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The redox behavior of four biologically important compounds; Na-salt of 2-methyl          

-3-(4-nitrophenyl)acrylate, dimethyl-2-oxoglutarate, camptothecin and lumazine was 

studied by cyclic, square wave and differential pulse voltammetry on a glassy carbon 

electrode in different pH media. The voltammetric response of Na-salt of 2-methyl           

-3-(4-nitrophenyl)acrylate revealed 2e-, 2H+ pH dependent reduction process leading to 

the formation of an electroactive reduction product that strongly adsorbed at the electrode 

surface. The electrochemical reduction of dimethyl-2-oxoglutarate followed 1e-, 1H+ 

irreversible diffusion-controlled process that occurred in cascade mechanism. The redox 

signals of camptothecin and lumazine were also examined in a wide pH range. On the 

basis of the results obtained the redox mechanisms were proposed with the objective of 

providing useful insights into the pathways by which such compounds exert their 

biochemical actions. 

Cyclic voltammetry (CV) and UV-Vis spectroscopy were used to probe the 

interaction of some potential anticancer ferrocenes and organotins with DNA. The 

ferrocene moiety serves as spectroscopically active chromophore, biological marker and 

redox active site with accessible potential range, established antiproliferative effects, 

thermodynamic and kinetic characteristics. In the present work four ferrocene derivatives                       

i.e., protonated ferrocene, 4-nitrophenylferrocene, 1-ferrocenyl-3-phenyl-2-propen-1-one 

and 1-ferrocenyl-3-(4-nitrophenyl)-2-propen-1-one were investigated with the objective 

of understanding the mechanism by which they interact with DNA and exercise their 

biological effects.  

Spurred by the anti-tumor activity, structural diversity and biological applications 

of organotin(IV) complexes the mode of interaction and binding strength of 

diorganotin(IV) complexes [Cl(C4H9)2Sn(L)], [Cl(C2H5)2Sn(L)] and [(C6H5)2Sn(L)2], 

where L is 4-(4-nitrophenyl)piperazine-1-carbodithioate, with DNA were examined by 

CV and UV-Vis absorption titration. The results revealed that the binding constant, 

binding site size and Gibbs free energy vary in the sequence: [(C6H5)2Sn(L)2]> 

[Cl(C4H9)2Sn(L)]>[Cl(C2H5)2Sn(L)].  

The electrochemical, kinetic and thermodynamic parameters of diorganotin(IV) 

derivatives of ONO tridentate Schiff base, [(C6H5)2Sn(L)2], [(CH3)2Sn(L)2] and 
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[(C4H9)2Sn(L)2] where L = [N-(2-oxidobenzylidene)-N-(oxidomethylene)hydrazine] 

interacting with DNA were also evaluated by CV and UV-Vis spectroscopy.                

The results revealed the following order of binding strength: 

[(C4H9)2Sn(L)2]>[(C6H5)2Sn(L)2]>[(CH3)2Sn(L)2]  with binding affinity more than penta 

and hexa-coordinated diorganotin(IV) 4-(4-nitrophenyl) piperazine-1-carbodithioate. 

The mode of interaction and binding strength of organotin (IV) carboxylates and 

three organotin (IV) dicarboxylates with DNA were also examined. The organotin (IV) 

carboxylates were found to have better anticancer activities than organotin (IV) 

dicarboxylates.  
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Chapter–1 

INTRODUCTION 

Electrochemistry is a rigorous science concerned with the mutual transformation of 

chemical and electrical energy. It quantitatively correlates chemical, surface, and 

electrical properties of the systems. It has strong links to many other fields of science. 

Modern electrochemistry has vast applications. These include exploration of new 

inorganic and organic compounds, biochemical and biological systems, energy 

applications involving fuel cells and solar cells, and nanoscale investigations. It also finds 

applications in electroanalysis, industrial electrolysis, electroplating, batteries, 

electrochemical machining, minimization of corrosion, biosensors and 

bioelectrochemistry [1]. Electrochemical processes form the basis of large-scale chemical 

and metallurgical production of a number of materials. Modern electrochemical power 

sources (primary and secondary batteries) are used in many fields of engineering and 

their production figures are measured in billions of units. 

Electrochemical concepts have been proved particularly fruitful for studying and 

interpreting a number of very important biological processes such as cellular respiration, 

photosynthesis, and in maintaining the redox balance of NAD+/NADH and 

NADP+/NADPH [2]. Moreover, redox signaling involves the control of cellular 

processes by redox reactions. 

Electroactive compounds undergo oxidation and/or reduction on the electrode 

surface within a certain potential range. The electroactivity of such compounds depends 

upon the pH of the medium, nature of the electrode and active moiety (electrophore) 

present in their structures. Their redox behavior can be affected by the change in pH, 

substituents, concentration and scan rate. The variation in redox behavior can be 

exploited for a number of useful purposes like drug designing, electrosynthesis and 

elucidation of electrode reaction mechanism. Cyclic voltammetry (CV), square wave 

voltammetry (SWV) and differential pulse voltammetry (DPV) have used in the present 

work to achieve the following two main objectives: 

● to diagnose the mechanism of the redox processes of some biologically important 

molecules and 
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● to evaluate the DNA-binding parameters of some potential anticancer compounds. 

The electrochemical techniques have advantages over other techniques in the field of 

analysis owing to their specificity, high sensitivity, efficient selectivity, greater reliability, 

extensive versatility and fast detection ability. Direct monitoring, simplicity and low cost 

facilitated the investigation of the electrode reaction mechanism and DNA-binding 

studies.  

1.1 ELECTRODE REACTION MECHANISM OF BIOLOGICALLY 

IMPORTANT COMPOUNDS 

The elucidation of reaction mechanism at the electrode surface requires the 

determination of the electroactive moiety (electrophore) of the molecule, number of 

electrons involved in oxidation and/or reduction processes, number of protons 

accompanying the transfer of electrons in different pH media and the 

reversibility/irreversibility of each step. The redox mechanisms of the following 

biologically important molecules were proposed on the basis of the results obtained from 

CV, SWV and DPV.  

1.1.1 Na-salt of 2-methyl-3-(4-nitrophenyl)acrylate (NPA) 

Nitroarenes (NA) are known to have a broad spectrum of mutagenicity, 

genotoxicity, and carcinogenicity [3]. A survey of literature reveals that the reduction of 

the nitro group to yield nitro radical anions, N-hydroxyarylamines and nitrosoarenes, is a 

crucial metabolic step for the genotoxic and cytotoxic properties of such compounds [4]. 

The biological processes which the compounds undergo are affected by the nature of 

substituents, pH and electrolytes used [5]. Although a large number of studies investigate 

the electroreduction of NA [6,7] but none describe the electrochemical behavior of      

Na-salt of 2-methyl-3-(4-nitrophenyl)acrylate (NPA). This gap was bridged by carrying 

out its detailed electrochemical investigation in different electrolytic media of               

pH 1.2-12.8 with an objective to elucidate its mechanism. For comparison purposes,    

Na-salt of 4-nitrophenylethanoate (NPE) was also studied as its electrochemical redox 

behavior has not been studied previously. The present study is expected to throw light on 

the redox processes involved in the metabolic fate of NA. 
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1.1.2 Dimethyl-2-oxoglutarate (MOG) 

The important roles of 2-oxoglutarate based enzymes in many biological 

processes of animals and plants have been the subject of intensive investigations [8,9]. 

The 2-oxoglutarate oxygenases are known to catalyse reactions including hydroxylations, 

desaturations, oxidative ring closures and numerous steps in biosynthetic pathways 

[10,11]. Literature survey reveals their role as sensors in the hypoxic response of humans 

and animals [12]. Their involvement in the hypoxic suppression of hepcidin (a liver-

produced hormone that regulates systemic iron homeostasis) and generation of hypoxia-

induced phosphatidic acid has been established but the mechanism of action is yet to be 

explored [12,13]. On the other hand, there are experimental evidences for the 

participation of 2-oxoglutarate-dependent oxygenases in the degradation of iron 

regulatory protein 2 (IRP2) [14]. Several reports surveying metabolic changes of plants 

exposed to environmental or genetic perturbation have indicated the active participation 

of 2-oxoglutarate in ammonium assimilation [15,16]. Data are also available for their 

critical regulatory role in the rate of respiration [17]. Several studies have proved their 

important participation in redox regulation [18-20]. Consequently, the knowledge of the 

redox properties of 2-oxoglutarate derivatives seems conceivable for a better 

understanding of their biological action.  

The bioreduction of 3-oxoglutarates by yeast has been studied by T. Arslan and S. 

A. Benner [21]. The microbial reduction of dibutyl-2-oxoglutarate to dibutyl                     

-2-hydroxyglutarate has been reported by Eduardo et.al. [22]. Moreover, the 

biotransformation of dimethyl and diethyl-2-oxoglutarates to dimethyl and diethyl            

-2-hydroxyglutarates by yeast, Rhodotorula minuta has been investigated by the previous 

researchers [23]. However, the yeast dependent reactions are not liked by synthetic 

chemists as yeasts contain many enzymes that can trigger a variety of unwanted reactions. 

So for target oriented synthetic work, electro-reduction seems to be the best choice. 

Spurred by the broad range biological activities of 2-oxoglutarates, lack of literature on 

their electrochemical behavior and disadvantages associated with yeast dependent 

reactions, a detailed electrochemical investigation of the reduction behavior of dimethyl  

-2-oxoglutarate was carried out with the objective of providing useful insights in to the 

understanding of unresolved pathways by which 2-oxoglutarates exert their biochemical 

actions. 
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1.1.3 Camptothecin (CPT) 

Camptothecin and its analogues are gaining mounting attention due to their broad 

range anti-malarial [24], antileishmanial [25], antiparasitic [26], anti-HIV [27] and 

antimetastatic activities [28, 29]. They are particularly useful as medicaments for the 

treatment of diseases that benefit from the inhibition of topoisomerase I. Other potential 

clinical applications include the use of camptothecin derivatives as radiation sensitizers 

or as antiviral agents [30-32].  

CPT has a pentacyclic structure with α-hydroxy-lactone moiety present in the E 

ring. Investigations on several E-ring modified CPT analogues have led to the conclusion 

that the biologically active α-hydroxy lactone moiety of CPT is indispensable for 

antitumor activity [33–36]. Chemical modifications of the lactone ring, such as 

transformation into lactam ring, removal of the carbonyl oxygen, or substitution of the  

20-hydroxyl group for hydrogen, inactivate the molecule [37,31], thus implicating the 

presence of an intact 20-hydroxy lactone ring as an essential requirement for the 

pharmacological activity. In spite of these interesting objectives, the electro-reduction of 

CPT by modern electrochemical techniques was an unexplored matter until now. To 

achieve the above mentioned objectives and to provide insights in to the understanding of 

the role of the lactone ring in exercising biological activity, a detailed investigation of the 

unexplored redox mechanism of CPT on a glassy carbon electrode using modern 

electrochemical techniques was carried out.  

1.1.4 Lumazine (LMZ) 

Lumazine (LMZ), is a pterin compound which acts as a substrate for the lumazine 

synthase/riboflavin synthase complex, an enzyme complex that catalyzes the conversion 

of two molecules of the LMZ into riboflavin (vitamin B2) [38-40] which in turn is the 

precursor of flavin mononucleotide and flavin adenine dinucleotide, an essential 

cofactors for a wide variety of redox enzymes [41,42]. From this point of view, the most 

promising targets for new antimicrobial agents in riboflavin biosynthesis are lumazine 

synthase and/or riboflavin synthase, both enzymes being involved in the last two steps of 

the mechanism of riboflavin synthesis [43].  

 In view of the importance of lumazine and its derivatives in biological systems 

[39-48], several studies have investigated the photochemistry of lumazine in both acidic 
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and alkaline aqueous solutions [49]. The electrochemical behavior of pterin compounds 

has been studied extensively as investigations of the voltammetric response of 

biologically active compounds by means of modern electrochemical techniques have the 

potential of providing valuable insights into the biological redox reactions of these 

molecules in the cellular milieu. The electrochemical activity of lumazine derivatives is 

assumed to be due to the presence of a pteridine ring in their structures. The 

electrochemistry of pteridine derivatives, using dropping mercury electrode (DME) and 

hanging mercury dropping electrode (HMDE) has been reported [50-52]. However, the 

use of DME and HMDE is limited to the negative potential range and information only 

about the reduction of the compound can be obtained. Since glassy carbon electrode 

(GCE) can be used for studying both the oxidation and reduction of the compounds so the 

redox properties of lumazine were studied by using cyclic, square wave and differential 

pulse voltammetry at GCE. 

1.2  DNA-BINDING STUDIES OF POTENTIAL ANTICANCER 

COMPOUNDS 

The study of the interaction of small molecules with DNA has been the subject of 

intensive investigation for decades because it provides insight into the screening design 

of new and more efficient drugs targeting to DNA, which can accelerate drug discovery 

and development processes [53]. Oncological processes are characterized by uncontrolled 

increase in cell proliferation; hence DNA is the biological target of many antitumor drugs. 

The characterization of interaction of small molecules, either synthetic or natural not only 

provides insights in biology, but also gives the opportunity for developing effective 

therapeutic agents for control of gene expression [54,55]. Some small molecules have 

been proved to be useful as sensitive probes for nucleic acid structures [55]. 

DNA-interactive small molecules can be conveniently categorized into two major 

classes based on their mode of interaction; noncovalent-binding and covalent-bonding. 

There are subdivisions within each class, which frequently overlap. A large number of 

clinically important drugs and antibiotics are believed to exert their primary biological 

action by means of noncovalent interaction with DNA and subsequent inhibition of the 

template functions such as transcription and replication. The noncovalent DNA binders 

interact primarily by three modes: electrostatic interaction with the anionic phosphate 
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backbone of DNA, intercalation into the stacked base pair pockets of DNA and 

hydrophobic interaction along the grooves of DNA [56,57].  

Electrostatic dominated binding involves sequence-neutral nonselective 

interactions between a cationic group and negatively charged phosphates on DNA. They 

are frequently used in nucleic acid crystallization trials in order to shield the negatively 

charged individual DNA molecules from each other. The majority of noncovalent-

binding drugs carry formal positive charge, so electrostatic contributions are always a 

significant component of ligand-binding. 

Cancer chemotherapy has traditionally been in large part based on DNA-

interacting cytotoxic drugs, a number of which are covalently binding agents and many of 

these continue to be in clinical use today. Drug-DNA interaction in vivo involves 

concomitant interactions with the enzymes DNA topoisomerase I or II to form ternary 

complexes. These can lead to lethal DNA double-strand breaks and eventually to 

selective tumor cell death. However, cytotoxic drugs generally have high toxicity to both 

normal and cancer cells and their therapeutic index (the ratio between a therapeutic and a 

toxic dose) is usually low. So the objective was to study new, improved drugs and to 

understand the molecular basis of their action.  

 A variety of analytical techniques, such as viscometry, isothermal calorimetric 

titration, luminescence, electrophoresis, fluorescence, nuclear magnetic resonance and 

quartz crystal microgravimetry have been extensively employed for the characterization 

and identification of the interaction between DNA and small molecules with relative 

advantages and disadvantages [58-64]. However, most of these methods suffer from high 

cost, low sensitivity and procedural complication. Spurred by the advancement of the 

electrochemical and spectroscopic methods the interaction mechanism of eighty one 

novel ferrocenes and organotin(IV) complexes with DNA was investigated by cyclic 

voltammetry and UV-Vis spectroscopy. Seventeen compounds were found to interact 

directly with DNA. The detail of these promising anticancer compounds is given below: 

1.2.1  Ferrocenes 

Ferrocene based derivatives have drawn utmost attention in various fields of 

analytical chemistry due to their varied and well-established redox chemistry. These are 

widely used for medical purposes [65-67], electrocatalysis [68] and in the design of new 

signaling ion sensors [69,70]. The sensitivity of the ferrocenyl groups to covalent or non 
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covalent binding with other molecules and their unique property of retaining simple one 

electron redox behavior after the introduction of substituents are routinely exploited for 

the determination of electrochemical parameters [71-73]. In this work protonated 

ferrocene and some nitro and chalcone derivatives of ferrocene have been studied. 

1.2.1 (a) Protonated ferrocene (PF) 

The interaction of metallo complexes containing multidentate ligands with DNA 

has recently gained a growing interest [74,75]. In this connection ferrocene and its 

derivatives are being paid much attention and an experimental drug has been reported 

which is a ferrocenyl version of tamoxifen [76]. The ferrocene molecule is redox active 

and it has been suggested that its antineoplastic activity could be connected with its redox 

processes in vivo [77]. Hence, the sandwich organometallic compound, ferrocene is a 

promising candidate for biological applications due to its stability, electrochemical 

properties and ease of use [78,79]. In the present work, the interaction of PF with chicken 

blood DNA has been studied by cyclic voltammetry and UV-Vis spectroscopy at stomach 

pH and body temperature.  

1.2.1 (b) 4-Nitrophenylferrocene 

Spurred by the clinical use of anticancer ferrocifen [80], robust electrochemical 

behavior and intense colors of ferrocenes the interaction of 4-nitrophenylferrocene with 

chicken blood DNA was studied by electrochemical and UV-Vis spectroscopic 

techniques. Other factors behind the selection of this specific ferrocene derivative were 

its easy synthetic route, chemical stability and the availability of no literature on its DNA 

binding behavior. 

The negative side effects of ‘cisplatin’ as antineoplastic agent stimulated the 

chemists to concentrate their efforts on the use of alternative transition metal based drugs 

as anti-tumor agents with positive, low or no side effects [81]. In their struggle for 

searching about such effective anticancer drugs, tremendous attention was paid to 

ferrocene and its derivatives in view of their potential applications in medical field 

[82,83]. It has been established that ferrocenes have appreciable antineoplastic activity 

[84-88] but the mechanism of their effectiveness in eliciting an anti-tumor effect is still to 

be explored [89]. The mode of interaction and binding extent of ferrocenes with DNA are 

matters of considerable interest due to the complexity of their sandwich like structures. 
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1.2.1 (c) 1-Ferrocenyl-3-phenyl-2-propen-1-one (FC) 

The major cytotoxic and mutagenic effects of ferrocenyl chalcones are induced by 

their direct interactions with DNA. The mechanism of cytotoxicity is believed to occur as 

a consequence of DNA damage. Since the Lerman concept of intercalation into DNA, it 

is now firmly believed that many anticancer drugs causing DNA damage, exert their 

pharmacological and therapeutic activities by intercalation into DNA [90].  

For the drug to induce the desired biological action, the structure or active part of 

it needs to be complementary with the structure of the receptor. However, due to the 

complex nature of biological systems, the prediction of the effect of structural changes on 

the biological activity of the drug may not be free of uncertainty. Therefore, extensive 

research is the pre-requisite for the determination of structure activity relationship and the 

consequences of structural modification. With these facts in mind the binding parameters 

of 1-ferrocenyl-3-phenyl-2-propen-1-one with DNA were evaluated with the objective of 

searching out an effective new anticancer drug.  

1.2.1 (d) 1-Ferrocenyl-3-(4-nitrophenyl)-2-propen-1-one (FNC) 

Chalcones (α,β-unsaturated ketones) are promising candidates in the new era of 

medicines on account of their wide spectrum of antitumor, antibacterial, and anti-

inflammatory activities [91-94]. The applications of these compounds in chemotherapy 

due to their direct interaction with DNA has been reported by previous investigators 

[92,93]. Their derivatization with ferrocene can enhance their detection by 

electrochemical methods. Like an effective chemical sensor, ferrocenyl chalcone has two 

basic parts: the signalling unit and the binding unit. The interaction of the binding unit 

with other molecules will be monitored by the tunable redox behavior of the signalling 

ferrocene moiety [95]. As the study of the electrochemical sensing properties of 

ferrocenyl chalcones is limited, a ferrocenyl nitro chalcone (FNC) was obtained and 

investigated by CV and UV-Vis spectroscopy.  

1.2.2 Organotin complexes 

Organotin compounds continue to attract interest, not only from the inorganic 

point of view but also from their potential as significant fungicidal [96-99] and 

pharmaceutical agents [100–107]. Biological activities of organotin compounds as 

biocide, [108] antitumor, [109–112] schizonticidal and antimalarial [113] have been 

extensively reported. Nevertheless, the mechanism of their activities has not yet fully 
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understood. A wide range of mechanisms has, therefore, been explored. Some of these 

have attempted to rationalize the activities of organotin compounds in terms of 

differences in (a) their geometry (b) the coordination numbers about the tin atoms, [114] 

(c) the hydrophobicities of the molecules, [115] (d) the nucleophilicities of the anionic 

groups, [116,117] (e) the accessible redox states (f) kinetic and thermodynamic 

characteristics and (g) the variation in the properties of the reactive cationic tin centre 

[118,115]. 

There are a number of reports on organotin compounds where their biocidal 

properties are opening new frontiers of research. One of the major developments in the 

field of bioorganotin chemistry is the finding that organotin compounds can play an 

important role in anticarcinogenesis. Brown [119] in her doctoral work concluded that 

hydrolysable organotin compound, triphenyltin acetate, significantly retarded tumor 

growth, whereas the nonhydrolysable Ph3SnCI was inactive. Ozaki et al. [120] showed in 

a patent that dialkyltin fluorouridines are anticarcinogenic and cause shrinkage of solid 

tumor upon direct injection. Bulten et a1. [121] reported on the antitumor activity of 

(CIMe2Sn)2O, (Et2SnO)n, Ph2Sn(OH)CI and 14 other structural analogs. In 1980, Crowe 

et a1. [122] reported on the antitumor activity of a series of diorganotin dihalide and 

pseudohalide complexes, R2SnX2 .2L (where R=Me, Et, Pr, Bu or Ph; X = F, C1, Br, I, 

NCS; L = bipyridyl, phenanthroline, 2-aminomethylpyridine, dimethylsulphoxide, 

pyridine etc.), which were modeled on the active platinum complexes. The diverse 

studies discussed above clearly show that organotin compounds have a vast potential for 

exploitation in biology and medicine. 

1.2.2 (a) Penta and hexa-coordinated diorganotin(IV) 4-(4-nitrophenyl)piperazine-

1-carbodithioate 

The use of coordination compounds as biological probes represents one of the 

most successful applications of bioinorganic chemistry. Despite the fact that relatively 

few coordination compounds have been developed as drugs (due in part to the reluctance 

of pharmaceutical industries to convert their synthetic background from organic to 

inorganic) these compounds are increasingly employed in revealing structural features 

and functions of nucleic acids, as staining agents and as promoters of cleavage processes 

[123]. Many efforts have been devoted to design, synthesize and test metal complexes 

that could specifically target polynucleotide sites or sequences in order to generate new 
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drugs displaying efficient pharmacological properties or acting as new sensitive 

diagnostic agents for novel applications. 

Depending on the number of attached organic groups and mode of coordination of 

ligand, organotin(IV) prefers a tetrahedral, trigonal bipyramidal, octahedral or pentagonal 

bipyramidal geometry. The diorgontin(IV) antitumour complexes are given by tetra-

coordinated (R2SnX2), penta-coordinated (R2SnY (Y, tridentate ligand)) and hexa-

coordinated (R2SnX2· L2) diethyl, di-n-butyl and diphenyl-tin derivatives containing    

Sn–O, Sn–N or Sn–S bonds [124]. 

Understanding the mechanisms by which organotin molecules interact with 

nucleic acids and correlating them to biological effects has been a focus of interest in the 

recent era. For a drug to be an efficient anticancer agent, a slow rate of dissociation from 

DNA (i.e., greater binding affinity with DNA) is considered as one of the most important 

characteristic [125]. This makes it clear that in studies of the interaction of DNA with 

small molecules, the binding constants and the association/dissociation kinetics are of 

great diagnostic importance. On this basis, it was considered useful to investigate the 

kinetic and thermodynamic aspects of the interaction of three penta and hexa-coordinated 

diorganotin(IV) 4-(4-nitrophenyl) piperazine-1-carbodithioate complexes with DNA. The 

DNA interaction studies of these complexes may help in drug designing. 

1.2.2 (b) Diorganotin(IV) derivatives of ONO tridentate schiff base 

Several organotin(IV) schiff base complexes have been investigated for their 

structural diversity and biocidal activities [126-128]. Cagnoli et al., found some 

organotin(IV) complexes to be even more active in vitro than the clinically used cisplatin 

[129]. Some other workers have established the quantitative structure/activity and 

structure/property relationship of these compounds [130]. However, little work has been 

carried out on the ONO donor tridentate chelating ligands, derived from the condensation 

of salicylaldehyde with hydrazides [131]. Keeping the anticancer activity of 

dibutyltin(IV) complexes [132] in view and the lack of literature on the interaction of 

organotin(IV) schiff base complexes with DNA, three potential antitumor organotin(IV) 

derivatives of ONO tridentate schiff base complexes with the one having dibutyltin(IV) 

moiety  were selected for the determination of their DNA binding parameters by 

electrochemical and spectroscopic techniques. 
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1.2.2 (c) Triorganotin(IV) dithiocarboxylates 

Among the non-platinum chemotherapeutics organotins received the utmost 

attention on account of their potential apoptotic inducing character and high therapeutic 

index [133,134]. Organotin(IV) dithiocarboxylates have been extensively studied due to 

their structural diversity, anti-tumor activity and biological applications [135,136]. The 

pre-requisite for useful applications of coordination complexes require their direct 

binding to DNA through intercalation, in which the compound causes unwinding of the 

local structure of DNA, which culminates in the damage of the DNA storage, 

transcription and genetic transformation machinery. Therefore, the researchers have 

focused on modifying the intercalative ligand [137]. Many organotin compounds arc 

toxic to biological systems. However, the toxicity of a compound has been reported 

(132,135) as the basis of its chemotherapeutic and biocidal applications. A number of 

mechanisms have been proposed to explain the toxicological properties of organotin 

compounds, which will help in understanding the pathways by which organotins exercise 

their chemotherapeutic and biocidal action. 

The coordination with Sn atom depends not only on factors such as structure of 

the organic groups, but also on whether 1,1-dithioate moiety behaves as monodentate or 

bidentate ligand. Based on these factors triorganotin(IV) dithiocarboxylates either exhibit 

tetrahedral or trigonal-bipyramidal geometry. For comparing the results with potential 

anticancer diorganotins the DNA binding parameters of three new triorganotin(IV) 

derivatives of 4-(4-nitrophenyl) piperazine-1-carbodithioate were evaluated. 

1.2.2 (d) Organotin(IV) 4–nitrophenylethanoates 

Organotins are characterized by the presence of at least one covalent carbon-tin 

bond. They have a tetravalent structure, in spite of the fact that tin may exist either in the 

Sn 2+ or Sn 4+ oxidation state. Depending upon the number of attached organic moieties, 

the organotin compounds are classified as mono-, di-, tri-, and tetraorganotins. 

Industrially important organotins usually contain methyl, butyl, octyl, and phenyl groups 

as organic substituents, while the anion is usually chloride, fluoride, oxide, hydroxide, 

carboxylate, or thiolate. All organotin compounds used in this work contain methyl, ethyl 

and butyl as organic substituents while the ligand is 4-nitrophenyl ethanoate. 

Organotin(IV) carboxylates is an important  group of organotin compounds which 

are widely studied due to their structure diversity and wide spectrum of biological 
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applications.  However, the literature about the DNA binding behavior of organotin(IV) 

carboxylates by modern electrochemical techniques is meager. As part of our 

investigation dealing with the study of organotin(IV) species derived from carboxylate 

ligands, we report herein the DNA binding properties of some new organotin(IV) 

derivatives of 4-nitrophenylethanoate ligand. By the chemical modification of the ligands 

and/or organic groups in organotin(IV) complexes (which is one of the most common 

approaches for drug discovery), the kinetic and thermodynamic parameters of four DNA 

binding organotin(IV) complexes were evaluated by UV-Vis spectroscopy and CV.  
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Chapter2 

THEORETICAL BACKGROUND OF THE 

EXPERIMENTAL TECHNIQUES 

Electrochemistry involves the study of chemical phenomena associated with charge 

separation. Often this charge separation leads to charge transfer, which can occur 

homogeneously in solution or heterogeneously on electrode surfaces. To assure electrical 

neutrality, two or more charge transfer half reactions take place in opposite direction. 

Except in the transfer case of homogeneous redox reactions, these are separated in space, 

usually occurring at different electrodes immersed in solution in a cell. These electrodes 

are linked by conducting paths both externally (via electric wires etc.) and internally in 

solution (via ionic transport) so that charge can be transported. 

If the cell configuration permits, the products of the two electrode reactions can 

be separated. When the sum of the free energy changes at both electrodes is negative, the 

electrical energy released can be harnessed (batteries). If it is positive, external electrical 

energy can be supplied to oblige electrode reaction to take place and convert chemical 

substances (electrolysis) [1]. 

Electrode reactions are heterogeneous and take place in the interfacial region 

between electrode and solution, the region where charge distribution differs from that of 

the bulk phase. The electrode process is affected by the structure of this region. At each 

electrode, charge separation can be represented by a capacitance and the difficulty of 

charge transfer by a resistance. 

The electrode can act as a source (for reduction) or a sink (for oxidation) of 

electrons transferred to or from the species in solution: 

RneO   

where O and R are the oxidized and reduced species. In order for the electron transfer to 

occur, there must be a correspondence between the energies of the electron orbitals where 

transfer takes place in the donor and acceptor. In the electrode this level is the highest 

filled orbital, which in a metal is Fermi energy level. In the soluble species it is the orbital 

of the valence electron to be given or received. Thus: 
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● for reduction, there is a minimum energy that the transferable electrons from the 

electrode must have before the transfer can occur, which corresponds to a sufficiently 

negative potential. 

● for an oxidation there is a maximum energy that the lowest unoccupied level in the 

electrode can have in order to receive electrons from the species in solution, 

corresponding to a sufficiently positive potential. 

The values of the potentials can be controlled externally in order to control the 

extent and the direction of the reaction. Electrode reactions are half reactions and they 

are, by convention, expressed as reductions. Each has associated standard electrode 

potential, oE measured relative to the normal hydrogen electrode (NHE), with all species 

at unit activity (ai =1).  

For half reaction at equilibrium, the potential, E, can be related to the standard 

electrode potential through the Nernst equation 

ii a
nF

RT
EE lno   (2.1) 

where vi are the stoichiometric numbers, positive for products (reduced species) and 

negative for reagents (oxidized species). 

If the oxidized and reduced species involved in an electrode reaction are in 

equilibrium at the electrode surface, the Nernst equation can be applied. The electrode 

reaction is known as reversible when it obeys the condition of thermodynamic 

reversibility. 

The concentration of the species at the interface depends on the mass transport of 

these species from bulk solution, described by the mass transfer coefficient kd. A 

reversible reaction corresponds to the case where the kinetics of the electrode reaction is 

much faster than the transport. The kinetics is expressed by a rate constant, k which is the 

rate constant at any potential. So the criterion for a reversible reaction is: 

k > > kd 

By contrast, an irreversible reaction is the one where the electrode reaction cannot be 

reversed, and in such a case 

k < < kd 

Quasi-reversible reactions exhibit behavior intermediate between reversible and 

irreversible reactions. 
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In order to study electrode reactions, reproducible experimental conditions must 

be created which enable minimization of all unwanted factors that can contribute to the 

measurements and diminish their accuracy. That means to suppress migration effects, 

confine the interfacial region as close as possible to the electrode, and minimize solution 

resistance. These objectives are achieved by the addition of large amount (around 1 mol 

dm-3) of inert electrolyte, the electroactive species being at a concentration of 5 mM or 

less [1]. 

Since an electrode predominantly attracts positively and negatively charged 

species, which may or may not undergo reaction at the surface, it should be remembered 

that the species may adsorb at the electrode surface. This makes it clear that in the 

description of any electrode process we have to consider the transport of species to the 

electrode surface as well as the electrode reaction itself. This transport can occur by 

diffusion, convection or migration. Diffusion is the transport of species due to the 

concentration gradient, convection is the imposition of mechanical fluid movement and 

migration is the movement of species under an electric field gradient. 

For electroanalytical purposes, conditions are usually created in solution so that 

migration of the electroactive species can be neglected, through the addition of a large 

excess of supporting electrolyte. This electrolyte transports nearly all the charge 

movement by ion transport from one electrode to the other through the solution and the 

electroactive species are left unaffected by migration effects. Thus one is left with 

diffusion and convection. If there is convection, usually externally controlled, it is usually 

supposed to occur only as close to the surface at a distance known as the diffusion layer 

thickness. Closer to the surface there is only transport by diffusion. 

The mechanism consists of the steps shown in Figure 2.1.  

electrode
diffusion (step 1)

diffusion

kd, O

Kd, R

KcKa

O*

R*

electron transfer
step 5

step 2
4 O

R

8
8

step 6

 

Figure 2.1.  Process of electron transfer at an electrode. 
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Step 1: diffusion of the species to where the reaction occurs; 

Step 2: rearrangement of the ionic atmosphere (10-8 s); 

Step 3: reorientation of the solvent dipoles (10-11 s); 

Step 4: alteration in the distances between the central ion and the ligands; 

Step 5: electron transfer (10-16 s); 

Step 6: relaxation in the opposite sense. 

