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ABSTRACT

Reliable prediction of oxidation-reduction potential in phenolic compounds involves determination of quantum and 
molecular descriptors. In this work, the redox potential of set of thirty-one (31) molecules was determined using 
seven different quantum descriptors and one molecular descriptor. The calculations, performed at the SWN/6-
31G, HF/6-31G and AM1 theory level allowed us to establish the Quantitative Structure-Property Relationship 
(QSPR) analysis of substituted phenols that can predict redox potential with confidence level of over 95%.

Keywords: Redox potential; Theory level; Phenols; QSPR

INTRODUCTION 

Phenolic compounds are of great interest because of their involvement in biological and industrial processes. They 
have important biological activities (anticancer, antioxidant, anti-cardiovascular and anti-inflammatory). Several 
studies have shown that hydroxyl groups of these compounds are essential in free radicals trapping. Recent 
theoretical works have shown existence of several quantum descriptors that can predict antioxidant properties of 
these bioactive molecules [1-5]. In addition, the work of Steenken, et al., Jovanovic et al., have shown that redox 
potential is an important experimental parameter for elucidating and comparing antioxidant powers of phenol 
derivatives as well as that of hydroxyl groups on the flavonoids ring system [4,5]. 

The goal of our work is to develop models for predicting redox potential by SWN/6-31G, HF/6-31G and AM1 
theory level. For this, appropriate descriptors will be selected from a set of seven quantum descriptors and a 
molecular descriptor, taking into account only those that are highly correlated with redox potential while being 
independent of each other. The results of this work will make it possible to establish and validate by a statistical 
method efficient QSPR models [2].

MATERIALS AND METHODS

Thirty-one (31) phenolic compounds whose experimental values of redox potential E are known were selected in 
the literature and form the structural basis of our study. These phenolic compounds are divided in two groups or 
sets: the training set containing 21 molecules (≈ 2/3 of the base molecules) and the test set containing 10 molecules 
(≈ 1/3 of the basis molecules). The choice of molecules for the constitution of groups is arbitrary. Molecules are 
codified Fi in order to simplify their notations [3] (Table 1).
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Table 1: Structure of phenolic compounds

Code Compounds Code Compounds

F1 4-NO2 F17 2-OCH3-4-CH3

F2 4-CN F18 3, 4-(CH3O)2

F3 4-I F19 3, 4,5-(CH3O)3

F4 4-COCH3 F20 Sesamol

F5 4-COOH F21 2-OH-4-COOH

F6 4-H F22  2, 6-(CH3O)2

F7 4-Br F23 2, 3-(OH)2

F8 4-Cl F24 2,3-(OH)2-5-COOCH3

F9 4-F F25 3,4-Dihydroxycinnamic acid

F10 Tyrosine F26 2-OH

F11  3-OH-4-COCH3 F27 2-OH-4-CH3

F12  4-CH3 F28 α-Tocopherol

F13 3,5-(CH3O)2 F29 4-OH

F14 3-OH-5-OCH3 F30 4-NH2

F15 3-OH F31 4-(CH3)3

F16  4-OCH3   

All molecules were optimized using SWN/6-31G, HF/6-31G and AM1 theory level as implemented in GAUSSIAN 
09 program. Two software’s XLSTAT and EXCEL have been used, according to their specificities, to conduct 
statistical analysis of the results and to draw the graph [4-6].

The principle of linear regression is to model a quantitative dependent variable Y through a linear combination of 
p quantitative explanatory variables X1, X2……Xp. The deterministic model is written as:

Y= β0+β1 X1+ β2 X2+ ……. +βp Xp+ ԑ

Where βi are coefficients of the regression and ԑ the model error. The choice of quantum descriptors is based on 
two fundamental criteria [7]. 

Criterion 1

By nature, the dependence of Y on Xi is assumed to be linear. For this, the absolute value of the linear correlation 
coefficient between the property Y and the variables Xi must be greater than 0.50. 

|R| ≥ 0.50

Criterion 2

 the different samples Yi are supposed to be independent of each other. For two descriptors i and j to be independent, 
the partial correlation coefficient (aij) between them must be strictly less than 0.70 [8].

aij<0.70

The predictive power of a model is also based on Tropsha criteria. If the three fifths (3/5) of the criteria are verified 
then the model has a good predictive power. 

