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ABSTRACT

Polydopamine-derived systems have found great potential applications that are distributed
across the fields of materials science, biomedicine, energy, environmental science, and clean
engineering applications like hydrogen generation through photocatalytic water-splitting
(PWS). As a sacrificial reagent to be used in hybrid systems with PDA + CdSe@CdS sensitizers
for PWS, polydopamine has catechol and quinone moieties in a pH- dependent redox
equilibrium with each other that allows self-regulation and protection of the sensitizers. In this
thesis, an attempt was made to adapt the properties of the polydopamine sacrificial layer by
extending the parameters and conditions used for polydopamine thin film synthesis by
electropolymerization to other homopolymer films synthesized from different monomers: 3-
amino-L-tyrosine, p-phenylenediamine and serotonin. CV studies with PDA + ALT (3:1) and
PDA + p-PDA (3:1) films showed that the oxidation and reduction potentials adapted the
electrochemical response of PDA to varying pH environments (in the range 4.6-7.3) and that
the peak separation values 4 depend on the scan rate (9) at which they are analyzed with
lower 9 being ideal to prevent electrode fouling effects. These monomers incorporate aromatic
amino groups into PDA behaving similarly to n-dopants for an intrinsic semiconductor and
could potentially increase electron mobility, charge carrier concentration and electron-hole
recombination time. Several films synthesized were characterized using cyclic voltammetry,
ATR-FTIR, AFM, and XPS. The copolymer systems PDA + p-PDA (3:1) and PDA + ALT
(3:1) present promising features for use in PWS and could also be extended to applications such
as pH sensing. The novel electron systems of these copolymers present possibilities for tuning
the electron transfer characteristics, m electron delocalization and electron recombination time
in the sacrificial layer of the hybrid systems. This property can be extended for use of these
copolymers in conjunction with Organic Field Effect Transistors, or for creating devices using

lithographic techniques for biosensing applications.

Keywords: Polydopamine, copolymerization, cyclic voltammetry, materials science
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STRUCTURE OF THE THESIS

Note: An executive summary of the data in this thesis can be found in Section 4.6.

Chapter 1: Introduction provides an insight into the basics of the photocatalytic water-splitting
(PWS) (section 1.1) process and parameters that contribute towards its optimization. It explains
the introductory details of polydopamine (section 1.2), its structure and synthesis methods as
well as basic details of the monomers used in the project work (sections 1.3 - 1.5). The chapter
enumerates several synthesis and characterization techniques used in this thesis (section 1.6)
such as electropolymerization, cyclic voltammetry, profilometry, AFM, ATR-FTIR, XPS,
SEM, EDX and contact angle measurements. The working principles behind the instruments
used as well as their setups are given in this chapter to supplement the characterization results

provided later.

Chapter 2: Motivation and Objectives explains a brief history of work leading up to the work
in this thesis (section 2.1) as well as the reasons for the use of polydopamine in PWS and several
monomers put forward in the introduction. It provides reasons for the novelty of the thesis and
using literature-based examples, lists the long-term and experimental aims of this thesis keeping
in mind that the goal is to adapt the redox-active polydopamine thin film for use in

photocatalytic water-splitting (section 2.2).

Chapter 3: Experimental Section provides information about the techniques, materials, and
methods used in gathering data for this thesis. It details the techniques for preparation of
homopolymers (section 3.1) PDA, p-ALT, p-PDA and p-Ser as well as copolymers prepared
using PDA and other monomers by electropolymerization (section 3.2). The chapter briefly
states the instruments used with their manufacturer details along with information about
sample preparation for characterization techniques and the methodology used in the
characterization of the samples (see section 3.3). The software and hardware used in each case

1s listed as well.

Chapter 4: Results and Discussion provides data and detailed analysis obtained from
experiments performed as well as literature review at appropriate points for understanding and

critically evaluating the results. The cyclic voltammograms, characterization images, as well as

Vil



a summary of the viability and errors from the experiments, are provided in a detailed manner.
Section 4.1 gives an insight into reproducibility of p-Ser, p-PDA, and p-ALT homopolymer
films using PDA as a reference. It also provides data for copolymer films produced in
conjunction with PDA and summarizes the thickness, roughness and reproducibility data for
all thin films produced. In section 4.2, the influence of scan rate on the oxidation/reduction
potentials as well as the peak currents at pH ~ 7 is reported for the PDA (reference), PDA + p-
PDA (3:1) and PDA + ALT (3:1) films. The influence of pH on the oxidation and reduction
potentials of PDA (reference), PDA + p-PDA (3:1), PDA + ALT (3:1) is examined and
compared with PDA + p-PDA (1:1) and PDA + ALT (10:1) along with further data for p-Ser
using cyclic voltammetry in section 4.3. A breakdown of critical parameters that can influence
experimental results and accuracy as well as the sources of error is provided here. Data from
further characterization techniques such as contact angle measurements, ATR-FTIR in the
reflection mode and XPS are provided in Sections 4.1.3, 4.1, and 4.5, for a comparison between

different polymer films studied.

Chapter 5: Conclusion and Outlook provides a summary of the work performed in this thesis.
It lists out scope for improvement and future experiments. This chapter also provides a brief

outlook for applications made possible from the findings in this master thesis.
Chapter 6: Appendix provides supporting information about experiments that provided

preliminary data that presents scope for future work as well as unsuccesstul trials that prompted

changes to experimental methods which were reported in the experimental section.
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CHAPTER 1: INTRODUCTION

1 INTRODUCTION

Polydopamine-derived systems have found great potential applications that are distributed
across the fields of material science, biomedicine, energy, environmental science, and clean
engineering applications like hydrogen generation through photocatalytic water-splitting
(PWS). This section comprises the basic concepts and background for the methodology and

experiments used throughout the thesis and relevant scientific equations and formulas.

1.1  Photocatalytic water-splitting

As of 2013, worldwide energy consumption was estimated at ~ 60,000 TWh per year [1] and
this figure 1s expected to at least double by 2050. Thus, a clean, alternative affordable energy
source that reduces our dependence on fossil fuels being the primary source of energy remains
the need of the hour. Sustainable hydrogen production is one such candidate since it is carbon
free. Presently, though 95% of commercial hydrogen is produced from non-renewable sources
(such as fossil fuels), PWS offers a “green” alternative [2]. Also called artificial photosynthesis,
in this process hydrogen (Ho) and oxygen (O2) are produced from water by utilizing the energy
of light. The process is cyclic and non-polluting since: 1) solar energy is the primary energy
source, 2) water 1s largely available on the earth’s surface, and 3) the combustion of Hy in air

reproduces water.

1.1.1 Process

The general schematic representation of the process is given in Figure 1.1 [3]. The catalyst
usually comprises of a semiconductor/semiconductor-like material with a LUMO (Lowest
Unoccupied Molecular Orbital) or C.B. (Conduction Band) and HOMO (Highest Occupied
Molecular Orbital) or V.B. (Valence Band) separated by a bandgap (E;) with energy in the
order of a few eV [2]. The process by which water-splitting occurs can be divided into four

steps as shown in Figure 1.1: (1) photon absorption with the condition that:

hv > E; 1-1

where hv represents the energy of photons and Ej is the band gap of the photocatalyst (2)
charge separation of photoelectrons into the conduction band and holes remaining behind in
the valence band, (3) charge transport by migration from bulk to the catalyst surface and the
following (4) oxidation, reduction and overall reactions at the catalyst surface:

1
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Oxidation: 2H>O + 4ht — 4H* + Oy 1-2
Reduction: 2H* + 2¢- — H» 1-3
Overall reaction: 2H.O — 2Hjy + Oy 1-4

The overall reaction is endothermic and results in the increase of Gibbs free energy by 238 kJ

mol-! [4].

E/V vs. NHE
atpHO
One step excitation
) He/Ho

H2
hv
& hv > Eq @ @ 1.23V
Photon C———— >

2]

Figure 1.1 General schematic for the PWS process; own figure, adapted from [3]
1.1.2  Optimization

Two main parameters must be taken into account to optimize this process: the band structure
of the photocatalyst and the efficiency of the reaction [5]. Thermodynamically, the process is
more favourable if 2.42 eV < E; < 3.2 eV [6], where Ej is the band gap of the photocatalyst.

For the process of hydrogen reduction, the following condition should be met:

V(CB) < V(H) 1-5

where V(¢py is the potential of the conduction band and V() is the potential of Hy evolution.
Since both values are negative, this implies that V(¢g) should be more negative than Vi (0 V

versus NHE (Normal Hydrogen Electrode) at pH 0). Similarly:

Vvey > Vio,) 1-6

where V(yp) is the potential of the valence band and V|, is the potential of Oz evolution. Here,
both are positive hence V(y gy should be more positive than Vg,y (+1.23 V versus NHE at pH

0). Recombination of the electrons and holes should also be prevented by extending charge

carrier lifetime to avoid loss of energy in the form of heat or phonon generation. Lastly,
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photocorrosion of photocatalysts can reduce the activity of the system over time and must be
prevented [7],[8]. Often, various sacrificial reagents such as inorganic salts and organics can
be added to the photocatalytic system to control the charge recombination process and improve

quantum efliciency [9].

1.2 Polydopamine

Dopamine (DA) is a compound present in the body as a neurotransmitter and a precursor of
other biochemical bodily compounds. A mussel adhesive protein inspired molecule, dopamine
has also been reported by Lee et al. [10] to serve as a multifunctional polymer coating capable
of adhesion onto almost any solid surfaces without surface pre-treatment. Polydopamine (PDA)
is a dopamine derived synthetic eumelanin polymer formed by the oxidation of dopamine. It
can be easily synthesized by exposing dopamine (3,4-dihydroxyphenylethylamine) to air in
basic aqueous buffer solutions and has widely been used to coat metals, oxides and ceramics

among other substances [10].

1.2.1  Structure

Although PDA 1s a widely studied polymer, its structure is still under discussion; though it has
been proposed that it is composed of dihydroxyindole, indoledione, and DA units, which are
assumed to be covalently linked. Figure 1.2 shows the proposed structures of polydopamine as
provided in literature [11]. The structure of polydopamine is suggested as consisting of (a,b)
homopolymers of indoles (c) possessing a connection between the monomer units occurring not
only via the benzo moiety but also via the pyrrole fragment (f,g) primary C—C bond connecting

DA (h) indole moieties in various oxidation states (1) and two fused indole rings forming PDA.
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() (b) ©

o 1) HO
\ N
HO N o N HO N
(d (e) ®
NH,
) NH, O. HO NH,
o o) HO

(2 (h)

Figure 1.2 Proposed structures of polydopamane according to literature; redrawn and adapted from [11]

1.2.2  Synthesis

DA 1s commercially available as dopamine hydrochloride and can be oxidized using an
oxidizing agent and self-polymerize under mild conditions in an alkaline environment. The
polymerization process is indicated by a change from colourless to light brown to dark brown
which is characteristic of PDA formation. The intensity of the color (and hence the film
thickness) 15 dependent on the polymerization time [12]. The suggested mechanism of
polymerization and the structure of PDA most widely used in literature is shown in Figure 1.3.
The deposition rate of self-polymerized PDA is very low (for example, by dip coating) and self-
polymerization of DA under alkaline condition would result in the formation of
nano/microparticulate aggregates of PDA in solution, which greatly increase surface roughness
[13]. The oxidation of DA to dopaminequinone is considered the foundational step in

polydopamine formation [14]. This step follows a redox reaction scheme, which can be
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performed electrochemically [15] with precise control over the redox reactions, under neutral

conditions using fixed scan voltages, number of cyclic sweeps and scan rate.

OH OH Q
o
HO Cychzatlon Ox
DHT -2e 2HY -2¢
NH,
HN
Dopamine Dopaminequinone Leukodopammechrome Dopaminechrome
@‘\0{\
so&e
i 7 2H' -2¢
HN
5,6-Indolequinone 5,6-Dihydroxyindole
Non-covalent self-assembly Supramolecular aggregation
Polydopamine Oxidative Polymerization
s OH
OH H
\O n
+ A H +

Figure 1.3 Proposed mechanism of polydopamne formation and final structures formed; redrawn and adapted
Jrom [14]

It has been reported that DA monomer concentration directly affects film thickness, the rate of
film deposition and roughness during electropolymerization [14],[16]. Also, increasing the
oxygen concentration of the solution leads to a significant decrease in roughness as compared
to that observed with oxygenation due to exposure to air [17]. It is known that the different
functional groups in polydopamine can react with many molecules, and thus allow the post-
modification of the surface. Under slightly basic conditions or after thermal treatment at 150 °
C, the catechol which group is oxidized to a quinone, becomes electrophilic and highly reactive
towards nucleophiles such as thiols and amines and easily at room temperature via can react

Schiff’s reaction and/or Michael addition [18],[19] as shown in Figure 1.4.
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Thiol Group

OH Q
HO 0, HO
pH 8.5 R—s8H
—_— —_—
s
NH, NH,

Amino Group

OH

Py

NH,
Michael Addition

OH o T OH
HO, 0 N HO
pH 8.5 R—NH,
- —_ . or
HN
R
) NH, NH, NH; NH;
Schiff's reaction Michael Addition

Figure 1.4 Chemical reactions of the Thiol group and Amino group with PDA at basic pH; redrawdn and
adapted from [18],[19]

1.3 P-phenylene diamine

P-phenylenediamine or benzene-1,4-diamine with chemical formula CeH4(NH2)2 is a non-
biodegradable, precursor for the polymerization of Kevlar commercially used in hair dyes. It
differs by aniline by only a single additional -NHbs group and can be recognized in solution as
it turns dark purple on exposure to air [20]. The structure of the monomer is shown in Figure
1.5. Shape control of the pure polyphenylenediamine (p-PDA) polymer has been studied widely
in literature using different synthetic conditions under UV irradiation including the formation
of nanoneedles, almond-like microstructures and star-shaped patterns [21]. The oxidative
polymerizations of aromatic diamines (AD) for example in this case, into p-PDA occurs via
oxidation of one or both amino groups in the structure [22]. The advantages of using such
aromatic diamines include: the variability of electroconductivity and multifunctionality due to
one free amino group per repeat unit on the polymers [23]. The polymer form also shows
increased resistivity in comparison to polyaniline which is more widely studied [24]. p-PDA
can be chemically or electrochemically deposited on surfaces or particles can be incorporated
in sensors such as glucose sensors [25], peroxide sensors [26] or nitrophenol sensors. Its use as
a redox active environment for photocatalysis has not yet been explored and is studied in this

thesis for the first time [27].
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HoN NH,

Fugure 1.5 Structure of p-phenylenediamine
1.4 3-amino-l-tyrosine

3-amino-L-tyrosine with chemical formula CoHi2N2Os is a biodegradable derivative of the
non-essential amino acid tyrosine which acts as a precursor for DA in the body. The structure
of the monomer is shown in Figure 1.6. It was first discovered in the milk protein casein (hence
the name tyrosine as “tyros” in Greek means cheese) and has been used in the biosynthesis of
a thermally sensitive chemiluminescent polymer called diazo-luminomelanin used in
microwave dosimetry research [28] and also as a competitive inhibitor of mushroom tyrosinase
due to its similarity in structure with tyrosine [29]. It was chemically synthesized as an
extension of the tyrosine structure by reducing the nitro group of 3-nitrotyrosine to an amino
group, using sodium hydrosulfite [30]. Tyrosine, like DA has been shown to successfully
polymerize under synthetic conditions to form melanin-like materials [10]. However, the same
process using an amino-group containing tyrosine-based derivative with electropolymerization
to form polyaminotyrosine (ALT/p-ALT) is yet to be studied. A promising feature of this
monomer is that like DA, it was also reported [31] to be redox-active.
0

H,N
OH

NH,
HO

Figure 1.6 Structure of 3-amino-L-tyrosine

1.5 Serotonin

Serotonin (5-hydroxytryptamine, 5-H'T) was discovered in 1951 in blood, peripheral tissues
and the nervous system as a vasoconstrictor and monoamine neurotransmitter [32]. The
structure of serotonin in monomer form is shown in Figure 1.7. It consists of an indole ring with
a hydroxide group on the fifth C atom, and a carboxyl-amide side chain and contains one amino
group that is connected to an aromatic ring by a two-carbon chain (-CH,-CH,-). The advantage
of studying serotonin over other polymer hybrid systems (for example p-PDA) is its
biocompatibility and biodegradability. Earlier studies related to Alzheimer’s patients have
shown that serotonin can form highly ordered structures in an oxidative environment [33].
Under basic environments (pH ~ 9.5) it can self-assemble into monodisperse polyserotonin (p-

Ser) nanoparticles, and this technique has been studied earlier for use as potential
7
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nanoplatforms in biomedical applications [34]. It was also reported in the same study that p-

Ser shows four times reduced adhesion properties on Au substrates in comparison with PDA.

NH,

HO

NH

Figure 1.7 Structure of serotonin

1.6 Synthesis and characterization techniques

1.6.1 Electropolymerization and cyclic voltammetry (CV)

Electropolymerization or electro-initiated polymerization is the process in which electrolysis is
used to initiate the polymerization process with one or more monomers being polymerized on
a conducting surface. It is different from electrolysis in that the amount of the monomer
polymerized does not have to be in a stoichiometric ratio with the amount of current passed.
The formation of a polymer can be initiated electrochemically hence, the presence of an
initiator and its removal after polymerization is not a concern here. The initiators of
polymerization can include [35] the monomer molecules, supporting electrolyte ions, solvent
molecules, and impurities in the system or any species added to the reaction medium. The
yield, molecular weight, and molecular weight distribution can also be controlled. The process
functions due to interactions between the reaction medium and the electrode surface and thus,
parameters such as the applied potential and current, scan rate and the number of voltage
cycles applied (in case of cyclic sweep) must be controlled. The applied potential should be
sufficient to oxidize the monomer and polymerize it, but not too high so that it does not cause
metal dissolution or induce corrosion. However, since the mechanisms are poorly understood,
there is an inherent possibility of poor-quality coatings and reproducibility reported in literature

[36] and care must be taken to report reproducibility of results.
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Consider a chemical system where no redox couple is present. The potential form shown in
Figure 1.8 is applied to the system for obtaining a voltammogram [37]. Initially, there is a
sharp rise in current because of a sharp change in the scan rate v. The current then reaches a
steady state as the voltage constantly varies. Reversing the scan voltage causes the resultant
current to change sign, and it goes to 0 as the scan is stopped. This is repeated for several cycles
as per requirement in cyclic voltammetry to allow observations to the system over time, where
a voltammogram or the V-I characteristics of a cyclic voltage sweep applied to an electrolyte

are obtained.

