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ELECTROCHEMICAL COPOLYMERIZATION OF 3,4-PROPYLENE
DIOXYTHIOPHENE AND N-PHENYLSULFONYL PYRROLE AND
DETECTION OF DOPAMINE IN PRESENCE OF ASCORBIC ACID

SUMMARY

The preparation, characterization and application of electrochemically active
conducting polymers are challenging research activity in electrochemistry.
Electrochemical polymerization represents a widely employed route for the synthesis
of some important classes of conjugated polymers.

Carbon fiber micro electrode shows superior performance in electrochemical studies
due to its micron size cylindrical structure. It has a disposable character having a new
surface area at each uses compared to Pt or Au electrodes.

In this study, 3,4-Proylenedioxythiophene (ProDOT) and N-phenylsulfonyl pyrrole
(PSP) electrocopolymerized in various mole fractions with a cyclic voltammetry
(CV), their characterizations were performed by CV, electrochemical impedance
spectroscopy (EIS), scanning electron microcopy (SEM), attenuated total reflection
Fourier transform infrared spectroscopy (FTIR-ATR) and sensor behaviors against
dopamine were investigated.

Electropolymerization process was performed on the single carbon fiber
microelectrodes (SCFME) by CV at a scan rate of 30 mV/s at (-0.8 — 1.5)V for the
monomers using 10 cycles in 0.1M sodium perchlorate / acetonitrile (NaCIO4#/ACN).

For spectroscopic characterization of Poly(ProDOT-co-PSP) films, the same mole
fractions of the copolymers were also prepared by cyclic voltammetry on ITO-PET
with the same conditions of random Poly(ProDOT-co-PSP) films formation on
SCFME. FTIR-ATR, SEM and EIS measurements indicate that the inclusion of PSP
into the copolymer structure.

EIS measurements were performed at open circuit potential range of 0.01Hz-100kHz
(applicationof amplitude of 10 mV) for Poly(ProDOT) and Poly(ProDOT-co-PSP)
The copolymers are also exhibiting different impedance data from that of
Poly(ProDOT) which shown an ideal capacitive line (Bode phase angles close to 90°)
by the application of electrochemical impedance spectroscopic measurements.

The electrochemical parameters of the Poly(ProDOT-co-PSP) / Electrolyte system
were evaluated by employing ZSimpWin (version 3.10) software from Princeton
Applied Research. Variation of the electrolyte and pore resistance (Rs), the
adsorption capacitance and resistance (C, and R,), double-layer capacitance and
charge-transfer resistance (Cq and Rc), Warburg impedance (W), resitance and
capacitance of the copolymer film on SCMFE (R and Cy) in different initial mole
fractions of Poly(ProDOT-co-PSP) film were investigated via equivalent circuit
model, (R(W(CR)(QR))(CR)).

Morphology of coatings for different mole fractions were studied for Poly(ProDOT-
co-PSP) films on SCFMEs. The differences at film thicknesses were obtained due to
an increase of PSP in the feed.
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The SCFME/Poly(ProDOT) and SCFME/Poly(ProDOT-co-PSP) electrodes were
used as a sensor against dopamine. The influence of the presence of ascorbic acid on
the dopamine signal was analyzed by cyclic voltammetry. SCFME/Poly(ProDOT-co-
PSP) electrode sensor displaying a good current response to different dopamine
concentrations with a detection limit of 1 nM in dopamine.
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3,4-PROPILENDIOKSITIYOFEN VE N-FENILSULFONIL PiROLUN
ELEKTROKIMYASAL KOPOLIMERIZASYONU VE ASKORBIK ASIT
VARLIGINDA DOPAMIN TAYINi

OZET

Elektroaktif konjuge polimerlerin sentezi, karakterizasyonu ve uygulama alanlar
giiniimiizde ¢ok calisilan en popiiler elektrokimya konularidir. Elektrokimyasal
polimerizasyon iletken polimerlerin sentezinde ve karakterizasyonunda kullanilan en
O6nemli yontemdir.

Karbon fiber mikro elektrotlarin mikron boyutunda ve silindirik yapida olmasi, altin
ve platindeki gibi ylizey temizleme islemi gerektirmeden tek kullanimlik olarak
hazirlanmas1 agisindan elektrokimyasal polimerizasyon islemlerinde tercih
edilmektedir. Ayrica bircok durumda metal elektrotlara nazaran daha verimli
sonuglar saptanmaistir.

Bu ¢alismada, farkli mol farksiyonlarindaki 3,4-Propilendioksitiyofen (ProDOT) ve
N-Fenilsiilfonil pirol (PSP), dongiilii voltametri (DV) ile elektrokimyasal olarak
kopolimerlestirilmistir. Bu  filmlerin karakterizasyonu dongiili  voltametri,
elektrokimyasal empedans spektroskopisi (EES), taramali elektron mikroskobu
(SEM), hafifletilmis toplam yansitma - Fourier doniisiimlii kizil6tesi spektroskopisi
(FTIR-ATR) ile ger¢eklestirilmis ve dopamine karsi sensor davranisi incelenmistir.

Elektrokimyasal proses, tek karbon fiber mikro elektrot (TKFME) tizerinde dongiilii
voltametri ile, 30 mV/s tarama hizinda, (-0,8 - 1,5)V potansiyel araliginda, 0,1M
NaClO4/ACN elektrolit ¢ozeltisinde 10 dongii uygulanarak gerceklestirilmistir.

Poli(ProDOT-ko-PSP) filmlerinin spektroskopik karakterizasyonu igin ayni mol
oranlarinda, aym sartlar altinda dongiilii voltametri ile ITO-PET iizerinde de
elektrokolimerizasyonlar gercekletirildi. FTIR-ATR, EES ve SEM ol¢iimlerinin
sonuclarina gore, PSP’ nin kopolimer yapisina girisi belirgin sekilde gézlenmistir.

Elektrokimyasal empedans ol¢iimleri farkli mol fraksiyonlarmma (Xpsp) Ssahip
Poli(ProDOT-ko-PSP) kopolimerleri i¢in 100kHz-10mHz araliginda agik devre
potansiyelinde ve monomer icermeyen elektrolit ortaminda 10mV potansiyelde
Olctilmiistiir. Xpsp=0,66 oldugu durumda en diisiik, diisiik- frekans kapasitans degeri
(Cvp) elektrokimyasal empedans spektroskopisi ile elde edilmistir.

Poli(ProDOT-ko-PSP) / Elektrolit sisteminde elektrokimyasal parametreler Princeton
Applied Research i¢in wuygulanan ZSimpWin (versiyon 3.10) yaziliminda
gerceklestirilmistir. Poli(ProDOT-ko-PSP) filmlerinin ¢6zelti direnglerinin gesitliligi,
cift tabaka kapasitans, film resistansi, ylik transfer resistansi, Warburg difiizyon
sabiti ve sabit faz elementi, film kapasitans ve resistansi farkli mol fraksiyonlarindaki
kopolimer filmler i¢in bir esdeger devre modeli (R(W(CR)(QR))(CR)) iizerinde
incelenmistir.
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Farkli mol fraksiyonlarina sahip Poli(ProDOT-ko-PSP) film kaplamalarinin
morfolojileri SEM goriintiileri ile analiz edilmistir. SEM goriintiilerinde, kopolimer
yapisinda PSP oraninin artmasiyla TKFME iizerindeki film kalinliklarinin belirgin
bir sekilde azaldig1 goriilmiistiir.

TKFME/Poli(ProDOT) ve TKFME/Poli(ProDOT-ko-PSP) elektrotlart dopamine
kars1 sensOr olarak test edilmistir. Askorbik asidin varliginda dopamine ait pikin
tayin edilebildigi gosterilmistir. TKFME/Poli(ProDOT-ko-PSP) sensorii inilebilcek
en diisiik deger 1nM ile farkli dopamin konsantrasyonlarinda ¢ok iyi sonu¢ vermistir.
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1. INTRODUCTION

Conductive polymers have been electrochemically preferred because of their
physical or chemical properties such as volume, color, stored charge or porosity and
used for a number of applications such as electrochromic displays [1], smart

windows [2], solar cells [3], supercapacitors [4] and biosensors [5].

3,4-alkylenedioxythiophene based polymers exhibit low oxidation potential, high and
quite stable conductivities, a high degree of optical transparency as a conductor, and
the ability to be rapidly switched between conducting doped and insulating neutral
states. Substitution at the 3- and 4- positions of thiophene prevents the occurrence of
a-p and B-p coupling during electropolymerization, yielding more ordered polymers
with longer conjugation lengths. The synthesis of 3,4-disubstituted polythiophenes

was carried out stabilizing the oxidized form, providing solubility, processibility [6].

Films of conjugated polymers are generally synthesized on a support electrode
surface by electropolymerization (anodic oxidation) of the corresponding monomer
in the presence of an electrolyte solution. Carbon fibers have highly accessible
surface area, low resistivity and high stability which consist of stacked hexagonal
carbon layers, forming small co-herent units (crystallites) of only a few micrometers
in the stacking direction [7]. Electropolymerization on carbon fiber microelectrode
(CFME) can improve the interfacial properties between the carbon fiber and
polymeric matrix. Generally electrocoating of conjugated polymers on carbon fiber
easily allows the characterization of the deposited films by spectroscopic,
morphological and electrochemical techniques. Conducting polymers which were

coated electrochemically on CFMEs were studied in detail and reported [8].

Electrochemical impedance spectroscopy (EIS) is a powerful technique to study
charge transfer, ion diffusion and capacitance of conducting polymer modified
electrodes [9]. EIS has been used to develop equivalent electric circuits to describe
the electrochemical properties of films of conducting polymers in organic solution
[10]. EIS has also provided information concerning corrosion protection by
inhibitors [11].



The copolymers from different monomers or comonomers have been synthesized by
both electrochemical and chemical oxidative polymerizations to efficiently modify
the structure and to improve the properties of the conducting polymers [12]. The
electrochemical polymerization allows obtaining materials with controlled properties

without suffering the experimental disadvantages [13].

Dopamine (DA) is one of the most important catecholamine neurotransmitters in the
mammalian central nervous system. Abnormalities in DA concentrations have been
linked with several neurological disorders. Consequently, it is not surprising that the
measurement of DA has been the focus of much recent research work. In particular,
there has been much interest in the development of electrochemical sensors. This is
because DA is electroactive and thus the oxidation of DA can be followed using
electrochemical techniques. Electrochemical sensors are usually inexpensive to
manufacture, highly sensitive and easy to employ. Furthermore, the electrodes used
in the sensing can be miniaturised and conveniently placed in the living organism for

real time analysis. This is not possible with non-electrochemical techniques.

In this thesis, the electrochemical random copolymerization of ProDOT (3,4-
Propylenedioxythiophene) and PSP (N-Phenylsulfonyl pyrrole) (used as self-dopant)
on different working electrodes were reported. The electrochemical and
morphological properties of Poly(ProDOT) and copolymer films were characterized
by FTIR-ATR (Foruier Transform Infrared-Attenuated Total Reflection), EIS
(Electrochemical Impedance Spectroscopy), SEM (Scanning Electron Microscope)
and AFM (Atomic Force Microscopy). The electrochemical impedance data was
fitted to an equivalent circuit in order to identify differences between the
conductivities of Poly(ProDOT) and copolymers. The electrochemical response of
the Poly(ProDOT) and copolymer modified electrodes toward ascorbic acid (AA)
and dopamine (DA) was investigated by cyclic voltammetry (CV). Briefly, the effect
of PSP mole fractions on the electrochemical and morphologic properties of resulting

copolymers using alternative characterization techniques was shown with this thesis.



