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Glossary

Roman Symbols:

Symbol ‘ Definition Unit
0 oxidised species -
R reduced species -
e” electrons -
n number of transferred electrons -
Eeq equilibrium potential \Y%
E° the formal potential \Y
R the universal gas constant J K-1 mol-1
T temperature K
F Faraday Constant Cmol™!
Q total charge C
N number of moles -
E potential \
C capacitance F
¥ distance of ionic species cm
Ji flux mol s-1 cm-2
D diffusion coefficient cm?s—1
C; concentration of the ionic species mol cm-3
Z; charge of the ionic species -
i ionic species -
A electrode area cm?
alt activity of i species -
R, resistance of solution Q
Lim limiting current A
r electrode radius cm
L recessed depth cm
d centre to centre distance cm
K? association constant -
i charging current A
i faradic current A
Eprer liquid junction potential \Y
Ey membrane potential \Y
K, selectivity coefficient -
M slope of the calibration graph -
AE difference potential of the ISE \Y
C concentration of ionophore in organic phase mol cm-3
Cy concentration of the ions in aqueous phase mol cm-3
n stoichiometry of the ion and ionophore -
Epc athodic peak potential \Y
Epa anodic peak potential \Y
Kapp apparent rate constant of electron transfer -1
Kapp.a anodic electron transfer rate constant s71
Kapp,c cathodic electron transfer rate constant s71
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Symbol ‘ Definition Unit
Kapp,eT total electron transfer rate constant st
Enid midpoint potential \Y
Greek Symbols:
‘ Symbol Definition Units
v(x) hydrodynamic velocity cms~t
AY D Galvani potential \%
ov Galvani potential at the aqueous phase \%
@° Galvani potential at the organic phase \%
ui electrochemical potential \%
INCI half wave potential \Y
Y Activity coefficient of ion i -
r pore radius cm
) diffusion zone thickness cm
v scan rate V/s
1) Electrical potential \Y
u; Chemical potential k] mol™!
U Electrochemical potential of species k] mol™!
Iy Standard chemical potential of the ion k] mol™!
B equilibrium binding constant -
standard potential of ion transfer across the
AY (D,(\’,,Jr interface \Y
a electron transfer coefficient -
Vg anodic critical scan rate V/s
Ve cathodic critical scan rate V/s
r surface coverage mol/ cm2
& Dielectric constant -
Abbreviations
abbreviation Definition
ACT aqueous complexation followed by transfer
BTPPATPBCI bis (triphenylphosphoranylidene) ammonium tetrakis (4-chlorophenyl) borate
CE counter electrodes
CV cyclic voltammetry
CWEs coated wire electrodes
DB-18-C6 dibenzo-18-crown-6
DCC-286 N, N -bis(2-acetamidophenyl)-5-(tert-butyl)isophthalamide
DCC-287 N,N',N'~(nitrilotris(ethane-2, 1 -diyl))tris(pyrrole-2-carboxamide
DCH dichlorohexane
DOS bis(2-ethylhexyl) sebacate
DPV Differential pulse voltammetry
EMF electromotive force
ET electron transfer
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abbreviation ‘ Definition

Fc Ferrocene

FIB focused ion beam

FIB focused ion beam

FIM fixed interference method

FIT facilitated ion transfer

GC glassy carbon

IFS inner filling solutions

IHP inner Helmholtz plane

IPE Ideal polarised electrodes

iR ohmic drop

ISEs ion selective electrodes

ISM ion selective membrane

IT ion transfer

ITIES The interface between two immiscible electrolyte solutions
ITO indium tin oxide

MD molecular dynamics

MD molecular dynamics

MVN modified Verwey—Niessen

NPOE nitrophenyloctylether

OHP outer Helmholtz plan

PEDOT poly(3,4-ethylendioxythiophene)
PET Polyethylene terephthalate

PGP-59 N’,N “’-(3,6-di-tert-butylcarbazole-1,8-diyl)bis(N-phenylthiourea
POT poly(3-octylthiophene)

PU polyurethane

PVC polyvinylchloride

RE reference electrodes

RE reference electrode

RO reverse osmosis

S.1 sulfate ionophore

SAMs self-assembled monolayers

SC-ISEs solid contact ion selective electrodes
SECM scanning electrochemical microscopy
SHE standard hydrogen electrode

SSM separate solution method

T.Thio. bis Tren thiourea bis

TIC transfer by interfacial complexation
TID transfer by interfacial dissociation
TOC transfer to the organic phase followed by complexation
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Abstract

Detection of anions is of considerable importance for their clinical and environmental applications.
The focus of this thesis is investigation of electrochemical methods for sensing of sulfate ions. One
of the main applications of sulfate sensing is in water recycling plants and using of sulfate as an
indicator to assess the performance of reverse osmosis membranes which are used as a powerful
barrier to remove contamination from wastewater. The basis of electrochemistry at the interface
between two immiscible electrolyte solutions (ITIES) is the occurrence of ion transfer at the
polarizable interface, which is formed between two solutions, one aqueous and the other organic,
when they are brought into contact. This provides the possibility of anion detection. Amongst various
anions, the anions with low hydration energy can be detected more easily because of their low
hydrophilicity. However, detection of hydrophilic anions, which have greater hydration energy, is
more challenging than for other anions. Among different inorganic anions, sulfate has the highest

hydration energy and consequently is one of most challenging anions for detection.

For this purpose, different synthesized ionophores were evaluated to provide facilitated sulfate
transfer at the ITIES as the basis for detection. However, before study of sulfate transfer at the ITIES,
facilitated potassium transfer by dibenzo-8-crown-6, as a well-known process, was evaluated at two
configurations of micro-ITIES arrays located at micropore arrays in glass membranes. These two
configurations were the location of the ITIES at either the wider pore opening (laser entry side) or
the narrower pore opening (laser exit side) at the conical micropores formed in the glass membranes
by laser ablation. The highest sensitivity for potassium was achieved by the membrane with the
micro-ITIES located at the laser entry side, and this membrane was chosen for sulfate detection
studies at the ITIES. The results suggest for both ions that complexation and decomplexation are
occurring at the interface. Based on the cyclic voltammetric profile achieved with different sulfate
ionophores, Tren-bis CF; was chosen as the better ionophore because the transfer potential for sulfate
anions in the presence of this ionophore is more positive than other ionophores. In addition to cyclic
voltammetry, differential pulse voltammetry (DPV) was applied to enhance sensitivity of sulfate

sensing and improve detection limit.

Facilitated ion transfer at the liquid-liquid interface can be replaced by a more robust method.
Synthetic sulfate ionophores can be used in thin organic films on electrodes, referred to as solid
contact electrodes, to provide more robust solid contact ion selective electrodes (SC-ISEs). In this
method, the thin polymeric layer contains redox probes (as electroactive molecules) and plasticizers
and was spin coated onto electrodes. The redox probes that were used in this study to sense sulfate
and other anions were synthetic ruthenium complexes. A hydrophobic Ru-bipod complex (where

bipod is the tridentate ligand 2,6-bis(1-(2-octyldodecyl)benzimidazol-2-yl)pyridine) was used as a
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redox probe, polyvinylchloride (PVC) as the polymer and 2-nitrophenyloctylether was the plasticizer.
The thickness of the thin film was estimated by the charge under CV peaks and was found to be
0.9+0.3 um. Different thin film membrane compositions were prepared and based on CV profiles, the
best composition was chosen. The Ru complex in the thin film acts as an ion-to-electron transducer.
The CVs show stable and Nernstian behavior in the presence of hexafluorophosphate, perchlorate
and nitrate ions. However, the CVs were not stable and reversible in the presence of sulfate and
chloride ions. Furthermore, the CVs related to the thin film with a commercial sulfate ionophore
showed unstable responses, with different peaks being present. Although the thin film with Ru-bipod
showed very stable response in the presence of more hydrophobic anions, because of the high redox
potential of the complex in the presence of sulfate, promising electrochemical responses were not

achieved.

To address the problems encountered with Ru-bipod-based thin films, two heteroleptic Ru complexes
(Ru-(bipod)(dmbb) includes two tridentate ligand 2,6-bis(1-(2-octyldodecyl)benzimidazol-2-
yl)pyridine) (L;N) and benzene (L,C),and Ru-(bipod)(bipob) with four tridentate ligand 2,6-bis(1-
(2-octyldodecyl)benzimidazol-2-yl)pyridine) (L;N) with benzene (L,C)) were evaluated as redox
probes in the thin film to sense sulfate. Both complexes have the same core composition as Ru-bipod,
but the difference is a cyclometalated bond. The thin films employing these new Ru complexes
displayed stable electrochemical response in the presence of sulfate ions. The redox potentials of the
new complexes were 0.7 V lower than that of Ru-bipod. This difference makes the thin films totally
stable in the presence of sulfate ions. Voltammetric scan rate study suggested thin film behavior in
the presence of Ru(bipod)(dmbb) and Ru(bipod)(bipob). Potentiometric behavior was studied in the
presence of sulfate ions and although plotting of mid-point potential versus logarithm of concentration
of sulfate showed a linear response, there was deviation from a Nernstian slope (-20 mV/dec). A
kinetic analysis study was carried out by application of Laviron’s model, and it showed this deviation
from Nernstian behavior can be related to the hydrophilic nature of sulfate ions. The semi-logarithmic
range of sulfate response in the presence of both Ru complexes was between 10™* M and 0.1 M. The
detection limit for Ru(bipod)(bipob) and Ru(bipod)(dmbb)-based thin film electrodes were 31 and 38
puM. To improve the selectivity and sensitivity of the thin films, commercial and synthetic sulfate
ionophores were applied in the thin films. The mid-point potential versus logarithm of concentration
of sulfate was not linear in the presence of the commercial sulfate ionophore. However, the plot in
the presence of Tren thiourea bis CF3 (synthetic sulfate ionophore) was linear with logarithm of
concentration in the range 5 X 107® to 0.1 M. The detection limit achieved with the membranes
containing either Ru(bipod)(dmbb) or Ru(bipod)(bipob) was 2.86 uM and 2.60 uM, respectively. A

selectivity study was carried out with thin films without and with Tren thiourea bis CF3 ionophore.
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Based on the selectivity coefficients, which were obtained by the separate solution method, better
selectivity for sulfate over chloride was achieved in the presence of the ionophore, while in the
absence of the ionophore the redox potentials of the Ru-bipod in the presence of sulfate and chloride
are very close to each other. The selectivity coefficients for sulfate over nitrate were worse in the

presence of the sulfate ionophore compared to the thin film without the ionophore.

One of the main issues for polymeric thin films on electrode surfaces formed by spin coating is using
high concentrations of the redox probes for effective ion transfer process. This is a serious issue when
an ionophore is used in thin film. By immobilization of the redox probe on the electrode surface, this
issue can be addressed. A Janus Ru complex with hydrophilic phosphonate groups which can be
chemisorbed on indium tin oxide (ITO) electrodes was evaluated in this study. By a voltammetric
scan rate study, thin film behavior was shown, and the surface coverage of Ru complex was measured
at 4.5 X 107! mol/cm?. However, based on the CVs, the peak half-width potential was much higher
than the theoretical value. Polymeric thin films were spin coated on the modified ITO electrodes. CVs
obtained from the thin film coated modified electrodes in the presence of different anions suggest that
the thin film is not selective with different anions. Potentiometric responses of the modified electrodes
with and without thin films showed that although there is an improvement in potentiometric slope
with thin film compared to the modified electrodes without thin films, still there is significant
deviation from the Nernstian slope even in the presence of the more hydrophobic

hexafluorophosphate anions.

The results presented within this thesis provide a basis for anion sensing by simple, portable, and
rapid electrochemical methods based on voltammetry. Sulfate sensing was achieved by ion transfer

at thin films on electrodes containing new Ru complexes as ion to electron transducers.
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1. Introduction

1.1. Fundamental of electrochemistry
This chapter serves as a background to the thesis topic. Hence, it introduces key concepts that are

directly relevant. The basic principles of electrochemistry at solid electrodes are introduced as these
also enhance the comprehension of electrochemistry at liquid-liquid interfaces. The mechanism of
electrochemical response at liquid-liquid interfaces is controlled by the transfer of charged species
from one solution to another, which can be determined by Gibbs free energy. The mechanism can be
classified into three types: ion transfer, facilitated ion transfer, and electron transfer, which enable
label-free detection of ionized molecules. From an analytical standpoint, the thesis explores the
benefits and significance of utilizing charged species transfer at liquid-liquid micro-interfaces and at
solid contact electrodes. Accordingly, this chapter provides an in-depth overview of the pertinent
research conducted at the interface between two immiscible electrolyte solutions (ITIES).

Subsequently, the significance and scope of this study are discussed.

Chemical reactions in which there is charge transfer across interfaces between chemical phases like
electrodes and electrolyte are defined as electrochemical processes.! This definition of
electrochemistry is the basis of electroanalytical sensors. In this section, aspects of electrochemistry
will be introduced which are important in discussion about charge transfer at the Interface between

Two Immiscible Electrolyte Solutions (ITIES).

1.1.1. Electron transfer at electrodes
Electrochemistry happens when there is electron transfer between electronic conductors (or

electrodes), like carbon, metallic electrodes or semi-conductors, and an ionic conductor (electrolyte)
when they are in contact. In electrochemical systems, the transfer of electrons occurs when potential
is imposed on electrodes and then current passes as a result of this charge transfer. Charge transfer in
electrolyte solution is carried out by movement of ionic species. However, this transfer at the surface
of electrodes involves oxidation and reduction phenomena. Oxidation process results from the loss
of electrons from a chemical species on an electrode surface, while reduction is due to gain of
electrons by the chemical species at the electrode surface. These processes are shown in equations

1.1.1 and 1.1.2 in which O and R are oxidised and reduced species, respectively.
R — O +ne” Equation 1.1.1
O+ne —R Equation 1.1.2

The redox reaction on an electrode surface can be in equilibrium when thermodynamic and kinetic
parameters are favourable. The reaction is governed by Faraday law and can be demonstrated by the
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Nernst equation, which is the relationship of the concentrations of oxidised [O] and reduced [R]

species with the equilibrium potential (E¢q ) at the electrode surface (x=0) and at t time, as shown in

equation 1.1.3:

_ o nt [0](0!t)
Eeq= E + - In R0

:T Equation 1.1.3

Where E (V) is the formal potential of the redox couple, R is the universal gas constant (8.314
JK™'mol™1), T (K) is the temperature, n is number of transferred electrons via the redox reaction,
and F is the magnitude of the electric charge when one mole electrons is transferred at the electrode

surface and also is known as the Faraday Constant (96,485.4 C mol™1).2

1.1.2. Faradic and non-Faradic processes
As mentioned above, the oxidation and reduction reactions of electroactive species at electrodes can

be governed by Faraday’s law and hence are known as Faradic processes. These reactions obey

equation 1.1.4.
Q =nFN Equation 1.1.4

Where Q (C) is the total charge due to the redox reaction at the electrodes, n is the number of electrons
in each redox reaction which is transferred at the electrodes, F is the Faraday constant and N is the
number of moles of electroactive species which undergo reaction. In addition to Faradic current which
is a portion of the measured current, another type of current called non-faradic current is present
which does not result from chemical reactions at the electrode-solution interface. Meanwhile non-
Faradic currents can be due to adsorption or desorption processes which can cause accumulation of
charge at the electrode-electrolyte interface. Non-Faradic current results from charging current (or
background current) at electrodes and is caused by electrical double layer (which will be discussed
later) in which the structure of the metal-solution interface can be affected by potential or solution

composition.>*

1.1.3. Polarisable and non-polarisable electrodes
Ideal polarised electrodes (IPE) are the electrodes at which there is no electron transfer even by

imposing potential from outside sources. In reality, no electrodes can be total IPEs over an unlimited
range of potential. The relation between current and potential for these kinds of electrodes is
illustrated in Figure 1.1.1 a. On the other hand, ideally non-polarised electrodes present no difference

in potential when current is passing at the electrodes. (Figure 1.1.1 b).
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Figure 1.1.1 The current/potential curves for polarisable a) and non-polarisable b) electrodes. Dashed lines
represent practical behaviour of electrodes while solid lines show ideal behaviour.

1.1.4. The electrical double layer
Since Faradic and non-faradic current simultaneously have contribution on measured current at

electrodes, it is needed to distinguish non-Faradic current from Faradic current as much as possible.
As mentioned earlier, charging current can be explained by the electrical double layer which was
introduced by Helmholtz.” The charging currents result from non-faradic processes at electrode-
electrolyte interface. Electrical double layer is composed of electrical charge on electrode surface
formed when potential is imposed on the electrode and the ions in solution which are in vicinity to
the electrode surface and causes the charging current (non-faradic current). The interface of the
electrode and solution mimics a capacitor (Figure 1.1.2).° A capacitor is an electrical circuit
component that is composed of two metal plates and once potential is imposed on these planes

positive and negative charges assemble on them which can be defined as in equation 1.1.5:

C= = Equation 1.1.5

Where Q (C) is the stored charged on the capacitor, E (V) is the imposed potential and C (F) is the

capacitance.
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Figure 1.1.2 Electrical double layer of Helmholtz model (left) of the electrode and electrolyte solution
interface and its similarity to a capacitor (right).

In addition to the Helmholtz theory about the electrical double layer, over the years this concept was
modified by different explanations like the Gouy and Chapman theory.! Their theory explains that
ionic charge in solvents cannot be confined on an electrode surface and the thickness of the double
layer is dependent on the concentration of ions in solution and the imposed potential. The thickness
of the double layer in solution with very low concentrations of ions is high, to compensate the charge
on the electrode surface, so it needs to be extended in a diffuse layer, and the applied potential has an
impact on the diffuse layer of ionic species at the surface of electrodes. Higher potentials can result
in greater electrostatic forces at an electrode surface and then lower thickness in the diffuse layer.
Since the ionic charges in solutions are not point-charges, so these theories seem to not be very
realistic because the ionic species are not moving on the surface of the electrodes arbitrarily; because
they have finite size and practically, they cannot approach on the surface of electrodes at lower than
their diameter size. Thus, more modification of the Gouy Chapman model is needed which can define
the approaches that occur at the vicinity of the electrode surface. Stern and Grahame modified these
theories by defining two Helmholtz planes. The first plane (the inner Helmholtz plane or IHP) is
composed of solvent and specifically adsorbed ions which are partially solvated (Figure 1.1.3) located
at x, distance of electrode surface; the second plane (the outer Helmholtz plan or OHP) consists of
solvated ions. The ions are surrounded by solvent molecules and are not closer than x, distance of

the electrode surface.’
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Figure 1.1.3 : The electrical double layer including the Inner Helmholtz Plane (IHP) and the Outer
Helmbholtz Plane (OHP).

1.1.5. Mass transport
When electroactive species are moving towards or away from the surface of electrodes, there is mass

transport. Three approaches result in mass transport at the surface of electrodes: 1) diffusion, in which
there is transport of ions based on concentration gradients, 2) migration, in which the movements
occur because of an electric field, 3) convection, which results from mechanical forces such as
differences in temperature or stirring. All three types of mass transport of species i as the flux J; (mol
cm~2s~1) are defined in the Nernst-Planck equation:

9Ci(x) ZiF
0x RT

DG 22 + ¢ (x) Equation 1.1.6

Ji(x) = =Dy

Where x (cm) is the distance of ionic species to the electrode surface, and D, C, z are the diffusion

coefficient (cm?s~1), the concentration (mol cm™3) and the charge of the ionic species, respectively.

aci(x) and 9D (x)
0x

P represent the concentration and potential gradients along the x axis, respectively;

then, v(x) is the hydrodynamic velocity (cm s™1). Three parts of the equation (from left to right) are
showing diffusion, migration, and convection, respectively. The favourable part of this equation is
the diffusion part. To make the diffusion part of this equation the major contributor, simply a large
concentration of background electrolyte can be added to the experimental solution and the experiment
can be carried out in stationary conditions and at stable temperature to minimise the migration and
convection parts, respectively. Thus, an electrochemical reaction occurs at the surface of an electrode,

a concentration gradient of (usually) analyte (i) can produce diffusional flux of ionic species (i). This
5



phenomenon is shown by Fick’s first law (Equation 1.1.7) in which there is a direct relation between

the fluxes with gradient of concentration at position x of the electrode surface and time t:

aCi(x,t)

Jix,t) = =Dy —- Equation 1.1.7

For aqueous environments, usually the diffusion coefficients of different ionic species are in the range
from 107° to 107> (cm2s~!) and the value is dependent on the viscosity of the solvent, the
temperature, and the molecular size of the species which diffuses through the solution. Also, the
negative sign of the equation in Fick’s first law shows the opposite tendency of species with the
concentration gradient. Fick’s second law, which is derived from the first law, shows the diffusional
flux relation at time t (Equation 1.1.8):

aCi(x,t) aZCi(x,t)
0x L 3N

Equation 1.1.8

On the other hand, current I, which has direct relation with the flux, can be defined as equation 1.1.9

below:
I=—(x, 1) Equation 1.1.9
I= nFAD; 25020 Equation 1.1.10

Where n is number of electrons transferred per molecule, A is electrode area (cm?) and F is Faraday
constant. If migration and convection parts of the Nernst-Planck equation are suppressed by the
methods which were mentioned earlier, equation 1.1.10 can be obtained from combination of

equations 1.1.7 and 1.1.9:

This equation 1.1.10 is one of the most important equations in electrochemistry because it shows the
relationship between the evolution of the concentration profile in the vicinity of the electrode and the

current flow from the electrochemical instrument.'

1.2.  Electrochemistry at the Interface between Two Immiscible Electrolyte Solutions

1.2.1. Background
The interface between two immiscible electrolyte solutions (ITIES) is formed when two electrolyte

solutions with nearly zero mutual miscibility are in contact with each other. One of the solutions is
aqueous phase with hydrophilic ions (e.g. LiCl) as an electrolyte and the other is a polar organic
solvent with moderate to high dielectric constant to dissociate (or partially dissociate) the
hydrophobic electrolyte (e.g. bis(triphenylphosphoranylidene)ammonium tetrakis(4-
chlorophenyl)borate, BTPPATPBCI).®® By imposing a potential across the ITIES one ion is



transferring from one phase to the other phase across the ITIES, electrochemically this interface is
considered as a polarisable interface. Although the key strength of the ITIES in electroanalytical
chemistry is the ability to sense non-redox active species at electrode surfaces,’ redox reactions can
happen at the interface as well, but it is not as common as ion transfer at the interface.’ In addition to
sensing of non-redoxactive species, several advantages contribute to the great interest of the ITIES.
First, the ITIES can mimic half of a biological cell membrane in which phospholipids have two sides,
one hydrophobic and one hydrophilic.% ' ! This characteristic of the ITIES can be applied to sense
different biomolecules.” > Also, the ITIES can be used in electroanalysis, ion extraction and
electrocatalysis or phase transfer catalysis.® In addition, although the ITIES was originally conducted
as macro (e.g. millimetre or centimetre) structures, > '* but it can be easily compatible with
miniaturised ones !'?°(e.g. micro and nano scales) to provide more sensitive and portable
electrochemical sensing methods, which will be discussed later in the miniaturisation of the ITIES

section.

For the first time, the concept of the ITIES was introduced by Nernst’s and Riesenfield’s experiment
in which the coloured species were transferred across a water-phenol interface.?! After that for
decades this method was used to distribute salts across interfaces between two immiscible phases.>
2! In continue, to apply ITIES in transfer reactions, for the first time Gavach utilized a galvanic
potential at the ITIES to make the interface polarised. Consequently, the difference in potential at the
interface can be a driving force of ion transfer reactions.?? For macro-ITIES, always high iR (i is
current and R is resistance) drop is problematic for study of different aspects of charge transfer at
interfaces. Thus for the first time, Samec and his group used a four electrodes cell to compensate
resistance at interfaces to study kinetic charge transfer at the ITIES.?* By these modifications in the
ITIES over the time which were mentioned earlier and more than them, several applications of ITIES

have been opened until now. For example, using dynamic electrochemistry methods like voltammetry

24-26 27-30

and amperometry to sense different ions, including a wide range of inorganic ions and

biological species like different proteins.?!: 3

1.2.2. Basic theoretical relationships at the ITIES
Generally, as mentioned above, at the ITIES, there are different types of charge-transfer processes

including electron transfer, ion transfer or coupled electron-ion transfer. This PhD thesis is focused
on ion transfer, therefore all theoretical relationships in this section are focusing on ion transfer
processes. When two liquid phases with their background electrolytes are in contact with each other,
an interface called the ITIES is formed. Then charged species of the electrically conducting liquids
partition between the two phases because of a difference of the Galvani potentials (A} @) of the two
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sides of the interface, " and @° which are the Galvani potential at the aqueous phase and the Galvani
potential at the organic phase, respectively.®** The equilibrium Galvani potential difference is shown
in equation 1.2.1:
AYD = QY — @° Equation 1.2.1
If the electrochemical potentials of the ion i in the two phases are equal and at same constant
temperature and pressure, the condition of ion transfer equilibrium is in place, as shown in 1.2.2
equation:
T Equation 1.2.2

The electrochemical potential ( ﬁf ), the potential needed to transfer a species, i, from vacuum phase

to a liquid phase, is demonstrated in equation 1.2.3:
i'= pi+ zFO® Equation 1.2.3

Where pf and z;F@¢ are chemical and electrical contributions, respectively. In this equation, if the
electrical part is considered as zero (z=0) in solution, so the electrochemical potential (uf*) can be

illustrated just with the chemical potential which is shown in equation 1.2.4:
u¢= p>*+ RTInag Equation 1.2.4

In the equation 1.2.4, af is the activity of i species and can be defined in 1.2.5 equation:

a

ai' =y C Equation 1.2.5
Where, y; and C; are the activity coefficient and concentration of ion i, respectively.

