorophosphate may be suitable for such a purpose, as
they have both been shown to have a potential indepeﬁdent of electrode composition, analyte
concentration and scan rate.%?

The final column of Table 2.2 shows the measured electrochemical windows on a Pt micro-
electrode (diameter 10 pum) for a range of commonly used RTILs, compared to conventional
aprotic solvents containing 0.1 M TBAP as supporting electrolyte. It can be seen that most
ionic liquids have electrochemical windows of ca. 3.7-5.6 V, with the widest window seen in
[P14,6,6,6][FAP]. It is commonly thought that the reduction potentials of imidazolium-containing
ionic liquids are slightly reduced due to the removal of the acidic proton attached to the ring
carbon between the two heteroatoms.?3! Indeed, when the proton is replaced with a methyl

group, the reductive window is extended (5.2 V for [C4dmim][NTfy] compared to 4.8 V for
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[C4mim|[NTf,]). In addition, when the alkyl chain length on the imidazolium ring is extended,
wider electrochemical windows are observed, but these are narrowed when functionalized groups
are introduced e.g. with an alkyl-ether chain.%® Alternatively, when the imidazolium cation is
replaced with either pyrrolidinum,*® tetraalkylammonium** or tetraalkylphosphonium,3” wider
electrochemical windows are observed. The nature of the anion is also known to influence the
electrochemical window. Slightly wider electrochemical windows are observed for [NTfy]~ an-
ions compared to [BF4]~, [PFg]™, although the difference is not a significant, being only of the
order 0-300 mV. Narrower electrochemical windows are observed for ionic liquids containing
chloride and iodide (see Table 2.2), due to the lower oxidation potential of the halide anions
compared to [BF4]™, [PFg]™ and [NTf]~. The most stable anion to oxidation is believed to
be tris(pentafluoroethyl)trifiuorophosphate ([FAP]~) and a very wide electrochemical window of
7.0 V was reported for tetrabutylammonium [FAP] ([N4 4 4 4][FAP]). It has also been shown that
the anodic electrochemical window of acetonitrile can be extended by ca. 0.8 V with the addition
of [FAP]~ based ionic liquids as supporting electrolytes.?* This additional potential range may
allow the observation of voltammetric peaks, which would otherwise have been obscured by the

decomposition of supporting electrolyte.

2.3.5 Thermal Stability

The thermal stability of a solvent is defined as the upper limit of the liquidus range!3 and
is an important physical property to consider when using ionic liquids for reactions at high
temperatures. Most decomposition temperatures reported in the literature are 573-674 K, with
some ionic liquids thermally stable at temperatures up to 725 K.”® The stability of the solvent is
believed to depend on the strength of the heteroatom-carbon and heteroatom-hydrogen bonds.!!
For ionic liquids, thermal stability has been found to increase with increasing anion size, in the

order: halide < [BF4]™ < [NTfy]~ < [PFg]~,%%% and with increasing alkyl chain length on the
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imidazolium cation (e.g. from [Comim|* to [Cgmim]*).%® In addition, imidazolium ionic liquids
were found to be more stable than those containing tetraalkylammonium cations.?® These ionic
liquids have little vapour pressure up to their decomposition, providing a wide liquid range with
Nno vapour pressure.

The exact decomposition temperatures reported in the literature tend to vary drastically,
possibly due to the presence of impurities in the ionic liquid and the experimental methods used.
It has recently been suggested that many of the reported temperatures may be inaccurate.!0-%
Both reports suggest that such high temperatures are only tolerated by most liquids for a
short time, and that long term exposure to temperatures above ca. 473 K inevitably leads to
decomposition. However, for most applications, such as gas sensing (see section 2.5.4), this
temperature is far above that required and so poses no real problem in terms of decomposition

of the solvent.

2.3.6 Polarity and Solvating Properties

A key property of a solvent is how it will interact with potential solutes. For molecular solvents,
this is commonly recorded as the ‘polarity’ of the pure liquid, and is generally expressed by its
dielectric constant. However, determining the polarity of ionic liquids is more complicated than
determining that of molecular solvents due to additional interactions such as hydrogen bonding,
coulombic interactions and electron donating/accepting properties.!” The simplest qualitative
definition of a polar solvent is one that will diss<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>