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ABSTRACT 
                                                               
  
 

Oxidative interfacial and template polymerization approaches were developed to 

synthesize conducting polymer nanostructures for possible applications of these 

materials in charge storage devices like supercapacitors. Resulting nano-structured 

materials were characterized using scanning electron microscopy (SEM), fourier 

transform infrared coupled with attenuated total reflectance (FTIR-ATR), cyclic 

voltammeter, ultraviolet-visible-near infrared (UV-vis-NIR) spectrophotometer, 

multimeter and Brunaur-Emmett-Teller (BET) analyses.  

Two different methods were used to obtain desired nano-structured conducting 

polymers. In the first method, a homogeneous polypyrrole (PPy) nano-network structure 

was produced. Optimization results indicated that mole ratios of oxidant to monomer 

should be kept as 4:1 and surfactant to monomer as 3:1, 4:1 and 5:1 for the production 

of PPy nanofibers in networks. The average size of fibers and beads were measured as 

ca. 150 and 300 nm, respectively. The electrical conductivity measurements and 

electrochemical studies with cyclic voltammetry resulted in reasonable electroactivity of 

these PPy nano-networks. BET analyses resulted in a surface area greater than 500 

m2/g.  

In the latter method, conductive nano-arrays of polypyrrole (PPy) (1), poly(N-

methylpyrrole) (P(NMPy)) (2), poly(thiophene) (PTh) (3) and poly(3,4-

ethylenedioxythiophene) (PEDOT) (4) were aligned in one dimension (1D). Reaction 

conditions; such as, monomer concentrations, types of membranes and solvents for the 

synthesis of each polymer nanostructure were optimized. SEM images revealed that 

fiber diameters were in a range of 80-350 nm with 10-30 µm length for conducting 

polymer nanotubules aligned unidirectionally. Characterization of P(NMPy) 

nanotubules with cyclic voltammetry indicated that template-synthesized materials are 

electroactive as desired. 
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ÖZET 
 
 
 

Süperkapasitörlerde elektrot malzemesi olarak kullanım amaçlı nano yapılı iletken 

polimerlerin sentezi için, oksidatif ara yüzey ve template polimerleşme tekniklerinden 

yararlanıldı. Elde edilen nano yapılı malzemeler, taramalı elektron mikroskobu (SEM), 

fourier transform infrared coupled with attenuated total reflectance (FTIR-ATR), 

ultraviolet-visible-near infrared (UV-vis-NIR) spectrofotometresi, siklik voltametre, 

multimetre ve Brunaur-Emmett-Teller (BET) analizleri kullanılarak karakterize edildi.  

Arzu edilen nano yapılı iletken polimerleri elde etmek için iki farkli metot 

kullanıldı. Birinci metotta ara yüzey polimerizasyon tekniği kullanılarak, homojen 

poli(pirol) (PPy) nano-ağ yapıları üretildi. Optimizasyon sonuçları, PPy nano-ağlarının 

üretimi için, oksidanin monomere mol oranının 4:1 ve yüzey aktif maddenin monomere 

mol oranının 3:1, 4:1 ve 5:1’te tutulması gerektiğini gösterdi. Fiber ve boncukların 

ortalama boyutları sırasıyla 150 ve 300 nm olarak ölçüldü. Elektriksel iletkenlik 

ölçümleri ve siklik voltametre ile elektrokimyasal çalışmalar, sentezlenen PPy nano-

ağlarının elektroaktif olduğunu gösterdi. BET analizleri, malzemenin yüzey alanının 

500 m2/g’dan daha yüksek olduğu sonucunu verdi. 

Poli(pirol) (PPy) (1), poli(N-metilpirol) (P(NMPy)) (2), poli(tiyofen) (PTh) (3) ve 

poli(3,4-etilendioksitiyofen) (PEDOT) (4) iletken nanofiberleri, ikinci metot olan 

template polimerizasyon metoduyla tek yönde sıralandı. Monomer konsantrasyonları, 

membran ve çözücü çeşitleri gibi kullanılan tepkime şartları, nano yapılı iletken 

polimerlerin sentezi için optimize edildi. SEM resimleri, tek bir yönde dizilmiş iletken 

tüplerin çaplarının 80-350 nm ve uzunluklarının 10-30 µm aralığında olduğunu gösterdi. 

Sentezlenen P(NMPy) nanotüplerinin siklik voltametre ile karakterizasyonu, template 

polimerizasyon yöntemiyle sentezlenmiş malzemelerin elektiksel aktifliklerinin 

oldugunu gösterdi. 
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1. INTRODUCTION 
                   

       
       

1.1 Conjugated Polymers 
 

 
 

Conjugated polymers- polyunsaturated compounds, in which all backbone atoms 

are sp- or sp2- hybridized, are either insulators or wide-gap semiconductors in their 

neutral states. The discovery of poly(acetylene) (PA) in 1977 [1] prompted future 

designs of polymers with conjugated π-systems such as poly(pyrrole) (PPy, 1979) [2], 

poly(p-phenylene) (PPP, 1979) [3], poly(p-phenylenevinylene) (PPV, 1979) [4], 

poly(phenylenesulfide) (PPS, 1980) [5], poly(aniline) (PAN, 1980) [6], poly(thiophene) 

(PTh, 1981) [7], poly(furan) (PF, 1981) [7], poly(selenophene) (PSe, 1984) [8], 

poly(azulene) (PAz, 1983) [9], etc. from academic world with a contribution to their 

industrial applications. In recent years, many synthetic methods have been applied to 

obtain materials made of conjugated polymers with high molecular weight, high levels 

of purity, and processability [10].  

At its most basic, interesting electrical and optical properties of π-conjugated 

polymers are due to the presence of a delocalized electronic structure, which results in a 

strong absorption in the UV-vis region (related to π-π* transition) as well as the 

stabilization. Moreover, upon doping, the efficient transport of various charge carriers 

(radical cations, dications) also helps manufacturing of conjugated polymers. Of further 

interest is that utility of conjugated polymers is generally realized in complex chemical 

systems, created by adding functional groups to the conjugated backbone. The presence 

of various substituents on polymer backbone can not only modify processability but can 

also modulate electrical, electrochemical and optical properties of resulting conjugated 

polymers. Such modified polymers typically include side groups to modify conductivity 

of backbone by doping in either electrons or holes.  
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The diagram below demonstrates conductivity of conjugated polymers in a scale 

comparing with materials that are considered as insulators, semiconductors or 

conductors (Scheme 1.1).    
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Scheme 1.1 Conductivity chart of various substances [11] 

Conducting Polymers are conjugated polymers, having extended delocalized π-π* 

orbital system, through which electrons can move from one end of the polymer to the 

other. Furthermore, conductive polymers are also plastics (which are organic polymers) 

and therefore can combine the mechanical properties (flexibility, toughness, elasticity, 

etc.) of plastics with high electrical conductivities of a doped conjugated polymer. In 

addition, conductive polymeric materials are light in weight, inexpensive, air-stable, 

processable and flexible [12]. As analysis of their possessions, novel properties of 

conducting polymers are given below.  

 Ability to tune properties from same building blocks 

 Ability to dope, implant 

 Large dimensional changes in going from doped/dedoped 

 Ability to pattern, shape 

 Ability to process in thin film form 

 One D processability 

 High and low frequency properties 

 Surfaces and bulk effects 
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1.1.1 How Polymers Conduct Electricity?  
 
 

Electrical conductivity dramatically increases as soon as charge carriers are 

introduced into the conduction or valence bands (known as band gaps) (Scheme 2).  

                       

-- LUMO 

 

 

E              Bipolaron Bands 

N             Band gap 

E 

R              Polaron Bands 

G 

Y                     --  

-- HOMO 

      (A)        (B) 

 

Scheme 1.2 Undoped conducting polymer (A), Oxidatively doped conducting polymer 

(B) [13] 

Because of the band structure, almost all known commercial or man-made 

conductive polymers are semiconductors. Taking semiconductors into account, the only 

effect in differentiating the conductive polymers from inorganic semiconductors is the 

mobility, which was dramatically lower in conductive polymers than their inorganic 

counterparts in  its past attempts. 

The conductivity, σ of a conducting polymer is related to the number of charge 

carriers n and their mobility µ.  

 

σ α (n, µ) (1.1) 

 
In delocalizing a conjugated backbone (e.g., alternating single and double carbon-

carbon bonds), a continuous path of overlapping π-orbitals is formed. This continuous 
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string of orbitals creates degeneracy in the frontier molecular orbitals (the highest 

occupied and the lowest unoccupied molecular orbitals named HOMO and LUMO, 

respectively) (Scheme 1.2). As a result, filled (electron containing) and unfilled bands 

(valence and conduction bands, respectively) are built. 

The term ‘doping’ can be classified as ‘p-doping’ and ‘n-doping’ to describe 

polymer oxidation and reduction, respectively. Once doping has occurred, the electrons 

in the π-bonds are able to "jump" around the polymer chain.  As the electrons are 

moving along the molecule, an electric current occurs. 
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Scheme 1.3 Mechanism of p-doping and p-dedoping processes 

In their neutral form, conductive polymers exhibit very low conductivities. It is 

not until an electron is added to the valence band (occupied band) resulting an empty 

conduction band, which generates charge carriers moving in an electric field. In this 

sense, injection of positive charges (holes) or negative charges (electrons) into polymer 

chains by p-type (Scheme 1.3) or n-type doping, respectively, does a conducting 

polymer become highly conductive. This movement of charge is actually responsible for 

electrical conductivity due to the creation of soliton or polaron states in the gap [14]. In 

fact, the conductivity of these polymers can easily be tuned by chemical manipulation of 

the polymer backbone, by the nature of the dopant, by the degree of doping and by 

blending with other polymers.  

There are two primary methods of doping a conductive polymer, both through an 

oxidation-reduction (redox) process. The first method, chemical doping, involves 

exposing a polymer to an oxidant or reductant. The second is electrochemical doping in 

which a polymer-coated, working electrode is suspended in an electrolyte solution in 
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which the polymer is insoluble along with separate counter and reference electrodes. In 

the latter case, a 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).  

Taking both advantages and disadvantages of these two fields into account, an 

electron-rich n-doped polymer will react immediately with elemental oxygen to de-dope 

the polymer (re-oxidize to the neutral state). Thus, chemical n-doping has to be done in 

an environment of an inert gas (e.g., argon). In comparison, electrochemical n-doping is 

far more common in research, because it is easier to exclude oxygen from a solvent in a 

sealed flask; however, there are likely no commercialized n-doped conductive polymers.  

 
 
 

1.1.1.1 Polarons and Bipolarons  
 
 

When one electron per level is removed, oxidation generates a radical cation with 

both spin and charge, which is referred to as a polaron. This species comprises both the 

hole site and the structural distortion, which accompanies it and remained an unpaired 

electron  removed by yielding a dicationic species (bipolarons) in the following 

oxidation (Scheme 1.4). When the polymer is lightly doped, polaron levels are created 

between valence and conduction bands, thereafter bipolaron bands as doping goes on as 

shown in Scheme 1.4. In comparison, one bipolaron is more stable than two polarons 

despite the coulombic repulsion of the two ions.  

While PA has degenerate states as solitons, other conducting polymers have non-

degenarate ground states (i.e. without two equivalent resonance forms). When it is 

doped with a dopant ion, a hole is created on the π-conjugated chain (polaron). 

Thereafter, the negatively charged ion remains associated with the polymer. Another 

type of excitation can exist in PA backbone structure, which occurs after the reversal of 

the bond alternation pattern. Therefore, it is believed, when oxidized, that most of 

conducting polymers indicates destabilization of the orbital raising of the energy.  
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Scheme 1.4 Neutral and doped polymers as charged species [15] 

 
 
 
1.1.2 Optical Properties of Conducting Polymers 
 
 

A broad variety of structurally controlled color changes for conducting polymers 

can be observed between their redox states as a result of polaronic levels and bipolaron 

bands residing in the band gap. Several transitions to the orbitals in the bipolaronic state 

may decrease the energy yielding polymers with red-shifted absorptions though the 

neutral polymer only has its characteristic π-π* transition. This change in a conducting 

polymer’s optical properties provides a new family of polymeric materials, called 

electrochromic polymers. PEDOT and its derivatives are ideal electrochromic materials 

of conducting polymers, especially for electronic materials due to their good color, 

mechanical stabilities and facile fabrication properties [16].  
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1.1.3 Applications of Conducting Polymers 
 
 

Conducting polymers are organic semiconductors (and can be organic conductors) 

in a wide variety of optical, electronic, optoelectronic, and sensor applications. Many 

successful commercial applications of these polymers have been available for more than 

fifteen years in the area of electrolytic capacitors, ‘coin’ batteries, magnetic storage 

media, electrostatic loudspeakers and anti-static bags. The first product of conducting 

organic materials was commercialized in 1983, which were electrolytic capacitors. 

These capacitors are not only reliable but also long-lived, since the electrolyte is a solid 

and cannot dry out. Possible applications of them can be found in high technologies of 

video cameras, automobile power supplies, FM car stereos, telephone exchanges, digital 

controllers for air conditioners and washing machines, displays for computers and TV 

power circuits. In pursue of these electrolytic capacitors, capacitors based on PPy from 

Panasonic, antistatic protective films and bags of PTh, under the trade name of 

Hostaphan, by Hoechst AG and PPy based batteries by Varta Batterie/BASF have 

recently been developed [17].  

In today’s developments, it is all aimed to put conducting polymers into use as 

thin televisions and sensors like chemical-weapons detectors, cell phone displays, 

computer monitors. One of the latest applications of these materials has been 

demonstrated in the medical field of nerve regeneration [18]. Certainly, conductive 

polymers are present in most mammal tissues where electrical conduction or 

transduction from light or sound are necessary, including the skin, eye, inner ear and 

brain.  

Other present and potential commercial applications of conducting polymers can 

be categorized on a large scale in many groups according to their utilization as: 

photovoltaics, non-linear optics, microlithography, EMI shielding, anti-static fabrics, 

corrosion prevention in metals, rechargeable batteries, gas separation membranes, 

corrosion inhibitors, compact capacitors, electromagnetic shielding for computers, smart 

windows, transistors, organic light emitting diodes (OLEDs), lasers used in flat 

televisions and solar cells, etc. 

