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Bibliographische Beschreibung und Referat  
A. A. Shah 

Electrochemical Synthesis and Spectroelectrochemical Characterization of Conduct-
ing Copolymers of Aniline and o-Aminophenol 
 
        Es wurden Versuche zur Verbesserung der pH–Wert-Abhängigkeit der elektrochemischen 
Aktivität von Polyanilin (PANI) durch elektrochemische Copolymerisation von Anilin (ANI) mit 
o-Aminophenol (OAP), einem Anilinderivat mit zwei oxidierbaren Gruppen (Amino- und 
Hydroxylgruppe), durchgeführt. Diese Eigenschaft ist für die Anwendung in Sensoren, 
Biosensoren, Biokraftstoffzellen und Akkus erstrebenswert. Die Copolymerisation wurde mit 
verschiedenen Konzentrationen von OAP und einer konstanten Konzentration von AN in wässriger 
Schwefelsäurelösung durchgeführt. Die Überwachung der Copolymerisation erfolgte mit Hilfe 
zyklischer Voltammetrie (CV) und in situ UV-Vis Spektroskopie wurde die verfolgt. Homo- und 
Copolymere wurden mittels CV, in situ Leitfähigkeitsmessungen, FTIR-Spektroskopie, in situ UV-
Vis und Raman-spektroelektrochemischen Untersuchungen charakterisiert. 
         Die Copolymerisationsrate und die Eigenschaften der Copolymere hängen in hohem Maße 
von der Monomerkonzentration ab. Bei hohen OAP–Molarbrüchen wurde eine starke Hemmung 
der Elektropolymerisation beobachtet. Die unter optimalen Bedingungen hergestellten CVs der 
Copolymere zeigen eine Verschiebung des ersten Redoxpaares um 0,10 V in positive Richtung. 
Der Reduktionspeak des ersten PANI-Redoxpaares ist durch ein Stromplateau zwischen 0,06 und 
0,28 V ersetzt. Die Copolymere weisen eine gute Haftung auf der Elektrodenoberfläche auf und 
zeigen Redoxprozesse bis pH = 10,0 (Copolymere A und B). Wie bei PANI wurden bei den in situ 
Leitfähigkeitsmessungen der Copolymere zwei Umwandlungen beobachtet. Im Vergleich dazu 
waren die Leitfähig keiten jedoch um 2,5 bis 3,0 Größenordnungen geringer. Nach der 
Initiationsreaktion zeigte die Elektrosynthese von PANI auf POAP–modifizierten Elektroden eine 
Copolymerbildu ng und schließlich die Bildung eines PANI–Films an der Grenzfläche Copoly-
mer/Lösung. Der “Memoryeffekt“ der Doppelschichtstrukturen beider Polymere wird in Bezug auf 
die während der Redoxprozesse stattfindenden Protonierung/Deprotonierung und Anionenver 
brauch diskutiert.  
        In situ UV-Vis spektroelektrochemische Studien der Copolymerisation von OAP mit ANI bei 
konstanten Potentialen auf Indiumzinnoxid (ITO) beschichteten Glaselektroden zeigten die Bildung 
eines Zwischenproduktes bei der Initialisierung der Copolymerisation durch eine Reaktion der 
OAP–Kationenradikale mit denen des ANI. Es bilden sich Kopf-Schwanz-Dimere oder Oligomere. 
Im UV-Vis Spektrum wurde dem Zwischenprodukt ein Adsorptionspeak bei 520 nm zugeschri- 
eben. Weiterhin wurden charakteristische UV-Vis und Raman-Banden der Copolymere auf ITO–
Glas - und Goldelektroden identifiziert und deren Einfluss auf das Elektrodenpotenzial erörtert. Die 
spektroelektrochemischen Ergebnisse zeigen die Bildung von auf PANI basierenden Copolymeren 
bei geringen OAP–Konzentrationen. Der vermehrte Einbau von OAP–Einheiten in das Copolymer 
bei höheren OAP–Konzentrationen führte jedoch zu signifikanten spektroelektrochemischen Unter-
schieden im Vergleich zu den beiden Homopolymeren, was auch die  FTIR-Spektren unterstreich- 
en. 
         Die CVs  der POAP–Filme, die potentiostatisch bei relativ niedrigen Elektrodenpotentialen 
(ESCE = 0,70…0,80 V) synthetisiert wurden, zeigen zwei Redoxprozesse, im Gegensatz zu den in 
der Literatur veröffentlichten Werten über potenziodynamisch  hergestelltes POAP (ESCE = 0,29 V). 
Das Polymer wurde mittels in situ UV-Vis und in situ Raman Spektroelektrochemie untersucht. 
Unter Verwendung eines  Kr+-Lasers (647.1 nm) wird das um 1645 cm-1 beobachtete Raman-Band 
diskutiert. Die Intensität dieses Bandes wächst in positive Potentialrichtung bis zu einem Maximum 
von ESCE = 0,30 V. Danach fällt es wieder ab, was auf das Vorhandensein von Zwischenprodukten 
schließen lässt.  
 
Stichworte: Polyanilin; Poly (o-aminophenol); Copolymerisation; Polymer-Zusammensetzungen; 
zyklische Voltametrie; Spektroelektrochemie; Zwischenprodukt; In situ-Raman-Spektroskopie. 
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Abstract 
A. A. Shah 

Electrochemical Synthesis and Spectroelectrochemical Characterization of Conducting 

Copolymers of Aniline and o-Aminophenol 

both polymers. 

 

        An attempt has been made to improve the pH dependence of the electrochemical 

activity of polyaniline (PANI), desirable for its potential application in sensors, biosensors, 

bio-fuel cell and rechargeable batteries, by electrochemical copolymerization of aniline 

(ANI) with o-aminophenol (OAP), an aniline derivative having two oxidizable groups i.e. 

amino group and hydroxyl group. Copolymerization was carried out with different feed 

concentrations of OAP with a constant concentration of aniline in aqueous sulfuric acid 

solution. The copolymerization was monitored by cyclic voltammetry (CV) and in situ 

UV-Vis spectroelectrochemistry. The homopolymers and copolymers were characterized 

by CV, in situ conductivity measurements, FTIR spectroscopy, in situ UV-Vis and Raman 

spectroelectrochemistry. 

         The copolymerization rate and the properties of the copolymer are strongly affected 

by the monomer concentration ratio. A strong inhibition of electropolymerization was 

found at a high molar fraction of OAP in the feed. CV of the copolymer obtained at the 

optimum conditions reveals that the first redox couple is shifted by 0.10 V into positive 

direction and the reduction peak of the first redox pair of PANI is replaced by a current 

plateau between 0.06 and 0.28 V. The copolymers showed good adherence on the electrode 

surface and gave a redox response up to pH =10.0 (copolymers A and B). Two transitions 

were observed in the in situ conductivities of the copolymers (as with PANI), but the 

conductivities were lower by 2.5 to 3.0 orders of magnitude as compared to PANI. 

Electrosynthesis of PANI on poly(o-aminophenol) (POAP) modified electrodes showed 

copolymer formation after reaction initiation and finally formation of a PANI layer at the 

copolymer/solution interface. The ‘memory effect’ of the bilayer structures of both 

polymers was discussed in terms of protonation/deprotonation and anion consumption 

taking place during redox processes of 

        In situ UV-Vis spectroelectrochemical studies of the copolymerization of OAP with 

AN at constant potential polymerization on indium tin oxide (ITO) coated glass electrodes 

revealed the formation of an intermediate in the initial stage of copolymerization through 

the cross-reaction of OAP cation radicals and ANI cation radicals resulting in a head-to-tail 

dimer or oligomer. An absorption peak at 520 nm in the UV-Vis spectra was assigned to 
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this intermediate. Characteristic UV-Vis and Raman features of the copolymers synthe-

sized with different feed concentrations on indium tin oxide (ITO) coated glass and gold 

electrodes have been identified and their dependencies on the electrode potential are dis-

cussed. Spectroelectrochemical results reveal the formation of PANI-based copolymers at 

low concentration of OAP in the feed but incorporation of more OAP units into the co-

polymer with higher concentration of OAP in the comonomer feed with significantly dif-

ferent spectroelectrochemical features from those of both homopolymers. 

        The FTIR spectral analysis of the copolymer clearly demonstrates the incorporation of 

more OAP units into the polymer backbone with the increasing concentration of OAP in 

the comonomer feed.  

        The CVs of the POAP films synthesized potentiostatically at relatively low electrode 

potentials (ESCE = 0.70…0.80 V) exhibit two redox processes, rather than a single redox 

process as reported in the literature for potentidynamically prepared POAP, with a mid 

point potential ESCE = 0.29 V showing that the redox transition of the POAP from its 

reduced to completely oxidized state occurs via two consecutive reactions. The polymer 

has been studied with in situ UV-Vis and in situ Raman spectroelectrochemistry. The 

nature of a Raman band observed around 1645 cm-1 with red Kr+ laser excitation (647.1 

nm) is discussed. The intensity of this band grows during a positive potential shift up to a 

maximum, located at about ESCE = 0.30 V, and then decreases with a further potential shift 

indicating the existence of intermediate species during the redox transformation of the 

olymer. 

; 

yclic voltammetry; Spectroelectrochemistry; Intermediates; In situ Raman spectroscopy 
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Keywords: Polyaniline; Poly(o-aminophenol); Copolymerization; Polymer composites
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Chapter 1:Introduction 

 

1 Introduction 
       

        Traditionally polymers have been associated with insulating properties in the 

electronic industry and are applied as insulators of metallic conductors or photoresists. 

Since the discovery in 1977 of the doping of polyacetylene (PA), which resulted in 

increasing the conductivity of polyacetylene by eleven orders of magnitude [1, 2], many 

academic and industrial research laboratories initiated projects in the field of conducting 

polymers. The importance of the field of semiconducting polymers was recently stressed 

by awarding the 2000 Nobel prize in chemistry to the discoverers Heeger, Shirakawa and 

MacDiarmid. The three winners established that polymer plastics can be made to conduct 

electricity if alternating single and double bonds link their carbon atoms, and electrons are 

either removed through oxidation or introduced through reduction. Normally the electrons 

in the bonds remain localized and cannot carry an electric current, but when the team 

"doped" the material with strong electron acceptors such as iodine, the polymer began to 

conduct nearly as well as a semimetal. Although polyacetylene exhibits a very high 

conductivity in the doped form, the material is not stable against oxygen or humidity and is 

intractable. For these reasons, much work has been devoted to synthesizing soluble and 

stable polyacetylenes [3, 4]. Unfortunately, these substituted derivatives exhibit electrical 

conductivities that are much lower than of the parent polyacetylene. The discovery of 

polyacetylene led to the search for new structures that could lead to new and improved 

e, these polymers have been 

seful in designing new structures that are stable and soluble in some cases. 
 

polymer properties. 

        Since then, more polymers with conjugated π electrons were found to undergo 

transition from insulator to conductor after doping with weak oxidants or reducing agents 

and developed for their specific physical or chemical properties and implemented in a 

variety of applications as novel materials in rechargeable batteries, electrochromic display 

devices, sensors, electromagnetic interference shielding and corrosion protection. New 

classes of conducting polymers include polythiophene, polyfuran, polypyrrole, poly(p-

phenylene), poly(p-phenylenevinylene), polyfluorene and polyaniline (PAN). Although 

none have exhibited higher conductivity than polyacetylen

u
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1.1 Electronic Conduction in Conjugated Polymers 

 

        The electronic and optical properties of π-conjugated polymers result from a limited 

number of states around the highest occupied and the lowest unoccupied levels. According 

to the band theory, the highest occupied band, which originates from the highest occupied 

molecular orbital (HOMO) of each monomer unit, is referred to as the valance band (VB) 

and the corresponding lowest unoccupied band, originating from the lowest unoccupied 

molecular orbitals (LOMO) of monomer is known as the conduction band (CB)[5]. The 

energy distance between these two bands is defined as the band gap (Eg), and in neutral 

conjugated polymers refers to the onset energy of the π-π* transition. The Eg of conjugated 

polymers can be approximated from the onset of the π-π* transition in the UV-Vis 

spectrum. Conjugated polymers behave as semiconductors in their neutral state. However, 

upon oxidation (p-doping) or reduction (n-doping), the interband transitions between VB 

and CB can decrease the effective band gap and thereby, resulting in the formation of 

charge carriers along the polymer backbone. 

will localize them [7, 8]. 

        The studies concerning the application of band theory to conjugated polymers were 

initially focused on polyacetylene. In neutral state the two resonance forms of 

polyacetylene are degenerate and on oxidation lead to the formation of solitons. The 

localized electronic state associated with the soliton is a nonbonding state at an energy 

lying in the middle of the π-π* gap, between the bonding and antibonding levels of the 

polymer chain. The soliton is a defect both topological and mobile because of the 

translational symmetry of the chain [6]. Soliton model was first proposed for degenerated 

conducting polymers (PA in particular) and it was noted for its extremely one dimensional 

character, each soliton being confined to one polymer chain Thus, there was no conduction 

via interchain hopping. Furthermore, solitons are very susceptible to disorder, and any 

defect such as impurities, twists, chain ends or crosslinks 

        The application of an oxidizing potential to aromatic polymers with nondegenerate 

ground states, destabilizes the VB, raising the energy of the orbiatal to a region between 

the VB and CB. Removal of an electron from the destabilized orbital results in a radical 

cation or polaron. Further oxidation results in the formation of dications or bipolarons, dis-

persed over a number of rings. These radical cations are the charge carriers responsible for 

conductivity in conjugated polymers. Because of the nondegenerate energy transitions of 

conjugated polymers (excluding PA), structural changes result and are based on the most 
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widely accepted mechanism as shown for PPy in Fig. 1.1 [9]. This mechanism is based on 

the FBC (Fesser, Bishop, and Campbell) theory which is most frequently cited by the sci-

entists throughout the world while attempting to explain electrooptical transitions in their 

polymer systems [10] and has been supported by electron paramagnetic resonance (EPR) 

measurements, showing that neutral and heavily doped polymers possess no unpaired elec-

trons, while lightly doped polymers display an EPR signal [11, 12]. 

        An alternating approach is based on the formation of π-dimers instead of bipolarons 

during the oxidative doping of conjugated polymers. According to this concept polarons 

from separate polymer chains interact forming an EPR inactive diamagnetic species [13, 

14, 15]; this has been demonstrated in studies of thiophene-based oligomers [16, 17]. 

Despite the fact that scientists have been able to interpret the band structure of conjugated 

polymers to tune their electrical, optical and electrooptical properties, it is still far from 

being straight to say which mode of oxidative doping is indeed responsible for the 

observed properties in the conjugated polymers. 
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1.2 Classification of Conjugated Polymers 

 

        A number of conjugated polymer chains consisting of only unsaturated carbon atoms 

in the backbone or carbon atoms with electron-rich heteroatoms or even totally non-carbon 

atom backbones have been synthesized in the last three decades. A simple classification of 

conducting plymers on the basis of chain composition is displayed in table 1.1. 

        Polyvinylenes, polyarylenes and polyheterocycles are the major classes of conducting 

polymers. Polyvinylenes are well known polymers, which possess good thermal stabilities 

and appreciably high electrical conductivities. Poly(p-phenylene) and poly(phenylene 

vinylene) belong to the class of polyarylenes or polyaromatics. Poly(p-phenylene) was the 

first non-acetylenic hydrocarbon polymer that showed high conductivity on doping which 

was demonstrated in 1980 [18]. Polythiophene [19, 20], Polypyrrole [21, 22], polyfuran 

[23] and their derivatives having a five membered ring structure with one heteroatom like 

sulphur or nitrogen or oxygen, constitute the heterocyclic family of the conducting 

polymers. 

        Polythiophene and its derivatives exhibit good chemical and electrochemical stability 

both in doped and undoped states [19]. Polypyrrole systems received greater attention be-

cause of their ease of preparation and good chemical and thermal stability and their deriva-

tives with high condutivity [24] are also reported. Polyaniline is an electroactive conju-

gated polymer that has shown very good environmental stability and so became a promi-

nent subject of investigations since 1980, in view of its potential for significant technologi-

cal applications as conducting polymer [25]. 
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Table 1.1 Classification of conducting polymers 

 

CONDUCTING POLYMERS

Polymers containing
carbon atoms

Polymers having 
no carbon atoms
e.g., poly(sulphur nitride)

Aliphatic polymers Aromatic polymers Heterocyclic polymers
e.g., polythiophene
and polypyrrole

Polymers without
hetero atoms in the
backbone
e.g., Polyacetylene

Polymers with
hetero atoms in
the backbone
e.g., Poly(vinylene 
sulphide)

Polymers without
hetero atoms in the
backbone
e.g., Poly(p-phenylene)

Polymers with 
hetero atoms in the
backbone
e.g., Polyaniline
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1.3  Synthesis of Conducting Polymers 

 

        Electrically conductive polymers may be synthesized by any one of the following 

methods [26]. 

i) Chemical polymerization 

ii) Electrochemical polymerization 

iii) Photochemical polymerization 

iv) Methathesis polymerization 

v) Concentrated emulsion polymerization 

vi) Inclusion polymerization 

vii) Solid-state polymerization 

viii) Plasma polymerization 

ix) Pyrolysis 

x) Soluble precursor polymerization 

xi) Microwave polymerization  

 

The most widely used technique is based on the oxidative coupling. Oxidative coupling 

involves oxidation of monomers to form a cation radical followed by coupling to form a 

di-cation. Repetition leads to the desired polymer. This can be performed by chemical or 

electrochemical polymerization.  

 
1.3.1 Chemical Polymerization 
 

        Chemical polymerization [27 , 28 ] is the versatile technique for preparing large 

amounts of conducting polymers. Chemical synthesis can be carried out in a solution con-

taining the monomer and an oxidant in an acidic medium. The common acids used are hy-

drochloric acid (HCl) and sulfuric acid (H2SO4). Ammonium persulfate ((NH4)2S2O4),
  
pos-

tassium dichromate (K2Cr2O7),
 
cerium sulfate (Ce(SO4)2), sodium vanadate (NaVO3), po-

tassium ferricyanide (K3(Fe(CN)6), potassium iodate (KIO3), hydrogen peroxide (H2O2) 

and some lewis acids [29, 30, 31, 32]
 
are typically used as oxidants. Oxidative chemical 

polymerizations result in the formation of the polymers in their doped and conducting 

state. Isolation of the neutral polymer is achieved by exposing the material to a strong re-

ducing agent such as ammonia or hydrazine. An advantage of chemical oxidative polym-

erizations is that properly substituted heterocyclic and other aromatic monomers form 
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soluble polymers. These polymers can be analyzed by traditional analytical techniques to 

determine their primary structure. The nature of the polymerization conditions also allows 

for easy scale-up and production of large quantities of polymer. Unfortunately, chemical 

oxidative polymerizations suffer from several disadvantages that often result in poor qual-

ity polymers. For example, Lewis acid catalyzed polymerizations yield the oxidized poly-

mer, which is thought to be more rigid [33], resulting in its precipitation from the polym-

erization medium, limiting the degree of polymerization. Also, the use of strong oxidizing 

agents can result in the overoxidation and eventual decomposition of the polymer. Another 

disadvantage of this method is that the polymer results from solution containing an excess 

of oxidant and higher ionic strength of the medium. This leads to impurities of the materi-

als that are certainly intractable [34].
 

 
1.3.2 Electrochemical Polymerization 

 

        Electropolymerization is a standard oxidative method for preparing electrically 

conducting conjugated polymers. Smooth, polymeric films can be efficiently 

electrosynthesized onto conducting substrates where their resultant electrical and optical 

properties can be probed easily by several electrochemical and coupled in situ techniques. 

Electrosynthesis can be carried out in three ways: (1) potentiostatic (constant potential) 

method; (2) galvanostatic (constant current) method; (3) potentiodynamic (potential 

scanning or cyclic voltammetric) method.  

ous or organic solutions.  