Diffusion step is the rate determining step.  

The anodic and cathodic rate constants, ka and kc, describe the kinetics of the electrode 

reaction. These are described by the Butler-Volmer equations: 

RTEEnFkk /)(exp[ ο
a

ο
a    (2.2) 

RTEEnFkk /)(exp[ ο
c

ο
c    (2.3)  

where αa and αc are the anodic and cathodic transfer coefficients and οE is the formal 

potential for the system when the activities are replaced by concentrations,                       

ci (ai = γici; γi being the activity coefficient of species i). 

Voltammetric methods have been used to identify the species present in solution 

to obtain qualitative and quantitative data and to study the nature and the mechanism of 

reactions that occur in the electrochemical system. Analyzing and interpreting the 

voltammograms enable determination of thermodynamic and kinetic parameters. The 

recorded current is a measure of the electrochemical reaction rate, which occurs in the 

interfacial region between the electrode and the solution and gives information about the 

electrochemical reaction mechanism. 

In the present work three voltammetric techniques (CV, DPV and SWV) and  

UV-Vis spectrophotometric technique have been employed. 

2.1 CYCLIC VOLTAMMETRY 

A triangular potential-time waveform (Figure 2.2) with equal positive and 

negative slope where, usually the initial potential (Einitial) and final potential (Efinal) are 

kept the same, give rise to the term cyclic voltammetry (CV). While the potential sweep 

is carried out, potentiostat measures the current resulting from the applied potential. The 

resulting plot of current vs. potential is termed as cyclic voltammogram. During a single 

potential cycle, the expected I-E response of a reversible redox couple is illustrated in 

Figure 2.3. 
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Simply stated, in the forward scan, the reaction is O + e- → R, R is 

electrochemically generated as indicated by the cathodic current. In the reverse scan,      

R → O+ e-, R is oxidized back to O as indicated by the anodic current. The CV is capable 

of rapidly generating a new species during the forward scan and then probing its fate on 

the reverse scan. This is a very important aspect of the technique [2]. 

t0

Emax

Emin  

Figure 2.2. Variation of potential with time in cyclic voltammetry 

A characteristic feature is the occurrence of peaks, identified by the peak potential 

Ep, which corresponds to electron transfer reactions. The repetitive triangular potential 

excitation signal for CV causes the potential of the working electrode to sweep backward 

and forward between two designate values (the switching potentials). 

In cyclic voltammetry of reversible system, the product of the initial oxidation or 

reduction is then reduced or oxidized, respectively, on reversing the scan direction. 
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Figure 2.3. Cyclic voltammogram of 1 mM K4Fe(CN)6 in 0.1 M acetate buffer      

(pH 4.5) at a potential scan rate of 100 mV s-1. 
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The important parameters of a cyclic voltammogram are the magnitude of the peak 

currents, Ipa, and Ipc, and the potentials (Epa and Epc) at which the peaks occur. The two 

parameters give the peak hight and peak position in the voltammogram. 

A redox couple in which both species rapidly exchange electrons with the 

working electrode is termed as electrochemically reversible couple. Such a couple can be 

identified from a cyclic voltammogram by measurement of the potential difference 

between the two peak potentials. The following equation applies to an electrochemically 

reversible system: 

nEEE pcpap
058.0        at 298 K (2.4) 

where n is the number of electrons transferred, Epa and Epc, are the anodic and cathodic 

peak potentials in volts respectively. The separation of peak potentials with a value of 

0.058/n is independent of scan rate for a reversible couple, but is slightly dependent on 

switching potential and cycle number. 

The potential midway between the two potentials is the formal reduction potential 

of the couple:  

2
pcpaο

EE
E


  (2.5) 

This equation holds only for a reversible electron transfer reaction having = 0.5. 

Electrochemical irreversibility is caused by slow electron exchange of the redox species 

with the working electrode. It is characterized by a separation of peak potentials that is 

greater than 
n

058.0
 V and is dependent on the scan rate. 

Adsorbed species lead to changes in the shape of the cyclic voltammogram, since 

they do not have to diffuse from the electrode surface. In particular, if only adsorbed 

species are oxidized or reduced, in the case of fast kinetics the cyclic voltammogram is 

symmetrical, with coincident oxidation and reduction peak potentials [3]. 

Cyclic voltammetry is one of the most versatile techniques for the study of 

electroactive species, as it has a provision for mathematical analysis of an electron 

transfer process at the electrode [4-8]. It is an electroanalytical tool for monitoring and 

recognition of many electrochemical processes taking place at the surface of electrode 

and can be used to study redox processes in biochemistry and macromolecular chemistry 

[9]. 
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2.1.1 Single electron transfer process 

Based upon the values of electrochemical parameters, i.e., peak potential Ep, half 

peak potential (Ep/2), half wave potential (E1/2), peak current (Ip), anodic peak potential 

Epa, cathodic peak potential Epc
 etc, it can be ascertained whether a reaction is reversible, 

irreversible or quasi-reversible. The electrochemical parameters can be graphically 

obtained from the voltammogram as shown in the Figure 2.3. 

Three types of single electron transfer process can be studied. 

a. Reversible process. b. Irreversible process and c. Quasi-reversible. 

2.1.1 (a) Reversible processes 

The heterogeneous transfer of electron from an electrode to a reducible species 

and vice versa is a form of Nernstian electrode reaction with assumption that at the 

surface of electrode, rate of electron transfer is so rapid that a dynamic equilibrium is 

established and Nernstian conditions hold i.e.; 

Co(0,t) ⁄CR(0,t)= Exp[(nF⁄RT)(Ei—νt— oE )] (2.6) 

In eq. (2.6) concentration of oxidized and reduced species, Co and CR are function of 

time, oE is the standard electrode potential, Ei is the initial potential. Under these 

conditions, the oxidized and reduced species involved in an electrode reaction are in 

equilibrium at the electrode surface and such an electrode reaction is termed as a 

“reversible reaction. Due to difference in concentration of electroactive species at the 

surface of electrode and the concentration in the bulk, diffusion controlled mass transport 

takes place. We can apply Fick’s second law to obtain time dependent concentration 

distribution in one dimension of expanding diffusion layer; 

∂Ci(x, t) ⁄∂t =Di∂2Ci(x, t) ⁄∂x2 (2.7) 

where Ci and Di are concentration and diffusion coefficient of species i. 

Peak current is a characteristic quantity in reversible cyclic voltammetric process. The 

expression for current (I) is obtained by solving Fick’s law equation [10] 

I = n FACo
*(π Do σ) χ(σt) (2.8) 

where  

σ = (nF/RT)υ 

and  

σt = nF/RT (Ei-E) 



 

 27

The values of current function χ (σt) are given in Table 2.1.  

Table 2.1. Computed current functions for reversible charge transfer reactions in 

the voltammetric experiments. 

(E-E1/2)n (mV) 1/2 χ(t) (E-E1/2)n (mV) 1/2 χ(t) 

120 0.0092 -15 0.4320 

100 0.0198 -20 0.4408 

80 0.0419 -25 0.4454 

60 0.0849 -28.5 0.44629 

40 0.1610 -30 0.4461 

30 0.2125 -35 0.4435 

28.5 0.22315 -40 0.4380 

25 0.2408 -50 0.4210 

20 0.2701 -60 0.3992 

15 0.2995 -80 0.3530 

10 0.3283 -100 0.3125 

5 0.3555 -120 0.3803 

0 0.3801 -150 0.2449 

-5 0.4014 -200 0.2074 

-10 0.4188   

 

Source: Bard, A.J.; Faulkner, L.R.; Electrochemical Methods, Fundamentals and 

Applications, John Wiley, New York, 1980, pp 218. 

It can be seen from Table 2.1 that χ (σt) has a maximum value of 0.44629 at                   

E-E1/2 = -28.5 mV at 298 K. At this value of χ (σt) the current is maximum and is referred 

as Ip. Substituting the maximum value of χ (σt), the current expression for forward 

potential scan becomes, 

2/12/1
o

2/1

op *4463.0 D
RT

nF
nFACI 



  (2.9) 

where Ip is the peak current or maximum current and all other parameters have their usual 

significance. 

At 298 K, the above equation can be written as: 

2/12/1
oo

2/35
p *1069.2 DACnI   (2.10) 
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Eq (2.10) is called Randle’s Sevcik equation [5-6]. The value of numerical constant of Eq 

(2.10) determined by Sevcik was little low. The correct value of this constant was 

determined by Randle and was experimentally verified by Delahay, Muller and Adams 

[10]. 

Diagnostic criteria of reversibility 

Certain well-defined characteristic values can be obtained from the 

voltammogram, for a reversible electrochemical reaction [8]. 

● Relationship between peak potential (Ep) and half wave potential (E1/2) for a 

reversible reaction is given by; 

nFRTEE pc /)002.0109.1(2/1   (2.11a) 

nFRTEE pa /)002.0109.1(2/1   (2.11b) 

where E1/2 is potential corresponding to I = 0.8817Ip. For reversible reaction E1/2 =
oE At 

298 K 

V/0285.02/1 nEE pa   (2.11c) 

● From Eq (2.11a) and (2.11b) one obtains,  

ΔEp= nFRTEE papc /22.2  (2.12a) 

 At 298 K 

ΔEp = V
057.0

n
EE papc   (2.12b) 

● The peak position (voltage) does not alter as scan rate varies. In some cases, the 

precise determination of peak potential Ep is not easy because the observed CV peak is 

some what broader. So it is sometimes more convenient to report the potential at I = 0.5Ip 

called half peak potential, Ep/2 which is used for E1/2 determination [11] by the following 

expression:  

nFRTEE pc /09.12/12/   (2.13a) 

 At 298 K 

nEE pc /028.02/12/   (2.13b) 

nEE pa /028.02/12/   (2.13c) 

 From equation (2.11a) and (2.13a) we obtain, 
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nFRTEE pcpc /2.22/   (2.14a) 

 At 298 K 

nEEE pcpc /0565.02/   (2.14b) 

These act as diagnostic criteria for reversibility. Eq (2.14b) shows that with increase in 

number of electrons transferred peak separation (Epc - Epa
 ) decreases. For one, two and 

three electrons it is 57 mV, 29 mV and 19 mV respectively. Ep and pE i.e., (Epc-Epa) are 

independent of scan rate for a reversible system [12]. However, pE may increase slightly 

with   because of presence of finite solution resistance between the reference electrode 

and working electrode. 

2.1.1 (b) Irreversible processes 

For a totally irreversible process, reverse reaction of the electrode process does 

not occur. For such a process, stationary electrode voltammetric curves were described by 

Delahay [10], Matsuda and Ayabe [13] and Reinmuth [14]. 

The process can be expressed by the following reaction: 

 RneO   

Irreversibility can be diagnosed by three major criteria. 

(a) A shift in peak potential occurs as the scan rate varies. 

(b) Peak width for irreversible process is given by 

Fn

RT
EE pp '

857.12/ 
  (2.15) 

where 'n  being the number of electrons transferred in the rate determining step and α is 

the charge transfer coefficient. 

'

7.47
2/ n

EE pp 
  mV at 298K (2.16) 

I = nFACo
*(πDob)1/2 χ(bt) (2.17a) 

where RTFnb /'   

An examination of Table 2.2 reveals that the function χ(bt) goes through a maximum at 

π1/2χ(bt) = 0.4958. Introduction of this value in equation (2.17a) yields the expression 

(2.17b): 

2/12/1
oo

2/15 )'(1099.2  DACnnI p   (2.17b) 
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Table 2.2. Computed current functions for irreversible charge transfer reactions in 

the voltammetric experiments. 
aPotential (mV) 1/2 χ(bt) aPotential (mV) 1/2 χ(bt) 

160 0.003 15 0.437 

140 0.008 10 0.462 

120 0.016 5 0.480 

110 0.024 0 0.492 

100 0.035 -5.34 0.4958 

30 0.050 -10 0.493 

80 0.073 -15 0.485 

70 0.104 -20 0.472 

60 0.145 -25 0.457 

50 0.199 -30 0.441 

40 0.264 -35 0.423 

35 0.300 -40 0.406 

30 0.337 -50 0.374 

25 0.372 -70 0.323 

20 0.406   

aThe potential scale is 
ο

oo ln')(
shk

bD

F

RT
nEE


 






   

Source: Bard, A.J.; Faulkner, L.R.; Electrochemical Methods, Fundamentals and 

Applications, John Wiley, New York, 1980, pp 223. 

For an irreversible process, Ip in terms of ο
shk   is given as:  

 














 oo

o

'
exp*227.0 EE

RT

Fn
knFACI pshp


 (2.18) 

 The unknown oE  (standard potential) can be determined by using Eq (2.18) [8]; 




'ln
'2)(

ln
''

78.0
2/1

o

o
ο n

Fn

RT

D

k

Fn

RT

Fn

RT
EE sh

p   (2.19) 

Reinmuth [14] reported an alternative expression 

o
sho

* kC
nFA

I p   (2.20) 

where ο
shk is standard heterogeneous rate constant for forward reaction. For totally 

irreversible process, the standard heterogeneous electron transfer rate constant has a value 
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of 10-5 cm sec-1 with extremely low value of charge transfer coefficient and the current 

is mainly controlled by the rate of charge transfer reaction. Nernst equation is not 

applicable for such type of reactions. Cyclic voltammogram for irreversible process is 

shown in Figure [2.4].  

-2 -1.8 -1.6 -1.4

E  / V vs . SCE

 5 A

 

Figure 2.4.  Cyclic voltammogram of irreversible redox process. 

2.1.1 (c) Quasi-reversible process 

Quasi-reversible process is termed as a process, which shows intermediate 

behavior between reversible and irreversible processes. In such a process the current is 

controlled by both the charge transfer and mass transfer. 

Cyclic voltammogram for quasi-reversible process is shown in Figure [2.5].  

 

Figure 2.5.  Cyclic voltammogram of quasi-reversible redox process. 
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For quasi-reversible process the value of standard heterogeneous electron transfer rate 

constant, ο
shk lies in the range of 10-1

 to 10-5 cm sec-1 [15]. An expression relating the 

current to potential dependent charge transfer rate was first provided by Matsuda and 

Ayabe [13]. 

   



 



  oo

),0(
oo

),0o( )()()( EtE
RT

nF
ExpkCEtE

RT

nF
ExpkCtI shtRsht


 (2.21) 

where ο
shk is the heterogeneous electron transfer rate constant at standard potential oE of 

redox system. is the transfer coefficient and   = 1- . In this case, the shape of the 

peak and the various peak parameters are functions of  and the dimensionless 

parameter, , defined as [16] 

2/12/12/1

,

)/( RTnFD

k hs  (2.22) 

 when Do = DR = D  

Do and DR are the diffusion coefficients of oxidized and reduced species respectively. 

For quasi-reversible process current value is expressed as a function of )(E  [16]. 

)(
o

*
o E

k
nFACI sh 


  (2.23) 

where   (E) is expressed as 

    2/1
2/1

2/1
o

*
o 



RT
nFDnFAC

I
E   (2.24) 

It is observed that when  > 10, the behavior approaches that of a reversible system [8]. 

For three types of electrode processes, Matsuda and Ayabe [13] suggested following zone 

boundaries. 

● Reversible (Nernstian)  

 ο
shk  0.3 υ1/2 cm s-1  

● Quasi-reversible 

 0.3 υ1/2   ο
shk  2   10-5 υ1/2 cm s-1 

● Totally irreversible 

 ο
shk < 2   10-5 υ1/2 cm s-1 
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2.1.2 Multi electron transfer processes 

Multi-electron transfer process usually takes place in different steps. A two-step 

mechanism each characterized by its own electrochemical parameters is called an “EE 

mechanism”. 

 A two step reversible “EE mechanism” is represented as; 

o
1 1 1( )O n e R E   (2.25) 

o
1 2 2( )R n e R E   (2.26) 

Each heterogeneous electron transfer step is associated with its own electrochemical 

parameters i.e., ο
shk i

 and αi, where i = 1, 2 for the 1st and 2nd electron transfer respectively. 

The value of ο
shk for first reversible electron transfer limiting case can be calculated as 

[17]: 

 RTEFkk shsh 2/1exp oo    (2.27) 

where  

1
o

2
oo EEE   

For oE greater than 180 mV, shape of wave does not dependent on the relative values of 

oE , otherwise shapes of peak and peak currents depend upon oE [18]. Based on the 

value of oE , we come across different types of cases as shown in the Figure 2.6. 

Types of two electron transfer reactions 

Case 1: oE  150 mV peaks separation 

When oE  150 mV the EE mechanism is termed as “disproportionate 

mechanism [19]. Cyclic voltammogram consists of two typical one-electron reduction 

waves. The heterogeneous electron transfer reaction may simultaneously be accompanied 

by homogenous electron transfer reaction, which in multi-electron system leads to 

disproportionation which can be described as: 

R1→ O + n1e (2.28a) 

R1+ n2e→ R2 (2.28b) 

2R1↔ O+R2 (2.28c) 

2
1

2

][

][O][

R

R
K disp    (2.29) 
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 o
1

o
2ln EE

RT

nF
Kdisp 



  (2.30) 

Case 2: oE < 100 mV ----- Peaks overlapped 

In this case, the individual waves merge into one broad distorted wave whose 

peak height and shape are no longer characteristics of a reversible wave. The wave is 

broadened similar to an irreversible wave, but can be distinguished from the irreversible 

voltammogram, in that the distorted wave does not shift on the potential axis as a 

function of the scan rate.  

Case 3: oE  = 0 mV ----- Single peak        

In this case, in cyclic voltammogram, only a single wave would appear with peak current  

intermediate between those of a single step one electron and two electron transfer 

reactions and Ep-Ep/2 = 56 mV.  

 

Figure 2.6.  Cyclic voltammograms for a reversible two-step system. (a) oE = - 180 

mV, (b) oE  = -90 mV, (c) oE = 0 mV, (d) oE = 180 mV.  

Source:  Polcyn, D.S.; Shain, I. Anal. Chem. 1966, 38, 370. 

Contrary to the convention the direction of the current in these voltammograms has been 

shown cathodic above the base line and anodic below the base line. 
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Case 4: 1
oE  < 2

oE ----2nd Reduction is easy than 1st one  

If the energy required for the second electron transfer is less than that for the first, one 

wave is observed, having peak height equal to 23/2 times that of a single electron transfer 

process. In this case, Ep-Ep/2 = 29 mV. The effective oE for the composite two electron 

wave is given by 
 

2

o
2

o
1 EE 

 as reported in literature [20]. 

2.1.3 Determination of heterogeneous electron transfer rate constant by 

CV 

Cyclic voltammetry provides a systematic approach to solution of diffusion 

problems and determination of different kinetic parameters including ks,h. Various 

methods have been reported in literature for the determination of heterogeneous rate 

constants. Nicholson [21,22], Gileadi [23] and Kochi [24] developed different equations 

to calculate heterogeneous electron transfer rate constants. 

2.1.3 (a) Nicholson’s method for quasi-reversible case 

Nicholson derived an expression for determination of heterogeneous electron 

transfer rate constant ο
shk [21-22]. This method is based on correlation between pE  and 

ο
shk through a dimensionless parameter   by following equation,  
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 ,o  is the scan rate. 

  for different values of ΔEp can be obtained from the table (2.3). Hence, if ΔEp       

(Epa-Epc) is determined from the voltammogram,   can be taken from table (2.3). From 

the knowledge of , ο
shk can be calculated using equation (2.32). 

If Do = DR then γ = 1 
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This method is applied for voltammograms having peak separation in the range of 57 mV 

to 250 mV, and in this range, the electrode process progresses from reversible to 

irreversible. With increasing scan rate, the peak separation increases and   decreases. 

It can be seen from Table 2.3, that for reversible reactions i.e., for ,7  the current 

voltage curves and pE  is almost independent of . For totally irreversible reaction i.e. 

for   < 0.001, the backward reaction becomes unimportant, anodic peak and pE  are not 

observed. For quasireversible reaction, i.e. for 0. 001 <  < 7, the form of the current 

curves and pE depends upon . 

Table 2.3. Separation of cathodic and anodic peak potential as a function of the 

kinetic parameter   in the cyclic voltammogram at 298 K. 

  Ep
298   Ep

298 

19.20 60.0 0.441 110.0 

11.50 61.0 0.394 115.0 

8.40 62.0 0.356 120.0 

6.45 63.0 0.323 125.0 

5.10 64.0 0.295 130.0 

4.30 65.0 0.269 135.0 

3.63 66.0 0.248 140.0 

3.16 67.0 0.229 145.0 

2.81 68.0 0.212 150.0 

2.51 69.0 0.185 160.0 

2.26 70.0 0.162 170.0 

1.51 75.0 0.146 180.0 

1.14 80.0 0.120 200.0 

0.92 85.0 0.110 204.0 

0.77 90.0 0.100 212.0 

0.653 95.0 0.077 240.0 

0.568 100.0 0.074 244.0 

0.496 105.0 0.048 290.0 
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2.1.3 (b) Kochi’s method 

Kochi and Klinger [24] formulated another correlation between the rate constant 

for heterogeneous electron transfer and peak separation.  

The expression for ο
shk given by Kochi is: 
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 (2.33) 

The standard rate constant ο
shk can be calculated from the difference of peak potentials 

and the sweep rates directly. This equation applies only to sweep rates which are large 

enough to induce electrode irreversibility. The relation derived by Kochi is based on the 

following expressions derived by Nicholson and Shain [21]; 
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where β  = 1-α , and υ is the scan rate. 

Equation (2.34a) and (2.34b) yield 

papc EEE   )1(o  (2.35) 

This expression is used for the determination of , the transfer coefficient if oE is 

known. For a reversible reaction the transfer coefficient is given as: 

pcpa

pc

EE

EE






o

  (2.36) 

2.1.3 (c) Gileadi’s method 

Gileadi [23] formulated a more sophisticated method for the determination of 

heterogeneous electron transfer rate constant, ks,h, using the idea of critical scan rate,  c. 

This method can be used in the case where anodic peak is not observed. 

 When reversible heterogeneous electron transfer process is studied at increasing 

scan rates, peak potential values also vary and the system progresses towards 

irreversibility. If the values of Epc are plotted against the logarithm of scan rates, a 
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straight line at low scan rates and ascending curve at higher scan rate is obtained. 

Extrapolation intersects both of the curves at a point known as “toe” which corresponds 

to the logarithm of critical scan rate,  c. as shown in Figure 2.7. Hence after 

experimental determination of the critical scan rate, ο
shk can be calculated as; 

2/1

oo

303.2
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  (2.37) 

where υc is the critical scan rate, α is a dimensionless parameter called transfer coefficient 

and Do is the diffusion coefficient.  
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Figure.2.7.  Peak potential against the logarithm of scan rate. 

 

2.1.4 Coupled chemical reactions 

Although charge transfer processes are an important part of the entire spectrum of 

chemical reactions, yet they seldom occur as isolated elementary steps. Electron transfer 

reactions coupled with new bond formation or bond breaking steps are very frequent. The 

occurrence of such chemical reactions, which directly affect the available surface 

concentration of the electroactive species, is common to redox processes of many 

important organic and inorganic compounds. Changes in the shape of the cyclic 

voltammogram resulting from the chemical competition for the electrochemical reactant 

or product, can be extremely useful for elucidating the reaction pathways and for 

providing reliable chemical information about reactive intermediates [25].  
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2.2 PULSE TECHNIQUES 

The basis of all pulse techniques is the difference in the rate of decay of the 

charging and the faradaic currents following a potential step (or pulse). The charging 

current decays considerably faster than the faradaic current. A step in the applied 

potential or current represents an instantaneous alteration of the electrochemical system. 

Analysis of the evolution of the system after perturbation permits deductions about 

electrode reactions and their rates to be made. The potential step is the base of pulse 

voltammetry. After applying a pulse of potential, the capacitative current dies away faster 

than the faradic one and the current is measured at the end of the pulse. This type of 

sampling has the advantage of increased sensitivity and better characteristics for 

analytical applications. At solid electrodes there is an additional advantage of 

discrimination against blocking of the electrode reaction by adsorption [1]. 

2.2.1 Differential pulse voltammetry (DPV) 

DPV is considered as a derivative of staircase voltammetry with a series of 

regular voltage pulses superimposed on the stair steps. The base potential is incremented 

between the pulses, the increment being always the same; the current is measured 

immediately before pulse application and at the end of the pulse. The difference between 

the two currents is registered. The application of potential is illustrated in Figure 2.8.  

Since DPV is a differential method, the response is similar to the first derivative 

of a conventional voltammogram, which is a peak. The waveform is shown in Figure 2.9. 

DPV is a more sensitive voltammetric technique than CV. 

The peak potential, Ep can be approximately identified with E1/2, for a reversible 

system but with increasing irreversibility Ep moves away from E1/2, at the same time as 

peak width increases and its height diminishes [1]. 

Quantitative treatments for reversible systems demonstrated that, with only R 

(positive sign) or only O (negative sign) initially present, the following equation can be 

written as 

22/1max

E
EE


  (2.38) 

where ΔE is the pulse amplitude. 
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Figure 2.8. Scheme of application of potential. 
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Figure. 2.9. Differential pulse voltammogram of 10 M K4Fe(CN)6 in 0.1 M 

phosphate buffer pH 7.0. Scan rate: 5 mV s-1. (My own work) 

The use of pulse width larger than about 100 mV is not viable, as the peak width at half 

height, W1/2, also increases, leading to a loss of resolution. At the limit, when ΔE → 0 

nnF

RT
W

4.90
52.32/1   (2.39) 

2.2.2 Square wave voltammetry (SWV) 

Square-wave voltammetry invented by Barker in 1952, was little used in the 

beginning owing to difficulties with the controlling electronics. With advances in 

instrumentation it emerged as an important analytical technique. The waveform shown in 

Figure 2.10 (a), consists of a square wave superimposed on a staircase, a full square wave 
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cycle corresponding to the duration of one step in the staircase waveform. Whereas DPV 

functions with effective sweep rates of 1-10 mVs-1, SWV can reach 1 Vs-1. 

The current is measured at the end of each half cycle and the current measured on 

the reverse half cycle is subtracted from the current measured on the forward half-cycle. 

The difference in forward and backward current is displayed as a function of the applied 

potential.  

 

(a) 
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(b) 

Figure. 2.10. Square wave voltammetry. (a) Scheme of application of 

potentials: sum of a staircase and a square wave; (b) Square wave voltammogram of 

10 M K4Fe(CN)6 in 0.1 M phosphate buffer (pH 7.0) at a potential scan rate of 100 

mV s-1. (My own work) 
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Since the current is sampled in both the positive and negative-going pulses, peak 

corresponding to oxidation or reduction of the electroactive species at the electrode 

surface can be obtained in the same experiment, and the total current is obtained from 

their difference.  

bft III   (2.40) 

where tI is the total current, fI is the forward current and bI is the backward current. 

The difference current may be zero for a species at a potential corresponding to the 

region of mass-transport limited current. In analysis, this can be very useful, particularly 

for removing the current due to reduction of dissolved oxygen [1]. 

In Figure 2.10 (b) a typical square wave voltammogram is presented. The total 

current that is registered, tI , corresponds to the difference between fI  the current 

registered at the end of the impulse of direct potential (in the direction of the potential 

variation) and bI registered at the end of the reverse impulse. As normally bI  possesses 

opposite sign to that of fI , results for reversible reactions always show tI  bigger that fI . 

Applications of pulse techniques in electrochemistry have been predominantly in 

the area of electroanalysis, relaying on the linear dependence of peak height on potential, 

although recently their use in mechanistic studies, particularly SWV, has begun to be 

exploited. The advantages of this technique are greater speed of analysis, lower 

consumption of electroactive species in relation to DPV, and reduced problems with 

blocking of the electrode surface. 

2.3 UV-VISIBLE SPECTROSCOPY 

Spectroscopy is the analysis of the electromagnetic radiation emitted, absorbed, or 

scattered by atoms or molecules as they undergo transition between two discrete energy 

states. It is the study of molecular structure, dynamics through the absorption, emission 

and scattering of light. Electromagnetic radiation consists of a propagating oscillating 

electric and magnetic field. The frequency of oscillation defines different regions of the 

electromagnetic spectrum, radio waves, microwaves, infrared visible, ultraviolet and X-

rays. The energy of the electromagnetic radiation of frequency, ν, is quantized in units of 

h. 
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2.3.1 Scattering, emission and absorption spectroscopy 

Scattering spectroscopy is the analysis of energy lost or given by a photon of 

incident radiation after it has undergone an energy exchange interaction with a molecule. 

Emission spectroscopy is the analysis of the energy of photons emitted when the 

transition of a species takes place from higher to lower states. Absorption spectroscopy is 

the analysis of energy of photons absorbed from incident light by a molecule undergoing 

a transition from lower to higher energy level. 

 Absorption spectroscopy and spectrophotometry are the names given loosely to 

those methods used to study both qualitative and quantitative studies for such substances 

which absorb electromagnetic radiation in pure or solution state. Since the wavelengths at 

which a substance absorbs are so specifically dependent upon the nature of the absorbing 

species, absorption spectroscopy may be used to identify the absorbing substance and to 

elucidate its structure. Also the extent of absorption at any particular wavelength may be 

taken as the measure of concentration of absorbing substance. 

 Selection rule states whether a particular transition is allowed or forbidden. A 

physical selection rule describes the general properties of the molecules must posses in 

order to undergo a certain type of transition. A specific selection rule states what changes 

in quantum numbers are allowed for a transition to occur. 

Optical spectroscopy is based on Bohr-Einstein frequency relationship 

∆E = E2 - E1 = hυ (2.41) 

This relationship links the discrete atomic or molecular energy states Ei with the 

frequency “υ” of the electromagnetic radiation absorbed or emitted. The proportionality 

constant h is Plank’s constant (6.626 × 10-34Js). 

For absorption spectroscopy in the ultraviolet (UV) and visible (Vis) region, the 

overall range of electromagnetic radiation which is of interest to chemists, occupies only 

a very narrow frequency or wave number region. Nevertheless, this range is of extreme 

importance, since the energy differences correspond to those of electronic states of atoms 

and molecules; hence the concept of Electronic Spectroscopy. In visible spectral region 

the interactions between matter and electromagnetic radiation manifest themselves as 

color. This led the early investigators to methods of measurement, the basic principles of 

which still apply today [26]. 

 Color in colored compounds is due to the presence of chromophores. One or more 
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unsaturated linkages or groups, which produce color in substances, are called 

chromophores. Some groups that by themselves do not produce color in substances were 

found to increase the coloring power of chromophores. Such groups are called 
“Auxochromes”. Typical examples of chromophores are C=C, C=O, N≡N etc. but on the 

other hand auxochromes are C−Br, C−OH, C−NH2 etc. Saturated organic molecules do 

not exhibit any absorption in the near ultraviolet and visible regions. Introduction of an 

auxochrome in a saturated system usually shifts the absorption maximum towards larger 

wavelength. However, the presence of a chromophores i.e., a multiple bonded group of 

atoms generally causes absorption in the 200-800 nm region. The wavelength 

corresponding to the absorption maximum varies from chromophores to chromophores 

[27,28]. 

 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. 

 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 (A) versus wavelength (λ). Absorbance usually ranges from 0 (no absorption) 

to 2 (99% absorption), and is precisely defined in context with spectrometer operation. 

2.3.2 Beer-Lambert law 

There are two fundamental laws related to the absorption of monochromatic 

radiation by homogeneous clear solution or system [29]. The first of these is Lambert’s 

law, which states that the proportion of the light absorbed by a transparent medium is 

independent of the incident light intensity and that each successive layer of the medium 

absorbs an equal fraction of light passing through it. For a pure substance this law is 

mathematically expressed as 

Log Io/I = l  (2.42) 

where Io is the intensity of the incident light, I is the intensity of the transmitted light, 

l denotes the path length (in cm) and  represents extinction coefficient. 

 The second important law is Beer’s law, which state that the amount of light 
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absorbed is proportional to the number of the molecules of the absorbing substances 

through which the light is passing. When the absorbing substance is dissolved in a 

completely transparent solvent, then the absorption of the solution is directly proportional 

to its molar concentration. The expression (2.42) changed to equation (2.43a). 

Log Io / I = c l  (2.43a) 

where   is the molar absorptivity (formerly known as the molar extinction coefficient is 

the property of the molecule depending on the size of the absorbing system and the 

probability of the electronic transition and is not a function of the variable parameters 

involved in preparing a solution). The symbol c represents the concentration of the 

analyte in moles per liter. This expression is called Beer-Lambert law. Majority of the 

chemical applications of spectrophotometry are based on this law. In the above 

expression (2.43a) the term log Io / I may be replaced by the symbol A, which is called 

absorbance  

A =  c l  (2.43b) 

Lambert-Beer law forms the basis for quantitative analysis of substance. The only 

criterion for spectrophotometeric analysis of the system is that it should obey Lambert-

Beer law in the range where this law is valid. 