2. THEORETICAL PART

2.1 Conductive Polymers

Traditionally polymers have been associated with insulating properties in the
electronic industry and are applied as insulators of metallic conductors or
photoresists. Since the discovery in 1977 of the doping of polyacetylene (PA), which
resulted in increasing the conductivity of polyacetylene by eleven orders of
magnitude [14-15], many academic and industrial research laboratories initiated
projects in the field of conducting polymers. The importance of the field of
semiconducting polymers was recently stressed by awarding the 2000 Nobel prize in
chemistry to the discoverers Heeger, Shirakawa and MacDiarmid. The three winners
established that polymer plastics can be made to conduct electricity if alternating
single and double bonds link their carbon atoms, and electrons are either removed
through oxidation or introduced through reduction. Normally the electrons in the
bonds remain localized and cannot carry an electric current, but when the team
"doped" the material with strong electron acceptors such as iodine, the polymer
began to conduct nearly as well as a semimetal. Although polyacetylene exhibits a
very high conductivity in the doped form, the material is not stable against oxygen or
humidity and is intractable. For these reasons, much work has been devoted to
synthesizing soluble and stable polyacetylenes [16-17]. Unfortunately, these
substituted derivatives exhibit electrical conductivities that are much lower than of
the parent polyacetylene. The discovery of polyacetylene led to the search for new
structures that could lead to new and improved polymer properties. Since then, more
polymers with conjugated m electrons were found to undergo transition from
insulator to conductor after doping with weak oxidants or reducing agents and
developed for their specific physical or chemical properties and implemented in a
variety of applications as novel materials in rechargeable batteries, electrochromic
display devices, sensors, electromagnetic interference shielding and corrosion
protection. New classes of conducting polymers include polythiophene, polyfuran,
polypyrrole, poly(p-phenylene), poly(p-phenylenevinylene), polyfluorene and



polyaniline (Figure 2.1). Although none have exhibited higher conductivity than
polyacetylene, these polymers have been useful in designing new structures that are

stable and soluble in some cases.
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Figure 2.1: Molecular structures of several conjugated polymers.

2.1.1 Electronic conduction in conjugated polymers

The electronic and optical properties of m-conjugated polymers result from a limited
number of states around the highest occupied and the lowest unoccupied levels.
According to the band theory (Figure 2.2), the highest occupied band, which
originates from the highest occupied molecular orbital (HOMO) of each monomer
unit, is referred to as the valance band (VB) and the corresponding lowest
unoccupied band, originating from the lowest unoccupied molecular orbitals
(LOMO) of monomer is known as the conduction band (CB) [18].

Conduction ‘

Band | ‘
| IS
—1— —
Valence ‘
Band
Neutral Lightly Doped Heavily Doped
Polymer Polymer(Polaron) | Polymer(Bipolaron)

Figure 2.2: Band theory of conjugated polymers.
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The energy distance between these two bands is defined as the band gap (Eg), and in
neutral conjugated polymers refers to the onset energy of the n-n* transition. The Eg
of conjugated polymers can be approximated from the onset of the n-n* transition in
the UV-Vis spectrum. Conjugated polymers behave as semiconductors in their
neutral state. However, upon oxidation (p-doping) or reduction (n-doping), the
interband transitions between VB and CB can decrease the effective band gap and
thereby, resulting in the formation of charge carriers along the polymer backbone.
The p-doping process involves the removal of an electron from the polymer
backbone via the external circuit, while the charge neutrality is maintained via
insertion of an anion from the electrolyte solution. The n-doping process proceeds
withinjection of electrons on the polymer backbone, while cations are inserted into

the polymerto maintain charge neutrality (Figure 2.3).
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Electrochemical doping in which a polymer-coated, working electrode is suspended
in an electrolyte solution in which the polymer is insoluble along with separate
counter and reference electrodes. An electric potential difference is created between
the electrodes which causes a charge (and the appropriate counter ion from the
electrolyte) to enter the polymer in the form of electron addition (n-doping) or
removal (p-doping). The reason n-type doping is so much less common is that Earth's
atmosphere is oxygen-rich, which creates an oxidizing environment. An electron-rich
n-type polymer will react immediately with elemental oxygen to de-dope (re-oxidize
to the neutral state) the polymer. Thus, chemical n-type doping has to be done in an
environment of inert gas (e.g., argon). Electrochemical n-type doping is far less
common in research, because it is much more difficult to exclude oxygen from a

solvent in a sealed flask.

A brief summary of the theoretical models of the electronic conductivity of
conjugated polymers, using polythiophene as example, is given in Figure 2.4. In
heterocyclic polymers, where two non-degenerate regions are separated by a
topological defect, the formation of single solitons like polyacetylene is energetically
unfavorable [19], and paired sites are formed [20]. This is the case for polythiophene,
which can be drawn with either aromatic (Fig. 2.4a) or quinoid (Fig. 2.4b) structures,
of which the latter possesses a higher energy configuration. Two neutral radicals on a
single chain will recombine to eliminate the structural defect [19], although, if one is
charged, a polaron is formed, which is delocalized over about four rings (Fig. 2.4c).
However, when both defects are charged, they are predicted to pair up to form a
‘bipolaron’ [19], consisting of a doubly charged defect with no spin (Fig. 2.4d) and
extending over a number of rings to a similar polaron. At higher doping levels,

bipolarons may also combine to form ‘bipolaron bands’ within the gap [21].
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Figure 2.4: Possible structures of polythiophene showing the non-degenerate (a) and
quinoid (b) configurations; a polaron defect (c) and a bipolaron defect

(d).
Although these charge carriers are responsible for electrical conductivity in
conjugated polymers, many structural imperfections are present in all polymers and
thus when discussing mechanisms of bulk conductivity, these defects need to be
considered. Conductivity is not only a result of charge transfer along the chain, but is
also due to electron hopping between chains and between different conjugated
segments of the same chain. In addition to these effects, which act at molecular level,
bulk conductivity values are also dominated by electron transfer between grain

boundaries and variations in morphology [22,23].



2.1.2 Synthesis of conducting polymers

Electrically conductive polymers may be synthesized by any one of the following
methods [24].

e Chemical polymerization
e Electrochemical polymerization
e Photochemical polymerization

e Emulsion polymerization

The most widely used technique is based on the oxidative coupling. Oxidative
coupling involves oxidation of monomers to form a cation radical followed by
coupling to form a dication. Repetition leads to the desired polymer. This can be

performed by chemical or electrochemical polymerization.

Chemical polymerization [25, 26] is the versatile technique for preparing large
amounts of conducting polymers. Chemical synthesis can be carried out in a solution
containing the monomer and an oxidant in an acidic medium. However, control over
polymer morphology is extremely limited, purification can be problematic and

processing is virtually impossible.

Electropolymerization is a standard oxidative method for preparing electrically
conducting conjugated polymers. Smooth, polymeric films can be efficiently
electrosynthesized on conducting substrates where their resultant electrical and
optical properties can be probed easily by several electrochemical and coupled in situ
techniques. Electrosynthesis can be carried out in three ways: (1) potentiostatic
(constant potential) method; (2) galvanostatic (constant current) method; (3)

potentiodynamic (potential scanning or cyclic voltammetric) method.

Electrochemical synthesis of conducting polymers offers many advantages over
chemical synthesis, including the in situ deposition of the polymer at the electrode
surface, and, hence, eliminating processibility problems and the control of the
thickness, morphology and degree of polymer doping by quantity of passed charge.
In addition, the polymers are simultaneously oxidized to their doped conducting
forms during polymer growth. Electrochemical polymerization is the method of
choice for rapid characterization of conjugated polymers and is achieved by the

electrooxidation of the heterocycle in an inert organic solvent containing supporting



electrolyte. Whether using cyclic, potentiostatic, or galvanostatic methods,
electrochemical polymerization allows for synthesis of the desired polymer on an
electrode’s surface that allows for both electrochemical and optical studies. As
shown in Figure 2.5, EDOT is converted to its radical cation by removal of an
electron under an applied electric field. This intermediate is stabilized by the
ethylenedioxy pendant group. Two reactions can then occur by the attack of the
radical cation on a neutral monomer or coupling of two radical cations. Both routes
yield an intermediate that is rearomatized upon loss of two protons to give a dimer

unit. Repeated coupling results in synthesis of the polymer.
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Figure 2.5: Electrochemical polymerization mechanism of EDOT.

2.1.3 Applications of conducting polymers

The susciptiblity of m-electrons of the conjugated polymers to oxidation or reduction

alters the electrical, optical and electrooptical properties of the polymers. Since,



mostly the redox processes in the conjugated polymers are reversible, therefore, the
electrical and optical properties can be tuned systematically, with appreciable degree
of precision by suitably controlling both the chemical or electrochemical oxidation
and reduction. It is even possible to swich from a conducting to an insulating state

and vice versa.

Conducting polymers are thought to replace metals in future because they have
superior properties, such as ease of preparation, light weight and low-cost
fabrication, to metals which are also toxic and hazardous to the environment [27]. An
assessment of the applica-tion potential of organic conductive polymers in organic
electronics [28], in chemical sensors [29], biosensors [30] or as antistatic, corrosion
protective [31] or as electrochromic coatings [32] resulted in its extensive
investigations during the last decade. So far, numerous publications about various
applications of electrically conducting polymers can be divided into two main groups
[29]: one is used as materials or elements for construction of various devices based
on electronic, optoelectronic and electromechanical principles; the other is as
sensitive materials in chemical sensors based on electronic, optical [33], mass [34-

35] or transduction mechanisms.

2.2 Poly (3,4-alkylenedioxythiophene)s Derivatives

Due to its high oxidation potential, thiophene itself is difficult to polymerize
electrochemically. However, upon alkyl substitution the monomer oxidation
potential is lowered to an easily accessible range, which has resulted in the extensive
study of poly(3-methylthiophene) and poly(3-alkylthiophene) [36]. While these
substituents do lower the oxidation potential and stabilize the oxidized form of the
polymers to nucleophilic attack, they also lead to severe steric interactions that
distort the m-conjugated system [37] decreasing the degree of conjugation and
lowering the conductivity. To overcome this drawback, poly(3,4-
cycloalkylthiophenes) were synthesized, and it was demonstrated that carbocycles at
the 3- and 4- positions reduced the steric hindrance, especially in the case of
poly(3,4-cycloalkylthiophenes). This strategy was taken a step further and the
methylene adjacent to the heterocycle was replaced by a heteroatom making the
oxidized form even more stable with less steric distortion. As a result,
polythiophenes carrying 3,4-dialkoxy and 3,4-alkylenedioxy substituents exhibit the
most pronounced stability.
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As a class of conducting and electroactive polymers that can exhibit high and quite
stable conductivities, a high degree of optical transparency as a conductor, and the
ability to be rapidly switched between conducting doped and insulating neutral
states, poly(3,4-alkylenedioxythiophene)s (PXDOTSs) (Figure 2.6), have attracted

attention across academia and industry.
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Figure 2.6: Poly(3,4-alkylenedioxythiophene)s (PXDOTS).

The 3,4-ethylenedioxy derivative of PTh (PEDOT) stands out as an excellent
candidate for use in a variety of applications such as electrochromic devices, LEDs,
capacitors and sensors. Initially developed to give a processable polymer (as an
aqueous dispersion) with a high degree of order due to the lack of a—3 and B—3
couplings, PEDOT showed other very interesting properties worth pursuing by both
industry and academia. In addition to its high conductivity (300-400 S/cm), PEDOT
exhibits high electrochromic contrast with the major advantage of being almost
transparent in thin, doped films [38-39]. Other advantages include low monomer
oxidation potential, high stability in the doped form and an ease of derivatization at
the ethylenedioxy ring, thus allowing for state-of-the-art tuning of the materials’
electronic and optical properties. The industrial use of the polymer as an antistatic
layer in photographic films makes it the most widely used conducting polymer to
date [40].

In this context, the past ten years have witnessed the emergence of an impressive
variety of EDOT derivatives [40]. Functionalization of the monomer with long alkyl
or alkoxy pendant groups affords materials that can be processed by common
methods including spraying, printing, spin coating or solution casting [41,42].
Moreover, the introduction of water-soluble sodium salt units as pendant groups
allows water-processability along with self-doping. This type of polymer has been
deposited on several substrates via the electrostatic adsorption technique [43-45]. To

expand the range of substituted 3,4-alkylenedioxy thiophenes, monomers were
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synthesized having several ring sizes, such as 7-membered (ProDOT) [46] and 8-
membered (BuDOT) rings [41] ProDOT has received special attention, as the
monomer can be symmetrically derivatized at the central carbon of the propylene

bridge, resulting in a regiosymmetric polymer.