E (-
. J

Figure 1.8 Schematic explanation of a cyclic voltammelry experiment in the absence of a redox couple [37]

An example of the same recorded in the presence of a redox couple according to IUPAC
convention 18 shown in Figure 1.9 (a). The x-axis represents an applied voltage (V) and the y-
axis represents the resulting current. The arrow above the “duck diagram” (called so due to its

shape) represents the direction in which it must be read.
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Current (A)

Applied Potential (V)
(b)
+ W
A Eocrode AT Electrode A Electrode

Figure 1.9 (a) Typical cyclic voltammogram (b) electron transfer process occurring at the W.E.; adapted from
[35]

A circuit diagram and schematic representation of the electrochemical cell used for
electropolymerization is given in Figure 1.10 (a) [38]. The circuit is comprised of an
electrochemical cell, an adjustable voltage source (Vs), an ammeter (Am) and a voltmeter
(Vm). Three electrodes used in the cell are the working electrode (W.E.), the reference electrode
(R.E.), and the counter electrode (C.E.). The source voltage (Vs) for the electropolymerization
is applied between the working electrode and the counter electrode. The voltmeter measures
the potential (E) between the R.E. and the W.E., and the overall voltage (Vs) is adjusted to

maintain this potential. The ammeter (Am) measures resulting current (1) flowing to or from the

W.E.
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(a) (b)

3-Electrode
C.E Electrochemical Cell

Oxygen

Adjustable RE
Vs

—_— @) Dopamine solution

Electrode
W.E
Vm
_—— Polydopamine solution
@ - % e
i

—_—

Figure 1.10 (a) Curcuat diagram for 3-electrode setup used in electropolymerization and cyclic voltammetry
(CV) (own_figure adapled from [38]) (b) vertical (top) and horizontal configurations for electropolymerization

The setup is possible in two ways: (1) a horizontal setup and (i1) vertical setup as shown in Figure
1.10 (b) where the substrate is either dipped in the reaction medium or placed on a horizontal
surface, held in place after which a few drops of the electrochemical solution is added. The
differences in the abilities of these two methods in producing polydopamine thin films have
been studied earlier and horizontal cells are found to produce somewhat more homogenous

thin films with circular, thick edges [39]. The reaction medium consists of the following:

1. Solvent: An appropriate solvent would show high mutual solubility with a monomer and low
solubility with the polymer formed from a monomer such that film formation is preferred to
dissolution. Usually, water is used.

1. Supporting electrolyte: Ideally, this possesses a high ionic concentration as it serves to
increase the conductivity in the reaction medium. This would allow migration of ions from bulk
to the surface of the substrate.

i1. Substrate: An ideal substrate does not show any chemical reaction with the solvent or the
solute species. It must not undergo corrosion or redox reactions at the voltages to be applied to

the solvent or before electrolysis is complete.

The R.E., usually an Ag/AgCl chloride electrode, is non-polarizable and currentless, near the
W.E. (made of a noble metal such as Au/Pt) due to an Ohmic drop due to the resistance of the
solution between both electrodes. It has a 3 M KCl salt bridge to prevent contamination of the

11
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electrolyte. For simplicity, consider a compound AX where A is more easily reducible. At the

W.E. the following reduction reaction occurs:

AT+e > A 1-7

The reaction occurs because the LUMO of A* is at a lower energy than the HOMO of the
W.E. as shown in Figure 1.9 (b). The peaks for oxidation and reduction in the diagram can be
explained by considering the equilibrium between the species A and A* described by the Nernst

equation:

_ 0 E (OX)
E=E""+ nFln(Red)

1-8

Where E is the potential of the electrochemical cell, E%s the standard potential of a species,

(0x)
(Red)

represents the relative activities of the species being oxidized and reduced in the reaction

medium at equilibrium, R is the universal gas constant, F is Faraday’s constant, n is the number
of electrons and T is the temperature. Applying the equation to the one-electron reaction

described in:

Elﬂ

E=E"”+
FoolAl

1-9

Where activities are replaced by the concentration of the species [A] and [A*], E° is replaced
by the formal potential E%”and n becomes 1. The species A present at the electrode surface is
oxidized to A* as the applied potential is more positive. As the potential varies from point A to
point D, [A] is steadily depleted near the electrode as it is oxidized to increase [A*]. At point

C, where the peak anodic current or oxidation peak current (irpq)) is observed with

corresponding oxidation potential E (o), the current is controlled by the presence of additional
[A] transported via diffusion from the bulk solution. The volume of the solution at the surface
of the electrode containing the oxidized A is called the diffusion layer and continues to grow
throughout the scan. This slows down mass transport of A to the electrode. Thus, while more
negative potentials are applied, the rate of diffusion of A from the bulk solution to the electrode
surface reduces, causing in a decrease in the resulting current as the voltage is scanned (C —

D). When the switching potential (D) 1s reached, the scan direction is reversed, and the potential

12
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is scanned in the other direction resulting in a peak cathodic current (i(p ) with corresponding
reduction potential E (eq). At points B and E, the concentrations of species A* and A at the
electrode surface are equal, following the Nernst equation, E = Ej ;. This corresponds to the
halfway potential between the peaks C and F and can be used to estimate the E% for a reversible
electron transfer. While the concentration of A* at the electrode surface is depleted, the
concentration of A at the electrode surface increases and vice-versa, satisfying the Nernst
equation. Diffusion of the analyte to and from the electrode causes the peak separation. The
scan rate inversely affects the size of the diffusion layer and thus directly affects the current as

shown by the Randles-Sevcik equation [40]:

i, = 0.466nFACO (FL220)1/2 1-10
RT

the peak current i, increases linearly with the square root of the scan rate v (Vs 1), where 7 1s
the number of electrons transferred in the redox reaction, A (cm?) is the electrode surface area,
Dy (cm?2s1) is the diffusion coefficient of the oxidized species, and C°(mol cm3) is the bulk

concentration of the analyte. The peak separation voltage AEps is given by:
AEps = E (o) — E (req) 1-11

Where E oy 1s the oxidation potential and E (eq)1s the reduction potential. If the half width of
the peak separation in the forward scan is 59 mV at 25°C (ideal case), the reduction process is
completely reversible and indicates a one-electron process where electron transfer is faster than

mass transport given by [41]:

59
AEps = . 1-12

Where 7 is the number of electrons involved in the redox process. When the peak separation is
greater than 59 mV it implies a quasi-reversible system, and one with novel properties from a
one-electron reversible system [42] and the loss of an Ohmic drop [43]. It indicates that the
electron-transfer process occurs at the same rate as mass transport. The peak separation AEps
is also influenced by the presence of alkali metals, hence the choice and concentration of
supporting electrolyte as mentioned above should be noted. For an irreversible system electron

transfer 1s slower than mass transport.
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1.6.2  Profilometry

Profilometry is used to extract topographical information about a surface (morphology,
thickness, surface roughness etc.). The setup of a profilometer consists of a movable sample
stage and detector. The stylus can scan the sample in x, y and z directions (3D). The typical
resolution of such a profilometer depends on the scan rate and signal sampling rate but is much
higher in the y-direction (height). The variations in the topography of the sample impart a force
onto the stylus and this gets converted by a transducer into an analog electrical signal. This
signal 1s then converted into a digital signal by an analog to digitall converter (ADC). This is

shown with the profilometer setup in Figure 1.11 (a) and (b) [44].
(@) (b)

Electrical
Signal
AID
Transducer ’V\f\/\f\f\/ —>| Conversion I Detector

Stylus | |

Surface

Movable stage

R S A Y )
.« 3 Dy s . . .

Digitized Points

Figure 1.11 (a) Block dagram for a profilometer [44] (b) actual profilometry setup

1.6.3 Atomic Force Microscopy (AFM)

The Atomic force microscopy (AFM) was invented by Binnig, Quate, and Gerber in 1986 [45].
Atomic force microscopy can provide topographic information down to Angstrom level and 1s
hence useful for studying the thin films explored in this thesis. Its setup consists of a sharp probe
made of a piezoelectric crystal chosen according to the sample under study (in this thesis, an
OTESPA cantilever of 300 kHz was used). The probe is attached to a flexible cantilever that is
movable under applied mechanical forces. The movement occurs at an angle of inclination
proportional to the intensity of the force which is measured by deflecting a laser beam off a split
photodiode. This detected movement is then converted to an electric signal similar to the
profilometer. This is depicted in Figure 1.12 (a) [45]. Thus, both devices work on the principle
of piezoelectricity since a force applied along a particular direction (say, x) causes a deflection
in a perpendicular direction (say, y) and this produces a current in a direction transverse to
both (z). The AFM can be operated in several modes, however, in this report only (soft) tapping

mode was used where the cantilever assembly is made to oscillate over the sample at the
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resonant frequency of the cantilever. The mechanical resonance frequency w, of a cantilever

beam i1s:

where the effective mass m, s is dependent on the mass distribution and geometry of the AFM
probe and k, is the effective stiffness of the probe. This is a useful mode since it prevents
damage to the sample and the probe. The cantilever oscillation amplitude is maintained
constant by a feedback loop which is software-assisted. When the tip passes over a bump in the
surface, the cantilever has less spatial freedom to oscillate and the amplitude of oscillation
decreases. Conversely, when the tip passes over a depression, the cantilever has greater spatial
freedom to oscillate and the amplitude increases (approaching the maximum free air
amplitude). This concept is used to extract thickness profiles of several samples in this project.
The oscillation amplitude of the tip is measured by the detector and input to the controller
electronics. The digital feedback loop then adjusts the tip-sample separation to maintain a

constant amplitude and force on the sample.

(@) (b)

()
Split A
)( photodiode

[
e
o repul i
L pulse regime
Sensed cantilever o (contact mode)
movement via laser © far away from surface
E 0 (out of feedback)
a I 1
N S
Microfabricated =

exible cantilever attractive regime
(non-contact mode)

Tip approaches surface T

Tip-Surface Distance

Figure 1.12 (a) Schematic of an AFM setup, redrawn and modified [45] (b) Lenard fones potential
representing the interaction between probe and sample in AFM analysis [46]

The interaction between the probe and sample can be explained by the Lenard-Jones potential
equation and curve shown in Figure 1.12 (b) [46]:
A, B

VL](T) = 12 + — 1-14

r6é
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where A and B are constants and 7 represents distance between particles of the probe and
sample. At shorter distances between the probe and sample (~ a few Angstroms) repulsive forces
dominate due to exchange interactions between their overlapping molecular orbitals. At longer
distances, attractive forces dominate. The forces can have van der Waals nature due to induced
polarization between atoms of the probe and sample, electrostatic interactions caused by

localized charges and magnetic interactions by dipoles present.

1.6.4 Attenuated Total Reflection Fourier Transform IR Spectroscopy (ATR -FTIR)

Infrared spectroscopy is a powerful tool for the characterization of polymers based on the
absorption of radiation in the infrared wavelength range due to the molecular vibrations of the
functional groups contained in the polymer chain. This technique has limited sensitivity since
most of the radiation transmitted through a sample as a function of wavenumber does not
interact with the open slits of the detector and hence, analyzing the thin films could prove
challenging. The schematic is shown in Figure 1.13 [47]. The FT-IR setup uses a Michelson
interferometer consisting of two mirrors and a beam splitter. The beam splitter reflects half the
incident radiation from a source to a stationary mirror and transmits the rest to a moving
mirror. Radiation is then reflected by the sample and by the two mirrors to the beam splitter
where the amplitudes of the waves are combined either destructively or constructively to form
an interferogram which is created at the detector. The interferogram is Fourier-transformed
from time into the frequency spectrum. This technique has several distinct advantages since it
can scan the infrared spectrum constantly throughout its optical range quickly with a moderate
resolution. It can measure all wavelengths simultaneously with a high signal-to-noise ratio and
this would be useful when differentiating the background of the substrate from the sample
surface signal used in this project. The interferometer has no slit or grating and has a high

throughput [47].
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Figure 1.13Schematic of an ATR-FTIR setup redrawn and adapted from [47]

1.6.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was developed during 1954-70 by K. Sieghahn and
his research group [48]. XPS is a surface sensitive technique due to the short mean free path
of the excited electrons (several nm), where the sample is irradiated with x-rays and the energy
distribution of the emitted photoelectrons is recorded. The analysis of the measured spectra
can give information on the composition of the sample and the chemical bonding of the atoms
within. The spectroscope shown in Figure 1.14 [49] consists of a dual anode x-ray source, a
hemispherical energy analyzer, and a channeltron detector. The whole system is evacuated at
a pressure of 108 to 10 mbar. The x-rays generated in the x-ray source are directed to the
sample and some of the photoelectrons generated in the sample that can escape are analyzed
in the hemispherical analyzer. The 1on gun can be used to sputter away layers of the sample in
order to depth profile the sample composition. The interaction of x-ray with matter can
produce photoelectron emission where an x-ray photon liberates an electron in one of the
various orbitals of the chemical compound under test. Depending on the experimental setup
and the photon energy hv , these electrons can be either absorbed in the valence band or they

can leave the atom as free electrons with kinetic energy Ej where:

Ek = h,V - EBE 1-15

Where Egg is the ionization energy or binding energy of electrons in the orbital. The exact
binding energy for an electron in an atom depends not only on the orbital of the electron but
also on the chemical environment of the atom. The energy of an electron in an atomic orbital
is determined by the Coulomb interaction with the other electrons and the attractive potential
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of the nucleus. Any change in the chemical environment of the element will involve a spatial
redistribution of the valence electrons, creating a different potential as seen by a core electron.

This results in a change in the binding energies or a chemical shift. This process is shown in

Figure 1.15 (a).

Energy
analyser

b Channeltron

Electron detector

optics

iongun

Figure 1.14 Schematic of an X-ray photoelectron spectroscope [49]
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(a) Photoelectron generation (b) X-ray fluorescence (c) Auger electron generation

Figure 1.15 Excitation and relaxation processes occurring in x-ray wrradiated matter adapted from [50]

After an electron is emitted from an inner orbital of the atom a cation vacancy is left behind.
An electron from an outer orbital undergoes relaxation and fills the empty inner orbital. The
excess energy is released either by the emission of an x- ray photon (x-ray fluorescence) shown

in Figure 1.15 (b) or by the ejection of a second photoelectron Figure 1.15 (c) (Auger electron

emission).
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1.6.6 Characterization using electron interactions

A Scanning Electron Microscope (SEM) works on the principle of using accelerated electrons
from a suitable source, directed through a series of electromagnetic lenses and deflectors onto
the surface of a charged sample in order to gain information about morphology and chemical
contrast [51]. The image obtained from SEM depends upon several parameters such as scan
speed, source voltage, intrinsic characters such as conductivity of the sample and so on and

these can be fixed or tuned during the scans.

electron beam
Auger Electrons (AE) Secondary Electrons (SE)

surface atomic composition topographical information (SEM)

Backscattered Electrons (SE)
Characteristic X-ray (EDX) atomic number and phase differences
thickness atomic composition
Continuum X-ray
Cathodoluminescence (CL) (Bremsstrahlung)
electronic states m‘ovmahor\

@

Inelastic Scattering
composition and bond states (EELS)

SAMPLE

Elastic Scattering

Incoherent Elastic structural analysis and HR imaging (diffraction)

Scattering

Transmitted Electrons
morphological information (TEM)

Figure 1.16 Information obtained from a sample by SEM based on the interaction volume of an electron
targeting 1t [51]

There are three main detectors in an SEM [52]: Everhart- Thornley (E-T), in-line Detector
and Backscattered Electron detector. The E-T detector primarily collects SEs and low-energy
BSEs, also some high-energy BSEs are detected, which gives channeling contrast. In addition,
the SEs (SEs created by BSEs leaving the sample) also contribute to the channeling contrast.
The inline detector is placed in the electron column. This detector has better contrast because
the collection solid angle for high-energy BSEs is larger for this detector. More SE2 electrons
are collected by the in-lens detector than the E-T detector. The disadvantage is that the in-lens

SE detector is very surface sensitive and is more prone to contamination. The backscattered
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electron detector has high grain orientation contrast is due to the high collection efficiency of
the high-energy BSEs, which carry the channeling contrast information. Figure 1.16 [51] shows
the interaction volume of the channeled electrons in the sample in order to produce different
types of electrons and the resulting effect on the image information one can obtain. EDX or
Energy dispersive X-ray analysis/spectroscopy [52] is based on the principle of detecting X-
ray emissions caused due to transitions of electrons between K, L. and M shells in the atoms of
the sample under analysis. For example, an inner K shell electron can get knocked out and
either an L or M shell electron can take its place. This results in an emission of X-rays which
then go to a detector or analyzer and get displayed as the K. and Kjp lines in the X-ray
spectrum. When there is such a transition from the M to L shell, we get L lines of the X-ray
spectrum. There can also be noise in the spectrum due to Bremsstrahlung radiations from

decelerated electrons. An image of these transitions can be seen in Figure 1.17 [52].

primary e- beam

characteristic X-rays
Y

Figure 1.17 Basic principle of EDX [52]

The samples are mounted on the sample stage using a sticky carbon pad and focused to get a
clear image. The energy used is 2.5 times the electron energy mentioned in the reference
periodic table for stimulating the emission of a particular element. This increases the probability
to knock out an electron from the element’s electron shell. However, a major limitation exists

for samples with ultrathin surfaces which reduces the interaction volume.