 According to the above law the absorbance (A) of a solution at a specific 

wavelength remains constants as long as the product of the concentration and the path 

length is constant and also for a particular substance  is constant. But this is not always 

true sometimes apparently the molar extinction coefficient varies with the concentration 

of the solute. This may be due to one of the following reasons i.e., molecular association 

of the solute at high concentration, ionization of the solute in the case of acids, bases and 

salts, poor transmission of the solvent or fluorescence of the solute etc. Molar 

absoptivities may be very large for strongly absorbing compounds ( >10,000) and very 

small if absorption is weak ( = 10 to 100). 

 It is accepted in absorption spectrophotometry that Lambert-Beer law cannot be 

assumed to hold good for any system without confirmation when a spectrophotometric 

method is being developed for quantitative determination of the components of the 

system, the visible region is considered to be the most suitable for analysis. 

Spectrophotometric technique is simple, specific, rapid and useful in determining very 

low concentration of various components present in a given system [29]. 
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2.3.3 Electronic transitions involving π, σ and n electrons 

The absorption of UV or visible radiation corresponds to the excitation of outer 

electrons. The electronic transitions usually involve π, σ and n electrons. Sometimes d 

and f electrons are also involved in electronic transitions but are not discussed here. 

When an atom or molecule absorbs energy, electrons are promoted from their ground 

state to an excited state. In a molecule, the atoms can rotate and vibrate with respect to 

each other. These vibrations and rotations also have discrete energy levels, which can be 

considered as being packed on top of each electronic energy level. The position of the 

absorption band depends on the difference between the energy levels of the ground and 

excited states [30]. 

 Electrons forming sigma (σ) (single bond) are called σ-electrons. The 

Characteristic functions and charge densities of these electrons are rationally symmetrical 

with respect to the bond axis. The electrons responsible for double bond are called π-

electrons, the characteristic function and charge densities of which have an oscillation 

nodal plane through bond axis. In some cases there are unshared electrons or non-bonded 

electrons in molecules that have atoms like nitrogen, oxygen etc. These electrons are 

usually called n-electrons. 

 The interaction between σ and π electrons may be ignored, but between n and π 

electron is considered. Non bonded electrons are bound less strongly than the bonded 

electrons. In the bonding electrons, σ-electrons are more strongly bounded than the π-

electrons while in the antibonding levels the σ* level has higher energy than the π* level. 

Diagrammatic representation of electronic transition is given in Figure (2.11). 

 

Figure 2.11. Possible electronic transitions of π, σ and n electrons. 
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The different possible transitions involving n, π and σ electrons are discussed         

below [29]: 

2.3.3 (a) Transition from bonding to anti-bonding orbital (N→V) 

The absorption may result from these transitions. These may be symbolized as 

N→V transitions which are from the bonding orbital in the ground state of the molecule 

to a higher energy orbital (antibonding orbital). These include 

   σ → σ*            π → π* 

For a transition between σ orbital as in case of paraffin, the N→V transition may 

be written as a σ → σ* transition. For transitions between π orbital as in the cases of 

olefins, the N→V transitions are called π → π* transitions. The σ → σ* transitions are 

observed only in the far ultraviolet region. Most of the π → π* transitions are observed in 

the near ultraviolet and visible region. The π → π* bands are displaced to longer 

wavelength by suitable substitution on the molecule. These transitions normally give 

molar absorbtivities between 1000–10,000 Lmol-1cm-1.  

 Not all of the transitions that are at first sight appear possible are observed. 

Certain restrictions, called selection rules, must be considered. One important selection 

rule states that transitions that involve a change in the spin quantum number of an 

electron are not allowed to take place. Other selection rules deal with the number of 

electrons that may be excited at one time, with symmetry properties of the molecules and 

of the electronic states. Transitions that are normally forbidden by the selection rules are 

often not observed. However, theoretical treatments are rather approximate, and in certain 

cases forbidden transitions are observed, although the intensity of the absorption tends to 

be much lower than for transitions that are allowed by the selection rules.   

2.3.3 (b) Transition from non-bonding to anti-bonding orbital (N→Q) 

The second type of transition which can be denoted as N→Q results from the 

excitation of non-bonding orbital localized on an atom to an antibonding orbital. The 

N→Q transitions are usually weaker than N→V transitions. These include 

   n → σ*            n → π* 

For transitions to σ-orbitals, the N→Q transitions are called n → σ* transitions and for 

transitions to π-orbitals, they are called n → π*. The n → σ* transitions are usually found 

in the far or near ultraviolet region, but the n → π* transitions are always found at fairly 

long wavelengths in the near ultraviolet or the visible regions. The n → σ* transitions are 



 

 48

found in the case of saturated molecules which contain singly bonded basic groups with 

atom having unshared pairs of electrons. The n → π* transitions are found in the 

molecules when a hetero atom with unshared electrons is multiply bonded to another 

atom e.g. C=O, C=S, N=N etc. 

2.3.3 (c) Transition from ground energy level to higher energy level to form an ion 

(N→R) 

The third type of transition which can be denoted as N→R occurs from an orbital 

in the ground state to one of the high enough energy state for the molecule ion core to 

resemble an atomic ion. Such a transition is seen as a progression of bands, which 

terminates in ionization. The N→R transitions are found in the far end of the vacuum 

ultraviolet region. Vacuum UV region is of high energy, capable of bringing out 

dissociation of permanent gases and its wavelength range is 100-200 nm. Absorption 

among organic substances is related to a deficiency of electrons in the molecule. 

Completely saturated systems show no absorption through the ultraviolet and visible 

regions.  

Compounds which contain a double bond absorbs strongly in the far UV region. 

Conjugated double bonds produce absorptions at longer wavelength. The more extensive 

the conjugated system, the longer will be the wavelength at which absorption takes place, 

and thus in these systems wavelength of absorption is observed in the visible region. 

Substitution in organic compound usually results in a change in wavelength and the 

intensity of absorptions bands. Wavelength changes to longer wavelengths are called 

bathochromic shifts and on the other hand the changes to shorter wavelengths are called 

hypsochromic shifts. An increase in the intensity of a band is called hyperchromic effect, 

while a decrease in the intensity is called as hypochromic effect. The solvent in which the 

absorbing species is dissolved also has an effect on the spectrum of the species. 

Absorption peaks resulting from n → π* transitions are shifted to shorter wavelength 

(blue shift) with increasing solvent polarity. This arises from increased solvation of the 

lone pair, which lowers the energy of the n orbital. Often (but not always), the reverse 

(i.e., red shift) is seen for   π → π* transitions. This may be caused by attractive 

polarization forces between the solvent and the absorber, which lowers the energy levels 

of both the excited and unexcited states. This effect is greater for the excited state, and so 

the energy difference between the excited and unexcited states is slightly reduced, 
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resulting in a small red shift. This effect also influences n → π* transitions but is 

overshadowed by the blue shift resulting from the solvation of lone pairs. 

2.3.3 (d) A chromophore producing two peaks 

A chromophore such as the carbon-oxygen double bond in ethanal, for example, 

obviously has pi electrons as a part of the double bond, but also has lone pairs on the 

oxygen atom [30]. It means that both of the important absorptions from the last energy 

diagram are possible. 

 π → π* transition i.e., an electron excited from a pi bonding to a pi anti-bonding 

orbital. 

 n → π* transition i.e., an electron excited from an oxygen lone pair                     

(a non-bonding orbital) into a pi anti-bonding orbital. 

Molar absorbtivities from n → π* transitions are relatively low, and range from 10 to100 

Lmol-1cm-1. π → π* transitions normally give molar absorbtivities between 1000 and 

10,000 Lmol-1cm-1. 

2.3.4 Evaluation of binding constant (K) and molar extinction 

coefficient () using UV-Vis spectroscopy 

When an electron donor (D) interacts with an electron acceptor (A), a complex is 

formed. This interaction may be represented by the following equation: 

 ADAD   (2.44) 

The equilibrium constant for the above equilibrium (corresponding to 1:1 complex AD) is 

given by following formula 

]][[][ DAADK   (2.45) 

[AD], [A] and [D] corresponds to equilibrium concentrations of 1:1 complex (AD), 

acceptor (A) and donor (D) respectively. 

Solution containing D and A species shows absorption in the ultraviolet regions 

corresponding to D and A. In addition, one or new bands may also appear which may 

corresponds to intermolecular charge-transfer transitions of the complex formed. 

Spectroscopic method may be used to study association equilibrium in the following way. 

The intensity of the CT band is a measure of the concentration of complex in a 

given solution. Spectroscopic measurements are generally made in those regions where 

the complex usually absorbs. 
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For an ideal system in which 1:1 complex is formed, 

  ][][][][

][

oo ADAADD

AD
K AD 

  (2.46) 

In this equation the symbols ([D]o and [A]o) correspond to initial concentrations of donor 

and acceptor respectively. ([D]o - [AD]) is molar concentration of free donor whereas 

([A]o - [AD]) represents molar concentration of free acceptor. If donor concentration is 

large as compared to acceptor concentration i.e. [D]o [A]o implying that [D]o  [AD] 

then ([D]o - [AD]) is replaced with [D]o and the equation (2.46) can be written as: 

])[]([][
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AD
K AD 

  (2.47) 

According to Lambert-Beer law, the absorbance of the complex is represented by 

equation (2.43a). 

lADI
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  (2.48) 
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Now substituting the values of [AD] in equation, (2.47) 
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  (2.50) 

By rearranging the equation (2.50) 
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   (2.51) 

If l =1 cm then equation (2.51) can be written as follows; 

ADAD
AD DKA
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o   (2.52) 

This equation (2.52) is known as Benesi-Hildebrand equation [31]. The value of 

AD
 is calculated from the intercept of [A]o/A vs. the reciprocal [D]o plot. The advantage 

is that both AD
 and ADK  can be obtained from the ratio of intercept and slope of the 

straight line. As an alternative of the Benesi-Hildebrand equation, Scott [32] suggested a 

rearrangement of equation (2.52). 

AD
AD
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D
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AD

 
1][][][ ooo   (2.53) 
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A plot of AAD oo ][][  against [D]o should be linear with a slope of AD
1 and an 

intercept AD
ADK 1 . This equation has been used by Popove and Deskin for the study of 

iodine-halides and acetonitrile [33].  

Further rearrangement of equation (2.53) gave 

AD
ADAD AKAK

D

A
o

o

][
][

  (2.54) 

This equation has been used by Foster, Hammick and Wardely [34]. For a series of a 

solutions containing different concentration of donor but with constant concentration of 

acceptor, and with the condition [D]o > > [A]o, a plot of A /[D] against A expected to give 

a straight line with negative slope from which K may be evaluated directly and   may be 

obtained from the intercept. 

Rose and Drago [35] modified Benesi-Hildebrand equation and modified form is: 
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 (2.55) 

In this equation (2.55) CA is the concentration of the acceptor, CD is the concentration of 

donor, )( *
o

* AA  is the absorbance of the complex at the wavelength of measurement 

and KAD is the equilibrium constant of the complex. The equation (2.55) is applicable 

only when CD >> CA.  

For molecules interacting with DNA the formation constant can be evaluated 

spectrophotometrically according to the following Benesi-Hildebrand equation [36]. 
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 (2.56) 

where A0
* and A* are the absorbance of free drug and complex respectively, G and  H-G 

are the molar extinction coefficients of drug and complex respectively.  
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Chapter–3 

STRUCTURE, FUNCTION, MUTATION AND 

ELECTROACTIVITY OF DNA 

Two kinds of nucleic acids; ribonucleic acid (RNA) and deoxyribonucleic acid (DNA)  

are found in the cells, each having its own role in the transmission of heredity 

information. As the interaction of potential anticancer drugs with DNA has been 

investigated in this work and most cancers are reported to initiate by a change in the cell's 

DNA sequence [1], so the current chapter has been devoted to the structure, function, 

mutation and electroactivity of DNA. 

3.1  STRUCTURE OF DNA  

DNA is a linear polymer, found in the chromosomes of the nucleus. Its monomers 

are called nucleotides. Nucleotides themselves are composed of a sugar, a phosphate, and 

a base. A sugar and a base form a nucleoside while a nucleotide is a phosphroylated 

nucleoside. The bases found in DNA are shown in Figure 3.1. All of them are basic 

because they are heterocyclic amines. Two of these bases; adenine (A) and guanine (G) 

are purines, and the other two cytosine (C) and thymine (T) are pyrimidines.  

DNA has primary and secondary structures [2]. The primary structure of DNA 

shown schematically in Figure 3.2 can be divided into two parts: (1) The backbone of the 

molecule and (2) the bases that form the side-chain groups. The backbone in DNA is 

composed of alternating deoxyribose and phosphate groups. Each phosphate group is 

linked to the 3′ carbon of one deoxyribose unit and simultaneously to the 5′ carbon of the 

next deoxyribose unit. Similarly each monosaccharide unit forms a phosphate ester at the 

3′ position and another at the 5′ position. The backbone provides structural stability to the 

DNA molecule. The bases that are linked, one to each sugar unit, are the side chains, and 

they carry all the information necessary for protein synthesis. The sugars in nucleic acids 

are linked to one another by phosphodiester bridges. Specifically, the 3 - hydroxyl (3 -

OH) group of the sugar moiety of one nucleotide is esterified to a phosphate group, which 

is, in turn, joined to the 5 -hydroxyl group of the adjacent sugar. 
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Figure 3.1. Pyrimidines and purines. 

 

 

Figure 3.2. Primary structure of the DNA backbone. 
The chain of sugars linked by phosphodiester bridges is referred to as the backbone of the 

nucleic acid. The backbone is constant in DNA and the bases vary from one monomer to 
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the next. Analysis of the base composition of DNA molecules obtained from many 

different species was done by Erwin Chargaff showed that the quantity of adenine is 

always approximately equal to that of thymine and the quantity of guanine is always 

approximately equal to that of cytosine. This important information helped to establish 

the secondary structure of DNA. In 1953 James Watson and Francis Crick established the 

three dimensional secondary structure of DNA (see Figure 3.3). Their model was based 

on two important informations obtained by other researchers: (1) the Chargaff rule that 

(A and T) and (G and C) are present in equimolar quantities and (2) X-ray diffraction 

photographs obtained by Rosalind Franklin and Maurice Wilkins. By the use of these 

facts Watson and Crick concluded that DNA is composed of two strands entwined around 

each other in a double helix as shown in Figure 3.3.    

 

 

Figure 3.3. Secondary structure of the DNA double helix. 
In the DNA double helix, the two polynucleotide chains run in opposite directions. 

The sugar phosphate backbone is on the outside; exposed to the aqueous environment and 

the bases point inward. The bases form specific pairs with one another that are stabilized 
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by hydrogen bonds. The base pairing results in the formation of a double helical structure. 

These base pairs provide a mechanism for copying the genetic information in an existing 

nucleic acid chain to form a new chain. DNA is replicated by the action of DNA 

polymerase enzymes. These exquisitely specific enzymes copy sequences from nucleic 

acid templates with an error rate of less than 1 in 100 million nucleotides. 

 3.1.1 Accurate transmission of hereditary information  

 The double helix facilitates the accurate transmission of hereditary information. 

The covalent structure of nucleic acids accounts for their ability to carry information in 

the form of a sequence of bases along a nucleic acid chain. Other features of nucleic acid 

structure facilitate the process of replication that is, the generation of two copies of a 

nucleic acid from one. These features depend on the ability of the bases found in nucleic 

acids to form specific base pairs in such a way that a helical structure consisting of two 

strands is formed. The double helical structure of DNA facilitates the replication of the 

genetic material [3,4]. The double-helical model of DNA and the presence of specific 

base pairs immediately suggest how the genetic material might replicate. The sequence of 

bases of one strand of the double helix precisely determines the sequence of the other 

strand; a guanine base on one strand is always paired with a cytosine base on the other 

strand, and so on. Thus, separation of a double helix into its two component chains would 

yield two single-stranded templates onto which new double helices could be constructed, 

each of which would have the same sequence of bases as the parent double helix. 

Consequently, as DNA is replicated, one of the chains of each daughter DNA molecule 

would be newly synthesized, whereas the other would be passed unchanged from the 

parent DNA molecule. This distribution of parental atoms is achieved by semi 

conservative replication. 

3.1.2 Stabilization of the double helix  

 The double helix is stabilized by hydrogen bonds and hydrophobic interactions. 

The existence of specific base-pairing interactions was discovered in the course of studies 

directed at determining the three-dimensional structure of DNA. Maurice Wilkins and 

Rosalind Franklin obtained x-ray diffraction photographs of fibers of DNA. The 

characteristics of these diffraction patterns indicated that DNA was formed of two chains 

that wound in a regular helical structure. From these and other data, James Watson and 

Francis Crick inferred a structural model for DNA (see Figure 3.4) that accounted for the 
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diffraction pattern and was also the source of some remarkable insights into the 

functional properties of nucleic acids. 

 

                       
Figure 3.4. Watson - Crick Model of double-helical DNA. One polynucleotide chain 

is shown in blue and the other in red. The purine and pyrimidine bases are shown in 

lighter colors than the sugar-phosphate backbone. (A) Axial view. The structure 

repeats along the helical axis (vertical) at intervals of 34 Å, which corresponds to 10 

nucleotides on each chain. (B) Radial view, looking down the helix axis. 

The features of the Watson-Crick model of DNA deduced from the diffraction patterns 

are 

(1) Two helical polynucleotide chains are coiled around a common axis. The chains run 

in opposite directions. 

(2) The sugar-phosphate backbones are on the outside and, therefore, the purine and 

pyrimidine bases lie on the inside of the helix. 

(3) The bases are nearly perpendicular to the helix axis and adjacent bases are separated 

by 3.4Å. The helical structure repeats every 34 Å, so there are 10 bases (= 34 Å per 

repeat/3.4 Å per base) per turn of helix. There is a rotation of 36 degrees per base (360 

degrees per full turn/10 bases per turn). 
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(4) The diameter of the helix is 20 Å. How is such a regular structure able to 

accommodate an arbitrary sequence of bases, given the different sizes and shapes of the 

purines and pyrimidines? In attempting to answer this question, guanine can be paired 

with cytosine and adenine with thymine as shown in Figure 3.5. These base pairs are held 

together by specific hydrogen bonds. This base-pairing scheme was supported by earlier 

studies of the base composition of DNA from different species. In 1950, Erwin Chargaff 

reported that the ratios of adenine to thymine and of guanine to cytosine were nearly the 

same in all species studied [2,3].  

 

Figure 3.5. Structures of the base pairs proposed by Watson and Crick. 

 

The DNA diffraction pattern revealed the spacing of approximately 3.4 Å 

between nearly parallel base pairs. The stacking of bases one on top of another 

contributes to the stability of the double helix in two ways. First, adjacent base pairs 

attract one another through van der Waals forces. Energies associated with van der Waals 

interactions are quite small, such that typical interactions contribute from 0.5 to 1.0 kcal 

mol-1 per atom pair. In the double helix, however, a large number of atoms are in van der 

Waals contact, and the net effect, summed over these atom pairs, is substantial. In 

addition, the double helix is stabilized by the hydrophobic effect: base stacking, or 

hydrophobic interactions between the bases, results in the exposure of the more polar 

surfaces to the surrounding water. This arrangement is reminiscent of protein folding, 

where hydrophobic amino acids are interior in the protein and hydrophilic are exterior. 

Base stacking in DNA is also favoured by the conformations of the relatively rigid five- 
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member rings of the backbone sugars. The sugar rigidity affects both the single-stranded 

and the double-helical forms. 

3.1.3 Grooves of DNA 

The double helix is a right-handed spiral. As the DNA strands wind around each 

other, they leave gaps called grooves, between each set of phosphate backbones, 

revealing the sides of the bases inside. There are two types of grooves (Figure 3.3) 

twisting around the surface of the double helix: the major groove (22 Å wide) and the 

minor groove (12 Å wide). The major and minor grooves lie 180o opposite to each other. 

The major and minor grooves differ not only in size, but also in polarity and chemistry. 

The chemistry of the grooves is specific to the base pairs which can lead to sequence 

specific binding of drug or drug-like molecule in the grooves. Certain proteins bind to 

DNA to alter its structure or to regulate transcription (copying DNA to RNA) or 

replication (copying DNA to DNA). It is easier for the DNA binding proteins to interact 

with the bases on the major groove side [5]. 

3.2  FUNCTION OF DNA  

The DNA in the chromosomes serves two central roles: (1) maintaining genetic 

information and replication (self reproduction) for passing this information to each new 

cell, and (2) protein synthesis. 

3.2.1 DNA Replication 

Before a cell can divide it must duplicate its entire DNA. In eukaryotes this 

occurs during S-phase of the cell cycle. The steps involved are: 

 A portion of double helix is unwound by an enzyme helicase. 

 A molecule of DNA polymerase binds to the one strand of DNA and begins 

moving along it in the 3′ to 5′ (phosphate groups are attached to sugar at 3′ and 5′ 

positions) direction, using it as a template for the assembly of leading strand of 

nucleotide and reforming a double helix. 

Because DNA synthesis can only occur in 5′ to 3′, a molecule of a second type of 

DNA polymerase binds to the other template strand as double helix opens. This molecule 

must synthesize discontinuous segments of polynucleotide (called Okazaki fragment). 

Another enzyme, DNA ligase then stitches these together into lagging strand [6,7]. 
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 When replication process is completed, two DNA molecules, identical to each 

other and identical to the original are produced. Each strand of original molecule remains 

intact as it serves as template for the synthesis of complementary strand. This mode of 

replication is known as semi conservative i.e. one half of each new molecule is old while 

one half is new. 

The summary of DNA replication as suggested by Watson and Crick is shown in Figure  

3.6. 

 
Figure 3.6. A summary of DNA replication. 

 

3.2.2  Protein synthesis  

The information stored in DNA can be expressed in the proper combination of 

amino acids representing a particular protein. The way this works is so well established 

that it has become known as the central dogma of molecular biology. The dogma states 
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that the DNA contains code which is translated into RNA that is then transcribed into 

proteins (Figure 3.7). Each gene is a section of the DNA molecule that contains a specific 

sequence of the four bases A, G, C and T, typically containing about 1000 to 2000 

nucleotides.  

 

Figure 3.7. The “central dogma of molecular biology” depicting the key cellular 

processes of DNA replication and translation. 

 

3.3  MUTATION  

A change in the copying of a sequence of bases is called mutation. Many physical 

and chemical factors induce damages in DNA that introduce deviations from its normal 

double-helical conformation. These changes include structural distortions which interfere 

with replication and transcription, as well as point mutations which disrupt base pairs and 
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exert damaging effects on future generations through changes in DNA base sequence [8]. 

If the damage is minor, it can often be repaired. If the damage is extensive, it can induce 

mutations resulting in many disorders and diseases. Over 74,000 damage incidences 

occur in DNA per cell per day, mostly by oxidation, hydrolysis, alkylation, radiation or 

toxication that can either directly damage one of the 3 billion bases contained in DNA or 

create breaks in the phosphodiester backbone that the bases sit on. The result can be 

mutations in genes which are transferred to the gene product (protein). If these mutations 

are in genes that normally control cell proliferation or suppress tumor growth, the cells 

may start to grow uncontrollably. Cells have therefore developed mechanisms to repair 

DNA damage but when they stop working efficiently, the number of mutations in 

genome increases and cancer can develop. 

Anti-cancer therapies often target the DNA to inhibit the rapid replication of 

cancerous cells. Many diseases such as diabetes, hemophilia, etc. may be traced to over 

or under production of proteins or mutated proteins. DNA is the genetic material that 

codes for proteins, therefore drug interactions with DNA which can affect the replication 

processes, are potential treatments for these types of diseases. The mode of action of 

some drugs for the treatment of cancer, genetic disorders, and viral diseases is thought to 

be based on their binding to DNA and the resultant modification of DNA activity [9]. The 

activity of the drug is often linked to the binding geometry. Thus, the potential activity of 

a drug could be assessed by detecting the DNA binding locations and fitness of the drug 

candidate. The mode of action of some drugs for the treatment of cancer thus should be 

thoroughly investigated for their binding to DNA and modification of DNA activity [10].  

There are three general types of compounds that interact with DNA: 

● Intercalators   

●  Groove binders    

●  Alkylating agents 

3.3.1 Intercalators 

Intercalation is the reversible inclusion of a molecule (or group) between two 

other molecules (or groups). Molecules can squeeze between the stacked base pairs of 

double helix through intercalation. Intercalation describes the formation of ‘molecular 

sandwich’ between an incoming planar or flat molecule and two layers of the stacked 

hydrogen-bonded base pairs. Additional interactions may further stabilize the complex 
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but in many cases no covalent bond is formed. The result of intercalation is that the DNA 

double helix becomes geometrically distorted and the translation of genetic code may be 

unable to properly function. Thus intercalation represents a non-covalent interaction 

between a drug and DNA in which the drug is held perpendicular to the axis. 

 Intercalation occurs when ligands of an appropriate size and chemical nature, fit 

themselves in between base pairs of DNA. These ligands are mostly polycyclic, aromatic 

and planar that binds by insertion of aromatic ring system between DNA-base pairs. 

Some non planar molecules have also been reported to intercalate (partially) due to 

conformational changes. They may have non-polar substitutes, be either cationic or 

neutral, which protrude into a groove region [11]. Examples of intercalators include 

flavone, flavonoids, lumazine, ethidium, daunomycin, echinomycin, actinomycin, etc. In 

order for an intercalator to fit between base pairs, the DNA must dynamically open a 

space between its base pairs by unwinding. The degree of unwinding varies depending 

upon the intercalator [12]. 

Generation of the intercalated complex causes the extension of DNA, local 

unwinding of the base pairs and other possible distortions in the DNA backbone. There 

are several categories of intercalating agents including mono-intercalators [13] and bis-

intercalators [14]. Intercalation does not disrupt normal DNA H-bonding, but it can 

destroy the regular helical structure, unwinding the DNA at binding site and importantly 

interferes with DNA binding enzymes (polymerases, topoisomerases etc) [15]. 

Intercalating is not a stand alone phenomenon in drug action. It is normally the 

first step in several stages that leads to DNA damage. The steps can be intercalation, 

interaction with DNA base pairs, interaction with proteins, and the non-productive 

protein-DNA interaction. All these steps disrupt DNA structure, which prevents cell 

proliferation. 

3.3.2 Groove binders 

The major and minor grooves of DNA differ in the electrostatic potential, 

hydrogen bonding, steric factor and hydration. Many proteins exhibit highly specific 

binding to major groove DNA and small molecules prefer the minor grooves. 

 Minor groove binding molecules mostly have aromatic ring connected by bonds 

with torsional freedom i.e., the molecule that can twist into a shape that complements 

binding to the minor groove (with displacement of water). Minor groove binding drugs 
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are typically thin and crescent shaped to sterically fit into the narrow minor groove. 

Examples of minor groove binding ligands include distamycin, and chromomycin. They 

do not change the gross structure of DNA; however, X-ray crystallography has shown 

that netropsin caused small distortions in widening the groove and causing a slight bend 

in the double helix. Studies have also detected that monovalent cations bind in the minor 

groove and produce bending [16]. Because groove binding agents can span many nucleic 

base pairs, they can have highly sequence-specific recognition. 

There are fewer major groove binding drugs, although this is a very common 

binding mode for proteins to regulate gene expression. Examples of major groove 

binding drugs include cisplatin, alkylators, and mustards [17]. 

3.3.3  Alkylating agents 

 A process, in which one or more alkyl groups are added to or substituted for 

hydrogen atom in a compound, is termed as alkylation. Alkylation represents mostly an 

irreversible binding to DNA. It means the transfer of an alkyl group and reaction must 

take place at physiologic pH (approx. 7.4) in a cell.  

3.4  ELECTROACTIVITY OF NUCLEIC ACIDS 

 The electrochemistry of nucleic acids is booming in the present era due to the 

expectations of the development of electrochemical transducer-based devices for 

detection of nucleotide sequences and DNA damage. It is well established that the 

oxidation of DNA is an important source of genomic instability since there is evidence 

that the oxidation products of DNA bases play important roles in mutagenesis, 

carcinogenesis, aging, and age-related diseases [18-20]. Hence, great interest exists in the 

sensitive determination and full characterization of the mechanisms involved in oxidative 

damage of all DNA bases. Chemical modification of each of the DNA bases causes 

molecular disturbance to the genetic machinery that leads to cell malfunction and death. 

For instance, oxidative DNA damage by free radicals and exposure to ionizing radiation 

generates several products within the double helix such as 8-oxoguanine, 2,8-oxoadenine,  

5-hydroxicytosine, etc., which are mutagenic [18]. Electrochemical methods are very 

promising for the study of DNA oxidative damage and in the investigation of the 

mechanisms of interaction of drugs with DNA [21–23]. In particular, electrochemical 

DNA biosensors have proved to be excellent tools for investigating the effects of various 

endogenous and exogenous sources of hazard on the genomic material,                 
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allowing quick and low-cost determination of DNA damage. Most electrochemical DNA 

biosensors are based on the determination of purine oxidation peaks, principally the 

guanine peak, to monitor the degree of oxidative damage caused to DNA [21-24]. This is 

due to the fact that guanine has the lowest oxidation potential of all DNA bases [22,23] 

and that its principal oxidation product, 8-oxo-7,8-dihydroguanine (8-oxoGua),1 is 

considered a useful biomarker of DNA damage by oxidative stress [18-20] and can be 

easily quantified by voltammetry [25,26]. 

3.4.1 Voltammetry of DNA in solution 

Electrochemical oxidation of DNA at a glassy carbon electrode using differential 

pulse voltammetry shows two current peaks due to the oxidation of guanine and adenine 

residues [27], Figure 3.8. 
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Figure 3.8. Differential pulse voltammogram (1st scan) of 60 μg ml-1 dsDNA in a 

solution of pH 4.5 0.1 M acetate buffer. Pulse amplitude 50 mV; pulse width 70 ms; 

scan rate 5 mVs-1. (My own work) 

 

3.4.2 Voltammetry of DNA biosensor 

An electrochemical dsDNA biosensor is used to evaluate the possible interaction 

between drug and DNA. The dsDNA biosensor consists of an electrode with DNA 

immobilized on the surface. The double stranded DNA structure makes access of the 

bases to the electrode surface difficult, hindering their oxidation. The interactions of the 

surface-immobilized dsDNA with the damaging agent cause the double helix to unwind, 
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so that closer access of the bases to the surface is possible, leading to voltammetric 

signals. 

The thin-layer dsDNA biosensor prepared by electrostatic immobilization of 

dsDNA at a GCE surface was characterized by DP voltammetry. A DP voltammogram 

obtained with the dsDNA biosensor in pH 4.5 0.1M acetate buffer, showed two oxidation 

peaks due to the oxidation of desoxyguanosine (dGuo) at Epa = +1.03V, and 

desoxyadenosine (dAdo) at Epa = +1.28V, Figure 3.9. 
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Figure 3.9. DP voltammogram obtained in pH 4.5 0.1 M acetate buffer with dsDNA 

biosensor. Pulse amplitude 50mV, pulse width 70 ms and scan rate ν = 5 mVs−1.  

(My own work) 

 

 3.4.3 Voltammetry of DNA Bases 

Mechanistic studies on the electrochemical behaviour of purine and pyrimidine 

derivatives have been performed during the past four decades. Electrochemical oxidation 

on carbon electrodes [28-32] showed that all bases - guanine, adenine, thymine and 

cytosine - could be oxidized following a pH dependent mechanism. For the first time 

equimolar mixtures of all DNA bases, nucleosides, and nucleotides were quantified by 

differential pulse voltammetry, Figure. 3.10.  

Electrochemical preconditioning of the glassy carbon electrode (GCE) enabled 

the achievement of a better peak separation and an enhancement of the oxidation peak 

currents for all four DNA bases in pH 7.4 phosphate buffer supporting electrolyte, close 

to physiological pH. Detection limits in the nano and micromolar ranges were obtained 
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for purine and pyrimidine bases, respectively, together in solution. The results also 

showed that the pyrimidine nucleosides and nucleotides are electroactive on glassy 

carbon electrodes. 

 

Figure 3.10. Baseline-corrected differential pulse voltammograms obtained for a 20 

μM equimolar mixture of guanine (G), adenine (A), thymine (T), and cytosine (C), 

20 μM guanosine 5- monophosphate (GMP), 20 μM adenosine 5-monophosphate 

(AMP), 500 μM thymidine 5- monophosphate (TMP), and 500 μM cytidine 5-

monophosphate (CMP) in pH 7.4, 0.1 M phosphate buffer supporting electrolyte. 

Pulse amplitude 50 mV; pulse width 70 ms; scan rate 5 mVs-1. 

(Brett, A.M.O.; Diculescu, V.C; Piedade, J.A.P. Bioelectrochem. 2002, 55, 61.) 

