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Abstract

This thesis reports on a methodology for the nanocharacterization of
complex electrochemical systems. A series of powerful techniques have been
adapted and applied to studies of two scientifically important electrochemical
systems; namely polymer membrane solid-state ion-selective electrodes (ISEs)
and electrochemically generated tetracyanoquinodimethane (TCNQ) charge-
transfer materials. These studies have mainly encompassed the use of neutron
reflectometry (NR), electrochemical impedance spectroscopy (EIS), secondary
ion mass spectrometry (SIMS), small angle neutron scattering (SANS),
synchrotron radiation / Fourier transform-infrared microspectroscopy (SR / FT-
IRM), synchrotron radiation / X-ray photoelectron spectroscopy (SR / XPS) and
synchrotron radiation / grazing incidence X-ray diffraction (SR / GIXRD).
Significantly, an NR technique has been specially developed to enable
simultaneous EIS measurements through the development and refinement of a
novel electrochemical / reflectometry cell. Furthermore, the development of a
versatile electrochemical cell that is capable of allowing SR / GIXRD
measurements to be made in practically any conceivable electrochemical

problem has also been of great significance.

The investigation of polymer membrane solid-state ISEs focused on the
problem of water layer formation at the buried polymer interface after prolonged
exposure to an analyte. |Initially, a rigorous surface and materials
characterization scheme was developed and applied to plasticized
poly(vinylchloride) (PVC) coated wire electrodes (CWEs) that are known to be
adversely affected by water layer formation. It was determined that water and
the associated ions from the sample analyte were transported through the PVC
membrane. This resulted in the formation of a water layer (approximately 120 A
thick) at the substrate / ion-selective membrane interface. The results of the
study suggested that this event occurred after 3 to 20 hours of constant
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exposure to solution. Moreover, the water layer at the buried interface was found
to contain traces of plasticizer, whilst nanodroplets of water were also found in
the membrane. The former is evidence for the exudation of plasticizer from the

PVC membrane into the water layer at the buried interface.

Further investigations on a solid-state ISE utilizing a hydrophobic
poly(methylmethacrylate) / poly(decylmethacrylate) (PMMA / PDMA) copolymer
as the ion-selective membrane revealed that water was transported through the
membrane at a far slower rate than that of plasticized PVC ISEs. In fact, a
regular ISE of this type severely restricted water accumulation at the buried
interface, with such an event occurring after 460 hours. In addition, water was
restricted to accumulation as droplets at the buried interface, as opposed to
continuous water layers. A negligible amount of water was found in the bulk of
this hydrophobic polymer membrane.

Given CWEs are susceptible to forming water at the buried interface, it is
customary to employ solid-contact (SC) underlayers. The primary function of the
SC is to provide an appropriate mechanism for ion-to-electron transduction.
Certain SCs are also theorized to discourage the formation of water layers. The
results of this thesis revealed that a hydrophobic poly(3-octylthiophene-2,5-diyl)
(POT) SC can prevent the formation of a water layer in SC ISEs altogether. This
is not only achieved through the hydrophobic nature of POT, but also through
the fact that the underlayer of POT is able to cover any imperfections at the
buried interface, which water can use as a site for accumulation. By contrast, a
hydrophilic polymer SC, known as poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS), was found to scavenge available traces of
water at the buried interface. Instead of forming a well defined water layer or
even water-droplets at the buried interface, the PEDOT:PSS SC system was
found to soak up all traces of water transported through the ion-selective
membrane to the buried interface. Water was detected in the PEDOT:PSS

Vi
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underlayer in a miscible state and not as a separate phase as observed with the
CWE systems.

The mechanism for ion-to-electron transduction in electroactive polymer
SCs was also investigated. The study was performed in order to address the
extent to which charger-transfer events occur throughout the underlying polymer
SC. By studying the electrochemical doping of POT with [3,5-bis(triflouro-
methyl)phenyllborate (TFPB) ions it was shown that the ion-to-electron
transduction process is surface confined. This outcome demonstrates that the
performance of various SCs does not depend on the thickness of the polymer
film. In fact, it is proposed that the sparing use of the SC material may possibly
achieve better charge-transfer performance. Such a hypothesis is based on the
reduced electron path through the SC, hence reducing the probability that
electrons are hindered by impurities and film imperfections. The suggestion of
surface confined charge-transfer events also supports previous notions that the

effectiveness of SCs is based on the capacitive nature of the material.

The final part of the thesis deals with the characterization of the structure
and morphology of TCNQ-based charge-transfer materials. Due to the lack of
prior research on the electrochemical syntheses and structures of these
materials, Cd(TCNQ), and Zn(TCNQ), were studied. By using SR / GIXRD
together with synchrotron powder diffraction, the electrochemically synthesized
Cd(TCNQ), was found to be crystallographically similar to the powder sample.
Subtle differences between the two materials were evident; however, it was
found that the major phase of non-hydrated Cd(TCNQ), phase was present in
both samples. Notably, this phase was found to have a tetragonal unit cell, with
cell parameters: a = 16.78A and ¢ = 8.83A.

Finally, a potential-dependant voltammetric study was carried out on a

Zn(TCNQ), system. This was done in order to investigate the effects of
electrodepositing Zn(TCNQ), under different electrochemical conditions. It was

vii
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found that the material electrocrystallized prior to, or at, the peak potential for
reduction of TCNQ to TCNQ comprised two layers. The upper layer was shown
to consist of a densely packed and highly amorphous layer of Zn(TCNQ),, while
the lower layer was a crystalline phase of Zn(TCNQ),. The material deposited at
a potential after the peak suggested that only the crystalline phase of
Zn(TCNQ), was present. This finding is significant for two reasons. First, in
electrochemistry, it demonstrates that the in situ SR / GIXRD technique can be
used to interrogate electrode reaction products under different voltammetric
conditions. Next, it is important in the manufacture of electrocrystallized
materials, where it demonstrates that complete control of the morphology and
major phases is possible and that SR / GIXRD is a useful research tool to study

the process.
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Chapter One

1 Introduction and Overview

Electrochemical Systems

It is widely acknowledged that an electrochemical system is underpinned
by chemical reactions at the interface of a conductive substrate (either an
electron conductor or an ionic conductor). In the simplest case, electrons are
driven across the electrode (i.e. the electron conductor) and electrolyte (i.e. the
ionic conductor) interface resulting in, or as a result of, a chemical reaction of

some type.

Whilst the general theory behind electrochemistry may at first appear
simplistic, the reality is that electrochemical systems are often extremely difficult
to comprehend due to the complexity of the chemical and physical interactions
taking place at electrode / electrolyte interfaces. It is often the case that these
systems are the cause of great anguish to scientists due to the fact that the
electrochemistry can be unpredictable at the best of times. As a result,
electrochemical systems may be misconstrued as being temperamental;
however, this unpredictability is merely due to a lack of understanding of such

systems.

Arguably, the most significant complexity exists at the electrode boundary
layer where charge-transfer processes occur at depths of up to several hundred
Angstroms on either side of the electrode surface. The molecular structure of
both phases in this boundary region (commonly referred to as the interphase)
can differ considerably from those of the bulk structures (1). These structural
properties can have a significant effect on the behaviour of the electrochemical

reactions occurring at the interface. A phenomenon known as the electrical
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double layer bears testament to the difference in molecular structure and
reinforces the complexity of the interphase. Essentially, an electrical double
layer is established when a charged surface is exposed to an electrolyte
solution. A net charge at the surface of an object affects the distribution of ions
in the surrounding region. This results in an increased concentration of counter
ions close to the objects surface (as depicted in Figure 1-1). Incidentally, the
electrical double layer can be highly influential in the electrochemical behaviour

of electrodes.

e @ @® Fluid Bulk

Diffuse Layer

DO O OO OO0 6O O ®® Stern Layer
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Figure 1-1 Schematic representation of the electrical double layer formed at a

negatively charged surface.

The complexity associated with the characterization of the interphase
arises from the fact that it is essentially a “buried interface.” Early research into
this field could only speculate about the material properties of the interphase
due to the absence of effective methods for characterizing this buried region.
This hampered efforts to obtain a true understanding of the underlying reaction
mechanisms. As research has advanced, a range of suitable surface sensitive
techniques became available that opened up new avenues for studying the
physical and chemical properties of the interphase. Although providing a

significant boost in current knowledge, these methods of analysis are often
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carried out ex situ due to the limitations of the instrumental techniques. By and
large, ex situ studies provide valuable insights into certain properties of different
systems; however, there is always a nagging doubt about the effect of removing
the electrodes from their natural electrochemical environment (2-4). In some
cases, exposure of electrochemically treated surfaces to ambient air - containing
not only oxygen but also other reactive components like carbon dioxide - results
in uncontrollable structural changes (4). To exacerbate this problem, electro-
chemical surfaces are likely to undergo physical transformations simply due to
the switching off of the applied electrode potential, as well as the loss of surface
water when the electrode is removed from its native electrochemical
environment. These difficulties demonstrate that ex situ surface analysis can
sometimes lead to misleading and unrepresentative information about the
electrochemical interphase. Accordingly, the prospect of examining the
interphase in situ is very attractive to contemporary electrochemical researchers.
In situ surface analysis techniques have not displaced ex situ ones as it is often
necessary to use multiple techniques capable of providing complementary
information. Hence, a combination of in situ and ex situ methods can be much
more effective in providing solutions to interphase problems in electrochemistry.
In this context, the studies presented in this thesis are focused on the utilization
of modern in situ techniques in combination with well established ex situ
techniques in order to obtain a well-rounded representation of the studied

electrochemical system.

It must be stressed that the scope of this thesis is not to carry out
exhaustive characterizations of every known electrochemical system. The
intention is rather to demonstrate, by application to two complex electrochemical
systems, that new and existing characterization techniques can be applied in
innovative ways to solve longstanding problems in electrochemistry. Specifically,
this thesis will focus on solid-state polymeric ion-selective electrodes (ISEs) and
the effect that long-term exposure to solution has on the physical and
electrochemical properties of the electrodes. In order to demonstrate that the
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same methodology (i.e. using new and existing techniques in innovative ways)
can be implemented to other systems, the thesis also details the investigation of,
albeit to a lesser extent, electrodeposited tetracyanoquinodimethane (TCNQ)
charge-transfer materials. These two systems of interest are profoundly different
in nature and have required vastly different surface characterization approaches.
Collectively, the studied systems are representative of a raft of electrochemical
systems and, as such, many of the nanocharacterization techniques described

herein may be applied generally to any electrochemical system.

Significantly, a review article is presented in Chapter 2 which focuses on
the use of various in situ synchrotron techniques in the characterization of
electrochemical systems. This article was written in response to an invitation to
contribute based on the experience and knowledge gathered by the authors
throughout this research. In the context of this thesis, the review serves to
provide an introduction into the power of synchrotron radiation (which will be
relied heavily upon in the later stages of the thesis) to elucidate various
problems facing electrochemists. In addition, Chapter 2 reaffirms the
complexities that exist in electrochemical systems (as established in this

chapter).

Polymeric Solid-State ISEs

Solid-state ISEs utilizing polymeric ion-selective membranes have shown
great promise for use in mainstream analytical chemistry. They have been used
for many years as a means of providing reliable methods for the determination
of analytes in most aqueous media (5-7). In many applications requiring urgent
measurements of ionic activity, ISEs have replaced even the most advanced
methods due to their rapid response times and comparable ion selectivities. As
a result of these activities, solid-state ISEs have become the centre of
considerable attention across many disciplines of science. Potential applications

of modern solid-state ISEs in clinical, environmental and forensic analyses (6,
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8-12) have been the driving force for the recent growth in research activity, and
this attention has further intensified through innovations such as the batch
fabrication of sensor arrays using screen printing technologies (13). Of particular
relevance to today’s booming nano- and micro-technology sector, the general
trend towards miniaturization has opened up possibilities for the creation of
micro-electrodes capable of mechanically robust intracellular measure-
ments (14).

A polymeric solid-state ISE is a polymer membrane electrode that
responds selectively to certain ions in the presence of other ions. The ISEs of
interest in this thesis are a breed of chemical sensors known as “potentiometric”
sensors. These sensors work on the basic principle of the galvanic cell whereby
the electric potential generated across a membrane by “selected” ions is
measured against a reference electrode under zero current conditions (8, 15). A
net potential is determined which is related to the concentration of the selected

ion according to the well-known Nernst equation (16):

RT _
ce = Eq +E|n a; Equation 1-1

E

where E.q is the cell potential and E, is the standard cell potential at the
measuring temperature. R is the universal gas constant (8.314 JK™' mol™), T is
the absolute temperature, z is the number of moles of electrons transferred and
F is the Faraday constant (9.648 x 10* C mol™). Importantly, a; is the ion activity

of the primary ion, which is related to the concentration of the primary ion.

The beginnings of the solid-state polymeric ISE came from the invention
of the coated wire electrode (CWE) (Figure 1-2 (a)) almost 40 years ago (17).
Although popular for its simplistic design, the ion-to-electron transduction
process at the interface between the ionically conducting ion-selective
membrane and the electron transferring metallic electrode was not well defined

in CWEs (18), which resulted in a significant instability in the measured
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potential (19). In the years that followed, the Finnish group of lvaska (20)
showed that the incorporation of an intermediate layer with suitable redox and
ion-exchanging properties between the ion-selective membrane and the metallic
substrate eliminated electrode instability (19, 21). The addition of the
intermediate layer, or solid-contact (SC), signalled the birth of modern solid-state
ISEs (Figure 1-2 (b)).

Figure 1-2 Two variations of ion-selective electrodes (ISE). (a) Coated wire
electrode (CWE), (b) Modern day solid-contact ISE. 1) Metallic electrode, 2) ion-
sensing membrane, 3) conducting polymer under-layer, 4) electronic conductor
with a high work function, 5) electrically insulating and chemically inert electrode
body.

A typical SC ISE comprises a conductive polymer SC which is applied to
an inert electrically conductive support. The SC is, in turn, coated with an ion-
selective polymer matrix incorporating an ionophore and a lipophilic ion-

exchanger. In some instances, the ion-selective polymer support may require
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the addition of lipophilic salts (not to be confused with lipophilic ion-exchange
salts) to lower the resistance of the membrane without significantly affecting the
primary ion response of the membrane (22). These salts can also play a role in
influencing the selectivity of the ISE by increasing the ionic strength of the

membrane (23).

Conducting polymer SCs are electroactive materials of mixed electronic
and ionic conductivity. This property gives them the unique ability to convert
ionic signals into electronic signals (24). In the conventional Ag / AgCl reference
electrode, the ion-to-electron transduction process takes place at the internal
reference electrode that is immersed in an electrolyte solution containing Cl

ions, viz.:

Ag+ClIr & Ag'Cl +e” Equation 1-2

For a neutral conducting polymer SC, the ion-to-electron transduction process is

accompanied by anion insertion as shown below:

P+A" >P'A +e Equation 1-3

where P is the neutral conducting polymer phase and A" is an anion. Electron
transfer coupled to the anion leads to anion dependent electron transfer that can

be fixed by a constant level of anion supply.

Several polymers have all of the necessary features of a conducting
polymer. These include doped conjugated polymers, redox polymers, polymer
composites and polymer electrolytes (19). The present research will focus on
conjugated polymers that can be made electrically conductive by partial
oxidation (p-doping). In particular, the hydrophobic poly(3-octylthiophene-2,5-
diyl) (POT) (Figure 1-3 (a)) will be assessed in terms of its suitability for

application in solid-state ISEs and compared with the largely hydrophilic polymer
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mixture of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS) (Figure 1-3 (b)).

The electroactivity evidenced in these poly alkylthiophene polymers is
due to the highly conjugated backbone. The overlapping p, orbitals, which arise
as a result of the alternating single (o) and double bonds (1), allow for the
transportation of electrons, which result in current flows when there is either an

excess or deficiency of m-electrons along the chain.

(a) (b)
o O
[\ /

Figure 1-3 Two conducting polymers used in this research. (a) poly(3-
octylthiophene-2,5-diyl) (POT), (b) poly(3,4-ethylenedioxythiophene) (PEDQOT).
Note: the hydrophilic poly(styrenesulfonate) component used to stabilize PEDOT

in water is not shown here.

Ideally, any polymer employed as an ion-selective membrane should
have a glass transition temperature (T4) lower than room temperature. When
this requirement is met, the membrane is sufficiently fluid under ambient

conditions to allow for reasonable ionic conductivities and diffusion of membrane
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components. For this reason, an appropriate polymer support in an ion-selective
membrane matrix can be regarded simplistically as a hydrophobic solvent of
high viscosity (25). An important addition to these requirements is that an ideal
polymer support should essentially be inert and unable to perturb the electrode
response in any way. In this study, two polymers with different attributes will be
utilized to identify which best suits such an application.

(@) Cl

n
Poly(vinylchloride)

(b) | (CH,)sCH;
NP <|3 O

N n

Poly(methylmethacrylate) / Poly(decylmethacrylate)

Figure 1-4 The ion-selective polymer membranes investigated in this thesis. (a)
Poly(vinylchloride) (PVC) and (b) poly(methylmethacrylate) / poly(decylmetha-

crylate) copolymer.

Plasticized poly(vinylchloride) (PVC) (Figure 1-4 (a)) is arguably the most
popular polymer support in polymeric ISEs, and will be one of the polymers
investigated in this study. Although it has been used successfully for over 40
years (26), Chapter 3 will demonstrate that PVC has a number of drawbacks
associated with its use in long-term sensing applications. Significantly, whilst the

use of the plasticizer is imperative in reducing the T4 of the PVC matrix, such a
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component has been known to be the cause of potential drift in the sensor’'s
response. This is due to exudation or leaching of the plasticizer from the
membrane into the sample solution (27). An effect such as this is highly
undesirable due to the danger posed by sample contamination, especially in the
context of clinical and biological applications. Nevertheless, any attempts to
reduce the plasticizer content causes significant decreases in the diffusion
coefficient of the PVC membrane which can lead to ionophore inactivity and a
substantial slowing of the membrane response (28). Chapter 4 will demonstrate
that the use of methacrylate copolymers (Figure 1-4 (b)) in place of plasticized
PVC can eliminate these problems. Specifically, the combination of
poly(methylmethacrylate) (PMMA) (Tg = 105°C) together with
poly(decylmethacrylate) (PDMA) (T4 = -30°C) negates the requirement for
plasticizers altogether. A polymer with a T4 well below room temperature can be
tailored by mixing the appropriate quantities of each monomer according to the

Fox equation shown below:

1 _F R
- Equation 1-4
T,(co) T,(A) T,(B)

where T4(A) and Tg(B) are the glass transition temperatures of the
homopolymers and Tg4(co) is the glass transition temperature of the copolymer in
Kelvin. FAo and Fg are the weight fractions of the monomers. The resultant
polymer possesses greater durability and much better adhesion properties than
its plasticized PVC counterpart. Furthermore, toxicity concerns are defeated due

to the absence of plasticizers.

The incorporation of the ionophore into the ISE membrane is imperative
for the appropriate functioning of the sensor as it accounts for the sensor’'s
selectivity (refer to Figure 1-5 (a) for the structure of a commonly used
ionophore). Essentially, this is achieved through the ionophore’s ability to target

a specific ion and form reversible complexes with it, whilst forming only weak

10
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complexes, if at all, with interfering ions. Although it is desirable for the targeted
ion to form strong complexes with the ionophore, the binding should not be so
strong as to hinder the complexation / decomplexation kinetics. Such a property

would cause slow response times and deviations from Nernstian response (29).

(@) N /O
A
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OJ\N/(CHz)wCHs

|
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F
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Sodium Tetrakis

Figure 1-5 The doping salts used in the polymer membrane to facilitate ion-
selectivity. (a) N, N-dicyclohexyl-N',N'-dioctadecyl-3-oxapentanediamide
(Calcium ionophore 1V) and (b) sodium [3,5-bis(triflouromethyl)phenyl]borate

(sodium tetrakis).

11



Introduction and Overview

Importantly, whilst the ionophore is largely responsible for the ISE’s
selectivity, a Nernstian slope cannot, and should not, be observed unless the
final component, an ion-exchanger, is added to the matrix (30, 31). The ion-
exchanger is essentially a large salt (see Figure 1-5 (b)) that, when
incorporated into an ion-selective membrane, significantly reduces the co-
extraction of the target ion’s counter-ion into the membrane phase. This concept
is often referred to as permselectivity. A significant property of the ion-exchange
additive is that it must be sufficiently lipophilic to remain solely in the organic

membrane phase when in contact with aqueous solution.

Although thousands of combinations exist for the components used in
ion-selective membranes, this project will be focused toward cationic selective
electrodes, namely Ca®*. As such, the membranes utilized in this study in almost
all instances incorporate the calcium ionophore IV (Figure 1-5 (a)) and sodium
tetrakis (Figure 1-5 (b)) as the ion-selective membrane components, unless

otherwise specified.

Although SC ISEs have been around for decades, the technology has
been hindered by a lack of understanding of the chemistry occurring at the
buried interface between the SC and the ion sensing polymer. In general, these
sensors have lacked the long-term stability for use in robust sensor applications
and have sometimes possessed mediocre detection limits when compared to
other electrochemical sensors (32). Recent suggestions ascribe the degradation
in sensor response to the existence of a water layer between the polymer
membrane and the electrode substrate (see Figure 1-6). Such a water layer
often results in spurious ISE potentials by acting as a reservoir, allowing the
transportation of H,O, O, and CO; molecules along with ions into and out of the
water layer underneath the membrane (19, 32-35). As a result of these
significant concerns, this thesis will focus on the buried interfaces in solid-state
ISEs to determine the effects that prolonged exposure to aqueous analytes have
on the sensor’s functionality. Accordingly, this investigation sets out to achieve

12
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an enhanced understanding of the physical and chemical factors influencing the
buried interfaces of these electrodes.

Figure 1-6 Expanded schematic of a solid-contact ion-selective electrode
affected by an undesirable water layer. The formation of a water layer at the
buried interface causes unpredictability in the chemistry and physics occurring at

the interface.

A Nanocharacterization Scheme for Solid-State lon-Selective Electrodes

Importantly, it is by no means the intention of this thesis to provide
comprehensive accounts of the concepts associated with each experimental
technique used in this research, as well as research pertaining to metal TCNQ
compounds and polymeric ion sensors, but rather to demonstrate the effective
use of these techniques in the characterization of electrochemical systems. The
reader is instead referred to Appendix | for further descriptions of some of the

more complex or less known techniques introduced in this Chapter.

Undoubtedly, the most attractive approach to characterising SC ISE
systems subjected to prolonged exposure to water is electrochemical
impedance spectroscopy (EIS). EIS is a powerful tool in an electrochemist’s
armoury due to the fact that it is extremely sensitive to nanoscale non-

13
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uniformities at electrode interfaces (36). The technique differs from other
electrochemical characterization techniques (i.e. cyclic voltammetry, scanning
electrochemical microscopy, etc.) that may probe the buried interfaces by using
large perturbations that drive reactions to conditions far from steady-state.
Instead, EIS is a steady-state technique that provides non-destructive in situ
information on relaxation times over large frequency ranges by using an AC
potential of small amplitude. As a consequence, EIS ensures that the kinetic
information pertaining to the buried interfaces is close to near zero current
conditions, which are prevalent with ISEs in potentiometry. As will be shown in
Chapters 3 - 5, the specific application of EIS to solid-state ISEs can reveal
important information about the nature of the buried interfaces, along with data
about the dielectric properties of the material. In particular, the ability of EIS to
monitor the bulk impedance of the ISE membrane has enabled the search for
water layer formations at the buried interface. It is hypothesised that a significant
reduction in bulk membrane impedance will signal the evolution of water due to

the fact that the water acts as a low-resistance shunt at this buried interface.

Although EIS is a useful tool when used solely to study electrochemical
systems, Chapters 3 -5 also demonstrate that the real power of EIS is its
suitability for use in conjunction with other structural measurements such as
neutron reflectometry (NR). Reflectometry is a technique which probes the
structural parameters of thin films, i.e. thickness, density and roughness. This
structural information can be investigated as a function of time and related to the
electrode kinetic information obtained by EIS which is also measured
simultaneously. Moreover, neutrons scatter differently off isotopes of an
element, thus opening up the possibility of studying the materials under different
isotope contrasts. This can be achieved by mixing the electrolyte in different
amounts of water and heavy water (i.,e. HO and D,0O). Henceforth, an
investigator has the ability to selectively highlight or conceal certain components
of the system to probe different perspectives of the system under investigation

(refer to Appendix [ for further information).
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From an electrochemical perspective, neutron reflectometry can be
configured so as to probe electrolyte / thin film interfaces, as well as buried
interfaces down to the substrate. Chapter 3 introduces a specially designed
neutron reflectometry cell that is capable of probing solid / liquid interfaces with
neutrons and also measuring EIS simultaneously. On the other hand, Chapter 5
introduces an evolved version of the cell that is capable of more versatile
electrochemical measurements. Significantly, NR is able to resolve water layers
formed as a consequence of electrolyte penetration. Due to the sample
prerequisite of atomically smooth layers for reliable neutron reflectivity, water
droplets or inhomogeneities at the buried interface are expressed as a

significant roughening of the interface.

By contrast, X-ray reflectometry (XR) is not easily adapted to
electrochemical systems due to the fact that X-rays are significantly attenuated
by the electrolyte. Whilst the techniques are almost conceptually identical, the
difference in the medium used as the characterization probe (i.e. X-rays as
opposed to neutrons) accounts for such an effect. In a laboratory based X-ray
reflectometer, such as that used throughout the course of the project, this
attenuation results in a low signal to noise ratio which tends to obscure valuable
structural information pertaining to the system of interest. As a consequence, all

XR measurements in this study are carried out ex situ at a solid / air interface.

Generally, NR and XR studies work under the assumption that the
polymer layers are homogenous throughout the sublayers of the ISE. Whilst the
two reflectometry techniques are extremely powerful tools to study the effects of
water uptake on prolonged exposure to analytes, they are unable to provide
insights into any nano-inclusions that may exist in the polymer. In such a case,
small angle neutron scattering (SANS) can be used to study the internal
structure of the polymer at length scales from approximately 10 to 1000 A (37).

Essentially, such a technique involves the elastic scattering of neutrons from a
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sample resulting in a scattering pattern which is analysed to provide information
on the size, shape and orientation of certain components of the system (38).

Chapter 4 introduces SANS as a technique that is capable of assessing
the formation of water within the membrane, as opposed to at the interfaces.
Such a technique is imperative to this study due to the fact that it will be used to
identify any water formed within the membrane that is not homogenous in
nature, i.e. undetectable by NR, and provide information relating to the size and
distribution of the inhomogeneities. Accordingly, SANS has also been used to

provide insights into the effects of using a plasticizer.

Although the information that can be obtained from a combination of
reflectivity, SANS and EIS is extremely valuable, these techniques fall short of
providing meaningful compositional information for the materials under
investigation. With reference to the uptake and formation of water at the
interfaces of SC ISEs, these techniques are unable to provide insights into the
ion content of the transported water (i.e. water transported in a pure or
electrolytic form). The usefulness of secondary ion mass spectrometry (SIMS) is
demonstrated in this instance, where trace ion concentrations of transported
ions at the buried interface can be determined with excellent sensitivity.

Chapters 3 — 5 demonstrate the use of SIMS in such a manner.

In this research, SIMS analyses are carried out after removing ISEs from
solution and exposing the buried interfaces by manually peeling away various
polymer layers. In theory, peeling away the polymer layer should lead to an
almost immediate evaporation of any water whilst leaving behind salt residues
from the electrolyte that can be analysed by SIMS. Whilst such a methodology
will give an indication of the existence of water and the transported ions at the
interface, Chapters 5 and 6 demonstrate that the use of synchrotron radiation /
Fourier transform-infrared micro-spectroscopy (SR / FT-IRM), although still an

ex situ technique, negates the requirement to remove polymers from the ISE’s
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conductive support. In addition, SR/FT-IRM allows a visual depiction of water
inclusions formed at the buried interface. Nevertheless, whilst the two
techniques share similar experimental approaches (i.e. both techniques require
the ex situ analysis of the ISEs following membrane hydration), the information
that each technique is able to provide is inherently different. As such, these
techniques can be used in conjunction with each other to provide valuable and

complementary information.

The study of solid-state polymeric ISEs is concluded by a preliminary
examination of the ion-to-electron transduction process occurring in the SC
sublayer. Chapter 7 serves as a preface to such a study which will inevitably
form a significant component of the future direction of this research. Given that
the research pertaining to this thesis has focussed on characterizing and
subsequently eliminating the problem of the water layer through use of polymer
SCs, it follows that future research should be focussed on the chemical and
electrochemical mechanisms at work in these materials. Synchrotron radiation /
X-ray photoelectron spectroscopy (SR / XPS) is presented as an ideal approach
for studying the charge transfer processes occurring at the ion-selective
membrane / SC interface. In contrast to SIMS, the ability of SR / XPS to provide
information pertaining to the oxidation states of atoms opens up avenues to
study the electrochemical doping of the SC. In this respect, the extent that the
ion-to-electron process occurs in the SC can be examined in the poly
alkylthiophenes by exploring for the existence of oxidized sulfur throughout the
material. NR is also presented as a tool to study these charge transfer
processes by monitoring changes in the neutron scattering length density (SLD)

of the SC after forcibly doping it with lipophilic ion-exchanger anions.