1.6.7 Static Contact Angle: Sessile Drop Method

Static contact angle measurements are used to find the hydrophilicity of a sample surface by

applying a drop of water onto the solid sample and analyzing its angle # with respect to the
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surface using a goniometer. The setup of the contact angle measurement instrument is shown
in Figure 1.18. A high-resolution camera is placed in the line of sight of the sample stage, where
the sample is placed. Above the sample, a syringe with a needle controlled by the software 1s
allowed to drop water onto the surface of the sample at a chosen rate (here 20 pL./min is used).
The contact angles are then measured by contour fitting that is performed by the software on

the captured image of the droplet on the sample surface.

Syringe
Light source

Camera
Sample stage

Sample stage adjustments

Figure 1.18 Instrument setup for sessile drop method contact angle measurement

The contact angle signifies the extent of wettability and hence hydrophilicity of the surface as
shown in Figure 1.19. This is due to the surface tension of the liquid o; (e.g. water), the
interfacial tension between the liquid and solid sample og; and the free energy at the surface of
the solid sample o5. These parameters are related to the contact angle by Young’s equation

given as [53]:
0s = 05 + 0;.cosf 1-16

where 6 is the angle shown in Figure 1.19 (b) between the liquid-solid interface.
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6 <90° => hydrophilic
6 > 90° => hydrophobic

Figure 1.19 Criteria_for good wettability and hydrophilicity of a surface (b) reference for explaining Young’s
equation adapled from [53]
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2 MOTIVATION AND OBJECTIVES
2.1 Brief history and long-term goals of the project

This work is part of a project in cooperation with Dr. Maria Wachtler, Leibniz Institute for
photonic technologies, Jena, CATALIGHT, Ulm and AK Weil, MPIP Mainz for water-
splitting in photocatalytically active thin films. In earlier studies relevant to this project,
polydopamine thin films were electropolymerized on conducting substrates, embedded with
randomly distributed CdSe@CdS dot-in-rod nanostructured sensitizers and characterized
[54]. An ideal setup with the sensitizers embedded and vertically aligned in the polydopamine
thin film is shown in Figure 2.1. The effect of doping with Au nanoparticles after embedding
these sensitizers was also studied [39]. The sensitizers can also be functionalized using metal
nanoparticles (e.g. Co-complexes) that act as catalytic reaction centers. A method was also
developed to strip the polydopamine films from the conducting substrate and transfer them to
other substrates (that do not necessarily have conducting properties) for characterization and
other purposes. Similar to the general process of PWS mentioned in the Introduction, upon
absorption of light by the sensitizer, electron-hole pairs are generated, followed by charge
carrier transport, separation, and localization in the CdSe seed and nanoparticle reaction
centers (for electrons and holes respectively). The band gap of the combined CdSe@CdS
structures correspond closely with the oxidation and reduction potentials of water; thus,
catalyzing both water-splitting half reactions and stabilizing them through the electron-hole

pairs generated.

H
/»—V 2
— 2H*
\ e
+/— *
h(_ —» 2D
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Fugure 2.1 Structure of polydopamane hybrid system for PWS

2.1.1  Why Polydopamine?

Despite their potential photocatalytic activity, the structures mentioned above are subject to
photodegradation and instability over time, which can be solved by embedding them in a redox

active, light-stable material such as polydopamine. Structurally, polydopamine consists of
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amphiprotic groups: hydroxyl and amino as well as reversible redox phenolic quinone groups
[18],[55]. Though the precise molecular structure of polydopamine is relatively unknown [11],
the catechol and quinone moieties of polydopamine co-exist in a pH-dependent redox
equilibrium as shown in Figure 2.2, with their relative concentrations being dependent on the
voltage at which the electropolymerization process is stopped [56]. The catechol moieties
dominate under acidic pH while quinone moieties dominate under alkaline pH. The presence
of quinone enables the self-regulation of photocatalytic activity since it intercepts the
recombination process between the excited electrons in the sensitizer and the holes in the
catalytic reaction center. The reducing catechol moieties would help quench residual
photogenerated holes thus protecting the sensitizer from photooxidation and degradation.
Hence, it is evident that the redox potential of the active polymer environment plays a vital role
in supporting the water-splitting reactions occurring in the sensitizers and tuning the same
(reducing the band gap) using copolymerization with different light stable monomer systems
could be the next step in the investigation. PDA thin films can be a platform for secondary
surface-mediated reactions, to synthesize self-assembled monolayers (SAM), grafted polymer
coatings etc. [57],[58]. Applicability to many materials with complex shapes, and versatility,
including surface functionalization, catalyst, soft-lithography, Li-ion batteries, among others

[18],[59] provides motivation for further adapting PDA thin films.

Intercepts recombination between excited
electrons in the sensitizer and holes in the

Self-Regulation catalytic reaction center
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uinone
Photon
.
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Protection

Quenches residual photo-generated holes,
protects sensitizer from photooxidation and
degradation

Figure 2.2 Quinone-catechol equilibrium based on pH
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2.2 Objectives, novelty, and scope of the project

The objectives of this project include: modifying the redox-active polydopamine environment
using new polymer and copolymer thin films with light-stable monomers that 1. can tune the
pH response of the organic/inorganic hybrid materials for water reduction and 2. optimize and
adjust the redox potentials between the polymeric films and sensitizers. The systems produced
should ideally show long term stability, be reproducibly synthesized, have high performance in
the pH range 4.0-7.0 with 4 being close to the pKa value [60] of PDA. The systems should
have a high quantum yield (> 80%) to reach the efficiency necessary for a viable device, and
act as a smart material with pH switching capability for photocatalytic hydrogen production.
Though the pH-dependent redox potential behaviour of pure DA and polydopamine on glassy
carbon electrodes has been studied earlier [61] the same has no precedent to the best of the
author’s knowledge in literature for polydopamine on an Au substrate with low scan rate
conditions of cyclic voltammetry or copolymers of polydopamine. The data in literature will be
used as a reference to ensure that experimental data produced here is reliable. Preparation of
these copolymer films via electropolymerization has not been explored yet to the best of the
author’s knowledge. Also, thin film formation using different monomers and the possibility of
a system where PDA is replaced other homopolymer films is yet to be explored further. Though

PDA has several advantages as mentioned earlier for use in PWS,; it has several limitations:

1. There is no evidence in literature that redox response of the PDA film can be tuned within
a set pH environment for example, by tuning electropolymerization parameters such as end
voltage [39] though some evidence exists for PDA-related systems being pH active [62]

2. By extension, the electron-hole recombination time and thus quantum efficiency of PDA 1is
not adaptable as a standalone system

3. Though vast literature is available on PDA, the same 1s limited for studies of redox properties
of copolymers of PDA, as well as other monomers, especially those produced by

electropolymerization.

2.2.1 Adapting the redox-active polydopamine environment

As depicted in Figure 2.3 (a), the oxidation potential of PDA can be tuned between 0-1 V vs.
NHE at a specified value of pH. Ambrico et. al suggested that the electrical properties of PDA
could be chemically tuned through oxidative copolymerization of DA with a comonomer that

has an aromatic amine functional group.
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(a) (b)

= conduction band
= ~ Molecular catalyst
-1+ —_— - CdS
04 basic 1 eV - CdSe

= ~2.1e \

~2.6eV Tunable

1 4 acidic

QH/Q CdSe v copolymer/homopolymer
24 Cds thin film

valence band

Figure 2.3 (a) Band diagram of CdSe(@CdS nanostructure compared with PDA [63], [64]and (b) modified
proposal of the polydopamine hybrid system
Comonomers to be used for this study include 3-amino-L-tyrosine and para-phenylenediamine
which can incorporate aromatic amines and electron donating groups thus shifting redox
potential [65], increase the ability to prevent electron-hole recombination and thus quantum
efficiency of the sacrificial electron layer. This principle will be used to extend the study of pH-
dependency and pH-switching capability to polydopamine copolymer systems with p-
phenylenediamine and 3-amino-L-tyrosine. The amine groups in both being electron donating
would be conjugated with the catechol/quinone moiety of DA thus extending m-electron
delocalization as well as the electron mobility in the copolymer. This occurs due to a shift in
the Fermi level of PDA towards its conduction band resulting in a doping effect similar to an
n-type semiconductor thus also changing the band gap between its HOMO and LUMO levels.
Para-phenylenediamine (p-PDA) and 3-amino-L-tyrosine (ALT) can both be considered
suitable comonomers for the polymerization with PDA for tuning its electrochemical

characteristics since they both [63]:

1) possess an aromatic amine function for covalent coupling with DA under the oxidation
conditions required for its polymerization

2) are easily oxidized for incorporating the amine group to ensure efficient interaction with the
oxidized DA system for polymerization

3) possess solubility properties that enable better film formation ability for copolymer film

formation with DA

Ambrico et. al further suggested that the use of these monomers to copolymerize PDA could
result in an increase in electron mobility and concentration in the polydopamine matrix as they

were used for n-doping of polydopamine for hybrid semiconductor organoelectronics [63].
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Investigations will be carried out using varying monomer ratios between polydopamine and
the two comonomers to produce homogenous, reproducible thin films. Serotonin and 3-amino-
L-tyrosine will also be used as new homopolymer systems for comparison with polydopamine.
The possibility of reproducibly synthesizing an upscaled polyserotonin (p-Ser) thin film using a
low concentration of monomer will be explored. Though p-Ser film formation has been
reported in literature and reported as forming reactive species which adsorb irreversibly on the
electrode surface resulting in fouling through the formation of an insoluble polymer-like by-
product [66],[67] no studies are available (to the best of knowledge) about its
oxidation/reduction dependence in different pH environments for photocatalytic applications.
The abundant amino groups in its structure are promising for the purpose of chemical
modification and studying its properties in PWS has not been explored to the best of the
author’s knowledge. Film formation using electropolymerization for 3-amino-L-tyrosine will
also be attempted in this work for the first time (to the best of the author’s knowledge). Thus,

the experimental goals of this thesis can be summarized as follows:

1) Film formation of homopolymers with p-phenylenediamine, 3-amino-L-tyrosine and
serotonin

2) Copolymer film formation between DA and three other monomers: p-phenylenediamine, 3-
amino-L-tyrosine and serotonin using electropolymerization

3) Testing the adaptability of DA + p-phenylenediamine (PDA + p-PDA) and DA + 3-amino-
L-tyrosine copolymers (PDA + ALT) and polyserotonin to different pH environments by
evaluating variation in oxidation and reduction potentials, peak separation voltage and peak
currents between the systems using cyclic voltammetry

4) Characterization of the systems for physical characteristics and chemical structural

differences using various qualitative techniques

Thus, differences in functionality, including electrochemical, and surface properties of these
modified systems polydopamine thin films and copolymer films will be investigated by cyclic
voltammetry, profilometry, contact angle studies, and AFM. When the copolymerization of the
films 1s achieved and optimized, they will be characterized using techniques such as XPS, ATR-
FTIR, and SEM for comparison with PDA. Lastly, the possibility of adapting the properties of
PDA to different pH environments will be evaluated. Using the knowledge presented in the
Introduction, several experiments were designed and implemented to meet the objectives

enumerated in the next section. The concepts were also used to support the motivation for this
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thesis. The scientific formulas presented were also used for analysis of the experimental data

presented in the Results and Discussion section.
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3 EXPERIMENTAL SECTION

Preparation of Au slides: Au substrates (Sigma Aldrich, thickness 1000 A) were cut to size using
a diamond cutter and measuring grid. All used slides were cleaned using a Piranha solution of
basic pH prepared using Ho09 (14.3 g, 34.5% -36.5%) dissolved in Milli() water (6.7 g) and
KOH (56 mg, 1.0 mmol) in a glass beaker. The gold substrates are inserted in it for several
hours overnight and further purified before use in an argon plasma cleaner (Harrick) at a
pressure of 2 mbar for 10 minutes.

3.1 Preparation of various homopolymers

All samples powders were weighed using a Mettler Todeo microbalance. A phosphate buffer
of pH 6.9 prepared using 0.0053 M sodium phosphate dibasic heptahydrate with 0.0047 M
Sodium phosphate monobasic monohydrate in Milli() water, was used as the solution for each
monomer/monomer mixture with an Au W.E., Au C.E., and Ag/AgCl (3.5 M KCl bridge)
R.E. to prepare each film. The phosphate buffer solution was degassed with No gas for 10 mins
each time before and for 10 mins after the addition of each monomer/monomer mixture. The

horizontal cell setup 1s shown in Figure 3.1.

3-amino-L-tyrosine homopolymer: 2 mg of 3-amino-L-tyrosine was dissolved in 6 mL in PB
pH 6.9, bubbled under N gas for 10 minutes and electropolymerized using a horizontal cell
with the following parameters: Lower Vertex: - 0.5 V; Upper Vertex: 0.5 V; Number of scans:
8; Scan rate: 0.01 V/s; Step: 0.00244 V.

P-phenylenediamine homopolymer: 1.7 mg p-phenylenediamine was dissolved in 7 mL in PB
pH 6.9, bubbled under N gas for 10 minutes and electropolymerized using a horizontal cell
and Nova software with the following parameters: Lower Vertex: - 0.5 V; Upper Vertex: 0.5
V; Number of scans: 8; Scan rate: 0.01 V/s; Step: 0.00244 V.

Serotonin homopolymer: Attempts were made to electropolymerize serotonin using two
Methods. Method I: 10 mg of serotonin HCI was dissolved in 10 mL in PB pH 6.9, bubbled
under N gas for 10 minutes and electropolymerized using a horizontal cell with the following
parameters: Lower Vertex: - 0.5 V; Upper Vertex: 0.5 V; Number of scans: 15; Scan rate: 0.01
V/s; Step: 0.00244 V.
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Method II: serotonin films were electropolymerized using 0.5 mM Serotonin in 0.1 M NaCl
and 5mM HEPES (pH ~ 6) using the following parameters: Lower Vertex: - 0.8 V; Upper
Vertex: 0.8 V; Number of scans: 15; Scan rate: 0.01 V/s; Step: 0.00244 V. The number of
scans and scanning voltage limits were increased in comparison with previous experiments to
increase the chances of film formation based on past studies relating the number of cycles used
to film thickness [39]. A summary of the chemicals and respective amounts used for the

preparation of different films is shown in Table 3.1-1.

Table 3.1-1 Summary of synthesis data_for various films prepared by electropolymerization

Sample Monomer used Weights/ratios used (g)/(mol)
PDA (reference) Dopamine HCI (Sigma Life Science MW: 10 mg in 10 mL in PB pH 6.9
189.64 g/mol) 5.3 mM
p-PDA 1, 4, para-phenylenediamine (Sigma Aldrich 1.7 mgin 7 mLin PB pH 6.9
MW: 108.14 g/mol) 2.2mM
p-ALT 3-amino-L-tyrosine dihydrochloride hydrate 1.2 mgin 6 mLin PB pH 6.9
(Sigma Aldrich MW: 287.14 g/mol) 0.7 mM
Serotonin HCI (Alfa Aesar, MW: 212.67 Method 1: 10 mg Serotonin HCI in
g/mol 10 mL. PB pH 6.9
p-Ser

Method 2: 0.5 mM Serotonin in
HEPES buffer pH 5.5
PDA + p-PDA Dopamine HCI (Sigma Life Science) + para- Molar ratios: 1:1, 4:3, 3:1, 10:1

phenylenediamine (Sigma Aldrich)

PDA + ALT Dopamine HCI (Sigma Life Science) + 3- Molar ratios 1:1 4:3, 3:1,10:1

amino-L-tyrosine (Sigma Aldrich)

PDA + p-Ser Dopamine HCI (Sigma Life Science) + Molar ratios 1:1, 2:1, 3:1 and 10:1
Serotonin HCI (Alfa Aesar, MW: 212.67
g/mol

3.2 Preparation of PDA and its copolymers

Polydopamine and copolymer films were prepared using a horizontal electropolymerization
setup on an Au substrate (approximately 25 x 25 mm) using the following parameters kept
constant: Lower Vertex: - 0.5 V; Upper Vertex: 0.5 V; Number of scans: 8; Scan rate: 0.01
V/s; Step: 0.00244 V. A phosphate buffer of pH 6.9 prepared using 0.0053 M sodium
phosphate dibasic heptahydrate with 0.0047 M Sodium phosphate monobasic monohydrate in

MilliQ) water, was used as the solution for each monomer/monomer mixture with an Au W.E.,
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Au C.E. and Ag/AgCl (3.5 M KCl bridge) R.E. to prepare each film. The phosphate buffer
solution was degassed with No gas for 10 mins each time before and for 10 mins after the
addition of each monomer/monomer mixture. The horizontal cell setup is shown in Figure
3.1. Caution was maintained to ensure that the electrodes do not directly touch each other or
the Au substrate surface, but only the monomer solution within the confines of the O-ring. In
case of errors in measurements, the execution of the program was stopped on the software and
the power source switched off, as stopping the data acquisition does not necessarily stop the

flow of current through the setup.

R.E Ag/AgCl (3.5M

KClI bridge)
C.E Au
Monomer solution on Au
Cu tape for
.. substrate (not visible)
conductivity

Sample holder

Figure 3.1 Actual setup for electropolymerization experiments

The synthesized films are rinsed with MilliQ) water and then dried with No gas. The films were
synthesized at least twice each time to check for reproducibility. The ratio of dopamine HCl to
monomers p-phenylenediamine and 3-amino-L-tyrosine was varied with decreasing amounts
of the second monomers. Similarly, copolymer films of DA with serotonin were polymerized
using horizontal electropolymerization setup on an Au substrate using the following
parameters: Lower Vertex: - 0.5 V; Upper Vertex: 0.5 V; Number of scans: 8; Scan rate: 0.01
V/s; Step: 0.00244 V. The amount of dopamine HCI to monomer serotonin HCI used was

varied using the molar ratios 1:1, 2:1, 3:1 and 10:1.
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3.3 Characterization

3.3.1 Cyclic Voltammetry

All thin films for characterization by cyclic voltammetry were copolymerized using horizontal
electropolymerization setup directly after their synthesis to ensure the O-ring is in the same
position using the following constant parameters in the Nova software: Lower Vertex: - 0.5 V;
Upper Vertex: 0.5 V; Number of scans: 8; Scan rate: 0.01 V/s; Step: 0.00244 V. Phosphate
buffers of pH values 4.6, 5.6, 6.9 and 7.3 were used as the medium for cyclic voltammetry for
a comparison of the system’s response to different environments. A summary of the chemicals
and respective amounts used for the preparation of the phosphate buffers is listed in Table
3.3-1. Appropriate amounts of disodium hydrogen phosphate and sodium dihydrogen
phosphate were dissolved in Milli() water in a laboratory flask and adjusted with the MP220
pH meter (Mettler Toledo) to the required pH with NaOH (5.0 M) and HCI (1.0 M)

Table 3.3-1 Summary of synthesis data for phosphate buffers of varying pH

Amount of sodium phosphate Amount of sodium phosphate
Target pH

dibasic monobasic
4.6 0.0032 M 0.1002 M
5.6 0.0049 M 0.0951 M
6.9 0.0534 M 0.0466 M
7.3 0.0754 M 0.0246 M

The CV characterization for all samples was performed phosphate buffers using following
parameters: Lower Vertex: - 0.5 V; Upper Vertex: 0.5 V; Number of scans: 4; Scan rate: 0.01
V/s; Step: 0.00244 V. The number of scans and scan voltages were chosen such that the system
would reach equilibrium for electron transfer but does not endanger removal of the film. A Pt
electrode was used as the C.E. The procedure was repeated once for each trial to test

reproducibility and to estimate standard deviation.