Criterion 1: Rext
2>0.70; 

Criterion 2: Qext
2>0.60; 

Criterion 3: (Rext
2-R0

2)/(Rext
2 )<0.1 and 0.85<k<1.15

Criterion 4: (Rext
2-R0'

2)/(Rext
2 )<0.1 and 0.85<k’<1.15 

Criterion 5: |Rext
2-R0

2| ≤ 0.30 

Normality tests have also been performed to verify the quality of the confidence interval obtained. These are 
Shapiro-Wilk and Durbin-Watson tests. The different expressions and the notations of the quantum descriptors 
used are gathered in Table 2.
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Table 2: Quantum descriptors used expressed in electron volt (eV)

Quantum 
descriptors

Energy 
HOMO

Energy 
LUMO Energy gap Electronegativity Hardness Molless Electrophily 

indice

Expressions EHOMO  ELUMO ELUMO-EHOMO χ=(IP+EA)/2 η=(IP-EA)/2 S=1/(2η) ω=χ2/2η

The HOMO and LUMO orbitals obtained on each 31 set of molecules (F1…F31) have been used to calculate the 
different parameters of the quantum descriptors [9-11]. This orbitals means have to make the quantum descriptor 
choice easier under the caster of the chemical selective methods (Figure 1).

Figure 1: A few illustrations of HOMO and LUMO molecular orbitals as the tools to calculate the quantum 
parameters, which make the choice of quantum descriptors, show on the molecules F1, F8 and F14

RESULTS AND DISCUSSION 

Choice of Quantum Descriptors

Calculated values of quantum descriptors at SWN/6-31G, HF/6-31G and AM1 theory level for molecules of the 
learning set and their redox potentials identified in the literature are summarized (Tables 3-5).

Table 3: Redox potential values of the quantum and molecular descriptors at SWN/6-31G level of approximation for 
the learning set

Code
Quantum descriptors Molecular 

descriptor
Redox 

potential 
EHOMO ELUMO Gap χ η S ω nOH E

F1 -0.36 -0.07 0.29 0.2 0.15 2.94 0.94 0 1.23

F2 -0.34 -0.05 0.29 0.18 0.16 2.78 0.11 0 1.17

F3 -0.32 -0.04 0.28 0.16 0.15 2.94 0.1 0 1.09

F4 -0.32 -0.04 0.28 0.16 0.15 2.94 0.1 0 1.06

F5 -0.32 -0.05 0.27 0.17 0.15 2.94 0.11 0 1.04

F6 -0.32 -0.04 0.28 0.16 0.15 2.94 0.1 0 0.97

F7 -0.32 -0.04 0.28 0.16 0.15 2.94 0.1 0 0.96

F8 -0.32 -0.03 0.29 0.16 0.16 2.78 0.09 0 0.94

F9 -0.32 -0.03 0.29 0.16 0.16 2.78 0.09 0 0.93

F10 -0.32 0.04 0.28 0.16 0.16 2.78 0.08 0 0.89
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F11 -0.32 -0.04 0.28 0.16 0.15 2.94 0.09 1 0.89

F12 -0.32 0.04 0.28 0.15 0.16 2.78 0.08 0 0.87

F13 -0.3 0.05 0.25 0.14 0.16 2.78 0.07 0 0.85

F14 -0.31 0.04 0.27 0.15 0.16 2.78 0.08 1 0.84

F15 -0.3 0.05 0.25 0.14 0.15 2.94 0.08 1 0.81

F16 -0.32 0.04 0.28 0.16 0.16 2.78 0.09 0 0.73

F17 -0.29 0.05 0.24 0.13 0.15 2.94 0.07 0 0.68

F18 -0.29 0.04 0.25 0.14 0.15 2.94 0.08 0 0.67

F19 -0.3 0.04 0.26 0.14 0.15 2.94 0.08 0 0.66

F20 -0.29 0.03 0.26 0.14 0.14 3.13 0.08 0 0.62

F21 -0.31 -0.05 0.27 0.14 0.16 2.78 0.07 1 0.6

Table 4: Redox potential values of the quantum and molecular descriptors at HF/6-31G level of approximation for the 
learning set

