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Abstract 

Prata, R. B. Characterization of the electrochemical behaviour of anti-

inflammatory and antipsychotic drugs and their interaction with biomolecules 

within their respective pathways. 2021. 393p. Ph.D. Thesis. Graduate Program  

In this work, divided in two parts, at first, we studied the chemical 

interactions of non-steroidal anti-inflammatory drugs (NSAIDs) and their target, 

the cicloxygenase enzyme, and secondly, the interaction between antipsychotics 

drugs with the catecholamine neurotransmitters, using electrochemical 

techniques. To achieve the prior goal, the electrochemical behaviour of dipyrone 

and its derivatives were studied at glassy carbon electrode, and a oxidation 

mechanism was proposed. Following, a cicloxygenase enzyme biosensor was 

developed to evaluate the anti-inflammatory properties and the pharmacological 

mechanism of the NSAIDs, and the interaction of the enzyme with the most used 

NSAIDs, dipyrone, acetil-salicylic and salycilic acid, ibuprophen, acetaminophen, 

and naproxen were evaluated using differential pulse voltammetry technique. The 

voltammetric results suggest the least and the most effective in inhibit the 

peroxidase active site are the acetaminophen and the ibuprophen, respectively. 

Whilst the electrons paramagnetic resonance suggests the enzyme oxygenase 

active site, are least and the most effective inhibited by the salycilic acid and the 

dipyrone, respectively. These results confirm the inactivation of the enzyme by a 

reducer, although the study with the active site and the tyrosyl radical indicate 

that not only the enzyme can be inactivated by a redox reaction, but also that the 

NSAIDs perform an allosteric regulation of the enzyme hindering its process, and 

consequently deactivating the arachidonic cascade. In sequence, the chemical 
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interaction between the highly used antipsychotic drugs olanzapine and 

quetiapine and the catecholamine neurotransmitters were studied. 

Keywords: Electrochemistry, electroanalysis, molecular electrochemistry, non-

steroidal anti-inflammatory drugs, atypical antipsychotics. 
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Resumo 

Prata, R. B., Caracterização do comportamento eletroquímico de fármacos anti-

inflamatórios e anti-psicóticos e suas respectivas interações com biomoléculas 

de suas via de ação. 2021. 393p. Tese (Doutorado) – Programa de Pós 

Graduação em Química. Instituto de Química, Universidade de São Paulo, São 

Paulo. 

 

Neste trabalho, dividido em duas partes, em um primeiro momento, estudou-se 

as interações químicas dos anti-inflamatórios não esteroidais (AINEs) e seu alvo, 

a enzima cicloxigenase. Em segundo momento, estudou-se a interação dos 

antipsicóticos atípicos com os neurotransmissores catecolaminas, utilizando 

técnicas eletroquímicas. Para que o estudo das interações fosse possível, o 

comportamento de cada uma das moleculas foi estudado individualmente. 

Portanto,  o comportamento eletroquímico da dipirona e seus derivados foram 

estudados em eletrodo de carbono vítreo, e um mecanismo de oxidação foi 

proposto. Em seguida, um biossensor da enzima cicloxigenase foi desenvolvido 

para avaliar as propriedades antiinflamatórias e o mecanismo farmacológico dos 

AINEs, e a interação da enzima com os AINEs mais utilizados, dipirona, ácido 

acetilsalicílico e salicílico, ibuprofeno, acetaminofeno e naproxeno foram 

avaliados usando a técnica de voltametria de pulso diferencial. Os resultados 

voltamétricos sugerem que os menos e mais eficazes em inibir o sítio peroxidase  

são: o paracetamol e o ibuprofeno, respectivamente. Enquanto a ressonância 

paramagnética de elétrons sugere que os menos e mais eficazes em inibir o sítio 

oxigenase da enzima hematina são: o ácido salicílico e a dipirona, 

respectivamente. Esses resultados confirmam a inativação da enzima por um 



XI 

 

redutor, embora o estudo com o sítio ativo e o radical tirosila indique que não só 

a enzima pode ser inativada por uma reação redox, mas também que os AINEs 

realizam uma regulação alostérica do impedimento enzimático seu processo e, 

conseqüentemente, desativando a cascata aracdônica. Na sequência, foi 

estudada a interação química entre os antipsicóticos altamente usados 

olanzapina e quetiapina e os neurotransmissores catecolaminas. 

Palavras chave: Eletroquímica, eletroanalítica, eletroquímica molecular, anti-

inflamatórios não esteroidais, anti-psicóticos atípicos 
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General Introduction 

 Remedies occupy a distinct position in society nowadays. Both life 

expectation and quality increased significantly when drugs started to be part of 

people's routine. Among the several different groups of pharmaceuticals that 

surround us every day, two can be highlighted for a different but similar reason, 

the income they generate. [1] 

 The Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) are the most sold 

worldwide. They are sold indiscriminately in most countries in regular drugstores. 

Although, some of them are limited in quantity due to side effects. On the other 

hand, a very different class of drugs has been increasing their usage, the 

psychiatric drugs. [1] Mental illness incidence has sharply increased in the last 

decades due to a radical change in psychiatry, which nowadays instead of 

inhumanly treat the patients, now are able to not only properly diagnostic the 

conditions, but also medicate the patients. [2] As the historically and stigmatized 

people which had hallucinations caused by other diseases, like syphilis/ 

neurosyphilis or schizophrenia. Nowadays are better diagnosed, which culminate 

in an escalation of diagnosis of syndromes such as anxiety and depression. [3] 

As a consequence, a boost in studies regarding mental illness in general 

occurred. Therefore, the emergence of better treatments with specific drugs for 

them all, including schizophrenia. As a result, the antipsychotic class of drugs 

was created to treat with dignity these people that have been outcasts throughout 

history. 

 These drug classes, the antipsychotics and NSAIDs are hepatically 

metabolized by the same enzyme known as cyclooxygenase-2 (COX) before 
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being filtered by the kidneys and excreted in the urine. [4] This catalyst is the 

main target of NSAIDs since it is responsible for one of the inflammatory 

responses, the arachidonic acid cascade. On the other hand, the only COX 

function towards the antipsychotics is to form metabolites that will be more easily 

solvated by urine. [5] 

Non-Steroidal Anti-inflammatory Drugs 

 As previously discussed, NSAIDs are the most commercialized 

pharmaceuticals worldwide. Several drugs of this group are familiar to people 

such as acetylsalicylic acid (ASA) known as Aspirin®, acetaminophen (APAP) 

known as Paracetamol®, diclofenac as Cataflam® or Voltarem®  and dipyrone as 

Novalgin® or Dorflex®.  These medicines are mainly used as painkillers due to 

their analgesic effect. This outcome occurs because these drugs inhibit the COX 

enzyme in the liver, hindering one of the inflammatory cascades, the one 

involving the arachidonic acid. [5] 

 Regarding the NSAIDs, in the present work, our group addressed mainly 

dipyrone (MTM) since it is the most used NSAID in Brazil. Under its commercial 

names, MTM appears in 1st and 4th in the list of most sold pharmaceuticals in 

Brazil as Dorflex® and Neusaldina®, respectively. [6,7] Thus, been responsible for 

most of the US$ 41bi expected industrial income with drug selling by 2023. 

Moreover, although MTM is one of the titans of industry, the scientific literature 

lacks information regarding its electrochemical mechanism and the precise 

knowledge of how it works as a NSAID. [8] Especially, due to its indiscriminate 

use in Brazil when compared to the several restrictions observed in other 

countries. E.g. in European Union and the United States. [9] 

The cyclooxygenase enzyme 



 

23 

 

 As previously stated, the COX enzyme is the target of NSAIDs. The 

enzyme belongs to the peroxidase class. [5] Therefore, its active site consists of 

a hematin group, a protoporphyrin IX which complexes an iron, that catalyzes the 

reduction of peroxides, details will be further discussed in chapter III. [5,10] The 

peroxidase function is used to reduce the arachidonic acid-generating important 

metabolites that give sequence to the inflammatory process. To perform this 

process, the enzyme must be in its oxidated form (Iron IV) and therefore, a 

previous activation is necessary, the generation of the tyrosyl radical. Biologically, 

the generation of the tyrosyl radical is performed by an endogenous peroxide in 

which the enzyme operation depends. [4,11] 

Atypical antipsychotics 

 During the last years, mental disease occurrences have sharply increased. 

According to WHO (World Health Organization), they affect around 83 million 

people worldwide [12]  Among these diseases schizophrenia and psychotic 

episodes are among the greatest increases, affecting about 0.7% of the world 

population.  The antipsychotics were developed to better treat mental illness, 

mainly schizophrenia [13] although also used to treat bipolar disorders and major 

depressive disorder. [14] This class characterizes by its tendency to block the D2 

receptors. This behaviour of the drugs is relevant since according to the 

biochemical hypothesis of schizophrenia, a malfunction in the mesolimbic 

pathway, which is known to be responsible for addiction and rewarding 

mechanisms, [15] generates high levels of dopamine, that supersaturates the 

receptors D2, resulting in psychosis and hallucinations. [16] Thus, this hypothesis 
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dictates that if a drug jeopardizes this saturation effect, the disease effects should 

decrease.  

 The first generation of antipsychotic drugs presented effectiveness against 

psychotic disorders. However, their utilization resulted in extrapyramidal effects 

in the patients such as paranoia, anxiety, tremors/ parkinsonism, spasms, 

akathisia, among others. [17–19] These harsh side effects resulted in a need for 

more new drugs that were at least as effective, and do not present such side 

effects. Therefore, a new class was developed, the atypical or second class of 

antipsychotics. [20] 

 The atypical antipsychotics, described as neuroleptics or major 

tranquilizers are the main treatment against schizophrenia. They are classified as 

serotonin-dopamine antagonists since, as their predecessors, they interact and 

block the receptors D2 and 5HT2. [2] 
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Scheme 1: Schematic representation of the competition between dopamine and 

the antipsychotics olanzapine and quetiapine. 

Among the drugs, two are notorious for their high utilization in treatments, 

Olanzapine (OLZP) and Quetiapine (QTP). [21]  

Although these drugs are relatively safe, their use may result in several 

side effects. Among them, the neuroleptic malignant syndrome, [22] which is a 

life-threatening complication, with high fever and weight gain being two of the 

main symptoms. [23] The weight gain has been used to treat anorexia nervosa 

and hypertension. [24] Besides, both drugs may cause problems during 
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pregnancy. [25] This continuous use could increase the oxidative stress in the 

patients, which aggravates their health problems. [26]  

At last, the atypical antipsychotics are metabolized by hepatic cytochrome 

enzymes, known as CYP 450 [27,28], and their use may aggravate hepatic 

problems, such as cirrhosis. 

Neurotransmitters 

 As previously discussed, it is believed that mental illness strongly 

correlates with the malfunction of the mesolimbic pathway. [16]. However, the 

dopaminergic pathways are composed of six pathways: mesolimbic and 

mesocortical pathways, nigrostriatal pathway, tuberoinfundibular pathway, 

incertohypothalamic pathway, and hypothalamospinal projection. Among those, 

the mesolimbic and mesocortical pathways are believed to be linked with mental 

illnesses such as schizophrenia. [29] 

 

Scheme 2: Schematic representation of the mesolimbic (left) and mesocortical 

(right) pathways. Adapted from Wikipedia: 

https://en.wikipedia.org/wiki/Mesolimbic_pathway and 

https://en.wikipedia.org/wiki/Mesocortical_pathway#cite_note-3 

 In both of these pathways, the dopamine biosynthetic routes occur. A 

schematic representation is presented in scheme 2. 

https://en.wikipedia.org/wiki/Mesolimbic_pathway
https://en.wikipedia.org/wiki/Mesocortical_pathway#cite_note-3
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Scheme 3: Schematic representation of the biosynthetic pathway of the 

catecholamines. [30]  

where AADC is the aromatic L-amino acid decarboxylase enzyme, PNMT is th 

Phenylethanolamine N-methyltransferase enzyme, AAAH is the Biopterin-

dependent aromatic amino acid hydroxylase enzyme, DBH is the Dopamine beta-

hydroxylase enzyme, COMT is the Catechol-O-methyltransferase enzyme and 

CYP2D6 is the Cytochrome P450 2D6 protein. 

In summary, this work consists in study the chemical interactions between 

the NSAIDs and their target, the COX enzyme, to provide a sensor which could 

aid phase 1 of drug development, as well as to study the chemical interactions 
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between the atypical antipsychotics olanzapine and quetiapine with 

neurotransmitters, which could trigger some side effects of this class of remedies. 
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Experimental 

 

Chemicals and reagents 

 

The buffer reagents were of analytical grade and used without any prior 

purification. The solutions were prepared using deionized water from a reverse 

osmosis device (Gehaka Co., model of ultra-pure OS10LX system, water 

resistivity 18 MΩ cm). 0.1 mol L−1 phosphate buffer solutions (PBS) were 

prepared by solubilizing and diluting, respectively, the appropriate amount of 

NaH2PO4 and H3PO4 (Merck) in deionized water and the pH values were adjusted 
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by the addition of a 4.0 mol L−1 NaOH (Merck) solution. The volumes were 

measured using EP-10 and EP-100 from Unipet- temicroliter Pipettes 

(Uniscience, Brazil). All experiments were performed at room temperature (25 ± 

3 °C). 

General apparatus 

All electrochemical experiments were performed in a 

potentiostat/galvanostat PGSTAT 101, Metrohm AUTOLAB, connected to an 

IME663 interface stirring device. Data processing was done by version 1.11.4 of 

NOVA software and the software Origin 2019. A Glassy Carbon Electrode (GCE) 

with a diameter of 3.0 mm was used as a working electrode, a Silver/ Silver Chlo- 

ride (+ 0.222 V vs. SHE) in a saturated solution of potassium chloride and a 

platinum wire were used as a reference and auxiliary electrodes, respectively, in 

an electrochemical cell of 20 mL. Before every experiment, the electrochemical 

cell was degassed with industrial N2, and the GCE was polished using diamond 

spray suspensions with a decreasing particle size of 3.0, 1.0 and 0.1 μm from 

Kemet (Maidstone, UK) on a polishing pad from Buehler (Lake Bluff, Illinois, 

USA). The solutions were stirred before each electrochemical measurement. All 

pH measurements were performed using a model 654 pHmeter and a combined 

glass electrode, model 6.0203.100 (OE), both from Metrohm. 
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Chapter 1 

 

Mechanism of Electro-Oxidation of Metamizole using Cyclic Voltammetry 

at a Glassy Carbon Electrode 

 

In this chapter the initial electrochemical behaviour of the Non Steroidal 

Anti-Inflammatory Drug (NSAIDs) metamizole (MTM) also known as dipyrone will 

be discussed. This characterization was achieved by using cyclic voltammetry at 

glassy carbon electrode to study the electro-oxidation of metamizole, a pro-drug 

largely used in many countries as analgesic and anti-pyretic which the therapeutic 

properties are attributed to its hydrolyzed form, the 4-methyl-aminoantipyrine 

(MAA). Metamizole presents three oxidation processes in aqueous (Britton 

Robinson Buffer) and DMF media. The first process was characterized as 

reversible in the last medium. The differentiation between the process associated 

with the Metamizole and its respective hydrolyzed form the MAA, was 

investigated and allowed the proposition of a mechanism for the Metamizole 

oxidation. 

This work has been published at the journal ECS Transactions (ECS 

Transactions 43 (1) 251-258, 2012) doi: 10.1149/1.4704966, and count with the 

help of Dr Rafael Buoro (from IQSC – USP), who participated in the 

interpretations of the experimental data, suggestions and revisions, to Dr Robson 

Pinho, who helped with experimental suggestions and discussions. Daniel 

Medina, who started this work with the preliminary data that was acquired. Dr 
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Antonio William O. Lima, who contributed with several experimental solution and 

data interpretation. 

Introduction  

The metamizole (MTM) is pro-drug used as an analgesic, antipyretic and 

eventually as antispasmodic drug. [1] Its analgesic effect has been attributed to 

the inhibition of the Cyclooxygenase (COX) enzyme by the pharmacologically 

active metabolite (MAA), which reduces the oxidized states of the COX protein 

[2,3] and disables the prostaglandin synthesis, [4] which results in decreased of 

the inflammation and pain states, but not in the solution of the problem. It has 

been associated with severe adverse drug reactions as agranulocytosis and 

aplastic anemia.[1,5-7] Cases where the use of the MTM induced circumstantial 

allergic responses as rhinoconjunctivitis, [8,9] were reported, and therefore it was 

withdrawn from the market of some countries (Sweden, USA, Canada and 

others), restricted in others (Japan and Australia).[10] But despite this, it is still 

used in other countries (Brazil, Germany, Spain and France) [10,11] due its high 

analgesic potential and low cost. Several studies indicated that the incidence of 

agranulocytosis, a condition involving a severe reduction in the number of the 

white blood cells, inducted by the use of this pro-drug are between 0.2 and 2 

cases per million, 7% of this cases result in the death of the patient.6,7 MTM is, 

structurally, a pyrazolone derivative with a metassulfonic group.[12] It is, in the 

organism, hydrolyzed to its pharmacologically active metabolite, the 4-methyl-

amino-antipyrine (MAA), then it is enzymatically metabolized in the liver to 4-

formyl-amino-antipyrine (FAA), a terminal metabolite, and 4-amino-antipyrine 

(4AA). The AA is acetylated to 4-acetyl-amino-antipyrine (AAA) by the enzyme 

N-acetyl-transferase. [1,10] Major of the reports in the literature refer to the MTM 
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determination and quantification using several techniques as HPLC [13] , 

Iodometry [14], FIA systems with Amperometric detection [15,16], 

Spectrophotometry, also associated with FIA systems by the addition of various 

reagents (Cerium IV, Iron III, Sodium Nitrite and 3-methyl-2-benzo-thiazolinone) 

[17,18] , Fluorimetry, Capillary Electrophoresis [19] and Voltammetry [20-25],but 

few knowledge about the electrochemical behavior of this pro-drug can be found 

and, therefore acquire this knowledge was the objective of this work. 

Materials and Methods 

The experimental procedure was divided in two parts: the characterization 

of theelectrochemical behavior in aqueous medium (Britton Robinson Buffer – 

BR) and in the organic solvent (Dimethylformamide – DMF) with 

Tetrabutylammonium Tetrafluorborate (Sigma-Aldrich) as a support electrolyte. 

Reagents and Solutions 

All reagents were of analytical grade and the solutions were prepared 

using deionized water from a reverse osmosis device (Gehara Co., model 

OS10LX ultra-pure system, water resistivity ≥ 18 MΩ cm). BR solutions, pH 2.0 – 

10.0, were prepared neutralizing a mixed solution containing H3PO4, H3CCOOH, 

H3BO3, all 0.4 molL-1, using 4 mol L-1 NaOH (Merck). The DMF solution was 

prepared solving the appropriated quantity of Tetrabutylammonium 

Tetrafluorborate (TT) (Sigma-Aldrich) in order to get a 0.10 mol L-1 solution. 

 

Apparatus 

 

The voltammetric mesurements were performed using a Potentiostat/ 

Galvanostat PGSTAT30 from Autolab Eco-Chemie and IME663 interface 
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coupled to the software NOVA version 1.6 or, alternatively, using the Potentiostat/ 

Galvanostat Drop Sense, model μStat 400 coupled to the software Drop View 

(version 2.0). The pH measurements were carried using a pH-meter model 654 

and a Glass Electrode 6.0203.100(OE), both from Metrohm. Glassy Carbon 

Electrode (GCE) with 3 mm of diameter, Ag/AgCl,KCl(sat.) and Platinum Wire were 

used as working, reference and auxiliary electrodes, respectively, in a 20 cm3 

glass electrochemical cell. 

 

Cyclic Voltammetry Measurements in aqueous media 

 

Several cyclic voltammograms were recorded in the supporting electrolyte, 

9.0 mL of BR solution in the electrochemical cell, to get a stable baseline. After 

that, 1.0 mL of 0.01 mol L-1 MTM solution was introduced into the cell, the mixture 

was homogenized and a new cyclic voltammogram was recorded. The 

experimental conditions were: ν = 100 mV s-1; Ei = + 0.1 V; Eλ = 1.4 V; Ef = + 0.1 

V. The potential window was eventually restricted in order to adequate the 

intentions of the experiment. 

 

Cyclic Voltammetry Mesurements in non aqueous media 

 

The procedure was the same as described before, but in this case, the 

supporting electrolyte was DMF containing 0.10 mol L-1 of TT. The experimental 

conditions were: ν = 100 mV s-1; Ei = + 0.1 V; Eλ = 1.4 V; Ef = + 0.1 V, but the 

potential window was eventually restricted in order to adequate the intentions of 

the experiment. 
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Results and discussions 

Cyclic voltammograms of MTM obtained in DMF medium shows three 

oxidation peaks, Eap1, Eap2 e Eap3, and a reduction peak Ecp which, in close 

potential range, forms a reversible redox couple with Eap1, Figures 1A and 1B. 

The reversibility criteria used for this classification were: Ep (Eap1– Ecp) = 63 

mV and Ia1p/Icp ratio of 0.94. Figure 1B confirms that Eap2 corresponds to the 

oxidation of the product formed in Eap1. 

Figure 1. Cyclic Voltammograms obtained at GCE in solution 1.0 mmol L-1 of 

MTM in DMF with 0.1mol L-1 of TT and 100 mVs-1. Experimental Conditions:1A. 

Ei = 0.1 V; Eλ= 1.4 V; Ef = 0.1 V and 1B. Ei = 0.1 V; Eλ= 0.8 V; Ef = 0.1 V.  

Current Function - plots were used in order to elucidate whether the processes 

detected at Eap1-3 and Ecp correspond a simple electrochemical process or if 

0.2 0.4 0.6 0.8 1.0 1.2 1.4

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

i 
/ 

m
A

E / V vs Ag/AgCl,KCl(sat.)

Eap1=0.508V

Eap2=0.889V

Eap3=1.26V

Ecp=0.481V

A B

Epc = 0,503 V

DEp = 0,063 V

Epc1= 0,566 V

i 
/ 

m
A

E / V vs Ag/AgCl, KCl(sat.)



 

39 

 

they have a coupled chemical reaction. As can be observed, the current function 

is approximately constant for the first and second electrochemical processes but 

decreased exponentially for the last l process showing that MTM is 

electrochemically oxidized following a EEEC or EECE [27] mechanism, Figure 2. 

Figure 2. Current Function (Ip/ Cx1/2) versus. Plots obtained from cyclic 

voltammograms performed with a GCE in a DMF containing 1.0 mmol L-1 of MTM 

and 0.10 mol L-1 of TT. Curve Equations: Ipa1/ C x ν 1/2 = 413.5 – 4.79 ν; Ipa2/ C 

x ν1/2 = 282.5 - 3.98 ν; Ipa3/ C x ν1/2 = -11.7 x 521.9 e(-x/0.184) ν. 

Figure 3 shows that the same electrochemical processes obtained in DMF 

are detected in aqueous medium. The unique exception is the process detected 

at Ehp peak, attributed to the oxidation of the MAA product, which Ehp, shifted to 

less positive potential with increasing pH, Figure 3D. It is important to observe 

that in aqueous media, the voltammetric profile of the MTM at platinum electrodes 
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was different. [19] These results show that the hydrolysis process is favoured in 

alkaline medium and Ep/ pH of 30 mV has been assigned a process involving 

two electrons and one proton [20, 24]. 

Figure 3. Cyclic voltammograms obtained in a solution of 1.0 mmol L-1 of MTM 

in BR solution using GCE. Experimental conditions: ν = 100 mV s-1. 3A. Ei = 0.0 

V; Eλ= 1.0 V; Ef = 0.0 V, pH 4.0. 3B. Ei = 0.1 V; Eλ= 0.8 V; Ef = 0.1 V, pH 4.0; 3C. 

Ei = 0.1 V; Eλ= 0.8 V; Ef = 0.1 V, pH 8.0; 3D. Ehp vs pH curve, constructed using 

the results obtained from cyclic voltammograms performed with a GCE in a 

solution containing 1.0 mmol L-1 of MTM in BR solutions; Ehp vs pH plot (Ehp = 

584-38pH).  

Cyclic voltammograms obtained using aqueous aged MTM solution show 

that the peak potential, attributed to the oxidation of MTM hydrolysis product 
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(MAA) was dismembered and a barely defined oxidation process was detected 

at 0.340 V, Figure 4a. 

The same Figure also presented a peak at 0.890 V, denominated of Ehp2, which 

is near of 0.889 V, value observed at Eap2 in DMF medium. This fact indicated 

that MAA can present the same electroactive group presented by the product of 

the first oxidation stage of the MTM detected at Eap2 was of (Figures 1A, 3A and 

4). Differential pulse voltammograms (DPV) obtained in MAA solution at pH 2.15; 

4.0; 6.0 and 10 show that MAA oxidation process has a complex mechanism. The 

experimental results obtained using MAA (MTM solution prepared in deionized 

water and aged for 1 month), at pH 2.15 showed only one anodic peak 

correspondent to the oxidation of both MAA and MTM. Increasing pH to 4.0 no 

peak overlap was observed, illustrating three oxidation processes: Ehdp1 at 0.30 

V; Ehdp2 at 0.37 V and Eadp3 at 0.56 V. Eadp3 was attributed to the oxidation of 

MTM and therefore, was pH independent, while Ehdp1 and Ehdp2, attributed to 

the MAA oxidation, were pH dependent, Figure 4a. Ehdp1 vs pH plot illustrated 

two linear regions (between 2.0 – 4.0 and 4.0 - 10, data not showed) indicating 

different oxidation mechanisms at the electrode surface. Applying the equation 

Ep/pH = 0.0592 p/n (where, p and n are, respectively, the proton and electron 

numbers), it is concluded that in 4.0 to 10 pH range, two electrons and one proton 

are involved in the oxidation of MAA at Ehdp1. 



 

42 

 

 

Figure 4. (a) Cyclic Voltammograms obtained in a solution 1.0 mmol L-1 of MTM 

in BR solution, pH 8.0 using GCE. (MTM solution aged for two weeks); 

Experimental Conditions: ν = 100 mV s-1.Ei = 0.1V; Eλ= 1.3 V; Ef = 0.1 V and (b) 

Differential pulse voltammograms obtained in 1.0 mmol L-1 MAA (MTM solution 

aged for one month) at BR buffer pH 2.1 (–□–); 4.0 (--); 8.0 (-Δ-); and 10 (-*-). 

Experimental Conditions:potential range of 0.0 V to + 0.7 V;  = 5.0 mV s-1, pulse 

amplitude = 25 mV and pulse width = 50 ms. Taking in account the presented 

results, an electro-oxidation mechanism, in which both products have the same 

electroactive groups, was proposed, Schemes 1a and 1b. 
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Scheme 1a. Proposition for MTM electro-oxidation mechanism in DMF. [26,27] 
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Scheme 1b. Proposition for MTM hydrolysis step to produce MAA and MAA 

electro-oxidation mechanism in BR buffer media. [26,27] 

Conclusions 

Cyclic voltammograms of MTM obtained in DMF medium show three 

oxidation peaks, Eap1, Eap2 e Eap3, and a reduction peak Ecp which, in close 

potential range, forms a reversible redox couple with Eap1. The reversibility 

criteria used for this classification were: Ep (Eap1– Ecp) = 63 mV and Iap1/Icp 

ratio of 0.94. In this medium, only the last MTM oxidation process presented a 

coupled chemical reaction, but the MTM hydrolysis should be considered if BR 

buffer solutions are used. The same electrochemical processes obtained in DMF 

were detected in aqueous medium, except the process detected at Ehp peak, 

attributed to the oxidation of the MAA, product of the MTM hydrolysis, which the 

peak potential shifted to less positive potential with increasing pH. The MTM 

hydrolysis process is well known, [24] but not clearly correlation with 

electrochemical data was done before. The data obtained support the possibility 

that MAA can present the same electroactive group presented by the product of 

the first oxidation stage of the MTM. If the pharmacological analgesic effect has 

been attributed to the reduction of the COX by the oxidation of the MAA [2,3] and 

it has been clear that the MAA is a reducing agent, the proposed oxidation 

mechanism of MAA could represent a possible reaction, responsible by the 

Prostaglandin Synthesis inhibition, [4] giving the analgesic effect to the MAA and, 

consequently, to the MTM.  
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Chapter 2 

 

Electrochemical behaviour of dipyrone (metamizole) and others 

pyrazolones 

This work has been published in the Electrochimica Acta. DOI: 

10.1016/j.electacta.2018.04.082, and count with the help of Dr Rafael Buoro 

(from IQSC – USP), who participated in the interpretations of the experimental 

data, suggestions and revisions, to Dr Othon Campos (from UFES), who helped 

with experimental suggestions and discussions, Matesa Ramos, who aided in the 

data acquirement, Dr. Caroline Sanz, who also helped in the data acquirement, 

and revisions and my supervisor, Dr. Silvia Serrano, who was responsible for the 

project administration. The electrochemical oxidation of dipyrone (MTM) in 

aqueous medium was further studied using antipyrine derivatives such as the 

antipyrine (AA), 4-aminoantipyrine (4AA), 4-methyl-aminoantipyrine (MAA) and 

4-dimethyl-aminoantipyrine (DMAA) as model molecules for the elucidation of all 

MTM voltammetric signals.  

The MTM and the other pyrazolones show up to four oxidation 

electrochemical processes. The voltammograms obtained in AA solutions 

presented an irreversible electrochemical oxidation process involving one 

electron at Eap3, which is common to all pyrazolone derivatives, while the amino 

pyrazolones present electrochemical oxidation processes at Eap0 or Eap1. The 

stabilization of the oxidation products depends on different effects: the proton 

release added to the thermodynamic stability, in the case of the imine formation 
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at Eap0 (4AA and MAA) and the hyperconjugation (σ-stabilization) in the case of 

iminium formation (DMAA and MTM) at Eap1. The process observed at Epa0 

corresponds to the pH-dependent oxidation of the primary and secondary 

enamines, while the process observed at Eap1 occurs in the tertiary enamines, is 

pH independent. The oxidation peak potential follows the order: MAA < 4AA < 

DMAA < MTM and it was demonstrated that DMAA in an aqueous medium can 

simulate the MTM in an aprotic medium; therefore, the analytical MTM 

determination can be performed using the DMAA aqueous analytical curve. 

DMAA and MTM analytical curves, presented a linear range from 10 µmol L–1 to 

100 µmol L–1 with a LOD of 1.94 and 2.97 μM for DMAA and MTM, respectively, 

LOQ of 6.48 and 9.91 μM (n = 10) and, sensitivity of 0.96 μA/μM for DMAA and 

0.92 μA/μM; with recoveries of 95 to 105% for MTM. 

Introduction  

The antipyrines or pyrazolones are a group of the first synthesized 

pharmaceuticals to work as analgesics and antipyretics. The antipyrine (1,5-

dimethyl-2-phenylpyrazol-3-one), AA, was the first one made by Knorr, thus, 

getting the group name. Some time after, other drugs were made, until they 

reached the aminoantipyrine (4-amino-1,5-dimethyl-2-phenylpyrazol-3-one), 

4AA; the dimethylaminoantipyrine, a.k.a. pyramidon, (4-(dimethylamino)-1,5-

dimethyl-2-phenylpyrazol-3-one), DMAA and finally, [(1,5-dimethyl-3-oxo-2-

phenylpyrazol-4-yl)- ethylamino] methanesulfonic acid], known as metamizole or 

dipyrone, MTM, an injectable formulation with antipyretic and analgesic effects 

[1]. 
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MTM undergoes a hydrolysis reaction and generates the 4-methylamino 

antipyrine, MAA [2–4], which is enzymatically metabolized in the liver producing 

other metabolites, such as 4-amino-2,3-dimethyl-1-phenyl-3-pyrazol-5-one, FAA 

and 4-dimethylamino-1,5-dimethyl-2-phenylpyrazol-3-one, AAA[4, 5], Schemes 1 

and 2. 

 

Scheme 1. The MTM hydrolysis and its generated products.  

 

Scheme 2. Structure of the pyrazolones studied in this work. 
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The analgesic effect observed for MTM, as well as for other pyrazolones, 

is attributed to the inhibition of the cyclooxygenase enzyme (COX), in the liver, 

by the pharmacologically active metabolite, MAA [6, 7]; despite that, the inhibition 

mechanism of cyclooxygenase by the MTM is still unknown. Besides the COX 

hindering, the MTM and other pyrazolones can induce circumstantial allergic 

responses, such as Stevens–Johnson’s syndrome [8], rhinoconjunctivitis [9–11] 

and cause agranulocytosis [2, 8]. Still, MTM is in worldwide use [2, 3, 12–14]. 

Most studies dedicated to pyrazolones aim at their analytical detection. 

MTM gets more attention due to its high utilization, being determined and 

quantified by a variety of techniques, such as HPLC [15, 16], iodometry [17], FIA 

systems with amperometric detection [18–20], spectrophotometry, also 

associated with FIA systems by the addition of various reagents [21–23], capillary 

electrophoresis [24], NMR [16] and voltammetry [25–29]. AA is determined by 

HPLC [30–32], gas chromatography [33], NMR [34] and voltammetry [35–37]. 

Pyramidon also gets attention in some papers, such as HPLC with amperometric 

detection [30, 38], voltammetry [36], NMR [39] and a GC method utilized to detect 

DMAA in apprehended samples of cocaine, in which it is used as adulterant [40]. 

On an electrochemical overview, several studies were carried out with 

different types of electrodes, our group utilized a glassy carbon electrode in 

previous studies [2], Marcolino et al. [25] utilized carbon paste electrodes as 

working electrode, as well as, Teixeira et al. [35], which modifies the carbon paste 

with N,N′-ethylenebis(salicylideneaminato)oxovanadium(IV), and Cumba et al. 

[41], who utilized a carbon paste modified with a composite titanium 

phosphate/nickel hexacyanoferrate. Metallic electrodes were also utilized, 
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Basaez et al. [29] used platinum electrodes and Munoz et al. [42] disposable gold 

electrodes obtained from recordable CDs. The difference between carbon-based 

electrodes and metallic or metallic composites electrodes are the different 

potential windows and the electrochemical processes definitions. Therefore, 

carbon-based, such as glassy carbon electrodes, present a most adequate 

potential window to the electrochemical pyrazolones’ oxidation mechanism study 

providing a constant surface for the electrochemical oxidation without surface 

passivation problems due to oxide formations in multiple scans, which can give 

an indirect response to the analyte through interactions with the formed oxide that 

are independent of the molecule itself, a problem in both platinum and gold 

electrodes. 

The aim of this work was to study the electrochemical oxidation of MTM in 

an aqueous medium, using AA, 4AA, MAA and DMA as model molecules for the 

elucidation of all MTM voltammetric signals and to understand why the oxidation 

peak potentials are different although the oxidation sites are the same in all 

molecules, except AA. Using this strategy, it was possible not only to understand 

but also to describe the electrochemical oxidation mechanism and reactivity of 

MTM and other biologically active pyrazolones, as well as the probable inhibition 

mechanism of the COX enzyme. 

Experimental  

Reagents and solutions  

All reagents were of analytical grade without any previous purification. The 

solutions were prepared using deionized water from a reverse osmosis device 
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(Gehara Co., model OS10LX ultra-pure (PBS), 0.1 mol L-1, were prepared by 

mixing appropriate amounts of system, water resistivity > 18M cm). Phosphate 

buffer solutions H3PO4 and NaH2PO4 (Merck) in deionized water. Similar 

procedures were used to prepare the AA (Sigma Aldrich, code D-8890), 4AA 

(Sigma Aldrich, code A-4382), DMAA (Sigma Aldrich, code D8015) and MTM 

(Sigma Aldrich, code D-8890) solutions. The pH adjustments to the desired pH 

were performed by the addition of 4.0 mol L-1 NaOH solution. The supporting 

electrolyte used in the organic medium (DMF - Sigma Aldrich, code 227056) was 

0.1 mol L-1 tetrabutylammonium tetrafluoroborate (TFBTBA e Merck code 

8.18244.0025). All experiments were performed at room temperature (25 ± 1 ºC) 

and micro volumes were measured using EP-10 and EP-100 Unipette microliter 

pipettes (Uniscience, Brazil). 

Obtainment and characterization of MAA  

MAA was obtained by hydrolysis of 10 mmol L?1 MTM solutions at 80 ºC 

for 2 h under vigorous stirring. The MAA was extracted from the solution with 

chloroform and obtained in the solid form, after rotation evaporation of the 

solvent. It was resolubilized in CDCl3 to perform the NMR essays. 

Apparatus 

All voltammograms were obtained using a PGSTAT 101 

potentiostat/galvanostat, Metrohm AUTOLAB, connected to an IME663 interface 

stirrer device. The data treatment was performed with NOVA software version 

1.10.4. and Origin 8.0. Glassy carbon elec- trode (GCE e 3 mm), Ag/AgCl, KCl(sat) 

and a platinum wire were used as working, reference and auxiliary electrodes, 
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respectively, in a 20 mL electrochemical cell. All pH measurements were 

performed using a pH meter model 654 and a combined glass electrode, model 

6.0203.100 (OE), both from Metrohm. The spectrophotometric measurements 

were performed with an Agilent 8453 spectrophotometer with the Chem Station 

soft- ware from Agilent Technologies. The high-performance liquid 

chromatograms were obtained using a Shimadzu HPLC system LC 10 with 

UVevis detection and the data treatment performed with a software HPLC class 

LC 10. NMR spectra were obtained in a Bruker 500 MHz equipment with ACS 

labs software. All data were obtained at room temperature, 25 ± 3 ºC. 

UV-vis spectra  

The UV and visible spectrophotometric measurements were performed 

using deuterium and tungsten lamps, respectively, and a quartz cuvette with 1.0 

cm optical path. The blank spectra were performed in PBS, pH 7.4. 

High-performance liquid chromatography (HPLC)  

The chromatograms were obtained with the Shimadzu Diode Array at 241 

nmfixedwavelength using a reversed phase technique and analytical column of 

C18 (5.0 mm, 15 cm and 4.7 mm), previously coupled to a precolumn with a 1.0 

mL loop. The mobile phase was methanol/PBS in a 55%/45% (V/V) proportion at 

pH 2.5 with a flow rate of 1.0 mL min-1. 

Nuclear magnetic resonance (NMR) 

The 1H and 13C NMR spectra (500 MHz frequency) were obtained using a 

Brucker equipment, http://ca.iq.usp.br. The samples were prepared in CDCl3, a 
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sequence pulse zg30 was utilized in both spectra. To compare quantitatively the 

1H and 13C NMR spectra, a computational simulation was obtained using the 

software ChemBioDraw 2010. 

Electrochemical measurements  

Glassy carbon surface pretreatment.  

The GCE was polished using 1.0/0.1 mm size particle diamond spray 

(Buehler, US) in a metallographic felt (Buehler, US) to avoid superficial adsorption 

effects. 

Cyclic voltammetry (CV). 

The voltammograms were per- formed using the following experimental 

conditions: Einitial = 0.0 V; El = 1.4 V, ν = 100.0 mV s-1. The solutions were stirred 

before each measure. Efinal = 0.0 V, step potential = 2.0 mV. Distinct conditions 

in any assay are specified in the figure caption. 

Square wave voltammetry (SWV). 

The SW voltammograms were obtained using the following experimental 

conditions: Einitial = 0.0 V; Efinal =1.4 V; step potential = 2.0 mV, pulse amplitude = 

50.0 mV, frequency = 25.0 Hz, resulting in scan rate of ν = 50.0 mV s-1. The 

solutions were stirred before each measurement. 

Differential pulse voltammetry (DPV).  

The experimental conditions for DPV experiments were: Einitial = 0.0 V, Efinal 

= 1.4 V; pulse amplitude = 50 mV; pulse width = 100.0 ms; step potential = 2.5 V; 
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interval time = 0.5s resulting in a scan rate of 5 mV s-1. The solutions were stirred 

before each measurement. 

 

Results and discussion 

 

Electrochemical Characterization of MTM and the Other Pyrazolones 

Cyclic voltammograms obtained in the antipyrine solutions show up to four 

oxidation processes (Eap0/Eap1, Eap2, Eap2' and Eap3), Figure 1. The 

voltammograms obtained in AA solutions presented only Eap3 process because 

this molecule has no substituents on the pyrazolone ring; therefore, the most 

plausible oxidation possibility is in the nitrogen atom, adjacent to the aromatic 

ring, in a similar mechanism observed for acetaminophen [43], Figure 1A. The 

other molecules (4-AA, MAA, DMA and MTM) have an enamine moiety (group –

C=C–N–) as a substituent of the pyrazolone ring, Scheme 1. The comparison 

between the voltammograms presented in Figure 1A with those on Figures 1B–

1E permit the conclusion that the oxidation processes in these molecules involve 

the enamine moiety. 
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Figure 1. Cyclic voltammograms obtained with GCE in 0.1M PBS, pH = 7.4, 

containing 1mM of each of the compounds: AA (A); 4AA (B); MAA (C); DMAA 

(D); MTM (E). 

Probably, the oxidation processes Eap0 (4AA and MAA) and Eap1 (DMAA 

and MTM) occur in the enamine itself; however, the oxidation products obtained 

in Eap0 and Eap1 differ in stability and the more stable the product, the less 

positive is the oxidation peak potential, Table 1. 

Table 1. Oxidation peak potentials obtained from the cyclic voltammograms 

presented in figure 1. 
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Process/ Molecule Eap0/ V Eap1/ V Eap2/ V Eap3/V 

AA – – – 1.25 

4AA 0.552 – – 1.22 

MAA 0.245 – – 1.24 

DMAA – 0.444 0.67 1.25 

MTM – 0.578 0.903 1.27 

     

Table 1 shows that the oxidation peak potential follows the order MAA < 

4AA < DMAA < MTM. The first oxidation processes of 4AA and MAA (at Eap0) 

are irreversible and pH dependent, Figures 1 and 2, while for DMAA and MTM, 

the first oxidation process at Eap1 is pH independent and shows a small cathodic 

component in the reverse scan, Figure 1E. According to the slope of the Pourbaix 

diagrams, 0.054 V/pH and 0.055 V/ pH for 4AA and MAA, respectively, both 

oxidation processes occur involving the same number of electrons and protons 

and, the experimental pKa value for both molecules is 7.4, Fig. 2. 
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Figure 2. Pourbaix diagrams: Eap0 from MAA (red line) and 4AA (black line).  

To estimate the number of electrons involved in the oxidation processes, 

differential pulse voltammograms were obtained with GCE in aqueous and 

nonaqueous media and the data are presented in Figures 3, 4 and Table 2. The 

Eap0 peak obtained for 4AA (Figure 3B) and MAA (Figure 3C) can be 

mathematically deconvoluted to distinguish the involved processes. Two distinct 

peaks were obtained: Eap0 the first one, which corresponds to the oxidation of 

the enamine (red line, Figure 3B) to the corresponding imine, which can undergo 

a hydrolysis, resulting in a product that can also be oxidized [44] (green line, 

Figure 3B and red line on Figure 3C). 

 

Figure 3. Differential pulse voltammograms obtained with GCE in 0.1 mol L−1 PBS, pH 

7.4, containing 1.0 mmol L−1 of AA (A); 4AA (B); MAA (C); DMAA (D) and MTM (E). 

The peak width at half height values (w1/2) were obtained after the voltammogram 

deconvolution processes (colored lines). 
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To avoid water-dependent coupled chemical reactions, differential pulse 

voltammograms were also obtained in DMF containing 0.1 mol L–1 TFBTBA 

solution. It would have been expected that, in the absence of water, the pH-

dependent oxidation peak potentials, which occur in the same moiety of the 

molecule, to have similar oxidation potentials, as in fact occurred for Eap0 and 

Eap1 peaks, Figure 4. 