 

Voltammetry of equimolar mixture of all the DNA bases showed that purine bases are 

easily oxidizable than pyrimidine bases and oxidation peaks of the same height can be 

obtained in solutions containing pyrimidine bases with a concentration 10 times higher 

than the purine bases. The peak at 0.70 V is attributed to G oxidation, the easiest 

oxidizable of all DNA bases [21,22]. The following peaks are due to the oxidation of A at 

0.96 V [30,32], T at 1.16 V, and C at 1.31 V [34]. The electroactivity of pyrimidine 

derivative compounds at solid electrodes has been shown [34]. This led to the possibility 

of detecting voltammetrically the oxidation of all DNA bases at glassy carbon electrodes 

(GCEs) and confirmed that guanine and adenine are more easily detected than thymine 
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and cytosine. The differential pulse voltammogram obtained for a mixture of 20 μM 

guanosine 5- monophosphate (GMP), 20 μM adenosine 5-monophosphate (AMP), 500 

μM thymidine 5- monophosphate (TMP), and 500 μM cytidine 5-monophosphate (CMP)  

in pH 7.4, 0.1M phosphate buffer supporting electrolyte solution using GCE shows four 

oxidation peaks of about the same height magnitude (Figure 3.10). 

Adenine oxidation is irreversible, and occurs in one step even at high scan rate 

(Figure 3.11 (B)). The peak, at + 1.05 V, corresponds to adenine oxidation. Its peak 

potential is not affected with the change in scan rate (Figure 3.11 (A)).  
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Figure 3.11. (A) Base line subtracted CVs of 100 M adenine in pH 7.0 0.1 M 

phosphate buffer: 1st scan at different scan rates: 100-500 mV s-1.  (B) Square wave 

voltammograms of 10 M adenine in pH 7.0 0.1 M phosphate buffer:  1st  scan 

showing It – total current, If – forward current, Ib – backward current; f = 100 Hz, 

Es = 2 mV, eff = 200 mV s-1, pulse amplitude 50 mV. (My own work) 
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The electroactive adenine oxidation products 2,8-oxoadenine and 2-oxoadenine 

formed on the electrode surface are detected after 20 scans [32]. Adenine adsorbs very 

strongly on the electrode surface, compared to the oxidation products, and the oxidation 

peak is observed after transferring the electrode to the supporting electrolyte. 

Guanine oxidation at +0.7 V vs. Ag/AgCl, is a two-electron/two-proton 

irreversible process [25] that occurs in one step as depicted in Figure 3.12 (B). Guanine is 

oxidized to 8-oxoguanine (8-oxoG) and the peak at +0.35 V corresponding to the 

reversible two-electron/two-proton oxidation of 8-oxoG, formed on the electrode surface, 

is clearly observed after five scans as shown in Figure 3.12 (A). 
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Figure 3.12. (A) CVs (scan 1 and 5) obtained with a GCE at 200 mV s-1 of 100 M 

guanine in pH 7.0 0.1 M phosphate buffer. (B) Square wave voltammograms of 10 

M guanine in pH 7.0 0.1 M phosphate buffer. (My own work) 

 

3.4.4  Peak potential vs. pH of DNA bases 

The pH dependence of the differential pulse peak potential (Ep) and current (Ip) 

obtained for the 20 M equimolar mixture of guanine, adenine, thymine, and cytosine 

was studied in the pH range between 3 and 12. To avoid interference of the supporting 

electrolyte composition on the voltammetric results, as will be considered below, 

phosphate salts supporting electrolyte solutions of ionic strength equal to 0.1 M were 

used over all the pH range studied. 

A linear dependence over the whole pH range studied for guanine and adenine 

was found as shown in Figure 3.13 and 3.14, with slopes of the Ep vs. pH plots         

being equal to -60 and -58 mV respectively (Ep/mV = 1.090 – 0.060 pH and                        
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Ep/mV = 1.375–0.058 pH). Thus, the numbers of protons and electrons involved in the 

oxidation of both purines were equal over the entire pH range [35]. The oxidation peak 

current (Ip) of all bases changes with pH. It was found that the peak currents of guanine 

and adenine decreased almost linearly with increasing pH. 
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Figure 3.13.  (A) 3D plot of the first DP voltammograms of 10 M guanine vs. pH. 

(B) Plot Ep vs. pH of 10 M guanine. (My own work) 
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Figure 3.14  (A) 3D plot of the first DP voltammograms of 10 M adenine vs. pH. 

(B) Plot Ep vs. pH of 10 M adenine. (My own work) 
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3.4.5  Voltammetry of DNA nucleotides 

In the structure of DNA each base is linked to a pentose–phosphate unit in the 

helix skeleton. Hence, the electrochemical oxidation of each deoxyribose-5-

monophosphate was studied and compared with that of the corresponding free DNA base. 

 In Figure 3.10 are presented the differential pulse voltammograms obtained in 0.1 

M phosphate buffer (pH 7.4), in solutions of a DNA nucleotide. It was possible to detect 

the oxidation peaks of GMP at 0.89 V [30] and AMP at 1.19 V [36]. The oxidation peaks 

of TMP at 1.41 V and CMP at +1.46 V were detected. In Figure 3.11 is also shown the 

voltammogram obtained for the 20 M equimolar mixtures of all DNA bases for a clear 

identification of the oxidation peak potential differences found between the bases and 

each respective 5-monophosphate nucleotide. The oxidation of each corresponding 

nucleoside was observed to occur at the same potential of the corresponding                   

5-monophosphate nucleotide. As the 2-deoxyribose and the orthophosphate are not 

electroactive in the potential window used [21] and since the phosphate group appeared 

to have no influence in the oxidation peak potential, the observed shift in the oxidation 

peak of nucleosides and nucleotides relative to the corresponding base can be attributed 

to the inductive effect caused by the glycosidic bound on the p-system of purine and 

pyrimidine rings, making it more difficult to remove electrons from the bases [37]. 

3.4.6 Effect of sugar moiety on adenine and guanine bases 

In Figure 3.15, relative to the free adenine and guanine bases, the oxidation peaks 

of adenosine AS and guanosine GS, shifted to more positive potentials indicating 

increased difficulty of sugar linked bases as compared to free bases. The reason could be 

the inductive effect caused by the glycosidic bound on the p-system of purine rings, 

making it more difficult to remove electrons from the bases. 

In addition to the observed shift in the peak potential, the presence of the pentose 

group causes a significant decrease in the oxidation peak current relative to the base. This 

diminution of the peak current can be explained by the lower diffusion coefficients of the 

AS and GS compared to those of the free bases and by the greater solvation energy 

caused by the sugar group [37]. Moreover, the lower peak current obtained with AS and 

GS compared to free bases can be attributed to the steric effect caused by the pentose 

sugar. 
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(A)                                                                     (B) 

Figure 3.15. Differential pulse voltammograms (1st scan) obtained with GCE in a 

solution of pH 4.5 0.1 M acetate buffer of (A) 10 M, adenine and adenosine, (B) 10 

M guanine and guanosine. Pulse amplitude 50 mV; pulse width 70 ms; scan rate 5 

mVs-1. (My own work) 

 

The electrochemical mechanisms of guanine and adenine oxidation in solution 

have been thoroughly investigated, however, there have been few mechanistic studies of 

their oxidation at electrodes.  The purine bases, adenine and guanine, are involved in 

cellular energy transduction and signalling mediated by enzymatic oxidation reactions. 

Electrochemical processes involved in purine DNA base oxidation are similar to those 

involving enzymatic oxidation reactions and are of crucial importance to improve the 

interpretation of DNA drug/metal interactions that lead to oxidative damage of the 

heredity biomolecule [22,25,38,39]. 
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Chapter4 

EXPERIMENTAL 

Cyclic, square wave and differential pulse voltammetric experiments were carried out to 

perform the present research work to elucidate the electrode reaction mechanism and to 

study the DNA binding behavior of some potential anticancer electroactive compounds. 

UV-Vis spectroscopic technique was also used for the determination of DNA 

concentration, binding constant and binding site size. In this section a brief description of 

instruments, chemicals and procedures used is presented.  

4.1 INSTRUMENTATION 

The detail of the instruments used for the extraction of DNA, electrochemical and 

spectroscopic measurements is given below:  

4.1.1 Instruments used for electrochemical measurements 

4.1.1 (a)  Autolab PGSTAT 12 Potentiostat/Galvanostat 

Most of the voltammetric measurements were carried out using Eco Chemie 

Autolab PGSTAT 12 running with the electrochemical software package GPES 4.9 

(Utrecht, The Netherlands). 

4.1.1 (b)  Cell assembly 

Cell assembly consists of two parts: 

(i) Electrochemical cell         

(ii)  Electrodes 

(i)  Electrochemical cell  

Electrochemical cell is a double walled cylindrical cell with cell top (Model K64 

PARC), self mounting plastic cap with easily interchangeable bottom. Top to the cell cap 

there are five 14/20 standard taper ports into which electrodes (working electrode, 

counter electrode and reference electrode) and nitrogen and/Argon gas inlet etc. are 

embedded. The cell also contains a side opening through which it is connected to 

thermostat LAUDA Model K-4R for the maintenance of temperature during the 

measurement. For the establishment of electrode reaction mechanism an electrochemical 

cell of 2 ml was used. 
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(ii)  Electrode system 

For voltammetric studies a three-electrode system was used consisting of  

■ Working electrode       ■ Reference electrode        ■ Counter electrode 

Working electrode 

Two glassy carbon electrodes having geometric areas of 0.071 cm2 and 0.012 cm2 

were used as working electrodes. 

Reference electrode 

Standard calomel electrode (SCE), (fisher scientific company cat # 1363951) was 

used as a reference electrode. In the calomel electrode a paste of mercury and calomel 

(Hg2Cl2) is covered with a pool of mercury and filled with saturated KCl, acting as an 

electrolyte. Such an electrode is represented by Hg/ Hg2Cl2/KCl. 

Counter or auxiliary electrode 

Platinum electrode geometric area much greater than the working electrode sealed 

at one end in a pyrex glass tube and covered with mercury at that end for the external 

connection to copper wire was used as an auxiliary electrode.  

 For the establishment of electrode reaction mechanism, voltammograms were 

recorded at room temperature (25±2ºC) in a three electrode system (Cypress System, Inc., 

USA). The working electrode was a glassy carbon (GC) mini-electrode of 1.5 mm 

diameter; Ag/AgCl (saturated) was used as a reference electrode and platinum wire as a 

counter electrode. The electrodes were used in conjunction with an electrochemical cell 

of 2 ml. 

4.1.2 Instruments used for DNA extraction 

 

4.1.2 (a)  Tabletop centrifuge              

 Tabletop Centrifuge Model PLC 03 [Dial regulate speed control knob from 0 to 

4500 rpm] was used for the extraction of DNA from the chicken blood. 

 

4.1.2 (b)  Balance 

For the measurement of mass, an electrical balance of A and D Company of 

Tokyo Japan was used. 
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4.1.3 Instrument for UV-Vis spectroscopic measurements 

The UV-Visible spectrophotometer (UV-1601 Shimadzu spectrophotometer) with 

measurement wavelength range of 190-1100 nm was used. 

 

4.2      CHEMICALS 

4.2.1 Compounds under investigation 

Ferrocene based compounds were a donation from Prof. Dr. Farzana Latif Ansari 

and Dr. Zareen Akhter. Organotins and sodium salt of 2-methyl-3-(4-nitrophenyl) 

acrylate were gifted by the Chairman of the Chemistry Department, Prof. Dr. Saqib Ali. 

The synthesis of ferrocenes, organotins and sodium salt of 2-methyl-3-(4-nitrophenyl) 

acrylate used in this work is reported in literature [1-7]. Sodium salt of 2-(4- nitrophenyl) 

ethanoate, lumazine and protonated ferrocene were purchased as Fluka products. 

Camptothecin and dimethyl-2-oxoglutarate were used as sigma products. The names, 

structures and symbols of the electroactive compounds used in this work are given below: 

                NO2

CH C COONa

CH3

                                NO2

H2C COONa

 

Sodium salt of 2-methyl-3-(4-nitrophenyl)              Sodium salt of 2-(4- nitrophenyl)                             

acrylate (NPA),       ethanoate (NPE) 

N

N

O

O

O

C2H5

HO            

O
C

C
H2

H2
C

C
C

O
CH3H3C

O

O

O

 

      Camptothecin (CPT),                                      Dimethyl-2-oxoglutarate (MOG),                           
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Fe

NO2

                            

O

Fe

 

4-Nitrophenylferrocene (NFC),          1-Ferrocenyl-3-phenyl-2-propen-1-one (FC),  

O

Fe
NO2

 
1-ferrocenyl-3-(4-nitrophenyl)-2-propen-1-one (FNC) 

 

Chlorodibutylstannyl 4-(4-nitrophenyl)piperazine-1-carbodithioate (1a) 
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Chlorodiethylstannyl 4-(4-nitrophenyl)piperazine-1-carbodithioate (2a) 

 

 

Diphenylstannyl bis[4-(4-nitrophenyl)piperazine-1- carbodithioate] (3a) 

 

                                           

Diphenyltin(IV) [N-(2-oxidobenzylidene)   Diphenyltin(IV) [N-(2-oxidobenzylidene) 

-N-(oxidomethylene)hydrazine] (1b)               -N-(oxidomethylene)hydrazine] (2b) 

 

 

Dibutyltin(IV) [N-(2-oxidobenzylidene)-N-(oxidomethylene)hydrazine] (3b) 
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Tributylstannyl 4-(4-nitrophenyl)piperazine-1-carbodithioate (1c) 

 

Tricyclohexylstannyl 4-(4-nitrophenyl)piperazine-1-carbodithioate (2c) 

 

Triphenylstannyl 4-(4-nitrophenyl)piperazine-1-carbodithioate (3c) 
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Di-n-butyltin(IV) [bis(4-nitrophenyl ethanoate)] (1d) 

 

 

Diethtyltin(IV) [bis(4-nitrophenyl ethanoate)] (2d) 

 

                      

Tri-n-butyltin(IV) [4- nitrophenyl            Trimethyltin(IV) [4-nitrophenyl ethanoate]   
ethanoate)]  

                        (3d)                                                           (4d) 
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4.2.2  Chemicals used for the extraction of DNA  

For the extraction of DNA from blood the following two types of lysis buffers 

were used. 
 ■  Cell lysis buffer              ■    Nuclear lysis buffer  

4.2.2 (a)  Cell lysis buffer 

The cell lysis buffer of pH 7.4 was prepared by mixing: 

 Ammonium chloride (155 mM)( For 1000 mL buffer add 155 ml 1M stock) 

 Potassium bicarbonate 10 mM,(For 1000 mL buffer add 10 ml 1M stock) 

 EDTA 0.1mM, ( For 1000 mL  buffer add 200 µL 0.5 M stock) 

 Sterile distilled water 834.8 mL. 

4.2.2 (b)  Nuclear lysis buffer 

The nuclear lysis buffer was prepared by mixing: 

 Tris-Cl 10mM pH 8.0(,For 1000 ml buffer add 10 ml 1 M stock) 

 NaCl 400 mM, ( For1000 mL buffer add 80 mL 5 M stock) 

 EDTA 2mM, ( For 1000 mL buffer add 4 mL 0.5 M stock) 

 Sterile distilled water 906 mL. 

4.2.3 Chemicals used  as solvents and supporting electrolytes 

The chemicals used in electrochemical and UV-Vis spectroscopic measurements 

were divided in to two categories. 

 ■   Solvents     ■  Supporting electrolytes  

4.2.3 (a)  Solvents 

Electrochemical measurements are commonly carried out in a medium consisting 

of solvent containing supporting electrolyte. Choice of the solvent is important primarily 

from solubility and redox activity point of view of the analyte and secondly from its own 

properties like electrical conductivity, electrochemical activity and chemical reactivity. 

Solvent should be inert to the analyte and its redox products, and should not undergo 

electrochemical reactions over a wide range of potential. In the present work different 

solvents were used to overcome the solubility problem. The detail of the solvents used is 

given below: 

Dimethylsulfoxide (DMSO) with 99.5% purity from Riedal-de-Haën, purified 

water from a Millipore Milli-Q system (conductivity  0.1 S cm-1), DMF (99.9% purity) 
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from Sigma- Aldrich and analytical grade methanol and ethanol from BDH Chemical Ltd. 

Poole, England. 

4.2.3 (b)  Supporting Electrolytes  

In the present research work electrochemical grade tetrabutylammonium 

perchlorate (TBAP) (Fluka, 99% purity), tetrabutylammonium fluoroborate (TBAFB) 

(Fluka, 95% purity) were used as supporting electrolytes. All other supporting electrolyte 

solutions, Table 4.1, were prepared using analytical grade reagents and purified water 

from a Millipore Milli-Q system (conductivity  0.1 S cm-1).  

Table 4.1.  Supporting electrolytes of 0.1 M ionic strength. 

pH Composition 

1.2 HCl + KCl 

2.0 HCl + KCl 

3.4 HAcO + NaAcO 

4.5 HAcO + NaAcO 

5.4 HAcO + NaAcO 

6.1 HAcO + NaAcO 

7.0 NaH2PO4 + Na2HPO4 

8.0 NaH2PO4 + Na2HPO4 

9.4 NaHCO3 + NaOH 

10.2 NaHCO3 + NaOH 

12.0 KCl + NaOH 

12.8 KCl + NaOH 

 

It is assumed that when a concentration gradient exists in a quiescent solution, the 

only way through which reducible/oxidizable ions get to the electrode surface is by 

diffusion. They can also get to the electrode surface by electrical (columbic) attraction or 

repulsion. Depending upon the applied potential, electrode surface may be either 

positively or negatively charged and charged surface may attract or repel charged ions. 

This will cause an increase or decrease in limiting current, called migration current. The 

migration current can be prevented by adding a rather higher concentration, at least 10-

fold greater than the electroactive substance, of an inert “supporting electrolyte” such as 
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KNO3 or others depending upon the system under study. Positive ion of the supporting 

electrolyte reduces only at a very negative potential and will not interfere with the redox 

behavior of the analyte. The high concentration of inert ions essentially eliminates the 

attractive or repulsive forces between the electrode and analyte. The ions of the 

supporting electrolyte are attracted or repelled instead of the analyte [8]. However, inert 

ions are not electrolyzed. Supporting electrolyte may be an inorganic salt, a mineral acid 

or buffer. Buffer systems are used when pH control is essential. 

4.3 PROCEDURES 

4.3.1 DNA extraction  

Two methods are mostly employed for the extraction of genomic DNA  
■   Falcon Method             ■   Phenolic Method 

In the present work Falcon method [9] was used for the extraction of genomic DNA from 

chicken blood. 

Falcon method 

1. 2.5 mL blood in a 15 mL falcon tube was taken. 7.5 mL lysis buffer was added, 

mixed by inversion, and set on ice for 15 min. 

2. Centrifuged at 2000 rpm for 15-minute at room temperature. Discarded the 

supernatant (repeated this step). 

3. Resuspended the pellet in 250 ml nuclear lysis buffer. 

4. Digested over night at 37oC by adding 85µL 20% SDS & 8 µL Proteinase-K. 

5. Added 0.83 mL of saturated solution (5 M) of sodium chloride. Shook vigorously 

for 15 sec, centrifuged at 4000 rpm for 30 min. 

6. To supernatant part, added two volumes of ethanol (99% or 95%) or one volume 

of isopropanol and inverted the tubes several times to precipitate the DNA. 

7. Removed the DNA from tube and placed it in an eppendorf tube. Washed it with 

70% cold ethanol and then removed the ethanol with the help of micropipette. 

8. Left the DNA to dry in an incubator for 45 min at 370C. 

9. Added autoclaved distilled water to dissolve the DNA, and left it overnight. 

Double stranded DNA, purchased from Sigma was also used in some experiments. 
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4.3.2 Voltammetric experiments                         

The glassy carbon working electrode was polished with diamond spray (Kemet 

International Ltd) of decreasing particle size (3, 1 and 0.25 μm) prior to each 

measurement and then washed with deionized water and buffer solution. 

After cleaning the surface of the electrode, a background current response was 

measured in supporting electrolyte. The GC electrode was immersed in 1ml of 0.2 M 

buffer solution at the pH studied in that moment. The state of the surface was monitored 

by running different scans in supporting electrolyte using cyclic, square wave and 

differential pulse voltammetry in the working potential range. 

The surface was thought to be clean when a smooth baseline was obtained. All 

experiments were performed at room temperature (ca.25±2ºC) and in the absence of 

oxygen. For deoxygenation nitrogen/argon gas was passed through the solution for 10-15 

minutes.  

Cyclic voltammograms were registered at scan rates lower than 500 mVs-1. 

Occasionally, cyclic voltammograms at scan rate up to1Vs-1 were recorded. 

The differential pulse voltammetric conditions were pulse amplitude 50 mV, 

pulse width 70 ms and scan rate of 5 mVs-1. 

Square wave voltammetric conditions were: frequencies of 13, 25 and 50 Hz, 

pulse amplitude 50 mV, and potential increment 2 mV (effective scan rates of 25, 50 and 

100 mV-1, respectively). 

4.3.3 UV-Vis spectrophotometric measurements 

Stock solutions of the compounds were prepared in suitable solvents. Working 

solutions were then prepared daily from the fresh stock solutions with the desired buffer. 

The concentration of ds DNA was determined spectrophotometrically at 260 nm using 

molar extinction coefficient ε = 6600 M-1 cm-1 (expressed as molarity of nucleotide 

phosphate groups) [10,11]. The purity of DNA (free from bound protein) was assessed 

from the ratio of absorbance at 260 and 280 nm [12].The A260/A280 ratio was 1.80-1.90, 

showing that the DNA was sufficiently free from protein. 

 At first the spectra of the analytes before the addition of DNA were recorded by 

taking solvent in the reference cell and solution of the analyte in the sample cell. Then the 

spectra were recorded by adding different concentration of DNA in solutions having 
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constant concentration of the compound. The whole experiment was carried out by 

keeping the volume and concentration of the compound constant while varying the 

amount of DNA. 
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Chapter5 

RESULTS AND DISCUSSION 

Cyclic, square wave and differential pulse voltammetric experiments were carried out to 

establish the electrode reaction mechanism of some biologically active compounds. The 

DNA binding behavior of potential anticancer ferrocene derivatives and organometallic 

complexes was studied by cyclic voltammetry and UV-Vis spectroscopy.   

5.1 ELUCIDATION OF ELECTRODE REACTION MECHANISM  

The electrochemical response of four biologically active compounds named as 

Na-salt of 2-methyl-3-(4-nitrophenyl)acrylate, dimethyl-2-oxoglutarate, lumazine and 

camptothecin was studied by cyclic voltammetry (CV), square wave voltammetry (SWV) 

and differential pulse voltammetry (DPV) in order to elucidate their electrode reaction 

mechanism. The effect of scan rate, number of scans and pH of the medium on their 

voltammetric response was monitored. The nature of the electrochemical process was 

judged from the variation in peak position and peak current with the scan rate. The 

adsorption of the redox products was ascertained from the decrease in peak current with 

number of scans. The involvement of protons accompanying the transfer of electrons was 

calculated from the variation of peak potential with pH. DPV measurements allowed the 

determination of the number of electrons and protons involved in a step. The reversibility 

or irreversibility of the redox processes was evaluated from SWV and CV. Furthermore, 

two SWV methodologies for the electroanalytical determination of lumazine and 

dimethyl-2-oxoglutarate were also developed and compared. 

5.1.1 Cyclic voltammetry of biologically important electroactive 

compounds  

CV experiments were carried out to ascertain the reversibility, irreversibility or 

quasireversibility of the electrochemical processes. The kinetic parameters like diffusion 

coefficient (Do), charge transfer coefficient () and standard rate constant (ks) of the 

compounds were evaluated from CV data. For a diffusion-controlled irreversible system 

the diffusion coefficient was evaluated according to the following equation 

 Ipc = -2.99  105 n (cn)1/2 A Co
*Do

1/2 1/2 (5.1) 
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where Ipc is the cathodic peak current in amperes, n is the number of electrons transferred 

during the reduction, A is the geometric area of the electrode in cm2, c is the cathodic 

charge transfer coefficient, Do is the diffusion coefficient in cm2 s-1, Co
* is the bulk 

concentration of the oxidant in mol cm-3 and  is the scan rate in V s-1 [1]. 

The value of cn was calculated from the relation 

 Epc- Ep/2c = 47.7/ (cn) (5.2) 

The diffusion coefficient of a diffusion-controlled irreversible system from anodic current 

was calculated by the equation given below 

 Ipa = 2.99  105 n (an)1/2 A Co
* Do

1/2 1/2 (5.3) 

where a is the anodic charge transfer coefficient, Ipa is the anodic peak current and Co
* is 

the bulk concentration of the reductant. The number of electrons n, involved in the 

electrochemical process is determined from the potential at half peak width of DPV. 

For reversible diffusion controlled reversible systems the diffusion coefficients of the 

drugs in the absence and presence of DNA were determined by the use of the following 

form of Randles- Sevcik equation at 298 K [1] 

 Ipa = 2.69 ×105 n3/2ACo
* Do

1/2 1/2 (5.4) 

5.1.1 (a) CV of Na-salt of 2-methyl-3-(4-nitrophenyl)acrylate (NPA) 

The redox behaviour of NPA was studied by CV at 100 mV s-1, in N2 saturated 

solution of 1.0 mM NPA in 0.1 M phosphate buffer at pH 7.0. The CV’s were initially 

started at +0.00 V and recorded between potential limits of + 1.40 V and - 1.00. On the 

first positive-going scan of the 1st voltammogram started in the positive direction, no 

oxidation peak was observed showing that NPA is not oxidizable in these conditions. 

Therefore, all the CV’s were recorded between + 0.30 V and - 1.00 V.  

A reduction peak 1c at Epc
1 = - 0.59 V (see Figure 5.1) with no corresponding 

peak was registered in the forward scan of CV which may be attributed to a chemically 

coupled process. After changing the scan direction, an oxidation peak 2a was observed at 

Epa
2 = + 0.00 V. This peak corresponds to the oxidation of the NPA reduction product 

(PNPA) formed at the GCE surface. A subsequent scan in the negative going direction, in 

the same solution and without cleaning the GCE surface, showed a new cathodic peak 2c, 

at E2
pc = - 0.05 V. The peaks 2a and 2c depict the oxidation and reduction of a redox 

couple and as ΔEp = 50 mV, this redox couple seems reversible.  
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 Figure 5.1. Cyclic voltammograms obtained with a GCE in a solution of        

1 mM NPA: (▬) 1st, (▬) 2nd and (▬) 3rd scans in pH 7.0 0.1 M phosphate buffer. 

CVs of 1.0 mM NPA were also recorded in electrolytes with different pH values as 

illustrated in Figure 5.2. The shifting of all peaks to more negative potentials indicates 

that the redox mechanism of NPA is pH-dependent. However, for pH > 8, the oxidation 

peak 2a occurred with very small currents and the increase in the potential difference 

between peak 2a and its cathodic correspondent 2c obtained on a subsequent scan showed 

a change in the NPA redox mechanism in alkaline electrolytes.  
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 Figure 5.2. Cyclic voltammograms obtained with a GCE in a solution of        

1 mM NPA: 1st scan in pH (▬) 4.5, (▬) 7.0 and (▬) 8.0; at  = 100 mV s-1.  
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CVs were obtained at different scan rates (see Figure 5.3) in N2 saturated solution 

of 1.0 mM NPA in 0.1 M phosphate buffer at pH 7.0. Between measurements, the 

electrode surface was always polished in order to assure a clean surface and to avoid 

possible problems from the adsorption of redox products onto the GCE surface. The 

difference between peak potential Epc of peak 1c and the potential at peak half height Epc/2 

was ~ 45 mV. The reduction process at peak 1c was found irreversible as depicted in the 

square wave voltammogram (see section 5.1.3 (a), figure 5.28). For an irreversible 

diffusion-controlled system cn was calculated as 1.09 by using equation 5.2.  
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Figure 5.3. Cyclic voltammograms obtained with a GCE in a solution of 1 mM NPA 

in pH 7.0 0.1 M phosphate buffer; 1st scan at different scan rates of (▬) 25, (▬) 100 

and (▬) 200 mV s-1. 

 

The current of peak 1c increased linearly with the square root of , consistent with 

the diffusion-limited reduction of a solution species (recording of voltammograms was to     

 < 500 mV s-1). For this scan rate interval, the peak current in amperes for a diffusion-

controlled irreversible system is given by equation 5.1. By plotting Ipc vs. 1/2, taking       

n = 2 for NPA at pH 7.0 (see section 5.1.2 (a)), the value of DNPA was obtained. The 

electroactive area of GCE with a value of 0.012 cm2 was determined as described in 

literature [2]. From the measured slope of -6.0  10-5 A / (V s-1)1/2 the diffusion 
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coefficient (DNPA) of NPA in 0.1 M phosphate buffer at pH 7.0 was calculated as        

6.41  10-5 cm2 s-1.  

In order to elucidate the redox mechanism of NPA, the electrochemical behaviour 

of 1.0 mM Na-salt of 4-nitrophenylethanoate, NPE and several compounds with closely 

related structures to NPA but with different substituents at the aromatic ring was also 

studied and compared. The CV’s of 1.0 mM NPE, were recorded in N2 saturated 

solutions of several electrolytes with different pH values. A similar behaviour between 

NPA and NPE was observed in all electrolytes although the peak potentials for the 

reduction of NPE and its reduction product occurred at more negative values, Figure 5.4.  
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Figure 5.4.  Cyclic voltammograms obtained in solutions of 1.0 mM (▬) NPA and 

(▬) NPE in pH 4.5 0.1 M acetate buffer at  = 100 mV s-1. 

On the other hand, the replacement of nitro group by chloro, bromo, fluoro, 

methyl, isopropyl and ethoxy group in the aromatic ring gave no redox peaks in the CV 

experiments. This ensured that the electrochemical signals of NPA and NPE are due to 

the redox behavior of NO2 group. CV studies revealed that NPA undergoes an 

irreversible 2e chemically coupled reduction and the reduction product follows reversible 

redox behavior. 

5.1.1 (b) CV of dimethyl-2-oxoglutarate (MOG) 

The redox behaviour of MOG was first studied by CV at  = 100 mV s-1, in N2 

saturated solution of 0.30 mM MOG in different electrolytes between -1.00 and +1.40 V. 
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During these experiments the reduction of MOG was observed and no peak was obtained 

in the anodic region. For this reason, all experiments were carried out only in the cathodic 

region and CVs were recorded between 0.00 V and a maximum potential of -1.20 V. The 

reduction of MOG was irreversible and followed different pathways according to the pH 

of the electrolyte solution. 

 CVs were initially recorded in N2 saturated solution of 0.30 mM MOG in pH 4.5 

0.1 M acetate buffer at a scan rate  = 25 mV s-1, between 0.00 and -1.00 V. Scanning the 

potential in the cathodic direction the 1st voltammogram registered a reduction peak 1c at 

E1
pc = -0.82 V, Figure 5.5. In the reverse scan no corresponding anodic peak was 

observed showing that the reduction of MOG is a chemically coupled process. On the 2nd 

and 3rd scanned voltammograms obtained in the same solution without cleaning the 

electrode surface, peak 1c occurred but no other reduction peaks were observed showing 

that the reduction product formed at the GCE surface in these conditions is electro-

inactive. Upon recording several successive scans in the same solution, peak 1c decreased 

and this process is due to the adsorption of MOG reduction decomposition product at the 

GCE surface which reduced the available electrode surface area.  

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
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Figure 5.5. Base line subtracted CVs obtained with a GCE in a N2 saturated solution 

of 0.30 mM MOG in pH 4.5 0.1 M acetate buffer: (▬) 1st, (▬) 2nd and (▬) 3rd scans 

at  = 25 mV s-1. 

CVs were also recorded in the same conditions but at different scan rates and more 

negative potential limit, i.e. -1.20 V, Figure 5.6. On the voltammogram recorded in these 
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conditions at  = 50 mV s-1 only peak 1c occurred. In a new experiment, after cleaning 

the GCE surface and for a higher scan rate,  = 100 mV s-1, a new peak 2c occurred at a 

lower potential E2
pc = - 1.15 V. An increase in the cathodic current of peak 2c was also 

observed with the increase in scan rate ( = 200 mV s-1). This peak 2c corresponds to the 

reduction of an electroactive reduction product of MOG (further named PMOG) at the 

GCE surface but its redox reaction can only be observed at higher scan rates due to its 

instability. Thus, it is necessary to scan the potential faster than the rate of the 

homogenous reaction (hydrolysis) that PMOG undergoes in order to observe its redox 

reactions.  

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

2
c

1
c

2 A

E / V vs. Ag/AgCl
 

Figure 5.6. Base line subtracted CVs obtained with a GCE in a N2 saturated solution 

of 0.30 mM MOG in pH 4.5 0.1 M acetate buffer: 1st scans at (▬) 50, (▬) 100 and 

(▬) 200 mV s-1. 