Then equation 1.2.3 can be rewritten as equation 1.2.6:
i ="+ RTInaf + z,;Fp° Equation 1.2.6

In thermodynamic equilibrium (equation 1.2.2), the electrochemical potential of species i in the two

phases are equal, which is shown in equation 1.2.7:
W%+ RTIna¥+ z;F@* = u)°+ RTInal+ z; F9° Equation 1.2.7

From rearrangement of equation 1.2.7, the Galvani potential difference will be achieved (equation

1.2.8):

00 _ w0 0
AYG = g — go= % +%ln (Z_‘l”) Equation 1.2.8
i i i

o,W-0

In addition, the standard molar Gibbs energy of ion transfer from water to organic phase (AGrygpsfer i

) can be defined by the difference of standard Gibbs energy of solvation of the ion in water and in
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ol fer,; and the standard Galvani potential

organic phases. As a result, there is a relation between AGY,
(A% @?) of species i given by equation 1.2.9:

oWw-0 ,0
AW®0 AGTransferl _ Fl? -y

ziF zZiF

Equation 1.2.9

Finally, Nernst equation at the ITIES for transfer of ion species i at the water/organic interface can

be achieved by combination of equation 1.2.8 and 1.2.9:
AYQ = @Y — %= AV @B+ ﬁl ( at ) Equation 1.2.10

The Nernst equation at the ITIES tells us that, when an external energy source is applied, the standard

0

ion transfer potential term AY @9 remains constant while the ratio of 2L > changes in response to the
l

external energy source. Changing of ion activities in both phases results from movement of ions
across the interface to make equilibrium circumstance at the interface. These movements across the
interface can be translated to an electrochemical current at the interface. According to all of these
occurrences due to applied potential via an external energy source, the achieved current can be a

function of the potential.

On the other hand, the Nernst equation at the ITIES (equation 1.2.10) with concentration of ionic
species instead of their activity is obtained by using equation 1.2.5 in the Nernst equation (1.2.10)

and rewrite it as:

AYG =AY @O+ ZF] (Vl C ) Equation 1.2.11

WCw
By introducing the formal Galvani potential (A¥ @9"):
AV @Y= AW g0+ ﬁl (y‘ ) Equation 1.2.12

and by rearrangement of equation 1.2.11, and combination with equation 1.2.12, finally the following
form of the Nernst equation at the ITIES based on the concentration of ion species in both water and

organic phases is achieved:
AYG= AV PO + ﬁl ( ) Equation 1.2.13

1.2.3. The interface structure of the ITIES
From surface tension measurements at the ITIES, the so-called modified Verwey—Niessen (MVN)

model introduced the structure of the interface, which was two back-to-back diffuse layers, with one
of the layers containing excess positive charges and the other one excess negative charge. These two
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layers are separated by oriented separate solvent molecules **3’. However, the MVN model is mainly
limited to water/nitrobenzene interface and limited organic background electrolytes, which are
typically tetraalkylammonium tetraphenylborate salts. These conditions cause the experimental
potential window for these systems to be very narrow. Thus the validity of the MVN model cannot
be investigated with different organic solvents and organic salts.>® After Verwey—Niessen, Gavach
et. al. proposed the hypothesis of the two compact non-ionic inner layers which are surrounded by
ions in diffuse layers which can make two diffuse double layers, one in each phase, separated from
each other.** In continuation of the MVN theory modification, Girault and Schiffrin suggested that
the inner layer is a mixed solvent layer (Figure 1.2.1), and the composition of this layer is changing,

constantly.>

Electrolyte composition and concentration in the aqueous phase has an impact on the surface tension
of the non-polarised ITIES.*® The ions which are present in the interface have impact on both physical
properties and stability of the ITIES. According to computer simulations and experimental results,
the capacitance of the ITIES depends on overlap of aqueous and organic ionic layers at the interface.®
In addition, Schmickler’s research shows the solubility of the two solvents can have an impact on the
mixed solvent layer.*’ Nonlinear optical spectroscopy results suggested that the aqueous and organic
molecules have special orientation. This orientation can cause different dielectric constant of the
mixed solvents at the interface.*® Therefore, in addition to electrolytes in two phases at the ITIES, the
solvents can have an impact on the potential profile of the interface. lon transfer at the ITIES based
on potential-current dependency are explained by two mechanisms. Some authors suggest that ion
transfer through the ITIES is due to electrochemical reaction while others suggest that ion transfer at
the ITIES is a mass transport phenomenon.*® The presence of other ions at the ITIES can be
problematic to study ion transfer mechanism at the ITIES. However, ion transfer can be studied at the
nano-ITIES without background electrolytes. Some experiments at the nano-ITIES showed that the
alkali metal ions ‘shuttle’ from aqueous to organic phase. On the other hand, the results from same
method showed that very hydrophilic ion transfer cannot happen at the ITIES while transfer of
aqueous clusters into the organic phase can be occur. Moreover, very recent simulations did not show
the shuttle mechanism of ion transfer at the ITIES while the results showed water fingers into the
organic phase. However, until now both mechanisms have been proved by different experiments and

different ions.3®
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Figure 1.2.1 Schematic of mixed solvent layer which is similar with electrical double layer at ITIES.

In recent years, modern experimental approaches such as X-ray reflectivity and neutron reflection
methods have been applied to probe the structure of the ITIES. For example, the interfacial thickness
and characteristics of water/alkane interfaces was measured by synchrotron X-ray reflectivity, based
on the electron density at the interface *'*#?. The experimental data are in concordance to theoretical
simulation results carried out by a molecular dynamics (MD) method in which estimation of ion
distribution was carried out.** An interfacial thickness between water/alkane, which was examined
by x-ray reflectivity, was 3.5-6 A,*! while the interfacial thickness between water/dichloroethane was
10 A via neutron reflection and scanning electrochemical microscopy (SECM) methods.* To
comprehend all these achievements about the interfacial structure of the ITIES, ion-ion and ion-
solvent correlations should be considered at nanoscales, because they have an impact on the thickness

and structure of the interface.

1.2.4. Polarizable and non-polarizable ITIES
In the same way as described for solid electrodes and liquid electrolytes (as mentioned earlier),

polarizability and non-polarizability can be defined at the ITIES depending on if there is a relation
between the potential difference between the two phases (A¥@ ) and the concentrations of ions.
Polarization at the ITIES is an ionic approach in which, by imposing an external Galvani potential
difference, two back-to-back Gouy-Chapman diffuse layers are present, one with excess positive

charge and the other one has excess negative charges.* The polarisable interface acts as a working
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electrode where the processes of interest are occurring. Based on the electrolytes in the two phases,

polarizability of the interface can be determined.

The Ideal polarizable interface is an interface in which the electrolytes in both phases have infinite
Gibbs transfer energies. However, practically all ions have finite Gibbs transfer energies to different
phases. In this regard, to make the interface to be polarised, the choice of electrolytes for each phase
is important - very hydrophilic electrolytes (A*, B™) for water phase (e.g. LiCl, HCI, MgCl, and
MgS0,) and very lipophilc electrolytes (C*,D™) for the organic phase (e.g. tetrabutylammonium,
tetraphenylarsonium, or bis(triphenylphosphoranylidene)ammonium cations with tetraphenylborate,
tetrakis(4-chlorophenyl)borate or tetrakis[3, 5-bis(trifluoromethyl)phenyl]borate anions) (Figure
1.2.2). However, choosing background electrolytes in aqueous phase and organic phase depends on
the interest range of potential window for the experiment, which will be discussed later.

The non-polarised ITIES can be defined in two categories. One is where the electrolyte (A*,B7) in
the aqueous phase and the organic phase is common (by assuming the charge for all anions and cations
is unit). In this case, the Nernst equation at the ITIES (equation 1.2.10) can be written separately for

anion and cation:

RT, A5 .
AYG = AY@S, + _ZiFln (_agv:) Equation 1.2.14
AYG = AYQO- + Xlin (2B Equation 1.2.15
ziF ag-

Since solubilities of the ions are different in the two solvents, the potential distribution across the
interface can be affected by activity coefficients instead of concentrations of ions. Then, the Nernst

equation can be rewritten as equation 1.2.16:

Ya+VB-
VX+V§/‘

AYOS 4+ MY OG-

_ RT
AV = +200n (

) Equation 1.2.16
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Figure 1.2.2 Polarisable and non-polarisable set up at the ITIES. At the polarisable interface, Atand B~ are
very hydrophilic while C* and D ~are very hydrophobic. At the non-polarisable interface, (left) A* and B~ are
common ions in both phases, and (right) A* is a common ion in two phases and B~ is very hydrophilic and C~
is very hydrophobic.

The second form of the non-polarised ITIES is when there is just one common ion (for example A*),
and other counter ions (like B"and C7) are sufficiently hydrophilic and hydrophobic to remain in the
aqueous and organic phases, respectively. Consequently, the potential distribution of the common ion
can be written as equation 1.2.17:

AYD = AVQO. + };—Tln (Z“%) Equation 1.2.17

1.2.5. Potential window at the ITIES

Generally, the potential window at the ITIES is the range of potential in which there is not transferring
any ions across the interface; obviously the ion transfer current in this range should be zero or nearly
zero. As mentioned above, if this potential window is wider, there are more possibilities to detect a
wider range of ions at the ITIES by voltammetric methods. To make this window wider, it is required
to have a more hydrophilic pair of ions in the aqueous phase and a more lipophilic pair of ions in the
organic phase. In cyclic voltammetry, typically, the imposed external potential is starting from low
positive potential in forward scan and then comes back to starting potential in backward scan, and
positive currents are present in forward scans (positive potential) while negative ones are generally

present with backward scans (negative potentials). At the polarised ITIES, by imposing a positive
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potential for forward scans, cations are transferring from aqueous phase to organic phase or anions
from organic phase to aqueous phase, while for backward scan all these transfers are reversed. On the
other hand, by imposing less positive potential (or negative potential) in which the current is negative,
there is transfer of cations from organic phase to aqueous phase and anions from aqueous phase to
organic phase.*® All these trends are shown in Figure 1.2.3 Between these two positive and negative
potential limits, there is a region within which transfers of analytes occur and this is considered as a

desired potential window.
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Figure 1.2.3 Cyclic voltammogram of 10 mM LiCl in aqueous phase and 10 mM BTPPATPBCI in organic
phase (1,6-dichlorohexane). Scan rate: 10 mV/s.

In the example CV (Figure 1.2.3), the range of applied potential is between 0.05 to 1.0 V; as shown
in the figure, it can be divided to three parts. The first part is at more positive potential (between 0.8-
1.0 V) in which, in the forward scan, Li* and TPBCl are transferring from aqueous to organic and
organic to aqueous phase, respectively. For the reverse scan, these transfers are reversed. In the
second region (which is in the range 0.8-0.2 V), there is no transferring of background electrolyte
ions between the two phases, and this is called the potential window region or polarisation region.
This part is the ideal section to detect analyte signals. Finally in the third region (between 0.2-0.05
V), in the forward scan, there is transfer of Cl - and BTPPA* from aqueous phase to organic and

organic to aqueous phase, respectively, in the backward scan, these are reversed.
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1.2.6. Forms of charge transfer at the ITIES
There are three types of charge transfer at the ITIES. First one is simple ion transfer (IT) which is

transfer of ions by imposing an external potential. The potential should overcome the Gibbs transfer
energy of the ions between two phases. The transfer potential of ions which are in the potential
window region can be related to different concentrations of the ions by Nernst equation.® Another
charge transfer at the ITIES is facilitated ion transfer (FIT) ' in which by using an ionophore or
ligand in the other phases (can be organic or aqueous phase), and complexation of the ions with the
ionophore, the Gibbs transfer energy of the complexed form of ions are lower than the Gibbs transfer
of non-complexed ions and it is within the potential window range. This type of charge transfer will

be discussed later.

Third type of charge transfer at the ITIES is electron transfer (ET) which occurs between redox active

species in each phase, as illustrated in equation 1.2.19:
0Y + R% & RV + 09 Equation 1.2.19

The Nernst equation related to this kind of charge transfer at the ITIES can be defined as equation
1.2.20:

AP = AW@ET + _] (aRlaoz) Equation 1.2.20

OlaRz

Electron transfer at the ITIES is complex, because of the need to choose the redox species which are
compatible with the potential window in addition to all of redox products should not transfer across
the ITIES, because the current related to their transfer has a masking effect with the current related

to electron transfer.’

1.3. Macro-ITIES

1.3.1. Electrochemical set up of the ITIES
Samec was the first to introduce the four-electrode electrochemical cell for the ITIES?, which

includes two reference and two counter electrodes, as shown in Figure 1.3.1.
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Figure 1.3.1 Electrochemical cell showing the typical four electrodes set up at ITIES, which includes two
counter electrodes (CE) and two reference electrodes(RE), one of each in aquoeos and organic phases.

Usually, the counter electrodes are platinum mesh and one of them is inserted in the organic phase,
and reference electrodes are silver/silver chloride. Usually this set up is applied for macro-ITIES in
which the size of the interface between the organic and aquoes phases is between millimetre squared
and centimetre squared, and a four electrode cell is used because of the high resistance in this scale.
In this thesis, a two electrode set up is used because the size of the interface is around micrometre

squared and ohmic drop is much lower than at macro-scale ITIES (Figure 1.3.1).

1.4.  Micro-ITIES

1.4.1. Miniaturisation of the ITIES
Since, as mentioned before, the ITIES is considered as a working electrode. The improvement of

solid electrodes to ultra-micro or nanoelectrodes, therefore, miniaturisation of the interface between
two immiscible electrolyte solutions can give several advantages. These advantages are due to lower
current values with miniaturised ITIES, and then resulting in lower iR or ohmic drop at these
interfaces. Resistance at the ITIES mostly is related to the organic phase.’ Based on Ohm’s law, when
there is a potential between the working electrode and reference electrode, a voltage drop is present

which is shown by the equation 1.4.1.
.V .
i=- Equation 1.4.1

Where, i is the current which flows between two points and is proportioned to potential difference V
of these two points and the resistance R. Resistance in the ITIES cell is related to the resistance of
solution (R;) and it is considered that the resistance in aqueous solutions is negligible compared to
that of the organic phase with low permittivity values. Thus, by miniaturisation of the ITIES, R; will

16



be reduced and then the voltage drop (iR ) is also reduced, so just two electrode cell set up can be
applied for the miniaturised ITIES’. This capability of ITIES electrochemical set up (just two
electrodes) also can provide a wide range of advantages such as more portability, lower cost and

higher possibility to combine with other techniques.*®*

The first report of miniaturised ITIES was by Taylor and Girault, who reported the ITIES at
micrometre size (25 um) supported by a glass pipette. The cell set up is u-tube shape where organic
phase solution is between the working aqueous solution and the reference aqueous solution.!'> Micro-
ITIES was obtained by micropipette with borosilicate glass or quartz to provide hydrophilic properties
inside of the micropipette to keep aqueous phase®’and by silanization of the glass pipette tips,
hydrophobic properties were obtained.’! Eventually the research ventured into nanometre size. Nano-
ITIES by glass pipette were provided.>? Despite addressing the ohmic drop issue by micro- and
nanoscale ITIES, still low current values were there. This issue directed the ITIES to micro- and
nano-ITIES arrays. There are several fabrication techniques to provide miniaturised ITIES which
have been developed in the last decades, such as using electron-beam lithography combined with
chemical etching techniques on silicon materials to achieve microscale and on silicon nitride to
achieve nanoporous membranes.’> >* Another common technique used to obtain single nano- or
micro-ITIES interface was CO,-laser pipette pullers to develop nano- or micro-sized glass pipettes.>>
6 Also laser micromachining was applied to make single micrometre size holes on different
polymeric substrates like polyester,’” polyimide® and polyvinylchloride films.>® Although single
holes or micropipettes can overcome iR drop, they have been faced with an important issue, which
is low current, and which can be problematic with some applications. To address this issue,
microarray format has been developed. UV excimer laser was applied to ablate 66 micro-hole arrays
on Polyethylene terephthalate PET substrate.®® In continues, glass membrane with microscale holes
was achieved by laser ablation method.®! Arrays of 100 micropores were achieved in 130 um thick
borosilicate glass and the glass was functionalised with trichloro(1H,1H,2H,2H-perfluorooctyl) silane
on one side to provide a hydrophobic side to make it suitable for the organic phase of the ITIES.
Depending on laser exit side and entry side, the pore diameters have different dimensions and conical

pores are formed.®!

Finally, miniaturisation of the ITIES has been reached to arrays of nano-ITIES. Arrays of nanopores
have been fabricated on Siz N, by focused ion beam (FIB) milling to obtain radii between 30-80 nm

which were used to support formation of nano-ITIES arrays.®% 63

1.4.2. Different arrangements of the ITIES and their effect on electrochemical signal
Different geometries and arrangements of solid-liquid electrochemistry have significant impacts on

the electrochemical signal. For example, the diffusion-controlled current resulting from different
17



electrodes such as recessed disc, inlaid disc, and hemispherical electrode shapes ** ¢ follow different

formulations, which are shown in Figure 1.4.1.
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Figure 1.4.1 Three different electrode geometries and their diffusion modes. For each electrode geometry,
there is a limiting current (I};,,) equation which describes their different dependencies. In the equations, n is
number of electrons transferred, F is the Faraday constant, C is the concentration, r is the electrode radius
and L is the recessed depth.

In the same way, the geometric features of soft interfaces, like the liquid-liquid interface (the ITIES),
which is considered as the working electrode, has an impact on the generated electrochemical signal
as well. The formulations in Figure 1.4.1 can be used for the ITIES just by replacing n by the charge
number of ions (z) which are transferred at the interface. As shown in Figure 1.4.2 for the case of a
single microscale ITIES formed at the mouth of a micropore, when ions are moving from the aqueous
phase to the organic phase, there is radial diffusion, while when they are moving from the organic to

the aqueous phase, there diffusion is linear diffusion.

Radial Diffusion Linear Diffusion

org

O mum

/'/‘T\\q 2

Figure 1.4.2 Diagram representing single micro interface formed at the mouth of a micropore. There are two
diffusion modes: radial diffusion of ion in aqueous phase (left) and linear diffusion of ions from organic
phase to aqueous phase (right).
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When the imposed potential in an array of micro-ITIES formed at an array of micropores is similar,
the electrochemical signal is depending on the dimensions of each pore in the array and the density
of the pores. For example, if the pores in the array are very close to each other, diffusion to each pore
can have a competition effect on another adjacent pore, and this effect can result in a decrease in the
electrochemical signal at each individual micro-ITIES. The distance between pores in such arrays
was studied with different arrangement of arrays such as a cubic, hexagonal, and random
arrangement, based on both theoretical and experimental aspects.’® ¢” In addition to the density of
pores, pore to pore centre distance, pore dimensions including radius and depth, experimental time
scale and diffusion coefficient of each analyte are key factors in the electrochemical signal.%® In Figure

1.4.3, it is shown cubic and hexagonal arrangements for micro disc arrays.

Figure 1.4.3 Illustration of hexagonal (left) and cubic (right) arrangement of micro disc arrays. d is the
distance between two pores and grey part shows the diffusion zone that forms around each micro—ITIES.

To achieve the best arrangement in which each pore can act independently from other pores so as to
obtain the optimum electrochemical signal, it is important to have enough distance between the pores.
To study the optimal centre to centre distance between pores on a micro disc array, there are two
assumptions, that a steady state response is achieved, and this response is independent of sweep rates.
Based on these conditions, to obtain the optimum signal, the centre to centre distance (d) should be
more than 12 times the pore radius (1).%° Another research modified this proportion and suggested

that the d value should be higher or equal to 20 times the pore radius,’® as shown in equation 1.4.2:
d = 20r Equation 1.4.2

Further modification occurred to estimate the diffusion zone thickness § which is shown in Equation

1.4.37"
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A(AGD)

v

§ > V2D, Equation 1.4.3

D is the diffusion coefficient of species i , v is the scan rate and A(Ag @) represents the potential range

from where the faradaic current is started to the steady state current or peak current. This equation
suggests that, against the previous studies, the diffusion zone is independent of the radius of pores,
but it is related to the time, which comes from the scan rate. This equation is driven from the

assumption that the diffusion is one dimensional.®’

If the diffusion zone is more than half of the pore-to-pore centre distance (or § < 0.5d the micro array
will experience nonlinear diffusion. In this case, the whole electrochemical signal is determined by
multiplying the number of pores in arrays by the current for one single pore. If § > 0.5d, diffusion
zones are overlapping due to neighbouring effect of pores on each other and then ions diffuse linearly
in this condition.®”-® When all of these equations and conditions are true, the radius of each pore is

not less than 1 um; in pores with less than 1 pm of radius, these assumptions are not suitable.®’

Strutwolf and co-workers reported electrochemical results of simple ion transfer at water/gelled 1,6-
dichlorohexane (DCH) interfaces in different arrangements of microporous silicon membranes with
pores of different radii (between 10-25 um), pore depth of 100 um and different pore to pore centre
separations (99 and 986 um). They compared the experimental results with computational results
obtained by COMSOL simulation program. For some arrangements the centre-to-centre distance was
not more than 12 times the pore radius, and there was diffusion zone overlapping. With some arrays
which were not compatible with equation 1.4.3, there was a peak shaped CV which is showing

diffusion overlapping as well.®®

In another study, Alvarez de Eulate and co-workers showed some experimental and theoretical results
of simple ion transfer at water/DCH interface which are formed at the micropore arrays composed of
100 pores in a glass membrane. The conical shape pores are formed by laser ablation so that pore
radii were different on the laser entry side and laser exit side (with radii on the entry side around 26.5
pm and on the exit side around 11 um) and each pore has 130 um depth. There is good agreement

between experimental results and the results from computer simulation.®!

In this thesis, facilitated ion transfer will be investigated at the ITIES located at micropore arrays
formed in glass membranes like those used in the recent report,®’ but in this case the radii of each

pore at laser entry side and exit side are around 40 and 20 um, respectively.

1.4.3. Electrochemical set up of the p-ITIES
In p-ITIES, two reference electrodes (Ag/AgCl) are used. After sealing the micro-pore array

membrane onto a glass cylinder, the organic phase is introduced into the glass cylinder. Then the
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cylinder with organic phase is inserted in the aqueous phase in a beaker. After that, it is needed to add
the organic refernce solution on top of the organic solution in the cylinder.>* As a result, a micro-
interface array was formed between organic phase in the cylinder and aqueous phase in the beaker

(illustrated in Figure 1.4.4).

1D3y/8Y

p-pore
arrays

Figure 1.4.4 Two electrodes set up with micropore array membrane for form a micro-ITIES array.

If all of the interfaces are considered in this set up (Figure 1.4.4), there are two liquid-liquid interfaces
including the interface between the reference solution and the organic solution inside the cylinder,
and the interface between the organic solution and water in the beaker. To provide pure
electrochemical signal, which is just due to ion transfer between organic and aqueous phase in the
beaker, it is required to make just this interface to be polarisable and to make the other one to be non-
polarisable. In this regard, it is required to add proper electrolyte in the organic reference solution on
top of the organic solution in the cylinder, to make common ions between the two phases. The
electrolyte contains a common cation (e.g. bis(triphenyl) phosphoranylideneammonium, BTPPA™),
so the interface between the organic reference solution and organic solution is a non-polarised

interface.

1.4.4. Electrodes and electrolytes at the ITIES
Generally, in solid-liquid electrochemical set up, working electrodes are defined as electrodes at

which the redox reaction of interest occurs. Redox reaction also occurs at the counter electrode. For
the liquid-liquid interface or the ITIES set up, the interface is considered as the working electrode
because the charge transfer of interest happens at this interface. An ideal reference electrode (RE) in
a solid-liquid electrochemical set up needs to provide a very stable and reproducible reference
potential. One of the most common RE is silver-silver chloride or Ag/AgCl/Cl™ and the standard half-

cell reaction in this electrode is shown in equation 1.4.4:
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AgCls + e"— Ags + Clyq Equation 1.4.4

The standard potential E® of Ag/AgCl/Cl~ is +0.222 Volts versus the standard hydrogen electrode
(SHE).”? Based on the Nernst equation (equation 1.4.5) related to the Ag/AgCl electrode, its potential

is proportional to the activity of chloride ions.
E =E3 — X lnac- Equation 1.4.5
Ag/AgCl Ag/AgCl F Cl q <.

In solid-liquid system, the source of chloride is KCl or NaCl solution while for liquid-liquid interface
system, it is needed to add background electrolyte like chloride salts to make the interface between
Ag/AgCl and water non-polarisable. In addition, for Ag/AgCl electrode on the organic side of the
ITIES in the organic reference solution, it is needed to have BTPPACI as a background electrolyte
with 10 mM lithium chloride to make the interface between Ag/AgCl and the organic reference

solution to be non-polarised as well.

In the micro-ITIES array electrochemical cell, as mentioned before, the interface between organic
solution in cylinder and the water phase in the beaker (Figure 1.4.4) is considered as the working
electrode, and this interface should be a polarisable interface. On the other hand, the non-polarised
interface between reference organic solution and organic solution in cylinder is considered as a
reference interface.® Because of the presence of the common ion (BTPPA™) between these two
solutions in the cylinder, so the equilibrium and interfacial potential difference based on equation
1.2.13 will be achieved. On the other hand, the external applied potential is different with the Galvani
ion transfer standard potential (AY@?). Then, the imposed potential difference is the difference in
potential between the two reference electrodes, which shows the difference potential of the interface.
To have reproducibility in measurement of potential difference at the ITIES, tetraalkylammonium
cations can be used as reference ions. The potential axis of the analyte can be adjusted by transposing
the experimental half-wave potential of tetraalkylammonium cations to the Galvani scale by

knowledge of their formal transfer potential of these cations on the Galvani scale from the literatures.

1.4.5. Facilitated ion transfer at the micro-ITIES
As mentioned earlier, there are three types of charge transfer at the ITIES, namely simple ion transfer

(IT), electron transfer (ET) and facilitated ion transfer (FIT). The main focus of this study is facilitated
ion transfer (FIT) in which a ligand or ionophore can selectively complex with the ion of interest.
Generally, use of hydrophobic ionophores in the organic phase in ion selective electrodes (ISEs) has
been highly developed. New synthesised ionophores considerably have been used in ISEs by
potentiometric approaches.” On the other hand, these ionophores can be applied at the ITIES by
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amperometric sensing methods. The main difference between the two approaches is the first one is at
equilibrium while the second one is a non-equilibrium method, because in amperometric methods,

the current is changing.’

Koryta '* pioneered FIT at the ITIES and in this study, the facilitated transfer of alkali metal ions by
valinomycin and a crown polyether at the macro ITIES was investigated with different
electrochemical methods, including cyclic voltammetry, chronopotentiometry and polarography. The
study can be a platform for tremendous applications of the ITIES including environmental and
biological sciences. In FIT at the ITIES, the complexation can overcome the Gibbs transfer energy
of the ion of interest and then the electrochemical signal related to transfer of the ion of interest can
be visualised within the available potential window. Furthermore, in terms of designing ion sensors,
the main advantage of using ionophores at the ITIES is improvement of selectivity for the target ions
over other ions. As mentioned before, there are four mechanisms of facilitated ion transfer at the
ITIES: aqueous complexation followed by transfer (ACT), transfer to the organic phase followed by
complexation (TOC), transfer by interfacial complexation (TIC) and transfer by interfacial

dissociation (TID) " (Figure 1.4.5).
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Figure 1.4.5 Illustration of the four types of complexations at the ITIES, which are aqueous complexation

followed by transfer (ACT), transfer to the organic phase followed by complexation (TOC), transfer by
interfacial complexation (TIC) and transfer by interfacial dissociation (TID).