 

Figure 4. Differential pulse voltammograms obtained with GCE in DMF containing 

0.1 M of TFBTBA and 1.0 mmol L−1 of A) AA; B) 4AA; C) MAA; D) DMAA; E) MTM. 

Deconvolution processes were performed, when necessary, to obtain the values of 

w1/2. Experimental data are shown as black lines while deconvolutions are displayed as 

colored lines. 

Table 2: Peak width at half height (w1/2) obtained from the differential pulse 

voltammograms presented in Figure 4. 

w1/2 Eap0/ mV Eap1/ mV Eap2/ mV Eap3/ mV 

AA – – – 96 ± 6 
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w1/2 Eap0/ mV Eap1/ mV Eap2/ mV Eap3/ mV 

4AA 89 ± 3 – 99 ± 3 91 ± 5 

MAA 107 ± 7 – 99 ± 6 110 ± 7 

DMAA – 91 ± 3 99 ± 4 102 ± 5 

MTM – 89 ± 4 99 ± 3 107 ± 6 

 

Table 2 shows the peak width at half height (w1/2) values obtained in 

nonaqueous media for all oxidation processes and, according to these data, 

Eap0 (4AA and MAA) corresponds to a process involving one electron, given 

that the w1/2 values were 89 and 107 mV, respectively. In the same medium, the 

w1/2 values for DMAA and MTM at Eap1 were 91 and 89 mV, respectively, which 

are close to the theoretical value (90 mV) for a charge transfer reaction 

involving one electron, typical of processes in which the oxidized products are 

radical species. 

It is important to note that the Eap0 value in Figure 3E is much less positive 

than the Eap0 value in Figure 4E; this great difference can be explained by the 

number of protic species in the reaction medium in which the measurements 

were taken. Eap0 in Figure 3E corresponds to the MAA oxidation from MTM 

hydrolysis; the oxidation process is proton-dependent and facilitated in an 

aqueous medium. DMF always contains a small amount of water and the MTM 

hydrolysis process is expected to occur, although to a small extent, but due to 

the low water content, the pH-dependent oxidation process will be difficult and 

observed at more positive potentials. 
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To evaluate the reversibility of the Eap0 and Eap1 processes, square wave 

voltammograms were obtained and data are presented in Figure 5. 

 

Figure 5: Square wave voltammograms (SWV) obtained with GCE in 0.1 M PBS, 

pH = 7.4, containing 1.0 mM of each of the compounds: (A) AA; (B) 4AA; (C) MAA; (D) 

DMAA; (E) MTM. (1) Total current; (2) forward current; (3) backward current. 

As can be seen from Figure 5, only Eap1 for DMAA has reversible character 

and this result can be associated with the difference in the substituents bonded 

to the pyrazolones ring: a tertiary enamine in the case of DMAA and a 

secondary enamine in the case of MAA. 

In the first case, the iminium cation radical formed at Eap1 can be stabilized by 

the hyperconjugation effect, improved by the hydrogens of two methyl groups 

(σ-stabilization) and therefore, can be reversibly reduced at Ecp. However, in 

the MAA, the electrochemical oxidation process is favored by the loss of one 

proton and enhanced by the thermodynamic stability of the product, which 
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confers a less positive oxidation peak potential to the MAA. The Eap0 oxidation 

process for MAA (Figure 3C), shows that the broad peak can be 

mathematically deconvoluted into two peaks: Eap0 the first one, corresponds to 

the oxidation of the enamine to the respective imine radical (∙C–C=N–R), (red 

line, Figure 3B) [43], similarly to that observed during the formation of the 

Schiff’s bases [45,46] and a small peak, corresponding to the oxidation of the 

hydrolysis imine radical product, formed in a coupled chemical reaction (red 

line on Figure 3C). This can be the main reason for the irreversibility of the 

process observed at Eap0 in the MAA molecule. 

Note that a similar effect was observed for 4AA (green line, Figure 3b) and 

therefore, the product formed at Eap0 for 4AA suffers hydrolysis reaction and is 

subsequently oxidized, following a similar oxidation mechanism to MAA. The 

primary enamine in 4AA has no methyl substituent to stabilize the oxidation 

product, and then, the Eap0 has a more positive value than those observed for 

DMAA and MAA. 

Finally, it is important to understand why the Eap1, Figure 3, for the MTM has 

the most positive value of all molecules. This fact can be explained taking into 

account the presence of the sulfoxide group (an electronic acceptor) as a 

substituent in the enamine group, in relation to the other studied compounds, 

the stabilization of its oxidation product is difficult. The Eap0, Figure 4, 

corresponds to the oxidation of MAA coming from the MTM hydrolysis process, 

while the Eap2 oxidation process corresponds to the oxidation of the product 

formed at Eap1, as previously demonstrated for MTM [2]. 
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Mechanism Evaluation 

The MTM first electrochemical oxidation occurs in the tertiary enamine without 

the presence of proton to produce an iminium cation radical, which can suffer a 

nucleophilic attack by water to produce another reactive intermediate. Thus, to 

evaluate the oxidation mechanism in the absence of a possible coupled 

reaction, cyclic voltammograms were obtained in DMF solutions containing 

TFBTBA as a supporting electrolyte, Figure 6A (full window) and Figure 6B 

(restricted window). 

 

Figure 6: Cyclic voltammograms obtained with GCE in DMF containing 0.1 mol L−1 of 

TFBTBA and 1.0 mmol L−1 of MTM: (A) 10 mV s−1 (1); 50 mV s−1 (2); 100 mV s−1 (3); 

500 mV s−1 (4) and 1000 mV s−1 (5); (B) E0 = 0.0 V; Eλ = 1.4 V; Ef = 0.0 V  and 10 mV s−1 

(1); 50 mV s−1 (2); 100 mV s−1 (3); 500 mV s−1 (4) and 1000 mV s−1 (5); E0 = 0.0 V; 

Eλ = 0.7 V; Ef = 0.0 V . 

If the potential window is restricted to +0.7 V, where the electrochemical 

process at Eap2 does not occur, it was observed that ipa1/ipc increases with 

increasing scan rate, reaching a stable value of 0.75 at 100 mV s–1. These 
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results suggest that the product formed at Eap1 can, at high scan rate, be 

reduced at Epc or be consumed, at low scan rates, by a coupled chemical 

reaction in an EC mechanism, Figure 7. 

The process occurring at Epa1 is diffusion controlled throughout the scan range 

studied (log iap1 = 0.483 log v + 0.730, R2 = 0.985), while that occurring at Epa2 

is diffusion controlled at higher scan rate [log iap2 = 0.443 log v + 0.974, R2 = 

0.982 (for 90 mV s–1 ≤ v ≤ 1000 mV s–1)] and adsorption controlled at low scan 

rate [log Iap2 = 0.893 log v + 0.091, R2 = 0.947 (for 10 mV s–1 ≤ v ≤ 90 mV s–1)], 

data not shown. 

 

Figure 7: iap1 /icp ratio as a function of scan rate (v). Applied potential window 

restricted to the interval in which only the first electrochemical process occurs. 

The diffusion regions, in both Eap1 and Eap2, as well as the constant ratio 

iap1/icp, observed at high scan rates (>100 mV s–1), indicate an 

electrochemical–electrochemical (EE) mechanism, which was previously 

studied [2]. The electrochemical mechanism at Eap1 changes as a function of 
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the scan rate, which is characteristic of electrochemical processes followed by a 

coupled chemical reaction. 

Figure 8 is a representation of the first MTM electrochemical process in 

nonaqueous medium. Eap1 increases linearly with increasing scan rate, ν, from 

10 to 100 mV s–1 and the slope of the linear portion is 30 mV/decade ν, which is 

expected for an EC process involving one electron, Eap1/Ecp. It is important to 

note that there is a region in the plot where Eap1 is constant and near of 0.56 V. 

Below this value, for low scan rates, the peak potential values are lower, 

showing that the chemical coupled reaction is facilitating the electrochemical 

process. 

 

Figure 8: Eap1 vs log v plot obtained in DMF containing 0.1 mol L-1 TFBTBA 

and 1.0 mmol L-1 MTM. (Ep1 = 0.030log v + 0.495, R2 = 0.975). 

The chemical step after the electrochemical process is most likely a 

dimerization because a nucleophilic attack in an organic medium is highly 

unlikely to occur. In addition, the slope obtained in the Eap1 vs log v plot is very 

close to the documented theoretical value, 29.9 mV/log v [47] as expected for a 

process involving a dimerization step. Thus, it is suggested that the coupled 
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chemical reaction is that represented by equation 1, where the oxidation 

product of the MTM formed in Eap1 undergoes a dimerization process and, 

apparently, this species is inactive. 

 

               (1) 

The possible reaction pathways after the electrochemical oxidation of MTM are 

illustrated in Scheme 3. 

 

Scheme 3. Schematic representation of the possible reaction pathways after the Eap1 

process. 

Table 3 compiles the voltammetric data for Eap0, Eap1, Eap2 and Eap3 in AA, 

4AA, MAA, DMAA and MTM. 

Table 3. Reversibility, number of the electrons and pH dependency of the 

electrochemical oxidation processes for the pyrazolone derivatives. 
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Process Molecule Reversibility 
no of 

electrons 

pH 

dependency 

Eap0 4AA, MAA No 1 Yes 

Eap1 DMAA, MTM Yes 1 No 

Eap2 AA, 4AA, MAA, MTM No 1 No 

Eap3 AA, 4AA, MAA, MTM No 1 No 

 

Based on the data presented in Table 3, an oxidation mechanism, Scheme 4, 

was proposed for the electrochemical oxidations of all pyrazolones studied. 
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Scheme 4. Electrochemical oxidation mechanism proposed for dipyrone and 

antipyrine molecules. 

Analytical Application 

As observed in the S1 and S2 Figures, MTM’s hydrolysis occurs with fast 

kinetics; thus, it is difficult to use MTM as a standard to obtain an analytical 
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curve. However, if the proposed mechanism is correct, it should be possible to 

use DMAA as a model molecule to substitute MTM, because both have the 

same Eap1 process. 

To validate this hypothesis, an analytical curve was constructed utilizing DMAA 

in an aqueous medium and compared with another MTM curve in an organic 

medium. DMAA and MTM analytical curves, present a linear range from 10 

µmol L–1 to 100 µmol L–1 with a limit of detection (LOD) of 1.94 and 2.97 μM for 

DMAA and MTM, respectively, limit of quantitation (LOQ) of 6.48 and 9.91 μM 

(n = 10) [48] and a sensitivity of 0.96 μA/μM for DMAA and 0.92 μA/μM for 

MTM, Table 4 and Figure 9. Using this approach, MTM was quantified in 

commercial formulations with a recovery of 95 to 105%, Table 4. 

 

Figure 9: DMAA and MTM analytical curves obtained in PBS pH 7.4 (black line) and 

DMF containing 0.1 mol L−1 of TFBTBA (red line), respectively. DMAA solutions in PB, 

pH = 7.4. Data obtained from square wave voltammograms in 10–100 μmol L−1 range 

(average of five measurements). ip(DMAA)/μA = 0.96[DMAA]μM – 0.45 (R2 = 0.998) and 

ip(MTM)/μA = 0.92[MTM] μM – 0.59 (R2 = 0.998). 
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Table 4: Analytical parameters obtained for MTM Quantification in 

pharmaceutical samples using DMAA and MTM analytical curves. 

Analytical Curve 
Limit of detection (μmol 

L−1) 

Limit of quantification (μmol 

L−1) 

DMAA(PBS) 1.94 6.48 

MTM (DMF) 2.97 9.91 

Sample Recovery - DMAA (%) Recovery - MTM (%) 

Novalgina™ 95.0 86.2 

Dipyrone 

(Medley) 
96.5 87.6 

Dorflex™ 98.0 89.0 

Neosaldina™ 105.0 95.2 
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The obtained recoveries are satisfactory, implying that the proposed 

mechanism is correct. 

Conclusions 

 

The pyrazolones, depending on their structure, may exhibit up to four 

electrochemical processes, Eap0 or Eap1, Eap2, Eap2' and Eap3. The Eap3 

process occurs in the pyrazolone ring. It involves an irreversible electron charge 

transfer and is common to all compounds of this class. The molecules with the 

enamine moiety present three electrochemical processes, in addition to Eap3. 

The processes Eap0 or Eap1, both involving one electron, occur in the same 

electroactive moiety, the enaminic nitrogen, substituent of the pyrazolone ring, 

and these processes depend on two different effects: the hyperconjugation (σ-

stabilization) in the case of iminium cation radical formation (DMAA and MTM) 

at Eap1, which electrochemical processes are pH independent and the proton 

release, added to the thermodynamic stability, in the case of the imine radical 

formation at Eap0 (4AA and MAA). 

The Eap2 process, which occurs after the Eap0 or Eap1 processes, is 

irreversible, involves one electron and is not pH dependent. In MTM, the 

electrochemical oxidation at Eap2 competes with a chemical dimerization 

reaction, just after Eap1. The electrochemical process is favored at high scan 

rates (>90 mV s–1), when the chemical step is not favored, Scheme 3. The 
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complete electrochemical oxidation mechanism for several pyrazolones, which 

data were compiled in Table 3, is illustrated in Scheme 4. 

Pharmaceutical samples of MTM were prepared in an organic medium and the 

drug was quantified using an aqueous DMAA analytical curve. Satisfying 

recoveries were obtained, which corroborates the proposed oxidation 

mechanism for these molecules. 

The voltammetric study of the pyrazolone group allowed understanding the 

reactivity of the molecules and shows that at physiological pH, MAA (secondary 

enamine) is easily oxidized and can act as a good reducing agent, which is the 

probable reason for which the COX enzyme, with iron(III) in its peroxidase 

active site, is inhibited by the dipyrone. 
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Appendix 2 - Electrochemical behaviour of dipyrone (metamizole) and 

others pyrazolones 

 

MAA Obtainment and characterization  

HPLC, RMN and UV-Vis spectroscopy was employed in order to characterize 

the MAA which was obtained from MTM aging solutions. 

High Performance Liquid Chromatography (HPLC).  

The hydrolysis reaction was expected to be quantitative. However, the HPLC 

essay results showed the formation of several other products and the 

establishment of an equilibrium between the MTM and MAA. The HPLC results 

are shown in figure S1, due to the structural similarity, the 4AA was used to 

estimate MAA elution time. 

 

 

Figure S1. Chromatograms obtained in MeOH 55/ PB 45 (V/V), pHapparent = 2.5, 

containing 1.0 m molL-1 of: (-) MTM, (-) 4AA and (-) AA individual solutions (A) 

and  

(-) MTM, (-) MAA and (-) MTM, after 10 minutes (B). 
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The retention times in figure S1A for 4AA, AA and MTM are 2.5, 4.0 and 5.5 

min, respectively. Since a C18 column was used, the most polar molecule, 4AA, 

presented the smallest retention time, being followed by the AA and the MTM, 

due to their molecular size. Neither molecules have liquid charges at pH = 2.5 

and MTM presents a zwitterionic structure, which is protonated at the enamine, 

as estimated by the MarvinSketch 15.11.5 computational simulation software. 

Due to the fast MTM kinetic hydrolysis, the presence of MAA is already 

detectable in the newly prepared MTM solution and, as expected, the MAA 

presents a similar 4AA retention time, Figure S1B. Initially, it was believed that 

the MTM hydrolysis would have been complete, but the MTM peak is still visible 

at 5.5s (black line, Figure S1B). The presence of several other peaks was 

attributed to the phenazones sub products of the MTM hydrolysis as described 

in the literature, scheme 1. 

Besides the equilibrium, the chromatograms confirm the presence of a 

significant amount of MAA in the MTM hydrolyzed solution, which is in 

accordance to an incomplete hydrolysis reaction.  

Nuclear Magnetic Resonance (NMR).  

To confirm the MAA generation in the hydrolysis, the NMR spectra of aging 

MTM solutions were obtained, figures 2A and 2B. 
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Figure S2A. H1 NMR Spectrum vs CDCl3 at 500 MHz, obtained in MAA, 

extracted with CHCl3, from 1.0 mM of MTM aging solutions. 
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Figure S2B. C13 NMR Spectrum vs CDCl3 at 500 MHz, obtained in MAA, 

extracted with CHCl3, from 1.0 mM of MTM aging solutions.  

 

Both obtained spectra of H1 and C13 are very similar to the theoretical ones 

previously foreseen to a MAA (in Chem Draw software). The exception is a 

peak of 135.26 ppm in C13 ascribed to the carbon adjacent to the sulfonate, 

suggesting the presence of MTM even after the extraction procedure. The 

values obtained by the peak integration between 7 and 8 ppm shows ten 

hydrogen nuclei in the aromatic hydrogen shift.  Five nuclei were attributed to 

the MAA and five to the MTM, Figure S2B. This is in agreement with the HPLC 

data observed in figure 3A. Besides that, the most intense peaks show that the 

solution is mostly composed of MAA, as expected. The peaks-nuclei 

correspondence is shown in an inset on figures 2A and 2B. 
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In conclusion, the NMR data endorses that MTM hydrolysis leads to the 

establishment of a MTM/MAA equilibrium, as observed in the HPLC essays. 

UV – Vis Spectroscopy. 

 

 
 

Figure S3: UV-VIS Spectra obtained from solutions containing 50.0 μmol L-1 of 

MTM (Inset), MAA ( -.-.), 4AA, (- - -) and AA (…)  in PBS pH = 7.4. 

Table S1: Wavelengths of the bands in UV Spectra of Figure S3. 

 

Wavelength λ1 (nm) λ2 (nm) λ3 (nm) λ4 (nm) 

4AA 190 215 241 275 

MAA 195 217 241 272 

MTM 206 ~220 241 257 

AA - 221 241 255 

 

The AA spectrum presented three absorption bands, all due to π → π* 

transitions, Table s1, which are common to all phenazones. The absorption 

band, λ2, was attributed to transition in α, β unsaturation on the antipyrine ring. 

The adsorption band, λ3, was ascribed to the transition of the aromatic ring. The 

adsorption band, λ4, corresponds to the transition in the amide carbonyl. 
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Comparing the other three molecules with the AA, the adsorption band, λ1 in 

about 200 nm, was assigned to the n → σ* transition which corresponds to the 

non-ligand electrons in the nitrogens. Therefore, this transition is more 

significant in the amino phenazones (MTM, MAA and 4AA) due to the enamine 

group and almost not visible in the AA Spectra. The presence of three nitrogen 

atoms causes a stack of the n → σ* transition, this way it has a significant 

intensity besides the fact of being a transition forbidden by Laporte. The 

wavelength variation observed in λ1 in the MTM was due to the different 

substituents in the enamine group in each molecule that causes a bathochromic 

effect.   

The absence of λ2 in the MTM was due to the electron withdrawing effect of the 

sulfonate group which changes the molecular electronic density and, therefore, 

increases the required energy to the occurrence of the transition, combining λ1 

and λ2.  

The presence of the enamine increases the electronic density of the five-

membered ring, observed in the λ4 shifts, promoting another bathochromic 

effect. In the molecules with the enamines (MAA and 4AA), λ4 is about 275 nm, 

without the enamine or sulfonated attached enamine, λ4 is about 255 nm. 
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Chapter 3 

 

Electrochemical oxidation of dipyrone and pyrazolone 

derivatives complexes with Fe (III), and its EC’ mechanism.  

In this chapter, the complexation of Fe (III) with the antipyrines is 

discussed, this work couted with the collaboration of Pedro Garcia, Victor 

Vendruscolo, Elaine Mattos and Professor Lucas Rodrigues in data acquirement 

and data curation, and writing/ revision of the original draft, Professor William 

Reis helped with discussions, insights and with the revision of the original draft, 

as Professor Serrano administrated the project. 

This study shows that iron III complexes with the antipyrines, as the 

phenazones can chelate the metal in a bidented (AA) or tridented (4AA, DMAA 

and MTM) way. The complexes involve one metal to two ligands and occur via 

the nitrogen of the enamine and nitrogens of the pyrazalone ring. The complexes 

formations change the nature of the oxidation processes occurring in the 

chelation points from irreversible to reversible, as can be seen in the Randles-

Sevcik equations due to a π-backbonding effect from the metal to the ligands. 

When the complex of an antipyrine with a tertiary enamine, such as DMAA or 

MTM, is in the presence of a reducer, such as 4AA or MAA, they form a hybrid 

complexes [Fe(III)(4AA)(DMAA)] and [Fe(III)(MAA)(MTM)], and their oxidation 

process occurring in the enamine is catalyzed by the reducer behaviour of 4AA 

and/ or MAA, forming a EC’ mechanism. Therefore, presenting a sharp increase 

in the peak current values, until the concentration of the reducer diminishes.  
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Introduction 

 

Sodium Metamizole (MTM) or Dipyrone is the most used analgesic 

worldwide. [1] Although its detailed mechanism of action remains unknown, it is 

believed that most of its analgesic effect are provided by the inhibition of the 

cyclooxygenase enzyme and TRPA1 channel by a derivative result from its 

hydrolysis. [2–4]  

Historically, the MTM was a result of the evolution of the first synthetic 

analgesics made by Knorr, and the medical necessity of a strong analgesics for 

post-surgical procedures. However, the high dosages required to provide this 

effect results in a colloidal dispersion of the drug. A problem that was solved by 

making it a pro-drug. [5] 

Recently our group addressed the reactivity of the MTM and the antipyrine 

group, their electrochemical oxidation mechanism in both aqueous e organic 

media were studied. Allowing the conclusion that these molecules oxidize in three 

processes, Eap0/ Eap1, Eap2 and Eap3. The first oxidation (Eap0 and Eap1) 

generates a radical, it occurs in the enamine moiety in the antipyrine ring, forming 

an imine group. Involving one electron, and if possible (primary and secondary 

enamines), one proton. [6] The following process is an irreversible oxidation of 

the radical generated in the prior process. At last, a process which occurs in the 

pyrazolone ring, therefore, occurring to all phenazones. Specifically, in nitrogen 

vicinal to the aromatic moiety, involving one electron, thus, generating a radical 

that is, stabilized by the aromatic ring, and most likely resulting in the opening of 

the pyrazolone ring. These oxidations are illustrated bellow in, scheme 1. 
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Scheme 1: Electrochemical oxidation mechanism of the antipyrines and MTM’s 

hydrolysis reaction. [6] 

Several studies indicate that a routine use of the MTM could result in the 

occurrence of agranulocytosis. That is a condition in which the number of the 

white blood cells (leucopenia) suffers a severe reduction. This disease affect 

approximately 2 cases per million, with a mortality of 7% of the patients. [7,8]. In 

addition, the use of the MTM induced circumstantial allergic responses, such as 

rhinoconjunctivitis. [8–10] As a consequence, MTM was withdrawn from regular 

market in some countries, such as Sweden, USA, Canada, among others or 

restricted in others, like the cases of Japan and Australia [2,4,11]. Despite that, 

other countries such as Brazil, Germany, Spain and France still allows its 

commercialization, due to its high analgesic potential and low cost. [2,6] Studies 

also suggest that the regular MTM utilization can lead to aplastic anemia. [12–

14] However, the causes of this side effect remains unknown. [15]  

Most works in the literature involving the MTM addresses to analytical 

methods of detection and quantification throughout a distinct variety of 

techniques, such as HPLC [16], Iodometry [17], FIA systems with amperometric 

detection [18,19], spectrophotometry, also associated with FIA systems via 

complex formation by adding iron III [20], capillary electrophoresis [21] and 

voltammetry [21–28].  

Since the phenazones reactivity, and complexation with Fe (III) has not 

been the focus of the literature, the reactivity of the generated complexes remains 

unexplored in the literature besides the possible direct relation with the causes of 

aplastic anemia. Therefore, the aim of this paper is to describe the complexation 
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of Iron (III) by the antipyrines and their electrochemical oxidation in aqueous 

media.  

Material and methods 

Apparatus 

All voltammograms were obtained using a PGSTAT 101 potentiostat 

/galvanostat, Metrohm AUTOLAB, connected to an IME663 interface stirrer 

device. The data treatment was performed with NOVA software version 1.11.4. 

and Origin 2019 pro. Glassy carbon electrode (GCE) with 3mm of diamiter, 

Ag/AgCl, KCl(sat) (+222 vs SHE) and a platinum wire were used as working, 

reference and auxiliary electrodes, respectively, in a 10mL electrochemical cell. 

All pH measurements were performed using a pH meter model 654 and a 

combined glass electrode, model 6.0203.100 (OE), both from Metrohm. The 

spectrophotometric measurements were performed with an Agilent 8453 

spectrophotometer with the Chem Station software from Agilent Technologies. 

All data were obtained at room temperature, 25 ± 1 ºC. 

Chemical and reagents 

All reagents were of analytical grade without any previous purification. The 

solutions were prepared using deionized water from a reverse osmosis device 

(Gehara Co., model OS10LX ultra-pure, water resistivity of 18 MΩ cm). 

Phosphate buffer solutions (PBS), 0.1 mol L-1, were prepared by mixing 

appropriate amounts of H3PO4 and NaH2PO4 salts (Merck, São Paulo, Brazil) in 

deionized water. Similar procedures were used to prepare the AA (Sigma Aldrich, 

code D-8890), 4AA (Sigma Aldrich, code A-4382), DMAA (Sigma Aldrich, code 

D8015) and MTM (Sigma Aldrich, code D-8890) solutions. The pH adjustments 

to the desired pH were performed by the addition of 4.0 mol L-1 NaOH solution. 
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All experiments were performed at room temperature (25 ± 1 ºC) and micro 

volumes were measured using EP-10 and EP-100 Unipette microliter pipettes 

(Uniscience, Brazil). 

UV-Vis procedures 

UV-vis spectra were performed using a Shimadzu UV-1601PC with both 

deuterium and tungsten lamps, and a quartz cuvette with 1.0 cm optical path. The 

blank spectra were performed in deonized water. 

Electrochemical procedures 

Cyclic voltammetry (CV)  

The voltammograms were performed by sweeping the potential from E0 = 

0.0 V to a Eλ = 1.5, then from 1.5 V the potential was swept to a Eλ1 = -1.0 V, 

and finally returning to a Ef = E0 = 0.0 V. The CV experiments were performed 

at voltage scan rates (ν) of 0.01, 0.02, 0.05, 0.10, 0.20, 0.50 and 1.00 V s-1. The 

solutions were stirred, and the working electrode was polished with diamond 

dispersions of 1.0 and 0.1 μm, respectively, before each measurement. 

Results and discussions 

In this section the complexations of the phenazones with iron III were 

systematically studied. At first, the visual complexation was used to study the 

stability of the complexes in distinct pHs. Following, the UV-Vis and Raman 

spectra were performed to obtain the stoichiometry and to observe which 

heteroatoms were chelating the metal. In possession of the respective structures 

of the complexes, their electrochemical behaviour was studied using cyclic 

voltammetry to obtain information regarding their reactivity. In sequence, the 

respective Randles-Sevcik equations were used to discriminate the oxidation 

processes of the ligands and the complexes. Finally, the Tafel analysis were 
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performed to both observe the kinetics, and to study the catalytical effect 

observed between MTM and iron III. 

Complexes characterization 

UV-Vis structural analysis of the phenazones and their respective 

complexes. 

To observe the chelating moieties of the ligands and the respective 

stoichiometry of the products formed, the UV-Vis spectra of the phenazones and 

their respective complexes were obtained. 

Figure 1 shows that AA, 4AA, DMAA and MTM spectra presented three 

absorption bands, all due to π/n → π* transitions, as shown in Tables 1 and S1, 

which are common to all phenazones.  

The first absorption band in 200 nm was attributed to π → π* transition of 

the aromatic moiety on the antipyrine ring. The second absorption band appears 

in 220 nm was ascribed to a transition n → π* related to the carbonyl moiety. The 

third and fourth adsorption band shows up in 240 and approximately 255/ 265  

nm, both correspond to π → π* transitions in the α, β unsaturated moiety and to 

the enamine moieties, respectively. Figure S4 shows the FeCl3 spectrum, the 

absorption identified is in agreement with Loures et al. for Fe(III) [29]. It allows, to 

conclude that both Fe (III) aqua and [Fe(III)(OH)2(H2O)4] species were observed 

in solution.  

The addition of Fe (III) (1 mL – 1 mM solutions) in the antipyrines, 

generates the formation of the complexes, as shown in figures S1 and S2. The 

apparition of a charge transfer (CT) band and the d-d bands were expected to 

occur to each of the Schiff’s base. However, due to a degree of relaxation given 
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the strong field of the ligands, the latter were not observed as they are Laport 

forbidden. 

Contrasting, to both AA and DMAA spectra; it can be observed that the Fe 

(III) addition on a 0,1 mmol L-1 4AA solution generates two different profiles. 

Firstly, a decrease on the intensity of the 240 e 255 nm bands related to the 

ligands, which can be more clearly observed in Figure S5. This occurs due to the 

oxidation of the Schiff base in which to 4AA generates a more stable product. In 

processes analogous to the oxidation processes Eap0 and Eap2.  

It was noticed a correlation between the increase in the 200 nm band 

intensity and the opening of the pyrazolone ring. Thus, confirming that to all 

phenazones, after Eap3 oxidation process, the five membered ring tends to open. 

This occurs in the formation of iron complexes with all the ligands (AA, 4AA, 

DMAA, MTM) and was confirmed by the addition of oxidant, sodium persulfate, 

in the solutions only containing each Schiff base. With the addition of oxidant, the 

UV Vis absorption profile of AA remains the same, except for this significant 

increase in the UV region. It is also possible to observe that over time, this band 

decreases. Finally, as evidenced by the bands starting at 300 nm in figure S6 and 

figure S7, an excess of Fe (III) is necessary to the complex formation with AA. 

Therefore, it can be concluded that it occurs in three steps. The first one 

is the oxidation process five membered ring, analogously to the electrochemical 

process Eap3 Following, pyrazolone ring opens, and thirdly, the complex is 

formed. The complex formation results in a new absorption profile. It presents 

different bands, which includes a CT band at 285 nm and a couple of d-d bands 

such as 340 and 520 nm. 
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Commonly, in UV Vis spectra the formation of different species can be 

observed, as the ligand/ metal ratios are varied, due to an equilibrium in the 

coordination sphere. However, in all presented UV Vis spectra, and most notably 

in figure 1, the characteristic bands of only two species were noticed, the unbound 

Schiff base, and the formed complex. Thus, indicating a not only a fast kinetics, 

but also that its formation occurs in all the metal positions at once.  

The identification of the transitions was possible due to the differences 

observed in the molar absorptivity (ε) values. For complexes without an inversion 

center, the d-d bands, which are prohibited by Laporte, present a ε value between 

100 and 1000, as for complexes with a high degree of symmetry, these values 

decrease to values between 1 and 100 [30]. These d-d and CT bands can be 

better identified in figures S8 and S9. Hereby, the presence of three bands in AA, 

with a characteristic ε value, allow to conclude that two different complexes have 

been formed. The first one being more symmetric than the second, indicating that 

AA complexes present a stoichiometry of 1:2 metal/ ligand. As evidenced by the 

presence of two isomers, scheme 2. Given these results, it is possible to infer 

that, opposing to AA, the Schiff’s bases such as 4AA, DMAA and MTM are all 

tridented ligands. These complexes are stabilized by the π-backbonding of 

Schiff’s base to unoccupied d orbitals of the metal (dy2-x2 e dz2), that 

compensates the loss of resonance. Furthermore, the π-backbonding is more 

expressive in the DMAA complex, due to the donor behaviour of the methyl 

substituents. 
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Table 1: Absorpition Bands of the studied Schiff Bases and their respective iron 

(III) complexes. 

 π → π* 

Aromati

c 

n→π* 

Carbony

l 

π → π* 

α,β 

unsaturated 

π → 

π* 

Enami

ne 

n→π* 

NNBE 

CT d-d 

AA 200 nm 220 nm 240 nm 265 

nm 

-- 305 nm 365, 420, 470 

nm 

4AA 200 nm 227 nm 240 nm 255 

nm 

285 

nm 

335 nm 360-375; 520 

nm 

DMAA 200 nm 225 nm 229- 240 nm 255-

265 

nm 

-- 300-

320;409 nm 

370; 465; 560 

nm 

MTM 200 nm 230 nm 240 nm 270 

nm 

-- 360 nm 480 nm; 415 

nm 
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Figure 1: UV-Vis spectra as a function of the iron (III) addition for: A) AA, B) 

4AA, C) DMAA and D) MTM 

Raman structural analysis of the phenazones and their respective 

complexes. 

Figure 2 and S10 show the normalized Raman spectra of the phenazone 

complexes with iron through time, to both crystalized ligands and in solution. 

Overall, figure 2 shows that the vibration mode can be attribute to three 

groups. The first one is the formation of the imine ligand site in the organic 

compounds: the bands ranging between 1520 and 1580 cm-1. Strong field imine 

coordination compounds show a C=N symmetric stretching modes between 1500 

and 1650 cm1 [31] and Raman spectroscopy is sensitive for imine-mode 

vibrations in transition metal complexes because of the delocalization of the 
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electronic cloud around the bond, especially in complexes which presents a π-

backbonding. [32,33] Hence, the appearance of imine modes not only shows the 

pyrazolone ring opens, as observed in UV-Vis spectra, but also corroborates the 

aforementioned chelation. The appearance of the C=N stretching is pronounced 

in all the complexes, as strong bands in 1567, in 1579 and 1576 cm-1 can be 

observed to AA, DMAA and to MTM, respectively. Although the results suggest 

that these antipyrines can also reduce the metal, which could explain the fast 

disappearance of the Fe-MTM complex, as the MTM undergoes hydrolysis 

generating the MAA, a strong reducer. A result corroborated due to the Fe-MTM 

complex degradation kinetics in which after 5 s after the first spectrum no C=N 

bonding is detected. On the other hand, only the Fe-4AA complex shows weak 

vibration modes with respect to imine bonds, in 1522 cm-1, which is due to a poor 

Raman scattering signal and background luminescence. Additionally, a couple 

set of vibrations is shown around 1050, 1250 and 1410 cm-1 are observed in the 

AA, 4AA and DMAA complexes, and due to their reducer behaviour, the 

disappearance of these bands can be assigned to other modes containing the 

imine group.  

By comparing all the phenazone complexes, it can be established that 

among them, the complex with 4AA is the most favorable chelate by presenting 

a comparative major shift to lower energy. This is evidenced by weakening of the 

imine double bond which can be comprehended as a side effect of the metal back 

donation for the imine antibonding orbitals. [34] It is important to highlight, that 

two distinct events occur. The complexation and the homogeneous reduction 

processes can be associated with the electrochemical processes Eap0 and Eap1, 

shown in the introduction. This association occurs because despite its stability, 
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the 4AA complex becomes labile after the 4AA oxidizes, and therefore, reducing 

the metal. An interpretation supported by the complete disappearance of the 

imine bond within 180 s of reaction and completely degrading before 600 s. 

Therefore, if not oxidized to the complex formation, the antipyrine derivative 

undergoes oxidation, consequently, acting as a reducer to either the metal or the 

complex. 

The second set of vibrations are ascribed to the pyrazolone ring vibrations, 

especially the C=C and C=O stretching modes, in approximately 1600 cm-1 and 

1660 cm-1, respectively. [35] The carbonyl moiety vibrations are affected by the 

aqueous media, thus becoming a weak shoulder in the luminescence background 

when comparing to the crystal (Figure S10). All the C=C pyrazolones stretching 

modes gains intensity after Fe (III) complexation although the energy bond slightly 

varies depending on the complex. The bondings of both 4AA and DMAA 

complexes show a low energy shift compared to the ligand crystals. As the C=C 

of these pyrazolones bonds are suited to sever chain torsions to chelate in the 

three nitrogen sites, hence the energy bond weakening. However, at AA complex, 

the C=C mode slightly shifts to higher energy, which can be comprehended to 

aromatic ring contributions and minor torsion effects to chelation in two sites 

instead of three. As the MTM complex show no significant change in the vibration 

energy nor the intensity of these bands due to rapid hydrolysis kinetics and 

absence of the crystallized ligand. Overall, after the complex degradation no 

energy shift is observed for any of the compounds suggesting, the ligands retain 

their organic chain structure, instead of degrading. 

Finally, the last group of vibration modes is assigned to aromatic ring. The 

aromatic C-H in-plane-bending occurs of around 1000 cm-1 and despite of being 
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the most intense vibration in all complexes, it does not shift its energy after the 

complexation, which show the integrity of the aromatic group to both before and 

after the chelation of the metal, although the carbonic chain vibration (C-C-C  

bending) shift to higher energy, ca. 880 cm-1. [35] This is not only unaffected by 

the aqueous media in the non-polar moiety of the ligands but also the 

strengthening of the aromatic ring bond in all complexes, which can be related to 

iron π-backbonding to the ligand and the inductive effect caused by the Fe (III). 

[34]   

Figure 2: Raman spectra from crystal and solutions of A) AA and AA + Fe (III), 

B) 4AA and 4AA + Fe (III), C) DMAA and DMAA + Fe (III)and D) MTM and MTM 

+ Fe (III). 



 

103 

 

Based on the UV-Vis and Raman spectra presented, the following 

structures were proposed to the complexes of the antipyrines with iron III, 

scheme 2. 

 

Scheme 2: Proposition of the structures of the complexes formed between the 

phenazones and iron III. 

To know how the complexation affects the pyrazolones reactivity, their 

electrochemical behaviour was observed using cyclic voltammetry 

Cyclic voltammetry and electrochemical behaviour of the complexes 

As aforementioned, the electrochemical oxidation mechanism of the 

antipyrines was already discussed. However, both UV-Vis and Raman spectra 

allows to infer the complexes are being formed by the electroactive moieties. 

Thus, the CV experiments were performed to observe thermodynamic and kinetic 

differences in the heterogeneous processes of the phenazones.  
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Figure 3 show CVs obtained for each antipyrine and the respective complex. 

Figures 3A and 3B show the voltammograms of AA and [Fe(III)(AA)2]. Both 

present the process Eap3. Although, in the presence of Fe (III), the current scale 

observed significantly increases to scan rates above 0.20 V s-1. Moreover, the 

peak potential slightly shifts to more positive values, indicating that after the 

opening of the pyrazolone ring and the formation of the complex, the energy 

required to oxidize this moiety is marginally the same. However, to high scan 

rates (>0.2 V s-1), the peak current significantly increases, suggesting a fast 

heterogeneous kinetics to Eap3 of [Fe(III)(AA)2] that is most likely hindered by 

some chemical step at slow scan rates.  

Figures 3C show a typical CV of 4AA, with the processes, Eap0, Eap2 and 

Eap3, as figure 3D shows these processes to the respective complex. The 

process Eap0 of [Fe(4AA)2] present an increase in the peak currents values, 

although the peak potential values are significantly dislocated to more positive 

potentials, approximately of 150 mV, indicating the complex is more stable, 

hindering the oxidation process. A similar effect can also be observed to AA in 

the process Eap3. These results strongly corroborate the spectra data, as both 

processes Eap0 and Eap3 occurring at the enamine, Schiff base, and the opened 

pyrazolone ring, present a shift in the potential values. Moreover, [Fe(4AA)2] 

shows a great stability as Eap0 peak potential is increased. Nonetheless, the 

complexation increases the kinetics of the process Eap0. 

Figure 3E and 3F show a great difference into the peak potential values, 

the complex oxidation occurs in a much higher potential, although the current 

levels are maintained. This is most likely due to its tertiary enamine moiety, which 

oxidizes involving an electron, process Eap1, and not a proton coupled electron 
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process, Eap0. This result in a more prominent action of backbonding effect into 

the stabilization of the non-ligand electrons, and consequently, a more difficult 

formation of its radical derivative. The Eap3 process differently than previously 

observed shifts to less positive peak potential. Corroborating that the 

complexation of DMAA is tridented, occurring via tertiary enamine and the 

nitrogen of the antipyrine ring. 

Finally, figures 3G and 3H show the voltammograms of MTM and its 

complex. Comparing with figures 3E and 3G, the processes Eap1, Eap2 and Eap3 

can be observed in both MTM and DMAA, as both molecules present a tertiary 

enamine. Therefore, these molecules present Eap1 instead of Eap0. However, 

MTM undergoes a fast hydrolysis generating the MAA, which present the Eap0. 

Thus, a typical MTM voltammogram presents both process Eap0 and Eap1. 

Because of the hydrolysis, when in the presence of Fe (III), three complexes can 

be formed [Fe(III)(MAA)2], [Fe(III)(MAA)(MTM)], and [Fe(III)(MTM)2]. The process 

Eap0 sharply shifts its peak potential value as Eap1 seems to slightly shift to less 

positive potential values. A result strongly suggests that all three complexes are 

formed. In addition, it also suggests that they interact each other. The peak 

potential values to all the derivatives with and without the presence of Fe (III) can 

be observed in table S2. 
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Figure 3: CV of A) 1.0 mM AA B)1.0 mM AA + Fe (III) C) 1.0 mM 4AA D) 1.0 mM 

AA + Fe (III) E) 1.0 mM DMAA F) 1.0 mM AA + Fe (III) G) 1.0 mM MTM H) 1.0 

mM AA + Fe (III) in solutions of 0.1 M HCl.  

Randles Sevcik equations and the processes mechanism 

To better comprehend the changes that occur within the complexation, the 

Randles Sevcik theoretical predictions were obtained. These equations (1) and 

(2) [36], represent the reversible and multi-step irreversible cases, respectively, 

allows to predict the peak current results to distinct mechanisms. 

𝐼𝑝 = 0.446 𝑛 𝐹𝐶𝐴√𝑛𝐹𝜐𝐷
𝑅𝑇⁄     (1) 

𝐼𝑝 =  0.496√𝑛′ +  𝛽 𝐹𝐶𝐴√𝑛𝐹𝜐𝐷
𝑅𝑇⁄    (2) 

where Ip is the peak current in A, n is the overall number of electrons transferred, 

n’ is the number of electrons prior to the rate-determining step, β is the anodic 
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charge transfer coefficient, F is the Faraday Constant in Coulomb mol-1, C is the 

concentration in mol cm-3, A the electrode area in cm2,  is the scan rate in Vs-1, 

R is the Gas Constant in J K-1 mol-1 and T is the temperature in K. A diffusion 

coefficient (D) of 6.95 x 10-6 cm s-1 to AA, 4.95 x 10-6 cm s-1 to 4AA, 3.21 x 10-6 

cm s-1 to DMAA, as presented in figures S9, S10 and S11, respectively.  

Figure 4A shows a comparison between the Randles Sevcik predictions and the 

experimental peak current values obtained to both AA and [Fe(III)(AA)2]. It was 

observed that throughout the scan rate window observed (0.01 to 1.00 V s-1), 

AA’s process Eap3 fits the prediction of a multi-step irreversible process in which 

the rating determining step is the second step. On the other hand, to the isomer 

complexes [Fe(III)(AA)2], at scan rates below 0.20 V s-1, the peak current values 

suggest a similar multi-step irreversible process, as observed to the ligand, 

although with  the first step as the rate determining one. Yet, to scan rates above 

0.20 V s-1 a mechanism shift can be seen, as the peak current values of the 

complexes sharply increases, suggesting that at high scan rates, the oxidation 

process behaves as a single step two electron reversible oxidation process. This 

effect can be explained due to a rearrangement resultant of the break of the N-N 

bond and the formation of two N-Fe bonds, providing a better heterogeneous 

kinetic to the Eap3 process due to the π-backbonding effect of the metal. 

A similar result can be observed in figure 4B. The oxidation process Eap0 

presents experimental peak current values which fits the theoretical predictions 

to a one electrons irreversible process. Despite that, the complex [Fe(III)(4AA)2], 

present an Eap0 oxidation process as reversible single electron transfer to the 

whole scan rate window observed. This shift in the mechanism occurs due to the 

trident complex formed, which has the, already mentioned, π-backbonding effect 
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of the metal acting to stabilizes the radical product. Resulting in a greater 

heterogeneous kinetic to the process Eap0. 

