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RESUMO 

 

Título: Aspectos inorgânicos e físico-químicos na determinação espectrofotométrica do 

radical 1,1-difenil-2-picrilhidrazil. 

Autor: Bryan Brummelhaus de Menezes 

Orientador: Prof. Dr. Marcelo Barcellos da Rosa 

 

 O método DPPH tem sido reportado de forma equivocada em um grande número de 

estudos, de modo a impossibilitar uma comparação direta dos resultados. Chama-se a atenção 

para um erro básico na unidade usada para expressar o valor de IC50 do ácido ascórbico e outras 

substâncias antioxidantes. A concentração absoluta do antioxidante é amplamente mal 

utilizada, desconsiderando a concentração inicial de DPPH•, enquanto a escolha correta é a 

razão molar de antioxidante/DPPH•. Dados de 25 estudos apresentado grande variação nos 

valores de IC50 foram renormalizados de acordo com a estequiometria de reação, resultando em 

dados mais coerentes e mais próximos ao valor ideal de 0,25 para pelo menos 15 deles. Além 

disso, o modelo atualmente utilizado para calcular a concentração de DPPH• pode levar a uma 

superestimativa em torno de 7%, pois não leva em consideração a pequena contribuição do 

produto da reação. Diante disso, apresentamos um modelo matemático para corrigir a 

superestimativa da concentração de DPPH•. 

 

Palavras-chave: DPPH, correção de IC50, estequiometria, modelo matemático 

 



ABSTRACT 

 

Title: Inorganic and physical-chemical aspects on the spectrophotometric determination 

of the 1,1-diphenyl-2-picrylhydrazyl radical. 

Author: Bryan Brummelhaus de Menezes 

Academic Advisor: Prof. Dr. Marcelo Barcellos da Rosa 

 

 The DPPH method has been reported with misconceptions in a large number of studies, 

precluding the direct comparison of results. Attention is drawn to a common mistake in the unit 

used to express the IC50 value of ascorbic acid and other antioxidant substances. Concentration 

of the antioxidant is widely misused disregarding the DPPH• concentration, while the molar 

ratio of antioxidant/DPPH• is de correct choice. Data from 25 studies with widely varying 

IC50 values were renormalized according to reaction stoichiometry, resulting in values more 

coherent and closer to the ideal one of 0.25 for at least 15 of them. In addition, the model 

currently used to calculate the DPPH• concentration can lead to an overestimation of around 

7%, as it does not take into account the small contribution of the reaction product. In view of 

that, we present a mathematical model to correct the overestimation of the DPPH• 

concentration. 

 

Keywords: DPPH, IC50 correction, stoichiometry, mathematical model 
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MOTIVATION AND OBJECTIVES 

 

 The motivation of this work came from the observation of a serious lack in the literature 

respect to DPPH assay, at least 25 studies, published in journals with high impact factor in the 

last decade, have been reporting their results with incoherent units. Besides, the L-ascorbic acid, 

one of the principals “standard antioxidant compound” used as reference to evaluate the 

“antioxidant activity” of any interest analyte, have a complex redox chemistry and is very 

unstable and sensible to contaminants in solution. The combination of this two main points 

leads to a compendium of incoherent reported values across literature, precluding the 

reproducibility and the direct comparison of the reported values side by side, two of the most 

important criteria of the scientific method. 

 The expected goals for this work are: 

 To draw attention to the use of appropriate units by the scientific community, when 

reporting the results of their work. 

 To investigate the influence of both the DPPH radical and its reduction product, in the 

total photon absorption, and to establish an adequate way for its spectrophotometric 

determination. 

 To investigate redox behavior of the L-ascorbic acid and the effect of its metal 

complexes on the observed antioxidant activity. 
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Chapter I – Literature Background 

 

DPPH assay: 

 This method was developed in 1958 by Blois1 to easily determine the antioxidant 

activity using a stable free radical. The assay is based on the measurement of the scavenging 

capacity of antioxidants towards the radical 1,1-diphenyl-2-picrylhydrazyl (DPPH). The odd 

electron of nitrogen atom in DPPH is reduced by receiving a hydrogen atom from antioxidants.2  

 The stability of the free radical DPPH is due the delocalization of the spare electron over 

the molecule as a whole (Figure 1.1), avoiding the dimerization of the molecule, like most other 

free radicals. The unpaired electron also gives a deep violet color to the molecule, with a strong 

absorption in methanol solution at around 515 nm, while its reduced form loss the strong 

absorption band at 515 nm, resulting in a pale-yellow color. The Lambert-Beer law is obeyed 

over the useful range of absorption.1 

 

Figure 1.1. Representation of the DPPH radical reduction, by adding one hydrogen at the odd 
electron, leading to change the color from deep-violet to pale-yellow. 
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 It is a rapid, simple, inexpensive and widely used method to measure the ability of 

compounds to act as free radical scavengers or hydrogen donors, and to evaluate antioxidant 

activity of foods. It can also be used to quantify antioxidants in complex biological systems, for 

solid or liquid samples.3 It is a convenient method for the antioxidant assay of cysteine, 

glutathione, ascorbic acid, tocopherol and polyhydroxy aromatic compounds,4 for olive oil, 

fruits, juices and wines.5 

 DPPH method may be utilized in both aqueous and organic solvents and can be used to 

examine both hydrophilic and lipophilic antioxidants, while antioxidant analysis by other 

methods may be limited to those compounds soluble in the selected solvents.6 DPPH assay is 

considered a valid accurate, easy and economic method to evaluate radical scavenging activity 

of antioxidants, since the radical compound is stable and need not be generated.7 

 When introduced Blois, the antioxidant used as standard model was the cysteine, with 

one available hydrogen for reduction, resulting in an observed 1:1 stoichiometry 

(DPPH:cysteine). However, if the molecule has two adjacent internally connected sites for 

hydrogen abstraction, like the ascorbic acid, then there may be a further hydrogen abstraction 

reaction after the first one, given a 2:1 stoichiometry (DPPH:ascorbic acid). Similar pattern is 

shown with hydroquinone (1,4- dihydoxybenzene) forming quinine (1,4-benzoquinone) by a 

similar two-step mechanism. Other compounds actively participating in this reaction are 

glutathione, aromatic amines, α-tocopherol and polyhydroxy aromatic compounds. Inorganic 

ions in lower valence states (particularly Fe2+) may interfere in this reaction.1 

 Brand-Williams et al. added modifications to the method in 1995,2 since then it has been 

extensively used.8–11 This suggested the oversimplification of the interpretation by Blois and 

that because of the complexity of the reactions, the overall stoichiometry need not necessarily 

be a whole integer.12. Furthermore, the initial step Eq. 1 may be reversible, as can be 

demonstrated by adding the reduced form DPPH-H at the end of the reaction.7,13 Brand-
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Williams et al. and Bondet et al. used the term “EC50” (efficient concentration) or “IC50” 

(inhibition concentration) for the interpretation of the results from DPPH method. This is 

defined as the concentration of substrate that causes 50% reduction in the DPPH color. This 

parameter was subsequently used by several groups for presenting their results.6,14,15 

 



15 
 

Lambert-Beer Law derived from Electromagnetism: 

 

Complex refraction index: 

 When light passes through a medium, some part of it will always be attenuated. This 

can be conveniently taken into account by defining a complex refractive index 

= − κ  (1.1) 

 Here, the real part n is the refractive index and indicates the phase velocity, while the 

imaginary part κ is called the extinction coefficient. 

Complex relative permittivity: 

 In electromagnetism, the absolute permittivity, often simply called permittivity and 

denoted by the Greek letter ε (epsilon), is a measure of the electric polarizability of a dielectric. 

the electric displacement field D resulting from an applied electric field E is 

=   (1.2) 

 As opposed to the response of a vacuum, the response of normal materials to external 

fields generally depends on the frequency of the field. This frequency dependence reflects the 

fact that a material's polarization does not change instantaneously when an electric field is 

applied. The response must always be causal, which can be represented by a phase difference. 

For this reason, permittivity is often treated as a complex function of the angular frequency ω 

of the applied field (since complex numbers allow specification of magnitude and phase). The 

definition of permittivity therefore becomes: 

= (̅ )  (1.3) 

Since the permittivity of a wave can be split into an real and an imaginary part, the following 

relations arrive: 
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̅ ( ) = ( ) − ( ) (1.4) 

( ) = 2  (1.5) 

= √ ≈ √  (1.6) 

Expansion from dispersion model: 

 Including electromagnetic theory into the dispersion formulas, dispersion is seen as 

the consequence of a vibration of opposing charges under the influence of an electric field. 

Accordingly, the basic equation of this type of motion is given by: 

+ + = exp (− ) (1.7) 

wherein  is the reduced mass of the charges and x their displacement, and we have assumed 

that the restoring force is proportional to this displacement (Hook’s law). 

