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Abstract

Concentration gradients present in the solution during the redox chemistry of
selected metals and conducting polymer (poly(3,4ethylenedioxythiophene) (PEDOT))
films redox cycled in Deep Eutectic Solvents (DES) were observed for the first time
through the application of the Probe Beam Deflection (PBD) technique combined with
the Electrochemical Quartz Crystal Microbalance (EQCM). Suitability of choline
chloride (ChCI) based DES for applications as electrolytes in PEDOT based charge
storage devices has also been investigated using EQCM. The combination of carefully
optimized experimental parameters (temporally extended chronoamperometry and slow
scan rate voltammetry) with modified design of the instrument (reduced probe’s
distance of approach) allowed for in-situ observations of electrochemically induced
concentration gradients in DES based systems. During the studies of electroactive
polymer films, complete determination of mobile species transfers in PEDOT/Ethaline
and PEDOT/Propaline systems has been achieved. The application of PBD-EQCM
technique in studies of metal electrodeposition from DES allowed for monitoring metal
speciation in dynamic and quantitative fashion. EQCM study of ChCIl based DES
indicated Ethaline as the most promising potential electrolyte for PEDOT based charge
storage devices. Additionally, an unusual mass exchange process has been detected in
PEDOT/Propaline and PEDOT/Acetaline processes.

This work has shown a novel, affordable and non-invasive route for observation
of electrode/electrolyte interface processes in DES. The experimental protocol
developed can potentially be implemented in further studies of DES as well as lonic

Liquids.
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Chapter I - Introduction

Chapter |

Introduction

1.1 Electrochemistry

All matter is largely, if not entirely electrical in its nature. Thus, one can reason
that all chemistry is in fact electrochemistry since all intermolecular interactions are
governed by the presence and/or interactions of electrical charges.!
However, such broad classification is inevitably very vague. On a more specific level,
electrochemistry deals with the interactions of chemical systems and electricity.
Electrochemical reactions are those that occur from application or result in formation of
electrical charge. Faraday laid foundations of this discipline with his ground-breaking
experiments relating mass and charge during electrodeposition of silver. He was the first
one to prove the dependency of the electrochemically induced mass transport on the
electron flux summarized in the 1% and 2" Jlaw of electrolysis.*
Electrochemical experiments allow for elucidation of kinetics and thermodynamics of
the electrode/electrolyte systems. Electron transfer process is the core of any
electrochemical reaction. Full understanding of this process requires the thorough
analysis of the electrode/electrolyte interface. This interface is usually composed of the
liquid electrolyte, solid electrode and/or adsorbed layer adhered to the electrode surface.
This solid/liquid interface is of paramount importance for many physico-chemical
processes such as electrodeposition, chemisorption, catalysis and biological cell

transport.?
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1.2 Materials

1.2.1 Conducting polymers

1.2.1.1 Origins

Once regarded as a mere laboratory curiosity, conducting polymers gradually
became an important industrial product with a variety of applications. Traditional
electrode materials (like Pb%/Pb®* in lead — acid battery) suffer from problems arising
from their non-elastic nature. Conducting polymers offer the exciting possibility of
overcoming these issues due to the polymers’ elasticity.

Polymeric materials have historically been used as insulators. 1977 brought the
first reports, of novel polymeric material, doped polyacetylene (PA) which displayed
frequency dependent electrical transport.®> This spurred an avalanche of research
devoted to these materials.* Further investigations revealed that the origin of this
unusual feature lay in the conjugated x systems formed through an overlap of carbon sp;
(p,) orbital which is a product of alternate single and double bonds. A notable exception
from this general rule is polyaniline (PANI) where nitrogen p, orbitals and benzene
rings form the conjugation path. Intensive research resulted in developments (among
others), polypyrrole and polythiophene families of polymers and a wide range of their

derivatives (see figure 1).°

N—H
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Figure 1. Selected examples of conducting polymers. From left to right:
oxidised (p-doped) PEDOT doped with perchlorate anion, oxidised (p-doped) PANI

doped with sulphate anion and reduced (n-doped) PPy doped with choline cation.
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1.2.1.2  Electrochemistry

Redox reactions in organic materials involve both electronic and atomic
motions. These processes include transport and transfer of charge, formation and
dissociation of excitons and energy transfer. Generic electrical conductivity of
conducting polymers is based on the presence of polarons, bi-polarons and solitons. The
concept of polaron was initially developed by Holsetin et al.° Electron — lattice
interactions result in the displacement of lattice particles forming new equilibrium
conditions. Formed displacements act as wells for electrons and the electron filled well
is termed the polaron. This term is usually reserved for singly (e) charged species with
Y spin, while doubly charged (2e) spinless species are termed bipolarons. The third
species are solitons (these exist in two forms — e” with no spin or neutral with % spin).
Presence and characteristics of spins in these polymers was confirmed by EPR
experiments. Species formation results in an overlap of the conduction and valence
bands and formation of an organic semi-conductor. Unlike in metals where valence and
conduction bands form a single overlapping band, conducting polymers require doping
to form new energy levels, which act as a bridge between the valence and conduction
bands. Therefore, CP are closer in their character to highly doped semi-conductors (like
Boron doped Silica) than to metallic conductors like silver or copper. Band overlap is

graphically presented in figure 2.

Energy

Figure 2. Electric transition of conducting polymers in undoped (left panel) and

doped (centre panel) states versus metals (right panel).
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Polarons, bi-polarons and solitons are only capable of providing limited electric
conductivity but no significant charge storage and therefore pristine CP are still
considered to be in an insulating state. Rapid change occurs during the process
colloquially known as doping. Doping process is the insertion of ions: n-type (electron
donating) or p-type (electron accepting) into the porous polymer film. The conductivity
level rises with the doping level and at the high doping level the insulator — metal
transition (IMT) occurs. This is characterized not only by the significant (circa 10 fold)
rise in DC conductivity * but also by the polymer film attaining negative dielectric
constant,’ a Drude metallic response® as well as temperature — independent Pauli
susceptibility. Linear correlation between thermoelectric power and temperature had
also been reported.* Examples of I, doped PA reaching oqc of lead and HFg doped PPy
having o4 of 100 — 400 S over a wide range of temperatures are not uncommon.*

However, till date no conducting polymer can match the conductivity of Ag
(64c= 10° S) or Cu (o4= 10°) and the electrochemical performance of these materials
vary widely depending on the type of material, processing route (chemical or
electrochemical deposition), dopants used and operating conditions. Nevertheless, the
large range of possible polymeric configuration, elasticity and economic prospects make
CP an important and very promising industrial material. Even more importantly, apart
from their ever decreasing resistance, conducting polymers offer semiconducting as
well as photochromic properties. This cannot be achieved at all using traditional
metallic conductors and hence it is a major driving force behind CP development as it
enables fabrication of a variety of novel, switchable devices (e.g. flexible displays,
photoactive windows).

Failure of currently known conducting polymers to reach conductivities of silver
or copper metals may at least partially have its origin in low crystalinity levels reaching
only 80 — 90 % even in the most doped form of CP films. Heterogeneous nature of the
polymer films comprises highly conductive metallic ‘islands’ linked by a network of 1-
D disordered regions. Inevitably, the overall conductivity of the material is limited by
the least conductive (1-D regions). In this respect, CP can be treated as percolating
systems like an aqueous Ag/KCI solution. However, since one polymer chain can
simultaneously be a part of the metallic island and a disordered 1 D structure CP system
does not have sharp boundaries. The characteristics of these ‘fuzzy’ borders between
the conducting (ordered) and insulating (disordered) phases are dependent on the CP

morphology. Morphology in turn is heavily dependent on the formation pathway chosen
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with chemically synthesised polymers generally yielding more homogeneous materials
than electro synthesized ones. Morphology has also a major impact on conductivity
since the 1-D regions provide conductance purely through the phonon assisted transport
while metallic islands are the dopant acceptors (and therefore sites of the percolation
mechanism).* High frequency conductivity of doped conducting polymers has also been
assigned to quantum hopping. According to this model, IMT (insulator-metal transition)
occurs initially in the metallic islands through charge delocalization (hopping). Once the
initial polaron, bi-polaron and solitons are formed, conduction in undoped CP takes
place purely through hopping process between these states. This is followed by a
subsequent transition of the entire polymer through direct tunnelling between the
metallic ‘islands’.

Since doping itself is an electrochemical (redox) reaction, research on
conducting polymers is inexorably linked to the field of electrochemistry. Both redox
polymers like polyvinylferrocene and electronically conducting polymers like PPy and
PEDOT possess redox moieties and are thus able to undergo reversible redox reactions.
However, as already stated, the presence of bipolarons and solitons forms only the
electronic part of the overall CP conductivity. Pure electronic conductivity is limited by
conjugation length (determining charge propagation along the polymer chain) and
presence of m dimers providing orbital’s overlap (determining charge propagation
between adjacent chains). Introduction of dopants into the conducting polymer network
allows them to act as bridges for electronic coupling significantly increasing
conductivity. CP are able to reversibly switch between at least two redox states. It must
be noted that majority of them can only switch between neutral (discharged) and
positive (charged) forms. Some CP, like PEDOT were observed in reduced, neutral and
oxidised form.**°

Polymer chain elasticity enables it to bear deformations with low elastic energy
cost. This feature allows for creation of stable energy levels within the energy bandgap
(which is the gap between the valence and conduction bands). Storage of significant
charge amount in CP films is only possible if some form of opposite charge
compensates it — this is provided by dopants. Conducting polymers electrochemistry is
usually characterized by their cyclic voltammetry signal. It is significantly different
from the voltammetric signal displayed by other redox systems like metal oxides.
Current signal is usually broad and displays a plateau at high potentials with no distinct

redox peaks. Due to the hysteresis phenomena, there are also major differences between
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first and subsequent voltammetric cycles. In this context, hysteresis is classified as
structural changes in the polymer film upon repetitive ingress/egress of dopants and
solvent. This results in a conspicuous separation of the anodic and cathodic peak
potentials also known as “redox asymmetry”. The origin of these unusual characteristics
lies in the severe reorganization of the polymer film structure, changes in solvation state
and mass transport (ingress and egress of dopants with simultaneous solvent transport —
often in opposite direction). Due to rather low density and high porosity, these
materials have high surface area. Consequently, double layer charging (capacitive
current = non-Faradaic current) is present to a significant amount and it overlaps in a
current signal with the electrode/electrolyte electrochemical interactions (Faradaic
current).

Cyclic voltammetry is also a very useful tool in a bandgap determination
(calculated as a difference between oxidation and reduction potentials). Low bandgap
CP (like PEDQT or PITN) are of particular interest as this property makes them useful
in charge storage (among other applications). Development of the low bandgap polymer
films is based on the decrease of the lower border of the conduction band (also known
as Highest Occupied Molecular Orbital) and/or increase of the upper border of the
valence band (also known as Lowest Unoccupied Molecular Orbital). Unfortunately,
increase of the conduction band results in the material being highly susceptible to the
electron loss through oxidation. Hence, many of the low bandgap CP’s like
poly(isothianaphthene) (PITN) oxidize readily when exposed to the atmosphere and are
therefore of little practical value.> Examples of some low bandgap CP are presented

below in figure 3:

A NmN
B A TS
S S S

Figure 3. Selected examples of low-band gap polythiophene analogs. From left
to right, poly(isothianaphthene) (PITN), thiophene ring modified PEDOT, pyrimidine
ring modified PEDOT.