        Standard electrochemical techniques include a three-electrode cell which contains a 

working electrode (WE), a reference electrode (RE) and a counter electrode (CE) or 

auxiliary electrode (AE). Many kinds of materials can be used as WEs. Generally, the 

commonly used WEs are chromium, gold, nickel, copper,
 
palladium, titanium, platinum, 

indium-tin oxide coated glass plates
 
and stainless steel [35, 36, 37, 38]. 

 
Semi-conducting 

materials, such as n-doped silicon [39],
 
gallium arsenide [40], cadmium sulphide, and 

semi-metal graphite [41] can also be employed for the growth of polymer films. The 

reference electrode (RE) is typically a saturated calomel electrode (SCE) or Ag/AgCl 

electrode. The CE or AE is usually made of a gold or platinum wire or foil. 

Electrochemical synthesis can be carried out in aque

        Electrochemical polymerization of monomers on an electrode surface offers many ad-

vantages over chemical methods [42, 43, 44]
 
such as purity of the product and easy control 
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of the thickness of the polymer films deposited on WEs. Similarly, the doping level can be 

controlled by varying the current and potential with time; synthesis and deposition of 

polymer can be realized simultaneously. In addition, the deposited films are easily amena-

ble to numerous techniques of characterization such as UV-visible, infrared, and Raman 

spectroscopies. Therefore, this approach rapidly becomes the preferred method for prepar-

ing electrically conducting polymers.  

 

1.4 Applications of Conducting Polymers 

 

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

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

redox processes in the conjugated polymers are reversible, therefore, the electrical and 

optical properties can be tuned systematically, with appreciable degree of precision by 

suitably controlling both the chemical or electrochemical oxidation and reduction. It is 

even possible to swich from a conducting to an insulating state and vice versa. 

        Conducting polymers are thought to replace metals in future because they have supe-

rior properties, such as ease of preparation, light weight and low-cost fabrication, to metals 

which are also toxic and hazardous to the environment [45]. An assessment of the applica-

tion potential of organic conductive polymers in organic electronics [46],
 
in chemical sen-

sors [47, 48, 49, 50, 51],
 
biosensors [52, 53, 54]

 
or as antistatic, corrosion protective [55, 

56, 57, 58]
 
or as electrochromic coatings [59, 60, 61, 62] resulted in its extensive investiga-

tions during the last decade. So far, numerous publications about various applications of 

electrically conducting polymers can be divided into two main groups [47, 63]:
 
one is used 

as materials or elements for construction of various devices based on electronic, optoelec-

tronic and electromechanical principles; the other is as sensitive materials in chemical sen-

sors based on electronic, optical [64],
 
mass [65, 66]

 
or transduction mechanisms.  
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1.5 Polyaniline 

 

        Polyaniline (PANI) is an organic conducting polymer, the base form of which has the 

following generalized composition [67, 68], where y represents the oxidation states of the 

polymer. 

  

 

NH NH
1-y

N  N
y x

 
Polyaniline is probably most extensively studied conducting polymer [69, 70], its use as an 

electrode material in the fabrication of secondary batteries [71], in microelectronics [55] 

and as an electrochromic display material [72] has been suggested because of its unique 

dopability, good redox reversibility, environmental stability and high electrical conductiv-

ity [73]. Furthermore, the potential range needed to polymerize aniline is narrow when 

compared with other conducting polymers. In addition the polymerization can be carried 

out in aqueous medium [74] by avoiding the use of toxic organic solvents.  

PANI has a variety of oxidation states that are both pH and potential dependent. It is 

generally agreed [75] that PANI has three different fundamental forms: leucoemeraldine 

(LE: fully reduced), emeraldine base (EB: half oxidized), and pernigraniline (PN: fully 

oxidized). The only electrically conducting one is, however, the emeraldine salt form (ES: 

half oxidized), which is protonated form of EB (Fig. 1.2).  

        The redox reaction of PANI involves protons and has the special feature that different 

oxidation states are possible. There have been detailed studies on the redox mechanism of 

PANI. Kobayashi et al.[76] suggested that the first redox process (LE-ES transition) in-

volves proton addition-elimination reaction. According to Huang et al. [67], the first redox 

process was related to anion insertion, while the second step was described by expulsion of 

two protons and one anion. Both the above studies were based on the cyclic voltammetric 

and absorption spectrophotometric results. A later investigation of PANI by probe beam 

deflection gave direct in situ evidence for the additional involvement of protons in the first 

oxidation process [77]. Protons are expelled prior to anion intake, the effect being more 

evident at high acid concentrations. 
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Fig. 1.2. Redox forms of PANI 

 

1.5.1 Electropolymerization Mechanism of Aniline 

 

        Aniline can be polymerized electrochemically in either organic or acidic aqueous 

media. Electropolymerization of aniline to polyaniline in aqueous H2SO4 was first reported 

in 1962[78]. The polymerization of aniline is reported as a bimolecular reaction involving 

a radical cation intermediate (scheme 1.1). The reaction produces benzidine and 4-

aminodiphenylamine in different proportions depending on the pH of the medium as the 

major intermediate species during the aniline polymerization [79, 80, 81, 82]. Wei et 

al.[83, 84] reported a significant increase in the rate of polymerization of aniline when a 

small amount of the dimeric species was added as the initiators. 

        Mohilner et al. [79] inferred that the oxidation of aniline to form a primary radical 

cation is the rate-limiting step in electrochemical polymerization of aniline. The radical 

coupling of various resonance forms of the radical cation resulting in head-to-head (1,2-

diphenylhydrazine) and tail-to-tail (benzidine) as minor by-products [85] in addition to the 

 23



 
Chapter 1: Introduction 
 
 
normal head-to-tail coupling. It has been shown that a seed film of polyaniline significantly 

enhances the rate of polymerization even at potentials as low as 0.55 V using double poten-

tial step experiments [86, 87]. It was proposed that the polymer chain ends incorporate 

neutral aniline monomer by radical cation mechanism.  
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Scheme 1.1 Mechanism for the electropolymerization of aniline 
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1.5.2 Derivatives of Polyaniline 

 

        Polyaniline itself has many interesting properties and has been tested for various 

technical applications. However, it has been observed that some of its properties still need 

further improvement. For example, its applications are severly limited by its intractable 

and nonprocessable nature. Silmilarly, PANI is electroactive only in acidic medium, which 

limits its applications in those fields where neutral or slightly basic medium is needed. 

Attaching different functional groups on the benzene ring could modify the electroactivity 

of PANI.  

erization. 

        There are generally two approaches for making modified polyaniline; the first method 

is to synthesize modified polyaniline from monomers of aniline derivatives or post 

treatment [88, 89], while the second method is by copolymerization of aniline with its 

derivatives [90]. These two methods effectively produce polyaniline with the desired 

properties. The selection of the method depends strongly on the chemical properties of the 

monomers; copolymerization is usually applied for synthesizing polyaniline derivatives 

that are not possibly obtained from homopolym

        In general, the monomers of polyaniline derivatives are classified into three groups 

according to the position of the attached functional groups: (a) ring substituted, (b) N-

substituted and (c) fused ring. For each category, the synthetic methods are similar, but the 

properties of the resulting polymers are widely diverse. 

        o/m-toluidine, o-ethylaniline and alkyl substituted anilines on polymerization produce 

the simplest ring substituted polyaniline [91, 92, 93, 94, 95, 96, 97]. The synthesis and 

characterization of disubstituted poly(2,5-dimethylaniline) is also reported [98, 99]. Like 

most PANI derivatives poly(o-methoxyaniline)[100, 101, 102, 103, 104] and poly(2,5-

dimethoxyaniline) [105, 106] can be prepared both chemically and electrochemically. The 

aim of introducing alkyl and alkoxy groups into the benzene ring of PANI was to improve 

the resonance stability, solubility and electrochromic behaviours of polyaniline. Poly(2,5-

dimethoxyaniline) was reported [105, 106, 107] having better electrochromic behaviour as 

well as significantly enhanced solubility in organic solvents when compared with PANI. 

Much work has been done on improving the solubility of PANI. Poly(trifluoromethylanili-

ne) [108] was synthesized for this purpose. Water-soluble PANI was synthesized by 

attaching sulphonic group on the PANI backbone by chemical mean [109, 110]. Poly (2-
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methoxy-5-aniline sulfonate) [111 ] was reported to be soluble in water as well as organic 

solvents. 

        Various polyaniline derivatives prepared by N-methyl, N-ethyl and N-benzyl aniline 

were synthesized [112, 113, 114, 115, 116, 117, 118, 119]. The radical cations of N-alkyl 

and N-phenylaniline are extraordinary stable in aqueous solution. Malinauskas and Holze 

[112,113, 114] had conducted several experiments with the use of in situ UV-Vis spectros-

copy to monitor the formation and consumption of these radical cations for determining the 

polymer growth mechanisms. N-arylamines, such as N-phenylamine and N-naphthylamine 

prepared by either chemical or electrochemical methods were reported [120, 121].  

        Fused ring polyanilines also known as polynuclear aromatic amines are referred to 

naphthylene and anthracene derivatives bearing the amine group. Poly(1-naphthylamine) 

[122, 123, 124, 125, 126], poly(5-amino-1-naphthol) [127, 128, 129, 130, 131] are studied 

extensively. The synthesis and chraracterization of more complex fused ring polyaniline 

such as poly (3,3’-dimethylnaphthidine) [132, 133] and poly (1-aminoanthracene) [124, 

134] were also reported. The mechanism for electropolymerization of 1-nephthylamine in 

aqueous acidic medium was reported similar to the mechanism of electropolymerization of 

aniline [122]. Polyaniline derivatives usually exhibit electrochromism, but poly(1-

naphthylamine) was reported to show limited colour range. However, Schmitz and Euler 

[125] have reported wide colour ranges (from pink to violet) for the oligomers of 1-

naphthylamine under different pH conditions. 

 

1.5.3 Aminophenols  

 

        Aminophenoles are interesting members of the class of substituted anilines. The hy-

droxyl group in the phenyl ring can be oxidized to quinone and quinone can be reduced 

again. Thus unlike aniline and other substituted anilines, they have two oxidizable groups 

(-NH2 and -OH). Therefore, they could show electrochemical behavior resembling anilines 

and/or phenols. An important factor would be the relative position of the amino and hy-

droxyl group in the aromatic ring. Although literature is also available on electrochemical 

and spectroelectrochemical studies of the m- and p-isomers [135, 136] o-aminophenol 

(OAP) has attracted most attention due to the formation of an electroactive polymer during 

its chemical and electrochemical oxidation [137, 138, 139, 140]. Poly (o-aminophenol) 

(POAP) has been investigated with electrochemical, spectroelectrochemical, ellipsometry 
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and impedance measurements [141, 142, 143, 144, 145] and applied in sensors, biosensors 

and corrosion protection [146, 147, 148, 149]. 

        The oxidation of OAP and the formation mechanism of POAP was studied using elec-

trochemical techniques [138], showing that the electrochemical oxidation of OAP produces 

electroactive dimers which polymerize to form an electroactive material on the electrode 

surface (scheme 1.2). The formation of a soluble dimer 2-aminophenoxazin-3-one (APZ) 

was proposed during the oxidation of OAP and supported by the chemical synthesis of the 

dimer [150]. Goncalves et al.[151] have revised the formation of APZ as a soluble product 

during the electrooxidation of OAP in aqueous acidic medium. Electrochemical and spec-

troelectrochemical studies have shown that phenoxazine units are the main units of POAP 

backbone with ladder structure [135, 152, 153, 154]. 
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Scheme 1.2. Mechanism for the electropolymerization of o-aminophenol 
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1.6  Cyclic Voltammetry 

 

        Electrochemical methods that can be applied to the study of conducting polymer films 

deposited on conducting surfaces have been thoroughly reviewed [155]. Among these 

methods, cyclic voltammetry (CV) has becoming increasingly popular as a mean to study 

redox states, due to its simplicity and versatility. Cyclic voltammetry refers to the 

electrochemical technique where the resulting current is measured as dependent variable of 

the potential varying linearly in time. The reduction or oxidation potential of a conducting 

polymer can be easily located by CV. The ability to generate a new redox species during 

the first potential scan and then probe the fate of species on the second and subsequent 

scans, is regarded as an important aspect of this technique. Therefore, CV can be used both 

for monitoring the growth of a polymer film on the electrode surface and the subsequent 

characterization of the polymer within a single set of experiment. Additionally, 

information about the stability of the polymer films can be obtained from CV during 

multiple redox cycles. Since the rate of potential scan is variable, both fast and slow 

reactions can be followed 

 [156]: 

        During a CV experiment, the potential is increased linearly from an initial potential to 

a final potential and back to the initial potential again, while the current response is 

measured. For freely diffusing species, as the potential is increased, oxidizable species near 

the electrode surface react, and a current response is measured. When the direction of the 

scan is reversed, the oxidized species near the electrode surface are reduced, and again a 

current response is measured. The peak current is related to the scan rate according to the 

Randles-Sevcik equation

 
ip = ( 2.69 x 105 ) n3 / 2 Cb A D1/ 2 v1/ 2

 
where n is the number of electrons, A is the surface area of the electrode (cm2), D is the 

diffusion constant (cm2/s), Cb
 is the bulk concentration of electroactive species (mol/cm3), 

and v is the scan rate (V/s). Therefore, for a diffusion-controlled process, the peak current 

is proportional to the square root of the scan rate. Since electroactive polymer is adhered to 

the electrode surface, the process is not diffusion controlled. For surface bound species the 

peak currents scale linearly with scan rate according to the equation [157, 158]: 
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ip
 = n2F2Г v / 4RT 

 
where Γ is the concentration of surface bound electroactive centers (mol/cm2) and F is 

Faradays constant (96,485 C/mol). 

 

1.7 In situ Conductivity Measurements 

 

        Conducting polymers have been studied extensively in the past few years for possible 

technological applications. Electrical conductivity of these materials is a crucial factor in 

addition to their electroactivity in potential applications. The conductivity depends to a 

great extent on the method of preparation and manipulation of the polymers. Conductivity 

is an important aspect of conducting polymers and its measurement is regarded as an 

important step in the characterization of these materials. Conductivity of the polymers can 

be measured both with ex situ (two or four-probe method) and in situ techniques. However, 

in situ conductivity measurements, using a bandgap electrode with a special setup are 

greatly simplified for polymer fim deposited on this electrode [159]. The important aspect 

of this setup is that one can judge the dependence of the resistance on different applied 

potentials for a particular conductive polymer film. In addition to this one can also 

compare the ranges of resistance variation, with varying applied potential, of different 

conductive polymer films. The relative conductivity changes of polymers let us to 

understand the characteristic material property and provide helpful knowledge for the 

development of mechanistic conduction models for conducting polymers.  

 

1.8 Spectroelectrochemical Techniques 

 

        The use of spectroscopic techniques coupled to the electrochemical systems allows 

the identification of structural changes in the polymer during redox processes. The spectro-

scopic techniques used in association with the electrochemical systems in spectroelectro-

chemistry include UV-Vis absorption spectroscopy [90, 160, 161], Raman spectroscopy 

[162, 163, 164], infrared spectroscopy [163, 165] and electron spin resonance spectroscopy 

[166]. However, UV-Vis absorption and Raman spectroscopies are most frequently em-

ployed in the in situ characterization of conducting polymers. 
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1.8.1 UV-Visible Spectroscopy 

 

        UV-Vis spectroscopy probes the electronic transitions of molecules that absorb light 

in the ultraviolet and visible region of the electromagnetic spectrum and is considered a 

reliable and accurate analytical technique for the qualitative as well as the quantitative 

analysis of samples. When sample molecules are exposed to light having an energy that 

matches a possible electronic transition within the molecule, some of the light energy will 

be absorbed as the electron is promoted to a higher energy orbital. An optical spectrometer 

records the wavelengths at which absorption occurs, together with the degree of absorption 

at each wavelength. The resulting spectrum is presented as a graph of absorbance versus 

wavelength [167].  

        Various kinds of electronic excitation may occur in organic molecules by absorbing 

the energies available in the 200 to 800 nm spectrum. As a rule, energetically favored 

electron promotion will be from the highest occupied molecular orbital (HOMO) to the 

lowest unoccupied molecular orbital (LUMO), and the resulting species is called an 

excited state.  

        Because the absorbance of a sample will be proportional to the number of absorbing 

molecules in the spectrometer light beam (e.g. their molar concentration in the sample 

tube), it is necessary to correct the absorbance value for this and other operational factors if 

the spectra of different compounds are to be compared in a meaningful way. The corrected 

absorption value is called "molar absorptivity", and is particularly useful when comparing 

the spectra of different compounds and determining the relative strength of light absorbing 

xima to longer wavelengths, so conjugation 

ecomes the major structural feature identified by this technique. 

functions (chromophores) 

        The presence of chromophores in a molecule is best documented by UV-Visible 

spectroscopy, but the failure of most instruments to provide absorption data for 

wavelengths below 200 nm makes the detection of isolated chromophores problematic. 

This is because the ultraviolet radiation having wavelengths less than 200 nm is difficult to 

handle, and is seldom used as routine tool for structural analysis. Oxygen in the form of 

ozone, in the ozone layer in the stratosphere absorbs strongly in the 200-300 nm and 

protects life from the effects of this dangerous radiation. Fortunately, conjugation in the 

conducting polymers moves the absorption ma

b
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1.8.2 Raman Spectroscopy 

es lines. This is the reason why only the Stokes lines are recorded 

iting laser frequency 

oincides with that of an electronic absorption of the scattering molecule. 

.9 Conducting Copolymers 

 

        Raman spectroscopy is a scattering technique and is based on the Raman effect 

discovered by C.V. Raman in 1928, which is the inelastic scattering of photons by 

molecules [168, 169]. Raman scattering is the process of radiation of scattered light by 

dipoles induced in the molecule by the incident light and modulated by the vibrations of 

the molecules. When a sample is irradiated by monochromatic light from a laser source, 

the Rayleigh scattering has the highest probability. In this scattering process neither loss 

nor gain of energy matters the scattered light having the same frequency as the radiation 

source. However, a small fraction of the scattered light also exhibits shifts in frequency 

corresponding to the sample’s vibrational transitions. Lines shifted to frequencies lower 

than the source frequency are produced by ground-state molecules, they are called Stokes 

lines. On the other hand the slightly weaker lines at higher frequency are due to molecules 

in excited vibration state, which are called anti-Stokes lines. Since most molecules are in 

their vibrational ground state at ambient temperature the intensity of Stokes lines are 

higher than the anti-Stok

as the Raman spectrum. 

        The main limitation of the Raman spectroscopy is the fluorescence. Fluorescence 

occurs if molecules have electronic energy levels that can be excited by the 

monochromatic laser source. The only way to prevent superimposing by fluorescence is by 

shifting the Raman excitation wavelength into the near-IR, which has insufficient energy to 

excite electronic states. Resonance enhancement can also be used to remove fluorescence 

by making the Raman signal much more intense than the fluorescence signal. Certain 

Raman lines increase in intensity and are strongly enhanced if the exc

c
 

1

 

        Among the organic conducting functional materials, polyaniline (PANI) has been ex-

tensively studied as electrode material in the fabrication of secondary batteries, microelec-

tronics, electrochromic display material and immobilization of enzymes [170, 171, 172, 

173, 174, 175]. This is due to the fact that polyaniline has high conductivity, good redox 
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reversibility, and stability in aqueous solution and air. However, the conductivity and the 

electrochemical activity of polyaniline are strongly affected by the pH value, which limits 

its applications to a certain extent. This is because polyaniline has only low conductivity 

and a little electrochemical activity at pH > 4 [25, 176] and its usable potential range also 

erivatives as comonomers 

decreases with increasing pH value. 