3.3.2  Surface physical properties

AFM: The PDA films were prepared by electropolymerization on a gold plate as described
earlier. To determine the thickness of the films by AFM, the films were scratched with a plastic
pipette tip and washed with MilliQ) water before measurement. Since the lower layer appears

predominantly flat, it was assumed that only the polymer layer in each case was removed [39].
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For the measurements, an atomic force microscope (Bruker Dimension Fast Scan Atomic Force
Microscope) in the Peak Force Quantitative Nano Mechanical mapping mode (QNM) was
used with air as the medium. A silicon cantilever (Bruker OTESPA-R3) having a spring
constant of 2 N/m and a resonant frequency of 70 kHz was used. To evaluate the thickness
and roughness of the films Gwyddion software version 2:47 and Nano Scope Analysis Version
1.50 were used. The roughness used from the software is the mean roughness over a fixed area
selected. The inclination of the profiles obtained was corrected with the lowest part of the height
scale set to 0 nm. Then, the thickness of the PDA-films was determined by tracing an image of
the boundary between the PDA film and the scratch and measuring the difference in height
between the two planes. Some of the measurements were performed by Sean Harvey and

Tommaso Marchesi and some are the author’s own.

Profilometry: The sample preparation was carried out as for atomic force microscopy. A scratch
in the polymer films was made with a plastic pipette tip, to avoid scratching the Au layer
underneath as could occur with a metallic syringe needle. The measurements were carried out
on the KLA-Tencor Stylus Profiler model P7. The following parameters were used: scan speed
20 pm/s, sampling rate 100 Hz, applied force 2 mg. All graphs were plotted using Origin 2017

graphing software and Python programming.

3.3.3  Qualitative chemical species analysis

XPS spectra: The XPS measurements were performed by Hao Lu, Gabriele Herrmann and
Leon Praedel using monochromatic Al K~ Radiation with an energy of 1486.7 eV using a
takeofl angle of 90°. Various polymer films were examined on gold plates and a pure gold plate
was used as reference from previous measurements submitted by Jolanta Szelwicka [39]. An

Au reference for the samples was not available for thickness computations.

FTIR: FTIR analysis of various thin films was performed in the reflection and transmission
mode. A pure Au substrate was used for background measurement. The scans on each sample
are performed 2000 times over 4 stages. This is to ensure a reduction in CO2 and H2O peaks
from the atmosphere by increased purging of the sample analysis chamber with No gas. FTTR

measurements performed in the reflection mode were done along with Tommaso Marchesi.
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4 RESULTS AND DISCUSSION

4.1  Thin film synthesis by electropolymerization

4.1.1 Serotonin, 3-amino-L-tyrosine and p-phenylenediamine homopolymers

Figure 4.1 shows the first cycle for the electropolymerization of PDA as a reference for
understanding the cyclic voltammograms of the other homopolymer films. During the first
positive scan, two oxidation peaks (al) at +0.3 V and (a2) at -0.2 were observed, which can be
attributed to the oxidation of the DA leading to dopaminequinone. Dopaminequinone
undergoes several chemical reactions and electrochemical transformations, which then leads to
the formation of PDA. Li et al. proposed an “ECECEE” mechanism that involves 5,6-
indolequinone as the polymerizable species [68], [69].
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Figure 4.1 Gyclic voltammogram of polydopamine formation showing critical peaks; adapted from [68],/69]

In the subsequent reverse scan, two reduction peaks cl and c2, were observed at +0.1 V and
-0.3 V, respectively. According to the “ECECEE” mechanism, these reduction peaks (cl and
c2) can be attributed to the reduction of leucodopaminechrome and dopaminechrome,
respectively. During the cycle by cycle scans, the continuous drop in electrode activity due to
the formation of PDA passivating layers is shown by the continuous decrease of the peak
currents of peak (al) and peak (a2). However, the peak currents of (a2) and (c1) remain relatively
constant. This behavior demonstrates the fouling of the electrode by the PDA layers as it grows
with each successive scan [70]. It must be noted that the porosity of the polydopamine coatings

could increase with the pH of the dopamine solution used to produce the film thus the pH of
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the buffer used was checked regularly to ensure it was close to nearly 7. Figure 4.2 (a) shows the

cyclic voltammograms over 8 cycles for the electropolymerization of homopolymer PDA.
(a) (b) (c)
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Figure 4.2 Gyclic voltammetry diagrams of synthesis of pure PDA (a) p-PDA (b) p-ALT (c)and p-Ser (d) by
electropolymerization.

Figure 4.2 (b) and (c) show the cyclic voltammograms over 8 cycles for the
electropolymerization of homopolymers p-PDA, and p-ALT respectively. A shift is observed in
both the oxidation potential and current of the monomers in the first cycles of each; it 1s
increased in the case of p-PDA as shown in Figure 4.2 (b) and decreased in the case of 3-amino-
L-tyrosine as shown in Figure 4.2 (c). For p-PDA the decrease in current at the W.E. is similar
to that of PDA indicating an insulating film formation on the substrate through polymerization,
and despite their similar structure, polyaniline is conductive. Similar to the peaks reported in
literature [71] with electropolymerization of polyaniline and p-PDA on Si/Pt substrates where
an oxidation peak was observed at ~ +0.18 V, the first oxidation peak p1 is observed at ~ +0.2
V. The slight shift can be explained by the change of substrate used as Au as well as reaction
conditions; the study used acidic electrolytes while here, the phosphate buffer used has a pH of
nearly 7. Similar to the reported data for polyaniline on Si, the oxidation of p-PDA is also

irreversible due to the absence of a reduction peak in the CV diagram. The SEM images of

36

06



CHAPTER 4: RESULTS AND DISCUSSION

pure p-PDA are shown in Figure 4.3 (a), (b). The image shows the presence of microneedles
with interconnections in between comparable to those found in literature when p-phenylene
diamine was synthesized in an acidic environment [21]. Other microstructures are also possible
for synthesis however, examining this is beyond the scope of this thesis. Also visible are thicker

cuboidal rod-like structures encapsulated by fibrous structures.

Figure 4.3 SEM images of pure p-PDA (a), (b)

The electropolymerization of pure p-phenylenediamine has been presented by B. Lakard et al.
[72] using CV technique on Pt wire-electrode at pH 7.0 in phosphate buffer solution where a
thin insulating film with microneedle structures on top was obtained. From their
thermochemical calculations, it was confirmed that the mechanism is a linear one with

carbocation formation in the first step and the products have the structure:

NHjy — Ph* + NHy — Ph — NHy = - Ph — NHo* - Ph- NH»

Different types of working electrodes have been used in the electropolymerization of p-
phenylenediamine including Pt, IrO,, Ti, and graphite but the electropolymerization on Au
has (to the best of knowledge) not been reported in literature. Comparable to observations made
by Cataldo et al. [22], there is initial oxidation of the monomer seen by the purple/reddish
colour of the solution formed on the electropolymerizer cell surface. However, unlike the
conditions used by Cataldo and Lakard where the polymerized product simply dissolved,
similar conditions used during experiments yielded adhesion of the polymerized product onto
the Au substrate although no film was verified to be present underneath. Thus, the formation
of these microneedles under these conditions without irradiation of UV light and supporting
surfactant polyvinylpyrrole (PVP) as studied by Min et al. [21] is possible and is reported here
on an Au substrate for the first time. The formation of p-PDA microneedles is related to

intermolecular m—m interactions and the electrostatic repulsion interactions [73]. It is suggested
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that the monomer 1s oxidized directly (without intermediates) to a pernigraniline-like structure
and thus the reaction does not involve radical cation (polarons) or carbocation formations and
polymerized in a chain-growth process [23] by end-to-end polymerization with the final

straight chain structure shown in Figure 4.4.

Figure 4.4 Repeating unit of polymerized p-PDA (top) and possible structure afler polymerization (bottom;
adapted from [23] [74]
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Figure 4.5 EDX spectrum of p-PDA samples showing an expected ratio of C:N

The EDX spectrum measured by Gunnar Glaser in Figure 4.5 shows the following peaks: a
C:N ratio consistent with that expected for the structure of p-phenylenediamine and Au from
the Au substrate used for electropolymerization. Peaks for O could arise from atmospheric
oxygen and the presence of Cl could indicate chloride ions adhered to the structure from the

use of 3 M KCI (Ag/AgCl bridge) R.E. for electropolymerization.

38



CHAPTER 4: RESULTS AND DISCUSSION

In contrast, from the CV diagram for the electropolymerization of p-ALT, a fall in the rate of
current decrease at the W.E. over 8 consecutive cycles is observed; indicating that the polymer
formed is not as readily insulating as PDA or p-PDA. This could also be because the number
of cycles used do not reflect the maximum or the optimum number of cycles required by the
system to come to equilibrium. Thus, one limitation of the study 1s that the number of cycles
for the synthesis of p-ALT was not optimized based on non-zero slope differences between
cycles. However, since too many variations in parameters during electropolymerization would
cause complexity in data analysis, this could present scope for future work. The SEM image of

pure ALT is shown in Figure 4.6.

Figure 4.6 SEM tmage of pure p-ALT

A smooth thin film surface is visible with few particles on the surface, possibly from
contaminants. Such a polymer film formed from an amino derivative of tyrosine by
electropolymerization is examined and reported here for the first time (to the best of
knowledge). In 2018, Lee et al. [31] conducted an analysis of the 3-amino-L-tyrosine monomer
protein incorporated into biological proteins with linear sweep voltammetry. Though the
polymerization or film formation of 3-amino-L-tyrosine was not attempted in the analysis by
Lee et al., an explanation for the initiation process by a 2-electron oxidation-reduction reaction
of the monomer which eventually leads to polymerization can be hypothesized from their work
as shown in Figure 4.7. This could also explain the redox peaks al at ~-0.2 V and a2 at ~ +0.3
V 1n the cyclic voltammogram. Though the final polymer is assumed to be linear, there is also
a possibility for cross-linkage between the straight chains at the NHy groups. The possibility of

this 1s further explored in Section 4.1.3.
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Figure 4.7 Two-electron oxidation-reduction reaction of 3-amino-L-tyrosine which initiates the
polymerization process (top) and proposed structure of p-ALT (bottom); adapted from [51]
Figure 4.2 (d) shows the cyclic voltammograms over 8 cycles for the electropolymerization of
homopolymer p-Ser. Note the difference in scale from the other CV diagrams. The CV
diagram for the electropolymerization of pure serotonin is quite different from those of the
other homopolymers due to the change in the buffer used (HEPES) and a difference in scan
voltage limits also showing a varied deposition rate for p-Ser on Au which has lower adhesion
properties in comparison with polydopamine. It was also verified that the film formation is only
possible via electropolymerization by attempting dip coating of the Au substrate in the
monomer solution overnight which did not yield any film on the surface of the gold plate.
Several trials were conducted using HEPES buffer to optimize film formation by p-Ser (see
Appendix | in Section 6.1) since the film formation was found to be absent in case of basic

phosphate buffer. This is summarized in Figure 4.8.
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Figure 4.8 P-Ser film_formed on Au by electropolymerization: comparison of resulls from two synthesis methods

P-Ser thin film formation has been studied earlier for the purpose of developing an enzyme-
immobilization matrix for amperometric and biofuel cell (BFC)-based biosensing [67] where
the possible polymerization sites for serotonin were discussed using the principles of Density
Functional Theory (DFT) calculations and electrochemistry. This was done in 0.1 M phosphate
buffer (pH 7.0) containing Serotonin in varying concentrations. For 20 pM Serotonin, a
cathodic current ramp s’l due to the irreversible reduction of the soluble oxygen was observed
at ~-0.3 V (0.1 V lesser than the value reported in literature, as expected due to the lower scan
rate used —0.01 V/sinstead of 0.1 V/s), which is also observed in the CV diagram obtained in
Figure 4.2 (d). This cathodic current ramp was also observed becoming notably smaller after
nitrogen saturation of the solution (see Appendix 1 in Section 6.1). A small anodic shoulder
peak sl due to oxidation of 5-HT (defined earlier) was observed at ca. 0.3 V, which can be
attributed to the oxidation of phenolic hydroxyl and indole groups which also reduces with
decreasing serotonin content [75]. It was proposed that the reactive species adsorb irreversibly
on the electrode surface resulting in fouling through the formation of an insoluble polymer-like
by-product. This is visible during experiments where the Au C.E. turns dark as shown in Figure

4.9, and must be cleaned in Piranha solution before further use.
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Figure 4.9 Fouling of electrode due to p-Ser deposition during electropolymerization

Huang et. al. inferred that oxidative polymerization of serotonin is a complex multi-step process
where at very low concentrations (as was used in this thesis), oxidation of 5-HT may produce
a dihydroxyindole derivative as the main product, and the chemical bonding between
Serotonin molecules for chain propagation is very difficult due to the reduced probability of
mutual collisions of 5-H'T' molecules. The oxidative polymerization mechanism of 5-H'T is the
indole-like polymerization through chain propagation mainly at sites 1, 2, 4, 6, and 7 as shown
in Figure 4.10 (a) and (b) [66],[76]. Patel et. al [66] studied the film formation properties of
serotonin by electropolymerization on a polycrystalline boron-doped diamond substrate using
cyclic voltammetry and -situ electrochemical AFM. In this study, an electrochemical cell was
filled with a solution containing 0.5 mM 5-HT in 0.1 M NaCl with a 5 mM HEPES buffer. A
chloridized Ag/AgCl (0.1 M Cl) wire electrode served as the reference and Pt gauze was used
as the counter for electropolymerization at 0.1 V/s. The possible mechanisms of
electropolymerization and film formation proposed can be extended to the electropolymerized

p-Ser film in this work and are summarized in Figure 4.10 (b).
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Figure 4.10 Proposed mechanism _for the two-electron oxidation of Serotonin in steps (a) inset (a) and (b) in

Jgure; leading to dihydroxyindole formation shown i structures (1) and () and (b) polymerization sites of
Serotonin (b); adapted from [66],[76]

Considering the dimer formation in Figure 4.10 (a) inset (b)-(i1) and chain propagation at site 4
depicted in Figure 4.10 (b), the formation of a trimer is possible as shown in the reaction in
Figure 4.11. These structures are based on the proposed mechanisms of polymerization of

serotonin given by Nakatsuka et al. [34] and Wrona et al. [77].
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Figure 4.11 Proposed mechanism jfor the polymerization process for p-Ser formation up to trimer formation;
own_figure; adapted based on concepts from [34],[66],/76],[77]
Despite the available literature on the use of electrodes for 5-HT detection, information about
film formation during 5-HT oxidation is limited. The film formation of p-Ser on an Au
substrate using such low concentrations of the monomer is not yet reported in literature as
Huang et al. [76] used high concentrations of 40 mM which is about 8 times the concentration
used here and the scan rate was 0.1V /s which is 10 times the value used here and could result
in increased electrode fouling. The presence of the various homopolymer films was tested using

profilometry and AFM as shown in Figure 4.12 and Figure 4.13 respectively (not all

profilometry data is shown).
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Figure 4.12 AFM mucrographs of pure PDA (a) p-ALT (b) p-Ser (c)
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Figure 4.13 Profilomelry image and profile of pure p-Ser across a ~ 80 um scan length

4.1.2  Polydopamine-based copolymer films

Figure 4.14

(a)-(d) shows the cyclic voltammograms for the copolymer films made by

electropolymerization of DA with p-phenylenediamine in different ratios. No significant shift is

observed 1n

the oxidation potential of the monomer mixtures from PDA in the first cycle,

however, the current at the W.E. of the monomers in the first cycles decreases, and with

increased incorporation of DA, the current in subsequent cycles decreases at a faster rate.
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Figure 4.14 Cyclic voltammetry diagrams of synthesis of PDA + p-PDA copolymers by electropolymerization

in the ratio 1:1 (a) 4:3 (b) 3:1 (¢) 6:1 (d) 10:1 (¢)

For the ratio 1:1, 3:1, and 4:3 the oxidation process appears irreversible as the CV diagram

shows no reduction peak, while in the ratios 6:1 and 10:1 they are quasi-reversible. With

increased incorporation of DA, the current in subsequent cycles does not show a specific trend
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indicating that the monomer ratios or concentrations do not affect deposition capability. The
current in the first cycle for the 10:1 film is significantly lower than that of the other ratios
indicating greater insulating behaviour on the surface of the film formed. Figure 4.15 shows the
characteristic colour expected when p-phenylenediamine is used in the monomer mixture and

oxidized on exposure to air.

