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Abstract

This research was focused on understanding how external stimuli affect the permeability
of the chemically modified electrodes, and how the materials used in modifying the working
electrodes respond to the changes in the surface charge. We adopted a voltammetric type
electrochemical sensor to investigate the permeability effects induced by pH and organic
solvents. The working electrodes used in this research were chemically modified with thioctic
acid self assembled monolayer (TA SAM), track etched polycarbonate membranes (TEPCM)
and PS-b-PMMA nanoporous films (polystyrene-block-polymethylmethacrylate). We studied the
permeability behavior of each of the material upon application of external stimuli.

In chapter 3, the permeability changes induced by change in surface charge of thioctic
acid SAM was investigated. The surface charge of the monolayer was tuned by changing pH of
the medium, which resulted in decrease of redox current of a negatively charged marker due to
deprotonation of the surface -COOH groups of TA SAM. Decrease in redox current reflected a
decrease in the reaction rate, and by using closed form equations the effective rate constants at
several pKa values were extracted.

In chapter 4, permeability changes induced by pH in TEPCM were investigated. We
assessed the surface charge of these membranes via cyclic voltammetry generated for neutral and
charged redox molecules. Limiting current of charged markers were affected by the surface
charge induced by pH, where as the redox current for the neutral marker was not affected.
Experimental redox currents were larger than the theoretical current, indicating that redox
molecules preferentially distributed in a surface layer on the nanopore. Organic solvent induced
permeability changes of PS-b-PMMA nanoporous films were investigated via electrochemical
impedance spectroscopy and AFM. Higher response of pore resistance in the presence of organic
solvents indicated either swelling of the nanoporous film or partitioning of organic solvents in
the pores. However AFM data revealed that the permeability changes are due to partitioning of
the solvents rather than swelling of the porous film, since there was no appreciable change if the

pore diameter in the presence of solvents.
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Chapter 1 - Introduction

1.1 Electrochemical Sensors

Chemical sensing is one of the areas in analytical instrumentation that has shown a
largest development. Chemical sensors are devices that detect and quantify specific analyte or a
reaction.' A chemical sensor consists of a chemically selective layer to detect the response from
the analyte from its environment and a transducer to transform the response to detector
response.” They are categorized into groups depending on the operating principle of the
transducer as electrochemical, optical, thermal, mass, electrical, and magnetic. Out of these types
of sensors, electrochemical sensors are the leading ones due to their experimental simplicity, low
detection limits and cost effectiveness. Electrochemical sensing merges with other branches of
analytical chemistry, such as microfluidics, polymer materials and microscopic techniques
(scanning electrochemical microscopy, scanning tunneling microscopy).” * Electrochemical
sensors measure the changes in electrochemical quantities related to electrode processes in the
presence of analyte such as ampherometry, voltammetry or coulometry. It also measure the
changes in the electrical properties of the medium (e.g. monolayers, membranes) when it is
bonded to the analyte, such as potentiometry, capacitance, conductivity and dielectric
permittivity.! Depending on the electrochemical quantity measured, three main types of
electrochemical sensors are identified. They are potentiomentric, amperometric (including
voltammetric) and conductometric sensors.

Potentiometric sensors are based on the change in ionic species distribution in the
electrode solution interface in the presence of an analyte. This measures the potential difference
of the electrode or a membrane and a reference electrode, in the absence of a current. The
potential of the reference electrode should be constant and known, and it should also be
insensitive to the analyte being measured. These sensors are categorized into three groups, viz.
ion selective electrodes (ISE), coated wire electrodes, and field effect transistors. Ion selective
electrodes selectively measure the concentration of ionic species. The most common ISE is the
pH electrode. These sensors use membranes which are permselective and ion conducting. The
potential of the working electrode is related to the concentration of the analyte. Selectivity of
Pb*" ions over Cu2+, Cd2+, Mn2+, Zn2+, C02+, Ni*" was demonstrated for an ISE based on p-tert-
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butyl-calix[4]arene thioamide in a PVC (poly vinyl chloride) ionophore.” Aluminum ISE was
developed to detect and quantify the AI’" ions in pharmaceutical (in Al syrup) environmental
(tap water) and food (tea leaves) samples. Potentiometric membrane of this ISE was composed
of PVC, 6-(4-nitrophenyl)-2-phenyl-4-(thiphene-2-yl)-3-5-diaza  bicycle[3.1.0]hex-2-ene
(ionophore) and acetopheneone and oleic acid. This sensor showed improved detection limit
(630nM), response time (~ 10s) and longer life time (~ 3 months).® An anion selective ISE was
fabricated from Rh®" porphyrin based ionophore to detect NO,™ over lipophilic anions such as
perchlorate, thiocyanate and salicylate.” A pH sensor developed from a fluorous membrane
showed a selectivity of H" over K™ over a large range of pH (5-13).°

Coated wire electrodes use a conductive wire coated with a suitable ion selective polymer
(e.g. PVC, polyvinylbenzyl chloride or polyacrylic acid). They do not require an internal
reference electrode, hence can be miniaturized.” Ton selective field effect transistors (ISFET) an
ion selective membrane is incorporated on the gate area of a field effect transistor. This is a solid
state device which can measure the charge build up in the ion selective membrane. This type of
sensor is mainly used in in-vivo applications such as analysis of Human Serum Albumin’ and in
immunosensors'’.

In amperometric or voltammetric sensors signal transduction is the current generated
during the transfer of electrons to or from the analyte. In amperometry, current flow is measured
at a single applied potential, while in voltammetric sensor; current is measured when the
potential is scanned from one value to another. These sensors use 2 or 3 electrode system;
working, reference and /or a counter electrode. Use of an electrolyte solution is required to
eliminate mass transfer due to migration, maintain a constant ionic concentration and to reduce
solution resistance. An important part of the amperometric / voltammetric sensor is the working
electrode used. It can consist of metals such as gold, silver, carbon, copper and platinum.
Working electrodes in these sensors come in various shapes and dimensions, and provides means
to miniaturize the sensors. Chemically modifying the working electrode by immobilizing a
receptor opens up a multitude of applications for these sensors, due to greater control of the
electrode reactions and electrode characteristics.” Modified electrodes were used in detection of
glycated hemoglobin, a long term biomarker for glucose levels. Surface of a gold electrode was
modified with a self assembled monolayer (SAM) of thiophene boric acid. Binding of
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hemoglobin to the boric acid immobilize the hemoglobin on the electrode surface, which was
detected by electrochemical impedance spectroscopy.'' Use of whole bacteria (Shewanella) cells
as electron transfer material for EC sensors has been demonstrated. This sensor was used to
detect arsenite, H,O, and nitrie ions.'? Nanomaterials such as carbon nanotubes are ideal for EC
sensors since they provide larger surface area, high aspect ratios and catalytic properties.'> Multi
walled carbon nanotubes have been used in detection of chemical warfare agents. In this sensor
MWCNT were immobilized on ITO (indium tin oxide0 electrode), and ferrocene amino acids
conjugates were attached to the CNTs, which can bind to CWA mimicking analytes. AC
voltammetry and capacitance measurements were done to quantify the CWA analytes.'* An EC
based on microelectrode array was fabricated from carbon fiber for detection of neurotransmitter
release.”” Sensors have been developed to detect environmentally hazardous metal ions like
Pb*",!1 cd* ' 7 TI™" using glassy C electrodes modified with Nafion film containing
MWCNTs, Bi nanoparticles, Langmuir Blodgett films. Perchlorate ions in drinking water has
been detected by a gold electrode modified with a fluid membrane composed of PVC film and
poly(3-octylthiphene).”® Voltammetric sensors for detection of NO (major compound involved in
signaling of eukaryote and prokaryote cells, nitrogen cycle) have been fabricated from various
electrode nmaterials.”' >

Conductometric sensors measure the electric conductivity change of a film or in bulk
material in the presence of an analyte. Basically they are non-selective, but with the use of
modified electrode surfaces, selectivity of analytes has become possible. The advantage of
conductometric sensors is that they do not need a reference electrode.” These sensors are mainly
utilized to detect gaseous analytes. These sensors include, O, sensors based on a CdS thin film,**
humidity sensor fabricated from MnWO, porous films,” H,S sensor based on copper oxide or

26.27 and semi conducting Ga;0; thin films for detection of CHy4 gas.28

oxides doped with Cu,

When comparing the above types of electrochemical sensors voltammetric /
amperometric based ECs show more versatility due to the ability to use a variety of working
electrode material (gold, silver, Pt, C), chemical modification of the working electrode (SAM
coated, LB films, polymer brush, film coated etc), electrode size and arrangement (micro
electrodes, nano electrodes, micro / nano array electrodes). Thus voltammetric / ampherometric

ECs are far more attractive in analytical view point.
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1.1.1 Ion Channel Sensors

Ion channel sensors (ICS) are electrochemical sensors widely used in detection of large
hydrophilic, multi charged ionic species such as proteins, polysaccharides, oligonucleotides and
multivalent inorganic ions.”’ The concept of ICS stems from ion channels in biological systems.
Ion channels in biological systems are selective towards substrates, and upon binding of the
correct substrate with the receptors, induce opening of ion specific channels. This allows
permeation of ions across the biological membrane, creating an electrochemical potential
gradient.*® The earliest work on ICS showed the effect of deprotonated acid groups in a self
assembled monolayer on redox current of a marker ion at the electrode surface.’’ However the
first reported work of biomimitic ICS was demonstrated by Sugarawa et.al. in late 1980s. In this
work, a synthetic lipid multi layer was coated on a glassy carbon electrode by Langmuir-
Blodgett method. Acidic phosphate head in the phospholipid bi-layer interacted with the di-
valent metal ions, causing a conformational change in lipid membrane, opening up the channels
in the bi-layer, through which marker ions permeated to the underlying electrode.*

Biomimitic ICS has been developed for many analytes such as redox inactive small ions

30, 32-39 40-43

and molecules and large bioactive molecules. ICS can be categorized in to two groups,
depending on their response mechanisms. In one group the analyte molecules form inclusion
type complexes with the substrate, and physically block the intramolecular channels, thus
preventing the permeation of the redox molecules to the electrode surface.’”** The other type of
ICS shows electrostatic attraction/ repulsion based mechanism. Binding of ionic analytes change
the net charge of the synthetic receptor layer, and this regulates the permeation of marker ions to
the electrode surface.

Binding of analytes to the receptor sites immobilized films will change the surface charge

and / or porosity of the films.>® **

This will result in a gated permeability of the marker
molecule, which is the mode of signal transduction in ICS. This means that for ICS the signal
transduction method doesn’t have to be tailored for each analyte-receptor combination.” Another
advantage in ICS is the signal amplification, since a small number of analyte molecules give an
electrochemical response caused by a larger number of redox species.

This research investigates the processes triggered by binding of analytes to receptor sites

of immobilized films. These processes include changes in surface charge of self assembled
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monolayer (Thioctic Acid) modified electrode (chapter 3), and in nanoporous track etched
membranes (chapter 4). Hence these chapters discuss the change in electrode kinetics due to
surface charge change in SAM (Self Assembled Monolayer) modified electrodes and the
permeability of redox markers in nano-porous TEPCM (Track Etched Poly Carbonate
Membranes). An extension of the research discusses the gated permeability of redox markers,
induced by organic solvents in nano-porous di block copolymer membranes. The basic concept
connecting this whole research is the permeability induced by surface charge changes and

external stimuli.

1.2 Motivations and Objectives

There is a huge drive for fabrication of ultra sensitive, selective, miniaturized devices for
array based sensors, detectors in in-vivo biological research, micro fluidic chips etc. These
devices come as micro and nano scale ion channel sensors, nano-porous membrane and block
copolymer based array electrodes. Therefore it is necessary to understand the response behavior
of materials used in these devices in order to maximize their sensitivity and selectivity.

The research presented in this dissertation covers different nano material, viz. thioctic
acid SAM, TEPCM, and PS-b-PMMA (polystyrene block polymethylmethacrylate) nano-porous
films. These materials were connected together under one concept; permeability changes induced
by surface charge changes, which can be regulated by external stimuli. The overall goal of this
research was to investigate the permeability changes brought about by various external stimuli
such as pH of the medium and organic solvents. Understanding how each of the aforementioned
materials behaves on applied external stimuli would allow one to optimize the properties of them
for sensor applications.

Chapter 2 discusses the analytical techniques used in characterizing and measuring
permeability changes triggered by external stimuli. Chapter 3 discuss the effect of change in
surface charge on electrochemical reaction kinetics, based on a Thioctic acid SAM modified
microelectrode. This system represents a charge based ICS (CB-ICS). In chapter 4, cyclic
voltammetry studies done on a recessed nano-disk array electrode, fabricated from TEPCM is
discussed in terms of permeability changes. This study shows the effect of medium pH on the

surface charge of nano-pores and permeability changes of neutral and charged redox markers.
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Chapter 5 is based on a study of permeability changes induced by organic solvents in PS-b-
PMMA nano-porous films. This study was focused on determining whether the permeability
change was due to swelling caused by the organic solvents or the partitioning of the solvents in

the nano-pores.
1.3 Background / Literature Review

1.3.1 Self Assembled Monolayers (SAM)

Thioctic acid SAM modified micro electrode was used to discuss surface charge change
due to pH of the medium, and the resulting permeability changes for a negatively charged redox
marker. This system represents a chemically modified voltammetric type electrochemical sensor
(Figure 1.1) Self assembly of molecules is based upon spontaneous adsorption of organic
molecules on a solid surface to lower the free energy of the metal surface and the
environment.”*® General structure of SAM consists of a surface active head group which binds
with the substrate, and end group at the monolayer surface, and an alkyl chain connecting the
head and the tail which also facilitates monolayer packing®’ (Figure 1.2). SAM formed on a
substrate has many advantages for sensor applications such as tailoring the end group for
selectivity, fast response, immobilization of biological recognition receptors and high
response.*® %%

Surface active thiol group binds strongly to the substrate (gold) according to the
following equation.*”*°
2Au + RS-SR — 2Au-SR (1.1)

End groups can be functionalized to control the interfacial properties of the monolayer

(hydrophilic / hydrophobic). In this research, -COOH terminated thioctic acid SAM gives a

hydrophilic character to the monolayer interfacial properties.
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Figure 1.1 Schematic diagram of Thioctic Acid self assembled monolayer on gold disk

electrode.
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Figure 1.2 Schematic diagram of a self assembled monolayer formed on a substrate.

1.3.2 Monolithic nanoporous membranes
Monolithic nanoporous membranes include track etched membranes (polycarbonate /
polyester), anodic aluminum oxide membranes, and block copolymer (BCP) nanoporous films.”'
Two types of monolithic nanoporous membranes/ films were used in this research, viz. track
etched polycarbonate membranes (TEPCM) and PS-b-PMMA nanoporous films. In contrast to
other nanoporous media such as entangled polymer gels, charged polyelectrolyte films,
monolithic nanoporous membranes have well defined structures with uniform cylindrical pores.”’
TEPCM polymer membranes are fabricated by bombarding a sheet of polycarbonate or

polyester film with nuclear fission and subsequent chemical etching of the damage tracks created
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by ion bombardment. Unlike anodic alumina membranes and BCP films, pore densities of
TEPCMs are low and the distribution of pores is random (Figure 1.3). Pore diameter of TEPCM
can be controlled by controlling the etching time and pore shapes can be modified by controlling
the bombarding and etching conditions.”> ** Pore size of TEPCMs is controlled by electroless
deposition of gold on nanopore surface.”” >* Chemical Functionalization of nanopore surface
offers selectivity in molecular separations. This is realized by modification of gold deposited

2,54
52.3% These membranes are

52,54

pore surface with thiol SAMs or amidation of polyester based TEPMs.
used in many applications such as size exclusive and chemical interaction based separations,
as model systems for mass transport studies,” as templates for synthesis of nanowires,’® nano

57, 58
electrode ensembles,””

as diffusion controlled separators between channels in microfluidic
60-64

devices,” and as potential gates.