        Copolymerization of aniline with its derivatives, as already mentioned in section 

1.5.2, is considered an alternative approach to the polymerization of substituted anilines 

and post treatment for making modified polyaniline with improved and optimized 

properties. Copolymerization of ANI with some of its derivatives, which bear various 

functional groups, leads to modified copolymers having some remaining functionalities 

and possessing interesting properties. The primary advantage of copolymerization is the 

possible homogeneity of the resulting material, the properties of which can be regulated by 

adjusting the ratio of the concentrations of the monomers in the feed. Numerous systems 

having aniline as a comonomer with a variety of its substituted d

have been investigated recently [177, 178, 179, 180, 181, 182].  

        In fact a pioneering work for the electrochemical copolymerization of aniline with o- 

or m-toluidine was done by Wei et al. [183]. They reported that the conductivity of the co-

polymer could be controlled in a broad range, depending on the monomer concentration ra-

tio. Afterward, Karyakin et al. reported the interesting self-doped polyanilines obtained 

from the electrochemical copolymerization of aniline with m-aminobenzoic acid, an-

thranilinc acid and m-aminobenzenesulphonic acid (m-ABS) [184, 185]. The copolymers 

were reported to retain redox activity in the buffer solution of pH 9 at the scan rate of 25 

mV/s [185]. It is clear that the pH dependence of the electrochemical activity of the co-

polymers was improved pronouncedly, compared with the parent polyaniline. Poly(aniline-

co-m-ABS) prepared electrochemically has been used to fabricate the secondary Zn-

copolymer battery, which has a rather high specific energy [186]. Rajendran et al. reported 

the electrochemical copolymerization of aniline with o-chloroaniline using pulse potentio-

static method. The cyclic voltammogram of the copolymer was similar to that of the parent 

polyaniline but the conductivity was 0.113 S/cm [187]. Huang et al. reported the electro-

chemical copolymerization of aniline and 2, 2′-dithiodianiline (DTDA) [188]. The copoly-

merization rate was strongly dependent on the amount of DTDA in the comonomer feed. 

The electrochemical copolymerization of aniline with o-aminobenzonitrile was carried out 

in aqueous acid solution. The resulting copolymer film has a polyaniline-like structure in 
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which some of the phenyl rings have a cyanide group, and has cyclic voltammograms dif-

ferent from those of either homopolymer [189]. In this case, the electron withdrawing cya-

nide group changes the properties of the parent polyaniline. The electrochemical polymeri-

zation of aniline and metanilic acids indicates that polymer growth is inhibited even by 

trace quantities of metanilic acid because of unfavorable combination of inductive and 

steric effects imposed by the bulky sulphonate pendant groups [190]. Accelerations of rate 

of electropolymerization of aniline with p-phenylenediamine and retardation with m-

hesized 

opolymers and bilayer structures of polyaniline and poly(o/m-phenylenediamine). 

.10 Aims and Tasks of the Study 

phenylenediamine have been reported [191, 192, 193].  

        Closely related to the electrochemically synthesized copolymers are bilayer systems, 

formed by subsequent electropolymerization of two layers of different polymers on the 

same electrode surface. Several reports are available on systematic investigations and 

useful applications of such bilayer structures in the field of sensors [194]. Malinauskas et 

al. [195, 196] reported electrochemical and spectroscopic properties of electrosynt

c

 

1

 

        As mentioned in the section 1.9 the electrical conductivity, electrochemical activity, 

electrocatalytic ability, electrochromic phenomenon and electrooptical properties of PANI 

are strongly affected by pH value as PANI has a low conductivity, very low electrochemi-

cal activity at pH > 4 and almost looses its practical applications. Therefore, pH depend-

ence is a decisive factor that controls the properties and applications of PANI to a great ex-

tent. The pH dependence of the electrochemical activity of PANI was reported to improve 

significantly by performing sulfonation which led PANI to be sufonic acid ring-substituted 

(self-doped PANI). The self-doped PANI has a conductivity of ~ 0.1 S cm-1, which is in-

dependent of pH in aqueous acidic solutions of pH ≤ 7.5. The -SO3H group on the PANI 

chain plays an important role in the self-protonation of the polymer by the internal acid-

base equilibrium [109, 110]. Since then, many papers reported the preparation of the self-

doped PANI by the chemical copolymerization of aniline with o-ABS [197] and p-

aminodiphenylamine with o-ABS [198]; and the electrochemical copolymerization of ani-

line with m-aminobenzoic acid, anthranilic acid, m-ABS [184, 185] and other monomers. 

Among these self-doped PANI, poly(aniline-co-m-ABS) prepared electrochemically still 

has a redox activity in the buffer solution of pH 9  at a scan rate of 25 mVs-1[185]. It is 
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clear, that the pH dependence of the electrochemical activity of the copolymer was im-

proved pronouncedly by copolymerization. The electrochemical copolymerization of 

anline and p-aminophenol has been carried out in the organic electrolyte [199]. This co-

e used in the 

brication of sensors, biosensors, biofuell cells and Zn-copolymer batteries. 

 

polymer has potentiometric sensor function for phenol in aqueous solution. 

        The basic aim of this work was to study the spectroelectrochemistry of POAP and the 

electrochemical copolymerization of OAP with aniline in aqueous acidic medium. The 

effect of momomer concentration ratio on the copolymerization rate has been investigated 

with electrochemical and in situ spectroelectrochemical techniques. An improved scheme 

for the redox transformation of POAP synthesized potentiostatically has been proposed. A 

detailed study of spectroelectrochemistry of copolymers has been carried out which 

provides a better understanding of copolymerization mechanism, optoelectrical properties, 

copolymers structure and charge transfer processes between the polymers and electrode 

surfaces. The copolymers synthesized with low concentrations of OAP in the comonomer 

feed were electrochemically active even at pH as high as 10 and thus can b

fa
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2 Experimental 
 

2.1 Chemicals and Solutions 

 

        All chemicals were of analytical grade. Aniline (Riedel-de Häen) was distilled under 

vacuum and stored under nitrogen in a refrigerator. o-Aminophenol (Fluka purum, purity > 

98 %) was used as received. 18 MΩ water (Seralpur pro 90C) was used for solution 

preparation. H2SO4, Na2SO4 and NaOH were from Merck.   

M ANI). 

        The solution for the electrochemical polymerization of OAP consisted of five 

different concentrations i.e. 1 mM, 2 mM, 3 mM, 4 mM and 5 mM in 0.5 M sulfuric acid 

supporting electrolyte. The solution for the electrochemical polymerization of aniline 

consisted of 20 mM aniline in 0.5 M sulfuric acid supporting electrolyte. The 

copolymerization was carried out with different feed concentrations of OAP and a constant 

concentration of aniline. The copolymers, synthesized with various feed ratios, were 

labeled as copolymer A (1 mM OAP + 20 mM ANI), copolymer B (2 mM OAP + 20 mM 

ANI), copolymer C (3 mM OAP + 20 mM ANI), copolymer D (4 mM OAP + 20 mM 

ANI) and copolymer E (5 mM OAP + 20 m

 

2.2 Electrochemical Measurements 

  

        The electrochemical polymerization and copolymerization were carried out both po-

tentiodynamically and potentiostatically. The potentiodynamic synthesis was done by cy-

cling the potential between ESCE = - 0.20 V and different upper potential limits i.e. 0.84, 

0.90 and 1.10 V. Thin films of PANI, POAP and poly(aniline-co-o-aminophenol) were 

synthesized electrochemically under potentiodynamic conditions at a scan rate of 50 mV/s. 

A three-electrode geometry (H-cell) was employed with gold sheets as working and 

counter electrodes and a saturated calomel reference electrode. The surface area of the 

working electrode was approximately 2.0 cm2. All potentials quoted in this work are re-

ferred to the saturated calomel reference electrode. Electrochemical experiments were per-

formed at room temperature with nitrogen-purged solutions with a custom built potentio-

stat connected to a computer with an AD/DA-converter interface. 
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2.3 In situ Conductivity Measurements 

 

        For in situ conductivity measurements PANI and copolymers were deposited poten-

tiodynamically by cycling the potential between - 0.20 and 1.10 V at a can rate of 50 mV/s 

on a two-band gold electrode (gap between the two strips is ~ 0.05 mm) in a three-

electrode cell with a gold sheet and saturated colomel electrodes as counter and reference 

electrodes, respectively. A dc-voltage of 10 mV was applied across the two gold strips 

through a specially designed electronic circuit as described elsewhere [159]. The current 

flowing across the band was measured with an  converter with an amplification fac-

tor  ranging from  to . The film resistance  is related to the measured volt-

age  and the amplification factor  according to 

VI/

acF 210 610 xR

xU acF

xacx UFR /)01.0( ×=  

Electrode potential was increased stepwise by 100 mV and after approximately 5 min the 

electrochemical cell was cut off from the potentiostat. 

 

2.4 UV-Visible Spectroscopy Measurements 

 

        UV-Vis spectra were recorded with a PC-driven Shimadzu UV-2101 PC scanning 

spectrometer (resolution 0.1 nm). Spectroelectrochemical experiments were made in a 

quartz cuvette of 1 cm path length by inserting an indium-doped tin oxide (ITO) coated 

glass electrode (Merck) with a specific surface resistance of 10-20 Ω cm-2 installed perpen-

dicular to the light path. A platinum wire was used as counter electrode and a saturated 

calomel electrode (SCE) as reference connected to the cuvette with a salt bridge. Before 

each experiment, the ITO coated glass sheets were degreased with acetone and rinsed with 

plenty of ultrapure water. In the reference channel of the spectrometer a quartz cuvette 

containing an ITO coated glass electrode without polymer coating was inserted. All the 

spectra recorded are background-corrected.  

        Two different sets of experiments were carried out with UV-Vis spectrometer. In the 

first set of experiments the course of hompolymerization and copolymerization of aniline 

with OAP at constant potential was followed with in situ UV-Vis spectroscopy, in an at-

tempt to identify conceivable stages of copolymerization and also the subsequent copo-
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mer formation. In the second set the changes in the spectral characteristics of the deposited 

homo- and copolymer films were studied with potential variations. 

 

2.5 Raman Spectroscopy Measurements 

       

        In situ Raman spectra were measured on an ISA 64000 spectrometer equipped with a 

liquid nitrogen cooled CCD camera detector at a resolution of 2 cm-1. Samples were 

illuminated with 514.5 and 647.1 nm laser light from an Ar+ and Kr+-ion lasers Coherent 

Innova 70, respectively. The laser power delivered at the sample was held at 50 mW. A 

three-compartment cell containing an aqueous electrolyte solution of 0.5 M H2SO4 purged 

with nitrogen for a few minutes prior to the measurements and a gold disc electrode as the 

working electrode were used in the measurements. Before each experiment, the working 

electrode was polished with fine grade alumina and ultrasonicated for few minutes in 

ultrapure water. A gold sheet and a saturated calomel electrode were used as counter and 

reference electrodes, respectively. The Raman spectra obtained were slightly smoothed and 

baseline-corrected. 

 

2.6  Fourier Transform Infrared Spectroscopy 

 

         For FTIR experiments PANI and copolymers were deposited both 

potentiodynamically and potentiostatically on the surface of a gold electrode in a three-

electrode setup. The polymer fims were peeled off the electrode surface, washed with 

plenty of deionized water and then dried at 100 oC for 2 days. FTIR spectra were recorded 

with a Perkin Elmer FTIR-1000 spectrophotometer and KBr pellets at 2 cm-1 resolution (8 

ans each). 

     

sc
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3 Electrochemical Measurements 

.1 Electrochemical Homopolymerization of o-Aminophenol 

imit is increased beyond 0.5 

, the POAP film starts degradation after continuous cycling. 

 

 

3

 

        Fig. 3.1 shows the electrooxidation of OAP (1 mM) in 0.5 M H2SO4 solution by cy-

cling the potential between - 0.20 and 1.10 V at a scan rate of 50 mV/s. On the first posi-

tive sweep two peaks are well defined. The first peak observed at 0.67 V is caused by the 

oxidation of –OH of OAP and the other peak at 0.95 V is due to the oxidation of –NH2 as 

has been reported earlier [200]. On the negative sweep none of these peaks show corre-

sponding reduction peaks. On further potential cycling the oxidation current of both these 

peaks decreased rapidly. However, no appreciable film growth was observed on the elec-

trode surface even after 100 cycles except brownish soluble products in the electrolytic 

cell. This might be due to simultaneous degradation of the oligomeric or polymeric materi-

als at rather high anodic potential i.e. 1.10 V. As it is well known polymeric materials are 

susceptible of degradation, especially after continuous cycling or after to be subjected to 

high positive potentials. In a previous work [201], the degradation of potentiodynamically 

synthesized POAP films was detected by ac impedance measurements and also by CV. It 

was shown in the Ref [201] that as the positive potential scan l

V
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Fig. 3.1. Cyclic voltammograms for electrolysis of solution containing 1 mM OAP in 0.5 

M H2SO4 by cycling the potential between - 0.20 and 1.10 V at a scan rate of 50 mV/s. 
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        Almost similar cyclic voltammetric behaviour was observed with higher concentra-

tions of OAP in this potential range, except that the oxidation peak current on the first cy-

cle was increased with increase in monomer concentration. Then a set of experiments was 

performed by gradually decreasing the upper potential limit and it was observed that re-

producible POAP films could be deposited by cycling the potential between - 0.20 and 

0.84 V. Representative CVs (100 cycles) recorded during the homopolymerization of OAP 

(1 mM) by cycling the potential between - 0.20 and 0.84 V at a scan rate of 50 mV/s are 

shown in Fig. 3.2a. There are two anodic peaks on the first cycle with no counterparts on 

the reverse scan, they have been attributed to the oxidation of –OH and –NH2 groups on 

the benzene ring. In the second cycle a redox pair was observed at 0.35 / 0.33 V. During 

continuous cycling it was observed that the system 0.35 / 0.33 V diminished slowly while 

anodic and cathodic currents increase in the potential region between - 0.20 and 0.30 V. 

The redox system at 0.35 / 0.33 V has been attributed to formation of cyclic dimer of OAP, 

the 3-aminophenoxazone (3APZ), which is formed by a relatively slow cyclization reaction 

of the oxidized C-N dimer of OAP cation radical [139]. The 3APZ thus formed plays the 

role of monomer in the formation of POAP as evident from the disappearance of the sys-

tem at 0.35 / 0.33 V and corresponding growth of the polymer film in the potential region 

between - 0.20 to 0.30 V. These observations are in agreement with those reported on the 

growth of POAP on platinum electrodes [139, 141]. The POAP modified electrode was 

then transferred into monomer free background electrolyte solution and its CV (5th cycle) 

was recorded in the potential range between - 0.20 and 0.40 V as depicted in Fig. 3.2b. The 

film was brown in color and very stable since it did not lose its response after repetitive 

cycling in the monomer free electrolyte solution. The voltammogram is highly asymmetric, 

suggesting a complex redox behavior. The asymmetric CV response of POAP synthesized 

potentiodynamically has been reported repeatedly with almost 100 mV or so difference be-

tween the anodic and cathodic peaks depending on the different experimental conditions 

such as high potential values and different OAP concentration, employed during electro-

polymerization. 

         Experiments were also carried out for the electrolysis of OAP solution of higher 

concentration ranging from 2 mM to 5 mM by cycling the potential between - 0.20 and 

0.84 V at scan rate of 50 mV/s. The peak height of POAP in the monomer free electrolyte 

solution depends on OAP concentration in the solution used in the electropolymerization, 

showing saturation at about 4 mM (Fig. 3.2c). 
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        The dependence of the cyclic voltammograms of the POAP film upon potential scan 

rate is shown in Fig.3.2d. Both the anodic and cathodic peak currents scale linearly with 

the potential sweep rate in the range studied, indicating that the electrochemical process of 

POAP is a surface process and is kinetically controlled [202]. 
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Fig. 3. 2. The cyclic voltammograms for (a) electrolysis of solution containing 1 mM OAP 

in 0.5 M H2SO4 by cycling the potential between - 0.20 and 0.84 V, (b) POAP in monomer 

free electrolyte solution at a scan rate of 50 mV/s, (c) POAP in monomer free electrolyte 

solution at a scan rate of 50 mV/s, synthesized from different OAP concentrations and (d) 

at different scan rates as indicated. 
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        Fig.3.3a and b show CVs of POAP obtained with a gold electrode in an aqueous solu-

tion of 0.5 M H2SO4. The POAP films were obtained potentiostatically at different applied 

electrode potentials. In Fig.3.3a two redox processes are clearly observed. The first redox 

process is centred at 0.16 / 0.15 V while the second redox process is observed at 0.35 / 0.29 

V. The contribution of the 2nd redox process decreases as the potential applied during the 

electrosynthesis is increased. This is illustrated in Fig.3.3b in a comparison of CVs of 

POAP synthesized at three different electrode potentials i.e. 0.70, 0.80 and 0.90 V. The CV 

of POAP obtained at the higher potential (i.e. 0.90 V) shows a sharp cathodic peak with 

two distinct anodic peaks on the forward scan. The CV of POAP obtained at 0.90 V pre-

sents a somewhat intermediate behavior between that of films obtained potentiostatically 

(at 0.70 and 0.80 V) and potentiodynamically. 
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Fig. 3. 3. Cyclic voltammograms of POAP films in 0.5 M H2SO4 (a) POAP film prepared 

at 0.70 V from a solution containing 0.05 OAP in 0.5 M H2SO4 solution (30 min), (b) 

POAP films prepared at different potentials as indicated (30 min). 

 

        The appearance of the 2nd redox couple on the CV of potentiostatically synthesized 

POAP films further complicates the redox behavior of this polymer as different possibili-

ties can be taken into account. For example, the complicated CV curves may reflect not 

only multi-step electrode process, but also the presence of oligomers occluded in the poly-
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mer films [203, 204], the formation of polymer fragments with different structure, confor-

mational changes in the polymers, the presence of polymer fragments with different conju-

gation length and different state of polymer in first layer adjacent to the substrate and in the 

film bulk etc. The dependence of the cyclic voltammograms of the POAP film upon poten-

tial scan rate is shown in Fig. 3.4a. Both the anodic and cathodic peak currents of the first 

redox process were found to scale linearly with the potential sweep rate in the range stud-

ied (Fig. 3.4b) 
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Fig. 3. 4. (a) Cyclic voltammograms of POAP film at different scan rates as indicated and  

(b) Plots of anodic (Ipa) and cathodic (Ipc) peak currents versus scan rate. 

 

3.2 Electrochemical Homopolymerization of Aniline 

 

        ANI was electrochemically polymerized by cycling the potential between -0.20 V and 

different upper potential limits. Fig. 3.5a and b show representative cyclic voltammograms 

recorded during the growth of PANI film deposited from an aqueous solution of 20 mM 

aniline in 0.5 M H2SO4 by cycling the potential from - 0.20 to 0.84 V and - 0.20 to 1.10 V, 

respectively. On the first cycle there are only one anodic and one cathodic peak.

 

 42



 
Chapter 3: Electrochemical Measurements 
 
 

- 0 .2 0 .0 0 . 2 0 . 4 0 .6 0 . 8

- 2

- 1

0

1

2

3

4

5

- 0 .2 0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0

- 5

0

5

1 0

1 5

1 1

 (  a  )
I  

/ m
A

6

1

 (  b  )

- 0 .2 0 .0 0 . 2 0 . 4 0 .6 0 . 8

- 2

- 1

0

1

2

3

 

 

 

 E S C E   /   V

 (  c  )

I  
/ m

A

- 0 . 2 0 . 0 0 .2 0 .4 0 . 6 0 . 8

- 6

- 4

- 2

0

2

4

6

 (  d  )

 

 E S C E   /   V
 

 

Fig. 3. 5.  CVs for electrolysis of solution containing 20 mM ANI in 0.5 M H2SO4 by 

cycling the potential between (a)  - 0.20 and 0.84 V, (b) - 0.20 and 1.10 V and (c) & (d) 

CVs of PANI in monomer free electrolyte solution at a scan rate of 50 mV/s as synthesized 

in (a) and (b), respectively. 