Metal — Tetracyanoquinodimethane Molecules

Charge-transfer materials based on tetracyanoquinodimethane (TCNQ)

(see Figure 1-7), have been used in many contexts over several decades (39-
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41). Often, the M [TCNQ], (where M = transition metal) derivatives exhibit

interesting conducting and magnetic properties that make them useful in
applications such as data storage and novel sensor materials (42). In particular,
the prospect of using these compounds as molecular on / off switches (i.e.
alternating from a high to a low impedance state upon the application of an
electric field or optical excitation) has been a significant driving force behind a
recent boom in research on these charge-transfer materials (43-50).
Nevertheless, there is much controversy surrounding the novel properties of
these materials due to a lack of understanding of the underlying mechanisms at
work (45). A limiting factor with many of these materials is that their structures
are yet to be elucidated, primarily since there is no appropriate technique for
characterizing the TCNQ compounds in situ. As mentioned in the Introduction,
ex situ studies are prone to error since the action of removing the sample from
the solvent to air or vacuum environments may result in changes in the
morphology of the synthesized crystals. Metal TCNQ systems are no

exception (46).
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Figure 1-7 Tetracyanoquinodimethane (TCNQ) complex investigated in this

research.

Although a variety of methods are available for the synthesis of metal
TCNQ compounds (48, 49, 51-55), an electrocrystallization approach (40, 41,
44, 45, 50) is very appealing for several obvious reasons. Aside from the relative

ease of synthesis associated with a metal TCNQ material when
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electrodeposited, the prospect of having an electrochemically controllable
deposit is an invaluable tool in future applications (44, 56). Inevitably, the ability
to control the reaction by managing the electrochemical deposition parameters
allows for a greater control of the resulting physical (e.g. morphology) and
chemical (e.g. phase, structure, purity) properties of the prevailing material.
Such factors are vitally important for progression of this technology since it is
theorized that the phase, morphology and stoichiometry of the materials play a
substantial role in determining their electronic and conducting properties (41).
Accordingly, the purpose of this research has been in the design and
implementation of an appropriate method for the synthesis and in situ

structural characterization of these materials. Such a method will be applied

to two uncharacterized M*[TCNQ], systems, namely zinc and cadmium

based TCNQ systems.

A Nanocharacterization Scheme for Metal — TCNQ Molecules

In the last few decades, advanced synchrotron sources have offered the
possibility of probing in situ the buried interface of electrochemical systems. As
opposed to conventional laboratory based X-ray sources, the highly intense
nature of synchrotron radiation aligns itself perfectly to studying electrodes
beneath an electrode layer. Essentially, powerful synchrotron X-ray sources
allow beam penetration through the electrolyte - a feat which conventional X-ray
sources struggle to achieve - and allows in situ structural characterization of the
interphase (4). In particular, the emergence of third generation synchrotron X-
ray sources have provided higher energy X-rays, and this can be used to
penetrate electrolytes at thicknesses of up to several millimetres. As a result of
these improvements, electrochemists have been able to characterize materials
surrounded by an electrolyte without a significant loss in beam intensity. In the
context of the present research, the phase chemistry of electrodeposited metal
TCNQ can be investigated using a synchrotron source without the need of

removing the electrode from its natural electrochemical environment.
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Synchrotron radiation / grazing-incidence X-ray diffraction (SR / GIXRD)
is an ideal method for characterizing the crystal structure of electrocrystallized
films. Figure 1-8 shows a simplified schematic of the experimental setup used in
SR / GIXRD measurements. Essentially SR / GIXRD offers all of the benefits of
conventional X-ray diffraction while allowing surface diffraction measurements
for the externally reflected beam that skims across the surface. In general,
diffraction techniques are based on the elastic scattering of X-rays from
structures with long range order. As a result they provide detailed information on
the crystal structures, grain sizes and preferred orientations of the
electrocrystallized materials with relative ease. Accordingly, as demonstrated in
Chapters 8 and 9, SR / GIXRD is an ideal method for investigating the phase
and structural chemistry of electrocrystallized metal TCNQ compounds.

5

3

Figure 1-8 Simplified schematic of the experimental set-up of a GIXRD
experiment applied to in situ studies of electrochemically generated thin films. 1)
Auxiliary and reference electrodes, 2) working electrode, 3) electrolyte reservoir
inlet | outlet, 4) incident X-ray beam at small angles, 5) diffracted X-ray beam, 6)

cell body, 7) X-ray transparent window.
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In addition to SR/GIXRD, infrared (IR) spectroscopy and
thermogravimetric studies were carried out to provide complementary
information on the compositions and structures of the electrocrystallized
materials, i.e. to determine if the hydrated metal-TCNQ compound was formed.
On the other hand, scanning electron microscopy (SEM) studies were
undertaken to study the morphology of the electrocrystallized material on the

eletrode surface”.

' The concept of IR spectroscopy has already been introduced in this chapter (and explained in more
detail in Appendix ). On the other hand, thermogravimetry and SEM are already well established
and widely understood techniques. In the context of studying metal TCNQ systems, these techniques
merely serve the purpose of ensuring the reliability of GIXRD. As a result, further discussions of these
techniques are not warranted in this section.
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2 In Situ Structural Characterization of
Electrochemical Systems Using
Synchrotron - Radiation Techniques

Roland De Marco and Jean-Pierre Veder

Trends in Analytical Chemistry 29, 528-537 (2010).

Abstract — In recent times, in situ synchrotron-radiation techniques have been
used extensively in studies of scientifically and technologically important
electrochemical systems. In this review, we showcase the power of
electrochemical measurements, either active or passive, in combination with in
situ synchrotron-radiation techniques, using research reported on battery
systems, corroding metals, ion-selective electrodes and fuel cells. Moreover, we
review the specialized electrochemical cells and general design principles

utilized by electrochemical synchrotron researchers.

Introduction

Electrochemical systems are complex in nature and difficult to
understand. This is primarily due to the transfer of charge between electrically
and ionically conducting phases, whereby these complex processes occur at the
boundary or the interface separating two phases (i.e. electrode and electrolyte).

Often, these charge-transfer processes occur over a depth scale of several
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hundred Angstroms (A) on either side of the electrode surface, and the
molecular structure of the interphase region can differ considerably from the bulk
structures (1). Consequently, surface-analysis tools are crucial in the field of

electrochemical science and technology.

Generally, ex situ surface studies of electrochemical systems provide
valuable insights into certain properties of different systems, but there always
remains a doubt about whether the removal of an electrode from its natural
electrochemical environment may affect deleteriously the composition of the
electrode (2-4). For example, exposure of surfaces to ambient air, containing not
only oxygen but also other reactive components (e.g., carbon dioxide) may
result in an uncontrollable structural change of the surface (4). To exacerbate
this problem, many electrochemical surfaces are inclined to undergo
transformations in the absence of the applied electric field in the native
electrochemical environment. Accordingly, the “holy grail” of modern
electrochemical surface analysis involves in situ characterization of
electrochemical systems, and this is a major imperative for contemporary

electrochemistry research.

In this context, it is necessary to use a probe that can penetrate the
electrode / electrolyte systems, so as to enable reliable measurements without a
significant loss of intensity from the excitation source (1). Due to these stringent
conditions, many techniques are deemed unsuitable for in situ characterization

of complex electrochemical systems.

Recently, the introduction of highly-advanced synchrotron sources has
offered the means and the capability for probing in situ the complex buried
interface of electrochemical systems. Specifically, synchrotron-light sources are
instruments that accelerate electrons or positrons in very large orbits
approaching the speed of light. Deflections of the charged particles through
magnetic fields will create extremely bright light, in directions tangential to the
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electron orbit. Essentially, this bright light is commonly referred to as
synchrotron radiation (SR). Further insertion devices (e.g., multi-pole wigglers
and undulators) are installed into the synchrotron with the intention of
significantly increasing the intensity of the light. The basic principle behind the
use of insertion devices is to make the charged particles undergo sharp
serpentine motions, thereby adding further flux to the already bright light
source (5). The net result of this process is a highly intense, collimated and
polarized beam that has the added advantage of tunability across the entire
wavelength range of the electromagnetic spectrum (from infrared to X-rays). A
full description of synchrotron science is beyond the scope of this review, but
further information on contemporary synchrotron sources can be found in a

comprehensive review by Bilderback et.al. (6).

By contrast to conventional laboratory-based X-ray sources, the highly
intense nature of SR, as previously described, aligns itself perfectly to
applications in electrochemical science and technology. Essentially, powerful SR
X-ray sources offer the possibility of penetrating matter (e.g., electrodes and
electrolytes) with relative ease - a feat that conventional X-ray sources struggle
to achieve - and they allow in situ studies of structural parameters of the
electrochemical system (4). In particular, the emergence of third generation SR
X-ray sources has seen higher beam energies that can penetrate electrodes and
electrolyte solutions at depths of up to several millimetres, and sophisticated
detectors may be used in time-resolved studies of the electrochemical reactivity.
Furthermore, the highly-collimated SR beam allows high-resolution
spectroscopic imaging of electrodes, while the substantial boost in light flux of
the SR beam also allows a substantial enhancement of the signal-to-noise ratio
of conventional structural characterization techniques, thereby yielding data of
the highest quality. Last but not least, there is the advantage of tunability of the
source enabling the experimentor to optimize the beam energy, thereby yielding
high-quality data (e.g., X-ray diffraction [XRD] data in the presence of negligible
levels of fluorescence, X-ray photoelectron spectroscopy [XPS] data with vastly
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enhanced detection limits, and beam penetration at high energy to allow
transmission through a thin electrode cell), or by allowing the conduct of X-ray
absorption spectroscopy (XAS) experiments requiring a scan of the beam

energy around the absorption edge of the test element.

In summary, the present review describes a series of applications of SR
techniques in contemporary electrochemistry. It must be stressed that the scope
of this review is not to provide a comprehensive treatise on in situ SR
techniques but rather to demonstrate the power of combined in situ SR and
electrochemical studies of scientifically important systems. In this context, the
review has been organised so as to provide an overview of in situ
electrochemical cells, followed by a review of exciting recent literature on in situ

studies of electrochemical systems using SR techniques.

In Situ Cell Designs

Typically, the use of SR in the characterization of electrochemical
systems requires the design of a specific flow cell to carry out electrochemistry
whilst also allowing the appropriate X-ray measurements to be made. A primary
assessment of literature on this topic reveals many electrochemical-cell designs,
each of which can carry out a wide variety of in situ synchrotron studies. The
field of in situ electrochemical X-ray analysis is so mature that the evolution of in
situ cells has been reviewed previously for specific applications (i.e. cells used
to study battery materials by XRD (1, 5, 7, 8)). As a general trend, each reported
cell design differs slightly from the earliest reported designs (9-12) in order to
extend the cell to new SR experiments and / or provide enhanced
electrochemistry. Nevertheless, each cell is intrinsically based on one of two
specific designs which correspond to two different measurement geometries (i.e.

reflection and transmission modes of measurement).
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Reflection cells generally comprise an X-ray transparent window (usually
Kapton or Mylar) that is situated parallel (9, 10, 12-14), or sometimes
perpendicular (as with thick layer reflection cells) (4, 15-20), to the working-
electrode interface, noting that this configuration is only utilized in surface
analyses of substrates. This window is responsible for containing the electrolyte
whilst not severely attenuating the X-ray beam itself.

Transmission cells (21-29), otherwise known as thin layer cells, are
arranged such that the X-ray beam passes through the entire cell that
incorporates a thin deposit of the electrode material under examination. Often,
the contribution to the absorbance by electrolyte solution is minimized by using
layers of filter paper or alike soaked in electrolyte as a separator between the
working electrode and the counter electrode. Figure 2-1 shows each
experimental configuration associated with reflection and transmission

geometries.

It is widely acknowledged that each of these geometries comes with
associated advantages and disadvantages, but the appropriate choice of in situ
cell requires careful consideration of the configuration of the synchrotron
beamline to be used, as well as the nature of the electrochemical system under
scrutiny. Nagy et al. (19) discussed further comparisons between thick-layer and
conventional reflectance cells in an early, but informative, review of the two

configurations.

In the past, transmission cells have been used typically for a variety of
measurements ranging from XRD to XAS. In many cases the electrode material
has the form of a powder that is pressed into a thin pellet, and a filter paper that
is moistened by electrolyte. Notably, several groups included ionically
transferring membranes (22, 24, 27, 30) in place of the electrolyte-soaked filter

paper to enhance electrochemical attributes. Morcrette et al. (8) and Russell et

33



In Situ Structural Characterization of Electrochemical Systems Using Synchrotron-Radiation Techniques

al. (7) critically reviewed a variety of cells similar in nature to those outlined

above, so no further comments are warranted.

Conventional Thick Film
Reflection Cell Reflection Cell

A
~ Ay \
\\ \
\/\\:‘
X-ray transparent
window

Thin Film
Transmission Cell

Figure 2-1 Differing cell configurations in transmission and reflection
geometries. The thick black arrow shows the path of the X-ray beam whilst the

dashed arrows show the scattered beam (Adapted from Nagy et al. (1)).

Despite the numerous options available for cell geometries, in many
instances, the experimenter will be limited by the type of cell that may be
implemented on the beamline available for X-ray analysis. In simple terms,
electrochemical cells must be designed and implemented with respect to the
sample holders, the detectors and the experimental set-ups at the host
beamlines. Consequently, Morcrette et al. proposed (8) that there is no ideal
design for an in situ X-ray electrochemical cell, and the design of cell is left to

the imagination and creativity of the SR user.
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X-ray Diffraction and Synchrotron Radiation / Grazing Incidence X-ray
Diffraction

Synchrotron radiation / grazing incidence X-ray diffraction (SR / GIXRD)
or surface XRD aligns the collimated SR beam at low angles of incidence and
the technique is surface sensitive. Since the introduction of SR / GIXRD in the
late 1970’s to early 1980’s (31, 32), it has been used to study many systems
concerned primarily with surfaces and thin layers. Below the critical angle at a
given wavelength of radiation, SR / GIXRD accomplishes its surface sensitivity
by restricting the depth of penetration of the externally-reflected X-ray beam and
the concomitant sampling depth to the order of A. Importantly, buried interface
structures below the surface can be studied with relative ease by altering the
penetration depth of the SR beam by varying the angle of incidence. We do not
set out to provide a comprehensive description of basic XRD methods, so, for
detailed explanations on XRD and GIXRD, we refer readers to the excellent

review by Robinson and Tweet (33).
In this section, we will showcase in situ SR / XRD and SR / GIXRD using

examples in the fields of batteries, supercapacitors, corrosion and ion-selective

electrodes (ISEs).

Battery-Electrode Materials

One of the biggest areas of research combining in situ electrochemistry
with SR-XRD is associated with energy storage in batteries. This elevated
interest stems from the increasing use of consumer products requiring reliable,
powerful secondary batteries (i.e. mobile phones and laptop computers), not to
mention the emergence of hybrid electric vehicles and the gradual depletion of
conventional energy supplies (e.g. oil and gas). In situ SR / XRD provides an

excellent method for studying the structural changes during electrochemical
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cycling of batteries, whilst also avoiding exposure of battery materials to air and
humidity that might lead to a degradation in the battery material.

Most recently, Bramnik and co-workers (34) took advantage of a
favourable characterization strategy and applied it to the study of delithiation of
metallophosphates. They revealed that electrochemical delithiation occurred to
the extent of ~ 50% Li extraction, and that two phases are evident for the
Co?"/ Co® and M?/M* couples in the mixed-metallophosphate cathode.
Further delithiation saw the formation of a complete solid-solution where the unit
cell volume changed continuously upon further discharge. In the case of the
systems in which M = Mn or Fe, the higher degrees of delithiation caused the
emergence of another phase and the concomitant loss of the solid-solution
domains. A similar investigation was also undertaken on a related

metallophosphate system of LiCoPO4 (35),

In situ SR-XRD has also been used to investigate the structure of
electrode materials in Li-ion batteries. Most notably, the LiCoO, system tends to
attract the majority interest because it is arguably the most important, widely-
used cathode material in commercial Li-ion batteries. Using in situ SR / XRD,
Rosciano and co-workers (28) went to great effort to show that potentiodynamic
charging induced an enlargement of the c-axis of the rhombohedral unit cell of
LiCoO,, as evidenced by progressive shifting to lower angles of the (003)

rhombohedral peak.

Renner et al. (36) focused their attention on a study of anodes utilizing
gold prepared with different methods (i.e. Au nanoparticles on highly orientated
pyrolytic graphite and Au(111) single crystals). Notably, in the nanoparticulate
system, the charging cycle resulted in an Au-Li alloy with much the same size
and orientation as the starting material, while the Au(111) single crystal
undergoes severe fracturing and nanocrystallites with a much larger mosaic

distribution are observed.

36



Chapter Two

Supercapacitors have also aroused great attention for energy storage. In
such systems, charge storage ideally takes place in the electrical double-layer
formed near large-surface-area, carbonaceous electrodes (37). Nevertheless,
Ruch and co-workers (29) successfully used in situ SR/ XRD to show that
insertion of electrolyte ions into carbon electrodes can also occur in the
operating potential range of supercapacitors. By following the intensity of the
(002) reflection of graphite, they showed that the intercalation of (CoHs)sN™ from
the electrolyte occurs at around 1V vs. Li/Li*, whilst that of BF, takes place at
potentials in excess of 5V vs. Li/Li".

Figure 2-2 presents the SR / XRD pattern series for the first and second
anodic cycles of graphite in acetonitrile (AN) and propylene carbonate (PC).
Notably, there is a gradual splitting, merging and shifting of several peaks in the
series of diffraction patterns captured at very short intervals, demonstrating the
power of in situ SR / XRD in tracking the evolution and the transformation of

phases within an electrode whilst under electrochemical polarization.
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Figure 2-2 In situ synchrotron-radiation X-ray diffraction patterns for the first and
second cycles of graphite in a 1-M solution of (C,Hs)4sNBF4 in acetonitrile (a) and

in propylene carbonate (b) (Reproduced from ref. 29 ©2007 Elsevier).

Corrosion

An area of research of significant interest to the electrochemical
community is the corrosion of metals. Recently, there has been considerable

progress on applications of in situ SR / XRD, carried out in tandem with
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electrochemical measurements, on important systems of cultural, environmental

and technological significance, which are highly susceptible to corrosion.

In 2005, De Marco et al. (38) studied the influence of the carbon-dioxide
corrosion of mild steel on the corrosion behaviour of pipelines used in the oil and
gas industries. SR / GIXRD was employed in conjunction with the long-term
monitoring of mixed potentials to examine the surface reactions occurring at the
mild-steel working electrode. The study revealed that, during the initial stages of
corrosion, Fe,0,CO3 was formed due to preferential deposition of the reaction
product at the cathodic sites of the electrode induced by the reaction between
carbonic acid (formed from the dissolved carbon dioxide content in water) and
the poorly crystalline native oxide film on the mild steel [i.e. H,CO3 reacting with
FeO(OH)]. This reaction step was shown to be followed by the formation of the
two reaction products of Fe;O,CO3; and Fey(OH),CO3 at anodic reaction sites

over the electrode.

This research was later extended (39) to study the influence of acetate on
the carbon-dioxide corrosion of mild steel. It was shown, using SR / GIXRD and
simultaneous electrochemical impedance spectroscopy (EIS), that acetate
significantly alters the crystallization habit of the corrosion products. As a result
of acetate’s involvement, corrosion was seen to occur initially in a thin, non-
porous film that protected the mild-steel substrate against further carbon-dioxide

corrosion of the mild steel.

Similarly, Leyssens and co-workers (40) studied corrosion using in situ
SR / XRD, but their study was applied to metallic artefacts of cultural heritage.
The purpose of the study was to examine the effectiveness of corrosion potential
(Ecorr) measurements as a corrosion-monitoring tool for copper-based artifacts
recovered from wet environments. The study involved a copper substrate
covered in nantokite (CuCl) and correlated its phase transformation, as
evidenced by the SR / XRD and E..r data obtained with this system. It was
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revealed that, contrary to popular belief, the E., data did not correspond
completely with the transformations seen on a molecular level, casting doubt
over the effectiveness of E.,r measurements as an analysis tool for the

corrosion of copper.

lon-Selective Electrodes

The application of ion-selective electrodes (ISEs) in environmental
analysis of trace metals is highly desirable, but this research imperative is
hindered by a multitude of stumbling blocks, one being the ageing of the
electrodes in real samples (e.g., seawater). De Marco and co-workers (41) used
SR / GIXRD to study the response mechanism of the mercury(ll) chalcogenide
ISE in saline media. This study revealed that electrode fouling in synthetic
seawater was linked to the formation of poorly crystalline silver chloride. SR-
GIXRD also showed that the low level of free mercury in a calibration buffer is
able to undergo a metathesis reaction with silver(l) sulphide in the membrane to
produce mercury(ll) sulphide. Without doubt, the most significant finding of the
study suggested that real seawater reduced the effect of silver-chloride fouling
due presumably to the peptization of silver chloride by the surfactant-like nature
of seawater ligands at pH 8. Notably, this result is of high value to
electrochemists dealing with ISEs, because knowledge pertaining to the

electrode’s interaction with seawater is rudimentary at best.

De Marco and co-workers (42, 43) also investigated the reactivity of the
modified surface layer (MSL) of the iron(lll)-chalcogenide glass ISE in synthetic
and real seawater using SR/ GIXRD coupled to mixed potential and EIS
measurements. Interestingly, this work revealed that oxidative attack of the
membrane MSL yielded erroneous ISE-response data in calibration standards
compared to raw seawater, but the adoption of a seawater-ligand mimetic
calibration system not only emulated the response of the sensor in seawater but

it also replicated nicely the surface chemistry of the electrode in natural
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seawater ligands, thereby confirming the mimetic ligand mixture’s suitability for
adoption in the analysis of seawater.

X-ray Absorption Spectroscopy

XAS is of significant value to electrochemists since it can be used to
determine the properties pertaining to the atomic and electronic structure, as
well as the composition of electrode materials. Specifically, XAS can provide
valuable information (e.g., the oxidation state and local coordination of a central
atom in a molecular structure). A typical XAS experiment involves scanning the
X-ray energies through the absorption edge of an element in the sample, with
subsequent excitation of a core-level electron of the absorbing atom to an
unoccupied orbital. This X-ray energy corresponds to an absorption edge of the
material. The region that extends to energies of about 50 eV above the
absorption edge is known as the X-ray absorption near-edge structure (XANES),
where rich information about the electronic and vibrational properties of the
material can be obtained. More energetic incident X-ray photons lead to the
excitation of a core electron of the absorber into the continuum. This process
leads to the emission of a photoelectron that can be represented as a spherical
wave. The outgoing wave tends to scatter with surrounding atoms producing in-
going, or backscattered, waves. Constructive and destructive interference
between the interacting waves results in oscillatory behaviour of the absorption
intensity. Such a region corresponds to the extended X-ray absorption fine
structure (EXAFS), which can reach to 1000 eV beyond the edge and have a
magnitude of typically less than 15% of the edge jump (5). Detailed information
on the technique as well as the application of XAS to the study of
electrochemical systems prior to 2006 was reviewed by Deb and Cairns (24),
Russell and Rose (7), and Long and Kruger (44).

As in the previous section, we will provide examples of in situ XAS using

literature in the fields of fuel cells, batteries and corrosion.
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Fuel Cells

Arruda et al. (45) used XAS to study halide poisoning of fuel cells, but
also found that carbon monoxide (CO) was problematic, and this has sparked a
considerable amount of interest in the field. CO, commonly introduced into the
system as a contaminant of reformed hydrogen, is adsorbed strongly onto the Pt
anode - causing blockage of hydrogen adsorption and oxidation, which
inevitably leads to significant power losses. Nevertheless, metal-decorated Pt-
based catalysts can be used to provide a level of CO tolerance, but the

mechanistic reasons for CO tolerance are not widely understood.

Recently, Pereira and co-workers (46) investigated the effectiveness of
certain bimetallic Pt-based catalysts supported on carbon (PtRu/C, PtFe/C,
PtMo / C and PtW / C) in mitigating the effect of CO poisoning of fuel cells using
in situ XANES, and found that an increase in the Pt 5d-band vacancies for the
bimetallic catalysts led to a weakening of the Pt-CO bond, aiding CO tolerance.
This was corroborated by electrochemical data, with the PtRu/C system
showing an overpotential loss of only 110 mV at 1 A/ cm?, when compared to a

regular Pt/ C system.

Scott et al. (47) also used XANES to study the relative adsorbate
coverages of CO, OH and H on bimetallic oxide Pt-based anodes (in this
instance utilizing RuO,, MoO, and SnO,), showing that Mo and Sn tend to
oxidise at low potentials, exerting relatively strong ligand effects at all potentials
(i.e. perturbations in the electronic properties of the Pt atoms causing reduction
in the Pt-CO bond strength). However, Ru does not exhibit significant ligand
interaction effects until larger metallic-like islands of Ru are formed, leading to
further oxidation to RuO,. Essentially the ligand effect was shown to increase in
the order Ru < MoO,, £ SnO, < RuO,, which corresponds to the strengthening of
the Pt-OH bonds (to which CO can migrate to and be oxidized) and the
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weakening of the Pt-CO bonds, indicating that the oxidation state of the metal is
an important factor on the CO tolerance of a system.

Interesting developments pertaining to the CO poisoning of fuel cells
were recently made on two separate occasions by Rose and co-workers (48,
49). In the first study (48), EXAFS was carried out as a function of applied
electrode potential to study Ru-modified carbon-supported Pt catalysts. Notably,
a better understanding of the chemistry relating to the oxidation of CO occurring
at the interface of the PtRu alloy surfaces was obtained through the suggestion
that Ru®** and Ru** co-exist at this boundary for the potential region at which CO

oxidation occurs.

Furthermore, the second study (49) used in situ EXAFS at the Ru K-edge
to examine the Ru-CO bonds of CO absorbed onto a PtRu / C catalyst, showing
a CO:metal surface atom ratio of greater than 1:1, which suggested that the
electrochemically-active surface area of the catalyst, determined from both CO
chemisorption and CO stripping voltammograms, may represent significant over-
estimations of the surface chemistry.

Batteries

Just as in situ SR / XRD is widely used in the characterization of battery
systems (as demonstrated in earlier in the chapter), XAS is often applied to
battery materials to provide complimentary information about the complex
properties of a system. By contrast to SR / XRD, which provides information
pertaining to the crystal structure of the system, XAS can provide information
about the electronic properties of the battery material. Moreover, the oxidation
states of certain species on the electrochemical charge / discharge cycling of the
cell may provide information that is of great interest to the electrochemistry

community.
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Cho and co-workers (50) studied the synthesis and characterization of
Li[Nip.41Lio.0sMng 51]O2 nanoplates for use as an Li-ion battery cathode. The
specific use of XAS demonstrated that, upon charge / discharge cycling, the
electrode operated primarily with the Ni?* / Ni** redox couple between 4.8 V and
2 V. Alternatively, the oxidation state of Mn remained constant at 4+ indicating
that this was the predominant chemical state of Mn (51), while Mn was found to
be electrochemically inactive in the system of Liq g5Nip.35C00.25Mng 402, as shown
by Deb et al. (52). In this investigation, the oxidation states of the transition
metals in the discharged state were found to be Ni?*, Co®" and Mn**, which later
saw Ni** oxidized to Ni** in an intermediate stage and finally to Ni**. Cobalt was
found to be in an oxidation state of 3.89+ in its fully-charged condition. The
superior cycling characteristics of this system were linked to the preservation of
its symmetry and structural short-range order, as defined in the XAS
experiments. The electrochemical dormancy of Mn does not hold true for all
systems, but a recent in situ study (53) of Lip33MnO, showed that Mn changes

its oxidation state from 4+ to 3+ upon lithium intercalation into the cathode.

Miscellaneous In Situ Synchrotron Studies of Electrode Surfaces

In the previous discussion, this review has focused primarily on the situ
techniques of SR / XRD, SR / GIXRD and XAS due to the popularity of these
techniques in in situ studies of electrochemical systems. Nevertheless, there are
reports on in situ electrochemical studies using alternative SR techniques that
are just as powerful as the X-ray techniques mentioned above. Some of these
SR techniques are in an early stage of development and show immense
promise, whilst other in situ SR techniques have already been utilized
extensively and effectively to characterize technologically-important
electrochemical systems.