The effect of pH was monitored by recording CV’s in N2 saturated solution of 0.30 mM 

MOG in electrolytes with different pH values, Figure 5.7. In acidic medium, pH 4.5, two 

reduction peaks 1c and 2c were observed. After cleaning the GCE surface, a new CV was 

recorded in the same conditions but in electrolyte with pH 7.0. In these conditions, peak 

1c shifted to more negative potentials and reduction peak 2c was not captured in the limit 

of GCE. These experiments have shown that the reduction mechanism of MOG is pH 

dependent.  
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Figure 5.7. CVs obtained in a N2 saturated solution of 0.30 mM MOG in: pH (▬) 

4.5 and (▬) 7.0 at  = 100 mV s-1. 

 

5.1.1 (c) CV of camptothecin (CPT) 

The redox behaviour of CPT was studied by CV at 100 mV s-1, in N2 saturated 

solution of 200 M CPT in 0.1 M acetate buffer at pH 4.5. The CV’s were initially 

started at +0.00 V and recorded between potential limits of + 1.40 V and - 1.20. As no 

oxidation peak was observed during the positive scan it was inferred that CPT is not 

oxidizable in these conditions. On the contrary, a pair of peaks was observed when the 

potential was scanned cathodically indicating two step reduction of CPT at GCE. 

Therefore, all the other CV’s were always initiated from 0.00 V and scanned in a 

negative direction to a maximum potential limit of - 1.20 V.  

 Initial experiments were carried out in N2 saturated solution of 200 M CPT in 

electrolytes with different pH values, (see Figure 5.8). In acidic medium of pH 2.1, only 

one main irreversible reduction peak 1c was observed (for verification see section      

5.1.2 (b) Figure 5.2.1). After cleaning the GCE surface, a new CV was recorded in the 

same conditions but in electrolyte with pH 4.5. In these conditions, peak 1c shifted to 

more negative potentials and a small new reduction peak 2c occurred on the cathodic scan 

of the voltammogram. After changing the scan direction, two oxidation peaks 1a and 2a 

were observed. In a new experiment, for pH 7.0, both peak 1c and 2c shifted to more 
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negative potentials but on the reverse scan of the same voltammogram no anodic 

correspondents were observed. These experiments have shown that the CPT reduction 

mechanism is complex and pH dependent. It can be seen that in 0.1 M acetate buffer 

having pH 4.5 all CPT reduction peaks are better visualized and for this reason all the 

following experiments were carried out in this electrolyte. 
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Figure 5.8.  Baseline subtracted CVs obtained in a N2 saturated solution of 200 M 

CPT in: (▬) pH 2.1, (▬) 4.5 and (▬) 7.0 at  = 100 mV s-1. 

  

Successive CVs were recorded in N2 saturated solution of 200 M CPT in pH 4.5 

at 500 mV s-1. Figure 5.9 shows the appearance of a main reduction peak 1c at             

Epc
1 = -0.73 V followed by a smaller peak 2c at Epc

2 = -0.94 V on the negative-going or 

cathodic scan of the 1st voltammogram. After changing the scan direction, on the 

positive-going or anodic scan of the same voltammogram, two oxidation peaks 1a and 2a 

were observed at Epa
1 = - 0.61 V and at Epa

2 = - 0.21 V, respectively. These peaks 

correspond to the oxidation of CPT reduction products formed at the GCE surface during 

the cathodic scan of the 1st voltammogram. Recording successive scans in the same 

solution, without cleaning the electrode surface, a decrease in peak currents of both peak 

1c and 2c was observed in the 3rd scan as shown in Figure 5.9. The reason was the 
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adsorption of CPT reduction products at the GCE surface that reduced the available 

electrode surface area.  

 In a new experiment, after cleaning the GCE surface, CVs were recorded under 

the same conditions but the scan direction was reversed at E = - 0.90 V, after appearance 

of peak 1c but before peak 2c, Figure 5.9. After changing the scan direction, on the 

positive-going scan of the voltammogram only peak 1a occurred even after successive 

scanning. This experiment has shown that the pairs of peaks 1c - 1a and 2c – 2a formed 

two distinct redox couples. 2a may be attributed to the oxidation of reduction product 

formed at 2c. 
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Figure 5.9.  Base line subtracted CVs obtained in N2 saturated solution of 200 M 

CPT in pH 4.5 0.1 M acetate buffer: (▬) 1st and (▬) 2nd scans between 0 and -1.10 V 

and (▬) 1st scan between 0 and -0.90 V at  = 500 mV s-1
. 

CVs of 200 M CPT were also obtained at different scan rates in pH 4.3 0.1 M acetate 

buffer, Figure 5.10. Between measurements, the electrode surface was always polished in 

order to assure a clean surface and to avoid possible problems from the adsorption of 

redox products onto the GCE surface.  

 With the increasing scan rate, the current of peak 1c increased linearly with square 

root of  (not shown), consistent with the diffusion-limited reduction of a solution species 

(recording of voltammograms was to  < 500 mV s-1). By plotting Ipc vs. 1/2, using 
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equation 5.1, the of DCPT with a value of 5.29  10-6 cm2 s-1 was obtained from the 

measured slope of - 1.88  10-6 A / (V s-1)1/2 .  
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Figure 5.10.  Base line subtracted CVs obtained in N2 saturated solution of 200 M 

CPT in pH 4.5 0.1 M acetate buffer: 1st scans obtained at (▬) 50, (▬) 200 and (▬) 

500 mV s-1. 

 

5.1.1 (d) CV of lumazine (LMZ) 

Initial studies concerning the voltammetric behavior of LMZ at a clean GCE were 

carried out in pH 7 0.1 M phosphate buffer between +1.6 and -1.0 V. The cyclic 

voltammograms shown in Figure 5.11 were obtained in a N2 saturated solution of 500 

μM LMZ. During the voltammetric measurement a constant flux of N2 was kept over the 

solution surface in order to avoid the diffusion of atmospheric oxygen into the solution of 

LMZ.  

The scans were started from 0 V going to positive direction and one main anodic 

peak 1a was obtained. On the negative-going scan of the 1st voltammogram, a main 

reduction peak 2c occurred and after changing the scan direction, three more anodic peaks 

were observed. Due to the complexity of these redox processes, the oxidation and 

reduction of LMZ were studied separately. 
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Figure 5.11.  CVs obtained with a GCE in a N2 saturated solution of 500 M LMZ in 

pH 7.0 0.1 M phosphate buffer: (▬) 1st and (▬) 2nd scans at v = 100 mV s-1. 

The oxidation of LMZ was initially studied by CV in a solution of 500 μM in pH 7 0.2 M 

phosphate buffer. In the 1st voltammogram, scanned to positive potential limit of + 1.60 

V, one main oxidation peak 1a was noticed at Epa = + 1.49 V, Figure 5.12. After changing 

the scan direction, no corresponding reduction peak occurred showing that the oxidation 

process of LMZ is an irreversible process. Moreover, the small decrease of LMZ 

oxidation peak current as evident from 2nd and 3rd scanned voltammograms obtained in 

the same conditions could be related to the adsorption of the oxidation product at the 

GCE surface. However, the appearance of no additional anodic peaks on recording 

successive scans may be attributed to the hydrolysis of the oxidation product of LMZ in 

solution. 

CVs of LMZ were also recorded in other electrolytes with pH values higher than 

7.0, and a similar behavior was observed. The oxidation of LMZ occurred at very high 

potential values, at the highest limit of glassy carbon potential window in aqueous 

solutions as reported by the previous investigators [1]. Therefore, the oxidation of LMZ 

was possible only in media with pH ≥ 7.0.  
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Figure 5.12.  Base line subtracted CV obtained with the GCE in a solution of 500 

M LMZ in pH 7.0 0.1 phosphate buffer: (▬) 1st, () 2nd and (▬) 3rd scans at         

v = 100 mV s-1. 

  

 The reduction of LMZ was also studied in N2 saturated solutions of 200 M in pH 

7.0 0.1 M phosphate buffer. The CVs were recorded from 0 V to negative and positive 

potential limits of -1.00 and +0.80 V, respectively. On the 1st cathodic scan one small 

reduction peak 1c occurred at Epc
1 = - 0.47 V followed by a main reduction peak 2c at  

Epc
2 = - 0.69 V (see Figure 5.13). Peak 1c is not prominent in CV but it appears clearly in 

more sensitive techniques like DPV and SWV. 

 After changing the scan direction, the anodic correspondent of peak 2c, peak 2a, 

occurred at Epa
2 = - 0.63 V. Although the potential difference between peaks 2c and 2a 

was Ep = 60 mV, but Ipa less than Ipc indicated a coupled chemical reaction. On 

continuing the scan towards positive potentials, two new oxidation peaks 3a and 4a were 

observed at Epa
3 = + 0.01 V and Epa

4 = + 0.47 V, respectively. By recording successive 

scans in the same solution without cleaning the electrode surface all peaks were obtained 

with the same current.  

 In a new experiment, after cleaning the GCE surface, CV was recorded in the 

same solution of LMZ but the scan direction was reversed at – 0.55 V, immediately after 

peak 1c (see Figure 5.13). On the anodic scan of this voltammogram no oxidation peak 
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occurred and this experiment showed that peaks 3a and 4a corresponded to the oxidation 

of LMZ reduction products formed at the GCE surface after the appearance of peak 2c.  
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Figure 5.13. 1st scan CV of 200 M LMZ in 0.1 M phosphate buffer (pH 7.0) at         

v = 100 mV s-1. 

CVs were also obtained for different scan rates in a solution of 200 M LMZ at pH 7.0 

0.1 M phosphate buffer, Figure 5.14. By increasing the scan rate, the potential of peak 2c 

was slightly displaced to more negative values. The difference between peak potential Epc 

and the potential at half peak height Ep/2c was ~ 38 mV implying a reversible 2e 

reduction. 

By increasing the scan rate, the current of peak 1c increased linearly with square 

root of , consistent with the diffusion-limited reduction of solution species                 

(see Figure 5.14). By plotting Ipc vs. 1/2, using equation 5.4 considering n = 2 for LMZ at 

pH 7.0 (see section 5.1.2 (d)), the value of DLMZ was obtained. From the measured slope 

of -1.13  10-5 A / (V s-1)1/2 the diffusion coefficient of LMZ (DLMZ = 3.85  10-5 cm2 s-1) 

was determined in pH 7.0 0.1 M phosphate buffer. 
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 Figure 5.14. CVs obtained with the GCE in a N2 saturated solution of 200 M 

LMZ in pH 7.0 0.1 M phosphate buffer: 1st scans at (▬) 50, (▬) 200 and (▬) 500 

mV s-1. 

 The comparison of the three voltammograms in acidic, neutral and alkaline media 

shown in Figure 5.15 present an interesting study. As discussed before in the neutral 

media a small reduction peak, 1c (almost of negligible height) and another reduction peak 

2c occur in the cathodic scan. On the anodic scan peak 2a (correspondent of 2c), 3a and 4a 

(having small current) was observed. 
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 Figure 5.15. CVs obtained with the GCE in a N2 saturated solution of 500 M 

LMZ in: (▬) pH 4.5, (▬) pH 7.0 and (▬) pH 10.0; v = 100 mV s-1. 
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In acidic media both the peaks 2c and 2a were shifted anodically with 

accompanied increase and decrease in peak height respectively. Anodic peak 3a with 

greater height was also observed in alkaline media. The redox couple peaks 2c and 2a 

shifted cathodically (compared to those in neutral solution) and the peaks height became 

equal. 

5.1.2 DPV of biologically important electroactive compounds 

Differential pulse voltammetric technique is more sensitive than CV but it gives 

less information about subsequent mechanism. However, it supplements the information 

of CV and enhances the quality of the work. Here the current is sampled in one direction 

and the potential is provided in steps. It is a better technique for the determination of the 

number of electrons and protons involved in the electrochemical reaction. DPV of the 

four electroactive compounds investigated by CV were also carried out in a wide pH 

range to ascertain about their electrode reaction mechanism. The detail is given below: 

5.1.2 (a) DPV of Na-salt of 2-methyl-3-(4-nitrophenyl)acrylate  

The electrochemical oxidation of NPA was studied over a wide pH range between 

2 and 12.8 using DPV. The DPVs, as shown in Figure 5.16, were all recorded in N2 

saturated solutions of 0.1 mM NPA in different electrolytes with 0.1 M ionic strength as 

shown in Table 4.1 (see Section 4.2.2 (b)).  
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Figure 5.16. 3D plot of the first DP voltammograms obtained in 0.1 mM NPA vs. 

pH. 
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It can be seen that for 1.2  pH  9.0, peaks 1c occurred and its potential 

decreased with increasing pH of the supporting electrolyte. The dependence was linear as 

shown in Figure 5.17 and the slope of the line was - 60 mV per pH unit showing that the 

reduction of NPA occurred with the transfer of the same number of electrons and protons. 

In addition, in these electrolytes, the width at half height of the NPA reduction peak 1c 

was W1/2  60 mV, close to the theoretical value (45 mV) corresponding to an 

electrochemical reaction involving the transfer of two electrons [1]. Thus it can be 

concluded that the reduction of NPA occurs with the transfer of two electrons and two 

protons.  

 

Figure 5.17. Plot of () Epc and () Ipc of peak 1c vs. pH for 0.1 mM NPA. 

A different situation was observed for pH > 9.0, at which peak 1c does not depend on pH 

of the supporting electrolyte. It means in these conditions, the reduction of NPA involves 

only the transfer of two electrons. The change in the slope of the line can be attributed to 

chemical protonation/deprotonation processes of NPA in electrolytes obeying these pH 

conditions.  

On the other hand, the graph for the variation of peak 1c current with the pH of 

the supporting electrolyte, Figure 5.17, have shown maximum values in strongly acidic 

solution whereas for pH > 5.0 the value is almost constant.  

 Successive DP voltammograms were recorded in a N2 saturated solution of 0.1 

mM NPA in pH 7.0 0.1 M phosphate buffer, Figure 5.18. In these conditions, on the first 
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DP voltammogram peak 1c was observed at E1
pc = - 0.48 V. On the second DP scan, a 

new cathodic peak 2c occurred at E2
pc = - 0.01 V. This peak corresponds to the reduction 

of PNPA formed at the GCE surface during the first DP scan.  
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Figure 5.18.  Base line corrected DP voltammograms obtained with a GCE in a 

solution of 0.1 mM NPA: (▬) 1st, (▬) 2nd and (▬) 3rd scans in pH 7.0 0.1 M 

phosphate buffer. 

The current of peaks 1c decreased with the number of scans due to the decrease of the 

available electrode surface area owing to adsorption of PNPA whereas the current of peak 

2c increased with the number of scans. The adsorption of NPA reduction at the GCE 

surface was confirmed when, at the end of several DP scans recorded in the solution of 

NPA, the electrode was washed with a jet of deionized water and then transferred to the 

supporting electrolyte. The DP voltammogram obtained in these conditions shows only 

peak 2c. Moreover, consecutively recorded DP voltammograms in buffer showed only a 

continuous, but slow decrease of peak 2c current due to PNPA consumption.  

Consecutive DP voltammograms recorded in the same solution of NPA showed a 

new peak 2c corresponding to PNPA adsorbed at the GCE surface, and the electrochemical 

reduction of this compound was also studied for different pH values. Thus, two 

consecutive DP voltammograms were recorded in a N2 saturated solution of 0.1 mM 

NPA in different electrolytes and the second DP voltammograms were plotted vs. pH, 

Figure 5.19.  
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Figure 5.19.  3D plot of the second DP voltammograms obtained in 0.1 mM NPA vs. 

pH. 
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Figure 5.20. Plot of () Epc and () Ipc of peak 2c vs. pH for 0.1 mM NPA. 

 

It was observed that peak 2c is displaced to more negative values with increasing 

pH, following a linear relationship with slope 60 mV per pH unit, Figure 5.20. This 

means that the reduction of PNPA involves the same number of electrons and protons. 
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Nevertheless, in all electrolytes, the width at half height of peak 2c was about 50 mV, 

which suggests 2 electrons and 2 protons reduction PNPA. 

The variation of peak 2c current with the pH of the supporting electrolyte has also 

been plotted showing a maximum cathodic current at about pH 3.4. For alkaline solution 

(most obvious for pH > 9.0) the current decreased tending to 0, in agreement with the 

change in the redox mechanism of NPA observed in the CV studies shown in Figure 5.2.  

5.1.2 (b) DPV of dimethyl-2-oxoglutarate  

The electrochemical reduction of MOG was studied over a wide pH range 

between 2.0 and 9.0 using DPV. The DPVs were all recorded in a solution of 0.10 mM 

MOG in different electrolytes with 0.1 M ionic strength, Figure 5.21. Peak 1c occurred on 

the whole pH interval studied whereas two consecutive peaks associated with charge 

transfer reactions, i.e., peak 1c and peak 2c were observed at 3.0 < pH < 7.0.  

 The peak 1c potential did not depend on the pH of the electrolyte for pH < 3.5, as 

is evidenced from Figure 5.22. It means that in these conditions, the reduction of MOG 

involves only the transfer of electrons. This was possible since the reduction product of 

MOG underwent chemical protonation during the process that led to the formation of a 

radical species. For higher pH values, the reduction potential was displaced to more 

negative values with increasing pH. The dependence was linear and followed the 

relationship Epc
1 (V) = -0.44 – 0.059 pH, Figure 5.22.  

 

Figure 5.21.  3D plot of the first DP voltammograms obtained in 0.1 mM MOG vs. 

pH. 
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Figure 5.22.  Plot of Epc () of peak 1c and (■) peak 2c and Ipc of () peak 1c and () 

peak 2c vs. pH for 0.1 mM MOG. 

 

The slope of the line, 59 mV per pH unit, showed that the reduction of MOG 

involves the same number of electrons and protons. In addition, in all electrolytes, the 

width at half height of the MOG reduction peak 1c was W1/2  100 mV, close to the 

theoretical value of 90 mV corresponding to an electrochemical reaction involving the 

transfer of one electron [1]. Thus it can be concluded that the reduction of MOG in these 

conditions occurs with the transfer of one electron and one proton. On the other hand, 

peak 1c current changes with the pH of the supporting electrolyte showing the highest 

value in pH 4.5 0.1 M acetate buffer.  

The peak 2c occurred only for 3.0 < pH < 7.0 and the reduction potential 

decreased with increasing pH, Figure 5.21 and 5.22. The dependence was linear and 

followed the relationship Epc
2 (V) = -0.65 – 0.059 pH. The slope of the line, 59 mV per 

pH unit, showed that the reduction of PMOG involved the same number of electrons and 

protons. Taking the width at half peak 2c height as W1/2  95 mV into consideration it can 

be concluded that the reduction reaction involves the transfer of one electron and one 

proton. Nevertheless, the current peak 2c varied with the pH of the supporting electrolyte 

presenting the highest value in 0.1 M acetate buffer at pH 4.5.  
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5.1.2 (c) DPV of camptothecin  

The electrochemical reduction of CPT was studied over a wide pH range between 

1.2 and 9.0 using DPV. The DPVs were all recorded in a solution of 100 M CPT in 

different electrolytes with 0.1 M ionic strength, Figure 5.23. Peak 1c occurred for 

electrolytes with pH < 7.0 whereas an additional small peak 2c, was observed for          

2.0 < pH < 7.0. For higher pH values, no reduction peak was obtained showing that CPT 

is not reducible in alkaline conditions. 

 The potential of peak 1c was found to depend on the pH of the supporting 

electrolyte (See Figure 5.24). The dependence was linear and followed the relationship 

Epc
1 (V) = -0.39 – 0.060 pH. The slope of the line, 60 mV per pH unit, showed that the 

reduction of CPT involves the same number of electrons and protons. In addition, in all 

electrolytes, the width at half height of the CPT reduction peak 1c was W1/2  93 mV, 

close to the theoretical value of 90 mV corresponding to an electrochemical reaction 

involving the transfer of one electron [5]. Thus it can be concluded that the reduction of 

CPT in these conditions occurs with the transfer of one electron and one proton. On the 

other hand, peak 1c current showed maximum values for pH < 4.5 while for higher pH 

values the current got decreased.  
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Figure 5.23. 3D plot of base line corrected DPV obtained in 100 M CPT vs. pH. 
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Figure 5.24. Plot of: () Epc and () Ipc of peak 1c and of (■) Epc and () Ipc of peak 

2c vs. pH obtained for 100 M CPT. 

Peak 2c occurred only for 2.0 < pH < 7.0 and the reduction potential decreased with 

increasing pH as depicted in Figure 5.23 and 5.24. The dependence was linear and 

followed the relationship Epc
2 (V) = -0.68 – 0.060 pH. The slope of the line, 60 mV per 

pH unit, showed that the reduction peak 2c involved the same number of electrons and 

protons. From the peak width at half height of peak 2c as W1/2  95 mV, it can be 

concluded that the reduction reaction involves the transfer of one electron and one proton. 

It was also observed that the height of peak 2c current did not vary much with the pH of 

the supporting electrolyte implying that the peak current was independent of pH. 

5.1.2 (d) DPV of lumazine  

The pH study of LMZ reduction was performed in N2 saturated solutions of 10 

μM LMZ in a wide pH range from 2 to 12 using DPV. As in the case of CV, the DP 

voltammograms shown in Figure 5.25 also registered a reduction peak 1c with a small 

current followed by peak 2c with greater current at more negative potentials. 

 With increasing pH, the potential of both peaks were displaced to more negative 

values. The dependence was found linear over the whole pH range (see Figure 5.26) 
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following the equations: Epc
1 = −0.040–0.060 pH for peak 1c and Epc

2 = -0.220–0.060 

pH for peak 2c.  
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Figure 5.25. 3D plot of the first DP voltammograms obtained with the GCE in 10 

M LMZ solution vs. pH. 

 

 

Figure 5.26. Plot of (■) Epc and () Ipc of peak 1c and of () Epc and () Ipc of peak 

2c of LMZ vs. pH for 10 M LMZ solution. 
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The slope of the lines each with a value of 60 mV per pH unit, suggested that both the 

reduction processes of LMZ involved the same number of electrons and protons. The 

width at half-height of both peaks was W1/2= 50 mV, close to the theoretical value for the 

transfer of 2 electrons allowed to conclude that the reduction of LMZ occurs with the 

transfer of 2 electrons and 2 protons. 

 Although the current of the peak 1c did not vary with the pH of the supporting 

electrolyte, peak 2c showed high values for alkaline electrolytes, Figure 5.25. 

5.1.3 SWV of biologically important electroactive compounds  

Square wave voltammetry is associated with advantages like greater speed of 

analysis, lower consumption of the electroactive species in relation with DPV, and 

reduced problems with poisoning of the electrode surface [1]. Here the current is sampled 

in both positive and negative-going pulses so peak corresponding to oxidation or 

reduction of the electroactive species at the electrode surface can be obtained in the same 

experiment and the total current is obtained from their difference.  

5.1.3 (a) SWV of Na-salt of 2-methyl-3-(4-nitrophenyl)acrylate  

SWVs recorded in N2 saturated solution of 0.1 mM NPA in pH 4.5 0.1 M acetate 

buffer showed peak 1c on the 1st scan, Figure 5.27. By recording successive SW 

voltammograms in the same solution without cleaning the GCE surface, peak 2c occurred 

at a lower potential and its current increased with the number of scans due to the 

formation of PNPA at the electrode surface. On the other hand, the values of W1/2 for both 

peaks confirmed the results obtained with DPV. 

A greater advantage of SWV is the possibility to see during only one scan if the 

electron transfer reaction is reversible or not. Since the current is sampled in both positive 

and negative-going pulses, peaks corresponding to the oxidation and reduction of the 

electroactive species at the electrode surface can be obtained in the same experiment. 

Thus, the reversibility of peak 2c is confirmed by plotting the forward and backward 

components of the total current where the oxidation and the reduction currents are equal 

as shown in Figure 5.28. Moreover, the identical value of the potentials of peak 2c and 2a 

on the forward and backward current components is an indication of the adsorption of 

NPA reduction products on the GCE surface [6].  
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Figure 5.27. Square wave voltammograms obtained with the GCE in a solution of 

0.1 mM NPA in pH 4.5 0.1 M acetate buffer: total current for the (▬) 1st, (▬) 2nd 

and (▬) 3rd. 
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Figure 5.28. 4th scan square wave voltammograms obtained with the GCE in a 

solution of 0.1 mM NPA in pH 4.5 0.1 M acetate buffer, showing It – total current,   

If – forward current, Ib – backward current; f = 50 Hz, Es = 2 mV,                         

eff = 100 mV s-1, pulse amplitude 50 mV. 
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5.1.3 (b) SWV of dimethyl-2-oxoglutarate  

The electrochemical reduction of MOG was also studied by SWV. The results 

showed similar features to DPV and CV, i.e., reduction peaks 1c and 2c and a large 

amount of adsorption on the second scans (see Figure 5.29). SW voltammogram (scan 1) 

of 0.10 mM MOG obtained in 0.1 M acetate buffer (pH 4.5), showed the reduction peak 

of MOG, peak 1c at E1
pc = - 0.75 V, followed by the cathodic peak of MOG reduction 

product (PMOG), peak 2c at E2
pc = - 0.98 V. 

The irreversibility of both peaks 1c and 2c was confirmed by plotting the forward 

and backward components of the total current (Figure 5.29) obtained in a solution of 0.10 

mM MOG in 0.1 M acetate buffer at pH 4.5. The forward component showed both peaks 

at the same potential and with the same current as obtained in the total current while the 

backward component showed no oxidation peaks.  

 Consecutive SW voltammograms of 0.10 mM MOG showed in Figure 5.30 were 

also recorded in 0.1 M acetate buffer at pH 4.5. It was observed that the currents of both 

peaks 1c and 2c decreased with the number of scans. This behaviour could be explained 

by taking into consideration the adsorption of a non-electroactive reduction product of 

PMOG at the electrode surface which would have reduced the available electrode surface 

area that led to the decrease of the peak currents recorded during the next scans, Figure 

5.30.  

 

Figure 5.29. SW voltammograms obtained in N2 saturated solution of 0.10 mM 

MOG in pH 4.5 0.1 M acetate buffer. 
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Figure 5.30. SW voltammograms obtained in N2 saturated solution of 0.10 mM 

MOG in pH 4.5 0.1 M acetate buffer: base line corrected total current of the (▬) 1st, 

(▬) 2nd and (▬) 3rd scan; f = 50 Hz, Es = 2 mV, eff = 100 mV s-1. 

 

5.1.3 (c) SWV of camptothecin  

The electrochemical reduction of CPT was also studied using SWV. 

Voltammograms of 100 M CPT were successively recorded in 0.1 M acetate buffer at 

pH 4.5, Figure 5.31A. On the 1st scan, CPT reduction peak 1c occurred at Epc
1 = - 0.68 V 

followed by peak 2c at Epc
2 = - 0.91 V. On the 2nd scan recorded in the same conditions 

and without cleaning the electrode surface, both peaks appeared with the same current 

and at the same potential. However, the adsorption of CPT and its reduction product at 

the GCE surface was demonstrated when after recording several voltammogram in the 

same solution, the electrode was washed with a jet of deionised water and placed in an 

electrochemical cell that contained only the supporting electrolyte. The reduction peaks 

obtained in these conditions are due only to adsorbed CPT and its reduction product since 

no diffusing compound is available in the solution. Thus, the voltammogram obtained 

showed both cathodic peaks although the reduction peaks were smaller than those 

obtained in the solution of CPT.  

Since in SWV the current is sampled in both positive and negative-going pulses, 

peaks corresponding to the oxidation and reduction of the electroactive species at the 

electrode surface can be obtained in the same experiment [1]. Thus, the reversibility of 



 

 117

both reduction peaks 1c and 2c was confirmed by plotting the forward and the backward 

components of the total current where the oxidation and the reduction currents are equal, 

Figure 5.31B. The identical value of the potentials of peak 2c and 2a on the forward and 

backward current components is an indication of the adsorption of CPT and its reduction 

products on the GCE surface. 

 A different behavior was observed when SWV was performed in N2 saturated 

solution of 100 M CPT in a medium buffered at pH 7.0 using 0.1 M phosphate buffer, 

Figure 5.31C. Although the reduction peak 1c of CPT occurred with a high current at  

Epc
1 = - 0.88 V, a very small peak 2c was obtained at Epc

2 = - 0.99 V. However, by 

plotting the forward and the backward components of the total current it was noticed that 

the reduction of CPT in these conditions is an irreversible process and this showed a 

change in the reduction mechanism with the increase in pH value.  
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Figure 5.31. SWV obtained in a N2 saturated solution of 100 M CPT in: A) pH 4.5 

0.1 M acetate buffer, (▬) 1st and (•••) 2nd scans in solution and (▬) 3rd scan after 

transferring the electrode to buffer; B) (▬) 1st scan in solution showing the total 

current and its components; C) pH 7.0 0.1 M phosphate buffer.  

 

5.1.3 (d) SWV of lumazine  

The voltammetric behavior of LMZ was also investigated by SWV. SW 

voltammograms of 100 M LMZ were obtained in N2 saturated solution buffered at pH 

7.0 using 0.1 M phosphate buffer, Figure 5.32, showing similar features to CV and DPV. 

Both the reduction peaks of LMZ occurred on the 1st scan at Epc
1 = - 0.45 V for peak 1c 

and at Epc
2 = - 0.67 V for peak 2c. The greater advantage of SWV is the possibility to see 

during only one scan if the electron transfer reaction is reversible or not. Since the current 

is sampled in both positive and negative-going pulses, peaks corresponding to the 

oxidation and reduction of the electroactive species at the electrode surface can be 

obtained in the same experiment. Thus, by plotting the forward and backward 

components of the total current, the quasi-reversibility of peak 2c was observed since the 

backward current showed a smaller value than the forward correspondent. Due to the 

higher sensitivity of SWV relative to CV, the reversibility of peak 1c was also proved in 

the same manner and during the same experiment.  
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 Figure 5.32. SW voltammogram obtained with the GCE in N2 saturated 

solution of 100 M LMZ in pH 7.0 0.1 M phosphate buffer; f = 25 Hz, Es = 2 mV, 

pulse amplitude 50 mV, veff = 50 mV s-1; It – total current, If – forward current,       

Ib – backward current. 

A different situation was encountered when SWV was performed in the same conditions 

but in a less concentrated solution of LMZ, i.e. 10 M. On the 1st SWV scan, peak 2c 

occurred as an overlapping of two close charge transference reactions, peaks 2c’ and 2c’’, 

Figure 5.33. This behavior is reflected in the total current due to the progressive 

displacement of the peak potentials obtained in the forward and the backward currents. 

Thus, by plotting the forward and the backward components of the total current a 

difference of about 100 mV between the peaks corresponding to the reduction and the 

oxidation of LMZ demonstrated once more the quasi-reversibility of LMZ reduction.  
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Figure 5.33. SW voltammogram obtained with the GCE in N2 saturated solution of  

1 M LMZ in pH 7.0 0.1 M phosphate buffer; f = 25 Hz, Es = 2 mV, pulse 

amplitude 50 mV, veff = 50 mV s-1; It – total current, If – forward current, Ib – 

backward current. 

 

5.1.4 Redox mechanism of biologically important electroactive 

compounds 

The results obtained from CV, DPV and SWV can be utilized for the elucidation 

of the electrode reaction mechanism. The number of electrons and protons involved in the 

electrochemical processes are determined from DPV measurements and the reversibility 

or irreversibility of the redox processes are ascertained from square wave and cyclic 

voltammetry. 

5.1.4 (a) Proposed redox mechanism of NPA 

For the elucidation of the redox mechanism of NPA, the electrochemical 

behaviour of 1.0 mM Na-salt of 4-nitrophenylethanoate, NPE and several other 

compounds (mentioned in the experimental section) with closely related structures to 

NPA but with different substituents at the aromatic ring [7-14] was studied and 

compared. The CV’s of 1.0 mM NPE were recorded in N2 saturated solutions of several 

electrolytes with different pH values. A similar behaviour between NPA and NPE was 

observed in all electrolytes although the peak potentials for the reduction of NPE and its 
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reduction product occurred at more negative values (See Figure 5.4). On the other hand, 

the substitution of chloro, bromo, fluoro, methyl, isopropyl and ethoxy in the aromatic 

ring gave no redox peaks in the CV experiments carried out in N2 saturated solution. This 

implied that the electrochemical signals of NPA and NPE are due to the redox behavior 

of NO2.  

The results obtained enabled to propose the mechanism of proton and electron 

exchanges between the redox moiety of the NPA molecule, the electrode surface and the 

medium, Scheme 5.1. The results indicate that NPA (1) is electrochemically reduced to 

compound (2) by a mechanism involving the conversion of NO2 group to an               

N,N-dihydroxylamine by a 2 electrons and 2 protons process as shown in Scheme 5.1. 