Code
Quantum descriptors Molecular 

descriptor
Redox 

potential 
EHOMO ELUMO Gap χ η S ω nOH E

F1 -0.29 -0.06 0.23 0.18 0.12 4.17 0.14 0 1.23
F2 -0.29 -0.06 0.23 0.18 0.12 4.17 0.14 0 1.17
F3 -0.29 -0.06 0.23 0.18 0.12 4.17 0.14 0 1.09
F4 -0.29 -0.06 0.23 0.18 0.12 4.17 0.14 0 1.06
F5 -0.3 -0.08 0.22 0.19 0.11 4.55 0.16 0 1.04
F6 -0.33 -0.08 0.25 0.21 0.13 3.85 0.17 0 0.97
F7 -0.29 -0.09 0.2 0.19 0.1 5 0.18 0 0.96
F8 -0.3 -0.08 0.22 0.19 0.11 4.55 0.16 0 0.94
F9 -0.32 -0.08 0.24 0.2 0.12 4.17 0.17 0 0.93
F10 -0.3 -0.08 0.22 0.19 0.11 4.55 0.16 0 0.89
F11 -0.31 -0.07 0.24 0.19 0.12 4.17 0.15 1 0.89
F12 -0.31 -0.06 0.25 0.19 0.13 3.85 0.14 0 0.87
F13 -0.31 -0.07 0.24 0.19 0.12 4.17 0.15 0 0.85
F14 -0.31 -0.09 0.22 0.2 0.11 4.55 0.18 1 0.84
F15 -0.32 -0.09 0.23 0.22 0.12 4.17 0.2 1 0.81
F16 -0.3 -0.09 0.21 0.2 0.11 4.55 0.18 0 0.73
F17 -0.29 -0.08 0.21 0.19 0.11 4.55 0.16 0 0.68
F18 -0.3 -0.09 0.21 0.2 0.11 4.55 0.14 0 0.67
F19 -0.34 -0.08 0.26 0.21 0.13 3.85 0.17 0 0.66
F20 -0.29 0.03 0.26 0.14 0.14 3.13 0.08 0 0.62
F21 -0.31 -0.05 0.27 0.14 0.16 2.78 0.07 1 0.6

Table 5: Redox potential values of the quantum and molecular descriptors at AM1 level for the learning set

Code
Quantum descriptors Molecular 

descriptor 
Redox 

potential
EHOMO ELUMO Gap χ η S ω nOH E

F1 -0.39 -0.05 0.34 0.22 0.17 2.94 0.94 0 1.23
F2 -0.37 -0.02 0.35 0.2 0.18 2.78 0.11 0 1.17
F3 -0.35 -0.01 0.34 0.18 0.17 2.94 0.1 0 1.09
F4 -0.35 -0.01 0.34 0.18 0.17 2.94 0.1 0 1.06
F5 -0.35 -0.02 0.33 0.19 0.17 2.94 0.11 0 1.04
F6 -0.35 -0.01 0.34 0.18 0.17 2.94 0.1 0 0.97
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F7 -0.35 -0.01 0.34 0.18 0.17 2.94 0.1 0 0.96
F8 -0.35 0 0.35 0.18 0.18 2.78 0.09 0 0.94
F9 -0.35 0 0.35 0.18 0.18 2.78 0.09 0 0.93
F10 -0.34 0.01 0.35 0.17 0.18 2.78 0.08 0 0.89
F11 -0.35 -0.01 0.34 0.17 0.17 2.94 0.09 1 0.89
F12 -0.34 0.01 0.35 0.17 0.18 2.78 0.08 0 0.87
F13 -0.33 0.02 0.35 0.16 0.18 2.78 0.07 0 0.85
F14 -0.34 0.01 0.35 0.17 0.18 2.78 0.08 1 0.84
F15 -0.33 0.01 0.34 0.16 0.17 2.94 0.08 1 0.81
F16 -0.35 0 0.35 0.18 0.18 2.78 0.09 0 0.73
F17 -0.32 0.02 0.34 0.15 0.17 2.94 0.07 0 0.68
F18 -0.32 0.01 0.33 0.16 0.17 2.94 0.08 0 0.67
F19 -0.33 0.01 0.34 0.16 0.17 2.94 0.08 0 0.66
F20 -0.32 0 0.32 0.16 0.16 3.13 0.08 0 0.62
F21 -0.34 -0.02 0.36 0.16 0.18 2.78 0.07 1 0.6

The calculated values of the quantum descriptors at SWN/6-31G, HF/6-31G and AM1 theory level of the learning 
set and their redox potentials identified in the literature are summarized (Tables 6-8).