 

7 



 

 
 
 

1.1.3.1 Conducting Polymers for Supercapacitor Applications 
 
 

Supercapacitors (also called electrochemical capacitors, electric double layer 

capacitors, or ultracapacitors) are electrochemical devices. They are all capable of very 

fast charges and discharges, able to store and deliver high power electricity for 

numerous repeated cycles without any appreciable decay of performances. When a 

supercapacitor is charged, there is no chemical reaction. Instead, the energy is stored as 

a charge or concentration of electrons on the surface of a material. Apparently, an 

electrochemical capacitor works on a principle that when an electrode material with 

large specific surface area is combined with a material that can be reversibly oxidized or 

reduced over a wide potential range.  

They all can incorporate conductive polymer electrodes, which store electrical 

charge faradaically in a three dimensional system. Therefore, it is important to design 

useful electrode materials for supercapacitor applications by controlling the shape, size 

and morphology of materials on the nanometer length scale [19]. This control can be 

achieved using templates of the appropriate size scale and topology [20]. There are three 

types of electrode materials suitable for the supercapacitors: high surface area activated 

carbons, metal oxides and conducting polymers.  

Compared to the secondary batteries, supercapacitors have many advantages; for 

instance long cycle life (> 100 000 cycles), simple principle and mode of construction, 

short charging time, safety and high power density [21]. Being related to its use for 

many purposes, the characteristics of electrode materials for supercapacitors include 

high cyclability, long-term stability, high surface area, low impedance and resistance to 

electrochemical oxidation/reduction [22].  

Commercialized common applications of supercapacitors include starting with 

diesel trucks, railroad locomotives, actuators and in electric/hybrid-electric and fuel-cell 

powered vehicles, mobile phones, digital cameras, laptops and radio tuners, UPS, 

memory protection, automotive subsystems and military systems, etc.  

In the past few years, many works have been devoted to materials for 

electrochemical supercapacitors. Recently, a variety of methods have been reported for 

producing composites of redox pseudocapacitive materials (PPy, PAN, PPV) and 
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ruthenium oxide) and double-layer capacitive materials (activated carbon black, carbon 

aerogels and carbon nanotubes) [23]. PPy electrodes containing polysulfonated aromatic 

anions are also investigated [24] or, alternatively, PPys were activated for use in 

electrochemical supercapacitors [25]. Especially, newer designs allow higher capacities 

in a smaller size. Because of their small size, nanostructures provide a huge surface area 

on which to store and release energy. 

 
 
 

1.2 Conducting Polymers of Interest 
 

 
 

Since the late 1970s, after H. Shirakawa, A. McDiarmid, A. J. Heeger et. al made 

the first discovery with PA for the field of conducting polymers, combining known 

advantageous properties of these polymers with high electrical conductivity initiated a 

revolution in technology [1].  

In comparison of this positively charged PA with doped PPy or PTh, the origin of 

the higher stability on the latter polymers is dependent on the stabilizing effect on the 

positive charges by nitrogen or sulfur. Consequently, incorporating more substituents by 

reducing steric effects on unsaturated polymer backbone could result more stable 

polymers [26]. Among this substituted or unsubstituted field of conducting polymers, 

this thesis mainly focuses on the synthesis of PPys and PThs together with their 

performance as nanostructures for their effective use in supercapacitor applications 

(Scheme 1.5).   

On a weight basis, for PPys and PThs, there exist a positive charge on every third 

or fourth pyrrole or thiophene unit along the polymer chain for their optical 

conductivities. In the light of this knowledge, these materials can be prepared either by 

chemical oxidation or they can be deposited electrochemically.  
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Scheme 1.5 Chemical structures of PPy (1), P(NMPy) (2), PTh (3), PEDOT (4) 

 
 
 
1.2.1 Polypyrrole (PPy)  
 
 

PPy (1) is a promising conducting polymer for use in various fields because of its 

good intrinsic properties. The nitrogen on a five-membered heterocyclic ring yields in a 

molecule with a completely different behaviour when compared with PThs and a great 

tendency to oxidative polymerization. PPy can be synthesized by chemical reactions 

including various oxidizing agents, such as nitrous acid, potassium or ammonium 

persulfate, ferric chloride, etc. that presents high electrical conductivities, good redox 

properties and high environmental stability [27]. For highly conductive PPy films, at the 

maximum oxidation level, the anion content ranges between 25% and 30% by weight, 

corresponding to an oxidation level of 25%-35%, which is low dependent on the nature 

of the anion. Other than its important properties, PPys have some advantages, such as; 

easy and controlled processing by electrochemical polymerization [28,29], 

biocompatibility [30], ease of synthesis [31], stability in air at the oxidized form [32], 

ability to give high electrical conductivities [33,34], useful electrical and optical 

properties [35], while the difficulty to dissolve them in any solvent because of their 

delocalized π-electronic structures may be one of its disadvantages. However, in near 

future, this difficulty has been eradicated by oxidative polymerization of pyrrole in the 

presence of anionic polymers [36].  

The concept of PPy having high electrical conductivities [37,38] and spectacular 

film morphologies [39] as heterocyclic conjugated polymers has raised both commercial 

and technological applications [40]. Hence, PPy has been extensively studied for many 
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applications, such as; bio- [41,42] and gas- [43,44] sensors, wires [45,46], 

microactuators [47], coating layers [48], conductive textiles [49], solid-state devices 

[50], electrochromic windows and displays [51], polymeric batteries [52], electronic 

devices [53], functional membranes [54,40,55], drug and biomolecule releases [56], 

corrosion protections [57] and conductive adhesives [58].  

Comparing to the other electroactive polymers, PPy has been alluded the 

researchers for proficient methods of engineering to accomplish high-quality conducting 

polymers due to the nature of wide application ranges, ease of synthesis and 

environmental stability in the oxidized state. In these studies, one of the most widely 

used method for PPy synthesis is the treatment of pyrrole monomer with oxidizing 

agents in the presence of charge-compensating dopant anions in various organic 

solvents or in aqueous media [37,59,60]. Obviously, the presence of an anionic 

surfactant in the reaction media is likely to improve electrical, mechanical, thermo-

oxidative and hydrolytic stability due to the interaction of hydrophobic component [61]. 

Template-guided polymerization is another technique to produce PPy nanofibers. 

Zeolites [62], alumina [63] or particle track-etched membranes [64] were used in this 

technique.  

 
 
 

1.2.2 N-Substituted Poly(pyrrole) (P(NMPy)) 
 
 

The use of specific substituents opened up new possibilities for several 

applications of these conducting polymers. In pyrroles, there are two positions, which 

can be substituted in order to obtain conducting polymers: the 3 position and the N 

position (e.g., P(NMPy) (2)). In general, N-substitution in PPy lowers the conductivity 

of the material as a result of sterically twisting adjacent rings out of planarity. The 

quality of the film decreases when a butyl or larger alkyl groups attached from the 

nitrogen position to the structure. Therefore, these steric effects are essential both in the 

coupling step of polymerization process and in the degree of coplanarity of the aromatic 

rings along the polymer chain, which will influence the conductivity of materials.  
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1.2.3 Poly(thiophene) (PTh) 
 
 

PThs (3) are one of the most important class of conducting polymers due to their 

high environmental stability in both doped and undoped states, electrical and non-linear 

optical properties and highly reversible redox switching. Within the family of 

conducting polymers, thiophene itself has a rich flexibility that allows the incorporation 

of various side chain functionalities. 

In another sense, regioregular PThs have wide range of potential applications, 

such as dissipating static electrical charges that build up on coated floors or use in 

disposable devices called radio frequency identification tags. In parallel with these 

efforts toward functionality of PThs, the superior conducting performance of 

regioregular PThs is captured in their structures. Simply, each polymer unit is composed 

of a chemical ring (thiophene) with a chemical branch on one side, where units are 

attached head to tail, so that all of the branches line up in one direction.  

 
 
 
1.2.4 Poly(3,4-ethylenedioxythiophene) (PEDOT) 
 
 

Several attempts have been made to synthesize PEDOT (4) and its derivatives due 

to the high stability of the oxidized conducting form (doped state), high environmental 

stability, low band gap, high conductivity, redox switching ability, excellent 

transparency, facility in both chemical and electrochemical syntheses [65]. 

Polymerization occurs through the open 2- and 5-positions with the effect of electron 

donor dioxyethane bridge across the 3, 4-positions raising HOMO and yielding a linear 

polymer. In comparison with other conductive polymers, PEDOT itself with its 

outstanding air stability is more valuable and applicable than other PTh derivatives. 

In developing PEDOT as a depictive and promising class of conducting polymers, 

by researchers at BAYER AG, use of some environmentally and thermally stable 

materials speeded up in recent three decades [66]. Due to PEDOT’s high electrical 

conductivity, and low band gap properties, its applications have gained an increase in 

industry, such as; sensors, electrical conductors, electrodes, solar cells, nano-electronic 
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devices, electrochromic displays, conductive textiles, storage batteries, light emitting 

diodes (LEDs) and etc. Apart from PEDOT synthesis, recent development of its another 

form PEDOT-PSS, which is a result of complexation of PEDOT with polystyrene 

sulfonic acid (PSS), has been used for various applications like preparation of a gold-

patterned ion track-etched membrane [67]. PEDOT nanorods can also be synthesized by 

cylindirical micelle-mediated interfacial polymerization technique for sensor 

applications [68]. Preferably, with the help of cleverly applied soft lithography 

technique, PEDOT nanorods and nanodots could be obtained by patterning PEDOT or 

by micromolding in cappilaries (MIMIC) [69].  

Meanwhile, not only its ease of polymerization but also its applications to create 

new materials accelerated studies with PEDOT using new chemical and electrochemical 

synthetic methods. Solid-state polymerization of PEDOT is one facile chemical 

synthetic method in well-ordered crystalline state [70]. Moreover, one another urgent 

electrochemical synthetic technique is the growth of PEDOT in porous tetraethyl 

orthosilicate/methyltriethoxysilane (TEOS/MTES) sol-gel films used as templates [71] 

or copolymerization of PEDOT and pyrrole electrochemically through the pores of 

alumina membrane filter to synthesize nanofibrils [72].  

Nanofibers of PEDOT in PC membranes [73], nanotubes of PEDOT in alumina 

membrane [74], PEDOT-dodecylbenzenesulfonic acid (DBSA) nanotubes and PEDOT-

DBSA nanowires [75], PEDOT tubes and wires [76] are a few template-synthesized 

designs. Another fabrication way of PEDOT by template design can also be 

materialized inside the pores of a track-etch membrane in the presence of poly(N-

methyl-4-pyridine) (PMVP) as a component for amperometric biosensors [77].  

 
 
 

1.3 Polymerization Methods 
 
 

 
Conjugated polymers, most likely PPy, PTh, PAN, PEDOT and PPV have been 

synthesized in free-standing films or in bulky powder forms, through either 

electrochemical or chemical polymerization methods [78].  
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1.3.1 Electropolymerization 
 
 

Electropolymerization is an alternative way to synthesize new polymers avoiding 

polymer isolation and purification. Using electropolymerization, a monomer can be self-

coupled with the help of irreversible oxidation (anodic polymerization) or reduction 

(cathodic polymerization) as a result of exchange of ions with the surrounding solution. 

In this process, anions necessary for charge compensation, doping and help for their 

incorporation into the backbone of polymers are provided with an electrolyte in the 

conductive state [79]. The most important aspect of these conjugated polymers from an 

electrochemical perspective is their ability to act as electronic conductors as a 

consequence of reversible redox processes that allow repetitions in switching between 

their neutral and charged states.  

 
 
 
1.3.2 Chemical polymerization: Conductive Nanofiber Synthesis 
 
 

Keeping in mind that for some applications, it is necessary to fabricate conducting 

polymers at nano-dimensional level. In this purpose, each of aforementioned conducting 

polymers ((1), (2), (3) and (4)) may also be produced by chemical oxidation techniques. 

It is the aim of this thesis to show how these selected conductive polymers can be 

envisaged as nanostructures in nano-scales using both template or non-template 

(interfacial oxidative polymerization) routes through chemical polymerization methods. 

The polymerization involves formation of lower molecular weight oligomers that are 

further oxidized to form a polymer that eventually precipitates at interfaces of two 

different media or through the walls of membranes. 

 
 
 

1.3.2.1 Interfacial Oxidative Polymerization  
 
 

Interfacial polymerization method involves a one step chemical polymerization of 

reactive monomers or dopant anions, which can therefore be regarded as a non-template 

approach resulting aggregates [80]. These aggregates can act as nucleation sites for 

14 



 

polymerization resulting in powders with fibrillar morphology. Besides, the reaction 

takes place at interface of the two immiscible liquid phases. Hence, organic solvents, 

such as benzene, chloroform and toluene are commonly used as the organic phase in 

interfacial polymerization method.  

In this manner, this technique is preferably applied to many fields, ranging from 

micro-encapsulation of pharmaceutical products to prepare conducting polymers. In an 

attempt to this approach, conducting polymer nanofibers and nanotubes with diameters 

in the range of 80-650 nm have been obtained [81].  

The interfacial synthesis technique has the following advantages: (1) Both the 

synthesis and purification are very simple, (2) the diameter of conductive fibers are at 

nanoscales, which might be an advantage for applications.  

Recently, some major perspectives have given a chance to structure PPy thin films 

made of nanofibers via interfacial polymerization. Lu et al. obtained 3-4 µm PPy films 

by chemical oxidation of pyrrole at interface of chloroform and water using ammonium 

persulfate as oxidizing agent [82]. Lately, Zhang et al. has approached to well-designed 

PPy nanofibers by seeding route [83]. In another study, large organic dopant anions 

such as naphthalenesulfonic acid have contributed to PPy to proceed in a fibrillar and 

tubular morphology [84]. Having these related works in hand, in this study, the success 

in the synthesis of PPy nano-networks in the presence of an anionic surfactant, sodium 

dodecyl sulfate, was demonstrated. 