Figure 1.3 SEM image of TEPCM. Note that the pore density is low, and spacing between
pores is large.

BCPs have two or more chemically distinct polymers connected end-to-end. If the
constituent polymers are immiscible, and the volume fraction of the minor component is ~ 30%
v/v, the minor component will self assemble to form cylindrical domains in a matrix of the major
polymer fragment.**” To obtain BCP nanoporous films, the minor component is etched out
chemically,”® photo-chemically (UV irradiation)®® or thermally.”’ Nanoporous membranes
fabricated from BCP has a higher pore density and a narrow pore size distribution, compared to
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TEPCM (Figure 1.4), and their pre size is tuned by choosing an appropriate molecular weight.®>
% BCP derived nanoporous films are ideal for many applications due to their ordered nano scale
structure and high surface area. Many of these applications depend on vertical domain
orientation and interactions (specific, non-specific adsorption and electrostatic interactions)
between the analytes and nanoporous surface.”' Thus control of domain orientation and surface

functionalization are key factors for many applications of BCPs.

Figure 1.4 AFM image (contact mode, 1 x 1 pm, 1024 pixels, Z scale = 7nm) of etched PS-b-
PMMA nanoporous film (image taken in 0.1M phosphate buffer).

Micro domains in BCP, self organize into a configuration that minimizes the free energy
of the system. For thin BCP films, thickness as well as the interactions between the substrate and
the each block determines the orientation of domains (parallel or perpendicular). This means that
the block having the lower interfacial energy with the substrate will preferentially wet the
substrate while, the block with lower surface energy will be confirmed at the free surface. This

arrangement leads to domain orientation parallel to the substrate.””’® Vertical domain orientation

77, 78 79, 80

can be achieved by controlling solvent evaporation conditions,
81, 82

solvent annealing,

applying an electric field during annealing,* *

optimizing film thickness, adding homo-
polymers (for PS-b-PMMA)** and surface modification(chemically modify the surface in order
to balance the affinities of BCP fragments to the substrate).*®*’ Surface chemistry of BCP can be

controlled by two methods. One method is to synthesize BCP that offers known functional
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groups (such as —COOH) upon formation of nano-pores via etching.®® " * ¥ Hillmyer et.al.
synthesized BCP having PLA (poly lactic acid) as the minor component, which upon hydrolysis
(chemical etching) offered -COOH groups on the nanopore surface. They modified the surface
functional groups via esterification® and amidation.”' The other method is to functionalize the
surface functional groups that result etching the minor component.”® Applications of monolithic

BCP includes masks in lithography,’" °*

93, 94

templates for electrophoretic deposition of nano

84,959 \ltra low di-electric constant

98, 99

particles, templates for nano wires (Si and metal),

materials for high density circuits,”” filtration membranes for viruses and size based

. 100, 101
separations.

1.3.3 Electrode Kinetics' ™'

Reactions at the electrodes are important factor in practical electrochemical systems.
When describing an electrochemical reaction major consideration is given to the reaction rate,
which is related to the current density.
Rate =i/ nFA =j/ nF (1.2)
where i is current (A), j is the current density (A/cm?), F is Faraday’s constant (= 96485 C/mol)
and n is the number of electrons. Rate of a reaction is dependent on
1) Nature of the electrode
1) Composition of the electrolyte solution adjacent to the electrode surface (double
layer structure).
1i1) Electrode potential which is characterized by the over potential (deviation of the
electrode potential from the equilibrium potential when a Faradaic current flows

through the system.

1.3.3.1 Electrical Double Layer

The interface between the electrode and the adjacent solution behaves as a capacitor.
Which means at any given potential, there will be a charge q™ on the electrode and charge q° in
the solution. At all the times q" = q°. The arrangement of charged species on the electrode
surface, and the cations or anions in the solution, and the dipoles present at the electrode surface

— solution interface is known as the electrical double layer (Figure 1.5).
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Figure 1.5 Schematic diagram of the electrical double layer for a negatively charged
electrode surface. Stern layer boundaries are Inner Helmholtz plane (IHP) and Outer
Helmholtz plane (OHP). Diffuse layer bound by OHP and the bulk solution. Potential

profile in each layer is given as a function of distance from the electrode surface.

The electrical double layer is composed of several layers. The layer adjacent to the
electrode surface has specifically adsorbed solvent molecules and other species (cations/ anions).
This is the compact/ Helmholtz / Stern layer. Composition of the ions in the inner layer is
determined by electrostatic interactions. This inner layer is divided into two parts, inner
Helmholtz plane (IHP) and outer Helmholtz plane (OHP). The thickness of the IHP is defined by
the distance between the electrode surface and the center of the electrical centers of specifically
adsorbed ions after they lose their salvation shell. The total charge density of IHP is o;. Outer
Helmholtz plane has solvated ions and they can approach the electrode surface only upto a
distance of x (due to their salvation shells). Diffuse layer is adjacent to the OHP and it extends
upto the bulk solution, and contains non-specifically adsorbed ions. This layer has a charge
density of 04. According to this model, the electro-neutrality of the electrode — solution interface
at equilibrium is maintained by balancing the charge on the metal, o,, and charge on the solution
side interface, os. (eq. 1.3)

1.3.3.2 Gouy-Chapman- Stern model of electrical double layer (EDL)

This model is a combination of Gouy-Chapman model and the Helmholtz model of EDL.
It assumes that (1) the diffuse double layer is in equilibrium with the bulk solution, (2) the
solution is divided into laminae, parallel to the electrode surface with thickness x, and all
laminae are in thermal equilibrium with each other (3) these laminae are treated as energy states
with equivalent degeneracies. Concentration of ionic species in two laminae is determined by the
Boltzman factor.

According to this model, the potential profile in the diffuse layer for 1:1 electrolyte is
given by,

tanh(ze/4kT) /tanh (zeg,/ 4kT) = ™ 2 (1.4)
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Where ¢ is the potential measured with respect to the bulk solution (potential drop across
the double layer) and ¢, is the potential at x, (OHP) w.r.t. the bulk solution. «k is the inverse of
Debye length given by,

k = (2n°Z%¢? /egokT)"? (1.5)

Where n” is the concentration of the electrolyte, T is the temperature (= Kelvin), k is the
Boltzman constant ( = J/K), z is the charge on the supporting electrolyte ion, € is the di-electric
constant of the solution, & is the permittivity of free space ( = 8.85 X 10 F/m). For low
concentrations of electrolytes used, the thickness of the electrical double layer will be higher.
With th separation of charge, there is a potential drop across the double layer. The charge density
at any point from the surface of the electrode to OHP is zero. As a result the potential drop is
linear in the compact layer. All the charge in the solution side is accumulated in the diffuse layer;
therefore the potential at the OHP is related to the electrode surface charge, oy, by eq. 1.6.'"

om = -6° = (8RTegoC)"? sinh(zFg, /2RT) (1.6)

1.3.3.3 Effect of double layer on electrode kinetics
In the work discussed in chapter 3, the surface charge of the SAM modified electrode was

varied according to the pH of the medium. The surface density, o of the TA monolayer is given

by, 105

6 = - (FKal'coon. tota) / ([HF] + Ka) (1.7

Where F is the Farady’s constant ( = 96485 C/mol), K, is the apparent acid dissociation
constant of the surface —-COOH groups, ['coon. total 1S the density of TA on the electrode surface,
and [H'] is the proton concentration in the solution. Protonation / deprotonation of surface —
COOH groups leads to variation in surface charge density, thus affecting the potential at OHP

196197 This means when the electrode surface has a negative charge (q™ < 0, ¢, <

(equation 1.6).
0), anions will be repelled and cations will be attracted and vice versa for the positively charged
electrode (q™ > 0, ¢, > 0). As a result, the distribution of ionic species at the electrode surface
will be changed due to electrostatic interactions. Furthermore the potential driving the electrode
reaction will no longer be ¢" — ¢°, instead it will be @™ — ¢@° — ¢,. The resulting effective
electrode potential is now E — ¢,. The decrease of the electrode potential/ or the driving force of

13



electron transfer and the change in the distribution of ions at a charged electrode surface affect
reaction kinetics, and this effect is known as the Frumkin effect. This alters the reaction kinetics
of the electrochemical reaction. Studies have shown a similar effect on £° (rate constant at bare
electrode) due to electrolyte concentrations altering the electrical double layer charge
distribution.'® In this research, the surface charge density, o of TA monolayer was determined to
assess the potential ¢, at OHP of SAM coated microelectrode. The modified ¢, was used to
determine the £°, i at each pH condition by using the equation 1.8.10% 108,109

K = K exp[(0. — Zrea) F @2 / RT] (1.8)

koeff and £’ are rate constants of the reaction at a charged and a bare electrode
respectively. Z..q 1s the charge of the electroactive species, ¢, (V) is the potential at the OHP, r is
the gas constant (= 8.31 J/K.mol). The exponential term in this equation is the Frumkin
correction factor, used to determine the true rate constant. Previous studies have reported other
processes involved in charge propagation and electrode kinetics on SAM modifies electrodes.
These studies described “inversion of the apparent surface charge, when a highly charged marker

ion covers the SAM surface leading to coordination of oppositely charged ions in a second

110, 111 3-/4-
’ 0

coordination layer. Qualitative discussions on cyclic voltammetry studies of Fe(CN)g

112

n
a TA modified microelectrode has been reported (at pH 7.4 and 1.5).  ° The research presented
here discusses the reaction kinetics on a charged electrode based on Frumkin effect as well as

extracted koejfusing closed form equations.

113-115
1.3.4 Surface charge on nanoporous membranes

Nano scale pores in TEPCM gives larger surface area to volume ratios. This means that a
considerable amount of surface charge is immobile. In addition, adsorption of ions/ molecules
changes the surface charge and hence the potential distribution, which affect the permeability of
charged analytes through nanopores.''® In assessing the surface charge of nanopores, zeta
potential is used in many cases. This is the potential of the surface at the plane of shear (an
imaginary plane between the solid surface and the adjacent fluid). It is useful in characterizing
the outer diffuse double layer and interactions between the analytes and the nanopore surface.
Calculation of zeta potential in nanopores is based on measurements of streaming potential,

electro-osmosis (primary electrokinetic effects — measurements of electrical / hydrodynamic
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quantity) and electro-viscous effect and salt retention in membranes (secondary electrokinetic

measurements — measurements of flux and salt retention).'"’

1.3.4.1 Streaming Potential

When a hydrostatic pressure is applied to a porous membrane (use of a pressure gradient)
the flow of liquid will drag / strip off part the charges / ions present in the double layer to one
end of the pore. This generates a streaming current, Is. Dragging of the charges by the fluid flow
will cause a potential drop across the membrane. This potential drop will create a conduction
current of co-ions (I;) in opposite direction of the fluid flow. A steady state is achieved when the
streaming current balances out the conduction current. The electrostatic potential at this steady
state is called the streaming potential (Figure 1.6). It is measured as a function of applied
pressure. Zeta potential can be calculated from the measured streaming potential by,

C = (AEs/AP) . (mAo /€80) (1.9)

Where AEs is the potential drop at the end of the pore, AP is the pressure gradient, 1 is
the viscosity of the electrolyte solution, A, is the specific conductivity of the electrolyte within
the pores, € is the relative dielectric constant of the electrolyte and g is the permittivity of free
space. However above equation cannot be applied for nano scale pores or highly charged pores
without using some corrections. In nano scale pores, the overlapping of double layers especially
in low electrolyte concentrations, result in uniform potential distribution throughout the pore. In
the case of highly charged surface, both the fixed part of the double layer and the electrolyte
(both factors taken together termed the surface conductivity) contributes to the electrical
conductivity. To adjust for these factors, ohmic resistance of the pore is measured with pores
filled with the test solution and subsequently when pores are filled with highly concentrated
electrolyte to neglect the surface conductance.''™ ''® Zeta potential is then given by,

C = (AE/AP ggp) . MRy / R) (1.10)

Where A4 is the specific conductivity of highly concentrated electrolyte, Ry, and R are the
corresponding ohmic resistance of the highly concentrated electrolyte solution and the test

solution respectively.
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1.3.4.2 Electroviscous effects

Electro-viscous effect is defined as the increase in apparent viscosity over bulk viscosity
of a solution. This effect arises from influence of electrical double layer on the flow of a fluid.
When an electrolyte is flowed through a pore, under a pressure gradient, a streaming potential is
generated. This will cause a back flow of fluid by electro-osmotic effect. Then the fluid shows
increased viscosity compared to the flow in the absence of a double layer. Electro viscous effect

for a nanopore can be determined by the following equation.'"

Mo =1/ [1-3(£€)*) / (0 nho)] (1.11)

where 1 and n, are bulk and apparent viscosity of the solution, ¢ is the dielectric constant
of the solution, C is the zeta potential, A is the solution conductivity and h is the pore length.
Previous studies have shown the use of electro viscous measurements to determine the sign of
zeta potential of polycarbonate membranes.''” For negatively charged membranes, increase in
the viscosity will be higher if there is a large difference between the cation and the anion
nobilities. This indicates that the electro-viscous behavior within a pore is determined by the

interaction between counter ions and the charge of the nanopore surface.
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Streaming potential was used in determining zeta potential to assess the surface charge of
polycarbonate membranes. In this method streaming potentials were measured at different
pressures and zeta potential was determined from the slope of the graphs of AEs vs. AP. This
study discussed the effect of pH on zeta potential for membranes with different pore sizes. Use
of permeation flow and tangential flow allowed to differentiate between the pore size effects of
zeta potential since the latter mode of flow is independent of the pore size.''®

Furthermore the surface charge has been assessed by flow of fluorescent molecules by
applying an electric field to manipulate the transport of neutral and charged ions.''® ''* When
there is no applied field the fluorescent probe transport through the nanopores of TEPCM was
driven by a concentration gradient. In the presence of an electrolyte, the membranes possess a
negative charge due to anion adsorption on the surface of nanopores. This indirectly states that
the membranes have a positive charge in contrast to the earlier studies. These studies suggest that
the origin of surface charge of a solution filled nanopores is functional groups developed from

. : . . 116, 118-12
membrane processing or the adsorption of ions from the electrolyte solution.''® #1120

1.3.5 Responsive behavior of polymers to external stimuli

Polymeric materials have been incorporated into sensors for due to many advantageous
features they offer. They are inexpensive materials and can be fabricated by low cost techniques.
These materials can be deposited on various substrates and they offer a variety of
functionalization possibilities such as addition of side chains, incorporation of charged or neutral
chemical moieties in the bulk medium or on the surface.'?! Polymeric materials used in these
sensors include hydro-gels, polymer beads, poly-electrolytes, permselective membranes, polymer
brushes, ionic polymers, and optically sensitive polymers. These materials are signal responsive

because they change or tune their properties such as structural alignment, shape or dimensions,'*

123 124, 125 7 128
L, L L,

electrochemica optica magnetic,'>® permeability,'*’ mechanica and wetting/
adhesion'” upon receiving chemical or physical stimuli. Response to external stimuli of these
polymer materials are categorized into several groups such as optical, electrochemical, thermal,
mechanical etc. Table 1.2 summarizes the types of sensors based on polymeric materials and the

measured parameters of these sensors.
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Table 1.1 Types of sensors based on polymeric materials and the measured parameters.