 The solution for the displacement in dependence of time derived from eq. (1.7) is well-

known: 

( ) =
( )

( ) (1.8) 

 If this displacement is multiplied with the charge, we obtain the dipole moment p 

which is linked to the macroscopic polarization P via: 

=  (1.9) 

And also: 

= ( ̅ − 1)  (1.10) 

With combination of equations (1.8), (1.9) and (1.10), we have: 

̅ = 1 +    (1.11) 
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To obtain the final form of the dispersion relation, we define a molar oscillator strength S* via: 

∗ =  (1.12) 

Given, from equations (1.4), (1.11) and (1.12): 

( ) − ( ) = 1 +
∗

 (1.13) 

Rationalizing and separating the real (ℜ) and imaginary (ℑ) parts we have: 

ℜ ( ) = 1 +
∗ ( )  (1.14) 

ℑ ( ) =
∗

 (1.15) 

Based on the relations (1.5) and (1.6), we can obtain k and n: 

( ) = ×
∗

 (1.16) 

( ) = 1 +
∗

 (1.17) 

Considering that for ≪ 1; √1 + ≈ 1 +  : 

( ) ≈ 1 + ×
∗

 (1.18) 

Switching to wavenumbers, the absorbance is defined as: 

( ) = ( )  (1.19) 

where d is the thickness and  the wavenumber. From eqs. (1.18) and (1.19) we obtain: 

( ) =
×

×
∗

 (1.20) 
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L-ascorbic acid as a ligand: 

 

 In the nearly 90 years since its discovery (1928), L-ascorbic acid (AscH2) has become 

“the most famous but yet least understood of the vitamins”. The crystal structure of L-ascorbic 

acid (Figure 1.2) was reported in 1964 by Hvoslef.16 Despite the simplicity of the molecule, its 

biochemistry is poorly understood due to a very complicated redox chemistry which makes the 

molecule both an interesting and intriguing reducing agent in inorganic systems. Many solution 

studies have since been carried out on reactions between ascorbic acid and metal ions. The 

important work of Martell in this field established the catalytic role of metals in the oxidation 

of AscH2.17 

 

Figure 1.2. Crystal structure of L-ascorbic acid. 
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 As a weak diprotic acid (pKa1 = 4.25 and pKa2 = 11.79), the monoanion (AscH−) forms 

at pH 4–5 with deprotonation of O(3)–H and the dianion (Asc2−) forms at pH 11–12 with 

deprotonation of the O(2)–H. The mono-anionic form is more stable due to the delocalization 

of the negative charge between the oxygen atoms at the 1 and 3 positions. Although AscH2 has 

several donor atoms capable of metal complex formation, the interaction of AscH− with metals 

mainly occurs monodentately through the O(3) atom, or by chelation via O(3) and O(2), 

depending on the nature of the metal cation and the pH of the solution. In the solid state, several 

other bonding modes have been proposed including the participation of the carbonyl oxygen 

and side chain OH groups. 

 The stabilities of the complexes are generally less than might have been expected. The 

formation constants of the 1:1 complexes are in the range of 10 to 103.6.17 The values are quite 

small possibly because of the low negative charge on the ligand anion. Jabs and Gaube 

determined the ligand field parameters of the AscH− ligand and suggested that ascorbate should 

take an intermediate position in the spectroscopic series around H2O and ox2− and just before 

the fluoride ligand in the nephelauxetic series.18 Later, Cieslak-Golonka et al. calculated crystal 

field parameters of some chromium ascorbate complexes for octahedral and tetragonal 

symmetries from diffuse reflectance spectra.19 They found that the Dq values are in the region 

1600–1800 cm−1 and larger in solution, typical of oxygen ligands. 

 Nearly all the work on transition metal pure ascorbate complexes has been performed 

with the first-row metals and on powdered samples. Since no single crystal data are available, 

the structural assignments have been generally deduced from UV-vis, NMR, IR and magnetic 

measurements. Due to the unstable nature of the molecule and hydrolytic instabilities of the 

complexes there have not been many reports on the isolation of solid complexes of ascorbic 

acid. The proposed structures of the pure ascorbate complexes have generally been the subject 

of controversy in the absence of X-ray crystal data. 
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  The first systematic synthesis and isolation of binary ascorbate complexes with redox-

inert transition metals were reported by Jabs and Gaube.20 Complexes of the type 

M(AscH)n·xH2O (M = TiO2+, Cr3+, Mn2+, Co2+, Ni2+ and Zn2+) were obtained through the 

reaction: 

MSO + Ba(OH) + 2 → M( ) · H O + BaSO + 2H O (1.21) 

 Since then, complexes with high oxidized transition metals have been investigated by 

other authors. In those cases, the metal center is generally reduced by ascorbic acid via an inner-

sphere reaction. Ferrer et al.21 demonstrated that the primary complexes generated by the 

interaction of dhAsc with metal ions are not stable and irreversibly hydrolyze to diketogulonic 

acid complexes of the related metal. 
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Chapter II – A critical approach of DPPH method: mistakes and 

inconsistencies in stoichiometry and IC50 determination by UV/VIS 

spectroscopy 

 

Chapter II comprises the first article of this work, focused on the DPPH method, reviewing the 

correct methodology for its spectrophotometric determination, including a new mathematical 

model to consider the species formed in solution, and recalculating IC50 values for ascorbic 

acid, inappropriately reported in several works in the literature. 
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Abstract 

The DPPH method has been reported with misconceptions in a large number of studies, 

precluding the comparison of results. Attention is drawn to a common mistake in the unit used 

to express the IC50 of ascorbic acid (AscH2) and other antioxidant substances. Concentration of 

the antioxidant is widely misused disregarding the DPPH• concentration, while the molar ratio 

of antioxidant/DPPH• is de correct choice. Data from 25 studies with widely varying IC50 values 

were renormalized according to reaction stoichiometry, resulting in values more coherent and 

closer to the ideal one of 0.25 for at least 15 of them. In addition, the model currently used to 

calculate the DPPH• concentration can lead to an overestimation of around 7%, as it does not 

take into account the small contribution of the reaction product. In view of that, we present a 

mathematical model to correct the overestimation of the DPPH• concentration. 

 

Keywords: DPPH, IC50 correction, stoichiometry, mathematical model 

  

Chemical compounds studied in this article 

1,1-Diphenyl-2-picrylhydrazine (PubChem CID: 74358); L-ascorbic acid (PubChem CID: 

54670067); 2,6-Di-tert-butyl-4-methylphenol (PubChem CID: 31404) 
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2.1. Introduction 

 The DPPH assay is a well-known method which is frequently employed as it is simple, 

has a low cost, requires little operator skills, and uses a simple spectrophotometer.22 It has been 

applied to quantify antioxidant activity in food, plant extracts, and beverages23,24 using 

antioxidant standards as ascorbic acid (AscH2), butylated hydroxyl toluene (BHT), α-

tocopherol, butylated hydroxyl anisole (BHA), gallic acid and Trolox.15 Nonetheless, 

determination of the antioxidant potential of a substrate through the DPPH assay draws 

attention from the literature because it often presents inconsistencies.15,25 The two main 

problems observed are: first, the absolute determination of the fifty percent inhibitory 

concentration (IC50) despite the initial concentration of DPPH used, when a relative value would 

be more coherent and could be compared with findings of other studies;26,27 and second, the 

mistake in the determination of the percentage of scavenged DPPH radical (DPPH•), due to the 

missing measure of the absorbance of the molecular DPPH (DPPH-H) formed in the 

reaction.28,29 

Regarding the first problem, an increase in the initial DPPH• concentration also 

increases its consumption, even when the ratio of antioxidant to DPPH• is maintained, thus 

affecting IC50 determination.26 Studies have shown that DPPH activity and antioxidant 

concentration are not linear; so, each sample would need its own calibration curve, something 

that is not feasible and does not have a good “fit”.27,30 Therefore, presentation of IC50 results 

always requires comparison with a standard to determine the DPPH concentration obtained 

from the calibration curve due to uncertainties in direct determination.31 Besides, IC50 values 

calculated as “oxidizing power” do not take into account the reaction time to reach equilibrium. 

This time is required to complete the redox reaction and the equilibrium on the reversibility of 

the reaction.12 
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With respect to the second problem mentioned above, the originally proposed DPPH 

method1 and the protocol later suggested2 undergo changes in the measurement parameters 

(e.g., concentration, reaction time, pH, solvent and presence of metal ions or inorganic salts) as 

needed.23 The non-standardization of the DPPH method for antioxidant activity evaluation 

generated discrepant data in several studies, even for samples from the same matrix. These 

parameters must be carefully monitored for they affect the reaction kinetics and equilibrium, 

thus producing a variation in IC50 values. One of the main problems in the incompatibility of 

results between studies is not considering the standardization of a solvent for the proper 

proposal.28 Solvent nature can interfere with the number of exchanged electrons as it influences 

the degree of secondary reactions of partially oxidized antioxidants and the rate of initial 

oxidation steps.29 In addition, several spectrometric and non-spectrometric techniques have 

been used for the determination of antioxidant activity, and this further complicates 

comparisons.32 Nevertheless, due to the colorimetric mechanism, a UV-Vis spectrophotometer 

is one of the simplest and cheapest techniques to use; it has proven to be a practical alternative 

for universities and companies for it is quick, does not have extra costs with solvents or inert 

gas flows, and does not require intense training for operation. 