Figure 4C shows that the peak current values to process Eap1 behaves as 

a one electron irreversible process to both DMAA and to the complex 

[Fe(III)(DMAA)2]. This result advocate that primary and secondary enamines 

heterogeneous kinetics are benefited from its ability to liberate the proton, thus 

reducing the energy of the molecule which stabilizes the formed product. 

However, tertiary enamines can only stabilize via hyperconjugation, which is not 

as effective the proton release. Therefore, jeopardizing the electrochemical 

kinetics of process Eap1. 

Figure 4D displays the sum of the peak current values of both processes 

Eap1, from MTM, and Eap0, from its hydrolysis product, MAA. This sum is 

necessary because the hydrolysis hastily consume the MTM generating MAA. 

Therefore, independently, the peak current values do not fit any of the theoretical 

predictions. On the other hand, the combined peak current values for the MTM 

alone behaves as a one electron irreversible electron transfer, which is expected, 

as Eap1, also presented an irreversible process, as, the combined results of the 

MTM/ MAA complexes ([Fe(III)(MTM)2] or [Fe(III)(MAA)(MTM)] or [Fe(III)(MAA)2]) 

behaves as a one electron reversible oxidation. This result is consistent with the 

ones observed in figures 4B and 4C for processes Eap0 and Eap1, respectively. 

Indicating that the hydrolysis product oxidation, Eap0 process, prevails over the 

MTM, Eap1 process, hence shifting the behaviour of MTM from irreversible to 

reversible.  
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Figure 4: Randles Sevicik theoretical predictions compared to the experimental 

peak current values obtained to the processes A) Eap3 of AA, B) Eap0 of 4AA, C) 

Eap1 of DMAA, D) combined values of Eap0 and Eap1 of MTM. 

Tafel analysis and a catalytical effect of the complexes and the hydrolysis. 

In the previous section, the Randles Sevcik theoretical predictions show 

that with the complexation, both processes Eap0 and Eap1 undergoes a 

mechanism change from irreversible oxidation processes to reversible. To further 

comprehend this change, the Tafel analysis was conducted to observe the 

difference between the into the charge transfer coefficient (β) heterogenous of 

the complexes. This analysis provide the β values, according to equation 3 [37], 

which are directed correlated with the activation Gibbs energy involved in the 

oxidations, equation 4. [38] 

𝛽(𝐸) =
𝐹

𝑅𝑇
 
𝑑𝑙𝑛 𝐼

𝑑𝐸
     (3) 
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𝛽 =  
1

2
 (1 + 

∆𝐺‡

𝜆
)     (4) 

where β is the charge transfer coefficient, ΔG‡ is the standard Gibbs energy of 

activation in kJ mol−1 and λ is the reorganization energy in mol kJ−1. The 

respective Tafel analysis was performed according to Li et al. [39] and the results 

can be seen in figure 7. 

Figure 5A shows the β values as a function of the potential values to both 

AA, and the complexes [Fe(III)(AA)2]. The charge transfer coefficients slightly 

shift to more positive values whilst the peak dislocates to more positive potential 

values. This result implies that Eap3 process has been mediated by the metal 

increasing the heterogeneous rate constant whist the oxidation process remains 

similar to the original oxidation, Eap3, whist the oxidation process remains similar 

to the original oxidation, Eap3. 

Figure 5B shows a comparison between the charge transfer coefficients 

of 4AA and the [Fe(4AA)2]. The β values of the oxidation process Eap0 of the 

ligand is approximately of 0.4, and also presents a barely defined process which 

could be the indicative of side reaction, e.g. a following chemical step such as a 

Michael addition. In the complex [Fe(III)(4AA)2], the oxidation process Eap0 

becomes a reversible process. The β value of the process Eap0 significantly 

increases from 0.4 to 0.6, suggesting a greater faradaic current with a similar 

driving force. As formerly appointed, this result indicates a more prominent 

molecular orbital is formed, and it can not only a stabilize the formed radical due 

to the π-backbonding effect, but also facilitate the electron transfer from the 

complex to the electrode, as a consequence of the Frank-Condon effect. Thus, 
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generating an increase in the electron transfer kinetics. It is also noteworthy that 

in the presence of the Fe (III), no barely defined process is displayed. 

Figure 5C show the β values for a tertiary enamine oxidation in DMAA, 

with and without the metal in solution. The process Eap1 presents analogue 

charge transfer coefficient values to both DMAA and [Fe(DMAA)2]. Although a 

significant dislocation in its peak potential can be noticed. This shift indicates the 

π-backbond effect stabilizes the complex by increasing its electron cloud.  

However, it does reflect in the increase the kinetic of the oxidation process. A 

consistent result with the Randles Sevcik predictions. 

Figure 5D shows the β values to both MTM and the MTM with Fe (III). In 

the absence of the metal, the peaks of the processes Eap0 and Eap1 presents β 

values of approximately 0.3. When the Fe (III) is introduced, the β value of Eap0 

from MAA sharply increases to approximately 1.0. Thus, with the formation of the 

complexes, the Eap0 becomes reversible, whist Eap1 from MTM remains in 

approximately 0.3. To evaluate if the kinetics change of process Eap0 was 

provided by the complexation, or the presence of both processes Eap0 and Eap1, 

a study with both 4AA and DMAA was conducted. 
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Figure 5: Plots of the charge transfer coefficient (β) as a function of the applied 

potential. 

Figures 6A and 6B show the CV of 1.0 mM 4AA and DMAA solutions in 

0.1 M KCl, pH = 2.0, without and with 1.0 mM of Fe (III), respectively. Both figures 

show the presence of both oxidation processes Eap0 and Eap1 in an overlap of 

the processes in approximately 0.7 V and an increase of peak current values can 

be seen in figure 6B, the complexes solution. As the complexation induces as 

change in the heterogeneous processes, the Tafel analysis was conducted to 

obtain the charge transfer coefficients of the antipyrines and the respective 

complexes. 

Initially, the CV of [Fe(4AA)2] and [Fe(DMAA)2] were obtained as a function 

of time. Figures 6C and 6D show CV of the complexes solution and the β values 

at different reaction times. Figure 8C shows a maximum of the peak current at t 
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= 0, and a decrease in the peak currents as a function of time, a result in 

agreement with the β values, observed in figure 6D, which present a maximum 

(β = 1) at t = 0, and a decrease as function of time. Both results suggest the 

occurrence of a homogeneous catalysis involving the processes Eap0, Eap1, and 

the Fe (III). Since the processes Eap0 and Eap1 together, already present a 

catalytic effect, the turnover frequency (TOF) to both processes were evaluated 

in both presence and absence of Fe (III). 

Figures 6E and 6F show the catalytical Tafel plots, the turnover frequency 

(TOF) as a function of the applied potential and the Tafel lines, logarithm of TOF 

as a function of the applied potential. [40,41]  

𝑇𝑂𝐹 =
𝑘0𝐶0

1+𝑒
[𝐹

𝑅𝑇⁄ (𝐸−𝐸𝑓
0)]

     (4) 

where k0 is the standard rate constant of the process in cm s-1, C0 is the initial 

concentration of the catalyst in mol L-1, F is the Faraday constant in coulomb mol-

1, R is the gas constant in J K-1 mol-1, E0
f is the formal potential in Volts and E is 

the applied potential in Volts. 

Figure 6E shows the catalytical Tafel plots of 1.0 mM 4AA and DMAA with 

1.0 mM with and without Fe (III) solutions in 0.1 M KCl, pH = 2.0, at scan rates of 

0.01, 0.1 and 1.0 V s-1. Comparatively, in each scan rate, the curves of the 

complexes formed presented a higher TOF than the ones of the without the metal 

in solution. A result that implies the Fe (III) actively participates of the catalytical 

process, increasing the rate of the reaction above the one observed for only the 

processes Eap0 and Eap1. Figure 8F shows the Tafel lines to the experiment 

presented in figure 8E. The upper lines are the ones in which the complexes are 

formed, a result which corroborates the role in the reaction, most likely in the 
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complex formation. The π-backbond effect increases the molecular orbitals of the 

complexes resulting in an increase of the overlap between the molecular and 

eletrodic orbitals, thus enhancing the rate of the heterogeneous processes. 

In overall, figure 6 indicates a homogeneous catalysis, which according 

the UV-Vis data could occur via a hybrid complex [Fe(4AA)(DMAA)], or with 4AA/ 

MAA acting as a reducer, generating an EC’ mechanism. Moreover, the β values 

decrease with the time, showing that as the time passes, a chemical step occurs, 

as the Fe (III) is reduced to Fe (II), as observed in the Raman spectra, disforming 

the complexes and consequently, the β values observed after 30 min. decrease 

to a value of 0.4, coinciding with the values of the Eap1 β value observed to the 

DMAA. The proposed steps of EC’ catalytical process is presented in equations 

5 to 8. 

Fe(III) +  4AA +  DMAA ⇌   [Fe(III)(4AA)(DMAA)]  (5) 

[Fe(III)(4AA)(DMAA)] →  [Fe(III)(4AA)(𝐷𝑀𝐴𝐴)]+ + 1𝑒− (6) 

[Fe(4AA)(𝐷𝑀𝐴𝐴)]+  → [Fe(4AA+)(DMAA)]   (7) 

[Fe(4AA+)(DMAA)] + 4𝐴𝐴 →  [Fe(4AA)(DMAA)] + 4𝐴𝐴+ (8) 

 

To evaluate the catalytical profile obtained with the combination of 4AA, DMAA 

and Fe (III), CV with the MTM complex were conducted to observe the catalysis 

involving the processes Eap0 of the MAA, Eap1 from MTM after their 

complexations. Figures 8G, 8H and 8I show CV of 1.0 mM MTM with 1.0 mM Fe 

(III) solutions in 0.1 M KCl, pH = 2.0. Figure 8G shows the CV of MTM complexes 

with Fe (III) in three different times, 0, 2.5 and 5 minutes. The CV at t = 0 shows 

a oxidation profile of the complex [Fe(MTM)2], the voltammograms at 2.5 and 5 

minutes show the change in the profiles of the complex as a function of time, 
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presenting a sharp increase of the peak current of the overlapped processes Eap0 

and Eap1. Since the occurrence of the same catalytical process observed to MTM 

derivatives in the presence of Fe (III). To compare the processes of the 

derivatives and the MTM complexes, the Tafel analysis was conducted. [39] 

Figure 8H shows the Tafel plots of [Fe(MTM)2] in each time. At t = 0, a value of 

the charge transfer coefficient of 1.08 can be observed, reinforcing the 

complexation results shifts the oxidation process to reversible, which agrees with 

the Randles Sevcik predictions. At 2.5 minutes, a charge transfer coefficient of 

1.29, a super nernstian β value [42], corroborating the existence of catalytical 

process. Similarly to the results observed in figure 8D, at t = 5 minutes, a 

decrease of the β value occurs with the progression of time, the catalysis is 

homogeneous and persists until the depletion of the reducer, MAA. The MTM EC’ 

mechanism can be analogously illustrated by equations 9 to 12. 

Fe(III) +  MAA +  MTM ⇌   [Fe(III)(MAA)(MTM)]  (9) 

[Fe(III)(MAA)(MTM)] →  [Fe(III)(MAA)(𝑀𝑇𝑀)]+ + 1𝑒− (10) 

[Fe(III)(MAA)(𝑀𝑇𝑀)]+  → [Fe(MAA+)(MTM)]   (11) 

[Fe(MAA+)(MTM)] + 𝑀𝐴𝐴 →  [Fe(MAA)(MTM)] + 𝑀𝐴𝐴+ (12) 
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Figure 6: A) CV obtained in (1:1) 1.0 mM 4AA with DMAA solutions in 0.1 KCl, 

pH = 2.0 at different scan rates, B) CV obtained in (1:1:1) 1.0 mM 4AA, DMAA, 

and Fe (III) solutions in 0.1 KCl, pH = 2.0 at different scan rates C) CV obtained 

in (1:1) 1.0 mM 4AA with DMAA solutions in 0.1 KCl, pH = 2.0 at different times 

D) Charge transfer coefficients of the CVs presented in C, E) Turnover frequency 

as a function of the driving force for the systems presented in A and in B,  F) 

Catalytic Tafel plots of the systems presented in A and B G) CV obtained in (1:1) 

1.0 mM MTM with Fe (III) solutions in 0.1 KCl, pH = 2.0 at different times H) Tafel 

Plots from the voltammograms presented in F I) Catalytic Tafel plots of the 

system presented in G. 

Conclusions 

The iron III complexes with the antipyrines, as the phenazones can chelate 

the metal in a bidented (AA) or tridented (4AA, DMAA and MTM) way. The 
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complexes involve one metal to two ligands and occur via the nitrogen of the 

enamine and nitrogens of the pyrazalone ring. The complexes formations change 

the nature of the oxidation processes occurring in the chelation points, Eap0 and 

Eap3, from irreversible to reversible, as can be seen in the Randles-Sevcik 

equations due to a π-backbonding effect from the metal to the ligands. When the 

complex of an antipyrine with a tertiary enamine, such as DMAA or MTM, is in 

the presence of a reducer, such as 4AA or MAA, they form a hybrid complexes 

[Fe(III)(4AA)(DMAA)] and [Fe(III)(MAA)(MTM)], and their oxidation process Eap1 

is catalyzed by the reducer behaviour of 4AA and/ or MAA, forming a EC’ 

mechanism. Therefore, presenting a sharp increase in the peak current values, 

until the concentration of the reducer diminishes.  
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Appendix 3 - Electrochemical oxidation of dipyrone and pyrazolone 

derivatives complexes with Fe (III), and its EC’ catalytic mechanism.  

 

Complexes characterization 

Visual complexations of MTM-Fe (III) at different pH. 

To verify the complexation and observe which media provides the best 

stability and intensity to the complex, solutions of 1.0 mM MTM and Fe (III) were 

mixed (1:1) in aqueous media with different pH. Figure S1 shows that at room 

temperature, the chemical reaction between Iron III and MTM reaction generates 

a blue colored complex, which keeps the coloration for approximately 30 seconds 

(T = 1), that is followed by a light-yellow coloration, of about a minute (T = 2), and 

finally it turns to an uncolored solution (T = 3). Figure S1 shows not only a pH 

dependency of the intensity, but also dependency of its stability. No complexation 

was observed in basic media, which is expected due to the Fe (III) hydrolysis, 

forming its hydroxide derivative. Moreover, at T = 2, the complex in neutral media 
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is already discolored, as the one in acidic media still shows the blue coloration. 

Therefore, the formed complex persists for longer periods of time whist it presents 

more intense coloration in acidic media. Thus, suggesting that its instability could 

be a result of the hydrolysis of the MTM and0/ or due to a reduction of the Fe(III), 

since the MTM derivatives present reducer properties. [6] 

 

Figure S1: Complexation of MTM with Iron (III) 1.0 mM (1:1) at different pH 

values. 

Visual complexations of the antipyrines with Fe (III) in acidic media. 

In the section above, the optimized conditions to the complexation were 

observed. Thus, the acidic conditions were used to observe the complex 

formation with the other antipyrines. 

Figure S2 shows the respective complexations of the MTM derivatives 

with the metal. From left to right, the figure shows that AA complexes Fe (III), 

generating a strong charge transfer band that reflects a red color that persists 

for several days. The second one shows that 4AA also complex the metal, 

generating a band which results in a magenta coloration that is also persistent, 
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although not as much as the previous one with AA. The third one shows that as 

the previous derivatives, DMAA also complexes with Fe (III), but presenting a 

violet color, which is most likely due to the merge between the blue band 

generated by the tertiary enamine, as observed for the MTM, and the red one 

generated by the nitrogen of the antipyrine ring, as observed in the AA. 

 

Figure S2: Complexation of A) AA; B) 4AA; C) DMAA; D) MTM with Iron (III) 1.0 

mM (1:1) at acidic media (pH 2,0). 

 

Spectroscopic structural analysis of the phenazones and their respective 

complexes. 

The study made in the present paper was better understood with the help 

of spectroscopic analysis. All of the pharmaceuticals used already have 

signature bands in the UV region, and more notably, all iron species have 

strong absorption bands within the visible light spectrum. Hence, we chose to 
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investigate de formation of chemical bonds and new species through UV-vis 

Spectroscopy. 

The addition of Fe (III) (1 mL – 1 mM solutions) in the antipyrines, the 

formation of the complex was observed, as shown in the previous section. As 

can be seen by the apparition of charge transfer (CT) bands for all four Schiff 

bases, as well as, the d-d bands, which are Laporte forbidden. However, due to 

a degree of relaxation given the strong field ligands they were observed. 

A rise of new bands as the redox reactions occurs and the dislocation of 

other key bands, as the molecules are polarized, was expected. The results of 

this analysis can be found in Table S1. In this section the pharmaceuticals will 

be referred as Ligands, under the optic of coordination complexes. All observed 

bands in the UV-Vis part of the spectra for the free ligands and iron complexes 

are prescribed in Table S1. 

The new absorption profile consists of several different bands that 

includes CT band at 285 and a couple d-d bands such as 340 and 520 related 

to Fe (III) complex. It is important to highlight that, usually, in UV Vis spectra the 

formation of complexes of different ligand/ metal ratios with the variation of the 

ligand concentration can be observed, due to an equilibrium in the coordination 

sphere. However, in all the presented UV Vis spectra, and most notably in 

Figure 3, the characteristic bands of only two species were noticed, the 

unbound Schiff base, and the formed complex. Thus, indicating that the 

complexes formation occurs with a fast kinetics or that its formation occurs in all 

the metal positions at once. 
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Table S1: Detailed attribution of the absorption Bands of the studied Schiff 

Bases and their respective iron (III) complexes. 

 

 
Wavelength Ε (cm-1mol-1L) Attribution 

AA 200 nm 3310 π → π* Aromatic 

 220 nm 1420 n →π* Carbonyl 

 240 nm 1420 π → π*  α,β Unsaturated 

 265 nm 1340 π → π* Enamine 

AA + Fe3+ 305 nm 1493,3 CT 

 365 nm 846,2 d-d 

 420 nm 255,1 d-d 

 470 nm 97,1 d-d 

4AA 200 nm 5350 π → π* Aromatic 

 227 nm 2980 n →π* Carbonyl 

 240 nm 3660 π → π* α,β Unsaturated 

 255 nm 3630 π → π* Enamine 

 285 nm 2830 Nonbinding N electron 

4AA + Fe3+ 335 nm 933,3 CT 
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 360-375 nm 653,3 d-d 

 520 nm 525,7 d-d 

DMAA 200 nm 5990 π → π* Aromatic 

 225 nm 1100 n → π* Carbonyl 

 229-240 nm 260,7 π → π* α,β Unsaturated 

 254-265 nm 2040,9 π → π* Enamine 

DMAA + Fe3+ 300-320 nm 1431,1 CT 

 370 nm 852,4 d-d 

 409 nm 3733,3 CT 

 465 nm 151,8 d-d 

 560 nm 336 d-d 

MTM 200 nm 3170 π → π* Aromatic 

 230 nm 1480 n → π* Carbonyl 

 240 nm 1430 π → π* α,β Unsaturated 

 270 nm 1220 π → π* Enamine 

MTM + Fe3+ 360 nm 852,4444 CT 

 415 nm 354,6667 d-d 

 480 nm 130,6667 d-d 
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4AA + DMAA 200 3340 π → π* Aromatic 

 230 1475 n → π* Carbonyl 

 238 1390 π → π* α,β Unsaturated 

 260 1340 π → π* Enamine 

 270 1290 - 

 307 2299,11 CT 

 360 1480,89 CT 

 412 631,556 d-d 

 477 227,111 d-d 

  

 Firstly, we can observe three main absorption bands in AA, all in the UV 

region, 200 nm, 220 nm, 240 nm and 265 nm, due to π → π* Aromatic, n → π* 

Carbonyl, π → π*  α,β Unsaturated and π → π* Enamine, respectively. The Fe 

(III) solution was added in small volumes (20 mL) to observe the new spectra as 

the species formed. This experiment was designed so the Fe (III) was added in 

molar fractions of the AA in solution, so we could study the formation of 

complexes with one, two or three ligands. These results can be seen in Figure 

1, in main text. 
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Figure S3: UV-Vis spectra of 1.0 μ mol L-1 of AA in 0.1 mol L-1 KCl solutions, pH 

= 2.0 and the subsequent additions of Fe (III)(aq.) 

Oposely to expected, the UV-vis spectra of AA with the addition of Fe 

(III), did not show the presence of all three complexes, it was found that in with 

Fe(III) in excess, that there are only to species – The complex formed and 

Fe(OH)2(H2O)4.  A similar teste was conducted, inverting the order o addition in 

other to see if this phenomenon was only because of the formation kinetic of the 

other two species, Fe (AA)2H2O and Fe(AA)(H2O)2. In Figure S3, similarly to 

what was seen before, only two stable species can be seen in solution: one 

complex and Fe(OH)2(H2O)4.  
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Figure S4: UV-Vis spectra of 1.0 μ mol L-1 of Fe (III)(aq.) in 0.1 mol L-1 KCl 

solutions, pH = 2.0 and the subsequent additions of AA 

It was noticed a correlation between the increase in the 200 nm band 

intensity and the opening of the pyrazolone ring. Thus, confirming that to all 

phenazones, after Eap 3 oxidation process, the five membered ring tends to 

open. This occurs in the formation of iron complexes with all the ligands (AA, 

4AA, DMAA, MTM) and was confirmed by the addition of oxidant, sodium 

persulfate, in the solutions only containing each Schiff base (Figure S5). With the 

addition of oxidant, the UV Vis absorption profile of AA remains the same, except 

for this significant increase in the UV region. It is also possible to observe that 

over time, this band decreases again to a certain point. Finally, as evidenced by 

the bands starting at 300 nm in figure S6 and figure S7, an excess of Fe (III) is 
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necessary to the complex formation with AA. Therefore, it occurs in three steps. 

The first one is the oxidation process Eap 3 by the Fe (III), which is then followed 

by the opening of the pyrazolone ring, and thirdly, the formation of the complex. 
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Figure S5: UV-Vis spectra of 0.5  10-9 mol L-1 of AA in 0.1 mol L-1 KCl solutions, 

pH = 2.0 at different times, and the subsequent additions of Fe (III)(aq.) 

Contrasting, to both AA and DMAA spectra, it can be observed that the Fe 

(III) addition on a 0,1 mmol L -1 4AA solution generates two different profiles. 

Firstly, a decrease of the intensity in the 240 e 255 nm bands of the ligands, which 

can be more clearly observed in Figure S5. This occurs due to the oxidation of 

the Schiff base in which to 4AA generates a more stable product, as the proton 

coupled electrons transfer (PCET) allows the product to be a radical instead of a 

cation radical. Therefore, allowing the two main steps to be seen, the oxidation 

processes Eap0 and Eap2 . 
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Figure S6: UV-Vis spectra of 1.0 μ mol L-1 of 4AA in 0.1 mol L-1 KCl solutions, 

pH = 2.0 and the subsequent additions of Fe (III)(aq.) 

Figure S7 is a close up of absorption bands that occur in the visible 

spectrum. This analysis was made by using concentrated solutions of AA and 

Fe(III), 5 mM and 1 mM, respectively. This close up was relevant in order to 

understand the d-d transitions, and the symmetry of the complex – a key element 

in uncovering its structure and the mechanism studied. A similar procedure was 

made with 4AA as can be seen in Figure S8.  
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Figure S7: UV-Vis spectra of 1.0 μ mol L-1 of AA in 0.1 mol L-1 KCl solutions, pH 

= 2.0 and the subsequent additions of Fe (III)(aq.) 
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Figure S8: UV-Vis spectra of 1.0 μ mol L-1 of 4AA in 0.1 mol L-1 KCl solutions, 

pH = 2.0 and the subsequent additions of Fe (III)(aq.) 

In Table S1, found values of absorption constants (Eps) for all electronic 

transitions in all Ligands and their respective complexes can be found alongside 

their attributions. For complexes without an inversion center, the d-d bands, which 

are prohibited by Laporte, present a higher molar absorptivity, ε, with values, 

between 100 and 1000. For complexes with a high degree of symmetry, these 

values tend to decrease to between 1 and 100 [30] . These d-d and CT bands 

can be better identified in figures S8 and S9. Hereby, the presence of three bands 

in AA, with a characteristic ε value, allow to conclude that two different complexes 
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have been formed, the first one being more symmetric than the second, and 

indicating that the complexes stoichiometry is of 1:2 metal/ ligand. 

As evidenced by the presence of two isomers, scheme 2. Given these 

results, it is possible to infer that, after the oxidation, the Schiff bases such as 

4AA, DMAA and MTM are all tridented ligands, opposing to AA, which is bidented. 

These complexes are stabilized by the π-back bonding of Schiff base to 

unoccupied d orbitals of the metal (dy 2 -x 2 e dz 2 ), that compensates the loss 

of resonance. Furthermore, the π-back bonding is more expressive in the DMAA 

complex, due to the donor behavior of the methyl substituents. 

 

Cyclic voltammetry and electrochemical behaviour of the complexes 

 

Table S2: Peak potential values of the antipyrine derivatives with and without 

the presence of Fe (III) as a function of the scan rate. 

Process 

Eap0 and 

Eap1 

4AA

/ V 

DMA

A/ V 

MTM/ 

V 

MT

M/ 

V 

[Fe(III)(4

AA)2]/ V 

[Fe(III)(DM

AA)2]/ V 

[Fe(III)(MT

M)2]*/ V 

[Fe(III)(MT

M)2]*/ V 

0.01/ V s-1 

0.47

0 0.452 0.358 

0.58

7 0.479 0.630 0.500 0.593 

0.02/ V s-1 

0.47

6 0.459 0.437 

0.59

7 0.496 0.640 0.438 0.515 

0.05/ V s-1 

0.49

7 0.464 0.421 

0.59

0 0.517 0.646 0.430 0.512 
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0.10/ V s-1 

0.51

39 0.460 0.404 

0.58

6 0.569 0.637 0.453 0.548 

0.20/ V s-1 

0.52

8 0.464 0.419 

0.59

7 0.548 0.643 0.453 0.516 

0.50/ V s-1 

0.56

96 0.465 0.388 

0.59

3 0.577 0.646 0.464 0.552 

1.00/ V s-1 

0.64

3 0.466 0.404 

0.60

2 0.621 0.658 0.472 0.530 

Process 

Eap3 

AA/ 

V 

4AA/ 

V 

DMA

A/ V 

MT

M/ 

V 

[Fe(III)(A

A)2]/ V 

[Fe(III)(4A

A)2]/ V 

[Fe(III)(DM

AA)2]/ V 

[Fe(III)(MT

M)2]*/ V 

0.01/ V s-1 

1.21

55 

0.966

4 1.051 

1.09

0 1.217 1.000 0.953 1.085 

0.02/ V s-1 

1.22

07 

0.973

8 1.066 

1.12

9 1.219 1.010 0.958 1.083 

0.05/ V s-1 

1.21

72 

0.986

4 1.098  1.232 1.011 1.010 1.089 

0.10/ V s-1 

1.22

81 

1.002

3 1.058  1.238 1.082 0.997 1.120 

0.20/ V s-1 

1.23

72 1.024 1.102  1.263 1.010 1.013 1.077 

0.50/ V s-1 

1.26

06 

1.043

4 1.117  1.263 1.120 1.031 1.145 
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1.00/ V s-1 

1.26

68 

1.082

1 1.124  1.298 1.190 1.014 1.117 

 

 

Randles Sevcik equantions and oxidation mechanism discrimination of 

processes Eap0, Eap1, Eap3 
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Figure S9: Cronoamperogram of a 1,0 mM AA solution in PBS, pH = 7,4. 
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Figure S10: Cronoamperogram of a 1,0 mM 4AA solution in PBS, pH = 7,4. 
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Figure S11: Cronoamperogram of a 1,0 mM DMAA solution in PBS, pH = 7,4. 

 

Tafel analysis and a catalytical effect generated by the Fe (III) complexes. 

kinetic difference between the antipyrine derivatives and the respective 

complexes 

 

 To further understand of the observed catalysis between MTM and Fe 

(III), the process Eap0 of the hydrolysis product MAA was studied by using the 

4AA as a model. Similarly, the DMAA was used instead of the MTM, since it 

presents the Eap1 process. Thus, by combining both 4AA and DMAA, allows to 

simulate the MTM system with its undergoing hydrolysis as it chelates the Fe 

(III).  



 

142 

 

Initially, the 4AA with DMAA combination was studied using UV-Vis to observe if 

any interaction occurs between them without the metal. Following the Fe (III) 

was added to observe possible shifts in the bands and similarities between the 

systems 4AA and DMAA with Fe (III), and the MTM in the presence of the Fe 

(III). As last, the electrochemical kinetics of the mimicking system was obtained 

to compare with the original MTM and Fe (III).  

 In figure 8, both bands previously observed to 4AA and DMAA can be 

observed. The phenazones 4AA and DMAA together presented a juxtaposition 

of the individual spectrum obtained for each molecule. After the addition of Fe 

(III), two CT bands can be spotted, the first one, in 307 nm, is comparable with 

a profile found in DMAA complex. The second one, in 360 nm was not priorly 

observed in the [Fe(III)DMAA2] nor [Fe(III)4AA2] spectra. Analogously, a d-d 

band in 412 nm has also no correspondence in the aforementioned complexes 

spectra. However, both CT and d-d complex band matches with the ones 

shown in the MTM complex spectrum. In light of those results, it can be 

concluded that the complex formed in the mimicking solution consists of one 

4AA, and one DMAA, thus, forming [Fe(III)(4AA)(DMAA)], that shows similar 

behavior to the [Fe(MAA)(MTM)] complex and is, therefore, a good mimetic for 

the dipyrone system.  
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Figure S12: UV-Vis spectra as a function of the iron (III) addition for a 4AA and 

DMAA solution. 
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Chapter 4 

Electrochemical Cyclooxygenase biosensor to evaluate target – drug 

viability and interactions. 

In this chapter, we discuss a biosensor to analyze the anti-inflamatory 

properties of non-steroidal-anti-inflammatory drugs (NSAIDs). The chemical 

interaction between commercial NSAIDs and their target, cyclooxygenase-2 

enzyme (COX), was studied. This work counts with the help of many colleagues, 

Estenio helped with data acquirement and data curation, the same for Marcelo 

Portes, Gabriel Bacil, Guilherme Romualdo and Professor Barbizan performed 

the extraction and quantification of the biological sample, Professor William was 

responsible for data acquirement, discussions, data curation and revision, and 

Professor Serrano administrated the project. 

The electrochemical behaviour of COX sensor presented two main 

reduction processes. We observed that one of them involves one electron and 

one proton related to tyrosyl radical reduction to tyrosine and the second relevant 

cathodic process comprises an one electron reduction from the Fe (IV) to Fe (III) 

species present in the enzyme’s active site, which in the presence of hydrogen 

peroxide, results in a catalytical process. Based on these results, an 

electrochemical mechanism to the COX enzyme is proposed. Additionally, the 

quantitative inhibitory interaction mechanism of six commercial NSAIDs with the 

biosensor was studied. Acetylsalicylic acid, dipyrone, and the ibuprofen 

presented the higher COX inhibitory percentual, being therefore, the most 

effective NSAIDs among the studied group. The salicylic acid also presented a 

significant inhibition capability in both electrochemical and EPR studies. The 
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effect of some NSAIDs, like dipyrone and acetominophen, can be explained by 

the redox inhibition hypothesis and could be related to directly interaction and 

inactivation of iron present in the enzyme’s active site. Ibuprofen and naproxen 

presented irreversible COX inhibition. Despite that, the EPR shows that these 

drugs have relatively weak interactions with the COX active site, suggesting they 

should interact with the external enzyme’s structures resulting in the inhibition of 

its activity. Finally, the developed enzymatic sensor presented a high potential to 

study antiflamatory properties of well-knowndrugs, and can be a useful tool in the 

development of new NSAIDs, in a more efficient way. Therefore, this biosensor 

presents a high applicability in the drug development, pharmaceutical, and 

biomedical applications in both academia and industry. 

Introduction 

The biosensors are devices, capable of providing specific quantitative or 

semi-quantitative analytical information using a biological recognition element 

using biomolecules to generate a physical or chemistry response. (Asal et al., 

2018; Gaudin, 2017; Thevenot et al., 1999) The use of biomolecules such as 

proteins or DNA provides high specificity and sensibility, hence providing reliable 

sensors of a great variety of sizes, shapes, and analytical signals. (Asal et al., 

2018; El Harrad et al., 2018; Prakash et al., 2009) Among the biomolecules, one 

of the most relevant from an economical point of view is the Cyclooxygenase-2 

enzyme (COX). 

The COX or Prostaglandin-Endoperoxide Synthase (EC 1.14.99.1) is one 

of the three isoforms of the Cyclooxygenase enzyme, which is predominantly a 

hepatic enzyme, and responsible for triggering the inflammatory response by 

converting arachidonic acid (AA) into prostaglandins (PG). (Ayoub et al., 2010; 

https://en.wikipedia.org/wiki/Enzyme_Commission_number
https://enzyme.expasy.org/EC/1.14.99.1
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Hla and Neilson, 2006; Simmons et al., 2004; Smith and Marnett, 1991) To 

perform this conversion, the COX presents two different functions: Firstly, a 

cyclooxygenase function, responsible for the AA conversion of the fatty acid in an 

endoperoxide. Secondly, the peroxidase function, that reduces the peroxide into 

two alcohols. (Ayoub et al., 2010; Simmons et al., 2004; Smith and Marnett, 1991)  

The enzyme monomer presents two active sites. The peroxidase one is a hematin 

(Htin) group, that consists of a protoporphyrin IX molecule with Iron (III) 

coordenated, figure 1. (Buoro et al., 2017, 2016) The second active site is 

prevenient from a Tyrosine (Tyr) amino acid in the 385 position, which is oxidized 

into a radical by the Htin, thus starting the reaction in the AA. (Bhattacharyya et 

al., 1996; Shimokawa et al., 1990) This joint steps result in substrate conversion 

into a PG in an orchestrated mechanism; first, the cyclooxygenase function is 

triggered, and then the peroxidase one is activated, figure 1. (Smith and Marnett, 

1991)  
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Scheme 1: Schematic representation of the COX enzyme; 1A) the active site of 

the enzyme and its chemical steps. 1B) the cyclooxygenase and peroxidase 

reactions of the enzyme to convert the AA into PGH2. (Tsai et al., 1995; Tsai and 

Kulmacz, 2010)  

The enzyme has a ‘self-activation’ mechanism, which consists of an 

endogenous peroxide, which activates the enzyme, by oxidizing the Iron (III) in 

the Htin center. Also, if the endoperoxide concentration drops below 10 nM, the 

enzyme will be inhibited. (Smith and Marnett, 1991) Thus, the hydroperoxide is 

essential to the generation of the Tyr radical, which is responsible for jumpstarting 

the enzymatic system, figure 1A. 

In sequence, the AA is catalyzed to Prostaglandin G2 (PGG2) with the 

addition of molecular oxygen, (Shimokawa et al., 1990) which will then undergo 
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a reduction in the Htin center. The now-activated Htin presents an oxyferryl 

moiety that executes the peroxidase function reducing intermediate to the PGH2, 

figure 1B. (Ayoub et al., 2010; Wu et al., 2007) 

In their review, Smith and Marnett compile the principal modulation routes 

of the COX activity, numbering four reasons in which the enzyme can be 

deactivated. The reasons are: 1) diminishing concentrations of either substrates 

of the enzyme; 2) diminishing concentrations of the hydroperoxide necessary to 

activate the COX (which is corroborated by Tsai and Kulmacz (Tsai et al., 1995; 

Tsai and Kulmacz, 2010); 3) reduce the oxidized forms of the enzyme to the 

native or reduced form; 4) interfere with arachidonate binding in the active sites. 

(Bhattacharyya et al., 1996; Smith and Marnett, 1991) With these ways of 

deactivating the COX in mind, we focused on the third and fourth reasons; in 

other words, the reducer capacity of the inhibitor drugs which target the COX and 

their allosteric regulation of the enzyme. 

The most popular COX inhibitors are the NSAID (Non-Steroidal Anti-

Inflammatory Drugs) which are the most used drugs in the world, the painkillers. 

(Hamberg, 1972; Smith et al., 1990; Smith and DeWitt, 1995) Smith and Marnett, 

say that in general, the NSAIDs compete with the AA for the cyclooxygenase 

active site (the 385 Tyr), but do not inhibit the peroxide activity of the enzyme. 

Therefore, resulting in the inactivation of the oxyferryl heme radical (peroxidase 

function) and not the tyrosyl radical (cyclooxygenase function). (Wu et al., 2007) 

In addition, some inhibitors cause secondary effects that can be covalent or non-

covalent, as the Acetylsalicylic Acid (AAS) acetylation in the serine (Ser) amino 

acid and indomethacin, which works as an allosteric regulation, respectively. 

(Smith and Marnett, 1991) Besides that, Paik et al. suggest that the flufenamic 
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acid and some NSAIDs could inhibit the enzyme while inducing COX expression.  

Furthermore, their results indicate that the flufenamic acid`s anti-inflammatory 

effects and some other NSAIDs occur due to their inhibitory action on the 

mitogen-induced expression of COX-2 and downstream markers of inflammation 

in addition to their inhibitory effect on COX enzyme activity. (Paik, 2000) 

Several NSAID relates with the COX enzyme, the AAS as mentioned 

earlier, the Acetominophen (Engström Ruud et al., 2013; Ghanem et al., 2016), 

the Ibuprofen. (Orlando et al., 2015), Dipyrone. (Bacil et al., 2012, 2018) The only 

one which has the inhibition mechanism well known is the AAS, which was 

proposed by Vane and Botting (Vane and Botting, 2003). According to then, the 

AAS undergoes hydrolysis generating an acetyl group, which reacts with a Ser 

termination, shifting the COX structure and deactivating the enzyme, and the 

Salicylic Acid (AS), that is also related to the COX, as described by Mitchell et al. 

and McCarty et al., (McCarty and Block, 2006; Mitchell et al., 1997), but it is 

inhibition mechanism, as the others remain unclear.  

In mechanistic studies of the COX, Landino et al. observed that nitric oxide 

and superoxide activate the enzyme biosynthesis of prostaglandins. (Landino et 

al., 1996). Furthermore, Deeb et al. observed that peroxynitrite interacts with the 

enzyme modulating the enzyme (Deeb et al., 2010), as Tsai (Tsai and Kulmacz, 

2010), they concluded that the tyrosyl radical generated in the oxygenase step is 

crucial to enzyme activity. Extrapolating both conclusions, its interaction with 

radical-like species should hinder the COX processes. 

In the electrochemical field, the COX utilization is rare (El Harrad et al., 

2018). However, one paper describes a biosensor developed for analytical 

applications, Campanella et al. used a COX biosensor to determine NSAIDs in 
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milk and cheese. (Campanella et al., 2009) Noah et al. used an immunosensor 

to detect metals using the concept of metal-enhanced detection to monitor the 

COX-2 (Noah et al., 2011a) and Noah et al. also used the immunosensor to 

detect and quantify pain biomarkers (Noah et al., 2011b). Despite that, the 

enzymatical biosensors can be used in different applications such as evaluating 

how biomolecules interact with each other, e.g., a drug and its target enzyme. 

Moreover, these biosensors can evaluate if their interaction with any interest 

molecule is reversible, irreversible and if it enhances or inhibits the enzyme 

activity; besides that, it also allows some mechanism insights. (El Harrad et al., 

2018) 

Therefore, this work aims to evaluate the electrochemical behaviour of the 

enzyme, and then obtain a voltammetric biosensor that measures the enzyme 

inhibition by any molecule.  

Materials and methods 

Blotting and Enzyme extraction 

Liver samples from the left lobe (~100 mg) were homogenized with 

phosphate buffered solution (PBS) (0.15M NaCl, 300 μM KCl, 1.5 μM KH2PO4, 8 

mM NaH2PO4, and 10 μl mL-1 protease inhibitor cocktail [Sigma-Aldrich, USA]) in 

the proportion of 30 mg of tissue 100 μL-1 of buffer (4 ºC, 2 h). In sequence, the 

extracted material was centrifuged (1500×g, 4 oC, 20 min) and the supernatant 

was collected for protein quantification by Bradford’s method. Aliquots of liver 

homogenates containing 7 μg of total protein were heated (95 oC, 5 min) in 

Laemmli sample buffer (2.5 mM Tris, 2% SDS, 10% glycerol, 0.01% bromophenol 

blue, 5% 2-mercaptoethanol) and then electrophoretically separated in a 10% 

SDS–PAGE gel under reducing conditions, later being transferred to 
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nitrocellulose membranes (Bio-Rad Laboratories, USA). The membranes were 

blocked with non-fat milk in TBS-T (1 M Tris, 5 M NaCl, pH 7.2, 500 μL Tween-

20) (1 h) and incubated with rabbit polyclonal anti-COX-2 (ab15191, ~72kD, 

1:1000 dilution, Abcam, UK) a primary antibody in 5% BSA solution for an 

overnight period. After this treatment, they were submitted to five wash steps with 

TBS-T and then incubated with specific horseradish conjugated secondary 

antibody, according to the primary antibody. Finally, after another five wash steps, 

the membranes were treated with immunoreactive protein, an Amersham ECL 

Select Western Blotting Detection Reagent (GE Healthcare Life Sciences, UK), 

which generate chemiluminescence that was measured by a G:BOX Chemi 

system (Syngene, UK) controlled by software Syngen. 

Electronic Paramagnetic Resonance (EPR) 

The EPR spectra were obtained at room temperature 20 ± 2 °C with a 15 

G modulating amplitude and 7.10 102 of gain, with a time constant of 20,48 ms. 

The data acquirement was made with the software 32Bit WinEPR Acquisition 

Version 4.33 Rev.12, and the spectra were treated with the software WinEPR 

System Version 2.22 Rev.12 

Electrode Modification 

Before each modification, the glassy carbon electrode (GCE) was polished 

using a wet super fine sandpaper – P7000 from Riken Corundum Co. LTD from 

Japan. Then it was modified by drop-casting, first by applying 7.5 μL of GLU in 

the GCE surface, and the electrode was left in a continuous air flux. Next, the 

enzyme was added to the surface, by applying 7.5 μL of the homogenate in the 

GCE. The electrode was then left in a support until the homogenate was dry, the 

procedure was performed at room temperature (25 ± 3 oC). 



 

152 

 

After the modification, the electrode surface was rinsed thoroughly with deionized 

water and differential pulse voltammograms were recorded in supporting 

electrolyte to obtain a steady baseline.  

Electrochemical Measurements 

Cyclic Voltammetry (CV) and Linear Sweep Voltammetry (LSV) 

The voltammograms were performed using the following experimental 

conditions: Einitial = 0.0 V; Eλ1 = + 0.2 V, Eλ2 = - 1.4 V Efinal = 0.0 V, step potential 

= 2.0 mV and ν = 100.0 mV s-1. The solutions were stirred before each 

measurement. Distinct conditions in any essay were specified in the caption 

figure.  

Differential Pulse Voltammetry (DPV) 

The experimental conditions for DPV experiments were: Einitial = + 0.4 V, 

Efinal = - 1.4 V; pulse amplitude = 50mV; pulse width = 100.0 ms; step potential = 

2.5 mV and interval time = 0.5s resulting in scan rate of 5 mV s-1. The solutions 

were stirred before each measurement.  

To perform the kinetic curve, 15 DPV were obtained in sequence, with a 

stirrer between each assay. The oxygen was removed from the solution by 

bubbling nitrogen gas into the solution before the beginning of each assay.  

 

Electrochemical Impedance Spectroscopy (EIS) 

An Autolab PGSTAT128N (Eco Chemie, Utrecht, the Netherlands), liked 

with a NOVA 1.11 software, was used to record electrochemical impedance 

spectroscopy (EIS) in solutions with and without the atmospheric O2 and both in 

the presence and absence of a 5.0 mmol L-1 peroxide solution in 0.1 PBS, pH = 
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7.4 at frequencies between 105 and 10-1 s-1. A potential of 0.0 V, -0.2 V, -0.7 V 

was applied to observe the electrochemical processes. The experiments were 

performed at room temperature (25 ± 3 ºC). 