The bandgap of EDOT-containing polymers can be modified by varying the degree
of m-overlap along the polymer backbone via steric interactions and by controlling
the electronic character of the m-system with electron donating or accepting units.
The latter is accomplished by using substituents and co-repeat units that adjust the
energy of the highest occupied molecular orbital (HOMO) or valence band and the
lowest unoccupied molecular orbital (LUMO) or conduction band, thus obtaining
polymers with a broad range of colors. In this manner, materials with higher gaps
than the PEDOT parent have been prepared, some of which are used as anodically
coloring polymers in electrochromic devices [47-49]. Further work using a donor-
acceptor methodology has led to low band gap polymers able to p- and n- dope along

with exhibiting multi-color electrochromism [50].

2.2.1 Poly (3,4-Propylenedioxythiophene) [Poly(ProDOT)]

P(ProDOT) was synthesized by the traditional double-Williamson etherification
route, having AA%T of 66% at Amax compared to the 54% transmittance change for
PEDOTI[51]. ProDOT exhibited higher contrast in comparison to conjugated
polymers from EDOT [52].

Side-chain derivatization is possible due to ProDOT flexibility of the conjugated
backbone structure. The dimethyl and diethyl derivatives especially exhibit enhanced
electrochromic contrasts throughout the visible region [53] and high capacitive
behaviors [54 ,55].

Figure 2.7: Poly(3,4-Propylenedioxythiophene).
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A series of Poly(ProDOTs) are disubstituted with long chain esters. This
functionality enhances solubility in polar solvent [56]. Electropolymerization of
hydroxymethyl-substituted 3, 4- Propylene dioxythiophene monomer (ProDOT-OH)
was easily performed [57]. Multiwalled carbon nanotubes (MWNTS) were
functionalized with Poly(ProDOT) by oxidative polymerization and MWNT-g-
PProDOT hybrid was prepared and showed that improved thermal stability [58].
High capacitances and good reversibility for the poly(2,2-dimethyl-3,4-
propylenedioxythiophene) on CFMEs were observed recently [59]. A dibenzyl
substituted poly(3,4-propylene dioxythiophene) deposited on ITO coated glass is
found to exhibit 89% electrochromic contrast in the visible region with fast switching
time [60].

2.3 N-Phenylsulfonyl Pyrrole (PSP)

The chemical synthesis of N-Phenylsulfonyl pyrrole (PSP) was reported in [61] for
the purposes of implementing a gas sensor. Additionally, N-phenyl sulfonyl-1H-

pyrrole-3-sulfonyl chloride was synthesized in acetonitrile by using chronosulphonic

acid [62].
I

7

Figure 2.8: N-phenylsulfonyl pyrrole (PSP).
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2.4 Dopamine (CgH11NO2) and Ascorbic Acid (CgHgOg)

Dopamine (DA), Figure 2.9, is a catecholamine neurotransmitter that is widely

present in both the brain and the peripheral nervous system.

HO
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Figure 2.9: Structure of Dopamine.

Schizophrenia occurs because the number of DA receptors in the schizophrenic brain
are believed to be higher than in the normal brain. Therefore, the normal amount of
DA in the schizophrenic brain has too powerful an action. Again, there is no instant
cure, however, the sensitivity of the system can be reduced by blocking the DA

receptors with antipsychotic drugs [63].

DA has been linked with the debilitating ailment, Parkinson’s disease and the severe
mental disorder, schizophrenia. The symptoms of Parkinson’s disease arise when the
DA containing neurons in the brain start to deteriorate. They eventually disappear as
the disease progresses. Currently, there is no immediate cure for patients with
Parkinson’s disease. The administration of L-Dopa has been found to be helpful but

it becomes less effective over time [64].

DA is also believed to play a central role in Huntington’s disease, a fatal, genetic
neurodegenerative movement disorder for which there is no cure. However,
decreasing the release of DA with tetrabenazine has emerged as an effective
treatment in suppressing Huntington’s disease [65]. Furthermore, it has been shown
that DA plays a very important role in drug addiction [66] and attention disorders
[67] and it has even been associated with HIV infection [68]. Accordingly, the
development of simple analytical methods for the determination of DA

concentrations is important.
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Moreover, according to other recent clinical studies [69], it seems that the content of
Ascorbic Acid (AA) and DA can be used to assess the amount of oxidation stress in
human metabolism, linked to cancer [70], diabetes mellitus [71], and hepatic diseases
[72]. However, it is almost impossible to detect this component electrochemically by
direct oxidation on a conventional electrode (i.e., glassy carbon, graphite, Au, Pt)
because of its high overpotential and because of electrode fouling, poor
reproducibility, low selectivity and poor sensitivity. AA, Figure 2.11, is a sugar acid
with antioxidant properties and it is the most problematic interfering compound in
electrochemical DA detection. The typical concentration in the brain of DA is 10 to
10® mol dm™ while AA concentrations as high as 10 mol dm™ have been reported
[73].

Figure 2.10: Structure of Ascorbic Acid.

Moreover, the oxidation waves of AA and DA, which coexists with AA in biological
liquids, are nearly at the same potential and therefore overlapped, which results in the
poor selectivity and reproducibility [74]. In addition, the products of AA oxidation
foul the electrode surface causing a decrease in the peak currents at most solid
electrodes [75]. Furthermore, AA reacts with the oxidised DA product (dopamine-o-
quinone, DOQ) which is generated through the electrochemical oxidation of DA.
This reaction leads to the oxidation of AA and the regeneration of DA. The catalytic
regeneration of DA makes it available for further electrochemical oxidation, and thus
complicates the analyses. The mechanism of this reaction has been explained by
Bilewicz et al. [75] and by Zhang and Jiang [76]. It involves a redox reaction
between the oxidised DA product (DOQ) and AA which results in the oxidation of
AA and the regeneration of initial DA. This DA can then be re-oxidised at the
electrode surface generating a greater signal than expected for a given concentration
of DA. This mechanism is outlined in Figure 2.11.
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Figure 2.11: Mechanism of the electrocatalytic oxidation of AA by DA.

Thus, the ability to determine AA or DA selectively in the presence of one another

has been a major goal for electroanalytical research and the development of chemical

sensors for in vivo monitoring. During these last years, many efforts [77] have gone

into solving this particular problem but, no satisfactory results have been obtained,

especially for clinical, and bio-medical monitoring in real samples.
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2.5 Electrochemical Techniques Used in the Synthesis of Conductive Polymers

2.5.1 Chronoamperometry

Chronoamperometric method is used to measure the current as a funtion of time, is a
method of choice to study the kinetic of polymerization and especially the first steps.
As a potential step is large enough to cause an electrochemical reaction is applied to
an electrode, the current changes with time. The study of this current response as a
function of time is called chronoamperometry (CA). CA is a useful tool for
determining diffusion coefficients and for investigating kinetics and mechanisms.

Unlike CV, CA can yield this information in a single experiment.

In CA, the current is monitored as a function of time. It is important to note that the
basic potential step experiment is CA; that is, during the experiment, the current is
recorded as a function of time. However, after the experiment, the data can also be
displayed as charge as a function of time (the charge is calculated by integrating the

current). Hence, chronocoulometry data can be obtained.

Chronoamperometry is an electrochemical technique in which the potential of
working electrode is stepped and the resulting current from faradaic processes

occuring at the electrode is monitore as a function of time.

The current-time curve is described as Cottrel equetion (I=nFACD 2t/ Where:

n = number of electrons transferred/molecule
F = Faraday’s constant (96,500 C mol™)

A = electrode area (cm?)

D = diffusion coefficient (cm?s-')

C = concentration (mol cm™).
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2.5.2 Chronopotentiometry

Chronopotentiometric method is used to measure the potential as a function of time.
For this technique constant current is applied for elapsed time, than uniformity of
coated structure could be decided by checking the linearity of the potential difference
with the time. Chronopotentiometry is also named as galvanostatic method and
reaction could either be done via galvanostat. Common applications of the
galvanostat include constant current stripping potentiometry and constant current
electrolysis. One advantage of all constant current techniques is that the ohmic drop
due to solution resistance is also constant, as it is equal to the product of the current
and the solution resistance.

2.5.3 Cyclic voltammetry

Among electrochemical methods, cyclic voltammetry (CV) has becoming
increasingly popular as a mean to study redox states, due to its simplicity and
versatility. Cyclic voltammetry refers to the electrochemical technique where the
resulting current is measured as dependent variable of the potential varying linearly
in time. The reduction or oxidation potential of a conducting polymer can be easily
located by CV. The ability to generate a new redox species during the first potential
scan and then probe the fate of species on the second and subsequent scans, is
regarded as an important aspect of this technique. Therefore, CV can be used both
for monitoring the growth of a polymer film on the electrode surface and the
subsequent characterization of the polymer within a single set of experiment.
Additionally, information about the stability of the polymer films can be obtained
from CV during multiple redox cycles. Since the rate of potential scan is variable,

both fast and slow reactions can be followed.

During a CV experiment, the potential is increased linearly from an initial potential
to a final potential and back to the initial potential again, while the current response
is measured. For freely diffusing species, as the potential is increased, oxidizable
species near the electrode surface react, and a current response is measured. When
the direction of the scan is reversed, the oxidized species near the electrode surface
are reduced, and again a current response is measured. The peak current is related to

the scan rate according to the Randles - Sevcik equation [78]:
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where n is the number of electrons, A is the surface area of the electrode (cm?), D is
the diffusion constant (cm?s), C” is the bulk concentration of electroactive species
(mol/cm?®), and v is the scan rate (\V//s). Therefore, for a diffusion-controlled process,
the peak current is proportional to the square root of the scan rate. Since electroactive
polymer is adhered to the electrode surface, the process is not diffusion controlled.
For surface bound species the peak currents scale linearly with scan rate according to
the equation [79]:

2 2
i =nFIv/4RT 2.2)

where I"is the concentration of surface bound electroactive centers (mol/cm?) and F
is Faradays constant (96,485 C/mol).

In CV experiments the current response derives from the application (in an unstirred
solution) of a triangular potential waveform (Figure 2.12a), which produces a
forward and a reverse scan. Each experiment can consist of one full cycle, a partial
cycle or several cycles. The interval of potential scanned in every experiment
depends on the voltage at which diffusion-controlled oxidation or reduction of the
sample can be observed.

voltage current

Vo

-
Vo voltage

\&

Figure 2.12: Voltage vs time excitation signals used in voltammetry and
corresponding current responses: cyclic voltammentry potential (a)
and corresponding current response (b).
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The most useful parameters in a cyclic voltammogram are the cathodic peak
potential, Epc, the anodic peak potential, Epa, the cathodic peak current, ipc, and the
anodic peak current, ipa (Figure 2.12b). They allow determination of the reversibility
of the electron transfer reaction and the consequent similarity of the system to a
Nernstian behaviour [80]. For a reversible electrode reaction, the ratio between
anodic and cathodic peak currents should be equal to 1, also the peak currents are
proportional to the square root of the scan rate. Moreover, at 25°C the difference in
peak potentials, AEp, is expected to be 0.059/n, where n is the number of electrons
involved in the half-reaction. Higher AEp indicates irreversibility due to slow

electron transfer kinetics (Figure 2.13).
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A
increasing
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Figure 2.13: A typical cyclic voltammogram for an reversible process.

The CV cases where the electron transfer is not reversible show considerably
different behaviour from their reversible counter parts. The Figure 2.14 shows the
voltammogram for a quasi-reversible reaction for different values of the reduction

and oxidation rate constants.
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The first curve shows the case where both the oxidation and reduction rate constants
are still fast, however, as the rate constants are lowered the curves shift to more
reductive potentials. Again this may be rationalised in terms of the equilibrium at the
surface is no longer establishing so rapidly. In these cases the peak separation is no
longer fixed but varies as a function of the scan rate. Similarly the peak current no
longer varies as a function of the square root of the scan rate.
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Figure 2.14: A typical cyclic voltammogram for an irreversible process.

2.6 Factors Affecting the Electropolymerization

Presence of alkyl group gives solubility to copolymers obtained both chemically and
electrochemically [81]. The substituents on the Nitrogen atom can influence the
conductivity: the greater the steric interaction between repeat units is the weaker the
conductivity will be. The influence of N-substitution on the electropolymerization

characteristics was examined by Waltman [82].

The polymer yield and the rate of oxidation were found the decrease as the size of
the alkyl group increases. Bonding large substituents to the Nitrogen atom or to the
[3-carbon stabilizes to cation radical without stopping the polymerization [83]. If this
intermadiate is too stable it can diffuse into the solution and form soluble products.