Although quite simple, expressing results in IC50 values hampers comparison between 

studies. Thus, the method parameters are not the main hindrance, but the data-interpretation 

errors; they cause a distortion that prevents comparisons and the reliability of the measurements 

themselves. Another burden is the expression of the antioxidant activity using an incorrect 

unit.33 

These issues have already been critically addressed in studies showing a large difference 

in IC50 results for various reference standards. For L-ascorbic acid (AscH2), for instance, a range 

from 10.2 to 746.5 µM has been described. The main problem reported is the great variation in 

the DPPH assay protocol. Therefore, literature values can be misleading, making it difficult to 
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correctly estimate the antiradical parameters of new molecules and precluding comparison with 

others.15,25,34 We intend to continue assessing this matter by analytically approaching the 

mathematics and stoichiometry and also reevaluating some literature data. 

 In view of such considerations, we present a reminder of how to properly determine IC50 

by reviewing the literature and collecting data from articles that have mistakenly expressed IC50 

values; moreover, we propose a mathematical model to correct the overestimation of the DPPH• 

concentration caused by an overlap of the maximum lambda by the DPPH-H signal, which 

generates overestimated IC50 values.  
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2.2. Materials and methods 

1,1-Diphenyl-2-picrylhydrazyl (min. 95%), reference L-ascorbic acid (99.7-100.5%), 

2,6-Di-tert-butyl-4-methylphenol (99%) and UV/HPLC grade methanol were purchased from 

Sigma Aldrich Chemical Co. Fresh stock solutions were prepared before each analysis. The 

spectrophotometric measurements were performed in a Varian Cary 50 spectrophotometer with 

1 cm quartz cuvettes. 

2.2.1. DPPH assay 

Calibration curves were measured for the DPPH• and the DPPH-H solutions. For 

DPPH•, a 200 µmol L−1 methanolic solution was prepared, from which three dilutions until 25 

µmol L−1 were made. For DPPH-H, the methanolic solution was prepared with DPPH• and 

AscH2, both at 200 µmol L−1 (100% excess of AscH2), protecting the reaction from light for 1 

h; dilutions were performed as in the previous step. 

The DPPH assay was performed adding constant aliquots of 30 µL of an AscH2 

methanolic solution (50 mg L−1 or 280 µmol L−1) to 3 mL of a DPPH• solution (25 µmol L−1 

in methanol). The same procedure was applied to other three DPPH• solutions (50, 100 and 200 

µmol L−1), using 560, 1120 and 2240 µmol L−1 of AscH2, respectively. The negative (NC) and 

positive (PC) controls were taken from calibration curves measurements. All the reactions were 

kept in the dark for 30 min until measurements. 

For the kinetic analysis, 1.5 mL of a methanolic BHT solution (50, 100, 200 and 400 

µmol L−1) was added to 1.5 mL of a 200 µmol L−1 DPPH solution and the absorbance at 515 

nm was measured each 10 minutes, during 100 minutes. Further investigation of kinetic in a 

large excess of BHT (600, 800 and 1000 µmol L−1) was performed collecting absorbance data 

each 10 s, during 3600 s. The reaction with AscH2 cannot be monitored properly due to the fast 

speed of the reaction. 
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2.2.2. Literature data 

Data used in item 3.1 were gathered by reviewing articles that determined the 

antioxidant activity through the DPPH method employing AscH2 as the standard. Twenty-five 

research papers containing sufficient information for the analyses (initial DPPH concentration 

and volume of both analyte and DPPH) were selected from the totality of reviewed articles, 

with a greater appreciation for papers published in journals with the highest impact factors.  

2.2.3. Computational methods 

The initial structure of the DPPH• was taken from the X-ray crystallographic structure.35 

The DPPH-H was constructed by manually adding one hydrogen to the radical structure. 

Geometry optimizations were performed at the CAM-B3LYP/6-31+G(d,p) level of theory, and 

confirmed to be at the minimum energy analyzing the normal modes. The singlet ground states 

were calculated with the spin-restricted DFT (Density Functional Theory), whereas the spin-

unrestricted DFT was used for the doublet ground states. The electronic transition energies were 

calculated at the same levels of theory using TD-DFT (Time-Dependent DFT), implemented in 

the Gaussian09 program.36 All calculations were carried out in the PCM (Polarizable 

Continuum Model) using methanol as a solvent. 
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2.3. Results and discussion 

 The DPPH• assay addresses two main points. Point one deals with a serious error that 

has perpetuated in the literature regarding the unit chosen to report the antioxidant/antiradical 

capacity of AscH2 or other substances. Data from 26 scientific articles published in different 

journals in the last decades are presented here; some of them were recalculated according to the 

method proposed by Brand-Williams and co-workers in 1995 to demonstrate the implications 

of this misunderstanding.2 Point two is the possibility of overestimating DPPH• concentrations 

with the simple UV-Vis measurement. This hypothesis is based on experimental UV-Vis 

measurements of the reaction between AscH2 and DPPH•. The antioxidant analyzed for both 

topics was AscH2, as it is a commonly used standard. However, the same analogy applies to 

any substance evaluated as an antioxidant in a DPPH test. 

2.3.1. Point 1: The appropriate units for IC50 representation 

 The use of IC50 to represent the antioxidant potential of a given substance comes 

precisely from the idea of seeking a standard value that is useful for comparing different studies. 

The most appropriate way to report IC50 was presented by Brand-Williams and co-workers in 

1995 as the ratio of antioxidant moles per mole of DPPH.2 Unfortunately, inconsistencies have 

been recently inserted in the methodology due to subsequent citations that do not refer to the 

original research document. Studies with DPPH still express their results using the IC50 term; 

however, authors refer to IC50 as “the antioxidant concentration needed to reduce DPPH• by 

50%”. But an essential question is neglected: 50% of how much? 

 For example, if an "X" amount of antiradical is required to eliminate 50% of DPPH• 

from a 100 µmol L−1 concentration solution, it is expected that a "2X" amount of antiradical 

will be required to eliminate 50% of DPPH• from a 200 µmol L−1 concentration solution and 

so on. So, reporting absolute antiradical concentration with a total disregard of the number of 
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related DPPH• moles, without referring to these values, makes it impossible to compare results 

that were not obtained by the exact same procedures. Reporting antiradical concentration 

relative to DPPH concentration is essential to be methodologically scientific. To avoid 

confusion, we will henceforward refer to "Absolute" and "Relative" IC50 as AIC50 and RIC50, 

respectively.  

 Therefore, we propose to renormalize AIC50 data from the literature as a function of the 

initial DPPH concentration reported in each study, and to verify how the new RIC50 values fit 

the expected stoichiometry of the reaction. Results from 25 studies with the reaction AscH2 and 

DPPH• are presented in Table 2.1. Only two of these works,37 and 38 have correctly reported the 

RIC50. 

 The antioxidant potential of AscH2 comes from its ability to be converted into 

dehydroascorbate through the abstraction of two protons and two electrons (Figure 2.1a). This 

redox reaction provides the electrons needed to stabilize radicals like DPPH, as well as the 

proton to balance charges (Figure 2.1b).39,40 
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Table 2.1. Compilation of ascorbic acid (AscH2) Absolute Inhibitory Concentration (AIC50) 
measurements for DPPH radicals disclosed in 25 studies. The reported values are compared 
with the new calculated Relative Inhibitory Concentration (RIC50) based on the initial DPPH 
concentration. 

AIC50 Initial [DPPH] Stoic RIC50 Ref 
µmol L−1 mg L−1 AscH2/DPPH 
Rep Calc Rep Calc mol/mol g/mol 
10.2 12.5 1.8 2.2 50 0.40 0.20 35.2 15 
12.8 12.5 2.3 2.2 50 0.52 0.26 45.8 41 
13.4 15.9 2.4 2.8 63 0.42 0.21 37.0 6 
18.7 20.0 3.3 3.5 80 0.46 0.23 40.5 42 
20.1 25.0 3.5 4.4 100 0.40 0.20 35.2 43 
21.6 25.0 3.8 4.4 100 0.44 0.22 38.7 38 
22.5 20.8 4.0 3.7 83 0.54 0.27 47.6 37 
27.6 25.0 4.9 4.4 100 0.56 0.28 49.3 44 
30.7 37.5 5.4 6.6 150 0.40 0.20 35.2 45 
33.2 41.7 5.9 7.3 167 0.40 0.20 35.2 46 
34.6 42.9 6.1 7.5 171 0.40 0.20 35.2 47 
35.0 36.3 6.2 6.4 145 0.48 0.24 42.3 48 
50.0 62.5 8.8 11.0 250 0.40 0.20 35.2 49 
91.0 75.0 16.0 13.2 300 0.60 0.30 52.8 3 

131.7 111.1 23.2 19.6 444 0.60 0.30 52.8 50 
Not matching stoichiometry 

21.0 10.4 3.7 1.8 42 1.00 0.50 88.1 8 
23.0 89.3 4.1 15.7 357 0.12 0.06 10.6 51 
28.4 16.7 5.0 2.9 67 0.86 0.43 75.7 52 
34.1 12.1 6.0 2.1 48 1.42 0.71 125.0 53 
34.6 12.0 6.1 2.1 48 1.44 0.72 126.8 54 
47.7 16.9 8.4 3.0 68 1.42 0.71 125.0 10 
55.9 25.0 9.8 4.4 100 1.12 0.56 98.6 55 
61.3 125.0 10.8 22.0 500 0.24 0.12 21.1 56 

354.3 12.5 62.4 2.2 50 14.18 7.09 1248.7 41 
746.5 15.3 131.5 2.7 61 24.34 12.17 2143.4 57 
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Figure 2.1. Semi-reactions of DPPH radical scavenging by ascorbic acid (AscH2). (a) 
Conversion of AscH2 into dehydroascorbate, producing two protons and two electrons. (b) 
DPPH radical neutralization with one electron and one proton. 