Types of sensors Measured parameter
Electrochemical Cell potential / Conductivity/ Current
Optical Light scattering/ changes in refractive index/

adsorption or emission properties of the

material
Calorimetric Change in temperature
Semiconductor Diode characteristics/ threshold voltage
Impedance Capacitance / resistance
Mechanical Elasticity / Flexibility
Chemical pH / salinity
Biosensors Enzyme / immune reactions

1.3.5.1 Sensors based on polymer swelling

This type of sensors is fabricated immobilizing stimuli responsive polymers on a suitable
substrate. These polymers undergo swelling and shrinking according to the external stimuli they
are exposed. However these sensors suffer from delamination of the polymer film due to
swelling and shrinking, which leads to severing of covalent bonds between the polymer and the
substrate. These drawbacks have been addressed to fabricate more stable sensors by adding a
toughening agent, cross linking or preparing membranes containing porous polymer pores in a
hydrogel membrane."** Optical properties of polymers change when external stimuli are applied,
and these changed are coupled to optical sensing component to fabricate sensors. A sensor for
pH has been fabricated by casting microspheres of lightly cross linked nitrated poly(4-
hydroxystyrene) into hydrogel membranes. This sensor is sensitive to pH at wave lengths
corresponding to swelling."*' Sensors have been made by coupling fiber optics to polymer
swelling. A fiber optic sensor was fabricated from sulphonated polystyrene polymer which is
sensitive to salt concentrations. As the ionic strength of the solution increase, polymer membrane
shrinks, causing the reflecting diaphragm to move (PS polymer is coupled to a reflector),

132

changing the intensity of light reflected back into the optical fiber. Other sensors based on
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polymer swelling include dicarboxylated polymer particles that respond to pH,'** '** Copper and

135 136, 137

Ca”" ions,"” glucose, salinity in water,'** chloride detection'*® have been reported.

1.3.5.2 Polymer swelling

Swelling of polymers on application of external stimuli has been used in chemical
sensing. Crosslinked polymers swell in the presence of a suitable solvent, and this leads to
changes in the optical parameters of the polymer.** *° Polymer swelling occurs when the
solvent molecules diffuse into the crosslinked polymer and dilutes the bulk polymer. This
process is called salvation and it is driven by temperature. The chains of polymer elongate to
accommodate the volume change, and as a result, elastic retractive forces are generated to
oppose deformation of the polymer. When these forces are balanced the equilibrium state is
reached. The degree of swelling is dependent on the affinity of the polymer to the solvent, and
for ionic polymers electrostatic repulsion between the neighboring groups also contributes to
swelling."** '* According to Flory and Rehner swelling of a polymer is described by two terms.
These two terms are elastic free energy term and polymer solvent mixing free energy term.'*'
They expressed the swelling of a polymer as,

Inag=In v+ vp + vy 'Xs + Vi€ (vp > — vp/2) (1.12)
where a; is solvent activity, v and v, are volume fraction of solvent and polymer respectively, Xs
is Flory interaction parameter, V is solvent molar volume, and & is number of cross linking
points.

According to equation 1.12, cross linking density is a determining factor of swelling of
polymers. Magnitude of swelling can be determined by considering the volume changes of a
polymer in a dried state and a saturated state with the solvent. Usually this is expressed as
volume (in mL) of solvent adsorbed per gram of polymer.'**

S=[(Ws—Wp)/ d—Vy]/xWy (1.13)

Where S is the volume in mL of solvent adsorbed per gram of polymer, Wy and W are
the weights of polymer saturated with solvent and dried state respectively, V| is the void volume

of the polymer, d is the density of the solvent and x is the weight fraction of polymer.
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To determine if a given solvent cause maximum swelling of a polymer, the swelling
power of the solvent is used. It is related to the magnitude of swelling, S in the following
equation, 140 142 143

S=C M- a3 (1.14)

Where C is the swelling power for a given solvent, A and A are the average number of atoms in
the back bone of the polymer fragments and critical crosslinking density of the polymer. In terms
of solubility parameters, swelling is maximum for a crosslinked polymer when (8po1ym — Ssoiv)” 18
zero."* Swelling of polystyrene in different solvent groups have been studied, and relative
swelling power C, has been correlated to the solubility parameters. The major factor determining
the swelling of PS has been the relative affinity of the functional group of the solvent. This
affinity is reduced by the steric hindrance due to the substituent groups attached near the
functional groups.'*” '**'* These studies have used polymer—solvent systems. In this research
we investigated the swelling of PS-b-PMMA nanoporous films for polymer-solvent aqueous
systems, where there is a possibility of solvent partitioning inside the nanopores. We compared
the stability and permeability effect of solvents on PS brush and PS-b-PMMA nanoporous films
(Figure 1.7). These comparisons will allow us to understand the how the BCP material behaves
for external stimuli such as organic solvents and to optimize their applicability in

o e i
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Figure 1.7 Schematic diagram showing permeability changes induced by organic solvent

for a PS-b-PMMA nanoporous film on gold substrate.
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Figure 1.8 Schematic diagram showing permeability changes induced by organic

solvent for a PS brush on gold substrate.
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Chapter 2 - Analytical Techniques Used in This Research

2.1 Introduction

Nanoporous (Track Etched Polycarbonate) membranes, PS-b-PMMA films and Self
Assembled Monolayer coatings prepared in this research were characterized by several analytical
techniques. Thickness of the sputter coated thin gold layer was measured by stylus profilometer.
Spectroscopic ellipsometry was used to measure the thickness of PS-b-PMMA films spin cast on
gold coated Si wafer at three stages, viz. before annealing the films, before and after etching of
PMMA domains. Cyclic voltammetry (CV) was used in assessing the active surface area of the
electrodes fabricated from TEPCM and PS-b-PMMA nanoporous films on gold substrate.
Diffusion modes of redox molecules in the nanoporous structures used in this research was
determined from CV. Permeability change of redox molecules on a charged SAM modified
electrode and surface charge of TEPCM were assessed by CV. Electrochemical Impedance
Spectroscopy (EIS) was used to investigate the organic solvent induced permeability changes of
redox molecules on PS-b-PMMA nanoporous films. To support the EIS data on permeability
changes, Atomic Force Microscopy (AFM), contact mode was employed to obtain topographic

images.

2.2 Ellipsometry" >

Spectroscopic ellipsometry is a non destructive method which uses elliptic polarization of
light to measure the thickness of thin films. When an incident light beam hits on the sample and
is reflected from its surface at a different angle than the incident angle, a phase shift occurs. This
changes the ellipticity of the polarized light. Thus by analyzing the reflected light, a detailed
picture of that material can be obtained. Elliptic polarization is defined by a phase shift A, and
the amplitude of electric field; X and Y in x and y directions. For ellipsometric measurements,
ratio of amplitudes X and Y is used, denoted by tan W = X/Y, where W is the angle between X
and Y.
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Figure 2.1 shows the components of an ellipsometer which has a polarizer-compensator-
sample-analyzer configuration. The arm bearing the polarizer- compensator emits an incident
light beam with a known polarization state on the sample. Then according to the properties of the
sample, incident beam’s polarization is changed. The arm with analyzer and detector will detect
the change in the polarization of the reflected beam of light. The change in polarization of
incident light after reflection from the sample is given as a ratio between the polarization parallel
to the plane of incidence (p-polarized) and perpendicular to the plane of incidence (s-polarized).
See equation 2.1.

p=r1,/1s=tan el (2.1)

where p is the change of polarization or the ellipticity. The ratio r, / 1y is expressed in
terms of the phase shift A and ¥ which is the angle between the amplitude of electric field in X
and Y.

MMonochromator

Detector

O 0n

Analyzer

Polarizer

Compensator

Figure 2.1 Schematic diagram of Polarizer- Compensator- Analyzer-Detector type
ellipsometer.

Once an ellipsometric spectrum is generated for the film, analysis is carried out using a
layer model to extract parameters such as film thickness and refractive index of the material. The
model developed should have the correct layer sequence, and have guessed values for thickness
of all layers, and refractive index. Then the unknown parameters are varied (thickness and
refractive index) and A and ¥ values are calculated. This process is repeated till the mean square

error is minimized between the calculated values of A and W and the experimental spectra. When
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the calculated and the experimental data match with a minimized mean square error, desired film

parameters can be obtained.

2.3 Cyclic Voltammetry’

Cyclic voltammetry (CV) is a potential sweep method where potential is varied linearly
with time at a constant sweep rate, to obtain a current — potential (i-E) curve. This technique is
useful in discussing reversibility of a reaction, diffusion mode (linear or radial), diffusion
constant (Dg) for a reactant, and estimation of “n” in an electrode reaction (n = number of
electrons involved in the electrode reaction).In CV 3 dimensional i-t-E region is obtained by
measuring the current passed between the working and counter electrode, by controlling the
potential between working and the reference electrode. Figure 2.2 shows a typical CV obtained
for a reversible, one electron reaction;

O+e—>R.

According to figure 2.2, when the scan begins at a positive potential, capacitive current
flow for a certain time. When the potential is near E” (formal potential of the electrode),
Faradaic current begins to flow due to reduction of the species “O” (oxidized form). As the
potential becomes more negative (closer to E), the surface concentration of “O” decreases. This
results in an increased flux and current. The peak around E” is due to electrolysis of “O” near the
electrode surface. Then the Faradaic current gradually decreases (after the peak), which reflects a
decrease in the rate of arrival of “O” molecules to the electrode surface. When the potential scan
is reversed towards a negative potential, the “R” (reduced form) begins to get oxidized (since the
concentration of “R” is large on the electrode surface). As the potential approaches E”, a peak is
begins to emerge due to oxidation of ‘R”; giving rise to an anodic current. The choice of initial
potential and the switching potential is important, and this requires knowledge of redox potential
molecule used. The switching potential should be at least 35/n mV beyond the peaks in order to
observe a clear peak in the reverse direction. Initial potential should be well chosen, so that there

are no interfering electrode reactions occur at that potential.
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Figure 2.2 Cyclic voltammogram for macro bare gold disk electrode.

In this research, a three electrode cell set up consisting of a working electrode (micro /
macro disk gold electrode, recessed nanoporous array electrode of either TEPCM (track etched
polycarbonate membrane) or PS-b-PMMA film), a reference electrode (Ag/ AgCl, 3M KCIl) and
a counter electrode (Pt wire) was used. Depending on the scan rate and the working electrode
type (nanopore electrode / micro/ macro disk electrode), the shape of the CVs obtained was
different. This allowed investigating the diffusion mode of the redox molecules to the electrode
surface.

For a macro electrode (bare gold disk electrode, d = 2mm), a reversible redox reaction
gives a peak shaped CV (cyclic voltammogram), regardless of the scan rate. This is due to linear
diffusion of the analyte to the electrode surface (Figure 2.3). The peak current 1, is dependent on
vl (v =scan rate in V/s).

i,=(2.69x 10°) n’* A D" Cy v (2.2)

Where n is the number of electrons, A is the area of the electrode (cm?), Dy is the
diffusion coefficient of the species “O” (= cm?/ s), and Co" is the bulk concentration of “O” (
mol/cm®). Thus from a CV generated for a redox molecule at a macro electrode, above

parameters can be extracted.
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L

Au disk electrode

Figure 2.3 Schematic diagram showing linear diffusion of redox molecules to macro
electrode surface. (Diffusion layer thickness 6 << electrode size).

Microelectrodes exhibit a steady state behavior represented by a sigmoidal CV (except at
very high scan rates) (Figure 2.4). At shorter time scales, the diffusion layer thickness is smaller,
compared to the radius of the micro-disk electrodes (ro). Thus the diffusion becomes linear. At
longer time scales (slower scan rates), when the diffusion layer thickness grows larger than the
electrode size, a steady state is reached given by a sigmoidal CV. This type of CV is obtained
when the radial diffusion is dominant.

Unlike for a macro electrode, steady state current (limiting current, ij;,,) at a micro-disk
electrode is not dependent on the scan rate. Thus the limiting current iy, is given as

ilim = 4nFD0CO*r0 (23)

N\

Figure 2.4 Schematic diagram showing radial diffusion of redox molecules to the micro

electrode surface. (Diffusion layer thickness 6 >> electrode size).
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Recessed nanodisk array electrodes (RNE) were prepared from TEPCM or PS-b-PMMA
films. Diffusion mode changes from linear to radial depending on the scan rate used. At higher
scan rates, peak shaped CVs result from the diffusion of redox molecules within the nanopores.
At slower scan rates, sigmoidal CVs are observed reflecting the radial diffusion of redox
molecules outside the nanopores. In the case RNEs prepared from TEPCM, observation of
steady state CVs (sigmoidal shape) at slow scan rates suggested that the spacing between the
pores were large enough to prevent overlap of radial diffusion regimes from individual pores. In
contrast, RNEs prepared from TEPCM, PS-b-PMMA films based RNEs showed peak shaped
CVs at slower scan rates. This indicates the overlapping of radial diffusion regimes of individual
nanopores due to close spacing between them. The following theoretical equations related to ijip,
in a sigmoidal CV and i, in a peak shaped CV on a RNE were used in determining pore density,
diffusion coefficient ratios (Chapter 4) in this research.

ijim = (4mnFC,Da’N) / (4L (Dy/D,) + ma) (2.4)

i, = 0.446nF(Nna®)C V(nFDv)/ (RT) (2.5)

where n is the number of electrons, F is the Faraday’s constant ( = 96485 C/mol), a is the
pore diameter, R is the gas constant ( = 8.314J/Kmol), T is the temperature ( = 298K), N is the
total number of pores participating in the electrode reaction, L is the length of the pore
(membrane / film thickness), C is the concentration of redox molecules in bulk solution
(mol/cm?), Dy and D, are the diffusion coefficients of the redox molecules in the bulk solution
and inside the pores respectively (cm”/s). Figures 2.5 — 2.7 shows the diffusion modes for RNEs
based on TEPCM and PS-b-PMMA films depending on the scan rate and pore spacing.
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Figure 2.5 Schematic diagram of linear diffusion of redox molecules inside nanopores of a

RNE.
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Figure 2.6 Schematic diagram of radial diffusion of redox molecules outside the nanopores

of a RNE.
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Figure 2.7 Schematic diagram of linear diffusion of redox molecules resulting from overlap

of radial diffusion regimes of individual nanopores (pore spacing is closer)

2.4 Electrochemical Impedance Spectroscopy3 B

In this technique, impedance of a cell or electrode is measured as a function of frequency.
Potential sweep, potential step or current step methods use a large perturbation to drive the
electrode reaction far from the equilibrium, and observe a transient signal as the response. In
contrast, electrochemical impedance uses a small excitation signal to observe how the system
follows the given signal at a steady state. This is done by applying an AC potential to the
electrochemical cell and measuring the current through the system. In a dc current, the ration
between voltage V and current I, is given as resistance R (Ohm’s law). Resistance is independent
of frequency, and current and voltage are in phase with each other (no phase shift). (See figure

2.8)
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Figure 2.8 Voltage and current across a resistor in a dc circuit.
(https://rIphysicsinfo.wikispaces.com/file/view/Untitled8.png/33492809/Untitled8.png)

In an ac circuit, when a sinusoidal potential is applied AEsinot (E = Ej sin(wt)), the
resulting current will also be sinusoidal with a phase shift of ¢ and a value Al sin(wt + )
(resulting current I = I sin (ot + ¢). The relationship between the applied voltage and resulting
current in an ac circuit is known as impedance (Z). See figure 2.9.