The formation of such a reduction product is in agreement with the reduction of NO2 

group of metronidazole and related compounds [15]. Its stabilization by electron-

withdrawing groups and destabilization by electron-donating groups at the aromatic ring 

has been reported by the previous investigators [16]. The presence of electron-donating 

group at the aromatic ring is expected to make the N,N-dihydroxylamine unstable which 

may be dehydrated to a Na-salt of 2-methyl-3-(4-nitrosophenyl)acrylate (3).  

 The reduction peak 2c (Figure 5.28) observed in the SWV is attributed to the 

reduction of nitroso group of compound (3) to hydroxylamine of compound (4) in a 

reversible reaction that involves the transfer of 2 electrons and 2 protons.  

 The plot of Epc vs. pH for peak 1c showed that the reduction process of NPA is pH 

dependent in acidic and neutral media and pH independent for values higher than 9.0. 

This implies that in alkaline solutions with pH > 9.0 electrons transfer is not accompanied 

by protons in the rate determining step. 

 Similarly, Epc vs. pH for peak 2c showed that the reduction process is pH 

dependent for electrolytes with pH ≤ 12. 



 

 122

NO2

CH C COONa

CH3

N

CH C COONa

CH3

2e- + 2H+

OHOH

-H2O

N

CH C COONa

CH3

OHN

CH C COONa

CH3

OH

2e- + 2H+

-2e- - 2H+

(1) (2)

(3)(4)
 

Scheme 5.1. Proposed redox mechanism of Na-salt of 2-methyl-3-(4-

nitrophenyl)acrylate. 

 

5.1.4 (b)  Proposed reduction mechanism of dimethyl-2-oxoglutarate  

The results obtained enabled to propose the mechanism of proton and electron 

exchanges between the redox moiety of the MOG molecule, the electrode surface and the 

medium as shown in Scheme 5.2. The results indicate that the reduction of MOG (1) 

occurs in two consecutive steps in 3.0 < pH < 7.0. The irreversibility of these steps was 

established by SWV. The involvement of 1e- and 1H+ in the reduction steps of MOG was 

evaluated from the width at half height of the DPV peaks and the slope of Epc vs. pH 

plots as discussed above. The first reduction step of MOG (1) led to the formation of an 

intermediate radical (2) which got reduced to dimethyl-2-hydroxyglutarate (3). The 

formation of such a product by yeast, Rhodotorula minuta has also been described in 

literature [17]. On the basis of the disappearance of the second peak at pH 8.0, the 
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formation of a succinate type dimer (4) by radical (2)-radical (2) coupling reaction was 

suggested. The formation of a dimer (4) like product from 2-oxyglutarate by                   

2-oxoglutarate dehydrogenase has been reported by Araújo et.al. [18]. The appearance of 

single peak with W1/2  140 mV at pH < 3.0 can be attributed to the overlapping of the 

two peaks due to the instability of the intermediate radical (2) and its subsequent 

immediate reduction to dimethyl-2-hydroxyglutarate (3). 

 

Scheme 5.2. Proposed reduction mechanism of MOG. 

 

5.1.5 (c)  Proposed redox mechanism of camptothecin  

The results obtained from CV, SWV and DPV a mechanism of proton and 

electron exchanges between the redox moiety of the CPT molecule, the electrode surface 

and the medium was proposed (see Scheme 5.3). The results reveal that the reduction of 

CPT (1) occurs in two consecutive steps in 2 < pH < 7.0. The reversibility of both steps 

was attested by SWV. The peak width at half height obtained by DPV experiments and 

the slope of Epc vs. pH plots confirmed the involvement of 1e- and 1H+ in the reduction of 
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CPT. Therefore, it is proposed that the first step leading to the formation of an 

intermediate radical (2) is reduced to 19,20-dihydroxy derivative of CPT (3). The 

formation of such a product resulting from the reaction of CPT has also been reported in 

literature [19]. The overall mechanism involves the transformation of the lactone moiety 

of CPT to lactol ring. 
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Scheme 5.3. Proposed reduction mechanism of camptothecin. 

 

The reduction of the amide carbonyl is ruled out due to extensive conjugation in 

the D ring and the better electron donating ability of nitrogen atom as compared to 

oxygen. At pH < 2 the disappearance of the second peak can presumably be due to the 

ring opening and the subsequent formation of dimmer by radical (4) radical (4) coupling 

reaction.  

5.1.4 (d) Proposed redox mechanism of lumazine 

The results obtained were used to propose the mechanism of proton and electron 

exchanges between the redox moiety of the LMZ molecule, the electrode surface and the 

medium as given in Scheme 5.4.  
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Scheme 5.4. Proposed redox mechanism of lumazine. 

 

The results of CV, DPV and SWV obtained reveal that LMZ gets oxidized in one 

step as indicated by the appearance of a single oxidation peak in the positive scan and 

reduced in one step as evidenced by the occurrence of a well defined cathodic peak in the 

negative going direction. Peak 1a is attributed to the electro-oxidation of LMZ (1) to      

6-hydroxy derivative (2) by a mechanism involving 2e–/2H+ process in the presence of 
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water. The absence of reduction peak in the reverse scan (see Figure 5.12) suggests that 

the oxidation process of LMZ is an irreversible process. 

The small reduction peak 1c may be due to the reduction of tautomer of LMZ. The 

cathodic peak 2c is attributed to the 2e–/2H+ reduction of the pteridine ring to yield          

5,10-dihydro derivative (2A)  which may tautomerize to 5,8-dihydro derivative (2B). The 

formation of such a product has also been reported in literature [20]. The reversibility of 

the reduction step 2c is evident from the SWV shown in Figure 5.32. The appearance of 

anodic peaks (3a and 4a) in the reverse scan can be assigned to the two step oxidation of 

5,10-dihydro derivative (2A)  formed at the GCE surface to generate compounds (3) and 

(4) as shown in scheme 5.4.  

It has been seen that the redox mechanism of electroactive compounds was 

investigated by CV, SW and DPV techniques. Another important application of these 

techniques is to investigate the interaction of the electroactive compounds with DNA. If 

these compounds are UV-Vis active then their DNA interaction studies can be 

complemented by UV-Vis spectroscopy.  

5.2 DNA BINDING STUDIES OF POTENTIAL ANTICANCER 

COMPOUNDS 

 A large number of clinically important anticancer drugs and antibiotics are 

believed to exert their primary biological action by means of noncovalent interaction with 

DNA and subsequent inhibition of the DNA transcription and replication machinery. 

Some of the noncovalent-binding drugs carry formal positive charge and electrostatic 

contributions are always a significant component of ligand-binding. Electrostatic 

dominated noncovalent-binding involves interactions between a cationic group and 

anionic phosphates of DNA.  

The intercalation hypothesis, originally proposed by Leonard Lerman in 1961 

[21] suggests that the planar chromophore (UV-Vis active part) of the drug molecule gets 

inserted in between adjacent base pairs in an intercalative manner. The drug chromophore 

is stabilized by Van der Waals interactions with the base pairs surrounding it. However, 

there is evidence that besides intercalation, the non-planar part of the drug may bind in 

the major and minor grooves of DNA. The drug is then said to interact by mixed binding 

mode. 
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The use of metal based compounds for medicinal purposes is a field of growing 

interest due to wide range of coordination numbers and geometries, accessible redox 

states, thermodynamic and kinetic characteristics, intrinsic properties of the metal cation 

and ligands. Although metal-based compounds have long been used for medicinal 

purposes [22], yet their potential as anticancer agents has only been fully realized when 

the biological activity of cisplatin was explored [23]. To date this prototypical anticancer 

drug remains one of the most effective chemotherapeutic agents in clinical use. However, 

its use is severely limited by serious negative side effects such as neuro-, hepato- and 

nephrotoxicity [23]. Moreover, inherent or acquired resistance is another problem of 

platinum based drugs which further limits their clinical use. To alleviate these problems 

the researchers have been trying to develop alternative strategies based on different 

metals and aimed at different targets. In achieving these objectives, two basic classes of 

organometallic-based compounds have been reported to exhibit antitumour activity, 

ferrocenes and organotin complexes [24]. 

The chemistry of ferrocenes represent a hybrid area between organometallic 

chemistry and biochemistry. In ferrocene derivatives, ferrocene moiety serves as 

spectroscopically active chromophore, biological marker and redox active site. They are 

the subject of intensive investigations due to their broad range properties such as 

variation in the substituents at the cyclopentadienyl rings, accessible potential range, 

established antiproliferative effects, thermodynamic and kinetic characteristics [25-29].  

Understanding the mechanisms by which ferrocenes and organotin molecules 

interact with nucleic acids and correlating them to biological effects has been a focus of 

interest in the present work.  The interaction of eighty one novel ferrocenes and 

organotin(IV) complexes with DNA was investigated by cyclic voltammetry and UV-Vis 

spectroscopy. Only seventeen compounds were found to interact directly with DNA. The 

detail is given below: 

5.2.1 Cyclic voltammetric investigation of drug-DNA interactions 

In CV the peak potential and peak current of the compound changes in the 

presence of DNA if the compound interacts with nucleic acid. The variation in peak 

potential and peak current can be exploited for the determination of binding parameters. 

The changes in peak height (Ip) of the drug on addition of DNA can be used for the 
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determination of the binding constant of the drug-DNA adduct and the binding site size, 

whereas the shift in peak potential can be used to ascertain the mode of interaction. 

The decay in peak current of the drug by the addition of varying concentration of DNA 

was used to quantify the binding constant by the following equation [30] 

 log (1/[DNA]) = log K + log (I/(Io-I)) (5.5) 

where K is the binding constant, Io and I are the peak currents of the drug in the absence 

and presence of DNA respectively. The binding constant, K is obtained from the intercept 

of the plot of log (1/[DNA]) versus log (I/(Io-I)). 

Another equation which can be used for the determination of binding constant is given as 

[31] 
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where A is proportionality constant. The binding constant is calculated from the intercept 

of the plot of 1/[DNA] versus 1/(1-I/I0). 

A simple site binding model used to fit the cyclic voltammetric data acquired from the 

interaction between the drug and DNA is given as [32] 

 Cb /Cf = K {[free base pairs]/s} (5.7) 

where s is the binding site size in terms of base pairs, Cf is the concentration of the free 

species, Cb denotes the concentration of DNA-bound species and K represents binding 

constant.  

Measuring the concentration of DNA in terms of nucleotide phosphate, the concentration 

of the base pairs can be expressed as [DNA]/2 and equation 5.7 can be written as:  

 Cb/Cf = K {[DNA]/2s} (5.8) 

The Cb/Cf  was determined by the equation given below [33] 

 Cb/Cf = (Io − I)/I (5.9) 

The right hand side of equation (5.9) can be obtained directly from the experimental peak 

currents. The experimental data can therefore be expressed as plots of Cb/Cf against the 

total concentration of DNA keeping concentration of the drug constant.  
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5.2.1.1  Cyclic voltammetric investigation of ferrocenes-DNA interactions 

 The redox behavior of ferrocene derivatives is sensitive to its covalent or non 

covalent binding to other molecules. Therefore, ferrocenes allow the use of a large 

variety of electrochemical detection techniques including amperometry or voltammetry. 

Out of eleven electroactive ferrocene derivatives, four were found to interact with DNA. 

The determination of their DNA binding parameters by cyclic voltammetry is discussed 

below. 

5.2.1.1 (a)  CV of protonated ferrocene - DNA interaction 

For CV titrations both the concentration and volume of DNA were kept constant 

while varying the concentration of protonated ferrocene (PF) in solution. Typical CV 

behavior of 6 mM PF with 0.1 M TBAFB as supporting electrolyte at a glassy carbon 

electrode in the absence and presence of 300 μM DNA is shown in Figure 5.34.  
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Figure 5.34. Cyclic voltammograms of 6 mM PF with 0.1 M TBAFB as supporting 

electrolyte in the (▬) absence and (▬) presence of 300 μΜ DNA at 100 mV/s scan at 

37 oC.   

In the presence of DNA, the cathodic potential shifted to more negative values 

accompanied with the significant decrease in peak current indicating the interaction of PF 

with DNA. In the absence of DNA the Fe of PF at the GCE featured reduction of 3+ to 

2+ form at a cathodic peak potential of 0.391 V vs SCE. Its reoxidation to 3+ state was 
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registered at 0.493 V upon scan reversal. Such a large peak separation of 0.102 V may be 

attributed to the quasireversibility of the redox process of PF. In the presence of DNA the 

current decreased sharply as compared to the solution without DNA. This decrease in 

current is attributed to the decrease in unbound drug concentration as a consequence of 

DNA addition due to the formation of PF-DNA complex, while the shift in peak 

potentials is attributed to the electrostatic interaction of PF with the anionic phosphate 

backbone of DNA double-helix [34]. In the presence of DNA the current is mainly due to 

unbound species, since the diffusion rate of the DNA- bound species is small [35].  

The binding parameters were calculated according to the Scatchard equation [36] 

 /Cf = -K + nK (5.10a) 

where  is the ratio of molar concentration of the bound drug to that of the total DNA 

concentration, Cf  is the concentration of the free drug, K is the binding constant and n is 

the number of binding sites on a DNA molecule. For the generation of Scatchard plot 

cyclic voltammetric titrations of PF were carried out with DNA. A plot of  /Cf vs. for 

PF in the presence of 0.266 mM DNA is given in Figure 5.35.  
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        Figure 5.35. Scatchard plot for the determination of binding constant and 

number of binding sites of PF with 266 μΜ DNA at 37 oC. 

The binding constant and the number of binding sites were obtained from slope and 

intercept of Scatchard plot as 3.07 × 102 M-1 and 2.96 respectively with a good correlation 

coefficient of 0.9931. However, it is lower than the binding constant (3.3 × 103 M-1) of 

electrostatically interacting norepinephrine-DNA complex [32]. The lower affinity of PF 

for DNA may be due to the labile nature of H+.  
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 Using Randles-Sevcik equation, the diffusion coefficients for PF in the absence 

and presence of DNA were obtained as 1.34 × 10-6 cm2/s and 9.54 × 10-7 cm2/s 

respectively from Ip vs. 1/2 plots shown in Figure 5.36. It can be seen that the diffusion 

coefficient of DNA bound PF is slightly lower than that of the free PF. Similar results 

have also been obtained by other investigators [37]. 
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 Figure 5.36.  Ip vs. 1/2
  plots for 6 mM PF in the (●) absence of DNA  and (■) 

presence of  100 μΜ DNA  at (a) 20, (b) 50, (c) 100, (d) 200 and (e) 500 mV/s at       

37 oC. 

 

5.2.1.1 (b)  CV of 4-nitrophenylferrocene (NFC) interacting with DNA 

The cyclic voltammetric behavior of 3.25 mM NFC in the absence and presence 

of 30 M DNA at bare GCE is shown in Figure 5.37. The voltammogram without DNA 

(Figure 5.37) featured a couple of well defined and stable redox peaks in the potential 

range of 0.0 – 1.0 V. The anodic and cathodic peaks appeared at 0.614 and 0.429 V 

versus SCE with a formal potential (Ef) of 0.520 V, while for simple ferrocene, 

oxidation peak appeared at 0.518 V under the same conditions. The difference of 96 mV 

in the anodic peak potentials of NFC and ferrocene is attributed to the electron 

withdrawing effect of p-nitrophenyl substituent attached to the cyclopentadienyl ring of 

ferrocene, which renders its oxidation difficult. The electrochemical signal at 0.614 V 

reflects the oxidation of the ferrocenyl group of NFC to ferrocenium state, which gets 

reduced to its neutral form upon scan reversal. The large peak to peak separation may be 
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due to kinetic complications. The anodic and cathodic peak current ratio (Ipa/Ipc) of about 

1 is suggestive of reversible electrochemical process. 
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Figure 5.37. Cyclic voltammograms of 3.25 mM NFC on a polished GC electrode in 

the (a) absence and (b) presence of 30 M DNA in 10% aqueous ethanol (10% H2O : 

90% ethanol).  : 100 mVs-1,  Supporting electrolyte: 0.1 M TBAFB.  

By the addition of 30 M DNA into 3.25 mM drug (Figure 5.37) the anodic peak 

potential shifted (24.40 mV) cathodically with the decrease in Ipa. The substantial 

diminution in peak current is attributed to the formation of slowly diffusing NFC-DNA 

supramolecular complex due to which the concentration of the free drug (mainly 

responsible for the transfer of current) is lowered.  

The mode of drug-DNA interaction can be judged from the variation in formal 

potential. In general the positive shift (anodic shift) in formal potential is caused by the 

intercalation of the drug into the double helical structure of DNA [38], while negative 

shift is observed for the electrostatic interaction of the cationic drug with the anionic 

phosphate of DNA backbone [34]. So the obvious negative peak potential shift (cathodic 

shift) in the CV behavior of NFC by the addition of DNA may be attributed to the groove 

binding and electrostatic interaction of the positively charged ferrocenium state of NFC 

with the polyanionic DNA. The peak potential shift in the cathodic direction further 

indicates that Fe (II) of NFC is easier to oxidize in the presence of DNA because its 

oxidized form is more strongly bound to DNA than its reduced form (neutral form). For 
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such a system, where both forms of the drug interact with DNA, scheme 5.5 can be 

applied [39].  

NFC (II) NFC (III) 1e Eo
f

NFC (II) DNA NFC (III) Eo
bDNA

Kred Kox

+

1e+  

Scheme 5.5. General redox process of the free and DNA bound NFC. 

Based upon the process discussed in scheme 5.5, the following equation is obtained [35] 

 Eb- Ef = 0.059 log (Kred/Kox) (5.10b) 

where Efand Eb are the formal potentials of the NFC (II)/ NFC (III) couple in the free 

and bound forms respectively. 

For a shift of 14.5 mV caused by the addition of 20 M DNA into 3.25 mM NFC   

(Figure 5.38) a ratio of Kred/Kox was calculated as 0.57, which indicates 1.75 times 

stronger interaction of the oxidized form of the drug with DNA than the reduced form. 
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 Figure 5.38. Cyclic voltammograms of 3.25 mM NFC in the (a) absence of 

DNA and presence of (b) 20, (c) 30, (d) 40, (e) 50 and (f) 60 M DNA. 
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Based upon the decrease in peak current of NFC by the addition of different 

concentration of DNA, ranging from 20 to 60 M (Figure 5.38), the binding constant was 

calculated according to equation 5.6. 
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Figure 5.39. Plot of 1/1- I/Io vs. 1 / [DNA] for 3.25 mM NFC with varying 

concentration of DNA ranging from 2060 M. 

 

The plot of 1/[DNA] versus 1/(1- I/Io) (Figure 5.39) yielded K = 3.85 × 103 M-1, 

which is greater than the binding constant of protonated ferrocene (K = 3.45 × 102 M-1) 

with DNA (see Section 5.2.1.1 (a)).  
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Figure 5.40. Plot of Cb/Cf vs. [DNA] for the determination of binding site size. 
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For the determination of binding site size equation 5.8 was used. By putting the 

value of K = 3.85 × 103 M-1 as calculated according to equation 5.6, the binding site size 

of 0.09 bp was obtained from the plot (Figure 5.40) of Cb/Cf vs. [DNA]. The small value 

of s indicates the dominance of electrostatic interaction of NFC with DNA. Such an 

interaction may induce perturbation in the normal functioning of DNA which could 

presumably culminate in the prevention of replication and ultimate cell death. 

 To further ascertain the interaction of NFC with DNA, I was plotted vs. 1/2 before 

and after the addition of DNA, using equation 5.4.The linear dependence of the peak 

currents of both NFC and NFC–DNA on the square root of the scan rate suggests that the 

redox process is kinetically controlled by the diffusion step. The diffusion coefficients of 

the free (Df = 1.03 × 10-5 cm2 s-1) and DNA bound drug (Db = 7.51 × 10-6 cm2 s-1) were 

determined from the slopes of Randles-Sevcik plots. The lower diffusion coefficient     

(Df = 1.03 × 10-5 cm2 s-1) of the free NFC than the Df (1.88 × 10-5 cm2 s-1) of ferrocene 

[40] is attributed to its comparatively high molecular weight. Furthermore, the smaller 

diffusion coefficient of NFC in the presence of DNA as compared to free NFC is 

suggestive NFC–DNA adduct formation. The reason for the decrease in the apparent 

diffusion coefficient of NFC in the presence of DNA is the obviously large molecular 

weight of the adduct.  

5.2.1.1 (c) CV of 1-ferrocenyl-3-phenyl-2-propen-1-one-DNA interaction 

The cyclic voltammetric behavior of 0.5 mM 1-ferrocenyl-3-phenyl-2-propen-1-

one (FC) in the absence and presence of 10-80 M DNA at bare GCE is shown in Figure 

5.41. The voltammogram of the free FC (Figure 5.41 a) exhibited a single well defined 

cathodic peak at -1.372 V versus SCE with Ipc = 18.8 A in 10% aqueous DMSO at 

25oC. No anodic peak was found in the reverse scan. The electrochemical signal at -1.372 

V with |Ep-Ep/2| = 60 mV reflects 1e- reversible reduction of  

 

state which may result in the formation of non-electroactive dimer as shown in scheme 

5.6. 
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Scheme 5.6. 1e- reduction of FC followed by rearrangement and dimer formation. 

The addition of 10-80 M DNA with a difference of 10 M into the same concentration 

of the drug (Figure 5.41), a significant gradual decrease in peak current and positive shift 

in peak potential upto 62 mV were observed. The substantial diminution in peak current 

can be attributed to the decrease in free drug concentration due to the formation of slowly 

diffusing, heavy molecular weight FC-DNA adduct. 
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Figure 5.41. Cyclic voltammograms of 0.5 mM FC in 10 % aqueous DMSO with   

0.1 M TBAFB as supporting electrolyte in the (a) absence and presence of (b)10, (c) 

20, (d) 30, (e) 40, (f) 50, (g) 60, (h) 70 and (i) 80 M DNA at 25oC.  

The obvious positive peak potential shift could be attributed to the intercalation of the 

planar part of FC into the stacked base pairs domain of DNA [41]. The extensive 



 

 137

aromatization of the phenyl and α,β-unsaturated ketonic part (-CO-C=C-C6H5) of the 

compound facilitates intercalation. The absence of electrostatic interaction of the partial 

positively charged carbon of FC with the anionic phosphate of DNA can be attributed to 

the presence of nucleophylic cyclopentadienyl ring, electron rich oxygen and unsaturated 

carbon in the close vicinity of carbonyl carbon, which causes to lower its electrophilicity 

and shield it from the attack of nucleophilic oxygen of DNA. With the addition of more 

and more DNA, the peak potential gradually shifts to less negative values, indicating 

facile reduction. This behavior can be further explained by the change in the components 

of the system (presence of free and DNA bound drug with in the system) due to which 

the alteration in diffusion coefficient and reduction potential are expected to take place. 

The gradual decay in peak current of FC by the addition of varying concentration 

of DNA, ranging from 10 to 80 M, can be used to quantify the binding constant by the 

application of equation 5.5. The binding constant with a value of 1.39 × 104 M-1 was 

obtained from the intercept of log (1/[DNA]) versus log (I/(Io-I)) plot (Figure 5.42). 
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Figure 5.42. Plot of log (I/(Io-I)) vs. log (1 / [DNA]). 

Its strong binding affinity for DNA as attested by the greater binding constant than those 

observed for similar DNA-intercalating complexes, [CrCl2(dicnq)2]
+ and [Ru((dicnq)3]

+2, 

for which the binding constants have been reported as 1.20 × 103 and 9.70 × 103 M-1, 

respectively [42-44] justifies its preferred candidature as an effective anti-cancer drug. 

For the determination of binding site size equation 5.8 was used. Putting the value 

of K = 1.39 × 104 M-1 as calculated according to equation 5.5, the binding site size of 

0.53 bp was obtained from the plot of Cb/Cf vs. [DNA] (Figure 5.43). The binding site 
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size implies one binding site per two base pairs, giving evidence for an intercalation of 

FC into DNA, since electrostatic binding usually results in significantly lower binding 

site size [45]. 
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Figure 5.43. Cb/Cf  vs. varying concentration of DNA (10-80 M), for the 

determination of binding site size. 

 

To judge the nature of the electrochemical process (diffusion controlled or 

adsorption controlled), peak current, I was plotted vs. 1/2 (Figure 5.44) in the presence 

and absence of DNA using equation 5.1. The linearity of the plots (Figure 5.44) at lower 

scan rates indicates that the electrochemical process is controlled by diffusion step [46]. 

The sudden rise in the slopes of the plots at high scan rates reflects the process to be 

adsorption controlled.  The diffusion coefficients of the free and DNA bound FC were 

determined from the slopes of Randles-Sevcik plots at lower scan rates (20-200 mVs-1
). 

The lower diffusion coefficient of the DNA bound species as compared to the free FC is 

suggestive of intercalation [47,48] of the planar part of the molecule in to the stacked 

base pairs of DNA, resulting in the formation of poor electroactive supramolecular      

FC-DNA adduct with the resultant decrease of the peak currents in cyclic 

voltammograms shown in Figure 5.41. 
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Figure 5.44. Plots of I vs. 1/2, for the determination of diffusion coefficient of the (●) 

free drug and (■) DNA bound drug.  

 

5.2.1.1 (d)  CV of ferrocenyl nitro chalcone (FNC) - DNA interaction 

The cyclic voltammetric behavior of 3 mM FNC in the absence and presence of 

200 M DNA at bare GCE is shown in Figure 5.45.  
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Figure 5.45. Cyclic voltammograms of 3 mM FNC in 10% aqueous DMF with 0.1 M 

TBAP as supporting electrolyte in the (a) absence and (b) presence of 200 M DNA 

at 100 mV/s scan rate in 0.25 M phosphate buffer at pH 7.4 and 25 oC.  
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The voltammogram without DNA featured a couple of well defined and stable redox 

peaks in the potential range of -0.6 to -1.6 V. The voltammogram registered a cathodic 

peak at -1.173 V and an anodic peak at -1.036 V versus Ag/AgCl. The appearance of 

these peaks could be due to the redox behavior of keto part of FNC as ferrocenyl group 

does not give voltammetric signal in negative voltage. By the addition of 200 M DNA 

both the cathodic and anodic peak potentials shifted by 93 and 97 mV in the anodic 

direction. These positive shifts in peak potentials are indicative of an intercalative mode 

of binding [49]. Furthermore, a decrease in cathodic and anodic peak current was 

observed. The greater decrease of Ipc as compared to Ipa is attributed to the intercalation 

of FNC into the double stranded DNA. The phenomenon observed can also be inferred 

from the following appropriate references [50,51]. The rationale behind the diminution in 

peak currents is the decrease in free drug concentration due to the formation of 

macromolecular FNC-DNA complex with a small diffusion coefficient [35]. The values 

of the diffusion coefficient (Df = 5.22 × 10-7 cm2 s-1) of the free and DNA bound drug  

(Db = 4.39 × 10-8 cm2 s-1) were determined by using equation 5.4. The linear dependence 

of Ip on1/2 indicates that the redox process of FNC in the absence and presence of DNA 

is diffusion controlled [37]. 

It can be seen that the diffusion coefficient of DNA bound drug is an order of 

magnitude lower than that of the free drug. Similar results have also been obtained by 

other investigators [47,48,53]. The smaller slope of FNC in the presence of DNA could 

be attributed to its intercalation into DNA resulting in the formation of slowly diffusing 

supramolecular complex in solution [54]. 

Based upon the decrease in peak current of FNC by the addition of different 

concentration of DNA, ranging from 40 to 200 M (Figure 5.46), the binding constant 

was calculated according to equation 5.6. By plotting 1/[DNA] versus 1/(1- I/Io) (Figure 

5.47) a straight line with a binding constant of 6.13 × 103 M-1 was obtained. 
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Figure 5.46. Cyclic voltammograms of 3 mM FNC in the (a) absence of DNA and 

presence of (b) 20 (c) 40, (d) 60, (e) 80, (f) 100 and (g) 200 M DNA. 
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 Figure 5.47. Plot of 1/1- I/Io vs. 1 / [DNA] for 3 mM FNC with varying concentration 

of DNA ranging from 20M to 200 M in a medium buffered at pH 7.4. 

For the determination of binding site size equation 5.8 was used. Putting the value of      

K = 6.13 × 103 M-1 as calculated according to equation 5.6, the binding site size of 1.28 

was obtained from the plot (Figure 5.48) of Cb/Cf vs. [DNA]. The value of s shows that 

the drug occupies more than one base pair when intercalated into DNA [55]. 
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Figure 5.48. Cb/Cf vs. [DNA] for the determination of binding site size.  

The results of ferrocene derivatives have been summarized in Table 5.1. 

Table 5.1. Summary of kinetic and binding parameters of ferrocene derivatives in 

the absence and presence of DNA as obtained from CV. 

 

Compound 

CV 

Df      (cm2/s) Db     (cm2/s) K (M-1) s (bp) 

PF 1.34 × 10-6 ×  × 

PF-DNA × 9.54 × 10-7 3.07 × 102 0.17 

NFC 1.03 × 10-5 ×  × 

NFC-DNA × 7.51 × 10-6 3.85 × 103 0. 09 

FC 1.10 × 10-5 ×  × 

FC-DNA × 1.16 × 10-6 1.39 × 104 0.53 

FNC 5.22 × 10-7 ×  × 

FNC-DNA × 4.39 × 10-8 6.13 × 103 1.28 

 

An examination of Table 5.1 reflects that the values of the diffusion coefficient of the 

DNA-bound ferrocenes are lower as compared to free ferrocenes due to the formation of 

large molecular weight drug-DNA adducts. The greater Df of FC than FNC may be due to 

its lower molecular weight thus confirming the idea that lighter molecule diffuses quickly 

to the electrode surface. Although the molecular weight of FC is more than NFC and PF 
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yet its greater Df value could be due to the attachment of more hydrophobic chalconic 

part attached to the ferrocenyl group. The results of CV tabulated in Table 5.1 reveal that 

the binding constant varies in the sequence: KFC > KFNC > KNFC > KPF. The greater affinity 

of FC justifies its preferred candidature as an effective anti-cancer drug. The values of 

Gibbs free energy varied in the same sequence as was followed by binding constant. The 

negative values of ΔG indicated the spontaneity of the drug-DNA interaction. The values 

of binding site size of electrostatically interacting PF and NFC are lower than FC and 

FNC interacting with DNA by mix binding mode i.e., intercalation and groove binding, 

confirming the idea that electrostatic interaction covers smaller portion than intercalation. 

5.2.1.2  Cyclic voltammetric investigation of organotins -DNA interactions 

The interaction of organotins with DNA has been extensively studied by 

electrochemical techniques owing to their accessible redox states. Several researchers 

have reported that the binding parameters of redox active organotins can be evaluated 

from the variation in their voltammetric signals by titration with DNA. Among fifty 

organotin(IV) complexes and twenty ligands, seventeen organotins and three ligands 

were found electroactive on GCE. Among the seventeen electroactive organotins thirteen 

were found to interact directly with DNA. The detail of their electroactivity and DNA 

binding behavior as studied by CV has been discussed in the following four series.  

5.2.1.2 (a) CV of penta- and hexa-coordinated diorganotin(IV) 4-(4-nitrophenyl) 

piperazine-1-carbodithioate interacting with DNA 

The interaction of diorganotin(IV) complexes [Cl(C4H9)2Sn(L)] (1a), 

[Cl(C2H5)2Sn(L)] (2a) and [(C6H5)2Sn(L)2] (3a), where L is 4-(4-nitrophenyl)piperazine-

1-carbodithioate, with DNA was studied by cyclic voltammetry. During the voltammetric 

measurement a constant flux of N2 was kept over the solution surface in order to avoid 

the diffusion of atmospheric oxygen. Typical CV behavior of 1a, with and without DNA 

is shown in Figure 5.49. On the negative-going scan of the voltammogram of complex 

1a, a cathodic peak at Epc = -1.308 V showing one step reduction of the complex was 

registered, and after changing the scan direction, an oxidation peak was noticed at        

Epa = -1.174 V, indicating the oxidation of the electroactive reduction product of 1a 

formed at the GCE surface. The difference of anodic and cathodic peak potential of about 

134 mV and the ratio of their currents Ipc/Ipa > 1 reflect the electrochemical process to be 

quasi-reversible. In the presence of 60 M DNA, the equilibrium concentration of 1a got 
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decreased which resulted in the diminution of its cathodic and anodic peak currents. The 

prominent shift in peak potential of 1a to more negative values in the presence of DNA is 

attributed to the prevailing electrostatic interaction of 1a with the anionic phosphate of 

DNA [56]. Such an interaction can be explained by the formation of cationic complex 

due to the probable labile nature of dithiocarboxylate ligand as a result of steric repulsion 

of bulky butyl groups.  

 

Figure 5.49. CV behavior of 2 mM 1a at clean GC electrode in the (a) absence and 

(b) presence 60 M DNA in 10 % aqueous DMSO using 0.1 M TBAFB as 

supporting electrolyte at 0.1 V/s scan rate.  