 

 According to the semi-reactions, it is possible to define the reaction stoichiometry, 

where each mole of the DPPH radical needs 0.5 mol AscH2 to be completely scavenged, that 

is, the theoretical RIC50 is 0.25 mol AscH2 per 1.0 mol DPPH, as seen in the following global 

reaction: 

2 DPPH• + AscH → 2 DPPH-H + Asc  

 Widely varying “AIC50” values have been reported for AscH2, giving the impression 

that the results cannot be compared.15,25 Values from  10.2 to 131.7 µmol L−1 (1.8 to 19.6 µg 

mL−1) are presented in 15 studies (Figure 2.2); nonetheless, when expressed in RIC50, they are 

all in the range of 0.2 to 0.3 mol mol−1, which is closer to the ideal value of 0.25 mol mol−1. 

The remaining 10 studies indicate values which are not compatible with the reaction 

stoichiometry (0.5 AscH2/DPPH•). Two samples have stoichiometries of 0.12 and 0.24. It is 
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known that some contaminants, such as mineral acids, can greatly enhance the antioxidant 

capacity through the regeneration of AscH2.58 The other eight studies showed stoichiometry 

above 0.5. Attention should be drawn to two studies that presented stoichiometries of 14.18 and 

24.34; these experiments had an efficacy much lower than expected, indicating the presence of 

some agent inhibiting the reaction. We cannot disregard the possibility of typos or 

miscalculations in such findings. 

The inconsistent results found in some papers regarding AscH2 lead us to another 

observation about its use as a standard. It has advantages as a fast and well-known reaction; 

however, it has the drawback of being very sensitive to the presence of contaminants, especially 

at such low working concentrations. We also faced this problem when a reduction in AscH2 

concentration was detected in the stock solution after a few hours of downtime. Fortunately, 

this problem was overcome by using a fresh new bottle of MeOH. Even though it can be 

considered troublesome, it may be a positive fact: checking for inconsistencies in the expected 

value of a reference compound, such as AscH2, allows to investigate and eliminate potential 

interferents from the remaining assays. 
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Figure 2.2. Concentration of ascorbic acid (AscH2) at Absolute Inhibitory Concentration 
(AIC50) vs. the initial concentration of DPPH radical reported in 25 different studies and four 
assays tested in this work. The solid line represents the ideal values based on a 0.5 
stoichiometry. The dashed lines represent a tolerance area of 1.96σ (95% confidence interval; 
stoichiometry between 0.37 and 0.63). Blue diamonds are the studies that fit into the expected 
range, and green triangles are the studies with anomalous results. Red circles are measurements 
of this work. 

 

 Two mechanisms dominate the DPPH• – antioxidant reaction.59 The first one is the 

proton-coupled electron transfer mechanism (PC-ET), which primarily occurs in nonpolar 

solvents of low dielectric constant and basicity, thus making feed reaction kinetics slower. The 

second one is the sequential proton loss electron transfer (SPLET), which is characteristic of 

solvents of high dielectric constants and basicity, thus increasing the reaction kinetics.60 The 

literature does not report the use of a standard solvent; our choice for methanol is because its 

dielectric constant is slightly higher than that of ethanol, 33.10 and 25.10 at 20 °C 

respectively.61 This small difference results in a higher molar absorptivity and, consequently, 
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the sensitivity of the spectrophotometric method to determine lower analyte concentrations is 

increased.4 

 Metal ions, water and hydrogen have important mechanisms in the process of free 

radicals;58,62 therefore, the presence of these ions in samples with antioxidant potential becomes 

an essential research parameter. Flavonoids, for example, can form complexes with Fe (III) and 

Cu (II), which, in many cases, present a greater activity against free radicals and thus have a 

stronger reaction with DPPH when compared to compounds without metal ions.63 Dawidowicz 

and co-workers (2012) evaluated the effects of pH and the presence of water on the DPPH• – 

antioxidant reaction and observed the increase in the kinetics of the reaction in the presence of 

water concerning systems without water. The amount of water present may be associated with 

impurities in the extraction solvents or the humidity of the extracted plant material.59,62 

Regarding the concentration of hydrogen (pH) it is important to say that there is no consensus 

on this effect. However, previous studies point out the influence of pH on the antioxidant 

properties of compounds.25,38,64 and the increase in the concentration of hydrogen ions results 

in a decrease in reaction kinetics. The acid pH of the extracts is associated with the presence of 

natural acids from plant extracts.62 

 Furthermore, in order to recalculate the RIC50 from published data, we also tested the 

reaction with four different DPPH initial concentrations so that linearity of the response in terms 

of AIC50 and RIC50 could be tested. Results are shown in Figure 2.2 and Table 2.S1. Assays 

showed good linearity between AIC50 and the initial DPPH concentration, thus validating RIC50 

calculations from AIC50 results, as presented above. 

 It is important to remember that, although this work has focused only on data regarding 

ascorbic acid, the importance of reporting the IC50 properly is much broader as it applies to all 

substances that have been tested against DPPH radical.65–71 
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2.3.2. Point 2: Determination of the percentage of scavenged DPPH radical 

 Since the main misconceptions about how to report DPPH analysis results have been 

discussed, we can now focus on a minor but still important correction. There is a small 

difference between the expected and calculated values from equation 2.1 commonly used to 

determine the percentage of scavenged DPPH•. 

% = × 100  (2.1) 

 Where %DPPHSca is the percentage of inhibited DPPH•, and AbsNC and Abssamp are the 

NC and sample absorbance, respectively. 

 With eq. 1, the percentage of scavenged DPPH• is considered as the percentage of 

discoloration from the initial concentration of DPPH•; the NC absorbance corresponds to the 

initial DPPH• solution, without the addition of the antioxidant compound, and the sample 

absorbance corresponds to DPPH• with the evaluated antioxidant compound. This percentage 

is measured with three different antioxidant concentrations and then a calibration curve is 

plotted. However, this oversimplified method does not take into account the absorbance of the 

reaction products. Thus, the apparent percentage of discoloration at the specific wavelength is 

not the real percentage of scavenged DPPH•, since the product of the reaction, DPPH-H, has a 

wide absorption band, with a “tail” that also absorbs in the 515 nm region. Figure 2.3 shows 

how absorption at 515 nm decreases with the addition of AscH2; however, it never reaches zero, 

even with a stoichiometric excess. Other authors have also noted that the absorbance of the 

DPPH-H should be considered in order to have a more accurate analysis.72 The reaction of 

DPPH• with AscH2 should not form any product that absorbs at 515 nm. However, tests carried 

out with different antioxidants can form by-products that also absorb at 515 nm, further 

increasing the error. 
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Figure 2.3. (a) UV-Vis spectra of 100 µmol L−1 DPPH radical (DPPH •) with addition of 
ascorbic acid (AscH2) from 0 to 20 mg L−1 (0 to 113.6 µmol L−1). (b) Remaining DPPH• 
concentration vs. added AscH2 calculated by eq. 1 (dashed line represents the theoretical 
stoichiometric point. 