Since usually different ionophores have very low solubility in water, most of FIT transfers are
following TIC, TOC and TID mechanisms. Due to varieties of ion to ligand stoichiometry, Girault et
al. ™ defined thermodynamic equations for facilitated ion transfer based on 1:m ion to ligand
stoichiometry. On the other hand, Matsuda et al. ’® proposed the relevance of FIT reactions based on
half wave potential via two limiting conditions, which are excess of the ligand in the organic phase
compared to ion in aqueous phase and excess of ion in aqueous phase relative to ligand concentration
in organic phase. Other assumptions to simplify the FIT mechanism are always that both
complexation and de-complexation are faster than diffusion of ions and ionophores, which results in
both association and dissociation between ions and ionophores are in equilibrium. By assumption that
the ion to ionophore proportion is 1:1, the equilibrium between ion and ionophore and the association
constant (K2) can be defined (equation 1.4.6):

0]
MZ 4L s ML%, KO = ‘ML Equation 1.4.6

w
apar,
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Where a$;, ay and a? are activity of complex, ion in aqueous phase(w), ionophore and complex in

organic phase (O), respectively. Also, the Galvani potential difference (A} @) is shown in equation
1.4.7:

(o)
AVG = AVQY, + gln (% Equation 1.4.7
M

In which A @9, is the standard transfer potential of the complex, and since the ionophore does not
have any charge, z is the charge of the ion or complex, which are the same. By considering that the
concentration of ions in the aqueous phase is in excess compared to the ligand in the organic phase,
and replacing concentration instead of activity, the association constant (K?) has the following

relation to the half wave potential (AfY @, /2) (equation 1.4.8):

AG By = A‘é"@%-g In (C}{ K2) Equation 1.4.8

Where AY @9, is the formal transfer of the cation from aqueous phase to organic phase.

Several reports have been carried out to study of FIT for cations especially for alkali metals with
crown ethers as ionophores.”” ”® Furthermore, other types of ionophores are applied to investigate
alkali metals, such as calixarene structures.”®>3° Fundamental results achieved from recent studies for
alkali metals with FIT methods can be exploited for a wide range of analytes even organic molecules
like neurotransmitters, amino acids and oligopeptides in their protonated forms by using crown
ethers.!"83 In these systems, these analytes can form hydrogen bonding with oxygen in the structures

of crown ethers.

Although numerous investigations have been conducted for FIT of inorganic cations and the organic
compounds which were mentioned above, still just a few reports were dedicated to inorganic anions.
Challenges of anion detection by FIT at the ITIES are due to larger ion size compared to cations, their
sensitivity to pH, and their interaction with solvents.®* In addition to these issues to sense anions by
FIT at the ITIES, fewer synthesised ionophores are available compared to ionophores for cations. The
main focus of this thesis is anion sensing by using selective commercial and synthesised ionophores

to detect sulfate.

In addition, at the liquid/liquid interface, to obtain more robustness, FIT can be studied at ion selective
membranes on top of solid electrodes. For example, Bond et al. studied both anion and cation sensing
by dynamic electrochemical methods (cyclic voltammetry) via 1pm thick PVC-based membranes
containing commercial ionophores, an electroactive species, a plasticizer (like NPOE) and organic
background electrolyte.®> 3¢ This study was an introduction to solid contact ion selective electrodes

(SC-ISEs) which will be discussed more in the next section.
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1.4.6. Cyclic Voltammetry at the ITIES
One of the most useful techniques in electrochemistry is cyclic voltammetry (CV). Kinetic and

thermodynamic information can be achieved by CV. Also, some data related to analytes including
diffusion, adsorption and the number of electrons which are transferred in electron transfer reactions
can be obtained by CV.% In this method, by sweeping the potential from an initial potential E; to a
different potential E, (Figure 1.4.6), *® the current will be recorded. E; and E, in electrochemistry at
the ITIES will be related to the background electrolytes in both organic and aqueous phases because

these electrolytes can restrict the working potential window in CV.

'y

First cycle

Potential / V m

m

Time /s

Figure 1.4.6 Applied potential versus time in cyclic voltammetery.

The values which are important in CV are the peak current (I,,) and the peak potential (E},) (Figure

1.4.7).* Two types of diffusion behaviour are shown in Figure 1.4.7 a), shows the situation where
diffusion on both sides of the ITIES is linear, while in Figure 1.4.7 b), the forward scan in the CV

shows radial diffusion and the backward scan shows linear diffusion of ion transfer.
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Figure 1.4.7 cyclic voltammogram a) for linear diffusion b) for radial diffusion in forward scan and linear
diffusion in backward scan.

For the case with linear diffusion, the peak current can be defined by the Randles-Sevcik equation:

I,=(2.69 x 10%)z>/>4AD}"* C;v'/2 Equation 1.4.9

i

Where, I is the peak current, z; is the charge of the ion, D; is diffusion coefficient of the ion, C; is
the concentration of the ion, A is the interface area and v is scan rate. In linear diffusion at a flat
interface, the peak current is proportional with the square root of the scan rate (v'/2). 3 In this system,
the method to evaluate reversibility is plotting the peak current ( I») with square root of scan rate (v/?)
and both forward and backward I, are proportional with v'/2. In addition, for reversible system, the
peak-to-peak separation between peak potential of forward (the transfer potential of the ion from

aqueous phase to organic phase) and peak potential of backward (the transfer potential of the ion from

organic to aqueous phase) is around 59 mV/ z; at 25 °C.

1.4.7. Differential pulse voltammetry (DPV):
Differential pulse voltammetry (DPV) is an electroanalytical method in which the sensitivity is

increased by reducing the ratio of charging current (i) to faradic current ( ir). This can be possible

because iy decreases by tl% whereas i, decreases faster.? A pulse potential waveform (Figure 1.4.8

%) is applied in DPV and the current is sampled at two points: first, current is sampled before the
pulse application (i;), and, second, at the end of the pulse application (i,). The difference between

two sampled currents resulting in peak-shaped which is final out put of DPV method.
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Figure 1.4.8 Potential versus time waveform in differential pulse voltammetry (DPV) (this figure is taken from

% reference).

1.5.  Principles of ion selective electrodes
1.5.1. Introduction
Generally, ion selective electrodes (ISEs) are applied to sense activities of different ions. These

devices can be used in wide range of applications such as medical and environmental science. In
comparison to different analytical methods, these tools are very low cost, portable with low energy
consumption.’' The electroanalytical method which is mostly used in these devices is potentiometry,
in which the potential difference is measured between ISEs and reference electrodes (Figure 1.5.1)

and can expressed by the Nernst equation 1.5.1:
E = E° +2-InC; Equation 1.5.1

Where E° is the formal potential and it is constant, C; is concentration of i species in solution, and

z is charge of this ion.

1.5.2. Structure of conventional ISEs and Nernstian behaviour
Conventional ISEs contain an ion selective polymeric membrane which is placed between a sample

solution and an inner filling solution (Figure 1.5.1). The ion selective membrane includes a polymer
(e.g. PVC), a plasticizer or membrane solvent such as 2-nitrophenyloctylether (o — NPOE) or bis(2-
ethylhexyl) sebacate (DOS), lipophilic ionic sites or ion exchangers which have one lipophilic ion
that does not partition into the water solution and an inorganic ion which is an exchangeable ion,
ionophores with which the ions of interest have more affinity to make complex with over other ions,

and, finally, a lipophilic background electrolyte to increase the ion conductivity of the membrane.

28



Ton-selective

electrodes (ISE) w

Reference electrode

EMF Internal
reference half-cell
Internal reference (Ag/AgCl)
half- cell F/
(Ag.”AgCl)\ Refel'ence
electrolyte
- solution
Inner filing .
. —_— Diaphragm
solution —— | EE
—__—-— .
<1 | Bridge
electrolyte
_— solution
Ion-selective Sample solution
Membrane ~ | ™ Diaphragm

Figure 1.5.1 Schematic of a conventional ion selective electrode with a reference electrode.

In typical potentiometric set up (Figure 1.5.7), the electromotive force (EMF) is the sum of the
potential differences between the two electrodes at zero current. For EMF, just two potential
differences are related to sample concentration: 1) the liquid-junction potential (Ep .r) and 2) the
membrane potential (E,) can be written as equation 1.5.2. Other contributions which are not

dependent on the sample are constant (E,,st ).

EMF = Econst + Eprer + En Equation 1.5.2

The liquid junction potential (Ep ,.f) is because of differences in ion mobilities at the phase boundary
between the sample solution and the bridge electrolyte and can be negligible by using a high
concentration bridge electrolyte. The membrane potential (Ej,) consist of three parts, which are the
potential difference at the sample solution - membrane interface, the potential difference between the
internal filling solution and the membrane, and the diffusion potential inside the ion selective
membrane. Among these three potentials, the potential difference between the inner filling solution
and the membrane is not related to the sample concentration and can be constant, and the diffusion

potential is negligible. So E}; can be written as in equation 1.5.3:
Ev = Eyconst + E Equation 1.5.3

Where Ey conse 1s sum of the diffusion potential and the potential difference between inner filling

solution and the membrane, and E is the potential difference at the sample solution - membrane
interface which can be derived from thermodynamic theory. The electrochemical potential of species
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i (u;) in the aqueous phase can be divided into two parts: electrical potential (?(aq)) and chemical

potential of the ion (y;(aq)), as shown in equation 1.5.4:
w;(aq) = w;(aq) + z,Fo(aq) Equation 1.5.4

Where, z; is the charge of the ion, F is the Faraday constant. In this equation, chemical potential of

the ion (i) (1;) can be defined as (equation 1.5.5):
w;(aq) = n?(aq) + RTIna;(aq) Equation 1.5.5

in which R is the gas constant, T is absolute temperature, a; is the activity of ion and ? is the standard
chemical potential of the ion. By combination of equation 1.5.4 and 1.5.5, electrochemical potential

of ion i in aqueous phase can be rewritten in equation 1.5.6:
w;(aq) = n?(aq) + RTIna;(aq) + z;F®(aq) Equation 1.5.6

Also, the electrochemical potential of ion in the ion selective membrane can be written in the same

way by equation 1.5.7:
w;(org) = u¥(org) + RTIna;(org) + z;F@(org) Equation 1.5.7

Since at equilibrium time, electrochemical potential of the ion in both phases are the same, the

electrical potential difference between two phases at the interface can be written in equation 1.5.8:

. _ _ _w(org)-pi(aq) | RT , ai(aq) ‘
E = @(org) — 0(aq) = BT + F In 2 (or0) Equation 1.5.8

By combining all sample independent potentials in equation 1.5.3 and 1.5.8 into the constant
parameter E° and the activity of the interested ion in membrane is constant, the Nernst equation can

be achieved which is dependent on activity of ion species in the aqueous phase:
Ey = E° +23037-loga;(aq) Equation 1.5.9

By replacing ion activity by concentration, these potential differences have correlation with different

concentrations of ions, as shown in equation 1.5.10:
Ey = E° + 2303 logC; Equation 1.5.10

In which E© is the formal potential, which is constant. By plotting of E), versus log C;, a calibration

curve of the ISE is achieved. So, by the Nernstian behaviour of ISEs, sensing of ions can be obtained.
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1.5.3. Selectivity of ISEs
Selectivity in ISEs means the ability of ISEs to discriminate between the primary ions and other ions

in solution or interfering ions. Thus, selectivity can be considered a factor by which the performance
of ISEs can be evaluated. Selectivity of ISEs is defined as selectivity coefficient (K ;) and usually
can be presented as log (K; ;). For example, when K;; is 1, it means that the response and the
sensitivity of ISEs to the primary ion (I) is same as to the interfering ion (J). A lower value of K,
represents a better selectivity of the primary ion (I) over the interfering ion (J). Selectivity can be
determined by different methods.’** The most common methods to measure selectivity coefficients
are the separate solution method (SSM) and the fixed interfere method (FIM). In SSM, the electrode
is calibrated in both interfering ion solution and primary ion solution separately. The potential
difference between these two solutions (AE=E-E}) is used to determine the selectivity coefficient of
the primary ion (I) over the interfering ion (J) (Figure 1.5.2). The selectivity coefficient can be

calculated by the equation 1.5.11.
AE .
Log(K,])zﬁ Equation 1.5.11

In this equation AE is the difference potential of the ISE in solutions of primary ion (I) and interfering
ion (J) at the same concentrations or activities and M is the slope of the calibration graph of different

concentrations of primary ions versus potentials (Figure 1.5.2).

Potential / V

. ..3;'11'.31..

~Pure Tideal

L J

Log (a)/ M

Figure 1.5.2 Separation solutions method (SSM) to measure K,

The selectivity coefficient can be determined also by the fixed interference method (FIM). In this
method, the electrode is calibrated in the pure primary ion solutions and then placed in solutions with
fixed concentrations of interference ions and with different concentrations of primary ions. At higher
activity of interfering ions, the calibration curve related to primary ions is changed (Figure 1.5.3).
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However, in higher activity of the primary ion, the calibration curve is linear. In other words, in FIM,
the detection limit of the primary ion is lower in the case without interfering ions. The selectivity

coefficient by this method is defined by the Nikolsky-Eisenman equation® :

E= E°+£1n(a,+E(K,]a]) Equation 1.5.12
ZIF

Potential/ V

Log[a]/ M

Figure 1.5.3 Fixed Interference Method (FIM) to measure K,

The selectivity coefficient by FIM is obtained by equation 1.5.13:

K= Equation 1.5.13

In this equation, a; is the intercept achieved by the two extrapolated lines in Figure 1.5.3 and a; is
fixed interfering ion activity in solution. As it is shown in Figure 1.5.3 the linear range of the solution
with primary ion (I) in the presence of interfering ion (J) is less than the solution just with primary
ion (I). For equations 1.5.11 and 1.5.13 to be valid the following three conditions must be reached:
1) Nernstian behaviour of both primary and interfering ion, 2) both ions should have same charge, 3)

there are no fluxes.’®?’

1.5.4. Solid state ion selective electrodes
In the same way as miniaturisation of the ITIES which can address challenges related to the macro-

ITIES for sensing of ions, miniaturisation of conventional ISEs can provide several advantages in
view of implantable devices, easy maintenance, measurements in very small volume of sample, and
mass production.”® On the other hand, one big challenge of conventional ISEs is the inner filling
solutions (IFS) due to their sensitivity to temperature and pressure. The volume of inner filling

solutions cannot be lower than the millilitre level.”” However, microelectrodes based on micropipettes
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have been developed for a long time,'? but their fabrication is a very delicate process and also they
are fragile. The first step towards solid state ISEs (i.e. ISEs without inner filling solutions) was coated
wire electrodes (CWEs) ?® with very simple design (Figure 1.5.2 b). In this design, ion selective
membrane (ISM) was deposited on electrodes such as Au, Pt or glassy carbon.!®! A big disadvantage
of CWEs compared to conventional ISEs is a lack of reproducibility in potential from sensor to sensor,
and they need frequent calibrations. The next step towards solid state ISEs was use of hydrogels as
an ion-to-electron transduction layer (Figure 1.5.2 ¢) instead of IFS. However, the issue related to
hydrogel-based electrodes is absorption of water or small neutral molecules like CO, to the ISM.*!
Moreover, these ISEs need long equilibrium time, and can be problematic in some applications like
single used sensors and short turnaround time sensors. These issues related to CWEs and hydrogel-
based electrodes drive efforts to design new ISEs with short equilibrium times, very low potential
drifts and calibration free electrodes.”’ > 192 In this regard, many compounds with ion-to-electron
transduction properties were used between ion-sensing membranes and electrodes. The layer
containing these components is called the solid contact and the role of the solid contact in ISEs is

providing well-defined interfacial potentials between electrodes and ISMs (Figure 1.5.2 d).

1.5.5. Different solid contact ion selective electrodes
To design solid contact ion selective electrodes (SC-ISEs), a wide range of solid contact materials

can be used as an intermediate ion-to-electron transducing layer, including self-assembled
monolayers (SAMs),!% carbon-based materials like three dimensioned macro-porous carbon, carbon

105 and conducting polymers.' Although

nanotube, fullerene and graphene,'®* organic compounds
conducting polymers such as poly(3-octylthiophene) (POT), polyaniline and poly(3,4-
ethylendioxythiophene) (PEDOT) have been widely used as intermediate compounds in solid contact
ISEs, their use is limited due to low redox capacity and significant difference between anodic and
cathodic peaks.' 97 Similar to hydrogel-based ISEs, a water layer containing ions or neutral
molecules (e.g. CO,) forms between the solid contact and the ISM. These issues can be addressed by
inserting electroactive materials directly into the ISM and instead of two layers (ISM layer and
transduction layer), there is just one layer that can act as a SC-ISE layer. These compounds are
molecular redox probes which can be easily dissolved in the ISM or can be covalently attached to
ISM matrixes.!?®!!! One of the most common redox probe complexes is ferrocene and its derivatives
but the major disadvantage of these compounds is an irreversible electrochemical behaviour in the
presence of chloride ions, due to formation of a complex with chloride ions.'"! Another category of
redox probes is cobalt complexes, which were introduced by Buhlmann.''> ''* To overcome
instability of anion detection by POT, a lipophilic osmium complex was applied as a molecular redox
probe.''* However, anion sensing by these compounds are strongly depends on the concentration of

these complexes in the ISM. In a very recent study, functionalised helicene compounds were applied
33



in a solid contact layer ''®> and showed very stable and reversible responses. However, in the presence
of ionophore, the compound leaked from the ISM. In continue, by excess amount of ionophore and
use of polyurethane as a polymer instead of PVC in the ISM, the leakage issue was addressed.''® In

this thesis, lipophilic ruthenium complexes were investigated for anion sensing.

1.6.  Aims and goals of this work (sulfate sensing):
The general aim of this work is to investigate the use of electrochemical methods to selectively detect

sulfate at the interface between two immiscible electrolyte solutions. In this research, different
approaches were applied to sense sulfate, including ion transfer at liquid-liquid interfaces and at solid
contact electrodes. Newly synthesised sulfate ionophores were evaluated in this thesis to assess their

suitability for sulfate sensing.

In chapter 2, facilitated ion transfer at pITIES arrays was studied in order to compare
electrochemical responses at micropore arrays which were located at either laser entry side or laser
exit side of laser ablated glass membranes. Facilitated potassium transfer by dibenzo-18-crown-6
(DB-18-C6) was used as an established model to characterise the FIT process at these laser-ablated
pore-based ITIES. Then the micropore arrays located at the laser entry side of membranes, which
showed best sensitivity, were chosen in order to study sulfate sensing. Newly synthesised sulfate

ionophores were examined for sensing of sulfate.

In chapter 3, in order to develop a more robust sensing system of different anions, solid contact
electrodes containing a new lipophilic Ru complex as a redox probe was used to evaluate the detection
of sulfate and other anions. The aim of the work was to evaluate this new Ru complex as an ion-to-
electron transducer in solid contact electrodes and to assess suitability for ion sensing. Different
compositions of membrane were assessed to optimise electrochemical responses. Two plasticizers
were studied, and their responses were compared, and for the first time, kinetic studies were carried

out to provide information about the ion-to-electron transduction systems at solid contact electrodes.

In chapter 4, in order to provide stable sulfate ion selective electrodes, two new Ru complexes were
examined. Nernstian behaviour was evaluated, and the nearly Nernstian slope was achieved. In order
to provide more selective electrodes, two different newly synthesised sulfate ionophores were
assessed, and their electrochemical responses were compared to responses obtained with a

commercial sulfate ionophore.

In chapter 5, in order to provide more robust ion to electron transduction system, the immobilisation

of'anew Ru complex on indium tin oxide (ITO) electrodes was studied. The chemical immobilization
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occurred on the ITO electrodes’ surface. This method was used to investigate anion sensing on ITO

electrodes, including with thin polymeric layers spin coated on the surface.

In Chapter 6, general conclusions of this thesis and suggestion for future investigations are

discussed.
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2. Characterisation of facilitated ion transfer at micro-interface
arrays supported on laser-ablated glass membranes.

2.1. Introduction:
Ion transfer electrochemistry at the interface between two immiscible electrolyte solutions (ITIES)

has attracted much attention for fundamental and applied studies of chemical and biological
systems.'!7"11? Facilitated ion transfer (FIT) at the ITIES deals with the movement of ions from
aqueous to organic phase through the binding affinity of the ion (in the aqueous phase) with the
ionophore present in the organic phase upon perturbation by an applied potential. This FIT concept
was pioneered by Koryta,'* allowing thermodynamic and kinetic parameters to be obtained which are

critical to the mechanistic understanding for the development of ion-selective sensors.

The FIT process could be investigated with either macro- or micro-scale liquid-liquid interfaces. The
ground-breaking work of Koryta in 1979 '* on the transfer of potassium ion from water to
nitrobenzene assisted by dibenzo-18-crown-6 (DB-18-C-6) was conducted on macro interface by
conical glass capillary with a four electrodes cell setup (with two auxiliary electrodes and two
reference electrodes). Kudo et al. have also demonstrated the FIT process of Li", Na" and K* by
different crown ether ionophores '?° while Beni et al. studied the selective dopamine detection by
DB-18-C-6,'2! both of which were performed across a polarized macroscopic liquid-liquid interface.
Although macro-ITIES mostly has been employed for kinetic and thermodynamic studies of ion
transfer, it suffers from mechanical instability, high iR drop and capacitive current, and complicated
four-electrode electrochemical cell. Miniaturization has been able to address the above mentioned
challenges of the macro-ITIES system by enhancing the rate of mass transport and reducing the
impact of cell resistance.'?? It also comes with a simpler two-electrode system while further
benefitting for the significant reduction of reagent consumption. The first miniaturised version of

ITIES was in a glass micropipette (25um diameter) introduced by Taylor and Girault."

Since then,
different arrangements of miniaturised supported ITIES with various materials and fabrication
procedures have been applied to study the FIT process, such as micropipette prepared from
borosilicate glass capillary with silanized outer wall to provide a hydrophobic side,'® FIT
investigation at quartz nano-pipettes,'?* facilitated ammonium transfer by bexakis (2,3,6-tri-O-
acetyl)-a-cyclodextrin at micro-hole ITIES on polymer substrate !> and simple and facilitated ion
transfer across dual micropipette.'?® Later on, to increase the efficient surface area of the interfaces
and consequently to enhance the mass transport rates, an array of micro- or nano-ITIES which are

based on polymer, silicon and glass porous membranes have been developed.'?” First micro-hole

arrays including 66 holes was fabricated on polyethylene terephthalate film (PET) substrates by UV
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laser ablation.'?® Surprisingly, to our knowledge, there are few studies of FIT at ITIES with the

Mmicro- or nano-pore arrays.

Our group has previously reported the simple ion transfer on a borosilicate glass microporous

membrane with 100 micropores with 10 x 10 square array format. %!

The conical shaped pores were
produced by laser ablation to provide an array holder for electrochemical sensing at liquid-liquid
interface. According to the electrochemical responses and the simulation analysis of the membranes,
higher sensitivity was achieved by locating the ITIES at the laser entry side, which is wider, while
lower variability in the voltammetry was achieved by the interface located at the laser exit side, with
narrower dimensions.®! Here, electrochemical responses at the micro-ITIES arrays located at either
laser entry and laser exit side were investigated and compared. An established K™ ion - DB-18-C-6
ionophore FIT system was applied to evaluate the thermodynamic and kinetic differences in these

two configurations. This study was conducted to achieve the best configuration of glass membrane to

evaluate new 1onophores for FIT of sulfate ions for development of sulfate sensors.

2.2.Experimental Section

2.2.1. Reagents and materials
All chemicals were provided from Sigma Aldrich, without further purification. MgCl, (10 mM) is

used as aqueous phase background electrolyte and was prepared in ultrapure water (with a resistivity
of 18.2 MQ cm) Milli-Q from a USF Purelab plus UV, Millipore Pty. Ltd. Australia. The organic phase
background electrolyte, bis (triphenylphosphoranylidene) ammonium tetrakis (4-chlorophenyl)
borate (BTPPATPBCI), was obtained by metathesis of equimolar amounts of potassium tetrakis(4-
chlorophenyl)borate (KTPBCI) and bis (triphenylphosphoranylidene) ammonium chloride
(BTPPACI). In these experiments, 1,6-dichlorohexane (DCH) and 2-nitrophenyl octyl ether (NPOE)
were used as organic solvents. In the first section which is facilitated potassium transfer, DCH was
used to dissolve BTPPATPBCI and DB-18-C-6 ionophore, and in the second section which is
facilitated sulfate transfer, NPOE was used as an organic solvent to dissolve BTPPATPBCI and

sulfate ionophores.

2.2.2. Micro-pore array fabrication and characterization
The array of miniaturized liquid-liquid interfaces was formed across 100 pores in 10x10 square array

arrangement (Fig. S.1). The pores were drilled by laser ablation method at the Optofab Node (ANFF-
OptoFab, Macquarie University, New South Wales), as previously reported. ¢! As demonstrated in
previous work ¢!, one side of the microporous glass membrane was adhered by blue tape and the other
side was functionalised by trichloro(/H, /H, 2H,2H-perfluorooctyl)silane under vacuum for 1 hour.

Since the contact angle of water drops on the hydrophobic side is less than the contact angle on
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hydrophilic side, easily the hydrophobic side can be distinguished from hydrophilic side of the

membrane.
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Figure 2.1 Facilitated potassium ion transfer by DB-18-C-6 in conical shaped micropores in glass membranes
functionalised to be hydrophobic on either a) the hydrophobic treatment is on the laser entry side or b) the
hydrophobic treatment is on the laser exit side. The laser entry side and consequent formation of the ITIES at
a) the ITIES is formed at the laser exit side (the narrower end of the pore) b) the ITIES is formed on the laser
entry side (the wider end of the pore).

The geometries of the array (including the number of the pores, pore size of both sides and pore to
pore centre distances) were characterised by Scanning Electron Microscopy (SEM) (using a Tescan
Mira3 FESEM) (Figure 2.2). The data from SEM images were processed by Image J software (Table
2.1). The shape of the pores in both membranes is conical, as determined by the dimensions of the

pores on the laser entry side (wider radii) and laser exit side (narrower radii) side (Figure 2.7).