As a result, the yield and the molecular weight of the polymer will be low.
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The choice of an electrolyte is made by considering its solubility and nucleophilicity.
Moreover the anion oxidation potential should be higher than the monomer. The
nature of the anion has an impact on the quality of the film produced which depends
on the hydrophobic character of the anion and the interactions between the polymer
and the anion. For instance, Kassim et al. [84] have shown that in aqueous solution,
the utilization of a large aromatic sulfate anion gives stable conducting polymers
with better mechanical properties than when a perchlorate anion is used because of
their hydrophobic interaction with water, one of roles played by these organic anions
is to orient polymer chain parallel to the electrode surface. This chain orientation
increases the order in the polymer structure [85]. On the other hand, anion
nucleophilicity interferes with the reaction by increasing the formation of soluble
products. The polymer of the highest conductivity is produced when elevated

concentrations of electrolyte are used [86].

The copolymer possessing cation recognition properties have been subjected to a
sustained interest in recent years. The electrochemical properties were analyzed in
the presence of the different alkali cations (Li*, Na', K%). In each case addition of
incremental amounts of cation produces a positive shift of the anodic peak potential
and a decrease of electroactivity [87]. The size of the cation can have an influence on
the polymer conductivity. It is shown that the larger cation, the lower conductivity of

the polymer [88].

The solvent used for electropolymerization is an important factor governing not only
the quality of the conducting polymer obtained, but also its conductivity, morphology
and subsequently the electrochemical behavior. The solvent must minimize the
nucleophilicity reactions. Among these solvents, ACN is the most commonly used.
Nucleophilic solvents like DMF or DMSO do not allow polymer formation to occur
unless a protic acid, like p-toluenesulfonic acid is added [89]. In ACN, the addition
of small quantities of water has a big influence on the kinetics of the reaction and the
properties of the polymer formed [90]. This effect is due to the stabilization of the
cation radical intermediate by the water molecules which have a larger polarity than
ACN.
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Film formation is influenced by the strength of the interactions between the solvent
and the cation radicals. The basicity of the solvent is the principal factor affecting the
selectivity in polymer formation. On the other hand, the solvent polarity will affect

the strength of the interactions between the solvent and the electrolyte anions.

Ko et al. have studied the morphology and the film properties in aqueous and
nonageous solution (in the case of ACN) [91]. They have found that the film
prepared in ACN are more homogeneous and better conductors as compared to the
polymers prepared in aqueous solution undergo attack by water molecules during
reaction which is responsible for their irregular morphology and their weak
properties. Unsworth et al. have shown that the adsorption of oxygen gas formed
during water oxidation is a source of surface defects in the polymer [92]. In dried
ACN, acid catalyzed formation of a pyrrole trimer having a broken conjugation
yields a partly conjugated and poorly conductive PPy which passivates the electrode
after deposition.

The flavorable effect of water comes from its stronger basicity than pyrrole and
therefore it has the ability to capture the protons released during the
electropolymerization. This prevents the formation of the trimer and thus avoids the

passivation of the electrode.

Solvent retention within the polymer matrix, retention of solvent affinity sites, are
important factors. Thus, for instance, several polypyrrole derivatives, when
electropolymerized in ACN or PC show a well electrochemically cycle in the solvent
of electropolymerization [93]. Solvents may also be too nucleophilic: besides its high
solvation capability for even doped CPs, DMF is also poor electropolymerization
solvent due to high nucleophilicity; if this is reduced with addition of protic solvents,

electropolymerizations are observed [94].

Electropolymerization temperature has a substantial influence on the Kinetics of
polymerization as well as on the conductivity, redox properties and mechanical
characteristics of the films. Films prepared at lower temperatures have a more rugged

appearance and poorer adhesion than those prepared at higher temperatures [95].
a) A conjugated polymer’s conductivity decreases with decreasing temperature.

b) A semiconductor’s DC conductivity decreases with decreasing temperature,

remains finite at low temperatures.
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¢) A metal DC conductivity increases slightly with decreasing temperature [96].

One of the first characteristics of CV of a CP film that one searches for is the
dependence of the peak current (I;) on the scan rate (v). According to well
established electrochemical treatments, for a behavior dominated by diffusion

2 whilst for a material localized on an electrode

effects, I, is proportional to ot
surface, such as CP film, I, is proportional to v. For most CP films the latter case
obtains, thus indicating surface localized electroactive species. As more detailed
analysis shows, however, this is so only for CP films that are not inordinately thick,
not inordinately compact and not doped with very large dopant, ions which have
inordinately small diffusion coefficients. If any of the latter conditions prevail,
however i.e., wherever dopant diffusion effects can predominate 1, can be

proportional to v, as in the case of copolymer.

2.7 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is a powerful tool to investigate
chemical and physical processes at liquid/solid interfaces. EIS is becoming
increasingly popular for a number of applications such as: characterisation of
batteries, fuel cells, organic coatings, ceramics, semiconductors, sensors, and

conducting polymers as well as for corrosion studies [97-98].

In dc theory, the applied potential E (\Volt) is related to the current | (Ampere) by
Ohm’s law defining the resistance R (Ohm):

E=I.R (2.3)
In ac theory, in the analogous equation of R the impedance Z is defined:
E=I.Z (2.4)

Figure 2.15 shows the relationship between current and voltage in impedance

measurements.
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Figure 2.15: Relationship between current and voltage in impedance measurements.

In an EIS measurement, a small excitation signal is applied and electrochemical
impedance response is measured. In a linear system, the current response to a
sinusoidal potential will be a sinusoid at the same frequency but shifted in phase. The

excitation signal that is applied to the cell has the form:
E(t) = E, sin (ot) (2.5)

E(t) is the potential at time t, E, is the amplitude of the signal, and ® is the radial
frequency. The relationship between radial frequency o (expressed in

radians/second) and frequency f (expressed in hertz) is:
o =2nxf (2.6)
For the linear system, the resulting current is given by the equation:

| =1_sin (ot + ) (2.7)

Here ¢ is the phase difference between the voltage and the current

The perturbation potential and the current respond can be written as complex

function:
Et = Eo exp (jot) (2.8)
It= I0 exp (jot - ¢) (2.9)

The impedance is defined as the ratio between potential and current:
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Z= E_ Zoexp( j¢) = Zo(cos g + jsin ¢)
| (2.10)

In the complex plane the impedance of a single frequency can be represented by a
vector of length with argument ¢ (angle between the real axis of the impedance Z’

and the vector). Z’’ is the imaginary part of the impedance.

Im (Z)*
Z’?
Z
0
» Re(2)
Z’
The |Z| and o are related to Z’ and Z’’ by the equation:
HERFEEYE (2.11)
And the phase angle is defined:
tan @ = — (2.12)

7
Impedance data is typically represented in two types of plots: the Nyquist Plot and
the Bode Plots.

The Nyquist Plot, where the X-axis represents the real part and the Y-axis represents
the imaginary part of the complex number. In the case of plotting impedance data,
the positive Y-axis conventionally represents the negative imaginary portion of the
impedance and there is a complex impedance point for every frequency at which the

impedance was measured, creating a plot with impedance features.

-Im(Z) ,
Omax 2
High frequency: 2’2 0, 2’2 Re
\; Low frequency: 2’2 0, Z’2?RA R
> Re(Z)
R. Re + Rt

Figure 2.16: Nyquist plot of the impedance of a simple electrode reaction.
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The Nyquist plot of the impedance of the simple electrode reaction is a semicircle
(Figure 2.16). The intercept of the plot with the axis (high frequency) is Re. The other
intercept at low frequency is the sum of Re and R¢. The Nyquist plot has some

advantages and disadvantages.
Advantages:

e A ssimple representation of the Re.
e The shape of plot does not change when the ohmic resistance is changed.
e A simple representation of the charge transfer resistance as diameter of the

semi circle.
Disadvantages:

e Indirect representation on frequency.

The Bode Plot consists of two graphs. Impedance Z and phase angle ¢ are presented
as a function of frequency (in logarithmic form). The R, and Re +R; value can be
taken from the value of |Z| for ®—o and ®—0. At intermediate frequencies, the plot
of logZ should be a straight line with slope —1. Extrapolating this line to ® —1 gives
the value of 1/ Cqy,.

Zl=E— ‘o=l

log|Z| C, phase

ZF1Ca > -90°

elllﬂ?i

Re+Rct —>

OD

Figure 2.17: Bode plot for a simple electrochemical system (impedance - solid line,
phase angle - dotted line).

The phase angle is nearly zero for ®—o0 and w—1. It has the maximum for medium
frequencies. The Bode plot provides a clear description of the frequency-dependence
of the electrochemical parameters.
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2.8 Equivalent Circuit Modelling (ECM)

In EIS, impedance is measured for a number of frequencies that span a range from
few milli hertz to 100 kilohertz, and the result is a complex number. To make use of
the complex numbers that are obtained from EIS measurement, can be represented by
electrical equivalent circuits, the system under test is modeled as a collection of
electronic components such as resistors and capacitors. As shown in Figure 2.18.

High Frequency Low Frequency

Figure 2.18: Electrical Circuit (Randles Circuit).

The nature of these models involves a number of these components and the ways in
which they are connected. The commonly used circuit elements are resistor,
capacitors, and inductors. The circuit elements and their impedance response are
tabulated in Table 2.1. The impedance of the resistor is independent of the frequency
and has only real component. Since there is no imaginary impedance, the current

through the resistor is always in phase with the voltage.

Table 2.1: Electrical elements and their impedance response.

Component Current Vs.Voltage Impedance
resistor E=IR Z=R
inductor E = L di/dt Z=jwL
capacitor | = C dE/dt Z=1/jwC
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From the table C and L are defined as capacitance and inductance. The impedance of
the capacitor does not have a real component and its imaginary component is a
function of frequency, where o = 2xf (w = angular frequency and f, is the frequency).
In a capacitor impedance decreases with the increase in the frequency. The current
through a capacitor is phase shifted —90 degrees with respect to the voltage, with
current leading the voltage. Since the impedance of the capacitor varies inversely
with the frequency, Z=(joC)™, at high frequencies a capacitor acts as a short circuit;
its impedance approaches zero. At low frequencies, a capacitor acts as an open

circuit, and the impedance approaches infinity.

The impedance versus frequency behavior for an inductor is opposite to that of a
capacitor. Inductors have only imaginary impedance component and the current
through the inductor is always 90 degrees out of phase with respect to the voltage. As
the frequency increases, the impedance of an inductor increases. It acts as a short
circuit (i.e., zero impedance) at infinitely low frequencies and has infinite impedance

at very high frequencies.

The complex electrical circuits that are used to model the given system will usually
comprise of serial and parallel combinations of simple elements like the resistors,
capacitors and inductors; the impedance values of the individual components can be
combined according to some simple rules governing the system impedance for circuit
elements both in parallel and series combinations. For linear impedance elements in

series, we can calculate the equivalent impedance from:

where Z;, Z,, Z3 are the impedance of the elements (resistor or capacitor or inductor).
For linear impedance elements in parallel, we can calculate the equivalent impedance

from:

1 _*r,1.1 (2.14)
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2.8.1 Equivalent circuit elements

Equivalent circuit models employ mathematical or computer models of fundamental
electric circuit components, such as resistors and capacitors, to model complex
electrochemical processes. Simple equivalent circuits have long been used to predict

the performance characteristics of porous electrodes.

These equivalent circuits primarily have been applied to attempt to capture the
behavior of the double-layer at the interface between the electrode pores and

electrolyte solution.

Note that, circuits could be used to model a pseudocapacitor model proposes that,
because of unique electrosorption bahaior found in micropores, the capacitance per
micropore surface area and capacitance per external surface area must be calculated
separately. The second model, which is now widely accepted, suggests that
electrolyte ions cannot diffuse into pores beneath a size treshold and therefore the
surface area of those pores cannot contribute to the capacitance. In considering the
second model, there have been efforts to determine the optimal pore size and size
distribution needed to maximize ion accessability. As a corollary result, an inverse

relationship between pore size and ESR has also been demostrated.

Table 2.2: Circuit elements used in the models.