 
 
 
1.3.2.2 Template Synthesis 
 
 

Template synthesis is an elegant approach for fabricating nanostructures with 

desired size and shapes. This method involves synthesis of a material within the pores 

of a nanoporous membrane [85]. The outside diameter of nanostructures is determined 

by the diameter of the pores in the template and the length of nanostructures by the 

thickness of the template. In taking the dimensions of these nanostructures into account, 

it is difficult to control the wall thickness [86]. From the point of structural behavior, 

depending on the membrane and synthetic method used, the shapes of cylindrical 

nanostructures can be varied [87]. Basically, these nano-template methods involve 

restricted growth within a porous host structure and thus rely on the shape of the pores 
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to determine the final morphology of the material. Template synthesis method can be 

summarized by an imaginary example (Scheme 1.6). Linear pores (white rectangulars) 

of a membrane (in greys) can be filled gradually, illustrated as black rectangulars after 

the polymerization starts (Scheme 6A and 6B). As the time increases, polymer was 

completely deposited through the pores of membrane (Scheme 6B).  

 

 

 

 

 

 

 

 

   

 

 

                           A                                        B                                          C 

Scheme 1.6 Flowchart of the fabrication process for the assembly of fibrillar conducting 

polymers with the use of controlled pore size of templates. (A) membrane with linear 

pores, (B) polymer growth initiates and continues, (C) dissolution of polymer away by 

removal of template [88] 

Among various routes to achieve 1D growth, such as; confined liquid droplet, 

direction through a template, use of kinetically controlled capping agents, self-

assembly, size reduction and crystallographic dictation techniques [89]; template 

synthesis method, was used for 1D alignment of conducting PPy and PTh derivatives as 

nanostructures. Channels in porous membranes were first pioneered by C. R. Martin 

[90], which afford a class of templates for use in the synthesis of 1D nanostructures. 

Resulting lower dimensional conducting polymer structures have been developed by 

introducing ‘‘structural directors’’ during their synthesis, including ‘‘hard templates’’ 

such as an anodized alumina membrane, a track-etched polymer porous membrane and 

a zeolite channel by Martin et al. [91], while ‘‘soft templates’’, such as surfactants and 

organic dopants, have also been explored by several others [92].  
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It is generally accepted that template-directed synthesis provides a simple, high- 

throughput and cost-effective procedure. Recent use of this technique is the preparation 

of hollow or filled nanocylinders composed of metals, semiconductors and other 

materials [93]. 

Alignment of conducting polymers on interior walls of the pores inside templates 

is possible as a result of polymerization process of monomers (e.g., pyrroles, 

thiophenes). In relation, the conducting polymer is formed at interface between the two 

solutions, precipitating on the inner surface of the pores inside the membrane with the 

diffusion through the pores of the membrane [94]. Attributively, combination of 

electrostatic interactions between the positively charged polymer that is generated and 

the anionic sites on the pore walls of the membrane is responsible for a completion in 

alignment [95].  

In literature, both chemical and electrochemical synthetic methods have been 

applied to the preparation of various template-synthesized polymers. However, most of 

these studies dealt with template synthesis including electrochemical processes. Gold 

nano-particled membranes have been successfully applied to the synthesis of 1D 

conducting polymer assemblies of PPy and P(NMPy) nano-particles prepared in 

alumina (Al2O3) or PC membrane [96]. It is worth noting that PPy nanostructures in 

alumina membrane pores [97], PPy nano-cylinders within the pores of PC [98] and 

fibrillar PPys in host membranes [99] could easily be fabricated.  

While there are numerous reports on template-synthesized PPys, the reports on 

template-grown studies for conducting polymer nano-structured materials made of PTh 

derivatives overweigh in recent years. Poly(3-methylthiophene) P(3-MTh) nanocones in 

the pores of alumina membranes on carbon cloth [100], polyheterocyclic fibrils of both 

PPy and P(3-MTh) [101] are a few examples for template-synthesized PThs.  

Herein, one of the prime objective was unidirectional alignment of PPy (1), 

P(NMPy) (2), PTh (3) and PEDOT (4) to fulfill novel designs of nano-shaped 

structures from a different chemical perspective. Without any doubt, building their 

nanostructures of life was possible with an oxidative chemical approach in 1D well-

ordered architecture using an easy but powerful synthetic tool: template synthesis. 

These 1D nanostructures can easily be modified according to pore size of templates in 

one-step process. Consequently, their morphologies intrinsically change as tubes, arrays 

or fibers. Therefore, phase purity problem was overcome as one-phase medium was 
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used. The chemical composition remained the same for each reaction medium, yielding 

an efficient functionality for all these nanostructures. 

 
 
 

1.3.2.2.1 Membrane Types: Tools for Template Synthesis 
 
 

To date, most of the work on membrane synthesis followed by track-etching and 

electrochemical techniques other than commercial productions. Two types of porous 

membranes are commonly used in such synthesis: polymer films containing track-

etched channels and alumina films containing anodically etched pores. Commercially, 

both of them can be obtained from a number of venders that include companies like 

Nuclepore, Poretics and Whatman.  

For track-etching, damaged spots in the surface of a polymer film (6-20 µm thick) 

are formed as a result of irradiation with heavy ions. Then, uniform and cylindrical 

pores are generated through chemical etching with amplification of spots by penetrating 

the membrane film [102]. Randomly scattered pore fabrication across the membrane 

surface is possible using this method and the pore orientation may also be tilted by as 

much as 34° with respect to the surface normal.  

Anodization of aluminum foils in an acidic medium is one of the techniques to 

prepare porous alumina membranes [103], which contain a hexagonally packed 2D 

array of cylindrical pores with a relatively uniform size. When compared with these 

polymer membranes fabricated by track-etching, the pores in alumina membranes have 

little or no tilting with respect to the surface normal and the pore density is also much 

higher. In controlling the potential used, the diameter of the pores in these membranes 

can be varied during electrochemical preparation [50].   

Polycarbonate (PC) filtration membranes can be prepared via track-etch method 

[104], and micro porous alumina (Al2O3) by electrochemical process from aluminum 

foil [105] as template materials. A few examples to nano-structured material 

achievement as templates are zeolite synthesis [106,107], layer-by-layer inorganic 

assembly [108,109], incorporation of a single fullerene nanotube within a synthetic 

membrane [110,111] and the preparation of gold nano-tubule membranes via electroless 

deposition of gold onto the pore walls of PC filter [112,113].  
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1.3.2.2.2 Mechanistic Pathways in Template Synthesis 
 
 

In addition to electrostatic interactions, a mechanism was proposed for the 

formation of Cho et al.’s PEDOT nanotube synthesis as an overall contribution, which 

is useful to generalize the mechanistic reality in template polymerizations [16]. As a 

result of their study, spectroscopic investigations indicated that nanotube growth starts 

up from the bottom along the pore walls due to the interactions between the polymer 

and pore walls. Therefore, the wall thickness gets thicker (at the lower part of the pore) 

with respect to the growth axis of the nanotube. As well, there occurs a consumption of 

monomers in the pores so that diffusional flux of monomers along the pores causes an 

inclination in monomer concentration. Then, further polymerization results a thicker 

lower part of the pore than its upper side.  

There is another attribution to understand the pathway inside the pores by Martin 

et al., which was the first on template synthesis method [52]. In their exploration; 

depending on the polymerization time, the thickness of the layers inside the pores 

differs. As a result, alignment of the polymer chains in the outer layer covering the 

surface of the pores preferentially happens parallel to the axis of the pores. Indeed, the 

inner layer of the conducting polymer is formed more disorderly due to the lackness in 

the interaction with the negatively charged membrane.  

 
 
 

1.4 The Route from Conducting Polymers to Nanoscience 
 
 
 

Polymers formed in a “potential field” can have enhanced conductivity in a 

specific direction. Therefore, they can be “lined up” in a given orientation by orienting 

the monomers through template materials. One route to nanoscience is the nanoscale 

orientation of the conjugated polymers for the development of next-generation electrode 

materials for supercapacitor applications. In this respect, unidirectional alignment of 

conjugated polymers through the pores of membranes as templates is a futuristic 

approach for the synthesis of nano-structured conjugated polymers.  
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1.4.1 Overview of Nanostructures: Miniaturization 
 
 

Nanostructures can be defined as structures having at least one dimension between 

1 and 100 nm. As a result of their peculiar and fascinating properties and applications 

superior to their bulk counterpart, they all receive growing interests in recent times [50]. 

Therefore, there is an increasing trend for miniaturization in favor of the design of 

devices with critical dimensions.  

A few of chemical routes to nano-structured materials and thin films are zeolite 

synthesis [114], porous membrane template synthesis [115], layer-by-layer inorganic 

[116], colloidal particle [117], polymer polyelectrolyte assembly [118] and advanced 

nano-lithographic techniques [46], such as; electron beam or focused-ion-beam writing 

[47], proximal probe patterning [54] and X-ray or extreme-UV lithography [55]. 

Although so many techniques have been developed into practical routes to large 

quantities of diversified 1D nano-structured materials, rapidly and at reasonably, low 

costs, still requires great ingenuity [50].  

 
 
 

1.4.1.1 One Dimensional (1D) Nanostructures 
 
 

Thanks to the efforts in many research groups that there is a considerable interest 

for 1D nanostructures (e.g., wires, rods, belts and tubes) composed of conducting 

polymers [119]. They all gain so much attention for fabrication of nano-scaled devices 

because of their one-dimensional intrinsic properties and their potential for commercial 

applications [120], their unique electronic and optical properties, such as; their high 

surface-to-volume ratio and enhanced current carrying ability, which are a result of their 

low dimensionality [70]. Especially, conducting polymer nanostructures including 

nanorods, nanofibers and nanotubes have a high surface area as compared to their 

conventional bulk counterparts [121].  

Exploration of 2D (quantum wells) and 0D (quantum dots) nanostructures in the 

past two decades is the force that drives the production of 1D nano-processed materials 

for many chemists and material scientists. Beginning with the design of buckyballs, 

graphite-like 1D nanostructures, enhancement went on with the invention of 1D 
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buckytubes (carbon nanotubes). When compared with quantum dots and wells, the 

innovation of 1D nanostructures has been slow until very recently due to the difficulties 

in the synthesis and fabrication of these nanostructures with well-controlled dimensions, 

morphology, phase purity and chemical composition [50].  

 
 
 

1.4.2 Applications of Nanostructures 
 
 

So far, several conducting polymeric nanostructures could successfully be 

obtained through both template-based with different types of membranes or non-

template routes other than interfacial polymerization method. Researchers have 

developed innovative approaches by bringing about materials with the control of 

structure at the nano-dimension so that terms of nanopatterns, nanodomains, nanowires, 

nanocomposites, nanojunctions have been generated and mostly encountered in time. 

Nanoscale patterning of PPy dot structures was produced in a diameter range of 80 to 

180 nm in self-organized arrays via block copolymer surface-micelle templated 

approach [122]. Conducting polymers in nanodomains were established in high-range 

order using opal templates [123]. Jerome et al. were created PPy nanowires 

electrochemically using polyacrylate film predeposited on a carbon electrode [124]. 

Chiral PAN nanocomposites were studied by McCarthy et al. via a template-guided 

synthesis [125]. PPy-iron oxide nanocomposites were prepared for application as a 

humidity and a gas sensor [126]. A nanojunction was formed by He and co-workers 

with a technique wherein PAN was deposited between two nanoelectrodes [127]. In 

1999, chemical and electrochemical synthesis of PPy nanotubules were obtained with 

diameters of 15 nm [128]. Dramatic improvements were made in specific capacitance of 

PTh tubules in nanotube formations [129]. A different model was also described by 

Kaiser, in which the bulk properties of conducting polymers arose from crystalline 

nanodomains in a sea of amorphous material [130].  

Potentially, the benefits of these highly ordered nanostructures together with a 

nano-dimensional control yield novel fabrication of electronic, optoelectronic, 

electrochemical and electromechanical devices at nano-scaled dimensions in all areas of 

nanotechnology. 
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In conclusion, in this study, it was aimed to fabricate conducting, nano-structured, 

highly-surfaced, electroactive materials for the use of them as electrode materials in 

supercapacitors. Two chemical synthetic methods, interfacial oxidative polymerization 

and template synthesis techniques, were used to obtain nano-structured materials of 

PPy, P(NMPy), PTh and PEDOT. The use of a soft template like a surfactant in 

interfacial oxidative method developed PPy nano-network structures at interface 

including nanofibers with beads crosslinking to each other, while the use of a hard 

template like a membrane produced nanotubule structures of both polypyrrole and 

polythiophene derivatives along the pore walls of the membrane.  
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2. EXPERIMENTAL 
 
 
 

2.1 Materials 
 
 
 

All chemicals were purchased as highly pure as possible: pyrrole, N-methyl 

pyrrole, thiophene, chloroform, methanol, lithium perchlorate (Aldrich Chemical Co.), 

sodium dodecyl sulfate (Sigma Chemical Co., 99 %), aluminum oxide (Acros, neutral, 

50-200 µ), ferric chloride, acetonitrile, hydrofluoric acid (Merck Chemical Co.), (3,4-

ethylenedioxythiophene) (EDOT, Bayer A.Ş.), ammonia solution (Riedel-de Haёn, 26 

%), alumina membrane filter (Whatman Anodics, pore size: 200 nm, 100 nm, 20 nm, 

pore diameter: 25 mm), polycarbonate membrane filter (Millipore, pore size: ca 220 

nm). 