Regardless of the polymer type and the electrolyte used, two major processes are

always associated with CP redox switching. First one is the ionic motion enforced by
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the electro neutrality requirement (i.e. charge formed in the polymer through an
application of the external electric field must be compensated through inclusion or
expulsion of ions). Second one is the conformational change of the polymer film — this
has a major impact on the solvation/desolvation process. Electric Impedance Spectra
(EIS) studies conducted by Rahindramahazaka et al (among others) have confirmed that
the analysed conducting polymer films are composed of two dynamic zones, namely

compact and open one.**

Figure 4. Graphic representation of the open and compact zones of the CP film.

Red arrow indicates dopants egress, blue arrow indicates dopants ingress.

Significant effect of the CP film solvation levels on the relative sizes of compact

and open zones was also observed, indicating that the zones’ volumes are a dynamic

quantity.
Fast
PHT? —~ PHT*
Slow Slow
PHT.? e — = PHT*
 Fast

Figure 5. Scheme-of-squares model for poly(3-hexylthiophene) (PHT) film
redox cycled in 0.1 M tetraethylammoniumhexafluorophosphate (TEAPFg)/propylene
carbonate. “0” superscript indicates film in its neutral state, “+” indicates oxidized state.
“S”

subscript indicates that the film is its solvated state. Horizontal vectors represent

doping/undoping while the vertical ones represent solvation state changes.
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Therefore, theoretical models describing CP redox switching must account for a
variety of factors like capacitive and Faradaic currents, hysteresis phenomena,
counterion nature, polymer film thickness, solvation type (radically different in
molecular and ionic liquids), as well as type and timescale of the potential applied.
Hillman et al proposed scheme of squares which offers good explanation how solvation
changes influence storage and loss moduli variations in a poly(3-hexylthiophene) films
redox cycled in propylene carbonate.*?

Otero et al. proposed electrochemically simulated conformation—relaxation
(ESCR) model.*® This model correlates the direction of applied scan and its time frame
with the open/compact zones proportions concluding that the compact zone growth is
hindering the exchange of counterions. As it has been mentioned, doping level is the
key feature in the IMT phenomenon. The conductivity/doping level relationship
however is not linear but instead is a three phase process. Initially the conductivity
increases sharply with the rise in doping level eventually reaching the plateau, further

increase in doping results in decrease in CP conductivity.

. Pemd - Pu=d

\ ——— €
Dogmy fovel \ /

Figure 6. General model for the conductivity/doping level ratio in relation to the

Conductivity

corresponding redox states involved (N = polymer films in its neutral state, P = polymer
films in its polaronic state, BP = polymer films in its bi-polaronic state, red arrow =
reduction, blue arrow = oxidation). Model is based on the behaviour displayed by

polypyrrole and related molecules.

Both dopants’ and polymer film natures (this broad term includes the conditions,
solvent and counterions used in film electrodeposition) may induce large variations in

the conductivity profile. Strikingly, in contrast to the predictions of the purely bipolaron
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model, conductivity might sometimes decrease at a very high doping levels. This has
been confirmed by Zotti and co-workers to originate from partial overoxidation of the
CP film (which results in film’s degradation) and in the case of PPy and related

polymers also by the stabilization of the bipolaronic state (see Figure 6).*
1.2.1.3  Applications

CP family encompass a wide range of molecules with a range of applications

15,16 18,19 and

varying from charge storage, photovoltaic cells,'” electro-chromic devices
antimicrobial applications® to name just a few. Of particular interest in this thesis are CP
applications in charge storage systems. For the sake of consistency and clarity, a brief
review of charge storage processes and systems was therefore considered necessary at
this point. For charge storage applications to operate, two electrodes must be connected
together. A battery stores the energy mostly through Faradaic processes occurring at the
electrode/electrolyte interface during the redox process. The electrode at which
oxidation occurs is termed anode and the one where reduction occurs is termed cathode.
In double layer capacitors charge is stored in a double layer due to the electrostatic
effects (i.e. the electrical energy produced is derived from the potential difference
arising from the electrical double layer between the electrolyte and electrode). CP
oxidation is a process of electrons removal from the polymer backbone. Thus formed
oxidised CP is then in a positively charged (p-doped) state. Addition of electrons to the
neutral polymer results in the polymer reduction and formation of a negatively doped
(n-doped) polymer film. Neutral film is the one in its zero charge state. Since CP films
display characteristics of both electrochemical and capacitive charge storage devices,
CP based charge storage systems are often called ‘supercapacitors’. Different types of
energy storage devices are usually quantified using Ragone plots.

These plots classify the storage devices by their available energy for an external
constant active power request (i.e. device which is powered).?’ Ragone plots provide the
limits of a charge storage device practical limitations as well as its optimum working
energy. The desired position of supercapacitors within the Ragone plot is shown in

figure 7.
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Figure 7. Ragone plot: displays available energy of a device for fixed power
request. Blue, red and black lines describe typical response time for each device type.
Flywheel, internal combustion engine and superconducting magnetic energy storage
(SEMS) are mechanical devices. Batteries and supercapacitors are electrochemical

devices. Capacitors are electrical devices.

1.2.2 Poly(3,4-ethylenedioxythiophene) remarkable properties, scientific

importance and applications.
1.2.2.1  Properties and importance

Continuous development of touch screens, video displays and plastic solar cells
as well as smart windows and electronic paper calls for improvements in the existing
fabrication methods of transparent and flexible conductive materials. Historically, such
materials were manufactured from Sn-doped indium Il oxide (In,O3) (ITO) deposited
on elastic, polymeric (usually PET) backing. This approach however suffers from
serious limitations as ITO brittleness limits the coating durability. Additional concerns
arise from indium metal limited availability and its salt’s toxicity.>

Growing demand for portable systems used in a variety of civilian and military

applications as well as the development of electric vehicles and charge storage facilities
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for renewable energy sources prompted great interest in new generation of batteries and
capacitors. The traditional metal/metal oxide or carbon based electrode materials are
known to suffer from the lack of elasticity and limited capacitance (only the material’s
surface is used for the process of charge accumulation). Although lead-acid, nickel
metal hydride and especially Li — ion based batteries are the current state of the art in
charge storage technology, concerns related to these metals availability (particularly Li)
as well as recycling and toxicity issues constantly grow. Additionally, lead-acid
batteries have rather moderate power density due to the high density of this metal.
Hence, the attention has in the recent years turned to conducting polymers (CP).
PEDOT is currently (2015) widely regarded to be the most successful (in terms of

industrial applications) member of the conducting polymers family.*
1.2.2.2  Applications in charge storage

The CP rise as a new electrode material is still hindered by these materials poor
mechanical endurance and very modest stability during redox cycling. Therefore, efforts
have been placed on the improvement of these properties. Frackowiak and co-workers
have reported formation of a novel electrode materials composed of PANI, PPy and
PEDOT combined with multiwalled carbon nanotubes (CNTs). The electrodes were
subsequently tested in solid-state supercapacitors. Among the composites tested,
PEDOT/CNT displayed superior stability during the electrochemical cycling.
Capacitance value of 100 F g™* at 1.5 \ operating window has been reached. The energy
density of the electrodes was further improved by the use of activated carbon as a
negative electrode. This modification widened the operating window to 1.8 V.*Xu and
co-workers have investigated the graphene/PEDOT composite electroactive films
reporting good processability in organic solvents, conductivity of up to 0.2 S cm™ and
excellent flexibility.*’Conductivity of these composites was retained even when the
films were bent at 90°. Very good thermal stability exceeding that of commercial
PEDOT-PSS (Baytron ®) was also noted. Ryn et al reported applications of PEDOT in
PEDOT/active carbon asymmetric capacitors. Constructed devices displayed very good
stability and specific discharge capacitance of up to 56 F g™*. Despite the use of organic
solvent based electrolyte (LiPFs in EC/DMC) devices showed good stability over 100
redox cycles.? It must be mentioned however that both groups characterized only the

11
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electrode performance, which not always translates into the performance of a complete

device.

1.2.2.3  Applications in electrochromic devices

Both PEDOT and PEDOT-PSS found widespread application in electrochromic
devices. De Longchamp and Hammonds have reported formation of layer-by-layer
(LbL) PEDOT/PANI electrochromic devices. Optical contrast between the neutral and
reduced state of 30% has been recorded. Upon redox cycling, the devices switched
between deep blue-green coloured state (neutral PEDOT) and pale yellow coloured state
(oxidised PEDQOT) at a regular frequency (1.1 Hz). Remarkably, stability of these
systems was monitored over 35 thousands cycles without any considerable decrease in
performance.”® Namboothiry and co-workers described the fabrication of an
electrochromic material composed of PEDOT and Ag/Au nanoparticle chromophores.
Materials showed enhancement in absorbance which was linked to the presence of
nanoparticles (the presence of chromophores excited localized surface plasmons).
Magnitude of the enhancement was found to be controlled by the nanoparticles
concentration. These results indicate that Ag and Au nanoparticles have fully retained
their chromophore activity when blended into the PEDOT film.® Electronic paper,
textiles and other fully flexible electrochromic displays are of great interest due to their
possible en masse applications. Widespread use of such devices requires portable,
lightweight power sources. Bhattacharya et al have reported construction of a textile,
PEDOT based, secondary battery.'®* PEDOT-PSS was the redox material for both the
anode and the cathode while Ag-coated polyimide fibres were serving as the current
collectors. Authors observed that in the constructed battery, Ag ions were the charge
balancing species while PEDOT served as the electrolyte. Conducting polymers ability
to store charge reliably and for a long period of time after being doped by Ag™ ions has
previously been reported by Ocypa et al.?®

Many of the above PEDOT applications are based on the widespread
PEDOT:PSS formulation which suffers from problems related to water absorption as
well as rather low conductivity due to PSS being an insulating material. Additionally,
PEDOT posses a metal extraction abilities (enhanced by PSS acidic nature) and
although it can be advantageous in the charge storage process (see above) it is usually

considered a hindrance in PEDOT/ITO applications due to indium elution into the
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polymer layer.® Hence, the attention has been turned to the materials that can possibly
replace the styrene sulphate. Kim et al have reported a successful application of the
polymeric ionic liquids (PIL) based on imidazolium anions.?* Formulated PEDOT-PIL
films had better conductivity and lower surface roughness than commercially available
PEDOT-PSS films. Upon doping with hydrophobic like (CF3CF,S0O,), anions these
novel polymeric films were reported to display hydrophobic nature thus eradicating
water absorption issues. Hydrophobic PEDOT films were also formed through the
cation exchange process. In this approach, reported by Dobbelin and co-workers,
hydrogen cations from the styrene sulphate moiety were exchanged for imidazolium or
tetraalkylammonium based cations.” Thus, organic cation modified PEDOT-PSS films
showed excellent hydrophobic properties (with contact angle values of up to 100°).
They have also displayed solubility in common organic solvents like DCM. The already
mentioned effects of conductivity, material homogeneity and surface smoothness
increase are probably a result of IL’s capacity to induce supramolecular ordering.
Dobbelin et al have exploited this particular IL property to form PEDOT-PSS/IL
dispersions.?® Morphology of films casted from PEDOT-PSS/(bmim)BF,4 showed clear
phase segregation with PSS rich (insulating) regions embedded into the continuous
network of PEDOT rich (conducting) regions. This composition resulted in the reported
circa 10 fold increase in conductivity over the untreated samples.