Z =E/I=Ej sin (ot) / Iy sin (ot + ¢) (2.6)
Z =7 sin(ot) / sin(ot + ¢) (2.7)

imsin (wt+0)

Figure 2.9 Relationship between ac current and voltage signal for a dc circuit. Phase shift

for resulting current is ¢. (http://www.epuniversity.org/tech/image/current-leading-

voltage.jpg).
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A common electrochemical system consists of resistors, capacitors and inductors. These
should be considered when EIS data is analyzed by fitting the data into equivalent circuits.
Application of a sinusoidal potential through a pure resistor with a value of R, will result in an
impedance value equal to R, and a phase shift 0 at all frequencies (Figure 2.10). This means that
a pure resistor does not have an imaginary part, thus the current resulting through the resistor
will be in phase with the applied voltage across the resistor. In phasor notation this can be given

as E=1IR.
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Figure 2.10 (a) Relationship between ac voltage across a pure resistor, and current through
the resistor. (b) phasor diagram for the above circuit.

(http://www.physics.sjsu.edu/becker/physics51/images/32 03 Resistance%20phasor.JPG).

When a pure capacitor is used in place of resistor, the resulting impedance, Z is equal to
1/ joC and the phase angle ¢ will be 90° (r /2) (see Figure 2.11). Unlike a resistor, a capacitor
will have only an imaginary component. It is dependent on frequency and the current through the

capacitor is phase shifted 90° w.r.t the applied voltage.
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Figure 2.11 relationship between ac voltage across a pure capacitor and current through
the capacitor. Right hand side phasor diagram for the above relationship.

(http://www.physics.sjsu.edu/becker/physics51/ac circuits.htm)

For an inductor, application of ac voltage results in an impedance (Z) equal to jwL, and a
current which has a phase shift of (-) 90° w.r.t the applied voltage. The impedance of an inductor

increases with the frequency (Figure 2.12).
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Figure 2.12 Relationship between ac voltage across an inductor and resulting current

though the inductor. (http://www.physics.sjsu.edu/becker/physics51/ac_circuits.htm)

Variation of impedance with frequency is represented in Bode plots and Nyquist plots. In
Bode plots, log | Z | and ¢ (phase angle) is plotted against log w (frequency). Nyquist plots are
expressed as the imaginary (-Im Z) and the real (Re Z) parts of impedance.

Once the impedance spectra have been generated, parameters governing the
electrochemical processes in a given system can be extracted by fitting the data according to

Randle’s equivalent circuit. In these circuits resistors and capacitors are connected parallel or in
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series depicting each process in the electrochemical cell. Following types of equivalence circuits

were used to fit data in this research (chapter 5).

2.4.1. Equivalence circuit for bare gold substrate electrode
The impedance spectra obtained from bare gold substrate electrode was fitted according

to the following Randle’s equivalent circuit (Figure 2.13)

CPE

—1 Rsol I

Rt w

Figure 2.13 Randle’s equivalent circuit for a bare gold substrate electrode.

In this circuit a constant phase element (CPE) was used instead of a capacitor. Capacitors
in real cells does not behave ideally, thus use of CPE is more appropriate. Impedance of a
capacitor is given as Z = 1/ Cjw, for a CPE it becomes Z = 1/C (jw)™ where a is <1 for CPE (0 <
a) and equals 1 for a capacitor. In the above circuit, solution resistance due to electrolyte is given
as Rgo. At high frequencies Ry, becomes independent of frequency, and is the intercept on the
real impedance axis at the high frequency side. Charge transfer resistance, R (polarization
resistance at the formal electrode potential) is the kinetically controlled part of Faradaic
impedance in a electrochemical reaction. This is due to the electron transfer across the electrode
interface, by overcoming the polarization resistance. For a bare gold electrode, R will be low,
reflected by a less developed semi-circle due to fast kinetics. In contrast for a polymer film
coated electrode, a well defined semi-circle is observed due to sluggish kinetics / higher Ry.
Warburg impedance (W) is the resistance to mass transport of the reactants. At higher
frequencies, it becomes negligible because the distance that the reactants have to diffuse is less.
However at low frequencies, it becomes significant since the reactants have to diffuse for long
distances. In a Nyquist plot Warburg impedance is represented as a straight line with a slope

equal to 1, and an angle of 45°, while in Bode plot it reflects a phase shift of 45 degrees.
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2.4.2 Equivalence circuit for PS-b-PMMA film coated nanoporous electrode.®”’

For the PS-b-PMMA nanoporous film coated electrode the EIS data were fitted to a
modified Randle’s equivalent circuit (see Figure 2.14). This model incorporates the pore
resistance (Ryore) and the capacitance of the polymer film CPE,iymer (instead of a pure capacitor
CPE is used). This model assumes that the redox molecules reach the electrode surface through
open pores. In contrast to the bare gold substrate electrode, the charge transfer resistance is given

as a well defined semi circle.

— R -

Figure 2.14 Randle’s equivalent circuit for the PS-b-PMMA film coated electrode.

2.5 Atomic Force Microscopylo'13

In this research, contact mode AFM (Atomic Force Microscopy) imaging in solution
phase was used to generate topographic images of PS-b-PMMA nanoporous films in the
presence and absence of organic solvents. AFM can be considered as a combination of STM and
stylus profiler. In contrast to STM (Scanning Tunneling Microscopy), AFM can be used for both
conductive and non conductive samples whereas former can image only conductive samples in a
vacuum. AFM is used vastly in surface characterization, imaging and determination of
interaction forces between molecules / surfaces of interest. It is also advantageous over electron
microscopy, since it can be used in air or solution phase.

AFM gives 3 dimensional images in x, y planes (horizontal) and z plane (vertical). To
obtain images The AFM probe mounted at the end of a flexible cantilever is raster scanned

across the sample surface to measure the atomic level forces between the tip and the surface. The
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deflection of the cantilever arm is detected to build the topographic image of the sample. This is
the basic technique of AFM imaging, and it is varied according to the sample to be imaged and
the required information from an experiment. The basic components of an AFM is given in

figure 2.15.

Photodiode

Sample

Piezoelectric
scanner

000}~
|

Figure 2.15 Components of AFM

(http://www.geobacter.org/research/nanowires/images/jpg/AFM diagram.jpg)

AFM measures the forces between the sharp tip (usually made of SisNy4) and the sample
surface. These forces deflect the cantilever according to Hooke’s Law (equation 2.8).

F=-kx (2.8)

Where F is the elastic force ( = N), x is the deflection of the cantilever (=m) and k is the
spring constant of the cantilever (N/m). When taking the AFM image the tip will be moved
relative to the sample by a piezo scanner. The cantilever chip or the sample itself can be mounted
on the piezo crystal (tip scanning or surface scanning respectively). Direction of the scanning is
referred to as z axis. Deflection of the cantilever as it moves along the surface will change the
laser spot position on the quad photo detector, allowing monitoring the changes in deflection. In
a typically a quadrant photo diode is used. This is divided into four parts with a horizontal and
vertical line, and each quarter is labeled A to D. The deflection signal is calculated by (A + B) —
(C + D) which gives the topographic data. (See figure 2.16). All these segments combine to give

the sum of the signal. The measure of the cantilever deflection is given by the amplified
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differential signal of the top two segments and the two bottom segments. By comparing the
signal strength detected by A + C vs. B + D, lateral or torsional bending of the cantilever is

possible.

i

Figure 2.16 Quadrant photo diode detector used in AFM

The images of PS-b-PMMA nanoporous films in this research are generated by contact
mode AFM. In this mode, the tip comes to contact with the sample at all the time. The repulsive
forces between the probe and the sample generate the image, by applying a constant force or
constant height. In constant force mode, the force of the cantilever deflection is kept constant.
When the cantilever is deflected, the z height is adjusted to cause the tip to return to the original
deflection. The change in z height is monitored and is used as a function of x and y directions to
create the topographic image. In the constant height mode, the z height is kept constant and the

deflection of the cantilever is used in generating the image.
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Chapter 3 - pH dependent voltammetric response of micro disk gold

electrodes modified with thioctic acid self assembled monolayers.

Reproduced by permission of Taylor & Francis Group.
Published as: Perera, D.M.N.T.; Nagasaka, S.; Ito, T. Supramolecular Chemistry, 2010,
22, 450-454. (DOI: 10.1080/10610278.2010.483736)

3.1. Introduction

Ion Channel Sensors (ICS) are electrochemical sensors that can determine the
concentration of a redox inactive analyte. They are particularly desirable in detection of large
hydrophilic ionic species having high charge numbers.' ICS employ electrodes modified with
thin films of analyte selective binding moieties. Selective binding of analytes or substrates
triggers changes in surface charge® and /or porosity of the films® which can be measured as
changes in the redox current of electro-active markers added to the media (e.g. Fe(CN)g"). Thus
working principle of an ion channel sensor mimics ion channel proteins in biological
membranes. Key advantages of ICSs are selective recognition of analytes and signal
amplification. Selective binding of a small amount of analytes results in an electrochemical
response caused by a larger number of electro-active species. Thus principle of signal
transduction can be generally applied for electrochemical sensors designed for small ions and

"4 1CSs can be classified into two types, based

molecules,” ' to relatively large biomolecules.
on their response mechanism. In one type, analyte molecules form inclusion type complexes with
the substrate / receptors, physically block the intra-molecular channels. These ICSs are used in
detection of neutral, redox inactive analytes, and response mechanism resembles ion channel
proteins in biological membranes.” Charge based ICSs (CB-ICS) use electrostatic attraction or
repulsion as the response mechanism. These exhibit voltammetric responses based on electrode
surface charge changes, induced by analyte — substrate complexation. Binding of ionic analytes
to the sensor surface induce large changes in surface charge of thin films, leading to large

voltammetric responses for charged redox markers.”'""'?

45



This chapter reports our attempts to experimentally and theoretically investigate the
voltammetric response of CB-ICSs, based on micro-disk electrodes. Understanding the response
behavior of micro electrode based ICS is important for their future applications in in-vivo

6

. . 1 . 1 . . . qe . 1
biological research,”” array based sensor chips,'® and detectors in micro fluidic devices.'’

Voltammograms at a micro-disk electrode can be theoretically described using closed form

1820 thus allowing us to analyze the experimental data quantitatively. Quantitative

equations,
analysis based on a simple model was used to recognize the chemical processes that contribute
significantly to the voltammetric responses of ICSs. Previous studies have reported various
processes involved in voltammetric response of an ICS.”" #* This study focused only on
investigating the simplest case of voltammetric response of CB-ICS; an ion channel sensor based
on electrostatic repulsion. The voltammetric response of ICSs has been evaluated on the basis of
the effects of electrode surface charge on electrode reaction kinetics; the Frumkin effect.** **

In this chapter we report the pH dependence of cyclic voltammograms (CVs) of
Fe(CN)s> on micro-disk gold electrodes modified with thioctic acid (TA) monolayers. A TA
modified electrode can be considered as a simple model system of an ICS based on electrostatic
repulsion. Upon deprotonation at higher pH, the terminal —-COOH groups of a TA monolayer
offers a negative surface charge, which can be recognized by measuring the redox current of

24-26 By using a negative redox marker (Fe(CN)¢™), we were able

charged electro-active markers.
to simplify our theoretical simulation, because the voltammetric response arise from the
diffusion of the redox marker, rather than ions adsorbed on the electrode surface.”’ Although
CV’s of Fe(CN)s™ on a TA modified micro electrode at pH 1.5 and 7.4 were reported

previously,*® they were not discussed quantitatively using theoretical equations.

3.2. Materials and Methods

3.2.1Chemicals
All of the solutions were prepared with ultra pure water with a specific resistance greater
than 18.0 MQ cm (Barnstead Nanopure Systems, Dubuque, IA, USA). Potassium chloride (KClI;
Fisher, Loughborough, UK), potassium hydroxide (KOH; Fisher), hydrochloric acid (HCI;
Fisher), potassium dihydrogen phosphate (KH,POy; Fisher), potassium hydrogen phosphate
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(K;HPO,4, Fisher), potassium hexacyanoferrate(Ill) (Ks;Fe(CN)g; Acros Organics, Geel,
Belgium), and thioctic acid (TA; TCI) were of analytical grade and used as received.

3.2.2 Electrode Preparation and Electrode Measurements

A gold microdisk electrode (25 pm in diameter; CH Instruments, Austin, TX, USA) was
polished with wet Alumina slurry (0.05 pm; Buehler, Lake Bluff, II, USA). The polished
electrode was dipped in an ethanolic solution of 5 mM thioctic acid overnight, and then washed
with ethanol and subsequently with ultra-pure water prior to use. Electrochemical measurements
were performed in a three-electrode setup containing an Ag/AgCl (3 M KCl) reference electrode
and a Pt counter electrode with a CH Instrument 720C electrochemical analyzer. CVs on gold
microdisk electrodes before and after TA modification were measured in 3.0 mM K;Fe(CN)g
solutions containing 0.1 M KCl and 10 mM phosphate (pH 2.5, 3.5, 4.5, 5.5, 6.5 and 7.5) at room
temperature (ca. 25 °C). The relative standard deviation of the reduction current of Fe(CN)s>
obtained at 3—6 separate TA-modified electrodes was ca. 20%, probably due to the variation of
the molecular packing of the TA monolayers. The reproducibility of CV data was not improved
by increasing TA modification time or by electrochemically cleaning a microdisk gold electrode
in an aqueous KOH or H,SOy solution prior to TA modification. Theoretical voltammograms
for the reduction of Fe(CN)63' on microelectrodes under the influence of the Frumkin effect were

obtained using MS-Excel.
3.3. Results and Discussion

3.3.1. Stability of the TA Monolayer on a Microdisk Gold Electrode.

First, the stability of a TA-modified microdisk gold electrode during multiple CV
measurements in 3.0 mM Fe(CN)63' solutions was examined. Figure 3.1 shows the voltammetric
response of a TA-modified microelectrode for Fe(CN)¢”™ as a function of pH. The CV
measurements were performed in seven separate solutions of different pH, from acidic (2.5) to
neutral pH (7.5) and then pH 2.5. The reduction current of Fe(CN)s>~ was smaller at higher pH,
reflecting the deprotonation of the terminal -COOH groups of the TA monolayer.”® However,
the second measurement at pH 2.5 exhibited a larger reduction current as compared with the first

measurement at pH 2.5, suggesting the desorption of TA from the gold surface during the CV
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measurements probably due to the etching of gold by Fe(CN)¢.?’

The etching may have
occurred at defects in the loosely-packed TA monolayer: Its surface coverage (3.1 x 107"
mol/em?)® is much lower than that of densely-packed alkanethiol monolayers (2.5 x 107
mol/ecm?)."® Because of the relatively low stability of the TA monolayer in Fe(CN)s"~ solutions,
each freshly-prepared TA-modified microelectrode was used to measure one CV data at a certain

pH condition.