Figure 4.15 Darkening of the monomer mixture containing dopamine-HGCI and p-phenylenediamine in
phosphate buffer on exposure to air to reddish-purple

Figure 4.16 (a)-(d) shows the cyclic voltammograms for the copolymer films made by
electropolymerization of DA with 3-amino-L-tryosine in different ratios. No significant shift is
observed in the oxidation potential or the current at the W.E. of the monomers in the first
cycles. For the ratio 1:1, 6:1 and 4:3 the oxidation process appears irreversible while in the
ratios 3:1 and 10:1 they are pseudo-reversible. With increased incorporation of DA, the current
in subsequent cycles decreases at a faster rate (showing increasing insulating behaviour). Thus,
the ratio 10:1 implies greater film deposition due to the increasing insulation in subsequent

cycles.
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The optimum molar ratios for solubility and adhesion properties during copolymerization with
DA by autooxidation of p-PDA and AL'T given by Ambrico et al., were 1:1 and 3:1 respectively.
However, synthesizing the same using electropolymerization for the production of thin
copolymer films for the purpose of PWS is reported here for the first time (to the best of
knowledge). Also, though capacitance-voltage characteristics were studied earlier, capabilities

of tuning redox potentials or pH-based behaviour for catalytic functionality is focused on here

for the first time (to the best of knowledge).
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Figure 4.16 Cyclic voltammetry diagrams of synthesis of PDA + ALT copolymers by electropolymerization in
the ratio 1:1 (a) 4:3 (b) 3:1 (c) 6:1 (d) 10:1 (e)
The ratio of the second comonomers were kept below that of DA to ensure that the
polydopamine system is still the main matrix as otherwise, the catechol-quinone interplay could
be lost. The presence of the films and their thickness were both verified using profilometry
measurements as a second physical characterization method. The presence of the p-PDA fibers
was absent in copolymer samples of p-PDA and PDA indicating that the presence of DA
hinders the formation of these fibers as expected when copolymerizing polydopamine with its
analogous structures/other comonomers [78]. In future work, the possibility of incorporating
these fibers as one part of a polydopamine nanocomposite structure could be explored for its
characteristics. The proposed mechanism of oxidative coupling of the comonomers leading up

to polymerization is given in Figure 4.17 [63].
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Figure 4.17 Proposed mechanism_for the oxidative coupling of PDA with p-phenylenediamine and 3-amino-L-
lyrosine; redrawn and adapted from [65]

Based on the oxidative coupling mechanisms of DA with p-phenylenediamine and 3-amino-L-

tyrosine as shown in Figure 4.17 as well as the homopolymer structures of p-PDA and p-ALT

proposed earlier, a hypothetical copolymerization mechanism can be proposed for PDA + p-

PDA. This 1s further based on the mechanism proposed for PDA + polyethyleneglycol

nanoparticles proposed by Harvey et al. The proposed copolymerization mechanism is shown

in Figure 4.18.
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Figure 4.18 Proposed mechanism for the copolymerization of PDA p-PDA; own image, adapted based on
concepts from [23],[65],[74],[79]
Similarly, a hypothetical mechanism can be proposed for the copolymerization of PDA + ALT
based on the molecular structure formed by oxidative coupling of the quinone moiety of DA
and 3-amino-L-tyrosine as shown in Figure 4.19. Though the proposed structures assume
actual copolymer formation between the comonomers involved, it could also be possible that a
blend is formed between the two constituents. The percentage of these constituents in the final

structure is also a matter for further investigation.
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Figure 4.19 Proposed mechanism_for the copolymerization of PDA + ALT; own image, adapted based on
concepts from [65],[79]

The presence of a film in each copolymer sample was verified by AFM with the thickness and
roughness analyzed as shown in Figure 4.20 and Figure 4.21. It is evident that some films are
more homogenous across the area analysed. For example, the films formed from PDA + p-

PDA in the ratios 1:1 and 3:1 are more homogenous than the 6:1 ratio.
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Fugure 4.20 AFM mucrographs of polydopamine-phenylenediamine copolymer films synthesized in the ratio 1:1
(a) 4:3 (b) 3:1 (c) 6:1 (d) 10:1 (e)

Similar to the AFM data for the PDA + p-PDA systems, it is visible that some films of PDA +

ALT are more homogenous and reproducible than others. For example, the PDA + ALT films

in the comonomer ratios 3:1 and 10:1 show fewer artefacts on the surface compared to the 4:3

or 6:1 ratios.
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Figure 4.21 AFM micrographs of PDA + ALT copolymer films synthesized in the ratio 4:3 (a) 3:1 (b) 6:1
(c) 10:1 (d)

Figure 4.22 shows the cyclic voltammograms for the copolymer films made by
electropolymerization of DA with serotonin in different ratios. No significant shift 1s observed
in the oxidation potential or the current at the W.E. of the monomers in the first cycles. The
films produced could not be homogenized due to the presence of several particles seen all over
the surface and hence, these films will not be explored here for GV analysis. For the ratios 1:1
and 3:1 the oxidation process is irreversible as evident from the lack of a reduction peak, while
in the ratios 2:1 and 10:1 they are pseudo-reversible. With increased incorporation of DA, the
current in subsequent cycles decreases at a faster rate (showing increasing insulating behaviour).
Thus, the ratio 10:1 implies greater film deposition due to increasing insulation in subsequent

cycles.

32



CHAPTER 4: RESULTS AND DISCUSSION

WE(1).Current (A)

0.0010
0.0010 - 0.0010
0.0008
0.0008 - 0.0008 -
0.0006
0.0006 - 0.0006 4

0.0004 4

0.0004 4 0.0004 4

WE(1).Current (A)
WE(1).Current (A)

0.0002
0.0002 - 0.0002 4

0.0000 00000 00000

-0.0002

06 04 02 00 02 04
Potential applied (V)

-0.0002 4—. J -0.0002

T T v v T T T T T T J
06 04 0.2 0.0 02 04 06 06 04 -0.2 0.0 0.2 04 06

Potential applied (V) Potential applied (V)
0.0010
0.0008 4

0.0006

0.0004 4

WE(1).Current (A)

0.0002

0.0000

-0.0002 T T T T T 1
-0.6 -04 0.2 0.0 02 04 06
Potential applied (V)

Figure 4.22 Cyclic voltammetry diagrams of synthesis of PDA + p-Ser copolymers by electropolymerization in
the ratio 1:1 (a) 4:3 (b) 3:1 (c) 6:1 (d) 10:1 ()
The presence of a film in each copolymer sample was verified by AFM and profilometry with
the thickness and roughness analyzed as shown in Figure 4.23 and Figure 4.24. Several
particles sporadically distributed are visible in both the profilometry images and AFM
micrographs for the copolymer systems of p-Ser prepared at neutral pH using a phosphate
buffer, while this is absent in the pure p-Ser films produced in HEPES buffer of acidic pH. This
could be due to the increased polarity of the serotonin structure increasing the tendency to form
aggregates. Unlike the copolymerization process for PDA + p-PDA and PDA + ALT, there
was no supporting information available in literature for the copolymerization mechanisms
involved in PDA + p-Ser synthesis in bulk. Due to difficulties in predicting copolymer structure,
this system presents scope for further study before use in studying oxidation/reduction
potentials, pH variation and other electrochemical properties and will not be covered in this
thesis. The possible copolymerization of these two monomers is explored and reported here (to
the best of the author’s knowledge) for the first time. Despite the likelihood of blend formation
in the PDA + p-PDA/PDA + ALT copolymers, the probability of blend vs. copolymer
formation is greater for the PDA + p-Ser thin films due to the presence of particulate aggregates

and breaks in the films. Hence a proposed structure for PDA + p-Ser is not given here.
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Figure 4.24 Profilomelry tmage and profile of PDA + p-Ser (10:1) showing some particles on the surface
dispersed sporadically over a thin_film

4.1.3 Contact angle measurements

In order to confirm the incorporation of other comonomers on polymerization with DA the
wettability was tested using contact angle measurements of water on the surface of the thin
films. This was also done in order to further understand the results from the AFM for roughness
and to further differentiate between the films, contact angle studies were performed. The films
tested were selected based on earlier experiments and compared with contact angle
measurements of polydopamine from literature as shown in Table 4.1-1. As seen, the
wettability can be modified showing the incorporation of different monomers, even in case of
low concentrations of ALT and p-Ser with PDA as the contact angles of the copolymer films
vary from that of pure PDA. Thus, even though the presence of PDA suppresses the nucleation
and growth of different self-assembling/shape-controlled structures, the second comonomers
do get incorporated in the form of a film. As expected, the rough surface of the p-PDA due to
the presence of the fibers/microneedles causes an increase in the hydrophobicity of the surface.

The hydrophobicity of the pure p-Ser and p-ALT surfaces are also higher than the PDA films.
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Table 4.1-1Summary of contact angle data_for various low molar ratio_films prepared by electropolymerization

Sample Contact angle (degrees)
68 £ 2 =
PDA + p-PDA (3:1) ﬁ
35+£6.5 _
PDA + ALT (3:1) &
59.2£1.5 =
PDA + p-PDA (10:1) ﬁ
3454 =
PDA + ALT (10:1) 09.3%5 >
PDA + p-Ser (10:1) 46.4 %2 -
p-Ser 61.4 £44
p-ALT 69.6 £5.2
p-PDA 77.6 £ 3.1

PDA -

o
S
n
o

"o
3

=

The low contact angle of the PDA + ALT system in comparison to the other systems could
indicate hydrophilicity caused by OH groups in the polymer structure as proposed earlier in
Figure 4.11. Itis also possible that despite the linear structure and solubility of p-ALT in water
reported [77], the film formed undergoes cross-links and hence is not removed by washing with
water after electropolymerization. Notably, the contact angle at the edges of the film where the
morphology is thicker due to gradients in electropolymerization [39] shows a higher contact
angle of about 65 * 5°. Hence, it is unclear to what extent the structural features of the
monomers (which translates into their polymeric structures) affects the contact angle results in
comparison with the effects of the surface morphology of the films. It could be assumed that a

combination of both contributes to the variation in the results.
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4.1.4 Summary: thin film synthesis

Bruyne et al. gave three suggested mechanisms [81] of film formation during
electropolymerization as shown in Figure 4.25 where initial oxidation of the monomer in
solution and application of the first voltammetry cycle causes a decreased current compared to
the bare electrode due to a) formation of an insulating film that partially blocks the electrode —
as seen in the case of PDA, p-PDA and PDA + p-PDA copolymers or b) the insulating film can
cover the electrode but is porous allowing film formation at the electrode interface (not depicted
in this thesis but usually occurring for PDA film formation in basic pH) or c) full coverage of
the electrode surface occurs but the film is partially conducting, allowing electropolymerization
to take place at a reduced rate — this situation is comparable to the electropolymerization of 3-
amino-L-tyrosine and its copolymers with PDA.
a) Electrically insulating, partially
blocking surface

M+

|

4

o
b) Electrically insulating, ) .
porous c) Partially conducting
M+ M Me

1] ‘ o

Figure 4.25 Proposed mechanisms for film_formation using electropolymerization; own figure adapted from
[81]

The data from AFM and profilometry shows that the thickness of the films increases with
decreasing incorporation of ALT and the opposite occurs — decreasing thickness with
decreasing p-PDA occurs as graphed in Figure 4.26. The thickness of the PDA + p-PDA films
is higher than that of the PDA + ALT films in general. This could be due to the conducting
nature of 3-amino-L-tyrosine films which hinders further deposition as an insulating thin film
layer which is seen in the case of polydopamine formation during electropolymerization. Thus,

the copolymerization process was optimized based on the thickness of the films and their
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reproducibility. Table 4.1-2 and Table 4.1-3 summarize the results of the synthesis data from

different types of thin films.

Table 4.1-2 Summary of data_for various DA + p-phenylenediamine/DA + aminotyrosine copolymer films
and homopolymer films prepared by electropolymerization

Sample Polymer form Thickness Roughness Thickness Reproducible?
using AFM (nm) using
(nm) Profilometry
(nm)
PDA Film 12+0.2 2+0.2 12+0.3 Yes
~5mM
p-PDA Fibres/Needles - - - No film
~ 2mM
ALT Film 5.2+ 0.6 1.4+0.1 5+0.2 Yes
0.7 mM
PDA + p-PDA 15.3£0.3 25+04 171 Yes
(1:1)
PDA + p-PDA 13+0.5 1.7£0.1 131 No
(4:3)
PDA + p-PDA 10+ 0.4 2+0.3 11 £0.2 Yes
(3:1)
PDA + p-PDA 12+0.2 4+0.6 13+0.5 Yes
(6:1)
PDA + p-PDA 18+ 1.5 1.3+£0.2 15+2 No
(10:1)
PDA + ALT No film - - - -
(1:1)
PDA + ALT 5+0.2 2103 5%+0.3 No
(4:3)
PDA + ALT 9+0.5 1+£0.1 9+0.3 Yes
(3:1) .
Film
PDA + ALT 6.3 £ 0.6 1+£0.1 710.2 Yes
(6:1)
PDA + ALT 14+0.3 1.8 0.2 15+0.2 Yes

(10:1)

As evident from the data above, some films were reproducible in terms of thickness and despite
thickness variation existing across the sample (homogeneity) such as PDA + ALT 3:1 whereas
some were not such as PDA + ALT 4:3. The former types of films were selected for use in later
experiments. The data is based on analysis of the surface of two samples of each type of film.
Since the thickness of the 3:1 films for both systems seem to match each other more closely

than the other molar ratios (~ 10 nm), they can be used for further experiments in evaluation
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and comparison of redox potentials in order to keep two parameters (molar ratio,
dimensionality) constant while modifying others. The 1:1 ratio for PDA + p-PDA and 10:1
ratio for PDA + ALT will also be studied for comparison noting that these are also
dimensionally similar (~15-17 nm), and the former ratio was reported by Ambrico et al. as the

optimum concentration for mutual adhesion of PDA with p-PDA in copolymer formation with

PDA.

Table 4.1-3 Summary of data_for various dopamine + serotonin copolymer films prepared by

electropolymerization

Sample Nature Thickness using Thickness using Roughness using
profilometry (nm) ~ AFM (nm) AFM (nm)

PDA + p-Ser (1:1) No film - - -
PDA + p-Ser (2:1) No film - - -
PDA + p-Ser (3:1) Thin film 10 £ 0.96 10+0.8 0.84% 0.70
PDA + p-Ser (10:1) Thin film 101 9+1.3 1.72 £ 1.69
p-Ser by Method 11 Thin film 10 +1.03 12£0.7 1.54 +0.72

0.5 mM

Thickness (nm)

Homopolymers AFM
Homopolymers Profilometry
PDA + p-PDA AFM

PDA + p-PDA Profilometry
PDA + ALT AFM

PDA + ALT Profilometry
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Figure 4.26 Thickness profile variation of different homopolymer/copolymer films with molar ratio of PDA —
Jfrom two trials each

38



CHAPTER 4: RESULTS AND DISCUSSION

Figure 4.27 shows comparisons of the C'V diagrams for different polymers - taken from the 4

cycles of each EP synthesis, 0.01 V/s scan rate and monomer concentrations as mentioned in

Table 3.1-1.

—— PDA
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Figure 4.27 Comparisons of CV diagrams for different polymers - taken from 4" cycles of each synthesis, 0.01
V/s scan rate and monomer concentrations as mentioned in Table 3.1-1
Increasing the accuracy of AFM and Profilometry measurements and understanding sample
reproducibility can be understood using Figure 4.28. The figure shows the Au substrate with
the polymer thin film over it scratched so that the bottom part of the substrate (Au layer) is
exposed. In order to ensure that the height is taken correctly, only regions that are scratched
completely until the bottom of the electrode by the pipette tip are taken into consideration.
When scratching off the film layer, it 1s possible that the displaced atoms pile up at the edge of
the scratch and the profile can show a sharp peak increase in this region which must be omitted
during thickness analyses. The AFM and Profilometry measurements were performed on
separately synthesized samples (at least two for each measurement) and the thickness was
averaged over at least two points on the sample surface from which the thickness data was
extracted. The contact angle variations between low-comonomer concentrations of other
monomers with dopamine in the ratio 10:1 were compared with pure homopolymer films and
they were found to be increasingly hydrophobic in the following order: PDA + ALT 3:1 < PDA
+ p-Ser < PDA < PDA + p-PDA 10:1 ~ p-Ser < p-ALT ~ PDA + p-ALT 10:1 ~ PDA + p-
PDA 3:1 < p-PDA.
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Figure 4.28 Simplified dragram of sample surface on which a scratch 1s made and thickness analysed; modified
and adapted from [39]
Transmission Mode ATR-FTIR signals sometimes show very low intensities (see Appendix 3
in Section 6.3), and the spectra obtained do not give discernible information. ATR-FTIR
results in transmission mode are inconclusive. In the reflection mode, the light to the detector
is obtained due to reflection off the sample surface rather than transmitted light. This could
potentially increase the information obtained from the surface of the film because in the latter
case, the low available penetration depth due to the ultrathin nature of the films (nm range)

leads to low-intensity signals that cannot be distinguished from the Au reference signal [47].