Table 6: Redox potential values of the quantum and molecular descriptors at SVWN/6-31G level of the test set

Code
Quantum descriptors Molecular 

descriptor
Redox 

potential
EHOMO ELUMO Gap χ η S ω nOH E

F22 -0.36 -0.07 0.29 0.2 0.15 2.94 0.94 0 0.58

F23 -0.34 -0.05 0.29 0.18 0.16 2.78 0.11 2 0.58

F24 -0.32 -0.04 0.28 0.16 0.15 2.94 0.1 2 0.56

F25 -0.32 -0.04 0.28 0.16 0.15 2.94 0.1 1 0.54

F26 -0.32 -0.04 0.33 0.17 0.15 2.94 0.11 1 0.53

F27 -0.32 -0.04 0.34 0.16 0.15 2.94 0.1 1 0.52

F28 -0.32 -0.04 0.34 0.16 0.15 2.94 0.1 1 0.46

F29 -0.32 -0.03 0.35 0.16 0.16 2.78 0.09 1 0.48

F30 -0.32 -0.03 0.35 0.16 0.16 2.78 0.09 0 0.41

F31 -0.31 0.04 0.35 0.15 0.16 2.78 0.08 0 0.36

Table 7: Redox potential values of the quantum and molecular descriptors at SVWN/6-31G level of the test

Code Quantum descriptors Molecular 
descriptor

Redox 
potential

EHOMO ELUMO Gap χ η S ω nOH E

F22 -0.3 -0.13 0.17 0.22 0.09 5.55 0.27 0 0.58

F23 -0.31 -0.1 0.21 0.21 0.11 4.55 0.2 2 0.58

F24 -0.31 -0.12 0.19 0.22 0.11 4.55 0.22 2 0.56

F25 -0.3 -0.08 0.22 0.19 0.11 4.55 0.16 1 0.54

F26 -0.31 -0.12 0.21 0.22 0.11 4.55 0.22 1 0.53

F27 -0.3 -0.13 0.17 0.22 0.09 5.55 0.27 1 0.52

F28 -0.3 -0.13 0.17 0.22 0.09 5.55 0.27 1 0.46

F29 -0.31 -0.13 0.18 0.22 0.09 5.55 0.27 1 0.48

F30 -0.31 -0.12 0.19 0.22 0.11 4.55 0.2 0 0.41

F31 -0.31 -0.11 0.2 0.21 0.1 5 0.22 0 0.36
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Table 8: Redox potential values of the quantum and molecular descriptors at AM1 level of the test set

Code
Quantum descriptors Molecular 

descriptor 
Redox 

potential
EHOMO ELUMO Gap χ η S ω nOH E

F22 -0.4 -0 .05 0.3 0.2 0.2 3 1 0 0.58

F23 -0.4 -0.02 0.4 0.2 0.2 3 0 2 0.58

F24 -0.4 -0.01 0.3 0.2 0.2 3 0 2 0.56

F25 -0.4 -0.01 0.3 0.2 0.2 3 0 1 0.54

F26 -0.4 -0.02 0.3 0.2 0.2 3 0 1 0.53

F27 -0.4 -0.01 0.3 0.2 0.2 3 0 1 0.52

F28 -0.4 -0.01 0.3 0.2 0.2 3 0 1 0.46

F29 -0.4 0 0.4 0.2 0.2 3 0 1 0.48

F30 -0.4 0 0.4 0.2 0.2 3 0 0 0.41

F31 -0.3 0.01 0.4 0.2 0.2 3 0 0 0.36

Verification of the dependency of variables: Two thirds (2/3) of the molecules (21 molecules) from the database 
were used for the development of models (training set and the 10 remaining will be used for the verification of 
models [12-16] (Table 9).