 

On subsequent cycling three anodic and three cathodic peaks appeared. The peak currents 

of these peaks increase with the number of potential cycles. The peak at 0.15 V indicates 

the transformation of the reduced leucoemeraldine salt form into the emeraldine salt form; 

the peak at 0.80 V is assigned to the further oxidation into the pernigraniline form. The 

middle peak was assigned to the presence of crosslinking of PANI caused by the reaction 

of nitrenium species being present as intermediates or to overoxidation products [205]. The 

PANI film growth increases quickly with the increase of upper potential limit but this also 

results in the increase of overoxidation products as clear form the middle peaks in the Fig. 

3.5b. After electrolysis a green colored film was observed on the working electrode. 

        CVs of PANI in aqueous solution of 0.5 M H2SO4 (Fig. 3.5c and d) show three redox 

pairs. The first redox couple corresponds to the redox reaction between leucoemeraldine 
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and emeraldine, and the third redox couple to the redox reaction between emeraldine and 

pernigraniline, respectively. The second redox process belongs most probably to some 

quinone or quinoneimine type degradation products, formed during the electrochemical 

preparation of the polymers [206]. 

 

3.3 Electrochemical Copolymerization of Aniline and o-Aminophenol 

 

        Copolymerization was carried out with different feed concentrations of OAP and a 

constant concentration of aniline. Like homopolymerization of OAP and ANI, electrolysis 

of mixed solutions containing both OAP and ANI was carried out by cycling the potential 

between - 0.20 V and different upper potential limits. Unlike POAP deposition the polymer 

growth from mixed solutions was very slow when the potential was cycled between - 0.20 

and 0.84 V and increased with the increase of upper potential limit from 0.84 to 1.10 V. 

However, the polymer growth was not as rapid as that of PANI deposition from ANI 

solution alone. 

        Cyclic voltammograms recorded during the potentiodynamic copolymerization of 

ANI with OAP for system A are shown in Fig. 3.6a. There are two anodic and three ca-

thodic peaks in the first cycle for copolymer A which is different from the first cycle of 

Fig. 3.1 and Fig. 3.5b. One anodic peak at 0.70 V can be assigned to the oxidation of the 

hydroxyl group of OAP. A further peak at about 1.0 V is caused by the oxidation of amino 

groups from both monomers causing copolymerization. The three cathodic peaks on the 

reverse scan of the first cycle clearly indicate the deposition of polymer of behaviour dif-

ferent from those of POAP and PANI. In the second cycle there are three anodic peaks, 

with a shoulder at 0.50 V, and four cathodic peaks. After the fifth cycle four redox pairs 

can be observed. Their peak currents increase with the number of potential cycles, at about 

one third of the rate of increase of the peak currents observed during electrochemical po-

lymerization of ANI (Fig. 3.5b). The overall electrochemical growth behavior of system A 

is different from the growth of PANI as an additional redox pair is present at 0.32 / 0.28 V 

in the CVs of the former (Fig. 3.6a). This additional pair of redox peaks may arise either 

from the oxidation and reduction of OAP on PANI chain or from the copolymer itself. 

However, no such peaks were observed when PANI-modified electrode was cycled in the 

solution for system A or OAP alone, between - 0.20 and 0.45 or 0.50 V, respectively, at a 

scan rate of 50 mV/s. This means that the extra pair of redox peaks in Fig. 3.6a is not 
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caused by the redox of OAP on PANI film, but is caused by the copolymer itself. More-

over, a brownish-blue film was obtained on the working electrode, the color of which was 

different from the color of both homopolymers. These observations support the formation 

of a copolymer rather than the formation of composite materials from both POAP and 

PANI. 

        Fig. 3.6b shows the CVs during the growth of polymer from solution system B. There 

are two anodic and three cathodic peaks on the curve 1 for the first cycle. One anodic peak 

at 0.77 V corresponds to the oxidation of hydroxyl group of OAP and second oxidation 

peak at 0.95 V is caused by the oxidation of amino groups from both monomers to result in 

copolymerization. The three cathodic peaks on the reverse scan indicate the deposition of 

polymer. The first anodic peak is shifted towards positive direction while the second one is 

shifted towards the negative direction as compared to the corresponding anodic peaks in 

the first cycle of copolymer A. The main difference between curve 1 in Fig. 3.6a and curve 

1 in Fig. 3.6b is the very quick decrease of first oxidation peak in Fig. 3.6b in further 

potential cycling but in Fig. 3.6a it is decreased a little in consecutive two cycles and then 

increases with further potential cycling. In the second cycle there are four anodic peaks. 

The three anodic peaks at lower potentials correspond to cathodic peaks. In the following 

potential cycles both oxidation and reduction currents of these peaks (Fig. 3.6b) first 

decrease up to the 5th cycle and then increase slowly. Finally, a yellow colored film was 

observed on the working electrode.  

tion.  

        Apparently the CVs recorded with the growth of copolymer C in Fig. 3.6c are almost 

the same as those recorded for copolymer B. The only difference can be observed in the 

first cycle. For copolymer B the anodic peak centered at 0.95 V is more prominent than the 

anodic peak at 0.77 V. In the case of copolymer C, both anodic peaks in the first cycle not 

only have the same current but also their peak currents are slightly higher than the 

corresponding peaks for copolymer B. Also the first oxidation peak of copolymer C is 

shifted towards positive potential and is observed at 0.78 V while the second oxidation 

peak is shifted a little bit more towards the negative potential and is observed at 0.90 V. 

However, the overall growth of copolymer C was slightly slower than that of copolymer B. 

These changes can be attributed to the influence of an increase in the OAP radical cation 

concentra
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Fig. 3.6. The cyclic voltammograms for the growth of  (a) copolymer A (20 cycles), (b) 

copolymer B (50 cycles), (c) copolymer C (50 cycles) and (d) copolymer D (50 cycles) by 

cycling the potential between - 0.20 and 1.10 V at 50 mV/s. 

 

        Fig. 3.6d shows CVs for the electrolysis of solution system D. There are two anodic 

peaks and three cathodic peaks on curve 1 for the first cycle. Further positive and negative 

potential shifts were observed for the first and second anodic peak, respectively. In this 

case the first anodic peak appeared at 0.79 V and the second anodic peak appeared at 0.88 

V. Moreover, both peaks seem to merge into one. In the following potential cycles, both 

oxidation and reduction currents decrease very slowly up to the 7th cycle, and then increase 

again. The overall growth of the copolymer decreased further. The film color of copolymer 

D on the working electrode was deep yellow. In case of electrolysis of the solution system 
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E (Fig. omitted), the voltammogram exhibits one sharp oxidation peak at 0.80 V in the first 

cycle. The copolymerization was strongly inhibited in this system. After prolonged cycling 

a redox pair was observed in the potential region between 0.2 and 0.4 V, but the peak cur-

rents were considerably lower. Thus during polymerization, the influence of OAP radical 

cation concentration changed the potential, current and peak shape of the first cycle in par-

ticular and generally caused an inhibition effect for copolymer growth. Based on the results 

presented, it can be concluded that the overall rate of electrochemical copolymerization 

decreases with increase in the molar fraction of OAP in combination with aniline. 

        Fig. 3.7a shows the CV of copolymer A along with the CV of PANI in 0.5 M H2SO4. 

The CVs were recorded after potential cycling in the background electrolyte solution 

between - 0.20 V and 0.84 V to get a stable curve. The CV pattern of the stabilized 

copolymer film is similar to the CV pattern obtained during copolymerization except the 

merging of anodic peak at 0.33 V into the anodic peak at 0.26 V to form a broad anodic 

peak at 0.24 V along with the combination of the two corresponding cathodic peaks at 0.28 

V and 0.17 V into a current plateau which extends from 0.06 to 0.28 V. If the cathodic 

peak at 0.06 V in the plateau is assumed to belong to the PANI structure itself, then the 

other cathodic peak at 0.28 V (in the current plateau) can be attributed to the reduction of 

quinoid structure in the copolymer film with corresponding merged anodic peak in the 

broad anodic peak at 0.24 V. These observations were further supported by performing 

electrolysis of solution system A up to 30 consecutive cyles in the potential range of - 0.20 

to 1.10 V at scan rate of 50 mV/s, which resulted in the shifting of the anodic peak at 0.33 

V towards negative potential and finally merging into the anodic peak at 0.26 V to form a 

single anodic peak in the later stages of electropolymerization. However, the 

corresponding cathodic peaks at about 0.28 and 0.17 V were still observed in the latter 

stages of copolymerization, which appeared in the form of current plateau in the monomer 

free background electrolyte solution. 

        In comparison with PANI, CV of the copolymer reveals that the first redox couple is 

shifted by 0.10 V into positive direction and the reduction peak of the first redox pair of 

PANI is replaced by a current plateau between 0.06 and 0.28 V. Similarly the oxidation 

peak of the third redox couple of PANI at 0.70 V is replaced by a current plateau and the 

corresponding reduction peak is shifted towards lower potential. Fig. 3.7b shows the stabi-

lized CVs of all the copolymers in monomer free background electrolyte solution. The first 

oxidation peak in the copolymer B, C, and D appears in the form of a current plateau, be-
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tween 0.19 and 0.28 V, rather than a broad anodic peak as with copolymer A. This obser-

vation clearly indicates the merging of two anodic peaks into one which appears as one 

broad anodic peak in the CV of copolymer A and in the form of a plateau in the CVs of 

copolymers B, C, and D in monomer free electrolyte solution. It is also noted that the cur-

rent of the 3rd redox couple diminished with the rise in the OAP content (copolymer D), as 

compared with that of the first redox couple. These observations suggest that the interme-

diate ‘emeraldine’ became unstable and most of the units in the copolymer were oxidized 

directly from ‘leucoemeraldine’ to ‘pernigraniline’ and reduced vice versa. Similar obser-

vations have been reported for copolymers of aniline with o-aminobenzonitrile [207]. 
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Fig. 3.7. The cyclic voltammograms of (a) PANI and copolymer A and (b) copolymers A-

D in monomer free electrolyte solution between - 0.20 and 0.84 V at 50 mV/s. 

 

        Unlike POAP deposition, the rate of copolymerization greatly increases with the in-

crease of upper potential limit. Fig. 3.8 shows the growth of the main anodic peak current 

on potential cycling time, obtained at various upper potential limit values in solutions of 

different compositions. The greatest peak growth rate is attained at low OAP to ANI ratio 
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(copolymer A). On increasing the molar fraction of OAP in solution, a substantial decrease 

in electropolymerization rate is observed. 
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Fig. 3.8. Dependence of anodic peak current on potential cycling time, obtained in 

solutions of different compositions (A - D), as indicated in Fig.3.6. Electrode potential has 

been cycled within the limits of - 0.20 to 0.84 V (•), - 0.20 to 0.90 V (♦) and - 0.20 to 1.10 

V (▲). 

 

3.4 Effect of pH on the Electrochemical Activity  

 

        Like PANI the copolymers show good electrochemical activity in acidic solution as 

displayed in Fig. 3.7. The role of the solution pH on the electrochemical activity was stud-

 49



 
Chapter 3: Electrochemical Measurements 
 
 
ied by recording the CVs of POAP, PANI and copolymers in 0.3 M Na2SO4 solution of 

different pH values ranging from 2.0 to 10.0. The electrochemical activity of POAP film 

decreases very quickly as the pH of Na2SO4 solution is increased from 2.0 to 4.0 as shown 

in Fig. 3.9a, which means that POAP is electrochemically active in acidic medium and re-

tains its electrochemical activity only up to pH 4.0. 
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Fig. 3.9. The cyclic voltammograms recorded in 0.3 M sodium sulfate solution with 

various pH values (as indicated) for POAP (a), PANI (b), copolymer A (c), copolymer B 

(d), copolymer C (e) and copolymer D (f). 
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        With PANI and copolymers the electrochemical activity was also found to decrease 

with increasing pH from 2.0 to 4.0 (Fig. not shown) but the decrease was not as rapid as 

with POAP. However, changes were observed in the CVs of both PANI and copolymers 

while moving from pH 2.0 to pH 4.0, as there was only one anodic peak at about 0.15 V 

and one cathodic peak at 0.07 V in the CV of PANI at pH 4.0. On the other hand the CVs 

of copolymers A and B showed a broad anodic peak at about 0.60 V and a broad cathodic 

peak at about 0.00 V at pH 4.0. But the anodic and cathodic peak currents were higher in 

copolymers A and B than the peak currents of PANI at pH 4.0. The electrochemical activ-

ity was observed to decrease more quickly while changing the solution pH from 4.0 to 

10.0. Fig. 3.9b - f show the CVs of PANI and copolymers A - D in an aqueous solution of 

0.3 M Na2SO4 adjusted to different pH values ranging from 5.0 to 10.0 There is still one 

anodic peak at 0.15 V and one cathodic peak at 0.07 V in the CV of PANI at pH 5.0. How-

ever, the oxidation peak vanishes at pH 7.0. Based on the changes in the oxidation and re-

duction currents with pH values, it is observed that the electrochemical activity of PANI 

decreases quickly as pH value increases from 5.0 to 7.0. This result, shown in Fig. 3.9b, 

indicates that PANI has little electrochemical activity at pH > 4.0 and its useful potential 

range decreases with increasing pH value. The CVs of copolymers A - D (Fig. 3.9c - d) are 

different in shape from that of PANI at the same pH values. Although no sharp peaks oc-

cur, a broad anodic peak at about 0.60 V and a broad cathodic peak at about 0.00 V appear 

for both copolymer A and B. The anodic peak currents decrease slowly with increase in pH 

values from 5.0 to 10.0. This indicates the slow decrease in the electrochemical activity of 

these copolymers with increasing pH. Broad anodic and cathodic peaks were observed at 

0.40 V, - 0.05V and 0.30V, - 0.10 V for copolymers C and D, respectively (Fig. 3.9e - f). 

The peak currents of copolymer C decrease quickly as compared to copolymers A and B 

but not as rapid as with PANI in the pH range 5.0 to 10.0. However, the electrochemical 

activity of copolymer D vanishes very quickly with increase in pH. The results from CVs 

of the copolymers (at least in the case of copolymer A and B), from pH 5.0 to 10.0, indi-

cate that the films are still electroactive at pH values higher than 5.0 as compared to the re-

spective homopolymers.  This has been interpreted in terms of the presence of –OH groups 

in the copolymer chain [200]. Phenol can be oxidized to quinone, and quinone can be re-

duced to phenol. This reversible redox process must be accompanied by a proton exchange 

between the copolymer and the solution, which plays an important role in adjusting the pH 

value in the vicinity of the copolymer-coated electrode. Therefore, the electrochemical ac-
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tivity of the copolymers at pH > 4.0 is mostly attributed to the substituent –OH groups in 

the copolymer chain. 

 

3.5. Electrochemical Synthesis of PANI over POAP-Modified Electrode 

 

        Fig. 3.10 shows CVs recorded during the first and subsequent potential sweeps of a 

POAP-coated electrode in an aniline solution. Previously the POAP-modified electrode 

was prepared by cycling the potential between - 0.20 to 0.84 V in 2 mM OAP at a scan rate 

of 50 mV/s (100 cycles) In the first sweep there are anodic and corresponding cathodic 

peaks at 0.10 and 0.05 V, respectively, which are similar to those obtained with POAP in 

0.5 M H2SO4 solution. An additional anodic peak can be observed at about 0.84 V, which 

obviously corresponds to aniline electrooxidation. The latter peak is markedly lower than 

the one observed with a bare gold electrode, indicating a lower rate of aniline radical cation 

formation at anodic potentials on an electrode already covered with a POAP layer. This 

might be in part caused by the slightly poorer conductivity of POAP at this electrode 

potential. Alternatively this might indicate partial blocking of the electrode surface by 

POAP, thus only a fraction of the gold surface (not covered by POAP) might be available 

for ANI oxidation. In the subsequent five sweeps the anodic peak at 0.10 V expands into a 

plateau between 0.10 V and 0.18 V with no appreciable change in the peak current. On the 

other hand the corresponding cathodic peak current not only decreases but also the peak is 

shifted slightly towards higher potentials. An additional peak starts to develop at 0.50 V in 

the fifth sweep. In the subsequent sweeps the end of the plateau at 0.10 V diminishes 

slowly, while the end at 0.18 V grows with potential cycling and appears as an anodic peak 

as evident in the 10th sweep. However, the current of the corresponding cathodic peak 

decreases and the peak is further shifted towards higher potential. Meanwhile, another 

cathodic peak, corresponding to the anodic peak at 0.50 V, can be observed in the 10th 

sweep. In the following sweeps, i.e. from the 10th onwards, the anodic peak current at 0.18 

V increases linearly, but the corresponding cathodic peak current increases instead of 

decreasing and the peak is also shifted towards lower potentials as seen in the 15th sweep. 

An additional anodic peak at 0.80 V with corresponding cathodic peak at 0.74 V is also 

observed in the 15th sweep. In subsequent potential scans the voltammograms gradually 

assume the form typical for PANI synthesis on a metallic support.  
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Fig. 3.10. CVs of a POAP-coated electrode in 20 mM ANI solution in 0.5 M sulfuric acid 

within potential sweep limits of - 0.20 and 0.84 V: number of cycles is: top a 1–5, b 10, c 

15, d 20, e 25, f 30; bottom a–g 35, h 45 and i 55. Previously the POAP-modified electrode 

was prepared by cycling the potential between - 0.20 and 0.84 V in 2 mM OAP at a scan 

rate of 50 mV/s (100 cycles). 

 

The whole process of PANI deposition over POAP seems to consist of three stages  

1. Aniline electrooxidation. 

2. Formation of PANI / POAP composite or copolymer formation, and 

3. PANI growth at the copolymer/solution interface. 

The suppression of peaks of the POAP and PANI/POAP redox activity in stages 2 and 3 is 

probably due to redistribution of potential in the polymer coating with increasing thickness 

of PANI caused by different mechanisms and rates of charge transfer in PANI and POAP. 

From a kinetic point of view, redox processes on POAP, PANI/POAP, and PANI are dif-
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ferent. At potentials of anodic synthesis of PANI over POAP, the latter is undoped and the 

potential drop occurs predominantly at the metal/polymer interface and in the polymer bulk 

[208], suggesting that PANI in stage 2 is deposited into the POAP bulk. Once some PANI 

is deposited, the PANI/POAP layer acquires electron-conducting properties, the potential 

alters at the polymer/solution interface and aniline polymerization takes place at the inter-

face. 

 
3.6 First Cycle Effect in PANI-Coated and POAP-PANI-Coated Electrodes 
 

        One of the interesting features of the voltammetric response of most conducting and 

some electroactive polymers is the occurrence of the so-called ‘first cycle effect’, ‘memory 

effect’ or ‘slow relaxation’ [209, 210]. This refers to the fact, that a polymer kept at an 

electrode potential in its reduced state for some time shows a voltammetric profile during 

the first positive going half cycle different from the steady-state profile. The first wave of a 

CV always differs in shape and peak position from the following ones [211], and oxidation 

charge passed on the first cycle is larger than on the subsequent cycles [212]. 

        Fig. 3.11a shows CVs of a PANI-coated electrode, recorded after holding the 

electrode at E = 0.05 V, for 0 and 60 s, respectively. PANI-coated electrode was prepared 

by 25-fold potential cycling between - 0.20 and 0.84 V in 0.5 M sulfuric acid containing 

20 mM aniline. It is obvious that the anodic peak obtained after holding the electrode at a 

potential corresponding to a fully reduced PANI form (leucoemeraldine) is about 1.5-fold 

higher and shifted by 0.025 V towards higher potential, as compared to that recorded 

without waiting period (0 waiting time). 