Table 4.1-4 Reference for FTIR peaks [39] [82]

Wavenumber (cm-!) Group
3400 v (N-H), (O-H)
2860-2970 v (C-H)
1730 v (C=0)
1510-1630 0ring (C=C), v (N-H)
1350 v (C-O-H, v (C-N-C)
1290 v (C-0O)
1200-1210 C-OH stretch
820-890 0 (=C-H)

The plots of the spectra for the films are shown in Figure 4.29. Various peaks are visible for
PDA and the other samples as shown in the marked regions. The spectrum for PDA is
comparable to previous studies and also comparable to the monomer form [83]. No differences
are observed in the peaks for all other samples from PDA in the region between 820-890 cm-!
for 0 (=C-H) as marked. At 1290 cm! for v (C=0) differences p-ALT shows broadening of the
peak in comparison with PDA while the PDA copolymers both show reduced intensities of the
peak. At 1350 cm! for v (C-O-H) and v (C-N-C), the peak for p-ALT and the copolymers a

broadening of the peak is observed with a decrease in intensity. Between 1510-1630 cm-! the
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Transmittance

peaks for v, (CG=C) of p-ALT and copolymers all appear different from PDA indicating
differences in the structure. In the case of PDA + p-PDA 3:1 this could be due to stretching of
the aromatic rings [84] which appears as a sharp peak increase in comparison with PDA at
about 1600 cm!. Slight differences in intensity are seen for v (C-H) or v (N-H), (O-H). The
intensity of transmission varies across all samples. The peaks obtained for PDA + p-PDA/ALT
copolymers and are comparable to literature [65]. In addition to the peaks mentioned above,
all spectra show an ammonium band at 1403 cm-!. Despite differences in the peaks, no standout
spectral feature of ALT was detectable in PDA + ALT, possibly to the low contribution to
material composition except for the C-OH stretching peak for this sample visible in the range
1200-1210 ecm-!. The p-ALT FTIR spectrum has no reference in literature for comparison,
however, the spectral differences between this new thin film synthesized and PDA are justified

especially with a key spectral feature appearing near the C=0 region.
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Figure 4.29 FTIR spectra for various films

The presence of p-PDA in the p-PDA + PDA 3:1 copolymer is verified by the C=C aromatic
ring spectral feature of pure p-PDA between 1510-1630 cm-! and comparable to that of the
FTIR spectrum for the monomeric form [85]. The 0 (=C-H) peak of p-PDA at ~ 890 cm!is
markedly higher than that of the other samples. The absence of this peak in the copolymer with
PDA could explain the suppression of the microneedle formation. The C=C aromatic ring
structure of p-Ser is quite similar to PDA as expected, with a slight shift towards the left. Similar

to p-ALT and expected from the monomer structure, a G-OH peak is visible at ~ 1200 cm-!.
From the FTIR data, it can be concluded that PDA+ALT and PDA+ p-PDA exhibit chemical
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and spectral properties that indicate a PDA-like system that is modified by covalent interactions
of 3-amino-L-tyrosine or p-phenylenediamine with DA as given by Ambrico et al. [65]. Such
interactions, that have been enumerated from the spectral features marked, could lead to
structural property changes and chemical disorder of the resulting copolymers compared to the
PDA homopolymer. The incorporation of p-phenylenediamine and 3-amino-L-tyrosine
comonomers can be supported by the peaks observed with similar features between pure
homopolymers and copolymers with PDA. However, a more quantitative study of the

incorporation of these different comonomers is not available.

4.2 Influence of Scan Rate

Examining the redox potentials of a polymer system using cyclic voltammetry would be
incomplete without considering the scan rate used for measurement. It is already known that
the scan rate of synthesis can affect the CV output [54]. However, the same is not often
considered for analysis procedures. Figure 4.30 shows the summary of peak separation voltage
values 4Ey, for trials conducted in a PB of pH ~ 7.0. The differences in height of the anodic
(oxidation) and cathodic (reduction) peaks and the increase of the reduction peak as the scan
rate increases indicates the existence of a chemical step after the main oxidation process [86].
This is further supported by the ratio between the cathodic and anodic peak current that, in
most cases, deviates from unity as evident from the plots of oxidation and reduction peak

currents in Figure 4.1. In fact, the ratio nears ~ 0.5-0.7 for most cases.
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Figure 4.30 Vanation of peak separation AEys with scan rate for (a) PDA (b) PDA + p-PDA (3:1) (c)
PDA + ALT (3:1) reported vs. NHE
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Figure 4.31 Variation of peak currents with scan rate_for (a) PDA (b) PDA + p-PDA (3:1) (¢) PDA +
ALT (3:1) reported vs. NHE

The peak separation voltages 4Fy; of PDA + ALT 3:1 are in general, higher than that for pure
PDA and that of PDA + pPDA 3:1 are in general, lower. The correlation coefficients for the
AEys with scan rate are: 0.98654 (PDA), 0.9937 (PDA + p-PDA 3:1) and 0.9764 (PDA + ALT
3:1). With all the systems studied, higher scan rates and lower pH values reduce the extent of
fouling of the electrodes indicated by the higher oxidation potentials and lower peak separation
voltages. The increased fouling of the electrode surface at higher scan rates could also
contribute to the scatter in the data. The faster surface blocking at high pH indicates that the
coupled chemical reactions occur to a greater extent under these experimental conditions. This

is due to the higher amount of deprotonated species that favours hydroxylation among other
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reasons. The peak oxidation and reduction currents increase with scan rate as expected from

the Randles-Sevcik equation [40] which relates the peak current i), with scan rate v as:

i, o« (v)'/? 4-1

Chumillas et. al [87] studied the variation of 4L with scan rate for polydopamine and the
values of the peak separation with the scan rates obtained here are in the range expected from
literature with changes expected since the study used a Pt W.E. while here an Au W.E. is used.
This could be used a reference to compare the behaviour of the copolymers. They noted that
low scan rates (<0.05 V) cause reduction peaks to disappear at pH values above 10. However,
here this 1s not a concern since the analysis was done at pH ~ 7 using PB. Since the current is
measured in mA and not A by the instruments any physical disturbances to the setup can cause
current fluctuations and higher scatter in the data. Other sources of error include thermal noise
also called Johnson-Nyquist noise [88] which is unavoidable at non-zero temperatures. It
occurs due to random thermal motion of charge carriers inside an electrical conductor and
does not depend on applied voltage. This explains the slightly lower correlation coeflicient for
the peak oxidation/anodic current iy, of 0.9579 and iy, of 0.9826 for PDA. The correlation
coeflicients for PDA + p-PDA 3:1 are 0.9937 for i,4, 0.99729 for i, and that of PDA + ALT

3:1 are 0.9957 for ip,q, and 0.9666 for iy..
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The currents measured using cyclic voltammetry depend on the concentration gradient that is
established near the electrode called the Nernst diffusion layer during electrolysis. The
relationship between the scan rate and the current peak height can be explained by considering
the size of the diffusion layer and the time taken to record the voltammogram which increases
as scan rate decreases [89]. At a slow scan rate, the diffusion layer will grow much further from
the electrode as compared to a fast scan. This leads to a concentration gradient to the electrode
surface that i3 much lower as compared to a fast scan. Electrode surface fouling has been
recognized as a significant reason for lower accuracy in synthesis techniques and data
acquisition in biosensing applications. It generally involves deposition of a fouling agent (in this
case from monomer solutions) that forms an increasingly impermeable layer on the electrode
and inhibits direct contact of the analyte or solution of interest with the electrode surface which
consequently reduces electron transfer efficiency. Strategies proposed to combat the effects of
electrode fouling include lowering scan rate (as evident from the CV studies). Since the
monomer solutions and PB analytical buffer used are all aqueous it can be assumed that the
fouling interactions are hydrophilic which is more reversible [90] than those occurring in
hydrophobic mechanisms. Hanssen et al. [70] proposed that during DA formation on an
electrode surface, fouling occurs due to melanin formation and that monomeric species can

adsorb onto the W.E. surface in a more energetically favourable manner.

——0.01Vis
. ——0.04 Vis
——0.07 Vis
0.00010 - 0.1 Vis
0.00005 Increased peak separation and peak
< 0.00000 - currents
= ]
S -0.00005 -
=) 4
O 0.00010
I 0.00015
= ¥ ] —» Increased fouling of Au electrode
-0.00020 |
-0.00025 |
0l00090————————1———7—+——————————
-0.6 0.4 0.2 0.0 0.2 0.4 06

Applied Potential (V)

Figure 4.33 Varation of CV diagram of PDA + p-PDA 3:1 with scan rate showing increased Au electrode
Jouling and increased peak separation
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It can be seen that, the values of peak oxidation and reduction currents for PDA + ALT 3:1
are higher than that of pure PDA in the order of ~ 100 mA while those of PDA + p-PDA 3:1
are lower in the order of ~ 50 mA. This indicates that the copolymerization of PDA with these
monomers can indeed adapt the systems to give varying oxidation/reduction currents and peak
separation voltages. Notably, the variation of peak separation with scan rate indicates that the
oxidation and reduction potentials cannot be defined as absolute values for a given pH

environment but are rather available in a range of values higher and lower than that of pure

PDA.
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Figure 4.534 Vanation of CV diagram of PDA + ALT 3:1 with scan rate showing increased Au electrode
Jouling and increased peak separation

However, based on the data adapting PDA to different pH environments using different
monomers for copolymerization has been made possible especially. Though the values of the
oxidation and reduction potentials still lie in the given range for PDA between 0-1 V vs. NHE
(Figure 2.3 (b)) the values of the potentials and currents are higher and lower than that of PDA
even at a given pH and thus, extend its functionality. Such a trend using these specific

copolymers has not been reported (to the best of knowledge) in literature.
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4.3 Influence of pH

4.3.1 CV characterization of PDA + p-PDA 3:1 and PDA + ALT 3:1

The characterization of the various thin films using cyclic voltammetry has two purposes:
1) to judge the effect of incorporation of comonomers to the dopamine system and
2) to check the tunability of the oxidation/reduction potentials of the systems at the same pH

based on m-electron mobility changes.
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Figure 4.35 CV characterization of PDA homopolymer films under phosphate buffer of pH values 4.6, 5.6,
6.9, 7.3
The negative current portion of the CV diagram is excluded for the comparison since it only
shows the characteristics of the Au substrate and not the polymer sample itself. Each monomer
mixture solution was swirled 2-3 times to ensure homogeneity before use for film formation and
during the recording of the cyclic voltammogram, the solution was not physically perturbed in
any way to prevent errors. The electrodes were cleaned and blotted dry before changing the
solutions in order to prevent sample contamination. The characterization of PDA using cyclic
voltammetry in different pH environments is shown in Figure 4.35 with applied voltage
reported vs. Ag/AgCl (3 M KCI bridge). The oxidation and reduction potentials were
converted from V to mV to better resolve the data and are reported vs. NHE (Normal
Hydrogen Electrode) in Figure 4.36 and Figure 4.37 instead of vs. Ag/AgCl (3.5 M KCl bridge)

that was used for analysis. The decrease in potentials, obeys the following equations for PDA:
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Epa (mV) = —56.40pH + 803.5; R = —0.9946 4-2
Epc (mV) = —=55.75pH + 754.6; R = —0.9991 4-3
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Figure 4.36 Companison of oxidation potentials for the 3:1 copolymer systems and PDA with varying pH
values: 4.6, 5.6, 6.9 and 7.3

The slope of the equations for PDA, 56.4 mV/pH and 55.75 mV/pH for the anodic and
cathodic peak potentials respectively can be compared to the expected theoretical value of 59
mV/pH [41]; thus, suggesting that the number of electrons transferred is equal to the number
of hydrogen ions participating in the electrode reaction. This is comparable to a study [62] by
Kanyong et al. The range of oxidation voltages in mV vs. NHE reported here are in the range
expected from previous studies by Medintz et al. [87] and Amiri et al. [61] and hence is a

suitable reference for the values obtained for the copolymer systems.
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Figure 4.37 Companison of reduction potentials for the 3:1 copolymer systems and PDA with varying pH
values: 4.6, 5.6, 6.9 and 7.3

The decrease in potentials obeys the following equations for PDA + p-PDA (3:1), as also

depicted in Figure 4.38:
Epa (mV) = —44.00pH + 727.2; R = —0.9961 4-4
Epc (mV) = —=56.21pH + 740.3; R = —0.9704 4-5

It must be noted that Medintz et al. conducted the experiments using a glassy carbon electrode
at a scan rate of 0.05 V/s and the data is for DA-labelled peptides, not pure polydopamine.
Also, the studies performed by Amiri et al. used a glassy carbon electrode at a scan rate of 0.05
V/s and potentials are reported vs. SCE and cyclic voltammetric studies of PDA were used for
pH sensing. They also reported that buffer composition does not affect measured voltage values

on GCE however whether the same extends to an Au W.E. is not yet known.

The slope of the equations for PDA + p-PDA 3:1, 44 mV/pH and 56.2 mV/pH for the anodic
and cathodic peak potentials respectively, are only close to the expected theoretical value of 59
mV/pH in the cathodic peak; thus, suggesting a quasi-reversible electrode reaction and a
system with novel properties from a one-electron reversible system [42] as well as a lack of an
Ohmic drop [43]. The electron transfer also occurs at the same rate as mass transport. The

decrease in potentials obeys the following equations for PDA + ALT (3:1):

Epa (mV) = —65.09pH + 900.87; R = —0.988 4-6
Epc (mV) = —93.54pH + 1022.5; R = —0.9842 4-7
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Figure 4.38 CV characterization of PDA+ p-PDA (3:1) films under phosphate buffer of pH values 4.6, 5.6,
6.9, 7.3

The slope of the equations for PDA + p-PDA 3:1, 65.1 mV/pH and 93.5 mV/pH for the
anodic and cathodic peak potentials respectively, are greater than the expected theoretical
value of 59 mV/pH; thus, suggesting a quasi-reversible electrode reaction and a system with
novel properties from a one-electron reversible system. The decrease in potentials o for PDA +

ALT (3:1) 1s also depicted in Figure 4.39.
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Figure 4.39 CV characterization of PDA+ ALT (3:1) films under phosphate buffer of pH values 4.6, 5.6,
6.9, 7.3
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An increase in oxidation and reduction potentials for the PDA + ALT (3:1) in the order of
~100 mV was observed whereas that of the PDA + p-PDA (3:1) system did not vary so greatly
(~20 mV). The pH dependence on the redox potential of polydopamine has been studied
earlier [61] and the electropolymerization of DA in itself is a widely studied topic. However, an
analysis of the redox potentials for such copolymer systems is given here for the first time. The
decrease in the oxidation peaks is indicative of the oxidation process being followed by either a
water nucleophilic attack that generates hydroxylated species or by dimerization or
polymerization reactions [91]. Thus, electrode reaction can be affected by the pH of the
medium and the solution pH influenced both the anodic and cathodic peak potentials
considerably. However, there was no significant change in peak current. The potentials of these
systems show a decreasing trend with the band gaps of the PDA + ALT (3:1) system being
slightly greater than the PDA + p-PDA (3:1) system. Though, as expected, there is no fixed
trend for the change in peak separation voltage 4 £, the value of 4E)1s highest around neutral
pH for PDA. For PDA at pH 6.9 the 4y value of 58.7 mV is higher than all other reported
values. This was explained by Laviron et al. [89] and Deakin et al. [92] where they state that
at very acidic pH, the first electron transter QHo -> QHo* + e () = Quinone) leads the
deprotonation step, while at neutral solutions the electron transfer occurs on an already
deprotonated species (QH), resulting in a neutral radical species. This neutral radical can cause
a second deprotonation step, leading up to a second electron transfer. Under basic pH
conditions, a second deprotonation could lead up to the first electron transfer, resulting in a Q%
charged species. acidic or alkaline conditions. The band diagrams for redox potentials (reported

in mV vs. NHE after conversion) are shown in Figure 4.40.
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Figure 4.40 Variation of peak separation AEys with varying pH for PDA (a) PDA + p-PDA (3:1) (b) and

For PDA + p-PDA 3:1 the highest peak voltage appears at pH 7.3 instead of neutral pH
indicating possible changes to the quinone structure made during copolymerization, thus
affecting the electron transfer reactions. For PDA + ALT 3:1, the highest peak separation
voltage ALy value of ~ 89 mV is seen at pH 6.9. The trends for even higher pH values are not
reported here due to time constraints on experimental work. However, they can be inferred

using extrapolation from the existing data. It must also be noted that the data can only be
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obtained up to pH 10 or lower for PDA and PDA-based films as very basic pH environments

can delaminate the films.

4.3.2 GV characterization of PDA + p-PDA 1:1 and PDA + ALT 10:1

In order to judge whether the relative concentrations of the monomers could affect the
oxidation and reduction potentials, a comparison was made using CV characterization with
PDA + p-PDA (1:1) and PDA + ALT (10:1) systems. The monomer ratios of the systems were
chosen in terms of their reproducible film formation properties and similarity in dimension.
The PDA + p-PDA (1:1) ratio was chosen for comparison because it is the ideal ratio reported
in literature for adhesion and solubility of the comonomers in bulk solutions. PDA + ALT (10:1)
represents a copolymer with low concentration of 3-amino-L-tyrosine which could affirm that

incorporation of AL'T actually results in a change as shown previously.
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Figure 4.41 CV characterization of PDA+ p-PDA (1:1) films under phosphate buffer of pH values 4.6, 5.6,
6.9, 7.3

The decrease in potentials as taken from Figure 4.42 and depicted in Figure 4.41 obeys the
following equations for PDA + p-PDA (1:1):

Epa (mV) = —47.66pH + 757.4; R = —0.9978 4-8
Epc (mV) = —=55.31pH + 734.7; R = —0.9947 4-9
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The decrease in potentials as taken from Figure 4.39 and depicted in Figure 4.43 obeys the
following equations for PDA + ALT (10:1):

Epa (mV) = —47.48pH + 745.2; R = —0.9866 4-10
Epc (mV) = —55.75pH + 754.6; R = —0.9997 4-11
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Figure 4.42 Comparison of (a) oxidation and (b) reduction potentials for the three systems with varying pH
values: 4.6, 5.6, 6.9 and 7.3
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Figure 4.43 CV characterization of PDA+ ALT (10:1) films under phosphate buffer of pH values 4.6, 5.6,
6.9, 7.3

The slope of the equations for PDA + p-PDA (1:1) 55.31 mV/pH for the cathodic peak

potential and that for PDA + ALT (10:1) 55.75 respectively, are close to the expected

theoretical value of 59 mV/pH like PDA. In fact, the latter value exactly matches that of pure

PDA. The only difference arises in the anodic peak caused by a slight shift in the oxidation

potentials. In case of the PDA + ALT 10:1 system, the oxidation and reduction potentials

assume values closer to that of PDA with a slight increase in the order of ~ 10 mV.