Table 2.1 Dimensions of the pores characterized by SEM and Image J software (n=4).

Distance (um) Laser exit side | Laser entry side

Linear centre to centre distance 297.85 (£0.78) | 313.85 (£2.7)

Diagonal centre to centre distance | 421.85 (+0.25) | 445.33 (£2.1)

Hydrophilic side pore diameter 21.02 (£0.68) | 41.43 (+0.82)

Hydrophobic side pore diameter 42.12 (£1.7) 23.42 (£0.57)
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Figure 2.2 SEM images at laser exit side a) hydrophobic side pore and b) hydrophilic side pore, and at laser
entry side c¢) hydrophilic side pore d) hydrophobic side pore

2.2.3. Electrochemical procedure at the micro-ITIES array:
The microporous glass chips were glued onto glass cylinders with silicone rubber while the

hydrophobic side is facing the cylinder. 150 pL of the organic solution was inserted in the cylinder
and after immersing in aqueous solution, 250 pL of aqueous reference solution was added to top of
the organic solution. The electrochemical setups consisting of two Ag/AgCl electrodes and liquid

electrolytes were implemented (Figure 2.3).

10 mM
1 mM srppaTPBC, || 10™M

Ag AgCl BTPPACI (10 |9.5 mM DB-18-| M&Cl2, Y AgCl Ag
mM LiCl) C-6 (DCH) mM KCl

Figure 2.3 The electrochemical cell composition (Y mM is concentration of KCI).
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Tetrapropylammonium chloride (TPrACl) was used as an internal standard to provide half wave
potential on the Galvani potential scale at the end of each experiment, and based on the
tetraphenylarsonium tetraphenylborate (TATB) assumption, the formal transfer potential of TPrA™
from water to DCH is -0.08V.%! Metrohm Autolab PGSTAT101 electrochemical analyser together
with NOVA 1.9 software were used for all CV experiments. Moreover, measurement of
uncompensated resistance (Ug) was carried out using a CHI900B potentiostat (CH Instruments Inc.,
USA) at the open circuit potential, and the values of Uy, which were around 230 and 300 kOhm for
the interface at laser exit side and laser entry side, respectively, were compensated by NOVA 1.9
software. The potentials are transposed to Galvani Scale by using TPrA* as an internal standard to

provide the Galvani potential scale for these experiments.

2.3.Results and discussion

2.3.1. Mechanism of the ion transfer
In FIT, mass transport is more complicated than in simple IT, although it was simplified by two

limiting conditions: 1) much higher concentration of ionophore in organic phase than ions in aqueous
phase (C;, > Cy; ), 2) greater concentration of the ions in aqueous phase than the concentration of
ionophore in organic phase (C, < C), ). " Based on these limiting conditions, it is always assumed
that both complexation and de-complexation are faster than the diffusion of species.!'” All of
experiments were carried out in the limiting condition in which the concentration of K *in the aqueous

phase is sufficiently greater than the concentration of DB-18-C-6 in the organic phase (c; < ¢y ).

The well-known potassium FIT process across water/DCH was used to characterise the behaviour of
the glass micropore array ITIES. The cyclic voltammograms (CV) (Figure 2.4) were recorded for
experiments with aqueous solutions containing potassium (10 mM KCI) in contact with organic

phases either with or without DB18-C6 for membranes with pores in two configurations (Figure 2.7).
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Figure 2.4 Cyclic voltammograms for the transfer of K*across W/DCH interface in the absence (dotted line)
and presence (solid line) of DB18-C-6 (10 mM KCI and 1 mM DB18-C6) in pores with interfaces located at
laser entry side a), and pores with interface located at laser exit side b)

In both membranes configurations, without DB18-C-6, there is an increase in current at the positive
end of the potential window which is related to transferring K*, while in the presence of the
ionophore, both positive and negative peak currents in forward and reverse scans, respectively,
occurred at more negative potential: these peaks correspond to facilitated transfer of K by DB-18-
C-6. The cyclic voltammogram profile (Figure 2.4) presents a diffusion-controlled regime of K* ions
transfer across the interface from water to organic phase and vice versa which is linear. This is
attributable to the limiting condition (¢, <« c¢y), and the results indicate the transfer of K* is
controlled by ionophore diffusion in the organic phase which filled the pores in both types of
membrane configuration. These results confirm complexation and de-complexation of K* with
DB18-C6 is occurring at the interface in both pore configurations (with wider or narrower pore
diameter on hydrophilic (aqueous) side of the membrane). Also these results are in agreement with
previous work with silicon membrane-based ITIES. !"12° However, there is a significant difference
in amount of ion transfer between the two phases in these two types of pores. In pores with the
interface located at the laser entry side (wider pore diameter at the hydrophilic side of the membrane),
the peak current, which is related to diffusion of DB18-C-6 (forward scan) and diffusion of its
complex with potassium (backward scan), is significantly higher (Figure 2.4 a) than the peak current
in pores with the interface located on the laser exit side (narrower pore diameter at the hydrophilic

side of the membrane) (Figure 2.4 b).
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Figure 2.5 Cyclic voltammograms for the transfer of TPrA*across W/DCH interface located at the laser entry
side (wider pore diameter at the hydrophilic side of the membrane) (solid line) and the interface located at laser
exit side (narrower pore diameter at the hydrophilic side of the membrane) (dotted line) (the potential is versus
the experimentally used reference electrodes).

In another study, TPrA*transfer of from aqueous phase to organic phase across interfaces located at
laser entry side and exit side was investigated (Figure 2.5). TPrA* was used as a standard to provide the
half-wave potential on the Galvani potential. As shown in Figure 2.5, the current due to TPrA*at interfaces
located at laser entry side pores is significantly higher than current value at interfaces located at laser

exit side.

2.3.2. Evaluation of reversibility of the system
In the limiting condition (C; < C,, ) in which the ionophore controlled all the processes across the

interface, and with the reversible transfer of ions across the interfaces, the half-wave potential of ion
transfer is defined as by equation 2.1 which is derived from the Nernst equation for a reversible ion

transfer across the ITIES. '3

0059, Dy 0.059
log

AG Dy )p = A‘{,"(D,(L++ -— log (BCp+) Equation 2.1

MLt

Where Ay @4/, is half-wave transfer potential of the ion, Ay ®1?4+ is the standard potential of ion
transfer across the interface, n is the stoichiometry of the ion and ionophore, D; and D+ are
diffusion coefficient of ionophore and complex in organic phase, respectively, which are assumed to
be nearly the same, f is the equilibrium binding constant between ion and ionophore, and C,+ is the
concentration of ion in the aqueous phase. CVs of assisted transfer of different concentrations of
K *are shown in Figure 2.6. With increasing ion concentrations, the transfer potential of K* is shifting

to more negative values (as expected in eq. 2.1). This experiment was carried out in two types of
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pores of glass membrane (Figure 2.6). Based on the equation 2.1, midpoint potential (E,;q) is plotted

with concentration of K* (Figure 2.6).
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Figure 2.6. CVs for potassium ion concentrations: 0.5, 1, 2, 4, 7 and 10 mM and in the presence of 0.5 mM
DB-18-C6 in the organic phase and 1 mM MgCl, as background electrolyte in the aqueous phase, with laser
entry side pore a) and with laser exit side pore b) and plot of mid-point potential of potassium transfer across
the interface with Log [K*] with laser entry side pore ¢) and with laser exit side pore d) (10 mV/s scan rate).

Regarding the average slope values for both membrane configurations (0.06 V/dec) which is close to
the Nernst value (&:9 V/dec) where n=1, indicating stoichiometry of the ionophore and potassium is
1:1, which agrees with other reports.!*!"1*® Regarding the results for the binding constant (B) for K*
with DB-18-C6, which can be calculated from the intercept value of the Nernst equation, and
considering the value of Afcy %J,: 0.584 V reported by Katano et al. '*’ and using the equation 2.1,
logP = 5.1 was achieved for the binding constant between K*and DB-18-C6. There is no report to
investigate facilitated transferring of K* by DB-18-C6 across water and DCH. However, the results
obtained was compared with the calculated binding constant in other reports. For example, binding
constants between K+ and DB-18-C6 in 1,2-dicholoroethane,'® nitrobenze,'*! acetonitrile '** were

9.9, 6.9, 4.7 respectively. Stability constant of different crown ethers with alkali metals depends on
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ion solvation energy in different solvents. Comparison of the complex stability of DB18-C6 with
alkali metals between water and different organic solvents shows that in the low polar solvents, there
is an enhancement in binding constant.'*® Based on the value of the intercept, which is equal in both
type of membrane configurations, it is expected the binding constant value between potassium and

DB-18-C6 is independent of the size of pores.

After IR compensation of the voltammograms, the peak-to-peak separation values (Ef- E}) for the ion
transfer process at the two membrane configurations were different, as plotted with different
concentrations of potassium (Figure 2.7 a). In the experiments with the interfaces located at
membranes with higher diameter pores, the peak-to-peak separation was lower and closer to the

Nernst value (60 mV) compared to the interfaces located at membranes with lower radii.
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Figure 2.7 a) Peak to peak separation at different concentrations of aqueous phase potassium in the presence
of 0.5 mM DB-18-C6 in the organic phase with two the membrane configurations b) ratio of forward and
reverse peak currents at different concentrations of aqueous potassium in the presence of 0.5 mM DB-18-C6
in the organic phase with the two membrane configurations.

Another important parameter for reversibility of the system is the ratio of peak current in forward
F

scan with peak current in reverse scan (:—ﬁ), which for reversible ion transferring is 1. This parameter
P

was assessed for the two configurations of pores. For both pore types, especially with higher
concentrations of potassium, the ratio is close to one (Figure 2.7 b) because with higher concentration
of potassium the ionophore can control ion transfer process and the Nernst equation (equation 2.1)
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can be achieved in this condition. In another study, with both membrane configurations, the results
(Figure 2.8) show that the peak currents relate linearly with square root of scan rate, which is
expected from the Randles-Sevcik equation for a linear diffusion regime.!!” The diffusion coefficient
of DB18-C6 in the organic phase based on this equation was determined to be 4.5% 107® cm/s, which
has good agreement with different reports.!?® 1*8 Reversibility of the system was assessed in both

membrane configurations, which are demonstrated in Table 2.2.
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Figure 2.8. CVs of facilitated potassium transfer by 0.5 mM DB-18-C6 in organic phase and 10 mM KCl in
aqueous phase at micro-ITIES array with sweep rate: 5, 10, 15,20, 25, 30, 35,40, 50, 60, 70 mV/s at
laser entry side a) and laser exit side b) and confirmation of reversibility by the linear dependence of peak

current with square root of scan rate (c¢) laser entry side pores (d) laser exit side pores ((the potentials are
transposed to Galvani Scale).).
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Table 2.2 Reversibility factors achieved by two types of the membrane configurations including: peak to peak
separation, proportion of peak current of forward to reverse scan, linear relation of peak current with square
root of scan rate, no shifting in potential with scan rate (n=3).

13 Ep Shifting
Ip with v

Membrane E}-ER(V) Ip xVv

configuration

Interface located at | 0.088(+0.002) | 1.14(x0.01) Linear No

laser exit side pores

Interface located at | 0.072(£0.001) | 1.25(x0.02) Linear No

laser entry side pores

Moreover, there was no shifting in peak potential with different scan rates in both forward and
backward CV scans. According to the electrochemical results demonstrated in Table 2.2, facilitated
potassium transfer across the micro-ITIES in both membrane configurations of pores, with wider and
narrower in hydrophilic side, seems to be reversible. However, the membranes with interfaces located
at the wider diameter pores on hydrophilic side show a higher amount of ion transfer which make this

membrane more sensitive compared to narrower one.

24. Screening of sulfate ionophores by FIT at glass micropore array
2.4.1. Introduction

The sensing of anions is very challenging because of their large and different size, pH dependence,
and their high hydration energies.!**'*> Among the Hofmeister series anions, (organic anions >
ClO4 > SCN™ > I" = salicylate > NOs;~ > Br > CI" > HCOs; > HPO4*> = F~ = SO4*?), sulfate has
highest hydration energy (1059 kJ mol~! compared to 314 and 229 kJ mol~* for NOs™ and ClOx4,
respectively).'* So, quantification of sulfate anions in aqueous environment is very challenging
compared to other anions.!** Despite this, sulfate can be used as a surrogate in wastewater recycling
plants so that there is a need to make a system to sense sulfate to allow evaluation of the performance
and integrity of reverse osmosis (RO) membranes used in wastewater recycling, so determination of
sulfate in water after RO and its comparison with the level of sulfate in water before RO can be an
important factor for integrity of RO performance in wastewater recycling plants.'** In addition, in
biosynthesis and detoxification of endogenous and exogenous compounds in human cells, sulfate
plays very important roles. Furthermore, sulfate is one of the end stage products in metabolic
processes of sulphur-containing amino acids in biological cells.!*® '*7 According to these reasons,
there are environmental, clinical, and pharmaceutical applications to sense sulfate ions. One of the

most common methods to sense sulfate is ion chromatography coupled with conductometric detection
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(IC-CD). However, for routine measurement this method is very expensive and complex'*®. There
are both optical and electrochemical method to sense sulfate. Optical methods include colorimetry
and spectroscopy. In both methods, there is a lack of sensitivity and selectivity.'** 1> On the other
hand, electrochemical methods are simple and reproducible with low equipment cost and online
detection capability. In this study, electrochemical methods including cyclic voltammetry and
differential pulse voltammetry were applied to sense sulfate. In addition, to selectively sense sulfate

a new synthesised ionophore was used to detect sulfate.

2.5. Experimental Section: Facilitated Sulfate Transfer at ITIES

2.5.1. Reagents and materials:
In this study, synthesised sulfate ionophores were used in the organic phase to investigate interfacial

complexation at water/NPOE interface by using of the glass micropore arrays with the interface
located at the laser entry side. NPOE was used as the organic solvent instead of DCH, because the
dielectric constant of this solvent is much higher than DCH and the more polar sulfate ionophores
can be dissolved more easily and in higher concentration. Different synthesised sulfate ionophores
were used, including N,N’-bis(2-acetamidophenyl)-5-(fert-butyl)isophthalamide (DCC-286),
N,N',N"-(nitrilotris(ethane-2,1-diyl))tris(pyrrole-2-carboxamide) (DCC-287) and N’,N “’-(3,6-di-tert-
butylcarbazole-1,8-diyl)bis(N-phenylthiourea) (PGP-59) (Figure 2.9) (from Murcia University in
Spain) and Tris(2-aminoethylamine) (Tren) Tri-Squaramide with phenyl (Tren phenyl), antracene
(Tren anteracene) and 2-aminoethlamine (Tren)bis-CF; (Tren-bis CF3) (from University of Sydney,
Australia) (Figure 2.10 a and b, respectively) were used for investigation of sulfate transfer at the
interface. The potentials are transposed to Galvani Scale by using of TPrA* and tetracthylammonium
(TEA') to provide the Galvani potential scale for these experiments with the Spain ionophores and

Sydney ionophores, respectively.
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Figure 2.9 Structure of different sulfate ionophores N,N’-bis(2-acetamidophenyl)-5-(tert-
butyl)isophthalamide (DCC-286), N,N',N"-(nitrilotris(ethane-2,1-diyl))tris(pyrrole-2-carboxamide) (DCC-
287) and N’,N°’-(3,6-di-tert-butylcarbazole-1,8-diyl)bis(N-phenylthiourea) (PGP-59) (Synthesised by the
group of Dr. David Curiel, Murcia University, Spain).
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Figure 2.10 Structure of a) Tren-Phenyl and Tren-Antracence b) (2aminoethlamine)(Tren)bis-CF5 (Tren-bis
CF3) (Synthesised by the group of Prof. Katrina Jolliffe, University of Sydney).

2.5.2.  Electrochemical set up for sulfate sensing:
The electrochemical set up for sensing of sulfate is same as the set up for K, just there is not a

background electrolyte in aqueous solution because the presence of any background electrolyte
interferes with sulfate. In addition, instead of Ag/AgCl in the aqueous phase, Ag electrode is used
because the Ag/AgCl electrode can impact on sulfate response because of Cl~ ions. The
electrochemical cell composition to sense sulfate ions is shown in Figure 2.711. In addition, in this
experiment NPOE was used as the solvent, because the dielectric constant of NPOE is higher than
DCH and sulfate ionophore solubility is higher than in DCH. NPOE is a safer solvent compared to

DCH and it is better alternative for development of a sulfate sensor.
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Figure 2.11 Electrochemical set up to sense sulfate ionophore

The electrochemical set up was applied to sense SO3~ by CV and DPV methods. In CV, the scan
direction is from more positive potentials to more negative potentials with scan rate 10 mV/s. In DPV
method same as CV, the scan direction is from more positive potentials to more negative potentials
(0.550 to 0.05 V), conditioning potential is 0.550 V and equilibration time and modulation time are
60 s and 0.05 s, respectively.

2.5.3.  Results and Discussion:
CVs were recorded for experiments with aqueous solutions containing sulfate (10 mM Li,SO,) in

contact with organic phases either with or without the ionophores for at interfaces located at laser
entry side pores. CVs in the presence and absence of DCC-286, DCC-287 and PGP-59 in the organic
phase are shown in Figure 2.12 a, b and c¢. As it is shown interfacial complexation of sulfate was
achieved in the presence of these ionophores, and it is shown in the higher current values than the
CVs in the absence of these ionophores. However, the sulfate transferring potential is very close to
the transfer potential of organic cations (BTPPA™) from organic phase to aqueous phase. So, there is

no ability to distinguish between the current related to sulfate transfer and the organic cation transfer.
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Figure 2.12 Cyclic voltammograms for the transfer of SOZ~across W/NPOE interface in absence (dotted line)
and presence (solid line) of 0.25 mM a) DCC-286 b) DCC-287 and c¢) PGP-59 in the presence of 10 mM
Li, S0, pores with laser entry side.

In the same study, Tren phenyl, antracene (Tren antracene) and Tren-bis CF3) (from University of
Sydney, Australia) (Figure 2.10 a, b and c, respectively) were used to investigate sulfate transfer at
the interface. CVs related to response of interfacial sulfate complexation at the interface in the
presence and absence of Tren phenyl and Tren antracene were shown in Figure 2.13 Cyclic
voltammograms for the transfer of SOZ~across W/NPOE interface in absence (dotted line) and presence (solid
line) of 0.25 mM a) Tren-Antracene b) Tren-Phenyl in the presence of 10 mM Li,SO, pores with laser entry
sidea and b, respectively. There is strong complexation effect of sulfate with Tren phenyl in more
positive potential compared to organic cation (BTPPA* ) transfer (Figure 2.13 b) while there is not

strong complexation between sulfate and Tren antracene (Figure 2.13 b).
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Figure 2.13 Cyclic voltammograms for the transfer of SO2~across W/NPOE interface in absence (dotted line)

and presence (solid line) of 0.25 mM a) Tren-Antracene b) Tren-Phenyl in the presence of 10 mM Li, SO, pores
with laser entry side

Another synthesised sulfate ionophore called Tren-bis CFz(From from University of Sydney,
Australia) was used (Figure 2.10 b) to investigate sulfate transfer at ITIES. CVs related to the organic
phase with and without the ionophore (Figure 2.14) showed that there is interfacial sulfate
complexation in more positive potential than BTPPA™ transfer potential, and the potential in the
presence of Tren-bis CF5; is more positive than Tren phenyl. Thus, Tren-bis CF; was chosen as best
ionophore for facilitated sulfate transfer among the different synthesised sulfate ionophores. The CV
profile (Figure 2.15) presents diffusion shape regime of SO3™ ions across the membrane from water
to organic phase and vice versa which is attributable to the limiting condition (¢, < c,) which is
mentioned earlier with complexation of K *with DB-18-C6. Thus transferring of SO%~ is controlled
by the ionophore diffusion in organic phase which filled the pores, and these results which confirm
complexation and de-complexation of assisted SO%~ with Tren-bis CF; is occurring at the interface
in the pores(Figure 2.14). Based on the tetraphenylarsonium tetraphenylborate (TATB) assumption,
formal transfer potential of TPrA+ and TEA+ from water to NPOE are -0.116 and - 0.003 V,

respectively. !31: 152
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Figure 2.14 Cyclic voltammograms for the transfer of SOZ~across W/NPOE interface in absence (dotted line)
and presence (solid line) of 0.25 mM Tren-bis CF; in the presence of 10 mM Li, SO, pores with laser entry
side, inside is the cyclic voltammograms of transferring TEA (50 uM) at W/NPOE interface

2.5.4.  Nernstian behaviour of facilitated sulfate transfer:
Nernstian behaviour of CVs of facilitated ion transfer of different concentrations of SO~ ions are

shown in Figure 2.15 a. These show that with increasing of the ion concentrations, the transfer
potential of SOZ~ is shifting to more positive values (as expected in eq. 2.1). This experiment was
carried out the glass membrane configuration with the ITIES located at the laser entry side. Based on
the equation I, midpoint potential (E,,;q) is plotted with concentration of SO%~ (Figure 2.15 b). Since
SO2~ has two negative charge and based on the Nernst equation, the Nernstian slope for 1:1

complexation of SO%~with Tren-bis CF; is around 0.030 V and the real Nernstian slope in Figure

2.16 b is 0.024(£0.003) V.
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Figure 2.15 a) CVs for sulfate ion concentrations : 5x107>, 107%, 5x107* 1073, 2x1073, 4x1073 |
7x1073 and 1072 M of SO%~ and in presence of 0.25 mM Tren-bis CF5 in 10 mV/s scan rate b) plot of mid-
point potential of potassium transfer across the interface with Logarithm of SO2~(n=3).

Differential pulse voltammetry (DPV) was utilized to reduce the detection limit of SO~ at the micro-ITIES
arrays, in an effort to achieve even greater improvement in sensitivity of SO3~ . As mentioned earlier, DPV is
a widely recognized technique that can attain a lower detection limit (Figure 2.16 a). The sensitivity was
further enhanced through the utilization of background subtraction. At the onset of the run, a blank experiment
(zero concentration of SO%~) was recorded for the purpose of performing background subtraction.
Subsequently recorded differential pulse voltammetric responses to SO5~ were each subjected to subtraction
by the previously recorded blank response (Figure 2.16 a). The low detection limit was estimated from the
calibration curve by linear extrapolation of current versus logarithm of SO3~ concentrations (Figure 2.16 b)

and is 18 pM. Thus, by DPV method more sensitivity is achieved to sense SO3~ ion compared to cyclic

voltammetry.
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Figure 2.16 a) DPV back ground subtraction responses related to sulfate interfacial complexation at
Water/NPOE interface in the presence of different concentrations of S0z~ ions ( 5x 1078, 1077, 107,
107>,5x 107>, 107*, 1073 and 5 x 10~3 M) (which is obtained by subtraction from each voltammogram
the experiment in which $0?- concentration is zero), b) Calibration curve of logarithm of different
concentrations of sulfate ions versus current (n=3).

2.6. Conclusion
Facilitated potassium transfer by DB18-C6 was investigated across micro-ITIES formed at micro-

pore arrays with two types of pores for interfaces located at the laser entry side and the laser exit side.
Investigation of thermodynamic parameters shows there is no significant difference between these
two types of pores while kinetically there is considerable difference between two pores, because the
amount of mass transfer across the interfaces in the pores at the laser entry side (wider at hydrophilic
side) was significantly higher than mass transfer in pores in laser exit side (narrower at hydrophilic
side) and consequently higher sensitivity for these types of pores. In second part of this chapter,
different synthesised sulfate ionophores were evaluated for facilitated sulfate transfer at water/NPOE
interfaces formed at laser entry side of glass membranes. There is interfacial complexation of
S0%~ with two of the ionophores (including Tren-phenyl and Tren-bis CF5 ).Nernstian behaviour was
examined with different concentrations of SO;~ ions in the presence of Tren-bis CF3; ionophre. DPV
was used to determine the limit of detection of sulfate in pure water, which is 18 uM. Facilitated ion
transfer at liquid/liquid interface can be used to develop ion sensors, but it suffers from instability and
to provide more robustness of the sulfate sensor, can be obtained by using the synthesised sulfate

ionophores in organogel or using them in a solid contact sensor format.
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3. Evaluation of a Ru-bipod complex as a redox transducer for membrane-
based voltammetry of anions

3.1. Introduction:
Detection methods based on ion transfer between aqueous samples and polymeric membranes have

developed rapidly due to their clinical and environmental applications.!>"15° In some cases, zero
current potentiometry has been replaced by dynamic electrochemical methods to improve limits of
detection, selectivity and recalibration frequency.!*® 157 Additionally, conventional configurations of
ion selective electrodes (ISEs) with fragile internal solutions have been replaced by more promising

solid contact ion selective electrodes (SC-ISEs)!*

in which the sensing thin polymeric layer is
directly in contact with a conductive electrode and with an ion-to-electron transducer material. This
approach was introduced by Shi and Anson ' 1%° to evaluate electron transfer chemistry of redox
molecules (e.g. ferrocene) dissolved in a thin layer of organic solvent interposed between a graphite
surface and an aqueous phase. Subsequently, Bond and co-workers used the redox behavior of 7, 7,
8, 8-tetracyanoquinodimethane to control ion transfer into such a thin film'®!- 2. To maintain electro-
neutrality in the film, redox reactions are accompanied by ion transfer. Using voltametric approaches,
the oxidation and reduction potentials of the redox compound within the thin film depend on the
concentration of transferring ion in the contacting the aqueous phase and can be used as an analytical

signal. A wide range of electroactive materials were used as SC-ISEs which part of them mentioned

in table 3.1.

A key component in these thin films is the redox material. Some of the most widely-used such
materials are conducting polymers like poly (3,4-ethylenedioxythiophene) (PEDOT) and poly(3-
octylthiophene) (POT) which are commonly applied in SC-ISEs.'®"'% However, their low redox
capacity, significant difference between anodic and cathodic currents, lack of device-to-device
reproducibility, and electrochemical instabilities specifically in anion sensing have driven the search
for alternatives as ion-to-electron transducers'®’” A range of electroactive materials has been used in

SC-ISEs, such as ferrocene derivatives, cobalt and osmium complexes, and cationic [6]-helicenes.!!*
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115, 168-170 " Generally, these materials are directly dissolved in the membranes or covalently attached
to the sensing layers.!”! "> Ferrocene (Fc) has been applied to sense heparin or carbonate but it did
not behave reversibly and was unstable in the thin film, specifically in the presence of chloride'®®
Another approach to improve the stability of Fc is its immobilization as a monolayer on glassy carbon
electrodes'> but this limits the choice of redox materials to those suitable for surface modification.!”