10 .

pH25 (2)

pH 2.5
- pH 3.5
< 5] pH 4.5
= pH 5.5
pH 6.5
pH 7.5

06 04 0.2 0 -02
E (V vs. Ag/AgCI)

Figure 3.1 Typical voltammetric response (scan rate: 10 mV/s) of a TA-modified microdisk

gold electrode (25 pm in diameter) for Fe(CN)¢" as a function of pH. CV measurements

were performed from pH 2.5 to 7.5, and then at pH 2.5 (pH 2.5 (2)). Measured in 3.0 mM

Fe(CN)s” solutions containing 0.1 M KCl and 10 mM phosphate at room temperature (ca.
25°C)

3.3.2. pH Dependence of the CVs of Fe(CN)s"~ at Freshly-Prepared TA-Modified
Microdisk Gold Electrodes.
Figure 3.2 shows typical CVs of Fe(CN)s> at microdisk gold electrodes before and after
TA modification at different pH. Bare microdisk gold electrodes exhibited very similar
sigmoidal CVs at all the pH conditions examined. The similarity in limiting currents (iji,) and
CV shapes indicate that solution pH did not affect the diffusion coefficient (D) and electron-
transfer rate constant (k”) of Fe(CN)s" at the bare gold electrode. These parameters were

calculated from the CV data using the following equations: ' °

=4nFDCr (1)

HNim
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where 7 is the number of electrons (n = 1 for Fe(CN)¢>), F is Faraday’s constant (=
96485 C/mol), C is the concentration of Fe(CN)s>™ (= 3.0 mM), r is the radius of the disk
electrode (= 12.5 um), R is the gas constant (= 8.31 J/Kemol), T is temperature (= 298 K for 25
°C), k is the electron-transfer rate constant (= £° at an unmodified gold electrode),  is the
transfer coefficient (= 0.5), E is the applied potential, and E” is the formal potential of Fe(CN)63'
" Regardless of solution pH, the D and k° of Fe(CN)¢’~ were similar (Figure 3.3), ca. 7.7 x 10°®

cm?/s and 2.5 x 107 cm/s, respectively, which were very close to literature values.
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Figure 3.2 CVs (scan rate: 10 mV/s) of Fe(CN)63' at microdisk gold electrodes (25

pm in diameter) before (dashed lines) and after (solid lines) TA modification in

solutions of different pH. Each CV was measured at a freshly-prepared electrode.

Measured in 3.0 mM Fe(CN)63' solutions containing 0.1 M KCIl and 10 mM

phosphate at room temperature (ca. 25°C). Data taken by Ms. Shinobu Nagasaka.
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In contrast, the reduction current of Fe(CN)¢> at TA-modified microelectrodes gradually
decreased from pH 2.5 to 5.5, and then was similar at higher pH. At pH 2.5, a quasi-reversible
CV was observed, although the limiting current was slightly smaller than that at the
microelectrode prior to TA modification. At the higher pH, CVs were less reversible, suggesting
a decrease in the rate constant of the electrode reaction. These observations could be related to
the deprotonation of the -COOH groups of the TA monolayer covalently immobilized onto the

. . . . 2
electrode surface, as described in the previous section.”®

In contrast, electrodes coated with
insulator-based nanopores having ionizable surface functional groups exhibited pH-dependent
CV changes with similar reversibility, which were explained by changes in effective pore size
due to the electrical double layer extending from the pore surface.’’>* The CV data at TA-

modified micro-disk electrodes were compared to the theoretical voltammograms in the next

section.
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Figure 3.3 (a) D and (b) k° values of Fe(CN)63' measured at bare microdisk gold electrodes
(25 pm in diameter) in 3.0 mM Fe(CN)s” solutions containing 0.1 M KCI and 10 mM
phosphate at room temperature (ca. 25°C). The plots and error bars indicate the averages

and standard deviations obtained from three separate electrodes.

3.3.4. Theoretical Voltammetric Responses of TA-Modified Micro disk Electrodes.
As discussed above, the pH-dependent changes in voltammetric reversibility at TA-
modified electrodes could reflect electrode reaction kinetics on charged electrodes that can be

interpreted based on the Frumkin effect.'® In the Frumkin effect, electrode reaction kinetics is
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affected by changes in (i) the distribution of ionic electroactive species at charged electrode
surface due to electrostatic interactions and (ii) the effective potential driving the redox reaction

at charged electrode. The rate constant at a charged electrode (k) can be related to the rate

constant at a bare electrode (£°) using the following equation:'® %% ¥
_ F
k? — kO e (a Zred) 2 3

where z,¢q is the charge of the electroactive species (zeq = -3 for Fe(CN)¢™) and ¢ (V) is
the potential at the outer Helmholtz plane. In a 1:1 electrolyte, ¢ is described using the

electrode surface charge density, o (C/cm?), according to the Gouy-Chapman theory:'®

172 . | zF
o= 8RTe5,Cee) smh(ﬁj )

where z is the charge of the supporting electrolyte ions (here, z = 1), gis the dielectric
constant of the solution (~ 78.35), & the permittivity of free space (= 8.85 x 102 F/m), and Cpjec
is the supporting electrolyte concentration (~ 0.1 M). Assuming that the electrode surface
density is determined by the charge of a TA monolayer, o can be described using the following
equation regarding the protonation/deprotonation of the surface -COOH groups:*°

FK T
o =—_—_ @ COOHotal %)
[H']+K,

where K, is the apparent acid dissociation constant of the surface -COOH groups,
Tcoon, ttal 1 the TA density on the electrode surface (= 3.1 x 10710 mol/cmz),28 and [H+] is the

proton concentration in the solution. A solid-form equation describing the relationship between
i/im and E — E° could be obtained from Eqs (2)~(5) (k = &’ in Eq (2)), and was used to simulate

the pH dependence of voltammetric response of a TA-modified micro-disk electrode.
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Figure 3.4 Theoretical voltammetric pH responses for the reduction of a redox-
active trivalent anion at microdisk electrodes coated with acidic functional groups
having different apparent surface pK, values: (a) pK, 4.5, (b) pK, 5.0, (¢) pK, 5.5,
(d) pK, 6.0, (e) pK, 6.5. The k" and D values employed for the simulation were
obtained from Figure 3. The currents were normalized by the transport-limited

current value (ijim)

Figure 3.4 shows the theoretical voltammetric pH responses for the reduction of a
trivalent redox-active anion at micro-disk electrodes coated with monolayers having acidic
functional groups. The pH dependences were simulated by varying the apparent surface pK, of
the acidic groups. In all cases, more reversible voltammograms could be obtained at the lower
pH, reflecting the larger & due to the smaller negative surface charge, as suggested by Eq (3).
In addition, the trivalent redox-active anion could be reduced at higher pH for surface acidic
groups having higher apparent surface pK,, i.e., higher affinity to H'. Importantly, the pH
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dependence measured experimentally (Figure 3.2) was close to the one theoretically obtained
with the apparent surface pK, of 5.5 (Figure 3.4c), which was consistent with that of surface -
COOH groups in loosely-packed monolayers.*” Indeed, the apparent surface pK, estimated using
the least squares fitting of theoretical curves to the CV data was 5.42. Using the pK, value, K’
values (cm/s) for the trivalent redox-active anion could be calculated to be 1.1 x 107 (pH 2.5),
5.5x 10” (pH 3.5), 3.5x 10" (pH 4.5), 5.9 x 10™° (pH 5.5), 1.6 x 10" (pH 6.5) and 1.2 x 107
(pH 7.5). The decrease in A’ from pH 2.5 to 5.5 originates from an increase in the surface
negative charge due to the deprotonation of the surface acidic groups, leading to the
voltammetric response. The similarity of the experimental and theoretical data suggests that the
voltammetric response of a TA-modified electrode to pH can be primarily explained on the basis
of the variation of the electrode reaction kinetics of Fe(CN)¢" due to the charge of the COOH-
terminated surface. On the other hand, experimental reduction currents at pH higher than 4.5
were larger than the theoretical currents (Figure 3.2c-f vs. Figure 3.4c), probably reflecting the
presence of defects in the TA monolayers. It should be noted that the theoretical equations can
be used for predicting the effects of different parameters, including the density and affinity of
surface binding moieties as well as the charges of analytes and electroactive markers, on the

voltammetric responses of microelectrode-based CB-ICSs.

3.4. Conclusions

This chapter discussed the experimental and theoretical investigations on the pH
dependence of the CVs of Fe(CN)s> at TA-modified micro-disk electrodes. Although the
defects of a monolayer significantly influenced the experimental CV data, the voltammetric pH
responses measured experimentally were similar to quasi-reversible steady-state voltammograms
simulated in consideration of the Frumkin effect. The similarity suggests that changes in
electrode reaction kinetics reflecting the distribution of Fe(CN)¢” and the effective potential at
the charged electrode surface would be one of the major factors affecting the voltammetric

responses of ICSs based on electrostatic repulsion.
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Chapter 4 - Cyclic Voltammetry on Recessed Nanodisk-Array
Electrodes Prepared from Track-Etched Polycarbonate Membranes

with 10-nm Diameter Pores

Reproduced by permission of The Royal Society of Chemistry
Published as: Perera, D.M.N.T. and Ito, T. Analyst, 2010, 135, 172-176.

4.1 Introduction

Track etched polycarbonate membranes have nearly cylindrical pore shapes and narrow
pore size distribution. Thus they have been employed as filtration membranes,' as model systems
for studying hindered mass transport’ and as templates for synthesis of nanowires and nano
electrode ensembles.” * TEPCMs incorporated into microfluidic devices have been used as

6-10

diffusion controlled separators between two channels,’ as potential controlled gates,  and for

. . . 11, 12
the electrokinetic preconcentration of molecules.® '

Nano-porous TEPCM can be used in
separation and detection of analytes based on size exclusion and chemical interaction. Such
devises are fabricated by electroless deposition of gold on TEPCM nano-pores and their
subsequent chemical functionalization with thiolate self assembled monolayers.'” '* All these
applications involves mass transport of solvated molecules that reflects the surface properties
such as charge and hydrophobicity of TEPCM nano-pores.

Previously the surface charge of unmodified TEPCM nano-pores was assessed by

15-17 . 17 18, 19
1, electro-viscous effects ' and flux of florescent molecules.™ = These

streaming potentia
studies have suggested the presence of surface charge on solution filled TEPCM nano-pores that
possibly originates from functional groups developed during membrane processing or adsorption
of ions from the aqueous solution.'® ' ' Although these methods have provided information
reflecting the net properties of nano-pores, they have not been employed to discuss the
heterogeneous nature of the nano-pores (e.g. surface vs. cavity). The surface of TEPCM nano-
pores is often coated with a thin polyvinylpyrrolidone (PVP) layer to increase the hydrophilicity,
that may play an essential role in the molecular mass transport behavior.'® "

In contrast to the above methods, electrochemical methods have been used to discuss the

heterogeneous natures of nanoporous media deposited on electrode surfaces.”® A faradic current
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reflects the diffusion coefficients and concentrations of redox species in the media, the kinetics
of the electrode reaction, the time-scale of measurements (e.g., scan rate in voltammetry),
solution convection and electrode geometry.”’ Thus, detailed analysis of faradic currents
measured under controlled conditions made it possible to discuss the distinct electron/mass
transport modes within nanoporous media. For example, the properties of two bicontinuous
phases within anodic aluminum oxide (AAO) nanopores modified with an organic polymer or
bilayer assemblies were investigated using voltammetry and chronocoulometry on AAO-based

22-25

recessed nanodisk-array electrodes (RNEs). The mass/electron transport properties and

concentration of redox species within a thin organic layer on the nanopore were different from
those within the nanopore cavity, resulting in observations of enhanced redox reaction.”>

In this chapter, study of the surface properties of 10-nm diameter TEPCM nano-pores
coated with PVP using cyclic voltammetry on TEPCM based RNEs is discussed. Due to their
higher surface-to-volume ratio, TEPCMs with 10-nm diameter pores were expected to offer a
faradic current more significantly reflecting the nanopore surface properties as compared to those
containing 50-nm diameter pores.”® TEPCM-based RNEs were characterized using several
different approaches, including measurements of charging and faradic currents, profilometry to
measure the membrane thickness, and scanning electron microscopy (SEM) to determine the

pore density and diameter. As compared to AAO membranes™ '+ 2> %7

28-34

and nanoporous
membranes derived from block copolymers that contain an array of densely-packed
cylindrical nanopores, the pore density in the TEPCM was much lower. The low pore density
provided a means for characterizing the RNEs from the transition of cyclic voltammogram (CV)
shapes measured at different scan rates.”> > At slower scan rates, sigmoidal CVs reflecting the
steady-state, radial diffusion of redox molecules from a solution into the nanopores were
observed on these RNEs, which facilitated our discussion on the electrochemical data. The
charge within the TEPCM nanopores was assessed from the limiting currents in sigmoidal CVs

of charged and uncharged redox species measured at different pH and supporting electrolyte

concentrations.
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4.2 Experimental Section

4.2.1 Chemicals and Materials

All solutions were prepared with water having a resistivity of 18 MQcm or higher
(Barnstead Nanopore Systems). Potassium nitrate (Fisher Chemical), potassium dihydrogen
phosphate (Fisher Chemical), potassium hydrogen phosphate (Fisher Chemical), potassium
hydroxide (Fisher Chemical), potassium ferricyanide (K3Fe(CN)g; Arcos Organics),
ferrocenylmethyltrimethylammonium iodide (TMAFc'T; Strem Chemicals), and 1,1 -
ferrocenedimethanol (FcDM; Aldich) were of reagent grade quality and used without further
purification.  Ferrocenylmethyltrimethylammonium nitrate (TMAFc'NOs’) was prepared by
passing a TMAFc'T solution through NOs-form anion exchange resin (Amberlite TRA-900,
Aldrich), and characterized using ion chromatography (column: Hamilton PRP-X100). TEPCMs
with pore diameters of 10 nm (25 mm membrane diameter) were obtained from Osmonics. The
thickness of a TEPCM was measured using a profilometer (Ambios Technology XP-2 Stylus
Profiler). SEM images of a TEPCM were measured using a Zeiss Leo 32 SEM at the
Microscopy & Analytical Imaging Laboratory, the University of Kansas, upon deposition of a 5-
nm thick Pd/Au alloy film on the sample.

4.2.2 Fabrication of TEPCM-Based RNEs
TEPCM-based RNEs were prepared according to the procedures described previously.*®
In short, the rougher face of a TEPCM was coated with a gold layer (> 200nm thick) via
sputtering (EFFA Coater, Ernest F. Fullam), and then the gold side was mounted on a glass slide
(ca. 1 x 1 cm?) coated with a thin film of PDMS (Sylgard 184, Dow Corning). Electrical contact
to the Au surface was made using conducting copper tape (Electron Microscopy Sciences) to use

the RNE as a working electrode (Figure 4.1).
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Figure 4.1 Schematic illustration of the experimental setup used for measuring CVs on a

TEPCM based RNE.