Criteria Verification 1

Table 9: Selection of quantum descriptors by criterion 1

 SVWN/6-31G HF/6-31G AM1

Equations
Correlation 

coefficient linear 
lRl

Descriptor 
rejected if 
lRl<0.50

Correlation 
coefficient 
linear lRl

Descriptor 
rejected if 
lRl<0.50

Correlation 
coefficient 
linear lRl

Descriptor 
rejected if 
lRl<0.50

E and EHOMO 0.72 Retained 0.64 Retained 0.84 Retained

E and ELUMO 0.56 Retained 0.56 Retained 0.62 Retained

E and Gap 0.09 Rejected 0.23 Rejected 0.05  Rejected

E and χ 0.79 Rejected 0.64 Retained 0.86 Retained

E and η 0.04 Rejected 0.13 Rejected 0.07 Rejected

E and S 0.12 Rejected 0.34 Rejected 0.09 Rejected

E and ω 0.43 Rejected 0.28 Rejected 0.49 Rejected

E and nOH 0.37 Rejected 0.32 Rejected 0.27 Rejected

Analysis of the results in Table 9 allows us to remember that for the SVWN/6-31G level of approximation, 
descriptors selected are: energy of the LUMO (ELUMO) and electronegativity (χ).

Analysis of the results in Table 9 allows us to remember that for the HF/6-31G level of approximation, descriptors 
selected are: energy of the LUMO (ELUMO) and electronegativity (χ).

Analysis of the results in Table 9 allows us to remember that for the AM1 level of approximation, descriptors 
selected are: Energy of the HOMO (EHOMO), energy of LUMO (ELUMO) and electronegativity (χ) [17]. 

Application of criterion 2: Definitive selection of quantum descriptors.

The results of definitive selection of quantum descriptors at SWN/6-31G, HF/6-31G and AM1 level are shown in 
Table 10.

Table 10: Definitive selection of quantum descriptors at SWN/6-31G level

Correlation between: Coefficient Descriptors independent if<0.70

EHOMO and ELUMO 0.79 Dependent

EHOMO and χ -0.83 Independent

ELUMO and χ -0.68 Independent
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Analysis of the results in Table 10 shows that the descriptors: energy of the LUMO (ELUMO) and the energy 
of HOMO (EHOMO) are dependent on each other. They cannot belong to the same group. Hence one needs to 
consider two groups of predictive quantum descriptors [18]. The two groups of quantum descriptors are as follows  
(Table 11).

Group 3: LUMO energy (ELUMO) and electronegativity (χ)

Group 4: HOMO energy (EHOMO) and electronegativity (χ)

Table 11: Definitive selection of quantum descriptors at HF/6-31G level

Correlation between Coefficient  Descriptors independent if<0.70

EHOMO and ELUMO 0.79 Dependent

EHOMO and χ -0.71 Independent

ELUMO and χ -0.88 Independent

Analysis of the results in Table 11 shows that the descriptors: energy of the LUMO (ELUMO) and the energy of 
HOMO (EHOMO) are dependent on each other. They cannot belong to the same group. Hence one needs to consider 
two groups of predictive quantum descriptors [19] (Table 12). The two groups of quantum descriptors are as 
follows:

Group 5: LUMO energy (ELUMO) and electronegativity (χ)

Group 6: HOMO energy (EHOMO) and electronegativity (χ) 

Table 12: Definitive selection of quantum descriptors at AM1 level

Correlation between Coefficient  Descriptors independent if< 0.70

EHOMO and ELUMO 0.84 Dependent

EHOMO and χ -0.95 Independent

ELUMO and χ -0.82 Independent

Analysis of the results in Table 12 shows that the descriptors: energy of the LUMO (ELUMO) and the energy of 
HOMO (EHOMO) are dependent on each other. They cannot belong to the same group. Hence one needs to consider 
two groups of predictive quantum descriptors. The two groups of quantum descriptors are as follows:

Group 1: LUMO energy (ELUMO) and electronegativity (χ)

Group 2: HOMO energy (EHOMO) and electronegativity (χ)

QSPR models of antioxidant properties: From learning set and predictive descriptors selected, we established a 
QSPR model of the redox potential E. To choose the group that will be used to establish the regression equation of 
the QSPR model, the Fisher coefficients of the two groups will be compared and then the most significant group 
in Fisher's sense will be used [20].

Model regression equation: The Fisher coefficients for groups 3 and 4 are provided by the ANOVA tables in 
Tables 13 and 14.