Yet another approach to prepare electrochromic devices has recently been
reported by Segura and co-workers. This group reported a chloromethyl functionalized
EDOT monomer used to form PEDOT derivatives endowed with anthraquinone,
perylenebisimide and tetracyanoanthraquinodimethane moieties. Cyclic
voltammograms of the electropolymerized films indicated that pendant moieties retain
their individual redox behaviour, which coupled with PEDOT redox behaviour is
resulting in a large electrochemical window of these novel electroactive films.?” Inganas
reported a very rare feature of modified PEDOT films, namely a reversible thermo
chromic character. The thermochromic effect has been achieved using poly(3,4-
ethylenedioxythiophene)-imidazolium (PEDOT-Im) although it must be mentioned that
the thermochromic effect has beed reported for an aqueous solution of this polymer and
not for the film itself.?® Débbelin and co-authors have reported electropolymerization of
PEDOT-Im films from dichloromethane solutions. Upon doping with a variety of

anions like BF4', PFg or (CF3S0,),N" this novel materials showed interesting properties

13



Chapter I - Introduction

like solubility in organic solvents as well as tuneable (anion controlled) hydrophobic

character.?®

1.2.2.4 Applications in organic light emitting diodes (OLED)

Novel, ionic liquids based approach has also been implemented in the design of
practical PEDOT based devices. Hole injection layer in the OLED’s is used to inject
electron holes from the anode into the light emitting part of the device. Kim and co-
workers have reported organic light emitting diodes with hole injection layer composed
of PEDOT:PIL instead of the usual PEDOT:PSS.*® The improved OLED device
displayed circa 7 fold increase of its working lifetime. Lu and co-workers pioneered the
application of ionic liquids in this field when they researched the design of the

31 A sandwich structure

electrochromic displays based on PEDOT/(bmim)BF,.
composed of layers of PEDOT (cathode), PANI(anode) and (bmim)BF, (electrolyte)
system was used to build an electrochromic numeric display. The device had good

optical contrast of 63% (at 560 nm wavelength).

1.2.2.5 Applications in electrochemical actuators

Electrochemical actuators have been frequently manufactured from PEDOT,
however designs based on molecular solvent based electrolytes suffer from setbacks like
solvent evaporation as well as the electrode material delamination. Chevrot and co-
workers have reported the fabrication of a PEDOT-IL based actuator with excellent
stability.** Unlike the traditional actuators composed, of redox materials attached to a
conductive elastic backing, Chevrot’s approach was to from a gradient structure. The
device was composed of polybutadiene/poly(ethylene oxide) porous material on which
PEDOT was deposited through the chemical oxidation route. Cross section analysis
revealed that the outer regions of the PB/PEO network had the highest PEDOT
concentration and that CP content was gradually decreasing away from the surface.
(emim)TFSI ionic liquid was used as the electrolyte. The device showed no trace of
degradation or deformation over 7x10°® cycles at 10 Hz frequency.
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1.2.2.6  Applications in dye sensitized solar cells

PEDOT has also found its way into the fabrication of dye sensitized solar cells
(DSSC). Hayase et al reported a PEDOT:PSS:IL semi solid solar cell with charge
transfer resistance (which is the main performance limiting factor of solar cells) reduced
10 fold as compared to classic Pt based DSSC’s.*® Shibata reported the chemical
polymerization of PEDOT using IL/AuCl.** Formulated films were used in a prototype
DSSC composed of TiO, working electrode, PEDOT: PSS counter electrode and 1-
methyl-3-propylimidazolium iodide electrolyte (with tetrabromomethyl benzene
gelator). Results indicated that PEDOT’s electrocatalytic properties are comparable
with those of platinum and the solar cell’s charge transfer resistance decreased from
14.1 Q cm?® to 1.5 Q cm?®. This effect and the overall increase in efficiency had been

assigned to the interaction between the conducting polymer and the cross linking agent.

1.2.3 Deep Eutectic Solvents. Discovery and applications.
1.2.3.1 Discovery and importance of the field

Conventional molecular solvent based electrolytes are hampered by a variety of
shortcomings namely volatility, flammability and electrode degradation.®® Therefore
there has been a considerable amount of interest in a fully ionic media which offer
advantageous, although vastly different solvation characteristic as compared to the
molecular solvents. These are ionic liquids (IL) often interchangeably classified as
molten salts. lonic liquid is a solvent, which is composed exclusively of ions and has no
neutral component. Using a simplistic approach, simple metal chlorides like NaCl
(melting point 806 °C) while in molten state can be classified as IL. Invention of a
solvent that offers pure ionic environment at room temperatures resulted in Room
Temperature lonic Liquid (RTIL) term being coined, to distinguish them from media
like high temperature molten metal halides. Simplistically, they can be classified as
salts, which are liquids below 100 °C, and as their name stipulates they are composed
exclusively of ions.* The early formulations of the aluminium chloride based IL were
beleaguered in their applications by their sensitivity to air and moisture. Since then, a
wide range of ionic liquids based on various types of chemistry had been developed and
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RTIL have attracted considerable and rapidly growing amount of research. Earliest
reports of what is now known as classic IL’s were centred on AlCl; salts and although
they have displayed novel and interesting properties they have unfortunately suffered
from high oxygen and moisture sensitivity limiting their industrial applications. Later
on, RTIL research had been focused on solvents composed of Zn, Al, Sn and Fe
chlorides mixed with quaternary ammonium salts. From the early 1990’s the rising
concerns with ecological footprint of the chemical industry in general and existing IL in
particular switched the research focus to metal free IL’s. Most popular synthesis path
seemed to be a replacement of the metal cation by an imidazolium based one. These
cations were usually combined with halide based anions (most common examples
being: CI', BF4", PFs".* This approach allowed for a vast increase of the possible cation-
anion combinations with estimates ranging from 10 to 103*. However, even these new,
improved IL’s suffered from many drawbacks with most significant being often very
poor biodegradability, toxicity as well as high manufacturing costs with the last one
being a combination of required purity of the individual components and often rigorous
synthetic conditions.®

In 2002, Abbott and co-workers have reported a new generation of ionic
solvents.*” Formation of these solvents occurs through complexation of quaternary
ammonium salts with hydrogen bond donors. Hydrogen bonding between the halide
anion and the hydrogen donating moiety results in a charge delocalization. This in turn
results in a deep depression of the freezing point (as compared to the individual
components). This effect is most prominent at the eutectic composition of the
QAS:HBD mixture. Hence these novel solvents were named Deep Eutectic Solvents. In
contrast to traditional IL’s (for example Ethyl imidazolium chloride — AICI3), DES are
generally not considered to be ionic liquids. Although they do offer a fully ionic
environment, DES unlike IL’s can be obtained from non-ionic species.® In terms of
industrial applications, eutectic solvents have significant advantages over traditional
IL’s. Many of DES’s display physico-chemical properties similar to those of
imidazolium based IL’s. Their other notable advantages are low price (result of usually
cheap components and 100% atom economic synthesis process), inertness towards air
and water (thus eliminating the application barrier of AICI; based liquids), low toxicity
and biodegradability reported for many of these solvents.*® Abbott and co-workers had
so far identified four types of DES.* Three of them are based on the general formula of
R1R:R3R/N*X - Y.
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Type | DES

Y = MX — solvent example = ChCl: ZnCl;

Type Il DES

Y = MX - n H,O — solvent example = ChCl: CrClsx 6 H,O
Type 111 DES

Y = RsZ — solvent example = ChCl: CONH; (where Z = CO(NH,),, COOH,
ROH)

Type IV DES are composed during the complexation of metal chlorides with

different hydrogen bond donors.
MX + HBD — solvent example = CO(NH2),: CrClz x 6 H,0O

Types 1 — III formulations patterns share the similar complexation pathway,

which can be generally described by the following equilibrium:
cation + anion + complexing agent — cation + complex anion
or

cation + anion + complexing agent — anion + complex cation

L

Cl
]

O
HO
7/\05 \:F“lo\rOH HzNJLNHz HzN/U\NHz
cr or’

Figure 8. Selected examples of anionic and cationic species whose existence has
been postulated in the DES. From top left clockwise: ethylene glycol — chloride
complex anion, choline cation, propylene glycol — chloride complex anion and urea —

chloride complex anion.

DES are very promising solvents with applications ranging from the design of

novel catalytic processes,*® preparations of novel structures (including nanostructures)
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and materials,*® as non-volatile solvents*® and as soldering fluxes,** in energy storage *

and in the fields of ion metallurgy, electroplating® and electrowinning.***°

Due to this thesis subject, the following properties and application overview will
focus on the last four topics. Like IL’s, Deep Eutectics can be considered as task
specific chemicals and together with traditional IL’s they are often known as designer
solvents. The sheer amount of possible hydrogen bond donors and quaternary
ammonium salts makes the number of susceptible DES formulations practically
unlimited. Resulting compositional flexibility (similar to that of IL’s) allows DES to
attain a variety of interesting properties. This not only enables formation of easier and
safer routes (for example zinc and lead extraction from the Electric Arc Furnace (EAF)
dust*®) for the existing processes but also often provides pathway to completely novel
processes (cast iron soldering®®) and materials (photo luminescent and photo chromic

zinc phosphate material®).
1.2.3.2 Physical Chemistry of DES

The freezing point depression observed in DES stems from the halide ion
interaction with the HBD moiety. The eutectic composition (i.e. the one with the lowest
melting point) can be obtained using a phase diagram. Figure 9 shows a generic diagram

for the melting point temperature as a function of a QAS molar content.

A

DES melting point
°

v

QAS molar content

Figure 9. Generic DES phase diagram. Red point indicates the eutectic

composition (i.e. molar mixture with the lowest obtainable melting point).

For example in Reline (ChCl: Urea) the interaction between the CI” and Urea
results in possible formation of (CO(NH,)2)CI™ complex anion. The following charge
delocalization results in a decrease of the crystal lattice energy and formation of a

solvent with a freezing point (at the eutectic composition) of 12 °C. In comparison, the
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melting points of its individual components are 302 °C (ChCl) and 133 °C (Urea). In the
case of Reline the lowest freezing point has been achieved at a composition of 46% mol
urea. This is commensurate with the theory of each chloride anion being complexed to
two urea molecules. It is also the case for mono carboxylic acids and glycols.*” lonic
species present in the DES were a subject of detailed PFG-NMR* and EQCM-PBD
studies.*® Examples of possible cation and anion identities are shown in figure 7.