Molecular redox materials can be immobilized by covalent attachment!'’*

or by T — T interactions
which can exhibit limitations like slow electron transfer kinetics or instability on the electrode surface,
respectively. As an alternative redox probes , more promising osmium complexes were applied and
produced more stable and reversible responses compared to Fc.!® However, the electrochemical
response related to this complex was strongly dependent on the concentration of background
electrolytes and their proportion to the complex concentrations, and can be responsive to both cations

and anions, and to develop sensors to provide sensitivity just to anions which is the purpose of this

study can be problematic.

Table 3.1 : Different electroactive materials which used in SC-ISEs

Redox materials Analyte [Reference]

CWEs (1971) Ni%**, Cu?*,Mg?*, Ba®*,Sr**, Pb?* and Zn** '™
PPY (1992) BF;,Cl~,NO3,ClO; and SCN~ '

POT (1994) Ca®*,Li* and CI~ 77

PANI (1995) Li* and Ca?** '™

PEDOT (1999) K+ 17

SAMs (2000) K+ 180

Ceoand CNT(2008) K+ 181,182

3DMC (2007) Kt 183

GR and AuNP; (2011) K+ 184185
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Redox materials Analyte [Reference]
PtNP; , AuNCg and CB (2012) K+ 186-188
Co?*/Co3*and ILg (2013) K+ 112,189

ICs (2013) Li*,K* and Na* '
CIMC and NP-Au (2014) Kt 104,191

TCNQ (2015) K* and Na* '®
TTF(2015) NO; '

MoS, nanoflowers(2016) K+ 193

uPC(2017) K+ 19

Os(I1)/Os(1I) (2017) Na* and ClO; ™©
LIG(2018) NHf and NO3 '
MOF; (2018) K* and NO3 '
Cationic[6] Helicenes (2018) Nat* and CO3~ '>170
RuO,nanoparticles MXenes (2019) | K+ and Ca?* 197198

Although several studies reported reliable and stable SC-ISEs, knowledge about the ion-to-electron
transduction mechanism is incomplete, and there is an on-going need to investigate new redox
materials to broaden the range of redox transduction materials and to find and better understand these
sensing methods. In this regard, Ruthenium (Ru) transition complexes can be promising alternative
to study ion transfer at liquid-liquid interface, because studies suggested that the redox potentials and
solubility of Ru complexes in organic phase can be changed by their design around coordination
sphere.!” This property of Ru complex brings flexibility as a redox material in ion to electron
transduction system. Very recently, a hetroleptic Ru complex was used at three-phase junction system
200 The complex exhibited sensitivity to different anions at this system and its redox potential is
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tunable by changing aqueous phase pH . However, three phase junction system with organic liquid

phase (nitrobenzene) is unsuitable for development of sensors.>*

In different reports, different plasticizers were used to investigate their effect on sensitivity and
selectivity of the ISEs?*’!* because one of the key components of polymeric layer in ISEs is
plasticizers and their proportion, lipophilicity, minimum exudation from polymeric layer, low vapor
pressure are important to choose proper plasticizer for polymeric membrane in ISEs*** Additionally,
dielectric constant of plasticizers should be enough, because some studies suggested that the
polymeric-based substrates with plasticizer with higher dielectric constant, show more ionic
conductivity.?®2% Since in different membrane compositions 60 to 70 percentage of the weight of
the membranes are plasticizers,?®® dielectric constant of the plasticizers are key factor in liquid

membrane** and can determine dielectric constant of polymeric membranes.?%

In this work, we have investigated a hydrophobic homoleptic bis-tridentate Ru-bipod complex
[Ru(bipod)2]*" (where bipod is 2,6-bis(1-(2-octyldodecyl)benzimidazol-2-yl)pyridine)) as a redox-
active ion-to-electron transducer in thin polymeric films. The aim of this study was to investigate a
new material suitable for use in ion-to-electron transduction and to assess its suitability for anion
detection in a SC-ISE sensing system. Cyclic voltammetry was used to characterize the anion
responses with thin film compositions incorporating the Ru-bipod complex. Furthermore, for first
time, effect of plasticizers on ion-to-electron transduction system were evaluated by usage of two

plasticizers with high dielectric constant (NPOE;e,.: 23.6) and low dielectric constant (DOS;e,.: 3.9).

3.2. [Experimental section

3.2.1. Reagents.
Potassium chloride, potassium hexafluorophosphate, potassium nitrate, potassium perchlorate,

potassium sulfate, tetrakis(4-chlorophenyl)borate tetradodecylammonium salt (ETH500), bis(2-
ethylexyl)sebacate (DOS), 2-nitrophenyloctylether(NPOE), anhydrous tetrahydrofuran (THF), high
molecular weight poly(vinyl chloride) (PVC) and the sulfate ionophore (S.I.) were purchased from
Sigma Aldrich in analytical grade. Aqueous solutions were prepared in deionized water (resistivity
18.2 MQcm; USF Purelab with UV). 2-Octyl-1-dodecanol (Sigma Aldrich) and Ruthenium (III)
trichloride hydrate (Heraeus GmbH) were used without further purification. 1-Bromo-2-

octyldodecane was prepared from 2-octyl-1-dodecanol according to literature method 2'°.
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3.2.2. Instrumentation and measurements
A three-electrode electrochemical cell was used for all measurements, comprising a thin film-coated

glassy carbon (GC) disc working electrode (3 mm diameter) (CH Instruments), a Ag/AgCl/3 M NaCl
reference electrode (model MF-2056, BASI), and a platinum disc as counter electrode, and placed in
a Faraday cage. Electrochemical experiments were conducted with an Autolab PGSTAT302N
electrochemical workstation (Metrohm, The Netherlands) with NOVA software. A CH1900b
potentiostat (CH Instruments Inc., USA) was used to measure uncompensated resistance. The organic

thin films were spin-coated onto GC electrodes using an inverted overhead stirrer (model IKA RW20).

3.2.3. Film preparation
Same as other reports of preparation of thin film "> 7 different thin film membrane compositions

were prepared (Table 3.2). For each formulation, all components (total mass 12.5 mg) were dissolved
in 0.5 mL THF. Then 20 pL of this cocktail easily was spin coated on a GC electrode by reversed
stirrer at 1500 rpm for one minute. The electrode was then immediately used for measurements. The
thickness of the spin-coated films was calculated by estimating the volume of the cocktail remaining
on the surface after spinning, from the charge under the voltammetric peaks, and considering the
density of PVC-NPOE membranes;?!! the estimated thickness is 0.9+0.3 pm (n = 15).

3.2.4. Synthesis of Ru-bipod complex.
The Ru-bipod complex (Figure 3.1) was synthesized as described in the Appendix A (Figure A-1)

and characterized by ESI-MS, 'H NMR and cyclic voltammetry (Figures A-2, A-3, A-4, respectively).

3.3. Results and Discussion
The synthesis and characterization of the new Ru-bipod (Figure 3.1 a) as a molecular redox

transducer for thin voltammetric sensing membranes are reported here. The membrane contains the
complex which acts as an ion-to-electron transducer. By imposing an oxidizing potential, oxidation
of Ru-bipod is accompanied by anion transfer into the membrane to compensate the positive charge
resulting from oxidation of the complex. When that oxidized complex is subsequently reduced,

anions are expelled from the membrane back into the aqueous phase, as summarized in Figure 3.1 b.
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Figure 3.1 a) Structure of Ru-bipod complex b) Schematic illustration of the working mechanism of the
thin film electrode for anion detection. The film contains the Ru-bipod complex. An applied potential provokes
oxidation at the electrode surface (GC) and excess of positive sites (Ru(I11)) are generated at the GC-film
interface. The excess positive charge is balanced by ingress of anions from the aqueous solution into the thin
film. Once the reversed potential is applied, anions are expelled from the membrane to maintain

electroneutrality.

Table 3.2 : Different compositions of the membranes (M1-M10) in total mass which is 12.5 mg in 500 ul
THF. (a: mmol/ kg, b : mg, S.I : Sulfate Ionophore).

Membrane | ETH500?| Ru complex? | PVC?| DOS? | NPOE? | S.I?
M1 130 22 33 | 6.6 - -
M2 130 33 32 |64 - -
M3 130 65 29 |58 - -
M4 - 65 3.6 |72 - -
M5 - 65 3.6 |- 7.2 -
M6 130 65 32 |- 6.6 -
M7 130 22 33 |- 6.6 -
M8 130 33 32 |- 6.4 -
M9 65 65 32 |65 - -
M10 65 65 32 |- 6.5 -
Mi11 - 65 32 |- 6.5 130
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3.3.1. Cyclic Voltammetry Confined in Thin Films.

The electrochemical behavior of redox molecules in organic solution is very similar to that in
polymeric sensing films.!® As reported previously about SC-ISEs, the membrane response can be
tuned to be responsive to either cations or anions. In this study, the membrane compositions were
adjusted to be responsive to anions.'® In all, two membrane configurations for anion transfer were
investigated, with and without sulfate ionophore. The Ru-bipod complex was easily dissolved in the
hydrophobic membrane. The thin film containing the Ru-bipod complex is responsive to anions,
regardless of the presence or absence of ETH500 as a lipophilic background electrolyte. Once a
sufficiently positive potential is imposed, the Ru-bipod complex is oxidized, and anions are extracted
from the aqueous phase into the membrane to compensate this unbalanced positive charge. This
phenomenon is reversed when the complex is reduced, resulting in anion expulsion from the

membrane to the aqueous phase.
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Figure 3.2 Cyclic voltammetry obtained using membrane M5 (Table S1, containing 65 mmol/kg Ru-bipod
complex, 33% PVC and 66% NPOE) in the absence (dashed line) and presence (solid line) of 10 mM KPFg.
Scan rate: 10 mV/s.

Figure 3.2 (solid line) shows a typical CV of the Ru-bipod complex within a polymeric thin film. It
shows oxidation and reduction processes with features as expected for a thin film, including
reversibility, narrow peak width at half-height (90 mV)As shown in Figure 3.2 (solid line),*'? low
peak-to-peak separation (close to 0 mV), and no redox reaction in the absence of anions in the aqueous
phase (Figure 3.2 , dashed line). Although the behaviour strongly depends on the characteristics of
the electroactive species, it is also affected by the composition of the polymeric membranes. Different

PVC-based membrane compositions were evaluated (Table 3.7). Consecutive CVs for each membrane
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formulation were recorded in the presence of aqueous 10 mM KPF (Figure C-1 in Appendix C). The
best CV response was achieved with 65 mmol/kg of the Ru-bipod complex (Figure 3.2). It seems that
in contrast to earlier reports in which lipophilic background electrolyte (i.e. ETH500) can promote
fulfilment of electro-neutrality in anion sensing,'® '"° here no evidence was found for lower
resistance and better sensitivity in the presence of ETH500 (Figure C-1 in Appendix C). In addition,
the responses toward different anions (Hofmeister series) indicate better selectivity in the absence of
ETHS500 (Figure 3.3), i.e. the responses in the presence of different anions are better separated along
the potential axis. In addition, except for sulfate, there is a linear relation between the CV mid-point
potential of the membrane response with the hydration energies of the anions studied (Figure C-2 in
Appendix C,). However, that sulfate does not fit this linear response can be attributed to its two
negative charges, while the other anions have a single negative charge. Thus, the observed
voltammetric response is a combination of the oxidation of the Ru-bipod complex and the transfer of
counter-anion into the membrane film. More hydrophilic anions result then in a higher overall

potential for this combined process.
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Figure 3.3 Hofmeister Series for different anions (10 mM of different anions, PFg (red), ClO, (green), NO3

(blue), Cl~(orange) and SOZ~ (black) using a) M3 b) M4 , c) M6 and d) M5 as the membranes with scan rate
10 mV/s (n=6).

Based on the first scan of each membrane containing ETH500, a current was observed in the forward
scan due to oxidation of ETH500 (Figure 3.4). This large oxidation current has a negative impact on
selectivity (as observed in the Hofmeister series responses for different compositions of the
membrane (Figure 3.3)). Thus, the observed redox potential of the Ru-bipod complex in the presence
of different anions is affected by oxidation of ETH500, resulting in the midpoint potentials recorded

in the presence of different anions being closer to each other.
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Figure 3.4 First scan of the membrane M3 (table S1) in the presence of 10mM of different anions, PFg (red),
ClO; (green), NO;3 (blue), Cl™(orange) andSOZ~ (black).

Since the percentage of the plasticizers in the polymeric membrane is more than 60 percentage of the
whole weight of the membrane, dielectric constant of the plasticizers determines the dielectric
constant of the membrane. So, the dielectric constant of plasticizers employed in PVC membranes
has a crucial impact on ISE.>'*?!'> Two plasticizers with different dielectric constants were
investigated (Figure 3.5). Evaluation of the peak-width at halt-height and peak-to-peak separation at
low scan rate (10 mV/s) indicated that there is a dramatic impact on these parameters for membranes
prepared with either NPOE or DOS, but with the same composition otherwise (Figure 3.5 a and b).
The membrane with NPOE shows a more promising response than the one with DOS. In thin films,

peak-width in half-height can be attributed of electrostatic effects produced by neighbouring charged

species in thin films.?!®
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Figure 3.5 a) Comparison of half width potential by using different plasticizer of NPOE (solid line) (M5, 65
mmol/Kg Ru-bipod, 33% PVC, 66% NPOE) and DOS (dotted line) M4 (65 mmol/Kg Ru-bipod, 33% PVC,
66% DOS) in presence of 10 mM KPFy b) comparison of peak to peak separation by using NPOE (square
shapes) and DOS (triangle shapes) as a plasticiser in presence of different concentrations of KPFg (n=6).

It is well-known in the literature that voltammetry of thin films is dependent on interactions between
oxidised and reduced forms of the redox couple. This is encapsulated in the Frumkin isotherm which
includes parameters for interactions of the different forms of the redox couple which also depend on
the scan rate and the surface coverage. The magnitudes of these parameters determine whether peak-
widths at half-height are less than, equal to or greater than 90.6/n mV.?'? The greater peak-width at
half-height in the presence of DOS (133 mV) can be related to the difference in dielectric constants
of the two plasticizers (ca. 24 and 4 for NPOE and DOS, respectively ca. 4)*'7 because, in the
membrane with less dielectric constant, the Ru-bipod complexes can experience greater neighbouring
electrostatic forces by charged species in the thin film. Additionally, CVs of the membranes
containing NPOE or DOS at different scan rates (Figure 3.6 a and b, respectively) revealed a
substantial shift in peak potentials with scan rate in the DOS-based membrane. Also, in the presence
of DOS, there is no linear relation of the peak current with scan rate while the relation is linear in the
presence of NPOE, exhibiting typical thin film behaviour (Figure 3.6 c and d). This non-linearity in
the presence of DOS might be attributed to diffusion-based behaviour since there is linear relation
between square root of scan rates and peak current. Since all procedures to prepare the membranes
with either plasticizer was identical, it is important to investigate the reasons behind this deviation
from an ideal thin film behaviour in the presence of DOS. This deviation might be attributed to ohmic

drop,'® but the uncompensated resistance for the DOS-based thin films was low (2 k) and similar
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to that for the NPOE-based films (1.7 kQ) which were measured by CH instrument . These results
have agreement with theoretical studies showed ohmic drop of thin films can be neglected.?'® Another
reason for the difference might be the kinetics of electron transfer of the Ru-bipod complex at the
film-electrode interface or kinetics of anion transfer at the membrane—water interface. Since
voltametric and potentiometric studies of PFg showed Nernstian behaviour of this ion, the kinetic
transfer rate of this ion at water/ membrane interface is very high and it is not limiting factor.!6!-2!°

Thus, it is needed to evaluate the electron transfer rate at film-electrode interface.
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Figure 3.6 a) Cyclic voltammograms in 10 mM KPFg using membrane with two different plasticisers NPOE
(M5, 65 mmol/kg Ru-bipod, 33% PVC , 66% NPOE) and b) DOS (M4, 65 mmol/Kg Ru-bipod, 33% PVC,
66% DOS) at different scan rates (10, 15, 20, 25, 30, 40, 50, 60, 70, 90 and 100 mV/ s), and scan rate
dependence for cathodic and anodic peaks c) with NPOE and d) DOS (n=3).
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3.3.2. Electron transfer kinetic study
Based on thin film behaviour, the rate of electron transfer of the Ru-bipod complex dissolved in the

membrane was estimated by the Butler-Volmer approach.??’ The separation of anodic and cathodic
peaks with increasing of scan rates (Figure 3.7) was applied to calculate kinetic parameters by the
Laviron model,??* according to the following equations and equations which are shown in appendix

B:

2.3RT anFvu

=EY _ ~
Ep=E oF log [ RTkapp] Equation 3.1

_ o _ 2.3RT (1—a)nFvu .
Ep.=E (_eomF 108 [—RTkapp ] Equation 3.2

where E, . and E,, are the cathodic and anodic peak potentials, respectively, E o' is the formal
potential calculated by averaging the anodic and cathodic peak potentials at low scan rates, v is the

scan rate, « is the electron transfer coefficient, k,,, is the apparent rate constant of electron transfer,

app

R is the ideal gas constant, T is the temperature, F is the Faraday constant, and n is the number of

electrons transferred. By plotting Ej, - EY and Epa- EY versus the logarithm of the scan rate at higher

scan rates, where E,- EY >100 mV (Figure 3.7), a and 1- a can be determined from the slopes of the

linear fits (Figure 3.7). Based on the values in Table 1, the low transfer coefficient and non-unity sum
of aand 1-a is attributed to the structure of the polymeric membrane and is consistent with highly
defective film structures on electrodes reported previously.??!: 2?2 By extrapolating the linear fits to
determine the corresponding intercept (Figure 3.7), anodic and cathodic critical scan rates (v, and v,
respectively) can be obtained. Then, by using equations 3, 4 and 5 (in Appendix C), anodic, cathodic

and total electron transfer rate constants (K,pp a, Kapp,c and Kapp gr , respectively) can be calculated

(Table 3.3). The data in Table 3.3 shows the rate of electron transfer of the Ru-bipod complex in
NPOE-based membranes is four times greater than in DOS-based membranes, with this kinetic
difference can be attributed to the difference in dielectric constants of these two plasticizers. The
redox transducer (Ru-bipod) experiences less interactions in the membrane with higher dielectric
constant compared to in the membrane with lower dielectric constant. This is seen in the CVs and
associated scan rate studies of the membrane in the presence of these plasticizers (Figure 3.6). Maybe
in the membrane with lower dielectric constant, charged species easily can influence on each other
because there are not strong interactions between them and the solvent (plasticizer). In contrast, in
the membrane with higher dielectric constant, both oxidized and reduced species are partially
impacted by the solvent (plasticizer), and their interactions with each other is less than in the
membrane with lower dielectric constant. These interactions negatively impact the electron transfer

rates and with higher neighboring interactions, the electroactive species can more slowly participate
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in electron transfer. This caused to more rate of electron transfer at same time in the membrane with
NPOE as plasticizers with nearly 5 times more dielectric constant compared to membrane with DOS.
These results agree with other reports in which electrostatic interactions or ionic interactions can
result in increased ion pairing between organic molecules with same size, this effect is more
pronounced in lower dielectric constant solvents. consequently, more electrostatic interactions cause

electron transfer to be slower.??
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Figure 3.7 Plots of the oxidation and reduction peak potentials of the Ru-bipod complex in membranes M5
(65 mmol/kg Ru-bipod, 33% PVC, 66% NPOE) (left) and M4 (65 mmol/kg Ru-bipod, 33% PVC , 66% DOS)
(right) in the presence of aqueous 10 mM KPF, versus logarithm of scan rate with a) NPOE (MS5), b) DOS
(M4). Linear regression data shown for the higher scan rates where E,- E 0" >100 mV). (n=3)

Table 3.3 Kinetic parameters calculated from the data in Fig5 for the kinetics of Ru-bipod in the presence of
NPOE or DOS as plasticizers. a: electron transfer coefficient, v and v,: anodic and cathodic critical scan
rates, respectively, kgpp o and Kgpp o: anodic and cathodic electron transfer rate constants, respectively, and

kapp,er : total electron transfer rate constant

l-a o vg (V/5) v (V/s) Kapp.a(s™) Kapp,c(s™) Kapp,er (571
Ru-bipod | 0.34 (+0.02) | 0.42(+0.03) | 0.37 (£0.02) 0.26(0.06) 4.9(20.18) 4.40(£0.15) | 4.66(x0.10)
(NPOE)
Ru-bipod | 0.32(+0.02) | 0.37(20.02) | 0.14(0.02) 0.04(x0.01) 1.8 (0.18) 0.64(+0.12) | 1.2(x0.18)
(DOS)

3.3.3. Stability evaluation during potential cycling
By choosing the best membrane composition, the stability of the polymeric layer during repetitive

scans was evaluated (Figure 3.8 a). In the presence of 10 mM KPFg, there was no significant change
in the peak current for both forward and backward peaks. However, in the presence of 10 mM KNO;
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or K,SO, (Figure 3.8 b and c, respectively), significant loss in signal occurred during 50 cycles and
shows instability in presence of the more hydrophilic anions. It was also observed that in the presence
of K,S0, there is a combination of two or three peaks instead of a single sharp peak as seen with KPF
(Figure 3.8 b). The origin of this feature is unclear at present, but similar observations were attributed

to transfer of different species or leaching of the Ru-bipod complex to the aqueous phase, as shown

169

previously'® with an osmium complex in the presence of sodium chloride. Chemical reaction

between the Ru-bipod and sulfate cannot be excluded at present either.
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Figure 3.8 Demonstrating electrochemical stability of thin film (using membrane MS5) in the presence of a)
10 mM KPFg ,b) 10mM KNO5 , ¢) K,S0, and d) the thin film (using membrane M11, with sulfate ionophore
) in the presence of 10 mM K,S0, , scan rate 10 mV/s (50 scans).

The instability could be attributed to the high potential of redox activity in the presence of aqueous
phase sulfate, close to 1.25 V. This is shown by comparison of the first scans of membrane M5 and

M11 (without and with sulfate ionophore, respectively) in the presence of 10 mM sulfate (Figure 3.8
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¢ and d), and also the first scans of M4 and M9 (without and with ETH500) (comparison of CVs
Figure 3.9 a, c, e and g) and Figure 3.9 b, d, f and h). These show that sulfate ionophore and ETH500
are oxidised in the membrane. In this regard, the composition of the membrane with background
electrolyte and ionophore is not suitable for detection of anions, especially the more hydrophilic
anions like sulfate. The comparison of the area under first peak which represents of charge of electron
which are transferring by oxidation of electroactive species (Table 3.4) shows that the peak area
related to first anodic peak in the presence of ETHS00 is around 5 times more than the first anodic
peak area in the absence of ETH500. In addition, the first anodic peak in the presence of S.I is around

ten times more than the first anodic peak area in the absence of S.I (Table 3.4).

Table 3.4 The peak area under first scan which is representative of the charge which is transferred in the first
peak  with and without ETH500 in the presence 10 mM of KPF and with and without sulfate ionophore in
the presence of 10 mM of K,S0, (n = 6).

Peak area for the first

peak with ETH500 (M4)

Peak area for first peak

without ETH500 (M9)

Peak area for the first

peak with S.I (M11)

Peak area for first peak

without S.I (M5)

5.93(x0.52) 107 C

1.11(0.15) x10~7 C

1.66(£0.27) x107¢ C

1.48(+0.15) x10~7 C

3.3.4. Nernstian behaviour of the thin film:
Since more stable electrochemical responses of the Ru-bipod complex were achieved with more

hydrophobic anions (PFg, ClO; and NO3), the potentiometric response and selectivity of the
membrane were carried out in the presence of these anions. Generally, based on Nernst equation
(equation 3.3), by adding concentration of anions there is shift in potential from more positive to more
negative potential.?** In this study, Gradual addition of PF; and NOj3 in aqueous phase provoked
more shift to more negative potential (Figure 3.10 a and Figure 3.11 a, respectively). The Ru-bipod
complex in the membrane, shows Nernstian behaviour in the presence of PF, (Figure 3.10 b) and
NO3 (Figure 3.11 b), with response slopes of 58 mV/dec and 60 mV/dec forPF; and NO3,

respectively.

2.303RT

Enig= E° — log [M™] Equation 3.3

As mentioned earlier, the thin film shows instability to repeated scanning in the presence of NO3
(Figure 3.8 b). The deterioration of the peak currents in the presence of different concentrations of
nitrate (Figure 3.11 a) can be associated to leaching of Ru-bipod complex from thin film, analogous

115, 169

with earlier studies or to chemical reactions of Ru-pipod with nitrate within the membrane

film. Despite the decrease in current magnitude, there is a Nernstian response to nitrate ions.
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Figure 3.9 Comparison of membrane a) M5 (with ETH500) and b) M10 (without ETH500) in the presence of
0.1 mM of KPFg ¢) M5 and d) M10 in the presence of 10 mM KNO5 , ) M5 and f) M10 in the presence of

10 mM KCl0, , g) M4(with ETH500) and h) M9 (without ETH500) from in the presence of 10 mM KPFg
with scan rate 10 mV/s
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Figure 3.10 Cyclic voltammograms for increasing concentrations of a) different concentrations of KPFg with
membrane M5 (65 mmol/kg Ru-bipod, 33% PVC , 66% NPOE). b) relationship between log of concentration
and midpoint potential, with a Nernst slope for PFg —. Scan rate: 10 mV/s. (n=3).