 

Results and Discussion 

 

This section initially presents the electrochemical characterization of the 

electrode modification obtained through different voltammetry techniques (CV, 

DPV and SWV). Following, the interaction of the modified electrode with the 

NSAIDs was studied using DPV and EPR. 

Electrochemical Evaluation of Cyclooxygenase  

The enzymatic modification was evaluated using CV, DPV, SWV, and 

impedance figures 1 and S1. The CVs, figure 1A, do not allow to distinguish 

clearly any electrochemical processes from the background current. Thus, DPV 

and SWV were obtained to better observe the enzymatic processes. 

Figures 1B and C, show three reduction processes, Ecp1, Ecp2, and Ecp3. In 

Figure 1B the w1/2 values of each process were obtained to correlate with the 

number of electrons involved. The processes Ecp1, Ecp2, and Ecp3 presented a 

w1/2 of 125.3±6.1, 102.4±2.8 and 178.7±9.6, respectively. These values suggest 

reductions involving one electron to processes Ecp1 and Ecp2, as Ecp3 is 

inconclusive, according to Brett et al. (Brett et al., 1993). Figure 1C shows that 

neither of the three processes presented anodic components, thus being 

irreversible. 
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Figure 1: A) CV obtained in GCE-COX at PB 0.1 M, pH 7.4 (1st scan GCE-COX 

– Black, Blank scan – Red); B) DPV obtained in GCE-COX at PB 0.1 M, pH 7.4 

(Scan GCE-COX – Black, Blank scan – Red); C) SWV obtained in GCE-COX at 

PB 0.1 M, pH 7.4 ((1) Backward Current, (2) Forward Current, (3) Total Current), 

the experimental conditions were presented in the previous section. 

Due to the irreversible character of the three processes, the DPV 

technique was selected to evaluate the interaction in further experiments. 

As aforementioned, the COX has two functions, oxygenase, and 

peroxidase. The modified electrode was evaluated in peroxide presence, which 

can mimic the enzyme’s subtract, the arachidonic acid. (Smith and Marnett, 1991; 

Wu et al., 2007) Figure 2A shows that Eap3 is catalyzed in the presence of the 

peroxide, as previously observed to Htin. (Buoro et al., 2017, 2016) Thus, Eap3 

was ascribed the reduction of iron in the enzyme active site, which is then 

chemically oxidized by the peroxide and following electrochemically reduced in 

the electrode, generating an electrocatalytic cycle, the Tafel plots (Figure S2) also 

corroborate the three processes that occur with the first electron transfer is the 

rating determining.  

 

(2) 

 

(1) 

 

(3) 
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Since Eap3 was ascribed to the peroxidase function, the initial hypothesis 

was that Ecp2 could be associated with the oxygenase function, being then the 

reduction process of oxidized Tyr385. To better comprehend Ecp2, DPV with 

COX@GCE was performed in the presence of Tyr, with and without peroxide, 

figure 2.    

Figure 2 shows that in the presence of peroxide, the current scale sharply 

rose in both processes and the addition of Tyr generated current increments in 

both processes Ecp2 and Ecp3. This result suggests these processes are 

connected ‘via peroxide’. Since the process Ecp2 decreases in the presence of 

only the peroxide during the time, figure S1, it was concluded that Ecp2 is most 

likely the reduction of the tyrosyl radical chemically formed by the peroxide that 

oxides the Tyr. It is also important to observe that ferryl radical formed in the 

enzymes’ active site is also capable of oxidizing the Tyr, as aforementioned. Also, 

in figure 3A, endogenous peroxide of the homogenate oxidizes the Tyr, since its 

concentration is way smaller than the 5 mM peroxide addition, the current 

observed in both processes is diminutive when compared. In conclusion, the 

oxygenase and the peroxidase functions perform a concerted mechanism.  

Figure 2A shows the DPV in the absence of peroxide with subsequent 10 

μL additions of 1.0mM tyrosine. When in the presence of the Tyr without peroxide, 

only the current observed in process Ecp2 significantly increases, corroborating 

that Ecp2 is the reduction of the tyrosyl radical. Figure 2B shows that the 

subsequent addition of 10 μL a 1.0 mM peroxide solution in a solution already 

containing 10 mM of tyrosine results in an increase of the peak currents of both 

processes Eap2 and Eap3. A result that reinforces a concerted mechanism of the 

enzyme. 
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Figure 2: DPV obtained in GCE-COX 50μM Tyr solutions in PB 0.1 M, pH 7.4 A) 

Without the presence of 5mM H2O2; B) Within the presence of 5mM H2O2. 

To complement the electrochemical characterization, the Tafel plots were 

obtained from Linea Sweep Voltammetry (LSV), figure S2. The plots strongly 

indicate that for both processes the first (only) electron reductions are the rate-

determining step, due to their α values between 0 and 1.  

Since the process is mediated by the COX immobilized in the electrode`s 

surface, the eletrodic process is submitted to the enzymes’ turnover constant 

(kcat), and sequential addition of peroxide provides a Michaelis Menten response, 

which results in enzymes kinetic curve, figure 3. The Michaelis Menten plot 

provides the enzyme`s constants such as Km and Vm, the turnover constant, Kcat, 

also can be obtained.  From figure 3, the obtained values were: Km = 4.33 10-6 , 

kcat = 5.69 s-1, Vm = 40.2 μ mol L-1 these values were in according to the COX 

constants observed in the literature. (Liu and Roth, 2016; Mukherjee et al., 2007; 

Smith and Marnett, 1991)  



 

157 

 

  

Figure 3: DPV obtained in GCE-COX at several different H2O2 concentrations in 

PB 0.1 M, pH 7.4 solutions; Figure 3 Inset: i versus concentration curve 

obtained from 4 voltammograms. 

Compiling the results, and with the literature information, it can be 

concluded that the results are in accord with the literature. (Ayoub et al., 2010; 

Bhattacharyya et al., 1996; Dorlet et al., 2002; Simmons et al., 2004; Smith and 

Marnett, 1991; Tsai and Kulmacz, 2000; Wu et al., 2007) Thus, the following 

steps and an electrochemical mechanism were proposed: 

 

2 [𝐹𝑒(𝐼𝐼𝐼)(𝑂𝐻)𝑃𝑃𝐼𝑋] + 𝐻2𝑂2 + 𝐻+  → 2 [𝐹𝑒(𝐼𝑉)(𝑂𝐻)𝑃𝑃𝐼𝑋] + 2 𝐻2𝑂 (𝐶)  (1) 

[𝐹𝑒(𝐼𝑉)(𝑂)𝑃𝑃𝐼𝑋] + 𝑇𝑦𝑟 →  [𝐹𝑒(𝐼𝑉)(𝑇𝑦𝑟)(𝑃𝑃𝐼𝑋)]. + 𝐻𝑂 . (𝐶)   (2) 

[𝐹𝑒(𝐼𝑉)(𝑇𝑦𝑟)(𝑃𝑃𝐼𝑋)]. + 𝑒− + 𝐻2𝑂 → [𝐹𝑒(𝐼𝑉)(𝑂𝐻)𝑃𝑃𝐼𝑋] + 𝐻+ (𝐸)   (3) 
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Scheme 2: Proposed catalytic electrochemical mechanism of COX. 

COX interaction with NSAIDs 

Since the enzyme mechanism was well observed using voltammetry 

techniques, the same protocol was then used to evaluate the interactions 

between the NSAIDs and the enzyme in which the literature claims they inhibit. 

Initially, a series of voltammograms, see figure S3, with the COX@GCE 

only in the presence of 5 mM peroxide solutions were recorded for 90 minutes to 

test the durability of the modified electrode and to compare with the initial peak 

current values obtained. The peak current values were stable through the test 

after an initial 9.89% drop of its initial signal. Therefore, the obtained values were 

normalized to measure the COX inhibition %, according to equation 4. 

𝐶𝑂𝑋 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 % = [1 − (
𝐼𝐶𝑂𝑋+𝑁𝑆𝐴𝐼𝐷𝑠

𝐼𝐶𝑂𝑋
)]𝑥 100   (4) 

where ICOX + NSAID is the peak current of the process Ecp3 in μA of COX@GCE in 

the presence of 5 mM of H2O2 and 50 μ μmol L-1 of a NSAID in 0,1 mol L-1 of PBS, 
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pH = 7.4 and ICOX is the peak current of the process Ecp3 in μA of COX@GCE in 

the presence of 5 mM of H2O2.  

Figures 4A to 4F present DPV obtained in a time difference of 15 minutes 

to evaluate the changes of ICOX + NSAID as a function of time. Initially, a 

voltammogram was recorded with the COX@GCE in the peroxide solution 

without any NSAIDs to obtain the ICOX. Following, 50 μ mol L-1 of a NSAID was 

introduced into the solution, which was stirred, and then voltammograms were 

recorded. After 98 minutes, the electrode was removed from the solution, 

carefully washed and inserted into a new peroxide solution without the drug to 

evaluate the reversibility of the inhibition. The peak current obtained after the 

reinsertion of the COX@GCE in a 5mM H2O2 solution without the NSAIDS is 

presented as a dashed line in figure 4 for each NSAID. 

Regarding the chemical interaction between the enzyme and drugs, as 

expected, all drugs tested generated a sharp decrease of Ecp3 peak current. 

Despite that, different inhibition profiles were observed. In voltammograms of SA, 

ASA, MAA, and IBU figures 4A, 4B, 4D and 4E, it was observed slight sequential 

decreases after the initial sharp decline. On the other hand, voltammograms of 

APAP and NPX did not present that sequence of decreases, figures 4C and 4F. 

In addition, after the reduction process Ecp3, a small process can be seen around 

-1.25 V for all the drugs, except the APAP. Suggesting the appearance of an 

electroactive structure of the enzyme after the inhibition with those remedies. 

Another highlight was the Ecp2, the reduction of the tyrosyl group into tyrosine, it 

can only be observed in the MAA and NPX interactions, especially into the MAA 

one, suggesting the other tested drugs also use this inhibition route. 
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The inset figures show an increase of current after the wash to SA and 

APAP, figures 4A and 4C, hardly change to ASA, IBU and NPX, figures 4B and 

4F, and surprisingly, to the MAA a decrease was observed even after the 

electrode has been taken out from the solution containing the drug, as already 

reported to IBU. (Orlando et al., 2015) 

Aspirin and Salicylic Acid 

Observing figures 4A and 5A to ASA and 4B and 5B to SA, in green, the 

obtained data show a more significant inhibition of ASA than observed for SA, 

which is expected since the ASA undergoes hydrolysis generating SA and 

acetate. The latter is well known to inhibit the COX by acetylation of the 530 

serine. Thus, the result replicates the conclusions of Vane experiments. 

Moreover, after a gentle wash and the introduction of the electrode in a new 

solution of peroxide without the drug, to evaluate the reversibility of the inhibition, 

two different results were observed for ASA and SA. The latter presented an 

increase of the current, and the prior kept the same signal previously observed. 

Thus, allowing the conclusion that the SA inhibition is reversible and the ASA is 

irreversible, which is expected for ASA since the main inhibition mechanism of 

ASA is due to the acetylation of the serine 530, which block access to the active 

site. (Vane and Botting, 2003).  

Regarding the inhibition caused by SA, little information regarding how the 

SA inhibits the COX enzyme can be found in the literature. Provided that the COX 

enzyme in its active form has a ferroxyl in the protoporphyrin IX, and as Smith 

and Marnett and Wu et al. observed, reducers inactivate the enzyme (Smith and 

Marnett, 1991; Wu et al., 2007), the SA should act as a reducer in the active site, 

reducing the ferroxyl to iron (II). This hypothesis is also observed in other NSAIDs 
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effects. Following, since it is believed that MAA (dipyrone) and acetaminophen 

are also reducers, the same experiment interaction experiment was performed.  

Acetominophen and 4-Methyl-Aminoantipyrine (Dipyrone) 

Two of the worldwide famous NSAIDs are the APAP and the MAA 

(dipyrone). Lately, our group studied the dipyrone and the antipyrine group, 

concluding that they are great reducers. (Bacil et al., 2018, 2012) With that said, 

comparing the figures 4C, 5C and the figures 4D and 5D, it is noticeable that both 

drugs APAP and MAA also interact with the enzyme, resulting in approximately 

60 and 75 percent of inactivation of COX enzyme. Although, after 100 minutes of 

experiment and the wash, when the reversibility of the inhibition was studied, the 

difference was huge. APAP presented a slight decrease, being therefore 

reversible. Meanwhile, the MAA kept inhibiting until it almost completely 

inactivated the system. 

Once again the redox inactivation is the most likely scenario. This 

hypothesis was already used to explain the analgesic effect of SA and APAP 

(paracetamol), according to Aronoff et al. and Anderson and Smith, the APAP`s 

effect is due to its reducer capability, which reduces the cation radical state in the 

active site of the COX enzyme. (Anderson, 2008; Aronoff et al., 2006; Smith, 

2009). Besides that, other works attributed its effects to interactions in the 

nervous system. (Courade et al., 2001b, 2001a; Engström Ruud et al., 2013). 

These results just like one developed by our group corroborate the redox 

hypothesis since we previously concluded that the MAA  is a very strong reducer. 

(Bacil et al., 2018, 2012) 

Ibuprofen and Naproxen 
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Two other drugs present in the list of the most used NSAIDs (“NHS - 

NSAIDs,” n.d.) are the IBU and the NPX, figures 4E and 5E, and figures 4F and 

5F. Like the ASA, these two drugs not only presented an inhibition above 50 

percent, they also kept inhibiting the enzyme after the wash and the new solution 

therefore, their inhibition is irreversible. The literature presents few papers where 

these molecules have been studied with electrochemical techniques, since their 

elevated oxidation potential, which means they are bad reducers and thus, the 

redox inactivation seems unlikely. Once again, compared to the ASA inhibition, 

the acetyl interacts with the enzyme's structure resulting in allosteric regulation. 

This situation is the most likely scenario for the inhibitions of IBU and NPX. 

Although further studies should be realized to confirm this hypothesis. 
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Figure 4: DPV in GCE-COX at 5.0 mM H2O2 and 50 μmol L-1 of A) SA, B) ASA, C) APAP, D) MAA, E) IBU, F) NPX, in PB 0.1 M 

solutions, pH 7.4;. Inset) DPV was obtained in GCE-COX after a gentle wash in a new 5.0 mM H2O2 solution PB 0.1 M solution, pH 

7.4 without the presence of the NSAID. 
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Figure 5: Plots of the inhibition percentage versus time for some NSAIDs; A) 

Salicylic Acid (SA); B) Acetyl Salicylic Acid (ASA); C) Acetominophen (APAP); D) 

4-Methyl-Aminoantipyrine (MAA); E) Ibuprofen (IBU); F) Naproxen (NPX) 
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Table 1: COX inhibition % observed each NSAID on COX@GCE . 

Drug COX Inhibition % COX Inhibition % (after wash) 

SA 77.2 ± 3.9 63.6 ± 4.2 

ASA 66.4 ± 5.4 64.0 ± 6.3 

APAP 62.3 ±7.2 55.3 ± 7.1 

MAA 79.8 ± 2.8 96.7 ± 3.4 

IBU 85.3 ± 7.3 85.1 ± 5.5 

NPX 68.4 ± 2.9 66.1 ± 3.5 

 

EPR spectra 

To further explore the inhibitory effect from the NSAIDs, the EPR of Htin 

with tyrosine, which mimics the enzyme’s active site, was performed to compare 

the inhibitions via cyclooxygenase and peroxidase functions.  

EPRs spectra show that htin itself presents a silent EPR spectrum. 

However, in the presence of tyrosine, the tyrosyl radical is generated, such as 

previously reported by Tsai et al., a result that reinforces our proposed 

electrochemical mechanism involving the tyrosyl radical, figure 2 and scheme 2. 

Initially, the peroxide was used to form the radical, however, instead of forming 

the tyrosyl, it oxidized the htin, showing that without the complete structure of the 

enzyme, the htin is not robust enough to stabilize the Fe (IV) before the porphyrin 

structure oxidizes. Therefore, the EPR was performed only with htin in the 

presence of tyrosine. 

Figure 6 shows that all NSAIDs interacted with the tyrosyl generated 

resulting in a decrease of the EPR signal, and therefore, all the studied NSAIDs 
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could inhibit the radical formation, which extrapolated to the COX enzyme should 

result in the oxygenase function inhibition.  

Table 2 shows that SA interacted poorly with the system htin and tyrosyl, 

being the less effective NSAID with a performance of 48.3% of inhibition. The 

second worst was the IBU with about 58.8%, followed by the NPX with 68.2%. 

The other three drugs presented a significant performance as APAP presented a 

76.8 % of inhibition, whilst ASA and MAA presented an inhibition % of 84.3% and 

87.2%, respectively. 

Comparing the voltammetric and the EPR spectra responses, figure 7, the 

SA presented the greatest divergence, a result that should suggest the SA most 

likely interacts as an allosteric regulator of the enzyme. However, after the wash 

and a reevaluation of the SA performance, it drops more than 13%, thus, 

suggesting that it probably blocks the enzyme’s channel with a weak interaction. 

The second greatest divergence was the IBU which presents the last but one 

position with the Htin-tyrosine interaction, strongly indicating the IBU anti-

inflammatory effect relies upon an allosteric regulation by interacting with the 

COX structure and not with its active sites. Following, NPX presented a similar 

result to IBU suggesting it also interacts with the external enzyme’s structures 

resulting in allosteric regulation. The APAP that presents a poor 62,3% result in 

the voltammetric study being even worst after the washing experiment with 55% 

of inhibition, in the htin-tyrosine essay presents an inhibition of 76.8%. Therefore, 

the APAP results suggest it hinders the AA cascade by interacting with the 

cyclooxygenase site. The ASA differently from the SA presented a high inhibition 

in both essays, hence the acetyl moiety can not only interact with the serine, but 

it can also interact with both the tyrosyl and the htin. Finally, the MAA (dipyrone) 
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presents great results to both experiments, strongly suggesting this molecule can 

directly interact with the active sites, deactivating the enzyme. 

 

 

 

Figure 6: X-band EPR plots of hematin-induced tyrosyl radicals and their spectra 

in the presence of NSAIDs.  

Table 2: Htin with tyrosine inhibition % from the EPR spectra 

Drug Htin with tyrosine inhibition % 

SA 48.3 

IBU 58.8 

NPX 68.2 

APAP 76.8 

ASA 84.3 
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MAA 87.2 

 

 

Figure 7: A) Bar graph of COX inhibitions in % observed for each NSAIDs at DPV, 

obtained at GCE-COX in 5mM H2O2 at PBS, pH 7.4; B) Bar graph of Htin 

inhibitions in % observed for each NSAIDs at EPR, obtained at Htin 100 μM and 

Tyr 100 μM at H2O. 50μM and 5μM of drugs were used, respectively.  

Conclusions 

In this paper, we develop a biosensor, which allows us to study the 

interaction between NSAIDs and their target, the COX enzyme. The COX@GCE 

electrochemical behavior has been characterized and it presented up to three 

reduction processes, two of which were related to the enzymes functions, 

oxygenase, and peroxidase. In addition, the electrode kinetics presented results 

in agreement with the one observed to the COX enzyme. Using the processes 

related to the enzyme’s function, the interaction with the NSAID, salicylic and 

acetyl-salicylic acid, ibuprofen, naproxen, acetaminophen, and dipyrone were 

evaluated. The combination of the voltammetric and EPR results allowed us to 

not only observe the % of inhibition of the enzyme but also to attribute 
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mechanistic insights to the enzyme’s suppression. The salicylic acid appears to 

be an allosteric regulator, as the acetylsalicylic acid inhibits the enzyme thanks 

to its acetyl moiety. Both ibuprofen and naproxen are also allosteric regulators, 

however, they interact with external structures of the enzyme. The 

acetaminophen results suggest that its anti-inflammatory effect relies upon the 

inhibition of the oxygenase function, and the dipyrone acts as a reducer 

deactivating both the ferroxyl in the peroxidase active site and the tyrosyl radical, 

therefore, hindering both active sites of the COX enzyme. Finally, this sensor has 

shown the potential not only to better comprehend the daily remedies but also to 

aid in the development of new ones. Since this biosensor allows us to observe 

and compare the lead molecules, their mechanism as well as comparing them 

with well-known, it could present high industrial applicability.  
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Appendix 4 – Electrochemical Cyclooxygenase biosensor to evaluate 

target – drug viability and interactions. 

Extraction characterization – Western blotting 

 

Since the enzyme samples were not commercial ones, western blotting 

essays were performed to characterize the liver samples and confirm the 

presence of the enzyme. The presented bands indicate the COX-2 protein 

expression, figure S1. For endogenous control, β-actin bands were also obtained 

figure S1.  

  

 

Figure S1. Detection of COX-2 protein expression by western blotting assay. The 

protein samples were obtained from C3H/HeJ mice’s liver from a control group, 

whose animals were submitted to a fibrosis-associated hepatocarcinogenesis 

model. 

To evaluate the stability of processes Ecp2 and Ecp3, DPVs were 

performed during 98 minutes, figure S1A and B. During the experiment, Ecp2 

current drop about 84% while Ecp3 current initially drops 8.76%, keeping steady 

after that, showing small variations about 1%, figure S1B. As highlighted by Smith 

et al. 8 reducers can inhibit the COX activity and according to Tsai et al. 14 
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reducers in elevated concentration result in an auto-inactivation of the COX. 

Thus, interactions between the NSAIDs and the peroxidase function of COX can 

be evaluated by monitoring the process Eap3. Moreover, NSAIDs might also 

hinder COX function by binding in allosteric sites.  

 

Results and discussion 

This section presents the electrochemical characterization of the electrode 

modification obtained throught different voltammetry techniques (CV, DPV and 

SWV). 

Electrochemical Evaluation of Cyclooxygenase  

Tafel analysis 

To complement the electrochemical characterization, the Tafel plots were 

obtained from Linea Sweep Voltammetry (LSV), figure 3. The plots strongly 

indicate that for both processes the first (only) electron reductions are the rate-

determining step, due to their slopes of approximately 0.5. The Tafel plots slopes 

corroborate that Ecp2 is the tyrosyl reduction and more, that the Ecp3 is the iron 

reduction from IV to III, which is catalyzed by the peroxide reaction.   
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Figure S2: Linear Sweep Voltammetry and the Tafel plots of processes Ecp2 and 

Ecp3. 

COX interaction with NSAIDs 

 

GCE@COX electrode stability 

 

Figures S3: A) DPV obtained in GCE-COX at 5mM H2O2 solutions in 0.1 M PB, 

pH 7.4; B) –i versus t plot of the Ecp3 process from figure 4A. 
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Chapter 5 

 

Mechanism and kinetics of olanzapine and quetiapine oxidations at glassy 

carbon electrode.  

In this chapter the electrochemical mechanisms of the atypical 

antipcychotics olanzapine and quetiapine will be discussed. This work is 

published in Electrochemica Acta, DOI: 10.1016/j.electacta.2020.137683. This 

manuscript count with the collaboration of Pedro Garcia in data curation and 

writing the original draft, and Professor William Reis in data acquirement, data 

curation, discussions and revision of the original draft, Professor Silvia Serrano 

administrated the project. 

The electrochemical oxidation mechanisms of highly used anti-psychotic 

drugs olanzapine and quetiapine were systematically studied using cyclic 

voltammetry in 0.1 M phosphate buffer solutions, at different pH values to better 

understand their reactivity, effect and eventually its side effects. Olanzapine 

presents four redox processes: I, which forms a reversible redox process with a 

cathodic process; II, a proton coupled electron transfer, involving one proton and 

one electron that occurs at the outer nitrogen of the benzodiazepine ring and 

have two follow up chemical steps which compete against each other, a 

dimerization in an EC2 and a nucleophilic addition in an EC mechanism. The EC 

mechanism was successfully simulated, and the kinetic parameters were 

obtained. The processes III and IV are present in both molecules and were 

ascribed to a sequential oxidation at the outer nitrogen of the piperazine ring, 
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which initially forms an ammonium radical via a proton coupled electron transfer, 

process III, to later form an imine in process IV. 

Introduction 

Recently our group addressed the chemical reaction which occurs 

between the neurotransmitter dopamine (DA) and the highly used anti-psychotic 

drugs, olanzapine (OLZP) and quetiapine (QTP). [1] During that work it was 

observed that both drugs react with DA and that the reaction occurs between the 

catechol moiety of DA and the piperazine moiety of the medicines. The literature 

partially describes the oxidation mechanism of OLZP, suggesting that it occurs at 

the nitrogen of the diazepine ring. [2,3] However, it lacks information regarding a 

more complete redox mechanism to better understand the redox properties of 

both molecules, mainly the reactivity of the piperazine moieties. 

Nowadays, mental disease occurrences have significantly increased. 

According to WHO (World Health Organization), they affect around 83 million 

people worldwide [4]  Among these diseases schizophrenia is increasing 

significantly, affecting about 0.7% of the world population.  [5] The most common 

schizophrenia treatment consists of the use of drugs, typical and atypical anti-

psychotic drugs, or a combination of both of them, in a treatment known as 

polypharmacy [6]. Among the drugs, two are notorious, Olanzapine (OLZP) and 

Quetiapine (QTP). [7]  
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Scheme 1: Molecular structure of the anti-psychotic drugs olanzapine (OLZP) 

and quetiapine (QTP). 

Although these drugs are relatively safe, their use may result in several 

side effects. Among them, the neuroleptic malignant syndrome, [8] which is a life-

threatening complication, with high fever and weight gain being two of the main 

symptoms. [9] The weight gain has been used to treat anorexia nervosa and 

hypertension. [10] Besides, both drugs may cause problems during pregnancy. 

[11] Therefore, the constant monitoring of their concentration levels and their 

metabolites in patient`s samples is of the utmost importance. [12–14]  

As a result, several studies address the detection of these molecules in 

the literature, most of them utilize HPLC separation techniques with different 

detectors to quantify OLZP [15–20] and QTP, [4,21] although, the use of different 

techniques was reported for analytical proposes towards OLZP, such as UV-Vis 

spectrophotometry, [22] mass spectrometry. [23] Electroanalytical techniques, 

like potentiometry [24,25], have also been used to analyze both drugs and 

polarography to detect QTP[26]. Among them, the most used are voltammetric 

sensors to detect OLZP [2,27–33] and QTP. [34–38] One particular problem is 

that since these drugs are the most reliable treatment for mental disorders, 

specially schizophrenia, their utilization has been indiscriminate. [39] This 
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continuous use could increase the oxidative stress in the patients, which 

aggravates their health problems. [40] Moreover, both drugs are metabolized by 

hepatic cytochrome enzymes, known as CYP 450 [41,42], and their use may 

aggravate hepatic problems, such as cirrhosis. Therefore, the comprehension of 

their electrochemical mechanism and reactivity could enlighten possible redox 

interactions. 

This work aims to elucidate the electrochemical mechanisms of the highly 

used anti-psychotic drugs OLZP and QTP in phosphate buffer solutions (PBS) 

using cyclic voltammetry and digital simulations in aqueous media to better 

understand their reactivity, effect and eventually side effects. 

Materials and methods 

General Apparatus 

All pH measurements were performed using a model 654 pH meter and a 

combined glass electrode, model 6.0203.100 (OE), both from Metrohm. All 

electrochemical experiments were performed in a potentiostat/galvanostat 

PGSTAT 101, Metrohm AUTOLAB, connected to an IME663 interface stirring 

device. Data processing was done by version 1.11.4 of NOVA software and the 

software Origin 2019. A Glassy Carbon Electrode (GCE) with a diameter of 3.0 

mm was used as a working electrode, a Silver/ Silver Chloride (+0.222 V vs. SHE) 

in a saturated solution of potassium chloride and a platinum wire were used as a 

reference and auxiliary electrodes, respectively, in an electrochemical cell of 20 

mL. Before every experiment, the electrochemical cell was degasseddegassed 

with industrial N2, and the GCE was polished using diamond spray suspensions 

with a decreasing particle size of 3.0, 1.0 and 0.1 μm from Kemet (Maidstone, 
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UK) on a polishing pad from Buehler (Lake Bluff, Illinois, USA). The solutions 

were stirred before each electrochemical measurement. 

Chemicals and reagents 

The buffer reagents were of analytical grade and used without any prior 

purification, except for QTP and OLZP whose extraction, purification and 1H-NMR 

analysis have been performed according to Bacil et al [1]. The solutions were 

prepared using deionized water from a reverse osmosis device (Gehara Co., 

model of ultra-pure OS10LX system, water resistivity 18MΩcm). 0.1 mol L-1 

phosphate buffer solutions (PBS) were prepared by solubilizing and diluting, 

respectively, the appropriate amount of NaH2PO4 and H3PO4 (Merck) in 

deionized water and the pH values were adjusted by the addition of a 4.0 mol L-

1 NaOH (Merck) solution. The volumes were measured using EP-10 and EP-100 

from Unipettemicroliter Pipettes (Uniscience, Brazil). All experiments were 

performed at room temperature (25 ± 3 °C).  

Electrochemical procedures 

Cyclic voltammograms (CV) were performed by sweeping the potential 

ranging from -1.0 V to 1.5 V, then from 1.5 and back to -1.0 V and in a restricted 

potential window from -0.1 V to 0.6 V. The scan rates were varied between 0.01 

and 10.0 V s-1. All simulations were performed using the EC-Lab software v. 10 

40 from BioLogic (Seyssinet-Pariset, France). 

 

Results and discussions 

In this section, the voltammetric behaviour of anti-psychotic drugs was 

studied using cyclic voltammetry. Initially, OLZP and QTP were observed in a 

wide potential window to observe the electrochemical processes from each 
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molecule. Secondly, the voltage scan rate was varied to show the nature of the 

processes and possible follow-up chemical steps. Thirdly, the potential window 

was restricted, to the first oxidation process of OLZP and it was studied 

independently and in sequence, digital simulations were obtained to simulate the 

respective steps experimentally observed. At last, the processes common to both 

molecules were studied.  

The electrochemical behaviour of OLZP and QTP  

The experiments, performed, in a wide potential window show that OLZP 

presents four electrochemical processes. The first OLZP oxidation step occurs at 

approximately 0.2 (vs Ag/AgCl, KCl(sat.)) V, being a reversible process, the 

oxidation step was labelled as process I and the reduction, process II, figures 1A 

and 1B. Meanwhile, both OLZP and QTP present two oxidation processes around 

0.85 V: process III, and a second one around 1.10 V, process IV, figure 1C. 

Although the processes III and IV of OLZP are barely defined, it can be obsereved 

in figure 1D that both molecules OLZP and QTP present a couple of peaks in the 

transfer coefficients, β, around the same potential value for both molecules, 

therefore, being ascribed as the same processes III and IV to both molecules. 

The transfer coefficients were obtained according to the equation 1. [43,44] 

 𝛽 =  
𝐹

𝑅𝑇

𝑑 𝑙𝑛 𝐼

𝑑𝐸
      (1)  

where F is the Faraday constant in C mol-1, R is the gas constant in J (K mol)-1 

and T is the temperature in K. 
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Figure 1: A) CV obtained with GCE in a solution containing 1.0 mM: (red) OLZP, 

(dark grey) QTP at a wide potential window of -1.0 to 1.4/ 1.5 V in 0.1 M PBS, pH 

= 7.4. ν = 0.1 V s-1; B) CV obtained with GCE in a solution containing 1.0 mM: 

(red) OLZP at a restricted potential -0.1 to 0.6 V in 0.1 M PBS, pH = 7.4. ν = 1.0 

V s-1; C) CV obtained with GCE in a solution containing 1.0 mM: (red) OLZP at a 

restricted potential 0.6 V to 1.4/ 1.5 V in 0.1 M PBS, pH = 7.4. ν = 1.0 V s-1; D) 

Transfer coefficient (β) as a function of the applied potential obtained from CV 

presented in figure 1C.  

 After acknowledging the respective electrochemical processes for each 

compound, to better study the processes, the scan rate was varied from 0.01 to 

1.00 V s-1. Figure 2A shows that process II only appears at scan rates faster than 

0.2 V s-1, and the peak potential of the process I does not seem to shift as the 
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scan rate is increased. This result will be further discussed. Simultaneously, the 

process IV became barely visible. Meanwhile, in figure 2B, processes III and IV 

are visible and the peak potentials shift to more positive values, as expected to 

irreversible processes.  
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Figure 2: CV obtained with GCE in  solutions containing 1.0 mM A) OLZP, B) 

QTP in 0.1 M PBS, pH = 7.4, the voltage scan rate was varied from 0.01 to 1.00 

V s-1.  

Electrochemical oxidation processes I and II of OLZP 
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Figure 3A shows CV at a restricted potential window (from -0.1 to 0.6 V) 

to study the heterogeneous processes I and II of OLZP. At higher scan rates (≥ 

200 mV s-1) the processes I and II of OLZP can be observed as a redox couple. 

As previously mentioned, the peak potentials of processes I and II barely shifts, 

as can be observed in figure 3A and table I. Therefore, processes I and II form a 

reversible process. However, even at very high scan rates, the peak current ratio 

of the processes I and II tends to 2.5, not the unity, figure 3B. This suggests that 

process I is followed up by a chemical step that characterizes the process I as an 

EC mechanism. It is corroborated by the results presented in figure 3C, which 

shows the Randles-Sevcik theoretical prediction, equations 2, for a reversible 

process, and 3, for an irreversible process, compared to the experimental peak 

currents of the oxidation process I of OLZP.  

𝐼𝑝 = 0.446 𝑛𝐹𝐶𝐴√𝑛𝐹𝜐𝐷0
𝑅𝑇⁄     (2) 

 

𝐼𝑝 =  0.496√𝛽 𝑛𝐹𝐶𝐴√𝑛𝐹𝜐𝐷0
𝑅𝑇⁄     (3) 

where Ip is the peak current in A, n is the overall number of electrons transferred, 

β is the transfer coefficient, F is the Faraday Constant in Coulomb mol−1, C is the 

concentration in mol cm-3, A the electrode area in cm2, ν is the scan rate in V s-1, 

R is the Gas Constant in J K−1 mol−1 and T is the temperature in K. A diffusion 

coefficient (D0) of 4.1 10-6 cm2 s-1, was obtained by chronoamperometry, figure 

S1. 

Figure 3C shows that the oxidation mechanism changes with the increase 

of the scan rate, as the process presents an irreversible behaviour from 0.01 to 



 

189 

 

0.5 V s-1, at higher scan rates it changes from irreversible to reversible. This result 

indicates that the apparent irreversibility of OLZP redox processes occurs due to 

a follow up chemical step with sufficient fast reaction kinetics, in which even a 

fast electrons transfer may appear as irreversible.[45,46] Finally, figure 3D shows 

that the OZLP oxidation process is pH-dependent, as its peak potential shifts as 

a function of pH with a value of 59 mV per pH unit. Thus, the process I involves 

the same number of protons as it involves electrons, in this case, one proton and 

one electron. However, the Pourbaix diagram shows that even in different pH 

values, the potential peak does not significantly shift as a function of the scan 

rate.  
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Figure 3: A) CV obtained with GCE in solutions containing 1.0 mM of OLZP in 0.1 

M PBS, pH = 7.4, in a restricted window from -0.1 to 0.6 V in various scan rates 

from 0.01 to 1.00 V s-1; B) Peak current ratio (Process I/ Process II) as a function 

of the logarithm of the scan rate; C) Plot of the OLZP oxidation peak current as a 

function of the square root of the scan rates, compared to the theoretical plots 

Randles-Sevcik equations (dark grey – reversible, blue – irreversible), Electrode 

Area = 0.071 cm2; D) OLZP oxidative peak potentials as a function of pH. 
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 Since the transfer coefficient values (β) are sensitive to the mechanism 

change in electrochemical processes[47], the Tafel plots were obtained. The 

values obtained increase as the scan rate is increased from 0.005 to 0.5 V s-1, 

which agrees with the results observed in the comparison between the 

experimental results and the Randles-Sevcik theoretical prediction. At scan rates 

higher than 0.5 V s-1, the β values decrease from 0.931 to 0.668, suggesting that 

the electrochemical step kinetics is much faster than the kinetics of the follow-up 

reaction. Compiling the results obtained to the process I/ II, this process was 

ascribed to the nitrogen oxidation forming an imine with a radical [48], the radical 

is then stabilized by the aromatic effect in the benzodiazepine ring, the vicinal 

already aromatic ring, and the thiophene ring. Therefore, processes I/ II are a 

proton coupled electron transfer (PCET) which generates a stable radical, that 

reflects in its fast electrochemical kinetics observed and the electrochemical 

reversibility even at very high scan rates. 

Table 1: Potential peaks of processes I and II from voltammograms presented in 

figure 3A and β values obtained from the Tafel plots presented in figure 5 at 

different scan rates. 

 

 

 

 

ν / V s-1 Ep I / V Ep II / V βI 

0.005 0.206 - 0.649 

0.010 0.213 - 0.689 
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To better comprehend the follow up chemical step, the peak potentials of 

the oxidation process I were plotted as a function of the logarithm of the scan 

rate, figure 4. It shows three different regions, the first one has the follow-up 

chemical step as the rating determining one, the second region has the 

heterogeneous process as it rating determining one, and the third region is known 

as the mixed one due to the ohmic drop and other effects which affect the peak 

potential. [49,50] At slow scan rates, ν ≤ 0.09 V s-1, the kinetic region presents a 

linear fitting that presented a slope of 24.5 mV dec-1. This result does not indicate 

immediately if the follow up chemical step behaves as an EC or EC2 mechanism 

since the criteria are of 29.9 and 19.9 mV dec-1 at 25oC [47,51], respectively, as 

can be observed in equation 4 (EC mechanism) and 5 (EC2 mechanism).  

𝜕𝐸𝑝

𝜕𝑙𝑜𝑔𝜐
=

2.303𝑅𝑇

2𝐹
     (eq. 4) 

𝜕𝐸𝑝

𝜕𝑙𝑜𝑔𝜐
=

2.303𝑅𝑇

3𝐹
     (eq. 5) 

where Ep is the peak potentials in V.  

The experimental result is of 24.5 mV dec-1, which is the mean value 

between both criteria, suggesting that both mechanisms could occur in a 

0.030 0.228 - 0.721 

0.050 0.231 0.120 0.722 

0.100 0.237 0.137 0.726 

0.500 0.238 0.143 0.931 

1.000 0.241 0.162 0.772 

3.000 0.248 0.165 0.739 

5.000 0.255 0.166 0.668 
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competition, as illustrated in scheme 2. This hypothesis is reinforced by Merli et 

al. in which reports the presence of some products after a exhaustive coulometry 

that had their products analyzed by HPLC-MS. [2] The first one of a Michael 

addition of H2O after its oxidation (EC mechanism) with a  m/z = 329 that 

corresponds to approximately 60% of the generated product, and an OLZP dimer 

(EC2 mechanism) with a m/z = 609. However, Korprasertthaworn et al. reports 

the products of OLZP after its oxidation with a CYP-450 complex, and the 

formation of the 7-hydroxyolanzapine (OLZPox-OH) is reported. Therefore, the 

products of the following chemical steps are the OLZP-OH and a dimer. 

 

Scheme 2: Illustrative competition between chemical steps that follow up OLZP 

oxidation I process. 

From the peak current ratios of the processes I/ II  presented in figure 2B, 

the dimensionless parameter (λ) was obtained. Through this parameter the 

chemical rate constant of the following chemical step (kf) was obtained, using the 

eq. 6. The results are presented in figure 4B. 

𝜆 = (𝑅𝑇
𝐹⁄ )

𝑘𝑓
𝜈⁄       (eq. 6) 
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Figure 4: A) Potential peak of OLZP process I as a function of the logarithm of 

the scan rate. Ep(I) = 24.5 10-3 log ν + 0.26. R2 = 0.982 B) Dimensionless 

parameter (λ) as a function of the inverse of the scan rate.  

Digital simulations 

The EC-Lab software was used to simulate voltammograms at 

macroelectrodes under linear diffusion conditions with satisfactory precision, 

using different parameters, such as the heterogeneous rate constant (k0) and the 

homogeneous rate constants (equilibrium constant, forward reaction rate 

constant and backward reaction rate constant, represented respectively by K, kf 

and kb) which describe the electrochemical and chemical steps, as previously 

reported by Rudolph et al. [52,53] 

As observed in the previous sections, the oxidation process I of OLZP 

occurs in a competition between an EC and EC2 mechanism. The simulation 
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containing the EC2 mechanism did not present a reasonable fit to the 

experimental results. Therefore, an electrochemical step with a follow-up 

chemical reaction (EC mechanism) was simulated, as presented in table 3. The 

optimization was performed by varying the aforementioned parameters and then 

comparing the experimental data obtained in a restricted potential window. The 

optimized parameters used to simulate the system are presented in table 4.  

Table 3: Mechanistic steps used to simulate the OLZP system. 

 

Step order Mechanism 

simulated 

Type of step 

1st A – e- → B Electrochemical 

2nd B → C Chemical 

 

Table 4: Optimized parameters for each simulated step, chemical and 

electrochemical 

 

Step E0
f / V k0 / cm s-1 D0 / cm2 s-

1 

R / Ω Cdl / μF 

I/II 0,.23 1.0 4.0 x 10-6 125 2.0 

      

Step K Kf / s-1 Kb / s-1 

Nucleophilic 

addition 

1 x 

105 

0.65 1.0 x 10-5 
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As previously observed, the processes I/II form a reversible pair. 

Therefore, a k0 of 1.0 cm s-1 was used. The optimized formal potential of the 

process was 0.23 V. The outline mechanism used to interpret these data can be 

summarised by the system given in tables 3 and 4. The voltammograms which 

were simulated with these parameters show a successful fit to the processes I/II 

with the following chemical step. As previously discussed, at slow scan rates the 

cathodic peak is not observed, due to the follow up chemical steps, which is 

reinforced when the scan rate was increased, and the reversibility became visible. 

Each simulation was evaluated by comparing voltammetric parameters, such as 

peak currents and peak potentials, the respective peak current ratios and the β 

values in each scan rate between the simulated voltammograms and the 

experimental ones. Figures 6A and 6B show the peak current ratios (processes 

I/II) and the β values obtained from the experimental and simulated 

voltammograms. Both plots satisfactorily fitted to fast scan rates, above 0.2 V s-

1. The obtained current ratios were close to the experimental and the β values 

presented a similar exponential behaviour. However, at slow scan rates, the 

current ratios presented a similar waveshape, although the values were slightly 

dislocated. In addition, the obtained β values were significantly different, since 

the β values are sensitive to a mechanism change. This endorses that not only 

the EC mechanism significantly occurs in both slow and fast scan rates. Although 

the EC2 mechanism seems favoured at slow scan rates it probably involves other 

steps such as adsorption or another complex step, which hindered the 

simulations involving both mechanisms. 
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Figure 5: Overlapping between experimental and simulated voltammograms of 

OLZP process I. The simulations were obtained with the parameters presented 

in tables 3 and 4.  

Table 5: Experimental and simulated β values obtained from the Tafel plots 

presented in figures S1 and S4 at different scan rates for OLZP oxidation process 

I. 

ν / V s-1 β values - OLZP 

experimental process 

I 

β values - OLZP 

simulated 

process I 

0.05 0.722 0.781 

0.10 0.726 0.750 

0.20 0.931 0.719 

0.50 0.772 0.680 
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1.00 0.739 0.657 

2.00 0.722 0.302 

3.00 0.668 0.449 

 

 

Figure 6: A) Peak current ratios (anodic/cathodic) of the experimental and 

simulated voltammograms as a function of the scan rates. B) Comparison 

between the experimental and simulated β values obtained.  