 
 
 

2.2 Polymer Synthesis 
 

 
 
2.2.1 Oxidative Interfacial Polymerization (A) 
 
 

An interfacial polymerization reaction was performed in a glass bottle including 

two phases: pyrrole in chloroform phase and oxidant with surfactant in aqua [131]. A 

certain amount of pyrrole (0.6 M) was dissolved in the organic phase (3 ml) (Figure 

2.1A). Here, the chloroform subphase was chosen as an organic phase to force the 

polymer formation at interface due to its complete immiscibility and higher density than 

that of water phase. Ferric chloride (0.24 M) and sodium dodecyl sulfate (0.18 M) were 

dissolved in bidistilled water (18.2 Mohm, 3ml) (Figure 2.1B).  
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Pyrrole,CHCl3                                                                                                                     
FeCl3,water 

 
    
   
 

             A                                             B 

Figure 2.1 Preparation of reaction environment: (A) an organic phase including pyrrole 

and chloroform and (B) an aqueous phase with iron (III) chloride in water 

In progress, in a 10 ml reaction bottle, two separately prepared phases (Figure 2.1) 

were combined and no disturbance was allowed after mixing (Figure 2.2A). In a few 

minutes, a thin polymer film started to form at interface. Polymerization was followed 

at room temperature for 3h (Figure 2.2A-2.2F). 2A was observed that polymerization 

was initiated at interface of them and formed polymers were carried up by the surfactant 

present in the water phase (Figure 2.2B-2.2F).  

 

                       

           A                       B                     C                     D                      E                     F       

Figure 2.2 Reaction vessels including surfactant inside the organic phase with respect to 

polymerization time scales: 0 minute (A), 10 minutes (B), 30 minutes (C), 1 hour (D), 2 

hours (E), 3 hours (F). 

After 3 hours of polymerization, the subphase was removed and polymers were 

washed with 20 ml of methanol (3 times) to remove excess oxidant and 20 ml of a 30% 

of ammonia solution (3 times) to neutralize the polymer. Thereafter, the neutral polymer 
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was centrifuged and dried under vacuum overnight. In further studies, optimum reaction 

parameters were defined by variations in the mole ratios of monomer, oxidant and 

surfactant.  

 
 
 

2.2.2 Template Polymerization (B) 
 
 

Both PPy and P(NMPy) nano-arrays have been successfully synthesized by using 

Millipore PC membrane filters (diameter: 25 mm) (Figure 2.3) with an average pore 

size of ca 220 nm in aqueous medium.  

 

 

 
 

 

 

 

 

 

Figure 2.3 SEM picture of a PC membrane of Millipore Corporation with a pore size of 

ca 220 nm 

First, PC membrane was sandwiched between two O-rings of a U-shaped glass 

tube composed of two compartments. One arm of the U-tube had a set-up for holding 

PC membrane with a clips (Figure 2.4). Monomer and oxidant solutions were separated 

with this membrane in which they diffuse through each other by the way of the pores 

that the polycarbonate membrane has.  

Next, the reaction medium was prepared by dissolving iron (III) chloride (0.25 M) 

in aqua and then added from one arm of the U-shaped glass tube at room temperature 

(Figure 2.4B). Aqueous pyrrole (0.05 M) or N-methylpyrrole (0.05 M) solutions were 

also poured from another arm of the tube (Figure 2.4A). It is worth noting that both 

were purified by eluding in a column filled with aluminum oxide and the solutions must 

be shaked well before pouring into the U-tube. As soon as both monomer and oxidant 
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solutions contact with each other, the reaction immediately starts by diffusing through 

the pores of PC membrane filter. After successive polymerization time (3h), PC  

Figure 2.4 Reaction vessel (U-tube) for template synthesis method with two 

compartments: (A) monomer solution unit, (B) oxidant solution unit 

membrane filter including PPy or P(NMPy) nanotubules was taken out by removing two 

separate parts of the U-tube. In the following step, membrane with its contents was 

washed with methanol and bidistilled water three times, respectively. After washing 

step, it was kept under vacuum overnight for drying to prevent any deterioration in 

tubule structures. Then, chloroform was used to dissolve PC membrane filter so that 

remaining solid powders were all elongated as PPy nanotubules coming out of PC 

membrane filter pores.  

Above steps were also repeated by using the same experimental set-up in Figure 

2.4 in the same order to obtain template synthesis of PTh or PEDOT nanotubules in 1D 

as well. However, due to high hydrophobicity of these thiophene derivatives, prepared 

aqueous reaction medium was irresponsive to the synthesis of these nanostructures by 

using the same type of PC membrane filter. The best solvent system, which increases 

the rate of oxidation and oxidizes thiophene or 3,4-ethylenedioxythiophene 

immediately, was found as 0.05 M LiClO4 in acetonitrile (MeCN).  It is also important 

to mention that PC membrane filter does not work in this solvent system because MeCN 

(A) 0.05 M Pyrrole 
  

 (B) 0.25 M FeCl3 

26 



 

was incompatible with PC membrane filter as the pores become slightly occludent. So 

that, there was no logic to use PC membrane filter due to the pore blocking behaviour of 

MeCN. The best membrane filter type for this new system suitable to use in MeCN 

medium was Whatman Anodisc alumina membrane filters (diameter: 25 mm) (Figure 

2.5) with an average pore size of ca 200 nm, 100 nm or 20 nm.  

 
 

 

 

 

 

 

 

 

Figure 2.5 SEM image of a commercial anodic alumina membrane of Whatman  

Corporation with a pore size of 200 nm 

Dissolving iron (III) chloride (0.25 M) in 0.1 M LiClO4/MeCN, this prepared 

solution was quickly transferred into one arm of the U-tube (Figure 2.4B) by also 

adding thiophene (0.5 M) or EDOT (0.1 M) in 0.1 M LiClO4/MeCN from other side of 

the U-tube (Figure 2.4A). For the reaction medium of PEDOT, solution of 0.05 M 

LiClO4/MeCN also worked effectively, while decrease in dopant ion concentration 

prevented nanotubule formation of PTh. All reactions were performed at room 

temperature in contact of both monomer and oxidant solutions with alumina membrane 

filter in the same closed system.  

After the polymerization completes itself in 3h, alumina membrane filter with PTh 

nanotubules grown in its pores was removed and washed with methanol and bidistilled 

water three times. One quick method to dissolve alumina membrane filter was washing 

template material with a 20% (v/v) aqueous solution of hydrofluoric acid (HF) until the 

whole membrane filter was removed. Then, freely separated particulates of PTh 

nanostructures should be rewashed several times with bidistilled water until the effect of 

all aqueous HF solution residue was taken away from the medium. For PTh, the whole 

formation completed itself yielding nanotubules in 1D in 3h, while for PEDOT, the 

effective reaction time was at least 24 h. One should note that as the reaction time was 
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so long for whole polymerization of PEDOT, alumina membrane filter was sandwiched 

between two arms of glass U-tube by stacking two black-lined filter papers to prevent 

the piles of PEDOT nanostructures on its two sides. Alumina membrane filter should be 

removed carefully and slowly without giving any disturbance over it as PEDOT bugle-

like structures are so delicate to be distorted. Followingly, membrane including 

polymers was washed with methanol and bidistilled water three times, respectively. In 

this case, vacuum overnight is necessary to dry all PEDOT nanostructures and to 

decrease the possibility of distortion in the structures as well. However, it was not 

necessary to apply vacuum so long not more than 3 hours for PTh as the reaction time 

was less. After drying, the template was dissolved with a 20% of aqueous hydrofluoric 

acid (HF) solution.  

 
 
 

2.3 Characterization Methods 
 
 
 

2.3.1 Electropolymerization  
 
 

A platinum button electrode (diameter: 1.6 mm; area 0.02 cm2) or ITO-coated 

glass slides were performed as working electrodes. In completion of this electrode set-

up, a platinum flag or wire were chosen as a counter electrode, and a silver wire or 0.01 

M Ag/AgNO3 (Ag/Ag+) as reference. The electrodeposition was performed from a 0.01 

M solution of the monomer in the electrolyte potentiostatically at 50 mV above the 

oxidation potential of monomer by using an Epsilon EC Potentiostat/Galvanostat. For 

cyclic voltammetry applications, the same electrode set-up was used with monomer-free 

electrolyte solution. Here, the electrolyte used was 0.1 M of tetrabutylammonium 

hexafluorophosphate (Bu4NPF6) in water, acetonitrile (MeCN) or mixture of MeCN and 

water.  
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2.3.2 Spectroelectrochemistry  
 
 

A Shimadzu UV 3150 UV-visible-NIR spectrophotometer connected to a 

computer and an Epsilon EC Potentiostat/Galvanostat was run to collect 

spectroelectrochemical data. To record the outputs, a three-electrode cell assembly was 

used. The working electrode was an ITO-coated glass slide (7 x 50 x 0.6 mm, Rs ≤ 10 

Ω /�, Delta Technologies Inc.), and the counter electrode was a platinum wire and a Ag 

wire as a pseudo-reference electrode. Calibration of the pseudo-reference was 

performed externally using a 5 mM solution of ferrocene (Fc/Fc+) in the electrolyte 

(E1/2(Fc/Fc+)) = +0.130 V vs. Ag wire and +0.080 V vs. Ag/Ag+ in 0.1 M 

(Bu4NPF6/MeCN). The potentials were reported versus Ag/Ag+. Polymer films for 

spectroelectrochemistry were deposited potentiostatically on ITO-coated glass slides 

and then, those prepared films were characterized with the spectrophotometer. 

 
 
 
2.3.3 Surface Analysis 
 
  

Surface areas of samples were measured by ASAP 2000 Accelerated Surface Area 

and Porosimetry system manufactured by Micromeritics Co., USA. Before the analysis 

was performed, all the samples were vacuumed overnight.  

 
 
 

2.3.4 Electrical Conductivity Measurements 
 
 

The conductivity measurements were performed by using Agilent 34401A 6½ 

Digit Multimeter and interdigitated microelectrodes at room temperature.  
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2.3.5 Elemental Analysis  
 
 

A LECO, CHNS-932 instrument was used for the measurements of elemental 

analyses. Before analysis, all the samples prepared by interfacial oxidative method were 

synthesized in large amounts and vacuumed overnight.  

 
 
 

2.3.6 SEM Analyses 
 
 

Morphology of conducting polymer nanotubules was investigated via a high 

resolution Supra Gemini 35VP Field Emission Scanning Electron Microscope from 

Leo. Before analysis, all samples were coated with carbon by Emitech, T950x Turbo 

Evaporate. Imaging was generally operated at 2-5 keV accelerating voltage, using the 

secondary electron imaging technique. 

 
 
 

2.3.7 FTIR-ATR Analyses 
 
 

FTIR spectra of samples were measured with a Bruker EQUINOX 55 FTIR 

spectrometer. Samples were vacuumed overnight for drying before analyses. Spectra 

were obtained with 200 scans at a resolution 2 cm-1. 
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3. RESULTS AND DISCUSSION (A) 
 
 
 

3.1 Optimization of Mole Ratios 
 
 
 

To synthesize nano-structured materials made of conducting polymers by 

interfacial polymerization technique, optimizing reaction conditions is necessary [132]. 

An immiscible solvent system was used, in which monomer and oxidizing agent were 

dissolved in two different solvents, namely chloroform and water, respectively. One 

another reactant was the surfactant, sodium dodecyl (lauryl) sulfonate (DSA), which 

was the carrier of positively charged polymers. To achieve desired PPy nanostructures 

by using oxidative interfacial polymerization method, different mole fractions of 

monomer, oxidizing agent and surfactant were used to optimize experimental 

conditions.  

First, mole ratio of oxidizing agent to the monomer was optimized in an arbitrarily 

chosen mole ratio range by changing the ratio from 2 to 5 (Table 3.1, A-E).  

Table 3.1 Mole ratios of oxidant/monomer and surfactant/monomer as arbitrary trials in 

a range of 2 to 5 (A-E) 

 

Experimantal studies of different arbitrary trials proved that performance of these 

systems changed with respect to different mole ratios of both oxidant to monomer and 

surfactant to monomer as soon as two immiscible solvent systems contact with each 

other (Table 3.1, A-E). In this respect, the system performance also differed surprisingly 

according to its surfactant to monomer mole ratio change when the mole ratio of oxidant 

Arbitrary Trials noxidant/nmonomer nsurfactant/nmonomer 
     A                       3 1 
     B                       2 1.75 
     C                       4 1.75 
     D                       3 0.25 
     E                       5 1.75 
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to monomer was constant in the system. In comparison of the behaviour of these 

systems after mixing and in the end of 24 hours, it was observed that conditions for case 

C was the best way to study on to reach to desired optimal environment.  

Although PPys were successfully formed at interface or at the upper layer of 

polymerization solution in all mole ratios of oxidizing agent to the monomer, a 

complete polymerization of pyrrole was achieved when the ratio was 3 or above. 

Morphologies of these systems, characterized by SEM imaging, including different 

mole ratios of oxidant to monomer (Figure 3.1). In comparison of Figure 3.1A with 

Figure 3.1D, morphology of PPy structures varied when the mole ratio of surfactant to 

monomer was changed from 1 to 0.25 by keeping mole ratio of oxidant to monomer at 

3. As the amount of surfactant was decreased, fiber formation was impossible to be seen 

in the case of Figure 3.1D. 
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Figure 3.1 SEM images of each samples synthesized as above experimental conditions 

(A-E) 

 

SEM images of Figure 3.1 were excellent evidences for the effect of surfactant 

amount onto the system. These figures facilitated the route for the optimization of mole 

ratios of surfactant to monomer, by keeping mole ratios of oxidant to monomer 

constant. When the amount of surfactant was unchanged, it was possible to change 

morphology of PPy structures by playing with the mole ratios of oxidizing agent to 

monomer (Figure 3.1B, 3.1C, and 3.1D). Clearly, SEM image of 1C indicated that fiber 

formation could mostly be observed if the mole ratio of oxidant to monomer was kept at 

4:1. Although PPy fibers were not in fibrillar morphology in the case of 3.1C, it is 

noteworthy to state that they could be separated by changing the surfactant amount in 

the system. According to morphology characterization with SEM images (Figure 3.1), 

results of first trials illustrated that mole ratio of oxidant to monomer should be kept 

constant at 4:1 (Table 3.1C). 