Equivalent Admittance Impedance

element

R 1/R JoC

C joC 1/joC

L 1joL jwL

W(Infinite) Yo./(jo) 1/Yo\/(jw)

O (Finite) Yo/(jo) |coth(B/(jo)  Tanh(B./(jw)/[Yo/(je)]
Q(CPE) Yo(jw)a 1Yo(jw)a

Looking at the electrode/polymer/electrolyte system from the viewpoint of the
impedance characteristics, at variance with an electrified membrane inside an
electrolytic solution, it constitutes a so-called ‘asymmetrical’ configuration [82], the
current flow requiring the transport of electrons across the metal/polymer interface
and of ions through the polymer/electrolyte interface; the charge percola tion inside

the polymer bulk should be additionally considered.
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The generalised transmission line circuit model predicts the relevant impedance
features of such a system in terms of a Nyquist plot, based on a mathematical
approach. The two semi-circles at the highest frequencies, induced by the processes
at the metal/polymer and polymer/solution interfaces, are, in practice, not always
detectable. Sometimes, only one or even one-half semi-circle is observed; at other
times, these two semi-circles are partially overlapped to each other, the actual
situation observed depending on the characteristics of the interfacial processes in

terms of energy (resistance) to overcome at the relevant interface.

Moreover these semi-circles are very often depressed, most probably due to non-
homogeneous separation surfaces [99]. Furthermore, they can also overlap to the
mid-frequency Warburg impedance quasi-45°-slope segment that reflects the
diffusion-migration of ions at the boundary surface between solution and polymer,
inside the latter medium. Finally, 90°trend at the lowest frequencies, due to a
capacitive impedance, accounts for the charge transport process inside the bulk of the

film.

An ionic conductivity often constitutes the slow step in the overall charge percolation
process through the CP-modified electrode system [100]. When the ionic
conductivity is definetely very low, so that a very thin diffusion layer accounts for
the transport of ions inside the polymer, the generalised transmission line-circuit can
be considered infinitely extended, simulating a semi-infinite diffusion-migration, the

boundary surface being the polymer/solution one.

Therefore, the trend attributable to a Warburg impedance extends so much down to
low frequencies that the capacitive impedance 90°-slope trend may not be observed.
In this case the generalised transmission line circuit can be simplified into the

classical Randless circuit.

On the opposite side, when the ionic conductivity is relatively high, the impedance
value of the polymer bulk is correspondingly low, both ions being present in the bulk
of the permselective polymer. The study of this situation for the case of polypyrrole,
carried out by Duffit and Pickup [101-102], has led the authors to define a condition
they call ‘enhanced ionic conductivity’: for polypyrrole, electrolyte concentrations as

high as 3 M are proposed.
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For intermediate situations the whole generalised transmission line circuit has to be
considered. In the impedance plot of such a circuit the presence of an additional
semi-circle at the highest frequencies is also predictable, which is described to the
impedance of the polymer bulk but cannot, however, be generally observed using
instrumentation with non-extraordinary performances. If one is mainly interested in
the study of ionic conductivity, the generalised transmission line circuit can then be
simplified into the circuit proposed by Albery and Mount [103].

Electrolyte Resistance: Solution resistance is often a significant factor in the
impedance of an electrochemical cell. A modern three electrode potentiostat
compensates for the solution resistance between the counter and reference electrodes.

The resistance of an ionic solution depends on the ionic concentrations, type of ions,
temperature and the geometry of the area in which current is carried. In a bounded

are with area A and length | carriying a uniform current the resistance is defined as:
R=p. I/A (2.15)

In this equation R is the solution resistivity. The conductivity of the solution, k, is
more commonly used in solution resistance calculations. Its relationship with

solution resistance is:
R=1/k.A as a result k=1/R.A (2.16)

For other solutions, k was calculated from specific ion conductance. The units for k
are Siemens per meter (S/m). The siemens is the reciprocal of the ohm, so S=1/Ohm.
The value of the double layer capacitance depends on many variables including
electrode potential, temperature, ionic concentrations, types of anions, oxide layers,

electrode roughness, impurity adsorption, etc.

Double Layer Capacitance (Cqj): An electric double layer exists at the interface
between an electrode and its surrounding electrolyte. This double layer is formed as
ions from the solution stick on the electrode surface. Charges in the electrode are
separated from the charges of these ions. The separation is very small, on the order of

angstroms.
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Figure 2.19: Scheme of the electrical double layer, IHP: Inner Helmholtz Plane,
OHP: Outer Helmholtz Plane.

The main feature of the double layer region concerns the molecular and ionic
populations three-dimensionally distributed near the metal surface. In a first
approximation this region has been described by Helmholtz as being equivalent to a
parallel plate capacitor, where one plate is the metal surface and the other plate is
composed by solvated ions present in the electrolyte. In this case, the first layer in
contact with the electrode surface is composed by orientated water dipole molecules
and by ions specifically adsorbed (independent of the electrode potential). The
imaginary plane crossing the radius of the specific adsorbed ions is termed inner
Helmholtz plane (IHP). Next to the IHP, the ions become solvated and the imaginary
plane cross the centre of these solvated ions. The position of these ions defines the
outer Helmholtz plane (OHP). The two regions confined by the IHP and the OHP are
two-dimensional (internal layer) whereas the region comprised between the OHP and
the end of the double layer is a three-dimensional one dominated by thermal

interactions of the species called diffuse layer as schematically given in Figure 2.19.

Charge Transfer (Polarization) Resistance: Whenever the potential of electrode is
forced away from its value at open circuit, is referred to as polarizing the electrode.
When an electrode is polarized, it can cause current to flow via electrochemical
reactions that occur at the electrode surface. The amount of current is controlled by
the kinetics of the reactions and the diffusion of reactants both towards and away

from the electrode.
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In cells where an electrode undergoes uniform corrosion at open circuit, the open
circuit potential is controlled by the equilibrium between two different
electrochemical reactions. One of the reactions generates cathodic current and the
other anodic current. The open circuit potential ends up at the poteantial where the
cathodic and anodic currents are equal each others. It is referred to as a mixed
potential. The value of the current for either of the rections is known as the corrosion

current, a new parameter, Ry, the polarization resistance.

Diffusion: Diffusion can create impedance known as the Warburg impedance. This
impedance depends on the frequency of the potential perturbation. At high
frequencies the Warburg impedances small since diffusing reactants don’t have to
move very far. At low frequencies the reactants have to diffuse further, thereby
increasing the Warburg impedance. The equation for the infinite Warburg impedance
IS:

Z=c (w)™*(1-j) (2.17)

On a Nyquist plot the infinite Warburg impedance appears as a diagonal line with a

slope of 0.5. On a Bode plot, the Warburg impedance exhibits a phase shift of 45°.

Constant Phase Element: Capacitors in EIS experiments often do not behave
ideally. Instead, they act like a constant phase element (CPE) as defined below. The

impedance of a capacitor has the form:
Z=A(j.w)*? (2.18)

When this equation describes a capacitor, the constant A=1/C (the inverse of the
capacitance) and the exponent a=1. For a constant phase element, the exponent a is
less than one. The double layer capacitor on real cells often behaves like a CPE
instead of resembling a capacitor. Several theories have ben proposed to account for

the non-ideal behavior of the double layer but none has been universally accepted.
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2.9 Carbon Fiber Micro Electrodes

Carbon due to different allotropes (graphite, diamond, ly.fullerens / nanotubes),
various microtextures (more or less ordered) owing to the degree of graphitization, a
rich variety of dimensionality from 0 to 3D and ability for existence under different
forms (from powders to fibers, foams, fabrics and composites) represents a very
attractive material for electrochemical applications , especially for storage of energy.
Carbon electrode is well polarizable; however, its electrical conductivity strongly
depends on the thermal teatment, microtexture, hybridization and content of
heteroatoms. Additionally, the amphoteric character of carbon allows use of the rich
electrochemical properties of this element from donor to acceptor state. Apart from
it, carbon materials are environmentally friendly. During the last years a great
interest has been focused on the application of carbons as electrode materials because
of their accessability and easy processability and relatively low cost. They are
chemically stable in different solutions (from strongly acidic to basic) and able for
performance in a wide range of temperatures. Already well-established chemical and
physical methods of activation allow producing materials with a developed surface
area and controlled distribution of pores that determine the electrode / electrolyte
interface for electrochemical applications. The possibility of using the activated
carbon without binding substance, e.g., fibrous fabrics or felts, gives an additional

profit from construction point of view.

As the technology of textile reinforced composites expanded, a growing demand
from the aerospace industry for composite materials with superior properties
emerged. In particular, materials with higher specific strength, higher specific
modulus and low density were required. Other desirable properties were good fatigue

resistance and dimensional stability.

Electropolymerization on carbon fiber microelectrode (CFME) can improve the
interfacial properties between the carbon fiber and polymeric matrix. Generally
electrocoating of conjugated polymers or copolymers on carbon fiber easily allows
the characterization of the deposited films by spectroscopic, morphological and
electrochemical techniques. Conducting polymers which were coated
electrochemically on CFMEs were studied in detail [104-106].
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Figure 2.20: SEM image of single carbon fiber microelectrode (SCFME).

Polymer coated carbon fiber microelectrodes (CFMEs) have been used in the
detection of biologically important analysts such as dopamine [107-108], and
micron-sized reversible conductive polymer electrodes and actuators [109]. The
fibers are stable and readily available from a number of commercial sources. The
disposable character of these electrodes has opened up a wide range of possible
applications, for example in the determination of enzyme substrates [110],

neurotransmitters [111], proteins [112] and other redox species [113-114].

2.10 Biosensors

Rapid, reliable, low cost, and in some cases, continuous measurement of analytes has
been a major goal in analytical sciences. Since biosensors offer many advantages
over conventional analytical techniques in terms of simplicity, detection limit,
specificity and sensitivity, the development of biosensors for analytical purposes has
attracted a great deal of interest in recent years. Biosensors have widespread
applications in medical analysis; environmental monitoring and industrial process
control [115-116].
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Biosensors are devices, ideally small and portable, that allow the selective
quantitation of chemical and biochemical analytes. They consist of two components:
the transducer and the chemical recognition element. Chemical recognition is
accomplished by exploiting the natural selectivity of biochemical species such as
enzymes, antibodies, chemoreceptors, and nucleic acids. In the presence of the
analyte, these agents, immobilized at the surface of the transducer, cause a change in
a measurable property in the local environment near the transducer surface. The
transducer monitors this property, and converts the chemical recognition event into a

measurable electronic signal [117-118].

2.10.1 Electrochemical biosensors

Biosensors are classified and evaluated on the basis of design and functional
characteristics such as sensitivity, cost, selectivity, versatility, range, availability,
future adaptability and simplicity. On these bases, electrochemical biosensors are
favoured over optical sensors mainly because of cost and availability, while

piezoelectric and thermal sensors are fairly poorly rated on all characteristics [119].

The biochemical transducer or biocomponent imparts to the biosensor, selectivity or
specificity. A transducer converts the biochemical signal to an electronic signal. The
transducer of an electrical device responds in a way that a signal can be
electronically amplified, stored and displayed. Suitable transducing system can be
adapted in a sensor assembly depending on the nature of the biochemical interaction

with the species of interest.

Amperometric enzyme biosensors operate at a fixed potential with respect to a
reference electrode, while the measured signal is the working electrode current

generated by the oxidation or reduction of electroactive species at its surface.

Immobilized antibodies can also be used as highly selective reagents in biosensors.
Unlike the enzyme-based biosensors where either the co-substrate or the product of
an enzyme reaction is monitored, antibody-based biosensors detect antigen or
antibody concentration either by direct changes in the transducer output resulting
from the binding event, or by means of indirect competitive and displacement
reactions using optical, piezoelectric, or electrochemical techniques. Nevertheless,
the majority of the reported antibody-based biosensors (immunosensors) makes use

of irreversible binding chemistry; these biosensors are therefore not reusable and thus
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expensive. Depending upon the electrochemical property to be measured,
electrochemical biosensors can be further divided into conductimetric, potentiometric
and amperometric biosensors. Conductimetric biosensors measure the changes in
conductance/impedance of a solution as consequence of the biological component
using noble metal electrodes [120]. If the biocatalyst produces ionic products, or
consumes ions, and the support solution has low electrical conductivity, this is often
a convenient and simple technique. A deoxyribonucleic acid (DNA) biosensor using
Faradic impedance spectroscopy based on use of biotinylated oligonucleotide and

avidin-HRP (horseradish peroxidase) conjugate has been described [121].