The difference between Ep and Ep/2 for cathodic peak was ~ 80 mV indicating the 

quasireversibility of the electrochemical process. By increasing the scan rate, the cathodic 

peak current increased linearly with the square root of scan rate, consistent with the 

diffusion-limited reduction of solution species.  

The diffusion coefficient of the free and DNA bound complex 1a was determined 

as Df  = 2.10  10-6 cm2 s-1 and Db = 1.83  10-7 cm2 s-1 from the slopes of Ipc vs. 1/2 plots. 

The diffusion coefficient of the DNA bound complex with an order of magnitude smaller 

than that of the free complex indicates the slow mobility of the heavy complex-DNA 

adduct. 

The charge transfer coefficient (α) with a value of 0.42 was determined by the application 

of the formula given below [57]  
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The CV of 3 mM 2a at 100 mVs-1 scan rate (Figure 5.50) exhibited a well defined 

reduction peak at Epc = -1.191 V and oxidation peak of the reduced product at               

Epa = -1.083 V. In the presence of 40 and 80 M DNA, the cathodic peak was shifted in 

the positive direction accompanied with the decrease in peak current.  
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Figure 5.50. CV behavior of 3 mM 2a at clean GC electrode in the (a) absence and 

presence (b) 40 and (c) 80 M DNA  in 10 % aqueous DMSO using 0.1 M TBAFB as 

supporting electrolyte at 0.1 V/s scan rate.  

Similar behavior was observed for complex 3a. Such peculiar CV characteristics are 

suggestive of intercalation in which the drug or a part of it inserts itself into the stacked 

base pair pockets of DNA [43]. The voltammetric parameters of complexes 1a-3a, in the 

absence and presence of 60 M DNA have been listed in Table 5.2.  

The electron-donating groups make the reduction difficult by shifting the formal 

potential (E○) in more negative direction while the electron-withdrawing groups make the 

reduction easy by shifting the E○ to less negative values. The results reveal that the 

magnitude of formal potential varies in the sequence: 1a > 3a > 2a, suggestive of easy 

reduction of 2a due to the greater electron withdrawing ability of ethyl than butyl and 

phenyl groups. The alkyl groups are electron donating in organic molecules. However, 

when attached to metal they act as electron withdrawing groups. The positive shift of 
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formal potentials of complexes 2a and 3a by the addition of DNA can be attributed to 

their intercalation into the stacked base pairs domain of DNA. Whereas the cathodic shift 

of E○ (in case of 1a) signify the dominance of electrostatic interaction of 1a with 

negatively charged oxygen of phosphate backbone of DNA.  

Table 5.2. CV data of compounds 1a-3a 

 

 

 

  

 

 

 

 

 

(a) All potentials were measured versus SCE in 10 % aqueous DMSO at 0.1 Vs-1. 

(b) ∆Ep = Epa-Epc 

The values of the diffusion coefficient (Df) listed in Table 5.3 vary in the order: 

3a > 1a > 2a, indicating greater Df of 3a, due to the absence of chloro group which can 

interact strongly with the solvent, thus causing lowering of the diffusion coefficient in 

case of 1a and 2a. The higher Df value of 1a as compared to 2a may be due to the greater 

hydrophobic character of butyl than ethyl groups. Generally molecules with high 

molecular weights have low diffusion coefficient but the results of complexes 1a-3a 

showed opposite trend thus disproving the idea that a heavy molecule diffuses slowly to 

the electrode surface. The nature of the groups attached to the central metal ion may play 

a dominant role as compared to molecular weight in deciding the order in which Df 

values vary.  

The values of standard rate constant (ks) of the electron transfer reaction of these 

complexes at the electrode surface were obtained from Nicholson equation [58] 

 
2/1









RT

nf
D

k

o

s


  (5.12) 

Compound CV data 

Epc (V) Epa (V) ∆Ep (mV) Ipc/Ipa 

1.76 

2.10 

2.32 

1.80 

1.29 

1.37 

1a -1.308 -1.174 134 

1a-DNA -1.415 -1.274 141 

2a -1.191 -1.083 108 

2a-DNA -1.073 -0.947 126 

3a -1.271 -1.169 102 

3a-DNA -1.201 -1.096 105 
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where   is a dimensionless parameter (depending upon peak separation, ∆Ep) and all 

other parameters have their usual significance. 

Table 5.3. Summary of kinetic and binding parameters of compounds 1a-3a, as 

obtained from electrochemical measurements 

Compound Kinetic parameters Binding parameters 

Df × 106 

(cm2/s) 

Db × 107 

(cm2/s) 

α ks × 104 

(cm/s) 

s 

(bp) 

K × 10-4 

(M-1) 

∆G  

(kJmol-1) 

1a 2.10 × 0.42 2.31 × × × 

1a-DNA × 1.83 0.38 0.82 0.60 0.78 -22.20 

2a 1.04 × 0.34 3.59 × × × 

2a-DNA × 3.71 0.37 1.51 0.26 0.64 -21.71 

3a 4.17  × 0.57 6.09 × × × 

3a-DNA × 0.847 0.48 1.13 0.86 1.61 -23.98 

 

An examination of Table 5.3 reflects that the ks values of DNA bound complexes 

are lower as compared to the free complexes. The magnitude of ks with an order of 10-4 

corresponds to the quasi-reversible nature of the redox processes with slow electron 

transfer kinetics. The sequence (3a > 2a > 1a) of the ks values without DNA, indicates 

that the fast diffusing 3a with no chloro group is more favorable for electron transfer than 

complexes 1a and 2a. The slow electron transfer of 1a than 2a may be due to the bulky 

butyl groups. An examination of Table 5.3 further reflects that α with values less than 0.5 

for all the complexes (with and without DNA) unambiguously symbolize the quasi-

reversibility of the electrochemical processes.  

Based upon the decay in peak current of complexes 1a–3a by the addition of 

varying concentration of DNA, the binding constants (Table5.3) were calculated from the 

plots of 1/[DNA] vs. 1/(1 - I/Io), according to equation 5.6. 

The binding constant K, varied in the sequence: 3a-DNA > 1a-DNA > 2a-DNA. 

The greater binding constant of 3a-DNA corresponds to the planarity of the phenyl 

groups with effective intercalating ability. The binding of these complexes with DNA 

may cause alterations in the genetic machinery of DNA that could result in the failure of 

the cancerous cell to replicate.  
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The greater K of these Sn complexes than those observed for similar DNA-

intercalating Cr complex; [CrCl2(dicnq)2]
+ with K reported as 1.20 × 103 M-1 [42], 

suggests their potential candidature as chemotherapeutic agents. The negative values of 

standard Gibbs free energy (∆G = -RT ln K) indicate that the interaction of these 

complexes with DNA is spontaneous.  

For the determination of binding site size equation 5.8 was used. Putting the 

values of K as calculated according to equation 5.6, the values of binding site size as 

listed in Table 5.3 were obtained from the slopes of Cb/Cf vs. [DNA] plots (Figure 5.51). 

The values of ‘s’ decrease in the same order (i.e., 3a > 1a > 2a) in which the binding 

constant vary. The small binding site size of 2a may be due to partial intercalation into 

DNA. The results demonstrate that about three molecules of complex 2a and one 

molecule of complex 3a cover one base pair when intercalate into DNA. 
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Figure 5.51. Cb/Cf vs. [DNA] for the determination of binding site size. 

 

5.2.1.2 (b) CV of diorganotin(IV) derivatives of ONO tridentate schiff base 

interacting with DNA  

The voltammetric behavior of diorganotin(IV) derivatives of ONO tridentate 

schiff base, [(C6H5)2Sn(L)2] (1b), [(CH3)2Sn(L)2] (2b) and [(C4H9)2Sn(L)2] (3b) with      

L = [N-(2-oxidobenzylidene)-N-(oxidomethylene)hydrazine] and their interaction with 

DNA were studied by cyclic voltammetry. The CV’s of 3.00 mM complex 1b in the 
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absence and presence of varying concentration of DNA at bare GCE is shown in Figure 

5.52.  
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Figure 5.52. Cyclic voltammograms of 3.00 mM 1b in 10 % aqueous DMSO with 0.1 

M TBAP as supporting electrolyte in the (a) absence and presence of (b) 10,  (c) 20,  

(d) 40 and (e) 50 M DNA at 25oC temperature. Scan rate 100 mV/s. 

 

During the voltammetric measurement a constant flux of argon was kept over the 

solution surface in order to avoid the diffusion of atmospheric oxygen. On the cathodic 

scan of the voltammogram of complex 1b one main cathodic peak at Epc = -1.531 V 

showing one step reduction of the complex was registered, and after changing the scan 

direction, a small oxidation peak was noticed at Epa = -1.467 V, indicating the oxidation 

of the electroactive reduction product of 1b formed at the GCE surface. Although the 

potential difference between the two peaks is Ep = 64 mV, yet the prominent difference 

in peak currents shows the quasi-reversible nature of the system. In the presence of 

varying concentration of DNA, a gradual decrease in peak current and positive shift in 

peak potential was observed. The substantial diminution in peak current can presumably 

be due to the decrease in free drug concentration due to the formation of slowly diffusing, 

heavy molecular weight 1b-DNA adduct. The obvious positive peak potential shift could 

be attributed to intercalation as the dominant mode of interaction of 1b with DNA as 

reported by the previous researchers [39,41].  
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The reduction of 3 mM 2b and the effect of 50 M DNA was also studied in 

argon saturated solutions at 100 mVs-1 scan rate (Figure 5.53). On scanning in the 

negative-going direction a large cathodic peak occurred at Epc = -1.710 V. After changing 

the scan direction, the anodic correspondent of cathodic peak occurred at Epa = - 1.626 V. 

The potential difference of Ep = 84 mV may be due to the occurrence of coupled 

chemical reaction resulting in the formation of a product with low electroactivity. In the 

presence of 50 M DNA, the cathodic peak was shifted in the positive direction 

accompanied with the decrease in peak current. A similar behavior was also observed for 

complex 3b (Figure 5.54).  
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Figure 5.53. Cyclic voltammograms of 3.00 mM 2b in 10 % aqueous DMSO with 0.1 

M TBAP as supporting electrolyte in the (a) absence and (b) presence of 50 M 

DNA at 25oC temperature. Scan rate 100 mV/s. 
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Figure 5.54. Cyclic voltammograms of 3.00 mM 3b in 10 % aqueous DMSO with 0.1 

M TBAP as supporting electrolyte in the (a) absence and presence of (b) 50 and (c) 

100 M DNA at 25oC temperature. Scan rate 100 mV/s. 

Such peculiar CV characteristics are suggestive of intercalation in which the drug or a 

part of it inserts itself into the stacked base pair pockets of DNA [31]. The voltammetric 

parameters of complexes 1b-3b, in the absence and presence of 50 M DNA have been 

listed in Table 5.4.  

Table 5.4. CV data of compounds 1b-3b 

 

 

 

 

 

 

 

 

 

(a) All potentials were measured versus SCE in 10 % aqueous DMSO at 0.1 Vs-1. 

   (b) ∆Ep = Epa-Epc 

 

Compound Epc (V) Epa (V) ∆Ep (mV) E○ (V) 

1b -1.531  -1.467 64 -1.493 

1b-DNA -1.470 -1.410 60 -1.429 

2b -1.710 -1.626 84 -1.670 

2b-DNA -1.664 -1.603 61 -1.633 

3b -1.713 -1.620 93 -1.668 

3b-DNA -1.661 -1.594 67 -1.626 
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The electron-donating groups make the reduction difficult by shifting the formal potential 

(E○) to more negative direction while the electron-withdrawing groups make the 

reduction easy by shifting the E○ to less negative values. The magnitude of formal 

potential varied in the sequence: 2b > 3b > 1b, indicating easy reduction of 1b due to less 

electron donating ability of [N-(2-oxidobenzylidene)-N-(oxidomethylene)hydrazine] to 

the central metal ion in the presence phenyl groups. The positive shift of formal 

potentials of complexes 2b and 3b by the addition of DNA can be attributed to their 

intercalation into the stacked base pairs domain of DNA.  

CVs of 3 mM 3b in the absence and presence of 60 M DNA (Figure 5.55-5.56) 

were also recorded at different scan rates in argon saturated solution. Between the 

measurements, the electrode surface was always polished in order to ensure a clean 

surface and to avoid possible problems from the adsorption.  
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Figure 5.55. CV behavior of 3 mM 3b at scan rates: (a) 0.3, (b) 0.4, (c) 0.5, (d) 0.6 

and (e) 0.7 Vs-1. 

By increasing the scan rate, the cathodic peak current of 3b with and without DNA 

increased linearly with the square root of the scan rate, consistent with the diffusion-

limited reduction of solution species. By plotting Ipc vs. 1/2, considering n = 1 for 

complex 1b, the value of D was obtained by using equation 5.4. The diffusion coefficient 

of the free and DNA bound complex 1b was determined as Df = 2.58  10-6 and Db = 9.90 

 10-7 cm2 s-1 from the slopes of Ipc vs. 1/2 plots. The diffusion coefficient of the DNA 
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bound complex of an order of magnitude smaller than that of the free complex indicates 

the slow mobility of the heavy complex-DNA adduct. 
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Figure 5.56. CV behavior of 3 mM 3b in the presence of 60 M DNA at scan rates(a) 

0.3, (b) 0.4, (c) 0.5, (d) 0.6 and (e) 0.7 Vs-1. 

 

The values of the diffusion coefficient (Df) listed in Table 5.5 vary in the order: 

1b > 3b > 2b. The higher Df value of 3b as compared to 2b may be due to the greater 

hydrophobic character of butyl than methyl groups. The reason for the highest Df value of 

1b could be the greater hydrophobicity of phenyl groups as compared to methyl and butyl 

groups. Generally the diffusion coefficients vary inversely with the molecular weight as 

heavy molecules diffuse slowly to the electrode surface. However, the variation of 

molecular weights in the same order in which the Df varies disprove the idea that a heavy 

molecule diffuses slowly to the electrode surface. The results reveal that the nature of the 

groups attached to the central metal ion and geometry of the complexes play a dominant 

role in deciding the order in which Df values vary.  

The charge transfer coefficient (α) with values close to 0.5 was determined by the 

use of equation 5.11. The values of standard rate constant (ks) of the electron transfer 
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reaction of these complexes at the electrode surface were obtained by the application of 

equation 5.12. 

Table 5.5. Summary of kinetic and binding parameters of compounds 1b-3b, as 

obtained from electrochemical measurements 

Compound Kinetic parameters Binding parameters 

Df × 106 

(cm2/s) 

Db × 107 

(cm2/s) 

α ks × 102 

(cm/s) 

s 

(bp) 

K × 10-4 

(M-1) 

∆G  

(kJmol-1) 

1b 2.58 × 0.59 2.86 × × × 

1b-DNA × 9.90 0.68 8.45 0.60 1.10 -23.05 

2b 2.22 × 0.48 0.479 × × × 

2b-DNA × 7.12 0.51 3.39 0.46 0.961 -22.72 

3b 2.49 × 0.48 0.386 × × × 

3b-DNA × 8.59 0.52 1.02 0.73 1.69 -24.11 

          

An examination of Table 5.5 reflects that the ks values of DNA bound complexes 

are greater as compared to the free complexes. The magnitude of ks with an order of 10-2 

corresponds to the fast electron transfer kinetics. The sequence (1b > 2b > 3b) of the ks 

values without DNA, indicates that the fast diffusing 1b is more favorable for electron 

transfer than complexes 2b and 3b. The slow electron transfer of 3b than 2b may be due 

to its greater molecular weight.  

 The binding constant was estimated by the application of equation 5.5. The plots 

of log (1/[DNA]) versus log (I/(Io-I)) shown in Figure 5.57 yielded K = 1.10 × 104 M-1, 

9.61 × 103 M-1 and 1.69 × 104 M-1 for 1b-DNA, 2b-DNA and 3b-DNA complexes, 

respectively. The reason for the greater K of 1b than 2b, may be due to the extended 

aromatic system which could bind strongly with DNA bases [59]. The strong affinity of 

3b for DNA as indicated by its greater intercept (Figure 5.57) as compared to 1b could be 

assigned to the additional hydrophobic interactions of the bulky butyl groups with the 

nucleotide bases. The K values of these diorganotin(IV) – DNA adducts are greater than 

those observed for similar DNA-intercalating Cr and Ru complexes, [CrCl2(dicnq)2]
+ and 

[Ru((dicnq)3]
+2, for which the binding constants have been reported as 1.20 × 103 and 

9.70 × 103 M-1, respectively [41,52,53]. The negative values of standard Gibbs free 
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energy (∆G = -RT ln K) indicate that the interaction of these complexes with DNA is 

spontaneous.  
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Figure 5.57. Plots of log (I/(Io-I)) vs. log (1 / [DNA]) used to calculate the binding 

constants of complex (▲)1b-DNA, (●) 2b-DNA  and (■) 3b-DNA. 

 

For the determination of binding site size equation 5.8 was used. Putting the 

values of K as calculated according to equation 5.5, the values of binding site size as 

listed in Table 5.5 were obtained from the slopes of Cb/Cf vs. [DNA] plots. The values of 

‘s’ decrease in the same order: 3b > 1b > 2b in which the binding constant vary. The 

small binding site size of 2b may be due to partial intercalation into DNA. The results 

demonstrate that about two molecules of the complexes cover one base pair after 

intercalate into DNA. 

5.2.1.2 (c) CV of new triorganotin(IV) dithiocarboxylates - interacting with DNA 

The electrochemical, kinetic and thermodynamic parameters of three novel 

organotin (IV) dicarboxylates, [Bu3SnL] (1c), [(C6H11)3SnL] (2c) and [(C6H5)3SnL] (3c), 

where L = 4-(4-nitrophenyl)piperazine-1-carbodithioate, interacting with DNA were 

evaluated. The cyclic voltammetric behavior of 3 mM compound 1c and the effect of 

addition of different concentration of DNA on its electrochemical response is shown in 

Figure 5.58. During the voltammetric measurement a constant flux of argon was kept 

over the solution surface in order to avoid the diffusion of atmospheric oxygen. On the 
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negative-going scan the free complex 1c registered a cathodic peak at Epc = -1.261 V and 

an anodic peak at -1.181 V upon scan reversal, in the potential range of -1.0 to -1.5 V. 

The appearance of anodic peak indicates oxidation of the electroactive reduction product 

of 1c formed at the GCE surface. The peak to peak potential separation of (ΔEp) of 80 

mV is suggestive of quasireversibility. With the increase in concentration of DNA in a 

constant amount of compound 1c, the voltammetric response of the compound altered as 

is manifested by the sequential drop in peak current and gradual peak potential shift in 

positive direction. The shift of peak potential to less negative values is suggestive of 

intercalation as the dominant mode of interaction [43]. The observed decrease in peak 

current indicates the formation of a large and slowly diffusing 1c-DNA adduct due to 

which the free drug concentration (which is mainly responsible for the conduction of the 

current) is lowered.  
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Figure 5.58. CV behavior of 3 mM 1c at GC electrode in the (a) absence and 

presence of (b) 1.5 × 10-5, (c) 5.0 × 10-5, (d) 7.0 × 10-5, (e) 9.0 × 10-5, (f) 1.1 × 10-4  and 

(g) 1.3 × 10-4 M DNA in 10 % aqueous DMSO with 0.1 M TBAP as supporting 

electrolyte at 0.1 V/s scan rate. 

 

CVs of 3 mM 1c at different scan rates in argon solution were also recorded in the 

absence (Figure 5.59) and presence of 30 M DNA (Figure 5.60). The difference 

between Epc and Ep/2 of cathodic peak was ~ 54 mV. Since for a diffusion-controlled 
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system Ep- Ep/2 = 56.5/ n mV, the number of electrons involved in the redox process 

can be calculated as 1.05. Hence the reduction of 1c involves the transfer of a single 

electron.  
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Figure 5.59. CV behavior of 3 mM 1c at scan rates: (a) 0.03, (b) 0.04, (c) 0.05, (d) 

0.06, (e) 0.07, (f) 0.08, (g) 0.09 and (h) 0.1 Vs-1.  
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Figure 5.60. CV behavior of 3 mM 1c in the presence of 30 M DNA at scan rates: 

(a) 0.03, (b) 0.04, (c) 0.05, (d) 0.06, (e) 0.07, (f) 0.08, (g) 0.09 and (h) 0.1 Vs-1. 



 

 158

By increasing the scan rate, the cathodic peak current increased linearly with the 

square root of scan rate, consistent with the diffusion-limited reduction of solution 

species. The diffusion coefficient of the free (Df = 1.16  10-7 cm2 s-1) and DNA bound 

forms of 1c (Db = 5.80  10-8 cm2 s-1) were determined from equation 5.4. The lower 

value of Db indicates the slow mobility of the heavy complex-DNA adduct. 

The charge transfer coefficient (α) with a value of 0.43 was determined by the 

application of equation 5.11. 

The same pattern was followed for the voltammetric study of complexes 2c and 

3c and the electrochemical parameters of all the three complexes were calculated as 

shown in Table 5.6. The magnitude of formal potential was found to vary in the 

sequence: 2c > 3c > 1c. The facile reduction of 1c may be due to the better electron 

withdrawing ability of butyl group as compared to cyclohexyl and phenyl groups. The 

shift of formal potentials of complexes 1c-3c to less negative values by the addition of 

DNA may be correlated to their intercalation into the stacked base pairs pockets of DNA 

as suggested by the previous chemists [60]. The values of ΔEp > 60 < 212 and Ipc/Ipa > 1 

shown in Table 5.6, reflect the redox processes of the free and DNA-bound complexes to 

be quasi-reversible. 

Table 5.6. CV data of compounds 1c-3c 

 

(a) All potentials were measured versus SCE in 10% aqueous DMSO at 0.1 Vs-1. 

(b) ∆Ep = Epa-Epc 

 

Compound CV data 

Epc (V) Epa (V) ∆Ep (mV) Ipa(A) 

3.22 

2.23 

2.16 

1.91 

2.36 

2.11 

Ipc(A) Ipc/Ipa 

1c -1.261 -1.181 80 5.82 1.81 

1c-DNA -1.225 -1.132 107 5.02 2.25 

2c -1.293 -1.193 100 6.40 2.96 

2c-DNA -1.271 -1.161 110 5.33 2.79 

3c -1.288 -1.188 100 6.82 2.89 

3c-DNA -1.249 -1.156 93 5.53 2.62 
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The values of the diffusion coefficient (Df) listed in Table 5.7 vary in the order: 1c > 2c > 

3c, indicating greater Df of 1c than 2c and 3c, owing to smaller molecular weight 

confirming the idea that a light molecule diffuses quickly to the electrode surface. The 

greater Df value of 2c as compared to 3c can be explained by the presence of more 

hydrophobic cyclohexyl groups than phenyl groups. The Db values of the DNA bound 

complexes, summarized in Table 5.7, are lower than the Df values because of the 

formation of heavy  molecular weight slowly moving complex-DNA adducts.  

The values of standard rate constant (ks) of the electron transfer reaction of these 

complexes at the electrode surface were obtained from equation 5.12. 

Table 5.7. Summary of kinetic and thermodynamic data of free and DNA bound 

forms of compounds 1c-3c, as obtained from electrochemical measurements 

 

 An examination of Table 5.7 reflects that the values of ks are of the order of 10-4 

cm s-1, offering another evidence for the quasi-reversibility of the redox processes with 

slow electron transfer kinetics. The same table further signifies lower ks values of 

complex-DNA adduct as compared to the free complexes due to their lower diffusion 

coefficients. The charge transfer coefficient (α) with values different than 0.5 further 

indicates the quasi-reversibility of the electrochemical processes.  

The gradual decay in peak current of the complexes by the addition of varying 

concentration of DNA were used to quantify the binding constant by the application of 

equation 5.5. The K values for the interaction of 1c-3c with DNA have been shown in 

Table 5.7. An examination of the values reveals that the binding constants of the 

complexes 1c-3c with DNA are greater than the K observed for similar DNA-

Compound Kinetic data Thermodynamic data 

Df × 107 

(cm2/s) 

Db × 108 

(cm2/s) 

ks × 104 

(cm/s) 

α s 

(bp) 

K × 10-3 

(M-1) 

∆G  

(kJmol-1) 

1c 1.16 × 13.58 0.43 × × × 

1c-DNA × 5.80 4.09  0.32 0.44 5.82 -21.48 

2c 1.04 × 6.40 0.43 x x × 

2c-DNA × 5.23 3.53 0.35 0.39 2.13 -18.99 

3c 0.932 × 6.06 0.49 × × × 

3c-DNA × 6.85 1.92 0.40 0.41 3.32 -20.08 
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intercalating Cr complex, [CrCl2(dicnq)2]
+, with  K reported as 1.20 × 103 M-1 [59] 

suggests their potential candidature as chemotherapeutic agents. The rationale behind 

their greater affinity may be the greater intercalating ability of aromatic                        

4-(4-nitrophenyl)piperazine-1-carbodithioate ligand, as compared to dicnq                  

(2,3-dicyanodipyridoquinoxaline) ligand. So an effort to further improve the binding 

affinity of these complexes, our current research work is concentrated on the extension of 

aromatic 4-(4-nitrophenyl)piperazine-1-carbodithioate system. The greater K value of 3c 

than 2c is due to the planar phenyl groups which can better intercalate into the double 

helix of DNA. The reason for greater binding constant of 1c is the additional hydrophobic 

interaction of the butyl groups with bases of DNA [41].  The interaction of these 

compounds will unwind the DNA helix at the interaction sites which will lead to 

perturbation in the DNA replication mechanism that may culminate in the death of 

cancerous cells.  

  Table 5.7 further reveals that the complex-DNA adduct formation is a 

spontaneous process and both spectroscopic and voltammetric results agree well with 

each other. 

For the determination of binding site size equation 5.8 was used. By putting the 

values of K as calculated according to equation 5.5, the values of binding site size as 

listed in Table 5.7 were obtained from the slopes of Cb/Cf vs. [DNA] plots. The values of 

s were found to increase in the same order: 2c < 3c < 1c in which the binding constant got 

varied. The results demonstrate that about two molecules of complexes cover one base 

pair after intercalation into DNA. 

5.2.1.2 (d) CV of organotin(IV) 4 -nitrophenylethanoates - interacting with DNA 

The electrochemical, kinetic and thermodynamic parameters of four new 

organotin (IV) carboxylates, [Bu2SnL2] (1d), [Et2SnL2] (2d), [Bu3SnL] (3d), [Me3SnL] 

(4d), where L = 4-nitrophenylethanoates, interacting with DNA were evaluated by cyclic 

voltammetric technique.  Typical CV behavior of 3 mM 1d and 2d in the absence and 

presence of 10-60 M DNA is shown in Figure 5.61-5.62.  

During the voltammetric measurement a constant flux of N2 was kept over the 

solution surface in order to avoid the diffusion of atmospheric oxygen. On the cathodic 

scan of the voltammogram of complex 1d a cathodic peak at Epc = -1.212 V showing one 

step reduction of the complex was registered, and after changing the scan direction, an 
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oxidation peak was noticed at Epa = -1.014 V, indicating the oxidation of the electroactive 

reduction product of 1d formed at the GCE surface. The large peak to peak potential 

difference (ΔEp) of 198 mV is suggestive of electrochemical reaction coupled with a 

chemical reaction. 

 

Figure 5.61. CV behavior of 3 mM 1d at GC electrode in the (a) absence and 

presence of (b)10, (c) 20, (d) 30, (e) 40, (f) 50 and (g) 60 M DNA in 10 % aqueous 

DMSO with 0.1 M TBAFB as supporting electrolyte at 0.1 V/s scan rate. 

 

 

Figure 5.62. CV behavior of 3 mM 2d at GC electrode in the (a) absence and 

presence of (b)10, (c) 20, (d) 30, (e) 40, (f) 50 and (g) 60 M DNA (g) in 10 % 

aqueous DMSO with 0.1 M TBAFB as supporting electrolyte at 0.1 V/s scan rate. 
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With the increase in concentration of DNA in a constant amount of compound 1d, the 

voltammetric response of the compound altered as is manifested by the sequential drop in 

peak current and gradual peak potential shift in positive direction. The shift of peak 

potential to less negative values is suggestive of intercalation of 1d into DNA [43]. The 

observed decrease in peak current indicates the formation of a large and slowly diffusing 

1d-DNA adduct due to which the free drug concentration (which is mainly responsible 

for the conduction of the current) is lowered.  

CVs of 3 mM 1d at different scan rates in N2 solution were also recorded in the 

absence (Figure 5.63) and presence of 60 M DNA (Figure 5.64). Between the 

measurements, the electrode surface was always polished in order to ensure a clean 

surface and to avoid possible problems from the adsorption.  

 

Figure 5.63. CV behavior of 3 mM 1d at scan rates: (a) 0.02, (b) 0.04, (c) 0.06, (d) 

0.08, (e) 0.1, (f) 0.2, (g) 0.3, (h) 0.4 and (i) 0.5 Vs-1.  

The difference between Ep and Ep/2 for cathodic peak was ~ 101 mV at 0.1 Vs-1 indicated 

the quasireversibility of the electrode process. With increasing scan rate, the cathodic 

peak current increased linearly with the square root of scan rate, consistent with the 

diffusion-limited reduction of solution species. The diffusion coefficient of complex 1d 

in the absence (Df = 5.07  10-6 cm2 s-1) and presence of DNA (Db = 1.96  10-6 cm2 s-1) 

were determined by the application of equation 5.4. The lower value of Db indicates slow 

mobility of the heavy complex-DNA adduct.  

The charge transfer coefficient (α) with a value of 0.38 was determined by the application 

of equation 5.11. 
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Figure 5.64. CV behavior of 3 mM 1d in the presence of 60 M DNA at scan rates: 

(a) 0.02, (b) 0.04, (c) 0.06, (d) 0.08, (e) 0.1, (f) 0.2, (g) 0.3, (h) 0.4 and (i) 0.5 Vs-1.  

 

The above pattern was followed for the voltammetric study of complexes 2d-4d 

and their electrochemical parameters in the absence and presence of 60 M DNA were 

also calculated as shown in Table 5.8.  

Table 5.8. CV data of compounds 1d-4d 

 

(a) All potentials were measured versus SCE in10 % aqueous DMSO at 0.1 Vs-1. 

(b) ∆Ep = Epa-Epc      

Compound  CV data 

Epc (V) Epa (V) ∆Ep (mV) Ipa(A) Ipc(A) Ipc/Ipa 

1d -1.212 -1.014 198 41.91 53.99 1.29 

1d-DNA -1.097 -0.890 207 27.63 34.48 1.25 

2d -1.187 -1.019 168 21.75 38.81 1.78 

2d-DNA -1.063 -0.885 178 15.16 23.90 1.58 

3d -1.173 -1.043 130 21.14 28.71 1.36 

3d-DNA -1.063 -0.921 153 11.33 16.39 1.45 

4d -1.170 -1.044 126 24.04 32.38 1.35 

4d-DNA -1.046 -0.897 149 13.08 18.88 1.44 
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The variation of formal potential in the sequence: 1d > 3d > 4d > 2d, is 

suggestive of more easy reduction of 2d and 4d, which may be due to the comparatively 

strong electron withdrawing ability of methyl and ethyl groups than butyl groups. The 

difficult reduction of 2d may be due to the greater number of electron donating groups 

(ligands). The shift of formal potentials of these complexes to less negative values by the 

addition of DNA may be correlated to their intercalation into the stacked base pairs 

pockets of DNA as suggested in our previous work [60]. The values of ΔEp > 60 < 212 

and Ipc/Ipa > 1 shown in Table 5.8, reflect the redox processes of the free and DNA-bound 

complexes to be quasi-reversible. 

The values of the diffusion coefficient (Df) listed in Table 5.9 vary in the order: 

1d > 2d > 4d > 3d, indicating greater Df of 1d and 2d than 4d and 3d, owing to higher 

coordination number which effectively blocks the central metal ion (Sn+4), thereby 

decreasing the chances of its attachment with the solvent. In case of 3d and 4d, the lower 

coordination number allows the central metal ion to be interacted by the solvent, causing 

decrease in their rates of diffusion. The greater Df value of 1d as compared to 2d can be 

explained by the presence of more hydrophobic butyl groups than ethyl groups. The 

lower Df value of 3d than 4d may be due to higher molecular weight, confirming the idea 

that a heavy molecule diffuses slowly to the electrode surface. The Db values of the DNA 

bound complexes, summarized in Table 5.9, follow the same order as observed for the Df 

of the free complexes. The Db values are lower than the Df values because of the 

formation of large and slowly moving complex-DNA adducts.  

The values of standard rate constant (ks) of the electron transfer reaction of these 

complexes at the electrode surface were obtained from equation 5.12. 