3.3.5. Selectivity study:

The fixed interference method (FIM) and separate solution method (SSM) was used to investigate the
selectivity of the membrane for nitrate anions over perchlorate and hexafluorophosphate anions. In
this mixed solutions method,''> 223 CVs were recorded in different concentrations of nitrate without
interference (Figure 3.17) and with 0.1 mM ClO, (Figure 3.12 a) or 0.1 mM PF; (Figure 3.12 b).
Plotting the midpoint potential from these CVs versus the logarithm of nitrate concentration (Figure
3.12 c) for these three solutions indicates better selectivity for nitrate over perchlorate compared to
hexafluorophosphate, and selectivity coefficients Kno; clo; and Kyoz,pr; Wwere calculated to be
25(%1) and 50(%4), respectively. Selectivity coefficient values for NOzover PF, and CIO, by
potentiometric methods reported in other studies are more promising than the values achieved in this
study.?!>2% In addition, SSM was used to evaluate the selectivity coefficient of NO3 ions over ClO;
and PF¢ and it is reported in table 3.5. Based on selectivity coefficients by SSM, as it is expected

from Hofmiester series (Figure 3.3 d) selectivity of NO3 over PF is better than NO3 over ClOy ions.
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Figure 3.11 Cyclic voltammograms for increasing concentrations of a) different concentrations of KNO5; with
membrane M5 (65 mmol/kg Ru-bipod , 33% PVC , 66% NPOE). b) relationship between log of concentration
and midpoint potential, with a Nernst slope for NO; Scan rate: 10 mV/s. (n=3).

Table 3.5 selectivity coefficients of NO3 ions over PF; and ClO, by FIM and SSM methods

Knoz pr; Knojz, clo7
FIM 50(+4) 25(£1)
SSM 6.7x 107 4.2x1073

Since FIM method is more practical than SSM to evaluate the selectivity, and the numbers of
selectivity coefficients by FIM are very high, it seems that selectivity of thin films without ionophore
by fixed interference method is not satisfactory for application in SC-ISEs, and fouling of thin film
occurs in mixed solution methods, and the membrane without selective ionophore can be responsive

with other anions in mixed solutions.
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Figure 3.12 Selectivity study of solid contact with membrane M5 (65 mmol/kg Ru-bipod, 33% PVC and 66%
NPOE) in the presence of different concentrations of a) NO; (0.5, 1, 1.2, 1.5, 2, 5, 10, 30, 50, 100 and 200
mM); a) in presence of 0.1 mM ClO, b) in presence of 0.1 mM PF; and c) relation of mid-point potential to
logarithm of NOj3 concentration (n=3): NO3 ions in presence of 0.1 mM ClO, (triangles) and NO3 ions in
presence of 0.1 mM PFg (squares) (n=3).

3.4. Conclusion
In this study, a Ru-bipod complex was investigated as a redox transducer within a thin polymeric film

for detection of anions. The complex showed reversible and stable voltammetric responses in the
presence of more lipophilic anions, while in the presence of sulfate and chloride the response was
unstable and the resulting high redox potential of the Ru-bipod complex in the presence of these
anions resulted in destruction of the complex in the film. It was also shown background electrolyte
(ETHS500) or sulfate ionophore in the film were susceptible to oxidation at the high potentials required

in the presence of hydrophilic anions. Nevertheless, thin film behaviour was demonstrated by scan
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rate dependence in the presence of lipophilic anions for thin films containing NPOE plasticizer. The
rate of electron transfer of the Ru-bipod complex in thin films was substantially different when
membrane plasticizers with different dielectric constants were employed. The rate of electron transfer
with membranes containing NPOE (higher dielectric constant) was greater than that with membranes
containing DOS (lower dielectric constant). Moreover, the Ru-bipod complex showed Nernstian
responses to anions (except sulfate and chloride). Placing the thin film in solutions of mixtures of
anions showed that fouling effect can reduce the selectivity of the membrane, significantly. Maybe
by using selective ionophores the fouling effect can be overcome, although preliminary results using
a sulfate ionophore indicate that this is oxidised within the membrane. Based on the results presented,
the Ru-bipod complex is very responsive to anion detection. However, for future work, the design of
new complexes with less positive redox potentials are needed to enable a stable response in the

presence of ionophores.
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4. New Ru complexes to develop solid contact ion selective electrodes to sense
Sulfate

4.1. Introduction
Ion selective electrodes (ISEs) are representative of electrochemical sensors in clinical and

environmental applications. Since the conventional configurations of ISEs with inner filling solutions
do not have mechanical stability and robustness compared to more promising alternative of the solid
contact ion selective electrodes (SC-ISEs). In SC-ISEs, usually a double polymeric layer was used.
One layer, which is directly in contact with the metallic electrode, acts as transduction layer which
contains an electroactive substance like a conducting polymer. The second layer, which is in contact
with the first layer, is the sensing polymeric layer.'®-'% However, in some new configurations,
electroactive species like molecular redox probes can be dissolved directly in a sensing layer. For the
first time, this configuration was used by Anson and Shi to measure the electron transfer rate of
ferrocene derivatives as redox probes dissolved in an organic thin layer.'>® 1% In this study cobalt
porphyrins are used as an electroactive species on surface of electrodes and served as catalysts to
reduce and oxidize O, ,H,0,,NO,CO,, etc. Then, ion sensing by this approach was initially
introduced by Bond and his co-workers. The redox behaviour of 7,7,8,8-tetracyanoquinodimethane
caused a charge imbalance in the organic film and this charge is neutralised by sourcing ions from
the aqueous in contact with the organic layer.!®" 12 Jon sensing is obtained by this mechanism. In
different reports, several redox probes were used in organic films. Ferrocene derivatives like dimethyl
ferrocene were used to sense heparin and in another study ferrocene that was covalently attached to
polyvinylchloride (PVC) was applied to sense carbonate.'%!! However, the ferrocene complex in
these studies showed irreversible and unstable responses which showed that ferrocene is not a reliable
choice for ion sensing. In other reports, different redox complexes were used, such as cobalt and
osmium complexes.!!> %% Solid contact membranes containing cobalt complexes were not stable in
the presence of ionophores and the redox potential for osmium complexes versus Ag/AgCl reference
electrode was high, close to 1 V, and in the presence of hydrophilic anions, there were different peaks
in the CVs which were suggested to be different species of the membrane components transferring to
the aqueous phase. In other reports, cationic helicenes complexes were used as redox probes in SC-
ISE systems.!!> 17 However, in the presence of ionophore this complex gradually was leached to
aqueous phase. In the membrane with sodium ionophore, after transferring of the ion to the membrane
positively charged diaza complexes were gradually expelled from the membrane. This can be more
a serious issue for the sensing of more hydrophilic anions, like sulfate, which is the purpose of this
study. As shown in chapter 3, the lipophilic Ru(bipod), complex, which had a very high redox

potential in the presence of sulfate and chloride ions, was found to cause an unstable and irreversible
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electrochemical response due to the oxidation of membrane components like the background
electrolyte ions or ionophore. On the other hand, generally Ru complexes can be promising alternative
redox probes because the redox potential of this complex can be easily changed by changing

functional groups coordinated to the Ru core.?*

In this study, in order to have capability to evaluate sulfate sensing in solid contact electrodes, by
changing in chemical structure of Ru-bipod (as a homoleptic complex), two new hetroleptic Ru
complexes were studied: these complexes are Ru(bipod)(bipob) and Ru(bipod)(dmbb), which contain
the same core part as the homoleptic structure of Ru-bipod (discussed in chapter 3). The key
difference in these structures is that one carbon instead of a nitrogen is connected to the Ru metal.
By this replacement, the redox potential of the new complexes is significantly less positive than that
of the Ru-bipod complex. The difference between Ru(bipod)(bipob) and Ru(bipod)(dmbb) is the

number of alkyl chains in their chemical structure, which influences the complex lipophilicity.

4.2. Experimental section
4.2.1. Reagents.

Potassium chloride, potassium hexafluorophosphate, potassium nitrate, potassium perchlorate,
potassium sulfate, tetrakis(4-chlorophenyl) borate tetradodecylammonium salt (ETHS500), 2-
nitrophenyloctylether (NPOE), anhydrous tetrahydrofuran (THF), high molecular weight PVC,
polyurethane (PU) and the sulfate ionophore (S.1.) were purchased from Sigma Aldrich in analytical
grade. Aqueous solutions were prepared in deionized water (resistivity 18.2 MQcm; USF Purelab
with UV). 2-Octyl-1-dodecanol (Aldrich), 2-fluoronitrobenzene (TCI)and ruthenium (III) trichloride
hydrate (Heraeus GmbH) were used without further purification. 1-Bromo-2-octyl-1-dodecane and
2,6-bis(1-(2-octyldodecan) benzimidazol-2-yl) pyridine) (bipop), was prepared from 2-octyl-1-
dodecanol.??’
4.2.2. Instrumentation and measurements.

A three-electrode electrochemical cell was used for all measurements, comprising a thin film-coated
glassy carbon (GC) disc working electrode (3 mm diameter) (CH Instruments), a Ag/AgCl/3 M NaCl
reference electrode (model MF-2056, BASI), and a platinum disc as counter electrode, and placed in
a Faraday cage. Electrochemical experiments were conducted with an Autolab PGSTAT302N
electrochemical workstation (Metrohm, The Netherlands) with NOVA software. A CH1900b
potentiostat (CH Instruments Inc., USA) was used to measure uncompensated resistance. Preparation
of the organic thin films is the same as in chapter 3, by spin-coating onto GC electrodes using an

inverted overhead stirrer (model IKA RW20).
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4.2.3. Film preparation.
According to CVs related to the different compositions of thin layer which were investigated in

chapter 3 (Table 3.2 in chapter 3), M10 (65 mmol/Kg ETH500, 65 mmol/ kg the Ru complex, NPOE
with two times proportion with PVC) and the composition includes 65 mmol/Kg ETH500 and 65

mmol/ kg Ru complex and same proportion PU and NPOE were used.**

4.2.4. Synthesis of Ru(bipod)(dmbb) and Ru(bipob)(bipob).
Ru(bipod)(dmbb) and Ru(bipod)(bipob) (Figure 4.1) were synthesized as described in Appendix B

and then characterized by ESI-MS, 'H NMR and cyclic voltammetry (Figure B-6, B-7 and B-8,

R: R:CH; Ru(bipod)(dmbb)

R: /(m//\/ Ru(bipod)(bipob)

respectively).

Figure 4.1 : Structure of Ru complexes: Ru(bipod)(dmbb) and Ru(bipod)(bipob).

4.3. Result and discussion

4.3.1. Electrochemical properties of the complexes
The introduction of Ru-C cyclometalated bond results in a potential shift to a more negative value by

0.6 V, which has been expected from our previous study. As is shown in Figure 4.2 (which is provided
by Prof. Haga’s research group, Chuo University, Japan), there is a significant difference of oxidation
and reduction potentials of Ru complexes with cyclometalated bond (i.e. Ru(bipod)(bipob)) and Ru-
bipod with nitrogen bond.
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Figure 4.2 : Cyclic voltammograms of 0.5 M Ru(bipod)(bipob) together with 0.3 M Ru-bipod in CH3CN
with 0.1 M TBAPF6 as a supporting electrolyte. Working electrode, glassy carbon electrode at 25°C (Data
provided by research group of Prof. Haga, Chuo University, Japan).
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Figure 4.3 : Schematic of sulfate ions transfer in forward (left) and reverse scan (right) which is triggered by
oxidation and reduction of the Ru complex, respectively.

The mechanism of sulfate transfer is illustrated in Figure 4.3. In forward scan by imposing potential
and oxidation of the Ru complexes in thin film, the additional positive charged introduced can be
stabilized by the negative charge of organic salt in thin film (tetrakis(4-cholorophenyl borate)). To
compensate this charge imbalance, there is transfer of sulfate from aqueous phase to organic phase
(thin film). During the reverse scan, all process are reverse. Based on this mechanism, oxidation, and
reduction of Ru(bipod)(bipob) was obtained as a CV (Figure 4.4). As it is shown in Figure 4.4 there
is not oxidation and reduction peak in absence of PF ions. By imposing potential, Ru(bipod)(dmbb)
is oxidised, and the positive charge of the Ru can be stabilised by organic anion in the thin film
(tetrakis(4-chlorophenyl) borate) and the charge imbalance is generated in the thin film. The charge
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imbalance can be compensated by PF; ions transfer from aqueous phase to organic phase. This
process generates the oxidation peak (Figure 4.4). In reverse scan, by reduction of the Ru complex,
all the process is the reverse and can generate reduction peak (Figure 4.4). In this study, to increase
the stability of the membrane, polyurethane (PU) ??® was used instead of PVC. However, to compare
kinetic results of the Ru complexes with the Ru-bipod results, PVC as a polymer was used. As will
be discussed below, with the new (lower) redox potential, selectivity of the membrane containing this
complex was improved in the presence of new synthesised ionophore by using the separation solution

method.

Current/ pA

-1.5

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Potential V vs. Ag/AgCl3 M NaCl

Figure 4.4 : Cyclic voltammograms of 65 mmol/kg Ru(bipod)(dmbb) complex, 65 mmol’kg ETH500, NPOE
and PU, in the presence (solid line) and absence of PF; ( dashed line). scan rate: 10 mV/s.

In addition, CV of thin film is obtained for Ru-bipod, Ru(bipod)(bipob) and Ru(bipod)(dmbb) in the
presence of 10 mM of KPF, and comparison of redox potential of these complexes is shown in Figure
4.5. The oxidation and reduction peak potential shows that the redox potential of Ru(bipod)(bipob)
is 670 mV more negative than Ru-bipod. This reduction is attributed to strong electron donating
property of cyclometalated bond.'* In addition, based on the CVs related to Ru(bipod)(bipob) and
Ru(bipod)(dmbb), there is no significant difference in redox potential with these two complexes with

four and two alkyl chains, respectively.
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Figure 4.5 : Cyclic voltammetry obtained using membrane containing 65 mmol/kg Ru-bipod complex (blue)
and 65 mmol/ kg Ru (bipod)(bipob) (red) and 65 mmol/ kg Ru(bipod)(dmbb), 33% PVC and 66% NPOE in
the presence of 10 mM KPFg. Scan rate: 10 mV/s.

4.3.2. Stability during scans in the presence of sulfate ions:
Stability of the thin film was investigated for films containing Ru-bipod, Ru(bipod)(dmbb) and

Ru(bipod)(bipob) during 50 scans. As it is shown in Figure 4.5 a and b respectively, electrochemical
response of thin films containing Ru(bipod)(bipob) and Ru(bipod)(dmbb) is stable in the presence of
sulfate ion without significant drop in CV response, while thin film containing Ru(bipod), in the
presence of sulfate ion (Figure 9 c, chapter 3) does not show this stability during 50 scans. The reason
behind that is the lower redox potential of Ru(bipod)(bipob) and Ru(bipod)(dmbb) compared to
Ru(bipod), complex which has a high positive redox potential (>1 V) specifically in the presence of
sulfate ions. In addition, by comparison of the CVs (Figure 4.5) related to Ru(bipod)(bipob) complex,
with four long alkyl chains, and Ru(bipod)(dmbb), which has two alkyl chains, there is no difference
in stability during scans. These results suggest that, for stability of the electrochemical response, the
redox potentials of redox probe complexes are more important factor than the number of hydrophobic

alkyl chain attached to the Ru complexes.
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Figure 4.6. Stability of the membrane containing a) 65 mmol/kg Ru(bipod)(dmbb) complex and b)
Ru(bipod)(bipob), 65 mmol/kg ETH500, 50% NPOE and 50% PU during 50 runs in presence of 10 mM sulfate
(first scan (solid line), last line (dotted line)).

As was shown in chapter 3, at high potential there is oxidation of thin film components and
consequently loss of the electrochemical response. In addition, the thin films both contains ETH500
as background electrolyte and voltammograms for both complexes show multiple scans starting from
the first scan. As it is shown here there is no significant difference between the first scan and the
subsequent scans. In comparison to the CVs related to first scan of the thin film containing
Ru(bipod),and ETH500 in the presence of different anions (Figure 3.4), there is no response
representing oxidation of ETHS500. This can be attributed to the low redox potential of these new Ru

complexes (Figure 4.6).

In another study, mechanical and physical stability of thin films was investigated by rinsing the thin
film-coated electrode containing PVC or PU directly with water. In this study Ru(bipod)(dmbb) was
used as a redox probe in the membrane. As represented in Figure 4.7, there is no drop in
electrochemical responses with thin films containing PU while there is considerable loss in the
electrochemical response with thin films containing PVC. These results are in agreement with the
results of the PVC and PU based thin film in other studies,'’??® and suggest that PU makes thin films

more stable specifically for development of sensors and is an alternative to PVC.

82

0.9



a) 3 1)
1.5 ~
1.0 1
1.0
0.5 0.5
S (!
= =
g 0.0 § 0.0
© .05 S
-0.5
-1.0 1
15 A -1.0 A
-2.0 T T T 1 -1.5 T T T 1
0.5 0.6 0.7 0.8 0.9 0.5 0.6 0.7 0.8 0.9
Potential V vs. Ag/AgCl 3 M NaCl Potential V vs. Ag/AgCl 3 M NaCl

Figure 4.7 : CVs after twice rinsing of thin film containing 65mmol/kg Ru(bipod)(dmbb), 130 mmol / kg
ETHS500, 50% NPOE and 50% PU a) and 50% PVC D).

4.3.3. Thin film behaviour in the presence of sulfate ions:
Thin film behaviour was evaluated with both complexes by cyclic voltammetry in the presence of

sulfate ions at different scan rates (Figure 4.8 a and b). Faradic peak current (I,,) has direct proportion

with scan rate by the equation 4.1.2'2
n2fF? .
I, = (W Y Av Equation 4.1

In which, L, is peak current, A is electrode surface area, I' is surface coverage and v is scan rate. The
peak currents at different scan rate were plotted against scan rate (Figure 4.8 ¢ and d) and as shown
in the Figure 4.8 c and d, there is linear dependence on scan rates up to 100 mV/s for both cathodic
and anodic peak currents, which confirms thin film behaviour. In theory, at low scan rate anodic and
cathodic peak potentials difference is close to zero.?'> Here, the peak-to-peak separation of the CVs
for both complexes was found to be around 0 mV at 10 mV/s, which is ideal and agrees with

theoretical value of surface confined or thin film one electron transfer process.
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Figure 4.8 : Cyclic voltammograms in 10 mM K,SO,using thin film containing a) 65 mmol/ kg
Ru(bipod)(dmbb) and b) Ru(bipod)(bipob), 130mmol/kg ETH500, PU=NPOE in different scan rate (10, 20,
30, 40, 50, 70, 90, 100 mV/s).

4.3.4. Hofmeister series and selectivity of thin film to sense sulfate over other
anions:
The responses toward different anions (Hofmeister series) with thin film containing these two Ru

complexes were evaluated. The CVs were obtained by thin film contains ETH500, PU, NPOE and
Ru(bipod)(dmbb) (Figure 4.9 a) and Ru(bipod)(bipob) (Figure 4.9 b) in the presence of 10 mM
different anions. The difference in redox peak potentials for both complexes (Figure 4.9 a and b)
showed better selectivity compared to the thin film containing Ru(bipod), (Figure 3.3) complex, i.e.
the responses in the presence of different anions are better separated along the potential axis.
However, the behaviour of different anions with thin films containing Ru(bipod)(dmbb) and

Ru(bipod)(bipob) are almost the same.
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Figure 4.9 : Hofmeister series with thin film containing 65 mmol/ kg Ru(bipod)(dmbb)(a) Ru(bipod)(bipob),
130 mmol/ kg ETH500, PU=NPOE, in the presence of 10 mM (from right to left) sulfate (dotted line), chloride,
nitrate, perchlorate and hexafluorophosphate. Scan rate 10 mV/s. (n=3).

4.3.5. Potentiometric behaviour of the thin films and calibration curves:

According to the Nernstian equation (equation 3.3), gradual addition of anions to aqueous solution
causes a shift to more negative potentials of the CV oxidation and reduction potentials. The gradual
addition of PFg to the aqueous phase with the membrane containing Ru(bipod)(dmbb) causes a
shifting of CVs to more negative potential (Figure 4.10 a). Then, a Nernstian slope was achieved by
plotting of the mid-point potential versus the logarithm of concentration of PFg (Figure4.10 b). The
same study was carried out by adding different concentrations of SO;~ with membranes containing
Ru(bipod)(bipob) and Ru(bipod)(dmbb) (Figure 4.11 a and b, respectively). As expected, the addition
of sulfate to the aqueous solution caused a shift of the CVs to more negative potentials. Plotting of
the mid-point potential of each CV against the logarithm of concentration of sulfate shows that the
slope of the best-fit straight lines are around 0.02 V/dec. According to the Nernstian behaviour of
sulfate ions, which have two negative charges, the expected theoretical slope (0.059 /z) should be
around 0.03 V/dec. This deviation from the Nernstian slope might be due to kinetic effect of sulfate
transfer at the interface between the aqueous medium and the thin film, or electron transfer at thin
film-electrode interface. Since a Nernstian slope was obtained with the membrane containing
Ru(bipod)(dmbb) in the presence of different concentrations of hexafluorophosphate (Figure 4.9), and
the kinetics of facilitated sulfate transfer is fast enough at the interface between aqueous phase and
organic phase,?* it seems that the kinetics of electron transfer at the membrane-electrode interface
can be affected by the type of ions which are responsible for neutralisation of charge imbalance in
the membrane. Based on scan rate studies with both Ru complexes (Figure 4.6), there is thin film
behaviour of the membrane. In addition, the equations related to adsorbed redox species are similar
with thin films containing redox probes.?’? Electron transfer rates by the Laviron model *° were
investigated with the membranes containing Ru(bipod)(dmbb) and Ru(bipod)(bipob) in the presence
of both PF; and SOZ ions (Figure 4.12 and Figure 4.13, respectively). As is shown in Figure 4.12 a
and b, in the presence of PF;, the membranes show symmetric cathodic and anodic portions with
both Ru complexes, while in the presence of SO2~, the cathodic and anodic portions are not similar.
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This asymmetry can be attributed to transfer coefficient values that exceed 0.5.7°° It can be seen that
in cathodic part of the kinetic study (Figure 4.13 a and b) the transfer coefficient is ca. 1, and the
Laviron model does not cover this value for estimation of electron transfer kinetics. This phenomenon
in the presence of SO~ results from an imbalance of sulfate ion transfer during anodic and cathodic
processes. In other words, the rate of ingress and egress of sulfate ions are not the same and based
on the transfer coefficient rate value of cathodic process, which exceeds 0.5, the rate of egress of
sulfate ions is higher than the rate of ingress of these ions. This difference in rate might be related to
the high hydrophilicity of sulfate ions. These results agree with other studies with monolayers of
redox molecules.?!" 32 The kinetics of electron transfer data are calculated based on the Laviron
model as done also in Chapter 3 and are reported in

Table 4.1 and Table 4.2. The anodic and cathodic kinetics of electron transfer nearly are the same
values in the presence of PFg with the membranes containing Ru(bipod)(bipob) and

Ru(bipod)(dmbb).

PF, l-a a Vg (V/8) | v (VIS) | kappa(s™) | kapp,e(s™) | Kapp (s71)

Ru(pod)(pob) | 0.41(x0.03) | 0.53(x0.05) | 0.30(x0.03) | 0.17(x0.04) | 4.76 (x0.2) 3.56 (£0.63) | 4.16(£0.27)

Ru(pod)(dmbb) | 0.30(x0.02) | 0.38(x0.05) | 0.40(x0.02) | 0.24(+0.05) | 4.56(x0.18) | 3.53(£0.26) | 4.05(+0.04)
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Figure 4.10 : Response of thin film membrane containing 65mmol/kg Ru (bipod) (dmbb), 130mmol/ kg
ETHS500, 50% NPOE and 50% PU in presence of different concentration of KPFg . (375 uM, 1.25mM, 3.75
mM ,10 mM, 17.5 mM , 27.5, 52.5 mM). (n=3).
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Figure 4.11 : Response of thin film membrane containing 65mmol/ kg of a) Ru (bipod) (dmbb) and b)
Ru(bipod)(bipob), 130mmol’kg ETHS500, NPOE=PU in presence of different concentration of SOj%~

(5x107°,107%,5%x 107%,1073,5 x 1073,1072,5 x 1072,10~! M) and c) and d) relationship between log

of the concentrations of § Oﬁ_ and midpoint potential related to the membrane containing Ru(bipod)(dmbb)
and Ru(bipod)(bipob), respectively. (n=6).
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Figure 4.12 : Plots of the oxidation and reduction peak potentials of the Ru-bipod complex in membranes a)
65 mmol/kg Ru(bipod)(dmbb), NPOE=2PVC and b) 65 mmol/ kg Ru(bipod)(bipob), 66% NPOE and 33%
PVC (right) in the presence of aqueous 10 mM KPFg versus logarithm of scan rate with(n=3).

Table 4.1 Kinetic parameters calculated from the data in Figure 4.13 : Plots of the oxidation and reduction
peak potentials of the Ru-bipod complex in membranes a) 65 mmol/kg Ru(bipod)(dmbb) and b) 65 mmol/ kg
Ru(bipod)(bipob), 66% NPOE and 33% PVC) in the presence of aqueous 10 mM K,S0, versus logarithm of
scan rate with(n=3).for the kinetics of Ru(pod)(pob) and Ru(pod)(dmbb) in the presence of 10 mM KPFg . a:
electron transfer coefficient, v,and v,: anodic and cathodic critical scan rates, respectively, Kqpp o and kqpp c:
anodic and cathodic arrapent electron transfer rate constants, respectively, and kgp,, : total apparent electron
transfer rate constant.

PF, 1-a a Vg (V/) | v (VI8) | kappa(s™) | kapp,e(s™) | Kapp (s71)
Ru(pod)(pob) | 0.41(x0.03) | 0.53(x0.05) | 0.30(z0.03) | 0.17(x0.08) | 4.76(x0.2) | 3.56(0.63) | 4.16(x0.27)
Ru(pod)(dmbb) | 0.30(20.02) | 0.38(x0.05) | 0.40(0.02) | 0.24(X0.05) | 4.56(x0.18) | 3.53(x0.26) | 4.05 (0.04)
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Figure 4.13 : Plots of the oxidation and reduction peak potentials of the Ru-bipod complex in membranes a)
65 mmol/kg Ru(bipod)(dmbb) and b) 65 mmol/ kg Ru(bipod)(bipob), 66% NPOE and 33% PVC) in the
presence of aqueous 10 mM K, S0, versus logarithm of scan rate with(n=3).

Table 4.2 : Kinetic parameters calculated from the data in Figure 4.13 for the kinetics of Ru(pod)(pob) and
Ru(pod)(dmbb) in the presence of 10 mM K,S0, . a: electron transfer coefficient, v,and v,: anodic and
cathodic critical scan rates, respectively, kqpp o and kqpp o: anodic and cathodic apparent electron transfer

rate constants, respectively, and kg, : total electron transfer rate constant.