This section seeks to provide an overview of the alternative techniques,
albeit not as extensively as in situ SR/ XRD, SR / GIXRD and XAS studies.
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Ambient-Pressure X-ray Photoelectron Spectroscopy

Ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) is a
unique SR probe designed to study systems in situ without the need for ultra-
high vacuum, as is traditionally the case with conventional XPS. XPS involves
the photoionization of the atoms in the sample via the Einstein photoelectric
effect, and the photoelectrons (with a narrow escape depth / sampling depth of
A) are analysed for their kinetic energy. Furthermore, XPS provides high-quality
quantitative information on the elemental-surface composition of the sample, as
well as chemical shifts in the peak positions consistent with changes in the

oxidation state associated with the electrochemical reactivity of the substrate.

Recently, McDaniel and co-workers (54) used AP-XPS in electrochemical
studies of a well-known solid oxide fuel cell (SOFC) system utilizing a Ni working
electrode and a Pt counter and reference electrode on Y,Os-stabilized ZrO,
(YSZ). Notably, the study revealed that sulfur was present as a contaminant on
the Ni-electrode surface, which could be driven off the by anodic polarization.
Nevertheless, the sulfur content returns on subsequent reduction. More
significantly, it was shown using AP-XPS, and later confirmed by post-mortem
microscopy, that the Ni-working-electrode film became porous after electrode
polarization. These results revealed the emergence of a Zr 3d core-level peak,
indicative of the YSZ substrate, after polarization of the Ni electrode (see Figure
2-3).
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Figure 2-3 AP-XPS survey scan taken at photon energy of 490 eV prior to
(upper trace) and following (lower trace) polarization (Reproduced from ref. 54
©2009 The Electrochemical Society).

Soft X-ray Microscopy

A significant innovation in studies of the buried interface of
electrochemical systems in situ has been the pioneering work of Bozzini and co-
workers on the use of in situ soft X-ray microscopy (SXM) (55), in which Ni
electrodeposition from ammonium and chloride solutions was monitored as a
function of the electrochemical polarization applied. The study revealed that
electrodeposition of Ni from the ammonium-based electrolyte led to the
formation of a homogenous film of dendrites at different positions on the cathode
based on the current-density distribution and the local concentrations of
[Ni(NH3)6]**. However, electrodeposition from the chloride-containing system

showed the formation of humps, blisters and islands growing progressively at
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the Au / electrolyte interface, based again on the current-density distribution of
the system.

Small Angle X-ray Scattering

The application of small-angle X-ray scattering (SAXS) can provide
valuable information about the structure of disordered structures on a
nanoscale. The power of this approach in studies of small structures is made
possible through its ability to resolve scatterers ranging in size from 1 nm to
fractions of a ym. Conventionally, SAXS can be considered as diffuse scattering
that occurs between the angle of the specular beam and the half angle of the
first Bragg reflex (27). Recently, Smith and co-workers (56) observed the nature
of Pt-catalyst nanoparticles as a function of continual potential cycling. This
investigation led to the realization that, depending on the Pt loading on the
carbon-nanoparticle support, the particle size increases significantly, in some
cases rapidly, from the initial dimensions of the nanoparticles (demonstrated in
Figure 2-4). This is an extremely important result for the future of fuel cells
because it suggests that the lifetime of the fuel cell is dictated by the coarsening
of the Pt-electrocatalyst nanoparticles, which provides a concomitant loss in the

electrochemical active material’s surface area.
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Figure 2-4 Recorded catalyst size as determined from in situ synchrotron SAXS
compared against corresponding cycle potentials (Reproduced from
ref. 56 ©2008 American Chemical Society).

Synchrotron Radiation / Fourier-Transform-Infrared Microspectroscopy

So far, we have focused primarily on the benefits of SR X-ray techniques,
but Fourier transform-infrared microspectroscopy (FT-IRM) also offers significant
advantages (e.g., enhanced IR spectral signal-to-noise ratio and augmented
spatial resolution of the imaging technique). The utility of FT-IRM was
demonstrated in 2007 by Hahn and co-workers (57), who carried out
spectroscopic measurements in the mid-IR and far-IR regions to characterize, in
situ, layers of copper oxide on corroded copper. The technique was surface
sensitive by measuring the IR spectra using a grazing-angle FT-IR attachment.
Significantly, Hahn et al. (57) studied the copper electrode at potentials in the
range -1.4 - 0 V versus an Hg / Hg,SO, reference electrode using only 1 nL of
active solution, finding that the surface film on copper comprised mainly CuO,
with possible traces of Cu(OH); also present at 0 V.
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Conclusions

Although we have described the application of in-situ SR techniques to a
variety of electrochemical systems (e.g., batteries, corrosion research, fuel cells
and ISEs), it is obvious that applications of these techniques are boundless.
Accordingly, we anticipate that, with the emergence of the newer in situ
methodologies (e.g., SXM, SAXS and AP-XPS), there will be many studies of

electrochemical systems using these exciting new techniques.

Due to the powerful nature of SR and its ability to probe electrode
materials in situ, the structural characteristics and concomitant mechanistic
aspects of electrochemical systems may be derived, so there is an excellent
chance for widespread adoption of these techniques by the electrochemistry
community. However, It is important to note that, whilst SR techniques are
powerful enough to be used solely with associated electrochemistry
instrumentation, undoubtedly the most successful research carried out in this
field will always use a combination of complementary techniques for surface and

materials characterization to obtain an integrated picture of the system.

Most significantly, we have illustrated how in situ surface and materials
characterization of electrode materials can glean important insights into the
mechanistic chemistry of batteries, fuel cells, corroding metals and ISEs.
Moreover, the fundamental research on these applied electrochemical systems
has allowed the development of innovative approaches to extending battery
durability, the electrochemical efficiency of fuel cells, corrosion-mitigation
strategies, and reliable analytical methodologies to handle ISEs. Last but not
least, the ability to couple measurements of electrode structure to
electrochemical-polarization events enables the exciting option of linking
electrode-reaction products to the observed electrode kinetic data, and this

makes it a formidable characterization tool in electrochemistry.
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Chapter Five

5 Water Uptake in the Hydrophilic Solid-
Contact of Polymeric lon-Selective
Electrodes

Jean-Pierre Veder, Roland De Marco, Benjamin Connell, Robert
Dalgliesh, Erno Pretsch and Eric Bakker

The Analyst, In Preparation (2010).

Abstract — Solid-contact (SC) ion-selective electrodes (ISEs) utilizing thin films
of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and
plasticized poly(vinylchloride) (PVC) have been produced using a spin casting
procedure. This study was carried out with a view to characterizing this popular
and well known SC ISE using a series of complementary and powerful surface
analysis methods. The study revealed that PEDOT:PSS prevents the separation
of an undesirable water layer at the buried interface of this SC ISE due to the
high miscibility of water in the hydrophilic PEDOT:PSS layer. The lack of a
clearly defined and molecularly sharp buried interface prohibits the formation of
a water layer presumably by eliminating sites which promote water
accumulation. This outcome is important to the chemical sensor community
since it provides further insights into the compatibility of sensor components in
SC ISEs.
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Introduction

The choice of an appropriate solid-contact (SC) in ion-selective
electrodes (ISEs) is not a straightforward task due to the extensive amount of
research that has been devoted to the development of new materials. The
emergence of each new material is often accompanied by suggestions of
enhanced performance with respect to existing technologies. In general, SCs
comprise conducting or redox polymers, high surface area solid electron
conductors or ion-conducting sensing membranes incorporating a redox couple
loaded into the membrane (1). Within this family of materials, several SCs have
attracted considerable attention in recent times, especially, hydrophobic self-
assembled monolayers with redox active moieties (2-6) and high capacitance
materials such as three dimensionally ordered macroporous carbon (7) or
single-walled carbon nanotubes (8, 9). Despite the excitement surrounding
these new materials, arguably the most widely used and accepted form of solid-
contact is that of conducting polymers, such as poly(3-octylthiophene) (POT),
polypyrrole  (PPy) and poly(3,4-ethylenedioxythiophene) doped with
poly(styrenesulfonate) (PEDOT:PSS). Specifically, PEDOT:PSS has proven to
be a favoured option due to its superior performance, such as reduced
sensitivity to interference from O, and CO, compared to PPy (10-12) and faster
ion diffusion kinetics compared to other conducting polymers (13, 14). Moreover,
PEDOT:PSS has been used in novel applications such as all-plastic, disposable
ISEs, as reported by Michalska et.al. (15), whereby detection limits as low as

5x 10° M were reported for calcium-selective sensors.

It was shown in Chapter 4 that the ideal system for inhibition of
undesirable water layers is the combination of a hydrophobic sensing membrane
in conjunction with a hydrophobic conducting polymer SC (16). On the other
hand, given the extensive use of the hydrophilic PEDOT:PSS SC, the authors
have focussed their attention onto this popular SC. The purpose of the following
study is to ascertain if there is an uptake of water into the PEDOT:PSS SC when
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a hydrophobic ion-selective membrane is coupled with this hydrophilic SC. In
this context we used the same surface analysis scheme described in
Chapters 3 and 4 but also utilized synchrotron radiation / Fourier transform-
infrared microspectroscopy (SR / FT-IRM) as a complementary research tool for

studying water accumulation at the SC / ISE membrane buried interface.

Experimental

Materials

The following Selectophore Fluka reagents were used in this research:
high  molecular weight poly(vinylchloride) (PVC), bis(2-ethylhexyl)
sebecate (DOS), ETH 500, calcium ionophore IV and sodium tetrakis
[3,5-bis(triflouromethyl)phenyllborate  (NaTFPB). High conductivity grade
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and
analytical grade sodium perchlorate were obtained from Sigma-Aldrich, along
with inhibitor free tetrahydrofuran (THF) (99.8%). Analytical grade sulfuric acid
and hydrogen peroxide used for piranha etching solutions, along with anhydrous
calcium chloride and sodium chloride were obtained from the Ajax Chemical Co.
Laboratory grade dichloromethane and xylene were obtained from
Chem-Supply. The highly polished silicon wafers (8 cm x 4 cm x 2 cm) used in
NR measurements comprised conductive boron doped electrodes that were
purchased from Crystran Ltd. Gold (111) mirrors used in the FTIR studies were
obtained from Arrandee™. The gold used in the SIMS experiment was obtained
as a sheet from Precious Metals Engineering W.A., cut to size and ground and
polished manually using Struers polishing materials (viz., SiC paper [grit 800 —
4000] and DP-Nap polishing cloth). Milli-Q water was used to prepare all

aqueous solutions.
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Combined Neutron Reflectometry / Electrochemical Impedance Spectroscopy

NR measurements were carried out on the CRISP reflectometer at the
ISIS facility of the Rutherford Appleton Laboratory (Oxfordshire, UK). A brief
theory and summary of experimental conditions have been reported
previously (16-18), however, the ISIS reflectometer utilizes a spallation neutron
source and “time-of-flight” mode of measurements. Effectively, the energies of
the reflected neutrons are determined by their flight time from the source of the
polychromatic beam to the detector. In this study three incident angles were
used per reflectometry measurement (0.35°, 0.8° and 1.5°) to cover a relatively
wide Q-range. In the majority of cases, the incoherent background reflectivity
became dominant above a Q value of 0.25A'1, and each NR measurement took
2-4 hours.

The polished silicon wafers were thoroughly cleaned by applying a xylene
rinse followed by a piranha etch (3 parts conc. H,SO4 : 1 part 30% v/v H,O,) for
10-20 minutes. A similar procedure to this has been reported previously (16);
however, in this instance, the wafers were not cleaned at elevated temperatures.
The clean wafers were thoroughly rinsed prior to spin coating at a rate of
2000 rpm for 2 minutes with a dilute aqueous suspension of PEDOT:PSS (1 part
PEDOT:PSS : 3 parts H,0O). Subsequently, the coated wafers were annealed
overnight in an inert atmosphere of nitrogen gas at 175°C. The PEDOT:PSS-
coated wafer was subsequently spin-coated with an ion-selective polymer matrix
of plasticized PVC at a spinning rate of 2000 rpm for 2 minutes. The PVC matrix
comprised of 30 wt% PVC, 60 wt% DOS and 10 wt% ETHS00 in an appropriate
amount of THF (0.3% w/v). The resultant bi-layer coated wafer was

subsequently annealed overnight at 60°C in a nitrogen saturated atmosphere.
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Figure 5-1 Cell diagram for in situ neutron reflectometry / electrochemical
impedance spectroscopy measurements. Upper diagram shows the front view of
the NR cell, while the lower diagram presents a top view of the base block

without the silicon and aluminium backing plate in place.

The PEDOT / PVC-coated silicon wafers were housed in a neutron
reflectometry cell (16, 18, 19) which was specially adapted for simultaneous in
situ EIS / NR studies. A solid state Ag / AgCl reference wire electrode was
located in the solution reservoir of the cell through an electrode port bored into
the base of the cell (see Figure 5-1). A large gold sheet counter electrode
(electrically contacted through the base of the cell) was positioned within the
base of the cell so that the face of the silicon working electrode was parallel to
and facing the gold counter electrode. This arrangement ensured a uniform

electric field between the counter and working electrodes. The cell was filled
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with a D20 solution of 1 M sodium perchlorate. Several NR measurements were
performed prior to switching to a 1 M sodium perchlorate solution in H,O.

Subsequent to sample alignment in the beam, the electrodes were
connected to a Princeton Applied Research Parstat 2263 portable potentiostat.
All EIS spectra were collected using an excitation potential of 10 mV rms and a
frequency range of 100 kHz to 10 mHz. Time resolved NR studies were
undertaken by carrying out 7 measurements in the D,0 electrolyte, and only one
in the H,O contrast. The measurement in the H,O contrast was performed solely
for the purpose of uncovering any information that may have been obscured due
to a possible contrast matching of any components in the D,O electrolyte. EIS

measurements were undertaken concurrently with all the NR measurements.

Svynchrotron Radiation / Fourier-Transform Infrared Spectroscopy

SR / FT-IR was carried out on calcium ISEs utilizing gold (111) mirror
substrates. The ion-selective PVC membranes were prepared by combining
PVC (32.5 wt%), DOS (65.9 wt%), NaTFPB (0.5 wt%) and calcium ionophore IV
(1.1 wt%) with 2 mL of THF and cast onto the 11 x 11 mm mirrors in a volume of
15.4 pL. The concentration and volume of the cast solution was carefully chosen
so as to achieve coatings thin enough to minimize the IR absorption cross-
section of the material. PEDOT:PSS sub-layer coatings were also applied on
some of the samples at a spin rate of 2000 rpm for 2 minutes. The ISEs coated
in PEDOT:PSS were annealed under nitrogen for 2 hours at 200°C while those
which had a sole or subsequent coating of PVC were further annealed overnight
at 60°C in a nitrogen atmosphere. The resultant SC ISEs were bathed in a 0.1M
calcium chloride solution for 3 days. Prior to measurement, the ISEs were rinsed
in water and dried in a stream of nitrogen to remove excess surface water. To
minimize membrane dehydration, measurements were performed immediately
after the samples had been removed from solution. The results obtained from
those bathed in solution were compared to identical samples that had not been

exposed to solution.
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All SR / FT-IRM measurements were carried out at the IR beamline of the
Australian Synchrotron, Melbourne, Australia. The spectra were recorded with
an FTIR spectrometer (Vertex V80v) coupled with an IR microscope (Bruker
Hyperion 2000) and a mercury cadmium telluride (MCT) detector cooled with
liquid nitrogen. The microscope and spectrometer were controlled using the
Bruker Opus software version 6.5. The general ranges of measurements were
from 3800 to 700 cm™ and measured with a beam aperture of 5 x 5 pm.
Spectral collection was performed in the reflection mode using 16 scan data
averaging. IR imaging of substrates was performed in the mapping mode (refer
to Appendix | for further details on mapping mode measurements), and all

spectral maps were displayed using the OPUS 6.5 software.

Secondary lon Mass Spectrometry

Gold coupons (5 x 10 x 0.5 mm) were used as ISE substrates, and
polymer cocktails were cast directly onto the coupon after a thorough cleaning
and polishing procedure, as reported previously (16). Identical polymer cocktails
to those used in SR-FTIR analyses were employed; however, the cocktails were
diluted 10-fold and cast onto the gold coupon in a volume of 44.3 pL so that the
approximate film thickness was 8 um. This thickness ensured the transportation
of water over a period of only 48 hours thereby allowing for water layer formation
at the buried interface. One of two PEDOT:PSS / PVC ISEs was bathed in 0.1 M
NaCl, while the other was submerged into 0.1 M CaCl, solution for 48 hours.
The treated ISEs were removed from solution and rinsed in Milli-Q water. The
PVC film was peeled carefully from the ISE to reveal the PEDOT:PSS layer, and
depth profiles were carried out on the buried PEDOT:PSS layer.

All SIMS data were collected on a Cameca IMS 5f dynamic SIMS
instrument. A 10 keV Cs" primary ion source, with a beam current of 0.3 nA, was
used to analyze for a number of species including Na, “°Ca and **CI. The data

collected from the treated ISEs were compared to data collected from a gold
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control sample that had not been bathed in solution. Spectral intensities taken
from SIMS were normalized against the '**Cs* signal for each sample.

Results and Discussion

Figure 5-2 (a) and 5-2 (c) show NR reflectivity curves for consecutive
measurements in the DyO electrolyte as well as the H>O electrolyte,
respectively. A close examination of the data in D,O shows that there are very
few Kiessig fringes resulting from the difference in path length of reflected
neutron waves. Such an effect is usually indicative of a roughened interface
causing diffuse scattering. Notably, the one major Kiessig fringe in the NR
spectra for D;O that occurs at a Q value of approximately 0.026A™" (see Figure
5-2 (b) for an expanded view of Figure 5-2 (a)) is seen to gradually shift to
smaller Q values. This suggests that the polymer film is swelling and expanding
upon exposure to the electrolyte. These observations are verified using the
customized NR modelling software, IGOR Pro — Motofit (20). The modelled data
(see Table 5-1) revealed a clear and definitive alteration of the polymer’s
physical dimensions and condition from its original state. As expected, the
polymeric bi-layer swelled to a considerable extent with the PVC showing only
an overall increase in thickness of 15 A while the PEDOT:PSS showed a
significant increase of 33 A from initial thicknesses of 262 A and 160 A,

respectively.

112



Chapter Five

log(R)

log(R)

log(R)

(a)

¢ Hour1 meas.
—— Hour 1 calc.
¢ Hour4 meas.
—— Hour 4 calc.
® Hour7 meas.
—— Hour 7 calc.

Hour 10 meas.
Hour 10 calc.

@ Hour 13 meas.
-- - - Hour 13 calc.

o Hour 16 meas.
---- Hour 16 calc.

@  Hour 19 meas.
- - - - Hour 19 calc.

Hour 1

—— Hour1

Hour 4

—— Hour4

Hour 7

—— Hour7

meas.
calc.
meas.
calc.
meas.
calc.

0.02

003 004

Q/A”

0.05

006 007

Hour 10 meas.
Hour 10 calc.
©  Hour 13 meas.
- --- Hour 13 calc.
© Hour 16 meas.
---- Hour 16 calc.
o Hour19 meas.
- - - - Hour 19 calc.

()

Hour 25 (H,0) meas.
Hour 25 (H,0) calc.

Figure 5-2 NR reflectivity curves for the PEDOT / PVC solid-contact ISE
system: (a) NR data in D,O as a function of time; (b) Expanded view of the

major Kiessig fringes evident in (a); (c¢) NR data in the H>O electrolyte.
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For PEDOT:PSS SC, the increase in film thickness came as no surprise
since this polymer system is hydrophilic and has a tendency to soak up water
transported to the buried interface. This is evidenced by the concomitant
increase in neutron scattering length density (SLD) of the PEDOT:PSS film from
4.464 x 10° A2 to 5.075 x 10° A2 after exposure to the D,0 electrolyte. Such an
increase corresponds to a gradual matching of contrast to that of the supporting
D,0 electrolyte (6.36 x 10° A), which arises from solvent penetration into the
PEDOT:PSS film. Furthermore, the SLD of the PEDOT:PSS film in air is much
lower (2.16 x 10° A‘Z), which is indicative of considerable solvent penetration in
the initial 2-4 hour time span. Nevertheless, it is important to note that although
the PEDOT:PSS blend is hydrophilic, the PEDOT component is actually
hydrophobic (21). When PEDOT is made into an aqueous suspension, it is
surrounded by a hydrated “shell” of PSS which is dried during annealing of the
film. In the present study, the PSS portion of the polymer lacks contrast from the
neutron SLD of the PEDOT so it is not possible to distinguish between the layers
of PEDOT and PSS. Nevertheless, this lack of contrast was previously
circumvented by Higgins et.al. (22, 23) who used deuterated PSS to show that a
surface-rich layer forms as a result of the spin coating process. Herein, the
surface rich layer of PSS was non-identifiable when the polymer was exposed to
heavy water due presumably to insufficient contrast in neutron SLDs, or
heterogeneous swelling or film roughening, etc. Accordingly the PEDOT:PSS

layer reported herein is a single layer.

Table 5-1 Neutron reflectivity parameters for the two layer model of
PEDOT:PSS /PVC.

Hour PVC SLD Roughness PEDOT SLD Roughness
Thickness (A)  (10° A% (A) Thickness (A)  (10° A% (A)
4% 7% +16 % +11%

1 (D20) 262 0.484 83 160 4.464 77
4 (D,0) 262 0.484 82 169 4.598 79
7 (D20) 264 0.484 83 174 4.790 80
10 (D,0) 270 0.484 85 174 4.976 95
13 (D0) 271 0.484 85 174 4.977 94
16 (D,0) 274 0.484 85 174 5.074 97
19 (D,0) 274 0.484 85 174 5.075 97
25 (H,0) 277 0.464 88 193 0.297 98
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Evidently the conductive polymer is hydrated to an extent of
approximately 55% from its original state on continuous exposure to the D,O
electrolyte. Notably, the relative constancy in neutron SLDs at the end of the
D,O electrolyte runs (Hour 13-19) show that the polymer bi-layer film has
acquired equilibrium. As a corroboration of this finding, the neutron SLD drops to
0.297 x 10°A? as a result of H,O (with SLD of -0.559 x 10° A?) substitution of
D,0 in the films.

The swelling of the PVC ion-selective membrane reported previously (16,
18), is attributable to small quantities of miscible and freezable water that have
been transported into the membrane. Nevertheless, the swelling of the PVC
membrane is about half of that noted in the PEDOT layer. Similarly, only a slight
shift is observed in the SLD of PVC from 0.484 x 10° A to 0.464 x 10° A2 on
switching from the D,O to H,O electrolyte.

An unexpected outcome in these NR measurements was the roughness
of the PVC and PEDOT:PSS films. Initially, each layer had a roughness of about
80 A. The roughness in the PVC layer is probably attributable to the highly
volatile THF casting solvent producing somewhat roughened films. It is also
probable that the inherent roughness of the PVC film is exacerbated by the
rough, globular nature of the PEDOT:PSS sub-layer. Nevertheless, the
roughness of the PVC layer changed negligibly throughout the investigation,
while the PEDOT:PSS layer changed from 78 A to 98 A. At first glance the
significant roughness of the PEDOT:PSS layer is somewhat puzzling as
unpublished AFM studies showed that the mean roughness of PEDOT:PSS
deposited under identical conditions was about 25 A. A possible explanation is a
surface rich layer of PSS within the PEDOT:PSS layer (22) which is instead
reflected as a surface roughness. This is an artefact of NR measurements and
arises due to the lack of contrast between the PSS and PEDOT components
which the modelling software interprets as a large roughness. Higgins et.al. (22)

reported that the process of annealing accentuates the surface segregation of
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PSS to a depth of as much as 10 nm. The slow increase in surface roughness
with time can be attributed to the progressive ingression of water into the
hydrophilic component (PSS layer). Equally possible is the scenario where the
two polymers are slightly miscible, resulting in a broad interface between the two
polymers. In this instance, the increasing surface roughness could result from
thermally excited capillary waves (24) which are known to cause interfacial
broadening between two slightly miscible polymers over time. In any case, the
lack of a clearly defined, molecularly sharp interface between the PVC and
PEDOT:PSS layers may aid in the prevention of water layer formation by

eliminating sites at which water can condense and accumulate.

Table 5-2 EIS equivalent circuit fitted parameters for the PEDOT / PVC solid-
contact ISE.

Bathingtime R,(Q) Qg (uQ"s") n, Re (kQ) Qr(uQ"'s") n, Rir (kQ)

(min)
75 14.22 4.28 0.8 4.62 8.27 0.84 107
275 16.05 4.72 0.8 5.56 9.21 0.85 114
1300 18.71 4.80 0.8 10.00 9.82 0.85 138
1550 19.87 4.61 0.8 8.02 9.00 0.82 119
1800 20.33 4.28 0.8 8.53 9.30 0.80 120

Importantly, the NR results fit well to a two-layer model (i.e. PEDOT:PSS
sublayer and PVC overlayer) rather than a complex three-layer system
incorporating a water layer. This correlates well with EIS data which showed no
evidence of a water layer for the time span of the NR measurements. The EIS
data were modelled using ZSimpWin Version 2.00 software (25) with a
previously reported equivalent circuit (16). As seen in Table 5-2, the bulk
membrane resistance, which corresponds to the small set of semi-circles in the
Nyquist plots (Figure 5-3 (a) and 5-3 (b)), very gradually increases from 4.6 kQ
to 10.0 kQ over a period of 1300 minutes in a similar manner to that reported
elsewhere (26-28). Importantly, the bulk membrane resistance is a convoluted
value that also reflects the contact resistances at each of the buried interfaces

that exist in the ISE system. The resistance of the membrane continues to
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increase until the membrane has equilibrated with water. Any separation of
water into a well defined film would act as a low resistance shunt at the PVC /
PEDOT interface, and cause a dramatic reduction in the bulk membrane-contact
resistance. In a conventional thick film PVC ISE without the use of an SC, it was
shown (Chapter 3) that a water layer forms when the electrode is exposed to
water for anywhere from 3 to 20 hours (18). With a molecularly thin layer like the
present one, the accompanying decrease in bulk membrane resistance would
occur rapidly as noted in previous studies (16, 18). The lack of a statistically
significant decrease in Rg during approximately 20 hours (i.e. >10-20 %RSD
which is the reproducibility of EIS) of exposure to D,O solution infers that there
is no water layer. Following this, the decrease in Rg from 10 to 8 kQ at about
1500 minutes (switch from D,O to H,0) is due to H,O providing higher mobility
H* ions compared to the bulkier D* ions in D,O. A comparison study by
Orient (29) of the mobility of H* and D* ions in neon gas revealed that the
mobility of D* ions were 72 + 2 % of the mobility of H* ions. Although the current
study is concerned with the mobility of H" and D" ions in a condensed polymer

phase, it is expected that the same trend will exist.
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Figure 5-3 EIS Nyquist plots for the thin film PEDOT / PVC SC ISE system.
Dots denote the measured signal whilst the continuous lines show the
equivalent circuit fitted outcomes. The last two measurements shown in the plots
were measured in an H,O electrolyte instead of the previous D,0 electrolyte. (a)
EIS data over full frequency range. (b) Enlarged view of the high frequency bulk
membrane resistance.

Further credence for the lack of a water layer is provided by the Bode
phase plots presented in Figure 5-4. Importantly, the plots only show two
distinct time constants which would comprise a further intermediate frequency

time constant if there is an intermediate water layer. Furthermore, the NR data
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does not show evidence for a dramatic change in the nature of the deposited
film (see Figure 5-5 for the combined SLD profile and physical model for the
PEDOT solid-contact system).
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Figure 5-4 Bode phase plots for all EIS measurements shown in Figure 5-2.
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Figure 5-5 Scattering length density profile of PEDOT / PVC solid-contact
system. The illustrated portion of the profile presents the physical model for the

system.
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SR-FT-IRM measurements carried out on gold (111) mirrors coated with
a single layer of PVC further validates earlier work with the material (18) and
unequivocally confirms that the transportation of water through the ion-selective
PVC membrane does occur to a significant extent. Figure 5-6 shows the IR
spectrum for a region of interest on the unbathed and bathed PVC ISEs. It is
evident that the bathed sample contains a sharp peak at 1645 cm™ which is
indicative of the OH bending mode of water. This peak is not evident in the
unbathed sample. As water passes through the PVC matrix it is well established
that inhomogeneities are formed and it is often the case that water accumulates
in droplet form within the membrane (26). Evidence for this phenomenon was
also shown in a previous publication by the authors (Chapter 3) (18). An SR/
FT-IRM map, as presented in Figure 5-7, shows a “hot spot” of water
corresponding to a distinctive defect in the PVC membrane (i.e. either at the
buried interface or within the membrane). Notably, the so-called dry or control
sample shows some evidence of H,O, probably due to molecular H,O (shifted to
higher wavenumbers) rather than condensed water. Presumably, this molecular

H,O originates from latent humidity.