        Fig. 3.11b shows CVs of a POAP-PANI-coated electrode, which contains an electro-

polymerized POAP layer under a PANI film, obtained after holding the electrode at 0.05 V 

after 0 and 60 s waiting times. The electrode was prepared by 15-fold potential cycling be-

tween - 0.20 and 0.84 V in 0.5 M sulfuric acid containing 2 mM OAP, and subsequent 30-

fold potential cycling within the same potential limits in 0.5 M sulfuric acid containing 20 

mM aniline at a scan rate of 50 mV/s. It presents an almost similar picture as that obtained 

with PANI-coated electrode. However, in this case the first cycle effect is less pronounced 

than in the former case i.e. the anodic peak is about 1.35 fold higher as compared to that 

obtained without the waiting period. Also, with thicker underlying POAP layers, this effect 

is further decreased as depicted in (Fig. 3.11c, d), where the POAP-PANI modified elec-

trodes were prepared by 30 and 50-fold potential cycling between - 0.20 and 0.84 V in 0.5 
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M sulfuric acid containing 2 mM OAP, and subsequent 30-fold potential cycling within 

the same potential limits in 0.5 M sulfuric acid containing 20 mM aniline, respectively. 
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Fig. 3.11 (a) CVs of a PANI-coated electrode in 0.5 M sulfuric acid after holding the 

electrode at E = 0.05 V for waiting times of 0 and 60 s, (b) CVs of POAP-PANI-coated 

electrode after waiting times of 0 and 60 s. The electrode was prepared by 15-fold potential 

cycling between - 0.20 and 0.84 V in 0.5 M sulfuric acid containing 2 mM OAP, and 

subsequent 30-fold potential cycling within the same potential limits in 0.5 M sulfuric acid 

containing 20 mM aniline, (c) and (d) same as in (b), except that the POAP-PANI-coated 

electrodes were prepared by 30-fold and 50-fold potential cycling in OAP solution and 

subsequent 30-fold cycling in aniline solution, respectively. 

  

        The memory effect manifests itself only after holding the electrode for some time at a 

potential less positive than that of the leucoemeraldine-emeraldine transition. No effect is 

observed with the electrode kept at open circuit potential. Fig. 3.12a shows the dependence 

of the anodic peak current on the waiting time after holding a PANI-coated electrode at 
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various potentials. It can be seen that the anodic peak current increases with the waiting 

time and reaches a maximum value when the electrode is kept at 0.05 and 0.10 V, respec-

tively. But for higher potentials i.e. 0.20 V and 0.25 V, neither increase in the peak current 

nor shift of the peak were observed. The dependence of the anodic peak currents on the 

waiting time after holding POAP-PANI-coated electrodes, which differ in the thickness of 

the underlying POAP layer, at various potentials are shown in Fig. 3.12b - d. With a thin 

underlying POAP layer (cf. Fig. 3.12b), the behavior is similar to that of a PANI-coated 

electrode. However, for thick underlying POAP layer very little effect can be seen only at 

0.05 V (Fig. 3.12c and d)). These results are different from those obtained with poly(o-

phenylenediamine)(PPDA) underlying layers where an enhanced ‘first cycle effect’ of 

PANI has been reported [195]. 

        Inzelt [213] and Pruneanu et al. [214] reported that in acidic solutions in the first stage 

of PANI oxidation a deprotonation occurs and the protons leave the film. The later step of 

oxidation involves the incorporation of anions. However, during POAP oxidation, the 

incorporation of anions at less positive potentials and the expulsion of protons from the 

polymer at more positive potentials have been reported to proceed simultaneously [215]. It 

is interesting that during POAP oxidation anions are incorporated into the polymer film 

whereas during PANI oxidation deprotonation of the film takes place, at less positive 

potentials. This phenomenon is expected to help in understanding the decrease of the ‘first 

cycle effect’ in polymers containing both POAP and PANI. During anodic potential 

sweeps with a POAP-PANI-coated electrode, oxidation of POAP layer proceeds first and 

reaches a maximum rate at E = 0.0  0.20 V. Simultaneously, anions are incorporated into 

the polymer from the acidic electrolyte solution. In further potential sweeps oxidation of 

the PANI layer begins with a current peak at E = 0.10  0.30 V. 

         Since both oxidation processes occur at almost the same potential, it takes only a sec-

ond or so to sweep the electrode potential from POAP to PANI oxidation processes. Thus 

the decrease in concentration of anions, which is caused by POAP oxidation, will result in 

the corresponding increase of protons in the electrolyte solution. As POAP and PANI lay-

ers are located in very close proximity on a POAP-PANI-coated electrode a low local an-

ion concentration formed during POAP electrooxidation should increase the proton con-

centration which should in turn slow down the anodic oxidation of PANI. Thus if deproto-

nation of a PANI film is assumed to be the rate-determining step in the course of anodic 

oxidation of leucoemeraldine to emarldine, a decreased local anion concentration formed 
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during a preceding POAP electrooxidation can decrease the rate of deprotonation of PANI 

film which can cause the decrease in the peak current of the first PANI electrooxidation 

process, i.e. the decrease of the ‘first cycle effect’ in a POAP-PANI bilayer structure, 

which contains an additional POAP layer between the electrode and PANI film. A thicker 

underlying POAP layer leads to further decrease of the PANI peak current since a further 

decrease in the anion concentration should be created during electrooxidation of a thicker 

POAP layer. 
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Fig. 3.12. Dependence of anodic peak current on the waiting time after holding the 

electrode at different potentials (as indicated) in 0.5 M sulfuric acid for electrodes as 

described in Fig.3.11. 
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4 In Situ Conductivty Measurenments 

 

         For in situ conductivity measurements PANI, POAP and copolymers were deposited 

potentiodynamically on an Au bandgap electrode. In this electrode the two gold strips are 

separated by a gap of a few micrometers that is easily bridged through deposition of 

conducting polymers, when both electrodes are connected electrically together and used as 

the working electrode. Although the microband configuration is associated with a problem 

of ensuring the identical thicknesses of films across the insulating gap, nevertheless, 

approximately reproducible results can be obtained by adjusting the experimental 

conditions as very thin films can usually form good bridges over the gap between the 

electrodes. During in situ conductivity measurements the electrodes are connected to the 

measurement circuit. Electrochemically induced changes in the polymer can be obtained 

by applying appropriate electrode potentials to both electrodes which are then connected 

together as the working electrode. Alternate potential changes and conductivity 

measurements are facilitated as soon as the electrode set-up is connected to the 

electrochemical potentiostat and the measurement circuit via a double pole switch.  

 

4.1 In Situ Conductivity of Poyaniline and Poly(o-Aminophenol) 

       

         The resistivity versus the applied electrode potential plot of PANI in 0.5 M H2SO4 is 

displayed in Fig. 4.1a. PANI shows two changes in resistivity. When the applied potential 

is increased, the resistivity of the polyaniline decreases sharply by 2.5 orders of magnitude 

at 0.10 V and then increases again at 0.65 V. When the potential shift direction is reversed 

from 0.80 to - 0.20 V, the resistivity of PANI is almost restored. PANI is conducting in its 

half oxidized state, when radical cations are present and can act as charge carriers, whereas 

insulating in its fully reduced and fully oxidized states as no charge carriers are present in 

either case. In the case of POAP minimum resistivity was observed in the potential region 

between - 0.10 and 0.10 V  (Fig. 4.1b), but is higher roughly by 4 orders of magnitude as 

compared to PANI. At a more positive electrode potential the resistivity increased beyond 

the initial value; during the negative going potential scan it returned to the initial value. 

Low in situ DC conductivity has been reported for POAP elsewhere [141, 216]. POAP is a 

redox polymer with ladder structure. The potentiodynamically synthesized POAP film 

shows only one redox pair in aqueous acidic solution. However, some protonated imines 
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may exist in the partially oxidized POAP and these species may act as charge carriers to 

generate a modest electrical conductivity as reported elsewhere [217] for a structurally re-

lated poly(2,3-diaminotoluine) (PDT) with one broad redox process. 
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Fig. 4.1. Resistivity vs. electrode potential data for PANI (a) and POAP (b) in 0.5 M 

H2SO4 solution. 

 

4.2 In Situ Conductivity of Copolymers 

       

         Results obtained with copolymers A, B, and D are shown in Fig. 4.2a - c. When the 

applied potential is increased, the resistivity of copolymer A decreases at - 0.10 V slowly 

and then increases at 0.55 V. Minimum resistivity can be observed in the range between 

0.40 V and 0.55 V. Its resistivity is higher than that of PANI by 2.8 orders of magnitude. 

Like copolymer A, two changes can be observed with copolymer B and D. However, their 

resistivities are further higher by 3.1 and 3.2 orders of magnitude, respectively, as 

compared to PANI.  

         As with PANI, two transitions were observed in the conductivity behavior of all the 

copolymers studied. However, the resistivities of the copolymers were not restored when 

the potential shift direction was reversed from 0.80 to - 0.20 V. This might be due to deg-
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radation of the copolymer at high potentials. Based on these observations the in situ con-

ductivity behaviors are not the sum of those of the two individual homopolymers, but seem 

to be determined by the aniline fraction in the copolymer. The considerable drop in the 

overall conductivity even at the smallest POAP-content indicates that POAP units inter-

rupting undisturbed PANI-chains may be present rather frequently on the molecular 

chains; this suggests a statistical copolymer which of course contains extended blocks of 

PANI because of the high ANI fraction. 
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Fig. 4.2. Resistivity vs. electrode potential data for copA (a), copB (b) and copD (c) in 0.5 

M H2SO4 solution. 
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5 In Situ UV-Visible Spectroelectrochemistry 

 

5.1 Electrooxidation of o-Aminophenol 

 

         After switching the electrode potential of the ITO glass electrode in a solution of o-

aminophenol to ESCE = 0.90 V, in initial spectra (after very few minutes) an absorption was 

found in the UV-Vis spectrum at λ < 300 nm and a peak around λ = 470 nm associated 

with the early stages of electrooxidation (Fig. 5.1). The absorption at λ < 300 nm has been 

observed previously at λ = 258 nm during chemical polymerization of OAP and has been 

assigned to the π → π* transition in the aromatic benzene unit, whereas the absorption 

around λ = 470 corresponds to the cation radical of OAP [139]. A new band at λ = 410 nm 

soon developed and increased in intensity with the time of electrolysis. 
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Fig. 5.1. UV-Vis spectra, obtained at different time intervals (as indicated, in minutes) af-

ter applying an electrode potential of ESCE = 0.90 V in solutions containing OAP in various 

concentrations (1 mM, 2 mM, 3 mM and 5 mM, as indicated) in 0.5 M H2SO4 solution. 
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This peak is characteristic of the oxidized form of POAP [154]. A blue shift of the band at 

λ = 410 nm was observed with time of electrolysis. Both bands grew in intensity during 

continuous electrooxidation. Further interesting observations were noted on analyzing the 

behavior of these bands at various time intervals. Fig. 5.2 shows the growth of absorbance 

at λ = 410 and λ = 470 nm in solutions of varying monomer concentrations, these wave-

lengths correspond to the two separate absorption bands seen in Fig. 5.1 in particular at 

low monomer concentrations. In the latter case the band at λ = 410 nm becomes predomi-

nant in later stages of polymerization. With higher concentration of OAP a broad absorp-

tion of very low intensity was also observed in the red region of the visible spectrum espe-

cially after prolonged electrolysis. After interruption of electrolysis the band at λ = 470 nm 

quickly diminishes in intensity as compared to the intensity of the absorbance band at λ = 

410 nm. Fig. 5.3 displays corresponding UV-Vis spectra recorded after various time inter-

vals after interruption of electrolysis. 
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 Fig. 5. 2. Time dependence of the absorbance at λ = 410 nm (hollow circles) and λ = 470 

nm (full circles) after stepping the electrode potential to ESCE = 0.90 V in solutions 

containing OAP in various concentrations (1 mM, 2 mM, 3 mM and 5 mM, as indicated). 
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Fig. 5.3. UV-Vis spectra obtained at different time intervals (as indicated, in minutes) after   

interruption of an electrolysis performed for 18 min. Dashed line shows a spectrum 

obtained at 18th min of electrolysis. 

 
        The tendencies observed (presented in Fig. 5.1, 5.2 and 5.3) can be interpreted in the 

framework of a two-step mechanism of electrooxidation of OAP. After applying a 

sufficiently high positive potential, electrooxidation of OAP proceeds leading to a reaction 

intermediate absorbing at λ = 460 - 470 nm. In the following chemical step the 

intermediate reacts with solution phase OAP molecules, yielding oligomers or polymers as 

the product of this consecutive process. The end product of electrolysis shows an 

absorbance at λ = 410 nm. 

 

5.2 UV-Visible Spectra of POAP-Coated ITO Electrodes 

 

         After holding the ITO glass electrode for a certain time at a positive potential (0.80 

and 0.90 V) in a solution containing OAP, a thin polymer film was deposited on the elec-

trode surface. This polymer film is bronze-brown and can be reduced electrochemically to 

its pale yellow (almost colorless) form at an appropriately negative potential. Representa-

tive UV-Vis-spectra of POAP at different electrode potentials are displayed in Fig. 5.4. It 

has been assumed that only one redox process occurs in POAP. The redox response of 

POAP with one redox pair on the CV is usually attributed to the oxidation-reduction of 

phenoxazine (scheme 5.1) units in the polymer [135, 140].  
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However, an alternative structure for the polymer has been proposed where the polymer 

remains linear like polyaniline and the –OH groups are free and could be oxidized to o-

quinonimines [218, 219]. There is little spectroscopic evidence for the structure of the 

POAP. Moreover, the agreement of redox potential and spectroscopic data between 2-

aminophenoxazin-3-one (3APZ) and the polymer suggests that the main chain contains in-

deed phenoxazine units [215].  

        Fig. 5.4a shows UV-Vis-spectra of an ITO glass electrode covered with a POAP film 

obtained at different electrode potentials ranging from ESCE = - 0.20 to 0.60 V. Three 

absorption peaks located at λ = 350, 410 and 610 nm are observed in the UV-Vis-spectra. 

These bands have been reported at λ = 340, 440 and 750 nm in the potentiodynamically 

prepared POAP [220]. At ESCE = - 0.20 V the polymer is in the reduced state and the 

corresponding spectra show an absorption band located at ca. λ = 350 nm. The band at λ = 

350 nm can be attributed to the phenoxazine structure, which corresponds to the totally 

reduced state of the polymer and disappears with an increase of the electrode potential. 
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Fig. 5.4. (a) In situ UV-Vis spectra of POAP film at different applied electrode potentials. 

The POAP film was prepared on ITO coated glass at 0.80 V (1 hour electrolysis) from a 

solution containing 0.05 M OAP in 0.5 M H2SO4 solution and (b) Enlarged spectra of (a) 

between 320 and 450 nm. 
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With increasing potential oxidation of the polymer takes place leading to the formation of 

radical cations in the polymer matrix. A close analysis of the band at λ = 350 nm shows 

that while increasing the potential from - 0.20 V to 0.10 V, not only its intensity decreases 

but at 0.1 V the band is split into at least two bands. With further potential increase the in-

tensity of one of these bands is diminished, while the other one starts to shift to lower en-

ergies and changes into a broad maximum around λ = 410 nm. Cintra et al. [221] have re-

ported almost similar observations in the UV-Vis-spectra of the structurally closely related 

compound poly(5-amino-1-naphthol) during a change in potential from - 0.20 to 0.70 V. 

The intensity of this band increases with potential reaching a maximum at 0.40−0.50 V 

(Fig. 5.4b). The absorption band at about λ = 610 nm increases in intensity up to 0.20 V 

and then becomes nearly constant with further increase of electrode potential. Ohsaka et al. 

have observed this band at 600 nm in the reduced state of the potentiodynamically pre-

pared POAP film [222]. However, no absorption band was observed at 750 nm as reported 

elsewhere for the potentiodynamically prepared POAP film [220]. To check for the pres-

ence of absorption at 750 nm we deposited POAP on ITO glass potentiodynamically by 

cycling the potential between - 0.20 and 0.84 V. The absorption spectra of this film are de-

picted in Fig. 5.5, they are in agreement with those reported by Ohsaka et al. [222].  
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Scheme 5.1. Reaction scheme for oxidation-reduction of phenoxazine 

 

But, no absorption band was observed at 750 nm as reported elsewhere [220]. Like in cy-

clic voltammograms the in situ UV-vis spectra of POAP films synthesized potentiostati-

cally indicate that the redox transition of POAP from its completely reduced state to its 

completely oxidized state proceeds through two consecutive reactions in which a charged 

intermediate species takes part. Ortega has reported the possibility of the existence of dica-

tionic species in POAP film on the basis of electron spin resonance (ESR) measurements 
[141]. The author has suggested that the decrease and further absence of a detectable ESR 
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signal at higher potentials might be due to the combination of polarons at positive poten-

tials yielding bipolarons. 
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Fig. 5.5. In situ UV-Vis spectra of POAP film at different applied electrode potentials. The 

film was prepared potentiodynamically by cycling the potential between - 0.20 and 0.84 V 

on ITO coated glass electrode from a solution containing 0.05 M OAP in 0.5 M H2SO4 

solution. 

 

5.3 Electrooxidation of Aniline 

 

         In situ spectroelectrochemical measurements of homopolymerization of ANI were 

carried out with two different concentrations of aniline (10 mM and 20 mM) in aqueous 

solutions of 0.5 M H2SO4 at an electrode potential of ESCE = 0.90 V. The spectra recorded 

during aniline oxidation depend on the concentration of aniline. At a low concentration of 

aniline (10 mM) an absorption band at λ = 350 nm and a broad band at λ = 700 nm were 

observed in the initial stages of polymerization (Fig. 5.6a). However, at a higher concentra-

tion (20 mM) two bands λ = 360 and 720 nm and a weak shoulder at λ = 445 nm were ob-

served in the initial stages of polymerization (Fig. 5.6b). These bands have been reported at 

λ = 330, 440 and 720 nm elsewhere [223]. The absorption at λ = 445 nm was assigned to 

the aniline cation radical or oxidized benzidine dimer and the broad band at λ = 720 nm 

 66



 
Chapter 5: In Situ UV-Visible Spectroelectrochemistry 
 
 
was assigned to the N-phenyl-paraphenylenediamine (PPD) dimer and its dication. The 

band at λ = 360 nm is assigned to the π → π* electronic transition of neutral species.  
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Fig. 5.6. UV-Vis spectra obtained at different time intervals (as indicated, in minutes) after 

applying an electrode potential of ESCE = 0.90 V in solutions containing (a) 10 mM and (b) 

20 mM ANI. Dashed lines show spectra obtained 5 min after interruption of electrolysis. 