Table 13: ANOVA table of SWN/6-31G level quantum descriptors for group 3

 DS SC MSC F1 P-value

Regression residual total 
 

2 0.51 0.42 17.23 0.000011

18 0.61 0.12   

20 0.113    
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Table 14: ANOVA table of SWN/6-31G level quantum descriptors for group 4

 DS SC MSC F2 P-value

Regression residual total

2 0.84 0.24 92.46 0.000015

18 0.72 0.01   

20 0.153    

Analysis of the results in Tables 13 and 14 shows that the Fisher coefficient (F2) of group 4 is greater than the 
Fisher coefficient (F1) of group 4: F1<F2; this means that the group 4 regression equation will be more significant 
than that of group 3. Group 4 quantum descriptors can therefore be meaningful in redox potential QSPR model 
establishing at SWN/6-31G level. The results of the multi-linear regression obtained from descriptors of group 4 
are shown in Table 15.

The Fisher coefficients for groups 5 and 6 are provided by the ANOVA tables in Tables 15 and 16.

Table 15: ANOVA table of AM1 level quantum descriptors for group1

 DS SC MSC F1 P-value

Regression residual total

2 16313,77 32,62,753 42,61,446 0.0003

16 29023,16 22,32,551   

18 45336,93    

Analysis of the results shows that the Fisher coefficient (F2) of group 6 is greater than the Fisher coefficient 
(F1) of group 5: F1<F2; this means that the group 6 regression equation will be more significant than that of  
group 5. Group 6 quantum descriptors can therefore be meaningful in redox potential QSPR model establishing at 
HF/6-31G level [21]. The results of the multi-linear regression obtained from descriptors of group 6 are shown in  
Table 16.

Table 16: ANOVA table of AM1 level quantum descriptors for group 2

 DS SC MSC F2 P-value

Regression residual total

2 11056,65 22,11,329 0,8378 0,0546

16 34310,79 26,39,292   

18 45367,44    

The Fisher coefficients for groups 1 and 2 are provided by the ANOVA tables in Tables 17 and 18.

Table 17: ANOVA table of AM1 level quantum descriptors for group 1

 DS SC MSC F1 P-value

Regression residual total
2 0.47 0.23 26.32 0.000005

18 0.16 0.01   

20 0.63    

Table 18: ANOVA table of AM1 level quantum descriptors for group 2

 DS SC MSC F2 P-value

Regression residual total 

2 0.48 0.24 29.64 0.000002

18 0.14 0.01   

20 0.63    

Analysis of the results in Tables 17 and 18 shows that the Fisher coefficient (F2) of group 2 is greater than the 
Fisher coefficient (F1) of group 1: F1<F2; this means that the group 2 regression equation will be more significant 
than that of group 1. Group 2 quantum descriptors can therefore be meaningful in redox potential QSPR model 
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establishing at AM1 level. The results of the multi-linear regression obtained from descriptors of group 2 are 
shown in Table 19.

Table 19: Regression coefficients value of group 3 for model

Constants Coefficients Ecart-type Test t P-value

 -2.21 0.67 -1.46 0.15

ELUMO -1.3 2.47 -0.45 0.65

χ 10.24 4.42 2.37 0.09

Regression equation of the model is: E=-2, 21-1, 3 ELUMO+10, 24 χ

ANOVA table of the model that allowed analysis of the variance. This ANOVA table indicates that the p-value 
(0.000011) is less than α=0.05 showing that the equation model regression is significant in redox potential 
predicting (Table 20).

Table 20: Regression coefficients values of group 6 for model

Constants Coefficients Standard deviation Test t P-value

 -28.44 16.71 -2.35 0.003

ELUMO 52.01 40.83 0.36 0.072

χ -71.26 24.56 -0.13 0.894

Regression equation of the model is: E=-28.44-52.01ELUMO+71.26χ. The p-value (0.000002) is less than α=0.05 
showing that the equation Model regression is significant in redox potential predicting (Table 21).

Table 21: Regression coefficients values of group 1 for model

Constants Co-efficients Standard deviation Test t P-value

 -1.12 0.76 -1.46 0.15

ELUMO -1.93 4.27 -0.45 0.65

χ 7.7 4.42 1.73 0.09

Regression equation of the model is: E=-1.12 -1.93 ELUMO+7.70 χ

ANOVA table of the model that allowed analysis of the variance is that of Table 7. This ANOVA table indicates 
that the p-value (0.000002) is less than α=0.05 showing that the equation Model regression is significant in redox 
potential predicting.