Unfortunately, since water accumulates within the PVC membrane, as
well as at the interface, this study cannot be extended to the system
incorporating the PEDOT:PSS SC. This is because it would be impossible to
discriminate between water formed within the PVC membrane and water which
penetrates to the PEDOT:PSS interface.
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Figure 5-6 SR/FT-IRM spectra of PVC ion-selective electrode in the region of
1740 — 1530 cm™". The upper spectrum relates to a dry PVC membrane and the
lower spectrum is for a membrane bathed in an electrolyte solution for three

days.
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Figure 5-7 Microscope image of a position of interest on the substrate of the

PVC / Au ISE accompanied by the corresponding intensity map of the integrated
OH bending peak at 1645 cm’”.

SIMS surface analysis provided an interesting outcome for the
PEDOT:PSS system (see Table 5-3). The data obtained by SIMS suggested
that although it was known that water had been transported through the PVC
membrane as noted in the NR and SR/ FT-IRM results, there were no ion
surpluses. Theoretically, as transported water and ions permeate through the
membrane, it would be expected that a surplus of ions would be observed
wherever there was an accumulation of water. Accordingly, ions were either not
transported through to the conducting polymer, or are distributed evenly
throughout the PEDOT:PSS “water-sponge” portion of the ISE. This scenario

would result in low concentrations of ions that would avoid detection by SIMS.
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Table 5-3 SIMS spectral intensities for >Cs"M" species sputtered from the Au /
PEDOT:PSS substrate (normalized against the ">*Cs* signal for each sample)
for PEDOT:PSS / PVC sensors subjected to various pre-treatments. Five
replicates were performed in each case, and the relative standard deviations (%

RSD) are provided in parentheses.

Sample 3¥cs®Na’ Becs¥er” Bcs*ca®
Au/PEDOT:PSS (control) 202,000 (59) 6,620 (27) 269,000 (54)
Au/PEDOT:PSS (0.1M CaCl,) - 2,780 (25) 85,100 (8)

Au/PEDOT:PSS (0.1M NaCl) 108,000 (44) 3,450 (55) = e

The results of this study are interesting for research into SC ISEs.
Although the PEDOT:PSS SC does not form a well-defined water layer, it
appears that there is a significant uptake of miscible water in the PEDOT:PSS
SC, and this film will behave similar to a hydrogel. Obviously, when used for
long-term applications, such a hydrogel PEDOT:PSS layer comprising water and
co-transported ions, albeit at low concentrations, is expected to yield spurious
transmembrane fluxes. These fluxes would inevitably yield a degradation in the
lower limit of Nernstian response and the selectivity of the ISE (30).

Conclusion

This study presented the first direct experimental evidence that
PEDOT:PSS is capable of preventing the formation of a detrimental water layer.
The hydrophilic polymer effectively discourages the separation of miscible water
from the polymer membrane through the “soaking” action of the polymer, akin to
the behaviour of a sponge or hydrogel when exposed to water. Accordingly, this
eliminates possible sites for water to accumulate at the PEDOT:PSS / PVC
interface. These results were further confirmed using EIS, which displayed
remarkable stability and gave no evidence for the formation of a water layer.

This outcome will be invaluable in the exploration of new polymer solid-contacts
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by allowing an enhanced understanding of the physical state of the polymer
layers in SC ISEs upon exposure to solution.
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Abstract - This paper reports on three-dimensional synchrotron
radiation / Fourier transform-infrared microspectroscopy (SR / FT-IRM) imaging
studies of water inclusions at the buried interface of solid-contact ion-selective
electrode (SC-ISEs). It is our intention to describe a nondestructive method that
may be used in surface studies of the buried interface of materials, especially
multilayers of polymers. Herein, we demonstrate the power of SR / FT-IRM for
studying water inclusions at the buried interfaces of SC-ISEs. A
poly(methylmethacrylate) / poly(decylmethacrylate) (PMMA / PDMA) copolymer
revealed the presence of micrometer sized inclusions of water at the
gold / membrane interface, while a coupling of a hydrophobic solid-contact of
poly(3-octylthiophene-2,5-diyl) (POT) prevented the accumulation of water at the
buried interface. A similar study with poly(3,4-ethylenedioxythiophene) /
poly(styrenesulfonate) (PEDOT / PSS) solid-contact also revealed an absence
of distinct micrometer-sized pools of water; however, there were signs of
absorption of water accompanied by swelling of the PEDOT / PSS underlayer,

and these membrane zones are enriched with respect to water.
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Introduction

Robust miniaturized ion-selective electrodes (ISEs) are of high
significance in modern analytical and clinical chemistry (1-3). To achieve the
required potential stability, miniaturized hydrogel-based liquid contacts are used
between the sensing membrane and the inner electrode (1, 3). This complicated
design requires complex manufacturing steps and long conditioning periods in
order to rehydrate the inner layer. Consequently, ISEs without such a liquid layer
[i.e., with an inner solid-contact (SC)] are highly desirable. Since their inferior
potential stability can pose a problem with SC ISEs, a considerable amount of
research has been undertaken to characterize the interfacial region of these
devices (2, 4-6).

Detrimental to the stability of SC-ISEs is the formation of a water layer at
the buried interface of the electrode substrate / ion-selective membrane (7-10).
A water film often results in drifting ISE potentials by acting as a reservoir for
electrochemically active or pH altering species such as H,O, O, and CO; along
with ionic species transported across the membrane (2, 7, 11). In a previous
study, a combination of surface analysis tools was used in the elucidation (7)
(Chapter 3) and elimination (4) (Chapter 4) of the detrimental water layer in SC-
ISEs. These studies demonstrated that a system incorporating a
poly(vinylchloride) (PVC) ion-sensing membrane in direct contact with an inert
metal was susceptible to the formation of a continuous water layer (7). Likewise,
a water-repellent poly(methylmethacrylate) / poly(decylmethacrylate) (PMMA /
PDMA) copolymer ion-sensing membrane resulted in water “pooling” at the
buried interface on the inert metal substrate, most likely in areas surrounding
physical imperfections(4). Most significantly, the adoption of a PMMA / PDMA
copolymer together with a hydrophobic poly(3-octylthiophene-2,5-diyl) (POT)
solid-contact as the ion-to-electron-transducer provided an excellent strategy for

eliminating the detrimental water layer (4, 12, 13).
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Previous studies (4, 7) used surface analysis techniques such as neutron
reflectometry (NR), scanning electron microscopy (SEM) and secondary ion
mass spectrometry (SIMS) to identify localized zones of water at the
PMMA / PDMA / metal interface; however, this evidence is inferred through the
apparent interfacial roughening in the NR data, along with the fact that the SEM
and SIMS studies were conducted on metal coupons after scraping the strongly
adhered PMMA / PDMA film away from the electrode substrate, which in all
likelihood destroyed the buried interface. Consequently, a direct and
nondestructive surface analysis method that identifies water at the buried
interface is required for the reliable characterization of this system.

This paper introduces synchrotron radiation / Fourier transform-infrared
microspectroscopy (SR / FT-IRM) as a method for visualizing the existence of
localized water at the buried interface of PMMA / PDMA SC ISEs. IRM is a
microanalytical and imaging technique which achieves analytical contrast via the
intramolecular vibrational modes (14). Highly focussed SR in the IR region of the
electromagnetic spectrum is about 1000 times brighter than a conventional
laboratory source and is capable of providing considerably enhanced signal-to-
noise ratios (14), as well as an enhanced spatial resolution when considering
micrometer-sized fluid inclusions (15). The study of inclusions via SR / FT-IRM
is a well established technique that is often applied to studies of fluid inclusions
in minerals, particularly as a means of identifying rock samples as potential oil
sources (14, 15). Hence, previous research was performed with great success
providing both structural information and unequivocal evidence for the existence
of fluid inclusions (15) using this nondestructive method. On this basis,
SR/ FT-IRM has been chosen for this study since it is a powerful technique for
the location of chemical and physical heterogeneities in materials, as well as
determinations of their association with localized inclusions. Hence, this study
should have important implications in the field of materials science. Since
SR /FT-IRM has the potential to glean important insights into the water
distribution of hydrogels and new gel-based materials, it will allow the location of
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organic inclusions such as proteins in natural biomaterials as a means to
understanding the physical and mechanical properties of these unique materials.
Accordingly, it is anticipated that SR / FT-IRM will be an excellent method for
identifying localized zones of water at the buried interface of SC ISEs, as well as
any localized differences in the IR spectra accompanying the polymer and / or
metallic substrate.

Experimental Details

Herein, a similar study to the previous ex situ SIMS experiment on
PMMA / PDMA (4) entailing exposure to solution for an extended period of time
(500 h) was performed on ISE membranes; with the exception that a much
thinner membrane (10 um) was used to enable faster water transportation, this
polymer film was not peeled to reveal the buried interface, with reflectance
SR/FT-IRM measurements undertaken on the unperturbed thin film
immediately following exposure to solution. All measurements were performed
after blotting the treated membranes on tissue to remove excess surface water,
or dry the membranes. Importantly, the gold surfaces were prepared using
standard methods for the fabrication of conventional SC ISEs. As compared to
the previous ex situ SIMS study, SR / FT-IRM allows a study of the ISE buried
interface without inducing physical damage in both the membrane as well as the

interfacial region between the membrane and the electrode substrate.

Reagents

Calcium  ionophore IV  or N,Ndicyclohexyl-N’,N’-dioctadecyl-3-
oxapentanediamide, sodium tetrakis [3,5-bis(triflouro-methyl)phenyl]borate
(NaTFPB) (Selectophore), and regioregular poly(3-octylthiophene-2,5-diyl)
(POT) as well as high conductivity grade poly (3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) were obtained from Sigma-Aldrich,
Australia. Analytical grade reagent chloroform was sourced from Selby, while
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laboratory grade dichloromethane was from Chem. Supply. The washing
solvents of acetone and ethanol were laboratory grade and were obtained from
APS chemicals and CSR Distilleries, respectively. Analytical grade nitric acid
used in electrode washings was sourced from the Ajax Chemical Co. Analytical
grade CaCl, was from Merck. The monomers, methyl methacrylate, 99.5%,
(MMA) and n-decyl methacrylate (DMA), 99%, were obtained from
Polysciences, Inc. The polymerization initiator 2,2’-azobis(isobutyronitrile)
(AIBN), 98%, was obtained from Sigma-Aldrich. Ethyl acetate and 1,4-dioxane
used in the copolymer synthesis were reagent grade as sourced from Chem.
Supply. Milli-Q water was used to prepare all aqueous solutions unless

otherwise specified.

Gold Substrate Electrodes

Solid gold coupons (5 x 10 x 0.5 mm), obtained from Precious Metals
Engineering Western Australia, were polished using alumina nanoparticles
(0.1 ym in diameter) and copious quantities of water in conjunction with a
rotating polishing pad. Polishing pads and alumina nanoparticles were all
obtained from Metrohm™. After polishing, the electrodes were rinsed with vast
quantities of Milli-Q water and bathed for 5 minutes at a time, under sonication,
in acetone, nitric acid (10*M), Milli-Q water, and finally dichloromethane. The
electrodes were thoroughly rinsed with Milli-Q water and completely air-dried
after each cleaning step. A hydrogen flame was used to anneal the gold

surfaces, which were subsequently cooled in Milli-Q water.

lon-Selective Electrode (ISE) Membrane and Solid-Contact Preparation and
Deposition

Synthesis of the PMMA / PDMA copolymer was carried out using the
method of Qin et al (16). A calcium-selective copolymer cocktail was prepared
by dissolving the PMMA / PDMA copolymer (97.7 wt%), calcium ionophore IV
(1.7 wt%) and NaTFPB (0.6 wt%) together in dichloromethane (1% w/v). The
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casting solution for POT was prepared by dissolving the polymer in chloroform
(0.005 % wl/v). The commercially available PEDOT:PSS polymer was obtained

as an aqueous suspension and used as supplied.

Electrodes coated with a sole layer of PMMA / PDMA copolymer were
prepared by casting the copolymer cocktail onto a gold substrate using a
cocktail volume of 63 pL [this lower volume gave a thinner film (10 ym) that
enabled mass transportation of water to the buried interface in the time frame of
these experiments]. Following membrane deposition, the ISEs were annealed
overnight at 80°C in a nitrogen saturated environment. All electrodes utilizing
conductive polymer underlayers in combination with the copolymer membrane
were treated in the same manner, however, under varied casting and annealing
conditions, as described below. For the system utilizing POT as a solid-contact,
the electrode was coated 6 times with the POT solution using a total volume of
6.3 pL. The electrodes were subsequently annealed in an inert environment at
80°C overnight. The PEDOT:PSS solid-contact system required spin coating of
the aqueous PEDOT:PSS suspension at 3000 rpm for 2 minutes followed by
annealing for 2 hours at 200°C under an inert atmosphere prior to membrane

deposition.

Svynchrotron Radiation / Fourier Transform-Infrared Microspectroscopy
(SR / FT-IRM)

ISEs were bathed in a 0.1 M calcium chloride solution for approximately
3 days. Following bathing, the ISEs were briefly rinsed in a jet of ultrahigh purity
water and quickly blown dry with nitrogen to remove any excess surface water.
Measurements were made immediately after the samples had been removed
from the electrolyte to ensure that all measurements were made prior to the
membranes drying out. The results obtained from those bathed in solution were

also compared to identical samples that had not been exposed to solution.
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All SR / FT-IRM measurements were carried out at the IR beamline
(2BM1) of the Australian synchrotron, Melbourne, Australia. The spectra were
recorded with a Bruker Vertex V80 vacuum FT-IR spectrometer and Bruker
Hyperion 2000 IR microscope (Bruker Optik GmbH, Ettlingen, Germany) in
conjunction with a mercury cadmium telluride (MCT) detector cooled with liquid
nitrogen and IR radiation emitted from a bending magnet of the synchrotron
storage ring. The microscope and spectrometer were controlled through the
Bruker Opus software, version 6.5. The general range of measurements was
from 3800 to 700 cm™ at a spectral resolution of 8 cm™. The spectra were
measured with a beam aperture of 10 x 10 um in place. Spectral collections
were made in reflection mode with 16 scan data averaging statistics. The
measurements were all made in the mapping mode, which consisted of running
individual measurements in a pre-specified grid size (9 x 9 scan positions) in a
region of interest on the sample (Supplementary Figure 6-1). Certain bands of
interest in the IR spectra were later chosen for integration, and an intensity map
was generated showing the intensity of the integrated band correlated back to its

position in the measured grid.

Results and Discussion

The IRM instrument at the Australian Synchrotron is a conventional and
commercially available instrument that may be utilized in either reflectance or
transmission mode. Either way, IRM spectra are representative of bulk chemical
compositions of small irradiated volumes of the sample during high resolution
chemical mapping, noting that the reflected beam experiences a double pass
through the polymer film (once for the incoming and once for the outgoing
beams), while the transmission mode involves a single pass through the bulk
material. In the present study, IRM is performed in the reflectance mode since
the polished gold substrates are highly reflective and nontransparent to infrared
radiation. The primary advantage of using SR from the bending magnet

beamline at the Australian Synchrotron is that the highly collimated and
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polarized beam provides a superior spatial resolution of several micrometers
and a 100-fold enhancement in beam intensity, as compared to a conventional
laboratory globar light source. These important features of SR enable high

resolution and high quality infrared microspectroscopy imaging of materials.

Most significantly, since the PMMA / PDMA copolymer is known to be
water repellent and unsuitable for water sorption at measurable levels in the bulk
membrane (4), the detection (or nondetection) of water by reflectance
SR /FT-IRM is symbolic of the presence (or absence) of localized zones of
water at the buried interface of a solid-contact ISE employing PMMA / PDMA as

the sensing membrane.

Figure 6-1 presents the optical micrograph of an area of interest taken
from a Ca®'-selective copolymer membrane coated onto a gold coupon
(5x10 x 0.5 mm) after exposure to solution, along with the corresponding 3-D
intensity map of the integrated OH bending mode of water [§(OH) =~ 1645 cm™].
The data reveals a region on the sample, corresponding to the blurred region in
the microscopic image of the membrane, where there is a significant increase in
the intensity of the integrated 6(OH) peak. This region is indicative of a high
amount of interfacial water, which is due to localized or droplet-like inclusions of
water at the buried interface. When compared to all measured sites on a dry
sample, the integrated peak intensity in the bathed sample at 1645 cm™,
corresponding to the OH bending mode of water, was absent from the IR

spectrum of any of the regions on the dry sample.
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Figure 6-1 Optical micrograph of a PMMA / PDMA Ca**-selective membrane

coated onto gold and exposed to solution (left), as well as the corresponding

three-dimensional intensity map of the integrated OH bending mode of water

(right).

Interestingly, the image of the ISE shown in Figure 6-1 reveals a degree
of surface roughness that is only evident on a microscopic level. Apparently, the
corresponding 3-D map shows that the water is accumulating in a region on the
sample which is ascribable to physical (e.g., microscopic surface roughness,
poor adhesion, etc.) and / or chemical imperfections (e.g. ionic impurities) at the
substrate / membrane interface. Either scenario would generate sites at which

water could accumulate.

Further credence for the above-mentioned interpretation is the previous
and complementary small angle neutron scattering (SANS) (4) study of water
sorption in the PMMA / PDMA copolymer membrane, which showed negligible
levels of neutron scattering from nanosized scatterers in the membrane such as
water nanodroplets; highlighting that water was not taken up by the bulk

membrane, so the water inclusions must be formed at the buried interface.
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The present study on PMMA / PDMA has been extended to a system
also incorporating a POT solid-contact. A comparable SR / FT-IRM study of a
system incorporating POT as a conductive polymer SC (image and map not
shown) showed an absence of water in the numerous randomly sampled
regions of over 100 spot analyses. This result is not unexpected since the
hydrophobic POT film inhibits the accumulation of water at the buried interface
by providing an effective barrier of a hydrophobic substrate over the metal
electrode surface that prevents water deposition at chemical and / or physical
imperfections. Significantly, this result validates previous surface studies (4)
showing that a POT / PMMA / PDMA copolymer ISE eliminates water pools at
the buried interface of the ISE.

In this study, the authors have used the sharp water 6(OH) band at
1645 cm™ over the broad and more intense water v(OH) band at 3500 cm™
since the presence of broad reflectance interference fringes in the background
spectra of the dry and wet samples made it very difficult to decipher the
membrane signal from the background while examining the broad v(OH) band.
Furthermore, the IRM maps of the 8(OH) data for the dry samples or treated
sample that is free of water inclusions (e.g., POT / PMMA / PDMA) (not shown)
revealed featureless maps, actually comprising noise spikes on the low
background signals. Accordingly, we have demonstrated a relative absence of
water in dry samples, as well as the treated POT / PMMA / PDMA sample, by
showing representative overlay spectra fro the 6(OH) band in Supplementary

Figure 6-2 to 6-4 in the Supplementary Information section.
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Figure 6-2 Optical micrograph of a region of interest for a solid-contact ISE
system comprising PMMA / PDMA calcium selective membrane coated on a
PEDOT:PSS conductive polymer layer on a gold substrate after exposure to
solution (left), as well as three-dimensional intensity map of the integrated OH

bending mode of water (right).

Since a combination of a hydrophobic ion-selective membrane (e.g.,
PMMA / PDMA copolymer) with a hydrophobic solid contact (e.g., POT)
displayed an ability to eliminate water inclusions, we decided to carry out a
comparable study of the hydrophobic ion-selective copolymer membrane in
conjunction with the relatively hydrophilic SC of PEDOT:PSS, so as to gauge if
this system may also be used in the production of SC ISEs that are devoid of
deleterious water layers. Figure 6-2 presents an optical micrograph of an
interesting region on a PEDOT:PSS / copolymer ISE after exposure to solution,
along with the corresponding 3-D intensity map of the integrated OH bending
mode of water (1645 cm™). Notably, a distinct trail of water (marked) is visible in
the 3D intensity map, which is evident as a grey and hazy streak in the optical
micrograph. Indeed, this outcome suggests a swelling and roughening of the
PEDOT:PSS / copolymer interface, especially when a hydrophobic membrane is
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coupled with the hydrophilic SC. In this context, water transported through the
membrane probably exists in a miscible form within the PEDOT:PSS and does
not separate into droplets, with the dark streak in the optical micrograph
corresponding to areas where water has been transported to the ion-selective
membrane / PEDOT:PSS interface and is absorbed relatively evenly into the
hydrophilic PEDOT:PSS layer in much the same way as water is absorbed into
a sponge. Accordingly, it is likely that PEDOT will behave analogously to a
hydrogel and will provide a transient transmembrane flux of ions, and a
concomitant degradation in the sensitivity and selectivity of the PEDOT SC-ISE.
Significantly, such a thick hydrogel is unable to display a sensitivity in water
layer testing, but will still display degraded potentiometric response
characteristics, noting that both of these outcomes were observed elsewhere by
Sundfors et al. (17).

Conclusion

The results of this study demonstrate the power, as well as simplicity, of
SR / FT-IRM as a research tool for studying the buried interface of multilayered
materials. The use of high-resolution 3-dimensional mapping enables a visual
depiction of the location and nature of fluid inclusions at interfaces, in this case,

demonstrated by a study of water in polymeric ISEs.

Specifically, this work has confirmed unequivocally that PMMA / PDMA
copolymer is susceptible to the pooling of water droplets at the buried interface
of the electrode. Additionally, the use of a hydrophobic conducting polymer SC
such as POT inhibits the deposition of water by removing possible sites for
water accumulation. Different results are evident when a hydrophilic conducting
polymer SC such as PEDOT:PSS is used in conjunction with a hydrophobic
PMMA / PDMA copolymer membrane. Evidently, the PEDOT:PSS SC leads to
the formation of water in a miscible state within the PEDOT:PSS underlayer,

akin to a hydrogel, instead of a separate and thin water layer.
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Most significantly, SR / FT-IRM is suitable for studies of other polymeric
ISEs such as silicone rubbers, polyurethanes, polyvinyl chlorides, etc. on
alternate electrode substrates such as nanostructured carbons, doped silicon,
platinum, etc. and may be used in the elucidation of novel mechanistic

information about these important electrochemical sensors.

The aforementioned outcomes present valuable insights into the physical
behavior of technologically important materials such as ISE membranes
exposed to fluid media for prolonged periods. Parallels between the
physicochemical information obtained via SR / FT-IRM and the chemical
behavior of the functional material can undoubtedly be drawn to achieve an

enhanced understanding of the materials systems under consideration.
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Supplementary Information

SR/ FT-IRM Mapping of Surfaces

During SR / FT-IRM mapping of the surface, individual spectra were
recorded in a pre-specified grid (9 x 9 scan positions) around a region of interest

on the sample, as shown in Figure S1.
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Supplementary Figure 6-1 Image showing a region of interest for the
copolymer / Au ISE accompanied by crosshairs representing the corresponding
locations at which measurements were made and subsequently mapped.

Comparative Spectra of Dry and Wet Samples at 5(OH) Peak

Figures S2-S4 present spectra of the 5(OH) peak of interest at 1645 cm™
for PMMA / PDMA on gold, PMMA / PDMA /PEDOT:PSS on gold and
PMMA /PDMA / POT on gold, respectively, noting that the broken line
represents the dry or control spectrum and the continuous line depicts the wet or
treated specimen. All spectra were converted to absorbance and subsequently
“‘mapped” using an integration of the 6(OH) peak using the OPUS 6.5 software.
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Background signals were subtracted from all spectra by comparison against a
clean gold control coupon.
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Supplementary Figure 6-2 Spectra for the 6(OH) band for dry or control
PMMA / PDMA sample (broken line) and the wet PMMA / PDMA sample

showing a water pool (continuous line).
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Supplementary Figure 6-3 Spectra for the 6(OH) band for dry or control
PMMA / PDMA / PEDOT:PSS  sample (broken line) and the wet
PMMA / PDMA / PEDOT:PSS sample showing the water streak (continuous

line).
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Supplementary Figure 6-4 Spectra for the 6(OH) band for dry or control
PMMA / PDMA / POT sample (broken line) and the wet PMMA / PDMA / POT

sample (continuous line).
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7/ Studying the Depth of lon-to-Electron
Transduction in Solid-Contact lon-
Selective Electrodes

Jean-Pierre Veder, Roland De Marco, Kunal Patel, Pengchao Si, Ewa
Grygolowicz-Pawlak, Erno Pretsch, and Eric Bakker.

In Preparation, (2010).

Abstract — Synchrotron radiation X-ray photoelectron spectroscopy (SR / XPS)
and neutron reflectometry (NR) were carried out on doped poly(3-
octylthiophene-2,5-diyl) (POT) solid-contacts (SCs) to study ion-to-electron
transduction in solid-state ion-selective electrodes (ISEs). The study was
performed with the intention of determining the minimum thickness of POT
required in order to function optimally as a SC. Using [3,5-
bis(triflouromethyl)phenyl]lborate (TFPB) as the electroactive polymer dopant,
SR / XPS and NR were only able to detect TFPB in the upper 14 A of SC
material. This result demonstrates that charge-transfer events, which might be
expected to prevail throughout the entire underlying SC layer, are surface

confined processes.

Introduction

Shortly after the emergence of coated-wire electrodes (1) (CWESs) in the

early 1970s, it became apparent that, although providing a significant advance
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for the prospect of miniaturization, these electrodes lacked long-term potential
stability (2, 3). This was later attributed to poorly defined charge-transfer
processes at the blocked interface between the ion-selective membrane and the
electrically conductive substrate (4). Furthermore, the gradual formation of water
layers at the buried interface (5, 6) also interfered with the intended sensor
response which was detrimental to the technological advancement of these
sensors. The implementation of solid-contact (SC) intermediate layers to provide
an electrochemically well-defined buried interface (7) was a major advancement
in the field of solid-contact sensors (8, 9). Ever since the discovery of SC
sensors, they have generally comprised thick (i.e. several microns) electroactive
polymers that exhibit both electronic and ionic conductivity so as to provide a
well-defined ion-to-electron transduction mechanism at the interface buried
between the SC and ion-sensing membrane. However, research into SCs over
recent years has led to the introduction of new materials, which seemingly
challenge previous notions of how SCs function to improve the potential stability.
Notably, redox-active self assembled monolayers (7, 10-14) (SAMs) have shown
success in their application as SCs, as well as high surface area carbonaceous
materials (15-17). A disconnect now exists as to what characteristics are
required for a material to function effectively as an SC. Our goal is to therefore
aid in addressing questions that currently present a dilemma for the sensor
community such as: “Is there really a requirement for the SC material to exceed
a certain thickness given the success observed with SAMs?” and also “How can
some materials work well as SCs (i.e. carbon nanotubes and macroporous

carbon) despite the lack of an obvious ion-to-electron transduction mechanism?”

This study focused on electroactive polymers, particularly poly(3-
octylthiophene-2,5-diyl) (POT), so as to scrutinise the ion-to-electron
transduction processes of these materials. Significantly, since POT is a proven
SC, as evidenced by previous work (8) (Chapter 4), obviating the formation of
detrimental water layers at the buried interface due to its hydrophobicity, it was
chosen for this fundamental study of ion-to-electron transduction without fear of
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any side reactions from a spontaneous water layer. Furthermore, it has been
reported that systems incorporating POT as an SC have yielded nanomolar
detection limits (18), as well as providing highly stable ion-to-electron
transduction processes (19). In consideration of the aforementioned factors,
POT is an ideal material for a study of charge-transfer processes occurring
between the ion-selective membrane and the underlying SC.

The mechanism for ion-to-electron transduction is understood to occur via
a three phase process as summarised by Si et al. (20). In this work, the
conducting polymer is oxidized from POT to POT". This process triggers the
redistribution of the [3,5-bis(triflouromethyl)phenyl]borate (TFPB) anionic
species of the lipophilic ion-exchanger from the outer membrane phase to the
conducting polymer layer. Accordingly, it follows that the presence of TFPB
throughout the POT SC is indicative of charge-transfer processes that occur in
the SC ISE. This study utilized synchrotron radiation X-ray photoelectron
spectroscopy (SR / XPS) and neutron reflectometry (NR) to track the
electrochemically driven ingression of TFPB into the POT SC. XPS and NR
(refer to Appendix | for detailed descriptions) are extremely useful surface
analysis tools that can easily scrutinize the chemical and physical properties of

the POT SC with excellent spatial and chemical resolution.