 

5.4 UV-Visible Spectra of PANI-Coated ITO Electrodes 

 

         Fig. 5.7a and b show UV-Vis spectra of a PANI (synthesized at 0.90 V) film on ITO 

glass electrode at different electrode potentials and the potential dependence of the absorb-

ance at three selected wavelengths, respectively. The absorption around λ = 306 nm is 

caused by the π → π* transition of benzoid rings and is characteristic of the leucoemer-

aldine form of PANI. This band, as well as the decrease of its intensity with electrode po-

tential shifted to higher values have been reported at λ = 315 nm [224]. The main absorb-

ance band in the red region of the spectra corresponds to the conducting emeraldine state 

of PANI. The growth of intensity of this band, which proceeds with the potential shifted to 
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higher values simultaneously with a decreasing intensity of the band at λ = 306 nm, shows 

a progressive oxidation of PANI film from its leucoemeraldine form into the emeraldine 

form. As reported repeatedly [225, 226, 227] a blue shift of this band was observed during 

a potential shift to higher values and has been attributed to the formation of a compact coil 

structure due to the incorporation of 2
4SO − ions [227]. For the absorbance band located at λ 

= 420 nm an absorbance maximum as a function of electrode potential was observed 

around ESCE = 0.30 V. This band has been assigned to an intermediate state (polaron) 

formed during electrooxidation of the leucoemeraldine state of PANI [224]. The drastic 

blue shift observed after 0.6 V indicates conversion from emeraldine state to completely 

oxidized pernigraniline state. 
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Fig. 5.7 (a) UV-Vis spectra of a PANI-coated ITO glass electrode, obtained at different  

electrode potential values, ranging from ESCE = 0.0 to 0.80 V at every 0.10 V in 0.5 M 

H2SO4. The PANI-coated ITO glass electrode was prepared by electropolymerization at 

ESCE = 0.90 V in a solution containing 20 mM ANI. (b) Absorbance vs. potential plot for 

three selected wavlengths, derived from spectra displayed above. 
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The UV-Vis spectra of PANI synthesized potentiodynamically by cycling the potential be-

tween - 0.20 and 1.10 V show π → π* transition and polaron bands around 300 and 430 

nm, respectively (Fig. 5.8). In addition the band located at λ = 430 nm shows an absorb-

ance maximum as a function of electrode potential around ESCE = 0.20 V. 
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Fig. 5.8. UV-Vis spectra of a PANI-coated ITO glass electrode, obtained at different 

electrode potential values, ranging from ESCE = - 0.20 to 0.80 V in 0.5 M H2SO4. The 

PANI-coated ITO glass electrode was prepared by cycling the potential between - 0.20 and 

1.10 V at a scan rate of 50 mV/s in a solution containing 20 mM ANI. 

 

5.5 Electrooxidation of o-Aminophenol and Aniline 

  

        A comparison of the in situ spectroelectrochemical results of the electrooxidation of 

mixtures of OAP and ANI with different molar concentrations of OAP in the feed and 

electrooxidation of OAP and ANI alone clearly shows distinct variations in the UV-Vis 

spectra. Obviously the incorporation of OAP units in the growing polymer during electro-

oxidation of the mixture of OAP and ANI changes the spectral characteristics. Fig 5.9a-d 

shows spectra acquired during the electropolymerization of mixtures of OAP and ANI at 

various feed ratios of OAP (1 mM, 2 mM, 3 mM and 5 mM) with a constant concentration 
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of ANI (20 mM). An additional shoulder around λ = 520 nm absent in both cases of ho-

mopolymerizaion of OAP and ANI can be assigned as follows. At the applied potential 

(ESCE = 0.90 V) OAP and ANI can be oxidized to produce their respective cation radicals, 

which undergo cross-reaction (i.e. coupling of a OAP cation radical with ANI monomer 

and vice versa) to produce dimers/oligomers. The shoulder around λ = 520 nm is attributed 

to mixed dimer intermediate resulting from the cross-reaction between OAP and ANI 

cation radicals (see Scheme 5.2). The UV-Vis absorption spectra recorded during the initial 

stages of electropolymerization of solutions containing both OAP and ANI show an ab-

sorption band at λ = 415 nm and a shoulder around λ = 520 nm. 
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Fig. 5.9. UV-Vis spectra (a-d), obtained at different time intervals (as indicated, in min-

utes) after applying an electrode potential of ESCE = 0.90 V in solutions containing OAP 

and ANI at different concentrations (as indicated). 
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With low concentrations of OAP in the feed, however, an increase in the absorbance with 

low intensity can be observed in the red region of the visible spectrum especially after pro-

longed electrolysis. Fig. 5.10 shows an enlarged spectrum of the red region of Fig. 5.9a. 

The absorbance in the three characteristic regions of the spectra increases with polymeriza-

tion time. The absorbance of the band at λ = 415 nm increases very rapidly as compared to 

the other bands. This band is also observed in the OAP electrooxidation alone at λ = 410 

nm, but in that case its development starts within a few minutes after commencement of 

electrolysis (Fig. 5.1) and has been assigned to POAP. In the present case (copolymeriza-

tion) it develops from the very beginning of electrolysis and grows in intensity with the 

time of electrolysis. Also this band does not show any appreciable change in its peak po-

sition when increasing the feed ratio of OAP in the copolymerization mixture. On the other 

hand the shoulder around λ = 520 nm assigned to the mixed dimer intermediate not only 

grows very slowly but also shows a blue shift and saturation in its intensity with increased 

concentration of OAP in the feed. The absorption in the red region can be assigned to the 

doped nature of the copolymer at ESCE = 0.90 V. The assignments of the peak to the mixed 

dimer intermediate is supported by the analysis of the spectral results after switching off 

the applied potential. After interruption of electrolysis the absorbance around λ = 520 nm 

shows a significant decrease as depicted in Fig. 5.11. The intermediates involved in the 

electropolymerization of N-alkyl-substituted anilines have also been reported to exhibit 

such a decrease of absorbance after switching off the applied potential [113]. 
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Fig. 5.10. Long-wavelength part of spectra (a) in Fig. 5.9. 
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Fig. 5.11. (Top)UV-Vis spectra obtained at different time intervals (as indicated, in 

minutes) after interruption of electrolysis performed for 15 min in a solution containing 1 

mM OAP and 20 mM ANI. Dashed line shows a spectrum obtained at 15th min of 

electrolysis, (bottom) Changes in absorbance for the peak (λ = 520 nm) after interruption 

of electrolysis. Previously electropolymerization was performed with ESCE = 0.90 V for 

solutions as described in Fig. 5.9: (a) □, (b) ■, (c) ▲, (d) ● 
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Scheme 5.2. Copolymerization of aniline with o-aminophenol 
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5.6 UV-Visible Spectra of Copolymer-Coated ITO Electrodes 

 

         Like with POAP and PANI, deposition of copolymer is observed on the ITO glass 

electrode after holding the electrode in a solution containing both OAP and ANI at positive 

 

potentials. The polymer film coated onto the electrode shows electrochromic properties.  

ig. 5.12. (a) UV-Vis spectra of a copolymer-coated ITO glass electrode, obtained at dif-
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ferent electrode potential values, ranging from ESCE = 0.0 to 0.80 V at every 0.10V. The 

copolymer-coated ITO glass electrode was prepared by electropolymerization at ESCE = 

0.90 V in a solution containing 1 mM OAP and 20 mM ANI. (b) Absorbance vs. potential 

plot for three selected wavelengths, derived from spectra displayed above. 
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       Fig. 5.12a shows the UV-Vis spectra of a copolymer film at different electrode poten-

tials. Like with PANI three absorption bands are well defined. The band at λ = 300 nm as-

signed to the π → π* transition of benzoid rings shows a decrease in its intensity with an 

increase in electrode potential. However, no red shift is observed in this band with progres-

sive oxidation, whereas this shift was significant during PANI electrooxidation. At λ = 430 

nm the band, which corresponds to the formation of the intermediate state during the elec-

trooxidation of the leucoemeraldine state, is observed. For this band an absorbance maxi-

mum is attained at ESCE = 0.50 V rather than at ESCE = 0.30 V as for PANI. In addition this 

band does not exhibit any red shift as in the case of PANI. Differences were also observed 

for the main absorbance band in the red region of the spectra. Although the intensity of the 

band increases with progressive oxidation of the polymer its growth is roughly one third of 

the growth in intensity of the corresponding band in PANI with progressive oxidation. 

Also this band attains maximal value at ESCE = 0.60 V which is not the case in PANI. In 

addition to this no conspicuous blue shift can be observed in this band with the increase of 

potential. This feature is much more prominent during PANI electrooxidation. Fig. 5.12b 

shows the absorbance at the three wavelengths as a function of applied potential. 

         For the detail study of UV-Vis characteristics of the copolymers, the copolymers 

were deposited potentiodynamically by cycling the potential between -0.20 and 1.10 V on 

the ITO coated glass electrodes from their respective solutions. Fig. 5.13 shows the UV-

Vis spectra of copolymer A on the ITO glass electrode at different electrode potentials 

shifted successively in anodic direction. The band at λ = 330 nm assigned to the π → π* 

transition of benzenoid rings shows a decrease in its intensity with an increase in electrode 

potential. The band corresponding to the formation of the intermediate state during the 

electrooxidation of the leucoemeraldine state is observed at 445 nm. For this band an ab-

sorbance maximum is attained at ESCE = 0.20 V as for PANI (Fig. 5.8). This band is ob-

served at -0.20 V in the form of a shoulder rather than a clear band as in PANI. Differences 

were also observed for the main absorbance band in the red region of the spectra. The in-

tensity of the band increases with progressive oxidation of the polymer and exhibits drastic 

blue shift after 0.60 V, as also observed with PANI, but unlike PANI a sudden drop in the 

intensity of this band is observed at 0.80 V. Moreover, its intensity growth is not so strong 

and is roughly half of the intensity growth of the corresponding band in PANI with pro-

gressive oxidation. As the absorbance for the copA decreases very much while shifting the 

potential from 0.60 to 0.80 V in addition to the blue shift of the absorbance maximum from 
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long wavelength to 650 nm, this implies that copA transforms into its fully oxidized state 

at a potential well below 0.80 V. This behavior was previously observed with methyl sub-

stituted PANIs i.e. poly(o-toluidine) POT and poly(m-toluidine) PMT [96, 228] and it was 

proposed that due to the presence of electron donating methyl substituents on the polymer 

backbone the polymers are more easily oxidized. Thus, it may also be conceived in the 

present case that the polymer resulting from the electrolysis of mixed solution of ANI and 

OAP is a copolymer having substituted aromatic rings in its backbone.    
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Fig. 5.13. UV-Vis spectra of copolymer A-coated ITO glass electrode, obtained at different    

electrode potential values, ranging from ESCE = - 0.20 to 0.80 V. The copolymer-coated 

ITO glass electrode was prepared by cycling the potential between - 0.20 and 1.10 V at a 

scan rate of 50 mV/s in a solution containing 1 mM OAP and 20 mM ANI. 

 

        In order to check the reversibility of the redox processes of the polymer films in situ 

UV-Vis spectra were also recorded in the cathodic direction and compared with PANI. Fig. 

5.14 shows plots of absorbance vs applied potential for the wavelengths in the red region 

of the spectra. It is clear from Fig. 5.14a that the PANI film has a very good reversibility as  

the absorbance vs potential curve for the cathodic sweep follows almost the same trend as 

that with anodic sweep. The absorbance values of the copolymer A were not restored when 

the potential shift direction was reversed from 0.80 to - 0.20 V, especially in the potential 
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region between 0.80 and 0.20 V where a drastic drop in absorbance values was observed 

(Fig. 5.14b).  
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Fig. 5.14. Absorbance vs. potential plots for λ = 850 nm of the spectra both in the anodic 

and cathodic direction (as indicated) for (a) PANI and (b) copA. 

 

A similar trend was also observed in the in situ conductivities of this copolymer system, 

where like PANI two transitions in resistivities with potential shift were observed in the 

anodic direction. However, unlike PANI the resistivities were not restored when the poten-

tial shift direction was reversed from 0.80 to - 0.20 V, this was attributed tentatively to a 

possible degradation of the copolymer film at 0.80 V which seems reasonable in the pre-

sent context as 0.80 V is well above the potential required for complete oxidation of copA 

film, though not enough high to fully oxidize PANI and causes its degradation as literature 

shows that partial degradation of PANI takes place when it is brought to too high potentials  

(e.g., 0.90 V vs SCE) or kept in a fully oxidized form for a too long period of time [229]. 

However, it must be pointed out that the effects of attached –OH group on the electronic 
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structure of the poly (aniline-co-o-aminophenol) are not completely understood and there-

fore, in the absence of quantitative data on the stability and degradations it is still not clear 

if the sudden drop in the absorption of the red region of the copolymer at 0.80 V and the ir-

reversibility in the optical characteristics, is due to partial degradation of the polymer or 

some other reasons. The electronic absorption spectra of copolymer B are displayed in Fig. 

5.15. With stepwise increase of potential the absorbance of π → π* transition band (300 

nm) decreases and increases for the band around 440 nm and in the red region of the spec-

tra. Unlike PANI and copolymer A, in this system the absorption maximum of the absorp-

tion band located around 440 nm is reached at 0.40 V and is maintained afterwards with an 

additional hump around 600 nm. Similarly no blue shift can be observed in the red region 

of the spectra with the potential shift in the anodic direction. Apparently in situ UV-Vis 

characteristics of copolymers C and D seems to be identical (Fig. 5.16). Nevertheless, mi-

nor differences can be observed at very close analysis. For example, in the case of copoly-

mer D an additional absorption band can be seen around 650 nm in the reduced state. A 

similar band was also observed in the reduced state of POAP at 610 nm. However, no ab-

sorbance increase with potential was observed in the long wavelength region of POAP as 

in the present case.  
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Fig. 5.15. UV-Vis spectra of a copB-coated ITO glass electrode, obtained at different elec-

trode potential values, ranging from ESCE = - 0.20 to 0.70 V. The copolymer- coated ITO 

glass electrode was prepared by cycling the potential between - 0.20 and 1.10 V at a scan 

rate of 50 mV/s in a solution containing 2 mM OAP and 20 mM ANI. The inset shows the 

short wavelength part of the spectra. 
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Fig. 5.16.UV-Vis spectra of (a) copC and (b) copD-coated ITO glass electrodes, obtained 

at different electrode potential values, ranging from ESCE = - 0.20 to 0.70 V. The copoly-

mer-coated ITO glass electrodes were prepared by cycling the potential between - 0.20 and 

1.10 V at a scan rate of 50 mV/s in solutions containing 3 mM OAP + 20 mM ANI and 4 

mM OAP + 20 mM ANI, respectively in 0.5 M H2SO4 solution. 

 

        The in situ UV-Vis spectroelectrochemical results indicate the formation of copoly-

mer having structure similar to PANI during the electrolysis of solution system A. For 

copB, the appearance of a hump in the UV-Vis spectra around 600 nm and the absorption 

maximum of the 440 nm band at 0.40 V that remains with further potential increase rather 

than decreasing as observed in PANI and copA, might be indicative of direct conversion 

from leucoemeraldine state to completely oxidized pernigraniline state. In the case of copC 

and copD the absorption of the band around 440 nm increases continuously with potential 
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together with relatively weak absorption in the red region of the spectra. This band, though 

around 410 nm is the most intense band in the oxidized form of POAP (Fig. 5.5), can be at-

tributed to the POAP blocks in these copolymers. The copolymers are probably a mixture 

of copolymer chains with different monomer contents and with variations in the monomer 

along a given chain. The copolymers probably have a significant number of block seg-

ments. Considering the unconjugated nature of the POAP units, the block copolymer must 

be poorly conjugated because the POAP units (blocks) will isolate the aniline units along 

the chain. The random copolymer, whether or not it is present in the product, would also 

have poor conjugation because the OAP units isolate the aniline units along the chain. This 

might results from the molecular interactions between the –OH group and the polaronic ni-

trogen atoms [230]. The low absorption band in the red region of the spectra is probably 

related to the aniline segments in the chain.       

 

5.7. UV-Vis Spectra of PANI Deposition over POAP-Coated ITO Electrode and 

        PANI-POAP-Coated ITO Electrode 

       

         Fig. 5.17 shows the optical spectra of PANI deposition on the POAP-coated ITO 

electrode. It reveals a broad absorption around 450 nm during the initial stages of elec-

trolysis (1-5 min) which is obviously due to the oxidized form of POAP. At the 6th min of 

electrolysis an absorption band appears at 700 nm and its intensity increases with the time 

of electrolysis with the simultaneous suppression of the broad absorption around 450 nm 

which disappears completely at the 9th min and is replaced by a small band at 435 nm. The 

intensity of both bands increases with the time of electrolysis with a sudden blue shift of 

the band at 700 nm to 735 nm at the 12th min of electrolysis. Afterwards the spectra reflect 

the characteristics of PANI depositon as discussed already in section 5.3 (Fig. 5.6). Since 

most of the electrodeposited polymers are known to have rough structural features with 

holes and cavities therefore, diffusion of small molecules and ions is easily possible. Thus 

the electrochemical deposition of second layer of a different polymer may yield not only a 

separate layer, overlying the first one, but also a complex structure, where a second poly-

mer is located within the network of the first one. The present UV-Vis results support the 

hypothesis on the mechanism of growth of PANI on POAP film as discussed in section 3.5 

(Fig.3.10) where it was proposed on the basis of cyclic voltammetric measurements that 

the electrosynthesis of PANI on POAP modified electrodes showed copolymer formation 

 80



 
Chapter 5: In Situ UV-Visible Spectroelectrochemistry 
 
 
after reaction initiation and finally formation of a PANI layer at the copolymer/solution 

interface. 
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Fig. 5.17. UV-Vis spectra obtained at different time intervals (as indicated, in minutes) af-

ter applying an electrode potential of ESCE = 0.90 V to POAP-coated ITO glass electrode in 

solutions containing 20 mM aniline in 0.5 M H2SO4. Previously the POAP modified elec-

trode was prepared by cycling the potential between - 0.20 and 0.84 V in 2 mM OAP at a 

scan rate of 50 mV/s. 

 

In order to study the effect of the underlying POAP film on the optical properties of over-

lying PANI fim, UV-Vis spectra of PANI/POAP coated electrode were recorded in 0.5 M 

H2SO4 at different applied potentials successively increased in the anodic direction and 

displayed in Fig. 5.18. Like PANI three absorption bands are well observed in the UV-Vis 

spectra of the bilayer structure of PANI and POAP. The intensity of the band correspond-

ing to the π-π* (about 300 nm) transition centered on the benzoid ring decreases with the 

progressive oxidation of the film. The band around 415 nm increases in intensity up to 0.60 

V and is maintained afterwards with further potential shift to higher values. The band in 

the red region of the spectra increases in intensity with the potential shift to higher values 
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and exhibites blue shift from 850 nm to 800 nm with progressive oxidation of the material 

from - 0.20 V to 0.80 V. 
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Fig. 5.18. UV-Vis spectra of PANI/POAP-coated glass electrode, obtained at different 

electrode potential values, ranging from ESCE = - 0.2 to 0.80 V 

 
          The spectral features of the PANI/POAP coated electrode reflect characteristics dif-

ferent from that of a simple PANI coated electrode especially with respect to the polaron 

band around 415 nm as this band attains maximal intensity around 0.20 to 0.30 V in PANI 

and decreases with further potential increase. But in the present case this band increases 

continuously with potential up to 0.60 V and is maintained afterwards rather than decreas-

ing. This can be explained in terms of the oxidation of both polymers with increase of po-

tential. As already discussed in the same section, during aniline electropolymerization on 

POAP- coated electrode PANI can be deposited into the POAP bulk to form copolymer or 

composite before forming a PANI layer at the copolymer/solution interface. Therefore, the 

material obtained from the deposition of PANI on POAP-coated electrode can be assumed 

to be composed of significant number of block segments of both PANI and POAP. The 

band around λ = 850 nm in the UV-Vis spectra can be related to the PANI blocks as POAP 

(Fig. 5.5) does not show any band in this region. The band around λ = 415 nm can be at-
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tributed to the radical cations from both the polymers as both PANI and POAP show ab-

sorption bands around 410 nm and 420 nm, respectively in their UV-Vis spectra. Like   

POAP the band around λ = 415 in the UV-Vis spectra of PANI/POAP-coated electrode in-

creases continuously with the potential shift to higher values rather than decreasing beyond 

0.20 – 0.30 V as observed with PANI during an anodic sweep. This result indicates that the 

red region of the UV-Vis spectra of a PANI/POAP-coated ITO glass electrode is domi-

nated by the spectral features of PANI blocks while the region around 415 nm is domi-

nated by the spectral features of POAP blocks. Thus by growing thin PANI film on a 

POAP-coated electrode, it may be possible to combine the advantages of the two systems. 

  

 

 

. 
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6 Fourier Transform Infrared Spectroscopy (FTIR) 

 

        For FTIR measurements PANI and copolymers were synthesized from their respec-

tive solutions on a gold electrode in 0.5 M H2SO4 solution. After washing with plenty of 

deionized water the polymers were peeled off the electrode surface and dried at 100 oC for 

2 days in an oven and then under vacuum in a desiccator for a week. Since the POAP film 

was too thin to be peeled off the electrode surface, its FTIR spectrum was not measured. 