Potentiometric biosensors measure the potential difference between the working
electrode and a reference electrode under conditions of zero current flow [122]. The
potential generated is directly proportional to the logarithm of the concentration of an
ion in an ideal solution. The basis of this type of biosensor is the Nernst equation,
which relates the electrode potential (E) to the concentration of the oxidized and
reduced species. For the reaction:, the Nernst equation can be described as the

following,
E= E°+RT/nF [In ([Ca]®/ [Cg]° )] (2.19)

where is the standard redox potential, R is the gas constant, T is the absolute
temperature, F is the Faraday constant, n is the number of exchanged electrons in the
reaction, and, Ca and Cg are the concentration of oxidized and reduced species,
respectively. A potentiometric urease-based biosensor for detection of heavy metal
ions has been reported [123].

Amperometric biosensors measure the currents resulting from the electrochemical
oxidation or reduction of an electroactive species under a constant potential applied
to working electrodes. The most important of these is the glucose biosensor, which
has been successfully commercialized for blood glucose monitoring in diabetics
[124]. Other examples of enzyme-based amperometric biosensors include the phenol
sensors, which utilize cellobiose dehydrogenase (CDH) or glucose dehydrogenase
(GDH) [125]; the lactate biosensor, which is based on lactate oxidase immobilized to
a conducting copolymer through glutaraldehyde [126]; and the alcohol biosensor,
which is based on peroxidase and alcohol oxidase [127]. Most of the electrochemical
immunosensors are based on enzyme-linked immunosorbent assay principles, with

sensor-immobilized antibodies or antigens where the enzyme label such as
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peroxidase, alkaline phosphatase or GOx, is indicated amperometrically by
measuring the produced iodine, p-aminophenol or hydrogen peroxide, respectively
[128-130].

2.10.2 Dopamine sensors

In particular, there has been much interest in the development of electrochemical
sensors. This is because DA is electroactive and thus the oxidation of DA can be
followed using electrochemical techniques. Electrochemical sensors are usually
inexpensive to manufacture, highly sensitive and easy to employ. Furthermore, the
electrodes used in the sensing can be miniaturised and conveniently placed in the
living organism for real time analysis. This is not possible with non-electrochemical
techniques. The electrochemical oxidation of DA occurs via an ECE mechanism
[131, 132], Figure 2.21.

Hom = °
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dopamine dopamine-o-quinone
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dopaminochrome leucodopaminechrome

Figure 2.21: The ECE mechanism for DA oxidation.

A two electron exchange results in the formation of dopamine-o-quinone. This
molecule can then undergo an intermolecular addition, which results in a cyclisation
reaction generating leucodopaminechrome which, in turn, is oxidised further via
another two electron transfer to dopaminochrome. In this scheme, ‘E’ denotes the

electrochemical reactions and ‘C’ denotes the chemical reactions.

Monitoring the concentration of DA is particularly challenging using electrochemical
methods because DA co-exists with many interfering compounds in biological

samples. These interfering compounds are usually present at concentrations much
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higher than DA and, moreover, they are oxidised at similar potentials to DA at most
solid electrodes. This is particularly true of ascorbic acid (AA), the main interfering
compound in the determination of DA. Consequently, modified electrodes have been
employed for the determination of DA. The most popular strategies include polymer
modified electrodes [133], self-assembled monolayer modified electrodes [134] and

surfactant modified electrodes [135].

2.11 Characterizations

2.11.1 Attenuated total reflection Fourier transform infrared spectroscopy
(FTIR-ATR)

FTIR is a fundamental tool that is used to probe substances to determine the nature of
their molecular bonds. FTIR has commonly been used for the identification of
functional groups among organic molecules. It can often easily distinguish between a
variety of molecular bonds involving carbon, hydrogen, nitrogen, oxygen,
phosphorus, sulfur, and halogens. There are many methods available for infrared
spectroscopy. Traditionally, FTIR is used with a transmission cell or a KBr pellet.
However, in the surface science community, infrared spectroscopy is used in a

different manner.
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Figure 2.22: Infrared spectrum bands for general subtitutions.

Attenuated Total Reflection (ATR) is an accessory of transmission IR spectrometers

that significantly enhances surface sensitivity. As the name implies, ATR refers to a
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particular type of reflection geometry. In contrast to transmission FTIR, in which the
infrared beam travels in a straight path through a sample, in ATR, the infrared beam
is reflected internally through a crystal. The beam is oriented to bounce within the
crystal at an angle that ensures total internal reflection. Just above each point of
reflection exists an evanescent wave that can probe substances within about a
micrometer of the crystal surface (Figure 2.23).

Samplein contact with
evanescet wave

L

DAAAL

ATR To Detector

Infrared
beam Crystal

Figure 2.23: A multiple reflection ATR system.

2.11.2 Scanning electron microscopy (SEM)

SEM is a method for high-resolution imaging of surfaces. The SEM uses electrons
for imaging, like a light microscope which uses visible light. A finely focused
electron beam scanned across the surface of the sample generates secondary
electrons, backscattered electrons, and characteristic X-rays. These signals are
collected by detectors to form images of the sample displayed on a cathode array
tube screen. SEM typically is used for conductive samples. Scanning electron
microscopy is one of the most widely used techniques in nanomaterials
characterization. This method usually is applied to get information about the grain
size, surface roughness, porosity, particle size distributions, material homogeneity,
and intermetallic distribution and diffusion. The electron beam, which typically has
an energy ranging from a few hundred eV to 50 keV, is focused by one or two
condenser lenses into a beam with a very fine focal spot sized 1 nm to 5 nm. The
beam passes through pairs of scanning coils in the objective lens, which deflect the
beam in a raster fashion over a rectangular area of the sample surface. Through these
scattering events, the primary electron beam effectively spreads and fills to teardrop-
shaped volume, known as the interaction volume, extending from less than 100 nm to

around Sum into the surface.
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Figure 2.24: Schematic diagram of scanning electron microscopy.

Interactions in this region lead to the subsequent emission of electrons which are then
detected to produce an image. X-rays, which are also produced by the interaction of
electrons with the sample, may also be detected in an SEM equipped for energy-

dispersive X-ray spectroscopy or wavelength dispersive X-ray spectroscopy.

2.11.3 Atomic force microscopy (AFM)

AFM is one of the most powerful tools for determining the surface topography of
native biomolecules at subnanometer resolution. The technique involves imaging a
sample through the use of a probe, or tip, with a radius of 20 nm. The tip is held
several nanometers above the surface using a feedback mechanism that measures
surface—tip interactions on the scale of nanoNewtons. Variations in tip height are
recorded while the tip is scanned repeatedly across the sample, producing a
topographic image of the surface. Atomic force microscope is capable to produce
images in different modes including tapping, magnetic force, electrical force, and

pulsed force.
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Figure 2.25: Schematic diagram of atomic force microscope.

AFM works by bringing a cantilever tip in contact with the surface to be imaged. An
ionic repulsive force from the surface applied to the tip bends the cantilever upwards.
The amount of bending, measured by a laser spot reflected on to a split photo
detector, can be used to calculate the force. By keeping the force constant while
scanning the tip across the surface, the vertical movement of the tip follows the
surface profile and is recorded as the surface topography by the AFM.
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3. EXPRIMENTAL

3.1 Chemicals

3,4-Propylenedioxythiophene (ProDOT) monomer and N-phenylsulfonyl pyrrole
(PSP) monomer were purchased from Sigma-Aldrich and used as received.
Electrochemical polymerizations (electrocoatings) were performed in acetonitrile
(ACN, Merck) containing NaClO, (Sigma-Aldrich) at the same scan rate (30mV/s)
and deposition cycle numbers (10 cycles) (applied charges). Buffer solution
(Potassium dihydrogen phosphate-di-Sodium hydrogen phosphate / Carlo Erba),
Dopamine (Sigma-Aldrich) and Ascorbic acid (Lancaster) were purchased and used
without any further purification.

3.2 Electrocopolymerizations

Electrocopolymerizations by cyclic voltammetry were performed using a Princeton
Research Potentiostat (model 2263) potentiostat/galvanostat, interfaced to a PC
computer with Power Suite Software package. The potentiostat was also connected
to a Faraday cage (BAS Cell Stand C3). A three electrode system, employing carbon
fiber as working electrode, Pt button as counter electrode and Ag button as a

reference electrode, was used.

3.3 Electrode Preperations

SGL SIGRAFIL C 320B (A carbon fiber with high strength, high modulus of
elasticity, and high electric conductivity, manufactured by SGL Carbon Group)
containing single filaments in a roving was used as the working electrode.
Fabrication of all single carbon fiber micro electrodes (SCFMES) was carried out as
follows. A single carbon fiber SGL SIGRAFIL HM485 (~ 7um in diameter, approx.
4 cm in length) was inserted on a 5 cm long teflon tape, while 2.5 cm of the fiber was
kept out. A filament of carbon fibers with a length of 8 cm (approximately 25 fibers)

were sticked on the single carbon fiber for providing connections and electrical
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conductivity. A second teflon tape with the same length was mounted and wrapped
around the composition. Silver paste was used on carbon fiber filament to improve

conductivity.

Working

electrode Counter
Reference (SCFME) electrode (Pt)
electrode (Ag)

f

Figure 3.1: A geometry of one compartment-3 electrode cell.

The electrode area was kept constant ~ 2x10 cm? by adjusting the dipping length (~
1cm). The button electrodes were prepared by using Ag and Pt wires in glass
capillary (~4.45 mm diameter) filled with methylmetacrylate (MMA), electrodes
were then polymerized by UV light, which was inert against the electrolyte solution.
The surface area of the reference and the counter electrodes were kept constant (~

0.47 mm?) during the experiments.

3.4 Electrochemical Impedance Spectroscopy (EIS) and Equivalent Circuit
Modelling (ECM)

EIS measurements were taken at room temperature (~ 25 °C) using a conventional
three electrode cell configuration. The electrochemical cell was connected to a
Potentiostat (PAR 2263) connected to a PC. An electrochemical impedance software,
PowerSine, was used to carry out impedance measurements between 10 mHz and
100 kHz, with an applied AC signal amplitude of 10mV. The impedance spectra was

analyzed using ZSimpWin V3.10, an AC-impedance data analysis software.
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3.5 Fourier Transform Infrared-Attenuated Total Reflectance (FTIR-ATR)

For spectroscopic measurements, Poly(ProDOT-co-PSP) copolymers were
synthesized on ITO-PET (NV Innovative Sputtering Technology, PET
175um,Coating ITO-60) in the potential range from —0.8 to 1.5V at a scan rate of 30
mV/s in 0.1M NaClO4ACN. Polymer films on ITO-PET were analysed using an
ATR-FTIR reflectance spectrometer (Perkin Elmer, Spectrum One, having a
universal ATR attachment with a diamond and ZnSe crystal C70951).Perkin Elmer
Spectrum software was used to carry out FTIR-ATR measurements between 650-
4000cm™.

3.6 Scanning Electron Microscopy (SEM)

Thin films of copolymers, electrocoated on carbon fibers were analyzed by scanning
electron microscopy on a Nanoaye Desktop Mini-SEM Instrument. The excitation
energy used 5 keV. Avarage values of the increase in fiber thickness were obtained
from SEM images, taking into account the diameter of the ungrafted fiber. The
diameters for the fibers were calculated from an average of 5-6 measurements on

individual fibers.

3.7 Atomic Force Microscopy (AFM)

Thin film of copolymer, electrocoated on ITO-PET, were analyzed by atomic force
microscopy using a Nanosurf Easyscan AFM Instrument with a 10 um AFM head.

The Nanosurf Easyscan 2 software was used to carry out the AFM measurement.
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4. RESULTS AND DISCUSSION

4.1 The Experimental Details of Electrochemical Copolymerization of 3,4-
Propylene dioxythiophene (ProDOT) and N-Phenylsulfonyl Pyrrole (PSP)
on SCFME in Different Mole Fractions of PSP

Synthesis of polymer films on SCFMEs were performed cyclic voltammetrically at
normal ambient conditions on 1 cm long dipped into ~5 ml electrolytic solution,
using a standart three electrode cell (surface area of working electrode is 2x10° cm?).
Pt and Ag button electrodes were used as counter and pseudo reference electrodes,

respectively (each was placed ~ 1 cm distance from each other).