 

2.3.2.1. TD-DFT calculations 

 The UV-Vis spectra were compared with TD-DFT calculations in order to investigate 

the remaining absorption in the 515 nm region for DPPH-H. The experimental spectra were 

deconvoluted with Gaussian line shape (Figure 2.4 a and b) to obtain the information of the 

individual peaks, mainly the full width at half maximum (FWHM) of each spectrum, which 

allows to relate the oscillator strength to the molar absorptivity.  

 presents a summary of the calculated electronic transitions and comparisons with the 

experimental results. Detailed information and molecular orbital diagrams of DPPH• and 

DPPH-H molecules are available in the supplementary information. The CAM-B3LYP 

functional was used to obtain the long-range corrections for the very delocalized electron in the 

DPPH radical, to better calculate the intramolecular charge transfer excitations of π → π*.73 
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The Polarizable Continuum Model (PCM) provides a suitable solvation correction without a 

high computational cost.74 All calculated excitation energies (λmax) are slightly blueshifted, but 

the errors are close to the expected in comparison with the previously reported mean error of 

0.25 eV for the 6-31+G(d,p) basis set.74,75 The experimental vs calculated energies plot showed 

that the calculated energies are related to the experimental ones by a factor of 0.912 (Figure 

2.S6), which can be considered a small correction factor.76 When the correction factor is applied 

to the calculated energies (eV), the peaks have a good fit with the experimental ones (Figure 

2.4c), and in good agreement with reported calculation with large basis set (6-311++G(2d,p)) 

and global hybrid (B3LYP) functional.77 Figure 2.4d shows also how the TD-DFT line shapes 

are very similar to the experimental spectra. DPPH-H has wider peaks than DPPH• (FWHM 

0.80 and 0.45 eV, respectively), which gives peak areas in good agreement with the oscillator 

strengths (f) calculated with TD-DFT. The DPPH-H/DPPH ratio for the absorbance at 

experimental λmax (515 nm) and calculated λmax (537 nm) is 0.077 and 0.119, respectively, 

considering the FWHM values are equal to the experimental ones. 

Table 2.2. Results of TD-DFT calculations. 
 Major contributions Excitation energies Oscillator 

Strength 
(f) 

Peak area 
Exp.* (eV) (nm) 

calc.† exp. calc.† exp. 
DPPH• SOMO(α) → LUMO(α) (43%) 2.10 1.94 592 640 0.029 0.082 

SOMO(β) → LUMO(β) (48%) 2.31 2.41 537 515 0.242 0.242 
SOMO(α) → LUMO+2(α) (30%) 
SOMO−4(β) → LUMO(β) (28%) 2.79 2.89 444 430 0.029 0.077 

SOMO(β) → LUMO+1(β) (52%) 3.40 3.33 364 372 0.043 0.088 
SOMO−3(β) → LUMO(β) (67%) 3.71 3.81 333 326 0.115 0.373 

DPPH-H HOMO → LUMO (66%) 3.22 3.01 385 412 0.087 0.099 
HOMO−1 → LUMO (52%) 3.46 3.31 359 375 0.093 0.120 
HOMO → LUMO+1 (50%) 3.72 3.84 333 323 0.080 0.076 

HOMO−1 → LUMO+1 (47%) 3.81 3.92 326 316 0.425 0.522 
* Deconvoluted peak areas, normalized relative to peak at 515 nm = 0.242. 
† TD-DFT calculated energies corrected by a factor of 0.912, from linear regression with the experimental 
ones. 
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Figure 2.4. Gaussian line shape deconvolution with five peaks for DPPH• (a) and four peaks 
for DPPH-H (b). Calculated vs. Experimental UV-Vis transition energies, in eV (c). Simulated 
UV-Vis spectra with Gaussian09 (d). 
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2.3.2.2. Equations for the correct determination of DPPH• scavenged percentage 

 One way to determine the composition of each substance in the sample is to establish 

its molar absorptivity. This is more intuitive with DPPH•: it is necessary to use a stoichiometric 

excess of AscH2 in order to determine the molar absorptivity of the reaction product so that the 

DPPH• is fully converted into its molecular form. 

 Before we begin to work on IC50 determination, we need to establish the following 

relationships: 

+ =   (2.2) 

= −   (2.3) 

% = × 100  (2.4) 

 Where cR, cH and c0 are the concentrations of DPPH in their radical form, molecular 

form and initial concentration, respectively. One must also consider the Lambert-Beer law:  

= × ×   (2.5) 

 Where Abs, ε and c are absorbance, molar absorptivity and concentration of the 

substance, respectively, and l is the optical path. 

 Assuming that the absorbance of the sample results from the sum of the absorbances of 

DPPH in the molecular and radical forms, we have: 

= DPPH-H + •  (2.6) 

 When applying the Lambert-Beer law (eq. 2.5) and considering the optical path (l) equal 

to 1 cm, we have: 

= ( × ) + ( × )  (2.7) 
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 It is possible to eliminate the cR term using the relations (eq. 2.2) and (eq. 2.3): 

= ( × ) + [ × ( − )]  (2.8) 

= [( − ) × ] + ( × )  (2.9) 

 Rewriting eq. 2.9 in terms of DPPH concentration in its molecular form (cH): 

=
( × )

( )   (2.10) 

 Considering the concentration of DPPH-H (cH) (eq. 2.10) and knowing the initial 

concentration of DPPH• (c0), we can obtain the percentage of DPPH• removal: 

% =
( × )

( ) ×   (2.11) 

 With eq. 2.11, we can determine the concentration of both DPPH forms in the solution, 

and follow the reaction accurately. 

 The use of molar absorptivity is the ideal choice; nevertheless, this method requires a 

greater number of analyses. Aiming at a more accurate and still quite practical determination 

technique, alternative approximation methods are desired. A positive control (PC) can be used 

together with the previously described NC to contemplate the effect of reaction products. The 

PC consists of a sample with the same DPPH• concentration as the NC and with a stoichiometric 

excess of AscH2 in order to have only DPPH-H molecules contributing to the spectrum. Thus, 

we can measure the contribution of reaction products to sample absorbance. 

Considering: 

+ = 1  (2.12) 

= 1 −   (2.13) 
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 Where XR and XH are the DPPH fractions in their radical and molecular forms, 

respectively. By applying eq. 2.13 together with eq. 2.6, we have: 

= × (1 − ) + ×  (2.14) 

= + ( − ) ×  (2.15) 

= ( )   (2.16) 

 Or, in terms of the percentage of removed DPPH: 

% = ( ) ×   (2.17) 

 Equation 2.17 is a good approximation to equation 2.11 and efficiently transposes the 

problem of the inaccurate determination of inhibition, based on the apparent discoloration of 

the sample. 

 When the correct %DPPHSca values for different [AscH2] are known, it is possible to 

determine the RIC50 value by linear regression. Four different [DPPH•]0 were tested (25, 50, 

100 and 200 µmol L−1) and all of them had similar RIC50, showing that the assay scales well 

with the concentration. However, it is interesting to note that the RIC50 values for the 200 µmol 

L−1 solution proved to be slightly lower than the others (Figure 2.5a and Table 2.S2), which 

may be due to the fact that it is a solution with an absorbance close to 2. The most suitable is to 

work with concentrations equal to or below 100 µmol L−1. The results from equations 2.1, 2.11 

and 2.17 are shown in Table 2.3. The linear regressions plots and equations are in the 

supplementary information (Figures 2.S3, 2.S4 and 2.S5). The molar absorptivity in methanol 

at 515 nm for both DPPH• and DPPH-H were determined by calibration curve (Figures 2.S1 

and 2.S2) as 9936 and 764 L mol−1 cm−1, respectively (Abs Total515nm = 0.930 × DPPH• + 0.070 

× DPPH-H). These values are in agreement with literature data.28 
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 Most works using DPPH assays are focused on plant extracts, food samples, or other 

complex matrices that do not have a well-defined composition.11 A representation in number of 

moles is not possible in such cases, making it common to represent concentrations in µg mL−1 

or ppm. In this context, it is interesting to calculate the reference AscH2 RIC50 in mass units as 

well. If the molar RIC50 for AscH2 is 0.25 mol per DPPH• mol, the mass RIC50 should be 

determined by multiplying the molar mass of AscH2 (176.12 g mol−1). The theoretical RIC50 

mass is: 44.03 g of AscH2/1.0 mol of DPPH•. 

Table 2.3. Comparison between the theoretical values of percentage of scavenged DPPH and 
IC50, with the values calculated with equations 2.1, 2.11 and 2.17. 
 Model AscH2/DPPH (RIC50)† Stoichiometry 

mol/mol (SD) g/mol (SD)  
Equation 2.1 0.265 (0.010) 46.635 (1.779) 0.530 
Equation 2.11 0.247 (0.011) 43.525 (1.976) 0.494 
Equation 2.17 0.242 (0.008) 42.595 (1.408) 0.484 
Theoretical* 0.250  44.030  0.500 
* Theoretical values based on the 1:2 reaction stoichiometry. 
† Mean values from four initial DPPH concentrations (25, 50, 100 and 200 µmol L−1). 

 

 Equations 2.11 and 2.17 shows an 6% and 9% increase, respectively, in the calculated 

amount of scavenged DPPH• when compared to the results calculated by eq. 2.1. These values 

are close to the 7% of contribution from DPPH-H on the molar absorptivity, and reflects an 

underestimated antioxidant potential from eq. 2.1 (Figure 2.5). 
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Figure 2.5. (a) Difference from theoretical RIC50 (0.250) calculated using equations 2.1, 2.11 
and 2.17 for all tested initial DPPH• concentration. (b) Mean of the RIC50 in four initial DPPH• 
concentrations. 
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 Even the determination of RIC50 by linear regression is questionable if we consider two 

criteria: 

a) If there is a linear relationship between the antioxidant concentration and the percentage 

of inhibited DPPH•, then the concentration for 50% inhibition can be determined by 

linear extrapolation from a single measured point; 

b) If there is no linear relationship, a linear regression model is not applicable for the 

determination of the 50% concentration either. 