Fig. 6.1 shows the FTIR spectrum of PANI synthesized from an aqueous solution of 20 

mM ANI in 0.5 M H2SO4. The peak at 3440 cm-1 is attributed to the N-H stretching vibra-

tions. The characteristic bands at 1563-1565 cm-1 arise mainly from both C═N and C═C 

stretching vibrations of the quinoid diimine unit, whereas, the band around 1475 – 1479 

cm-1 is attributed to the C═C ring stretching of the benzoid diamine unit. The bands around 

1298 and 798 cm-1 can be assigned to C-N stretching of the secondary aromatic amine and 

an aromatic C-H out-of-plane bending modes, respectively [75]. 
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Fig. 6.1. FTIR spectrum of electrochemically synthesized polyaniline. 
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Fig. 6.2. FTIR spectra of copolymers A(a), B(b) and C(c). 
 

        Fig. 6.2 depicts the FTIR spectra of the copolymers synthesized with various 

concentrations of OAP (1, 2 and 3 mM) in the feed with a constant concentration of ANI 

(20 mM) i.e. copA, B and C. Apparently the FTIR spectra of copolymers present the same 

picture as that of PANI. However, in the FTIR spectra of copolymers an absorption peak 

appears at 1402 cm-1 which is not present in the spectrum of PANI. This peak at 1402 cm-1, 

which becomes more prominent with the increase of OAP concentration in the feed, is in-

dicative of the C-O-H deformation vibration of phenols [231]. The IR spectrum of OAP 

also shows a peak at about 1400 cm-1 [232]. Thus, the peak at 1402 cm-1 in Fig. 6.2 can be 

considered as evidence of the presence of OAP unit in the polymer backbone. The increase 

in its intensity with an increase of the concentration of OAP in the comonomer feed sug-

gests the incorporation of more OAP units in the resulting copolymer. Generally, two split 

peaks at 1210 and 1230 cm−1 appear in the IR spectrum of OAP [232], which may be at-
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tributed to the C–O stretching vibrations, since the stretching vibrations of C–O in phenols 

generally appear at about 1200 cm−1 [233]. However, only small peaks at 1232 cm−1 appear 

in Fig. 6.2 for the copolymers. This is due to the fact that a band centered at 1234 cm−1 

may mask the C–O stretching vibrations. This is because the C–N stretching vibrations in 

aromatic amines are in the range of 1280–1180 cm−1 [234]. The IR spectra of PANI syn-

thesized in sulfuric acid solution was reported to show a peak at 1250–1300 cm-1 [235, 

236], this was assigned to the C–N stretching vibrations [236]. This band is observed at 

1236 cm-1 in the PANI spectra depicted in Fig. 6.1. So there is a great probability of the 

masking of C–O stretching vibrations band by the C–N stretching vibrations bands in the 

FTIR spectra of the copolymers. 
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7 In situ Raman Spectroelectrochemistry 

 

         Although Raman as well as optical spectroscopies are excellent tools to perform an in 

situ identification of the polymer under electrochemical polarization, the connections with 

the electrochemical features are far from being straight. The dependence of the observed 

features (in the Raman spectra of polyconjugated molecules) on the excitation line wave-

length is an intrinsic property of these macromolecular systems [237]. This phenomenon 

significantly complicates vibrational investigations of conducting polymers based on Ra-

man spectroscopy. Raman analysis of conducting polymers requires the registration of the 

spectra not only for different oxidation states of the polymer but also using different excita-

tion wavelengths. Two different excitation wavelengths were used in the present work i.e. 

green and red, in an attempt to identify the structural changes in the polymers during redox 

processes. 

 

7.1 In situ Raman Spectroelectrochemistry of Poly(o-aminophenol) 

 

        Fig. 7.1 shows Raman spectra of a potentiodynamically prepared POAP film on a 

gold electrode at different potentials. The spectra obtained with red excitation wavelength 

(λo = 647.1 nm) are well resolved as compared with the green excitation line and the major 

bands obtained with λo = 647.1 nm along with their assignments are displayed in table 7.1. 

For λo = 514.5 nm the Raman spectrum exhibits a weak intensity band, assigned to the C-C 

deformations of benzenoid rings [238], around 1620 cm-1 at ESCE = - 0.20 V. This band is 

replaced by two weak bands around 1595 cm-1 and 1645 cm-1 at ESCE = 0.10 V which are 

clearly distinguishable at 0.20 V. These bands are observed around 1598 and 1646 cm-1 

with the 647.1 nm excitation line. In both cases the higher energy band attains maximum 

intensity at 0.20 V and diminishes afterwards. However, the band around 1598 cm-1 grows 

in intensity with further increase in potential. Another weak band is observed around 1480 

cm-1 at 0.10 V with green laser excitation and grows in intensity with the potential in-

crease. Similarly the band at 1444 cm-1 appears at 0.20 V and grows with the potential step 

to high values. Since this band is observed at and beyond 0.20 V, therefore, it can be re-

lated to oxidized species in the polymer film as reported elsewhere for a structurally related 

compound poly (5-amino-1-naphthol) where a band around 1454 cm-1 was observed to de-

velop at 0.30 V and grew in intensity with the potential shift to higher values [248]. 
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Table 7.1. Band assignments of Raman spectra of POAP obtained with λo = 647.1 nm 

  
                            
                         Wavenumbers (cm-1) at electrode potential (V) (vs. SCE) 
 
-0.2 0.0 0.1 0.2 0.3 0.4 0.5 Assignment 
   -   -   - 397 384 384 384 n.a. 
   -   - 470 470 472 474 472 γ(ring) 
578 578 580 580 580 580 580 δ(ring) 
   -   - 1171 1171 1171 1171 1171 δ(C-H)Q (9a) 
   -   - 1330 1330 1330 1332 1331 ν(C-N+)SQ (9a) 
   -   - 1444 1444 1444 1443 1444 ν(C=C)Q 
   -   -    -    -    - 1480 1480 ν(C=N)+Q(19a) 
   -   - 1528 1528 1528 1528 1528 δ(N-H) 
   -   - 1598 1598 1598 1598 1598 ν(C=C) (8a) 
1646 1646 1646 1646 1646 1645 1646 ν(C=N)Quinonimine 

 
The numbers given in the parentheses (8a), (9a) and (19a) correspond to Wilson’ notation of aromatic species 
vibration modes. Q: quinoid type ring; SQ: semiquinone; B: benzoid; δ: in-plane deformation; γ: out-of-plane 
deformation; ν: stretching; n.a.: not assigned. 
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Fig. 7.1. In situ Raman spectra of POAP at different applied electrode potentials in 0.5 M 

H2SO4 solution. The POAP films were prepared by cycling the potential between - 0.20 

and 0.84 V at a scan rate of 50 mV/s in a solution containing 5 mM OAP. 
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The band at 1330 cm-1 is assigned to semiquinone species with an intermediate structure 

between amines and imines resulting in polarons [215, 239]. The bands at 1598, 1480 and 

1171 cm-1 are associated with quinoid groups [240, 241, 242] whereas the band at 1528 

cm-1 which cannot be distinguished clearly because of many overlapping bands is associ-

ated with benzenoid rings [243]. The band at 578 cm-1 is very strong and appears first at 

0.0 V, grows in intensity with the potential shift with sharp intensity maximum at 0.20 V. 

This band has been attributed to cyclic oxazine type rings in the surface enhanced Raman 

spectroscopic (SERS) studies of o-methoxyaniline oxidation [244]. Yamada et al. have re-

ported the same band appearing with very strong intensity in the resonance Raman spec-

trum of oxazine dyes and assigned to the ring deformation vibration [245]. Similarly a 

strong, resonantly enhanced band at 585 cm-1 was also observed in the SERS spectrum of 

phenazine at Ag electrode [246]. Hence, there is a great probability of the presence of cy-

clic structure in POAP film. 

        Another important feature of Raman spectra of POAP appears at 1646 cm-1. The 

growth of this band during a positive potential shift indicates that this band is a feature of 

the oxidized form of the polymer. The intensity of this band sharply increases at 0.20 V 

and slowly decreases at more positive potentials. Similar observations have been reported 

for the potentiodynamically synthesized films of poly (aniline-co-aminonaphthalenedisul-

fonate), POAP and poly (5-amino-1-naphthol) where the corresponding bands located at 

1620-1630, 1638 and 1640 cm-1, respectively have been ascribed to ladder-type polymer 

structures [215, 247, 248]. Thus the Raman spectroelectrochemical results clearly indicate  

formation of a ladder polymer with phenoxazine-type units during the electropolymeriza-

tion of OAP.  

        Fig. 7.2 shows the Raman spectra of POAP film, synthesized potentiostatically, at dif-

ferent potentials. Although, the Raman spectra of the POAP film synthesized potentiostati-

cally show very similar features to the spectra of potentiodynamically prepared POAP, 

nevertheless, differences can be observed with respect to the potential dependence of the 

band around 1646 cm-1. The intensity of this band sharply increases at 0.30 V and slowly 

decreases at more positive potentials for the POAP film synthesized potentiostatically. An 

additional band was also observed at 1402 cm-1 that was completely missing in the Raman 

spectra of POAP synthesized potentiodynamically and is assigned to the radical semi-

quinone C−N+•− formed during the partial oxidation of the polymer film [249]. Similarly, 

the band at 1472 cm-1 is only observed first at electrode potentials between 0.30 V and 0.40 
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V which is very close to the 2nd oxidation peak in the cyclic voltammogram of potentio-

statically prepared POAP (Fig.3.3a).   
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Fig. 7.2. In situ Raman spectra of POAP at different applied electrode potentials in 0.5 M 

H2SO4 solution obtained with λo = 647.1 nm. POAP film was prepared at 0.70 V from a so-

lution containing 0.05 OAP in 0.5 M H2SO4 solution. 

 

        By analogy with the two step mechanism of electrooxidation of poly(aniline-co-

aminonaphthalenedisulfonate), poly(5-amino-1-naphthol) and poly(o-phenylenediamine) 

[247, 248, 250], the oxidation of fully reduced POAP synthesized potentiostatically to fully  

oxidized POAP could be assumed to proceed via an intermediate half-oxidized state. This 

assumption is further supported by the fact that the maximum intensity of the band at 1646 

cm-1 is observed at roughly middle potential between the two redox boundaries of the cy-

clic voltammogram (Fig. 3.3a) which corresponds to the maximum of polaron concentra-

tion in polymer film. This band has been assigned to −C=N− in quinonimine units corre-

sponding to the C−N−C bond of a heterocyclic six-membered ring structure arising from 

ortho-coupling rather than para-coupling during the electropolymerization resulting in a 

ladder polymer [247]. Increase of the electrode potential beyond the maximum intensity 
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would further oxidize the polymer to its fully oxidized state thereby, lowering the polaron 

concentration probably by coupling into bipolarons.  

        The Raman spectroelectrochemical results of potentiostatically prepared POAP films 

in combination with cyclic voltammetry suggest the existence of charged intermediate spe-

cies during the redox transformation of the film. These experimental results support the 

earlier reported results indicating the possibility of the existence of radical cation species in 

POAP film on the basis of electron spin resonance (ESR) measurements [141]. They sup-

port the suggested POAP oxidation (scheme 7.1) which is based on the assumption that the 

incorporation of anions proceeds at less positive potentials and the expulsion of protons 

from the POAP polymer at more positive potentials. Elsewhere these processes have been 

assumed to proceed simultaneously for the potentiodynamically prepared POAP where it 

was shown that the CV of POAP film shows one redox couple in 1 M HClO4 which was 

splitted into two pairs when the HClO4 concentration was increased to 5 M and supported 

by probe beam deflection technique [215].  
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Scheme 7.1. Reaction scheme for the POAP oxidation in acidic medium. 

 

7.2 In situ Raman Spectroelectrochemistry of Polyaniline 

 

         Fig. 7.3 shows the Raman spectra of PANI in 0.5 M H2SO4 solution at various elec-

trode potentials in the anodic direction. The major bands along with their assignments are 

given in tables 7.2 and 7.3. At ESCE = - 0.20 V the spectrum with green excitation line (λo = 

514.5 nm) shows two strong bands around 1192 and 1627 cm-1. With the potential shifted 

to higher values the intensity of these bands increases up to 0.20 V and then decreases with 
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further potential increase. The potential dependencies of these bands follow the same trend 

as the absorbance band located at λ = 430 nm with absorbance maximum around ESCE = 

0.20 V in the UV-Vis spectra of PANI (Fig. 5.8).  
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Fig. 7.3. In situ Raman spectra of PANI at different applied electrode potentials in 0.5 M 

H2SO4 solution. The PANI film was prepared by cycling the potential between - 0.20 and 

1.10 V at a scan rate of 50 mV/s in a solution containing 20 mM ANI. 

 

        The appearance of strong bands around 1620 cm-1 was pointed out already in early in-

vestigations of PANI films on electrodes. Sariciftci and Kuzmany [251] observed with the 

reduced form of PANI a strong band at 1624 cm-1 with blue laser excitation (457.9 nm), 

which ensured a strong pre-resonance for the benzoid structure, present in the reduced 

form of the polymer. Also they obtained this band with green laser excitation (514.5 nm), 

far from the resonance excitation, and ascribed this band to a benzoid ring stretching vibra-

tion. Malinauskas et al. [195] have observed an increase in intensity of a strong band 

around 1620 cm-1 with the potential increased to electrode potentials not exceeding that of 
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the first redox process of electrodes modified with a copolymer of aniline and o-

phenylenediamine with green laser excitation (514.5 nm). At potentials, more positive than 

that of the first anodic wave, that band diminished in intensity, it was assigned to the ben-

zoid mode. 

 
Table 7.2. Band assignments of Raman spectra of PANI obtained with λo = 514.5 nm 
  

 
Wavenumbers (cm-1) at electrode potential (V) (vs. SCE) 

 
    -0.2             0.0            0.2             0.4              0.6             0.8       assignment 

603 616 616 614 613 610 δ(ring) 
809 818 831 819 824 817 γ(C-H) 

- - - 1169 1170 1170 δ(C-H)Q (9a) 
1192 1193 1198 1197 - - δ (C-H)B 
1354 1355 1355 1329 1342 1353 ν(C-N+)SQ (9a) 

- - 1490 1490 1492 - ν(C=N)+Q(19a) 
- - - - 1510 1510 δ(N-H) 
- - - 1579 1579 1570 ν(C=C) (8a) 

1627 1627 1627 1624 1626 - ν(C-C)B 
- - - -  1688 n.a. 

       

 
Table 7.3. Band assignments of Raman spectra of PANI obtained with λo = 647.1 nm 
 

 
 

Wavenumbers (cm-1) at electrode potential (V) (vs. SCE) 
 

    -0.2            0.0            0.2             0.4             0.6             0.8         assignment 
440 425 421 422 417 418 γs(C-H) 

- - - 523 523 518 C-N-C torsion 
- - 587 582 582 586 δ(ring) 

603 616 616 614 613 610 δ(ring) 
- 820 814 820 818 816 γ(C-H) 
-    1183 1183 1180 1174 1174 δ(C-H)Q (9a) 

1373 1373 1360 1349 1350 1344 ν(C-N+)SQ (9a) 
- - - - 1485 1450 ν(C=N)+Q(19a) 
- - - 1520 1520 1516 δ(N-H) 
- - 1561 1564 1567 1570 ν(C=C) (8a) 

1604 1604 1601 1598 1598 - ν(C=C) (8a) 
- - - - 1684 1684 n.a. 

 
The numbers given in the parentheses (8a), (9a) and (19a) correspond to Wilson’ notation of aro-
matic species vibration modes. Q: quinoid type ring; SQ: semiquinone; B: benzoid; δ: in-plane de-
formation; γ: out-of-plane deformation; ν: stretching; νs: symmetric stretching; n.a.: not assigned. 
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Similar observations have recently been reported for chemically synthesized PANI with 

blue laser (λo = 476.5 nm) excitation [227]. Based on the literature the band observed 

around 1627 can be assigned to the benzoid mode. At 0.40 V a new band starts to grow 

around 1169 cm-1 which almost completely masks the band around 1192 cm-1 in the later 

stages of oxidation and can be assigned to the C-H stretching of the quinoid rings in the 

polymer matrix. The band around 1354 cm-1 assigned to C-N stretching of semiquinone 

radical state grows in intensity with the potential increase up to 0.60 V and then decreases 

afterwards with the further potential shift. The new bands around 1510 and 1579 cm-1 are 

caused by modes of the quinoid structure. 

         With red excitation line (λo = 647.1 nm) two bands of low intensity were observed 

around 1604 and 1373 cm-1 at ESCE = - 0.20 V. The band around 1604 cm-1 assigned to 

C=C stretching vibration of quinoid rings [240] increases in intensity with the potential 

shift to higher values and seems to merge at 0.60 V with the newly growing (at 0.20 V) 

band around 1561 cm-1 to form a single band around 1570 cm-1 in the later stages of elec-

trooxidation. The band around 1373 cm-1 assigned to C-N stretching of semiquinone radi-

cal state grows in intensity with the potential up to 0.40 V and is maintained afterwards 

with shift up to 1344 cm-1. The band at 1183 cm-1 appears with very low intensity at 0.0 V 

and strongly grows in intensity with the increase in potential with shift down to 1174 cm-1.  

 

7.3 In situ Raman Spectroelectrochemistry of Copolymers 

 

          Fig. 7.4 shows the Raman spectra of copolymer A in 0.5 M H2SO4 solution at 

various electrode potentials stepwise shifted in the anodic direction. The major Raman 

bands along with their assignments are given in tables 7.4 and 7.5. The Raman spectra 

show many features characteristic of polyaniline. However, the spectra are not well 

resolved with green laser excitation as those of PANI. At ESCE = - 0.20 V the spectrum 

(with λo = 514 nm) shows a strong band around 1620 cm-1 and have been assigned to the 

benzoid modes. With the potential shift to higher values the intensity of this band increases 

up to 0.20 V and then decreases with further potential increase. But unlike PANI the band 

around 1194 cm-1 appears at 0.20 V and then grows in intensity with the potential increase 

and shifts down to 1180 cm-1 at 0.80 V. For the reduced form of the copolymer A (with λo 

= 647.1 nm), the dominating bands, observed at electrode potential of - 0.20 – 0.0 V, are 
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located around 1607, 1345 and 1183 cm-1. Two modes are expected to contribute to the in-

tensity of the band at 1607 cm-1: the stretching vibration of the benzenoid rings [252] and 

the C=C stretching vibration of the quinoid rings [240]. The intensity of this band increases 

when the applied potential is raised indicating that this is a feature of the oxidized form of 

the copolymer as red excitation enhances intensity of the vibrations associated with the 

oxidized segments of the polymer. The band located at ca. 1183 cm-1 strongly grows in in-

tensity by shifting the potential towards higher values, and shifts down to 1175 cm-1 at the 

highest potential. 
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Fig. 7.4. In situ Raman spectra of copolymer A at different applied electrode potentials in 

0.5 M H2SO4 solution.  The polymer film was prepared by cycling the potential between - 

0.20 and 1.10 V at a scan rate of 50 mV/s in a solution containing 1 mM OAP and 20 mM 

ANI . 
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Table 7.4. Band assignments of Raman spectra of cop A obtained with λo = 514.5 nm     
 
  

 
Wavenumbers (cm-1) at electrode potential (V) (vs. SCE) 

 
    -0.2          0.0            0.2           0.4           0.6           0.8        assignment 

802 800 814 800 810 810 γ(C-H) 
- - 1190 1182 1186 1181 δ(C-H)Q (9a) 

1228 1241 1240 - - - ν(C-N) 
1346 1354 1356 1355 1348 1345 ν(C-N+)SQ (9a) 

- - - 1573 1575 1576 ν(C=C) (8a) 
1616 1610 1622 1620 - - ν(C-C)B 

- - - - - 1636 ν(C=N)Quinonimine
 

 
Table 7.5. Band assignments of Raman spectra of cop A obtained with λo = 647.1 nm 

 

                         
Wavenumbers (cm-1) at electrode potential (V) (vs. SCE) 

 
-0.2 0.0 0.2 0.4 0.6 0.8 assignment 
416 418 416 413 414 414 γs(C-H) 
 -  - 580 580 583 582 δ(ring)    
613 614 611 610 609 609 δ(ring) 
 - 824 818 817 817 820 γ(C-H) 
1183 1183 1182 1180 1176 1175 δ(C-H)Q (9a) 
 -  -   -   - 1264 1264 δ(ring) 
1349 1345 1350 1337 1345 1345 ν(C-N+)SQ (9a) 
 -  - 1565 1568 1569 1565 ν(C=C) (8a) 
1609 1603 1600 1599 1595 1595 ν(C=C) (8a) 
 - -   -   - 1621 1624  n.a. 
1636 1639 1636   -   -   - ν(C=N)Quinonimine
 -  -   - 1686 1686 1686  n.a. 