For electrocopolymerization of ProDOT and PSP, 10 mM ProDOT and 5, 10, 20
mM PSP was used. Electrocopolymerizations were performed for the monomers with
0.1 M NaClO, in ACN at a scan rate of 30 mV.s™ and 10 cycles.

After ProDOT and PSP were electrochemically polymerized on SCFME, the
working electrode (modified SCFME) was removed from the cell and then washed
throughly with ACN to remove monomer molecules and electrochemical impedance

measurements were carried out in the same electrolyte solution.

Finally, modified carbon fibers were characterized in monomer free solutions to find
out their redox behavior at different scan rates between 25 mV.s™ and 200 mV.s™ by

cyclic voltammetry.

4.2 Electrocopolymerization of ProDOT and PSP

ProDOT and PSP were electrochemically copolymerized on SCFMEs in the potential
range from —0.8 to 1.5V at a scan rate of 30 mV/s in 0.1M NaCIO4/ACN. The
amount of PSP concentration was increased from 5mM to 20mM when ProDOT
concentration was held constant (10 mM). Three copolymers with different
compositions were synthesized with by using Xpsp = [(PSP/ (ProDOT+PSP)] mole
fraction [CP1 (0.33), CP2 (0.50), and CP3 (0.66)].
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The potential shift to the positive direction with an increase of PSP concentration in
the feed indicates that the monomer ratio affects the copolymer composition and its
electrochemical properties. The obvious peak potential shift provided information
about the increase in the electrical resistance in the copolymer film. As shown at
multisweep cyclic voltammograms of ProDOT (10 mM) in the presence of PSP (5;
10; 20 mM); the intensity of the current peaks increased with increase in the number
of potential cycle indicating a continuous growth of electroactive copolymer on the

electrode (Figure 4.1, Figure 4.2, Figure 4.3).
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Figure 4.1: Cyclic voltammogram of electrogrowth of 10 mM ProDOT and 5 mM
PSP in 0.1 M NaCIO4/ACN at 30mV.s?, 10 cycle on SCFME. Inset: CV
of monomer free of Poly(ProDOT-co-PSP) film in 0.1 M NaClO4/ACN
at different scan rates between 15 and 200 mV.s™.
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Figure 4.2:

Figure 4.3:
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Cyclic voltammogram of electrogrowth of 10 mM ProDOT and 10 mM
PSP in 0.1 M NaCIO4/ACN at 30mV.s, 10 cycle on SCFME. Inset: CV
of monomer free of Poly(ProDOT-co-PSP) film in 0.1 M NaClO4/ACN
at different scan rates between 15 and 200 mV.s™.
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Cyclic voltammogram of electrogrowth of 10 mM ProDOT and 20 mM
PSP in 0.1 M NaCIO4/ACN at 30mV.s, 10 cycle on SCFME. Inset: CV
of monomer free of Poly(ProDOT-co-PSP) film in 0.1 M NaClO4,/ACN
at different scan rates between 15 and 200 mV.s™.
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For repeated cycling the cathodic peak current decreases and the anodic one
increases until a steady-state pattern. Also the current during the first cycle was quite
different from that in the second cycle. After 5 cycles the system has settled down.
Results obtained from multiple cycling showed that the first five cycles of the
voltammogram were usually in unstable stage. After five cycles, achieve steady state

condition (6th cycle) in cyclic voltammetry.

As well known, a copolymerization could be induced by one of the comonomers’
radical cation or its oligomer generated on the surface of the working electrode.
Therefore, the copolymerization of PSP and ProDOT could be initiated by the radical
cations of ProDOT or its oligomer and formed a copolymer under a potential lower

than the oxidation onset potential of PSP (Figure 4.4).

SCFVE

Figure 4.4. Mechanism of electrochemical copolymer formation of ProDOT and
PSP on SCFME.
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Oxidation potentials (Eonset) of Xpsp = 0.33 and Xpsp = 0.50 were obtained as 1.139
V and 1.127 V higher than oxidation potential of Xpsp = 0.66 (1.19 V) during the
electrogrowth process. This is due to increased PSP concentration in feed ratio. The
strong electron—withdrawing sulphonyl group in PSP can be stabilized by using the
radical cation intermediates to diffuse away from the electrode and thus inhibiting
electropolymerization (Table 4.1). The peak current decreased in direct proportion

with decrease of oxidation potential (Figure 4.5).

Table 4.1: Comparison of thickness of copolymer coated SCFME, AQ, C.¢ and
phase angle of copolymer films.

Xpsp = 0.33 0.50 0.66
AQ (mC) 7.184  5.498 3.305
Thickness of copolymer coated SCFME (um) 19.86 15.75 11.15
Cir (MF.cm™) 173.5 172.3 65.5
~ipa (MA) 0.044  0.038 0.018
Eonset (V) 1.139 1.127 1.119
Phase of Z (degree) 66.99° 51.18° 43.28°
1,150 0,05
® Eonser/V
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u o
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Figure 4.5: Plot of oxidation potential and peak current obtained from CV for
different mole fraction of Poly(ProDOT-co-PSP).

The anodic and cathodic peak current increased with increase in square root of scan

rate and scan rate. Figure 4.6 and 4.7 show that the anodic and cathodic redox
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reaction for the copolymers formed in 0.1 M NaClO,/ACN. The scan rate
dependence of the anodic and cathodic peak currents presents a linear dependence on
scan rate and square root of scan rate, as evidenced by linearity of the plot, R value
varies in the range of 0.9782 to 0.9970. It demonstrates that the electrochemical

processes are diffusionally-controlled and entirely reversible even at high scan rates.
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Figure 4.6: Plots of anodic and cathodic peak current density vs. square root of scan
rates for the copolymer films in monomer free solution (in 0.1M NaClO,4
/ ACN).
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Figure 4.7: Plots of anodic and cathodic peak current density vs. scan rates for the
copolymer films in monomer free solution( in 0.1M NaClO, / ACN.)

4.3 Ex-ssitu FTIR-ATR Measurements of Poly(ProDOT-co-PSP) and
Poly(ProDOT)

For spectroscopic characterization of Poly(ProDOT-co-PSP) films, the same mole
fractions of the copolymers were also prepared by cyclic voltammetry on ITO-PET
with the same conditions of random Poly(ProDOT-co-PSP) films formation on
SCFME (Figure 4.8).

—

Figure 4.8: Chemical structure of random Poly(ProDOT-co-PSP).
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Inclusion of PSP into the electrocopolymerized thin film, and doping with the
respective anion of the supporting electrolyte were followed by FTIR-ATR (Figure
4.9). This technique allows us to assign corresponding functional groups in the

resulting copolymer.
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Figure 4.9: Ex-Situ FTIR-ATR spectrum of Poly(ProDOT-co-PSP) and
Poly(ProDOT) films on ITO-PET.

The band at 1466-1471 cm™ (stretching of C=C bond) and the peak at 1276-1279 cm”
! (the stretching quonidal structure of thiophene) are known to be characteristic
vibrational peaks of polythiophene. Vibrations at 1151-1156 cm™ are assigned to
stretching in the alkylenedioxy group(C-O-C bond). The band at 1015-1018 cm™ (C-
N stretching) originated from the N-substitued pyrrole of PSP. Sulfonyl stretching at
1072-1075 cm™, aromatic C-H bending (815-820 cm™) and aromatic C-H stretching
(3008-3064 cm™) become distinct when PSP ratio is increased in the copolymer.
Further vibrations from the C-S bond, in the thiophene ring, can be seen at 872-879

cm™, attributed to C-S stretching. All assignments were denoted in Table 4.2.
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Table 4.2: FTIR-ATR assignments of Poly(ProDOT-co-PSP)s and Poly(ProDOT).

(cm™) Xpsp= 000 033 050 0.66
C-H stretching (aromatic) - 3008 3011 3064
C-H deformation (aromatic) - - 2657 2660
CH, wagging 1123 1122 1124 1123
C=C stretching (thiophene ring) 1466 1471 1471 1471

Sulfonyl stretching - 1075 1075 1072
The stretching quonidal structure of thiophene 1276 1279 1278 1279

C-O-C group stretching 1151 1153 1152 1156
C-N stretching (N-substitued pyrrole) - 1015 1018 1017
C-O bending 955 963 968 966
C-H bending (aromatic) - 815 820 818
C-S stretching 872 877 878 879

4.4 Morphological Analyses of Poly(ProDOT-co-PSP) Films via SEM and AFM

Morphological analysis were made via SEM and AFM. SEM images of
Poly(ProDOT-co-PSP) copolymers, SEM images were obtained at 5 kV, and
illustrated in Fig. 4.10, Fig 4.11, and Fig 4.12. By using small size electrolyte anions
as ClO4, a high density of pores was obtained. SEM images of copolymers of this
study have similar porous structure with ProDOT-Et, [136]. The observed
differences at film thicknesses were obtained due to an increase of PSP in the feed
(Table 4.1).
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Figure 4.11: SEM image of the copolymer coated SCFME of Xpsp = 0.50.
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Mini-SEM

Figure 4.12: SEM image of the copolymer coated SCFME of Xpsp = 0.66.

This thickness difference helps us to follow the incorporation of PSP on the
copolymer structure. The difference in the capacitance is also due to change of film
thickness and fiber morphology in the course of their modification. A continuous
increase in current with successive scans is observed, indicating an increase in the
thickness, and also in the conductivity of the polymeric film formed on the electrode

surface, which is followed by CV measurements.

The monomer mixture of ProDOT (10mM) and PSP (5mM) was copolymerized by
CV on ITO-PET for AFM analysis. The images were obtained at none-contact mode
AFM (Fig. 4.13 and Fig. 4.14). Root mean square (RMS), roughness value was
calculated via Nanosurf Easyscan 2 software programme by selecting raw data
(RMS: 65.8 nm).
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Figure 4.13: AFM image of Poly(ProDOT-co-PSP) coated ITO-PET.
Topography - Scan forward
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-171n

Figure 4.14: AFM topography image of Poly(ProDOT-co-PSP) coated ITO-PET.
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The SEM image was also obtained for modified ITO-PET (Fig. 4.15). These
spherical-shape aggregates were obtained by the growth of much smaller nanoscale

aggregates dependent on the polymerization charge.

10" umi

Figure 4.15: SEM image of Poly(ProDOT-co-PSP) coated ITO-PET.

4.5 EIS Investigation of Poly(ProDOT) and Poly(ProDOT-co-PSP) on SCFME

The electrical properties of Poly(ProDOT) and copolymers on SCFMEs were
determined by electrochemical impedance measurements in monomer free solution.
The Nyquist, Bode Magnitude and Bode Phase plots of thin films were given in the
frequency range 0.01 Hz - 100 kHz (Fig. 4.16, Fig. 4.17 and Fig. 4.18).

The copolymers are also exhibiting different impedance data from that of
Poly(ProDOT) which shown an ideal capacitive line (Bode phase angles close to 90°)
by the application of which was obtained from—electrochemical impedance
spectroscopic measurements, indicating fast charge transfer at the carbon
fiber/polymer and polymer/solution interfaces, as well as fast charge transport in the
polymer bulk. Bode-phase angles which approached the maximum at 0.01 Hz were ~
66.99° for Xpsp = 0.33, ~ 51.18° for Xpsp = 0.50 and ~ 43.28° for Xpsp = 0.66,

respectively. That indicates the presence of PSP in copolymer structure.
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Figure 4.16: Nyquist plots of Poly(ProDOT) and different mole fractions of
Poly(ProDOT-co-PSP) electrografted on SCFMEs; correlated with
the calculated data from the equivalent circuit model;
(RW(CR)(QR))(CR)).
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Figure 4.17: Bode Magnitude plots of Poly(ProDOT) and different mole fractions of

Poly(ProDOT-co-PSP) electrografted on SCFMEs; correlated with the

calculated data from the  equivalent  circuit  model,
(R(W(CR)(QR))(CR)).
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Figure 4.18: Bode Phase plots of Poly(ProDOT) and different mole fractions of
Poly(ProDOT-co-PSP) electrografted on SCFMEs; correlated with the
calculated data from the equivalent circuit  model,
(R(W(CR)(QR))(CR)).