Notably, when comparing the shifts in the oxidation and reduction potentials of the PDA + p-
PDA 1:1 copolymer the values are lower than that of PDA by an order of ~ 20 mV which is
almost the same as that of the PDA + p-PDA 3:1 system. Thus, monomer concentration of DA
and p-phenylenediamine does not seem to play a role in altering oxidation or reduction
potentials with pH. Similar to the trends for peak separation voltages 4 reported for the
PDA + p-PDA 3:1 copolymer systems, PDA + p-PDA 1:1 shows the highest peak separation
voltage (within the measured range) at pH 7.3 with a value of ~ 78 mV. This is much lower
than the 4 reported for the PDA + p-PDA 3:1 system indicating that though oxidation and
reduction potentials do not vary much from PDA across different pH environments, at slightly
basic pH, the peak separation 1s affected by the molar concentration of the comonomers DA
and p-phenylenediamine. This could be explained by the peak separation values obtained from
the slope of the pH-activity analysis, indicative of a one-electron system unlike PDA + p-PDA
3:1, similar to the assumption made for PDA.
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PDA + ALT 10:1 shows the highest 4L value (see Figure 4.44)of 62 mV at 7.3 which is higher
than that of pure PDA by about 4 mV and indicates that even a small amount of ALT
incorporated could lead to proportional changes in 4. However, this is still lower than the
AEys value for the PDA + ALT 3:1 system by ~ 30 mV, indicating that comonomer

concentration is important in the pH and redox activity PDA + ALT system.
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Figure 4.44 Variation of peak separation AEy, with pH for (a) PDA (b) PDA + p-PDA (1:1) (¢c) PDA +
ALT (10:1) reported vs. NHE
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In comparison with the PDA + ALT 3:1 system, the values of the oxidation/reduction
potentials vary by about ~ 40 mV which indicates that the concentration of the 3-amino-L-

tyrosine comonomer with DA could play a role in its pH and redox activity.

4.3.3 CV characterization of p-Ser

The summarized peak separation diagram of p-Ser analyzed by cyclic voltammetry showing
oxidation and reduction potentials at three different pH values are shown in Figure 4.45 with
applied voltage reported vs. NHE. Unlike the copolymer systems, the pure p-Ser systems
analyzed using cyclic voltammetry did not show variations in the oxidation and reduction
potentials with 3 different pH values (Note: the trials were conducted only once). Also, similar
to PDA, the film delaminates at higher pH suggesting that a test of pH dependence of redox
potentials is not possible above its pKa value of 10. Slight variations in peak separation voltage
AEysare seen. However, these values are too low and almost indicative of a conducting material
thus indicating diffusion of charged species through the film onto the Au substrate. Hence, the

measurements are not reliable.
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Figure 4.45 Vanation of peak separation AEys and oxidation/reduction potentials with pH for p-Ser

It was assumed that since the pKa value of serotonin is quite high (9.3) [67] that this could
extend to p-Ser as well and influence changes in behavior with pH. Hence a trial was made to
check the pH dependence of oxidation and reduction potential at a pH of ~ 10. However,
similar to the data reported for PDA (S. Harvey, T. Marchesi unpublished), the film
delaminates under highly alkaline conditions. The redox activity of the films could also be
modified by the use of HEPES buffer for synthesis which is reported to affect the activity of the
Au substrate [93],[94].
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Table 4.3-1 Summary of oxidation and reduction potential variations with pH for two different PDA + p-

PDA and PDA + ALT systems. The standard deviation (S.D) for all values s less than 10%

Oxidation Potentials (imV vs. NHE)

pH PDA PDA + p-PDA 3:1 PDA +ALT 3:1 PDA+p-PDA1:1 PDA + ALT 10:1

4.6 540 £ 0 528 £ 0.3 591 £ 1 530£0 546 £ 0

5.6 493 + 18 475 £ 2 552 £ 10 474 £ 0 479 £ 4.3

6.9 422 + 4 429 + 1 456+ 3 417+ 3 423 + 6.4

7.3 384+ 3 404 £4.5 416 £ 2.1 401 £ 0.3 418 £ 10.4

-R 0.994686982 0.996057781 0.988353399 0.99787078 0.986663128
Reduction Potentials (mV vs. NHE)

pH PDA PDA + p-PDA 3:1 PDA + ALT 3:1 PDA +p-PDA1:1 PDA+ ALT 10:1

4.6 492 £ 0 474+ 11 540 = 30 480 £ 0 5020

5.6 439 £ 18 420 £ 7.6 501 £5 422 +0.25 438 £ 0.1

6.9 363 £0.7 375+£0.3 367 £ 10 363 £0.7 362 £ 6.7

7.3 347 £ 3 313+5.4 347 £4.3 324+ 1 356 + 25.1

-R 0.999142101 0.970416142 0.984213783 0.994709324 0.994269855

Table 4.3-2 Summary of peak separation and peak current variation with scan rate_for two different PDA +

p-PDA and PDA + ALT systems. The standard deviation (S.D) for all values is less than 10%

Peak separation AE,; and peak currents

PDA
Scan Rate V/s o AE, (mVvs.NHE) S.D. iy (mA) S.D. ip(mA) S.D.
0.01 0.1 58.7 2.4 59.2 3 88.9 2
0.04 0.2 86 2.3 715 5.3 107.6 1.2
0.07 0.264575131 124.2 4 99.1 1.4 119.2 3
0.1 0.316227766 146.4 3 122.7 2 139.7 2
R 0.9864 09731  0.9579 09826  0.9655
PDA + p-PDA 3:1
Scan Rate V/s o AE, (mVvs.NHE) S.D. iy (mA) S.D. ip.(mA) S.D.
0.01 0.1 150.2 26.2 88.1 5.2 217.1 5.6
0.04 0.2 250.2 23.5 205.4 7.8 343.5 6.3
0.07 0.264575131 345.1 15.2 315 20 455 10
0.1 0.316227766 425.9 10.3 370.3 15 509.8 5.9
R 0.9937 0.9968 0.9973
PDA + ALT 3:1
Scan Rate V/s o AE, (mVvs.NHE) S.D. iy (mA) S.D. ip(mA) S.D.
0.01 0.1 98.1 10 50.2 3.2 124.3 3.2
0.04 0.2 130 15 100 8 161.1 8
0.07 0.264575131 180 10 150 12 182.2 5.6
0.1 0.316227766 220 10 180 13 233 7.5
R 0.9764 0.9957 0.9666
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4.4 Critical parameters and sources of error

The relative importance of various operating parameters involved in an electropolymerization
process decreases in the following order [36]: monomer concentration > solution pH >
operating temperature and variations in these are potential sources of error or sources to
explore for optimization of film formation in experiments. These parameters have thus been
evaluated for their importance by the results given in previous sections. Polymerization rate
increases with monomer concentration but results in low molecular weight polymers with low
solubility and hence lower rates of solidification. Keeping this in mind, the concentrations of
monomers in the case of p-ALT and p-Ser homopolymer and copolymer films were kept
relatively low to increase chances of film formation. Very low or ambient pH can cause rapid
decrease in current to be observed in the voltammograms indicating film formation and yet not
lead to actual film formation or scattered deposits, possibly due to Ho evolution. In contrast,
high ambient pH leads to poor quality films also due to possible Ho evolution and a large
number of free radicals being generated on the surface. This explains the need for the
phosphate buffers used for synthesis as well as the near-neutral ambient pH under which the
various films were synthesized. Polymerization rate increases with ambient temperature thus
resulting in thicker films until about 40°C. However, the temperature in laboratory conditions
are more or less stable and major fluctuations in temperature are not a concern for experiments.
As often indicated in literature, the role of atmospheric/dissolved oxygen in driving oxidative
polymerization processes could be both that of an initiator or inhibitor [95],[89]. Therefore,
the rate of the initiation reaction often depends on the applied electrode potential or the
electrolysis current passing through the cell. In the case of the PDA + p-PDA/PDA + ALT
copolymers, oxygen takes the role of an initiator since the mechanism of copolymerization is
oxidative coupling. Hence, the lack of a vacuum or use of the horizontal electropolymerization
setup helps rather than hinders the film formation process in both cases by increasing dissolved
oxygen. A note on the use of phosphate buffers [93],[94]: the buffer of choice for synthesizing
all polymer films (except p-Ser) and characterizing them was a sodium phosphate buffer
because the use of Tris-HCI, MOPS, or HEPES buffers can suppress the activity of a polymer
film on the Au/Pt C.E. However, the same does not occur while using phosphate buffers despite
some adsorption onto the electrode surface being possible. Another reason that a phosphate
buffer is a suitable candidate is that, the redox peaks measured in phosphate buffer indicate
that the oxidation and reduction occur in a reversible manner, whereas in the case of the

organic buffers, adsorption of the buffer’s ions on the surface can block electron transfer
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processes. One limitation of this buffer is due to low diffusion rates, thus lower scan rates (<
0.002 V/s) are ideal for better redox peak accuracy. However, this scan rate could not be used
during analysis/synthesis during this thesis due to instrumental limitations, longer duration of
measurement and lowered peak separation with slower scan rates. Notably, since the analyses
performed at pH 4.6 were done with no significant time gap between trials, the data shows
almost no scatter in the potentials measured between repeat trials. This could possibly be due
to the high pH sensitivity of the system (since the oxidation/reduction potentials also show
differences between pH 6.9 and 7.3), slight variations in the pH of the phosphate buffers over
a span of days (though overall, their pH remained stable with only variations in the order of £
0.1) and continuously reusing Au slides which can lead to film formation with holes. Thus, to
minimize errors it is recommended that new Au slides be used whenever possible for each trial
and for each repeat trial when using acidic pH environments for measurements. The samples
analyzed by CV at a particular pH can be reused at the same pH for a repeat CV measurement
without washing or degassing and will yield the same GV curve but not when the pH is switched
(see Appendix 4 in Section 6.4). In this work, a new film was used for each analysis which could
change the system and increase errors. It is recommended that the Pt and Au C.E.s be cleaned
with Piranha solution, rinsed with Milli() water and dried before each subsequent experiment
to prevent using fouled electrodes. Due to time constraints on experiments, the analysis of pH
dependence on pure p-PDA and p-ALT systems are beyond the scope of this thesis. However,
this could present a scope for future work. Since the p-PDA fibers/microneedles are also found
to be absent in the copolymer they could be incorporated via nanocomposite formation with

PDA and tested for various functional properties.

4.5  Further characterization - XPS

Qualitative analysis of several thin films was performed using X-ray Photoelectron
Spectroscopy (XPS). This provides only supporting information as XPS results are difficult to

use to predict quantitative changes in chemical structure between samples.
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Table 4.5-1 Lust of samples analyzed by XPS

Sample content

Pure ALT homopolymer

Pure p-PDA homopolymer

Pure p-Ser homopolymer

Pure PDA homopolymer
PDA + ALT (3:1) copolymer
PDA + p-PDA (3:1) copolymer
PDA + p-Ser (3:1) copolymer

Notably, the samples were analyzed about one month after submission and hence aging effects
that have not been studied yet could affect the accuracy of the results provided here. The data
was compared for the different systems based on the intensity of the peaks obtained for various
chemical structural features. The spectra obtained were fitted using Origin (Peak Fitting Pro)
to draw conclusions about the difference between the various films. The Cls region are fitted
with four components: C-C / CG-NH (2 284.8 eV), CO / CN (286.2eV £0.1eV),C =0/ C
=N (287.4 eV £ 0.1 eV), and -t * (289.7 eV £ 0.2 V). The n-rt * - Satellite corresponds to
the energy loss of aromatic carbon species. The Nls region consists of three parts: primary
amines (R-NHy, 400.9 eV % 0.3 eV), secondary amines, (Ro-NH, 399.9 ¢V £ 0.1 eV) and
aromatic amines/ imines (= NR, 398.3 eV % 0.1 eV). Primary amines include DA, secondary
amines and aromatic intermediates and polydopamine assigned to the [96] tautomers of 5,6
Dihydroxyindole and 5,6-indolequinone. The spectrum for Ols (Figure 4.48, below) was
divided into three signals: quinone - (O = C) at about 531.1 eV £ 0.1 eV and catechol signal
(OC) at 532.7 eV £ 0.1 eV as well as an additional peak of Na-KLL (sodium Auger) at about
534.7 £ 0.3 eV eV. The Na- KLL signal comes from Na of the phosphate buffer, which is

incorporated in the structure of PDA.
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The main difference between PDA and PDA + p-Ser is the increase in the R-NH interaction.
Apart from this no major differences between the homopolymer and copolymer were observed.
The Na-KLL Auger peak is also still visible. Hence, it is not clear whether serotonin
incorporates well into a dopamine copolymer. A distinct feature of p-Ser that differentiates it
from PDA i1s the increase in 7t-wt interactions observed as well as a decrease in the RolNH peak.
The various spectra for p-Ser are comparable to that found in literature for p-Ser nanoparticles
[34] analysed by Nakatsuka et al. who also compare the XPS results with that of the serotonin
monomer. They also recorded possible increases in n-m interaction. The qualitative differences
in the data support the structural differences between PDA, P-Ser and the PDA copolymers.
For example, in the copolymer samples PDA + p-PDA and PDA + ALT the Na-KLL Auger
peak visible in the PDA sample due to the incorporation of Na from the phosphate buffer
(possibly by complex formation) is absent. This indicates that the covalent bonding interactions
between PDA and the second monomers hinder the incorporation of Na* into the structures.
Also notable are the increases in OC peaks and R-NH interactions of both copolymers PDA+
p-PDA and PDA + ALT in comparison with PDA which is expected from their copolymerized

structure, also indicating that the monomers were incorporated with DA unlike the case with

serotonin.
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A distinct decrease in the intensity of the G=O (the non-zero peak could arise from atmospheric
oxygen) as well as an intense increase in the R-NH peaks of p-PDA as expected from its
structure in comparison with PDA is a notable feature. The data for p-ALT is not available as
part of this thesis as further investigation was needed to refine the XPS spectra. A drawback of
using the XPS method is the duration needed for sample analysis and high sensitivity in fitting

the spectra to reference values.

4.6  Executive Summary

The most relevant data obtained in the results and discussion section is summarized in Table
4.6-1. The XPS data was considered as supporting information and is not included as a part of
the summary unless no other data is available. All samples were prepared in a PB of pH ~ 7.0
and CV parameters of -0.5 V to + 0.5 V scan voltage, 8 scan cycles and 0.01 V/s scan rate
unless mentioned otherwise. All samples were prepared on Au substrates, Ag/AgCl R.E. and
an Au C.E. When available, CV data was obtained using a Pt C.E. in PB of varying pH values
between ~ 4.6-7.3. All other measurements were performed as mentioned in Section 3:

Experimental Section.

Table 4.6-1 Executive summary of results

Sample EP synthesis /CV Spectral features AFM/SEM/Profilometry/
characterization data Contact angle
PDA Reproducible film formed by
¢ EP, CV data for pH variation i
(re ere.n N ’ araorp vana} 1(.)n o Comparable to 12 nm thickness, roughness of
material) the range expected for similar . .
CoL . previous studies ~ 2nm. Contact angle of 50-55°
~5mM studies in literature [62]
[39] [80]
monomer
concentration
— No film formation possible EDX: reasonable
PDA — No CV data for redox C:N ratios. No AFM/profilometry data.
3) 2 activity available. FTIR: 890 cm! for SEM shows microneedle/
monomer — Possible chain-growth v (=CH) and microfiber formation. Contact
concentration polymerization mechanism aromatic ring angle higher than all other
stretch from 1510- samples at 78°
1630 cm!
— Reproducible film formed FTIR: 1290 cm’!
by EP i
p-ALT Py " 1 br(éa:ieomng (;{f v
~ 0.7 mM - O'SSI .e two-e CCtr.OH (= ) pea. ’ 5 nm thickness, roughness of ~
oxidation mechanism lowered intensity of
monomer . I nm. Contact angle of 70°
. — Known to be redox active the C=C aromatic
concentration

[31], no pH-based CV data
available

ring peak from
1510-1630 cm!
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Sample EP synthesis /CV Spectral features AFM/SEM/Profilometry/
characterization data Contact angle
Reproducible film formed The C=C aromatic
using EP in HEPES buffer ring peak of p-Ser is
pH~ 5.5 quite similar to ~ 10 nm thickness but formed
p-Ser Not redox active or pH PDA as expected, with 15 EP cycles instead of 8
0.5 mM active with a slight shift in other samples and higher
monomer Film formed at 10 x lower towards the left in scan voltages (+ 0.8 V instead
concentration monomer concentration the range 1510- of £ 0.5 V). Roughness ~ 1.5
than literature and of 1 cm 1630 cm ! C-OH nm. Contact angle of 61°
diameter (scaled up. 8 x peak is visible at ~
lower 1200 cm-!
Reproducible films formed
for 3:1 and 1:1 systems
CV data shows pH-
dependent redox-active
films with lower oxidation Marked difference Thickness of 3:1 system ~ 11
and reduction potentials in G=C aromatic nm and roughness ~ 2 nm.
than PDA. ring spectral feature Thickness of 1:1 system (ideal
PDA + p-PDA AE) highest at pH ~ 7 similar to p-PDA rati(') for bulk 'copolymer
Concentration of p- between 1510-1630  formation from literature [65])
phenylenediamine cm!, possibly due ~ 15 nm and roughness ~ 2.5
comonomer does not affect to stretching of the nm. Contact angle of 59 ° for
redox activity aromatic rings [84] 10:1 system.
v of CV analysis increases
peak separation voltage
Oxidative copolymerization
mechanism
Reproducible films formed
for 3:1 and 10:1 systems
CV data shows pH- No standout
dependent redox-active spectral feature of
films with higher oxidation ALT detectable in . .
and reduction potentials PDA + ALT, Thlck'ness of 3:1 system (ideal
. ratio for bulk copolymer
than PDA possibly to the low ) )
. . formation from literature [65])
AE) highest at pH ~ 7 contribution to
. . . ~ 9 nm and roughness ~ 1 nm.
PDA + ALT Concentration of 3-amino- material .
. .. Thickness of 10:1 system ~ 14
L-tyrosine comonomer composition except
i nm and roughness ~ 2 nm.
increases for the C-OH
L. . . Contact angle of 69 for 10:1
oxidation/reduction stretching peak for “wstem
potentials this sample visible Y ’
v of CV analysis increases in the range 1200-
peak separation voltage 1210 cm!
Oxidative copolymerization
mechanism
No reproducible, No spectral data Thickness when films exist, ~
homogenous film formation available. XPS data 10 nm and roughness of ~ 1.5
PDA + p-Ser possible with EP sh('>ws an increase nm on average. Contact angle
No CV data or pH-based in the R-NH of 46 for 10:1 system, lower
data available interaction than all other systems.
compared to PDA
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Thus, it was possible to tune the oxidation/reduction voltages of PDA using PDA+ p-PDA and
PDA + ALT 3:1 copolymers between 90-500 mV (anodic potential) and 50-220 mV (cathodic
potential). The scan rate of measurement was also accounted for when taking CV data. FTIR
spectra allow qualitative differentiation between structural differences of various polymer thin
films. AFM, profilometry and contact angle studies provide morphological data about the

thickness, roughness and surface wettability of the different thin films.
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5 CONCLUSION AND OUTLOOK

In this thesis, the widely studied parameters and conditions used for polydopamine thin film
synthesis by electropolymerization were extended to other homopolymer films synthesized
from different monomers that incorporate aromatic amino groups including 3-amino-L-
tyrosine, p-phenylenediamine and serotonin. The electropolymerization of 3-amino-L-tyrosine
yielded a p-ALT thin film of ultrathin dimensions (~ 5 nm) which shows potential for
biofunctionalization applications and photocatalytic applications as substituted tyrosines are
known for being redox active [31]. Thin film formation was not possible using p-
phenylenediamine but the presence of microneedles and fibers in the range of a few microns
were visible using SEM for p-PDA. The microneedles are speculated to be conducting from
literature [21]. There are possibilities for using these microneedles as composites with PDA to
test the effects for further applications since the incorporation of p-PDA in copolymer form
with PDA suppresses its morphological characteristics. It was possible to synthesize a p-Ser
film of circular diameter ~ 1 cm which is a 100 times scaled-up version of the diameter of films
(~1 mm) electropolymerized earlier on boron-doped diamond substrates [67]. The p-Ser films
had a thickness of ~ 12 nm on an Au substrate and could be synthesized with a monomer
concentration 8 times lower than that used in literature, and also with a scan rate 10 times
lower which can reduce electrode fouling effects. The thickness of the films was almost twice
that presented on the boron-doped diamond substrate. Possibilities exist to explore

functionalizing p-Ser with dyes and also for biosensing applications.