Experimental

Materials

High molecular weight poly(vinylchloride) (PVC), N,N-dicyclohexyl-N',N'-
dioctadecyl-3-oxapentanediamide (calcium ionophore V), potassium and
sodium tetrakis (KTFPB and NaTFPB), tridodecylmethylammonium chloride
(TDMACI, 97%) and bis(2-ethylhexyl)-sebacate (DOS) were Selectophore®
Fluka reagents obtained from Sigma-Aldrich (Castle Hill, New South Wales,
Australia). Anhydrous lithium perchlorate (99.99%), 3-octylthiophene-2,5-diyl,
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regioregular POT (99.99%), anhydrous acetonitrile (99.8%), anhydrous N,N-
dimethyl-formamide (DMF, 99.8%) and inhibitor free tetrahydrofuran (THF,
99.8%) were also obtained from Sigma-Aldrich (Castle Hill, New South Wales,
Australia). Analytical grade sulfuric acid and hydrogen peroxide used for piranha
etching solutions were obtained from the Ajax Chemical Co. (Taren Point, New
South Wales, Australia). Laboratory grade xylene was obtained from Chem-
Supply (Gillman, Port Adelaide, South Australia). The highly polished silicon
wafers (8cm x 4cm x 2cm) used in NR measurements (boron doped for
electrical conductivity) were purchased from Crystran Ltd. (Dorset, United
Kingdom). Gold (111) mirrors used in the SR / XPS studies were obtained from
Arrandee™ (Werther, Germany) and rinsed with copious quantities of Milli-Q
water and acetonitrile prior to use. Milli-Q water was used to prepare all aqueous

solutions unless otherwise specified.

Synchrotron Radiation X-ray Photoelectron Spectroscopy

POT was electropolymerized onto 12 mm x 12 mm Au(111) mirror
substrates and subsequently oxidized using a specially designed Teflon three-
electrode cell described elsewhere (21). In the cell’'s operating configuration, the
Au(111) mirror functioned as a working electrode, a solid-state Ag/AgCl wire
was used as a reference electrode and a Pt wire coil acted as a counter
electrode. A Princeton Applied Research Parstat 2263 portable potentiostat was
used to carry out all electrochemical polarization and oxidation experiments on
the Au(111) working electrodes. The cell contained a solution that was 0.1 M 3-
octylthiophene and 0.1 M LiClO;4 in acetonitrile, which was purged with nitrogen
for 15 minutes prior to electropolymerization. POT was subsequently
electropolymerized via cyclic voltammetry (30 scans at a rate of 100 mV s™") in a
potential window of 0 — 1.5 V. Following electropolymerization, the POT film was
discharged at 0 V for 300 seconds and immersed in pure acetonitrile for
30 minutes to remove residual electrolyte. The POT SCs were allowed to dry in

air for 30 minutes.
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A plasticized PVC membrane was deposited onto the electrode following
the electropolymerization of POT. The PVC membrane was drop cast (60 uL)
from a solution containing PVC (32.3 wt%), DOS (64.7 wt%), KTFPB (2.4 wt%)
and TDMACI (0.6 wt%) in THF (5% w/v) and allowed to dry for several hours in
air. Chronoamperometry was carried out on the resultant ISE in a solution of
0.1 M NaCl in order to oxidize the POT SC. The electrode was held at a
potential of 1.3 V for 20 minutes to allow adequate time for TFPB to enter the
POT SC layer.

After oxidation of the SC, the PVC membrane was peeled from the SC
and the electrode was subsequently immersed several times in THF to remove
all traces of PVC, thereby exposing the insoluble POT SC underlayer. SR / XPS
analysis was carried out by probing the F(1s), C(1s), S(2p) and Au(4f) core
orbital energy levels. These analyses were made using a photon energy of
800 eV with a pass energy of 10 eV so as to maximise the weak F(1s) signal
originating from the transfer of the TFPB anion across the buried interface. Al

spectral binding energies were calibrated against the C(1s) peak.

Subsequent to each XPS analysis, the electrode was removed from the
XPS analysis chamber and transferred to the sample preparation chamber
where the exposed POT SC was gradually eroded using an argon ion sputtering
gun with 3 kV beam energy focused to 2.4 kV (i.e. 80 % of beam energy). After
each increment of argon ion sputtering, the sample was transferred back into the
analysis chamber for further SR/ XPS measurements. This procedure was
repeated several times until there was no evidence of TFPB within the POT SC.
The sputter rate was determined by calibrating the ion sputtering gun against a
POT SC of known thickness as determined by atomic force microscopy (not
shown). In this instance, the process of XPS analysis and sputtering were
performed simultaneously until a sufficient Au(4f) intensity was measured

(originating from the Au(111) substrate), signalling the complete erosion of the
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SC layer. Near edge X-ray absorption fine structure (NEXAFS) studies were
also carried out on the POT SC upon completion of each SR/ XPS analysis.

SR / XPS measurements were carried out at the Soft X-ray Spectroscopy
beamline (14ID) of the Australian Synchrotron, Melbourne, Australia. The
insertion device for the beamline is an elliptically polarised undulator providing a
flux of between 3 x 10" and 5 x 10"! photons / s / 200 mA at the sample at
400 eV. The beamline’s optimal energy range is 90 — 2000 eV with a resolution
(AE/E) between 5000 and 10,000 and provides a beam size of 0.6 x 0.6 mm
normal to the beam. The data acquisition software used in this study was
SPECSIab2. The endstation was constructed by OmniVac and PreVac using a
SPECS Phobios 150 hemispherical electron energy analyser in conjunction with
photodiode and drain current detectors. An OmniVac UHV-compatible retarding
grid analyser operated in partial electron yield mode was utilized for the
acquisition of NEXAFS spectra. The vacuum of the analysis chamber was
maintained at 2 x 10™'° Torr or better and the storage ring was operated in the

decay mode.

Neutron reflectometry / Electrochemistry

The NR / electrochemistry measurements utilized a specially designed
solid — liquid cell described previously (22) (Chapter 5). Furthermore, the silicon
wafer substrates used in the current study were cleaned and prepared using a
procedure already described in Chapter 4 (8). An additional step involved
cleaning of the substrates using an ozone cleaner (UVO Cleaner® 144AX) for 20
minutes to remove any residual organic contaminants. A solution of
POT (0.3% w/v) was filtered (Iso-DiskTM 0.2 ym PTFE Syringe Tip Filter) and
deposited onto the silicon wafer and annealed in a vacuum oven for 3 hours at
80°C. The wafer was immediately spun at 2000 rpm for one minute. In total, two
spin coating applications of POT were deemed necessary to achieve a desirable
thickness. A plasticized PVC cocktail comprising PVC (32.5 wt%), DOS
(65.9 wt%), calcium ionophore IV (1 wt%) and NaTFPB (0.6 wt%) in DMF
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(1.5% wl/v) was subsequently coated onto the SC at a spin rate of 3500 rpm for

1 minute.

NR and EIS were initially carried out on the POT / PVC ISE until no
significant changes were observed between successive spectra, i.e. the
polymeric ISE was allowed to equilibrate with the D,O electrolyte. Subsequently,
cyclic voltammetry (CV) was used to establish the potential required to oxidize
the POT SC layer. Chronoamperometry was subsequently performed to carry
out the oxidation at a potential of 1.3 V for 1 hour. EIS and NR measurements
were resumed once the POT layer had been oxidized.

All of the NR and electrochemistry reported herein were undertaken at
the Australian Nuclear Science and Technology Organization (ANSTO). NR
measurements were recorded using the Platypus time-of-flight neutron
reflectometer at the OPAL 20MW research reactor (23). A cold neutron
spectrum (3.0 A < A < 18.0 A) was used and 23 Hz neutron pulses were
generated using a disk chopper system (EADS Astrium GmbH) in a medium
resolution (ANMA = 4%). The reflected neutron spectra were recorded on a 2-D
helium-3 neutron detector (Denex GmbH) at 0.5° for 30 minutes and 2° for
2.5 hours. The vertical slits were configured for each measurement to maintain a
constant footprint (7 cm x 3.5 cm) and direct beam measurements were
collected under the same collimation conditions for each measured angle. Data
reduction and analysis of the reflectivity profiles were performed using the

Motofit reflectometry analysis program (24).

CV and chronoamperometry studies were carried out on a Metrohm
Autolab-PGSTAT128N. All EIS measurements were performed using a
Princeton Applied Research Parstat 2263 portable potentiostat. EIS spectra
were collected using an excitation potential of 10 mV rms and a frequency range
of 100 kHz to 10 mHz. CV and chronoamperometry were performed prior to

commencing NR measurements, whilst EIS was undertaken concurrently with
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the reflectivity studies. The electrolyte used throughout all measurements was a
0.1 M CaCl; solution in D,0.

Results and Discussion

SR / XPS was used as a surface sensitive approach to study the ion-to-
electron processes in the SC of ISEs. Importantly, XPS provides insights into the
influence of the chemical and physical factors that control the behaviour of the
SC in polymeric ISEs and has a tremendous ability for structure elucidation in
the outermost layers of the sample for elements above 1 atomic percent (25).
Lower detection limits are attainable in SR / XPS due to the option of tunability
of the beam through the use of beam energies near to the absorption edge
where photo-absorption cross sections are increased by 1 — 2 orders of
magnitude. In this study, fluorine and sulfur were utilized as tracer elements to
track the ion-to-electron process of POT. The ability of XPS to discriminate
between different oxidation states of atoms enabled the study of either neutral
sulfur originating from the neutral SC, or oxidized sulfur arising from an oxidation
of the thiophene functional group of POT. The detection of fluorine in the SC
layer further implies the ingression of the TFPB as fluorine is only present in the
TFPB component of the entire ISE. Importantly, XPS studies of a native
electropolymerized POT SC surface has been reported previously (25), and the

spectra for a control POT sample reported herein compares favourably.

Figure 7-1 presents XPS depth-resolved spectra of the oxidized POT SC.
The F(1s) spectra (Figure 7-1 (a)) shows a distinct peak prior to sample
sputtering, which is severely diminished following ion beam sputtering of the
POT SC layer. Actually, the intensity of the fluorine peak falls to background
levels after only 1 minute of ion beam sputtering. This corresponds to a
sputtering depth of approximately 14 A, which shows that the incorporation of
TFPB into the POT SC layer is surface confined. It is important to confirm that
fluorine resulted from migration of TFPB during electrochemical oxidation of

POT rather than residual quantities of the ion-selective PVC membrane
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(removed prior to SR / XPS analysis) that may have remained on the SC. The
former was justified by the absence of chlorine in XPS survey scans for all SCs
after dissolving the PVC membrane, thereby confirming that the overlaying ion-
selective membrane was removed in its entirety. Furthermore, a quartz crystal
microbalance study of the POT layer following prolonged exposure to THF

revealed a lack of dissolution of the underlying POT film.
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Figure 7-1 SR / XPS depth-resolved spectra of an oxidized POT SC after argon
ion sputtering for various times. (a) Spectrum for the F(1s) core level, whilst (b)
presents the S(2p) core level spectrum. All spectral binding energies were

calibrated against the C(1s) peak.

The S(2p) spectra (Figure 7-1 (b)) are in accordance with the outcome
observed from the F(1s) spectra. At the surface prior to sample sputtering, a
broad peak is evident in the S(2p) core level spectrum which results from a
convolution of at least two slightly offset spin-orbital-split doublets [S(2p+/2) and
S(2ps2)] from the oxidized and neutral chemical states of sulfur. Whilst it is
expected that the S(2ps2) peak for a neutral thiophene unit should occur at a
binding energy of about 163.6 eV, a component exhibiting a small positive shift
(= 1 eV) in the S(2ps2) peak readily suggests that some of the sulfur atoms exist
in an oxidized chemical environment. Undoubtedly, this is due to
electrochemical oxidation of a portion of the thiophene units and a concomitant
ingression of the TFPB dopant (26) and the mixture of thiophene species is
responsible for the convoluted S(2p) spectrum. Nevertheless, it is evident that
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sulfur in thiophene has not been over-oxidized to sulfone or sulfate species
since the binding energy shift from the neutral S(2p) peak would be far more
significant (25, 27, 28). Instead, it is evident that the oxidized form of sulfur is the
positively charged thiophene group, or polaron, associated with TFPB . After
only one minute of sputtering, two partially resolved peaks are present at binding
energies of 163.6 and 165 eV, which are indicative of the S(2ps;2) and S(2p1/2)
spin-orbit split components in neutral sulfur (26, 29). The low intensity at the
oxidized POT surface is attributable to the high concentration of TFPB that
occupies much of the surface of the oxidized SC. Essentially, TFPB forms on
the oxidized POT surface, and this attenuates the photoelectrons from the

underlying POT substrate®.
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Figure 7-2 NEXAFS spectra corresponding to the S(2p) core atomic orbital for
an oxidized POT SC film.

NEXAFS studies of the S(2p) absorption edge also pointed to a surface
confinement of the ion-to-electron process at the POT SC / ion-selective
membrane interface. NEXAFS is a powerful tool for distinguishing between the
oxidized and unoxidized states of POT due to its sensitivity to nearest

neighbours during constructive and destructive scattering of electrons arising

“ltis possible to estimate the thickness of the TFPB™ rich overlayer using an approximation of
the electron mean free path in addition to the areas of the S(2p) peaks before and after depth
profiling. It is anticipated that such an analysis will be performed in future work when the XPS
data is modelled.

156



Chapter Seven

from photoionization of the S(2p) core orbital. Furthermore, another asset of
NEXAFS is its polarization dependence which is very sensitive to state
symmetry and molecular orientation (30). The spectra shown in Figure 7-2 show
distinct differences between the sample measured before and after sputtering.
Importantly, the fact that excitations arise from two initial states separated by
approximately 1 eV (i.e. 2p12 and 2ps;2) makes it somewhat difficult to interpret
the sulfur edge since one essentially has two spectra superimposed and shifted
by 1 eV (31). Nevertheless, the NEXAFS spectra are comparable to those
obtained elsewhere for the S(2p) absorption edge of thiophene functional groups
(30, 31). The characteristic multiplet peak in the spectrum obtained prior to
sputtering is indicative of one highly orientated chemical form (30). Conversely,
the spectra obtained following argon ion sputtering reveals a broad peak which
is suggestive of a highly disorientated thiophene species which is present in
multiple chemical states. This is not an unexpected outcome since sulfur is well
known to exist in many chemical states which would cause considerable overlap
in the NEXAFS spectra. The net result of this would be a broad, convoluted
peak as seen in the spectra relating to the bulk of the polymer. The fact that the
initial layer (i.e., prior to sputtering) is relatively well-defined provides further

credence for the fact that the surface layer has become completely oxidized.
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Figure 7-3 NR spectra of a POT SC prior to and after electrochemical doping

with TFPB. The modelled fit is also included for the neutral POT. The inset

pertains to the scattering length density profile of the neutral POT model.
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Figure 7-4 Bode phase data for the SC ISE system whilst bathing in a D,O
electrolyte and also after electrochemical doping with TFPB.

In situ NR was carried out on the SC ISE before and after electrochemical
oxidation of the POT SC. This was an in situ analogue of the aforementioned SR
| XPS experiment, thereby providing a corroboration of the SR / XPS
experiments. Figure 7-3 presents the NR spectra before and after
electrochemical oxidation of the POT SC. A fitted model of the neutral POT is
also presented. The model suggests that the thicknesses of the POT and PVC
layers are 48 A and 246 A, respectively. Furthermore, each of these respective
layers have neutron scattering length densities (SLD) of 2.87 x 10° A2 and
0.56 x 10° A Oxidation of the underlying POT SC is confirmed through the
Bode phase data presented in Figure 7-4, which shows a significant difference
in the spectra obtained during equilibration of the ISE with D,O compared to that
after oxidation of the SC. This difference (a broadening of the time constant
around 1000 Hz) is indicative of a new time constant, probably ascribable to the
formation of an overlayer of POT / TFPB polaron, which has been induced by
the oxidation of POT. On the other hand, evidence for oxidation of the SC

contact is not immediately obvious in the NR data. Importantly, an attempt to fit
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a model directly to the oxidized POT based on such small differences would be
meaningless. Instead, Figure 7-5 presents two ideal models (not fitted to any
data) based on the starting parameters obtained from the fitted model of the
neutral POT (as shown in Figure 7-3 and also included in Figure 7-5 for
comparative purposes). The models relate to the two different extreme-case
scenarios which could occur during the electrochemical oxidation of the POT
SC; namely, a surface confined oxidation and a full oxidation of the SC film.
Clearly, the former model, which has a neutral POT thickness of 34 A and an
oxidized POT layer® of 14 A thickness, closely resembles the actual dataset
obtained in NR for the electrochemically oxidized POT SC. On the other hand,
the model of the completely oxidized POT has almost no resemblance to the
initial neutral POT model or the actual dataset for the oxidized POT SC system.
These outcomes provide strong indirect evidence that the oxidation of POT is

surface confined.

Neutral POT
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Complete oxidation
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Figure 7-5 Theoretical models of the surface confined oxidation of POT (not
fitted to data) and complete oxidation of the POT SC layer (not fitted to data) for
comparative purposes. These models are based on the parameters provided
from the model of neutral POT (fitted to neutral POT data in Figure 7-3). The
inset presents the scattering length density profile for all three theoretical

models.

> The SLD of the oxidized POT (used in the ideal models) was calculated as 1.88 x 10 A from
the theoretical doping of all oxidized thiophene units with the TFPB ion.
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The results of this study strongly support the notion that the ion-to-
electron process occurring in the SC of ISEs is limited to a very thin surface
layer (up to 14 A) of the conducting polymer. Nevertheless, it is important to note
that the diffusion time of the bulky TFPB ion could have limited the
electrochemically driven process. The chronopotentiogram obtained from the
oxidation of the POT SC revealed that the bulk of the process occurred within
approximately 2 minutes, after which point the current changed negligibly.
Despite this observation, the potential was held for a further 18 minutes for the
SR/ XPS experiment and a further 58 minutes for the NR experiment in order to
allow adequate time for the process to occur. In both instances, the results
pointed to a surface confinement of charge-transfer (i.e. limited to the upper few
Angstroms of material) which suggests that the diffusion time is not the
dominant factor with this system. Accordingly, it is highly likely that charge-
transfer is playing a dominant role in the ion-to-electron transduction process

under electrochemical oxidation conditions.

Importantly, this new knowledge about surface confinement of charge-
transfer events at the underlying SC has important ramifications for the sensor
community. Subsequent studies have proven that smaller anions (e.g., ClO,,
SCN and NOs) do not enable deeper ion diffusion, thereby confirming these
results as a generalized mechanism for ion-to-electron transduction.
Accordingly, it is now obvious that a large amount of conductive polymer is
unnecessary in SC fabrication. In fact, only a monolayer of material is required
for the SC to function as an effective ion-to-electron transducer. This outcome
explains the successful adoption of SAM SC systems (7, 10-14), which have
been utilized in recent years. The notion that ion-to-electron transduction is
surface confined also explains why the use of various other forms of SC (i.e.
three dimensionally ordered macroporous carbon (15), single-walled carbon
nanotubes (16, 17), etc.) also function well. Essentially, the fact that the charge-

transfer processes are only evident on the surface of the SC shows that the ion-
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to-electron transduction process is associated with a high double layer
capacitance. Accordingly, a SC material possessing a high double layer
capacitance, such as single-walled carbon nanotubes and three dimensionally
ordered macroporous carbon reported elsewhere (15, 16), are expected to
display excellent properties as SCs. This new understanding should allow
sensor researchers to develop new redox active or capacitive SC materials for

use in improved SC sensors.

Conclusion

These results demonstrate that ion-to-electron transduction in
electroactive polymers, such as POT, occur via a surface confined charge-
transfer reaction. In this study, the combined results from SR / XPS and NR
strongly suggest that these processes occur in a thickness of up to 14 A of the
SC material. This outcome is significant for the sensor research community
because it provides a new insight into the mechanism of ion-to-electron
transduction in SCs. We propose that the performance of SCs in solid-state
ISEs is not based on the thickness or extent of ion diffusion within the material,
but rather the capacitive nature of the material. Furthermore, such a result will
inevitably prevent needless wastage of expensive material by demonstrating

that SCs only need be used sparingly.
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8 A Flow Cell for Transient Voltammetry
and its Application to In Situ GIXRD
Characterization of Electrocrystallized
Cd(TCNQ),

Jean-Pierre Veder, Ayman Nafady, Graeme Clarke, Ross P. Williams,
Roland De Marco and Alan Bond.

Electrochimica Acta, 56, 1546-1553 (2010).

Abstract — An easy to fabricate and versatile cell that can be used with a
variety of electrochemical techniques also meeting the stringent requirement for
undertaking cyclic voltammetry under transient conditions in in situ
electrocrystallization studies and total external reflection X-ray analysis has
been developed. Application is demonstrated through an in situ synchrotron
radiation / grazing incidence X-ray diffraction (SR / GIXRD) study of the
electrocrystallized cadmium (IlI) tetracyanoquinodimethane (TCNQ) material,
Cd(TCNQ), from acetonitrile (0.1 M [NBu4][PF¢]). Importantly , this versatile cell
design makes SR / GIXRD suitable for almost any combination of total external
reflection X-ray analysis (e.g., GIXRF, GISAXS, GIXRD, etc.) and
electrochemical perturbation, also allowing its application in acidic, basic,

aqueous, non-aqueous, low and high flow pressure conditions.
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Introduction

Currently, there is a large body of literature on electrochemical cell
designs for use in in situ transmission and total external reflection X-ray
analysis. It also has been well established that synchrotron light sources may be
utilized advantageously in such studies (1), thereby allowing characterization of
electrode materials surrounded by an electrolyte solution without a significant
loss in intensity due to photon absorption or scattering by the electrolyte
solution (2). In many cases, the cells have been applied to the characterization
of scientifically and technologically important systems (3-9). Importantly, the
cells have all of the essential features needed for in situ transmission and total
external reflection X-ray analysis. However, commonly the cells are limited to
studies of the bulk properties of porous electrode substrates, and also with
respect to the combination of electrochemical and X-ray measurements that can
be performed. Commonly, the electrochemical cells are only capable of
measurements in aqueous electrolytes, and they often possess inherently high
ohmic resistances due to a confined solution electrolyte volume. To exacerbate
this problem, the designs can lead to a substantially uneven IR (ohmic) drop on
the electrode surface, thereby leading to inhomogeneity in electrochemically
generated materials. Thus, there is a need for a versatile electrochemical cell
that is applicable to electrochemical interrogation by a wide range of techniques
(e.g. impedance spectroscopy, potentiometry, cyclic voltammetry, chrono-
potentiometry, chronoamperometry, and pulsed voltammetry), followed by in situ
surface studies using a variety of total external reflection X-ray characterization
methods (i.e., grazing incidence X-ray diffraction (GIXRD), grazing incidence X-
ray fluorescence (GIXRF), grazing incidence small angle X-ray scattering
(GISAXS), etc.)].

A survey of the recent literature on the employment of in situ transmission
synchrotron X-ray analysis of electrochemically deposited materials revealed a
plethora of reports related to porous electrodes and lithium ion intercalators (10-

15) using XRD, porous proton exchange membrane fuel cells (16) using X-ray
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absorption spectroscopy (XAS) and porous battery electrodes undergoing
charge / discharge cycling (17) along with supercapacitor electrodes (18) using
XRD. Furthermore, there have been recent papers on in situ transmission (19-
20) and frontside fluorescence (21-22) synchrotron studies of fuel cell
electrocatalysts using extended X-ray absorption fine structure (EXAFS), as well
important studies using X-ray absorption near-edge spectroscopy (XANES)
study of ZnO nanostructures (23) and SAXS measurements of the growth of Pt
catalysts during potentiodynamic cycling (24). In this sense, the application of in
situ transmission synchrotron X-ray analysis is a mature field, and has been

reviewed in 2004 in an excellent contribution by the Russell Group (25).

Reports on electrochemical cell designs for open circuit potential or
electrochemical impedance spectroscopy in conjunction with in situ total external
reflection X-ray analysis are less common (4-5, 26-30), and have mostly been
applied to aqueous electrolytes under mild conditions (i.e., room temperature
and non-corrosive environments). In electrocrystallization studies, it is common
to employ cyclic voltammetry under dynamic fast scan rate conditions to provide
mechanistic information as a precursor to controlled potential approaches to
deposit bulk amount of crystalline material adhered to the electrode surface.
Existing cells do not allow this approach to be used in conjunction with in situ
external reflection X-ray analysis to characterize the electrocrystallized material.
We have now developed a cell that allows transient voltammetric conditions to
be achieved as well as many other methods in a very versatile arrangement.
Davenport and co-workers (29-30) reported a cell design similar to the present
one and another cell design has been reported for in situ synchrotron radiation
(SR) / GIXRD (31), in a study of the electrocrystallization of ZnO nanoparticles.
However, both cell designs (29-31) only allow use of very slow scan rate
voltammetric studies because of the high IR, (I = current, R, = uncompensated
resistance). Cell design (31) utilized a capillary electrolyte solution housing that
enhanced R,, with the shape of the cell also restricting the minimum and
maximum angles of incidence that may be used in the depth profiling of the
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electrochemically prepared thin film by SR / GIXRD. Cell design (29-30) also
used an electrode that is placed at an elevated position with respect to the base
of the cell and can give rise to significant IR, drop so that transient voltammetry
is difficult in high resistance organic solvents with this configuration, although

precursors in low resistance organic media maybe tractable.

In this paper, we report a versatile electrochemical cell design for in situ
SR / GIXRD studies of electrochemically prepared thin films that is based on
knowledge gained in studies with earlier designs (27-28, 32). In particular, a
range of significant improvements has been introduced to specifically meet the
aforementioned stringent requirements for the transient form of voltammetry and
in situ X-ray characterization using a total external reflection X-ray analysis
technique. The combined focus of the research is a demonstration of the utility
of the new electrochemical cell by an in situ SR / GIXRD study of the
electrocrystallization of Cd(TCNQ), (TCNQ = 7,7,8,8-tetracyanoquinodimethane)
from a non-aqueous acetonitrile electrolyte solution, noting that this metal-TCNQ
material is a hitherto structurally uncharacterized charge transfer compound that
is different from the [Cd2(TCNQ)s]* coordination polymer, which contains the
more highly reduced TCNQ?* dianion (33). In addition, metal-organic materials
containing the monoanion, TCNQ, are expected to appeal to many
electrochemists and material scientists as this class of compounds have the
potential to be utilized in magnetic, sensor, and electrical switching devices (34-
37).

Experimental

Materials and Reagents

Analytical reagent grade Cd(NOs3), was obtained from BDH Laboratory
Reagents, whilst TCNQ (98%) and [NBu4][CIO4] were purchased from Aldrich.
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Acetonitrile, which was used as the solvent was HPLC grade and sourced from
Omnisolv. All reagents were used as received from the suppliers.

Flow Cell Design

The electrochemical / SR-GIXRD cell presented in Figure 8-1 was constructed
from the polymer Ketron® PEEK, which is resistant to thermal, electrical and
chemical degradation (viz., in acids, alkalis as well as organic solvents). A
polycrystalline platinum substrate was used as the working electrode with
dimensions of 20 mm x 10 mm. It was connected to a mild steel stub using a
conductive silver epoxy contact, and was mounted in an epoxy resin. The
working electrode was placed in a circular disk that is 30 mm in diameter and
5 mm in thickness allowing exposure of the top face of the 20 mm x 10 mm
platinum substrate. The disk was subsequently pushed firmly into the inner
recess of the cell (of similar dimensions to the epoxy mounted electrode) and
sealed tightly against an embedded rubber O-ring ensuring that there is no
leaking of electrolyte solution onto electrical contacts. The electrode was
positioned 160 ym below the top plane of the cell, with this design feature
ensuring that during suctioning of the electrolyte solution, either in a stop-flow
mode or during reverse pumping of the electrolyte solution, a thin layer of
electrolyte solution (i.e., << 160 ym) is always in contact with the electrode so
that the incident X-ray beam is not significantly attenuated. Large filling
compartments, which allow an unobstructed flow of solvent past all of the
electrodes, were located on either side of the working electrode, where the
reference and counter electrodes were situated. The filing ports were
subsequently positioned in the centre of each compartment and the inlet / outlet

were positioned at the underside of the cell.
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Figure 8-1 Schematic diagram of the electrochemical cell utilized in
electrochemical studies combined with in situ X-ray analyses. The upper
diagram shows a side profile of the cell, while the lower diagram presents a top
profile of the cell. An O-ring is situated between the epoxy mounted electrode
and central cell body to provide a leak-free cell, and the working electrode
(2 cm x 1 cm) area is 2 cm?, while the 5 counter electrodes (1.5 mm in diameter

protruding 3 mm into the flow cell) yield a combined area of 0.795 cm>.