S0, 1-a a v (V/s) Ve kappa(s™) | kapp,e(s™) | Kapp
(V/s) (s7Y)
Ru(pod)(pob) | 0.28 (£0.02) 0.29 (£0.09) 3.08 (£0.8)
Ru(pod)(dmbb) | 0.36 (£0.01) 0.13 (£0.03) 1.78 (£0.41)

4.3.6. Sensitivity and selectivity of the membrane with Ru(bipod)(dmbb) and
Ru(bipod)(bipob):

The response of the membranes to sulfate concentration and to mixtures of anions was evaluated as
the basis for possible detection of sulfate. Gradual addition of sulfate ions to the aqueous phase from
a low concentration of sulfate, 10 nM, to a high concentration of sulfate, 0.1 M, (Figure 4.14 a and b)
showed that the linear response range of the SC-ISE with the membranes containing
Ru(bipod)(dmbb) and Ru(bipod)(bipod) is between ca. 10~* M and 0.1 M. The low detection limit

was estimated from the calibration curve by linear extrapolation of mid-point potentials versus

! The cathodic transfer coefficient (o) is 1 and Laviron model does not cover this value for estimation of electron transfer kinetics
kappc(s™).
pp.C
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logarithm of SO%~ concentrations (Figure 4.14 ¢ and d). For Ru(bipod)(dmbb) and Ru(bipod)(bipod),
the detection limit is around 31 and 38 puM, respectively. In addition, selectivity coefficients were
measured by the separate solution method °>** with sulfate over chloride and nitrate for membranes
containing either Ru complex. In the membrane containing Ru(bipod)(dmbb), the logarithm of the

selectivity coefficients for sulfate ions over chloride ions LogKgpz- ¢,-and for sulfate ions over
nitrate ions LogK soz-noy were -0.18 and -6.39, respectively. In the membrane containing
Ru(bipod)(bipob), the values of LogKyz- ¢~ and LogK oz~ no; Were -1.58 and -7.13, respectively.

These results were achieved by Hofmeister series (Figure 4.9 a and b) and the separate solution
method. Based on these results, the membranes show better selectivity for sulfate ions over nitrate
ions compared to sulfate ions over chloride ions in the presence of both Ru complexes. Also,
selectivity sulfate ions over chloride and nitrate ions is better with the membrane contains

Ru(bipod)(bipob) compared to the membrane with Ru(bipod)(dmbb).

4.3.7. Electrochemical behaviour of thin film in the presence of sulfate

ionophores:
To have better sensitivity and selectivity, both a commercially-available sulfate ionophore (S.I) and

Tren thiourea bis CF3 (T.Thio. bisCF3), which is a synthesised sulfate ionophore from Prof. K.
Jolliffe, University of Sydney, (see Figure 4.15 a and b, respectively) were used in the membrane with
both Ru complexes. Based on the previous studies, in order to have a stable response of the membrane
containing an ionophore, it is required to add excess amount of sulfate ionophore in the membrane.'!>:
170 In addition, the first 10 scans of the membrane which contains 130 mmol/kg of S.I and with
Ru(bipod)(dmbb) shows a gradual decrease of the peak current and a shift in the peak potential
(Figure 4.16). Thus, to have a stable response and better selectivity and sensitivity, excess amount of
sulfate ionophores (260 mmol/kg) were added to the membrane until, all components are dissolved

in the membrane.
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Figure 4.14 : Response of thin film membrane containing a) 65mmol/kg Ru (bipod)(dmbb), and b) 65mmol/
kg Ru(bipod)(bipob), 130mmol/kg ETH500, 50% NPOE and 50% PU in presence of different concentration

of KSO, and the midpoint potential versus logarithm of the different concentrations of sulfate ions with thin
film containing ¢) Ru(bipod)(dmbb) and d) Ru(bipod)(bipob) (n=3).
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Figure 4.16 : 10 first scans of thin film containing 65 mmol/kg Ru(bipod)(dmbb), 130 mmol/ kg ETH500, 130
mmol/kg Sulfate ionophore, 50% NPOE and 50% PU.

Gradual addition of different concentrations of sulfate to the membrane with S.I together with
Ru(bipod)(dmbb) or Ru(bipod)(bipob) complexes were carried out (Figure 4.17 a and b, respectively)
and also plotting of mid-point potential versus logarithm of concentration of sulfate were achieved
(Figure 4.17 ¢ and d). These results showed that in the presence of both complexes there is not a linear
response related to Nernstian behaviour with the membrane containing S.I. However, same studies in
the presence of excess amount of T.Thio. bisCF; showed a linear response between 5 uM and 0.1 M.
The limits of detection with the membrane containing either Ru(bipod)(dmbb) or Ru(bipod)(bipob)
are 2.86 and 2.60 uM with the membrane with T.Thio. bisCF;, respectively.

92



10 12) —
0.5
-
< =
= =
= ]
E 0.0 1 E
E =
= &
o
-0.5
-1.0 T T T T Y 0.4 T T r T )
0.0 0.2 0.4 0.6 0.8 1.0 0.2 0.3 0.4 0.5 0.6 0.7
Potential V vs. Ag/AgC13 M NaCl Potential V vs. Ag/AgCl3 M NaCl
0.45 1 )
C 50 -
0.50 d)
0.44 1
0.48 4
o >
= =S
2 | 2
E 0.43 2 0.46 -
2 2 % %
- =
= -
g 042 4 E |
H 044 %%
= =
g E %o
041 % + 0.42 - e
0.40 T T T T d 0.40

5 -4 3 2 -1 0 5 3 , -l
Log([SO%7]/ M) Log(IS0;"I/ M)

Figure 4.17 : CVs of the thin film: a) 65 mmol/ kg Ru(bipod)(dmbb) b) 65 mmol/ kg Ru(bipod)(bipob) ,
130mmol/kg ETH500, 50% NPO, 50% PU and excess of S.I in the presence of different concentrations of

sulfate and the midpoint potential versus logarithm of the different concentrations of sulfate ions with thin film
containing ¢) Ru(bipod)(dmbb) and d) Ru(bipod)(bipob).
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Figure 4.18 : Response of thin film membrane containing a) 65mmol/kg Ru (bipod) (dmbb), and b) 65mmol/
kg Ru(bipod)(bipob) 130mmol/ kg ETH500, excess amount of T.Thio. bisCF; ionophore, 50% NPOE and
50%PU in presence of different concentration of KSO, ((1078,5x 10781077 , 5x1077,107°,
5x107°,10755x%x1075,10745%x 1074,1073,5x 1073,1072,5x 1072,10"* M ) and the midpoint
potential versus logarithm of the different concentrations of sulfate ions with thin film containing c)
Ru(bipod)(dmbb) and d) Ru(bipod)(bipob) (n=3).

In the membrane containing Ru(bipod)(dmbb), the logarithm of selectivity coefficient of sulfate ions
over chloride ions LogK oz~ ,-and sulfate ions over nitrate ions LogKoz- yo; Was -3.91 and -6.26,
respectively (Figure 4.19 a). Also, in the membrane contains Ru(bipod)(bipob), the logarithm
selectivity of coefficient of sulfate ions over chloride ions LogK gz~ ;- and sulfate ions over nitrate
ions LogKgpz- no; Was achieved -3.25 and -5.83, respectively (Figure 4.19 b). Based on these results

(which is collected in Table 4.3), the membrane shows better selectivity for sulfate ions over nitrate
ions for sulfate ions over chloride with both Ru complexes in the presence of T.Thio. bisCF;. In
addition, based on the selectivity coefficients achieved without and with T.Thio. bisCF;, selectivity

of sulfate over chloride was improved by using of T.Thio. bisCF3 ionophore. In addition, there is
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significant improvement in the mid-point potential, and it is shown that by using the sulfate
ionophores the ion-to-electron transduction happens easier and at significantly lower potential
compared to the membrane without sulfate ionophore (Figure 4.19 a, b). Since there is not linear
potentiometric response in the presence of S.I with different concentrations of sulfate, there is not

possibility to investigate selectivity of sulfate over chloride and nitrate by separation solution method

by the thin film contains S.I.
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Figure 4.19 : CVs related to responses of the membrane contains a) 65 mmol/ kg Ru(bipod)(dmbb) and b)
Ru(bipod)(bipob), 130 mmol/ kg ETH500, excess amount of T.Thio. bisCF3ionophore and 50% NPOE and
50% PU in the presence of 10 mM SOZ~, Cl-and NO5 ions.

Table 4.3 : selectivity coefficients of the thin film with Ru complexes in the presence and absence of T.Thio.
bisCF_3 with sulfate over chloride and nitrate ions by separate solution method.

Ru(pod)(dmbb) Ru(pod)(pob)
Without With T.Thio. Without With T.Thio.
T.Thio. bisCF3 bisCF3 T.Thio. bisCF3 bisCF3
LogKsoz- c1- -0.18 -3.91 -1.58 -3.25
LogKsoz- nos -6.39 -6.26 -7.13 -5.83

The redox potentials in the presence of sulfate ionophores (S.I and T.Thio. bisCF; ) significantly
changed and reduced with thin film contains R(bipod)(dmbb) (Figure 4.20 a) and Ru(bipod)(bipob)

(Figure 4.20 b). As it is shown in Figure 4.20 a and b the redox potential was less positive in the

presence of T.Thio. bisCF;.
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Figure 4.20 : Response of thin film in the presence of 10 mM of Sulfate ions. (scan rate: 10 mV/s ) in the
presence of a) Ru(bipod)(dmbb) and b) Ru(bipod)(bipob). (from right to left: without any ionophore, with S.I
and with T.Thio. bisCFzionophore.

4.4. Conclusion
In this study, two Ru complexes, Ru(bipod)(dmbb) and Ru(bipod)(bipob), were used as a redox

transducer within a thin polymeric film for detection of sulfate ions. The complexes showed reversible
and stable voltammetric responses in the presence of sulfate ions as a very hydrophilic ion. This is
because the redox potential of the new Ru complexes are significantly lower than the redox potential
of Ru-bipod (in chapter 3). In addition, they are very stable response in the presence of different ions.
Furthermore, thin film behaviour was obtained by these two complexes. Sensitivity and selectivity
studies were carried out on the thin films containing these two Ru complexes and there was not a
difference in results between these two complexes. The Nernstian slope was not achieved because
the balancing ion transfer process upon oxidation/reduction of the Ru complexes was reversible in
the presence of PF; while sulfate transfer indicated the imbalance ion transfer during ion-to-electron

transduction process.

To improve selectivity and sensitivity, S.I and T.Thio. bisCF3ionphore were used in the thin films.
There was not a linear response upon additions of different concentrations of sulfate ions with S.I
while there was linear respone with T.Thio. bisCF; ionophore. Seperation solotion method was used
to investigae selectivity. Selectivity of the thin films with T.Thio. bisCF3; ionophore was investigated.
Selectivity of the membrane with sulafte over nitrate and chloride was improved compared to the

membrane without the ionophore.
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5. Immobilization of Janus type Ru complex on ITO electrodes and
investigation of its electrochemical behaviour

5.1. Introduction
The ion transfer process between polymeric phases and aqueous phases across the interface has been

developed during this decade®*® As discussed in previous chapters, there are several approaches to
sense ions by this method. One of the most recent methods is using redox molecules in thin polymeric
films. One big issue related to this method is the use of high concentration of redox probe molecules
in thin films by the spin coating method. Because to have effective ion transfer process by this
method, a high concentration of metallic active centre is needed on the surface of the electrodes. This
can be more problematic when an ionophore is used in the thin film, and there is leaching of redox

probes molecules from polymeric layer to the aqueous phase.!”

Because of this problem, it will be required to use excess concentrations of the ionophore in the thin
film, and by use of excess amount of the ionophore, the diffusion can be dominant compared to thin-
film behaviour. This problem can be addressed by immobilization of the redox probes on electrode
surfaces and can overcome the instability of SC-ISEs with both redox probes and ionophores. The
first time this method was introduced by Pretsch and co-workers to immobilise fullerene or
tetrathiafulvalene on gold electrodes.”** After immobilization of redox active compounds on gold
electrode surfaces, the regular ion selective membrane with valinomycin as the ionophore was used
to sense potassium. In another study, gold chips were modified by five synthesised organothiol
ferrocene complexes as redox active materials; the best one was benzenethiol based self-assembled
monolayer and it was used for potentiometric study of sodium ions.?* In addition, silicon-based
electrodes with gold contacts were modified by immobilisation of redox-active organothiols and were
coated by polymeric membranes and used for potentiometric analysis.?*® In a very recent study,
ferrocene was self-assembled on GC electrode, and after coating of the modified electrodes by PVC
based membrane by spin coating to provide very thin layer of polymeric based membrane (with
nanometer thickness), these electrodes were used to sense anions and cations.?** One of the most
important advantages of this method is that in all modified electrodes, there is very close proximity
between the molecular redox probes and the electrodes, and it helps to have very effective ion transfer.
Thus, in this method it is not required to used high number of redox probes, and consequently in the
presence of ionophore to have more selectivity of the sensors, and there is not leaching of the redox

molecules into the aqueous phase.

In this study, in order to provide more stable and robust anion sensors with selective sensing capability
of sulfate ions, the J-Ru complex (Figure 5.1), which was reported by Haga and co-worker,?*’” was

immobilised on ITO electrodes and evaluated for anion sensing. The Ru complex has hydrophilic
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phosphonate groups that chemisorbed onto the surface of the ITO. The polymeric based membrane
was then spin coated on the modified ITO electrode and thin layer behaviour of these ITO electrodes
was evaluated. Reproducibility of prepared ITO electrodes was investigated with calculation of
surface coverage of the Ru complex. Then, the sensing ability of the modified ITO electrode with
spin coated polymeric thin film in the presence of different concentrations of Cl0; and SOZ~ ions
was examined. Finally, the electron transfer rates were measured in the presence PFg ions. This

chapter presents a preliminary study of modified ITO electrodes as possible substrates for ion sensors.

5.2. Experimental

5.2.1. Reagent:
Potassium chloride, potassium hexafluorophosphate, potassium nitrate, potassium perchlorate,

potassium sulfate, tetrakis(4-chlorophenyl) borate tetradodecylammonium salt (ETHS500), 2-
nitrophenyloctylether (NPOE), anhydrous tetrahydrofuran (THF), high molecular weight poly (vinyl
chloride) (PVC), the sulfate ionophore (S.1.) were purchased from Sigma Aldrich in analytical grade,
and pure Dimethylformamide (DMF) from Sigma Aldrich. Aqueous solutions were prepared in
deionized water (resistivity 18.2 MQcm; USF Purelab with UV). Janus- Ru complex (Figure 5.1) was

received from Prof. M.-a. Haga and was synthesized and characterized as stated in ref. 2%’

PO(OH), (HO),0P

Figure 5.1 : The structure of the Janus Ru complex®’ employed in this work.
5.2.2. Modification of ITO electrodes:
ITO electrodes were immersed in pH 5 aqueous DMF solution, which contained 50 uM of the Janus-
Ru complex, for 24 hours. The modified electrodes, after rinsing by DMF and D.I. water and drying
by nitrogen gas, are ready to use.”’ The dimension of active surface area of the electrodes was
measured by ruler and the average of the surface area is around 1.83 cm? for each electrode.
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5.2.3. Instrumentation and measurement:
A three-electrode electrochemical cell was used for all measurements, comprising a Janus- Ru

complex modified-ITO working electrode of rectangular shape (25 mm x12.5 mm) on glass substrate
(Sigma Aldrich)(with 8-12 Q/sq) , a Ag/AgCl/3 M NaCl reference electrode (model MF-2056, BASi),
and a platinum disc as counter electrode. The cell was placed in a Faraday cage. Electrochemical
experiments were conducted with an Autolab PGSTAT302N electrochemical workstation (Metrohm,
The Netherlands) with NOVA software. Preparation of the organic thin films is the same as reported
in chapters 3 and 4, by using of a spin coater (Model WS-400B-6NPP/LITE) at 1500 rpm for one

minute.

5.3. Results and discussion

5.3.1. Characterization of Janus-Ru complex modified ITO electrode:
Electrochemical responses of the modified ITO electrodes were evaluated by cyclic voltammetry at

different scan rates (Figure 5.2 a). A linear response of peak current versus scan rate was achieved in
this study (Figure 5.2 b), which shows immobilisation the Janus Ru complex on ITO electrodes which

agrees with other reports.”**2*7 In addition, by the results of the scan rate study, the surface coverage

of the Janus Ru complex on ITO can be calculated from equation 5.123:
n?fF? .
I, = (H Y Av Equation 5.1

In this equation, I, is the peak current, A is the electrode surface area, I' is the surface coverage and
v 1is the scan rate. Based on the slope of the straight line in Figure 5.2 b, and the surface area of the
ITO electrodes, which is around 1.83 c¢m?, the surface coverage is estimated to be around

4.6 X 107 mol/cm?, which is comparable with the value reported in other studies which is

2.5 X 107 mol/cm?. 237238
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Figure 5.2 : Voltammograms of the ITO electrode which is modified with Janus Ru complex at different scan
rates in aqueous solution containing 10 mM KPFg b) the linear relationship between peak currents and scan

rates (10, 25, 35, 55, 75, 100 mV/ s) in forward and backward scans (n=3; error bars show standard deviation,
and are not visible if smaller than the symbol size).

Half-width potentials were measured with the modified ITO electrodes. As shown in Figure 5.3, the
half width potential is much higher (190+15 mV) than the theoretical value (90/n).?'? Also, the peak-
to-peak separation of the CVs of the Janus Ru complex on the ITO electrodes is 10012 mV, while
the ideal value for surface-immobilised complexes is around 0 mV.?'? These deviations can be

attributed to interaction between the adsorbed Ru complexes can impose on each other.>3? 233238
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Figure 5.3 : Cyclic voltammogram of modified ITO electrode (solid line) by J-Ru complex and bare ITO
electrode (dotted line) in the presence of 10 mM KPF, in aqueous solution (Scan rate :55 mV/s).
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In next step, the thin film PVC-based membrane was spin coated on the modified ITO electrodes.
The thin film is the same as the membrane used in SC-ISEs and contains plasticizer and ETH500 as
background electrolyte. The mechanism of anion transfer is the same as in the membrane in SC-ISEs.
Oxidation of the Janus Ru complex causes the tetrakis(4-chlorophenyl) borate (i.e. the anion of
ETHS500) to stabilise the oxidised Ru complex and then this imbalance in charge in the thin film can

be compensated by anion transferring from aqueous phase to organic membrane phase (Figure 5.4).

A—/ Aqueous

_/

Figure 5.4 : Scheme of anion transfer by thin film which is spin coated on immobilised ITO electrode, R* and
R~ are tetradodecylammonium and tetrakis(4-chlorophenyl)borate ions , respectively.

Electrochemical responses of the modified ITO electrodes with thin film were evaluated by cyclic
voltammetry at different scan rates (Figure 5.5 a). A linear response of peak current versus scan rate
was achieved (Figure 5.5 b), which indicates that the ion-to-electron transduction is controlled by thin
film behaviour and not diffusion, and hence the polymeric layer on the ITO electrodes is very thin
layer. peak to peak separation is 140+10 mV at 10 mV/s scan rate, and halfwidth potential at 55 mV/s
of scan rate is 340 mV. Comparison of these parameters with the parameters obtained by the modified
ITO electrodes, shows increase peak-to-peak separation and half width potential of the modified
electrodes with polymeric film compared to the modified ITO electrodes without polymeric film.
These results showed that polymeric film caused the modified ITO electrodes have more deviation
from theoretical values. The surface coverage of the modified ITO electrodes with the polymeric film

was obtained as 1.46 x 1011 mol/cm?.
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Figure 5.5 : Voltammograms of the immobilised ITO electrode with the polymeric thin film containing 65
mmol/ kg ETH00, PVC and NPOE, at different scan rates (10, 25, 35, 55, 75, 100 mV/s) in solution containing
10 mM KPFg; b) the linear relationship between peak current and scan rate in forward and backward scans
(n=3; error bars show the standard deviation; where error bars are not visible, the error bars are smaller than
the symbol size).

5.3.2. Electrochemical responses of the modified ITO electrode in the presence of
different anions:
Cyclic voltammetry responses of the modified ITO electrodes with spin coated by polymeric

membrane were evaluated in the presence of different anions. As is shown in Figure 4.6, in
comparison to the SC-ISE system with Ru(bipod), Ru(bipod)(dmbb) or Ru(bipod)(bipob) (reported
in chapters X and XX) in which there are significant differences between redox mid-point potential
of the Ru complexes in the presence of different anions, the redox mid-point potential of the Janus
Ru complex on ITO with the thin film was not sensitive to the presence of different anions. It seems
that the rigid arrangement of the Janus Ru complex on the ITO and the high electrostatic forces
between neighbouring complexes combined with the thin film, which is coated on the surface of the
electrodes, causes the CVs to be broadened so that they are not sensitive to the different anions in the

aqueous solutions.

In addition, since the redox potential of the Janus Ru complex is around 1 V vs. Ag/AgCl, the first
scan of the electrode which contains of ETH500 has very large oxidation current (first scan in Figure
5.7) which is related to oxidation of ETH500. This oxidation can impact the response of the modified
ITO electrode in the presence of each anion in the same way as the membrane containing ETH500 in
SC-ISEs with Ru(bipod) in the presence of different anions was impacted (Figure 4 a and c, chapter
3). As it is shown in Figure 5.6 in the presence of different anions, there is no significant difference

in redox potential of the Ru complex.
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Figure 5.6 : CVs (third scan) related to immobilised ITO electrode which is spin coated by thin film
(containing 65 mmol/ kg ETHS00, PVC, NPOE) in the presence of different 10 mM aqueous solutions of
anions, PF; (orange), ClO; (blue), NO3 (green) and SO~ (red).
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Figure 5.7 : 10 first scans of the modified ITO electrode with polymeric thin film containing 65 mmol/kg
ETHS500, PVC and NPOE, in the solution containing 10 mM KPFg (Scan rate:10 mV/s).

However, in contrast to the behaviour of the membrane in SC-ISEs with Ru(bipod) in which there
was an ideal electrochemical response in the absence of ETH500, there was not a redox response of
the Ru Janus with the membrane without ETH500 (Figure 5.8). This might be because there is not
any charge in the thin film to compensate the charge imbalance due to oxidation and reduction of the

Janus Ru complex and hence the thin film without ETH500 acts like non-conductive layer.
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Figure 5.8 : Comparison of CV of the modified ITO with polymeric thin film membrane with (solid line)
and without (dotted line) added ETH500 in the solution containing 10 mM KPF, (Scan rate:10 mV/s).

5.3.3. Sensitivity of the immobilised I'TO electrode with the thin film:
The sensitivity of the ITO electrodes with and without the thin film in the presence of different

concentrations of KPF in aqueous solutions was evaluated (Figure 5.9 and Figure 5.10). As shown in

Figure 5.9 a, the CVs related to the modified ITO without polymeric thin film, the Nernstian slope

was not obtained upon plotting of the mid-point potential of the CVs against the logarithm of different

concentrations of PF¢ ions (Figure 5.9 b). However, the potentiometric behaviour was improved by

the use of modified ITO electrodes with polymeric thin film (Figure 5.10 a, b), but still has deviation

from the ideal value (0.059/n).
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Figure 5.9 : a) Response of the immobilised ITO electrode in the presence of different concentrations of
PF{ (2.5,7.5, 15,30 and 50 mM). b) relationship between log of concentration and midpoint potential, with

a Nernst slope for PFg Scan rate: 10 mV/s. (n=3).
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Figure 5.10 : a) Response of the immobilised ITO electrodes with thin film membrane containing 65 mmol/
kg ETH500, PVC and NPOE in the presence of different concentrations of PF6¢ (2.5, 7.5, 15, 30 and 50
mM). b) relationship between log of concentration and midpoint potential, with a Nernst slope for PFg Scan

rate: 10 mV/s. (n=3).

In a similar study, the response of the modified ITO electrode with polymeric thin film with and

without commercial sulfate ionophore S.I in the presence of 10 mM sulfate was evaluated (Figure

5.11). As shown in Figure 5.11, the membrane that contains S.I is not responsive to sulfate, and there

is not any peak current showing the transfer of sulfate from the aqueous phase to the thin film on the

modified electrode.
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Figure 5.11 : Electrochemical response of the modified ITO with thin film contains 65mmol/kg ETH500,

PVC, NPOE and with 130 mmol/ kg S.I (solid line) and without S.I (dotted line). In the solution contains 10

mM K,S0, (Scan rate: 10 mV/s).
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5.4. Conclusion:
Electrochemical responses of a Janus Ru complex on ITO electrodes to sense anions was investigated.

A monolayer of the Janus Ru complex immobilised on ITO was investigated by scan rate study and
surface coverage analysis of the Ru complex. A thin PVC-based membrane was spin coated on the
modified ITO electrodes, and it was shown ion-to-electron transduction is controlled by thin film
behaviour, not diffusion. The responses of the electrode were evaluated and compared in the presence
of different anions, but there is no significant difference in the midpoint potential related to the ion-
to-electron transduction in the presence of different anions. This can be attributed to the very high
deviation of half width potential and peak to peak separation from theoretical values, which can be
due to high electrostatic forces of the Janus Ru complexes on each other and also to the very high
peak current of the first scan in the presence of ETHS500 in the membrane, which is related to
oxidation of ETHS500. In addition, it was shown without ETH500 in the thin film, reversible
electrochemical responses were not achieved, and the thin film without ETH500 acts as a
nonconductive layer on the ITO electrodes. The sensitivity of the modified ITO electrodes with and
without polymeric thin films in the presence of PF; ions were evaluated. The difference in behaviour
of the modified ITO electrodes with thin film without ETH500 and thin film contains Ru(bipod)
complex without ETH500 can be in the last one, the mobility of Ru complexes can assist ion to
electron transduction process while in the modified electrodes without ETH500, because of the rigid
attachment ( with four covalent bonds) of the J-Ru complexes on surface of ITO, there is not any
mobility to perform ion to electron transduction process. Although the sensitivity was improved by
using thin film on ITO electrodes, the potentiometric slope deviated from the theoretical (Nernstian)
value and the linear range was very limited. Finally, the responses of the electrodes in the presence
of sulfate ions in cases of with and without sulfate ionophore were evaluated. No response was
achieved from the modified ITO electrodes with thin films containing the sulfate ionophore S.I.
Modified electrodes can be more promising alternatives and they provide very stable response. This
chapter represents the preliminary evaluation of the modified electrodes with redox probes for sensing
purposes. The results are not promising for sensing purpose as much as the results obtained in chapter
3 and 4. However, it needs more investigations to provide different functional groups on different
types of working electrodes like GC or gold electrodes and design new molecules and attachment

bonds.
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6. Conclusions

6.1. General Conclusions
The work presented in this thesis describes the study into using electrochemistry at the interface

between two immiscible electrolyte solutions (ITIES) as a way for sensing of ions. Facilitated ion
transfer was applied to sense sulfate as a challenging ion (Chapter 2). In addition, to provide more
mechanical stability to a sensor, solid contact electrodes were applied to sense anions (Chapter 3).
Changing in the chemical structure of the redox probe employed in solid contact sensors was
investigated to provide sensing of sulfate (Chapter 4) and the modified electrodes were applied to

provide more robust and sensitive sensors to detect anions (Chapter 5).