Electrochemical oxidation processes III and IV 

This section explores in more detail the processes III and IV of OLZP and 

QTP using CV at different scan rates and pHs as well as Tafel analysis. It is 

important to highlight that as previously observed in figure 1, both processes III 

and IV occur in a similar potential value, and present peaks of transfer coefficients 

at the same potentials to both molecules.   
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To discriminate the mechanism of the oxidation processes III and IV of 

OLZP and QTP the theoretical Randles-Sevcik prediction were used for an 

irreversible case, equation 3. The figure 7A indicates that process III of OLZP fits 

the irreversible prediction of the Randles Sevcik equation for a process involving 

one electron, with a transfer coefficient (β) of 0.2. This result suggests that the 

process’ kinetics is slow due to the formation of a structurally different 

intermediary product. A similar result is observed to process IV of QTP, in which 

the experimental data also fits the irreversible Randles Sevcik equation for a one-

electron process with a transfer coefficient of 0.3 (red dots – figure 7B). The 

experimental results of process III of QTP also fit the theoretical prediction for a 

one-electron irreversible process, however, presenting a transfer coefficient of 

0.9 (black dots – figure 5B), differently than the experimental transfer coefficient 

of 0.35, obtained in Tafel analysis in figure S6. Figures 7C and 7D show that 

process III is pH-dependent, shifting approximately 60 mV per pH unit. Therefore, 

process III is a PCET involving one proton and one electron. The potential peaks 

shift not only as a function of the pH, but also as a function of the scan rate, as 

expected to irreversible processes. At last, as observed in figure 1D, processes 

III and IV are similar to both molecules and its mechanism was attributed based 

on the the similarities of functional moieties and processes. Since in figures 7C 

and 7D both presented similar values of pKa around 7.0, and both piperazine 

moieties present pKas of 7.24 and 7.04, according to software Marvin Sketch 

predictions, for OLZP and QTP, respectively.  The process III in both molecules 

was ascribed to the formation of an ammonium radical in the piperazine group.  
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Figure 7: A) Plot of the OLZP oxidation peak current of process III as a function 

of the square root of the scan rates, compared to the theoretical plots using the 

Randles-Sevcik equation (blue – irreversible (β = 0.2; n = 1)); B) Plot of the QTP 

oxidation peak current of process III as a function of the square root of the scan 

rates, compared to the theoretical plots obtained by Randles-Sevcik equations 

(black – irreversible (β = 0.9; n = 1, red – irreversible (β = 0.3, n=1) Electrode 

Area = 0.071 cm2; C) oxidation peak potentials of process III of OLZP as a 

function os pH; D) oxidation peak potentials of process III of QTP as a function of 

pH. 
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 As observed in the figures 7A and 7B, the β values of the processes III 

presented a deviation when compared. Although the Randles-Sevcik theoretical 

prediction suggests different values, the experimental values obtained from the 

respective Tafel plots to both compounds presented β values which present a 

similar exponential behaviour as can be observed in figure 8. 

Table 6: β values of oxidative process III of OLZP and QTP, obtained from the 

Tafel plots at different scan rates presented in figures S5 and S6.  

ν / V s-1 β values - OLZP 

exp process III 

β values - OLZP 

exp process IV 

β values - QTP 

exp process III 

β values - QTP 

exp process IV 

0.02 0.136 - 0.316 0.147 

0.05 0.158 - 0.344 0.129 

0.10 0.174 - 0.348 0.084 

0.20 0.180 - 0.351 0.081 

0.50 0.185 - 0.354 0.057 

1.00 0.192 - 0.356 0.054 
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Figure 8: Comparison between the experimental β values of the processes III 

from OLZP and QTP obtained in the Tafel plots presented in figures S5 and S6. 

 

Process IV is only clealy observed in QTP. However, because the 

structural similarity, and as both molecules present the same processes at 

analogous potentials, the QTP results were used to complement the OLZP ones 

(which are only visible at 0.1 V s-1). The peak potentials of process IV of QTP 

slightly shift as a function of pH, approximately 150 mV between pHs 3 and 11, 

which is not significant as observed for process III. Thus, was concluded that 

oxidation the processes IV only involves one electron and no protons. As a 

consequence, III and IV, together are a two step oxidation process of two 

electrons and one proton that would occur at the piperazine moiety, forming 
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initially a tertiary ammonium radical as an intermediary, to in sequence form an 

imine. It is important to highlight that this process is not reversible because it 

occurs at an amine and not in an enamine functional group. As observed in 

previous works from our group, tertiary enamines generate reversible 

electrochemical processes.[49,54] 

Mechanism proposition 

 

 Compiling all the data obtained, the respective electrochemical oxidation 

mechanism is proposed to both OLZP and QTP at physiological pH. 
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Scheme 3: Electrochemical oxidation mechanism proposed to OLZP processes 

I/ II with the follow up chemical processes, III and IV. B) Electrochemical oxidation 

mechanism proposed to QTP processes III and IV.  

Conclusion 

The electrochemical oxidation mechanism of OLZP and QTP was studied 

using cyclic voltammetry in 0.1 M PBS, at different pH. OLZP presents up to four 

processes, I/II, which are the reversible redox proton coupled electron transfer 

involving one proton and one electron that occurs in the outer nitrogen of the 

benzodiazepine ring and have two follow up chemical steps, a dimerization in an 
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EC2 and a nucleophilic addition in an EC mechanism. The EC mechanism was 

successfully simulated and the kinetic parameters of the chemical step were 

obtained. The processes III and IV represent sequential oxidation at the outer 

nitrogen of the piperazine ring, which initially forms an ammonium radical in a 

proton coupled electron transfer, process III, to later form an imine, process IV. 

QTP presented only the processes III and IV, and due to the molecular similarity, 

and analogous results, both were also ascribed to the oxidation of the piperazine 

ring in the same steps previously described. 
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Appendix 5 - Olanzapine and quetiapine oxidation mechanism in 

glassy carbon electrode at physiological pH.  

 

The obtention of the diffusion coefficients of OLZP and QTP 

 

To study the electrochemical mechanisms of OLZP and QTP using the 

Randles-Sevcik theoretical prediction, the diffusion coefficient (D0) in the 

experimental conditions must be known. To obtain its value, the 

chronoamperometry experiment which is described by the Cottrell equation1, 

equation S1, was performed. 

𝐼 =
𝑛𝐹𝐴𝐶√𝐷0

√𝜋𝑡
     (equation S1) 

𝐼 = 𝐾𝑡−1 2⁄ ; 𝐾 =
𝑛𝐹𝐴𝐶√𝐷0

√𝜋
    (equation S2) 

where I is the current in A, n is the overall number of electrons transferred, F is 

the Faraday Constant in Coulomb mol−1, C is the concentration in mol cm-3, A the 

electrode area in cm2, D0 is the diffusion coefficient in cm s-1 and t is the time in 

seconds. 

 Figures S1 and S2 show the typical exponential behaviour of a 

chronoamperogram, while the inserts show the linear plot of the current as a 

function of the inverse of the square root of the time. The slopes observed were 

of D0/ n = 4.127 10-6 and 3.984 10-6, which in this case is the diffusion coefficient, 

since the processes involve one electron. 



 

216 

 

0 50 100 150 200 250 300

-10

0

10

20

30

40

50

60

70

80

0 5 10

-10

0

10

20

30

40

50

60

70

80

I 
/ 

m
A

Time / s

I 
/ 

m
A

Time-1 / s-1

Slope = 8.645 10-6

D0/n = 4.127 10-6 cm2 s-1

 

Figure S1: Cronoamperogram at GCE of a solution 1.0mM of OLZP in PBS 

0.1M, pH = 7.4, Eapp = 0.25 V. Insert: Current as a function of the inverse of the 

square root of the time, in minutes. 
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Figure S2: Cronoamperogram at GCE of a solution 1.0mM of QTP in PBS 0.1M, 

pH = 7.4, Eapp = 1.25 V. Insert: Current as a function of the inverse of the square 

root of the time, in seconds. 

Electrochemical oxidation processes I and II of OLZP 

Since the charge transfer coefficients are related to the electrochemical 

mechanism, even a suble mechanism change can be observed. To study the 

processes I/II of OLZP and processes II and IV in both coumponds, the Tafel 

plots were obtained.  

Tafel Plots and charge transfer coefficients (β). 

Figure S3 shows that all obtained β values are between 0 and 1, which is 

expected considering a process involving one electron. At slow scan rates, from 

0.1 V s-1 and below, a break can be observed in the Tafel analysis, therefore two 

β values were obtained. This break is a result of the mechanism competition 

between EC2 and EC, which as can be observed in figures 5, 6A and 6B. At scan 

rates above 0.5 Vs-1, the β values decrease, indicating that the kinetics of the 

chemical step in the EC mechanism is being overcome by the heregeneous 

kinetics. As a result of the greater electrode kinetics, the cathodic step increases, 

until it reaches the current ratio of one (Ip I/ Ip II = 1). 
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Figure S3: CV presented in figure 3A with the respective Tafel plots as inset. The 

red parts of the voltammograms show the part of the curve sub-plotted to the 

Tafel analysis as in the insets. The parameters used in the simulations are 

presented in table 1. 

The digital simulation was performed to a mechanism EC, which occurs 

more significantly, when compared to the EC2. The β values obtained from the 

simulated voltammograms presented the same exponential profile, observed in 

the experimental data, at fast scan rates. On the other hand, the EC2 mechanism 

heavily impacts the β values at slow scan rates, as shown in figures 6A and 6B. 
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Figure S4: Simulated CVs presented in figure 9 with the respective Tafel plots as 

inset. The red parts of the voltammograms show the part of the curve sub-plotted 

to the Tafel analysis as in the insets. 

 

Electrochemical oxidation processes III and IV 

  

As discussed in the main text, both molecules present the oxidative 

processes III and IV. To achieve a better understanding of these processes, the 

scan rate was varied and the Tafel plots of the respective voltammograms were 

obtained. Figure 5S shows OLZP 1.0 mM CV obtained at different scan rates. 

Three significant points must be noticed. Firstly, that both processes III and IV 

merge at slow scan rates (< 0.1 V s-1), being barely separated at 0.1 V s-1. 

Secondly, both processes are slightly better defined at slow scan rates (< 0.1 Vs-
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1), which suggests that both processes have a slow heterogeneous kinetic. 

Thirdly, at faster scan rates (> 0.1 V s-1), OLZP’s process IV is barely observed. 

The latter point suggests that either this process is cloaked by the capacitive 

current or it is an CE-type mechanism, so that once the scan rate is increased, 

the prior chemical step does not have time to occur, thus jeopardizing process IV 

visibility. Figure 6S shows QTP CV at different scan rates and the respective Tafel 

plots. As observed for the same steps in OLZP, at slow scan rates (< 0.1 V s-1) 

the processes are better defined. At faster scan rates (> 0.1 V s-1), process IV 

loses its definition, although in QTP it is still visible at higher scan rates. Due to 

structural similarity, and as both molecules present the same processes at 

analogous potentials, the QTP’s results were complementary to the OLZP’s, and 

that allows us to conclude that oxidative processes III and IV indeed are the same 

in both molecules. Therefore, occurring at the piperazine moiety in two sequential 

steps. 
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Figure S5: CV presented in figure 2A with the respective Tafel plots as inset. The 

red parts of the voltammograms show the part of the curve sub-plotted to the 

Tafel analysis as in the insets. 
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Figure S6: CV presented in figure 2B with the respective Tafel plots as inset. The 

red parts of the voltammograms show the part of the curve sub-plotted to the 

Tafel analysis as in the insets.  

Table S1: Experimental β values obtained from the Tafel plots presented in 

figures S5 and S6 at different scan rates for OLZP and QTP oxidative processes 

III and IV. 

ν / V s-1 OLZP 

experimental 

process III 

OLZP 

experimental 

process IV 

QTP 

experimental 

process III 

QTP 

experimental 

process IV 

0.02 0.136 - 0.316 0.147 

0.05 0.158 - 0.344 0.129 

0.10 0.174 - 0.348 0.084 

0.20 0.180 - 0.351 0.081 

0.50 0.185 - 0.354 0.057 

1.00 0.192 - 0.356 0.054 
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Figure S7: Peak potentials of process IV of QTP as a function of pH.  
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Chapter 6 

 

Dopamine oxidation at gold electrodes: mechanism and kinetics near 

neutral pH 

This chapter address to the repagination of the classical dopamine 

electrochemical mechanism, a work developed during the period abroad. This 

paper is published at PCCP (Physical Chemistry and Chemical Physics) 

DOI:10.1039/c9cp05527d and counted with the aid of Dr. Lifu Chen, with the 

supervision and administration of Professor Silvia Serrano and Professor Richard 

Compton. 

The two-electron electrochemical oxidation of dopamine is studied 

voltammetrically at gold macro- electrodes around neutral pH with simulations 

used to give kinetic and mechanistic data. In particular, the system shows 

‘‘potential inversion’’ in which the thermodynamic oxidation potential of dopamine 

to form the corresponding semi-quinone formation occurs at a more positive 

potential than that of the oxidation of the semi-quinone to the quinone form. The 

use of Tafel slopes measured from the voltammograms as a function of the 

voltage scan rate is shown to be a particularly sensitive indicator of mechanism 

showing the effect of the follow-up chemistry in which the two-electron oxidation 

product undergoes an irreversible cyclization reaction. 

Introduction  

We recently addressed the mechanism of dopamine oxidation under 

conditions of high acidity (pH = 0), where the overall process is described by 

Scheme 1 and was studied electrochemically using glassy carbon and carbon 
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microdisk electrodes.1 The process was revealed to be multistep with two-

electron transfers, the first oxidizing dopamine, A, to the semi-quinone, B, and 

the second the semi-quinone to the quinone form, C and showing the 

phenomenon of ‘potential inversion’ in which the formal potential for the A/B 

oxidation (𝐸𝑓𝐴/𝐵
0 ) was found to have a more positive value than that for the B/C 

oxidation, E0
f B/C. Such inversion behaviour has also been observed in the 

oxidation of catechol 2 and other systems. 3,4 For catechol, a full “scheme of 

squares” analysis was possible. 2 The potential inversion is attributed to solvation 

5 and may be generically typical of hydroquinone/ quinone systems in aqueous 

but not non-aqueous systems. 

𝐴 − 𝑒−  ⇌  𝐵     𝐸𝑓𝐴/𝐵
0       (1) 

 

𝐵 − 𝑒−  ⇌  𝐶      𝐸𝑓𝐵/𝐶
0      (2) 
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Scheme 1: Schematic representation of the literature dopamine electrochemical 

oxidation mechanism. 1 

 

 

Scheme 2: Schematic representation of the oxidized dopamine cyclization 

reaction at pH = 7.4. 6  

Dopamine (DA) has an important physiological role as a neurotransmitter 

in the central nervous system 7,8 leading to multiple studies which, as summarized 

in Tables 1 and 2, have revealed that the oxidation leads to ‘follow-up’ chemistry 

in which the quinone form, C, undergoes a cyclization reaction, Scheme 2, and 

also polymerization 9–13. Such chemistry is minimised at low pH values, where 

the thermodynamics strongly discourages the deprotonation required for a 

Michael type reaction within or between oxidized dopamine molecules. In terms 

of understanding and quantifying the kinetics and thermodynamics of the two-

electron transfer processes, A/B and B/C, such follow-up chemistry produces an 

additional complication. On the other hand, it has been shown via computational 

simulation 14 that, when coupled to follow-up chemical reactions with sufficient 

fast reaction kinetics, a fast electron transfer process may appear 

electrochemically irreversible as judged by, in particular, Tafel analysis. Proof of 

concept was demonstrated experimentally with pyrylium salt reduction and 
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follow-up dimerization. 14 This insight is readily appreciated since in the situation 

of an electrochemical quasi-reversible oxidation, both the forward (anodic) and 

backward (cathodic) processes contribute to the net current whilst the latter 

contribution is lost or diminished if the oxidation product is instable and the 

species is lost on a timescale fast compared to electron transfer. 

In the present paper, we study the mechanism and kinetics of dopamine 

oxidation around neutral pH where the follow-up kinetics is voltammetrically 

visible both in terms of the A/C voltammetric feature and the emergence of a new 

voltammetric feature attributed to the cyclization product. 15–24 The primary aim is 

to examine the effect of the follow-up kinetics on the voltammetric wave shape of 

the A/C process as recorded by Tafel analysis and investigate the dopamine 

oxidation mechanism at near-neutral pH. In particular it is shown that changing 

the voltammetric voltage scan rate leads to a marked change in the Tafel slope 

since at slower scan rates the loss of C in the voltammetric time scale is promoted 

with a decrease in the apparent reversibility of the A/C reaction. This provides a 

sensitive measure of the electron transfer kinetics and allows the conclusion to 

be drawn that the potential inversion mechanism operates at near-neutral pH. 

Moreover, the difference in the formal potentials, ∆𝐸 = 𝐸𝑓,𝐵/𝐶
0 − 𝐸𝑓,𝐴/𝐵

0  is shown to 

be consistent with the value obtained at pH = 0 and also independent of the 

electrode material so further validating the mechanism suggested. 

Table 1. Previous electrochemical studies of dopamine oxidation. 

Focus Electrode material Reference 

Cyclization Carbon paste 15 
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Cyclization/ Michael 

addition 

Pyrolitic graphite 16 

  17 

Cyclization/ 

Polymerization 

Platinum 18 

Cyclization Carbon paste 19 

Cyclization/ 

Michaels addition 

Carbon paste 20 

Cyclization Carbon paste 21 

Michael Addition/ 

Cyclization 

Carbon paste 22 

Cyclization/ 

Polymerization 

Gold 23 

Cyclization/ Michael 

addition 

Glassy carbon 24 

Scheme of square Glassy carbon/ 

carbon microdisk 

1 

   

Scheme of square Glassy carbon/ 

carbon microdisk 

2 

Scheme of square Glassy carbon 25 

Scheme of square Carbon paste 26 

Michael addition Glassy carbon 27 

Michael addition Glassy carbon 28 
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Michael addition Glassy carbon 29 

Scheme of squares 

study / pKa values 

Gold 6 

Disproportionation Carbon fiber 

microdisk 

30 

Polymerization Gold/ Platinum/ 

Carbon 

31 

Polymerization Pyrolytic graphite 32 

Dimerization/ 

Polymerization 

Gold 33 

Electrosynthesis Carbon rod 34 

Neurological 

detection 

Carbon fiber 

microelectrode 

7 

 

Table 2: Selected non-electrochemical studies of the oxidation of dopamine. 

Focus Methodology Reference 

Cyclization/ 

Polymerization 

UV-Vis 9 

Michael 

addition/ 

Polymerization 

UV-Vis/ XPS 10 

Polymerization NMR/ FT-IR 11 
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Polymerization Synthesis and 

general 

characterization 

12 

Cyclization Theoretical 

calculations 

13 

 

Experimental 

Chemicals and reagents 

All reagents used were of analytical grade and acquired from Sigma-Aldrich 

(Gillingham, UK) and used without any further purification. All solutions were 

prepared using deionised water from Millipore (Watford, UK) with a measured 

resistivity of 18.2 MΩ cm at room temperature (298 K). All the buffers were 

prepared by dissoluing NaHPO4 and Na2HPO4 in deionised water with a total 

concentration of 0.1 mol L-1 and pH = 7.4, resulting in a Phosphate Buffer Solution 

(PBS). The pH values were measured with a pH meter senseION pH 31 from 

Hach (Colorado, USA). Adjustments to pH were made by additions of a 3 mol L-

1 NaOH solution. To prevent the dopamine self-oxidation reaction, only fresh 

solutions were used and were degassed for 20 minutes prior each experiment 

using pure nitrogen from BOC Gases (Windlesham, UK) to prevent the 

atmospheric oxygen from oxidizing dopamine. 

Electrochemical procedures 

All electrochemical experiments were thermostatted at 25 ± 1 oC by a heat-

stirrer UC 152 from Stuart (Stone, UK) and performed inside a Faraday cage. A 

μAutolab type III potentiostat/ galvanostat from Metrohm (Utrecht, Netherlands) 

for all the electrochemical experiments. A three-electrode system was used with 

https://en.wikipedia.org/wiki/Windlesham
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a Gold macroelectrode (GE) from BASi (West Lafayette, Indiana, USA)  with an 

geometrical area of 0.0314 cm2,operating as a working electrode, a pyrolytic 

graphite electrode from IJ Cambridge Scientific (Cambridge, UK) as the counter 

electrode and a saturated calomel electrode (SCE) (+ 0.244 V  vs. SHE) from 

BASi, Japan) as the reference electrode. 

 Cyclic voltammograms were performed by sweeping the potential from -

0.1 V to +0.5 V, then from +0.5 to -0.5 V, and back to -0.1 V. The scan rates were 

used between 0.10 and 1.00 V s-1. Before every experiment, the GE was polished 

using diamond spray suspensions with a decreasing particle size of 3.0, 1.0 and 

0.1 μm from Kemet (Maidstone, UK) on a polishing pad from Buehler (Lake Bluff, 

Illinois, USA). All simulations were performed using the Digisim software from 

BASi (West Lafayette, Indiana, USA) 35,36.   

 

Results and discussion 

This section first presents voltammetric results for dopamine oxidation. 

These are then compared with the predictions of different Randles-Sevcik 

equations to give an initial indication of the mechanism of the A/C oxidation. Next, 

the follow-up reaction of C to D is explored. Full digital simulation is performed to 

extract kinetic and thermodynamic parameters especially in respect of the 

potential inversion and the rate of the follow-up cyclization reaction. 

Cyclic Voltammetry 

Initially, cyclic voltammograms (CV) were recorded over a range of scan 

rates to overview the DA electrochemical behaviour. CVs were performed on a 

gold macroelectrode (GE) at near-neutral pH (7.4).  
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Representative experimental results are shown in figure 1. They show four 

electrochemical processes, an anodic (I) and a cathodic peak (II), which form a 

pair around 0.1 V. Another pair, a cathodic (III) and an anodic (IV)) peak, around 

-0.3 V is also observed. The cathodic peak current of process (II) increased with 

an increase of the scan rate. The values of peak potentials and peak currents can 

be seen in Table S1. Moreover, the peak potentials of processes (I) and (II) 

shifted, to more positive and more negative potentials, respectively. Peaks (I) and 

(II) are associated with the A/C reaction, scheme 1, whilst peaks III and IV are 

related to the oxidation of D, scheme 2. The decrease in the size of peaks III and 

IV with the increase of the scan rate is consistent with the cyclization of D with a 

chemical reaction with a timescale corresponding to the voltage timescale used. 

 

 

Figure 1. CVs of DA solutions in PBS 0.1 M, pH = 7.4 at different scan rates: A = 

0.02 V s-1; B = 0.1 V s-1; C = 0.20 V s-1 and D = 1.00 V s-1. 

Randles-Sevcik equation and ECE mechanism analysis  

The Randles-Sevcik equations are an analytical theoretical prediction of 

the peak currents of simple electrochemical process, for a reversible case, 

equation 3, and for an irreversible one, equation 4.  
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𝐼𝑝 = 0.446 𝑛 𝐹𝐶𝐴√𝑛𝐹𝜐𝐷
𝑅𝑇⁄     (3) 

 

𝐼𝑝 =  0.446√𝑛′ +  𝛽 𝐹𝐶𝐴√𝑛𝐹𝜐𝐷
𝑅𝑇⁄     (4) 

where Ip is the peak current in A, n is the overall number of electrons transferred, 

n’ is the number of electrons prior to the rate determining step, F is the Faraday 

Constant in Coulomb mol−1, C is the concentration in mol cm-3, A the electrode 

area in cm2, ν is the scan rate in V s-1, R is the Gas Constant in J K−1 mol−1 and 

T is the temperature in K. A diffusion coefficient (D) of 7.7 10-6 cm s-1, was 

obtained by chronoamperometry 37. 

Returning to Figure 1, the A/C process was analysed in terms of a simple 

EE reaction. Specifically, the experimental results were compared to the 

theoretical predictions of the Randles-Sevcik Equations. Figure 2 shows the 

experimental peak currents for the oxidation A to C as a function of the square 

root of the voltage scan rate. Also shown are the theoretical predictions based in 

equations (3) and (4) for the following-up cases: a simple reversible two-electron 

oxidation and an irreversible two-electron processes with either the first or the 

second step as the rate determining, assuming in each case a charge transfer 

coefficient of 0.5 in the rate determining step. It is clear that the high scan rate 

data fits with an overall two-electron process with the initial electron transfer as a 

rate determining hinting at a potential inversion mechanism but that there is a 

clear current enhancement over that predicted at lower scan rates. 

In order to fully interpret the A/C voltammetry consideration has to be given 

to the follow-up reaction of C, as discussed in the next section and which explains 

the current enhancement seen at low scan rates. 
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Figure 2. Plot of the dopamine oxidative peak currents as a function of the square 

root of the  scan rates, compared to the theoretical peak currents predicted by 

the Randles-Sevcik equations for a single step two-electron reversible transfer (-

), for a multi-step irreversible (n’ = 0; n = 2; β = 0.5) process (-), and for a multi-

step irreversible (n’ = 1; n = 2; β = 0.5) (-), together with experimental results (▪). 

Electrode Area = 0.0314 cm2, C = 10-3 mol L-1. 

An analysis of the DA oxidation as an EECEE process 

We consider the following mechanism in which the product D can undergo 

oxidation at the potential of the A/C process: 

𝐴 ⇌ 𝐶 + 2𝑒−   𝐸𝑓1
0    (5) 

 

𝐶 
𝑘𝑓
→  𝐷      (6) 

 

𝐷 ⇌ 𝐹 + 2𝑒−   𝐸𝑓2
0    (7) 

 

where 𝐸𝑓
0 is the formal potential, kf is the rate constant of formation of D from C. 

F is the oxidised cyclization product. The effective number of electrons 
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transferred (neff) (2 < neff < 4), is a function of the dimensionless parameter (λ) 

where 

𝜆 = (𝑅𝑇
𝐹⁄ )

𝑘𝑓
𝜐⁄       (8) 

 

and the napp values can be obtained by dividing the experimental peak current 

values by the theoretical prediction for a two-electron process (see above). The 

low scan rate data such as that shown in figure 2 were analyzed to give napp 

values and then the published 38 working curve used to relate these to λ values.  

Then, a plot of λ, as inferred from the working curve against the reciprocal 

at the scan rate as suggested by equation (9) was made and seen to be linear 

passing through the origin as shown in Figure 4, which is consistent with the 

proposed EECEE mechanism. The slope of this plot allowed the interference of 

a value of kf as approximately 0.2 s-1, consistent with independent literature 

values 20,22 At this point the likely basic mechanism summarized in Scheme 1 and 

2 has been identified, so attention was next turned to the full modelling of the 

voltammetry using Digisim as pioneered by Rudolph 35,36 
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Figure 3: Dimensionless parameter λ parameter versus the inverse of the voltage 

scan rate. Linear regression: λ = 0.0063 ± 0.0008 ν-1 – 0.00873. R2 = 0.897 

 

Figure 4: CV presented in figure 1 with the respective Tafel plots as inset. The 

red parts of the voltammograms show the part of the curve sub-plotted to the 

Tafel analysis as in the inserts. 

Digisim simulations 

Digisim software allows the simulation of voltammograms at 

macroelectrodes under linear diffusion conditions with various parameters 

describing the electrochemical and chemical steps. In the following, we use 

Digisim to fully model the experimental voltammetry of the DA system in the light 

of the preliminary analysis presented above paying particular attention to the A/C 

waveshapes and their associated Tafel slopes. In particular the anodic Tafel 

slope is given by 

𝛽 =  
𝑅𝑇

𝐹
 
𝑑 ln 𝐼

𝑑𝐸
     (9) 

 

provided that relatively little reactant concentration depletion taken place. In 

experimental practice, this constrains the analysis to the early part of a 
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voltammetric peak, as shown in red, in Figure 4, following the recommendations 

of Li et al. 39 Note that as defined by equation (9), the Tafel slope is an 

experimental quantity independent of the overall number of electrons transferred 

in the oxidation. 40,41 

In order to probe the voltammetry of the dopamine oxidation system, Tafel 

plots were obtained from CVs presented in Figure 1, these results are presented 

in Figure 4.  

Table 3: β values obtained from the Tafel plots presented in Figure 4 at different 

scan rates. 

ν / V s-1 β values (experimental) 

0.02 1.36±0.01 

0.05 1.30±0.02 

0.10 1.18±0.03 

0.20 1.04±0.03 

0.50 0.83±0.03 

1.00 0.72±0.03 

 

 

The transfer coefficients values (β) obtained decreased systematically with 

the increase of the scan rate, Table 3, from 1.36 (20 mV s-1) to 0.72 (1000 mV s-

1). This shift indicates a decrease in the apparent reversibility of the overall two-

electron oxidation of A to C combined with the electrochemical of increased loss 

of C as the voltage timescale increases at slower scan rates. Thus, the decrease 

in reversibility is associated with the emergence of the D/F voltammetric feature.  
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The outline mechanism used to interpret these data and informed by the 

discussion above can be summarised by means of the system given in Table 4. 

Each simulation was evaluated by comparing the peak currents, peak potentials, 

peak current ratios and the relation between the β values obtained from the Tafel 

plots regarding the scan rate between the simulated voltammograms and the 

experimental ones, to observe which mechanism better represents the latter.  

 

 

 

 

Table 4. Mechanistic steps used to simulate the DA system. 

Step order Mechanism simulated Correspondence Type of step 

1st A − e−  → B (𝐴/𝐵) Electrochemical  

2nd B − e− → C (𝐵/𝐶) Electrochemical  

3rd C → D Cyclization (𝐶 𝐷⁄ ) Chemical  

4th D + 2e−  → F (D/𝐸) Electrochemical 

 

Table 5: Optimized parameters for each simulated electrochemical and chemical 

step: 

 

Step E0
f / V k0 / cm s-1 D / cm2 

s-1 

A/B 0.2 0.025 7.7 10-6 

B/C 0.0 104 (Reversible) 7.7 10-6 
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D/E -0.3 104 (Reversible) 7.7 10-6 

E/F -0.3 104 (Reversible) 7.7 10-6 

Step K kf / s-1 kb / s-1 

Cyclization 

(C/D) 

10 0.2 0.02 

 

where K is the chemical step equilibrium constant, kb is the homogeneous rate 

kinetics constant of the inverse reaction, k0 is the standard electrochemical rate 

constant of the electron transfer. 

To fit the experimental waveshapes with the simulation, the homogeneous 

rate constant for step 3 and the parameters (E0
f, k0, and β) describing the 

electrochemical steps were varied and the resulting voltammograms were 

compared with the experimental ones. The optimized formal potential for A/B 

process was 0.2 V while the B/C was set at 0.0 V, following the reference 

presented by Lin et al. 1 which shows the potential inversion occurs before the 

chemical step. The cyclization (C/D) is a fast and irreversible reaction, as 

aforementioned. It affects the electrochemical steps at scan rates below 100 mV 

s-1. The peak of the D/F couple was optimized by adding a slow homogeneous 

first order decomposition of F (~1s-1). 
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Figure 5: (-) Simulated CV voltammograms; (-) of DA solutions in PBS 0.1 M, pH 

= 7.4 at different scan rates: A = 0.02 V s-1; B = 0.05 V s-1; C = 0.10 V s-1; D = 

0.20 V s-1; E = 0.05 V s-1 and F = 1.00 V s-1. 

 The best fit simulated voltammograms are shown in Figure 5 

superimposed on typical experimental data. Figure 6 shows the successful fitting 

of the A/C voltammograms in terms of the ratio of the forward and reverse peak 

currents. A reasonable agreement is seen suggesting that several conclusions 

can be drawn. First and foremost the potential inversion mechanism operates at 

neutral pH consistent with the conclusion made under strongly acidic conditions. 

1 Second, importantly, the simulations successfully reproduce the Tafel slopes 

and their variation with the voltage scan rate. Figure 7 shows the level of 

agreement and indicates that concept of chemically induced electrochemical 

irreversibility in which the cyclization reaction exerts a profound influence on the 

Tafel slopes. Moreover, if this feature were neglected from the mechanistic 

analysis quite erroneous inferences the electrochemical kinetics of the A/C 

system would be drawn. Third, we note the oxidation product F show some slow 

kinetic lability on the voltammetric timescale. 
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Figure 6: Peak current ratios (anodic/ cathodic) of the experimental and simulated 

voltammograms as a function of the scan rate, presented in a logarithm scale. 

 

Figure 7. β values for the A/C processes versus the scan rate. 

 

In summary, the DA oxidation mechanism shown in Schemes 1 and 2 has 

been shown to be consistent with all the voltammetric data. 
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Scheme 3: Proposed electrochemical oxidation mechanism for dopamine in near-

neutral pH. 

Conclusions 

Dopamine cyclization was studied at near-neutral pH in aqueous solution 

using cyclic voltammetry at gold microelectrodes and Digisim software used to 

digitally simulate the voltammograms. Dopamine oxidizes in a quasi-reversible 

process, A/C, involving two-electron transfers. The first one is a quasi-reversible 

transfer, which forms a semi-quinone (A/B) and the second one is a reversible 

one (B/C), forming a quinone. But, with a potential inversion such that B is more 

easily oxidized than A. The electrochemical of the follow-up kinetics on the 
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apparent reversibility of the A/C couple is profound as revealed by the Tafel 

slopes. 
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Appendix 6 – Dopamine oxidation at gold electrodes: mechanism and 

kinetics near neutral pH. - Supplementary Information  

Table S1: Compilation of the values of the potential peak, peak currents per scan 

rate, from Figure 1. 

 

ν (V s-1) Anodic 

peak 

potentials 

(A/C)/ V 

Cathodic 

peak 

potentials 

(A/C)/ V 

DEp/ V Anodic 

peak 

currents 

(A/B)/μA 

Cathodic 

peak 

currents 

(A/C)/μA 

0.01 0.142 0.078 0.064 4.765 -0.118 

0.02                                                                                                                                                                                                                                                                                            0.144 0.077 0.065 6.92 -0.58 

0.05 0.149 0.074 0.063 9.71 -5.97 

0.10 0.156 0.072 0.084 14.17 -6.65 

0.20 0.160 0.069 0.089 16.71 -11.60 

0.50 0.164 0.061 0.102 24.51 -25.50 

1.00 0.202 0.056 0.156 37.05 -36.85 
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Chapter 7 

 

New insights on the electrochemical mechanism of epinephrine on glassy 

carbon electrode. 

 

In this chapter the epinephrine mechanism was revisited, and its 

thermodynamical and kinetics parameters were obtained. This work counted with 

the aid of Pedro Garcia, who helped with data curation and discussions, and 

Professor Silvia Serrano who administrated the project, and it is published at 

Journal of Electroanalytical Chemistry, DOI: 10.1016/j.jelechem.2022.116111.  

It was observed that it oxidizes in an EECEE mechanism, such as 

observed for similar molecules such as dopamine. Epinephrine also presents a 

typical catechol behaviour, a potential inversion was observed in processes I/ II, 

and III/ IV. The influence of the media on both heterogeneous and homogeneous 

processes were also studied. It was noticed that epinephrine follow-up chemistry, 

cyclization, occurs at a much higher rate than other catecholamines and that it is 

pH-dependent. In acidic media, the reaction is jeopardized due to the protonation 

of the amine moiety. Hence, a quasi-reversibility was observed to process I/II. In 

a neutral to basic media, the reaction occurs significantly, as a consequence, it 

hinderers the occurrence of process II. The heterogeneous kinetics was studied 

and the obtained β values at alkaline media were greater than the ones observed 

in acidic media due to the occurrence of the cyclization. Finally, the oxidation 

mechanism to epinephrine was proposed. 
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Introduction 

Epinephrine (Epi) is a neurotransmitter with a wide biological relevance, 

not only due to its signalling functions in the central neurosystems but also for its 

essential cardiac functions. [1] In the 80’s, it was also linked with mental 

disorders, such as anxiety syndrome, [2] panic attacks [3] and post-traumatic 

stress [4], drawing a lot of attention to Epi as a biomarker to some disorders. 

Chemically, it is a catecholamine that can be easily oxidized by the atmospheric 

O2, with a subsequent intramolecular Michael addition, which leads to a cyclic 

compound. [5,6] In aqueous media (pH > 3.0, using spectroelectrochemistry) [7], 

its oxidation mechanism is often presented in the literature as an electrochemical-

chemical-electrochemical (ECE) mechanism, with each E step being a single-

step reversible transfer involving two-protons and two-electrons. The most 

common representation of Epi oxidation mechanism is illustrated in scheme 1. [6] 

 

Scheme 1: Most accepted oxidation mechanism of Epi in aqueous media (pH > 

3.0). [6,7] 
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Recently our group addressed the oxidation mechanism of dopamine at 

near neutral media. It was observed that dopamine, a molecule which is 

structurally similar to Epi, oxidizes in an EECEE mechanism with a potential 

inversion, which is typical of the catechol group. This effect is usually related to a 

variation on the solvation of reactants and products, hence shifting the formal 

potential of the following step to a less positive potential than the initial one (𝐸𝑓1
0 >

 𝐸𝑓1′
0 ). [8,9] Observing the Epi reactivity, it should most likely oxidize as dopamine, 

in a multi-step oxidation of sequential one-electron processes instead of the 

traditionally accepted mechanism (Scheme 1). This multi-step process is 

generally presented as an EECEE, as schematized in equations 1 to 5.  

𝐴 ⇌ 𝐵′ + 𝑒−   𝐸𝑓1
0    (1) 

𝐵 ⇌ 𝐶′ + 𝑒−   𝐸𝑓1′
0    (2) 

𝐶 
𝑘𝑓
→  𝐷       (3) 

𝐷 ⇌ 𝐸′ + 𝑒−   𝐸𝑓2
0    (4) 

𝐸 ⇌ 𝐹′ + 𝑒−   𝐸𝑓2′
0    (5) 

This hypothesis of a multi-step oxidation mechanism is backed up by the 

literature such as the one by Kalyanaraman et al., who studied the Epi oxidation 

using electron spin resonance, which shows the formation of the semi-quinone 

derivative (EpiQ). Therefore, presenting a relatively stable intermediary, and 

strongly suggesting that Epi do not directly oxidize in a single step proton coupled 

electron transfer involving two electrons and two protons [10]. Similarly, Manini 

et al., Graham et al., and Garnayak et al., studied the biological oxidation 

pathways of Epi and also observed the formation of the semi-quinone 
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intermediary (EpiQ) and other metabolites [11–13], although Garnayak et al. 

reported the oxidation with the usual mechanism.  

Another typical characteristic of the catecholamines is to undergo an 

intramolecular Michael addition from the amine moiety in the catechol ring after it 

oxidizes, forming a quinone derivative. Among the catecholamines, Epi is 

reported to have the most favoured cyclization rate, followed by norepinephrine 

and dopamine, with normalized rates of 1, 10 and 1000, respectively. [6,14,15] 

This chemical step exerts a great influence on the electrochemical processes that 

both precede and follows it, thus, affecting their respective thermodynamic and 

kinetic parameters, as observed in dopamine. [8,16].  

 As aforementioned, Epi is a very relevant biomolecule, which leads 

several groups to analytically address Epi. Most of them focus on its detection, 

such as Hernández el al., which uses carbon fiber electrodes to detect Epi using 

cyclic voltammetry (CV) [17]. Although most of the works uses modified 

electrodes to avoid the fouling effects of Epi oxidation products. Therefore, 

distinct modification strategies were utilized, such as the use of micellar 

compounds [18], cobalt (II) hexacyanoferrate films [19], graphene nanoribbons 

[20], carbon paste modified with extract of  cara root (Dioscorea bulbifera) [21] and 

with iron phthalocyanine [22], multi-walled carbon nanotubes (MWCNT) [23], 

CNT yarn [24], modified with Epi itself [25], graphene oxide nanosheets [26], nano 

composites (ZnO/ MWCNT) [27], CNT [28], S-functionalized Au nanoparticles 

[29], flower like zinc oxide nanosheets with in situ growth ferrocene functionalized 

graphene framework [30]. 

In addition, to the modified electrodes and functionalized electrodes, 

biosensors with horseradish enzyme were used [31], Metal-Organic-Frameworks 
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(MOF) [32], conducting polymers [33], screen-printed graphite polyurethane 

modified with chitosan and coated with magnetic nanoparticles [34], silica gel film 

[35], electrochemiluminescence from ZnO nanoparticles modified in pencil 

graphite electrodes [36]. Most of these works rely on the Epi oxidation as a 

reversible two-electron single step transfer. A repagination of the Epi’s oxidation 

mechanism could not only aid the authors by facilitating their material design to 

achieve the desired effect, but also help to understand the complex biopathway 

and signalling effects of the neurotransmitter.  

 Therefore, this work aims to revisit the most accepted electrochemical 

mechanism of Epi, which implies an ECE mechanism involving a two-electron 

single step in each electrochemical process, addressing both thermodynamic and 

kinetic aspects of the heterogeneous processes as well as the influence that the 

cyclization reaction exerts on them.  

Experimental 

Chemical and reagents 

All solutions were prepared using deionized water from a reverse osmosis 

device (Gehara Co., model of ultra-pure OS10LX system, water resistivity 18 

MΩcm). The 0.1 mol L−1 phosphate buffer solutions (PBS) were prepared by 

solubilizing and diluting, respectively, the appropriate amount of NaH2PO4 and 

H3PO4 (Merck) in deionized water and the pH values were adjusted by the 

addition of a 4.0 mol L−1 NaOH (Merck) solution. The 10.0 mmol L-1 Epi stock 

solutions were obtained by solubilizing the appropriated amount in 0,1M PBS, pH 

7.4. The electrochemical measurements were performed in 1,0 mmol L-1 

solutions. Therefore, 0.5 mL of the stock solution was diluted in 4.5 mL of the 

appropriated PBS. The Epi stock solutions were freshly prepared before each 



 

254 

 

experiment, to prevent any previous oxidation of the neurotransmitter. The 

volumes were measured using EP-10 and EP-100 from Unipette Microliter 

Pipettes (Uniscience, Brazil). All experiments were performed at room 

temperature (25 ± 3 °C). 

Apparatus 

All pH measurements were performed using a model 654 pHmeter and a 

combined glass electrode, model 6.0203.100 (OE), both from Metrohm. All 

electrochemical experiments were performed in a potentiostat/galvanostat 

PGSTAT 101, Metrohm AUTOLAB, connected to an IME663 interface stirring 

device. Data processing was done by version 1.11.4 of NOVA software and the 

software Origin 2019. A Glassy Carbon Electrode (GCE) with a diameter of 3.0 

mm was used as a working electrode, a Silver/ Silver Chloride (+ 0.222 V vs. 

SHE) in a saturated solution of potassium chloride, and a platinum wire were 

used as a reference and auxiliary electrodes, respectively, in an electrochemical 

cell of 10 mL. Before each experiment, the electrochemical cell was degassed 

with industrial N2, and the GCE was polished using diamond spray suspensions 

with a decreasing particle size of 3.0, 1.0 and 0.1 μm from Kemet (Maidstone, 

UK) on a polishing pad from Buehler (Lake Bluff, Illinois, USA). The solutions 

were stirred before each electrochemical measurement. 

Electrochemical procedures 

Cyclic voltammograms (CV) were performed by sweeping the potential 

from 0.0 V to 1.0 V, then back from 1.0 to −0.6 V, and finally from -0.6 V to 0.0 V. 