4.2.3 Electrochemical Measurements
Electrochemical data were obtained using a CH Instruments Model 618B electrochemical
analyzer. Electrochemical experiments were carried out in a three-electrode cell containing a
Ag/AgCl (3 M KCl) reference electrode and a Pt counter electrode (Figure 1).° The area of the
RNE in contact with solution was 0.34 cm®. In addition, a 25-um diameter gold microelectrode
was used to measure the diffusion coefficients of Fe(CN)s~, TMAFc™ and FcDM in 0.1 M
KNOj;. CV measurements were taken at scan rates ranging from 5 mV/s to 1000 mV/s at room

temperature.
4.3 Results and Discussion

4.3.1 Electrochemical Characterization of TEPCM-Based RNEs with 10-nm Diameter

Pores.
First, TEPCM-based RNEs were characterized by measuring (a) capacitive currents and
(b) CVs of uncharged FcDM at different scan rates. The former provides a means for

determining the total active area of a RNE that makes it possible to directly assess the seal
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between the gold layer and TEPCM.* The latter offers the scan rate that gives the transition
between sigmoidal and peak-shaped CVs, permitting us to discuss the diffusion behavior of

FcDM within the TEPCM nanopores.*®*>*!

(a) Capacitive Current Measurements

Capacitive current on a TEPCM-based RNE was obtained by measuring CVs in 0.1 M
KNO; (Figure 4.2) and was used in determining the effective surface area of the recessed
nanodisk electrode array. In a RNE, each nanodisk behaves as an individual nano electrode
having an area of ma”. The effective surface area of the nanodisk array is the sum of surface areas
from each individual nanodisk (equation 4.1)

Aer = (ma’) N (4.1)
Where N = nir’d, N is the number of open pores, d is the pore density (pores/cm?), r is the “O”
ring radius (cm), and a is the radius of nano pore (cm). The cathodic and anodic current at 0.1 V
vs. Ag/AgCl was used to calculate the active electrode area of a RNE using the double layer
capacitance of gold surface that was measured on a gold disk electrode (5.7 x 10° F/cm?). The
slope of the plot of capacitive current and scan rate is used to calculate the effective surface area,
according to equation 4.2. (See figure 4.3)

Leng = VACq (4.2)
Where I 1s the capacitive current (A), v is the scan rate (V/s), Cq 1s the double layer
capacitance (F/cm?). If the seal between the TEPCM and gold film was perfect, the active
electrode area of a RNE would be close to the total cross-sectional area of the open pores (5.1 x
10 cm?), which was calculated from the pore radius (7.1 nm) and pore density (9.5 pores/um?)
determined from SEM images (Figure 4.4). If the gold film is completely detached from the
TEPCM, the active area would be close to the RNE area in contact to the solution (0.34 cmz).
The experimental active area was (1.1 £ 0.7) x 10? cm? (average + standard deviation from 4
separate RNEs), suggesting that the solution crept into gaps between the TEPCM and the gold
film formed due to their imperfect seal. The charging current of a RNE was unchanged for 5-7
days, indicating the strong adhesion of the sputter-coated gold film onto the TEPCM in contrast

to a vapor-deposited gold film.”®
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Figure 4.2 Overlaid Cyclic Voltammogram for a TEPCM based RNE (pore diameter

10nm) in 0.1M KNO; for scan rates 2000mV/s — 10mV/s. Capacitive current measured at
0.1V.
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Figure 4.3 Plot of Capacitive current vs. scan rate for a TEPCM based RNE (pore diameter

10nm) in 0.1M KNO;, for scan rates 1000 mV/s — 40 mV/s. capacitive current measured at
0.1V.

61



pore diameter |
143+ 2.3 (nm)

(b)
N
g
£
w 30
=]
5
Ee
£
=
=

0 5 10 15 20 25 30
Diameter (nm)

Figure 4.4 (a) SEM image of TEPCM showing pore distribution. (b) Histogram for pore
size distribution of TEPCM.

(b) CV Measurements at Different Scan Rates

Subsequently, CVs of 3.0 mM FcDM on TEPCM-based RNEs with 10-nm diameter pores
were measured at different scan rates (v). As shown in Figure 4.5a, the transition from sigmoidal
to peak-shaped CVs was observed with increasing scan rate. The sigmoidal CVs reflected the
radial diffusion of redox molecules from the outside of the pores, whereas the peak-shaped CV
originated from their linear diffusion within the nanopores.”® > *® The observation of sigmoidal
CVs at slower scan rates suggested that the spacing between pores was so large that the diffusion

layers from individual pores did not overlap.**
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Figure 4.5(a) Cyclic voltammograms for a TEPCM-based RNE (10 nm in pore diameter) in
a solution of 3.0 mM FcDM containing 0.01 M KNO; and 0.01 M KH,PO4K,;HPO4 buffer
(pH 6.3) at five different scan rates (0.01, 0.05, 0.1, 0.4 and 1 V/s). (b) Relationship between
the maximum oxidation current of 3.0 mM FcDM and the square root of scan rate.
Measured in 0.01 M KNO; and 0.01 M KH,PO4+-K;HPO, buffer (pH 6.3) on the TEPCM-
based RNE that gave CVs shown in Figure 4.5a.

Figure 4.5b summarizes the relationship between the maximum oxidation current (i.e., a
limiting current (ijin) in a sigmoidal CV; a peak current (7,) in a peak-shaped CV) and scan rate,

12 . o . .
"2 The maximum current was similar at lower v, and then linearly increased for v greater

ie,v
than 0.05 V/s. Similar results were obtained on four separate TEPCM-based RNEs with 10-nm
diameter pores. These observations are qualitatively consistent with the following theoretical
equations regarding iy, in a sigmoidal CV and i, in a peak-shaped CV on a RNE*>*:
. 4nnFC Da’N
4L(D,/D, )+ ma

(4.3)
FD
i, =0.446nF(Nra®)C, [ =2~
RT (4.4)

Where 7 is the number of electrons (n = 1 for the redox-active molecules used in this
study), F is Faraday’s constant (= 96485 C/mol), a is the pore diameter, R is the gas constant (=
8.31 J/Kemol), and T is temperature (= 298 K for 25 °C). N is the total number of nanopores
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participating (vide supra), and L is the length of the nanopore, which would be close to the
thickness of the TEPCM measured using profilometry (6.4 um). These equations were derived
under the assumption that the apparent diffusion coefficients and concentrations of redox species
within nanopores (D,, Cp) are different from those in a solution (D5, Cs). Eq (4.3) indicates ijin, is
similar regardless of v, and Eq (4.4) indicates i, is proportional to v as shown in Figure 4.5b.

However, in contrast to previously reported results obtained on TEPCM-based RNEs
containing 50-nm diameter pores,”® the currents observed on the RNEs with 10-nm diameter
pores were larger than those calculated using the theoretical equations. For example, the average
and standard deviation of i}, measured on four separate RNEs was 2.3 = 0.7 pA, and was larger
than 1.4 pA that was obtained from eq (4.3) by assuming D, = D; = 6.1 x 10 cm?/s for FcDM.
In addition, 7, was much larger than the theoretical one calculated using eq (2) at C, = Cs = 3.0
mM and D, = D: For example, i, obtained at 0.4 V/s from the four RNEs was 4.5 + 0.4 nA,
whereas the theoretical value was 0.8 pA. The large currents suggest the involvement of
enhanced electron/mass transport (i.e., larger apparent D) within the nanopores such as electron
hopping through a nanopore surface layer that contains the redox species at higher
concentration.”” The surface layer may originate from a PVP layer immobilized on the nanopore
surface, considering its hydrophobic nature as compared with aqueous solution within the
nanopore cavity. An enhanced faradic current was previously reported on AAO-based RNEs
whose pore surface was covered with such an organic polymer layer.”***

On the other hand, the scan rate that gave the transition (v;) was ca. 0.05 V/s (Figure
4.5b), which was much slower than the scan rate (0.8 V/s) estimated using eq (4.5) under the

assumption of L = 6.4 um and D, ~ D25
2RTD,
y, =
" FI? 4.5)

Smaller D, than D; due to strong interactions with nanopores and/or larger L due to the
tilted track angle may explain the slower v;, but are not consistent with the larger iy, and i, (vide
supra). Currently, we do not have a comprehensive model that can explain both the larger

faradic current and smaller v;.
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4.3.2 CV Measurements of Uncharged and Charged Redox Species on TEPCM-Based

RNEs at Different pH and Supporting Electrolyte Concentrations.

Subsequently, CVs of three different redox species were measured at different pH (pH 4 —
9) and supporting electrolyte concentrations ([KNO3] = 0.1 and 0.01 M in addition to 0.01 M
KH,PO4+~K,;HPOy,4). A series of sigmoidal CVs measured at 0.01 V/s on an identical TEPCM-
based RNE is discussed. Limiting currents in such CVs may be affected by the gaps suggested
by the capacitive current measurements (vide supra) less significantly than peak currents in
peak-shaped CVs, because they reflect the diffusion of redox species from the outside of the
nanopores. Eq (4.3) suggests that difference in i, can be attributed to changes in D,. D,
reflects the partition of the redox species into the nanopores in addition to the mass/electron

20, 44

transport properties of the nanopores. Thus, comparison of the sigmoidal CVs of charged

and uncharged redox species at different pH can be employed to discuss interactions between the

redox species and the 10-nm diameter nanopores.
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Figure 4.6 Cyclic voltammograms (scan rate: 0.01 V/s) of 1.0 mM K;Fe(CN)g solutions
containing (a) 0.1 M KNO; + 0.01 M KH,PO4K;HPQO, and (b) 0.01 M KNO; + 0.01 M
KH,PO4K;HPOQ, at three different pH on a TEPCM-based RNE (10 nm in pore diameter).

These data were obtained using a RNE different from that gave the data shown in Figure
4.5
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Figure 4.6 shows CVs of 1.0 mM Fe(CN)¢’ measured on a RNE at 0.01 V/s in solutions
of three different pH conditions containing (a) 0.1 M and (b) 0.01 M KNOs;. In 0.1 M KNOs, #jim
at pH 4.4 was slightly larger than those at pH 6.1 and 8.0 (Figure 4.6a). In 0.01 M KNOs, the
decrease in iy, at higher pH was larger (Figure 4.6b) as compared with that in 0.1 M KNO;. The
shapes of the CVs were very similar, suggesting that the decrease in i, originated from changes
in nanopore properties rather than changes in electrode surface properties. These observations
suggest that electrostatic interactions between Fe(CN)¢"~ and the nanopores play an essential role
in the changes of ilim-3 1,32,45

In contrast to the decrease in iy, of Fe(CN)63', TMAFc" exhibited an increase in iy, with
increasing pH, as shown in Figure 4.7. The change in i, in 0.01 M KNOs (Figure 4.7b) was
larger than that in 0.1 M KNOj (Figure 4.7a). The reversibility of the CVs was very similar
regardless of the pH and supporting electrolyte concentrations. These results support the

involvement of electrostatic interactions in the pH dependence of i}, of the cationic TMAFc'.
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Figure 4.7 Cyclic voltammograms (scan rate: 0.01 V/s) of 3.0 mM TMAFc" solutions
containing (a) 0.1 M KNO; + 0.01 M KH,PO4K;HPO4 and (b) 0.01 M KNO; + 0.01 M
KH;PO4+K,;HPOy at three different pH on a TEPCM-based RNE (10 nm in pore diameter).
The data shown in Figure 4 were obtained using a RNE that gave the data shown in Figure
4.5.
CVs of uncharged FcDM were similar regardless of pH and supporting electrolyte

concentrations examined (Figure 4.8). These observations indicated that the diffusion of
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uncharged FcDM was not affected by electrostatic interactions in contrast to that of charged
Fe(CN)s> and TMAFc” (Figures 4.6 and 4.7).
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Figure 4.8 Cyclic voltammograms (scan rate: 0.01 V/s) of 3.0 mM FcDM solutions
containing (a) 0.1 M KNO; + 0.01 M KH,PO4K;HPO4 and (b) 0.01 M KNO; + 0.01 M
KH;PO4+K;HPOy, at three different pH on a TEPCM-based RNE (10 nm in pore diameter).
The data shown in Figure S were obtained using a RNE that gave the data shown in Figure
4.6.

Figure 4.9 summarizes the pH dependence of the ratio of iji,/Cs between charged redox
species X (where X is Fe(CN)s>~ or TMAFc") and FcDM measured on an identical RNE. The
ratio of ij;n/Cs can be directly correlated to the ratio of apparent diffusion coefficients of the two
species (Dpx/Dpreom) as shown by the following equation derived from Eq (4.3) under the
assumption that a, L and N are unchanged during the measurements and L(Dy/Dp) >> na:

lim Dix
%&X B [42(Dx /D, x )+ ma] _ D

ilim o CD% D, s,F CD% D p.FeDM
s,FcDM [4L(DS’F6DM /Dp’FcDM)+ na] (4.6)

where ijim x and ijimrcpm are the limiting currents of charged redox species X and FcDM,

and Csx and Csprcpm are the concentrations of X and FcDM in the sample solutions. Dsx and
Ds repm are the diffusion coefficients of X and FcDM in solution, i.e., 6.1 x 10'6, 6.7 x 10 and

7.3 x 10 cm?/s for FcDM, Fe(CN)s®” and TMAFc”, respectively.
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Figure 4.9 pH dependence of the ratio of ij,,/C between charged redox species (X =
Fe(CN)” (blue triangles) or TMAFc" (red circles)) and FcDM. The iy, values were
measured at 0.01 V/s on TEPCM-based RNEs (10 nm in pore diameter) in solutions
containing 0.1 M (filled symbols) or 0.01 M (open symbols) KNOj in addition to 0.01 M
KH,PO4-K;HPO,4. The ratios of the diffusion coefficients in 0.1 M KNO; + 0.01 M
KH,PO4+K;HPO, (pH 6.3), which were measured using a gold microelectrode (25 pm in

diameter), were shown in dashed lines.

Figure 4.9 clarifies the pH-dependent changes in i, of the charged redox species in
addition to the influence of KNO; concentration on i}y, as described above. In addition, for the
pH range examined, the ratios for Fe(CN)s> were smaller than its D x/Ds repm, Whereas those of
TMAFc™ were larger than its Dsx/Dsrom.  These results suggest that the 10-nm diameter
nanopores were negatively charged over the pH range examined, and the charge increased at the
higher pH. The increase in the negative charge at higher pH enhanced electrostatic attraction and
repulsion with TMAFc" and Fe(CN)¢”, resulting in the increase and decrease in the ijin/Cs ratio,
respectively. The larger and smaller redox currents of Fe(CN)¢™ and TMAFc" at the lower
KNOj concentration can be explained by the weaker screening of the negative charge of the
nanopore surface that enhanced the electrostatic interactions.'®'® The pH range that gave the

change in ijim/C; ratios was pH 4—6 for both charged redox molecules, which is similar to the pH
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range that gave an increase in the negative streaming potential.'® The pH range suggests that the
negative surface charge may originate from functional groups such as -COOH groups (pK, ~
4.5) that were developed during membrane processing.'® The PVP layer on the nanopore surface
would not directly involve in the negative surface charge because of the high pK, value of its
amide group.46 Importantly, the deviation of Dy, x/Dyreom from D x/Dgpepm for Fe(CN)63' was
negligible on TEPCM-based RNEs with 50-nm diameter pores as suggested by the excellent
correlation between experimental and theoretical currents.”® probably due to the smaller
contributions of the surface properties to the mass/electron transport through the 50-nm diameter

nanopores.