 An examination of Table 5.9 reflects that the values of ks are of the order of 

10-4 cms-1, offering another evidence for the quasi-reversibility of the redox processes 

with slow electron transfer kinetics. Table 5.9, further signifies lower ks values of 

complex-DNA adducts as compared to the free complexes due to their lower diffusion 

coefficients. The values of charge transfer coefficient (α) with values of less than 0.5 for 

all the four complexes (with and without DNA) further indicated the quasi-reversibility of 

the electrochemical processes.  
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Table 5.9. Summary of kinetic and thermodynamic data of free and DNA bound 

forms of compounds 1d-4d, as obtained from electrochemical measurements 

 

Compound 

Kinetic parameters Binding parameters 

Df × 106 

(cm2/s) 

Db × 107 

(cm2/s) 

ks × 104 

(cm/s) 

α s 

  (bp) 

K × 10-4 

(M-1) 

∆G  

(kJmol-1) 

1d 5.07 × 9.92 0.38 × × × 

1d-DNA × 19.6 5.88 0.31 0.62 1.11 -23.08 

2d 3.14 × 6.15 0.40 × × x 

2d-DNA × 4.43 3.34 0.31 0.49 0.85 -22.42 

3d 0.680 × 8.49 0.35 × × × 

3d-DNA × 2.71 3.85 0.33 0.69 1.46 -23.76 

4d 2.80 × 18.6 0.38 × × × 

4d-DNA × 11.2 7.95 0.39 0.67 1.39 -23.64 

 

The gradual decay in peak current of the complexes by the addition of varying 

concentration of DNA, ranging from 20 to 60 M, were used to quantify the binding 

constant by using equation 5.5. The binding constant, K = 1.11 × 104 and 8.50 × 103 M-1, 

for the interaction of 1d and 2d with DNA were obtained, respectively from the intercept 

of log (1/[DNA]) versus log (I/(Io-I)) plots (Figure 5.65).  
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Figure 5.65. Plots of log (I/(Io-I)) vs. log (1 / [DNA]) used to calculate the binding 

constants of (■) 2d-DNA  and (●) 3d-DNA  complexes. 
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The greater K of 1d than 2d, is presumably due to the additional hydrophobic interactions 

of the bulky butyl groups with the nucleotide bases as compared to ethyl groups [42]. The 

same attribution is assigned to the strong binding constant of 3d (K = 1.46 × 104 M-1) 

than 4d (K = 1.39 × 104 M-1). The results further verified that complexes 3d and 4d show 

stronger affinity for DNA than 1d and 2d. The greater K of these Sn complexes than 

those observed for similar DNA intercalating Cr and Ru complexes; [CrCl2(dicnq)2]
+ and 

[Ru((dicnq)3]
+2, with K reported as 1.20 × 103 and 9.70 × 103 M-1 [42,59,60], suggests 

their potential candidature as chemotherapeutic agents. The negative values of standard 

Gibbs free energy (∆G = -RT ln K) indicate the spontaneity of the binding interaction of 

these complexes with DNA.  

For the determination of binding site size equation 5.8 was used. Putting the 

values of K as calculated according to equation 5.5, the values of binding site size as 

listed in Table 5.9 were obtained from the slopes of Cb/Cf vs. [DNA] plots (Figure 5.66). 

The values of s were found to increase in the same order: 2d < 1d < 4d < 3d in which the 

binding constant got varied. The results demonstrate that about two molecules of 

complexes cover one base pair after intercalation into DNA. 

0

0.2

0.4

0.6

0.8

20 30 40 50 60

[DNA]/M

C
b 

/ C
f

 

Figure 5.66. Plots of Cb/Cf vs. [DNA] for the determination of binding site size 

of (●) 2d  and (■) 4d. 

 

 



 

 167

5.2.2 UV-Vis spectroscopic investigation of drug-DNA interactions 

In UV-Vis spectroscopy, the absorbance and wavelength of the compound 

undergoes variation by the addition of DNA if the compound interacts with nucleic acid. 

The variation in absorbance and wavelength can be utilized for the determination of 

binding parameters. For molecules interacting with DNA the formation constant can be 

evaluated spectrophotometrically according to the following Benesi-Hildebrand equation 

[61] 

  DNA

1

0

0

KAA
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GGH

G

GGH
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 (5.13) 

where A0 and A are the absorbance’s of free drug and complex respectively, G and H-G 

are the molar extinction coefficients of drug and complex respectively.  

Another form of equation 5.13 which can be used for the spectroscopic determination of 

binding constant of drug - DNA complex is [62]  

 
     

lKl  






1DNA

A

DNADrug
 (5.14) 

where ΔA is the difference in the absorbance of the drug in the absence and presence of 

DNA. Δε is the difference in absorption coefficients of the drug with and without DNA 

and l is the path length (1.0 cm).  

The binding constant, K is evaluated from the slope to intercept ratio of the plot between 

the terms on the left-hand of equation 5.14 against [DNA]. 

5.2.2.1 UV-Vis spectroscopic investigation of ferrocenes-DNA 

interactions 

UV-Vis spectroscopic technique is particularly employed for the study of 

ferrocenes owing to their intense color. It is well known from the literature that the color 

of the ferrocenes strongly changes upon oxidation, thus allowing spectroscopic 

measurements in the visible range[63].   

5.2.2.1 (a) UV-Vis spectroscopic investigations of protonated ferrocene (PF) - DNA 

interaction 

The interaction of PF with solution phase DNA was investigated by UV-Vis 

spectroscopic titrations at body temperature (37 oC) and physiological pH 4.7. Keeping 
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both the concentration and the volume of PF solution constant, spectroscopic 

measurements were carried out for monitoring the system while varying the 

concentration of DNA. The solutions were allowed to equilibrate for 5 min before 

measurements were made. In the present investigations, the interaction of PF with double 

stranded DNA in mixed solvent of DMF and water (9:1) has been monitored. The 

absorbance measurements were performed by keeping the concentration of the drug 

constant (10 μM) in the sample cell while varying the DNA concentration from 100 to 

300 μM in sample as well as in reference cell. The spectrum was recorded after each 

addition of DNA solution. There was an increase in absorbance (hyperchromism) as well 

as slight blue shift (2 nm) with the addition of DNA as shown in Figure 5.67.  

 

Figure 5.67. Electronic spectra of 10 μΜ PF in the (a) absence of DNA and presence 

of (b) 100, (c) 150 and (d) 200 μΜ DNA at pH 4.7  and 37 oC. 

The observed hyperchromism can be explained by the fact that PF during interaction 

undergoes conformational changes in the cyclopentadienyl rings which could be tilted 

and rotated like the rings in ferrocene as the potential barrier to ring rotation is very low 

(2-5 K cal mol-1) [64]. The origin of hyperchromism might lie in the mechanism of PF 

interaction with DNA. The interaction of PF in DNA is likely to reduce the face- to-face 

base stacking, causing extension of the DNA, which results in hyperchromic effect. The 

same effect has also been observed by other investigators for the short bands of certain 

porphyrins, phenanthroliens and Al-salophen complex when interacted with DNA 

[65,66]. Several authors have suggested that hyperchromism results from the damage of 
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the DNA double helical structure [67,68]. Therefore the above process reflects the 

structural damage of DNA. The binding constant was calculated according to equation 

5.13. The binding constant K (3.45 × 102 M-1) of PF-DNA complex was obtained from 

intercept to slope ratio of A0/(A-A0) vs. 1/[DNA] plot. The result is in close agreement 

with the K (3.07 × 102 M-1) obtained from CV. 

5.2.2.1 (b)  UV-Vis spectroscopy of 4-nitrophenylferrocene (NFC) interacting with 

DNA 

The interaction of NFC with DNA was also studied by UV-Vis absorption 

titration for getting further clues about the mode of interaction and binding strength. The 

effect of different concentration of DNA (10-60 M) on the electronic absorption 

spectrum of 30 M NFC is shown in Figure 5.68.  
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Figure 5.68. UV-Vis absorption spectra of 30 M NFC in the (a) absence of DNA 

and presence of  (b) 10, (c) 20, (d) 30, (e) 40, (f) 50 and (g) 60 M DNA in 10% 

aqueous ethanol. 

The absorption spectrum of NFC exhibited three peaks at 328, 407 and 519 nm. The 

rationale behind the band in the UV region (328 nm) is the probable charge transfer 

between the non-bonding or antibonding orbital of the cyclopentadienyl ring and the iron 

atom of NFC. The peaks at 407 and 519 nm can be attributed to aromatic -* and n-* 

states of the nitrophenyl group attached to the cyclopentadienyl ring of ferrocene. The 

maximum absorption of the drug at 328 nm wavelength exhibited slight bathochromic 

and pronounce hypochromic shifts by the incremental addition of DNA. The slight 
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bathochromic effect can be associated to the decrease in the energy gap between the 

highest (HUMO) and the lowest molecular orbitals (LUMO) after the interaction of NFC 

to DNA. The compactness in the structure of either the drug alone and/or DNA after the 

formation of drug-DNA complex may result in hypochromism. Such a peculiar 

characteristic due to DNA contraction has also been reported by Li et al [42].  

Based upon the decrease in absorbance, the binding constant,                        

K = 2.02 × 103 M-1 was calculated according to equation 5.13. The Gibbs energy change 

(G = RTlnK) of approximately 20.45 kJ/mol at 25 oC signifies the spontaneity of 

NFC-DNA interaction. 

5.2.2.1 (c) UV-Vis spectroscopy of FC-DNA interaction 

The electrochemical behavior of 1-ferrocenyl-3-phenyl-2-propen-1-one (FC) and 

its interaction with DNA was monitored by the absorption titration method, in which the 

fixed concentration (10 M) of the drug was treated with different concentration of DNA 

ranging from 5-35 M. Figure 5.69 shows the UV-Vis behavior of FC in the presence 

and absence of DNA. 
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Figure 5.69. UV-Vis absorption spectra of 10 M FC in the (a) absence of DNA and 

presence of (b) 5, (c) 10, (d) 15, (e) 20, ( f) 25, (g) 30 and (h) 35 M DNA in 10% 

aqueous DMSO at 25 oC.  

Figure 5.69 shows that the absorbance of FC at 506 nm decreases with the gradual 

increase of DNA concentration following a linear trend. At the same time, the maximum 

wavelength furnished by FC increases initially and then it becomes almost constant. This 
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implies that the addition of DNA causes the absorption peak maxima at 506 nm to 

undergo a significant hypochromic and 16 nm bathochromic shifts while hypochromism 

accompanied with a slight red shift was observed for the peak at 395 nm. The peculiar 

spectral characteristics at 506 nm are expected to be due to the overlap of the electronic 

states of the aromatic chromophore of the FC with the electronic states of the DNA bases 

[69]. The aromatic n-* and -* states of the planar group (-CO-C=C-C6H5) attached to 

the cyclopentadienyl ring of ferrocene seem to interact strongly with the electronic states 

of the DNA bases causing red shift in the absorption, accompanied by an extensive 

hypochromic shift. The mode of interaction can be inferred from the shift in max. A 

significant red shift in max indicates intercalation and blue shift (spectral shift to lower 

energy) represents electrostatic mode of interaction. However a small red shift in max is 

indicative of groove binding. On the base of this criterion, the peak at 506 nm, associated 

with substantial red shift up to the addition of 15 M DNA can be attributed to the 

intercalation of the planar part of the FC in to the double stranded DNA and then the 

fairly constant behavior of max up to 35 M DNA can presumably be due to the fitting 

of the ferrocenyl group into the grooves of DNA. The change in the absorbance values of 

the same peak, by the addition of varying concentration of DNA, was exploited for the 

evaluation of binding constant by equation 5.13. The slope to intercept ratio of the plot 

(Figure 5.70) between A0/(A-A0) vs. 1/[DNA], yielded the binding constant,                    

K = 1.26 × 104 M-1, which is in good agreement with the value of K obtained from CV.  

 

Figure 5.70.  Plot of A0/(A-A0) vs.1/[DNA] for the determination of binding constant. 
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The binding constant obtained is comparable to the values evaluated for various 

intercalating complexes of FeIII NiII and some porphyrin ligands [70,71]. Still the 

simplicity of the structure of FC is fairly helpful in understanding the mechanism behind 

the actual process of intercalatively dominant mixed binding mode. 

5.2.2.1 (d)  UV-Vis spectroscopy of ferrocenyl nitro chalcone - DNA interaction 

The interaction of ferrocenyl nitro chalcone (FNC), chemically named as            

1-ferrocenyl-3-(4-nitrophenyl)-2-propen-1-one, in 10% aqueous DMF upon addition of 

DNA was used to probe the mode of interaction and binding parameters. The 

concentration of the drug was kept constant (50 μM) while varying the concentration of 

DNA from 20 to 200 μM. As shown in Figure 5.71, the absorption band of FNC with the 

maximum wavelength at 321 nm, exhibited hypochromism, broadening of the envelope 

and slight red shift of 3 nm by the incremental addition of DNA. The large 

hypochromism, characteristic of intercalation (in-binding mode) is attributed to the 

interaction between the electronic states of the intercalative chromophore of FNC and 

that of the DNA bases [72]. However, the lack of pronounced red shift is suggestive of 

partial intercalation as classical intercalation exhibits appreciable shift in wavelength (red 

shift ≥ 15 nm) [73]. The reason for partial intercalation could be the stereochemical effect 

of the non-planar ferrocenyl group, which will prevent the whole molecule 

from intercalating into DNA. The weak bathochromic effect is further correlated to out-

binding mode [74], in which the non-intercalating ferrocenyl group of FNC is considered 

more suitable for fitting into the grooves of DNA. The broadening of the envelope can be 

assigned to the changes in the electronic distribution of FNC upon binding to the DNA 

bases. The non-uniform variation in absorbance can presumably be due to a couple of 

factors like conformational changes in the structure of either FNC and /or nucleic acid 

upon binding and complex-complex interactions.  

The origin of bathochromic and hypochromic effects might lie in the mechanism 

of interaction of FNC with DNA. The introduction of the planar 4-nitrophenyl-2-propen-

1-one of FNC in DNA is likely to decrease the π → π* transition due to the coupling of 

the lowest unoccupied π*-orbital of the drug molecule with the highest occupied π-orbital 

of the DNA base pairs. Consequently the partial filling of the empty π*-orbital by the 

electrons, the transition probability is expected to be reduced which will lead to 

hypochromism. The suggested mixed binding mode (intercalation and groove binding) 
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will unwind the DNA helix at the interaction sites which will lead to perturbation in its 

normal functioning that may culminate in cellular death.  
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Figure 5.71. UV-Vis absorption spectra of 50 M FNC in the (a) absence of DNA 

and presence of (b) 40, (c) 60, (d) 80 and (e) 100 M DNA at pH 7.4 and 25 oC. 

 

The binding constant was calculated from the decay of absorbance according to 

equation 5.13. The value of K (4.91 × 103 M-1) obtained from the intercept to slope ratio 

of A0/(A-A0) vs. 1/[DNA] is an order of magnitude greater than the binding constant 

(3.45 × 102 M-1) of protonated ferrocene with DNA [75], presumably due to the presence 

of planar 4-nitrophenyl-2-propen-1-one, which can effectively intercalate into DNA. 

However, the value of K is moderate as compared to the high value of K (6.15 × 105), 

reported for the interaction of 1-(4'-aminophenyl)-3-(4”-N, N-dimethyaminolphenyl)-2-

propen-1-one with DNA [69] due to the sandwich like ferrocenyl group which prevents 

the whole molecule to intercalate. 

5.2.2.2 UV-Vis spectroscopic investigation of organotins-DNA 

interactions 

The use of coordination compounds as biological probes indeed represents one of 

the most successful applications of bioinorganic chemistry. Despite the fact that relatively 

few coordination compounds have been developed as drugs (due in part to the reluctance 

of pharmaceutical industries to convert their synthetic background from organic to 

inorganic) these compounds are increasingly employed in revealing structural features 
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and functions of nucleic acids, as staining agents and as promoters of cleavage processes. 

Many efforts have been devoted to design, synthesize and test metal complexes that could 

specifically target polynucleotide sites or sequences, in order to generate new drugs 

displaying efficient pharmacological properties or acting as new sensitive diagnostic 

agents for novel applications. The interaction of three spectroscopically active series of 

potential anticancer organotin(IV) complexes with DNA were characterized by UV-Vis 

spectroscopy. 

5.2.2.2 (a) UV-Vis spectroscopy of penta- and hexa-coordinated diorganotin(IV)     

4-(4-nitrophenyl) piperazine-1-carbodithioate interacting with DNA  

The mode of interaction and binding strength of diorganotin(IV) complexes 

[Cl(C4H9)2Sn(L)] (1a), [Cl(C2H5)2Sn(L)] (2a) and [(C6H5)2Sn(L)2] (3a), where L is        

4-(4-nitrophenyl)piperazine-1-carbodithioate, with DNA were examined by UV-Vis 

absorption titration. The effect of varying concentration of DNA (20-80 M) on the 

electronic absorption spectra of 30 M complexes 1a-3a is shown in Figure 5.72-5.74.  

 

Figure 5.72. Absorption spectra of 30 M 1a in the (a) absence of DNA and presence 

of (b) 20, (c) 30, (d) 40, (e) 50, (f) 60, (g) 70 and (h) 80M DNA in 10 % aqueous 

DMSO at 25 oC.  
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Figure 5.73. Absorption spectra of 30 M 2a in the (a) absence and presence of (b) 

20, (c) 30, (d) 40, (e) 50, (f) 60, (g) 70 and (h) 80M DNA in 10 % aqueous DMSO at 

25 oC.  

 

 

Figure 5.74. Absorption spectra of 30 M 3a in the (a) absence and presence of (b) 

20, (c) 30, (d) 40, (e) 50, (f) 60 and (g) 70 M DNA in 10 % aqueous DMSO at 25 oC.  

 

The absorption spectra of complexes 1a and 2a registered a single broad 

absorption band in the region (305-485 nm) while complex 3a exhibited two absorption 

bands in the 295-330 nm and 340-490 nm wavelength range. The single broad absorption 

band of all the three complexes could be due to the transition between -* and n-* 
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energy levels of the UV-Vis spectroscopically active ligand 4-(4-nitrophenyl)piperazine-

1-carbodithioate. Moreover, the sharp band of complex 3a in the 295-330 nm range can 

be due to the phenyl groups as the band in this region was not observed in the electronic 

absorption spectra of complexes 1a and 2a.  The maximum absorption of complex 1a 

(Figure 5.72) at λmax = 397 nm, exhibited blue shift of 6 nm, indicating the dominance of 

electrostatic interaction with DNA.  

 Figure 5.73 shows that the peak position of 30 M 2a is shifted bathochromically 

from λmax = 396 to 403 nm by the addition of 80 M DNA, accompanied with 

hypochromic shift from 0.796 to 0.307. These remarkable spectral characteristics suggest 

mixed binding mode (intercalation and groove binding) of complex 2a and DNA with 

intercalation as the dominant mode of interaction [41,73,76,77]. The hypochromic effect 

could be associated with the overlapping of the electronic states of the intercalating 

chromophore of the complex 2a with the DNA bases [78] and the bathochromic shift may 

be caused by the lowering in -* transition energy of the complex due to its ordered 

stacking between the DNA base pairs after intercalation [72]. A slight red shift of peak at 

410 nm and pronounce hypochromic effect (Figure 5.74) caused by the addition of DNA 

suggest intercalation as the main mode of interaction between complex 3a and DNA. 

Based upon the decrease in absorbance, the binding constants of complexes 1a-3a 

with DNA were calculated according to equation 5.14. The slope to intercept ratio of the 

plot between left-hand side term of equation 5.14 against [DNA], yielded the binding 

constant, K = 8.69 × 103, 2.53 × 103 and 1.04 × 104 M-1 for 1a-3a respectively. The results 

agree well with those obtained from CV. 

5.2.2.2 (b) UV-Vis spectroscopic studies of diorganotin(IV) derivatives of ONO 

tridentate schiff base - DNA interaction 

The interaction parameters of diorganotin(IV) derivatives of ONO tridentate 

schiff base, [(C6H5)2Sn(L)2] (1b), [(CH3)2Sn(L)2] (2b) and [(C4H9)2Sn(L)2] (3b) with      

L = [N-(2-oxidobenzylidene)-N-(oxidomethylene)hydrazine], with DNA were evaluated 

by UV-Vis spectroscopy. 

The effect of varying concentration of DNA (5-25 µM) on the electronic 

absorption spectra of 0.2 mM 1b-3b is shown in Figure 5.75-5.77.  
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Figure 5.75. Absorption spectra of 0.2 mM 1b in the (a) absence and presence of    

(b) 5, (c) 10, (d) 15, (e) 20 and (f) 25M DNA.  

 

 

Figure 5.76. Absorption spectra of 0.2 mM 2b in the (a) absence and presence of    

(b) 5, (c) 10, (d) 15, (e) 20 and (f) 25M DNA. 
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Figure 5.77. Absorption spectra of 0.2m M 3b in the (a) absence and presence of    

(b) 5, (c) 10, (d) 15, (e) 20 and (f) 25M DNA. 

 

The strong absorption of these compounds in the near UV region (292-330 nm) is 

attributed to the long-living triplet excited state of the aromatic system. The underlying 

principle behind the broad absorption bands in the region (350-450 nm) is the      

transition between -* and n-* energy levels of the tridentate ligand                        

N-(2-hydroxybenzylidene)formohydrazide. The absorption spectra of 1b, 2b and 3b 

recorded a 68.26, 62.83 and 65.91% decrease in peak intensities accompanied with 2, 5 

and 3 nm red shift, by the addition of 25 µM DNA. The peculiar hypochromic effects can 

be associated with the interaction of electronic states of the partially intercalating 

chromophore and those of the stacked base pairs of DNA [79,80]. The slight 

bathochromic shifts indicative of groove binding can best be described by the lowering in 

-* and n-* transition energy of the ligands in diorganotin(IV) complexes due to their 

partial insertion into the base pairs domain of DNA. 

Based upon the decrease in absorbance, the binding constants, with values of  

1.54 × 104, 8.19 × 103 and 2.59 × 104 M-1 for the interaction of 1b, 2b and 3b with DNA 

were obtained according to equation 5.13. Plots between A0/(A-A0) vs. 1/[DNA] for the 

determination of binding constants of complexes 2b and 3b with DNA are shown in 

Figure 5.78. 
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Figure 5.78.   Plots of Ao/(A-Ao) vs.1/[DNA] for the determination of binding 

constants of 2b-DNA (●) and 3b-DNA (■) adducts by taking 0.2 mM drug and 5-25 

M DNA with a difference of 5 M aliquot of DNA. 

 

5.2.2.2 (c) UV-Vis spectroscopic studies triorganotin(IV) dithiocarboxylates 

interacting with DNA 

The interaction of three new organotin (IV) dicarboxylates, [Bu3SnL] (1c), 

[(C6H11)3SnL] (2c) and [(C6H5)3SnL] (3c), where L = 4-(4-nitrophenyl)piperazine-1-

carbodithioate, with DNA was examined by UV-Vis spectroscopy, to get clues about 

their mode of interaction and binding strength. The absorption spectra of 2 in the absence 

and presence of different concentrations of DNA are shown in Figure 5.79. The binding 

of complexes 1c-3c to DNA caused a progressive blue shift of 10 (401-391), 8 (400-392) 

and 4 nm (398-394), respectively. Such spectral characteristics are indicative of their 

interaction with DNA by mixed binding mode (electrostatic and groove binding).  The 

compactness in the structure of either the complex alone and/or DNA after the formation 

of complex-DNA adduct may result in hypochromism. Such a peculiar characteristic due 

to DNA contraction has also been reported by Li et al [42]. The overall results of CV and 

UV-Vis spectroscopy evidenced the involvement of all three modes of interaction. 
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Figure 5.79. Absorption spectra of 3 mM 2c in the (a) absence and presence of (b) 

20, (c) 25, (d) 35, (e) 45, (f) 55, (g) 65, (h) 75, (i) 85 and (j) 95 M DNA in 10% 

aqueous DMSO at 25 oC.  

 

Based upon the variation in absorbance, the binding constants of these complexes 

with DNA were determined according to Benesi-Hildebrand equation. The binding 

constant obtained from the intercept-to-slope ratio of A0/(A-A0) vs. 1/[DNA] plots (using 

equation 5.13) varied in the sequence: 1c (6.05 × 103) > 3c (3.25 × 103) > 2c (2.30 × 103). 

The same sequence was also obtained from CV results.  

5.2.2.2 (d) UV-Vis spectroscopic studies organotin(IV) 4 -nitrophenylethanoates - 

interacting with DNA 

 The UV-Vis spectroscopy of organotin (IV) carboxylates, [Bu2SnL2] (1d),      

[Et2SnL2] (2d), [Bu3SnL] (3d), [Me3SnL] (4d), where L = 4-nitrophenylethanoates was 

carried out in the absence and presence of DNA but due to noise up to 380 nm well 

resolved spectra were not obtained and so the data could not allow the calculation of 

binding parameters. 

5.2.3  Conclusions 

 In this work the redox mechanism of four biologically important compounds and the 

interaction of potential anticancer ferrocenederivatives and organotins with DNA were 

investigated. 

 Na-salt of 2-methyl-3-(4-nitrophenyl)acrylate (NPA) belongs to the class of 

nitroarenes. The reduction of nitro group is a crucial metabolic step for the genotoxic and 
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cytotoxic properties of these compounds. Inspite of such an importance the 

electrochemical redox behaviour of NPA was an unexplored matter so its detailed 

electrochemistry was carried out in a wide pH range. The results demonstrated that NO2 

moiety is reduced by a 2e- process followed by a chemical reaction that led to the 

formation of a product with robust reversible redox behavior. The reduction peaks of 

NPA and its product were found to depend strongly on the pH of the medium. In acidic, 

neutral and slightly alkaline media the peak potential was linearly dependent on pH while 

for pH > 9.0 the peak potential was found pH-independent. This implies that the change 

in pH may alter the biochemical pathways.  

 The 2-oxoglutarate based enzymes are known to catalyse reactions including 

hydroxylations, desaturations, oxidative ring closures, redox regulation and numerous 

steps in biosynthetic pathways. The electrochemical behavior of Dimethyl-2-oxoglutarate 

(MOG) investigated by CV, SWV and DPV revealed that the reduction of MOG followed 

an irreversible diffusion-controlled process that occurred in pH dependent cascade 

mechanism. The observed waves were attributed to the hydroxylation of the keto group 

of MOG to form dimethyl-2-hydroxyglutarate. The mechanism suggested on the base of 

electrochemical techniques is in good agreement with the reported biotransformation of 

dimethyl and diethyl-2-oxoglutarates to dimethyl and diethyl-2-hydroxyglutarates by 

yeast, Rhodotorula minuta.  

Camptothecin (CPT) and its analogues have broad spectrum of anti-malarial, 

antileishmanial, antiparasitic, anti-HIV and antimetastatic activities. Investigations on 

several E-ring modified CPT analogues have led to the conclusion that the 20-hydroxy 

lactone ring is indispensable for their pharmacological activity. The electrochemical 

reduction of CPT was investigated by modern electrochemical techniques in electrolytes 

with different pH values using a glassy carbon electrode. The reduction of CPT followed 

a reversible, diffusion controlled process that occurred in a pH dependent mechanism. In 

acidic media only one peak corresponding to irreversible charge transfer reaction was 

observed whereas by increasing the pH of the supporting electrolyte, two reduction peaks 

were registered. Based upon the obtained results a reduction mechanism was proposed 

and the observed waves were attributed to the hydroxylation of the lactone ring of CPT to 

lactol ring. The proposed electrochemical reduction mechanism of CPT was comparable 

with its reported chemical reduction. 
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In view of the importance of lumazine (LMZ) and its derivatives in biological 

systems the detailed electrochemical investigations of LMZ was carried out at in different 

pH media. Both the oxidation and reduction of LMZ were found to depend strongly on 

the pH of the medium. Since the anodic peak occurred at the highest limit of glassy 

carbon potential window in aqueous solutions, the oxidation of LMZ was possible only 

for electrolytes with pH > 7.0. The reduction of LMZ followed quasi-reversible process 

in acidic and neutral electrolytes while the process became reversible process in alkaline 

medium. This implies that the mechanism can be altered by the variation in pH. Based on 

the voltammetric data a redox mechanism of LMZ was proposed with the objective of 

understanding the physiological mechanism of action of this class of compounds. 

The results suggest that electrochemical techniques can be successfully employed 

for the determination of redox reaction mechanism. The mechanism suggested for the 

electro-reduction of biologically important compounds are expected to provide deep 

insights in to the understanding of unexplored mechanistic pathways by which such 

compounds exert their biochemical action.  

Ferrocene based derivatives have drawn utmost attention in medical field after the 

clinical use of anticancer ferrocifen. Organotin compounds have also been reported to 

have a wide spectrum of biocidal properties and one of the major development is the 

finding that organotins can play an important role in anticarcinogenesis. Understanding 

the mechanisms by which organotin molecules interact with nucleic acids and correlating 

them to biological effects has been a focus of interest in the recent era. As cancer 

chemotherapy is traditionally based on DNA-interacting cytotoxic drugs so CV and UV-

Vis spectroscopy were used to probe the interaction of some potential anticancer 

ferrocenes and organotins with DNA. The difference in the electrochemical and 

absorption behavior of the drug in the absence and presence of DNA, including shifts in 

peak potential, decay in peak current, decrease/increase in absorption intensity and shift 

of absorption maxima to longer/shorter wavelength were successfully exploited for the 

determination of interaction parameters like binding constant, binding site size, binding 

free energy and mode of interaction.  

The results revealed the following order of binding strength: FC (1.39 × 104 M-1) 

> FNC (5.17 × 103 M-1) > NFC (3.85 × 103 M-1) > PF (3.45 × 102 M-1). The same order 
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also was obtained from UV-Vis spectroscopy. The greater affinity of FC justified its 

preferred candidature as an effective anti-cancer drug.  

The mode of drug-DNA interaction was suggested from cathodic and anodic peak 

potentials shifts in CV, bathochromic, hypsochromic, hyperchromic and hypochromic 

effects in UV-Vis absorption titration. Electrostatic interaction of PF causing structural 

damage to DNA was evidenced by hyperchromism (i.e., increase in absorbance) in the 

UV-Vis absorption spectra and negative peak potential shift in CV. The negative peak 

potential shift in CV and slight red shift in UV-Vis spectroscopy revealed mixed binding 

mode (electrostatic and groove binding) of interaction between NFC and DNA. The 

values of binding site size for intercalatively interacting ferrocenes were found greater 

than electrostatically interacting ferrocenes.  

 The DNA binding behavior of novel organotins [Cl(C4H9)2Sn(L)], 

[Cl(C2H5)2Sn(L)] [(C6H5)2Sn(L)2], [(C6H5)2Sn(L)2], [(CH3)2Sn(L)2], [(C4H9)2Sn(L)2]  

[Bu3SnL], [(C6H11)3SnL], [(C6H5)3SnL], [Bu2SnL2], [Et2SnL2], [Bu3SnL] and   

[Me3SnL], where L is 4-(4-nitrophenyl)piperazine-1-carbodithioate, [N-(2-

oxidobenzylidene)-N-(oxidomethylene)hydrazine], 4-(4-nitrophenyl)piperazine-1-

carbodithioate and 4-nitrophenylethanoates were investigated by CV and UV-Vis 

spectroscopy. The results indicated mixed binding mode and the binding strength of 

organotin(IV) derivatives of ONO tridentate schiff base complexes varied in the 

sequence: [(C4H9)2Sn(L)2]  (1.69 × 104 M-1) > [(C6H5)2Sn(L)2]  (1.10 × 104 M-1) > 

[(CH3)2Sn(L)2]  (9.61 × 103 M-1) with binding affinity more than penta and hexa-

coordinated diorganotin(IV) 4-(4-nitrophenyl) piperazine-1-carbodithioate.  

The electrochemical, kinetic and thermodynamic parameters of organotin (IV) 

carboxylates and dicarboxylates interacting with DNA were evaluated. The diffusion 

coefficients of the free (Df) and DNA bound forms (Db), standard rate constants (ks) and 

charge transfer coefficients (α) were determined by the application of Randle-Sevcik, 

Nicholson and Kochi equations. The lower ks values of the DNA bound complexes as 

compared to free complexes indicated slower electron transfer kinetics. The charge 

transfer coefficient (α > 0.5), ratio of peak currents (Ipc/Ipa > 1) and peak potential 

difference (∆Ep > 60 < 212) indicated the quasi-reversibility of the redox processes. The 

binding constant, binding site size and the Gibbs free energy of organotin (IV) 

carboxylates varied in the sequence: [Bu3SnL] > [Me3SnL] > [Bu2SnL2] > [Et2SnL2]. The 
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results of organotin (IV) dicarboxylates showed the variation in the binding parameters in 

following order: [Bu3SnL] > [(C6H5)3SnL] > [(C6H11)3SnL]. The results further revealed 

that the organotin (IV) carboxylates have better anticancer activities than organotin (IV) 

dicarboxylates. These preliminary results obtained about the DNA-binding studies of 

some novel ferrocenes and organotins suggest their potential candidature for further trials 

as anticancer drugs. 
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