It has been proposed by Abbott and co-workers that the freezing point of the

eutectic mixture depends on:

e Lattice energy of individual DES components
e Anion/cation interactions

e Entropy change induced by the formation of the liquid phase

Density, viscosity and conductivity are some of the most important properties of
a solvent and they often determine its suitability for a given process. DES density
usually exceeds that of water, table 1 lists the densities of some most commonly

encountered eutectic solvents.®

QAS HDB QAS:HBD molar ratio | Density (g cm™)
choline chloride | ethylene glycol 1:2 1.111
choline chloride | urea 1:2 1.205
ZnCl, ethylene glycol 1:2 1.449
choline chloride | malonic acid 1:2 1.136
EtNH;CI CF3;CONH; 1:1.5 1.273
EtNH;CI Urea 1:1.5 1.140
Me(Ph)sPBr Glycerol 1:2 1.310
ZnCl, Urea 1:35 1.630

Table 1.Densities of selected DES at 298 K.
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DES have generally rather high viscosities (for example: 85000 cP at 298 K for
the ChCI/ZnCl, DES). Thence, the low viscosity (10 — 40 cP) eutectics constitute the
main research area due to their, often direct applicability to existing industrial
processes.

According to Abbott and co-workers, the molecular motions in DES are
governed by the “Hole theory”. This theory is commonly applied to explain molecular
motions in traditional IL’s. It is based on the assumption that the ionic material is filled
with randomly distributed voids. The ions movement is then restricted by their
availability of finding a suitably sized vacancy. Probability (P) of ions finding a void is

given in the equation 1.

16 7 —ar?
Py = -0 /2 r6e=ar* gy [1]

Where: a = 4xy/kT, v is the liquid surface tension, T is absolute temperature, k is
the Boltzmann constant and r is the hole radius. Equation 1 displays connection
between the void size and the liquid surface tension. Decrease in surface tension
diminishes the ionic interactions leading to an increase in free volume.”® DES posses’
intrinsic ionic character and thus they essentially are ionic liquids with HBD added as a
complexing agent. Fully ionic environment and extremely high ionic forces result in
restricted availability of the voids. Predilections of Hole theory are in agreement with
the experimental observations of many DES having density close to or higher than pure
HBD (Urea = 1.32 g cm™, Reline 200 = 1.25 g cm™, Ethylene glycol = 1.11 g cm™,
Ethaline 200 = 1.15 g cm™®). Mixing quaternary ammonium salt into the hydrogen bond
donor decreases the average hole radius resulting in density increase. Hole theory is
further confirmed by the linear dependence of density on the HBD molar fraction

observed for many DES.*
Viscosity

Another important property linked to liquid’s molecular motions is the
viscosity.*” Equation 2 relates solvents viscosity to the void availability and thus Hole

theory:

— mc/2.120 [2]
n P(r>R)
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Where: r is the ionic radius. This implies that both the viscosity and ion mobility
(and hence species diffusion rates) are dependent on the hydrodynamic radius. This in
turn is determined by the speciation, which originates from QAS: HBD types and
molecular ratios. Average void size is related to the liquids’ surface tension by the

equation 3.%°
an(rg) = 3.5 KT/, [3]

As with their other physical properties, HBD type and ratio seem to have the
most significant impact on the solvent viscosity. Table 2 lists viscosities of some of the

most commonly encountered DES.

QAS HDB QAS:HBD molar ratio Viscosity (cP)
choline chloride | urea 1:2 1200
choline chloride | ethylene glycol 1:2 40
choline chloride | ZnCl, 1:2 85000
BusNBr imidazole 3.7 810
ZnCl, urea 1:3.5 11340

Table 2. Viscosities of selected DES at 298 K.

DES high viscosity is often attributed to the presence of hydrogen bonds. These
bonds are responsible for the actual formation of complex ions. Formed complex, large
ions have diminished mobility resulting in moderate diffusion coefficients. Essentially,
hydrogen bonds, van der Walls forces and electrostatic interactions govern the DES
molecular mechanics. The importance of hydrogen bonds in determining the DES
viscosity is highlighted by the fact that Glycerol based DES (Glyceline 200) has lower
viscosity that that of pure HBD. This is in stark contrast to the behaviour displayed by a
vast majority of the DES.* For example; Ethaline 200 (solvent composed of two moles
of ethylene glycol and one mole of choline chloride) displays a viscosity of 40 cp at 25
°C as opposed to 16.9 cP for pure HBD. The unexpected behaviour of Glyceline is

presumed to originate from glycerol’s strong cohesive energy. The cohesive forces in
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glycerol are a result of an extensive hydrogen bond network which is caused by the
presence of three OH groups in this molecule. The significant decrease of viscosity
upon the QAS (ChCI) addition is attributed to at least partial rupture of this network

with the glycerol molecules complexing with chloride to form complex anions.

DES described in the literature * 3 exhibit the Arrhenius — like behaviour as do

traditional IL’s (i.e. their viscosity and temperature are inversely related).
Conductivity

Considering their various applications within the field of electrochemistry, DES
conductivity is of paramount importance. Unfortunately, due to their high viscosity,
most of these solvents display very modest conductivity (see table 3).

QAS HDB QAS:HBD molar | Conductivity (mS cm™)
ratio

BusNBr imidazole 3.7 0.24

choline chloride | ethylene glycol 1:2 7.61

choline chloride | glycerol 1:2 1.05

choline chloride | 1,4-butanediol 1:3 1.64

Table 3. lonic conductivities of selected DES at 20°C.

Since viscosity seems to be the limiting factor for the DES conductivity,
Arrhenius equation is also applicable for predicting eutectics conductivity vs.
temperature (it is directly proportional to temperature).®® Like with other physical
properties, molar fractions of QAS: HBD and their nature can dramatically alter the
conductivity. It has been noted that in case of ChCl based eutectics increase in the salt
content (polar component) versus the HBD (usually non-polar component) results in a
conductivity increase.® At choline salt molar loading exceeding 25% (by weight), DES

display conductivity similar to those of traditional IL’s (> 1 mS cm'l).36
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Diffusion rates

Speed of diffusion is one of the main factors determining the rate of any
chemical or electrochemical reaction. In DES, macroscopic transport properties are
thought to be governed by the “Hole theory”. This theory predicts that the
hydrodynamic radius of migrating species is one of the main factors determining the
species mobility. Stokes — Einstein equation relates hydrodynamic radius to the
diffusion coefficient D.

kT

D= [4]

- 6nnr

In terms of DES self-diffusion rates (i.e. diffusion of anions and cations in pure
DES) the values reported for choline cation reached 2.62 x 10 m?™ to 1.28 x 10™°m?s’
Lin Ethaline 200 (viscosity 40 cP) in the 298-333 K temperature range and 0.35 x 10"
m?s™ to 2.10 x 10m?s™ in Reline 200 (viscosity 1100 cP) in the same temperature
range.*® Lloyd and co-workers reported values for choline cation self-diffusion that
were similar to those previously reported by for [CuCls]* complex in the same
solvent.®® This confirms the validity of the hole theory as the radiuses of both species
are similar (choline cation = 3.29 A and [CuClLy]* = 3.14 A). In terms of metal ion
diffusion, groups conducting studies of DES in metal deposition processes reported
diffusion rates of 1.75 x 10™°m?™ for [TeCls*] in Reline 200°* and 2.64 x 10m?%™
for [SnCI,*] in Ethaline 200°® (both values quoted at room temperature) further
indicating that the species ionic radius might be the main factor controlling the

diffusion rate.
1.2.3.3 Applications
DES in charge storage

Both primary and secondary batteries as well as electrochemical capacitors rely
on the electrolyte’s presence. The electrolyte act as a charge carrier during redox
chemistry. It also provides the means of anode/cathode physical separation. Unlike the
classic IL’s, reports of DES used in actual charge storage devices are very scarce,
probably due to these solvents relative novelty. The situation is now changing and
recent review by Chakrabarti et al. highlights the advantages of DES when applied as

the electrolyte in charge storage devices.” DES have on average a narrower
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electrochemical window than many classic IL’s, nevertheless eutectic solvents do
posses some significant advantages.” As compared to classic IL’s, during DES
synthesis, there is no need for complex synthetic steps and toxicity of the final product

is usually low. High manufacture costs can also be avoided.

A DES, when applied as an electrolyte in a charge storage device performs well
in comparison to most organic solvents. Although acetonitrile (electrochemical window
=5V) based batteries are capable of delivering open circuit potential (OCP) of up to 2.6
V, the average current efficiency is usually limited to circa 40 %.>* Flammability,
volatility and acute toxicity of these solvents are also a source of major safety and
environmental concerns. Aqueous based electrolytes were the first (Baghdad battery)
and are still the most commonly used (lead acid battery) technology used in charge
storage systems.”™ Although water-based systems do possess some unguestionable
advantages (e.g. uncomplicated formulations), their operating potential is constrained
by a rather narrow electrochemical window (pH dependant, but usually limited to 2 V).
Additional problems arise from parasitic losses due to hydrogen evolution.** Examples
of practical, operable DES-based charge storage devices in the literature are still very
rare, however a recent publication of Lloyd and co-workers describes a working DES

Zn(I1)-Fe(I1) redox battery with the energy efficiency of 78%.
DES in metal processing

Metal processing is so far the most popular application for DES.*® Hydrogen
bonding ability enables these solvents to act as electrons/protons donor/acceptors. This
property results in the excellent dissolution properties. Formation of chlorine rich (5.4M
of Chloride in Ethaline 200) environment confers them with particularly good solubility
of metal halides (like LiCl, AgCl which are sparingly soluble in water) as well as
aromatic acids and amino acids.*® Even more interestingly, DES also have the ability to
dissolve a wide range of metal oxides.***® This DES property has already found an
application in the electropolishing of stainless steel® and in formulation of novel (DES

based) soldering fluxes.**

Concept of molten salts originated in the field of electrochemistry during
Humphrey Davy pioneer work on electrodepostion.® Electrodeposition is a process,
which relies on the application of an electric force (current) to reduce metal ions, CP

monomers or similar reducible material onto the electrode’s surface forming a stable,

24



Chapter I - Introduction

neutral deposit. This form of surface modification is widely used for the purpose of
corrosion protection (chrome plating, zinc plating, CP coating),”’ conductivity
enhancement (for example through silver plating),® magnetic applications, conductive
polymers manufacture, electro-catalysis as well as decorative purposes (e.g. nickel
plating).*® Since the process itself is reduction-based, any electrolyte used should
display very negative reduction potential to avoid solvent degradation during the
process. Sharing of similar properties to classic IL’s combined with excellent air and
water tolerance enabled DES to generate considerable interest in the electroplating
industry. Abbott and co-workers reported deposition of Cu, Cu-Zn coatings as well as
Cu/Al,0; and Cu/SiC composites.”® Their study indicated that DES display
considerable variation in their ability to plate specific metal and the morphology of the
deposits obtained and that the HBD type (e.g Reline allows for efficient Zn plating
while Ethaline is incapable of it) governs both of these properties. Golgovaci et al
described electrodeposition of Te and Te/Bi, Te/Sb from Reline 200.>? Results indicated
diffusion control of the deposition process with the diffusion coefficient being in the
IL’s range. Gomez et al. have reported concomitant deposition of Co and Sm.®® Authors
have obtained SmCo deposits that exceeded 70% wt. of samarium. This value is higher
than of the currently produced alloys and might be useful in preparation of soft
magnetic materials. Electrodeposition of tin from Ethaline, Reline and Propaline has
been studied by Salome and co-workers.>® Results revealed strong influence of DES
viscosity on the Sn deposit properties with Reline (n = 1100 cP) producing a layer of
uniformly distributed crystals while Ethaline (n = 40 cP) produced a layer with very few
crystals present. This viscosity related effect can be translated as the difference in
diffusion coefficients, which are diminishing with increasing viscosity. The
electrodeposition of Gallium and its alloys is of potential interest for photovoltaic
industry because this metal can act as a dopant in the photovoltaic cells. Shivagan et al
reported deposition of Cu-Ga as well as Cu-In-Ga-Se films with 6 — 8 % Ga content
making it potentially suitable for practical photovoltaic devices.®* Cadmium
composites®® and chrome® have also been successfully electrodeposited from type 111
and type Il DES respectively. This forms an environmentally friendly alternative for the
currently existing technologies. Deposition on water sensitive metals like magnesium
have also been conducted with Reline reported as an electrolyte that enables plating of