The scan rates were varied between 0.01 and 10.0 V s−1. The square wave 

voltammograms (SWV) were performed by sweeping the potentials from -0.6 V 

to 1.0 V, and in separate procedures from 1.0 V to -0.6V. The experimental 
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parameters were:  step potential of 2.0mV, pulse amplitude of 20.0 mV and a 

frequency of 50.0 Hz, resulting in a voltage scan rate of 0.1 V s-1. All simulations 

were performed using the DigiElch 8 software from Gamry Instruments 

(Warminster, PA, USA) 

Results and Discussion 

For this section, the Epi’s oxidation mechanism was constructed using 

voltammetry. The first part consisted in using CV with varying scan rates to 

observe the behaviour of epinephrine’s processes. In sequence, SVW was used 

to further elucidate the reversibility of the redox pairs as well as the presence of 

the chemical reactions. Going further, theoretical predictions allied with 

experimental data were used to discriminate each Epi’s mechanism and identify 

the number of electrons in each process. Then, by applying the effective number 

of electrons method, the kinetics involved in each of the electron’s transfers was 

established and the kf for the cyclization estimated. Finally, digital simulations 

were obtained for the voltammograms using the classical and the revised 

oxidation mechanism and compared with the experimental data to further support 

the thermodynamic and kinetic parameters obtained experimentally. Finally, Tafel 

plots and charge transfer coefficient analysis allowed the validation of the 

simulations and a more detailed oxidation mechanism was proposed. 

Cyclic and Square Wave Voltammetry – the electrochemical behaviour of 

epinephrine 

To observe the behaviour of Epi, cyclic voltammograms of 1.0 mM Epi 

solution in 0.1 M PBS, at pH 7.4 were obtained at different scan rates. Figure 1 

shows that Epi presents four processes, two oxidations (process I and IV) and 
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two reductions (process II and III), in which two redox pairs are formed (steps I/ 

II and III/ IV).  

It is noteworthy that three of four processes (processes I, III and IV) are 

present in all scan rates, as process II is only visible at very fast scan rates (ν ≥ 

10 V s-1). Both I/ II and III/ IV pairs appear to be irreversible as the peak potentials 

shift with the increase of the scan rate.  

Finally, process II appears to be supressed by the chemical step which 

follows process I, resulting in electrochemical irreversibility due to chemical 

consumption of the product. [37–40] The peak potentials and peak currents of 

each process at each scan rate are presented in table S1. 

 

Figure 1: Typical CVs of Epi solutions in 0.1M PBS, pH = 7.4 at different scan 

rates, from 0.01 to 10.0 V s-1.  
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 Square wave voltammograms were then performed to better elucidate the 

electrochemical processes, and observe the chemistry which follows the step I. 

Figure 2A shows SWV from -0.6 V to 1.0 V. It is possible to observe that both 

forward and backward current present a similar intensity and the same peak 

potentials (approximately 0.38 V), confirming that processes I and II form a 

reversible couple, although the CV suggests an irreversible behaviour. 

Furthermore, figure 2B shows SWV from 1.0 V to -0.6 V, where, unlike figure 2A, 

it is possible to see the redox pairs I/ II and III/ IV. The latter processes present a 

behaviour similar to the former, confirming that III/ IV do form a reversible couple, 

although the CV results again indicate irreversibility. In addition, the presence of 

processes III and IV in the SWV recorded with a potential sweep from positive to 

negative potentials confirm the dependence of processes III/ IV on the processes 

I/ II and the chemical step that follows.  

Therefore, the voltammograms show an ECE mechanism, agreeing with 

the literature. On the other hand, the literature suggests two reversible processes 

that will sandwich the chemical step, a result that is in conflict with the ones 

obtained with the CV. To further explore this divergence, the Randles-Sevcik 

equations were plotted to provide a theoretical prediction and discrimination of 

the mechanism. 
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Figure 2: Typical SWV of Epi solutions in 0.1M PBS, pH = 7.4. A) Swept from -

0.6 V to 1.0 V. B) Swept from 1.0 V to -0.6 V. 

Randles-Sevcik equation and oxidation mechanism discrimination 

To elucidate these results, the Randles-Sevcik theoretical predictions 

were used. These equations describe the theoretical behaviour of a reversible 

process, Equation 1, or multi-step irreversible process, Equation 2. [41] 

Comparing the experimental results with theoretical predictions, not only more 

information regarding the reversibility of the processes can be acquired, but it 

also allows us to find the rate-determining step. 

 𝐼𝑝 = 0.446 𝑛 𝐹𝐶𝐴√𝑛𝐹𝜐𝐷
𝑅𝑇⁄      (6) 

𝐼𝑝 =  0.496√𝑛′ +  𝛽 𝐹𝐶𝐴√𝑛𝐹𝜐𝐷
𝑅𝑇⁄     (7) 

where Ip is the peak current in A, n is the overall number of electrons transferred, 

n’ is the number of electrons prior to the rate-determining step, β is the anodic 
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charge transfer coefficient, F is the Faraday Constant in Coulomb mol-1, C is the 

concentration in mol cm-3, A the electrode area in cm2,  is the scan rate in V s-1, 

R is the Gas Constant in J K-1 mol-1 and T is the temperature in K. A diffusion 

coefficient (D) of 1.03 x 10-5 cm s-1 was used.  

 Figure 3 shows the comparison between the Randles-Sevcik theoretical 

predictions for three distinct mechanisms, a multi-step two-electron oxidation with 

and without a prior electron being transferred before the rate determing step, and 

a single step involving two electrons. The experimental results were plotted to 

show the best fit. Figure 3 also shows the experimental data obtained from the 

CV.  

It can be observed that the experimental values fit the multi-step 

irreversible case, with the rate-determining first step. Thus, this result strongly 

suggests that process I occurs in an EE mechanism, two sequential one-electron 

oxidations, that are then followed by a chemical step, corroborating the data 

observed in figure 1, rather than supporting the two-electron single step that is 

commonly proposed in the literature. 
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Figure 3: Plot of the Epi oxidation peak current as a function of the square root of 

the scan rates, compared to the theoretical plots of Randles-Sevcik equations 

(Black square – Epi experimental peak current values; blue – reversible, n=2; 

dark gray – Multi-step irreversible n’=1, n=2, β=0.5; red – Multi-step irreversible 

n’=0, n=2, β=0.5), Electrode Area = 0.071 cm2, D = 1.03 x 10-5 cm s-1. 

The kinetics of the epinephrine cyclization  

 The Randles-Sevcik equations show that Epi oxidizes in an EE 

mechanism. Following the electrochemical steps, an intramolecular Michael 

addition occurs, as evidenced by the voltammograms. To obtain the kinetics of 

this chemical step, the method of effective number of electrons transferred was 

performed. The values of napp were obtained by the ratio of the experimental peak 

current values per the theoretical predictions of the multi-step irreversible 

Randles-Sevcik equation, and the results were then compared with an 
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experimental working curve in figure S2 (napp vs log λ), where (λ) is the 

dimensionless parameter. [42,43] The λ values were then plotted as a function of 

the inverse of the scan rate to obtain the kf of the cyclization reaction, according 

to equation 8. [8,9,38,41,43] 

𝜆 = (𝑅𝑇
𝐹⁄ )

𝑘𝑓
𝜐⁄       (8) 

Figure 4 shows an expected linear correlation, with a slope that provides 

kf = 18.9 s-1, which is in good agreement with the literature, and a much higher 

value than the 0.24 s-1 observed for dopamine. [8,44] 

This difference between the rates of the cyclization reactions is due to the 

methyl-amine moiety of Epi. The donor effect of the methyl group increases the 

nucleophilic characteristics of the non-ligand electrons of the amine, hence 

increasing the rate of the chemical step in comparison with dopamine. 
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Figure 4: Dimensionless parameter (λ) as a function of the inverse of the scan 

rate. 

Since the electrochemical steps are proton-coupled electron processes 

(PCEP) [9], the Pourbaix diagram (Peak process values versus pH) was obtained 

for each process (I to IV). 

The influence of pH on the cyclization chemical step 

To obtain the number of protons and electrons involved in each process, 

CVs were obtained at different pH values. These results can be seen in figure 

S3.  

In figures 5A, S3, S4 and S5 the peak potential value of process I can be 
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pKa of the process can be observed at pH 5.21, which corresponds to the 

deprotonation of the ammonium moiety that is formed in acidic media (𝐻𝐸𝑝𝑖+  ⇌

𝐻+  + 𝐸𝑝𝑖), eq. 9, [45] as this step act as a “rate determining step” to the 

electrochemical mechanism since the non-ligand electrons of the amine moiety 

are not available to perform the Michael addition, the process II can be observed 

at pH < 5.21. On the other hand, the deprotonation of HEpi+ acidic media is 

followed by two sequential proton coupled electron transfers (involving one 

electron and one proton each) that will convert the Epi into its quinone derivative 

(EpiQ). The latter then undergoes the cyclization process, which also involves a 

deprotonation, thus supressing the process II. Hence, this ‘C’EEC processes can 

be summarized by the following equations 9 to 12:  

 

𝐻𝐸𝑝𝑖+  ⇌ 𝐻+  + 𝐸𝑝𝑖     K0 (9) 

𝐸𝑝𝑖 ⇌ 𝐻+ +  𝑒− + 𝐸𝑝𝑖𝑆𝑄     E0
f1 (10) 

𝐸𝑝𝑖𝑆𝑄  ⇌ 𝐻+ + 𝑒− + 𝐸𝑝𝑖𝑄     E0
f2 (11) 

𝐸𝑝𝑖𝑄  ⟶ 𝐸𝑝𝑖𝑐𝑦𝑐𝑙𝑖𝑧𝑒𝑑 + 𝐻+    K1 (12) 

 

As a consequence of these sequential steps, the peak potentials, as state 

function, are expressed by the sum of each step, resulting in a complex Nernst 

equation that involves four protons and two electrons. Hence, two protons for 

each electron involved, and so differing from the expected 59 mV per dec. [45] 

These processes are summarized in scheme 2. 

In figure 5B the peak potentials of process II can be observed in the same 

pH window. Process II presents a variation of 52 mV per dec of pH, thus 

suggesting the transfer of the same number of protons and electrons.  
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Figure 5C shows the peak potential value of process III as a function of 

pH. The curve presents a break at pH = 8, which suggests the pKa of the cyclic 

derivative. It can also be related to a coupled reaction at this value, a 

polymerization. [46,47]. Besides that, the curve presents a slope of 53 mV per 

dec of pH. This suggests that process III involves the same number of protons 

and electrons.  

Finally, figure 5D do not present a break, hence no pKa was observed to 

process IV. In addition, it presents a slope of 52 mV per dec of pH. In conclusion, 

process IV also involves the same amount of protons and electrons. 

 

Figure 5: Pourbaix diagram (Peak potential values as a function of pH) of Epi 

processes. A) Process I, B) Process II, C) Process III, D) Process IV.  
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Scheme 2: Schematic representation of the Epi oxidation behaviour as a 

function of pH.  

To reinforce the difference between the single-step two-electron reversible 

transfer and the proposed multi step irreversible process, and to better observe 

the which mechanism better fits the experimental results, both mechanisms were 

simulated and compared with the obtained voltammograms. 

Digital simulations 

 In this section, the experimental data obtained was used to simulate the 

electrochemical mechanism of Epi and compare with the most accepted one in 

the literature, a two-electron transfer in a single step. The digital simulations were 

used due to their capacity to validate the parameters obtained in both 

thermodynamic and kinetic measurements, even for a complex system such as 

Epi, as demonstrated by Rudolph. [48,49] As proposed in previous sections, the 
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oxidation processes of Epi occur in an EECEE mechanism, and so the 

mechanism imputed in the digital simulations can be observed in Tables 2 and 3. 

Table 2: Mechanistic steps used to simulate the Epi multi-step irreversible and 

single step 2e- systems. 

Multi-step irreversible mechanism 

Step order Mechanism 

simulated 

Correspondence Type of step 

1st A – e- → B A/B Electrochemical 

2nd B – e- → C B/C Electrochemical 

3rd C → D C/D - Cyclization Chemical 

4th D – e- → E D/E Electrochemical 

5th E – e- → F E/F Electrochemical 

Single step 2e- reversible 

Step order Mechanism 

simulated 

Correspondence Type of step 

1st A – 2e- → B A/B Electrochemical 

2nd B → C B/C - Cyclization Chemical 

3rd C – 2e- → D C/D Electrochemical 

 

Table 3: Optimized parameters for each simulated step, chemical and 

electrochemical. 

Multi-step irreversible mechanism 

Step 𝐸𝑓
0 / V k0 / cm 

s-1 

α D / cm2 s-1 
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A/B 0.375 0.01 0.5 1.03 x 10-5 

B/C 0.175 0.001 0.5 1.03 x 10-5 

D/E -0.175 0.0025 0.5 1.03 x 10-5 

E/F -0.295 0.1 0.5 1.03 x 10-5 

Step K kf / s-1 kb / s-1 

C/ D - 

Cyclization 

1.0 x 105 18.9 1.89 x 10-4 

Single step 2e- reversible 

Step 𝐸𝑓
0 / V k0 / cm s-1 α D / cm2 s-1 

A/ B 0.362 103 0.5 1.03 x 10-5 

C/ D -0.241 103 0.5 1.03 x 10-5 

Step K kf / s-1 kb / s-1 

B/ C - 

Cyclization 

1.0 x 105 18.9 1.89 x 10-4 

 

 Figure 6 shows the simulated and experimental CVs at the respective scan 

rates. When compared with the experimental data, the two-electron transfer in a 

single reversible step simulation presents higher peak current values and 

dislocated peak potential values. However, the multi-step irreversible mechanism 

presents a great fit. 
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Figure 6: Experimental and simulated CVs of Epi. The simulations were obtained 

with the parameters presented in Tables 1 and 2. 

To further corroborate the multi-step mechanism, the validation of the 

simulations was performed by Tafel analysis. 

Tafel analysis and validation of the simulations 

 To better evaluate the heterogeneous kinetics of this process, the Tafel 

analysis was conducted. It shows a correlation of the wave shapes of the process 

I with the kinetics of the the respective electrochemical process. In an anodic 

analysis, the following charge transfer coefficient (β) can be reckoned according 

to equation 13. [50,51] 

𝛽(𝐸) =
𝐹

𝑅𝑇
 
𝑑𝑙𝑛 𝐼

𝑑𝐸
     (13) 

 The respective analyses were performed according to Lin et al., [52], and 

the transfer coefficients of the process I as a function of the scan rate were 
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compared to both simulated and experimental voltammograms. Since each 

heterogeneous step was simulated with an α value of 0.5, any shifts in the β 

values from the Tafel analyses are a consequence of the mechanism influence 

on the electrochemical process. These values are presented in Table S1 and 

Figure 7.  

Figure 7 shows β values as a function of the scan rates from the 

experimental data and both the mechanisms simulated. A significant divergence 

can be observed between the experimental and single-step two-electron transfer 

simulated data, but the transfer coefficients of the experimental and multi-step 

irreversible simulation converge, thus corroborating the multi-step irreversible 

mechanism prediction, since the β values are directed related to the DG‡ of the 

process, as can be observed in equation 14. [53] 

𝛽 =  
1

2
 (1 + 

∆𝐺‡

𝜆
)    (14) 
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Figure 7: Comparison between the experimental and simulated β values. 

In previous sections, the Randles-Sevcik equations predicted a multi-step 

two-electron process with no prior step to the rating-determining step (n’=0) to 

process I, a result that is in alignment with the obtained Tafel values (0 < β < 1), 

indicating the first step as the rating determining one. Using the Gibbs energy 

prediction provided by the software ChemDraw Ultra version 12.0.2.1076 by 

Cambridge Soft, the reaction coordinate was obtained, and its results compared 

with the Randles-Sevcik and charge-transfer coefficient predictions. 

Figure 8 shows the Gibbs energy obtained for each of Epi’s intermediate 

derivatives. The results suggest that the first step presents a higher energy, thus 

being the rating determining step, which matches the previous predictions.  
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Figure 8: A) Diagram of Gibbs energy as a function of the reaction coordinate of 

the oxidation of Epi. B) Schematic representation of the Gibbs energy as a 

function of the reaction coordinate, illustrating each product and intermediate 

formed. 

Based on the obtained data, the digital simulations, Gibbs energy and 

Tafel analysis, the following mechanism is proposed.  
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Scheme 3: Proposed electrochemical mechanism to Epi’s processes I, II, III and 

IV with the follow-up cyclization. 

Conclusions 

In summary, the classic epinephrine’s ECE mechanism was revisited. The 

data obtained suggests that its mechanism is in fact a multi-step irreversible 

mechanism with a very fast intramolecular cyclization, an EECEE with a potential 

inversion, instead of a couple of two-electron processes in a single-step transfer. 

Moreover, the electrochemical and chemical steps are pH dependent. Based on 

Tafel analysis, digital simulations, and Gibbs energy and Randles- Sevcik 

predictions, a more detailed electrochemical mechanism was proposed to 

epinephrine. 
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Appendix 7 - New insights on the electrochemical mechanism of 

epinephrine on glassy carbon electrode – Supplementary 

material 

 

Table S1: Peak potentials and peak currents of the processes I, II, III and IV in 

each scan rate from figure 1. 

v/ V 

s-1 

Peak 

potenti

al 

proces

s I/ V 

Peak 

potenti

al 

proces

s II/ V 

Peak 

potenti

al 

proces

s III/ V 

Peak 

potenti

al 

proces

s IV/ V 

Peak 

curren

t 

proces

s I/ μA 

Peak 

curren

t 

proces

s II/ 

μA 

Peak 

curren

t 

proces

s III/ 

μA 

Peak 

curren

t 

proces

s IV/ 

μA 

0.01 0.343 -- -0.266 -0.141 16.28 -- -5.52 1.65 

0.02 0.343 -- -0.252 -0.159 20.04 -- -7.07 2.89 

0.05 0.391 -- -0.295 -0.139 26.44 -- -8.78 3.30 

0.10 0.3991 -- -0.286 -0.129 36.56 -- -9.98 5.09 

0.20 0.426 -- -0.288 -0.117 48.70 -- -15.25 5.72 

0.50 0.462 -- -0.309 -0.091 70.95 -- -22.99 6.75 

1.00 0.490 -- -0.337 -0.079 101.3 -- -26.13 5.76 

2.00 0.539 -- -0.357 -0.059 135.7 -- -32.53 4.74 

3.00 0.541 -- -0.351 -0.042 164.0 -- -39.55 4.29 

5.00 0.594 -- -0.373 -0.040 198.4 -- -39.31 4.06 

10.0

0 

0.639 -0.020 -0.399 -0.040 259.1 -7.35 -50.69 3.15 
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Randles-Sevcik equation and oxidation mechanism discrimination 

 

The cronoamperogram was obtained by applying a potential of 0.7 V vs 

Ag/AgCl, KCl(sat.) for 200 s, and the diffusion coefficient was obtained by the 

linearization of the Cottrell equantion (I vs t-1/2). 

To obtain the Randles-Sevcik theoretical predictions, a cronoamperometry 

of the system was obtained. The linearization of the cronoamperogram indicates 

a diffusion coefficient of 1.03 10-5 cm s-1. 
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Figure S1: Cronoamperogram of 1.0 mM of Epi in 0.1 PBS, pH=7.4 and its 

respective linearization (insert) 
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Kinetic analysis of the Epinephrine cyclization chemical step 

 

The number of effective electrons method 

 This method consists of the correlation between the number of electrons 

(napp) and the peak current observed in a system in which a chemical step is 

coupled to the electrochemical one. This correlation was obtained throughout an 

experimental working curve of the dimensionless parameter λ and the number of 

electrons observed (napp) 

𝑛𝑎𝑝𝑝 =  𝑛1 + 𝑛2 (1 − 𝑒−𝜆)    (S1) 

where n1 is the number of electrons involved in the heterogeneous steps prior to 

a chemical reaction and n2 is the number of electrons involved in electrochemical 

steps following the chemical step [41] 
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Figure S2: Experimental working curve that correlates the apparent number of 

electrons and the dimensionless parameter λ. 

 

The influence of pH at the cyclization chemical step 

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-60

-40

-20

0

20

40

60

80

100

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-60

-40

-20

0

20

40

60

80

100

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-40

-20

0

20

40

60

80

100

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-40

-20

0

20

40

60

80

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-40

-20

0

20

40

60

80

100

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-60

-40

-20

0

20

40

60

80

100

120

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-60

-40

-20

0

20

40

60

80

100

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-100

-50

0

50

100

150

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-30

-20

-10

0

10

20

30

40

50

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-100

-50

0

50

100

150

I 
/ 

m
A

E vs Ag/ AgCl(sat.) / V

pH = 1.0

 n = 10 mV s-1

 n = 20 mV s-1

 n = 50 mV s-1

 n = 100 mV s-1

 n = 200 mV s-1

 n = 500 mV s-1

 n = 1000 mV s-1

I 
/ 

m
A

E vs Ag/ AgCl(sat.) / V

pH = 3.0

 n = 10 mV s-1

 n = 20 mV s-1

 n = 50 mV s-1

 n = 100 mV s-1

 n = 200 mV s-1

 n = 500 mV s-1

 n = 1000 mV s-1

I 
/ 

m
A

E vs Ag/ AgCl(sat.) / V

pH = 4.0

 n = 10 mV s-1

 n = 20 mV s-1

 n = 50 mV s-1

 n = 100 mV s-1

 n = 200 mV s-1

 n = 500 mV s-1

 n = 1000 mV s-1

I 
/ 

m
A

E vs Ag/ AgCl(sat.) / V

pH = 5.0

 n = 10 mV s-1

 n = 20 mV s-1

 n = 50 mV s-1

 n = 100 mV s-1

 n = 200 mV s-1

 n = 500 mV s-1

 n = 1000 mV s-1

I 
/ 

m
A

E vs Ag/ AgCl(sat.) / V

pH = 6.0

 n = 10 mV s-1

 n = 20 mV s-1

 n = 50 mV s-1

 n = 100 mV s-1

 n = 200 mV s-1

 n = 500 mV s-1

 n = 1000 mV s-1

I 
/ 

m
A

E vs Ag/ AgCl, KCl(sat.) / V

pH=7.4

 n = 0.01 V s-1

 n = 0.02 V s-1

 n = 0.05 V s-1

 n = 0.10 V s-1

 n = 0.20 V s-1

 n = 0.50 V s-1

 n = 1.00 V s-1

I 
/ 

m
A

E vs Ag/ AgCl(sat.) / V

pH = 8.0

 n = 10 mV s-1

 n = 20 mV s-1

 n = 50 mV s-1

 n = 100 mV s-1

 n = 200 mV s-1

 n = 500 mV s-1

 n = 1000 mV s-1

I 
/ 

m
A

E vs Ag/ AgCl(sat.) / V

pH = 9.0

 n = 10 mV s-1

 n = 20 mV s-1

 n = 50 mV s-1

 n = 100 mV s-1

 n = 200 mV s-1

 n = 500 mV s-1

 n = 1000 mV s-1

I 
/ 

m
A

E vs Ag/ AgCl(sat.) / V

pH = 10.0

 n = 10 mV s-1

 n = 20 mV s-1

 n = 50 mV s-1

 n = 100 mV s-1

 n = 200 mV s-1

 n = 500 mV s-1

 n = 1000 mV s-1

I 
/ 

m
A

E vs Ag/ AgCl(sat.) / V

pH = 11.0

 n = 10 mV s-1

 n = 20 mV s-1

 n = 50 mV s-1

 n = 100 mV s-1

 n = 200 mV s-1

 n = 500 mV s-1

 n = 1000 mV s-1

 

 

Figure S3: CVs of Epi solutions in 0.1M PBS, pHs = 1.0, 3.0, 4.0, 5.0, 6.0, 7,4 at 

different scan rates, from 0.01 to 10.0 V s-1.  
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Figure S4: Pourbaix diagrams (Peak potential x pH) of processes A) I; B) II, C) 

III and D) IV.  
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Figure S5: Plot of HEpi+ % of species as a function of pH obtained with the 

software Marvin Sketch v21.20.0 from ChemAxon Ltd. 

 

Digital simulations 

Table S2: Peak potentials and peak currents of cyclic voltammograms 1.0 mM 

Epi solutions at 0.1M PBS, pH = 7.4 

Experimental Data 

ν/ V s-

1 

EapI/ 

V 

EapIII/ 

V 

EapIV/ 

V 

IapI/ 

μA 

IapIII/ 

μA 

IapIV/ 

μA 

0.01 0.351 -0.272 -0.165 12.36 -7.12 1.61 

0.05 0.400 -0.292 -0.126 25.42 -13.12 3.83 

0.10 0.414 -0.301 -0.117 35.12 -18.60 6.43 
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0.20 0.439 -0.302 -0.103 47.87 -24.86 9.24 

0.50 0.479 -0.317 -0.060 70.65 -39.29 14.82 

1.00 0.509 -0.352 -0.039 100.10 -52.36 20.0 

 

 

 

 

 

 

Table S3: Peak potentials and peak currents of Simulated Multi-step Irreversible 

simulated cyclic voltammograms, conditions presented at Table 2. 

Simulated Multi-step Irreversible 

ν/ V s-

1 

EapI/ 

V 

EapIII/ 

V 

EapIV/ 

V 

IapI/ 

μA 

IapIII/ 

μA 

IapIV/ 

μA 

0.01 0.351 -0.272 -0.164 12.47 -6.83 1.88 

0.05 0.401 -0.292 -0.127 26.35 -13.13 3.40 

0.10 0.413 -0.299 -0.116 35.19 -18.39 6.39 

0.20 0.439 -0.301 -0.103 48.09 -24.53 9.34 

0.50 0.478 -0.315 -0.060 69.89 -39.00 15.18 

1.00 0.510 -0.353 -0.038 101.09 -52.02 22.51 

 

Table S4: Peak potentials and peak currents of Simulated Simulated Single-

step 2e- Reversible simulated cyclic voltammograms, conditions presented at 

Table 2. 
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Simulated Single-step 2e- Reversible 

ν/ V s-

1 

EapI/ 

V 

EapIII/ 

V 

EapIV/ 

V 

IapI/ 

μA 

IapIII/ 

μA 

IapIV/ 

μA 

0.01 0.348 -0.250 -0.229 18.79 -10.44 7.36 

0.05 0.354 -0.259 -0.226 41.82 -23.18 16.01 

0.10 0.359 -0.261 -0.226 57.84 -32.84 23.58 

0.20 0.364 -0.261 -0.226 80.88 -46.12 31.94 

0.50 0.366 -0.262 -0.225 125.13 -72.90 51.83 

1.00 0.371 -0.263 -0.244 173.45 -102.53 70.51 

 

Tafel analysis and validation of the simulations 

 Table S5: Charge transfer coefficients (β) of the process I to the 

experimental data, multi-step irreversible and single step simulatation as a 

function of the voltage scan rate.  

ν / (V s-

1) 

Experimental Simulated Multi-step 

irreversible 

Simulated 2e- Single-step 

reversible 

0.01 0.644 0.631 1.956 

0.02 0.625 0.586 1.968 

0.05 0.514 0.511 1.970 

0.10 0.486 0.463 1.972 

0.20 0.476 0.451 1.976 

0.50 0.445 0.439 1.981 

1.00 0.419 0.423 1.982 
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Table S6: Gibbs energy obtained from ChemDraw for each molecule presented 

in figure 8  

 

 

 

 

 

 

Molecule DG/ kJ 

mol-1 

A 221.8 

B’ 231.58 

C’ 209.64 

C 187.7 

D 134.75 

E’ 144.53 

F’ 122.59 

F 100.65 
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Chapter 8 

 

The chemical interaction between the neurotransmitter dopamine and the 

antipsychotic drugs olanzapine and quetiapine. 

This chapter addresses the chemical reaction between the 

neurotransmitter dopamine and the antipsychotics olanzapine and quetiapine. 

The development of this work count with the aid of Estenio Marcondes, who 

participated in the data curation, writing and revising the original draft, Dr. Kevin 

Dias and Professor Leandro Helgueira whom extracted and purified the drugs, 

Marcelo Portes, who acquired the EPR data, Professor William Reis who aided 

in the discussions, data curation and revising the original manuscript, Professor 

Diogo Silva and Professor Alcindo dos Santos, whom aided with HPLC-MS to 

comprovate the adduct formation, and Professor Silvia Serrano who 

administrated the project. This manuscript is published at Journal of 

Electroanalytical Chemistry (DOI: 10.1016/j.jelechem.2020.114946) 

Mental disorders like schizophrenia affect about 0.7% of the world 

population. Nowadays, the treatment consists of atypical antipsychotic drugs, 

mainly olanzapine and quetiapine. In this paper, we observed the chemical 

interaction between both olanzapine and quetiapine, antipsychotic drugs, with 

dopamine in phosphate buffer solutions at physiological pH using cyclic and 

differential voltammetry techniques, UV-Vis and EPR spectra. A solution 

containing both antipsychotic drugs and dopamine resulted in a shift of 

dopamine’s redox processes, hindering its electrochemical oxidation. The 

chemical interaction was voltametrically investigated and a mechanism is 
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proposed. In addition, it was observed that the reactions of both drugs with DA 

are first-order, presenting kinetic rate constants of 1.5 10-2 s-1 and 9.0 10-3 s-1 for 

olanzapine and quetiapine, respectively, at pH = 7.4. To further evaluate the 

chemical reaction, a minimalist model between PIPES molecule and catechol 

was proposed and tested. The model presented a similar signal decrease and 

kinetic rate constant to those observed for both olanzapine and quetiapine 

reaction with dopamine, reinforcing the data obtained which strongly suggests 

that the chemical reaction occurs between piperazine and catechol moieties.  

Introduction 

 

Neurotransmitters are biomolecules which perform critical signalling 

functions, being responsible for the "communication" between cells and organs 

in animals and humans. [1] They are classified as catecholamines, indoleamines, 

amino acids, neuropeptides, cholinergic and free radicals. [1] The malfunctions 

of these neural signalling pathways have been associated with some mental 

disorders, like schizophrenia. [2] This disease affects about 0.7% of the world 

population. [3] Nowadays, the treatment consists mainly of the use of atypical 

antipsychotic drugs, among the highly used ones are Olanzapine (OLZP) and 

Quetiapine (QTP). [4] Although this new generation of drugs presents fewer side 

effects than the typical ones [4], it could still affect patient health. The precise 

causes of the side effects remain to be explored, as there are no conclusive 

reports in the literature. According to the biochemical hypothesis of 

schizophrenia, the excess of neurotransmitters interacting with the dopaminergic 

receptors would lead to hypersignallism, triggering the effects of the disease. [2,5] 
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To counter the disease, an antipsychotic drug should be able to interact with the 

receptors preventing this effect. [6,7]  

Before the 20th century, mental illnesses were treated with horrifying 

inhumane procedures such as electroshock therapy and lobotomy. [8,9] These 

“treatments” resulted in the intense stigmatization of patients in society, which 

persists until nowadays, regardless of the disease’s severity. Therefore, 

psychiatric patients are a frequent target of discrimination, which aggravates their 

psychological and psychiatric situation and hinders the lives of their families. [10–

14] 

  As a response, mental illnesses such as schizophrenia, mood disorders, 

and depression have been the focus of much attention by the medical and 

psychological fields, as well as by related ones. [9,10] Throughout the years, 

care provided to the patients has been changing significantly and periodical 

drug dosage revisions as well as psychological therapy are now usual 

procedures. [15–17] 

Recently, therefore, psychiatric diseases have been recognized and 

treated as such, even though the treatments, antipsychotic drugs, still presents 

extrapyramidal side effects. [3] To counter that, a new class, known as atypical 

antipsychotic drugs was created. [18–21] However minor the atypical 

antipsychotic-related extrapyramidal side effects may be. [4,22–24] they are 

significant and the literature still lacks studies regarding the chemical interactions 

between the drugs and neurotransmitters, which may be the cause of the side 

effects. [6,25]  
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Among the atypical medicines, two of the most used are olanzapine 

(OLZP) and quetiapine (QTP). [26] The chemical structures of both drugs are 

presented in Scheme 1. 

 

Scheme 1: Chemical structures of Olanzapine (OLZP) and Quetiapine (QTP). 

Chemically, OLZP is a diazepine derivative, which has attached to it a 

piperazine ring by an amidine group. QTP is a tiodiazepine derivative that also 

presents an amidine group followed by a piperazine group, as can be observed 

in scheme 1. The electrochemical oxidation mechanism of OLZP is partially 

described by Shahrokhian et al. [27] However, up to the moment, the literature 

still lacks information regarding the electrochemical mechanism of QTP. Due to 

their widespread utilization, analytical methods were developed to detect and 

quantify OLZP and QTP using several different techniques such as 

spectrophotometric techniques [28,29], chromatographic [30–32], and 

electrochemical methods. [27,33–35] 

Since the ’60s, neurotransmitters have been widely studied with 

electrochemical techniques and as a result, their electron transfer mechanisms 
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are well described in the literature. [36–38] Among neurotransmitters, Dopamine 

(DA) stands out due to its signalling functions not only in the brain but also in the 

peripheral organs. [1] Its oxidation occurs in the catechol moiety [38–42], in a 

process involving two electrons and two protons. [42,43] In sequence, the 

oxidation product of DA undergoes a follow-up chemical step, consisting of a 

Michael addition reaction performed by the amine moiety forming an indole ring 

[38], which can also be oxidized, in a redox process that also involves two 

electrons and two protons. Ultimately, dopaminechrome converts into 

indolequinone, which then polymerizes forming neuromelanin. This oxidation 

mechanism is illustrated in scheme 2. [38,42] 
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Scheme 2:  Schematic representation of the electrochemical redox mechanism 

of dopamine (DA), leading to neuromelanin. [38,42] 

Due to its utmost biological relevance, several studies utilize 

electrochemical methods to detect this vital metabolite, which may adsorb on 

glassy carbon surfaces, and so demands the use of modified electrodes to be 

accurately quantified. Different types of electrode modification were used, like 

melanin films on pyrolytic graphite [42], molecularly imprinted polymers (MIPs) 

[44], graphene sheets [45], and others using ionic liquid electrodes [46], carbon 

nanorods [47], etc.  

As mentioned above, the literature lacks a description of this chemical 

interaction between antipsychotic drugs and neurotransmitters, such as DA. 

Based on this, this paper aims to evaluate the occurrences of direct chemical 

interaction between the drugs OLZP and QTP and the neurotransmitter DA, as 

well as to obtain kinetic information of the related interaction reactions. 

 

Materials and methods 

Apparatus 

All pH measurements were performed using a model 654 pH meter and a 

combined glass electrode, model 6.0203.100 (OE), both from Metrohm. NMR 

spectra were obtained from the IQ-USP Analytical Centre using a 300 MHz 

Bruker equipment with ACS laboratory software. All the NMR data were obtained 

at an ambient temperature of 25 ± 3 °C. 

Chemicals and reagents 

All used reagents, except QTP and OLZP, were of analytical grade and used 

without prior purification. The solutions were prepared using deionized water from 
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a reverse osmosis device (Gehara Co., model of ultra-pure OS10LX system, 

water resistivity 18MΩcm). 0.1 mol L-1 phosphate buffer solutions (PBS) were 

prepared by solubilizing and diluting, respectively, the appropriate amount of 

NaH2PO4 and H3PO4 (Merck) in deionized water, and the pH values were 

adjusted by the addition of a 4.0 mol L-1 NaOH (Merck) solution. The volumes 

were measured using EP-10 and EP-100 from Unipettemicroliter Pipettes 

(Uniscience, Brazil). All experiments were performed at room temperature (25 ± 

3 °C) 

Olanzapine (OLZP) Extraction, Purification and 1H-NMR Analysis 

Ten tablets of Olanzapine (30 mg each) (Crisália Produtos Químicos 

Farmaceuticos Ltda, Production number: 17040039L) were pulverized in a ball 

mill until a fine powder (300-400 mesh) was obtained. Silica gel for flash 

chromatography (100 g) was added and the resulting solid mixture was 

transferred to a sintered glass Büchner funnel. Under vacuum, the solid mixture 

was washed with CHCl3:AcOEt (9:1) (250 mL x 2). The filtrate was concentrated 

under reduced pressure and a pale yellow powder was obtained. The residue 

was analysed by 1H-NMR (DMSO-D6, 300 MHz), where the presence of the 

excipient monocrystalline cellulose was verified along with OLZP. The residue 

was resolubilized in CHCl3 (300 mL) and subjected to successive liquid-liquid 

extractions. The first one was achieved by the formation of a biphasic system with 

an aqueous saturated solution of NH4Cl(aq) (150 mL x 2). After phase separation, 

NaHCO3(aq) saturated solution (150 mL x 2) was added to the organic phase. 

The remaining organic phase was washed with pH = 7.4 PBS (300 mL). The 

organic phase was dried over anhydrous MgSO4(s), filtered and concentrated 
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under reduced pressure. OLZP was obtained as yellow crystals (246 mg, 

extraction efficiency = 82%). 

OLZP CAS Number: #CAS: 132539-06-1; 1H NMR (DMSO-d6, 300 MHz): δ 

(ppm) = 7.12 (dt, 1H, J = 1.5 Hz, J = 5.7 Hz), 6.87–6.77 (m, 2H), 6.68 (dd, 1H, J 

= 2.0 Hz, J = 5.7 Hz), 6.34 (d, 1H, J = 1.2 Hz), 2.41 (t, 4H, J = 5.1 Hz), 2.26 (d, 

3H, J = 1.2 Hz),  2.24 (s, 3H), 2.18 (t t, 4H, J = 5.1 Hz); m.p. (ºC): 193-196 (lit. 

195). [48] The 1H NMR spectra obtained from OLZP extraction product is 

presented in figure S1. 

Quetiapine (QTP) Extraction, Purification and 1H-NMR Analysis 

Twenty tables of Quetiapine hemifumarate (2 mg each) (Crisália Produtos 

Químicos Farmaceuticos Ltda, Production number: 17070009L) were pulverized 

in a ball mill until a fine powder (300-400 mesh) was obtained. Silica gel for flash 

chromatography (70 g) was added and the resulting solid mixture was transferred 

to a sintered glass Büchner funnel. Under vacuum, the solid mixture was washed 

with MeOH:CH2Cl2 mixture (7:3 v/v) (100 mL x 5), followed by MeCN (100 ml x 

5). The filtrate was concentrated under reduced pressure and resolubilized in 

MeOH:MeCN (5:5 v/v) (50 mL). To the solution, NaOH (0.5 mmol, 20 mg) was 

added. The reaction mixture was kept under magnetic stirring for 4h at 50 °C. 

After this period, the reaction mixture was concentrated under reduced pressure 

and the residue was resolubilized in CH2Cl2 (100 mL) and subjected to 

successive liquid-liquid extractions. The first was achieved by the formation of a 

biphasic system with ultrapure water (50 mL x 2). After phase separation, 

NaHCO3(aq) saturated solution (50 mL x 2) washing was performed and after 

phase separation, the resulting organic phase was sequentially washed with 0.5 
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molL-1 HCl(aq) solution (50 mL x 2). The last extraction took place by washing the 

organic phase with a saturated solution of NaCl(aq) (100 mL). The organic phase 

was dried over anhydrous MgSO4(s) and, after filtration, the solution was 

concentrated under reduced pressure. QTP was obtained in the form of beige oil 

(29 mg, extraction efficiency = 73%). The 1H NMR of the product obtained after 

the extraction procedure is present in figure S2.  

QTP CAS Number: #CAS: 111974-69-7; 1H NMR (CDCl3, 300 MHz): δ (ppm) 

= 7.51 (d, 1H, J = 7.2 Hz), 7.41–7.29 (m, 4H), 7.18 (dt, 1H, J = 1.5 Hz, J = 7.8 

Hz), 7.07 (dd, 1H, J = 1.5 Hz, J = 7.2 Hz), 6.89 (dt, 1H, J = 1.5 Hz, J = 7.8 Hz), 

3.72–3.53 (m, 11H), 2.75–2.63 (m, 6H).[49]  

Electrochemical procedures 

All electrochemical experiments were performed in a potentiostat/galvanostat 

PGSTAT 101, Metrohm AUTOLAB, connected to an IME663 interface stirring 

device. Data processing was done by version 1.11.4 of NOVA software and the 

software Origin 2019. A Glassy Carbon Electrode (GCE) with a diameter of 3.0 

mm was used as a working electrode, a Silver/ Silver Chloride in a saturated 

solution of potassium chloride, (+0.222 V vs. SHE) and a platinum wire were used 

as a reference and auxiliary electrodes, respectively, in an electrochemical cell 

of 20 mL. Before each experiment, the GCE was polished using diamond spray 

suspensions with a decreasing particle size of 3.0, 1.0, and 0.1 μm from Kemet 

(Maidstone, UK) on a polishing pad from Buehler (Lake Bluff, Illinois, USA). The 

solutions were stirred before each electrochemical measurement. 

Cyclic voltammetry (CV) was performed by sweeping the potential ranging 

from -1.0 V to 1.5 V, then from 1.5 back to -1.0 V, and in a restricted potential 
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window from -0.3 V to 0.6 V. The scan rates were varied between 0.10 and 10.0 

V s-1. Differential pulse voltammograms (DPV) were performed by sweeping the 

potential from 0.0 V to 1.6 V. The parameters used were 25.0 mV of modulation 

amplitude, a modulation time of 50 ms, a potential step of 2.5 mV, and time 

interval between the pulses of 0.5 s resulting in a scan rate of ν = 5.0 mV s-1. The 

system was degassed with nitrogen gas for 15 minutes prior to the experiment 

when the potential window used was bellow -0.3 V to prevent any oxygen 

interference. 

EPR characterization 

EPR measurements were carried out utilizing continuous wave Bruker 

EMX equipment at X-Band (9,5Ghz), 20mW power and 3G of modulation 

amplitude with a high sensitivity cavity. The samples were analysed a quartz flat 

cell at room temperature (RT).  

 

Results and discussion 

 

This section initially describes the voltammetric behaviour of OLZP, QTP, 

DA, and of the solutions containing each drug and the neurotransmitter using 

cyclic voltammetries. The following section presents the differential pulse 

voltammograms and the kinetics studies of the chemical interaction between DA, 

OLZP, and QTP. The last section presents a minimalist model between PIPES 

and catechol to reinforce the role of the moieties responsible for the chemical 

interaction between the antipsychotic drugs with the neurotransmitter. 
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Cyclic voltammetry and the electrochemical behaviour of the molecules 

involved. 

 

The cyclic voltammograms were obtained in a wide potential window -1.0 

V to 1.4/ 1.5 V vs Ag/AgCl, KCl(sat.) to observe any voltammetric profile changes 

in solutions containing both the drugs (separately) and DA. 

Figure 1A shows the voltammetric profile of DA (grey line), OLZP (blue 

line), and the mixture of DA with OLZP (red line). DA presented the typical profile, 

two redox couples in an EECEE mechanism [38] around 0.2 V and -0.3 V and an 

irreversible oxidation process around 0.85 V. OLZP presents two oxidation 

processes, the first one in about 0.2 V, like DA. The second one occurs around 

0.9 V. 

In the solutions containing both compounds, DA’s first reduction peak (II) 

disappeared while the second reduction peak shifted to a more negative potential 

region around -0.5 V, while the DA  and OLZP oxidation peaks turn into a barely 

defined voltammetric peak, which extends from 0.2 to 0.4 V, and from 0.8 to 1.0 

V, respectively. In both cases, the sum of their current levels is less than those 

observed in a solution containing only DA (Figure 1A, black line) or OLZP (Figure 

1A, blue line). The potential shifts observed in DA’s electrochemical processes 

suggests that OLZP interacts with the electroactive groups, the catechol moiety, 

of DA.  

In figure 1B, the QTP voltammogram (blue line) presents three irreversible 

oxidation processes at 0.8, 1.1, and 1.4 V. The solution containing both QTP and 

DA presented the first and last processes at the same potentials. However, the 

second process shifted from 1.1 V to 1.2 V. It is also noticed that a peak around 
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0.4 V appears, suggesting that it is DA’s 0.2 V oxidation peak that shifted when 

in the presence of QTP or OLZP. To better comprehend these processes around 

0.2 V in both interactions, the potential windows were restricted to the range of -

0.1/ -0.3 V to 0.6 V, and the scan rates were varied.  