4.4 Conclusions

This chapter discussed the CVs of uncharged and charged redox species on TEPCM-based
RNEs with 10-nm diameter pores. The effects of pH and supporting electrolyte concentrations
on the CVs suggested the presence of negative charge within the nanopores. The faradic currents
measured in this study were larger than those estimated using theoretical equations, suggesting
the enhanced mass and/or electron transport through the nanopores. These results may reflect
the presence of a distinct surface layer on the 10-nm diameter nanopores to which the redox
species partition preferentially. The CV data reported here offered information on the charge
properties within the 10-nm diameter nanopores, which may make it possible to tune the

properties of TEPCMs as templates for nanomaterials synthesis and separation membranes.
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Chapter 5 - Organic solvent induced permeability changes of PS-b-
PMMA derived nano-porous films studied using electrochemical

impedance spectroscopy.

5.1 Introduction

This chapter describes the organic solvent induced permeability changes of nano-porous
films derived from PS-b-PMMA. Electrochemical Impedance Spectroscopy was used to
investigate change in permeability of Fe’"/Fe’” redox couple, which was represented by
membrane resistance in an equivalence circuit. Solution phase Atomic Force Microscopy (AFM)
imaging was done in the presence and absence of organic solvents, to assess the change in pore
diameter due to swelling of the nano-porous films.

Block copolymers (BCP) have two or more chemically distinct polymers connected end-
to-end. If the constituent polymers are immiscible, and the volume fraction of the minor
component is ~ 30%, the minor fragment will self assemble to form cylindrical domains in a
matrix of major polymer fragment.'” By etching out the minor component chemically®,
thermally’ or photochemically®, and provided that the major component is etch resistant, nano-
porous materials can be generated. Nano-porous membranes are used in a variety of applications
due to their ordered nano scale structure and high surface area. They are useful in many
applications such as templates for nanowires (Si and metal)”” as masks in lithography,'® !
electrophoretic deposition of nanoparticles'> ultralow dielectric constant materials for high
density circuits'® and in size-based separations.'*'® The above applications depends on substrate
and nano-porous surface interactions such as specific and non specific adsorptions, interfacial
chemical interactions and coloumbic interactions.'” Control of vertical orientation of domains
and surface functionalization are key factors that maximizes aforementioned applications.
Vertical alignment of domains can be achieved by addition of homopolymers,'® controlling
solvent evaporation conditions,”” optimizing the film thickness,”® and by applying an electric

field during annealing.”' Surface functionalization of nano-porous membranes is necessary to
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control mass transport based on chemical interactions between nano-pore wall and analytes.
Many BCPs, that offer known surface functional groups have been synthesized.* ' ** % In
addition, surface functional groups that result in chemical etching have been functionalized.**
While aforementioned applications depends on the domain alignment and interactions
between surface functionalities and the analytes, responsive behavior of BCP to environmental
stimuli is also an important factor in BCP applications. Interactions between nanoporous
polymer films and organic solvents are important in their applications as sensors. However the
life time of these sensors are limited due to delamination of polymer film from the rigid support.
Delamination of the film occurs when the covalent bonds between the substrate and the polymer
film breaks due to shear force resulting from shrinking and swelling.”> Sensors based on polymer

26, 27

films and hydro gel membranes responding to stimuli such as pH, chemical/ biochemical

29, 30 31, 32

signals,”® analytes such as salts, glucose, jonic species (calcium, copper)” have been
developed. Most of these sensors are mechanically stabilized by cross linking. The degree of
swelling due to the stimuli in these sensors is related to optical parameters such as refractive
index and wave length of diffracted light or electrical parameters such as capacitance change,
conductivity and resistance. Swelling of a polymer films is related to the cross linking of the
polymer, solubility of polymer film on a given solvent and the chemical properties of the solvent
(functional groups, hydrophobic — hydrophilic nature) and the affinity of the functional group for
the polymer.**>°

Most of the above sensors are based on polystyrene films in different forms; in ionic
form; e.g. aminated PS or non ionic form; poly(styrene-co-divinylbenzene) or amorphous PS.
Therefore the swelling of PS in various organic solvents has been studied extensively. Unlike
the PS polymer beads, films have limited freedom to swell in every direction (cannot swell
parallel to the substrate) and undergo higher mechanical stress. Most of these studies are done for
polymer — solvent systems. We investigated the solvent effect on PS-b-PMMA nanoporous film
where the nanopores are surrounded by the PS matrix (after PMMA domains have been etched
out). These nanoporous films have been cross linked to a greater extent, thus the behavior of
these films in organic solvents should be different in terms of degree of swelling. In our study we

used polymer — solvent — water system in contrast to the previous studies.**>’

The goal of this
work was to investigate the effect of organic solvents on PS-b-PMMA nano-porous films. We
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measured the permeability of a redox couple, Fe*"/Fe’" using electrochemical impedance
spectroscopy. EIS has been used to extract different parameters such polymer film resistance and
capacitance for ultra-thin copolymer brushes.*® After fitting the data to a theoretical equivalent
circuit, we were able to extract different variables representing the electrochemical changes in
the PS-b-PMMA nano-porous film coated electrode. In addition to electrochemical methods, we
obtained AFM images to study the topography of PS-b-PMMA nano-porous films in the

presence and absence of organic solvents.
5.2 Experimental Section

5.2.1 Chemicals and Materials.

All solutions were prepared with water having a resistivity of 18MQcm or higher
(Barnstead Nanopure Systems). Two types of PS-b-PMMA and PS (31K PS-b-PMMA: Mn =
21500g/mol for PS and 10000g/mol for PMMA, Mw/Mn = 1.06; 82K PS-b-PMMA: Mn =
57000g/mol for PS and 25000g/mol for PMMA, Mw/Mn = 1.07; 115K PS, Mn = 115000g/mol,
Mw = 119600, Mw/Mn = 1.04) were purchased from Polymer Source and used as received.
Potassium dihydrogen phosphate (Fisher Chemical), Potassium nitrate (Fisher Chemical),
Potassium hydroxide (Fisher Chemicals), Potassium ferricyanide (Acros Organics), Potassium
ferrocyanide (Acros Organics) were used as received. Toluene (Fisher Chemicals), Methylene
chloride (Fisher Chemicals), Methyl ethyl ketone (Fisher Chemicals), di ethyl ether (Fisher
Chemicals) and ethanol (Decon Labs inc.) were used as received. Aqueous solutions saturated
with organic solvents were prepared by saturating the aqueous layer with above solvents. Gold
coated Si wafers which were prepared by sputtering 10nm Ti, followed by 20nm of Au onto Si

(100) wafers were purchased from LGA Thin Films (Foster City, CA).

5.2.2 Preparation of PS-b-PMMA films
Gold coated Si wafers were cleaned in Novascan PSD-UVT-UV ozone system for 30min
prior to use. Thin films of PS-b-PMMA were prepared on gold substrate by spin coating
(2000rpm, 40s) from its toluene solution (0.75% w/w). Spin coated PS-b-PMMA films were
annealed at 180°C in vacuum (ca. 0.3 Torr) for 60h to form cylindrical PMMA domains. The

PMMA domains were etched via UV irradiation using a Novascan-PSD-UVT-UV ozone system
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(ca 20mW/cm?) under an Ar atmosphere. UV irradiation involves simultaneous cross linking of
PS matrix and etching of PMMA. Then the degraded PMMA domains were removed by rinsing
with glacial acetic acid” ** The thickness of the PS-b-PMMA film was measured using a J.A.
Woollam alpha-SE spectroscopic ellipsometer. The ellipsometric thickness of the annealed PS-b-
PMMA films prior to PMMA etching was in the range of 30-35nm for 82K and 31K PS-b-
PMMA.

5.2.3 Electrochemical measurements

Electrochemical Impedance measurements were performed in a three-electrode cell
containing a Ag/AgCl (3M KCl) reference electrode and a Pt counter electrode, using CH
instruments model 618B electrochemical analyzer. AC impedance measurements were done in
3mM K3Fe(CN)g / 3mM KyFe(CN)g / 0.1M phosphate buffer (pH ~7), by applying a 5 mV ac
potential and the dc potential was held at 0.22 V. The voltage frequencies used for impedance
measurements were in the range of 10° Hz to 0.001 Hz. Complex impedance plots were fitted to
equivalent circuit to obtain the necessary parameters. The working electrode, a PS-b-PMMA
nano-porous film coated on Au/Si substrate was immobilized at the bottom of the Teflon cell.
The diameter of the area exposed to the solution was defined by the “O” ring (diameter 0.66 cm,

A =0.34 cm?).

Nano Pore = '_

Figure 5.1 Randle’s equivalent circuit for bare gold electrode (left) and PS-b-PMMA

nanoporous film coated gold electrode (right).

5.2.4 AFM Measurements
AFM images were obtained by contact mode imaging in solution using a Picoscan SPM

(Molecular Imaging) within a liquid cell. Contact mode, non reflex coated tips from Nano
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Science Instruments; Vista Probes (cantilever length 225 um, width 45 um, spring constant 0.1

N/m, resonant frequency 28 kHz) were first rinsed in ethanol and then cleaned in a Novascan

PSD-UVT-UV ozone system for 10 min. The tips were kept immersed in methanol till imaging

was done.

5.3 Results and Discussion.

5.3.1 Electrochemical characterization of the PS-b-PMMA nano-porous film on Au

substrate.

PS-b-PMMA nano-porous electrodes were characterized by measuring (a) capacitive

current (to estimate the active surface area) and (b) Faradic current of K3;Fe(CN)g at different

scan rates.

Active surface area of the PS-b-PMMA nano-porous electrode can be determined by

charging current measurements.*” The extent of the PMMA removal by UV irradiation can be

determined from the CVs of redox current measurements of K3Fe(CN)6.41

(a) Capacitive current measurements — capacitive current on a PS-b-PMMA film based

nano-porous electrode was obtained by measuring CVs in 0.1M KNOs;. Current at
0.1V vs. Ag/AgCl was used to calculate electrode area of the PS-b-PMMA nano-
porous electrode, using the double layer capacitance of gold surface that was
measured on a gold disk electrode (5.7 x 10™ F/cm?). If all the PMMA domains have
been removed by UV irradiation and sonication in acetic acid, then the active surface
area of the PS-b-PMMA nano-porous electrode would be close to the volume fraction
of PMMA domains (30%). Thus the cross sectional area exposed gold enclosed by
the “O” ring should be 1.03 x 10" cm”. If the PS-b-PMMA film was detached from
the gold surface the active area obtained would be larger than the expected value. Our
experimental area was (1.9 £ 0.51) x 10" cm? (average =+ st. dev. From 8 separate

82K PS-b-PMMA cells).

(b) Faradaic current measurements — CVs of 3.0mM K;Fe(CN)g on PS-b-PMMA nano-

porous electrode was measured at different scan rates (v, from 500mV/s to 10 mV/s).
Figure 5.2 shows the CVs of 3.0 mM K;Fe(CN)s on PS-b-PMMA nano-porous

electrode. When PMMA has been completely removed by UV irradiation, we were
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able to observe peak shaped CVs at slower scan rates (40- 10 mV/s), due to
overlapping of radial diffusion regimes of individual nano-pores.**** In some cases
(Figure 5.3), we observed a sigmoidal CVs at slower scan rates. This might be due to

the presence of a very thin polymer layer (PS) on the gold surface or partial alignment
of cylindrical PMMA domains.

40
35 : : : : :
251 : : : :
20_ . . . . . y
15 : : :
109 L

Current / 1le-5A

050 045 040 035 030 025 020 015 010 0.0 0
Potential / V

Figure 5.2 Overlaid CVs (scan rate 500 — 10mV/s) for 3mM K;Fe(CN)g, 0.1M KNO3; on a

82K PS-b-PMMA nano-porous film coated Au electrode. (Complete removal of PMMA

domains)

Current / le-5A

) 050 045 040 035 030 026 020 015 010 005 0
Potential / V

Figure 5.3 Overlaid CVs (scan rate 500 — 10mV/s) for 3mM K;Fe(CN)g, 0.1M KNO;3; on a

82K PS-b-PMMA nano-porous film coated Au electrode. (Incomplete removal of PMMA

domains).
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5.3.2 Stabilization of PS-b-PMMA nano-porous electrode /PS coated electrode before

impedance measurements in organic solvents

The PS-b-PMMA films coated and PS coated electrodes were stabilized by taking a
series of impedance spectra without adding any organic solvents (Figure 5.4 and 5.5). During the
time scale of stabilization measurements (~6.5h), we observed a decrease in the response of pore
resistance (Rpore) 0f both PS-b-PMMA and PS films. This might be due to alteration of the di-
block copolymer material with constant exposure to phosphate buffer/ redox molecules. Previous
studies have reported an increase in the gold oxide formation peak at PS coated gold electrode.
Initially the smaller peaks indicated less gold oxide formed on the electrode surface, but with
continuous CV measurements, the height these peaks increased due to formation of pin holes/
defects of the PS coating or increase in the average size of pin holes.*> Thus our observations in
the decrease of pore resistance might be due to formation of new pin holes and/ or increase in

their average size.

4L 7h 6h 4h 2h 0oh

ZRe (kQ)
Figure 5.4 Electrochemical impedance spectra for stabilization of 82K PS-b-PMMA film
for ~ 6.5hrs in Fe(CN)¢>/Fe(CN)s* 0.1 M phosphate (pH 7).
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Figure 5.5 Electrochemical impedance spectra for stabilization of PS brush electrode for ~

6.5hrs in Fe(CN)s" /Fe(CN)s* 0.1 M phosphate (pH 7).

5.3.3 Permeability changes induced by organic solvents for 82K PS-b-PMMA films.
AC impedance was used to determine the permeability changes in PS-b-PMMA nano-
porous film, induced by five organic solvents. Impedance measurements were taken in 3mM

K3Fe(CN)g / 3mM K4Fe(CN)g / 0.1M phosphate buffer (pH ~7) solution. This technique is

46, 47 48, 49

widely used in assessing self assembled monolayers, polymer brush electrodes and
polymer coatings,” since it provides information of electrochemical processes occurring at the
electrode surface. We compared the impedance spectra obtained from a bare gold electrode and
PS-b-PMMA nano-porous electrode. Figure 5.6 shows impedance responses obtained from a
bare gold electrode for five different solvents. Data fitting to an equivalent circuit (Figure 5.1)
enabled us to extract parameters such as charge transfer resistance, double layer capacitance and
Warburg impedance, which provides details on kinetic and diffusion controlled processes on the
electrode surface. For the bare gold electrode, impedance spectra did not show a dependence on
the solvent type used, and the less defined semi circle at higher frequency range was due to fast
electrode reaction occurring at the bare gold surface. A 45° line characteristic of Warburg

impedance was observed,’' indicating that the redox reaction was diffusion controlled.*® *’->% 3
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Figure 5.6 Electrochemical impedance spectra for bare gold electrode in 5.8mM organic

solvents / in Fe(CN )s. /Fe(CN)s* 0.1 M phosphate (pH 7). Top left response for Methylene

o
-
-~

chloride, top right response for diethyl ether, middle left response in ethanol, middle right
response for methyl ethyl ketone, and bottom left response for toluene.