Four platinum wire counter electrodes and two silver wire quasi-reference
electrodes (all wires were 1.5 mm in diameter and protruded 3 mm into the flow

channels) were inserted into a set of six small-drilled holes at an even
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separation. However, permutations of the number and distribution of the quasi-
reference and counter electrodes are possible. The combination of two
reference and four counter electrodes led to the best defined voltammetry. Each
electrode was firmly fixed to the wires by use of plastic ferrules that were
crimped tightly to the wire electrodes by the pressure exerted, whilst screwing
the electrodes tightly into the cell. A collar surrounding the entire working
electrode and cell filling ports, which sat flush with the top of the cell, was also
fabricated to enable the sealing of a 20 uym thick Kapton window over the flow
system by pressing the Kapton firmly against a large embedded rubber O-ring in
a sandwich type arrangement. As a consequence of the design, the cell could
easily be assembled and dismantled to replace used components, e.g., Kapton
window, working electrode, etc., or damaged components such as the swelled
O-ring surrounding the large epoxy mounted working electrode. Other cell
designs that resemble the one reported in this paper do not utilize a counter
electrode that enshrouds the working electrode (38), nor do they provide a
reference electrode within the cell housing (39-40) (i.e., the reference electrode
is situated in the external solution reservoir). They may be susceptible to leaking
at the connection point between the working electrode and the external electrical
contact (41), and they do not permit transient voltametric studies by reversing
the pump flow to ensure suctioning and a concomitant thin layer of electrolyte
solution between the recesses electrode and collapsed window that are
separated by <<160 pym as in the present cell design (26-28). Furthermore, the
present leak-proof cell design permits successful experimentation on a variety of
electrodes in a single visit to a synchrotron facility, as pre-fabricated epoxy
mounted electrodes of the correct dimension may be popped in into and out of
the cell, and new electrodes with new O-ring seals may be inserted for further
SR / GIXRD analysis. Previous research has shown that temporal
electrochemical or voltametric studies are possible with the present and past cell
designs (29-30), as long as steps are taken (viz, sufficient suctioning, or low
pumping rates are used (5, 41)) to ensure that the electrolyte solution layer
thickness is restricted to a few microns, as has been demonstrated previously in
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the pitting corrosion of copper in chloride solution (5), as well as the
reconstruction of Au(001) in alkaline and acidic electrolyte solutions (41).

The present design has evolved from passive electrochemical
experiments involving SR / GIXRD studies of solid-state ion-selective electrodes
in saline media (28) as well as the carbon dioxide corrosion of mild steel in
carbonated brine (27). In order to be used under dynamic voltametric conditions
and achieve uniformity of the electrodeposited material, two connected quasi-
reference electrodes were used and inserted in close proximity to the working
electrode in the flow outlet of the cell and the perimeter of the working electrode
is shrouded by four separate platinum wire counter electrodes that were short-
circuited into a single electrode array. To illustrate the relevance, we focus for
the first time on the electrocrystallization of the Cd-TCNQ material from
acetonitrile. The product is highly crystalline and amenable to XRD studies, but
the method is generically applicable to many scenarios encountered in the

electrodeposition of solid materials.

Description of GIXRD

As described in Appendix I, below the critical angle for a given
wavelength of radiation, GIXRD accomplishes its surface sensitivity by
restricting the depth of penetration of the externally reflected X-ray beam and
the concomitant sampling depth of the technique to tens to hundreds of

Angstroms (4-5).

In this study, the critical angle (o) for CA(TCNQ), has been estimated at
0.124 degrees using the expression provided by Vineyard (42):

P2

2
0 - r,( hc) pn,
c I\ E m Equation 8-1
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where . is the classical electron radius (2.871940 x 10™"°> m), 4 is the Planck
constant (6.62606896 x 10™* Js), ¢ is the speed of light (2.99792458 x 103 m s°
"), E is the photon energy (1.98645 x 107"° J at A = 1.000 A), p = mass density of
Cd(TCNQ), (1769 kg m™), n is the number of electrons in Cd(TCNQ), (256), m
is the molar mass of Cd(TCNQ), (8.64812 x 10 kg). Clearly, for the angles of
incidence utilized in this study (i.e., 0.25 to 2.00 degrees), the system does not
experience total external reflection, and the surface sensitivity is substantially

decreased.

Nevertheless, Vineyard (42) has shown that, under conditions near to the
critical angle, or at low angles of incidence, severe X-ray absorption by the
substrate at angles somewhat above the critical angle is analogous to the
condition provided by total external reflection, allowing surface diffraction
measurements. In fact, it is possible to estimate the depth of analysis, d, using

the equation:

d_2a
- Equation 8-2

y7i
where a = angle of incidence in radians, and y = linear attenuation

coefficient (noting that u = 28.03 cm™ for Cd(TCNQ); [formula is CdC24HgNg and
p is 1.769 g cm®] at 0.1000 nm or 124 keV as calculated at
http://physics.nist.gov/PhysRefData/FFast/html/form.html| and interpolation of the
linear relationship for calculated p vs E (u = -7.38E + 119.49; R? = 0.9947) in the
range of 11 to 13 keV, yielding a sampling depth of 3.1 to 24.7 ym at « = 0.25

to 2.00 degrees.

Instrumentation

All in situ voltametric and SR / GIXRD measurements were undertaken
on Beamline 20B at the Photon Factory in Tsukuba, Japan, using the “BIGDIFF”

diffractometer, noting that the design of the flow cell is amenable to any
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synchrotron source around the world and can even be adapted to laboratory-

based instrumentation.

After undertaking voltammetric experiments needed to determine the
potential to achieve bulk electrocrystallization of the Cd-TCNQ material in the
SR-GIXRD configuration, the cell was dismantled, the working electrode was
polished and the Kapton film was replaced. All components of the cell were
rinsed thoroughly with clean acetonitrile prior to reassembly of the SR / GIXRD
cell. The array of four platinum wire counter electrodes and the two AgTCNQ
coated silver reference electrodes allowed a relatively even “film” of Cd-TCNQ-
based material to be electrocrystallized from acetonitrile (0.1 M [NBu4][CIO4])
containing high concentrations of TCNQ (10 mM), and Cd(ClOg4), (5 mM) onto
the entire surface of the platinum working electrode (see Figure 8-2) after
applying a potential that is more negative than the second reduction process
(Eappr = -0.38 V vs Ag / AgCl (3 M KCI)) for designated periods of time.
Subsequently, the electrosynthesized material was subjected to in situ SR /
GIXRD analysis and data obtained compared to the ex situ powder diffraction
pattern of an authentic sample of Cd(TCNQ), obtained via reductive bulk
electrolysis using a H-type three compartment cell and an indium tin oxide (ITO,

area = 0.06 to 0.1 cm?) working electrode.

For the in situ SR / GIXRD measurements, the electrolyte solution was
pumped at an extremely high flow rate (415 mL min") using a Masterflex
peristaltic pump to purposely induce a significant distension in the Kapton
window, and acetonitrile resistant Masterflex Norprene® tubing was used in the
flow circuit. Note that prior to electrocrystallization, the distension of the Kapton
film (bulging of the window to several millimeters in thickness) vyielded
reproducible cyclic voltammograms (CV) comprising well-defined reduction and
oxidation components. After electrodeposition of the solid material of interest
using controlled potential electrolysis at -0.38 V for up to 30 minutes, the flow
rate of the electrolyte solution was gradually reduced to minimize disturbances
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in the uniformity of the electrodeposited solid caused by a sudden fluctuation in
the electrolyte solution flow. Finally, the peristaltic pump was switched off, which
caused suctioning of the electrolyte solution (obvious to eye and by the
detection of diffraction peaks from the electrode substrate). The associated thin
layer of electrolyte solution (i.e., << 160 ym) does not attenuate significantly the
incident X-ray beam, thereby allowing the acquisition of excellent X-ray

diffraction patterns at a > 0.75 degrees.

Figure 8-2 Images of the in situ SR-GIXRD electrochemical cell showing the
electrodeposition of blue Cd(TCNQ), material on the Pt working electrode from a
mixture of 10 mM TCNQ and b&mM Cd(ClO,), in acetonitrile
(0.1 M [BusNJ[CIOy4]) at Eapp = -0.38 V for 2 mins (top image, light blue) and 28

mins (bottom image, dark blue).
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Electrochemical experiments were carried out on the voltametric / GIXRD
cell using a commercially available portable Princeton Applied Research
PARSTAT 2263 potentiostat. Beamline 20B at the Photon Factory in Tsukuba,
Japan, employs a Si(111) channel cut monochromator which was set to deliver
a wavelength of 1.000 A, so as to minimize the attenuation of the incident X-ray
beam by air and the electrolyte solution. Parallel beam optics were also used to
provide an incident beam that was 100 ym and 2 mm in the vertical and
horizontal directions at a = 0.25 degrees, respectively. All GIXRD
measurements were taken at angles between 0.25° and 2° (beam sampling
depth of 3.1 to 24.9 uym in this incident angle range) using an exposure time of
20 minutes onto Fuji imaging plates that yield an indicative resolution in 2-theta
of 0.01 degrees (observed experimentally) based on the design of the
“‘BIGDIFF” detector under the conditions used herein, noting that the height of
the beam in the vertical direction was adjusted to provide a constant beam
footprint at all angles of incidence. The platinum electrode diffraction pattern was
used as an internal standard for calibration of the synchrotron beam wavelength,

yielding an actual value of 0.9962 A.

The XRD experiments utilized a beam footprint of 11.4 mm in length and
2 mm in width, which only probes parts of the 20 x 10 mm electrode sheet,
noting that this design enabled an easy alignment of the cell. Scanning electron
microscopy (SEM) studies of the film deposited across the entire electrode
surface with Cd-TCNQ (evidenced later in Figure 8-6) suggested a film
thickness of about 20 - 30 microns. Studies related with a Zn-TCNQ material
(43) (Chapter 9) established potential dependant morphologies that can be

probed in the present cell.
Powder diffraction patterns were recorded in a 0.3 mm glass capillary

tube at a beam wavelength of 1.5084 A. For purposes of a uniform presentation
of the SR / XRD and SR / GIXRD data, the GIXRD data have been normalized
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to a 2-theta scale of A = 1.5418 A for Cu Ka radiation. The powder diffraction
data for Cd(TCNQ), was refined using a Pawley refinement employing the
TOPAS 4.2 software. Although the powder comprised a major and minor phase,
the pattern of the major phase (Cd(TCNQ),) could be refined using a Pawley
refinement of the tetragonal unit cell with a P4 space group and the lattice
parameters for Mn(TCNQ), as the starting point.

Due to the instant deposition of AQTCNQ material on the silver wires on
exposure to TCNQ solution, the practical reference electrode used in this study
was Ag / AgTCNQ. In a control experiment to evaluate the potential versus the
Ag / AgCl (3M KCI) reference, electrodeposition of Cd(TCNQ), - based material
was performed at (293 + 2) K in a N, atmosphere using a standard three-
electrode electrochemical cell configuration containing an Ag / AgCl (3M KClI)
reference electrode, separated from the test solution by a salt bridge, a platinum
mesh counter electrode, and both 1.6 mm diameter platinum disk (Bioanalytical
systems) and 20 mm x 10 mm platinum sheet as working electrodes.
Conversion of the potential measured via the Ag / AGTCNQ reference electrode
under our experimental conditions to the aqueous Ag / AgCl (3 M KCI) scale is
achieved by the addition of 0.32 V, noting that no correction was made for the
junction potential.

In order to establish the importance of IR drop and the applied potential
on the electrocrystallization of the Cd-TCNQ material onto Pt, cyclic
voltammograms in an acetonitrile solution containing 5 mM TCNQ, 2.5mM
Cd(ClO4)2 (2:1 ratio) and 0.1 M [NBu4][CIO4] supporting electrolyte were
measured in both conventional and SR / GIXRD flow cells.

Characterization using Physical Measurements

Infrared spectroscopy (IR), scanning electron microscopy (SEM), energy-
dispersive X-ray (EDAX) and thermogravimetric analysis were carried out as

previously described (32).
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Ex situ reflectance microscopy infrared analysis was undertaken on a
Cd(TCNQ); film that was electrocrystallized from 3.33 mM TCNQ, 1.67 mM
Cd(NO3)2 and 0.1 M [NBu4][CIO4] in acetonitrile at an applied potential of -0.38 V
vs. aqueous Ag / AgCl (3 M KCI) reference electrode for 30 minutes using the
PARSTAT 2263 potentiostat. This instrument utilized a Bruker A590 optical
microscope operated at a spot size of 100 mm, and the Bruker IFS66
spectrometer encompassing an MCT detector at 77 K operated using 256 scans

at a resolution of 4 cm™.

Results and Discussion

Metal-TCNQ-based compounds that are of interest in materials science
are often coordination polymers that are inherently difficult to characterize by
single crystal X-ray diffraction. This difficulty in structural analysis has hampered
advances in the field (44). Moreover, these systems are also not readily
characterized in situ by X-ray powder pattern measurements within an
electrochemical environment due to the attenuation of the incident X-ray by the
electrolyte solution, whilst ex situ methods are susceptible to recrystallization
and / or degradation upon removal of the electrode from the electrolyte solution.
Herein, we show how the method described by Nafady et.al. (32) for
electrochemical synthesis of Co(TCNQ),(H20), can be used to prepare and
characterize the related Cd-TCNQ material on the basis of in situ SR/ GIXRD

analysis. This method is based upon electrochemical reduction of TCNQ to

TCNQ in acetonitrile in the presence of Cd(z,\;eCN) ions.

The voltammetric responses obtained with the SR / GIXRD flow-cell
(Figure 8-3 (a)) exhibit similar features to those observed when the same large
area electrode was used in a conventional electrochemical cell (Figure 8-3 (b)),
and data are compared to those found when a much smaller Pt disk electrode

(1.6 mm in diameter) is utilized in normal laboratory based experiments (Figure

180



Chapter Eight

8-3 (c)). The shift in potential of the reduction and oxidation peaks, found with
the large area Pt electrode relative to the 1.6 mm Pt disk, predominantly
represents the IR, drop in the SR / GIXRD cell. Voltammograms obtained in the
flowing solution also contain a minor hydrodynamic contribution. However, cyclic
voltammograms in the SR / GIXRD cell still allow the voltammetric features
associated with the electrocrystallization process to be ascertained. In essence,
the main reduction process noted in Figure 8-3 (a) at Eprecl ~-0.08 V vs. The
aqueous Ag / AgCl (3 M KCI) corresponds to the one-electron reduction of
TCNQ to TCNQ" (Equation 8-1) followed by rapid precipitation of the Cd-TCNQ
material (Equation 8-2) via a nucleation-growth process. The oxidation peak at
E,™ = 0.72 V vs. Ag / AgCl (3 M KClI) is then related to removal or stripping of
Cd-TCNQ from the electrode surface (Equation 8-3).

TCNQ yecny +€ < [TCNQJjecn Equation 8-3
2[TCNQ](.A7IeCN) + Cd(zl\;eCN) M)Cd[TCNQ]z(sond) Equation 8-4
Cd[TCNQ], i) M)Z[TCNQ](MeCN) + Cd(z,\;eCN) +2e” Equation 8-5

In spite of the significant IR, drop encountered in the SR / GIXRD cell, a
second reduction process at more negative potential (Ep™ ~ -0.17 V vs. Ag /
AgCl (3MKCI)) is also found, as in the case of Co[TCNQ]x(H20),
electrodeposition (32). Thus, two potential dependent pathways for
electrocrystallization that give rise to the same product also are available in the
Cd(TCNQ), system, but with different morphologies. Further details of the
electrocrystallization process will be discussed in a future publication.
Importantly, since the IR, drop in the thin layer type SR / GIXRD cell is inversely
proportional to the volume of electrolyte solution separating the reference and
working electrodes, a distension of the Kapton window and concomitant
increase in electrolyte solution layer thickness lessens the influence of IR, drop

in the region of X-ray analysis.
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Figure 8-3 Cyclic voltammograms obtained at a scan rate of 100 mV s (295 K)
for a mixture of 5.0 mM TCNQ and 2.50 mM Cd(CIOy), in acetonitrile (0.1M
[NBu4J[CIO,]) with (a) the large polycrystalline platinum working electrode
(area = 2 cm®) in the SR/ GIXRD electrochemical cell and (b) a conventional
electrochemical cell. (c) is obtained under the same conditions as (b), but with
1.6 mm diameter Pt disk electrode (area = 0.020 cm?). Differences in shapes

and peak potentials are mainly attributable to IR, drop.

Well-defined diffraction patterns are evident for both in situ and ex situ
samples as shown in Figure 8-4. Both solids are attributed to electro-
crystallization of Cd(TCNQ),, as evidenced by the strong correlation of the XRD
patterns with those reported for anhydrous M(TCNQ), (M = Mn?*, Fe?*, Co%,
Ni**) materials prepared by chemical methods (44). An additional weak peak,
possibly due to small residual amounts of co-precipitated electrolyte (32) was
noted in the powder diffraction pattern, as well as preferred orientations in the in

situ SR-GIXRD patterns at higher angles of incidence. Significantly, Figure 8-4
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shows that the majority of Bragg diffraction peaks in the ex situ powder XRD
pattern are also evident in the in situ SR-GIXRD pattern, although several peaks
are weaker in the latter case. Last but not least, the relatively large crystallite
sizes of the electrodeposited Cd-TCNQ phase compared to the Pt substrate
crystallites are inferred by the comparative broadness of the Bragg reflections of
the individual phases.
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Figure 8-4 X-ray diffraction plots for in situ SR / GIXRD (upper traces) and
conventional powder diffraction (lower trace) of electrochemically synthesized
Cd(TCNQ),. All SR / GIXRD 2-theta data are normalized to A =1.5418 A
representative of Cu Ka radiation. The diffraction peak assignments are as
follows: 1) platinum substrate; 2) Kapton window; 3) small residual amounts of
[NBu4J[CIO4] due to occlusion / adsorption of the electrolyte; 4) unidentified

peaks.

An inability to rotate the sample in the beam due to the cable connections
to the electrochemical cell facilitates preferred orientation effects in the SR /

GIXRD data (17). This is the principal reason for differences between the ex situ
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and in situ SR / GIXRD diffraction patterns, but the diminished signals at a =
0.75 degrees (and to a lesser extent at a = 1 and 2 degrees) are indicative of a
high degree of X-ray absorption, scattering and diffraction by the Kapton window
and electrolyte solution layer where the pathlength, |, of the beam through the
electrolyte solution is high at this low angle of incidence (about 1.222 cm
calculated using | = 0.016 / sin a for a 160 pym thick electrolyte solution layer). It
is possible to calculate the X-ray transmittance under these conditions using the
Beer-Lambert law for light absorption with u(CHsCN) = 1.081 cm™ yeilding a
transmittance of 4.8% at an electrolyte solution thickness of 160 um, but the
absorbance is considerably lower (probably < 10-fold) due to suctioning of the
electrolyte solution during stop-flow with the peristaltic pump (obvious to eye and
by the detection of diffraction from the electrode substrate) yielding a
transmittance of over 73.8%. In any event, the observation of reasonably intense
diffraction peaks for Cd(TCNQ), and Pt substrate peaks at a = 0.75 and 1.00
degrees reveal that the beam is transmitted sufficiently through the electrolyte
solution layer, yielding strong diffraction peaks from the electrode sample
(actually not that much different for Pt as compared to a control diffraction
pattern [not shown] for a dry and polished Pt electrode in air in the cell that is
fitted with a Kapton window prior to any electrolyte solution flow). Note that the
powder diffraction data for the Cd-TCNQ based material was refined by using a
Pawley refinement of the tetragonal unit cell using a P4 space group and
published lattice parameters of Mn(TCNQ), (45) as the starting point in the
iterative refinement. This led to indexation of the pattern and the following unit
cell parameters, a = 16.781 A and ¢ = 8.829 A, noting that these values
compare favourably with previously published unit cell parameters for
Mn(TCNQ)z, Fe(TCNQ)2, Co(TCNQ), and Ni(TCNQ), (45). Thus, the combined
in situ and ex situ XRD data support the formation of a non-solvated phase of
the Cd-TCNQ based material, which is expected to be isostructural with the
anhydrous M(TCNQ), materials. Furthermore, strong evidence for the presence
of the TCNQ'" radical anion and the absence of coordinated water molecules in

the electrocrystallized Cd-TCNQ based material was obtained using ex situ
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FTIR reflection spectroscopy (see Figure 8-5) and thermogravimetric analysis
(TGA) on solids generated via reductive bulk electrolysis under similar
conditions to those used in the XRD experiments. Thus, the three characteristic
IR regions in the spectra of the M(TCNQ),-based materials, namely the v(C=N)
(2188(s), 2121(s), 2058(s) cm™), v(C=C) (1508 cm™), and the & (C-H) band at
823 cm™ are expected for the presence of the TCNQ™ anion radical, not the
[TCNQJ* dianion or neutral TCNQ (45). Note that there was no ClO4 band at
933 cm™ indicating that the film was free of significant contamination by the
electrolyte. Finally, the absence v(OH) and 3(OH) bands at about 3400-3300
cm™ and 1640 cm™, along with the observation of no mass loss up to 220°C in
thermogravimetric analysis is unequivocal evidence for anhydrous Cd(TCNQ),
rather than Cd(TCNQ)2(H20),.
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Figure 8-5 Ex situ reflectance IR spectrum for electrocrystallized Cd(TCNQ)..

In summary, it is clear that in situ electrochemical-SR / GIXRD
measurements can be performed on a material electrocrystallized onto the
surface under electrochemical conditions. In the case of electrocrystallized
Cd(TCNQ), the X-ray data provide high quality information relating to the
structure of the generated solids. Figure 8-6 (a) - (d) present SEM micrographs
showing the morphologies of electrocrystallized Cd(TCNQ), on the Pt electrode

under identical conditions to those utilized in the SR / GIXRD experiments.
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Clearly, there is variation in the morphology of the electrocrystallized material in
the central and outer regions, associated with the two pathways for
electrocrystallization (see Figure 8-2). Importantly, around 70% of the electrode-
surface area is coated by low-density spherical aggregates (see Figure 8-6 (a))
which represents the area examined in the SR / GIXRD measurements and
corresponds to the formation of Cd(TCNQ), by Equation 8-3 and 8-4. Moreover,
measurements of aggregate diameters in the central region of the electrode
gave a mean and standard deviation of 32.9 + 56 um. The observed
morphologies and particles sizes produced from repetitive experiments are
reproducible within the bounds of experimental uncertainty. Finally, it is noted
that the high resolution SEM of the spherical particles [see Figure 8-6 (b)]
appears to comprise aggregates of needle-like crystals, similar to the ones
observed in the outer region of the electrode [cf. Figure 8-6 (d)]. Accordingly, it
is not surprising that the electrocrystallized material observed in the SR / GIXRD
cell is crystallographically similar to the powder measured in ex situ diffraction
studies since the randomly orientated particles in the spherical aggregates are

not expected to be highly prone to preferred orientation effects.
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EHT = 5.00 kv
WD = 5.0mm
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WD = 64 mm WD = 4.8 mm

Figure 8-6 SEM secondary electron micrographs of electrocrystallized
Cd(TCNQ); in the outer and inner regions of the Pt electrode in the SR/ GIXRD
cell: (a) low magnification image showing spherical aggregates in the central
region; (b) high magnification image of several spherical aggregates showing
needle-like agglomerations in the central region; (c) low magnification image of
the dense deposit in the outer region; (d) high magnification image showing an

intricate network of needle-like crystals for the dense deposit in the outer region.

Conclusions

A versatile electrochemical cell design has been developed that is
capable of simultaneous electrochemical in situ SR / GIXRD, or total external
reflection X-ray measurements under a variety of experimental conditions. The
utility of this cell has been demonstrated in a transient voltammetric study
followed by in situ SR / GIXRD study of the electrocrystallization of Cd(TCNQ),
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from acetonitrile. Most importantly, this versatile design makes SR / GIXRD
suitable for almost any combination of total external reflection X-ray analysis
(e.g., GIXRF, GISAXS, GIXRD, etc.) and electrochemical perturbation, also
allowing its application acidic, basic, aqueous, non-aqueous, low and high flow

pressure conditions.
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9 A Combined Voltammetric / GIXRD Study
of the Electrocrystallization of Zinc Tetra-
cyanoquinodimethane

Jean-Pierre Veder, Ayman Nafady, Graeme Clarke, Roland
De Marco and Alan Bond.

Physical Chemistry Chemical Physics, In Preperation (2010).

Abstract — A new approach for exploring in situ the electrocrystallization of zinc
tetracyanoquinodimethane (TCNQ) is presented in this qualitative study, where
a potential dependent synchrotron radiation / grazing incidence X-ray diffraction
(SR / GIXRD) study was performed at several applied potentials in the vicinity of
and at the observed cyclic voltammetry (CV) peak for reduction of TCNQ to

TCNQ and subsequent electrodeposition of the Zn-TCNQ material.

Introduction

Tetracyanoquinodimethane (TCNQ) materials incorporating zinc as the
electron acceptor have been previously reported as exhibiting interesting
electrical switching properties(1), which have far reaching implications in the
field of nanotechnology; namely, the fabrication of micro-and-nanoelectronic
devices. Despite the novel characteristics observed in these materials, Zn-
TCNQ materials have received very little attention, in terms of their structural

characterisation. Accordingly, the structure of the Zn(TCNQ), material is hitherto
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unresolved. Clearly, there is a need for an enhanced understanding of the
Zn(TCNQ), system, so as to properly exploit the unique properties of this

material.

In this communication, we have used a previously developed
electrochemical cell (2) (Chapter 8), with a capability of carrying out in situ
SR / GIXRD measurements, and implemented it in a qualitative study of a
“potential map” of the peak reduction potential for the electrocrystallization of
the Zn(TCNQ)2 material. This study is not only carried out with the intention
of demonstrating the capability of the newly developed electrochemical cell
(i.e. proof of concept), but also with a view of elucidating factors that affect
the electrodeposition process for metal-TCNQ materials using a general

method that is applicable to any electrodeposited material.

Results and Discussion

Figure 9-1 (a) presents a cyclic voltammogram for the reduction of 5mM
TCNQ in the presence of 2.5mM Zn(NOj3), in acetonitrile (0.1M [NBu4][CIO,]) at
a platinum electrode in the SR / GIXRD electrochemical cell®. Also included for
comparison is the cyclic voltammogram obtained in the same electrolyte, but
using a conventional three electrode electrochemical cell [see Figure 9-1 (b)]. It
can be seen that the shapes of the features in the two voltammograms are quite
similar, however, the thin electrolyte layer in the in situ SR-GIXRD cell displays

an offset in the reduction and oxidation waves. Nevertheless, despite the ohmic

% Prior to electrocrystallisation, acetonitrile solution containing 0.1M tetrabutylammonium perchlorate, 5 mM
TCNQ and 2.5 mM zinc nitrate was passed through the cell by use of a peristaltic pump and organic
resistant tubing, at a high flow rate so as to allow a significant distension of the Kapton film and hence
avoid excessive ohmic (IR) drop otherwise encountered with the electrolyte thickness of less than 160
micron under static conditions. After electrodeposition of the Zn-TCNQ material utilizing a portable
Princetone Applied Research PARSTAT 263 potentiostat to undertake chronoamperometry at the selected
potential for 10 minutes, the flow rate of the electrolyte was gradually reduced so as to minimize
disturbances in the uniformity of the electrodeposited solid caused by a sudden fluctuation in the electrolyte
flow. Finally, the peristaltic pump was switched off, which caused a slight suctioning of solution. The very
thin layer of electrolyte condition (i.e. £ 160 micron) now present does not significantly attenuate the
incident in situ X-ray beam, thereby yeilding excellent X-ray diffraction patterns.
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(IR) drop at the electrode, there are certainly discernable voltammetric features,
as has been noted elsewhere (2) (Chapter 8). It is clearly evident in both of the
voltammetric traces that there is a well defined peak occurring at negative
potentials indicative of the electrochemical reduction of TCNQ to TCNQ™ with
subsequent precipitation of the Zn(TCNQ), material. On the reverse scan at
more positive potentials, TCNQ is oxidised back to TCNQ which is
accompanied by the dissolution of Zn(TCNQ); (3). Clearly, the reduction wave
was the peak of interest for the electrocrystallization of the Zn(TCNQ), material.
More specifically, the cyclic voltammogram in Figure 9-1 (a)” shows a
voltammetric reduction peak at -0.4V against the in built solid-state
Ag/ AgTCNQ reference electrode®, and this prompted the present
chronoamperometric study of the electrocrystallization of Zn(TCNQ), material at
three applied potentials, viz., -0.3 V (voltage more positive than the peak
reduction potential), -0.4 V (voltage at the peak reduction potential) and -0.5 V

(voltage more negative than the peak reduction potential).

7 Because the CV curves are obtained in high flow rate solutions in the GIXRD cell, a small hydrodynamic
contribution is evident in the voltammogram. Such a hydrodynamic contribution is unavoidable due to the
fact that the solution IR drop is dominant if low flow rates are instead used and, as a result, it would not be
possible to observe well-defined reduction and oxidation processes in such an instance.