The optimization and reproducibility of PDA-based copolymers: PDA + ALT, PDA + p-PDA
and PDA + p-Ser in varying molar ratios and thickness was studied using
electropolymerization, AFM and profilometry. Cyclic voltammetry studies with PDA + ALT
(3:1) and PDA + p-PDA (3:1) films which had similar dimensions (~9-11 nm thickness) showed
that the oxidation and reduction potentials made the electrochemical response of PDA
adaptable to varying pH environments (in the range 4.6-7.3) and that the peak separation
values depend on the scan rate at which they are analyzed with lower scan rates being ideal to
prevent electrode fouling. The peak potentials of the PDA + ALT systems which range from
~200-500 mV for anodic peaks and ~ 120 — 220 mV for cathodic peaks are in general higher
than PDA. For PDA the anodic peaks range between ~150 — 420 mV and cathodic peaks
ranging between ~ 90 — 210 mV which is higher than that of PDA + p-PDA which shows
anodic peaks ranging between 90 — 360 mV and cathodic peaks ranging from ~ 50 — 170 mV.

89



CHAPTER 5: CONCLUSION AND OUTLOOK

This indicates a certain amount of tunability in both directions by copolymerization with the
potentials generally varying in the following manner: PDA + p-PDA < PDA < PDA + ALT
while still remaining comparable to that of the oxidation/reduction potentials of water and the
band gap of the CdSe@CdS nanostructures. The results from these systems were juxtaposed
with PDA + ALT (10:1) and PDA + p-PDA (1:1) systems which showed that the comonomer
concentration affects the oxidation and reduction potentials in the former system (~ 40 mV)
but not greatly in the latter. Thus, the cyclic voltammetry analysis thus played a dual role in
the analysis of the systems by allowing an understanding of the adaptability of PDA copolymers
to varying pH environments and also to qualitatively differentiate between the assumed one-
electron system of PDA with the quasi-reversible, novel electron systems of the copolymers.
Thus, PDA and PDA + p-PDA/ALT copolymers were found to be pH-active in the range 4.6-
7.3. This presents scope for further studies on the pH activity of these systems at higher pH

values as well as a promising feature for pH-sensing applications in the range 4.6-7.3.

The p-Ser system did not show any changes in its oxidation/reduction potentials with pH and
the peak separation voltages did not yield sensible values as they were too low for an expectedly
insulating system. The removal of the p-Ser film using the method for PDA was attempted but
not satisfactorily possible in the time frame available, and hence can be studied further. Since
ALT i1s known to be redox active [31], p-ALT could also be a candidate for further studies
relating to PWS. The p-PDA homopolymer was not probed for its CV characteristics since no
film was detectable (so far) under the fibers. Despite the likelihood of blend formation in the
PDA + p-PDA/PDA + ALT copolymers, the probability of blend vs. copolymer formation is
greater for the PDA + p-Ser thin films due to the presence of particulate aggregates and breaks
in the films. Thus, redox-activity studies for this system was not performed and presents scope
for further study. The chemical structural differences between the various films were analyzed
using FTIR in the reflection mode, XPS and contact angle studies; indicating the incorporation
of new homopolymer and possible copolymer structures. The contact angle variations between
low-comonomer concentrations of other monomers with dopamine were compared with pure
homopolymer films and they were found to be increasingly hydrophobic in the following order:
PDA + ALT 3:1 < PDA + p-Ser < PDA < PDA + p-PDA 10:1 ~ p-Ser < p-ALT ~ PDA +
p-ALT 10:1 ~ PDA + p-PDA 3:1 < p-PDA. The p-Ser film showed significantly greater mt-n
interactions from XPS and the copolymerization of p-PDA and ALT with PDA caused the Na-
KLL Auger peaks to disappear indicating copolymer formation due to inavailbility of sites for
Na* to form complexes.
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Embedding co-catalysts into the PDA and copolymer films, such as Co-complexes, Mo-
complexes, Pt etc. is also a possibility for further work. Data is not yet available in this work for
the embedding of the CdSe@CdS sensitizers and will be explored further in collaboration with
the group of Dr. Wiachtler in Jena, after selection of optimal films. Electrochemical impedance
spectroscopy could a useful tool to understand the impedance characteristics of the system but
requires further studies before the characterization method can give conclusive data (see
Appendix 2 in Section 6.2). The overall/actual effect of replacing PDA with the copolymers in
the hybrid PWS system could be explored further. The removal and transfer of these films onto
other substrates is also not yet possible and lower adhesion properties of p-Ser pose both an

advantage and disadvantage.

Due to the wide array of monomers available in nature, the possibilities for combining these
with dopamine for adapting its characteristics are nearly endless. Possible selection criteria for
these monomers include light stability and the presence of electron donating groups such as the
aromatic amines used in this study. The use of metallic nanoparticle dopants could also be
explored to impart conducting properties to the PDA/PDA copolymer thin films for use in
memristive biosensors. The copolymer systems PDA + p-PDA and PDA + ALT (3:1) present
promising features for use in PWS including tunability of potentials and adaptability to varying
pH environments. These properties could also be extended to applications such as pH sensing
[62]. Dye-sensitization of the thin films for PWS could also be explored. The novel electron
systems understood from GV analysis present possibilities for tuning the electron transfer
characteristics, electron delocalization and electron recombination time in the sacrificial layer
of the hybrid systems. This property can be extended for use of these copolymers in conjunction
with Organic Field Effect Transistors, or for creating devices with lithographic techniques for

biosensing or biointerfaces [97].
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6 APPENDIX AND SUPPORTING INFORMATION
6.1 Appendix l: Synthesis of polyserotonin films

Serotonin films were electropolymerized using 0.5 mM Serotonin in 0.1 M NaCl and 5mM
HEPES using the following parameters: Lower Vertex: - 0.8 V; Upper Vertex: 0.8 V; Number
of scans: 15; Scan rate: 0.01 V/s; Step: 0.00244 V. The solution was not bubbled under
nitrogen. The number of scans and scanning voltage limits were increased in comparison with
previous experiments to increase the chances of film formation. Profilometry measurements for
pure Serotonin films made by Method 2 and PDA + p-Ser (1:1, 3:1 and 10:1) were performed
to check film formation and obtain thickness. Figure 6.1 shows the GV for pure polyserotonin
made attempted in a PB solution of pH 6.9 which did not yield any films and the trial using a

HEPES buffer.
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Figure 6.1 CV for EP of serotonan under (a) Phosphate buffer (b)) HEPES buffer — Trial 1 — electrode
contaminated by dopamine solution leading to dopamane-like cyclic voltammelry characteristics
The thickness of the film was found to be 25.5 * 0.85 nm using profilometry and 22 + 1.01
using AFM. Its roughness using AFM was found to be 0.56 * 0.44 nm. Figure 6.2 (a) and (b)
show the CV diagrams for testing the reproducibility of p-Ser pure films. It was later found that
the instrument failed due to a loose wire and so these diagrams are not accurate and the results,
unrepresentative. Figure 6.2 (c) shows the CV diagram of the electropolymerization of p-Ser
film. However, this was conducted with an old solution (2 days old) and since serotonin is known
to be unstable in solution, this trial cannot be considered an accurate attempt at reproducing a

p-Ser film.
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Figure 6.2 CV for reproducibility trials _for pure p-Ser films (a) (b) while EP setup was damaged (c) using old
Serotonin solution with HEPES buffer
Since the first trial for the synthesis of polyserotonin gave a homogenous film of good thickness
(~25 nm) and was performed without nitrogen bubbling, an attempt was made at checking the
reproducibility of Serotonin homopolymer films using electropolymerization with and without
nitrogen bubbling by electropolymerization and analyzing thickness and homogeneity
differences by AFM and profilometry. Serotonin thin films were electropolymerized using 0.5
mM Serotonin in 0.1 M NaCl and 5mM HEPES using the following parameters to test for
reproducibility: Lower Vertex: - 0.8 V; Upper Vertex: 0.8 V; Number of scans: 15; Scan rate:
0.01 V/s; Step: 0.00244 V Au C.E., Au W.E. and Ag/AgCl (3 M KCI) R.E. In Trial 1, the
electropolymerization was performed with N2 bubbling of the sample for 10 mins and in Trial
2 it was performed directly after the solution was prepared. Both trials were repeated once. In
both Trial 1 and 2, thin films of polyserotonin were obtained. The CV diagrams for
electropolymerization are depicted in Figure 6.3. The CV curves differ in that Trial 1 shows
an oxidation peak at ~ 0.2 V whereas this peak is much smaller in comparison in the GV curves
from Trial 2. There is also a broadening of the curve in the negative part of the cycles observed
in Trial 2. The variation between the curves in Trial 1 is somewhat greater possibly due to

increased oxygen in solution in the absence of No bubbling.
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Figure 6.3 CV diagrams for synthests of polyserotonin copolymer film (a) Trial 1 - with N2 bubbling of the
sample for 10 mins and (b) Trial 2 — without N2> bubbling

Figure 6.4 shows the profilometry images of one set of samples from Trial 1 and Trial 2. It is
apparent that oxidation produces dark spots on the surface of the sample in Trial 1 which are
absent in the surface of the sample in Trial 2. Figure 6.5 shows the AFM micrographs of the

same samples.

(a) (b)

Figure 6.4 Profilometry images of reproducibility trials for pure p-Ser films (a) Trial 1 - with N» bubbling of
the sample for 10 mins and (b) Trial 2 — without N2 bubbling

Figure 6.5 AFM mucrographs of reproducibility trials for pure p-Ser films (a) Trial 1 - with N2 bubbling of
the sample for 10 mins and (b) Trial 2 — without N2 bubbling

The AFM and profilometry data is summarized in Table 6.1-1.
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Table 6.1-1 Summary of data using electropolymerization, profilometry, and AFM

Sample Nature Thickness using Thickness using Roughness
profilometry AFM (nm) using AFM (nm)
(nm)
p-Ser with N2 Thin film 10.05 = 1.03 12.13 £ 0.69 1.54 £0.72
bubbling
p-Ser without Thin film 13.5+2.2 8.51 £2.71 2.73 £2.42
N2 bubbling

The film produced in Trial 1 shows uneven thickness and is thus not very homogenous. Its
roughness 1s also approximately twice that of the films produced in Trial 2. Thus, though the
results from the first trial were irreproducible, a reproducible film without spots produced by
oxidation of the sample could be synthesized as seen in Trial 2. The cause for the differences
in the electropolymerization curves was found to be contamination by dopamine solution from
previous trials. Hence, the C.E was cleaned thereafter by basic Piranha solution after each

experiment.

6.2 Appendix 2: Electrochemical Impedance Spectroscopy trials

Figure 6.6 shows the Nyquist and Bode plots for pure PDA on an Au substrate synthesized for
8 cycles (Lower Vertex: - 0.5 V; Upper Vertex: 0.5 V; Number of scans: 8; Scan rate: 0.01 V/s;
Step: 0.00244 V) from frequencies 1E+6 to 0.001. Though the Nyquist curve fits the
semicircular plot until the mid-frequency range, it does not decrease after this point. The

impedance value is also extremely high (order of 1E+5).
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Figure 6.6 Nyquust plot left) and Bode plot (right) for pure PDA synthesized using EP with 8 cycles

Figure 6.7 shows the Nyquist and Bode plots for pure PDA on an Au substrate synthesized for
3 cycles (Lower Vertex: - 0.5 V; Upper Vertex: 0.5 V; Number of scans: 5; Scan rate: 0.01 V/s;
Step: 0.00244 V) from frequencies 1E+4 to 0.001. Though the Nyquist curve fits the
semicircular plot until the mid-frequency range, it once again does not decrease after this point
but rather increases. The impedance value 1s lower than the previous trial possibly due to the

fewer cycles used to prepare the film but still quite high. Other trials were conducted using
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PDA synthesized over 5 cycles and in different frequency ranges for impedance analysis such
as |E+4t00.01 and 1E+6 to 0.001 (plots not shown) but this still did not yield results that could
give reasonable information about the system. Though the Nyquist curve fits the semicircular
plot until the mid-frequency range, the values scatter in the low-frequency region as seen for
pure PDA. The impedance value is lower than that of pure PDA as expected from the
copolymer’s GV deposition curves. The trial was only conducted once and not yet tested for

reproducible results.
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Figure 6.7 Nyquust plot (lefi) and Bode plot (rnight) for pure PDA synthesized using EP with 5 cycles and

comparison with literature [98]
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Figure 6.8 Nyquust plot (lefi) and Bode plot (right) for pure Au

6.3 Appendix 3: FTIR results

The copolymers of the three systems only show an intensity shift in comparison with their pure

polymer counterparts as shown in Figure 6.8. In the case of pure p-PDA no signal was
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Transmittance

detectable from the sample. No distinct spectral features of the films could be analysed using
ATR-FTIR in transmission mode as seen in Figure 6.9. Thus, the characterization was

performed using reflection mode as shown previously.
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Figure 6.9 FTIR spectra (inconclusive) for various thin films Pure p-PDA and PDA + p-PDA (1:1) (top)
Pure AL'T and PDA + ALT (10:1) (bottom lefi) Pure p-Ser and PDA + p-Ser (3:1) (bottom right)

6.4 Appendix 4: Reusability of the films for analysis

Experiment 1: 10 mg of Dopamine HCI was dissolved in 10 mL in PB pH 7.0, bubbled under
No gas for 10 minutes and electropolymerized using a horizontal cell with the following
parameters: Lower Vertex: - 0.5 V; Upper Vertex: 0.5 V; Number of scans: 8; Scan rate: 0.01
V/s; Step: 0.00244 V (Au C.E.). Then, a GV analysis using a PB of pH ~ 5.3 was performed
with the following parameters: Lower Vertex: - 0.5 V; Upper Vertex: 0.5 V; Number of scans:
4; Scan rate: 0.01 V/s; Step: 0.00244 V (Pt C.E.). The same CV analysis was repeated on the
sample without changing the PB solution. Experiment 2: 10 mg of Dopamine HCI was
dissolved in 10 mL in PB pH 7.0, bubbled under N» gas for 10 minutes and electropolymerized
using a horizontal cell with the following parameters: Lower Vertex: - 0.5 V; Upper Vertex:
0.5 V; Number of scans: 8; Scan rate: 0.01 V/s; Step: 0.00244 V (Au C.E.). Then, a CV analysis
using a PB of pH ~ 5.3 was performed with the following parameters: Lower Vertex: - 0.5 V;
Upper Vertex: 0.5 V; Number of scans: 4; Scan rate: 0.01 V/s; Step: 0.00244 V (Pt C.E.). The
PB solution was rinsed off the sample using Milli() water and then the same CV analysis was

repeated with a PB of pH ~ 6.9. Note: Trials were conducted only once for each experiment.
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The fourth cycles from each of the C'V analyses were compared to test the reusability of the
samples. Figure 6.10 shows the CV diagrams from Experiment 1. It is evident that the V-I
values overlap. However, there is a small effect of electrode fouling in the part of the curve
characteristic for the Au substrate (negative applied voltage regime) seen as a slight shift in the
current to more positive values. This means that the samples are reusable when analyzing them
at the same pH. Though the current artefact at ~ 0.2 V increases during the repeat trial with
the reused sample, this does not affect the results for the CV analysis.
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Figure 6.10 CV analysis of PDA on an Au substrate showing the fourth cycle for two trials
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Figure 6.11 CV analysis of PDA on an Au substrate showing the fourth cycle for two trials at different pH
and reference from a previous tral

It is evident from the GV diagram in Figure 6.11 that analyzing the PDA film under an acidic
pH of 4.6 modifies the electrochemical properties of the film at the surface. This can be seen

by the shift in the GV curves from the repeat trial at pH ~ 6.9 vs. the data obtained from a
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previous trial at the same pH on a freshly prepared PDA film. Thus, reanalyzing the PDA film
at the same pH (near-neutral) does not show a change in the CV characteristics. However,
reusing the film after analyzing the PDA film at a non-neutral pH modifies the system so that

the CV characteristics at near-neutral pH are not maintained.
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