Facilitated potassium transfer by DB18-C6 was examined at micro-ITIES arrays located at glass
membranes with two types of pores for interfaces, located at either the laser entry side or the laser
exit side of these laser-ablated membranes. The highest mass transfer was achieved across the
interfaces located at the pores on the laser entry side (which were wider in diameter). In addition,
facilitated ion transfer was studied for sulfate ions by using different synthesised sulfate ionophores
at water/NPOE interfaces formed at laser entry side of glass membranes. Interfacial complexation of
S0Z~ was investigated with two synthesised ionophores (Tren-phenyl and Tren-bis CF; ). Tren-bis
CF; was chosen as the best ionophore and Nernstian behaviour was examined with different
concentrations of SO3~ ions in the presence of Tren-bis CF5 ionophre. Both cyclic voltammetry and
differential pulse voltammetry, as a more sensitive technique, were used to sense sulfate. The results
in this chapter suggest that there is no difference in thermodynamic and kinetic parameters between
these two types of pore configurations. However, significant improvement in sensitivity was obtained
with micro pores made at laser entry side. Although facilitated ion transfer at the ITIES can be used
to develop ion sensors, it does not have mechanical stability. To address this, the solid contact sensor

format can provide a more robust sensor for sulfate.

Polymer based thin films containing a Ru-bipod complex as a redox transducer were investigated for
detection of anions. Although these thin films showed reversible and stable voltammetric responses
in the presence of more lipophilic anions, in the presence of more hydrophilic anions like sulfate and
chloride, the response was unstable. This was attributed to the high redox potential of the Ru-bipod
complex in the presence of these anions; at the high positive potential different species of the thin
film were oxidised. From the first CV of the thin film with background electrolyte (ETH500) or
sulfate ionophore, it can be concluded that there is possibility of oxidation of ETH500 and sulfate
ionophore. Two types of plasticizers (NPOE and DOS) with significant difference in dielectric

constant were evaluated to study of thin film behaviour, by variation of the voltammetric scan rate.
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Thin film behaviour was obtained in the presence of NPOE as the plasticizer. This difference can be
related to rate of electron transfer of the Ru-bipod complex in thin films was substantially different
with these two plasticizers. Moreover, the Ru-bipod complex showed Nernstian responses to
lipophilic anions. These results suggest that the redox potential of the redox probe has key impact on
the stability of the thin film. The more positive redox potentials can cause oxidation of components
in the thin film. This phenomenon can be worse in the presence of more hydrophilic anions. To sense
more hydrophilic anions like sulfate, design of new Ru complexes with less positive redox potential

is needed, in order to provide more stable response in the presence of sulfate ions.

Two new Ru complexes, Ru(bipod)(dmbb) and Ru(bipod)(bipob), were utilised as redox transducers
within thin polymeric films for detection of sulfate ions. Reversible and stable voltammetric
responses were obtained in the presence of sulfate. In these Ru complexes, one Ru-N bond was
replaced by one cyclometalated bond (Ru-C) in Ru-bipod (the complex studied in chapter 3). The
cyclometalated bond has more electron donation property compared to Ru-N bond. This new design
of Ru complex can facilitate electron transfer, consequently less positive redox potentials for these
two new complexes were achieved. A scan rate study showed thin film behaviour for both of these
complexes. Although, the Nernstian slope was achieved in the presence of PF , there was a deviation
from Nernstian slope in the presence of sulfate ions. This deviation can be related to an imbalance in
the ion transfer process during the ion-to-electron transduction process. A commercial sulfate
ionophore (S.I) and synthesised T.Thio. bisCF3 ionophore were used in the thin films. There was not
a linear response upon additions of different concentrations of sulfate ions with S.I while there was
linear respone with T.Thio. bisCF; ionophore. Sensitivity was improved by using T.Thio.
bisCF; compared to a thin film without ionophore. Selectivity of the thin films containing T.Thio.
bisCF; for sulfate over chloride and nitrate ions was investigated. There was significant improvenmnt
with selectivity results for sulfate over chloride, but the measured selectivity coeffcient was worse
with sulfate over nitrate ions. The results in this chapter suggst that the chemical structure of redox
probes and their redox potential can cuase significant improvemnts in stability of the thin film
contains redox probes in the presence of one the most hydrophilic anion such as sulfate . In addition
the redox potentials of the redox probes are more important than the number of alkyl chains in the
chemical structure of the redox probes to provide more lipophilic molecules dissolving in the
polymeric film. One of the main issue for using redox probes when dissolved in polymeric thin films
is consumption of a high amount of the redox probe to provide efficient ion transfer; this issue is
worse when ionophores are used in thin film. One alternative approach is modifying the electrodes

immobilisation of redox molecules onto them.
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Finally, ITO electrodes modified by a Janus Ru complex were evaluated to sense different anions.
Scan rate study suggest that the Janus Ru complexes are immobilised as a monolayer on ITO
electrodes. Surface coverage was measured by scan rate study. Polymeric thin film was spin coated
on the modified ITO electrodes and scan rate study suggested thin film behaviour. The half width
potential of CVs achieved by the modified ITO electrodes is deviated from theoretical values and the
peaks are broad. This broadening in peaks causes the modified electrodes were not sensitive in the
presence of different anions. In addition, sensitivity of the modified ITO electrodes were evaluated
in the presence of different concentrations of PFg ions. There is significant deviation from the

Nernstian slope.

In this report, anion sensing is achieved at liquid-liquid interface. Sensing of sulfate as one the most
challenging anion is obtained by using solid contact ion selective electrodes and this achievement can
be attractive in practical applications such as development of sulfate sensors which can be applied for
different applications such as sulfate sensing in wastewater recycling plants to monitor performance

integrity of reverse osmosis membrane.

6.2. Suggestions for future work
This thesis explores how electrochemistry at the interface between two immiscible electrolyte

solutions can shed light on the transfer of ions at polarized soft interfaces. This topic has been a
significant driving force behind the research reported. According to this study, detecting sulfate,
which is one of the most hydrophilic anions, is very difficult, and additional research is necessary to
develop this method to a point where it can be utilized commercially or for routine sulfate detection.
As a result, several crucial aspects or research domains in this area could benefit from more research

investigations.

Detecting sulfate in the presence of other anions, such as chloride and nitrate, presents a significant
obstacle in sulfate sensing. While the research presented here demonstrated that modifying the
chemical structure of the Ru complexes used as ion-to-electron transducers can enhance the selective
detection of sulfate over the interferences, detecting sulfate in water samples with elevated levels of
chloride and nitrate remains a difficult task. New designs of Ru complexes that act as redox
transducers and have functional groups to attach to different working electrodes (such as glassy
carbon and gold electrodes) might provide better selectivity in the presence of different anions. These
new designs ideally will have less electrostatic neighbouring effects and less positive redox potentials.
In addition, in this approach, leaching of ionophores from the thin film to the aqueous phase can be

reduced because of less consumption of the Ru complexes.
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In this study, cyclic voltammetry was used to investigate sulfate sensing. To increase electrochemical
responses and consequently achieve more competitive detection limits for sulfate sensing, more
sensitive methods such as differential pulse voltammetry and stripping voltammetry** can be applied.
To assess the practicality of these techniques, one could investigate the new Ru complexes with
functional groups that enable their attachment to the electrode surface, followed by coating with a
thin polymeric layer. By using of stripping voltammetry, preconcentration of sulfate in the polymeric
layer can provide better sensitivity to sulfate and achieve lower detection limits. To facilitate the
commercialization of this approach to sulfate detection, the various enhancements that have been
made to create a more sensitive and selective sensor can be integrated with ion chromatography
approach. This would result in a more reliable and standardized system that is suitable for industrial

applications.?*%- 24!
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Appendix A: Synthesizing the Ru-bipod complex and its characterisation (all the
information in this section is the group of Pro. Haga, Chuo University, Japan) (related to chapter 3)

A-1: Synthesis of Ru-bipod and its characterisation:
To synthesis the Ru-bipod complex, firstly RuClz*3H>O (0.050 g or 0.19 mmol) was heated in

glycerol (10 mL) at 100°C, during which time the solution turned greenish in colour. Then from 2-
octyl-1-dodecanol, 1-Bromo-2-octyl-1-dodecane and 2, 6-bis (1-(2-octyldodecan) benzimidazol-2-
yl) pyridine) (as a ligand LR2)*** . The ligand LRy (0.36 g, 0.42 mmol) in tert-butanol (8 mL) was
added into the solution, and the mixture was heated at 150°C for 24 h. After cooled to room
temperature, water (50 ml) was added to obtain a red-brown precipitate, which was collected by
filtration and dried in vacuo (Figure A-1). The crude complex was purified by the silica gel
column chromatography with toluene-methanol (10: 1v/v) as an eluent. The separated brown band
was collected, and the solvent was removed. The resulting residue was dissolved in small amounts
of CH3CN, and the addition of KPF saturated aqueous solution (5 ml) and methanol (82 ml)
affected the brown precipitation, which was collected by filtration and dried. Yield of the Ru
complex is 0.20 g (56 % yield) with melting point 158 — 160 °C. The 'H NMR(500 MHz, DMSO-
ds) d(ppm) data including 9.02(d, J=8.3, 4H), 8.77(t, J/=8.2, 2H), 7.76(d, J=8.3, Hz, 4H), 7.27(t,
J=7.6 Hz, 4H), 6.99(t, J/=7.7, 4H), 5.96(d, J= 8.3 Hz, 4H), 4.89(s, 8H), 1.93(s, 4H), 1.28-0.73(m,
152H) is shown in figure S.9. The spectrum related to ESI-TOF-MS is m/z = 1283.75 [M-H] *
(Calcd. for [C7sH10sN1oRu], 1283.76) and FT-IR is equal to 829 cm™ (P-F)) (Figure S2).
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Figure A-1: Synthetic route to amphiphilic Ru-bipod . (i) PPhs, CBrs in CH>Cls | (ii) Na,CO;3; in DMF, (iii)
glycerol and tert-butyl alcohol at 150 °C under N, and then KPFg in water
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Figure A-2: ESI-MS spectra of Ru-bipod: (a) full spectrum, and (b) the observed and calculated isotope
patterns of the molecular peak.
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Figure A-3: 'H NMR (500 MHz) spectra of Ru-bipod in DMSO-ds
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Figure A-4: Cyclic voltammogram of Ru-bipod in CH3;CN (0.1 M TBAPFs). WE: electrode: Glassy carbon
electrode, RE: Ag/AgNOsin CH3CN, CE: platinum wire.
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Appendix B: Synthesis of Ru(bipod)(bipob) and Ru(bipod)(dmbb) and

their characterisation (all the information in this section is the group of Pro. Haga, Chuo
University, Japan) (related to Chapter 4 )

B-1: Materials:
2-Octyl-1-dodecanol (Aldrich), 2-fluoronitrobenzene (TCI)and ruthenium(IIl) trichloride hydrate

(Heraeus GmbH) were used without further purification. 1-Bromo-2-octyl-1-dodecane and 2,6-bis(1-
(2-octyldodecan)benzimidazol-2-yl)pyridine) (bipop), was prepared from 2-octyl-1-dodecanol.!!!

All other supplied chemicals were of standard reagent grade quality.

B-2: Physical Measurements:

'"H NMR, ESI-MS, MALDI-TOF-MS, and UV-VIS spectra were recorded with a INM-ECA 500
(JEOL) spectrometer, a JEOL JIMS-T100 LC AccuTOF, Shimadzu MALDI-TOF AXIMA-CFR mass
spectrometer, and Hitachi U-3210 UV-vis spectrophotometer, respectively. The electrochemical
measurements were carried out in a standard one-compartment cell under N> gas flow equipped with
a BAS glass-carbon (¢ = 3 mm) working electrode, Pt-wire counter electrode, and Ag/Ag" reference
electrode along with an ALS/CH model 660A electrochemical analyzer. The reference electrode was
Ag/AgNO;s (0.01 M in 0.1 M TBAPFs CH3CN), which was abbreviated as Ag/Ag’. For a X-ray
single crystal analysis, the diffraction data for [Ru(bipod)(bipob)](PFs) were collected using a Bruker
SMART APEXII ULTRA CCD-detector diffractometer on a rotating anode (Mo-K, radiation;
graphite monochromator; A = 0.71073 A). The structure was solved using direct methods and refined
using SHELXL-2014 (full-matrix least-squares on F?) in APEX2. Unfortunately, the trial of
refinement for the diffraction data in [Ru(bipod)(bipob)](PFs) was unsuccessful to achieve the
publishable accuracy because of the heavily disordered alkyl chain in the molecules.

Differential scanning calorimeter (DSC) Shimadzu Type DSC-60 was used for the DSC

measurements.
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Figure B-1: Synthetic route to amphiphilic Ru complex, [Ru(bipod)(bipob)](PFs)
6)) 2-octyl-dodecylamine Na,COj; under microwave irradiation, in EtOH-H,O, (ii) Zn/HCl in EtOH, (iii)
isophthalic acid in polyphosphoric acid at 200 °C, (iv) AgOTf in acetone, (iv) DMF and fert-butanol at 120 °C.

B-3: Synthesis of (2-nitrophenyl)-(2-octyldodecyl)amine.

2-Octyldodecylamine was mixed with potassium carbonate (4.56 g, 33.3 mmol), ethanol (15 mL),
and pure water (5 ml) by stirring and then 2-fluoronitrobenzene (2.84 g, 1.34 mL, 20.2 mmol) was
added dropwise. The resulting mixture was heated by the aid of intermittent microwave irradiation
at 625 W for 25 min with 2 min interval, and dissolved in dichloromethane (30 ml). After washing
with brine, the dichloromethane layer was collected and evaporated in vacuo. The residue was
purified by silica column chromatography with ethyl acetate and hexane mixture (2:3 v/v) as an
eluent, and obtained as a yellow oil (3.56 g).

"H NMR (500 MHz, CDCl3 ): § = 8.16 (2H , m) 7.43(1H, t, J = 4.3 Hz), 6.84 (1H, d, J

=8.6 Hz), 6.62 (1H, t,J =10.0 Hz), 3.20 2H, t, J=5.4 Hz), 1.76 (1H ,m), 1.27 (32H , m),
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0.876 (m, 6H).

B-4: Synthesis of N-(2-octyl dodecyl)-benzene-1,2-diamine.

To the solution of (2-nitrophenyl)-(2-octyldodecyl)amine (3.56 g, 8.50 mmol) in ethanol (70 ml) zinc
powder (2.60 g, 39.8 mmol) was added. The mixture was heated with stirring at 100 °C for 7 h, during
time 2 mL of a 10 % diluted hydrochloric acid solution was added 5 times intermittently. After being
cooled to room temperature, the solution was filtered through Celite(Sigma-Aldrich) and neutralized
by the dropwise addition of 1 M sodium hydroxide solution. The resulting solution was extracted
with dichloromethane, and the organic layers were combined and washed by brine several times,
dried over anhydrous magnesium sulfate. A yellow oily product was obtained after evaporation of
dichloromethane. Yield: 3.45 g.

"H-NMR (500 MHz, acetone-ds): & = 6.66 (1H, d, J = 7.4 Hz), 6.62 (1H, t, ] = 7.7 Hz), 6.55 (1H, t, J
=4.0 Hz), 6.49 (1H, t, J = 7.4 Hz), 3.02 (2H, d, ] = 5.7 Hz), 1.69 (1H, m), 1.49-1.09 (32H, m), 0.88
(6H, m).

B-5: 1,3-Bis(/V- (2-octyl dodecyl)benzimidazol-2-yl))benzene (bipob).

N-(2-octyl dodecyl)-benzene-1,2-diamine (3.45 g, 8.88 mmol) was heated at 150 °C with stirring for
1 h in polyphosphoric acid (25 ml), and then isophthalic acid (0.736 g, 4.48 mmol) and
polyphosphoric acid (25 ml) were added into the solution and the heating at 200°C was continued for
23 h. After being cooled, the mixture was poured into water (400 ml), and the resulting solution
including black precipitate was neutralized with 5 M sodium hydroxide. The brown residue was
collected by filtration, and then dissolved in acetone, followed by celite filtration. The filtrate was
dried in vacuo. The resulting residue was purified by column chromatography on a silica gel with a
solvent mixtures of chloroform and ethyl acetate by changing the mixing ratio of 100/0 to 0/100 v/v.
The product was obtained as a third band, which was collected to obtain the reddish-yellow oil. Yield:
1.31 g (42 %).

'"H-NMR (500 MHz, acetone-de) : 8 = 8.24 (1H, s), 8.02 (2H, m), 7.80 (1H, t, J = 7.7 Hz), 7.72 (2H,
d, J=7.4 Hz), 7.61 (2H, d, J = 8.0 Hz), 7.29 (4H, m), 4.44 (4H, d, J = 7.4 Hz), 1.95 (2H, m), 1.35 -
0.96 (64H, m), 0.86 (12H, m). ESI-TOF MS. m/z = 871.88 (Calcd. for [CsoHo4N4]", 871.76)

B-6: Synthesis of [Ru(bipod)Cls].

This Ru complex was synthesized in a similar manner to [RuL18]Cl3], except that the bipod ligand
was used instead of L18 ligand.[1]

B-7: Synthesis of [Ru(bipod)(bipob)](PFs).

Under shading condition a mixture of Ru(bipod)Cls (0.20 g, 0.18 mmol) and silver trifluoroacetate
(AgOTf) (0.149 g, 0.581 mmol) were refluxed with stirring for 2 h. After being cooled, the solution
was filtered through celite in order to remove grey-colored AgCl solid, and the solvent was removed
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in vacuo. To the resulting violet solid residue DMF (10 ml), tert-butanol (10 ml), and the bipob
ligand (0.161 g, 0.185 mmol) were added, and the mixture was heated at 120 °C for 25 h, during
which time the solution turned reddish violet in color. The solvent was concentrated by evaporating
the solvent up to one third of its total volume. After being cooled to room temperature, the addition
of KPFs saturated aqueous solution (5 ml) led to the precipitation, which was collected. After the
crude product was dissolved in dichloromethane, the purification was performed by the silica gel
column chromatography with a mixture of dichloromethane-ethyl acetate by changing the volume
ratio from 100:0 to 0:100 v./v as an eluent. The separated third violet band was collected to obtain
the violet solid.  Yield: 0.15 g (42 % yield) . '"HNMR (500 MHz, DMSO-d) &: 8.88 (2H, d, J = 8.2
Hz), 8.45 (3H, m), 7.68 (1H, t, J = 7.2 Hz), 7.55 (2H, d, J = 8.3 Hz), 7.40 (2H, d, J = 7.9 Hz), 7.10
(2H, t, J =7.5 Hz), 6.93 (2H, t, J = 7.7 Hz), 6.73 (2H, t, J = 7.9 Hz), 6.65 (2H, t, J = 7.9 Hz), 6.05
(2H, d, J = 8.2 Hz), 5.72 (2H, d, J = 8.0 Hz), 4.82 (4H, s), 4.67 (4H, s), 2.07 (2H, s), 1.95 (2H, s),
1.28~0.733 (m, 168H).

ESI TOF MS: m/z=1843.07 (Calcd. for [Ci19H135sNoRu]", 1843.39.(ESI TOF spectra shown in Figure
1) Anal. Calcd for Ci19H18sNoRuPFs: C, 71.86; H, 9.43; N, 6.34. Found: C, 71.63; H, 9.62; N, 6.
56
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Figure B-2: ESI-MS spectra of [Ru(bipod)(bipob)](PFs): (a) full spectrum, and (b) the observed and

calculated isotope patterns of the molecular peak
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B-8: Result and discussion:

B-8-1: Synthesis.

Synthetic route to target amphiphilic Ru complex [Ru(bipod)(bipob)](PFs) is summarized in Scheme
1. The ligand, 1,3-bis(N- (2-octyl dodecyl)benzimidazol-2-yl))benzene (bipob) was synthesized by
the condensation reaction of N-(2-octyl dodecyl)-benzene-1,2-diamine with isophthalic acid in
polyphosphoric acid. At first, we tried to synthesize the bipod ligand by the alkylation of 2,6-
bis(benzimidazol-2-yl)benzene with alkyl bromide, but the double N-H alkylation reaction did not
proceed to completion, which is in sharp contrast to the reaction with 2,6-bis(benzimidazol-2-
yl))pyridine. Therefore, the condensation reaction was selected as a synthetic route. Heteroleptic bis-
tridentate [Ru(bipod)(bipob)](PFs) complex was obtained by the reaction of [Ru(bipod)(OTf)3] with
bipob in DMF- tert-butanol mixture at 120°C, during which time the Ru-C cyclometallation and the
reduction from Ru(III) to Ru(II) state took place. The complex, [Ru(bipod)(bipob)](PFs), was soluble
in CH>Cl>, DMF, DMSO, toluene, but insoluble in water.

Surprisingly, "H nmr spectra of [Ru(bipod)(bipob)](PFs) showed strong dependence on the kind of
solvent; the two spectra in CDClz and DMSO-ds were shown in Figure 2. In nonpolar solvent such
as CDCls, all 'H nmr signals showed broadened and up-field shifted compared to those in polar
solvents such as DMSO-ds. This result suggested the strong intermolecular interaction between

aromatic rings.
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Figure B-3: 1H NMR spectra of [Ru(bipod)(bipob)](PF6) in CDCI3 (red) and DMSO-d6 (blue line). (The
atom numbering and the signal assignment in DMSO-d6 are shown).

B-8-2: Electrochemical properties:

[Ru(bipod)(bipob)](PFs) showed two reversible one-electron oxidations at -0.11 V (AE, = 59 mV)
and +1.16 V (AE, = 61 mV) vs F¢'/Fc, which were assigned for the Ru(II)/Ru(1IT) and Ru(III)/Ru(IV)
processes, respectively. Only one-electron reduction wave at Epc = -1.81 V vs F¢'/Fc was observed,
accompanied by a large anodic desorption peak at-1.78 V vs Fc/Fc. This reduction occurred on the
coordinated bipod ligand by comparing the redox behavior of homoleptic [Ru(bipod):](PFs) complex.
Since [Ru(bipod)(bipob)](PFs) lost the total charge by the reduction, which led to the deposition of
the reduced species on the electrode surface. The comparison of cyclic voltammograms of two homo-
and heteroliptic Ru complexes is shown in Figure B-2. The introduction of Ru-C cyclometalated
bond results in a potential shift to a large negative shift by 0.6 V, which has been expected from our

previous study[2].

B-8-3: UV-vis spectral change by chemical oxidation of [Ru(bipod)(bipob)]* by Ce(IV)
ion

Figure B-4 exhibits the UV-vis spectral change of [Ru(bipod)(bipob)](PFs) in CH3CN upon the
dropwise addition of ammonium cerium(I'V) nitrate in CH3CN. The MLCT band at 517 nm derived
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from the Ru(Il) oxidation state gradually decreased with increasing the amount of Ce(IV) ion and at
the same time a new strong band at 417 nm and a weak band at 730 nm appeared, keeping the
isosbestic points at 451, 648, 800 nm. The solution color was changed from violet to yellow.
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Figure B-4: UV-vis spectral change of [Ru(bipod)(bipob)](PFs) in CH3CN upon the dropwise addition of
ammonium cerium(IV) nitrate in CH3CN.

B-8-4: Preliminary result of X-ray single crystal analysis.
Needle-shaped single crystals were obtained from DMSO-methanol-water (1:5:3 v/v/v) mixed

solvent system by the slow evaporation of the solvent at room temperature. Unfortunately, the
structure refinement on experimental data, in particularly for the longer alkyl chain parts, was
unsuccessful because of the heavily disordered alkyl chains and the presence of optical isomers in the
alkyl chains, but at least the molecular packing around the rigid Ru center in the crystals was clearly
observed, which is shown in Figure B-5. In the crystals, two bis(benzimidazol-2-yl)pyridine moieties
in bipod ligands was closely located through (][] [J [Jinteractions, on the other hand bis(benzimidazol-
2-yl)benzene moieties were located away from each other. The flexible soft alkyl chains were
sandwiched by the rigid Ru bis(tridentate ligand) core to form the layered structure. (Please see the
checkeif file.)
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Figure B-5: Molecular packing image in [Ru(bipod)(bipob)](PF6) crystals from a single crystal X-ray
analysis. (The refinement was not completed because of heavy disordered in flexible long alkyo chains and
the presence of optical isomers.

B-8-5: Phase transitions from DSC measurement

DSC curves of [Ru(bipod)(bipob)](PF¢) for heating and cooling processes is shown in Figure B-6,
suggesting a phase transition at 60 °C. Further, a structural phase transition occurred at 110 °C and
crystals appeared at 120 °C and became an isotropic liquid at 140 °C, which was also supported by
the polarized microscopic images (Figure B-7). Upon cooling process, a clear DSC peak did not
appear but on the polarized microscopic image showed the clear change of the phase, depending on

the cooling processes. (Figure B-8)
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Figure B-6: DSC curves of [Ru(bipod)(bipob)](PF6) on heating and cooling processes.
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Appendix C: Results (related to chapter 3)
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Figure C-1: Cyclic voltammetry obtained using membrane with different combinations of membrane (M1-
M10) demonstrating in table 1. With 10 mM KPF¢ with scan rate 10 mV/s (n=3).
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Figure C-2. Linear relation between mid- point potentials of the membrane M5 in the presence of 10 mM of

different anions and hydration energies of different anions**

Equations to calculate electron transfer coefficients (a and 1- «), anodic and cathodic critical scan rates (v,
and v, respectively) and anodic and cathodic and total electron transfer rate constant (Kapp,a, Kapp,c and

Kapp,ET > TESpECtively):

_ (1-a)nFu, __anFu, _ Kkapp,atKapp,c
Kapp,a= RT €q.3 , Kapp,c= RT 4, kapp,ET—f eq.5
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