 

 

Figure 1: CV obtained using GCE in a solution containing: A) 1.0 mM DA solution 

(grey); 1.0 mM OLZP solution (blue); 1.0 mM DA and OLZP (red), in 0.1 M PBS, 

pH = 7.4, at the scan rate of 100 mV s-1. B) 1.0 mM DA solution (grey); 1.0 mM 

QTP solution (blue); and 1.0 mM DA and QTP (red), in 0.1 M PBS, pH = 7.4, at 

the scan rate of 100 mV s-1. 

The potential window was then restricted to the first electrochemical steps 

of both OLZP and DA, to observe the potential chemical interaction between 

them. As previously reported [38], DA oxidizes in a quasi-reversible process 

involving a two-step one electron transfer mechanism, which is followed by a 

chemical step in gold electrodes; a similar oxidation was observed at GCE. As 

presented in figure 2A, at slow scan rates (20 mV s-1), DA’s oxidation process 

does not present a cathodic component, due to the chemical step. As the scan 



 

304 

 

rate increases, the heterogeneous rate constant becomes more significant than 

the homogeneous one, and as a result the cathodic process can be observed. As 

expected to a quasi-reversible process, the peak potentials shift with the increase 

of the scan rate. 

OLZP presents a reversible process with a formal potential (E0
f) of 0.197 

V vs Ag/AgCl, KCl(sat.). As can be observed by the oxidation peak potential, it 

barely shifts with the increase of scan rate. On the other hand, unlike DA, it does 

not present the reversible component at slow scan rates, figure 2B. Therefore, 

OLZP’s oxidation process is also followed by a chemical step, resulting in an 

electrochemical irreversibility caused by a chemical follow up step.[50] 

As previously observed in figure 1A, the OLZP and DA interaction results in a 

shift of the DA’s oxidation process to more positive potentials, figures 2C and D.  

It was attributed to DA’s oxidation process because it is quasi-reversible, 

and the first oxidation process presents a peak potential that barely shifts, as 

OLZP’s process. Moreover, the OLZP’s cathodic process only becomes visible in 

the mixture at higher scan rates (>1,000 mV s-1) when compared to the 

voltammetric profile of OLZP alone, that appears at ν=50 mV s-1. This result 

suggests that the oxidation product of OLZP interacts with DA in a chemical step, 

which consumes this product, and therefore OLZP’s cathodic process is not 

visible until very higher scan rates. It also shifts the DA’s oxidation process, which 

is no longer observed in about 0.2 V vs Ag/AgCl, KCl(sat.). 
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Figure 2: CV obtained using GCE in a solution containing: A) 1.0 mM DA solution; 

B) 1.0 mM OLZP solution; C) and D) 1.0 mM DA and OLZP, in 0.1 M PBS, pH = 

7.4, at different scan rates. 

  Figure 3B shows that QTP only presents three oxidation processes at 

scan rates bellow 200 mV s-1, and does not present any oxidation process in the 

potential windows between -0.1 and 0.6 V. However, in a solution containing both 

DA and QTP, DA’s oxidation processes shifted in a similar way to that which was 

previously observed to OLZP, figures 3C and 3D. This result corroborates the 



 

306 

 

previous conclusion (figures 2C and 2D) that DA’s peaks shifted and OLZP’s one 

remained at the same potential.  

 

 

Figure 3: CV obtained using GCE in a solution containing: A) 1.0 mM DA; B) 1.0 

mM QTP; C) and D) 1.0 mM DA and QTP, in 0.1 M PBS, pH = 7.4, at different 

scan rates. 

 Comparing the results presented in figures 2C and 2D with figures 3C and 

3D, it was noticed that the peak potentials from DA’s first oxidation process shift 
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similarly when in the presence of the drugs, as can be observed in figure 4A, 

which strongly suggests that a reaction occurs involving the moiety which is 

common to both molecules, the piperazine ring. This group tends to undergo 

oxidation around 1.0 V vs Ag/AgCl. [51,52]  

To endorse that the reaction occurs via a similar mechanism to both 

OLZP’s and QTP’s reactions, and therefore in the analogous moieties of the 

drugs, the charge transfer coefficients were obtained since the β values can be 

described as: 

𝛽 =
1

2
 (1 + 

∆𝐺‡

𝜆
)     (1) 

where β is the charge transfer coefficient, ∆𝐺‡is the standard Gibbs energy of 

activation in kJ mol-1 and λ is the reorganization energy in mol kJ-1. [53]  Figure 

4B shows the β values (d ln I/ d E) as a function of the potential applied, to obtain 

the charge transfer coefficients of the process I of DA, and of DA in the presence 

of OLZP and QTP. [54] Both processes I of DA when in presence of the 

antipsychotics presented a β value around 0.5 at 0,34 V. In conclusion, differently 

from the DA’s oxidation at slow scan rates (ν = 20 mV s-1) which presents a β 

value around 1.2, the oxidation step has the first electron transfer as the rate 

determining step, suggesting that the transition state of the oxidation is a radical. 

In addition, the reaction with each drug presents a similar factor 
∆𝐺‡

𝜆
, that implies 

a similar mechanism and therefore reaction.  

Subsequently, to endorse that a radical is generated in this process, the 

electron paramagnetic resonance analysis (EPR) was performed. Figure S3A 

shows a series of ‘silent’ EPR spectra from DA, piperazine (PPZ), PIPES, OLZP, 

and QTP, leading to the conclusion that none of the molecules presents an 
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unpaired electron. Thus, no signal is observed in the spectra. On the other hand, 

when DA is in the presence of the PPZ, OLZP or QTP, a signal is observed 

around 3481 Gauss, indicating that an unpaired electron with a radical 

characteristic is being generated, corroborating the result observed in the Tafel 

analysis. Another signal is observed in around 3484 Gauss, which is from a 

polydopamine (PDA) sample. Therefore, the presence of a piperazine group in a 

DA solution seems to catalyse the oxidation of DA, which results in the formation 

of PDA. Based on this premise, reports describing a reaction between DA and 

PPZ were found in the literature. Moreover, according to Ang et al. and van der 

Leeden [55,56], PPZ reacts with DA via a Michael addition generating a peak at 

288 nm in UV-Vis spectra. Torriero et al. also describe a similar reaction, but 

between catechol (CAT) and PPZ. [57] This peak at 288 nm can be observed in 

both spectra of DA in the presence of the drugs (figures 4C and 4D). Finally, You 

et al. describe and propose a Michael addition between piperidine and dopamine 

in which the piperidine may attack not only at position 4, but also at position 2 of 

the catechol moiety of DA, resulting in an alternative cyclization of DA. [58] These 

results are corroborated by figure 1. Furthermore, where in the presence of the 

drugs, DA’s process II is not observed, indicating that the oxidation product 

formed in the oxidative process I is being consumed. Moreover, the DA’s redox 

processes around -0,5 V, which are related to its cyclization product [38], present 

a shift in their peak potential. This result suggests that after oxidation DA 

undergoes a Michael addition in position 4, which is less sterically hindered, being 

attacked by the non-ligand electron pair of electrons from the piperazine moiety 

of the drugs, thereby forcing the cyclization to occur in the position 2, as 

analogously proposed by You et al. for DA and piperidine. [58]  
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At last, figures 4E, 4F, 4G and 4H show photos of the solutions of DA in 

the presence of PPZ, DA solution, DA in the presence of OLZP and DA in the 

presence of QTP, after 6 hours of their preparation. As can be observed, the 

solution becomes dark brown colour, indicating that an oxidation product is being 

formed, with a distinct kinetics of the DA oxidation. 

 

 

Figure 4: A) Peak potential of processes I and II of DA (dark grey and red, 

respectively), DA in the presence of OLZP (blue and green, respectively), and DA 
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in the presence of QTP (purple and dark yellow, respectively) as a function of the 

scan rate. B) Charge transfer coefficient (ln I/ dE) as a function of the potential 

obtained from respective CVs at 20 mV s-1; C) UV-Vis spectra of a 90 nM of DA, 

90 nM of OLZP, OLZP in the presence of DA, 90 nM (1:1) after 6 hours and 

overnight; D) 90 nM of DA, 90 nM of QTP, QTP in the presence of DA, 90 nM 

(1:1) after 6 hours and overnight; Photo of E) a 10 mM (1:1) DA + PIPES solution 

after 6 hrs, F) 10 mM solution of DA used as control, G) a 10 mM (1:1) DA + 

OLZP solution after 6 hours, H) a 10 mM (1:1) DA + QTP solution after 6 hours. 

 Hence, as the antipsychotic drugs act by hindering the contact between 

the D2 receptors and DA [5,59–61], it can be concluded that the drugs which 

present a piperazine moiety will not only diminish this interaction between the 

neurotransmitter and its receptor but will also react with DA, decreasing its 

effective concentration nearby the receptors. Therefore, the antipsychotics 

present a synergistic effect in decreasing the natural interaction that DA will 

perform with this receptor, most likely amplifying the effect of the drug. 

Based on the results obtained and in the already described reaction 

between these moieties, the following mechanism is proposed, Scheme 3. 



 

311 

 

 

Scheme 3: Mechanism proposition of the chemical reaction between dopamine 

and the antipsychotic drugs.  

Since DA oxidation process I shifted in the presence of both drugs, a DPV 

protocol using this process was performed to evaluate the kinetics of the chemical 

interaction between DA and both OLZP and QTP.  

Differential pulse voltammetry and the chemical rate constants 

Interaction between olanzapine and dopamine 

Initially, DPVs were obtained in 1.0 mM DA solution in 0.1 M PBS, pH 7.4, 

for one hour to evaluate the stability of signal and to guarantee that the current 

decrease is only attributed to the DA-antipsychotic interaction. The current values 
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obtained in a solution containing only DA presented a stable signal during the full 

experiment. These results can be observed in figures S3A and S3B. The current 

stability observed throughout DA’s oxidation process guarantees that any 

variation occurs due to the chemical interaction between DA and the drugs.  

The same protocol was performed in solutions containing DA and OLZP, 

1.0 mM each. Figure 5A shows DPV in which both DA and OLZP oxidation 

signals overlap around 0.2 V vs Ag/AgCl, KCl(sat.), resulting in a current signal, 

which is the sum of both currents. After 15 minutes, a decrease of approximately 

25% in the signal was observed, and it progressively decreases until 

approximately 35% of the original signal remains after at 60 minutes, as can be 

seen in figure 5B, indicating that a chemical reaction between DA and OLZP 

occurs. The current values versus time present an exponential decreasing 

behaviour, representing the reaction kinetics. Moreover, it was noticed that the 

prediction of the fitted curve ends approximately at the current value observed for 

the first oxidation process of the OLZP. This result corroborates with those 

previously shown in Figure 2, and suggests that DA’s catechol moiety is being 

oxidized. On the other hand, the OLZP process is practically unaffected, 

suggesting as did figure 3, that the reaction does not involve the OLZP diazepine 

ring. It was also noticed a slight decrease in the current of OLZP´s second 

oxidation process, strongly suggesting an interaction between the catechol and 

the piperazine moieties. Finally, figure 5C shows a first-order kinetics for DA in 

the reaction, with a kinetic rate constant (k) of 1.5 10-2 s-1. 
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Figure  5: A) DPV obtained for the individual solutions of 1.0 mM DA (black line) 

and 1.0 mM of OLZP (red line) in 0.1 M PBS, pH = 7.4, and for the mixture of 1.0 

mM of OLZP and DA solutions, along the time of reaction, with DPV data obtained 

every 15 min; B) Peak current extracted from DPV data for different time of 

reaction; C) Logarithm of the DA oxidation peak current versus time in minutes 

(ln IDA = -1.5 10-2 t + 2.2, R2 = 0.99) 

Interaction between quetiapine and dopamine 

As observed in figures 1 and 3, QTP interacts with DA. Therefore, we 

conducted the same DPV approach to evaluate the chemical kinetics of this 

reaction. 

Figure 6A shows the DA (black line), as well as the QTP (red line) signal 

at a “negative time”. At time equals 0 minutes, the voltammetric response of each 

QTP and DA solutions can be observed. As it follows, after 15 minutes the 

voltammogram shows a significant decrease in DA´s oxidation peak current. The 

decrease in current was then monitored every 15 minutes and an exponential 

decrease was observed in a similar result as previously observed for OLZP in 

figure 5.  
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These results strongly suggest that the piperazine moiety in QTP reacts 

with the catechol portion in DA, therefore, being responsible for the interaction 

between the drug and the neurotransmitter, such as observed for OLZP. Once 

again, an exponential decrease was observed, which presented a linear curve 

when plotted as a logarithm function versus time, showing that DA presents a 

first-order kinetics in the reaction with QTP. In addition, a kinetic constant of 9.0 

10-3 s-1 was obtained. 

 

Figure  6: A) DPVs obtained for individual solutions of 1.0 mM QTP (red line) and 

1.0 mM DA (black line) and for the mixture of 1.0 mM QTP+DA along the time of 

reaction, recording the DPV data every 15 min. B); Peak current extracted from 

DPV data presented in A along the time of reaction. C) logarithm of DA´s 

oxidation peak current versus time in minutes (ln IDA = -9.0 10-3 t + 2.07, R2 = 

0.99)  

To confirm the chemical interaction between the piperazine and catechol 

moieties, in the antipsychotics and DA, respectively, a minimalist model, using 

only PIPES and CAT as a molecular model was proposed. The model works as 

a proof of concept. If the same reaction is observed between the model 

molecules, it allows us to conclude that these particular moieties are responsible 

for the chemical interaction. 



 

315 

 

The catechol-piperazine minimalist model 

To endorse PIPES as a model molecule, its interaction with DA was 

observed with the same experiment previously performed to observe the 

interaction between the drugs and DA. These results are presented in figure S4, 

and the obtained rate constant to the reaction between DA and PIPES was 2.1 

10-2 s-1, certifying PIPES as a model to the antipsychotic drugs. In sequence to 

validate the model hypothesis that an interaction occurs between the piperazine 

and catechol moieties, the same DPV protocol was used to CAT and PIPES. As 

expected, a similar chemical interaction effect was observed.  

 An exponential decrease was observed in the CAT´s oxidation current 

signal when the PIPES was added to the electrochemical cell. The decay was 

analogous to the already observed results of both OLZP and QTP reactions with 

DA; therefore, validating the model. A kinetic constant of  

1.7 10-2 s-1 was obtained, which agrees with the previously obtained constants, 

especially the one related to OLZP interaction. 

 

Figure  7: A) DPVs obtained for the mixture of CAT and PIPES solutions, 1.0 mM, 

each along the time of reaction, recording the DPV data every 15 min. B); Peak 
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current extracted from DPV data presented in A along the time of reaction. C) 

logarithm of the DA oxidation peak current versus time in minutes (ln ICAT = -1.7 

10-2 t + 1.3, R2 = 0.87)  

Compiling the presented electrochemical data, it is possible to conclude 

that DA reacts with both OLZP and QTP. This reaction most likely occurs between 

the catechol moiety of DA and the piperazine moiety of OLZP or QTP. The 

reactions presented rate constants of 1.5 10-2 s-1 and 9.0 10-3 s-1 for OLZP and 

QTP interaction with DA, respectively. These values are considered moderated 

since a fast kinetic such as dopamine cyclization presents a rate constant of 0.24 

s-1. [38]  That conclusion was also supported by the reaction observed in the 

molecular model, between CAT and PIPES, including a kinetic rate constant 

similar to the ones observed between the antipsychotic drugs and dopamine.  

Conclusions 

In summary, the chemical interaction between both antipsychotic drugs, 

olanzapine, and quetiapine, with dopamine were electrochemically studied, using 

a glassy carbon electrode in 0.1 M PBS solutions at pH = 7.4. The 

voltammograms, UV-Vis, EPR spectra, and photos showed that both olanzapine 

and quetiapine interact chemically with dopamine. Based on the data, a 

mechanism for this reaction is proposed. Using a differential pulse voltammetry 

protocol, PIPES and catechol were used as molecular models, to mimic the drugs 

and the neurotransmitter. confirming not only that this reaction develops involving 

the catechol moiety of dopamine and the piperazine moiety of the drugs, but also 

that this reaction is first-order with a moderate chemical rate.  
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Appendix 8 - The chemical interaction between the neurotransmitter 

dopamine and the anti-psychotic drugs olanzapine and quetiapine. 

 

Olanzapine (OLZP) Extraction, Purification and 1H-NMR Analysis 

The NMR spectra obtained from the extracted samples of OLZP and QTP 

are presented in figures S1 and S2. 

 

Figure S1: 1H NMR (DMSO-d6, 300 MHz) of OLZP samples obtained after the 

extraction procedure. 
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#CAS: 132539-06-1; 1H NMR (DMSO-D6, 300 MHz): δ 

(ppm) = 7.12 (dt, 1H, J = 1.5 Hz, J = 5.7 Hz), 6.87–6.77 

(m, 2H), 6.68 (dd, 1H, J = 2.0 Hz, J = 5.7 Hz), 6.34 (d, 

1H, J = 1.2 Hz), 2.41 (t, 4H, J = 5.1 Hz), 2.26 (d, 3H, J = 

1.2 Hz),  2.24 (s, 3H), 2.18 (t t, 4H, J = 5.1 Hz); m.p. 

(ºC): 193-196 (lit. 195). 48 

 

 

Quetiapine (QTP) Extraction, Purification and 1H-NMR Analysis 

 

Figure S2: 1H NMR (CDCl3, 300 MHz) of QTP samples obtained after the 

extraction procedure. 
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#CAS: 111974-69-7; 1H NMR (CDCl3, 300 MHz): δ 

(ppm) = 7.51 (d, 1H, J = 7.2 Hz), 7.41–7.29 (m, 4H), 

7.18 (dt, 1H, J = 1.5 Hz, J = 7.8 Hz), 7.07 (dd, 1H, J = 

1.5 Hz, J = 7.2 Hz), 6.89 (dt, 1H, J = 1.5 Hz, J = 7.8 Hz), 

3.72–3.53 (m, 11H), 2.75–2.63 (m, 6H). 49 

 

Cyclic voltammetry and the electrochemical behaviour of the molecules 

involved. 

 

The potential peaks and the peak currents obtained in the voltammograms 

from figures 2 and 3 are presented in the tables bellow. 

Table S1: Compilation of the potential peak and peak currents values of DA per 

scan rate, from figure 2A. 

 

ν (V s-1) Ep I (V) Ep II (V) IpI (μA) IpII (μA) 

0.02 0.235 0.124 16.94 -1.24 

0.05 0.226 0.112 25.85 -6.519 

0.10 0.233 0.109 31.51 -14.61 

0.20 0.254 0.093 41.7 -26.75 

0.50 0.276 0.081 73.59 -50.22 

1.00 0.328 0.060 96.26 -68.02 

 

Table S2: Compilation of the potential peak and peak currents values of OLZP 

per scan rate, from figure 2B. 
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ν (V s-1) Ep I (V) Ep II (V) IpI (μA) IpII (μA) 

0.02 0.218 - 3.63 - 

0.05 0.227 - 6.66 - 

0.10 0.232 0.146 10.53 -0.74 

0.20 0.235 0.148 14.15 -1.85 

0.50 0.240 0.150 27.12 -4.60 

1.00 0.240 0.157 43.67 -10.95 

 

Table S3: Compilation of the peak potential values of solutions containing DA 

and OLZP, DA and QTP per scan rate, from figures 2C and 2D, and 3C and 3D. 

v 

EpI DA + OLZP 

(V) 

EpII DA + OLZP 

(V) 

EpI DA + QTP 

(V) EpII DA + QTP (V) 

0.02 0.340 - 0.412 - 

0.05 0.390 - 0.380 0.051 

0.10 0.391 0.018 0.381 0.044 

0.20 0.393 0.023 0.385 0.036 

0.50 0.423 0.009 0.409 0.017 

1.00 0.427 0.004 0.446 0.007 

2.00 0.443 0.001 0.471 -0.009 

3.00 0.447 -0.005 0.489 -0.018 

5.00 0.482 -0.016 0.520 -0.024 

10.00 0.522 -0.029 0.565 -0.049 

 

Table S4: Compilation of the peak current values of solutions containing DA and 

OLZP, DA and QTP per scan rate, from figures 2C and 2D, and 3C and 3D. 
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v 

IpI DA + OLZP 

(μA) 

IpII DA + OLZP 

(μA) 

Ip I DA + QTP 

(μA) 

IpII DA + QTP 

(μA) 

0.02 11.40 - 11.01 - 

0.05 18.07 - 15.11 -1.39 

0.10 24.89 -2.88 19.41 -3.38 

0.20 32.51 -7.82 30.41 -9.17 

0.50 57.15 -20.56 47.63 -21.6 

1.00 88.32 -41.26 62.93 -33.08 

2.00 103.39 -55.24 92.83 -47.99 

3.00 152.84 -81.45 109.96 -58.00 

5.00 205.78 -104.70 139.58 -70.88 

10.00 256.45 -126.21 198.80 -94.05 

 

 

 

Electron Paramagnetic Resonance (EPR) analysis 
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Figure S3: EPR spectra of A) DA, PPZ, OLZP and QTP samples; B) DA+ PPZ, 

DA+OLZP, DA+QTP and PDA samples. 

 

Differential pulse voltammetry and the chemical rate constants 

 

Dopamine stability  

The DA stability along the experiment was observed using the same 

protocol used to study the chemical interactions to guarantee that DA oxidation 

during the experiment would not be significant and therefore, generate false-

positive results. DA presents a stable signal after 15 minutes of experiment. The 

initial signal decreased approximately 10% of the initial current obtained, even 

with the electrochemical cell hidden from light and the DA solution degassed. 

Thus, the obtained results were only considered significant when the DA 

oxidation signal decreased more than 10%, which occurred for each studied 

solution. 
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Figure  S4: A) DPVs obtained using GCE in a solution containing a mixture of 

DA solutions, 1.0 mM along the time of reaction, recording the DPV data every 

15 min. B); Peak current extracted from DPV data presented in A along the time 

of reaction. CV  

 

The catechol-piperazine minimalist model 

 

Before the essay with CAT, it was observed if PIPES could be used as a 

model. Therefore, being able to react with DA, in a comparable interaction that 

was observed within the anti psychotic drugs. The same experiment used to 

observe the interaction between the neurotransmitter DA and OLZP and QTP 

was performed. 

As the DA was introduced in a cell it was observed a sharp decrease of the DA 

oxidation signal that was succeded by slight decreases every 15 minutes, until 

one hour. It generates an analogous result as observed to the interaction between 

the drugs and DA, which in conclusion validates the PIPES to be used as a model. 

The kinetic curve obtained also presented a similar rate constant to the one 

observed for the studied reactions.  
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Figure S5: A) DPVs obtained using GCE in a solution containing a mixture of DA 

and PIPES solutions, 1.0 mM, each along the time of reaction, recording the DPV 

data every 15 min. B); Peak current extracted from DPV data presented in A 

along the time of reaction. C) logarithm of the DA oxidation peak current versus 

time in minutes (ln ICAT = -2.06 10-2 t + 1.65, R2 = 0.92)  
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Chapter 9 

 

A reaction between neurotransmitter epinephrine and antipsychotics 

drugs olanzapine and quetiapine at physiological pH. 

 

Abstract 

This chapter shows the complementary study of the chemical interaction 

between the catecholamine neurotransmitter epinephrine and the atypical 

antipsychotics olanzapine and quetiapine. This work counted with the aid of 

Pedro Garcia and Elaine Mattos in data acquirement data curation, discussions 

and writing the original draft and revision, Professor Silvia Serrano administrated 

the project. 

This study shows that epinephrine quinone derivative reacts with the 

atypical antipshychotic olanzapine and quetiapine in a Michael addition which 

involves the piperazine moiety from the drugs and que o-quinone moiety from 

oxidized epinephrine, changing the cyclization reaction of epinephrine to a 

different position. These formed adducts oxidizes in a two-electrons and two 

protons multi-step irreversible processes that present the first step as the rating 

determining one, in a thermodynamically favourable exergonic process. Both 

reaction and following oxidation were proposed. 
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Introduction 

 

The epinephrine (Epi) is a hormone which performs a signalling function. 

[1] Its major influence resents in the cardiac system as well as some neural 

functions [2], therefore been responsible for the increase of the vascularization 

and the heart rate. [3,4] Elevated levels of Epi result of stress are linked with 

hypertension. [3] On the other hand, Epi is used as a cardiac stimulator in cardiac 

arrests and severely low blood pressure, or low oxygenation [5], as well as been 

used in treatments of acute asthma. [6]  

This catecholamine is mainly generated in the suprarenal glands, and it 

interacts with the adrenergic receptors that have different subtypes, divided in α 

and β subtypes. Epi interacts with both subtypes of adrenoreceptors, as the α 

units are responsible for a vasoconstriction response, as the β vasodilation. [7] In 

general, the α-adrenoreceptors are less sensible to the Epi interaction when 

compared to the β one. Thus, low levels of Epi are enough to result in a 

vasodilation effect. On the other hand, when elevated levels of Epi are in the 

system, the result in an enhanced activity of the α subtypes that overrides the 

vasodilation effects, therefore resulting in a vasoconstriction. [8] The adrenal 

system is most known to act in extreme situations in which one is exposed to 

dangerous situations or elevated surprise. In these cases, the Epi level released 

by the glands sharply increase resulting in flight or fight reaction, that develops in 

a temporary supersaturation of the receptors, and per consequence a 

vasoconstriction effect and enhanced physical abilities. [4,9]  

Since the levels of Epi can change the effects of the adrenergic receptors, 

affecting the cardiac functions, the quantification and determination of Epi is of 
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the utmost importance. Therefore, several works study different methods to 

analyse Epi. Most studies use electroanalytical methods such as cyclic 

voltammetry and/ or amperometry [10–19]-[20,21] Square Wave Voltammetry 

(SWV), [22–24] FIA with UV-Vis [25] and amperometric detection [26], differential 

pulse voltammetry, [27–36]-[37–40] Stripping Voltammetry, [41,42] HPLC, [43] 

capillary electrophoresis, [44] and fluorimetry. [45]  

The adrenergic receptors can be antagonized by several different types of 

molecules, known as α or β blockers. Among these molecules, one of the major 

antagonists for the α-adrenoreceptors are the antipsychotic drugs, since the 

suppression of this receptors can act positively in the reduction of the symptoms 

of schizophrenia by inhibiting the presynaptic levels and striatal 

hyperdopaminergia. [46,47] It is known that Epi presents an oxidation which is 

similar to dopamine, in a proton coupled electron transfer (PCET) process that 

involves two electrons and two protons, as presented in scheme 1. The atypical 

antipsychotics olanzapine (OLZP) and quetiapine (QTP) oxidation mechanism is 

also described [48]. OLZP presents two oxidation processes, both are PCET, the 

first one involves one electron and one proton, that occurs in the benzodiazepine 

moiety, in approximately 0.2 V vs Ag/ AgCl, KCl(sat.) (+0.222V vs SHE) as the 

second one is sequential process involving two-electrons and one proton in the 

piperazine moiety of the drug. [49] QTP only presents the process of the 

piperazine moiety, which is similar to the one observed in OLZP. [49] The 

oxidation processes of the drugs are presented in the scheme 1. 
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Scheme 1: Schematic representation of the oxidation mechanisms of 

epinephrine, olanzapine and quetiapine. 

As previously observed, the antipsychotics not only interact with the 

dopaminergic receptor D2, it also interacts with dopamine. [50] Thus, the aim of 

this work is to evaluate if Epi reacts with the atypical antipsychotics, as dopamine. 

Materials and methods 

Apparatus 

All pH measurements were performed using a model 654 pH meter and a 

combined glass electrode, model 6.0203.100 (OE), both from Metrohm. NMR 

spectra were obtained from the IQ-USP Analytical Centre using a 300 MHz 

Bruker equipment with ACS laboratory software. All the NMR data were obtained 

at an ambient temperature of 25 ± 3 °C. 

Chemicals and reagents 

All used reagents, except QTP and OLZP, were of analytical grade and 

used without prior purification. The solutions were prepared using deionized 
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water from a reverse osmosis device (Gehara Co., model of ultra-pure OS10LX 

system, water resistivity 18MΩcm). The 0.1 mol L-1 phosphate buffer solutions 

(PBS) were prepared by solubilizing and diluting, respectively, the appropriate 

amount of NaH2PO4 and H3PO4 (Merck) in deionized water, and the pH values 

were adjusted by the addition of a 4.0 mol L-1 NaOH (Merck) solution. The 

volumes were measured using EP-10 and EP-100 from Unipettemicroliter 

Pipettes (Uniscience, Brazil). All experiments were performed at room 

temperature (25 ± 3 °C) 

Olanzapine (OLZP) Extraction, Purification and 1H-NMR Analysis 

Olanzapine was obtained by extraction from commercial tablets as 

presented in previous study [51,52]  

Quetiapine (QTP) Extraction, Purification and 1H-NMR Analysis 

Quetiapine was also obtained by extraction from commercial tablets as 

presented in previous study [51,52] 

Electrochemical procedures 

All electrochemical experiments were performed using a 

potentiostat/galvanostat PGSTAT 101, Metrohm AUTOLAB, connected to an 

IME663 interface stirring device. Data was obtained and treated with software 

NOVA version 1.11.4 and the software Origin 2019. The electrochemical 

procedures were performed using a Glassy Carbon Electrode (GCE) with a 

diameter of 3.0 mm as working electrode, a Silver/ Silver Chloride electrode in a 

saturated solution of potassium chloride, (+0.222 V vs. SHE) [52] as reference 

electrode, and a platinum wire as an auxiliary electrode, in an electrochemical 

cell of 10 mL. Before each electrochemical procedure, the GCE was polished 

using diamond spray suspensions with decreasing particle sizes of 3.0, 1.0, and 
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0.1 μm from Buehler (Lake Buff, IL, USA) on a polishing pad also from Buehler, 

and the solutions were stirred before each electrochemical measurement. 

Cyclic voltammetry (CV) was performed by sweeping the potential from 

0.0 V to 1.5 V, then from 1.5 V to -1.0 -1.0 V and from -1.0 V back to 0.0 V, and 

in a restricted potential window from 0.0 V to 1.0 V, then from 1.0 V to -0.6 V and 

finally, from -0.6 V to 0.0 V. The scan rates changed from 0.10 to 10.0 V s-1. 

Square Wave Voltametry(SWV) was performed by sweeping the potential from -

0.6 V to 1.2 V and from 1.2V to -0.6. The parameters used were: potential step 

of 2.0 mV, pulse amplitude of 20.0mV and frequency of 50Hz, resulting in a scan 

rate of ν = 100 mV s-1. The system was degassed with nitrogen gas for 15 minutes 

prior to the experiment when the potential window used was below -0.3 V, to 

prevent any oxygen interference. 

UV-Vis procedures 

UV-vis spectra were performed using a Shimadzu UV-1601PC with both 

deuterium and tungsten lamps, and a quartz cuvette with a 1.0 cm optical path. 

Blank spectra were performed in deionized water. 

 

Results and discussions 

 

This study initially presents an electrochemical analysis of the processes 

of the neurotransmitter epinephrine, and the antipsychotics olanzapine and 

quetiapine. The cyclic voltammograms were obtained to both characterize the 

processes as a function of the scan rates and as a function of the time. Following, 

the square wave voltammograms were obtained to observe the influence of the 

reaction in each of the electrochemical processes. Then, the UV-Vis spectra were 
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obtained to observe the formation or shifts of the bands. Finally, the mechanism 

of the chemical reaction was proposed.  

Cyclic voltammetry, and the general behaviour of the system 

 The CV were obtained to observe the processes of each molecule 

individually, and then the neurotransmitter together with each of the drugs. The 

voltammograms were initially obtained in different scan rates to observe the 

heterogeneous kinetics related each process in all the molecules.  

 Figure 1A shows the voltammograms of Epi in solutions 0.1 M PBS at scan 

rates from 0.01 to 1.00 V s-1. It shows that Epi present four processes, (E I, E II, 

EIII, and E IV) three well defined and one barely visible (EII). The process E I, E 

III, and E IV presented a quasi-reversible behaviour as their peak potential values 

shift with the increase of the scan rate. Process E I is the oxidation of Epi at the 

catechol moiety, which involves two-electrons and two protons. As previously 

stated, the reduction pair of this process, E II, is barely visible. This is most likely 

due to the following chemical step, a cyclization, that generates an 

electrochemical irreversibility as a consequence of a fast chemical reaction that 

follows the heterogeneous process, as previously discussed in scheme 1. [51] 

The peak potential values for Epi processes are presented in table 1. The 

processes E III and E IV are both quasi-reversible, as similarly to E I, their peak 

potential values shift as the scan rate is increased. These processes E III and E 

IV can be ascribed to the oxidation and reduction of the catechol moiety after the 

cyclization occurs, scheme 1.  

 Figure 1B shows the voltammograms for solutions 1.0 mM of OLZP 0.1 M 

PBS at scan rates from 0.01 to 1.00 V s-1. As Epi, OLZP also presents four 

processes. The processes O I and O II form a redox pair, in a proton coupled 
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electron transfer, which involves one electron and one proton. [48] The other two 

processes, E III and E IV, are schematized in scheme 1, they are a sequential 

process, involving one electron and one proton, and only one electron, occurring 

at the piperazine moiety of OLZP. Figure 1C shows voltammograms of 1.0 mM 

of OLZP 0.1 M PBS QTP. It presents two processes, Q III and Q IV, which 

correspond to the oxidation in the piperazine moiety, similarly as observed to 

OLZP, scheme 1. 
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Figure 1: CV of 1.0 mM solutions in PBS of A) Epi, B) OLZP, and C) QTP at 

different scan rates. 

 To observe the chemical reaction between the Epi and the drugs, the CV 

of solutions containing the neurotransmitter and one of the antipsychotics were 

obtained. The results of a solution containing Epi in the presence of OLZP can 

be seen in figure 2A, as the results to the solutions containing Epi with QTP are 
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presented in figure 2B. Moreover, the CV were obtained in different scan rates to 

observe the heterogeneous kinetics of the processes of the molecules together. 

 Figure 2A shows that in the presence of OLZP the Epi processes shift to 

different peak potentials, strongly suggesting that a chemical interaction occurs, 

as previously reported. [50] The process E I and E IV shift to more positive 

potentials as the process E III peak potentials slightly shift to more negative 

values. On the other hand, the oxidation process of OLZP O I remains in the 

same peak potential and with similar peak current values. A result that indicates 

that the chemical reaction does not occurs involving the nitrogen of the 

benzodiazepine ring of OLZP. Therefore, as observed to dopamine, the 

interaction most likely proceeds involving the piperazine moiety. 

 Figure 2B shows the that when in the presence of QTP, the processes of 

Epi also shift their peak potential values, analogously to the observed in figure 

2A. However, the values observed for process E I are slightly more positive than 

the ones observed for OLZP. Despite that, the values observed for the process 

E III are similar to both drugs. The peak potential values are presented in table 1. 
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Figure 2: CV of 1.0 mM solutions of A) Epi with OLZP, B) Epi with QTP at 

different scan rates. 

Table 1: Peak potential values of Epi, and Epi in the presence of OLZP and 

QTP as a function of the scan rate. 

ν / V s-1 E I (in the presence of 

OLZP) / V 

E I (in the presence of 

QTP) / V 

0.01 0.490 0.435 

0.02 0.510 0.451 

0.05 0.517 0.482 

0.10 0.527 0.496 

0.20 0.529 0.522 

0.50 0.537 0.527 

1.00 0.538 0.530 
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 To observe the correlation between the processes EI of Epi in the 

presence of both drugs OLZP and QTP the plots of the peak potentials of EI, and 

the peak current values were plotted as a function of the scan rate. 

Figure 3A shows that the peak potential values as a function of the scan rate 

present an exponential behaviour, evidencing the quasi-reversible behaviour of 

the oxidation process of the adduct formed between the neurotransmitter and 

OLZP. Moreover, despite the divergence of the peak potential values observed 

for the interaction product at slow scan rates (< 0.2V s-1), the peak potentials tend 

to converge to scan rates above 0.2 V s-1. A result that can be explained by 

presence of oxidation process O I of OLZP in the potential window studied. After 

the oxidation, two following chemical steps occur, leadings to two distinct 

products. The first one is an EC, which has a Michael addition generating a 

hydroxylated derivative of OLZP, the OLZP-OH, and a the second one is an EC2 

mechanism which forms a dimer of OLZP. The dimerization only occurs at slow 

scan rates as the Michael addition is a fast chemical step that occurs even at high 

scan rates. [48] Therefore, the major divergence is caused by these side chemical 

steps, although neither of them affects the chemical reaction observed between 

the Epi and OLZP because the interaction occurs in a different moiety of the 

drugs, the piperazine, as can be evidenced in figure 3B.  

Figure 3B shows the peak current values as a function of the square root of the 

scan rate, a comparison between the experimental values obtained of an Epi 

mixture each of the drugs and the multi-step irreversible Randles Sevcik 

theoretical prediction described by the equation 1, this comparison allows not 

only to discriminate the mechanism of the process E I in the presence of the 
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antipsychotics, but also to show that both drugs interact with the neurotransmitter, 

generating a similar process. 

𝐼𝑝 =  0.496 √𝑛′ +  𝛽𝑟𝑑𝑠 𝑛𝐹𝐴𝐶√𝐹𝜐𝐷0
𝑅𝑇⁄    (1) 

where Ip is the peak current in A, n’ the number of electrons transferred in the 

steps prior to the rating determining step, βrds is the charge transfer coefficient of 

the rating determining step, n is the total number of electros transferred, F is the 

Faraday constant in A mol-1, C is the concentration in mol cm3, ν is the scan rate 

in V s-1, D0 is the diffusion coefficient in cm2 s-1, R is the gas constant in J K-1 mol-

1 and T is the temperature in K. 

  Figure 3B shows that both process E I with the drugs present similar 

currents values, which best corresponds to the multi-step irreversible Randles 

Sevcik prediction with no prior step to the rating determining one. Is it noteworthy 

that the peak currents of the E I process in the presence of OLZP were obtained 

by subtracting the total current of E I of the process O I, to prevent the change of 

the baseline. Therefore, the results show that to both drugs the adduct oxidation 

process is the same two-electrons process with the first step as the rating 

determining one, which is in agreement with the results observed to dopamine. 

[50]  
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Figure 3: A) Peak potential values of process E I in the presence of the drugs as 

a function of the scan rate. B) Plot of the experimental peak current values of 

process EI in the presence of the drugs as a function of the square root of the 

scan rate, compared with the theoretical predictions of the multi-step irreversible 

Randles-Sevcik equation (n’=0; n=2, β=0,5), electrode area = 0.071 cm2, C = 

1.0 10-6 mol cm-3, D0=2.5 10-6 cm2 s-1. 

 In sequence, the kinetics of the reaction between the drugs and the Epi 

were studied, as the Epi undergoes a much faster cyclization than dopamine.  

 Figure 4A and 4B show CVs shifts in the voltammetric waveshape that 

occur after the addition of the drugs in the solution A) addition of OLZP and B) 

addition of QTP.  It was noticed that to both drugs the voltammetric wave shape 

obtained in t = 0, was observed for half an hour, showing that, as expected, the 
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reaction is fast reaching its equilibrium hastily, thus, presenting a waveshape that 

endures. 
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Figure 4: CV of 1.0 mM solutions of A) Epi with OLZP, B) Epi with QTP at 0.1 V 

s-1 and different times. 

Square wave voltammetry and the influence of the chemical reaction 

between the neurotransmitter and the drugs 

Since the processes are the same to both molecules, SWV were 

performed to observe how the reaction between the neurotransmitter and the 

antipsychotics affect the reversibility of the processes.  

 Initially, SWV of Epi without the drugs was performed in both sweeping 

directions. Following, the same procedure was performed to each mixture 

containing the catecholamine and one of the remedies.  
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Figure 5A and 5B shows the total, forward and backwards currents of 

voltammograms that were swept from negative to positive potentials, and from 

more positive to negative potentials, respectively. In figure 5A, a reversible couple 

can be seen in processes E I and EII. It is important to observe that in the SWV 

the process E II can be seen, differently than previously observed to the CVs, 

even at high scan rates. Figure 5B shows the reversible couple in approximately 

-0.25 V, processes E III and E IV. These results confirm the ECE mechanism 

which is well known for Epi, as the processes E III and E IV only appears the 

negative sweeping voltammogram, after the processes E I and E II already occur, 

been followed by the cyclization reaction, as presented in scheme 1. 

Figures 5C and 5D present the total forward and backwards currents of 

voltammograms that were swept from negative to positive, and from positive to 

negative potential directions, respectively. In figure 5C shows that process E II is 

not visible, which agrees to results priorly obtained. Indicating that Epi undergoes 

a different reaction than the cyclization, and therefore, the reduction process E II 

is hindered by the reaction with OLZP, and the process becomes irreversible. 

[51,52] Figure 5D shows that when in the presence of OLZP, the voltammogram 

swept form positive to negative the processes E I is not visible. A result that 

indicates that the chemical reaction with OLZP induces the oxidation of Epi by 

dislocating the equilibrium to the formation of the product, as predict by the Le 

Chatelier principle. [53] This result is corroborated by the shift of process E I 

towards less positive potentials and a decrease in the current values in figure 5C, 

and also by differences in the processes E III and E IV not only presented a shift 

in the peak potentials, but also shows a decrease in the peak current values. 
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Figure 5D and 5E displays SWV of solutions of Epi and QTP that were 

swept from negative to positive, and from positive to negative potentials, 

respectively. Figure 5E, similarly to the priorly observed in figure 5C, the oxidation 

process E I shifts to less positive potentials whist the peak current values 

decreased. Figure 5F shows that processes E III and E IV presented both the 

shift in the peak potentials and the decrease in the current values.  

In summary, the results voltammetric results suggest that both drugs react with 

the oxidized Epi, and this chemical step induce the oxidation of Epi according to 

the Le Chatelier principle. Moreover, it can be also concluded that the cyclization 

still occurs, but forming a different product, as evidenced by the shift in the 

potential values of E III and E IV when in the presence of both OLZP and QTP. 
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Figure 5: SWV of 1.0 mM solutions of A and B Epi, C and D Epi with OLZP, and 

E and F Epi with QTP. A, C and E were obtained by sweeping the potential from 
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negative to positive potentials. B, D and F were obtained by sweeping the 

potential from positive to negative potentials. 

 To corroborate that both drugs react in the same moiety with Epi, in a 

similar way, the Tafel analysis were performed to obtain and compare the values 

of the charge transfer coefficients (β) of the adducts oxidation. 

Tafel analysis and electrode kinetics 

 The Tafel analysis allows to better comprehend the kinetics of the 

heterogeneous processes, indicating if a process is endergonic (β > 0.5), isogonic 

(β = 0.5) or exergonic (β < 0.5) by the obtention of the charge transfer coefficient 

(β). [54] The β values can be obtained from the Tafel plot, with the equation 2. 

𝛽 (𝐸) = (𝐹
𝑅𝑇⁄ ) (𝑑 ln 𝐼

𝑑 𝐸⁄ )    (2) 

This correlation with the transition state is due to an intimal correlation 

between the Tafel analysis, the Butler Volmer theory, and the Arrhenius Law of 

kinetics [55] This association allows to compare the activation energy with the 

charge transfer coefficient, as presented by the Marcus theory, equation 3. [56–

58] 

𝛽 =  1
2⁄  (1 +  Δ𝐺

𝜆⁄ )     (3) 

where λ is the reorganization energy, and DG is the variation of the activation 

Gibbs energy in kJ mol-1. Therefore, the Tafel analysis was performed to compare 

the β values of the adduct oxidation process E I and observe if chemical reaction 

between the Epi and the antipsychotics presents similar values, which would 

indicate a similar transition energy, and consequently a similar reaction pathway 

and mechanism. 
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 Figure 6 shows the charge transfer coefficients obtained from the 

derivation of the natural logarithm of the peak currents as a function of the applied 

potential from CV of A) Epi in the presence of OLZP, B) Epi in the presence of 

QTP, at 0.1 V s-1. Both figures show that Epi`s process E I when in the solution 

with the drugs present β values of 0.244 and 0.224 to interactions with OLZP and 

QTP, respectively. Allowing not only to conclude that both drugs react similarly 

with the neurotransmitter, but also that both reactions are exergonic. Thus, been 

heavily favoured energetically.  
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Figure 6: Charge transfer coefficient as a of potential from CV of A) Epi with 

OLZP, B) Epi with QTP at a scan rate of 0.1 V s-1. 