In the next step, mole ratio of surfactant to monomer was optimized by changing it 

in a range from 1:1 to 10:1, while keeping the mole ratio of oxidant to monomer 

constant at 4:1 (Table 3.2, C1-C10).  
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Table 3.2 Mole ratios of surfactant/monomer in a range from 1 to 10, when mole ratios 

of oxidant/monomer were set at 4:1 (C1-C10) 

Trials                 noxidant/nmonomer nsurfactant/nmonomer 
 C1 1 
C2 2 
C3 3 
C4 4 
C5 5 
C6 6 
C7 7 
C8 8 
C9 9 

C10 

 
 
 
 
                       

4 

10 
 

C1 and C2 interpreted that surfactant to monomer mole ratio less than 3:1 was not 

enough to complete fiber formation (Figure 3.2). Mole ratios from 6:1 to 10:1 resulted 

nearly the same morphologies with a few fiber formation (Figure 3.2, C6-C10). 

Although there existed some fibers in a bulk structure in the case of ratio 6:1 and 7:1, 

mole ratios more than 5:1 yielded undesired PPy structures (Figure 3.2, C6 and C7). 

Since the amount of surfactant was too much to form fibers, it caused to stick PPy 

structures. If the mole ratio of surfactant to monomer was increased more than that of 

C7, fibers inside the bulk structures could not be differentiated (Figure 3.2, C8-C10). 

This case also confirmed that large amounts of surfactant hindered fiber formation.  
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Figure 3.2 SEM micrographs as a result of experimental conditions, which were applied 

according to Table 2, C1, C2, C5, C6, C7, C8, C9, C10, respectively. 
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The presence of surfactant helped formation of suspended PPy fibers in all ratios 

but, the best fibrillar nanostructures were obtained when surfactant to monomer mole 

ratio was kept between 3:1 and 5:1 (Figure 3.3, C3-C5) [133]. A comparison of the 

morphology of PPy fibers at different feed ratios of surfactant to monomer was given in 

Figure 3.3. As can be seen from Figure 3.3, PPy nanofibers were homogeneously 

aligned in three dimensions and crosslinked after some point forming nano-networks. A 

homogeneous network formation was clearly seen from the picture of C3, in which PPy 

was prepared by using the surfactant to monomer ratio as 3:1 (Figure 3.3). As the 

concentration of surfactant was increased to its ratio of 4 or 5, although same fibrillar 

structure was observed, a dilution of fibers, in other words an increase in the void 

spaces among fibers as well as in the fiber lengths was observed. 

 

  

 

 

Figure 3.3 SEM micrographs as a result of experimental conditions applied according to 

Table 2 in conditions of C3 to C5. 
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Upon focusing on PPy nanostructures from a detailed aspect, PPy nanofibers were 

lined with beads on it with a pearl necklace structure (Figure 3.4). Average size of fibers 

and beads was calculated with the help of SEM images as ca 150 and 300 nm, 

respectively. The lengths of fibers, usually in a range of 1-20 µm, and the void spaces 

among them could be controlled by changing polymerization conditions, such as 

concentrations of reactants and polymerization time.  

 

 

 

 

 

 

 

                              A         B 

Figure 3.4 (A) SEM micrograph of C3 and (B) that of its magnified portion indicating 

beads with pearl necklaces and void spaces among crosslinked PPy nanofibers 

 
 
 

3.2 Optimization of Polymerization Time 
 
 

Mole ratio optimizations were experimented for 24 hours till this step to be sure 

that polymerization time was also kept constant to understand the reaction behaviour. 

After the best optimum conditions from the point of concentrations were clarified, 

polymers were prepared with the same experimental conditions of C3 (Table 3.2, Figure 

3.3) in a different time scales from 10 minutes to 24 hours. Resultantly, effect of time 

on fiber formation was seemed unimportant from the aspect of morphology change 

(Figure 3.5, A-E). Then, characterization of each sample with SEM imaging, 

experimental results and elemental analyses showed that fiber formation completed 

itself in 3 hours. Since 3 hours was enough to synthesize these polymers in nano-

network formation, 24 hours was not applied any more. Results of morphological 
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studies about determination of polymerization time scale can be easily seen from Figure 

3.5. 

  

  

  

Figure 3.5 SEM micrographs investigating polymerization time in a time scales of 10 

minutes, 30 minutes, 1 hour, 2 hours, 15 hours and 24 hours, from A to F, respectively. 
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3.3 Composition of Polymer 
 
 
 

Keeping optimized conditions above in hand, it was also desirable to understand 

the effect of surfactant on system performance to obtain futuristic nanofibers of PPy 

from the point of composition of polymers. For this purpose, spectral, chemical and 

electrochemical methods were applied in both presence and absence of surfactant to 

clarify its importance for the system. 

 
 
 

3.3.1 Roles of Surfactant 
 
 

This different morphology may stem from the effect of dilution of polymerization 

solution by surfactant. The presence of DSA helps not only form such a nano-network 

structure formation with void spaces among fibers, but also carry resulting polymers up 

in the solution. This fact stemmed from strong electrostatic attractions between 

positively charged polymer backbone and negatively charged ends of surfactant, namely 

SO3- end groups (Scheme 3.1).  

 

 

                      

 

 

 

 

 

 

Scheme 3.1 Chart of electrostatic interactions between polymer backbone ( ) and 

surfactant tail ( ) 

Electrostatic interaction between 
polymer backbone and negatively 

charged ends of surfactant

surfactant carries polymer
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In the absence of DSA, positively charged polymer backbone could not be carried 

in the solution. The only thing that could be observed from the repetitions of 

experiments without surfactant was PPy film formations covering the walls of reaction 

bottle and a free-standing film at interface without any PPy nano-network structures. 

SEM analysis clearly demonstrates that there could exist two morphologically different 

structures in the absence of DSA (Figure 3.6). Figure 3.6A and 3.6B pointed out 

morphologies of PPy free standing films as flat layers. Thus, several repetitions of both 

experiments and morphology characterization works proved that these PPy free standing 

films were desired if no surfactant was used because impossibility of polymer carriage 

did not allow the separation of PPy structures in the shape of fibers.  

 

  

Figure 3.6 (A)-(B) SEM micrographs of PPy free standing films in the absence of 

surfactant as flat layers 

 

 
3.3.2 Investigation of Effect of DSA in Reaction Medium 
 
 

Investigation of morphology change with or without DSA in the reaction medium 

was also performed by electrochemically prepared PPy and PPy-DSA films. Hence, PPy 

was potentiostatically deposited on ITO-coated glass slides both in the presence and in 

the absence of DSA in the solution. First, thin PPy and PPy-DSA films were deposited 

on ITO coated glass substrates using potentiostatic deposition at a potential of 50 mV 

above the oxidation potential of pyrrole from 0.01 M monomer solution. The electrolyte 

used was 0.1 M Bu4NPF6/MeCN and a mixture of 0.03 M DSA and 0.1 M Bu4NPF6 in a 
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water/MeCN (20/80) for PPy and PPy-DSA depositions, respectively. Figure 3.7A 

depicts morphology of PPy structures in the absence of DSA and Figure 3.7B in the 

presence of DSA. In comparison, results clarify that a three-dimensional nucleation 

growth could be observed in both cases. Although an irregular three dimensional growth 

was observed in PPy structures, completely different and such a regular knitting type 

structure was seen in resulting polymer films that have been grown in the presence of 

DSA. This different nature of structure presented in Figure 3.7B is very likely resulting 

from steric effects induced by the long alkyl chain ended with a sulfonate dopant ion, 

DSA.  

 

  

Figure 3.7 SEM images of electrochemically prepared PPy films on ITO-coated glass 

slides (A) in the absence (B) in the presence of DSA 

 
 
 

3.4 Results for Quantitative Analyses 
 
 
 

3.4.1 Spectroelectrochemical Analyses Results 
 
 

In pursue of characterization, the same polymer films shown in Figure 3.7 were 

also used for spectroelectrochemistry. Spectroelectrochemistry of these polymer films 

with similar thicknesses was compared in the same plot. Figure 3.8 presents comparison 

of spectroelectrochemistry of corresponding PPy and PPy-DSA films. In visible region, 

a maximum absorption peak was observed at 2.95 eV (420 nm) and 3.1 eV (405 nm) 
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due to π-π* transition of both PPy and PPy-DSA films, respectively. In addition, neutral 

PPy-DSA had absorption peaks at about 2.2 eV (570 nm) and 1.4 eV (900 nm), which 

PPy did not have. These two absorption peaks might be associated with incorporation of 

DSA into the PPy films resulting in an incomplete reduction of polymer. A strong 

interaction between positive ions present in the electrolyte solution and sulfonates, that 

DSA has, results in a reflectance below 1.8 eV for the neutral polymer [134]. Upon 

oxidation, π-π* transitions were depleted at the expense of a broad band at lower 

energies for both polymers with slight differences. Comparing oxidized PPy and 

PPy/DSA films, π-π* transition of PPy/DSA film could not be depleted completely and 

remained a residual absorption at 2.9 eV. In other words, the band corresponding to 

intermediate energy charge carriers (radical cations or polarons) could not be converted 

to low energy charge carriers (dications or bipolarons). A remained strong absorption at 

1.5 eV might be resulted from the strong interactions of DSA with the PPy backbone.  

It was also possible to calculate electronic band gap from the onset of π-π* 

transition, which is 2.52 eV for PPy films. Since π-π* transition band for PPy-DSA was 

not very well defined, band gap for this polymer was calculated using isobestic point 

resulted almost the same value with PPy.   

 

 

Figure 3.8 Spectroelectrochemistry of PPy and PPy-DSA in 0.1 M 

Bu4NPF6/PC at different oxidation states: (a) neutral PPy, (b) neutral PPy-

DSA, (c) oxidized PPy, (d) oxidized PPy-DSA 
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3.4.2 Percent Yield Results 
 
 

Optimized experimental condition C3 (Table 3.2, Figure 3.3) was also repeated in 

larger amounts in order to prove whether the system was still stable when the synthesis 

was repeated by using huge amounts of reactants. The main purpose was to check 

whether the system was applicable to industrial applications or not. Experimental results 

indicated that the larger the amounts of reactants, the longer the polymerization time for 

reaction to be completed and the thicker the resulting PPy layer at interface. Figure 3.9A 

clarifies that there was no morphological difference from the points of both network and  

bead formation if the amounts of reactants are increased. Especially, Figure 3.9B in a 

larger magnification explicitly confirmed that structural change in morphology could 

not be observed as a result of use of larger amounts of reactants. 

 

  

Figure 3.9 SEM images of PPy nano-networks for large amount syntheses in two 

different magnifications 

In this sense, steps of polymer synthesis were repeated  several times in the same 

time scale in larger amounts and samples were vacuumed to dry for two days. Then, 

dried samples in various amounts were weighed in four significant digits and used for 

both elemental analyses and percent yield calculations. To calculate yield in 

percentages, ratio of each amount for polymer to that of monomer (0.081 g) in grams 

was taken and multiplied with hundred by ignoring dopant effects during 
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polymerization. Percent yield calculations indicated that the longer the polymerization 

time, the larger the percent yield (Table 3.3).  

 
Table 3.3 Results of percent yield calculations from weight amounts in grams of 

synthesized PPy materials in different time scales 

 

 

           

 

 

 

 
 
 
3.4.3 Elemental Analyses Results  
 
 

Elemental analyses results yielded efficient information about the percentages of  

C, H, N, and S in the total amount (Table 3.4).  

 
Table 3.4 C, H, N, S and total element amounts in percentages inside the PPy 

nanostructures  synthesized in various time scales 

 
TIME  (min) C% H% N % S % TOTAL % 

40  58.0 5.3 12.2 3.4 79.0 
80  64.2 5.7 14.0 3.6 87.3 

300  62.3 5.6 13.3 4.0 85.0 
720  60.4 6.1 11.5 4.8 82.8 

1440  56.1 6.0 10.0 5.0 77.0 
 

Calculations in Table 3.4 indicated that dopped amounts of surfactant inside the 

polymer backbone did not allow to yield hundred percentages of total element amounts, 

which was an ideal case. Therefore, the ratio of percent sulfur to nitrogen was not 

calculated directly from the results above obtained from instrumental results. The way 

to determine exact ratios of percent sulfur to nitrogen was recalculated by using the 

percent total element amounts. The DSA content of polymer was determined using the 

ratio of S and N atoms obtained from elemental analysis that also gives doping level. A 

TIME  
(minutes) 

WEIGHT 
AMOUNTS (mg) 

PERCENT YIELD 
% 

10  5.4 6.7 
20  7.2 9.0 
40  7.3 9.0 
80  17.0 21.0 

150  22.1 27.3 
300  24.1 29.8 
720 46.3 57.2 

1440  81.5 100.6 
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similar increase in the percent yield and doping level is an evidence for the source of the 

increase in yield % that is incorporated DSA. Table 3.5 summarizes elemental analyses 

results for C, H, N and S atoms and the doping level calculated using the ratio of S to N 

atom for the PPy/DSA system at different polymerization time.  

Table 3.5 Results of elemental analyses for percent N and S atoms calculated using the 

ratio of S to N atoms for the PPy/DSA system at different polymerization time. 

 
TIME  
(min) 

N% 
 

S% 
 

Doping Level  
            % 

40 15.5 4.3 28 
80 15.9 4.1 26 

300 15.7 4.5 29 
720 13.9 5.7 41 

1440 12.9 6.4 50 
 
 
 
3.4.4 Relationship Between Doping Levels (%) and Yields (%)  
 
 

Doping level (%) and yield (%) was plotted as a function of polymerization time 

to understand the correlation between them (Figure 3.10). A similar trend of increase 

was observed in both percent yield and doping level in different time scales between 10 

min and 24 h. A sharp increase of ca 27% in yield was observed at the initial stages of 

polymerization. Then, change in the yield was less than 3% between 2.5 h and 5 h, 

which indicated that tendency of increase slowed down. It is believed that the increase 

in yield % was resulted from incorporation of DSA into the polymer structure after 5 h, 

which was confirmed by elemental analyses results. Obviously, plot in Figure 3.10 was 

a good evidence that incorporation of negatively charged DSA into positively charged 

polymer backbone existed by starting from the first steps of polymerization in time.  
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Figure 3.10 Variation of the calculated percent yield and incorporation of DSA to the 

polymer structure with respect to polymerization time 

 
 
 

3.4.5 Electrical Conductivity Measurements  
 
 

Same type of PPy samples were also synthesized to measure electrical 

conductivities at room temperature with a multimeter. One sample was prepared by only 

washing with methanol three times to leave it in its oxidized state. Another sample was 

also synthesized and washed with both methanol and aqueous ammonium solution for 

three times, respectively, to leave the sample in its reduced (neutral) state.  