In contrast to the bare gold electrode, we observed a prominent semi circle in the high
frequency range in complex impedance plots for PS-b-PMMA nano-porous electrodes (Figure
5.7). Complex impedance plots obtained in the presence and absence of toluene, methylene
chloride, methyl ethyl ketone, ethanol and di-ethyl ether, were fitted to an equivalent circuit
which incorporated pore resistance and capacitance of the polymer film (Figure 5.1). We assume
that the electrochemical reaction occurs only at the exposed area on the gold electrode and that
the redox molecules diffuse through the nanopores in the PS-b-PMMA film. Thus the equivalent
circuit developed from the pin-hole model is appropriate for fitting the complex impedance

plots.54'5 6
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FigureS.7 Electrochemical impedance spectra for 82K PS-b-PMMA nanoporous electrode
in 5.8mM organic solvents / in Fe(CN)¢ /F e(CN)64' 0.1 M phosphate (pH 7). Top left
response for Methylene chloride, top right response for diethyl ether, middle left response
in ethanol, middle right response for methyl ethyl ketone, and bottom left response for
toluene.

Pore resistance (Rpore) values obtained in the presence of organic solvents were higher
than that in the absence of the solvents for PS-b-PMMA films. The change in R can be related
to swelling of the polymer or partitioning of the organic solvent inside the nanopores (equation
5.1) If PS swells due to organic solvents we should observe an increase in the thickness of the
PS-b-PMMA film and a decrease in the pore diameter, which gives a larger value for Ryo. On
the other hand if partitioning of the solvent occurs, resistivity p should change, again increasing
Ryore Of the nanopores.

Rpore = p (1/ Nrur?) (5.1

Where p is the resistivity of the organic solvent, 1 is the thickness of the PS-b-PMMA
film (= nm), r is the pore diameter (= nm) and N is the number of open pores.

Also we observed reversible change in Ry, indicating swelling / de-swelling or
partitioning of organic solvent in PS-b-PMMA films with and without organic solvents. A higher
Ryore indicated swelling or partitioning of solvent in the nano-pores, which leads to a decrease in

permeability of redox molecules into the pores. Ratio of Ry with and without organic solvents
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is compared to identify which solvents give a larger response in terms of permeability changes.
This can be expressed as follows

Ratio = Ry in 5.8mM solvent solution / Ryore in buffer solution.
Table 5.1 summarizes the ratios obtained for PS brush electrode and 82K PS-b-PMMA
nanoporous film for each organic solvent.
Table 5.1 Average and standard deviation for R,/ Rpore0 values shown for PS brush and
PS-b-PMMA nanoporous film in organic solvents (5.8mM concentration), Swelling Power

(C) for each solvent and their solubility in water at 25°C (from Literature).

Parameters | Toluene | CH,Cl, MeCOEt | Et,O EtOH
6nm thick Rpore/ 1.13+ 1.08 + 1.10 £ 1.19 1.13 ¢
PS brush Ropore 0.11 0.03 0.09 0.08 0.02

(N=3) |(N=3) (N=3) N=3) | (N=3)
33-nm dia. | Rpore/ 1.33+ 1.11 1.09 + 1.09 £ 1.02 +
PS Rpore” 0.23 0.07 0.03 0.02 0.01
nanopores (N=6) | (N=6) (N=3) (N=3) (N=3)
from 82K
PS-b-
PMMA

Relative 2.02 1.99 1.11 0.64 0.00

Swelling

power of

pg6

Solubility | 0.0531 L.75wt% | 259 wt% | 6.04 wt% | ©

in water at | wt% 0.21M 3.6M 0.81M

25°C” 0.0058M

PS brush electrode did not show any selectivity in the solvents used. The ratio of pore resistance

is similar in all solvents used. In contrast PS nanopores from 82K PS-b-PMMA films show
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larger ratio of pore resistance in toluene. According to the literature values, toluene and CH,Cl,
shows higher swelling power of PS.

For crosslinked PS matrix to be swollen in the presence of an organic solvent, cohesive
energy density of the polymer and the solvent must be similar. Since for crosslinked polymers,
solubility is measured by the degree of swelling, solubility parameters (6) of the polymer (8,) and
the solvent (ds) is used in calculating the extent of polymer swelling and maximum swelling of

= 0°* *® The volume of solvent adsorbed (S in other

the polymer is observed when (5, - 8s)°
words the swellability of the polymer) for per unit mass of PS has been determined from the
following relationship between the S and the weight of polymer in the dried and saturated with
the solvent state. (Equation 5.2)*’

S =[(Ws—Wp)/d— Vo] /xW (5.2)

Where S (mL) is the volume of solvent adsorbed per gram of polymer, Wy (g) is the
weight of polymer saturated with the solvent, Wy (g) is the weight of the dried polymer, d
(g/mL) is the density of the solvent, and x is the weight fraction of polymer film, and Vj is the
void volume of the polymer film. S (swellability) of the polymer is related to the swelling power
of the solvent C through the cross linking density A (equation 5.3)**%".

S=C (3 -2 (5.3)

Where C is the swelling power, A is the average number of carbon atoms in the backbone
of PS segments between cross linked fragments and A is the critical cross link density of the PS.
The literature values of C, swelling power of toluene, Methylene chloride, Methyl ethyl ketone
di-ethyl ether and ethanol are 2.02, 1.99, 1.11, 0.64 and 0.00 respectively.34 Thus the swelling of
PS should be a maximum in toluene. We observed maximum impedance for the nano-porous
film in toluene, represented by a larger semi circle diameter Rpore (Rpore/ Rporeo ratio). Our PS-b-
PMMA nano-porous films showed a larger response to toluene as compared to the other organic
solvents used. Swelling in ethanol was lowest which is in agreement with the swelling power of
0.00. Thus 82K PS-b-PMMA films are selective towards toluene. Figure 5.8 compares the Ry
values obtained for 5.8mM toluene and CH,Cl,. Even though the swelling powers for these two
solvents are nearly the same, the largest reversible change in Ry of the Nyquist plot is given by
toluene. The difference in response to toluene and Methylene chloride might arise from the
difference of solubility of each solvent in water. Toluene has a lower solubility in water than
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Methylene chloride, thus it is likely that toluene partition into hydrophobic PS nanopores.
However, Methylene chloride is more polar than toluene, and is less likely to partition into a

hydrophobic environment such as PS nanopores.
15F T T T T T =
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)
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Figure 5.8 Ratio of R;orc /Rpm0 for toluene (5.8mM) and CH,Cl, for 82K PS-b-PMMA

nanoporous film.

5.3.4AFM data for 82K PS-b-PMMA films in organic solvents.

To determine if the permeability change of PS-b-PMMA films in organic solvents is due
to swelling of the polymer or partitioning of the solvent within the nanopores, we did AFM
imaging of PS-b-PMMA films in the presence and absence of the solvents. We used contact
mode AFM to obtain topographic images of these films. Figures 5.9 to 5.13 shows the AFM
images obtained without the organic solvent and with organic solvent. These images are 1um X

1 um, 1024 pixels and taken in 0.1m phosphate buffer (pH ~7).
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Figure 5.9 Contact mode AFM images for 82K PS-b-PMMA in the presence and
absence of 5.8mM methyl ethyl ketone. Left image without MEK (AZ = 4nm), middle
image in MEK (AZ = 3.6nm), right image without MEK (AZ = 3.7nm).

= ~ ¢ s = e
Figure 5.10 Contact mode AFM images for 82K PS-b-PMMA in the presence and
absence of 5.8mM Di-ethyl ether. Left image without ether (AZ = 4nm), middle image

in ether (AZ = 2.6nm), right image without ether (AZ = 5.3nm).
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Figure 5.11 Contact mode AFM images for 82K PS-b-PMMA in the presence and
absence of 5.8mM CH,Cl,. Left image without CH,Cl, (AZ = 3.4nm), middle image in
CH,Cl; (AZ = 3.0nm), right image without CH,Cl,(AZ = 3.0nm).

Figure 5.12 Contact mode AFM images for 82K PS-b-PMMA in the presence and

absence of 5.8mM Ethanol. Left image without EtOH (AZ = 4.5nm), middle image in
EtOH (AZ = 5.4nm), right image without EtOH (AZ = 8.0nm).
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Figure 5.13 Contact mode AFM images for 82K PS-b-PMMA in the presence and
absence of 5.8mM Toluene. Left image without toluene (AZ = 3.3nm), middle image in

toluene (AZ = 2.0nm), right image without toluene (AZ = 2.8nm).
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The topographic AFM images obtained for CH,Cl,, Methyl ethyl ketone, diethyl ether and
ethanol did not show an appreciable change in the pore diameter. The pore diameters determined
from the AFM images with and without organic solvents did not give large changes. (The
standard deviation was also high for the averaged pore diameters.) Thus the pore resistance
indicated by semi circle in Nyquist plots is not due to swelling of the nanopores. When the PS-b-
PMMA films were imaged in 5.8mM toluene/ 0.1M phosphate buffer, the images appeared to be
swelled (but without any appreciable change in pore diameter) than the images obtained without
toluene. The topography of these images seems to have a lubricant character, indicating that
toluene might be partitioned into the relatively hydrophobic nanopores. Thus the increase in Rpore

is due to the increase in resistivity of the solvent given by p in equation 5.1.

5.3.5 Permeability changes induced by organic solvents for PS brush electrodes.

We measured the permeability change induced by organic solvents on PS brush
electrodes by EIS. Before impedance measurements were done in organic solvents, PS brush
electrodes were tested for their stability, by taking a series of impedance spectra in 3mM
K;3Fe(CN)g / 3mM K4Fe(CN)g / 0.1M phosphate buffer (pH ~7) solution (Figure 5.5). Stability of
PS brush electrodes were less than the 82K PS-b-PMMA nanoporous films. Impedance spectra
obtained in toluene, CH,Cl,, Methyl ethyl ketone, di-ethyl ether and ethanol, did not show any
selectivity on PS brush electrode. There was a gradual decrease in the semi circle portion of the
Nyquist plots, indicating decreasing Ry due to detachment of PS brushes (Figure 5.14). In
contrast to PS-b-PMMA nanoporous film, the response R in the presence of organic solvents

were not reversible for the PS brush electrode.
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Figure 5.14 Electrochemical impedance spectra for 115K PS brush electrode in 5.8mM

organic solvents / in Fe(CN)63'/Fe(CN)64' 0.1 M phosphate (pH 7). Top left response for

Methylene chloride, top right response for diethyl ether, middle left response in methyl

ethyl ketone, middle right response for toluene, and bottom left response for ethanol.

5.4 Conclusions.

In this chapter we demonstrated the permeability changes induced by organic solvents, in
PS-b-PMMA di-block copolymers. A significant change in the pore resistance was observed for
toluene. This might be due to partitioning of hydrophobic toluene in relatively hydrophobic PS-
b-PMMA nanopores rather than swelling of the nanoporous membrane. We come to this
conclusion because we did not observe appreciable change in pore diameter in the presence of
organic solvent from the AFM images. Therefore the reversible change in R0 should be due to
solvent partitioning inside the nanopores. A higher partitioning of toluene may be due to the
lesser degree of solubility of toluene in water. Thus phase separation in toluene — aqueous may
be higher than the rest of the solvents used. Thus 82K PS-b-PMMA nano-porous films showed
higher sensitivity towards toluene. The PS brush electrodes were not sensitive to the solvents
used, compared with the PS-b-PMMA nanoporous film. Also it was not as stable as PS-b-
PMMA film, thus PS-b-PMMA films are more suitable for sensors than PS brush electrodes.
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Chapter 6 — Conclusions and Future Research

In this research, we studied how self assembled monolayers, track etched polycarbonate
membranes and PS-b-PMMA nanoporous films respond to certain environmental stimuli such as
pH and organic solvents. When these stimuli were applied to afore mentioned materials, we
observed a change in permeability of marker ions. We were able to relate the permeability
change of Thioctic acid SAM and nanoporous TEPCM to a charged redox marker, to change in
surface charge. In the case of PS-b-PMMA nanoporous film, we assign the permeability to
partitioning of the organic solvent in the nanopores, thus altering the hydrophilic/ hydrophobic
nature within the pores.

We prepared a thioctic acid SAM modified microelectrode to represent a simple charge
based ion channel sensor. This can be also considered as a voltammetric electrochemical sensor,
and we were able to CV responses of the redox current generated by the marker ions. By
changing the medium pH the surface charge of the electrode can be tuned, which in turn affects
the redox current. Change in the redox current reflected the rate of the electrode reaction at the
charged electrode. By using closed form equations, we simulated the steady state quasi reversible
CV responses and compared them with the experimentally obtained CVs. From the simulated
CVs, effective rate constants at different pKa values were extracted, which was similar to a
titration of rate constants vs. pH. The effect of surface charge change was explained in terms of
Frumkin effect which is related to the distribution of ions in the electrical double layer and the
altered potential at the outer Helmholtz plane. We only explored the Frumkin effect that
contributed to the redox current of a charged marker at a charged electrode surface. It should be
noted that there are other effects that contribute to the kinetics of an electrode reaction at a
modified electrode.

A recessed nano disk array electrode was prepared from track etched polycarbonate
membranes, having 10nm diameter. The surface charge of the nanopores was tuned by changing
the medium pH. Depending on the protonation / deprotonation state of —-COOH groups on the
nanopore surface, redox current of charged markers (positive and negative) change. We assess

the surface charge within the nanopore cavity by means of CV. This is because the redox current
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is diffusion controlled and the change in the redox current will be due to the surface charge in the
cavity, not the surface of the membrane. We also observed that the redox current of charged
markers is affected by the concentration of the electrolyte used. This is due to extension of the
electrical double layer adjacent to the pore surface with increasing electrolyte concentration.
Thus permeability of charged markers would be further suppressed. The Faradaic current we
observed for in this study were larger than the ones predicted from the theoretical equations,
indicating enhanced mass transport. This may be due to partitioning of the redox markers in a
distinct surface layer on the pore. In other words this indicates there is a difference of diffusion
coefficients inside the pores and in the bulk solution.

In the work done related to PS-b-PMMA nanoporous films, the applied external stimulus
was different from the previous two cases. We investigated the permeability changes in PS-b-
PMMA nanoporous films induced by organic solvent. In the beginning of this work we
hypothesized the permeability change was either due to swelling of the nanoporous film caused
by the organic solvents or partitioning of the solvents in the nanopores. Both of these processes
would increase the resistance of nanopores, indicated by a well developed semi circle in the
Nyquist plots. If swelling of the nanoporous membrane occurs, the pore diameter should change
reversibly, in the presence and absence of the organic solvents. But our AFM data did not show
any appreciable change in the pore diameter. Thus we concluded that the permeability induced
by the organic solvents was due to partitioning of the solvents inside the nanopores. We also
noted that only toluene showed a reversible change in pore resistance, but not the other solvents
used. Also we compared the stability and the response to organic solvents for both PS-b-PMMA
nanoporous film and PS brush on gold substrate, and we found that PS brush was less stable than
the PS-b-PMMA film and showed random response for solvents. Thus PS-b-PMMA is a better
material than PS brush to prepare sensors that involves organic solvents.

In the work related to permeability changes induced by organic solvents in PS-b-PMMA
nanoporous films, further investigation into partitioning of the solvents is needed. This can
involve studying the other effects that would enhance the partitioning of solvents, such as
temperature, cross linking density of the porous film and thickness of the PS-b-PMMA films.

Understanding how these factors contribute to partitioning of the organic solvents will help us to
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tune the properties of PS-b-PMMA films to be selective and sensitive in order to optimize its use

as a sensor.
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