UV-Vis analysis of the adducts 

 To corroborate the conclusion of a similar reaction which involves the 

same moieties of the antipsychotics performing a Michael addition that changes 
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the cyclization of Epi, the UV-Vis spectra of Epi solutions were obtained. 

Following, each of the drugs were added to the neurotransmitter solution to 

observe the formation of distinct bands. Since the previous data support that both 

OLZP and QTP react with Epi in a similar mechanism, it is expected that a 

common transition should be observed to both reactions. 

 Figure 7 shows that Epi presents four transitions, the first one (λ1) of 

around 200 nm, that corresponds to the π to π* aromatic transitions, the second 

(λ2) in approximately 225 nm, which is also a π to π* transition, but ascribed to 

the carbonyl moiety, a third transition (λ3) in 280 nm also related to the carbonyl, 

but being a non-ligand to π* transition, and at last a barely defined transition (λ4) 

between 335 and 350 nm, that corresponds to the non-ligand to π* transition of 

the amine moiety. [59] 

 Figure 7A shows the addition of OLZP in an Epi solution results not only 

in the shift of transitions λ1, from ~200 nm to 210 nm, but also in the appearance 

of a new transition (λadduct) in 254 nm. Similarly, figure 7B shows the addition of 

QTP in an Epi solution. As prior observed, the transition λ1 shift from 

approximately 200 nm to 210 nm and a shift of λ3 from 280 nm to 290 nm. 

Distinctively from the interaction with OLZP, the addition of QTP results in the 

shift of λ4 from 335 nm to 325 nm. Finally, the transition λadduct appears in 254 nm, 

this transition was ascribed to the electrons of the bond between the piperazine 

moiety of the drugs and the aromatic moiety of the neurotransmitter, in agreement 

with the priorly reaction of dopamine with the same drugs and references which 

report the reaction between the catechol and piperazine. [50,60,61] Thus, not 

only indicating that dopamine and Epi reacts with these drugs, but any 

catecholamine or derivatives. 
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Figure 7: UV-Vis spectra of solutions 1.0 mM of A) Epi, OLZP and QTP, 

separately. B) Epi with OLZP, C) Epi with QTP. 

Mechanism proposition 

 Based on the voltammetric, the Tafel analysis and UV-Vis data it can be 

concluded that Epi reacts with both OLZP and QTP in a hastily reaction which is 

energetically favoured. Both formed adducts present similar oxidation processes, 

a two electrons process with the first one being the rating determining step. 

Moreover, in the UV-Vis spectra it was observed similar bands in 254 nm. 

Therefore, the results strongly indicate that both adducts are formed by a Michael 

addition between an oxidized derivative of Epi and the antipsychotics, changing 

the cyclization reaction of Epi in the process, as can be observed in scheme 2.  
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Scheme 2: Mechanism proposition of the chemical reaction between epinephrine 

and the antipsychotic drugs olanzapine and quetiapine. 

Conclusions 

In summary this study shows that epinephrine quinone derivative reacts 

with both olanzapine and quetiapine in a Michael addition which involves the 

piperazine moiety from the drugs and que o-quinone moiety from oxidized 

epinephrine, changing the cyclization reaction of epinephrine to a different 

position. These formed adducts oxidizes in a two-electrons and two protons multi-
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step irreversible processes that present the first step as the rating determining 

one, in a thermodynamically favourable exergonic process. Both reaction and 

following oxidation were proposed. 
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General conclusions 

 

 In this work electrochemical techniques were used to show that non-

steroidal anti-inflammatory drugs (NSAIDs) such as dipyrone, are capable to 

interact with their target, the cyclooxygenase enzyme via redox reactions, thus 

deactivating the Fe (IV) in the enzyme’s active site. In addition, some NSAIDs 

deactivate the enzyme by interacting and changing its structure, resulting in an 

allosteric regulation. This work also shows that electrochemical techniques can 

be used to elucidate the occurrence of complex reactions, such as chemical 

interactions between antipsychotics and neurotransmitters. The results show the 

occurrence of a chemical interaction between the orto-quinine derivative of 

dopamine and epinephrine. Additional and more specific biomedical studies are 

required, as these reactions could better explain the effectiveness variation of 

antipsychotics, such as quetiapine and olanzapine in distinct patients. 

Perspectives  

The present interaction results should be further explored not only into in 

vivo experiments, but also extended to antipsychotic drugs, for instance, to 

clozapine. The interaction of other catecholamines, such as norepinephrine 

should also be evaluated evaluated with drugs containing a piperazine moiety to 

further evaluate this chemical interaction. Finally, interactions with different 

neurotransmitters, like nitrous oxide, should also be evaluated, as it could be a 

significant breakthrough in psychiatric conditions, as post-traumatic stress 

disorder and panic syndrome. 
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Abbreviations used by chapter 

 

Chapter 1 - Mechanism of Electro-Oxidation of Metamizole using Cyclic 

Voltammetry at a Glassy Carbon Electrode 

 

Non Steroidal Anti-Inflammatory Drug – NSAIDs  

Metamizole/ dipyrone - (MTM) 

4-methyl-aminoantipyrine - (MAA) 

Britton Robinson Buffer - (BRB) 

Dimethylformamide (DMF) 

Cyclooxygenase-2 enzyme (COX) 

4-formyl-amino-antipyrine (FAA) 

4-amino-antipyrine (4AA) 

4-acetyl-amino-antipyrine (AAA) 

High pressure liquid chromatography (HPLC) 

Flow injection analysis (FIA) 

Cyclic voltammetry (CV) 

Glassy carbon electrode (GCE) 

Electrochemical anodic process (Eap) 

Electrochemical cathodic process (Ecp) 

Differential Pulse voltammetry (DPV) 

Electrochemical process from hydrolysis product (Ehp) 
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Chapter 2 - Electrochemical behaviour of dipyrone (metamizole) and 

others pyrazolones 

 

dipyrone (MTM) 

antipyrine (AA) 

4-aminoantipyrine (4AA) 

4-methyl-aminoantipyrine (MAA) 
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Chapter 3 - Electrochemical oxidation of dipyrone and pyrazolone 

derivatives complexes with Fe (III), and its EC’ mechanism.  
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Chapter 4 - Electrochemical Cyclooxygenase biosensor to evaluate target 

– drug viability and interactions. 
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Chapter 5 - Mechanism and kinetics of olanzapine and quetiapine 

oxidations at glassy carbon electrode.  
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Chapter 6 - Dopamine oxidation at gold electrodes: mechanism and 

kinetics near neutral pH 
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Chapter 7 - New insights on the electrochemical mechanism of 

epinephrine on glassy carbon electrode. 
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Chapter 8 - The chemical interaction between the neurotransmitter 
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Chapter 9 - A reaction between neurotransmitter epinephrine and 
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Chapter 1 - Mechanism of Electro-Oxidation of Metamizole using Cyclic 

Voltammetry at a Glassy Carbon Electrode 

 

Figure 1. Cyclic Voltammograms obtained at GCE in solution 1.0 mmol L-1 of 

MTM in DMF with 0.1mol L-1 of TT and 100 mVs-1. Experimental Conditions:1A. 

Ei = 0.1 V; Eλ= 1.4 V; Ef = 0.1 V and 1B. Ei = 0.1 V; Eλ= 0.8 V; Ef = 0.1 V. 

Figure 2. Current Function (Ip/ Cx1/2) versus. Plots obtained from cyclic 

voltammograms performed with a GCE in a DMF containing 1.0 mmol L-1 of 

MTM and 0.10 mol L-1 of TT. Curve Equations: Ipa1/ C x ν 1/2 = 413.5 – 4.79 ν; 

Ipa2/ C x ν1/2 = 282.5 - 3.98 ν; Ipa3/ C x ν1/2 = -11.7 x 521.9 e(-x/0.184) ν. 

Figure 3. Cyclic voltammograms obtained in a solution of 1.0 mmol L-1 of MTM 

in BR solution using GCE. Experimental conditions: ν = 100 mV s-1. 3A. Ei = 0.0 

V; Eλ= 1.0 V; Ef = 0.0 V, pH 4.0. 3B. Ei = 0.1 V; Eλ= 0.8 V; Ef = 0.1 V, pH 4.0; 

3C. Ei = 0.1 V; Eλ= 0.8 V; Ef = 0.1 V, pH 8.0; 3D. Ehp vs pH curve, constructed 

using the results obtained from cyclic voltammograms performed with a GCE in 

a solution containing 1.0 mmol L-1 of MTM in BR solutions; Ehp vs pH plot (Ehp 

= 584-38pH).  

Figure 4. (a) Cyclic Voltammograms obtained in a solution 1.0 mmol L-1 of 

MTM in BR solution, pH 8.0 using GCE. (MTM solution aged for two weeks); 

Experimental Conditions:ν = 100 mV s-1.Ei = 0.1V; Eλ= 1.3 V; Ef = 0.1 V and 

(b) Differential pulse voltammograms obtained in 1.0 mmol L-1 MAA (MTM 

solution aged for one month) at BR buffer pH 2.1 (–□–); 4.0 (--); 8.0 (-Δ-); and 
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10 (-*-). Experimental Conditions:potential range of 0.0 V to + 0.7 V;  = 5.0 mV 

s-1, pulse amplitude = 25 mV and pulse width= 50 ms. Taking in account the 

presented results, an electro-oxidation mechanism, in which both products have 

the same electroactive groups, was proposed, Schemes 1a and 1b. 

Scheme 1a. Proposition for MTM electro-oxidation mechanism in DMF.26,27 

Scheme 1b. Proposition for MTM hydrolysis step to produce MAA and MAA 

electro-oxidation mechanism in BR buffer media.26,27 
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Chapter 2 - Electrochemical behaviour of dipyrone (metamizole) and 

others pyrazolones 

 

Scheme 1. The MTM hydrolysis and its generated products. 

Scheme 2. Structure of the pyrazolones studied in this work. 

Figure 1. Cyclic voltammograms obtained with GCE in 0.1M PBS, pH = 7.4, 

containing 1mM of each of the compounds: AA (A); 4AA (B); MAA (C); DMAA 

(D); MTM (E). 

Figure 2. Pourbaix diagrams: Eap0 from MAA (red line) and 4AA (black line).  

Figure 3. Differential pulse voltammograms obtained with GCE in 0.1 mol L−1 

PBS, pH 7.4, containing 1.0 mmol L−1 of AA (A); 4AA (B); MAA (C); DMAA (D) 

and MTM (E). The peak width at half height values (w1/2) were obtained after 

the voltammogram deconvolution processes (colored lines). 

Figure 4. Differential pulse voltammograms obtained with GCE in DMF 

containing 0.1 M of TFBTBA and 1.0 mmol L−1 of A) AA; B) 4AA; C) MAA; D) 

DMAA; E) MTM. Deconvolution processes were performed, when necessary, to 

obtain the values of w1/2. Experimental data are shown as black lines while 

deconvolutions are displayed as colored lines. 

Figure 5: Square wave voltammograms (SWV) obtained with GCE in 0.1 M 

PBS, pH = 7.4, containing 1.0 mM of each of the compounds: (A) AA; (B) 4AA; 

(C) MAA; (D) DMAA; (E) MTM. (1) Total current; (2) forward current; (3) 

backward current. 
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Figure 6: Cyclic voltammograms obtained with GCE in DMF containing 

0.1 mol L−1 of TFBTBA and 1.0 mmol L−1 of MTM: (A) 10 mV s−1 (1); 50 mV s−1 

(2); 100 mV s−1 (3); 500 mV s−1 (4) and 1000 mV s−1 (5); (B) E0 = 0.0 V; 

Eλ = 1.4 V; Ef = 0.0 V  and 10 mV s−1 (1); 50 mV s−1 (2); 100 mV s−1 (3); 

500 mV s−1 (4) and 1000 mV s−1 (5); E0 = 0.0 V; Eλ = 0.7 V; Ef = 0.0 V . 

Figure 7: iap1 /icp ratio as a function of scan rate (v). Applied potential window 

restricted to the interval in which only the first electrochemical process occurs. 

Figure 8: Eap1 vs log v plot obtained in DMF containing 0.1 mol L-1 TFBTBA 

and 1.0 mmol L-1 MTM. (Ep1 = 0.030log v + 0.495, R2 = 0.975). 

Scheme 3. Schematic representation of the possible reaction pathways after the 

Eap1 process. 

Scheme 4. Electrochemical oxidation mechanism proposed for dipyrone and 

antipyrine molecules. 

Figure 9: DMAA and MTM analytical curves obtained in PBS pH 7.4 (black line) 

and DMF containing 0.1 mol L−1 of TFBTBA (red line), respectively. DMAA 

solutions in PB, pH = 7.4. Data obtained from square wave voltammograms in 

10–100 μmol L−1 range (average of five measurements). 

ip(DMAA)/μA = 0.96[DMAA]μM – 0.45 (R2 = 0.998) and ip(MTM)/μA = 0.92[MTM] μM 

– 0.59 (R2 = 0.998). 

Appendix 2 - Electrochemical behaviour of dipyrone (metamizole) and 

others pyrazolones  – Supplementary material 
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Figure S1. Chromatograms obtained in MeOH 55/ PB 45 (V/V), pHapparent = 2.5, 

containing 1.0 m molL-1 of: (-) MTM, (-) 4AA and (-) AA individual solutions (A) 

and  

(-) MTM, (-) MAA and (-) MTM, after 10 minutes (B). 

Figure S2A. H1 NMR Spectrum vs CDCl3 at 500 MHz, obtained in MAA, 

extracted with CHCl3, from 1.0 mM of MTM aging solutions. 

Figure S2B. C13 NMR Spectrum vs CDCl3 at 500 MHz, obtained in MAA, 

extracted with CHCl3, from 1.0 mM of MTM aging solutions.  

Figure S3: UV-VIS Spectra obtained from solutions containing 50.0 μmol L-1 of 

MTM (Inset), MAA ( -.-.), 4AA, (- - -) and AA (…)  in PBS pH = 7.4. 
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Chapter 3 - Electrochemical oxidation of dipyrone and pyrazolone 

derivatives complexes with Fe (III), and its EC’ mechanism.  

 

Scheme 1: Electrochemical oxidation mechanism of the antipyrines and MTM’s 

hydrolysis reaction. [6] 

 

Figure 1: UV-Vis spectra as a function of the iron (III) addition for: A) AA, B) 4AA, 

C) DMAA and D) MTM 

 

Figure 2: Raman spectra from crystal and solutions of A) AA and AA + Fe (III), B) 

4AA and 4AA + Fe (III), C) DMAA and DMAA + Fe (III)and D) MTM and MTM + 

Fe (III). 

 

Scheme 2: Proposition of the structures of the complexes formed between the 

phenazones and iron III. 

 

Figure 3: CV of A) 1.0 mM AA B)1.0 mM AA + Fe (III) C) 1.0 mM 4AA D) 1.0 mM 

AA + Fe (III) E) 1.0 mM DMAA F) 1.0 mM AA + Fe (III) G) 1.0 mM MTM H) 1.0 

mM AA + Fe (III) in solutions of 0.1 M HCl.  

 

Figure 4: Randles Sevicik theoretical predictions compared to the experimental 

peak current values obtained to the processes A) Eap3 of AA, B) Eap0 of 4AA, C) 

Eap1 of DMAA, D) combined values of Eap0 and Eap1 of MTM. 
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Figure 5: Plots of the charge transfer coefficient (β) as a function of the applied 

potential. 

 

Figure 6: A) CV obtained in (1:1) 1.0 mM 4AA with DMAA solutions in 0.1 KCl, 

pH = 2.0 at different scan rates, B) CV obtained in (1:1:1) 1.0 mM 4AA, DMAA, 

and Fe (III) solutions in 0.1 KCl, pH = 2.0 at different scan rates C) CV obtained 

in (1:1) 1.0 mM 4AA with DMAA solutions in 0.1 KCl, pH = 2.0 at different times 

D) Charge transfer coefficients of the CVs presented in C, E) Turnover frequency 

as a function of the driving force for the systems presented in A and in B,  F) 

Catalytic Tafel plots of the systems presented in A and B G) CV obtained in (1:1) 

1.0 mM MTM with Fe (III) solutions in 0.1 KCl, pH = 2.0 at different times H) Tafel 

Plots from the voltammograms presented in F I) Catalytic Tafel plots of the 

system presented in G. 

 

Appendix 3 - Electrochemical oxidation of dipyrone and pyrazolone 

derivatives complexes with Fe (III), and its EC’ catalytic mechanism  – 

Supplementary material  

 

Figure S1: Complexation of MTM with Iron (III) 1.0 mM (1:1) at different pH 

values. 

 

Figure S2: Complexation of A) AA; B) 4AA; C) DMAA; D) MTM with Iron (III) 1.0 

mM (1:1) at acidic media (pH 2,0). 
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Figure S3: UV-Vis spectra of 1.0 μ mol L-1 of AA in 0.1 mol L-1 KCl solutions, pH 

= 2.0 and the subsequent additions of Fe (III)(aq.) 

 

Figure S4: UV-Vis spectra of 1.0 μ mol L-1 of Fe (III)(aq.) in 0.1 mol L-1 KCl 

solutions, pH = 2.0 and the subsequent additions of AA 

 

Figure S5: UV-Vis spectra of 0.5  10-9 mol L-1 of AA in 0.1 mol L-1 KCl solutions, 

pH = 2.0 at different times, and the subsequent additions of Fe (III)(aq.) 

 

Figure S6: UV-Vis spectra of 1.0 μ mol L-1 of 4AA in 0.1 mol L-1 KCl solutions, pH 

= 2.0 and the subsequent additions of Fe (III)(aq.) 

 

Figure S7: UV-Vis spectra of 1.0 μ mol L-1 of AA in 0.1 mol L-1 KCl solutions, pH 

= 2.0 and the subsequent additions of Fe (III)(aq.) 

 

Figure S8: UV-Vis spectra of 1.0 μ mol L-1 of 4AA in 0.1 mol L-1 KCl solutions, pH 

= 2.0 and the subsequent additions of Fe (III)(aq.) 

 

Figure S9: Cronoamperogram of a 1,0 mM AA solution in PBS, pH = 7,4. 

 

Figure S10: Cronoamperogram of a 1,0 mM 4AA solution in PBS, pH = 7,4. 

 

Figure S11: Cronoamperogram of a 1,0 mM DMAA solution in PBS, pH = 7,4. 
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Figure S12: UV-Vis spectra as a function of the iron (III) addition for a 4AA and 

DMAA solution. 
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Chapter 4 - Electrochemical Cyclooxygenase biosensor to evaluate target 

– drug viability and interactions. 

 

Scheme 1: Schematic representation of the COX enzyme; 1A) the active site of 

the enzyme and its chemical steps. 1B) the cyclooxygenase and peroxidase 

reactions of the enzyme to convert the AA into PGH2. (Tsai et al., 1995; Tsai and 

Kulmacz, 2010)  

 

Figure 1: A) CV obtained in GCE-COX at PB 0.1 M, pH 7.4 (1st scan GCE-COX 

– Black, Blank scan – Red); B) DPV obtained in GCE-COX at PB 0.1 M, pH 7.4 

(Scan GCE-COX – Black, Blank scan – Red); C) SWV obtained in GCE-COX at 

PB 0.1 M, pH 7.4 ((1) Backward Current, (2) Forward Current, (3) Total Current), 

the experimental conditions were presented in the previous section. 

 

Figure 2: DPV obtained in GCE-COX 50μM Tyr solutions in PB 0.1 M, pH 7.4 A) 

Without the presence of 5mM H2O2; B) Within the presence of 5mM H2O2. 

Figure 3: DPV obtained in GCE-COX at several different H2O2 concentrations in 

PB 0.1 M, pH 7.4 solutions; Figure 4 Inset: i versus concentration curve obtained 

from 4 voltammograms. 

 

Scheme 2: Proposed catalytic electrochemical mechanism of COX. 

 

Figure 4: DPV in GCE-COX at 5.0 mM H2O2 and 50 μmol L-1 of A) SA, B) ASA, 

C) APAP, D) MAA, E) IBU, F) NPX, in PB 0.1 M solutions, pH 7.4;. Inset) DPV 
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was obtained in GCE-COX after a gentle wash in a new 5.0 mM H2O2 solution 

PB 0.1 M solution, pH 7.4 without the presence of the NSAID. 

 

Figure 5: Plots of the inhibition percentage versus time for some NSAIDs; A) 

Salicylic Acid (SA); B) Acetyl Salicylic Acid (ASA); C) Acetominophen (APAP); D) 

4-Methyl-Aminoantipyrine (MAA); E) Ibuprofen (IBU); F) Naproxen (NPX) 

 

Figure 6: X-band EPR plots of hematin-induced tyrosyl radicals and their spectra 

in the presence of NSAIDs.  

 

Figure 7: A) Bar graph of COX inhibitions in % observed for each NSAIDs at DPV, 

obtained at GCE-COX in 5mM H2O2 at PBS, pH 7.4; B) Bar graph of Htin 

inhibitions in % observed for each NSAIDs at EPR, obtained at Htin 100 μM and 

Tyr 100 μM at H2O. 50μM and 5μM of drugs were used, respectively.  

 

Appendix 4 – Electrochemical Cyclooxygenase biosensor to evaluate target 

– drug viability and interactions  – Supplementary material 

 

Figure S1. Detection of COX-2 protein expression by western blotting assay. The 

protein samples were obtained from C3H/HeJ mice’s liver from a control group, 

whose animals were submitted to a fibrosis-associated hepatocarcinogenesis 

model. 

 

Figure S2: A) CV obtained in GCE-COX at PB 0.1 M, pH 7.4 (1st scan GCE-COX 

– Black, Blank scan – Red); B) DPV obtained in GCE-COX at PB 0.1 M, pH 7.4; 
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C) SWV obtained in GCE-COX at PB 0.1 M, pH 7.4 ((1) Backward Current, (2) 

Forward Current, (3) Total Current), the experimental conditions were presented 

in the previous section. 

 

Figure S3: DPV obtained in GCE-COX 50μM Tyr solutions in PB 0.1 M, pH 7.4 

A) Without the presence 5mM H2O2; B) Within the presence of 5mM H2O2. 

Figure 3: Linear Sweep Voltammetry and the Tafel plots of processes Ecp2 and 

Ecp3. 

 

Figure 4: DPV obtained in GCE-COX at several different H2O2 concentration in 

PB 0.1 M, pH 7.4 solutions; Figure 4 Inset: –i versus concentration curve obtained 

from 4 voltammograms. 

 

Scheme 2: Proposed catalytic electrochemical mechanism of COX. 
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Chapter 5 - Mechanism and kinetics of olanzapine and quetiapine 

oxidations at glassy carbon electrode.  

 

Scheme 1: Molecular structure of the anti-psychotic drugs olanzapine (OLZP) 

and quetiapine (QTP). 

Figure 1: A) CV obtained with GCE in a solution containing 1.0 mM: (red) OLZP, 

(dark grey) QTP at a wide potential window of -1.0 to 1.4/ 1.5 V in 0.1 M PBS, pH 

= 7.4. ν = 0.1 V s-1; B) CV obtained with GCE in a solution containing 1.0 mM: 

(red) OLZP at a restricted potential -0.1 to 0.6 V in 0.1 M PBS, pH = 7.4. ν = 1.0 

V s-1; C) CV obtained with GCE in a solution containing 1.0 mM: (red) OLZP at a 

restricted potential 0.6 V to 1.4/ 1.5 V in 0.1 M PBS, pH = 7.4. ν = 1.0 V s-1; D) 

Transfer coefficient (β) as a function of the applied potential obtained from CV 

presented in figure 1C.  

Figure 2: CV obtained with GCE in  solutions containing 1.0 mM A) OLZP, B) 

QTP in 0.1 M PBS, pH = 7.4, the voltage scan rate was varied from 0.01 to 1.00 

V s-1.  

Figure 3: A) CV obtained with GCE in solutions containing 1.0 mM of OLZP in 0.1 

M PBS, pH = 7.4, in a restricted window from -0.1 to 0.6 V in various scan rates 

from 0.01 to 1.00 V s-1; B) Peak current ratio (Process I/ Process II) as a function 

of the logarithm of the scan rate; C) Plot of the OLZP oxidation peak current as a 

function of the square root of the scan rates, compared to the theoretical plots 

Randles-Sevcik equations (dark grey – reversible, blue – irreversible), Electrode 

Area = 0.071 cm2; D) OLZP oxidative peak potentials as a function of pH. 

Scheme 2: Illustrative competition between chemical steps that follow up OLZP 

oxidation I process. 
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Figure 4: A) Potential peak of OLZP process I as a function of the logarithm of 

the scan rate. Ep(I) = 24.5 10-3 log ν + 0.26. R2 = 0.982 B) Dimensionless 

parameter (λ) as a function of the inverse of the scan rate. 

Figure 5: Overlapping between experimental and simulated voltammograms of 

OLZP process I. The simulations were obtained with the parameters presented 

in tables 3 and 4.  

Figure 6: A) Peak current ratios (anodic/cathodic) of the experimental and 

simulated voltammograms as a function of the scan rates. B) Comparison 

between the experimental and simulated β values obtained.  

Figure 7: A) Plot of the OLZP oxidation peak current of process III as a function 

of the square root of the scan rates, compared to the theoretical plots using the 

Randles-Sevcik equation (blue – irreversible (β = 0.2; n = 1)); B) Plot of the QTP 

oxidation peak current of process III as a function of the square root of the scan 

rates, compared to the theoretical plots obtained by Randles-Sevcik equations 

(black – irreversible (β = 0.9; n = 1, red – irreversible (β = 0.3, n=1) Electrode 

Area = 0.071 cm2; C) oxidation peak potentials of process III of OLZP as a 

function os pH; D) oxidation peak potentials of process III of QTP as a function of 

pH. 

Figure 8: Comparison between the experimental β values of the processes III 

from OLZP and QTP obtained in the Tafel plots presented in figures S5 and S6. 

Scheme 3: Electrochemical oxidation mechanism proposed to OLZP processes 

I/ II with the follow up chemical processes, III and IV. B) Electrochemical oxidation 

mechanism proposed to QTP processes III and IV. 

Appendix 5 - Olanzapine and quetiapine oxidation mechanism in glassy 

carbon electrode at physiological pH – Supplementary material.  
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Figure S1: Cronoamperogram at GCE of a solution 1.0mM of OLZP in PBS 0.1M, 

pH = 7.4, Eapp = 0.25 V. Insert: Current as a function of the inverse of the square 

root of the time, in minutes. 

Figure S2: Cronoamperogram at GCE of a solution 1.0mM of QTP in PBS 0.1M, 

pH = 7.4, Eapp = 1.25 V. Insert: Current as a function of the inverse of the square 

root of the time, in seconds. 

Figure S3: CV presented in figure 3A with the respective Tafel plots as inset. The 

red parts of the voltammograms show the part of the curve sub-plotted to the 

Tafel analysis as in the insets. The parameters used in the simulations are 

presented in table 1. 

Figure S4: Simulated CVs presented in figure 9 with the respective Tafel plots as 

inset. The red parts of the voltammograms show the part of the curve sub-plotted 

to the Tafel analysis as in the insets. 

Figure S5: CV presented in figure 2A with the respective Tafel plots as inset. The 

red parts of the voltammograms show the part of the curve sub-plotted to the 

Tafel analysis as in the insets. 

Figure S6: CV presented in figure 2B with the respective Tafel plots as inset. The 

red parts of the voltammograms show the part of the curve sub-plotted to the 

Tafel analysis as in the insets.  

Figure S7: Peak potentials of process IV of QTP as a function of pH.  

 

 

Chapter 6 - Dopamine oxidation at gold electrodes: mechanism and 

kinetics near neutral pH 
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Scheme 1: Schematic representation of the literature dopamine electrochemical 

oxidation mechanism. 1 

Scheme 2: Schematic representation of the oxidized dopamine cyclization 

reaction at pH = 7.4. 6  

Figure 1. CVs of DA solutions in PBS 0.1 M, pH = 7.4 at different scan rates: A = 

0.02 V s-1; B = 0.1 V s-1; C = 0.20 V s-1 and D = 1.00 V s-1. 

Figure 2. Plot of the dopamine oxidative peak currents as a function of the square 

root of the  scan rates, compared to the theoretical peak currents predicted by 

the Randles-Sevcik equations for a single step two-electron reversible transfer (-

), for a multi-step irreversible (n’ = 0; n = 2; β = 0.5) process (-), and for a multi-

step irreversible (n’ = 1; n = 2; β = 0.5) (-), together with experimental results (▪). 

Electrode Area = 0.0314 cm2, C = 10-3 mol L-1. 

Figure 3: Dimensionless parameter λ parameter versus the inverse of the voltage 

scan rate. Linear regression: λ = 0.0063 ± 0.0008 ν-1 – 0.00873. R2 = 0.897 

Figure 4: CV presented in figure 1 with the respective Tafel plots as inset. The 

red parts of the voltammograms show the part of the curve sub-plotted to the 

Tafel analysis as in the inserts. 

Figure 5: (-) Simulated CV voltammograms; (-) of DA solutions in PBS 0.1 M, pH 

= 7.4 at different scan rates: A = 0.02 V s-1; B = 0.05 V s-1; C = 0.10 V s-1; D = 

0.20 V s-1; E = 0.05 V s-1 and F = 1.00 V s-1. 

Figure 6: Peak current ratios (anodic/ cathodic) of the experimental and simulated 

voltammograms as a function of the scan rate, presented in a logarithm scale. 

Figure 7. β values for the A/C processes versus the scan rate. 

Scheme 3: Proposed electrochemical oxidation mechanism for dopamine in near-

neutral pH. 
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Chapter 7 - New insights on the electrochemical mechanism of 

epinephrine on glassy carbon electrode. 

 

Scheme 1: Most accepted oxidation mechanism of Epi. [6] 

Figure 1: Typical CVs of Epi solutions in 0.1M PBS, pH = 7.4 at different scan 

rates, from 0.01 to 10.0 V s-1.  
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Figure 2: Typical SWV of Epi solutions in 0.1M PBS, pH = 7.4. A) Swept from -

0.6 V to 1.0 V. B) Swept from 1.0 V to -0.6 V. 

Figure 3: Plot of the Epi oxidation peak current as a function of the square root of 

the scan rates, compared to the theoretical plots of Randles-Sevcik equations 

(Black square – Epi experimental peak current values; blue – reversible, n=2; 

dark gray – Multi-step irreversible n’=1, n=2, β=0.5; red – Multi-step irreversible 

n’=0, n=2, β=0.5), Electrode Area = 0.071 cm2, D = 1.03 x 10-5 cm s-1. 

Figure 4: Dimensionless parameter (λ) as a function of the inverse of the scan 

rate. 

Figure 5: Pourbaix diagram (Peak potential values as a function of pH) of Epi at 

different scan rates A) Process I, B) Process II, C) Process III, D) Process IV.  

Scheme 2: Schematic representation of the Epi oxidation behaviour as a function 

of pH. 

Figure 6: Experimental and simulated CVs of Epi. The simulations were obtained 

with the parameters presented in Tables 1 and 2. 

Figure 7: Comparison between the experimental and simulated β values. 

Figure 8: A) Diagram of Gibbs energy as a function of the reaction coordinate of 

the oxidation of Epi. B) Schematic representation of the Gibbs energy as function 

of the reaction coordinate, illustrating each product and intermediate formed. 

Scheme 3: A proposed electrochemical mechanism to Epi’s processes I, II, III 

and IV with the follow-up cyclization. 

Appendix 7 - New insights on the electrochemical mechanism of 

epinephrine on glassy carbon electrode – Supplementary material 
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Figure S1: Cronoamperogram of 1.0 mM of Epi in 0.1 PBS, pH=7.4 and its 

respective linearization (insert) 

Figure S2: Experimental working curve that correlates the apparent number of 

electrons and the dimensionless parameter λ. 

Figure S3: CVs of Epi solutions in 0.1M PBS, pHs = 1.0, 3.0, 4.0, 5.0, 6.0, 7,4 at 

different scan rates, from 0.01 to 10.0 V s-1.  

Figure S4: Pourbaix diagrams (Peak potential x pH) of processes A) I; B) II, C) III 

and D) IV.  

 

 

 

 

 

 

 

 

 

Chapter 8 - The chemical interaction between the neurotransmitter 

dopamine and the antipsychotic drugs olanzapine and quetiapine. 

 

Scheme 1: Chemical structures of Olanzapine (OLZP) and Quetiapine (QTP). 

Scheme 2: Schematic representation of the electrochemical redox mechanism of 

dopamine (DA), leading to neuromelanin. [38,42] 

Figure 1: CV obtained using GCE in a solution containing: A) 1.0 mM DA solution 

(grey); 1.0 mM OLZP solution (blue); 1.0 mM DA and OLZP (red), in 0.1 M PBS, 
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pH = 7.4, at the scan rate of 100 mV s-1. B) 1.0 mM DA solution (grey); 1.0 mM 

QTP solution (blue); and 1.0 mM DA and QTP (red), in 0.1 M PBS, pH = 7.4, at 

the scan rate of 100 mV s-1. 

Figure 2: CV obtained using GCE in a solution containing: A) 1.0 mM DA solution; 

B) 1.0 mM OLZP solution; C) and D) 1.0 mM DA and OLZP, in 0.1 M PBS, pH = 

7.4, at different scan rates. 

Figure 3: CV obtained using GCE in a solution containing: A) 1.0 mM DA; B) 1.0 

mM QTP; C) and D) 1.0 mM DA and QTP, in 0.1 M PBS, pH = 7.4, at different 

scan rates. 

Figure 4: A) Peak potential of processes I and II of DA (dark grey and red, 

respectively), DA in the presence of OLZP (blue and green, respectively), and DA 

in the presence of QTP (purple and dark yellow, respectively) as a function of the 

scan rate. B) Charge transfer coefficient (ln I/ dE) as a function of the potential 

obtained from respective CVs at 20 mV s-1; C) UV-Vis spectra of a 90 nM of DA, 

90 nM of OLZP, OLZP in the presence of DA, 90 nM (1:1) after 6 hours and 

overnight; D) 90 nM of DA, 90 nM of QTP, QTP in the presence of DA, 90 nM 

(1:1) after 6 hours and overnight; Photo of E) a 10 mM (1:1) DA + PIPES solution 

after 6 hrs, F) 10 mM solution of DA used as control, G) a 10 mM (1:1) DA + 

OLZP solution after 6 hours, H) a 10 mM (1:1) DA + QTP solution after 6 hours. 

Scheme 3: Mechanism proposition of the chemical reaction between dopamine 

and the antipsychotic drugs.  

Figure  5: A) DPV obtained for the individual solutions of 1.0 mM DA (black line) 

and 1.0 mM of OLZP (red line) in 0.1 M PBS, pH = 7.4, and for the mixture of 1.0 

mM of OLZP and DA solutions, along the time of reaction, with DPV data obtained 

every 15 min; B) Peak current extracted from DPV data for different time of 
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reaction; C) Logarithm of the DA oxidation peak current versus time in minutes 

(ln IDA = -1.5 10-2 t + 2.2, R2 = 0.99) 

Figure  6: A) DPVs obtained for individual solutions of 1.0 mM QTP (red line) and 

1.0 mM DA (black line) and for the mixture of 1.0 mM QTP+DA along the time of 

reaction, recording the DPV data every 15 min. B); Peak current extracted from 

DPV data presented in A along the time of reaction. C) logarithm of DA´s 

oxidation peak current versus time in minutes (ln IDA = -9.0 10-3 t + 2.07, R2 = 

0.99)  

Figure  7: A) DPVs obtained for the mixture of CAT and PIPES solutions, 1.0 mM, 

each along the time of reaction, recording the DPV data every 15 min. B); Peak 

current extracted from DPV data presented in A along the time of reaction. C) 

logarithm of the DA oxidation peak current versus time in minutes (ln ICAT = -1.7 

10-2 t + 1.3, R2 = 0.87)  

 

Appendix 8 - The chemical interaction between the neurotransmitter 

dopamine and the anti-psychotic drugs olanzapine and quetiapine 

Supplementary material. 

 

Figure S1: 1H NMR (DMSO-d6, 300 MHz) of OLZP samples obtained after the 

extraction procedure. 

Figure S2: 1H NMR (CDCl3, 300 MHz) of QTP samples obtained after the 

extraction procedure. 

Figure S3: EPR spectra of A) DA, PPZ, OLZP and QTP samples; B) DA+ PPZ, 

DA+OLZP, DA+QTP and PDA samples. 
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Figure  S4: A) DPVs obtained using GCE in a solution containing a mixture of DA 

solutions, 1.0 mM along the time of reaction, recording the DPV data every 15 

min. B); Peak current extracted from DPV data presented in A along the time of 

reaction. CV  

Figure S5: A) DPVs obtained using GCE in a solution containing a mixture of DA 

and PIPES solutions, 1.0 mM, each along the time of reaction, recording the DPV 

data every 15 min. B); Peak current extracted from DPV data presented in A 

along the time of reaction. C) logarithm of the DA oxidation peak current versus 

time in minutes (ln ICAT = -2.06 10-2 t + 1.65, R2 = 0.92)  

 

 

 

 

 

 

 

 

Chapter 9 - A reaction between neurotransmitter epinephrine and 

antipsychotics drugs olanzapine and quetiapine at physiological pH. 

 

Scheme 1: Schematic representation of the oxidation mechanisms of 

epinephrine, olanzapine and quetiapine. 

Figure 1: CV of 1.0 mM solutions in PBS of A) Epi, B) OLZP, and C) QTP at 

different scan rates. 
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Figure 2: CV of 1.0 mM solutions of A) Epi with OLZP, B) Epi with QTP at 

different scan rates. 

Figure 3: A) Peak potential values of process E I in the presence of the drugs as 

a function of the scan rate. B) Plot of the experimental peak current values of 

process EI in the presence of the drugs as a function of the square root of the 

scan rate, compared with the theoretical predictions of the multi-step irreversible 

Randles-Sevcik equation (n’=0; n=2, β=0,5), electrode area = 0.071 cm2, C = 

1.0 10-6 mol cm-3, D0=2.5 10-6 cm2 s-1. 

Figure 4: CV of 1.0 mM solutions of A) Epi with OLZP, B) Epi with QTP at 0.1 V 

s-1 and different times. 

Figure 5: SWV of 1.0 mM solutions of A and B Epi, C and D Epi with OLZP, and 

E and F Epi with QTP. A, C and E were obtained by sweeping the potential from 

negative to positive potentials. B, D and F were obtained by sweeping the 

potential from positive to negative potentials. 

Figure 6: Charge transfer coefficient as a function of potential from the CV of A) 

Epi with OLZP, B) Epi with QTP at a scan rate of 0.1 V s-1. 

Figure 7: UV-Vis spectra of solutions 1.0 mM of A) Epi, OLZP and QTP, 

separately. B) Epi with OLZP, C) Epi with QTP. 

Scheme 2: Mechanism proposition of the chemical reaction between 

epinephrine and the antipsychotic drugs olanzapine and quetiapine. 
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Papers in collaboration during the Ph.D. program 

 

[1] R.M. Buoro, O.S. Campos, R.P. Bacil, S.H.P. Serrano, Insights toward the 

Electrochemical Behavior of Hematin Using a Hematin Modified Glassy Carbon 

Electrode, J. Electrochem. Soc. 163 (2016) G178–G185. 

https://doi.org/10.1149/2.0021613jes. 

 

The student collaborated in this work with data acquiring, and the 

electrochemical mechanism discussions, especially regarding the loss of the iron 

after the oxidation of the ligand. Moreover, the student participated in the writing 

and revision process of the original draft. 
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[2] R.M. Buoro, R.P. Bacil, C.G. Sanz, O.S. Campos, S.H.P. Serrano, 

Biomimetic behavior and nanomolar detection of hydrogen peroxide on an 

electrochemically pre-treated hematin modified glassy carbon electrode, Sensors 

Actuators B Chem. 250 (2017) 169–178. 

https://doi.org/10.1016/j.snb.2017.03.176. 

The student collaborated in this work with data acquiring, especially the 

obtention of the data to the calibration curves, data curation, the writing and 

revision process of the original draft.  
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[3] T.M.G. Selva, W.R. de Araujo, R.P. Bacil, T.R.L.C. Paixão, Study of 

Electrochemical Oxidation and Quantification of the Pesticide Pirimicarb Using a 

Boron-Doped Diamond Electrode, Electrochim. Acta. 246 (2017) 588–596. 

https://doi.org/10.1016/j.electacta.2017.06.051. 

The student collaborated in this work with data acquiring, the molecular 

(mechanism proposition) and interfacial electrochemistry discussions, the data 

curation, and both writing and revision of the original draft.  
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[4] L.F. Mendes, Â.R. Souza e Silva, R.P. Bacil, S.H.P. Serrano, L. Angnes, 

T.R.L.C. Paixão, W.R. de Araujo, Forensic electrochemistry: Electrochemical 

study and quantification of xylazine in pharmaceutical and urine samples, 

Electrochim. Acta. 295 (2019) 726–734. 

https://doi.org/10.1016/j.electacta.2018.10.120. 

The student collaborated in this work with conceptualization, investigation 

and validation as well as data curation, the writing and revision process of the 

original draft.  
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[5] C.G. Sanz, K.A. Dias, R.P. Bacil, R.A.M. Serafim, L.H. Andrade, E.I. 

Ferreira, S.H.P. Serrano, Electrochemical characterization of para- and meta-

nitro substituents in aqueous media of new antichagasic pharmaceutical leaders, 

Electrochim. Acta. 368 (2021) 137582. 

https://doi.org/10.1016/j.electacta.2020.137582. 

The student collaborated in this work in the investigation and validation 

processes as well as data curation, and the writing of the original draft.  
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[6] V.N. Ataide, W.A. Ameku, R.P. Bacil, L. Angnes, W.R. de Araujo, T.R.L.C. 

Paixão, Enhanced performance of pencil-drawn paper-based electrodes by laser-

scribing treatment, RSC Adv. 11 (2021) 1644–1653. 

https://doi.org/10.1039/D0RA08874A. 
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The student collaborated in this work in the data acquirement, 

investigation and validation processes, data treatment and discussions, 

especially regarding the Tafel analysis in the SI. The student also participated in 

the writing and revision process.  
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Book chapters published in collaboration during the Ph.D. program 

 

[1] C.G. Sanz, R.M. Buoro, R.P. Bacil, I.S. da Silva, A.D. Rendelucci, F.P. 

Costa, S.H.P. Serrano, Sensing Materials: Electrochemical Applications of DNA 

Sensors and Biosensors, in: Ref. Modul. Biomed. Sci., Elsevier, 2021.  

https://doi.org/10.1016/B978-0-12-822548-6.00039-X. 

The student contributed to this book chapter mainly by organizing and 

writing the 'drug interaction' section as well as writing and revising the original 

draft.  
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[2] T.M.G. Selva, J.S.G. Selva, R.B. Prata, Sensing Materials: Diamond-

Based Materials, in: Ref. Modul. Biomed. Sci., Elsevier, 2021: pp. 1–27. 

https://doi.org/10.1016/B978-0-12-822548-6.00081-9. 

 The student contributed to this book chapter mainly by organizing and 

writing the particle and radiation sensor' section as well as writing and revising 

the original draft.  
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