8 As mentioned in Chapter 8, due to the instant deposition of AgTCNQ material on the silver wires on
exposure to TCNQ solution, the practical reference electrode used in this study is actually Ag/AgTCNQ.
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Figure 9-1 Cyclic voltammograms (CVs) for the formation of Zn(TCNQ), from an
acetonitrile electrolyte comprising 5 mM TCNQ and 2.5 mM Zn(NOs), in
acetonitrile (0.1 M [NBu4J[CIO4]): (a) as measured in the SR / GIXRD
electrochemical cell and (b) as measured in a conventional 3 electrode
laboratory cell. Both of the measurements were carried out against a
Ag/AgTCNQ reference electrode.

SR / GIXRD depth profiles for electrocrystallized Zn-TCNQ at the
aforementioned applied potentials are presented in Figure 9-2, whereby the
angle of incidence of the SR was altered from the starting angle of 0.5 degrees,
so as to probe the electrocrystallized material at different sampling depths. Each
variation in the angle of incidence was accompanied by a systematic alteration

in the vertical slit aperture of the beam, so as to ensure that the same volume of
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sample was irradiated by the incident X-ray beam utilizing a constant beam
footprint on the sample. Such an analysis was carried out so as to examine the
crystallographic properties of the elctrocrystallized material at differring depths
as opposed to just the bulk specimen. Accordingly, it is possible to estimate the
film thicknesses using the linear attenuation coefficient of the X-rays passing
through the metal-TCNQ material, as shown in Equation 9-1. At the angles of
incidence, a, utilized in this study, the depth of penentration, d, of the externally

reflected beam can be calculated using the expression (4):

2
d=— _
u Equation 9-1

where p is the linear attenuation coefficient of the beam by the sample, viz.,
d=8.7,13.0, 17.4, 26.0 and 34.7 um at angles of incidence of 0.50, 0.75, 1.00,
1.50 and 2.00 degrees given that m for Zn-TCNQ material is estimated to be
20.12 cm™ based on a previous calculation for Co(TCNQ), (5).
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Figure 9-2 SR / GIXRD depth profiles of the electrocrystallized Zn(TCNQ), at
reduction potentials of (a) -0.3 V, (b) -0.4 V and (c) -0.5 V. Peaks are labelled
as follows: 1) Pt substrate; 2) polymer crystalline phases; 3) Zn(TCNQ),, 4)

unidentified peaks. All diffraction patterns were normalized to the wavelength for
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Cu Ka radiation (i.e., A = 1.5418 A).
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For all diffraction patterns presented in Figure 9-2, the diffraction peaks
for the Zn(TCNQ), material compare favourably with other M(l1)-TCNQ (where M
= Mn, Ni, Fe, & Co) phases; these compounds are isostructural (6).
Nevertheless, the differences in relative intensities of the observed diffraction
peaks for the electrocrystallized Zn-TCNQ material, as compared to the
literature diffraction patterns of the isostructural M(Il)-TCNQ phases (6), is
indicative of a strong preference for electrocrystallization along certain
crystallographic planes. This outcome is not unexpected since crystal growth via
electrochemical methods is known to occur in harmony with the electrical field
lines in the system, as reported in the electrocrystallization of other metal-TCNQ

materials (5, 7).

Interestingly, the results shown in the SR / GIXRD depth profiles suggest
the formation of a dual layer of electrocrystallized material, whereby the
composition consists of an amorphous overlayer and a highly crystalline
underlayer. This is evidenced by the appearance of many sharp diffraction
peaks associated with the Zn-TCNQ material (8.7 um < d < 13.0 um for 0.50° <
a < 0.75°) at -0.3V, while the distinctive diffraction peaks occur earlier in the
depth profile for the electrocrystallized Zn-TCNQ material at an overpotential of
-0.5V. Furthermore, since the platinum peaks are not evident at a = 0.5° (d = 8.7
pm) for applied potentials of -0.3 and -0.4 V, this infers a diffuse, thick and
amorphous surface layer that prevents the X-ray beam from penetrating to the
underlying platinum substrate also comprising the crystalline electrodeposited
Zn(TCNQ), sublayer. Essentially, the poorly crystalline over-layer would not be
detectable using the SR / GIXRD technique. The electrocrystallized Zn-TCNQ
diffraction peaks only become apparent at deeper sampling depths (i.e. 0.50° <
a < 0.75° and 8.7 ym < d < 13.0 um), which is indicative of a crystalline
underlayer that presumably grows at nucleation sites beneath the amorphous
electrocrystallized Zn-TCNQ material. This outcome has not been witnessed in
previous studies of metal-TCNQ phases. However, it should be noted that other
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reports on the structural characterization of M-TCNQ materials via SEM, TEM,
XRD, etc., are carried out ex situ. Accordingly, removal of the M-TCNQ
electrocrystallized material from the electrolyte in these ex situ studies is
probably the reason for these disparate results. It is likely that withdrawal of the
M-TCNQ material from its native environment embodying electrolyte and the
applied electric field will lead to further crystallization (8), which is seeded to
growth by the amorphous or nanocrystalline overlayer. Also possible is a phase
transformation of the amorphous or nanocrystalline material into a highly
crystalline hydrated material when brought into contact with high vacuum and
probing beams during ex situ surface analysis (9). The present findings may
account for the initially inexplicable crystalline nature of many M-TCNQ
materials when analysed via other forms of ex situ structural analysis; a
characteristic which was unexpected due to their rapid precipitation (6). At
increased depths, especially with the electrocrystallized Zn(TCNQ), material at -
0.4 and -0.5V, the disappearance of some of the Zn(TCNQ), diffraction peaks is
indicative of preferred orientation in regions away from the surface boundaries of

the electrodeposited material.

As for the film electrocrystallized at the overpotential of -0.5V, the
immediate appearance of several distinctive peaks associated with the
Zn(TCNQ), material at a = 0.5° (d = 8.7 um) as well as the appearance of Pt
substrate peaks, signifies the preferential transformation of the amorphous
overlayer into a dense and thin crystalline layer of the Zn(TCNQ), material.
Here, it is hypothesized that the amorphous overlayer has a tendency to
undergo a solid-phase transformation yielding a thinner and tightly packed film
of nanocrystallites, or a thin highly crystalline film. Significantly, this theory is
supported by voltammetric data (Nafady, personal communication) which
revealed an additional electrochemical process (solid-phase transformation) just
above the peak reduction potential, as well as scanning electron microscopy
evidence (Nafady, personal communication) of a topography and morphology for
a denser and tightly packed electrocrystallized material generated under these
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conditions.

Conclusions

The results of this study are significant in demonstrating the
complementarity of SR / GIXRD measurements and electrochemical techniques.
Since the electrocrystallized material can be examined in its natural
electrochemical environment, SR / GIXRD can be used to detect subtle
differences in the crystallization pattern of electrocrystallized materials at
different reduction potentials. The two-phase electrocrystallization of the Zn-
TCNQ material (i.e. the amorphous surface layer and the crystalline sublayer) is
a significant finding for electrochemically controlled growth and synthesis of Zn-
TCNQ materials, where it is evident that the potential employed in the
electrocrystallization process can be used to control the morphology of the
material due to the nature of the amorphous nucleation layer. This important
finding, which is not solely applicable to the M-TCNQ materials, but other
electrocrystallized phases, could be a major factor in determining the suitability
of electrocrystallized materials for various applications at different applied
potentials.
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Supplementary Information

Reagents

Analytical reagent grade Zn(NO3), was obtained from BDH Laboratory
Reagents, whilst TCNQ (98%) and [NBu4][CIO4] were purchased from Aldrich.
Acetonitrile, which was used as the electrolyte solvent was HPLC grade and

sourced from Omnisolv. All reagents were used as received from the suppliers.

Instrumentation

All in situ voltametric and SR / GIXRD measurements were undertaken
on Beamline 20B at the Photon Factory in Tsukuba, Japan, using the “BIGDIFF”
diffractometer. This instrument employs a Si(111) channel cut monochromator
which was set to deliver a wavelength of 1.000 A, so as to minimize the
attenuation of the incident X-ray beam by air and the electrolyte. Parallel beam
optics were also used to provide an incident beam that was 100 ym and 2 mm in
the vertical and horizontal directions, respectively. The vertical dimension of the
beam was systematically altered prior to each change in angle of incidence so
as to provide a constant beam footprint. All GIXRD measurements were taken at
angles between 0.1° and 2° using an exposure time of 20 minutes onto Fuiji
imaging plates. The platinum electrode diffraction pattern was used as an
internal standard for calibration of the synchrotron beam wavelength, yielding an
actual value of 0.9962 A. All SR / GIXRD data has been normalized to a 2-theta
scale of A = 1.5418 A for Cu Ka radiation.

Electrochemical experiments were carried out on the voltametric / GIXRD
cell (1) (detailed in Chapter 8) using a commercially available portable Princeton
Applied Research PARSTAT 2263 potentiostat. The electrolyte was pumped at
extremely high flow rates (415 mL min™') using a Masterflex peristaltic pump to
purposely induce a distension in the Kapton window, and acetonitrile resistant
Masterflex Norprene® tubing was used in the flow circuit.
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10 Conclusions

The techniques, methods and results presented in this thesis are of
significant value to electrochemists because they not only contribute to current
knowledge pertaining to water uptake and ion-to-electron transduction in solid-
contact ion-selective electrodes (SC ISEs), as well as structure elucidation of
metal-tetracyanoquinodimethane (TCNQ) materials, but they also provide
electrochemists with a powerful set of surface characterization techniques for
investigation of other complex electrochemical systems. The following sections
present concise chapter-by-chapter conclusions of the results obtained and the

methods employed in the research carried out in this thesis.

Electrochemistry and Synchrotron Radiation: A Review

A review of the compatibility of synchrotron radiation (SR) and
electrochemistry was provided in Chapter 2. This review was prepared and
published in response to an invitation to the authors to contribute to a special
issue of Trends in Analytical Chemistry on SR. The concepts associated with
combining SR with electrochemistry were discussed and the most recent

applications of characterization approaches were presented.

Undesirable Water Layers in Coated Wire Electrodes (CWEs)

Prior to undertaking this research, the undesirable formation of water at
the buried interfaces of solid-contact ion-selective electrodes (SC ISEs) was a

theorized phenomenon and, as such, there was no direct evidence to provide
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confirmation of water layer formation, let alone the extent to which SC-ISEs
were affected. The side-effects associated with such a phenomenon had long
plagued analytical chemists utilizing SC-ISEs for long-term applications,
however, very little research had been undertaken to characterize the water
layer. This was mainly due to the lack of an appropriate methodology, not to
mention the immense difficulties associated with the characterization of such a

problem.

The research undertaken in Chapter 3 was carried out on a SC-ISE
system which is widely acknowledged as having instability problems associated
with water layers. The system in question was that of CWEs coated with ion-
selective plasticized poly(vinylchloride) (PVC) membranes. Using a combination
of techniques, namely neutron reflectometry (NR), electrochemical impedance
spectroscopy (EIS) and secondary ion mass spectrometry (SIMS), the research
was able to provide unequivocal evidence for the formation of a well defined
water layer at the ion-selective / conductive substrate interface. The use of EIS
was ultimately able to provide a cheap and effective means of signaling the
emergence of a water layer at the buried interface through a diminution in the
contact resistance of the ion-selective membrane to the electrically conducting
substrate. The formation of water at the interface was evident after as little as 3
hours of constant bathing in solution. No distinct changes in the EIS spectra
after 20 hours indicated that the penetration of water had acquired an
equilibrium. The formation of a water layer was also confirmed through NR
which showed that the water had penetrated the membrane to form a 100 -
120A thick water layer within a 20 hour timeframe of the measurements. A
discrepancy between the neutron scattering length densities of the electrolyte
and the water layer at the buried interface was consistent with the leaching of
plasticizer from the ion-selective membrane into the electrolyte and the
undesirably formed water layer. Finally, the application of SIMS in the ex situ
study of the buried interface revealed surpluses of ionic species, which is
indicative of the transportation of water and ions across the membrane.
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Using Hydrophobic Polymer Components to Eliminate Undesirable Water
Layers in SC-ISEs

In order to combat the major problem associated with the formation of
water layers at the buried interfaces of SC-ISEs, it was logical to explore the
effect that highly hydrophobic polymer components would have on combating
the problem. Chapter 4 introduced the concept of using a hydrophobic
poly(methylmethacrylate) / poly(decylmethacrylate) (PMMA / PDMA) copolymer
as the ion-selective membrane support in the hope of preventing the diffusion of
water through to the interface. EIS studies of a PMMA / PDMA copolymer CWE
established that water was indeed able to penetrate through to the buried
interface, however at a significantly lower rate when compared to plasticized
PVC CWEs. Essentially the ingression of water at the buried interface of a
regular CWE took place over a time frame 20 times greater than that of
plasticized PVC. This was also validated through the extremely powerful
combination of tandem EIS and in situ NR measurements, which was able to
provide an indication of the development of water at the buried interface. Such
an indication was provided through a reduction in membrane contact resistance,
as evidenced through EIS, and a severe roughening of the buried interface, as
demonstrated by NR. Although NR was able to provide such an indication, it
was unable to establish direct and unequivocal evidence for the presence of
water at the interface since the water was unable to accumulate into a well
defined water layer under these conditions. Small angle neutron scattering
(SANS) was subsequently used to determine the internal nature of the ion-
selective membrane and to establish if water was present as nanoinclusions
within the membrane. Interestingly, SANS revealed the presence of
inhomogeneities within the conventional plasticized PVC ion-selective
membranes which corresponded to areas in which water and plasticizer had
accumulated in a freezable form. In contrast, the copolymer ion-selective

membrane showed no evidence of inhomogeneities within the membrane.
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Finally, an ex situ SIMS study was undertaken to explore the presence of salt
residues from evaporated electrolyte at a buried interface that had been recently
exposed for analysis. Whilst a depth profile failed to reveal any excess of ionic
species at the buried interface, SIMS imaging was able to reveal “hot spots” at
which trace amounts of salt residue existed in detectable quantities. SIMS depth
profiles were unable to reveal ion surpluses, while SIMS imaging could due to
the scarcity of localized regions of water over the surface. Accordingly, it was
suggested that this effect is the result of the formation of small water droplets at

the interface rather than a continuous water layer.

In this study no technique was able to detect or indicate the presence of
traces of water at the buried interfaces when a hydrophobic underlayer of
poly(3-octylthiophene-2,5-diyl) (POT) was used as the ion-to-electron transducer
despite the extensive lengths of time at which the SC ISEs were exposed to
water. It was established that the hydrophobic POT underlayer was not only
essential in converting ionic flow into electrical flow and hence providing a stable
response, but it also prevented the formation of a water layer by eliminating sites
at which water can accumulate (i.e. imperfections in the ion-selective polymer
coating). Additionally, POT proved to be a further deterrent to water due to its

hydrophobic nature.

Using Hydrophilic Solid-Contacts as a Means of Preventing Water Layer
Formation

The popular use of poly(3,4-ethylenedioxythiophene) doped with
poly(styrenesulfonate) (PEDOT:PSS) as an ion-to-electron transducing solid-
contact warranted a study to reveal if such a system would be susceptible to the
formation of an undesirable water layer. Although PEDOT is hydrophobic in
nature, PSS is added as a charge balancing polymer to allow PEDOT’s
suspension in water and, as such, the PEDOT:PSS system is often classified as
hydrophilic. Chapter 5 sought to investigate if PEDOT:PSS was suitable for use
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as a solid-contact in long-term sensor applications through the use of a
previously utilized methodology combining NR, EIS and SIMS to study if water
was formed at the buried interface. Additionally, synchrotron radiation / Fourier
transform-infrared microspectroscopy (SR / FT-IRM) was used to provide a
visual depiction of water formed at the buried interface of a PVC CWE.
Essentially, the combination of NR and EIS was able to establish that water was
indeed transported through the PVC membrane (as expected from earlier
studies with PVC CWEs); however, water was not found to accumulate in a
freezable form at the buried interfaces. Instead, the continual increase in
neutron scattering length density of the PEDOT:PSS solid-contact, in
conjunction with an associated gradual increase in thickness, signalled the
absorption of water into the PEDOT:PSS sub-layer. In essence, the
PEDOT:PSS acted like a sponge and scavenged any traces of water. This was
further validated through the associated EIS findings that showed no reduction
in the membrane contact resistance which would have been indicative of a
separate phase of water inducing a diminution in the contact resistance between
the SC and membrane. Ex situ SIMS studies of the buried interface showed no
evidence of surplus ionic species from any electrolyte salts at the interface,
which is due to the fact that ions are dispersed evenly throughout the
PEDOT:PSS solid-contact resulting in uniformly low concentrations of ions that
are undetectable by SIMS. Finally, SR / FT-IRM was performed in the mapping
mode across several areas of interest on a PVC CWE. An intensity map was
generated from the integrated OH bending mode of water that was evident in
several samples. The intensity maps revealed significant deposits of water at the
buried interface, which is further evidence that water is transported through PVC
membranes and, as a result, accumulates in locations that allow for the

presence of water.
The investigation detailed in_Chapter 5 also led to a modified cell design

for more versatile in situ EIS and NR measurements than the primitive EIS / NR

in situ cell introduced in Chapter 4.
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Investigating Water Inclusions in Copolymer SC ISEs using SR/ FT-IRM

Given the success of the previous SR / FT-IRM study in locating minute
water inclusions in plasticized PVC CWEs, it was decided that a similar study
was warranted on the hydrophobic copolymer SC-ISE system, in order to
corroborate the findings of water uptake in SC-ISEs. In this instance, SR / FT-
IRM presents itself as an ideal technique to study copolymer SC-ISEs due to the
fact that water is known to accumulate in “pockets and pools” as opposed to
continuous water layers. Chapter 6 presented research on copolymer CWEs,
POT / copolymer SC-ISEs and PEDOT:PSS / copolymer SC-ISEs. Importantly,
the FT-IRM research aimed to validate the findings obtained from the previous
research on the copolymer system and prove, unequivocally, that water does
pass through the copolymer ion-selective membrane through to the buried
interface resulting in the formation of water droplets at the interface. As
expected, small inclusions of water were found at the buried interface of
copolymer CWEs, whilst no traces of water were found in the POT / copolymer
SC-ISE system. Interestingly, the PEDOT:PSS / copolymer SC-ISE showed
evidence of water sorption; however, this water sorption was located at a region
of the microscopic image that resembled a thick or swelled region of
PEDOT:PSS. Indeed, this is an expected outcome due to the fact that previous
NR data on the PEDOT:PSS system in conjunction with a PVC overlayer
revealed that water contacting the PEDOT:PSS layer caused it to swell
considerably. In essence, the inhomogeneous swelling of the thin PEDOT:PSS
coating allowed certain water-affected regions to become visible when viewed

under the optical microscope of the FT-IRM instrument.
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Examining the Extent of lon-to-Electron Transduction in SC ISEs

Despite the widespread use of SCs in solid-state ISEs, particularly POT,
there has not been a comprehensive surface study of ion-to-electron

transduction in these materials.

Synchrotron radiation / X-ray photoelectron spectroscopy (SR / XPS) and
NR were used to study the extent of ion-to-electron transduction in ISEs utilizing
electroactive polymers as the SC. Particularly, POT was chosen as an
appropriate SC to study such processes due to its superior physical properties
that prevent the formation of undesirable water layers. Tetrakis anions (from the
lipophilic ion exchanger within the ion-selective membrane) were
electrochemically driven into the SC and NR and SR / XPS was used to track
the anion ingression into the membrane. Interestingly, it was found that charge-
transfer events in electroactive polymeric SCs are limited to the surface of the
material. In fact, the results of this study strongly suggested that these
processes occur in the upper 14 A of the SC material. This result is significant to
the sensor community since it will inevitably prevent needless wastage of
expensive material by demonstrating that SCs function even if deposited as

molecularly thin films.

The Design of a Voltametric Cell for Use in Powerful Synchrotron Studies

Although SC ISEs are important electrochemical systems in modern-day
science, they are by no means representative of all electrochemical systems.
Accordingly, it was deemed necessary to design a new methodology for
systems that have entirely different properties, and also require different
problems to be resolved. Chapter 8 introduced a novel electrochemical flow cell
designed with the intention of use with various synchrotron techniques. In the
context of this research, the technique in question was synchrotron radiation /
grazing incidence X-ray diffraction (SR / GIXRD). SR / GIXRD was successfully

applied to a study of the structure of a cadmium based tetracyanoquino-
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dimethane (TCNQ) charge-transfer compound and compared with ex situ X-ray
powder diffraction data. Although the structure obtained from X-ray powder
diffraction data was very similar to that witnessed through in situ SR / GIXRD,
subtle differences were evident between each dataset corresponding to the
preferential crystallization of Cd(TCNQ), material in certain crystallographic
orientations. Moreover, it was seen that the major phase synthesized and
analyzed in situ corresponded to the non-hydrated species of Cd(TCNQ),.
Nevertheless, the success of such a technique in determining the structure and
phases present in situ would inevitably be of great significance in other systems
that show more marked alterations in structure when removed from the native
electrochemical environment. In any case, the major phase of anhydrous
Cd(TCNQ), present in the in situ formed material was found to have a tetragonal

unit cell with cell parameters: a = 16.781 A and ¢ = 8.829 A.

Of equal importance to the SR / GIXRD measurements, it was
demonstrated that the cell was capable of carrying out effective and meaningful
voltammetric and amperometric studies (i.e. cyclic voltammetry and
chronoamperometry) which was the motivation behind the final investigation of

this thesis.

Demonstrating the Utility of the SR / GIXRD Flow Cell in a Potential
Dependent Study of Zn(TCNQ), Materials

The research carried out in Chapter 9 was undertaken with the intention
of further demonstrating the utility of the new flow cell. In this case, the objective
of the research was not to perform a quantitative elucidation of the structure of
the Zn(TCNQ), material, but rather to compare and contrast the diffraction
patterns obtained from depth profiles of Zn(TCNQ), materials electrocrystallized
at different potentials. As such, the potentials of interest were those in and
around the reduction peak corresponding to the electrodeposition of Zn(TCNQ),

(viz. prior to the peak potential, at the peak potential and after the peak potential
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for reduction of TCNQ to TCNQ’). Accordingly, this study would set out to clarify
and confirm the dependence of morphology on the potential used in the
electrocrystallization process. It was found that the films synthesized at either
the underpotential or peak potential for reduction of TCNQ to TCNQ' displayed
characteristics in the depth profiles that were consistent with the formation of a
dual layer deposit. Essentially, the electrodeposits consisted of a densely
packed, highly amorphous layer of Zn(TCNQ), material situated on top of a
crystalline phase of Zn(TCNQ),. In the case of the material deposited at an
overpotential, it was clear that the amorphous overlayer had undergone a
transformation, such that only the crystalline phase was detectable by SR /
GIXRD. Such findings had never been witnessed using ex situ techniques
despite the fact that it is indeed consistent with theory presented throughout

literature.

Future Work

Given the power of the methods developed throughout the course of this
thesis, it seems logical that future work should encompass further explorations /
adaptations on systems other than those studied in this thesis. Most
significantly, the newly developed NR / electrochemical cell should be tested
using a wider variety of electrochemical techniques, both passive and active.
Further refinements in the cell design would inevitably see its use as a common
addition to NR beamlines. Additionally, the use of combined NR / EIS
measurements should be extended to achieve a comprehensive exploration of
the phenomenon first witnessed in Appendix /I, i.e. quantum effects in ultra-thin

polymer coatings.

Not only would the application of the SR / GIXRD cell to systems other
than the one studied in this research be valuable to many electrochemists (e.g.
corrosion studies of mild steel in seawater, nucleation and growth studies of

scale formation on steel in the Bayer process, studying interfacial phenomena at
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the mineral-solution interface in bioleaching systems, etc.), a further refinement
and adaptation to beamlines other than that of diffractometry would be of
significant benefit to the progression of this technology to other scientifically
important systems. Additionally, as mentioned in Chapter 8, the incorporation of
more counter and reference electrodes shrouding the working electrode would
inevitably yield enhanced electrochemical measurements which could be

interpreted with ease.

In relation to SC ISEs, the tested materials that exhibited excellent
performance throughout this thesis (i.e. PMMA / PDMA, POT and PEDOT:PSS),
should be assessed in terms of their detection limits and response times after
they have been exposed to solutions for extended periods of time. After
completion of this work, there should be attempts to duplicate such results on a
micro-scale for future applications in the miniaturization of the technology. The
Holy Grail for the future of SC ISEs would be their development for use in
extremely long term applications, i.e. implanted devices in clinical chemistry,
permanent sensors for the monitoring of heavy metals in seawater. Thus, every
effort should be made to further explore the suitability of the researched

materials in such environments, i.e. blood and seawater.

Zn(TCNQ), materials, should be further studied to elucidate the complete
structure of the material, as accomplished for the Cd(TCNQ), system. Once
achieved, subsequent studies on the novel properties of these materials should

be carried out so that they can be successfully utilized in new applications.
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Electrochemical Impedance Spectroscopy (EIS)

Essentially, a small sinusoidal AC excitation potential is applied to an

electrochemical system. The excitation potential has the form:

E(t)= Eosin(a)t) Equation |

where E(t) is the potential at time t, E, is the amplitude of the signal, and w is the
radial frequency expressed in radians / second. The radial frequency is related
to the frequency, £, (in Hertz) by the expression:

w = 279{ Equation Il

The measured response to the applied AC potential is an AC current
signal containing the excitation frequency and its harmonics as expressed

below:

I(t) =1, cos(wt — @) Equation IIl

where [(t) is the current at time t, |, is the amplitude of the measured signal and

¢ is the phase angle between the perturbation and the response signal (1-2).

With a knowledge of the applied AC potential and measured AC current,

the impedance can be calculated using the following derivation of Ohm’s law:

Z(w) = E(t) Ecos(et) . cos(at) |
- |(t) - |OCOS(a)t—¢) - o COS(a)t—¢) Equation IV

Accordingly, the impedance is expressed as a function of magnitude (Z,)

and phase shift (¢) (1). The expression Z(w) is composed of real (Z’) and
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imaginary (Z”) components which are often plotted as -Z” vs. Z'. The resultant
graph is a Nyquist plot. In the simplest case, the Nyquist plot presents each time
constant associated with the electrochemical system as separate semi-circles
which begin from high frequencies and finish at low frequencies (see Figure |).
These semi-circles can be subsequently modelled to an equivalent circuit which
represents the particular system under investigation. The impedance can be

represented as a vector of length |Z| and the phase angle, ¢, is the angle

between this vector and the X-axis.

el

_ZII

Figure I A typical Nyquist plot of a simple electrochemical system with only one

time constant. The inset presents an equivalent circuit for such a system.

In practice, real electrochemical systems often contain many time
constants which may result in only portions of the semi-circles being resolved.
Figure Il presents such a system in which multiple resistive and capacitive

elements exist.
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Figure Il An example of a Nyquist plot for a real electrochemical system. The

inset shows an equivalent circuit for a system that produces such a Nyquist plot.

Bode plots are also common features of EIS and are sometimes
presented instead of, or together with, Nyquist plots. A Bode plot comes in two
forms, either presenting the absolute impedance or phase angle plotted against
the log of frequency. In contrast to the Nyquist plot, Bode plots clearly present
information related to frequency (1). Examples of typical Bode plots are

presented in Figure .
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log |z|

log w

log w
Figure Il Typical Bode plots for a system with an equivalent circuit of the type

presented in Figure II.

Neutron Reflectometry (NR)

Provided that the refractive indices on either side of an interface are
different, a highly collimated beam of neutrons that impinges on an extremely
flat surface will undergo reflection and refraction. Beyond the critical angle below
which total internal or external reflection occurs, many neutrons get absorbed by
the sample, transmitted through the sample and also reflected from the flat
interface (3). Neutrons that are reflected from a thin film, such as a spin cast ion-
selective membrane, not only originate from the superstrate / thin film interface
but also from any underlying interfaces such as the thin film / substrate
interface (3) (See Figure IV).
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Superstrate

Thin Film

Substrate

Figure IV Simplified schematic of a typical reflectometry experiment. I, and |
represent the incident and reflected neutrons or X-rays. Q is the scattering

vector which is normal to the thin film surface.

If the interfaces that neutrons reflect from are sufficiently smooth, the
difference in path-lengths of reflected neutrons will result in constructive and
deconstructive interference in the reflected intensity (4). The reflectivity of the

thin film sample can be measured as follows (5):

R=— Equation V

where | is the number of neutrons reflected and |, is the number of neutrons

incident on the thin film.