 
σ= 1/R= (I/V)*(ln2/π.L) (3.1) 

 
Calculations for electrical conductivity were all based on the formula for 

conductivity in terms of resistivity and potential, where R: resistance (ohm), I: current 

(A), V: potential (volt), π: constant, L: thickness of sample layer (cm), σ: electrical 

conductivity (S/cm), given above. In that case, L value differed in both oxidized and 

reduced states for each steps as the thickness of sample layer was different in some 

parts. In other words, distribution of layer was not homogeneous while measuring the 

resistance. Nonetheless, results of these calculations appeared as reasonable expected 

values of conductivity for synthesized PPy nanostructures.  
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Table 3.6 Results of conductivity measurements of PPy nano-structured materials 

synthesized in both oxidized and reduced states 

 
TRIALS R(OXIDIZED) 

kΩ 
R(REDUCED)  

kΩ 
σ(OXIDIZED) 

 x10-3 S/cm 
σ(REDUCED) 
 x10-5 S/cm 

A 0.4 6.2 2.3 16.1 
B 0.4 11.7 2.3 8.6 
C 0.5 16.0 2.0 6.3 
D 0.3 6.9 3.8 14.5 
E 0.3 8.2 3.0 12.2 
F 0.3 7.4 3.6 13.5 

 
 
Material electrical conductivities in both neutral states and oxidized states with six 

separate measurements could be compared according to the conductivity calculations 

from resistivity values in kΩ (Table 3.6). Eventually, calculations simplified that bulk 

conductivity values of nano-networked PPys in oxidized states differed in a range of 10-

3, while those in reduced states of 10-5. It is worth noting that low conductivity values of 

polymer at the oxidized state may stem from the technique used and could be higher in 

several magnitudes of order if they were measured on a single fiber as previously 

reported by Martin et al. [135].  

 
 
 

3.4.6 Surface Area Evaluation 
 
 
 
3.4.6.1 BET Analyses Results 
 
 

The surface area measured using BET technique for such structures was greater 

than 500 m2/g. This very high surface area with an additional nano-network structure 

made these materials excellent candidates for applications including gas or ion sensors 

[136], electrode materials for batteries, supercapacitors and fuel cells [137].  
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3.4.6.2 Response Surface Methodology Results 
 
 

Reliability of BET analyses was also checked with response surface analyses. In 

this respect, maximum surface area of oxidatively polymerized PPy nanofibers in nano-

networks was determined once more by response surface methodology. Quadratic 

response surface function described variations in surface area properties with related 

correlation coefficients by mapping a response surface over a particular region of 

interest. In this study, 9 data points were chosen to design a response surface by using 

two variables (Table 3.7). One variable was the mole ratio of oxidant to monomer, X1 

and the other was the mole ratio of surfactant to monomer, X2 in their original units and 

in their coded units as X1’ and X2’.  

Table 3.7 Ranges and parameters of two variables between boundaries of (-0.95, 0.95) 

 
Run Variables in Original 

Units 
Variables in Coded 

Units 
Response (Surface Area) 

                     X1                X2                X1               X2        
A 2.1 5.9 -0.95 +0.95 642.7 
B 4.0 5.9 0.00 +0.95 1049.2 
C 5.9 5.9 +0.95 +0.95 802.4 
D 5.9 2.1 +0.95 -0.95 572.1 
E 4.0 2.1 0.00 -0.95 1046.3 
F 2.1 2.1 -0.95 -0.95 422.6 
G 5.9 4.0 +0.95 0.00 745.7 
H 4.0 4.0 0.00 0.00 958.7 
I 2.1 4.0 -0.95 0.00 487.5 
 

Xi ={ [ Vi- (Vi
L + Vi

U)/2 ] } / {[ Vi
U – Vi

L ]/2 } (3.2) 

 

As optimized conditions proved that the most suitable design of PPy nano-

network structures could be obtained when mole ratio of oxidant to monomer was 4:1 

while that of surfactant to monomer 3:1, 4:1 and 5:1. Therefore, Vi
L = 2 and Vi

U = 6 

were chosen as lower and upper boundaries in original units. The coded variable 

boundaries were also calculated in the range of (-0.95, 0.95) by using the formula above 

to express coded variable boundaries to determine response surfaces, where Vi
L is the 

lower bound and Vi
U is the upper bound. It was necessary to choose that range by taking 
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known ratios in a large range to minimize errors in the result. Thereafter, those data 

points were plotted as central composite design (Figure 3.11).  

 

Figure 3.11 Central Composite Design Plot including 9 experimented data points. 

To fit data on a response surface model, JMP by SAS software program was used. 

This operation developed a prediction formula below as a result of least square method 

via response surface analyses.  

 
732.64556+ 27.311667 X1- 93.98833 X2+ 148.195 X1X2+ 270.10167 X1X1- 

247.8783 X2X2 = 0 

(3.3) 

 
Then, maximum surface area was calculated from the formula as a result of JMP 

by SAS operated least square method given above. Therefore, 9 data points were 

maximized by using the equation above with MAT-LAB operation program (Figure 

3.12).  

 

 

 

   

 

 

 

Figure 3.12. Maximized data points via MAT-LAB 
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According to the result of maximizing data points, maximum point has been 

detected at (-0.95, 0.95) as 642.7 m2/g by JMP, which was higher than 500 m2/g. 

 
 
 
3.4.7 Electrochemistry 
 
 

PPy-DSA films were potentiostatically deposited on a Pt button electrode from a 

solution of 0.1 M Bu4NPF6 in a water/MeCN (20/80) containing 0.03 M DSA and 0.01 

M pyrrole. Then, polymer films were characterized by cyclic voltammetry in the 

monomer free electrolyte solution (Figure 3.13). A linear increase in anodic and 

cathodic peak currents as a function of scan rate indicated that an electroactive layer 

was deposited on the electrode surface and the oxidation/reduction processes were not 

diffusion limited. Therefore, electrochemical analyses confirmed that prepared materials 

including PPy nanofibers in nano-network structures were all electroactive. The half-

wave potential (E1/2) of the polymer was about 0.0 V vs Ag/Ag+.        

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 Cyclic voltammetry of PPy-DSA films in 0.1 M Bu4NPF6/MeCN at 

different scan rates; 20, 40, 60, 80 mV/s. 
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4. RESULTS AND DISCUSSION (B) 
 

 
 

Advancement in modification of chemical synthesis using membranes as 

templates for both polypyrrole (1-2) and polythiophene (3-4) derivatives was 

successfully achieved. Application of suitable procedures by choosing right membrane 

types (Table 4.1) was responsive to assembling of nano-scaled structures in 1D. 

Investigation of morphology with SEM images resulted that any kinds of conducting 

polymers could be designed if the exact reaction medium is prepared. To accomplish 

desired nanostructures, appropriate experimental conditions were originated and some 

parameters like the outcome of membrane type, solvent type, set-up design, washing 

and membrane dissolution efficiency, concentration diversity, membrane pore size 

variation, layer construction mechanism on fiber compositions were all investigated step 

by step. Besides, there was a number of different aspects in terms of regularity, 

dissipation, orientation and geometrical design to compare all resulting nanostructures. 

Table 4.1 Chemical compatibility of polycarbonate and alumina membranes; 

R: Recommended NR: Not Recommended T: Prior Testing Recommended 

Solvent Types Polycarbonate Membrane Alumina Membrane 
Acetonitrile T R 

Water R R 
Hydrofluoric Acid NR NR 

Toluene T R 
Chloroform NR NR 

Ethers T R 
Ethyl Acetate  T R 

Hexane R R 
Hydrochloric Acid R R 
Hydrofluoric Acid T R 
Isobutyl Alcohol R R 

Nitric Acid R R 
Petroleum Ether R R 

Pentane R R 
Sulfuric Acid NR R 

Tetrahydrofuran T R 
Toluene  T R 
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4.1 One Dimensional (1D) Alignment of Polypyrrole (PPy) Nanotubules 
 
 
 

4.1.1 Results for Optimization of Experimental Conditions 
 
 

Commercially available PC membrane was started to be used for the research so 

that the solvent system, which was compatible with it, was tried to be optimized. All 

solvents in Table 4.1 was experimented except not recommended ones in terms of 

membrane compatibility. As a result, the most efficient system was established in an 

aqueous medium using PC membrane. In taking into account of iron (III) chloride 

dissolution, water was best, on the other hand, it was not desirable due to the 1% 

aqueous solubility of pyrrole. Though, communication between solvent and monomer 

was able to be raised by shaking aqueous solution of them well by using pyrrole 

monomer in its low concentrations.  

It was observed that any selected solvent from Table 4.1 (except water) was 

evaporated if the arms of U-tube set-up was not sealed completely. Although water was 

used as the solvent, unsealed ends of U-tube caused a significant amount decrease in 

aqueous pyrrole solution as soon as the reaction was set at long hours. This effect in the 

set-up design was investigated by SEM imaging of products and yielded that dried ends 

of fibers were blocked as little solvent existed on top of the upper layer due to the lack 

of solvent diffusion (Figure 4.1). Figure 4.1A and its greater magnification, Figure 4.1B, 

revealed that formation of upper layer was impossible without any solvent in the upper 

arm of U-tube.  

SEM images revealed that PPy nanofibers were supported with two layers. Bottom 

layer was made of PPy bulky structures and it covered bottom ends of PPy nanofibers as 

a support material. That supportive layer could be successfully observed as a landscape 

from top by SEM images seen in Figure 4.1A. Other side layer could also be imaged as 

a similar structure (Figure 4.1B).  
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Figure 4.1 SEM image of supportive layer (A) at the bottom of PPy nanofibers (B) 

morphology of top layer 

 
Strength of PPy nanofibers sandwiched between two whole layers was searched 

by disturbing this system with sonification technique. A 10 ml acetonitrile solution 

including a miniature amount of PPy sample was exposed to sonification during 20 

seconds, 40 seconds, 5 minutes, 10 minutes and 30 minutes, respectively. Morphologies 

of these sonified particles taken at the end of each duration was imaged by SEM (Figure 

4.2). PPy nanofibers could be observed after 20 seconds exposition to sonification as 

again undisturbed systems. In other words, PPy nanofibers could not be separated out of 

top and bottom layers in 20 seconds sonification.  

 

  

 

Figure 4.2  (A) SEM image of sonified PPy nanofibers during 20 seconds (B) in larger 

magnification 

 

Next, PPy nanofibers were applied to 40 seconds sonification. SEM images 

pointed out they could not be damaged with such a short time sonification as seen in 

Figure 4.3A. The only distortion was peeling of one side layer so that PPy nanofibers 

embedded between two layers could be imaged in Figure 4.3B. 
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Figure 4.3 (A) SEM image of sonified PPy nanofibers during 40 seconds (B) 

morphology of peeling of one side layer 

 

In 5 minutes application of sonification, some cracks among PPy layers were 

observed in Figure 4.4A. Moreover, some other pictures, in which peelings of one side 

layer were much more in the system in a longer time exposition, were also taken. One 

example to those layer cracks could be seen in Figure 4.4B. 

 

 

Figure 4.4 SEM image of sonified PPy nanofibers during 5 minutes (A) crack formation 

(B) peeling of one side layer after crack formation 

 
After 10 minutes exposition, bottom layer separation was observed (Figure 4.5). 

Though, PPy nanofibers could not be separated, they all still kept their tendency to align 

through the layers. Their tendency could easily be seen in a larger magnification (Figure 

4.5B).  

 

 

 

54 



 

 

Figure 4.5 SEM image of sonified PPy nanofibers during 10 minutes (A) bottom layer 

separation (B) magnified portion of (A) 

 

In 30 minutes, 1D alignment of PPy nanofibers was still kept between two layers 

(Figure 4.6A). However, sonification increased the layer cracks more than in 10 

minutes. Additionally, some more peelings of those bottom and top layers were 

observed (Figure 4.6B).  

 

  
 

Figure 4.6  (A) SEM image of sonified PPy nanofibers during 30 minutes (B) SEM 

picture of a layer crack 

 
Although some more disturbance on the system caused refractions of layers, PPy 

nanofibers still kept their tendency to deterioration (Figure 4.7). This last step resulted 

that it was not easy to separate those aligned PPy nanofibers due to the strong 

interactions as a consequence of secondary bond attractions in both PPy nanofibers and 

between them and the two supportive layers. 
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Figure 4.7 SEM image of sonified PPy nanofibers during long hours 

Fiber formation mechanism was supplied by observations done by SEM images to 

understand their behavior between layers. When zoomed, it was seen that PPy 

nanofibers could be aligned without any separation, though, they were not all laid from 

one layer to the other side layer as whole fibers (Figure 4.8A). If magnified to larger 

scales, then the image could easily prove that there existed a mixture of PPy nanofibers 

in various lengths (Figure 4.8B).  

  

Figure 4.8 (A) SEM imaging of PPy nanofiber alignment between two layers (B) in 

larger magnification of (A) 

 
It was also confirmed by SEM images that those aligned PPy nanofibers were 

tubule like nanostructures, namely, PPy nanotubules (Figure 4.9A). As aimed, it was 

important to check the fiber structures in terms of morphology. Those hollow tubes 

include one outside layer, one another inside layer and an additional thick, bulky 

coating sandwiched between outside and inside layers (Figure 4.9B).  
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Figure 4.9 (A) SEM picture of PPy nanofibers as tubule like nanostructures (B) One 

selected PPy nanotubule in larger magnification 

 

The approximate whole diameters of PPy nanotubules and also of inside hallow 

tubes could be easily determined by SEM imaging. One example of this measurement 

could be detailed in Figure 4.10. In this image, one of the arbitrarily chosen fiber’s 

outside diameter was measured as ca. 286 nm, whereas the inside diameter was ca. 115 

nm. In the leading of those measurements, the overall average approximation for 

diameters of PPy nanotubules could be taken in a range of 110 nm to 350 nm.   