Zn coatings onto Mg.®*

25



Chapter I - Introduction

Non-metallic deposits produced through electrodeposition from DES have also
been reported. Mortis et al have reported deposition of nickel coated multiwalled carbon
nanotubes (MWCNT) on a copper substrate. The key factor for a successful deposition
was very good dispersion of MWCNT’s in NiCly/Reline solution. Such a feat cannot be
accomplished in an aqueous solution of metal salt due to the electrostatic and chemical
interactions between MWCNT’s and metal ions. Reline’s ability to form stable carbon
nanotubes suspensions was attributed to its high viscosity (resulting in an increased
kinetic stability) and the columbic screening of the nanotubes charge.®® Conducting
polymer films like polypyrrole (PPy) can also be deposited from DES. Skopek et al
reported deposition of PPy from 1:1 Ethaline/water solution.®®

Immersion plating (also known as galvanic replacement reaction) is a deposition
process, which relies on the difference in redox potentials between two or more metals.
During the process, the metal ions dissolved in the electrolyte spontaneously reduce
onto the cathode (made of different metal). The whole process is governed by individual
metals formal electrode potentials in a given electrolyte. Abbott and co-workers®’ and
Gu and co-workers® have both reported silver immersion coating on Cu surfaces from
choline chloride based DES. Unlike aqueous solutions of silver salts, eutectics enabled
the deposition of thick nanoporous Ag films. This result has been assigned to different
kinetics and metal ion solvation shells, which in this chorine rich environment forms
AgCl, as well as AgCls*complexes. This has been confirmed by an application of
extended X ray absorption fine structure (EXAFS).%® Interestingly, the deposit

morphology was reported to be influenced by silver concentration.

Electropolishing is a process used for removal of the oxide layer from the
metal’s surface in order to obtain smooth finish. Ethaline 200 is currently being used as
a base media for stainless steel electropolishing thus forming an eco-friendly alternative

to phosphoric and sulphuric acid process.®®

Since, as already mentioned, DES display HBD controlled selectivity in
dissolution of metal oxides they have been applied to the extraction of specific metals
from mixed metal matrixes like the dust from electric arc furnace (EAF). Application of
ChCI/EG/Urea hybrid DES allowed for the selective recovery of Pb and Zn.*® Abbott et
al had also showed that metal extraction process can be accelerated by the addition of an

oxidising agent like I, which in these chlorine rich environment forms environmentally
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benign oxidising agent 1,CI". Application of current allows for electroplating of the
target metals on the cathode while 1, is regenerated on the anode thus returning the

electrolyte to its initial state.*

Most recent DES application is their use as an active ingredient in soldering
fluxes. Soldering is an industrial process that relies on use of low melting point metals
(usually Sn-Sb alloy) to form a joint between metals of higher melting points. To
achieve good bond adhesion residual metal oxides and carbides need to be removed
first. Initial tests conducted at the University of Leicester indicated that Glyceline acts
very well on CuO removal while Reline displays rather unique ability to act as a

soldering flux for cast iron.**
Biodiesel purification

Production of biodiesel is commonly conducted through alcohol/acid catalysed
transesterification of vegetable oils.*® Glycerol forms as a by-product of this reaction.
It’s high viscosity (1200 cP at 298 K) and non-combustible nature means that it has to
be removed from the fuel for it to meet the automobile industry approval. Since glycerol
is highly polar and biodiesel is not, this process is currently conducted using liquid bi-
phase extraction, however this approach results in a significant amount of glycerol
remaining in the mixture. Abbott et al investigated removal of glycerol from soy bean
derived biodiesel by an addition of ChCI: Glycerol DES (Glyceline 100). Glyceline
forms an eutectic at 1:2 QAS/HBD composition, this fact was exploited to conduct
spontaneous DES saturation with glycerol which resulted in removal of 99% of it within
10 min.” Similar results were reported by Hayyan et al. for glycerol extraction from
palm-oil derived biodiesel.”* Recently ethylene glycol and triethylene glycol based DES

were also reported as being suitable solvents for biodiesel purification purposes.”
CO, capture

Solubility of carbon dioxide in liquids is a subject of research due to potential
applications in a variety of processes like gas separation, purification, chemical fixation
(e.g. CO, storage) and catalysis.*® Han and co-workers reported that CO, is soluble in
Reline’ (up to 0.2 mol I"* at 313 K), while Wang et al related carbon dioxide solubility

in this solvent to be inversely proportional to Reline water content.”* Since the
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concentration of CO, that were successfully dissolved in the DES tested so far are too
low to be practically useful this field still requires a considerable development.

Drug solubilisation

Effective application of medicines requires the active ingredient to be delivered
in an efficient manner. For both oral and intravenous applications this usually means
dissolving the active ingredient in transport media. Morrison and co-workers
investigated solubility of several medicinal active ingredients like grisefulvin, benzoic
acid and itraconazole in Reline and Maline. Results indicated that these drugs were 5 to
22000 times more soluble in DES than in pure water. To confirm DES ability to act as
drug transport media, aqueous solutions of malonic acid and urea were also tested with
no superior drug solubility over pure water being recorded. Tested DES displayed non-
toxicity combined with excellent drugs solubility. This undoubtedly will contribute to

their emergence as a novel, promising pharmaceutical ingredient.”
DES in catalysis

The role of solvent in catalysis is crucial. They are a medium in which the
reaction is conducted as they provide the means of physical contact between the
catalysts and reactants. Therefore, the choice of solvent determines the reaction
conditions; work—up procedures and recycling (disposal) strategy. DES are a subject of
considerable amount of interest in the catalysis fields as they can potentially provide
affordable and safe media.*®

Acid catalysed reactions in DES have been so far concentrating on the
industrially important process namely hexose to 5-hydroxymethylfurfural (HMF)
conversion. Success in this field will mark a significant milestone in DES commercial
applications as HMF is widely used in production of polymers and as a fuel additive.
Konig and co-workers reported the production of HMF in ChCl/carbohydrate DES with
yields ranging from 45% (glucose/ChCl) to 67% (fructose/ChCl) using FeCl; as
catalyst.”® Even more interestingly, Han and co-workers have reported 76% vyield of
fructose to HMF conversion without the use of metal catalyst. DES used were mixtures
of ChCI with malonic, oxalic or citric acid as HBD. This particular DES application has
a remarkable potential from the green chemistry point of view as it offers a new

pathway for catalytic conversion of starch, lignin and cellulose into bio-based
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chemicals.”” Moreover, authors reported that these DES could be easily recycled after
the process.

High added value chemicals have also been produced in DES. Davies and co-
workers have reported Diels-Alder reaction conducted in acidic type 1l DES
(ChCI/MCI, where M = Zn or Sn) with product yield in the 85 — 91% range.”® Recently,
del Monte and co-workers reported polymerization process from acidic DES composed
of ChCl/acrylic or methacrylic acid. In these solvents, acids act not only as hydrogen
bond donors but also as a monomer reservoir. Synthesis of polyacrylic acid has been
afforded in the 75-85 % range."

Reline is a DES, which is notable for offering basic conditions. Using this
solvent, Shankarling and co-workers reported electrophilic substitution of aromatic
compounds with yields ranging from 84 to 95%, a feat currently unachievable in
organic solvents.? Such high yields were attributed to Reline’s ability to stabilize
transition states. This DES was also reported as a suitable solvent for a Knoevenagel
reaction (chromophores synthesis) with 75-95% yields.®* A novel approach has been
presented by Coulembier and co-workers who have described a formation of novel
DES, comprising lactide (LA) and 1,3 dioxan-2-one (TMC) in 1:1 ratio. Formed liquid
was used as a solvent in the synthesis of poly(lactide) and varying the reaction
conditions allowed for both LA and TMC to be incorporated into the product.®? Hybrid
carbohydrate/urea/inorganic salt DES were also deployed in Pd-Cu catalysed reactions
like Suzuki coupling with 78 - 98 % vyields.®* Notably, d-mannose/dimethylurea DES
provided the environment for the Suzuki coupling to proceed with only Pd catalyst

without the need for Cu presence.®*

Strong HBD like urea are well known to denature proteins.*® Hence, bio-
catalysis in DES was not extensively researched until in 2008 Kazlauskas and co-
workers reported that various lipases were stable in Reline unlike in aqueous solutions
of choline chloride or urea.® It is thought, that the hydrogen bonding in DES has
lowered the activity of the individual components creating protein-friendly

environment.
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DES in organic synthesis

Continuous search for green, benign solvents has a major impact on the field of
organic synthesis where, even more so than in catalysis, solvents play pivotal role. Azizi
et al. have reported synthesis of alcohols from a range of aldehydes, ketones and
epoxides in Reline with 75-99% yields.®® Gore and co-workers reported
Dihydropirimidinone (DHPM) synthesis using tartaric acid/urea DES thus bypassing the
need for traditionally used Brensted and Lewis acids and therefore significantly
reducing the ecological footprint of the process.®” This potentially forms new route for
the synthesis of this valuable, biologically active compound widely used in the

pharmaceutical industry.
DES in material preparation

Traditional methods of preparation of both organic and inorganic materials
usually necessitate the use of either organic or aqueous solvents. Continuous strive
towards greener chemistry resulted in DES being widely applied in this field.*® Abbott
et al reported the production of bio plastics using thermoplastic starch and Glyceline
(which acted as a binding agent). Obtained polymers can have similar applications as
current commercial plastics but unlike them, they are fully recyclable, biodegradable
and compostable.®

Preparation of inorganic materials can be generally divided into two general
approaches: solvothermal synthesis (relying on temperature and pressure to form the
desired structure) and a more recent development of ionothermal synthesis.
Solvothermal synthesis consists of growing single crystals from pressurized non-
aqueous solution, followed by removal of solvent by thermal treatment. Unlike the
solvothermal synthesis, the ionothermal synthesis does not require thermal step for the
crystallization and structure formation process. The entire synthesis process relies
instead on the solvent’s being predominantly ionic (presence of molecular water
disrupts the reaction) with ions providing the template around which the inorganic
frameworks form. In this approach ionic liquids or increasingly eutectic solvents are
used not only as solvents but both also as a structure directing agents (templates) and

reactant feedstock.®
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This route has multiple benefits with the main one being DES low volatility
combined with their non-flammability (leading to safer processes) and even more
importantly, their practically unlimited variety, which results in an equally large number
of possible templates. In this context, Morris and co-workers have reported preparation
of aluminophosphate zeolites using Reline with DES playing the pivotal role in the
framework formation reportedly due to its charge balancing capacity.®® Good moisture
tolerance expressed by the eutectic solvents offers novel, improved route to obtain these
water sensitive materials. Application of hybrid ChCI/R-COOH/Base eutectic mixtures
was reported by the same group to allow for synthesis of novel CoAIPO structures with
Co-Cl bonds (which are impossible to obtain in aqueous solvents).”® Liao et al had
reported the use of Reline in zinc phosphate frameworks and noted that the NH4"
released from Reline acts as a void filling reagent and is in fact directly responsible for
these materials porosity.* Similar structure directing strategy can also be employed
using cationic element of the DES as reported by Wang and co-workers in the synthesis
of zincophosphate from Oxaline.”? Using cation-template approach this group had
recently synthesized zinc chlorophosphate material which exhibited both
photoluminescence and photo chromic properties. Prepared material is the first ever,
metal phosphate having such dual properties.