 It is evident that the use of three or more distinct points rather than a single one reduces 

the estimation error, but it is important to note the criterion expressed in (b). Results presented 

in Table 2.S3 demonstrate how single-point RIC50 determination works very well for AscH2 in 

the range of 44% to 92%, with deviations occurring in values close to 0% or 100%, where 

Relative experimental error is considerable. 

  = (% × )
[ ] × [ •]  (2.18) 

 

2.3.2.3. Complementary tests with BHT (slow kinetics and complex mechanism) 

The wide use, the well-defined mechanism and the fast kinetics favor the study of 

reactions with AscH2. However, plant extracts and food samples do not present simple 

mechanisms, so it is interesting to test the behavior of an antioxidant molecule with slower 

kinetics and more complex mechanism. 2,6-Di-tert-butyl-4-methylphenol (BHT) is a good 

alternative study because it is more similar to the reality of most substrates against DPPH•. 

The rate constant of DPPH• with AscH2 is very high, and we are unable to properly 

measure kinetics with a UV-Vis spectrophotometer (details in the supplementary information). 

With the method used, it is possible to observe that the consumption of DPPH• occurs mainly 



46 
 

in the first 20 s, and the absorbance remains stable after 120 s (Figure 2.S11). On the other 

hand, the kinetics for the slow reaction with BHT could be studied. It was noticed that the 

reaction kinetic, consequently the time needed to reach the plateau, depends on the 

concentration of DPPH• and BHT. However, the reaction does not exactly follow a second order 

kinetic model, but rather a fractional order kinetic, typical of consecutive reactions.78,79 The 

ability of each mol of BHT to remove multiple moles of DPPH•, which is consistent with a 

mechanism of multiple consecutive reactions, was also observed by Bondet and co-workers.7 

In order to work with the effective concentration of antioxidant available for the reaction, it is 

necessary to apply a stoichiometric factor (σ) to BHT: 

DPPH• +  σBHT → DPPH-H +  by-products 

To determine the stoichiometry of the reaction a fractional kinetic model was used: 

[ ]  =   ×  [DPPH] ×  [BHT]   (2.19) 

Where k is the kinetic constant, m and n represent the order of reaction related to each 

reagent, and σ is the factor that adjusts the stoichiometry of the reaction concerning the BHT. 

The m (1.39) and n (0.69) indexes are close to the found by Bondet and co-workers (1.5 and 

0.4, respectively).7 Indexes m and n and the factor σ (0.42) were determined numerically with 

the solver package for Excel from the line fitting of equation 2.19 with the experimental curves 

(Figure 2.6c). The kinetic constant (k) found for this reaction is 12.9 L1.08 mol−1.08 s. 

The kinetics of reduction of DPPH• against BHT is considerably slow compared to the 

kinetics of reaction with AscH2. In the BHT:DPPH• reaction with a 25:100 µM ratio, 60% of 

DPPH was removed in 100 minutes (Figure 2.6a), evidencing the capacity of each mol of BHT 

to remove several moles of DPPH•. However, even with the addition of excess BHT (from 200 

µM to 500 µM), the absorbance at 515 nm stabilizes on a plateau with approximately 13.3% of 

the original absorbance (Figure 2.6b), which rules out the hypothesis of an equilibrium 
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mechanism involved, and indicates that all DPPH• must have reacted at this point. Bondet and 

co-workers also observed the non-reversibility of the reaction.7 The stabilization of the 

absorbance at 13.3% of the original value proves the hypothesis that all the consumption of the 

DPPH• occurs between the absorbance values of the NC and PC (Figure 2.6b). 

 

Figure 2.6. Kinetic evaluation for the reaction of 100 uM of DPPH with different 
concentrations of BHT. (a) Reaction progress with four different concentrations of BHT (25, 
50, 100 and 200 µmol L−1) over 100 minutes. (b) Reaction progress with a large excess of BHT 
(300, 400 and 500 µmol L−1) over 60 minutes, showing the consistency of the absorbance 
plateau, regardless of BHT concentration. (c) Line fitting of experimental data with numerically 
calculated values from eq. 19. 

 

It is important to observe that the "residual absorbance" at 515 nm is higher in the 

reaction with BHT compared to the reaction with AscH2, even with a large excess of antioxidant 

in both reactions. Considering the complete consumption of DPPH• in the reaction, it is possible 

to infer that not only the DPPH-H absorbs in this wavelength, but also eventual dimers and 
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organic peroxides formed during the reaction, depending on the substrate used to reduce the 

DPPH•. Therefore, it is even more important to use equation 2.17. The use of “positive control” 

(PC) corrects the effect of the absorbance of the products formed in the reaction, giving the 

correct percentage of DPPH• scavenged. To obtain the PC it is necessary to add the 

antioxidant/antiradical substrate of interest in excess until the absorbance on the plateau remains 

stable with the addition of more substrate. 

 Some works point out several inconsistencies in the results of the DPPH tests and 

suggesting that the method is not suitable for use.4,15,28,80,81 However, the practicality, the 

relatively low cost of the tests and the possibility of being performed in a simple 

spectrophotometer, keeps the interest of the scientific community. Studying the data, we 

observed that a large part of these inconsistencies is not inherent in the method, but are due to 

errors or lack of knowledge about the chemistry behind the method. More in-depth studies on 

kinetics and mechanisms are still needed to better define the capabilities of the DPPH assay. 
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2.4. Conclusions 

 

 Most works have reported the results of the DPPH test simply as the concentration of 

antioxidant/antiradical substrate; this unit is inadequate to compare studies performed under 

distinct conditions. The IC50 value must be expressed as a function of the DPPH mol number 

used in the reaction in order to have consistency among the diverse results.  

 When UV-Vis spectrophotometry is used, there is an evident underestimation of the DPPH• 

concentration when DPPH-H is present in the medium and its absorption is neglected. We 

propose a simple method to correct the calculated DPPH concentration, as presented in 

equation 2.17. 

 Measurement of a standard such as AscH2 has been seen as a simple qualitative comparison 

with the analyte of interest. Measuring the antioxidant/antiradical capacity of a molecule 

with well-known mechanism and stoichiometry is also important to verify that the procedure 

is being well executed, with no interference or involvement of unknown factors. In the case 

of AscH2, if the IC50 or the reaction stoichiometry greatly differ from 0.25 or 0.50, 

respectively, then the assays are not valid because something is preventing the reaction from 

proceeding correctly. 

 The most critical and essential part to be highlighted is the appropriate unit to report DPPH 

IC50 results, as discussed in section 2.3.1. If researchers work with different units, obscured 

inside the “IC50” tag, it is not possible to carry out an effective data evaluation for the DPPH 

assay. 
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 The proper correction presented in section 2.3.2 can solve an apparent overestimation that 

varies depending on the antioxidant used and the byproducts formed during the DPPH• 

reduction. We found an error of approximately 7% for AscH2 and 13% for BHT. However, 

complex matrices can present a series of products that absorb in the 515 nm region, being 

extremely necessary to know the absorbance of the sample after the complete consumption 

of DPPH•, instead of attributing this absorbance to a nonexistent DPPH• concentration. 
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Supplementary Information 

Table 2.S1. Determination of the percentage of scavenged DPPH with four initial DPPH• 
concentrations (25, 50, 100 and 200 μmol L−1), obtained from equations 1, 11 and 17, and 
determination of negative (NC) and positive (PC) controls. 

[DPPH•]0 [AscH2] 
Abs 

Calculated scavenged DPPH• (%) 

μmol L−1 mg L−1 μmol L−1 Eq. 1 Eq. 11 Eq. 17 Theoretical 

25 0.5 2.84 0.199 21.8 21.4 24 22.7 

25 1 5.68 0.145 43.1 45.1 47.5 45.4 

25 1.5 8.52 0.088 65.6 70.1 72.2 68.1 

25 2 11.36 0.034 86.7 93.5 95.4 90.8 

50 1 5.68 0.415 18.9 17.8 20.8 22.7 

50 2 11.36 0.306 40.2 41.6 44.3 45.4 

50 3 17.03 0.197 61.5 65.3 67.7 68.1 

50 4 22.71 0.093 81.9 88.2 90.2 90.8 

100 2 11.36 0.804 20.4 20.7 22.3 22.7 

100 4 22.71 0.582 42.4 44.9 46.2 45.4 

100 6 34.07 0.349 65.5 70.3 71.4 68.1 

100 8 45.42 0.145 85.6 92.5 93.5 90.8 

200 4 22.71 1.520 23.6 25.4 25.6 22.7 

200 8 45.42 1.065 46.5 50.3 50.4 45.4 

200 12 68.14 0.618 68.9 74.6 74.7 68.1 

200 16 90.85 0.269 86.5 93.7 93.8 90.8 

Negative Control (NC) 

25 — — 0.255 — — —  

50 — — 0.512 — — —  

100 — — 1.010 — — —  

200 — — 1.990 — — —  

Positive Control (PC) 

25 5 28.4 0.023 90.8 98.1 100.0  

50 10 56.8 0.047 90.8 98.0 100.0  

100 20 113.6 0.085 91.6 99.1 100.0  

200 40 227.1 0.155 92.2 99.9 100.0  
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Figure 2.S1. Calibration curve for the DPPH• in methanol (Negative Control), measuring 
absorbance at 515 nm. 