 

 

Figure 4.10 SEM image of one PPy nanotubule showing outside and inside tubule 

diameter measurement 
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As a result, polymerization of pyrrole produced well-ordered threadlike structures 

between double-sheet layers. Figure 4.11 depicts elongation of PPy nanofibers that is 

clearly packed between sheets after dissolution of PC membrane with chloroform. 

 

  

  

 

Figure 4.11 SEM images of threadlike nanostructures of PPy in different 

magnifications. 

 
 

 
4.2 One Dimensional (1D) Alignment of Poly(N-Methylpyrrole) (P(NMPy)) 

Nanotubules 

 
 
 

4.2.1 Results for Optimization of Experimental Conditions 
 
 

It was clarified that no P(NMPy) nanofiber formation could be observed if 

alumina membrane was chosen as a template instead of PC membrane in the same 

optimized experimental conditions. Images taken via SEM displayed that three different 

structures could be seen when alumina membrane was used (Figure 4.12). Figure 4.12A 

and Figure 4.12B indicated formation of beads connecting to each other including 
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branches made of P(NMPy). One other type of structure was also a thin layer formation 

placed among these branches, but no fiber formation was observed (Figure 4.12C). A 

few of short P(NMPy) nanofibers could be observed, which were embedded into the 

system (Figure 4.12D). Though, whole P(NMPy) nanofiber alignment could not be 

noticed from those images, which proved alumina membrane was not applicable to this 

environment. However, one thing should be mentioned here that suitable environment 

can allow fiber formation using alumina membrane if a different system can be 

prepared.  

 

  

  

 

Figure 4.12 SEM images of P(NMPy) structures if alumina membrane is used instead of 

PC membrane 

 

Desired bottom and top layer formations were observed in the case of P(NMPy) 

nanofiber alignment in 1D. The only difference was that layers were made of P(NMPy) 

when compared with those of supportive layers of PPy nanotubules. This was again 

confirmed with SEM images (Figure 4.13).  
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Figure 4.13 SEM images of P(NMPy) nanofibers showing layer formations in different 

magnifications 

P(NMPy) nanofibers were all aligned between two layers, though, one layer was 

enough to support fibers without any deformation in the system (Figure 4.14).  

 
 

 

Figure 4.14 SEM image of P(NMPy) nanofibers supported by only one layer 

Horizontal alignment of P(NMPy) nanofibers could be imaged, which gave some 

information about variety in fiber lengths between two layers (Figure 4.15A). Therefore, 

the same type packing behaviour with PPy nanotubules was observed in the case of 

P(NMPy) nanofiber alignment in 1D. Although they all were dispersed between two 

panels, they still had a strong correlation with the layers (Figure 4.15B).  
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Figure 4.15 (A) SEM image of P(NMPy) nanofibers showing variety in fiber lengths (B) 

dispersion of P(NMPy) nanofibers between two layers 

Figure 4.16A indicates whole layer packaging including a crack, and a magnified 

image of this crack including P(NMPy) nanofibers coming out of it is in Figure 4.16B. 

One of a layer crack from bottom was easy to see from Figure 4.16B, which confirmed 

that only one layer was also sufficient to align them in 1D. 

 

  

Figure 4.16 (A) SEM picture showing packing behaviour of P(NMPy) nanofibers (B) in 

larger magnification 

The image of Figure 4.17A belongs to P(NMPy) nanofiber formation in case of 

the only difference in synthetic method was the molarity of NMPy change to 0.1 M. 

This study resulted that ends of P(NMPy) nanofibers were closed due to the increase in 

molarity of NMPy, while 0.05 M of NMPy use allowed open-ended P(NMPy) 

nanofibers because of dilute medium (Figure 4.17B). Figure 4.17B also proved that all 

P(NMPy) nanofibers were in the shape of tubes including outside and inside layers 

together with a thick bulky part between them, the same as PPy nanotubules. In other 

words, the more the concentration of monomer in this environment, the less the 

possibility of hollow formation with open-ends. Decrease in amount of NMPy was 
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allowed less interaction between NMPy and PC membrane in the reaction medium. 

Thereafter, no dissolution of PC membrane was observed.  

 

  

Figure 4.17 SEM pictures of (A) P(NMPy) nanofibers with close ends (B) open-ended 

P(NMPy) nanofibers 

Figure 4.18 shows one example for one-side layer formation including some 

P(NMPy) network type structures in different magnifications. SEM images prove there 

exist some other network type P(NMPy) structures in the sample. 

  

Figure 4.18 SEM images of (A) network type P(NMPy) structures on one-side layers 

(B) in larger magnification 

It is evident from Figure 4.19 that effective polymerization of NMPy produced 

well-ordered tubule like P(NMPy) nanotubules elongated between double-sheet layers 

after dissolution of PC membrane with chloroform. Figure 4.19 illustrates SEM images 

of these resulting P(NMPy) nanotubules with a successful 1D design in four different 

magnifications.  
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Figure 4.19 SEM pictures of P(NMPy) 1D nanotubule structures in four different 

magnifications 

 
 

 
4.3 One Dimensional (1D) Alignment of Poly(thiophene) (PTh) Nanotubules 

 
 
 

4.3.1 Results for Optimization of Experimental Conditions 
 
 

At initial stages of optimization, as thiophene and its derivatives are immiscible 

with water, another type of solvent system was tried to be found by working with PC 

membrane. As experimented, acetonitrile itself was not enough to prepare a solution, 

where iron (III) chloride could oxidize thiophene. Although the color turned into black, 

a sign for oxidation of monomer, PTh nanotubule formation could not be observed. 

Therefore, solvents like isooctane or toluene, of which oxidation rate were greater than 

acetonitrile, were tried to be used. On the other hand, both solvents were tested and test 

results indicated that iron (III) chloride could not be dissolved in toluene although 

thiophene was miscible with toluene. Then, in the following investigation, suitable 

solvent type for both membrane and monomer was detected. There was a chance for 
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ethanol to prepare such an efficient system to obtain nanotubule formation. However, no 

oxidation was observed when the system was prepared by using iron (III) chloride, 

ethanol and thiophene. A mixture of miscible solvent system by mixing toluene and 

ethanol was also studied, but the result was insufficient. Propylene carbonate could also 

dissolve iron (III) chloride, which was miscible with thiophene and was recommended 

with PC membrane. Nonetheless, morphology studies confirmed that prepared 

environment could not build nanostructures of PTh (Figure 4.20). Experimental 

repetitions using propylene carbonate as the solvent resulted in almost same type of 

morphologies seen in Figure 4.20A and Figure 4.20B. 

 

  

Figure 4.20 SEM images of resulting PTh structures in a reaction medium prepared with 

propylene carbonate 

Based on the fact that, PC membrane was not so compatible with acetonitrile, 

investigations were turned towards finding another type of membrane. Alumina 

membrane was known with its compatibility in so many solvent systems. First, 

acetonitrile environment was repeated by using iron (III) chloride as one of the strongest 

oxidizing agent in the presence of thiophene. As desired nanostructures could not be 

obtained, eventually, any other effects, for instance salt effect, were also investigated. In 

the end, it was discovered that the system worked by using additional dopant ion as 

LiClO4, which supplied much more negative charges to the system so that 

polymerization occurred through the pores of alumina membrane resulting PTh 

nanotubules. 

The optimized solvent system for 1D alignment of PTh nanotubules was 0.1 M 

LiClO4/ACN.  It was detected with SEM images that PTh nanotubule alignment was not 

observed if the molarity of thiophene was decreased to 0.05 M (Figure 4.21). Although 

observations could not detect any difference in the system, morphology changes could 
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be imaged. The rest was bulky structures with PTh beads connecting to each other as 

branches seen more clearly in Figure 4.21B. 

 

  

Figure 4.21 (A) SEM micrograph of synthesized PTh structures when the molarity of 

thiophene was reduced in amount (B) larger magnified micrograph of (A) 

An evidence for PTh nanotubule formation including holes can be clearly seen 

from Figure 4.22A, which was a result of different commercial alumina membrane use. 

This may be due to poor electrostatic interactions between positively charged PTh 

backbone and less negatively charged pore walls of alumina membrane. Another case 

was the use of suitable alumina membrane, about which was thought as including some 

more negative charges on pore walls so that the electrostatic interaction was stronger 

(Figure 4.22B).  

 

  

Figure 4.22 SEM images of PTh nanotubules synthesized with two different types of 

alumina membranes: (A) poor interaction (B) strong interaction 

When pore size of alumina membrane was decreased to 0.1 microns, diameter 

ranges of PThs could not be decreased to around 100 nm as in theory. One case for 

diameter measurement of synthesized PTh nanotubules by using alumina membrane 

with pore sizes of 0.1 microns can be seen below (Figure 4.23). The diameter ranges of 
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PTh nanotubules were determined in two measurements like ca. 280 nm and 300 nm as 

an example. Therefore, overall average diameter range was detected between 200 nm 

and 350 nm.  

 
 

 

Figure 4.23 SEM image showing diameter measurement of arbitrarily chosen PTh 

nanotubules 

Observations from SEM images of PTh nanotubules confirmed that bottom layer 

had stronger electrostatic attractions with bottom ends of fibers than the top layer. Thus, 

PTh nanotubules were packed in groups and separated from each other on a bottom 

layer (Figure 4.24B). It was such a powerful attraction among fibers and bottom layer 

that it did not allow them to separate from bottom. PTh nanotubules were aligned in 

such a way that they could be separated as groups seen from top view in Figure 4.24A. 

 

  

Figure 4.24 SEM pictures of PTh nanotubules attached on a bottom layer (A) strong 

combination of ends of nanotubules (B) group behaviour 
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When the molarity of thiophene in optimized conditions was decreased below 0.05 

M, materials taken out of membrane pores could not be handled. It was observed that all 

materials were dissolved together with membrane, which was an unusual behaviour. 

This might be based on incomplete polymerization, where a mixture of low molecular 

weight soluble oligomers like dimers, trimers, etc. was generated in the system. On the 

other hand, although membrane together with its contents could be separated after 

dissolution, PTh nanotubule formation could not be observed when 0.1 M or 0.3 M of 

thiophene was used. Morphologies of these structures were similar to those SEM 

pictures in Figure 4.21. Eventually, the best molarity to be used for PTh nanotubule 

synthesis was determined as 0.5 M.  

Success in 1D alignment of PTh nanotubules was revealed with an effective 

template polymerization of thiophene, which produced well-ordered PTh nanotubules 

attached to a sheet. Figure 4.25 depicts SEM images of these aligned PTh nanotubules 

after dissolution of alumina membrane in four different magnifications.  

 

  

  

Figure 4.25 SEM pictures of PTh 1D nanotubule structures in four different 

magnifications 
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4.4 One Dimensional (1D) Alignment of Poly(3,4-ethylenedioxythiophene) 

(PEDOT) Nanopipes 

 
 
 

4.4.1 Results for Optimization of Experimental Conditions 
 
 

After discovering right membrane type for thiophene and its derivative- EDOT (3, 

4-ethylenedioxythiophene) as alumina membrane, an appropriate solvent system was 

investigated for EDOT. Hence, two separate systems without using membranes were 

prepared. First, EDOT and iron (III) chloride were dissolved in acetonitrile 

separately, then they were mixed. At initial stages of oxidation, dark green color 

was observed. After one hour mixing, no color change was observed. However, 

when the same system was prepared with additional use of LiClO4 as dopant, color 

change from dark green to dark blue was observed (Scheme 4.1). One another result 

of this work was that agglomeration occurred in the first system, while well-

dispersed homogeneous solution was resulted in the latter. All these observations 

indicated that oxidation rate of the latter case was greater than the first due to the 

dopant ion effect. This might depend on the amount of radicals, which was less than 

amount of polarons or bipolarons in the first case.  

 

 

 

         Roxidation       <         Roxidation 

 

 

Scheme 4.1 Change in rate of oxidation (R) in a reaction medium prepared with EDOT 

(I) in the absence of LiClO4 as dopant (II) in its presence 
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Since effective dissolution of alumina membrane produced separately aligned 

PEDOT nanotubules, it was explicitly understood from SEM micrographs that lack of 

membrane dissolution prevents separation of these tubules. Resulting PEDOT 

nanotubules were all obtained as structures stuck on each other including undissolved 

parts of alumina membrane among them. Therefore, this sticky behaviour may occur not 

only between tubules seen in Figure 4.26A, 4.26C and 4.26D but also it may stand on 

top of tubules as a new layer, which causes unseparation again (Figure 4.26B).  

 

  

  

Figure 4.26 SEM images of PEDOT nanotubules including some portions of 

undissolved alumina membrane: (A), (C), (D) between tubules (B) collection on top 

In order to understand the effect of filtering style on the formation of PEDOT 

nanopipes in desired diameters and shapes, different types of filtering techniques were 

experimented. One alternative was filtering out these PEDOT nanopipes using a filter 

paper, but it was observed that these filter papers were affected by aqueous hydrofluoric 

acid solution, which was interpreted from SEM images (Figure 4.27A). It was clear that 

fibers of filter papers were disorganized with PEDOT nanopipes so that pipes could not 

be separated from filter papers seen in Figure 4.27B. 
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Figure 4.27 SEM images depicting embedded PEDOT structures inside fibers of filter 

paper 

One portion of cross-sectional view of supportive layers was also observed with 

SEM imaging. SEM images in Figure 4.28 interprets that hollow-like structures of these 

PEDOT nanopipes can be clearly observed from their open-sided ends when a layer was 

separated from a bunch of tubules. These structures were magnified in Figure 4.28B to 

provide clear landscape view of pipes attached from one ends onto one supportive layer.  