The above examples clearly highlight that the ability of DES to act as a solvent,
template, reactant, void filler and charge balancer gives them almost unparalleled scope

as solvents in various chemical processes and applications.

1.3 Analytical techniques
1.3.1 Electrochemical techniques
1.3.1.1 Cyclic Voltammetry

Electrochemical equilibriums are a combination of chemical and electrical
energies. While chemical energies are quantified via chemical potentials, the electric

potentials need to be measured as the achievement of electrochemical equilibrium
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involves the transfer of charged particles. The electrochemical potential is quantified

using the derivative of Nernst equation:
Wi =pj+ZFo [5]

Where Z is the charge on the specie j, F is the charge present in one mole of
elemental particles (F = 96485.3365 C mol™), @ is the solid (electrode) or liquid
(electrolyte) phase potential and p is the electrochemical potential. The phase potential
depends on whether the species are present in the solid or in the liquid phase. Equation
5 necessitates the need for precise measurement and control of the electrode potential.*®
Typically, to obtain a gquantitative result from electro-analysis a measured amount of
electrical quantity (potential, current) is recorded vs. the quantity of the redox material

present on the electrode. This quantity is controlled by a potentiostat (figure 10).

input @ > CE

output

WE

output

VANIWAN
=

Figure 10. Simplified scheme of the potentiostat. X - the summation point which
is used to regulate the potential and waveform, CA — control amplifier used to force
current through the electrochemical cell, CE — counter electrode, S — switch between
potentiostatic and galvanostatic modes, 1 — differential amplifier (measures the potential
difference between the WE and RE), 2 — current meter. In potentiostatic mode CE
potential is controlled versus WE so that the WE/RE potential difference correspond to
the value described in the waveform. In galvanostatic mode, current difference between
WE and CE is controlled so that the WE/RE potential and current differences

correspond to the value described in the waveform. Adapted from reference.**
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Potentiostats are usually equipped with 3 electrodes:

Working electrode (WE) forms the interface under study and is the receiver
of the applied current | or potential E

Counter electrode (CE) serves as a passage for the equal electric quantity as
WE but is it inert and hence it does not contribute to the overall redox
reaction

Reference electrode (RE) provides a constant measurement of
WE/electrolyte potential difference. Application of RE enables the
measurements of an absolute WE/CE potential difference. If a two electrode
system is used, only the relative WE/CE potential difference can be

measured.

Several analytical techniques are used with potentiostats with cyclic

voltammetry (CV) being probably the most popular one. In this technique, the WE

potential is scanned linearly (within a potential window of interest) versus time and the

generated current is measured. A schematic example of applied potential and recorded

current is shown below in Figure 11.
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Figure 11. Left panel: Schematic representation of the application of potential

during the cyclic voltammetry experiment. Right panel: An example of the

experimental result: Cyclic voltammograms of 0.01 M AgCl in Ethaline 200. Potential
window applied 02 V — - 03V — 02 V.v=5 mV s* (orange line), 0.5 mV s*
(brown line), 0.25 mV s (blue line), 0.125 mV s (pink line) and 0.0625 mV s
(black line).
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As the name implies, the process is usually repeated, thus allowing to record
redox system changes over time. Recorded current is plotted vs. potential
(voltammogram) or current logarithm (Tafel plot).”® Cyclic voltammetry experiments
can also be used to determine diffusion coefficients using Cottrell or Randles-Sevcik
equations.® Potentiostats allow for the studies of WE/electrolyte interactions, measured
as a function of applied potential. An optional instrument which is capable of generating

constant current (and measuring potential as a function of time) is called a galvanostat.
1.3.1.2 Potential step methods — chronoammperometry and chronocoulometry

These methods rely on the application of the potential step usually starting from
a neutral (no electrochemical activity on the WE surface) potential to oxidation or
reduction potential and measurement of the current vs. time. Integration of the
current/time signal allows for charge measurement.®® Other variants of the step
techniques are potentiometry (application of a current step and measurement of
potential vs. time) and chronocoulometry (application of specific E/t steps to the
electrode to create controlled amount of charge). A schematic example of the applied

current and recorded potential (charge) is shown below in Figure 12.
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Figure 12. Left panel: Schematic representation of the application of potential
during the chronoammperometric experiment. Right panel: chronoammperogram (black
line) of a 0.8 um [+/- 0.1 pm] PEDOT film (Qgep = 55.1 mC cm™) potential stepped
from-0.3V — 0.7V — - 0.3 V in Ethaline 200. Duration of each step = 360s.

Both voltammetry and potential step methods have considerable experimental
power. Voltammetry allows for determination of species diffusion coefficients, their

concentrations, number of electrons transferred as well as establishing whether the
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system is under diffusion or kinematic control. These electrochemical approaches are
however not without some considerable limitations as the recorded signal is inevitably a

sum of Faradaic and non-Faradaic processes.*® ?

1.3.2 Electrochemical Quartz Crystal Microbalance (EQCM)

1.3.2.1 Introduction

The effect of piezoelectricity (discovered by P. Currie in 1880) originates from
specific properties of the quartz crystals. These crystals are capable of generating an
electric current when subjected to external pressure and inversely, application of the
electric current results in formation of an internal strain within the crystal lattice. This
inverse piezoelectric effect is the key feature of the Quartz Crystal Microbalance
(QCM). The internal strain (also called shear, hence QCM crystals are frequently named
as Thickness Shear Mode (TSM) resonators) is a consequence of realignment of dipoles
in the crystal structure induced by an externally applied electric field.*> Direct
piezoelectric effect is also widely applied with one of the more prominent examples
being Atomic Force Microscopy (AFM).%*

g
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Figure 13. General concept of the piezoelectric effect. Panel A: quartz crystal
not subjected to any load. Panel B: quartz crystal subjected to a load (indicated by a

red arrow). Resulting dislocation generates the inverse piezoelectric effect.

The beauty of the QCM lies in the simplicity of the design and its rather unique
versatility coupled with an almost unparalleled sensitivity (every object, however small,

has a mass). These properties make it the most frequently used piezoelectric device. In
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its most frequently encountered form, one of the crystal faces serves as a working
electrode thus allowing for a simultaneous electrochemical and gravimetric analysis. In

this form, the technique is called Electrochemical Quartz Crystal Microbalance.

v

Figure 14. Generic quartz crystal and the AT-cut crystal used in the majority of
EQCM applications.

Quartz is the most stable from of silica and a member of acentric materials
family. Acentric materials are these which crystallize into non-centrosymmetric
modules (Rochelle salt and tourmaline are another examples of these materials). Out of
a variety of quartz crystals, alpha—quartz has superior piezoelectric and mechanical
properties. During the electrode manufacture process the raw quartz rod is sliced at a
specified angle into thin wafers. The most commonly used are the so called AT-cut
(angle of cut of 35.17° with respect to the optical axis) crystals due to their negligent

temperature induced frequency drift at ambient temperatures.”

1.3.2.2 Importance of the field

The widespread use of EQCM is undoubtedly a corollary of the fact that this
particular technique has filled the longstanding gap in the (otherwise vast) array of
electrochemical techniques. XX century witnessed a vast effort in the development of
the electrogravimetric methods. Nevertheless, the ability to measure the mass of the
electrodeposited material with high precision and in real time remained elusive until
1980’s.®> Perhaps the extended waiting period resulted in an unusually rapid
development of EQCM once it was conceived and its application to virtually every
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aspect of electrochemistry. Such immense impact of EQCM can be assigned to three
factors. Firstly, the technique is highly sensitive, measurement of 1 Hz frequency
change (out of 10 MHz operating frequency) translates into mass measurement equal to
approximately 1.1 ng (i.e. 1 — 2 % of a monolayer). Secondly, unlike many other
techniques (electrochemical SEM, electrochemical AFM, EXAFS) EQCM presents an
affordable option. Thirdly, the ability to measure the mass variation in real time allows
for direct molar calculations. EQCM popularity resulted in the technique being
combined with optical techniques (PBD - EQCM),? spectroscopy, infrared analysis
(FTIR — EQCM)®, ellipsometry? as well as mass spectrometry® resulting in a vast
library of publications. Ease of use and (superficial but often misleading) trivial data
analysis result in EQCM being used in a non — specialist application which nevertheless
enhance the current knowledge of this technique capabilities.

The technique origins can be traced back to the work of Glassford.*” Although
his was mostly a theoretical approach, it was the first publication where the possibility
of a quartz resonator operating in a liquid environment was clearly envisaged and
practically tested. Strikingly, Glassford work was not concerned with the
electrochemical applications of the QCM in liquids. Instead, it concentrated on the
implications of liquid’s presence on the quartz sensors used in vacuum metalizing
industry (as thickness monitors) and spacecraft’s (contamination monitors).
Nevertheless, the experimental results proved that the velocity gradient in liquid and
resulting relative loss of sensitivity do not present major obstacles to QCM analysis.
Frequency damping which was until then, seen as impenetrable barrier was successfully
overcame through an application of the increased power to the oscillating circuit
allowing it to overcome viscous losses.”

This was soon followed by work of Bruckenstein and Shay who described the
first successful EQCM experiments conducted in a liquid electrolyte.®® The
development of the technique resulted in a constantly growing field of analysis for both
parent (QCM) and daughter technique (EQCM) as applications of EQCM in biological,
biosensing and biomedical applications often lead to the QCM being applied to study
these systems without the electrochemical influence.®

On a more specific level, EQCM analysis requires careful consideration as the
technique has its own incongruities. First one is the quartz crystal resonance frequency
temperature dependence. However, since the overwhelming majority of the EQCM

applications are at room temperature where this effect is close to zero, the temperature
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influence can be safely omitted. Second is the viscoelastic effect described in more
detail in the following section.*

1.3.2.3 Basic principles

In a typical EQCM experiment a potential applied across circuit causes the
quartz crystal to resonate at a stable, set frequency (e.g. 10 MHZz) henceforth called the
fundamental frequency (fp). General assumption of the gravimetric analysis is that any
material deposited on the electrode moves synchronously with it. This assumption is
colloquially called a non-slip and is graphically presented in the figure 15 below. Thus,
the deposit can be treated as an extension of the quartz crystal electrode. This forms the
basis of the frequency-to-mass conversion which is mathematically expressed in the

Sauerbrey equation:

2
PqVq

Af = —( ) fEAM = —SAM [6]

Where: pq is the quartz density and oq is the velocity of the acoustic wave
propagating through the quartz. The negative sign in the equation is related to the
simple fact that any mass increase leads to the frequency decrease. For a typical f, = 10
MHz quartz crystal electrode with the electroactive area of 0.23 cm?, the S constant is
4.426 x 10°%g cm™Hz™ . Thus, it can be approximated that the decrease of frequency (Af)
by 1 Hz is equal to a mass increase (Am) of 1.1 ng. Sauerbrey based his equation on the

original application for the QCM which was deposition from a gas phase.”