 
The numbers given in the parentheses (8a), (9a) and (19a) correspond to Wilson’ notation of aro-
matic species vibration modes. Q: quinoid type ring; SQ: semiquinone; B: benzoid; δ: in-plane de-
formation; γ: out-of-plane deformation; ν: stretching; νs: symmetric stretching; n.a.: not assigned. 

  
 

The higher frequency value i.e. 1183 cm-1 at less positive potentials is characteristic of the 

CH deformation vibrational mode of benzenoid rings [247], while the decrease in fre-

quency suggests formation of quinoid-like rings due to the oxidation process. The band can 

be attributed to the CH bending vibrational mode of quinoid-like rings, formed during the 
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electrooxidation of the copolymer. The bands in the frequency range of 1300 – 1400 cm-1 

are associated with the C−N stretching vibration of the semiquinone radical state. The band 

around 1565 cm-1 is caused by modes of the quinoid structure. 

        Fig. 7.5 shows the Raman spectra of copolymer B in 0.5 M H2SO4 solution at various 

electrode potentials stepwise shifted in the anodic direction. The major Raman bands along 

with their assignments are given in tables 7.6 and 7.7.  
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Fig. 7.5. In situ Raman spectra of copolymer B at different applied electrode potentials in 

0.5 M H2SO4 solution.  The polymer film was prepared by cycling the potential between - 

0.20 and 1.10 V at a scan rate of 50 mV/s in a solution containing 2 mM OAP and 20 mM 

ANI . 

 

The Raman features of copB apparently seem to be similar to those of copA. However, a 

close analysis shows that there are indeed some differences in the scattered light character-

istics of these two copolymers especially with the red excitation wavelength. For example, 

the band around 1183 cm-1 seems to appear at 0.20 V (copB) rather than at - 0.20 V (copA) 
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and increases in intensity with potential and shifts to 1178 cm-1. Similarly in copB a new 

band develops around 1485 cm-1 at 0.60 V which is completely absent in the Raman spec-

tra of copA.  

 

Table 7.6. Band assignments of Raman spectra of cop B obtained with λo = 514.5 nm 

 
                      

Wavenumbers (cm-1) at electrode potential (V) (vs. SCE) 
 
-0.2          0.0           0.2           0.4            0.6           0.8          assignment 
800 804 810 817 809 809 γ(C-H) 
  - 1194 1194 1194 1194 1194 δ(C-H)Q (9a) 
1360 1355 1355 1350 1348 1348 ν(C-N+)SQ (9a) 
  -    - 1443 1450 1451 1451 ν(C=N)+Q(19a) 
  -    -   - 1491 1493 1488 ν(C=N)+Q(19a) 
  -    -   - 1577 1574 1574 ν(C=C) (8a) 
1619 1614 1600    -    -    - ν(C-C)B  
  -    -   - 1636 1636 1636 ν(C=N)Quinonimine

 

Table 7.7. Band assignments of Raman spectra of cop B obtained with λo = 647.1 nm 

 

                         
Wavenumbers (cm-1) at electrode potential (V) (vs. SCE) 

 
-0.2 0.0 0.2 0.4 0.6 0.8 assignment 
413 412 416 418 415 412 γs(C-H) 
598 593 580 581 580 580 δ(ring)    
  - 820 820 819 819 820 γ(C-H) 
  - 906 884 880 870 872 δ(ring)    
  -   - 1182 1179 1179 1179 δ(C-H)Q (9a) 
  -   -   - 1335 1336 1335 ν(C-N+)SQ (9a) 
1345 1360 1354 1360 1353 1353 ν(C-N+)SQ (9a) 
  -   -   -   - 1485 1485 ν(C=N)+Q(19a) 
1607 1605 1599 1596 1596 1592 ν(C=C) (8a) 
  -   -   -   - 1621 1624  n.a. 
  -   -   - 1686 1686 1686  n.a. 

 
The numbers given in the parentheses (8a), (9a) and (19a) correspond to Wilson’ notation of aro-
matic species vibration modes. Q: quinoid type ring; SQ: semiquinone; B: benzoid; δ: in-plane de-
formation; γ: out-of-plane deformation; ν: stretching; νs: symmetric stretching; n.a.: not assigned. 

 

In addition the band around 1607 cm-1 in copB grows in intensity with the shift of potential 

to higher values and shifts to 1592 cm-1, but in copolymer A the band around 1609 cm-1 
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seems to merge at 0.6 V with the band around 1565 cm-1 (developing at 0.20 V) to form a 

single band around 1570 cm-1 in the later stage of electrooxidation of the polymer. The 

band around 578 cm-1 is also prominent in copB as compared to copA. The Raman features 

of copB in combination with UV-Vis spectroelectrochemical results suggest the incorpora-

tion of relatively more OAP units into the synthesized material as compared to copA, but 

copB is still dominated by PANI units in the backbone as observed also in the electro-

chemical results, where the first oxidation peak in the CV of copB appeared in the form of 

a current plateau, between 0.19 and 0.28 V, instead of a broad anodic peak as with copA 

and a rather diminished current of the third redox couple. 

          Since the Raman spectra obtained with the red excitation wavelength are well re-

solved both in the case of POAP and copA and copB, Raman spectra of copC and copD 

were recorded using only the red excitation line. Fig. 7.6 shows the Raman spectra of co-

polymers C and D in 0.5 M H2SO4 solution at various electrode potentials stepwise shifted 

in the anodic direction. The major Raman bands along with their assignments are given in 

tables 7.8 and 7.9. Both polymers show a band around 1605 cm-1 in the potential range of - 

0.20 to 0.0 V. This band grows in intensity with the polarization of polymer-coated elec-

trode to high potential and shifts to 1592 cm-1. The characteristics of the Raman spectra of 

these copolymers (C and D) differ from those of copA and PANI in two respects. Firstly 

the variation of the Raman band around 580 cm-1 with potential shifts to higher values and      

secondly the appearance of a band of low intensity around 1640 cm-1 at 0.20 V which 

grows slowly with the potential shift to high values. In the case of PANI and copA the 

band around 580 cm-1 appears at 0.20 V and grows in intensity slowly with potential. But 

in the case of copC and copD the intensity of this band grows so sharp with the shift of po-

tential to higher values that it bleaches completely the band around 608 cm-1. In case of 

copolymer B the band around 580 cm-1 exhibits intermediate character between PANI & 

copolymer A and copolymers C & D. As the band around 580 cm-1 is the most intense sig-

nal in the POAP spectra its intensity can be roughly correlated with the increae of POAP 

blocks in the copolymers C and D. Like POAP spectra, this band gains maximum intensity 

at 0.20 V. But unlike POAP the intensity of this band is maintained afterwards rather than 

decreasing with further potential shift to higher values. The band around 1640 cm-1 appears 

first with very low intensity at 0.20 V and grows slowly with potential shif to high values. 

This band has also been observed in the Raman spectra of POAP around 1645 cm-1, but in 

that case it attains maximum intensity at 0.20 V and diminishes with further potential in-
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crease. As this band is also an important feature of POAP Raman spectra, therefore, it is 

expected that this band should be more intense in copD than in copC which in turn should 

be more intense than in copB and so on. 
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Fig. 7.6. In situ Raman spectra of (a) copC and (b) copD at different applied electrode po-

tentials in 0.5 M H2SO4 solution obtained with λo
 = 647.1 nm. The copolymer films were 

prepared by cycling the potential between - 0.20 and 1.10 V at a scan rate of 50 mV/s in 

solutions containing 3 mM OAP + 20 mM ANI and 4 mM OAP + 20 mM ANI, respec-

tively. 

 
 

The CV, FTIR and UV-Vis spectroelectrochemical results show the incorporation of more 

OAP units in the copolymers with increase of OAP concentration in the comonomer feed. 

This does not mean that the concentration of POAP (cyclic structure) also increases to such 

an extent in copolymers with the increasing concentration of OAP in the comonomer feed    

that the copolymers show only the characteristic features of POAP. In that case neither the 
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CVs of copolymers C and D would show 3rd redox pairs nor the weak absorbance would be 

observed in the red region of the UV-Vis spectra of these polymers. Since, these features 

are completely absent in the CV and UV-Vis spectra of potentiodynamically prepared 

POAP with one redox pair. 

 
Table 7.8. Band assignments of Raman spectra of cop C obtained with λo = 647.1 nm 

 

                         
Wavenumbers (cm-1) at electrode potential (V) (vs. SCE) 

 
-0.2 0.0 0.2 0.4 0.6 0.8 assignment 
418 415 414 413 414 409 γs(C-H) 
611 611 581 581 580 580 δ(ring)    
 -  -  - 725 724 725 n.a. 
884 890 892 890 887 880 δ(ring)    
 -  - 1178 1178 1176 1174 δ(C-H)Q (9a) 
 -  -   - 1260 1267 1267 δ(ring) 
1353 1367 1353 1340 1340 1340 ν(C-N+)SQ (9a) 
 -  -   -   - 1474 1480 ν(C=N)+Q(19a) 
1607 1600 1600 1599 1595 1595 ν(C=C) (8a) 
 -  - 1640 1640 1638 1640 ν(C=N)Quinonimine

 
 
Table 7.9. Band assignments of Raman spectra of cop D obtained with λo = 647.1 nm 
 

 
    
                      Wavenumbers (cm-1) at electrode potential (V) (vs. SCE) 
 
-0.2 0.0 0.2 0.4 0.6 0.8 assignment 
417 413 414 412 413 411 γs(C-H) 
605 585 582 580 580 583 δ(ring)    
  -   -   -   - 820 819 γ(C-H) 
  -   - 1184 1184 1180 1178 δ(C-H)Q (9a) 
  -   -   -   - 1268 1267 δ(ring) 
1374 1366 1363 1354 1354 1352 ν(C-N+)SQ (9a) 
  -   -   - 1447 1447 1446 ν(C=N)+Q(19a) 
   1480 1480 1478 ν(C=N)+Q(19a) 
1607 1600 1600 1596 1596 1595 ν(C=C) (8a) 
  -   - 1634 1634 1637 1640 ν(C=N)Quinonimine 

 
The numbers given in the parentheses (8a), (9a) and (19a) correspond to Wilson’ notation of aro-
matic species vibration modes. Q: quinoid type ring; SQ: semiquinone; B: benzoid; δ: in-plane de-
formation; γ: out-of-plane deformation; ν: stretching; νs: symmetric stretching; n.a.: not assigned. 
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Silva et al. proposed for polyaniline, doped with camphorsulfonic acid, that several bands 

at 574, 1381 and 1643 cm-1 appeared as the polymer was heated. The authors proposed that 

the band at 574 cm-1 could be related to the vibrational modes of cyclic structures contain-

ing tertiary nitrogen formed by cross-linking units in the polymer [253], although no 

potential dependence of these bands was investigated and the presence of   phenazine units 

in the polymer was confirmed with thermogravimetric analysis (TGA) and Fenton’ reagent 

test. It is thus very likely that, besides the incorporation of more OAP units, copC and 

copD could be composed of both electron conducting polymer segments and cyclic 

structures containing tertiary nitrogen. However, it is also possible that the polymer is 

heated during the Raman experiment due to the high power density in the irradiated region. 

In such a case the intensity of the band around 580 cm-1 would depend on the time of the 

experiment rather than the applied potential. 

henol-type units).  

         The Raman spectroelectrochemical results demonstrate the formation of a polyani-

line-like copolymer at low concentrations of OAP in the comonmer feed (copA) but 

incorporation of more OAP units in polyaniline-based copolyer (copB). The appearance of 

a band around 1645 cm-1 and the behavior of the band around 580 cm-1 in the Raman 

spectra of copC and copD supports not only the incorporation of more OAP units in the 

polymer chain, but also the presence of cyclic structures containing tertiary nitrogen. 

However, the absence of an intensity maximum of these bands at any fixed potential as 

observed in the case of POAP does not allow to propose a ladder type polymer structure 

for these copolymer systems. The polymers may have a structure that is a mixture of 

conducting (polyaniline-type) and redox (poly(o-aminop

 

7.4 In situ Raman Spectroelectrochemistry of PANI/POAP-Coated Electrode 

 

        Fig. 7.7 shows the Raman spectra of a PANI/POAP-coated electrode in 0.5 M H2SO4 

solution at various electrode potentials stepwise shifted in the anodic direction. The Raman 

features of PANI/POAP-coated electrode apparently seem to be similar to those of PANI 

and copA. However, an additional band around 1640 cm-1can be observed in the Raman 

spectra of PANI/POAP-coated electrode in the potential range of - 0.20 to 0.20 V which is 

completely absent in the Raman spectra of PANI and CopA in this potential range. As this 

band is the characteristic band in the Raman spectra of POAP (Fig.7.1 and 7.2), therefore, 
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it can be assumed that during the electrooxidation of a PANI/POAP-coated electrode both 

the polymer films undergo oxidation which causes the band around 1640 cm-1 for POAP 

and further characteristic bands of PANI.  
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Fig. 7.7. In situ Raman spectra of a PANI/POAP-coated gold electrode, obtained at differ-

ent electrode potential values, ranging from ESCE = - 0.20 to 0.80 V with λo = 647.1 nm. 

The electrode was prepared by 20-fold potential cycling between - 0.20 and 0.84 V in 0.5 

M sulfuric acid containing 2 mM OAP, and subsequent 30-fold potential cycling within 

the same potential limits in 0.5 M sulfuric acid containing 20 mM aniline. 

 

         The band around 1640 cm-1 is observable only up to 0.20 V and disappears beyond 

this potential. The band around 580 cm-1 is observed with maximum intensity around 0.20 

V. Both these bands are most probably caused by the oxidation of POAP blocks in the two-

layered composite of PANI and POAP. This is because these bands attain maximum inten-

sity around 0.20 V in the Raman spectra of POAP- coated electrodes. The Raman spec-
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troelectrochemical results show that during the electrooxidation of a PANI/POAP-coated 

electrode oxidation of both polymers takes place causing their characteristics bands in the 

spectra. These observations support the results obtained with UV-Vis spectroscopy (sec-

tion 5.7). It was assumed that strong absorption in the red region of the spectra is caused by 

the oxidation of PANI blocks while the band around 435 nm which increased continuously 

with the potential up to 0.60 V and maintained afterwards, is caused by the oxidation of 

POAP blocks.  
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         The work presented in this dissertation includes the electrochemical synthesis of 

POAP, PANI, two layer composites of PANI & POAP and a series of their copolymers 

with different concentrations of OAP and a constant concentration of aniline in the co-

monomer feed. Cyclic voltammetry and in situ UV-Vis spectroelectrochemistry have been 

used for monitoring the homopolymerization, copolymerization and the subsequent charac-

terization of the deposited polymer films in addition to in situ conductivity measurements, 

FTIR spectroscopy and in situ Raman spectroelectrochemistry of the synthesized homo 

and copolymers.  

         The CV of POAP film synthesized potentiodynamically shows one redox couple in 

agreement with the literature. However, unexpectedly two redox pairs were observed in the 

CV of potentiostatically synthesized POAP films at relatively low depositon potentials. 

The redox transformation of POAP films has been studied by means of in situ UV-Vis and 

Raman spectroscopies. The change in the intensity of the characteristic Raman bands with 

potential shift has been correlated with the electrochemical measurements suggesting the 

existence of intermediate species during the transition of completely reduced polymer to 

completely oxidized state. 

         Electrochemical copolymerization of aniline with OAP was carried out in aqueous 

acidic solution. Effect of ratio of monomers in the feed, time of polymerization and upper 

potential limit on the rate of copolymerization and the electrochemical properties of the 

deposited polymers have been investigated by cyclic voltammetry and compared with 

those of homopolymers. The pH dependence of the electrochemical activity was investi-

gated in 0.3 M Na2SO4. The electrochemical activity of POAP and PANI vanishes at pH 

4.0 and 5.0, respectively, whereas copolymers A and B show electrochemical activity even 

at pH 10.0. So copolymerization has improved the pH dependence of the electrochemical 

activity.  PANI deposition over POAP layers of different thickness was studied to see the 

effect of underlying POAP layer on PANI growth. The results obtained show that, despite 

low electrical conductivity of electropolymerized POAP film, the anodic deposition of 

PANI film over POAP is also possible. The PANI coated and POAP/PANI coated elec-

trodes were investigated for “memory” and “first cycle effect”. Just like PANI coated elec-

trode all the bilayer structures, which differ in thickness of the underlying POAP layer, 
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show memory effect The magnitude of the memory effect depends both on the electrode 

potential used in the waiting phase and on the waiting time. 

        In situ conductivities of the homopolymers and copolymers were measured on a 

bandgap Au electrode. Two transitions were observed in the in situ conductivities of the 

copolymers (as with PANI), but the conductivities were lower by 2.5 to 3 orders of magni-

tude as compared to PANI, suggesting that the in situ conductivity behaviors are not the 

sum of those of the two individual homopolymers, but seem to be determined by the ANI 

fraction in the copolymer. The considerable drop in overall conductivity even at the small-

est OAP-content indicates that OAP-units interrupting undisturbed PANI-chains may be 

present rather frequently on the molecular chains; this suggests a statistical copolymer 

which of course contains extended blocks of PANI because of the high aniline fraction. 

         UV-Vis spectroelectrochemical studies were carried out following the course of co-

polymerization of aniline with OAP in an attempt to identify conceivable stages of polym-

erization, the subsequent copolymer formation and characterization of the resulting co-

polymer films synthesized from different feed ratios of OAP with a constant concentration 

of ANI. The additional shoulder at λ = 520 nm in the UV-Vis spectra of mixed solution 

which was absent both in the spectra of electrooxidation of ANI and OAP has been as-

signed to the radical cation which is formed as a result of cross reaction between OAP 

cation radical and ANI monomer or vice versa. Based on these results a scheme has been 

proposed for the electropolymerization of aniline with OAP. The optical properties of dif-

ferent copolymers have been compared with homopolymers and correlated with the elec-

trochemical and in situ conductivities. Spectroelectrochemical results demonstrated the 

formation of PANi-based copolymers at low concentration of OAP in the feed but incorpo-

ration of more OAP units into the copolymer with higher concentration of OAP in the co-

monomer feed with significantly different spectroelectrochemical features from those of 

both homopolymers. FTIR spectroscopy reveals that the amount of OAP present in the co-

polymer depends on the comonomer feed ratios as evidenced from the intensity of the band 

at 1402 cm-1 which increases with the increase of OAP concentration in the comonomer 

feed but is completely absent in the FTIR spectrum of PANI.  

         Raman spectroscopy was used to gain structural information as well as data pertain-

ing to the benzoid-to-quinoid transition in PANI and its copolymers taking place during 

electrochemically induced redox transformations.  
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Future Work 
 

   Future investigation will require the characterization of potentiostatically prepared 

POAP films with additional techniques such as in situ FTIR spectroscopy in order to have 

information about its structure which may be ladder or linear polymer like PANI. The   

stability and degradation of poly(aniline-co-aminophenol) and its possible application in 

fabrication of biosensors, biofuel cells and Zn-polymer rechargeable batteries which re-

quire neutral or slightly acidic media [254, 255] is another open field of further investiga-

tion. 
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