 

  

Figure 4.28 (A) SEM image showing a landscape of embedded PEDOT nanopipes in a 

supportive layer (B) in larger magnification 

 
Figure 4.29 illustrates that PEDOT nanopipes can be packed as a whole layer in 

1D due to strong intermolecular interactions between pipes, or created as units of 

packed structures, which may be categorized according to package properties of these 

tubules: bunches with packing all pipes including no unfilled spaces among them in a 

hazelnut-like shaped unit (Figure 4.29A), bunches with one-way oriented PEDOT 

nanopipes including voids among units (Figure 4.29B), or self-organized pipes in all 

directions with some voids among units (Figure 4.29B, 4.29D). However, they also 

behave as separate bunches with huge voids among those units (Figure 4.29B), though 
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growth of PEDOT nanopipes may be self-organized one directionally with a one-sided 

sheet from their one ends like in Figure 4.29C. 

 

  

  

Figure 4.29 SEM pictures of PEDOT nanopipes illustrating different packaging 

behaviours 

One unsupportive portion of layers could be imaged by SEM micrographs, in 

which some of ends of PEDOT nanopipes were attached stronger than the rest so that a 

bulk image of this supported part of one layer was such a good evidence for the 

existence of layers on their both upper and bottom ends (Figure 4.30).  

 
 

Figure 4.30 SEM picture of a portion of supportive layer with unsupportive ends of 

PEDOT nanopipes 
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So many repetitions of experiments resulted two type end behaviors of PEDOT 

nanopipes. Some were produced with open ends, one example given in Figure 4.31A, 

and some were close-ended PEDOT nanopipes like in Figure 4.31B or in Figure 4.30. 

It was understood from these SEM images that ends of tubules were enclosed as soon 

as the concentration of EDOT is raised or the polymerization time is extended. 

 

  

Figure 4.31 SEM images of PEDOT nanopipes with (A) open ends (B) close ends 

SEM imaging confirmed the effect of membrane pore type on the shapes of 

synthesized PEDOT nanopipes. If membranes composed of hexagonally-etched pore 

sizes are used for the synthesis of these PEDOT nanopipes, resulting pipes could 

organize themselves by packing hexagonally (Figure 4.32A and 4.32B). When 

membrane pores are all round, cylindrical type PEDOT nanopipes could be aligned 

(Figure 4.28B and Figure 4.31).  

 

  

Figure 4.32 Hexagonal packing behaviour of PEDOT nanopipes 

When it was focused on synthesized PEDOT nanopipes using hexagonal pore 

units by magnifying on a bunch of pipes in the image below, hexagonally ordered thick 

walls of pipes were available to be clarified (Figure 4.33).  
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Figure 4.33 SEM image zoomed in to illustrate a more clear PEDOT nanopipes in 

hexagonal shapes 

 
Alignment of PEDOT nanopipes with well-defined structures was a subject of 

fundamental as well as practical importance. In this respect, control of pipe diameters as 

well as their geometrical shapes was desirable. Upon exploring such perfect systems, it 

was intended to decrease pipe diameters, in theory, by using alumina membranes with 

smaller pore sizes. Such a purpose, membranes with pore sizes of 0.1 µm and 0.02 µm 

were applied to the same experimental procedure. SEM images of these synthesized 

PEDOT nanopipes resulted that diameter range was decreased to 160 nm at least with 

0.1 µm pore sized alumina membrane. However, use of alumina membrane including 

0.02 µm pore sizes produced pipes with diameters in a range of 88 nm to 300 nm. One 

example of these analyses is given in Figure 4.34. As a result of various arbitrary 

measurements from SEM images, it was concluded that diameter of inner hollow 

structure was ca. 180 nm with an outside pipe diameter of ca. 270 nm. For this case, 

wall thickness of this pipe was ca. 90 nm, which was also another indication for hollow 

type PEDOT nanopipes. 
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Inner part of PEDOT nano-pipe

layer of PEDOT material outside of PEDOT nano-pipes  

Figure 4.34 (A) SEM picture illustrating diameter measurement of arbitrarily chosen 

PEDOT nanopipe (B) including both outside and inside diameters of hallow tubules 

SEM images of resulting template synthesized PEDOT nanopipes within a success 

after the optimization of reaction parameters are given in Figure 4.35. Effective 

polymerization of EDOT produced well-aligned PEDOT tubule like nanostructures after 

dissolution of alumina membrane. Figure 4.35 depicts SEM images of 1D alignment of 

PEDOT nanopipes in groups or standing alone in four different magnifications.  

  

  

Figure 4.35 SEM pictures of PEDOT 1D nanopipes as hallow like tubules in four 

different magnifications 
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4.5 Results of FTIR-ATR Measurements  

 
 

 

 

Figure 4.36 demonstrates FTIR-ATR spectra of PPy, P(NMPy), PTh and PEDOT 

samples including nanotubules prepared by template synthesis. Based on the fact that 

polar solvents reduce the frequency of absorption, aforementioned peaks were all red-

shifted as acetonitrile and water were used. In addition, in all these spectra, blue-shifts 

(shifting to left) and red shifts (shifting to right) of peaks could be observed, which may 

be dependent on Cl- anion and ClO4
- incorporation of these successfully synthesized 
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Figure 4.36 FTIR-ATR spectra of (A) PPy, (B) P(NMPy), (C) PTh and (D) PEDOT 

nanotubules in a range of 1750-600 cm-1 
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tubule-shaped polymers. In PTh and PEDOT molecular chains, ClO4
- ions are inserted 

into a certain number of Th or EDOT units. The characteristic peak of ClO4
- can be seen 

at around 1100 cm-1 in Figure 4.36C and 4.36D, which proves successful ClO4
- 

incorporation. Other vibrational modes of each peak in all spectra are given below in 

details. 

 
 
 

4.5.1 FTIR-ATR Studies of PPy Nanotubules 

 
 

An overlapping of N-H band due to ring stretchings was assigned to a broad 

region of 1480-1540 cm-1 with a defined small peak at around 1540 cm-1, where N-H 

wagging vibrations could additionally be observed [138]. This red shift of wavenumber 

of the N-H band resulted from N-H bonds on Pyrrole ring, which P(NMPy) does not 

have. The conjugated C=C stretchings of pyrrole ring at around 1100 cm-1 were splitted 

into three peaks (1050 cm-1, 1080 cm-1, 1150 cm-1), which also corresponds to C-H in-

plane vibrations [139]. An overlapping characteristic of N-H bending vibration in 

pyrrole ring absorbs broadly around 1650-1700 cm-1. This situation was usually 

observed at 1680 cm-1 P(NMPy) has no such characteristic peak in this range as the N-H 

stretchings could not be observed due to aliphatic methyl (CH3) groups attached to the 

nitrogen atom. There also exist two shoulders of =C-N stretching vibrations at1150 cm-1  

and 1250 cm-1. The peaks at 830 cm-1 and 710 cm-1 are undoubtedly attributable to the 

out-of-plane deformation of the C-H bond vibrations in the heterocyclic ring. The 

strongest N-H stretchings could be observed at around 1300 cm-1. 

 
 
 

4.5.2 FTIR-ATR Studies of P(NMPy) Nanotubules 

 
 

Peaks at around 1700 cm-1 are characteristics of the stretching vibration of 

carbonyl groups, which belongs to CO3
2- groups of inefficient dissolving of PC 

membrane. There is another possibility for these carbonyl groups, which may exist at all 

P(NMPy) prepared from aqueous medium. The OH groups are introduced in the ring by 

the nucleophilic attack of water molecules on cation radicals resulting carbonyl groups 
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by keto-enol tautomerism [140,141]. Bands in the range from 1000 cm-1 to 1100 cm-1 

originate from ring C-H out-of-plane bendings. Peak at approximately 1160 cm-1 could 

correspond to ring out-of-plane bendings of C=C-N, C=C-C and C-N-C.  In addition, 

ring C-H out-of-plane bendings could be observed in the range of 600 cm-1 to 800 cm-1. 

Vibration at approximately 1450 cm-1 may originate from ring C-N, C=C, C=C-N, 

C=C-C and C-H out-of-plane bendings. The characteristic bands of P(NMPy) samples 

were consistent with those in [141], the C=C and C-C in-plane bendings in a broad 

range of 1500-1600 cm-1 and the C-C in-plane bending vibrations at 1300 cm-1. 

 
 
 

4.5.3 FTIR-ATR Studies of PTh Nanotubules 

 
 

The vibration modes from the C=C stretchings in the thiophene ring can be seen at 

approximately 1350 cm-1, C=C weak conjugated or C-C stretchings at around 1500 cm-

1, bands of C-S stretchings in the thiophene ring 600 cm-1 to 800 cm-1 [138].  

 
 
 

4.5.4 FTIR-ATR Studies of PEDOT Nanotubules 

 
 

Bands ascribable to CH2 twisting and wagging vibrations at 1400 cm-1, C=C 

stretchings at 1350 cm-1, small peaks of C=C weak conjugated or C-C stretchings were 

observed in the range of 1400 cm-1 to 1600 cm-1 [138]. Characteristic bands of C-S 

stretchings in the thiophene ring correspond to the peaks in the range from 1000 cm-1 to 

600 cm-1. The bands at approximately 1050 cm-1 and 1180 cm-1 are assigned to the 

stretching modes of the C-O-C bonds in ethylene oxide groups [142]. As well, vibration 

at around 900 cm-1 is due to the ethylenedioxy ring deformation mode.  
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4.6 Electrochemistry Results 

 
 

Electroactivity of P(NMPy) nanotubules as solid particles were characterized with 

cyclic voltammetry between -1.75 and 1.75 V (vs. Ag/Ag+ reference electrode) at a scan 

rate of 150 mV/s in 0.1 M TBAP/MeCN. A very small amount of template-synthesized 

P(NMPy) material was attached onto the surface of a Pt button electrode including a 

little amount of silver paint. After half an hour, the characterization was done using 

multi-scan function under argon environment. The cyclic voltammograms were 

obtained for both silver paint itself on a Pt button electrode and then by sticking 

P(NMPy) nanotubules on this Pt button electrode. Overlayed cyclic voltammograms of 

P(NMPy) nanotubules and silver paint are shown in Figure 4.37. The existence of 

anodic and cathodic peak currents gave information about the electroactivity of 

P(NMPy) nanotubules compared to cyclic voltammogram of the silver paint as a 

background. This figure is an evidence that template-synthesized conducting polymers 

will produce electroactive materials. 

 

Figure 4.37 Cyclic voltammetry obtained during characterization of both silver paint 

and silver paint with P(NMPy) nanotubules on top of it in 0.1 M TBAP/MeCN at a 

scan rate of 150 mV/s. 
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CONCLUSIONS 

 
 
 

A preliminary objective of this study was to envisage highly-surfaced, nano-

scaled, electroactive, conductive  polymers for supercapacitor applications, which was 

reasonably fulfilled with two useful synthetic approaches. Both interfacial oxidative 

polymerization method and template synthesis techniques were successfully applied to 

obtain PPy nano-networks and PPy, P(NMPy), PTh and PEDOT nanotubules. The 

scanning electron micrographs showed that both nano-networks and nanotubules of 

conducting polymers could be arranged in a diameter range of ca. 80-350 nm. Existence 

of a surfactant in an interfacial oxidative synthesis environment resulted in PPy 

nanofibers as a network structure. SEM images of potentiostatically deposited  PPy in 

the presence of a surfactant produced a morphology of PPy that had knitting type 

structures due to the electrostatic interactions between polymer backbone and 

surfactant.  

High regularity of PPy and P(NMPy) nanotubules differentiates in build of 

fibrillar structures when compared with PTh and PEDOT nanotubules in 1D. Although 

their appearance are similar, P(NMPy) nanotubules are not as much uniform as PPy 

nanotubules. However, below and upper films that support nanotubules of P(NMPy) 

have much more smooth surfaces than those of PPy nanotubules. The smoothness of 

PEDOT bucky-like structures is similar to PTh case and they have mostly cylindrical, 

freely separated structures like PThs. 

General overview of PTh nanotubules indicates similar arrangement in 1D like in 

PPy and P(NMPy) cases. Since one side of PTh nanostructures are not protected by a 

layer, dispersity in layer arrangement may decrease stiffness of PTh nanotubules. 

Therefore, PTh nanotubules show more free-standing property as a result of their self-

dispersion with the lackness of one end coating. As well, PTh nanotubules have 

smoother surfaces but they are as delicate as pyrrole derivated nanostructures. Although 
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PTh nanotubules lack in having two end films, this does not alter their adjustment in 

1D. In this respect, voids among fibers are clearly observable that large gaps may 

increase surface area as the proximity of one fiber to another is not so little. In 

comparison of all nanostructures, PEDOT nanopipes indicate the most dissipative 

behaviour among other conducting polymers studied.  

PPy and P(NMPy) nanotubules yield more densed nanostructures as arrays with 

small holes among their fibers while those PPy and PEDOT nanostructures indicate 

more dilution in self-organization. Distribution of PTh nanotubules is likely to 

P(NMPy) environment, which tells inhomogenity in their orientations. Since one ends 

of PTh and PEDOT’s nanotubules are open-sided, their tendency to stand freely should 

be much more than that of PPy and P(NMPy) nanotubules. Additionally, PEDOT 

nanopipes may have more unoccupied spaces among them that increases the surface 

area of the whole material or not if they are densely formed.   

Taking geometrical structures of all PEDOT nanopipes themselves into account, 

some pipes may be self-structured as hollow-type nanostructures, some can shape as 

hexagonal arrays. Moreover, those hollow-type PEDOT nanopipes should be 

categorized as: well-ordered elongated, irregularly ordered structures. Nevertheless, all 

types of PEDOT nanopipes have smooth surfaces. Though, PPy, P(NMPy) nanotubules 

and PTh nanotubules are more cylindrical in their structures.   

Other than SEM micrographs, FTIR-ATR analyses also confirmed that desired 

polymer structures in nano-scales could be clearly reached and engineered. More 

importantly, characterization of P(NMPy) nanotubules and PPy nano-networks with 

cyclic voltammetry indicated that synthesized conducting polymers using interfacial and 

template methods are electroactive, which revealed that these materials are promising 

for supercapacitor applications. 
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