Au dectrade

Figure 15. Non-slip condition required for the successful application of the
Sauerbreys’ equation (i.e. gravimetric regime). Green arrow indicates the allowed (non-

slip) deposit movements, red arrow indicates forbidden (slip) movements of the deposit.
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Conducting the gravimetric experiments in the liquid phase presented yet
another complication which was elegantly approached by Kanazawa.'®*** Assuming a
simple case of a smooth resonator, one can envision that part of the liquid which is the
closest to the electrode will oscillate synchronously with the electrode. This part of the
liquid can be defined as a “viscously coupled fluid layer”. The thickness of this layer is
then defined by the following equation:

= () = () m

pLfo w

Where: 7. is the liquid viscosity, o, is the liquid kinematic viscosity (which is
liquid viscosity multiplied by its’ density) and w is the resonator’s angular frequency.
Presence of minor surface defects in the deposit morphology does not represent
problems either as the liquid trapped in such crevices is unable to move in the lateral
direction (slip) therefore the non-slip condition is still maintained. The frequency
change observed while conducting both resonance experiments in liquid environment is
determined by properties of both the liquid and the deposit. Both density and viscosity
of the bathing liquid significantly influence the quartz crystal response thus making the
QCM a very sensitive viscometer. Equation 8 relates liquid density and viscosity to the

quartz resonator frequency shift:

Af = —f, " (&)/ [8]

T Pqhq

An effective quantitative analysis requires the separation of the deposit and fluid
contributions. This is particularly important in the analysis of the processes where
redox-induced mass changes are on the order of, or smaller than the liquid
contributions. This aspect of the QCM analysis has successfully been approached by
Bruckenstein and Hillman who implemented dual quartz crystal impedance (DQCM)
method.'® This method relies on the use of two quartz resonators with one serving as
the analytical probe (WE for EQCM experiments) while the other (identical) resonator

monitors the liquid influence on the frequency signal.
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Figure 16. Configuration of the electrochemical cells used for SQCM and
DQCM experiments. Blue elements represent the electrochemical cell and yellow ones
represent quartz resonators. Numbers 1 and 2 represent quartz crystals used as working
electrodes, number 3 represents quartz crystal used for monitoring the influence of

electrolytes’ viscosity on the oscillation frequency.

This approach allows compensating for viscosity and density effects. Another
important aspect of the QCM analysis is the nature of the material deposited on the
electrode. While Sauerbrey equation is well suited to the analysis of the rigid materials
which resonate synchronously with the electrode, viscoelastic deposits require different
approach. Analysis of the viscoelastic materials (e.g. conducting polymer films) was
successfully approached by Kanazawa'® who related the acoustic resonance signal of
the viscoelastic films to their physical properties. The deposits degree of viscoelasticity
influences on the overall resistance of the composite (quartz electrode + deposit)
resonator has been explained and the viscoelasticity — resistance relationship has been
described as non —monotonic. The exact resonance signal for the viscoelastic deposits is
a result of a complex interplay between the deposit thickness, its mechanical properties
and the shear wavelength. Moreover, the author investigated the effects of quartz
resonator oscillation in Newtonian liquids (shear wave penetration depth, frequency

damping) concluding that this type of analysis was indeed a viable analytical tool.
1.3.2.4  Applications

It is almost inconceivable to imagine a modern electrochemical toolbox without
the EQCM. In 1981 Nomura et al reported application of EQCM in monitoring

variations in silver concentrations upon electrodeposition.'®® Current applications of this
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technique, either solely or in conjunction with other techniques, into the studies of a
variety of electrochemical processes have been extensively reviewed elsewhere®™ and
include electrodeposition, anion and neutral absorption, UPD, electrochemistry of
redox, ladder and conductive polymers, electroactive oxides and solid metal complexes,
self assembled monolayers and gas absorption as well as bio-sensory applications.®?
Since this thesis focuses mainly on the application of the EQCM in conjunction with the
optical deflection technique the following review will be devoted to gravimetric
analysis combined with laser techniques. Long et al reported the use of quartz oscillator
in conjunction with electrochemical Kosters laser interferometer in studies of Pt films
redox chemistry in H;SO,.** Combination of both techniques allowed for the
simultaneous collection of interfacial stress, gravimetric and electrical signals. Data
collected revealed non-monotonic correlation between mass change (Am) and stress
change (Ay) which would not be detected by any of these techniques operating
separately. In a separate study, the same group described the simultaneous change in
electrode potential, surface mass and specific surface energy during the oxidation of
formic acid on Pt electrode. The change in specific surface energy was calculated from
the Kosters laser interferometer signal. Results allowed determining the rate of
chemisorbtion vs. oxidation; again, this would not be possible by the sole application of
EQCM. Microgravimetry/laser interferometry technique has also been applied to studies

of Au films exposed to an aqueous K,SO. electrolyte, '

and an aqueous HCI electrolyte
as well as to study the underpotential deposition (UPD) of Pb, Tl and Zn on Au
electrodes.'® EQCM has also been combined with ellipsometry yielding valuable data.
Rishpon and co-workers reported use of EQCM/ellipsometry in studies of
electrodeposition of PANI films (authors collected ellipsometer readings simultaneously
with the EQCM ones, effectively monitoring films’ mass (gravimetric signal) as well as
its’ thickness and optical absorbance (optical signal). Results presented included an in-
situ, real time measured, mass/thickness plots. Such a feat is usually only achieved by
the use of electrochemical AFM or scanning electrochemical microscope (SECM) with
both techniques being expensive and invasive as opposed to affordable and non-
invasive set-up used.'®” Different deposition patterns and density for potentiostatic and
galvanostatic depositions were recorded. Authors rightly emphasized that the
simultaneous use of multiple probes effectively removes the artefacts and verifies the
individual signals. Lower average density was obtained for potentiostatically grown

films and gradual density decrease was observed prior to the formation of dense base
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layer covered by less compact external layer. This observation is in good agreement
with work of Rahindramahazaka et al who postulated the existence of ‘compact’ and
‘open’ zones in the potentiostatically deposited CP films.** Rishpon’s work has been
later followed by Shimazu and co-workers who reported novel combination of Fourier
transformation infra red (FTIR) spectroscopy combined with EQCM (FTIR/EQCM) in
studies of 11-ferrocenyl 1 undecanethiol (FcC13SH) monolayers. Since FTIR is a
structural probe its application offers excellent opportunity to compensate for quartz
oscillator inherent lack of selectivity. Therefore, the FTIR/EQCM was able to offer a
unique insight into the monolayer structural changes upon oxidation and reduction,
namely the movement of the monolayer alkyl chains. The magnitude of these structural
changes was reported to be closely correlated with water ingress/egress, this postulation
was based on the gravimetric signal.**®

Recently, Berkes and co-workers reported a comprehensive study of
electrogravimetry combined with visible spectroscopy.’® This particular experimental
set-up (EQCM/UV-Vis) has been reported before but not in such detailed way. Authors
derived an equation correlating the frequency response to the concentration of absorbers
while rightly concluding that in any electrochemical process this concentration is
potential dependent (as the species are continuously converted into molecules with
different structure). This method presents potentially a very useful tool in studies of CP
or metal monolayer electrodeposition. Apart from spectroscopy, EQCM has also been
combined with hydrodynamic methods (notably rotating disc and wall jet electrode®) as
well as mass spectroscopy.’® This particular area of research seems to be very
promising as the authors proved that real-time analysis of the deposition — dissolution
products is possible for both solid phase (probed by EQCM) and gaseous phase (probed
by mass spectrometer). This provides non-specific information about mass change as
well as specific information about the amount and identity of the gaseous species
absorbed/desorbed from the electrode.

1.3.3 Probe Beam Deflection (PBD)

1.3.3.1 Introduction

Classical electrochemical techniques like cyclic voltammetry concentrated on

the measurements of the electron flux at the electrode/electrolyte interface.
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Unfortunately, purely electrochemical techniques have significant limitations restricting
the range of the information available. While extending it has been achieved through the
use of different perturbation techniques and/or variations of the electrolyte properties
(T, pH) it has long become obvious that solely electrochemical techniques are able only
to provide limited information about the ionic fluxes in solution. Since then, a plethora
of spectroscopic techniques has been developed to study the electrode/electrolyte
interfacial processes.

Gravimetric techniques (EQCM) are able to precisely determine the surface
population changes but are unable to yield any specific information about the origin of
the species (i.e. by using EQCM alone, one cannot distinguish whether the increase in
mass is attributable to small population of heavy species or large population of light
species). The electrode population changes originate from fluxes (which can be
thermally, chemically or electrochemically induced) in the electrolyte. Any ion flux
forms a concentration gradient which may be detected by a variety of methods. One of
them is the interferometry.>'** However, its popularity is marginal due to the lack of
sensitivity and rather complex experimental set—up. Other techniques applied to study
this process utilized radioactive tracing, pH changes, fluorescence, absorption,
diffraction and perhaps the most advanced of all of these methods, scanning
electrochemical microscopy.**!

While these techniques have provided a very valuable insight into the
mechanistic of the electrode fluxes in the electrode vicinity, they suffer from either
sensitivity issues (interferometry) or economical barriers (scanning microscopy)
obstructing their widespread applications. Thus, the need remained for the affordable,
simple way to measure the concentration gradients.

A breakthrough occurred during the development of a related spectroscopic
technique, namely Photothermal Deflection Spectroscopy (PDS) when some rather
unexpected phenomenon was noted. PDS is based on the application of the laser beam
to observe the thermal gradients. Direct observation is usually impossible but it is a

widely known fact'*?

that the solute concentration is temperature dependant and this
implies that the refractive index (determined by the concentration) would also be
temperature dependant. In PDS the thermal gradients are therefore detected as the
refractive index gradient causes the laser beam to deflect from its original course. It was
noted during the early experiments that the beam suffered from a significant deviation

in the absence of any temperature gradients. It was thus elucidated that the
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electrochemically (or chemically) induced concentration gradients resulted in a
formation of the refractive index gradients deflecting the laser beam. This conclusion
led to the creation of an entirely new technique, termed Probe Beam Deflection (PBD).
Other, less frequently used names are Optical Beam Deflection or ‘Mirage effect’.?