The Bode- phase peaks of the copolymers in the frequency range of 10Hz -10000 Hz

appeared which should be caused by the transition from resistor to capacitor with the

increase of PSP ratio. The Bode magnitude plots for copolymers were presented in

Fig. 4.17, Xpsp = 0.33 had higher conductivity compared to Xpsp = 0.50 and Xpsp =

0.66. Nyquist plots were also used to estimate the low-frequency redox capacitance

(CLg) of the copolymer-modified SCFMEs. The low frequency capacitance (C ¢ = -

1/2nfZ\m) values from the impedance spectroscopy were obtained by using imaginary

component (Z;u) corresponding to f = 0.01 Hz.

The C.r and film thickness of copolymers decreased which indicates the increase of
PSP concentration in the feed. Total charges were obtained during electrogrowth
process as 7.184 mC, 5.489 mC and 3.305mC (Table 4.1). The increase of PSP
concentration in the feed resulted in the decrease of film thickness and growth rate of
copolymer. This is confirmed from the cyclic voltammetry of mixture of monomers,
the decrease found in the total charge, film thickness and Cr in the plot of it against

the increase of PSP mole fraction in copolymer (Fig. 4.19).
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Figure 4.19: Graph of thicknesses of copolymer coated SCFMEs obtained from
SEM, low frequency capacitances and total charges (AQ) which were
applied during the electropolymerization vs. mole fractions of
Poly(ProDOT-co-PSP).

The electrodes which were showing the The Nyquist plots (complex plane plots)
with semi-circle behaviour seems to be ideal electrode systems for biosensing
[137]. The diameter of the semi-circle increased with an increase of PSP in the feed
that destroys the integrated heterocyclic and conjugated system of polythiophene. It
corresponds to the increase of the charge transfer resistance which included in the

equivalent circuit (Fig.4.20) as the resistance of the modified electrode.

4.6 Equivalent Circuit Modelling of Poly(ProDOT) and Poly(ProDOT-co-PSP)
on SCFME

The EIS data were fitted with an equivalent electrical circuit in order to characterize
the electrochemical properties of copolymer. The experimental results obtained from
equivalent circuit shown that both the double-layer and the film capacitances
decreased with the increase of incorporated PSP ratio into copolymer structure, while

the charge-transfer and the pore resistance increased.
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The impedance spectra for copolymers may be described by the equivalent circuit of
(R(W(CR)(QR))(CR)) Fig. 20,. The model is composed of the electrolyte and pore
resistance (Rs), the adsorption capacitance and resistance (C,; and Rj), double-layer
capacitance and charge-transfer resistance (Cq and Rc;), Warburg impedance (W),
resitance and capacitance of the copolymer film on SCMFE (R and Cy). R, and C,
connected with the charging / discharging process in the surface of the film. Both of
these parameters improve the quality-of-fit of the frequency dispersion transition
between the charge transfer semi-circle and the Warburg impedance or capacitance
line. Cy and R formed by the inward penetration of ClO,4 anion along pores at the
electrolyte|copolymer interface. W is related to diffusion of species along the
micropores and depends on the electrode geometry (spherical diffusion at

microelectrode).
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Figure 4.20: The equivalent circuit model of Poly(ProDOT), Xpsp = 0.33, Xpsp =
0.50 and Xpsp = 0.66 coating on a single carbon fiber electrode.
(Rs=solution and pore resistance and W=Warburg impedance, Zw; Ra
and C, are the resistance and the adsorption capacitance; R.= charge
transfer resistance; CPE is used for modelling the double layer
capacitance, Cqj; Rf and Cy are film resistance and film capacitance of
coated copolymer film on carbon fiber microelectrode).
The most widely used is the constant phase element (CPE), which has a non-integer
power dependence on the frequency. CPE is used in a model in place of a capacitor
Caqi (double layer capacity) to compensate for roughness of the electrode, porosity
and nonhomogeneity in the system. A rough or porous surface can cause a double-
layer capacitance to appear as a CPE with a n value between 0.9 and 1 [138]. In this
study, CPE was used as double layer capacitance due to a porous structure (n~1)

(Table 4.3).
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Table 4.3: Mole fraction dependence of parameters calculated from the equivalent
circuit model for Poly(ProDOT) and Poly(ProDOT-co-PSP).

Xpsp —> 0.00

Poly(ProDOT) 0.33 0.50 0.66
Ry/Q.cm® 2.528 4.738 12.574 14.656
W/Yo/uSs™.cm™ 0.0253 0.218 0.278 0.528
Ca/mF.cm™ 92.35 41.35 27.98 5.08
R/Q.cm? 8.25 11.37 15.57 34.06
Ca/ mF.cm™ 466.95 176.05 118.80 55.30
n 0.946 0.974 0.902 0.906
Re/ Q.cm? 19.75 41.66 78.34 167.84
C# mF.cm™ 117.22 0.02 0.013 0.0053
Ry/ Q.cm? 3.85 19.19 25.26 107.60
Chi Squred/y2 1.95x10*  7.56x10" 7.87x10* 2.97x10°

At Nyquist plots of copolymers, appeared semi-circle in high frequency range was
associated with anion transfer at the film|solution interface and can be described by
the charge transfer resistance R, in series combination with a CPE. The increase in
diameter of the circle, i.e., higher the charge transfer resistance (Rc), is most useful
for biosensing [137]. After the charge transfer semi-circle, straight line at the x- axis
can be related to Warburg impedance, Zy, due to the diffusion of charged species in

the film at low frequency.

The copolymers have high electrolyte and pore resistivity (Rs), resulted from the
decrease in pore size and film thickness, making it more difficult to maintain
connectivity between the pores and cause the lowest interfacial area for charge
transport. Film capacitance (Cs), double-layer capacitance (Cy) and adsorption
capacitance (C,) were found to be inversely proportional to the concentration of PSP
(Fig. 4.21).
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Figure 4.21: Charge transfer ( R¢;) and film (R¢ ) resistances; double layer (Cq) and
film (Cs) capacitances obtained rom ECM for Poly(ProDOT), Xpsp =
0.33, Xpsp =0.50 and Xpsp =0.66.

4.7 Sensor Behaviours of Poly(ProDOT) and Poly(ProDOT-co-PSP)

Microelectrodes

Cyclic voltammetry was used for the determination of DA and AA. Potential
scanning was performed over the range -1.0 to 1.0 V at a scan rate of 50 mV/s in

buffer solution (BS) on Poly(ProDOT) and Poly(ProDOT-co-PSP) microelectrodes

at room temperature.
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4.7.1 Electrochemical behaviour of Dopamine and Ascorbic Acid at the
Poly(ProDOT) and Poly(ProDOT-co-PSP) microelectrodes

Figure 4.22 shows the cyclic voltammograms of 1 mM DA at the Poly(ProDOT) and
Poly(ProDOT-co-PSP), Xpsp=0.66 microelectrodes in buffer solution (Potassium
dihydrogen phosphate-di-Sodium hydrogen phosphate). Poly(ProDOT) exhibited a
poor electrochemical response. At the Poly(ProDOT-co-PSP), DA exhibited a good
electrochemical response, and the voltammograms showed a pair of clear redox
peaks with a potential value of 0.6 V for the oxidation peak and -0.2 V for the
reduction peak. The above result revealed that the Poly(ProDOT-co-PSP) film
exerted stronger electro-catalytic effect on DA than Poly(ProDOT).

..0] — Poly(ProDOT-co-PSP)
XPSP=O.66
— Poly(ProDOT)
g 0,05
=
o
5
O 0,00
0,05 : —_ ' . ' _ |
-1,0 05 00 - -
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Figure 4.22: Cyclic voltammograms of DA at the Poly(ProDOT) and Poly(ProDOT-
co-PSP) microelectrodes in a buffer solution at scan rate 50mV/s.

Since AA and DA coexist in the extra-cellular fluid of the central nervous system,
both have a similar oxidation potential at most solid electrodes, and determination of
these species is very difficult due to the overlapping signals. To evaluate the
sensitivity and selectivity of the present system for the quantification of AA and DA,
the electrochemical behaviour of a mixture of AA (100 uM) and DA (ImM) was
investigated. Fig. 4.23 shows the cyclic voltammograms of a mixture of AA and DA
at the Poly(ProDOT) and Poly(ProDOT-co-PSP) microelectrodes in buffer solution.
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Two well-defined oxidation peaks at a potential of 0.02 and 0.6 V in buffer solution
were observed for the oxidation of AA and DA at the Poly(ProDOT-co-PSP) film,

respectively.
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Figure 4.23: Cyclic voltammograms of DA and AA at the Poly(ProDOT) and
Poly(ProDOT-co-PSP) microelectrodes in a buffer solution at scan
rate 50mV/s.

These results indicate that the Poly(ProDOT-co-PSP) film exhibits excellent catalytic
activity and well-separated peak potentials for the determination of AA and DA. The
improvement of the sensivity of the modified sensor to DA is due to PSP in

copolymer structure.

4.7.2 Determination of concentration of Dopamine by CV (Calibration Curve)

The determination of DA concentration in presence of AA for Poly(ProDOT-co-
PSP) modified SCFME was performed by CV (Fig. 4.24). The oxidation peak
current density of dopamine was chosen as the analytical signal. Oxidation peak
current of AA almost doesn’t change due to concentration of AA held constant at
100uM. The results showed that anodic peak current density was proportional to
concentration intervals of DA, from 10* M to 10™** M as shown in Fig. 4.25. The

oxidation peak currents of DA are proportional to its concentrations.
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Figure 4.24: CV of Poly(ProDOT-co-PSP) modified SCFME in buffer solution
containing 100uM AA different concentration of DA.

0,040 -

-2

0,035

0,030 4

0,025 +

0,020 -

0,015 -

0,010
R=0.9902

0,005

Peak Current Density / mA cm

0,000 +

L] L] L] L] L] L]
E11 E10 E9 E8 E7 E6 E5 E4
Dopamine concentration / M

Figure 4.25: Changes in anodic peak current density by dopamine concentration for
Poly(ProDOT-co-PSP) modified SCFME in 10* M to 10" M
dopamine-containing buffer solution.
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A detection limit of 1nM was obtained in the presence of AA using cyclic
voltammetry, which is sufficient to detect DA in a pharmaceutical product. The
linear range of DA concentration is 10* M-10" M with a correlation coefficient of
0.9902. The relative standard deviation (%R.S.D.) was less than 2.0% for eight
determinations of 1nM dopamine.

The Poly(ProDOT-co-PSP) modified electrode showed good reproducibility (£ 2.0%
relative standard deviation), a low detection limit (1 nM), high sensitivity, a wide

dynamic range of detection (1 mM), and great selectivity (presence of AA).
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5. CONCLUSIONS

A new copolymer, obtained from 3,4- Propylenedioxythiophene (ProDOT) and (N-
phenylsulfonyl pyrrole) PSP by the cyclic voltammetry, was successfully
synthesized. The experimental results from CV and EIS and the theoretical results

obtained from equivalent circuit correlated with morphological characterization.

FTIR-ATR characteristic peaks of PSP indicate the inclusion into copolymer. The
decrease in peak currents and total charges of copolymer was observed as compared
to homopolymer of Poly(ProDOT). The changing of the capacitance properties, film
thickness and fiber morphology was found to be inversely proportional with the
increasing PSP concentration in the feed. These information hints that sulphonyl
group in PSP has very strong electron-withdrawing effect thus making it difficult to
polymerize electrochemically. The capacitance properties of copolymers at lower
frequency become weak as compared to Poly(ProDOT), hence suggesting an
increase in the sulphonyl content in the copolymer due to the addition of PSP, which
in turn suggests more sulphonyl structure in the copolymer. The changing of the
capacitance of the copolymer is reflected on to the equivalent circuit model by the
dependency of the mole fractions. The decreasing of the film thickness obtained from
SEM and the decrease of capacitance values clearly indicates the inclusion of PSP

into copolymer.

The Poly(ProDOT-co-PSP) modified SCFME exhibits highly electro-catalytic
activity for the oxidation of dopamine (DA) and ascorbic acid (AA). Moreover, peak
separations between DA and AA allow this modified electrode to analyze DA and
AA by using cyclic voltammetry with good stability, sensitivity and selectivity. The
detection limit of 1nM is lower, thus affords an alternative pathway for the
determination of DA. The well-defined electrochemistry of Poly(ProDOT-co-PSP)

films on SCMFEs opens up the possibility for bioelectrochemical sensor electrodes.
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