The reflectivity is often then plotted as a function of the scattering vector,

Q, which is given by the expression (5):

47 sinB
Q= T Equation VI

where 0 is the angle of incidence of the neutron beam and A is the neutron

wavelength.
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Depending on the facility used to provide neutrons for reflectometry, the
Q value may be varied by measuring reflected angles with monochromatic
neutrons or by measuring the wavelength at a constant angle of incidence in a
“time-of-flight” system. In either case, the resultant reflectivity profile presents a
series of sharp fringes known as Kiessig fringes (see Figure V). These fringes
arise as a result of the constructive and deconstructive interference of reflected
neutrons. From this profile, a model can be constructed and refined to replicate
the measured reflectivity trace and finally reveal the physical and structural
properties of the system.

Keissig Fringes

0.1 0.2 0.3 0.4
Q /A’

Figure V A typical neutron reflectivity profile for a thin polymer film (300 A

thickness) on a silicon substrate. The Kiessig fringes evident in the spectrum
result from the constructive and destructive interference of the reflected neutron

beam.

In order to construct a model to fit the reflectivity data one may first
estimate the film thickness through the inverse relationship of the spacing
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between the minima of successive fringes (AQy) and the film thickness, i.e. AQs =
21 / d. The neutron refractive index, n, of a specimen may then be considered.
With samples in which neutron absorption is too small to consider, the refractive

index is slightly less than unity and is expressed as follows (3):

A2 pb.
n=_——N,p —— Equation VII
27 ”‘Z M, 9
where Np is Avagadro’s constant, A is the wavelength, b; is the neutron
scattering length of the i™ component with density p; and atomic mass M.

Notably, the terms Nj, bj and M; combine to give the scattering length density

(SLD) of the material. The reflectivity may then be calculated as follows (3):

1672
Q4

R(Q)= 0" (Q) Equation VIII

where Q is the scattering vector defined in Equation VI and |p'(Q)| is the

Fourier transform of the SLD. Importantly, local roughness in the sample will
alter the specular reflectivity in a manner akin to that of a diffuse interface. A
Debye-Waller like factor based on the root mean square surface roughness may

be added to account for such a physical characteristic of the sample (3).

A notable feature of neutron studies lies in the random variation of
neutron scattering lengths from element to element. This is in stark contrast to
X-rays which increase almost linearly with atomic number. Furthermore,
isotopes of an element scatter neutrons with different amplitude and sometimes,
as in the case of protons and deuterons, with opposite phase (3). Using these
properties of neutron scattering, an investigator may achieve contrast variation
with various samples by isotopically labelling differing components with
hydrogen or deuterium. This is often carried out to provide different perspectives
that may aid in revealing certain components which may otherwise have been

obscured if only one contrast was used (as illustrated in Figure VI).
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0% D,0MO
100 % H.O W

H,O { D,O contrast 100 % DO O

P 0% H,0 M

Figure VI An illustration of contrast variation in a solid / liquid NR experiment for
a self-assembled monolayer (SAM) system. Only a tightly packed hydrocarbon
film is visible to neutrons when H>O is used as the solvent. A change in contrast
to D,O reveals a bulky head group on the hydrocarbon chain which would

otherwise have been overlooked if only one contrast was used.

Small Angle Neutron Scattering (SANS)

Many powerful techniques developed to study materials over recent years
are rendered inadequate by their very power when applied to materials of the
complexity of polymer alloys, colloidal suspensions or microporous media (6).
Essentially, these techniques can yield information in such fine detail that the
more interesting features of the bulk material are obscured. On the other hand,
SANS emerges as a technique in which the microscopic length scale is probed

whilst remaining insensitive to much finer or much coarser details.
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| X

Figure VII Simplified schematic of a typical SANS experiment. 1) sample, 2) 2-

dimensional detector, k,) incident wave vector, k1) scattering wave vector.

Figure VII presents a schematic of a typical SANS experiment.
Importantly, the scattering vector, Q, is equal to the scattering vector, ki, minus
the incident wave vector, ko. Typically, SANS involves a sample that is situated
in a beam of collimated neutrons so that a small volume, V, is illuminated such
that:

V= Ats Equation IX
where A is the cross-sectional area of the beam and {s is the pathlength of the

sample (7).

Similar to NR, incident neutrons are transmitted, absorbed or scattered. A
detector records the number of neutrons scattered into a solid-angle
element, AQ, at a scattering angle, 6, from the sample as expressed by:

do
l,(4,0)= CDOAQn(l)TVE(Q) Equation X
where ®, is the neutron flux on the sample, n is the detector efficiency for a

given wavelength, T is the sample transmission and do/dQ is the differential

scattering cross section per unit volume (8).
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The major objective of a SANS experiment is to determine the differential
scattering cross-section of a sample because it is this term that contains all of
the information on the shape, size and interactions of the scattering bodies in

the sample (7). The differential cross-section is expressed as:

do
d_Q(Q) = NpV;(A5)2P(Q)S(Q)+ Binc Equation Xl
where N, is the number concentration of scattering bodies, V,, is the volume of a
scattering body, (AS)? is the square of the difference in neutron scattering
length density, P(Q) is a function known as the form or shape factor, S(Q) is the
inter-particle structure factor, Q is the modulus of the scattering vector and Binc

is the incoherent background signal.

By using the relationship in Equation XI one can begin to construct a
model to attain all of the necessary information required from the system of

interest.

In a similar manner to NR experiments, the use of neutrons in the
technique of SANS also allows investigators to exploit contrast variation in
samples. Varying the deuterium and hydrogen ratios in samples highlights
interesting aspects and hence achieves greater insights into the system under

scrutiny.

Secondary lon Mass Spectrometry (SIMS)

SIMS is an ex-situ, destructive technique in which primary ions bombard
a sample’s surface and dislodge secondary species by the action of sputtering.
These ions are analysed by a mass spectrometer (MS) (9). Secondary species
are positive, negative or neutral depending on the primary ion’s identity.

However, only charged species are analysed by the MS (see Figure VIII).
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Cs" (1-30 keV)

Detector

Figure VIII Schematic of a common SIMS experiment. The sample is
bombarded by high energy ions that lead to the ejection of charged and neutral

species. Only charged ions are detected by the MS.

Importantly, a “dynamic SIMS” instrument, as used throughout this
research, possesses additional benefits over traditional “static SIMS”
instruments. As opposed to static SIMS instruments which only provide sub-
monolayer elemental analyses, dynamic SIMS instruments have the added
options of imaging and depth profiling capabilities. In order to carry out SIMS in
the imaging mode, the incident beam is focused and scanned across the surface
to obtain compositional images. On the other hand, depth profiling
measurements make use of the destructive nature of the SIMS technique by
recording sequential SIMS spectra as the surface is gradually sputtered away by
the primary ion beam probe (9). Accordingly, a study of the intensity of
secondary ions as a function of time can be correlated to the secondary ion yield

as a function of depth.

These capabilities establish SIMS as an ideal characterisation tool for
electrochemical systems, particularly those that possess multiple layers and
interfaces. The inherent ability of SIMS to provide compositional information as a
function of depth is extremely valuable for the prospect of examining the
complex buried interface of many electrochemical systems.
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Synchrotron Radiation / Fourier Transform - Infrared Microspectroscopy
(SR /FT-IRM)

SR / FT-IRM is a mature analytical technique that has been applied to
studies of a multitude of complex systems (10). IR spectroscopy measures the
absorption of IR radiation by chemical bonds in a material. The absorption
occurs as a result of the specific frequencies at which molecules rotate or
vibrate corresponding to discrete energy levels, or vibrational modes (refer to
Figure IX for examples of vibrational modes). For a vibrational mode in a
molecule to be IR active, there must be a change in the molecule’s dipole
moment as a result of normal molecular motion (10). The resultant IR spectrum,
containing various IR bands of different frequencies and intensities, may be
used to identify the presence of particular compounds in a mixture.

Stretching Scissoring Wagging
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Figure IX The various vibration modes of a CH, group.

FT-IR spectroscopy, as opposed to IR spectroscopy, is simply a
measurement technique for collecting infrared spectra. The technique utilizes an

interferometer in place of a monochromator used in conventional (dispersive) IR
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spectroscopy. Instead of measuring the amount of energy absorbed whilst the
frequency of IR light is varied, an interferogram is measured on which a Fourier
transform can be performed to obtain the traditional IR spectra. A major benefit
to using FT-IR spectroscopy over the more conventional dispersive IR
spectroscopy comes from the speedier acquisition of data which allows multiple
spectra to be collected and averaged to improve the signal-to-noise ratio.

Of special interest to this research is the sub-class of IR spectroscopy
known as SR / FT-IRM. This technique couples optical microscopy with FT-IR
spectroscopy. Notably, the power of SR / FT-IRM is drawn from correlations
between the spatial resolution provided by the optical microscope and the
identification of subtle differences in chemical components through FT-IR

spectroscopy (11).

Without a doubt, the most practical feature of SR / FT-IRM is its ability to
undertake mapping measurements and produce 3-dimensional graphics based
on the existence of certain chemical species correlated to specific locations on
the imaged sample. Essentially, an area of a sample is defined to be analysed
using the optical microscope. The use of the high brilliance synchrotron radiation
allows for physical apertures to be placed in the beam path so that a well-
specified region of the imaged area is sampled. Spectral data are obtained for
this region and the sample is subsequently moved so that the apertures are
focused on an adjacent portion of the sample. The spectral data are again
obtained and the whole process is repeated until the desired sampling area is
mapped (11). Once the desired sampling area is mapped, individual IR bands
can then be integrated to produce an intensity map based on the previously
imaged sample.
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Synchrotron Radiation / X-ray Photoelectron Spectroscopy (SR / XPS)

SR / XPS involves a study of electrons that are ejected from a sample
into a surrounding vacuum environment when irradiated with monochromatic X-
rays. XPS involves a study of the kinetic energies of unscattered electrons.
Clearly, the maijority of atoms that produce electrons that are unscattered are
located sufficiently close to the surface (<20 A)(12). In this respect, XPS can be
considered a surface sensitive technique. The distribution of the unscattered,
ejected electrons vs. their kinetic energy is known as the photoelectron

spectrum.

The energy, hv, required for a photon to eject an electron is given by the

following expression(12):
hv=E, +E, +E +¢, Equation XII

where E, is the binding energy, Ei is the kinetic energy of the electron in the

spectrometer, E, is the recoil energy at the site of the ejection and ¢, is the

work function of the spectrometer. The latter two parameters are correction
factors and are usually very small. However, they must be taken into account in
accurate binding energy assignments. Nevertheless, the terms of most interest
to researchers are the kinetic energy of the ejected electron and the energy
required to remove the electron from the initial state, i.e, the binding energy. The
binding energies are discrete values that are well-defined for different atomic
levels in various chemical states. Hence, one can expect discrete kinetic
energies corresponding to different atomic levels. The peaks presented in the
photoelectron spectra correspond to each atomic level in each chemical state

(see Figure X).
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Figure X Schematic of the electron emission process (upper) and the resulting
photoelectron spectrum (lower). The subshells are colour-coded such that blue,

red and green represent the “s”, “p” and “d” subshells respectively. (Adapted
from Bard and Faulkner (12)).

A significantly useful feature of XPS is its ability to extract information
pertaining to the oxidation states of atoms. Such a characteristic of XPS is
based on the fact that atomic orbitals exhibit small chemical shifts depending on
their chemical environment and bonding status (13). The chemical shifts allow a

distinction between various valence or electronic states of atoms.

Synchrotron Radiation / Grazing Incidence X-ray Diffraction (SR / GIXRD)

SR / XRD is a method that is generally used to determine the way in
which atoms in a crystal are arranged. Diffraction occurs as a result of the
interaction of X-rays with the repeating atomic structure of a crystalline material.
A prerequisite of diffraction is that the repeat distance must be approximately the

same as the wavelength. Bragg's law of diffraction defines the relationship
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between the wavelength, A, interatomic spacing, d, and the angle of the

diffracted beam, 0, as follows:

nA=2dsiné Equation XIII

where n is an integer.

GIXRD Conventional XRD

Figure Xl Simplified schematics of grazing-incidence X-ray diffraction (GIXRD)
vs. conventional X-ray diffraction (XRD). 1) Incident X-ray beam at small angles
for GIXRD, 2) Incident X-ray beam at larger angles in conventional XRD, 3)
diffracted X-rays. The direction of X-rays at low angles of incidence allows
GIXRD to only sample surfaces or thin films. Conventional XRD, on the other
hand, has a larger angle of incidence and hence a larger penetration depth

which samples the substrate in addition to the thin film.

X-rays that impinge on a crystal can diffract into many different directions
which can be measured in terms of both intensity and angle. From this data, an
accurate picture of the crystalline material’s structure, order / disorder, chemical
bonds, etc. can be reconstructed with relative ease. Note: XRD is a well-
established technique that has been reviewed extensively over the past several
decades. Accordingly, the principles of conventional XRD will not be discussed
in this work. The reader is instead referred to the excellent review by Robinson
and Tweet (14) for further information on the theoretical and practical aspects of
XRD.
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SR / GIXRD, on the other hand, concerns the direction of the collimated
beam of X-rays at small incident angles such that diffraction can be made
surface sensitive (15-16) (see Figure XI). Below the critical angle for a given
wavelength of radiation, SR / GIXRD accomplishes its surface sensitivity by
restricting the depth of penetration of the externally reflected X-ray beam and
the concomitant sampling depth in the order of angstroms. With X-ray
absorption taken into account, surface sensitivity also remains at angles slightly
above the critical angle. At X-ray energies, the refractive index for most
materials is slightly below 1.0, therefore if the angle of the incident beam is small
enough, total external reflection occurs (17). At these angles the beam skims
across the sample so that the X-ray intensity is the highest at the surface. The
sample is not entirely invisible to X-rays at this point due to an evanescent wave
that penetrates the surface. Importantly, the penetration depth of the evanescent
wave at such low glancing angles can be purposely varied between tens to
thousands of angstroms by making small adjustments to the incident angle of
the X-ray beam. When the X-ray beam is incident below the critical angle, any
lateral order at the surface will produce diffraction beams at various exit angles
(17).

SR was used in the GIXRD studies because of the limitations associated
with conventional laboratory-based instruments. Most significantly, at grazing
angles, much of the incident X-ray beam is wasted because a significant portion
either hits the sides of the sample or passes entirely over the sample (17).
Although focusing the incident X-ray beam reduces such an undesirable effect,
the converging beam contains a range of incident directions, with many not
meeting the prerequisite of falling below the critical angle. The ability of
synchrotron sources to provide incident beams that are compact and collimated

thus reduces the impact of these undesirable effects.
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The following section presents a preliminary investigation into an interesting
observation noted when studying thin film ion-selective electrodes by neutron

reflectometry and electrochemical impedance spectroscopy.

Tuning Electrochemical Devices using Quantum Effects

Deviations from the classical theory of resistivity have been observed in
an electrochemical sensor system utilizing poly(methylmethacrylate) /
poly(decylmethacrylate) (PMMA/PDMA) ultra-thin copolymer films. A significant
amount of research has been undertaken on quantum effects in metallic and
semiconducting thin films in terms of their optical behaviour and electronic band
gaps; however, the resistivity and its dependence on film thickness has received
little attention despite an obvious opportunity to utilize this principle in the
tunability of practical devices. The most notable contribution to research on the
dependence of film thickness on the resistivity of semiconductors was carried
out by Davey et. al. (1) whereby vacuum-evaporated germanium was deposited
onto circular polished quartz plates enabling the electrical resistance of the thin
films to be studied as a function of deposition thickness. Furthermore, the only
study conducted on an electrochemical system, to the best of our knowledge,
was achieved using thin silica films supported on a Pt (111) substrate electrode
(2). Clearly, knowledge of the electrical properties of a real electrochemical
system employing a thin film device (e.g., a molecularly thin polymer sensor) will
be of immense value to electrochemists and materials scientists alike, allowing
scope for the tuning of the physical properties and concomitant behaviour of
practical electrochemical devices using nanotechnology.
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Twelve different films of PMMA / PDMA copolymer doped with a Ag*™ IV
ionophore, with molecularly thin layers in the range 40-600 A (on a doped silicon
wafer substrate), as well as 1-100 um (on a gold substrate) were prepared and
investigated using electrochemical impedance spectroscopy (EIS). The ultra-thin
films were deposited onto an atomically smooth silicon wafer via a spin coating
method using xylene as the casting solvent at a rotation speed of 3500 rpm,
whilst the 1-100 um films were drop cast onto a gold tip electrode using
dichloromethane as the solvent. It was established that the ultra-thin films
completely covered the silicon substrate, as verified using X-ray reflectometry
(XR) (Figure i) and EIS (Figure ii) of the thin films. Most significantly, the XR
data, modelled using Igor Pro-Motofit software (3), suggested that the thin films
were of excellent quality with a surface roughness of approximately 4 A, and the
silicon substrate was also shown to be atomically smooth, with a surface
roughness of about 5 A. XR was also used to determine the thicknesses of the
ultra-thin films. It is important to note that the EIS Bode phase and Nyquist plots
for all electrodes, either the macroelectrode or the molecularly thin film
electrodes, suggested that a non-porous film of ion sensing polymer had been
deposited onto the electrode substrate, as evidenced by a well-defined high
frequency bulk membrane time constant or RC element (see Figure ii).
Significantly, if the substrate electrode had not been covered completely by the
molecularly thin film of ion sensing polymer then the high frequency bulk
membrane time constant would be either severely blurred, or absent totally in

the Bode phase plot.
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Figure i Experimental XRR reflectivity curves for various PMMA/PDMA film
thicknesses.
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Figure ii Nyquist (a) and Bode phase plots (b) for a selection of molecularly thin
film ISEs.

The resistances were measured using EIS and modelled in the complex-
plane impedance plots using the ZSimpWin software (4). Accordingly, the model
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provided the bulk membrane resistivities that are presented in Figure iii. It is
very clear that the resistivities of the ultra-thin films deviate markedly from the
value for the thick or 1-100 pm films of the PMMA/PDMA copolymer. Although it
is not presently possible to draw an unequivocal conclusion about this
observation, due to a relative lack of information regarding the physical and
chemical properties of the copolymer material, it is nevertheless possible to
speculate about the origins of the observed deviations in the bulk membrane

resistivity with molecularly thin films.
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Figure iii Presents the bulk membrane resistivities measured for ISE films of
various thicknesses. A trend line is included to emphasize the deviation from the

classical theory of resistivity.

Note, the authors modelled a scenario based on a constant PMMA /
PDMA / Si contact resistance of 21 ohm added to a bulk membrane resistance
calculated by a simple linear scaling of the bulk membrane resistivity at 1-100
pm (i.e., 10 MW m on Au) to the ultra-thin films (see Supplementary Figure ii).
Even though the model incorporating a constant bias of 21 ohm yielded a very
similar trend to the one presented in Figure iii, it was abundantly clear that the
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calculated resistivity in the range 30-100 nm was significantly higher than the
actual bulk resistivity at 1-100 ym, unlike the observed outcomes for layers at
around 30-100 nm whereby the observed resistivity was very similar to the bulk
resistivity observed at 1-100 uym. If a constant contact resistance of 21 ohm
together with a linear scaling of the bulk membrane resistivity to ultra-thin films
was responsible for the observed trend in resistivity then the modelling revealed
that the 30-100 nm films should have shown a clear positive bias in resistivity in
this range. This anomaly together with the fact that the observed change in
resistivity is sharper or more abrupt than the gradual increase predicted by a
contact resistance of 21 ohms demonstrate that an alternative explanation (e.g.,
quantum effects) is responsible for this behaviour. Further credence for this
possibility is given by the fact that it is well known that the reciprocal of the
charge carrier mobility in the film is ascribable to an additivity of the reciprocals
of the intrinsic charge carrier mobility, impurity / imperfection charge carrier
mobility and surface scattering mobility (5), so the latter must be manifested at
low film thicknesses. Also, the absence of a new EIS time constant for the
resistance-capacitance coupling of a contact resistance at the PMMA / PDMA-Si
wafer interface, which is expected to prevail with ultra-thin films possessing very
low resistances and capacitances, is further evidence of the absence of a
significant bias in resistivity due to a constant contact resistance. Last but not
least, a consistency in the bulk resistivities of 30-100 nm films on Si, Au and Pt
also suggests a negligible contact resistance at the PMMA / PDMA-Si interface,
as it is very unlikely that a comparable contact resistance would be present on

different electrode substrates.
In summary, the resistivity data reported herein is free of experimental
artefacts, and is most probably due to surface scattering phenomena associated

with quantum effects.

In this study of PMMA / PDMA molecularly thin films, the observed

enhancement in resistivity as a function of film thickness in this nanoscale
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domain is self-consistent with the measured behaviour of thin films of
germanium deposited onto polished silica (1). Nevertheless, these results are
contradictory to those of Xu et.al. (2) who noted that the resistivity of a silica thin
film was several orders of magnitude less than that of a thick film of silica. Xu
et.al. (2) rationalized this phenomenon by invoking quantum effects such as
electron tunnelling that are linked to highly ordered and structurally aligned
hydroxyl functionalities providing conductive defects at the grain boundaries of
the silica thin films (2). The phenomenon of quantum tunnelling is highly unlikely
in the highly disordered or amorphous films of PMMA / PDMA due to a lack of
ionizable functional groups in close proximity, so as to enable electron hopping
or tunnelling effects in the material. Nevertheless, quantum effects may provide
a rationalization for these unconventional variations in electrical resistivity as a
function of film thickness in molecularly thin films. For electrical conductors or
semiconductors, it is widely accepted that if the thickness of a semiconducting
film is comparable to or smaller than the mean free path and the de Broglie
wavelength of the charge carriers in the film, then the film is expected to display
quantum effects (5-6). These quantum effects are manifested for all transport
properties including the electrical resistivity (6-7). Indeed, this may be the cause
of the deviations from the resistivity behaviour of a thick copolymer film, as has
also been noted for well-known semiconducting systems such as bismuth where
quantum effects can even occur for fiims as thick as 1 mm at helium
temperatures (8). Origin et.al. (9) confirmed this behaviour for bismuth films at

varying temperatures and film thicknesses.

The low conductivity of the copolymer is akin to but not equal to that of an
electrical insulator, although the deviation from the classical theory on the
electrical resistivity of molecularly thin films is indicative of a semiconductor
material. Chopra (8) proposed theoretically that the dielectric constant of an
insulator should be preserved down to a few atomic layers, so that no
dependence of the electrical resistivity as a function of thickness is expected for
films thicker than 50 A. Hence, since the observed shifts in resistivity for the bulk
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membrane occurred at thicknesses above 50A, it can be deduced that the
copolymer acts more like a semiconductor where surface transport phenomena
are well known to significantly influence the electrical properties of the
semiconducting material (8). In effect, reducing the thickness of the
semiconducting film beyond a certain quantum length ensures that the electronic
mean free path is larger than the sample thickness. It is in this region that
ballistic transport properties become apparent (10). Essentially, the momentum
dissipation of the charge carriers is now dominated by scattering from
irregularities at the film boundary, as opposed to scattering that would normally
take place within the bulk of the material. This results in a flat-line in the
resistance when the film thickness is reduced below the mean free pathlength,
as evidenced in Figure iv which is an alternative representation of the data

presented in Figure iii.
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Figure iv Presents the measured resistances of films of various thicknesses. A

trendline is included for clarity.

Ultimately, the observed behaviour of ultra-thin semiconducting polymer

films may prove to be highly advantageous in its practical applications. The
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ability to tune the properties of PMMA / PDMA copolymer films using quantum
effects has important ramifications in potential electrochemical applications. For
example, there is the potential to use molecularly thin films of PMMA / PDMA to
tune the properties of ion-selective field effect transistor (ISFET) systems, as
well as other areas such as microelectronics and the ever evolving field of
nanotechnology. Furthermore, since the thickness of a molecularly thin
copolymer film may be affected by variations in external conditions such as
humidity, temperature, etc., there is scope to develop novel sensing devices to
detect minute changes in atmospheric conditions, whereby a change in humidity
or temperature will alter the polymer thickness via sorption and swelling and the
concomitant resistivity of the thin film device. Clearly, the extent of possible
applications is far reaching, and the possibility of using molecularly thin films in

the design of new electrochemical devices is an exciting new perspective.
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Supplementary Information

Reagents

The following Selectophore Fluka reagents were used in this study: silver
ionophore IV and sodium tetrakis [3,5-bis(triflouromethyl)phenyl] borate
(NaTFPB). Analytical grade xylene was obtained from Chem-Supply (Port
Adelaide, South Australia, Australia). Analytical grade KNO3 was obtained from
Ajax Chemical Co. (Sydney, New South Wales, Australia). Similarly, analytical
grade sulfuric acid and hydrogen peroxide used in piranha etching of silicon
wafers were obtained from Ajax Chemical Co. The monomers,
methylmethacrylate, 99.5%, (MMA) and n-decylmethacrylate (DMA), 99%, were
obtained from Polysciences, Inc. (Gymea, New South Wales, Australia). The
polymerization initiator 2,2’-azobis(isobutyronitrile) (AIBN), 98%, was obtained
from Aldrich. Ethyl acetate and 1,4-dioxane were reagent grade and obtained
from Chem-Supply. Milli-Q water was used to prepare all aqueous solutions

unless otherwise specified.

Silicon Wafer Substrates

The doped and atomically flat silicon wafers were used as received as the
working electrodes since they had been pre-polished to about 1 A rms
roughness [as obtained from Crystran LTD (Poole, Dorset, UK)]. The silicon was
initially covered with 5-10 mm of excess xylene and placed on a hotplate at a
temperature of 150°C for 10 minutes. The wafer was rinsed with milli-Q water
prior to placement in a piranha etching solution for 10 minutes. Following the
piranha etching process, a stream of ozone was passed over the silicon wafer
surface to oxidize any extraneous organic material. The wafer was attached to
the spin coater, and rinsed with Milli-Q water at 3000 rpm. Last, a xylene cocktail

of the copolymer membrane was spin cast onto the Si wafer at 3500 rpm.
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ISE Membrane Preparation and Deposition

ISE membranes for XRR studies were prepared in a clean room. The
piranha-etched wafers were subjected to spin casting, and the thin films were

dried in a stream of high purity nitrogen gas prior to XRR measurements.

A PMMA / PDMA film was prepared by spin-coating at 3500 rpm for 2
minutes with a solution of 98 wt.% of PMMA / PDMA copolymer also comprising
the silver ionophore (1.5 wt.%) and NaTFPB (0.5 wt.%) dissolved in appropriate
quantity of xylene to give the desired film thickness. The PMMA / PDMA-coated

wafer was annealed in a vacuum oven at 80 °C and 1.0 kPa overnight.

Potassium nitrate solutions (1 M) were made up in Milli-Q water, and

employed as the electrolyte in EIS studies.

Electrochemical Impedance Spectroscopy (EIS)

An anodised silver / silver chloride solid-state reference electrode was
inserted into one of the inlet / outlet ports of the XRR cell, a platinum wire
counter electrode was inserted into the other inlet / outlet port, and the silicon
wafer working electrode were all connected to a Princeton Applied Research
PARSTAT 2263 portable potentiostat. EIS experimental control and data
acquisition were performed using a personal computer running the PowerSINE
software, and EIS data were collected at the open circuit potential using an A.C.

amplitude of + 10 mV rms and a frequency range of 100 kHz-10 mHz.

EIS experiments in 1 M KNO3; were undertaken using a custom-built cell

(see Supplementary Figure i).
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Supplementary Figure i Schematic diagram of the specialized cell used in the

neutron reflectometry experiments.

X-ray Reflectometry (XRR)

XR was performed on the PMMA/PDMA-coated wafers in air at a
wavelength 1.541 A to ascertain the film thicknesses and roughnesses.

Contact Resistance Considerations

Since the ultra-thin films had a strong tendency to be biased in the
positive direction by a constant resistance in the system, especially as the film
thickness diminishes, we modelled the impact of a 21 ohm contact resistance at
the silicon wafer-PMMA / PDMA interface. In this case, we linearly scaled the
resistance (R) for the thin film using a bulk membrane resistivity (p) of 11 MW m

and the following equation:

[
R= P[Zj Equation |

where / and A is the thickness and cross-sectional area (1rr? = 7.854 x 107 m?

for a 10 cm diameter silicon wafer) of the wafer.

Henceforth, Rapparent is calculated as follows:
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[
Rapparent = 42) +21

and papparent IS calculated as follows:

A
p apparent = Rapparent (7)

Supplementary Figure ii presents an overlay of the actual resistivity

Equation Il

Equation Il

data together with the apparent resistivity calculated using a constant contact

resistance of 21 ohms:
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Supplementary Figure ii An overlay of actual EIS resistivity and calculated

resistivity by assuming a constant contact resistance of 21 ohms.

Clearly, the absence of any deviation at high film thicknesses is expected
since the 21 ohm contact resistance cannot affect bulk membrane resistances of
tens to hundreds of megaohms. Nevertheless, the trends are very similar, albeit

that the actual data displays a sharper or more abrupt change in resistivity, and
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the calculated data is generally biased extensively in the negative direction (i.e.,
a contact resistance cannot explain the results).
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