Initial applications were hampered by the technical and economic barriers (lack
of affordable lasers and position sensing detectors (PSD)), however the eventual
development of reliable, inexpensive equipment resulted in this technique being applied
to study various processes with PBD deployed on its own or in a combination with other
techniques like EQCM.'**

1.3.3.2 Basic principles

The basic principles are as follows: flux of species in an electrolyte forms a
concentration gradient and since its relationship with refractive index is constant for a
given species, the flux formation results in a refractive index gradient. The laser beam
propagating through the region of the refractive index gradient (i.e. in a close proximity

of the working electrode) can be described as a wave and this wave speed is:

[9]

S1a

Where: v is the speed of light in the given electrolyte, c is the speed of light in
vacuum and n is the electrolyte refractive index. Therefore any change in refractive
index will affect light speed deflecting the laser beam from its original course. Through
the use of a simple geometric approximation (small angle approximation) the resulting

angle of deflection can be expressed as:

0 = () () (522) [10]

Where: | is the interaction pathway, n is the electrolyte refractive index, C is the
analysed species concentration and x is the electrode/beam distance. The possible
variations of PBD are limited solely by the variations of electrochemical experiments as
the principles of the technique can be applied contemporaneously with cyclic

voltammetry, chronoammperometry, coloumetry etc. Regardless of the application, the
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working principles of the technique remain unchanged. Any given electrochemical
system could be envisaged as a flat, square electrode immersed in an effectively infinite
bathing electrolyte solution. The electrode width is defined as w. The diffusion layer
forms at the electrode/electrolyte interface with a thickness several orders of magnitude
smaller than w. This eliminates any possible ‘border effects’. If the laser beam is now
passed parallel to the electrode it can be assumed that w=I with | being the length of the
beam passing in the electrode vicinity. Electrochemical reactions occur at the electrode
surface (where distance x = 0), hence the diffusional (viscosity dependent) delay is an
important factor in PBD analysis since beam is inevitably located (see figure 17) at

distance x > 0 from the electrode’s surface.

The entire process is quantified using a following equation:

2 2 _ 9%
§%C/6x* =~ [11]

Where: X is the beam/electrode distance and t is the diffusion time. Equation 11
emphasises the importance of the ‘right’ electrode/beam distance obligatory for a
successful PBD analysis. If the distance is too small this will result in a total obstruction
of the beam, if it is too large, the diffusional delay will distort the signal to the extent of
it no longer representing the surface processes. Thus, as a rule of thumb the PBD signal
is deemed acceptable if the recorded deflection signal resembles the current signal
recorded at the electrode as the entire electrode electrochemistry is either a result of, or
results in, a flux in the electrode’s vicinity. The diffusion of species from the electrode
to the beam is depicted in the left panel of the figure 17. The physical separation of the
analysed process located at the working electrode and the analytical tool of the laser
probe results in a temporal barrier between the electrochemical and optical signals. The
origins of the barrier lie in the diffusional delay. This represents a significant problem in
the analysis of the PBD data. Since the delay arises from the beam location being at a
finite distance from the source of the concentration perturbations (WE) the detection of
the refractive index (concentration) gradient is inevitably procrastinated. This delay
depends on the electrode-beam distance, species diffusion coefficient and the rate at
which the electrochemical processes are conducted. A graphic representation of the
diffusional barrier is shown in the right panel of the figure 17.
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Laser Beam Laser Beam

Beam-electrode
distance

Figure 17. Left panel: Schematic representation of the laser beam passing in
front of the working electrode. Formation of the concentration gradient (negative — red
arrow, positive — green arrow) results in the laser beam being deflected in the x or x’
direction by an angle 0. Right panel: Schematic representation of the diffusion of
species from the electrode surface into the optical deflection zone. Brown, blue and
yellow squares represent species attached to the electrode, in transit and in the optical
path respectively.

As it was stated before, the intrinsic delay between the electrochemical reaction
at the electrode’s surface and its detection by the probe beam has an effect on the shape
of the deflectogram. In chronodeflectometry, the effect is visible as a temporal delay,
while in cyclic experiments it is a potential shift. Furthermore, the distortion of the
optical signal increases if the beam is located further away from the electrode’s surface.
Accurate, quantitative analysis of the PBD data necessitates the removal of the
diffusional delay. This is usually conducted either by digital numeric simulation or
convolution of the experimental optical signal. In the first approach a variety of
mathematical approaches are used to calculate the ion fluxes at the electrode using the
PBD experimental data as well as species diffusion coefficients (these are obtained from
respective individual ionic contributions). Numerical convolution is the most popular
approach used to quantify the PBD data. It was initially proposed by Vieil and co-
workers'** and it is based on a concept of calculation of the electrochemical flux at the x
distance followed by direct comparison of the calculated signal with the experimental
optical signal. The advantage of the convolution approach lies in the fact that both

diffusion coefficients and beam-electrode distance values can be estimated from x/xg
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plots. These are obtained in an uncomplicated way from chronodeflectometric
experiments conducted at variable x distance. This is allowing for the analysis of

systems for which Jn/6C data does not exist in the available literature.

High sensitivity of the technique coupled with the unique ability to reveal the
intimate knowledge of the electrode/electrolyte interface fluxes resulted in PBD (either
alone or in combination with other techniques such as EQCM) applied to study a variety
of processes. A particularly interesting combination is the PBD-EQCM technique as
these two techniques complement each other very well. A simultaneous monitoring of
electrochemistry, microgravimetry and the concentration gradient presents a unique
opportunity to probe both the electrode and its immediate vicinity. The whole concept is
presented in the figure 15. EQCM/PBD combination has been applied to study Ag
deposition/dissolution,*** Poly(o-toluidine)*** and PEDOT films redox chemistry in
both molecular and deep eutectics solvents as well as silver and tin redox chemistry in
DES.M®

concenfration
change

Figure 18. Graphic representation of the PBD/EQCM concept and the benefits
this technique affords. Voltammetric signal allows for current measurements,
gravimetric signal for mass measurements and optical signal for the measurements of
the concentration change. PBD-EQCM allows for the collection of all three signals and

their comparison, it also allows for the removal of artefacts.
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1.3.3.3  PBD studies in molecular electrolytes

The conducting polymer which chemistry was undoubtedly most scrutinized by
the PBD analytical tool is Polyaniline (PANI) and its various derivatives.*’!18:119.120
Majority of these studies were restricted to the parent polymer redox cycled in aqueous
acidic (HCIOy, H,SO4, HCI) and molecular organic (LiCIO4#/CH3CN) electrolytes. In all
of the above, anions were confirmed as a main dopant with expulsion of cations directly
preceding the anion ingress into the polymer film. Heteropolyanions influence on redox
chemistry of the conducting polymers was also studied using the PBD. H;SiW1,04 in
aqueous solutions of H,SO,4 as well as in HCI were tested as bathing electrolytes for a
conducting polymer films.” These particular studies have confirmed the expectations of
the heteropolyanions being unable to dope the bulk of the polymer film.

Contrasting behaviour was observed in a PANI film doped with heteropolyacids
like phosphotungstic acid. In this case, anion immobilization leaves balancing the
electroneutrality to protons.? Poly(o—toluidine) (POT) films redox ion exchange in
aqueous solutions of perchloric acids was a subject of a detailed PBD — EQCM study. It
revealed a significant cation (H") contribution to the ion exchange. This result’s
significance is emphasized by the fact that the EQCM alone is unable to detect cation of
such a small mass.'*

As for PANI derivatives, poly(N-methyl)aniline optical deflection analysis
confirmed anions as the exclusive dopants. This is reasoned to be a result of the methyl
group induced, steric hindrance which makes the imino group deprotonating
impossible.?

Cyclic voltadeflectometry studies were also conducted for films of poly(o-

122 123 and polypyrrole.? In

ethyl)aniline, ***poly(3-methylthiophene),"?* polynaphtothiols
the latter case, observations drawn allowed for the direct correlation of the ion exchange
process to the anion size. Barbero and co-workers reported? that the use of small anions

like CI" resulted in anion ingress upon PPy oxidation:
PPy’ — ¢ + CI'= (PPy") (CI)

However, in the case of an electrolyte which contained only big anions the

pattern was reversed and cation egress occurred instead:
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PPy’ — ¢ - Na*= (PPy") (TsO)

This behaviour was further confirmed by Hillman and co-authors to occur upon
oxidation of PEDOT films in LiCIO4J/CHsCN.* In this process however the anion
ingress dominated:

PEDOT® — ¢ + CIO, = (PEDOT *) (CI)

While in Ethaline cation egress dominated:

PEDOT® — ¢ - Ch*= (PEDOT *) ((EG).CI)

PBD was also used to study redox chemistry of noble metals, UPD processes
and the electrochemistry of carbon based electrodes.? It was also used in the studies of

nanostructured electrodes with rather promising results.*?*

Application of both cyclic
deflectometry and chronodeflectometry allowed for the determination of faradaic
processes and potential of zero charge (pzc). Planes and co-workers reported study of
aerogel electrodes in NaF/H,0 and LiCIO4/CH3CN based electrolytes.'® Large active
area of nanostructures resulted in a prominent electrochemical flux and therefore strong
optical deflection signal.

Gas evolution can have a detrimental impact on many electrochemical processes
(e.g. in fuel cells charge/discharge cycle). PBD was used extensively to study gas
evolution on metal electrodes. The technique is particularly useful for this purpose as
for liquids: on/6C > 0, while for gases on/0C < 0. PBD ability to detect gaseous fluxes
allowed to quantify the effects of CO electro-oxidation as resulting in the formation of
CO, and H;O". Barbero et al investigated CO, formation on mesoporous Pt electrode.
Obtained deflectogram revealed a multiflux of CO, and HzO" (in opposite directions).
This result could not have been obtained by most of the other techniques.

Layer-by-layer (LbL) multilayers are a class of materials which are formed
through sequential deposition of different polyelectrolytes onto the solid surface. During
redox processes, these films are doped and undoped by a mixture of dopants. Depending
on the system, intrinsic or extrinsic processes as well as a mixture of these two
processes can maintain the electroneutrality. In the first case negative charge is balanced

by the positive charges on the adjacent polymer chain, in the second one an ingress of
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an external dopant from the bathing solution balances the charge on the polymer chain.
As LbL materials have great scope in applications such as permselective gas
membranes, noncentrosymmetric films for non-linear optics and selective area
patterning they were a subject of optical deflection studies.’?® Results allowed
estimating the fluxes of individual dopants and the fractions of redox charge

compensated by them as well as determining the extent of intrinsic and extrinsic doping.
1.3.3.4  PBD studies in ionic liquids and deep eutectic solvents

Since PBD relies on the presence of the concentration gradient for the analysis to
proceed, it works favourably in diluted electrolytes. High ionic concentration obviously
associated with ionic liquids and eutectic solvents forms a significant barrier to
successful optical analysis in this media. As ionic solvents have generally high
viscosity, which contributes significantly to longer diffusion times, the diffusional delay
(i.e temporal delay between the electrochemical reaction and species reaching the laser
beam) presents an additional obstacle. Hence, reports on the optical studies conducted
in ionic solvents are very limited. So far, only Hillman and co-workers have reported
the optical deflection studies of PEDOT/DES* as well as silver and tin redox chemistry

in Ethaline.™*°
1.3.4 Atomic Force Microscopy (AFM)

Investigation of both conductive and insulating materials on an atomic scale has
long been considered to be of great scientific importance. Over the years, various
techniques have been developed and applied to study surface morphology on the atomic
scale. While electron microscope has some unquestio