 

 
Figure 2.S2. Calibration curve for the DPPH-H in methanol (Positive Control), measuring 
absorbance at 515 nm. 

 



53 
 

 
Figure 2.S3. Linear regression plots and equations for AIC50 determination, based on eq. 1, 
with four [DPPH•]0: 25 (blue circles), 50 (red squares), 100 (green triangles) and 200 (purple 
diamonds) μmol L−1. 

 

 
Figure 2.S4. Linear regression plots and equations for AIC50 determination, based on eq. 11, 
with four [DPPH•]0: 25 (blue circles), 50 (red squares), 100 (green triangles) and 200 (purple 
diamonds) μmol L−1. 
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Figure 2.S5. Linear regression plots and equations for AIC50 determination, based on eq. 17, 
with four [DPPH•]0: 25 (blue circles), 50 (red squares), 100 (green triangles) and 200 (purple 
diamonds) μmol L−1. 

 

Table 2.S2. Determination of absolute and relative IC50 with four initial DPPH• concentrations 
(25, 50, 100 and 200 μmol L−1), obtained from equations 1, 11 and 17. 
[DPPH•]0 
(μmol L−1) 

AIC50 (μmol L−1) RIC50 (AscH2/DPPH) Theoretical* 
Eq. 1 Eq. 11 Eq. 17 Eq. 1 Eq. 11 Eq. 17 AIC50 RIC50 

25 6.54 6.12 5.94 0.262 0.245 0.237 6.25 0.250 
50 13.93 13.11 12.64 0.279 0.262 0.253 12.50 0.250 
100 26.45 24.64 24.23 0.264 0.246 0.242 25.00 0.250 
200 50.91 47.02 46.95 0.255 0.235 0.235 50.00 0.250 
* Theoretical values based on the 1:2 reaction stoichiometry. 

 

Table 2.S3. Data obtained from the reaction of DPPH radical (DPPH•) at 100 µmol L−1 with 
different concentrations of ascorbic acid (AscH2). 

[AscH2]  UV-Vis 
Abs 

% scavenged DPPH Single point RIC50* 
(mg L−1) (µmol L−1) Eq. 1 Eq. 11 Eq. 17 mol/mol 

0 0 1.010 0 0 0 — 
2 11.4 0.804 20.4 20.3 22.3 0.280 
4 22.7 0.582 42.4 44.5 46.2 0.255 
6 34.1 0.349 65.5 70.0 71.4 0.243 
8 45.4 0.145 85.6 92.2 93.5 0.246 

10 56.8 0.115 88.6 95.5 96.7 0.297 
14 79.5 0.091 91.0 98.2 99.4 — 
20 113.6 0.085 91.6 98.8 100.0 — 

* Based on the % scavenged from eq. 11 (IC50 from linear regression: 0.248 mol/mol). 
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Table 2.S4. Results of TD-DFT calculations without correction factor. 
 Major contributions Excitation energies Oscillator 

Strength 
(f) 

Peak area 
Exp.* (eV) (nm) 

calc. exp. calc. exp. 
DPPH• SOMO(α) → LUMO(α) (43%) 2.30 1.94 540 640 0.029 0.082 

SOMO(β) → LUMO(β) (48%) 2.53 2.41 490 515 0.242 0.242 
SOMO(α) → LUMO+2(α) (30%) 
SOMO−4(β) → LUMO(β) (28%) 3.06 2.89 405 430 0.029 0.077 

SOMO(β) → LUMO+1(β) (52%) 3.73 3.33 332 372 0.043 0.088 
SOMO−3(β) → LUMO(β) (67%) 4.07 3.81 304 326 0.115 0.373 

DPPH-H HOMO → LUMO (66%) 3.53 3.01 351 412 0.087 0.099 
HOMO−1 → LUMO (52%) 3.79 3.31 327 375 0.093 0.120 
HOMO → LUMO+1 (50%) 4.08 3.84 304 323 0.080 0.076 

HOMO−1 → LUMO+1 (47%) 4.18 3.92 297 316 0.425 0.522 
* Deconvoluted peak areas, normalized relative to peak at 515 nm = 0.242. 
 

 
Figure 2.S6. Experimental vs. calculated electronic transition energies plot (data from Table 
2.S4), demonstrating the relation of the values by a factor of 0.912 (obtained from linear 
regression). 
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Figure 2.S7. Diagrams of molecular orbitals involved in the calculated electronic transitions 
for the DPPH• molecule. 
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Figure 2.S8. Diagrams of molecular orbitals involved in the calculated electronic transitions 
for the DPPH-H molecule. 
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Figure 2.S9. Electrostatic Potential (ESP) surface calculated for DPPH radical, using CAM-
B3LYP/6-31+G(d,p) level of theory, in Gaussian09. 

 
 

 
Figure 2.S10. ESP surface calculated for DPPH-H, using CAM-B3LYP/6-31+G(d,p) level of 
theory, in Gaussian09. 
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 In order to observe the kinetic of the reaction of AscH2 with DPPH•, aliquots of a AscH2 

methanolic solution (3.0 mmol L−1) were added directly to the cuvette containing 3.0 mL of a 

DPPH• methanolic solution (100 µmol L−1) at 180 s intervals, and the decay of the absorbance 

of the solution at 515 nm was monitored with intervals of 5 s (details in the Table 2.S5). 

Table 2.S5. Sequential addition of AscH2 aliquots to the cuvette containing 3.0 mL of 100 µmol 
L−1 DPPH• methanolic solution. 

Time 
(s) 

Vol. of aliquot 
added (µL) 

Total vol. 
added (µL) 

AscH2 Conc. 
(mmol L−1) 

AscH2 Conc. in the 
cuvette (µmol L−1) 

0 10 10 3.0 10 
180 10 20 3.0 20 
360 30 50 3.0 50 
540 30 80 3.0 80 
720 30 120 3.0 120 

 

 The kinetics of the reaction showed too fast to be determined by this method, however, 

it is possible to observe that the consumption of DPPH• occurs mainly in the first 20 s, and the 

absorbance remains stable after 120 s (Figure 2.S11). 

 
Figure 2.S11. Monitoring of DPPH• consumption with the addition of AscH2 aliquots at 180 s 
intervals. 
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Chapter III – Reviewing the effect of metal complexes formation in the 

antioxidant/antiradical proprieties of the L-ascorbic acid 

 

So far, the discussion has turned to DPPH and how to correctly determine the reduction 

in the concentration of radicals in solution, using spectrophotometry. However, when it comes 

to assessing the antioxidant potential of a substance against DPPH, i.e., determining the 

relationship between the amount of antioxidant substance added and the reduction in the 

concentration of DPPH radicals, it is necessary to look at the behavior of the antioxidant at the 

reaction medium. 

 The antioxidant potential of a substance can be easily underestimated, or overestimated 

if the reaction is experiencing unnecessary interference. For the case of ascorbic acid, the pH, 

and the complexes formation with metals in solution, were evaluated on the reaction with 

radical DPPH. 

 In chapter III is brought a proposed article, based on the ability of ascorbic acid to 

complex with metals in solution, and how the metal complexes formed can affect the 

antioxidant behavior expected for ascorbic acid. 
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3.1. Introduction 

 

Ascorbic acid is among the most widely cited forms of water-soluble biological 

antioxidants. The ability to scavenge free radical reactions appears, in part, to involve one-

electron oxidations where ascorbate serve as reductant towards radical species.82 Reaction of 

ascorbic acid with peroxyl or hydroxyl radicals typically yields radical intermediate species, 

which can be subsequently quenched as part of an overall antioxidant effect. On the basis of the 

redox potentials of ascorbic acid,82 it appears that radical intermediates may form with nearly 

equal facility during radical scavenging reactions.83 However, ascorbic acid may also act as a 

prooxidant in fats and especially in aqueous fat systems.84 

Metal ions appear to be involved in the prooxidative activity of ascorbic acid, as shown 

by the inhibition of this activity by metal chelating compounds such as 

ethylenediaminetetraacetic acid (EDTA) or polyphosphates. Indeed, Fe3+ and Cu2+ were 

reported to accelerate the prooxidant activity of ascorbic acid toward lipids. 

Ascorbic acid has the first standard reduction potential (E°) around 0.72 V, and only the 

second is around −0.17 V, this means that even though it is a great anti-radical agent, it is not 

necessarily a reducing agent. We have to remember that free radicals are unstable and have high 

E°, allowing the transfer of electrons by AscH2. Its antioxidant character is linked to the 

availability of electrons to reduce strong oxidizing agents, such as free radicals, while AscH2 is 

not intended to act as a strong reducing agent in the biological environment.83 
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Figure 3.1. Possible mechanisms for the oxidation of AscH2 to dhAsc. 

 

It is very interesting to note how AscH2 is an extremely efficient molecule and adapted 

to function in the physiological environment. Figure 3.1 shows that at pH close to 7.0, AscH2 

appears almost entirely in its monoprotic AscH− form (pKa1r = 4.04), while the pKa2r value is 

11.34. If AscH− (AscH−/AscH• E° = 0.72 V) comes into contact with an oxidizing agent strong 

enough, it undergoes oxidation by transferring 1 electron, forming the radical AscH•. 

Once in radical form, it becomes a strong base, promptly losing the second proton (pKa2o 

= −0.45 against pKa2r = 11.34). The Asc•−/dhAsc pair is a much more efficient reducer (E° = 

−0.174 V) transferring the second electron easily to the substrate. 

When deprotonated, AscH2 acts as an O-donor base with low polarizability, a hard base 

according to hard and soft acids and bases (HSAB) theory, easily complexing with several metal 
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ions present in solution, mainly transition metals with high state of oxidation (e.g. Fe3+, Co3+, 

Cu2+, Cr6+, V5+). The complexation is due to the ability that the AscH− and Asc2− species have 

to donate electronic density to the metal ions, forming a stable complex. The interaction with 

the metallic center totally changes the expected redox behavior for AscH2. 

 

3.2. Effect of transition metals over the redox chemistry of AscH2 

According to what being studied in the literature, regarding the effect of metal 

complexation on AscH2, we can divide metals into three most common categories: 

 

3.2.1. High oxidation state metals: Co(III), Cr(VI) and V(V) 

The complexation of the AscH2 with metal ions that has E° greater than 0.72 V, e.g Co 

(III), Cr (VI) and V(V) (Table 3. 1) promotes the electron transfer of from AscH2 to the metal, 

leading to formation of the dhAsc. Usually dhAsc is irreversibly hydrolyzed to diketogulonic 

acid.21 In this scenario, happen the reduction in concentration of AscH2 in the medium, causing, 

for example, the measured antioxidant activity to be underestimated in a test with radical DPPH. 

Some known redox complexation reactions for AscH2 are: 

 

3AscH + 2Cr(VI) → 3dhAsc + 2Cr(III) + 3H  

AscH + Co(III) → dhAsc + Co(II) + H  

AscH + V(V) → dhAsc + V(IV) + H  
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3.2.2. Redox inert transition metals: Zn(II), Cd(II), Mn(II) and Ni(II) 

 The interaction of these metals with AscH2 has been investigated in the solution and 

solid phases.85 The complexes with general formula Mn+(AscH−)n·2H2O show good stability 

without any electron transfer (ET) from AscH2 to the metal center. However, we still not found 

studies about the effect of these complexation in the antioxidant activity of AscH2. 

 

3.2.3. Special cases, formation of catalytical systems: Cu(II) and Fe(III) 

The redox pair Fe3+ + e− ⇌ Fe2+ own E° equal to 0.771 V, which is relatively high and 

indicates that the reduction of Fe3+ is thermodynamically favorable, however, it is unusual to 

find Fe2+ ions in oxidizing environment, like in the presence of O2. The Fe3+ has a semi-filled 

d orbital (3d5), ensuring greater stability compared to Fe2+ (3d6), especially when complexed 

with intermediate or weak field ligands, which promote an unfolding of the crystalline field 

smaller, stabilizing the high spin specie. That easiness that Fe2+ has to be quickly oxidized to 

Fe3+, in the presence of O2, afford a catalytic system that promotes the oxidation of AscH2, even 

with trace amounts of Fe3+ in the medium. 
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Figure 3.2. Proposed mechanism for the catalytic oxidation of the AscH2 by the Fe3+. 

 

The Cu2+ cation is a classic case of the Jahn-Teller effect with a greater stabilization of 

the d  orbital in the 3d9 configuration. Cu+ in turn, have a full filled subshell (3d10) which can 

also provide stability to the monovalent cation. However, since it is a soft acid (HSAB theory), 

the Cu+ needs an equally soft base, little polarizable, as an S-donor base in order to form a stable 

complex. In an aqueous medium, the enthalpy of hydration of the Cu+ is so high that the cation 

oxidates quickly to the divalent state. 
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Figure 3.3. Proposed mechanism for the catalytic oxidation of the AscH2 by the Cu2+, with 
formation of hydrogen peroxide. 

 

Table 3. 1. Selected standard reduction potentials for some transition metals. 

Redox reaction E° Redox reaction E° 
Cu2+ + e− ⇌ Cu+ 0.15 Co3+ + e− ⇌ Co2+ 1.92 
Fe3+ + e− ⇌ Fe2+ 0.77 Co2+ + e− ⇌ Co −0.28 
Cr2O72– + 14H+ + 6e− ⇌ 2Cr3+ + 7H2O 1.36 Ni2+ + 2e− ⇌ Ni −0.26 
Cr3+ + e− ⇌ Cr2+ −0.41 O2 + 2H+ + 2e− ⇌ H2O2 0.69 
Al3+ + 3e− ⇌ Al −1.62 VO2+ + 2H+ + e− ⇌ VO2+ + H2O 0.99 
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3.3. Perspectives for this work 

As described in Chapter II, the presence of metal ions has a great influence on the 

reaction mechanism in the study of antioxidant potentials. L-ascorbic acid, one of the most 

studied antioxidant agents in the literature, suffers a strong influence when placed in front of 

metal ions forming stable metal complexes, i.e., it has its antioxidant activity altered. 

 Based on this logic, for further work it is interesting to have more experimental tests 

evaluating, mainly, the complexation chemistry for AscH2 which, despite being studied for a 

long time, lacks clear information in the literature such as characterization of crystals, for 

example. In addition, there are no reports of studies evaluating the antioxidant activity of AscH2 

complexes mainly, of complexes with inert oxidation number metals mentioned in item 2 of 

this chapter. 

Therefore, in order to understand the behavior of L-ascorbic acid and the effect of metal 

ions on its antioxidant potential, specific experimental tests must be carried out to complete the 

existing literature and assist future work on antioxidant evaluation, especially of Zn(II), Cd(II), 

Mn(II) and Ni(II) metals. Which already have known complexes but their antiradical potentials 

have not yet been evaluated. 
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Chapter IV – General Conclusions 

  

 Despite many studies pointing the DPPH method as inconsistent, and even not 

recommending its use, this method is still widely used due to its relative ease and low cost. 

Studying the data, we observed that a large part of these inconsistencies is not inherent in the 

method, but are due to errors or lack of knowledge about the chemistry behind the method. 

More in-depth studies on kinetics and mechanisms are still needed to better define the 

capabilities of the DPPH assay. 

 It was observed that most of the apparent inconsistencies in the results of the tests with 

DPPH accrue from an error in the choice of units, since the IC50 value — commonly used — 

does not take into account the initial concentration of the DPPH radical. In a preliminary 

comparison of literature data from 25 studies with IC50 measurements for ascorbic acid 

(standard for DPPH assays), all reported values appear random and inconsistent with each other. 

However, the normalization of the IC50 reported by the initial concentration of DPPH, makes it 

evident that for 15 of these studies, the results are within the expected range, and the only 

problem is the lack of care with the units. 

 This work also showed that both DPPH-H and other by-products - depending on the 

antiradical compound used in the reaction - absorb at 515 nm, which is the region of the 

maximum absorbance of DPPH•. Nevertheless, the method commonly used to calculate the 

DPPH• scavenging, considers that only DPPH• contributes to the absorbance of the solution, 

this leads to an error in determining the percentage of DPPH• scavenged. Chapter II showed 

how this error can be easily corrected, with the simple addition of one more element in the 

equation: the "Positive Control", where an excess of antioxidant is added, to determine the 

residual absorbance of the sample (when all DPPH• was consumed). 
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 Regarding the use of ascorbic acid as a standard for the DPPH assay, much remains to 

be studied, but it is already possible to affirm that despite its apparently simple antiradical 

mechanism, the results can suffer great deviations due to impurities, mainly metals. Working 

with ascorbic acid in low concentrations is especially complicated and demands attention, as 

even impurities in the solvent used can lead to the oxidation of ascorbic acid to 

dehydroascorbate, so that in the results of DPPH assay, the antioxidant potential of ascorbic 

acid appears much lower than the real. 

 The interference of traces of metals is also very important, since the ability to act as a 

reducing agent, can lead ascorbic acid to, for example, promote the reduction of Fe3+ to Fe2+, 

catalyzing Fenton reactions, resulting in an apparent pro-oxidant activity. 
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