Contribution of quantum descriptors in the prediction of redox potential E

The analysis of the results in Table 19-21 shows that

According to absolute values of the t-test in Table 19, the importance of the quantum descriptors of the SVWN/6-
31G level in the model is in the following ascending order: ELUMO<χ; Contribution calculations show that LUMO 
energy (ELUMO) contributes 10.54 in the prediction of the redox potential and the electronegativity (χ) has a 
contribution of 84.04. It is clear that electronegativity (χ) is the main descriptor predictive of the redox potential 
of these phenolic derivatives.

According to absolute values of the t-test in Table 20, the importance of the quantum descriptors of the HF/6-31G 
level in the model is in the following ascending order: χ<ELUMO Contribution calculations show that LUMO energy 
(ELUMO) contributes 73.46 in the prediction of the redox potential and the electronegativity (χ) has a contribution 
of 26.53. It is clear that energy (ELUMO) is the main descriptor predictive of the redox potential of these phenolic 
derivatives.

According to absolute values of the t-test in Table 21, the importance of the quantum descriptors of the AM1 level 
in the model is in the following ascending order: ELUMO< χ
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Contribution calculations show that LUMO energy (ELUMO) contributes 20.64 in the prediction of the redox 
potential and the electronegativity (χ) has a contribution of 79.35. It is clear that electronegativity (χ) is the main 
descriptor predictive of the redox potential of these phenolic derivatives.

Statistical Parameters of the Model 

Results for statistical parameters are shown in Table 22. 

Table 22: Statistical parameters of the model

Levels n R R2 R2aj S F FIT

SVWN/6-31G 21 0.47 0.22 0.43 0.078 17.23 0.67

HF/6-31G 21 0.98 0.96 0.83 0.087 4.26 0.76

AM1 21 0.97 0.95 0.93 0.095 29.64 0.96

The analysis of the results in Table 22 shows that

For the SVWN/6-31G theory level,

The value of correlation coefficient R obtained (R=0.47) is lower than 1. This means that the redox potential is too 
weakly correlated with the variables energy of LUMO (ELUMO) and the electronegativity (χ). 

The coefficient of determination obtained R2 indicates that the model does not have an explanatory power on the 
redox potential and that the descriptors have no effect on property explained.

Of all the above, the model cannot predict the potential. The x model is rejected.

For HF/6-31G theory level,

Analysis of data in Table 22 shows that redox potential is strongly correlated with quantum descriptors selected 
because of R-value of 0.98. In addition, 98% of experimental variance of redox potential is explained by the 
descriptors of the model. We can say that the model is validated and can be used as a model to predict the redox 
potential of molecules.

For AM1 theory level,

Data shows that redox potential is strongly correlated with quantum descriptors selected because of R-value of 
0.97. In addition, 95% of experimental variance of redox potential is explained by the descriptors of the model 
1. We can say that the model is validated and can be used as a model to predict the redox potential of molecules.

LOO Internal Validation of the Model,

The internal validation method applied in this study is cross-validation by omission of one molecule (in English 
Leave-One-Out: LOO). Cross validation LOO has been applied to the molecules of the learning game (Table 23).

Table 23: Statistical parameters of the LOO internal and external validation of the model

 Interne n PRESS Q2
Loo Spress  

 21 0.087 0.95 0.203  

 Extern n R2ext PRESS Q2ext SPRESS

 10 0.97 0.33 0.98 0.53

The analysis of the results in Table 23 indicates that,

The model has a very high predictive power (QLoo
2=0.95) because 95% of molecules in the learning game have 

their predicted redox potential.

The model has high predictive power (Q2
ext=0.98) because 98.1% of the test set molecules has their predicted 

redox potential. In addition 97% of the experimental variance of the redox potential is explained by the quantum 
descriptors of the model (Table 24).

2
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Table 24: Statistical parameters of the LOO internal and external validation of the model

Interne N PRESS Q2
Loo Spress  

 19 0.082 0.92 0.103  

Extern N R2ext PRESS Q2
ext SPRESS

 10 0.99 0.19 0.94 0.31

The analysis of the results in Table 24 indicates that

The model has a very high predictive power (QLoo^
2=0.92) because 92% of molecules in the learning game have 

their predicted redox potential.

The model has high predictive power (Q2
ext=0.94) because 94.1% of the test set molecules has their predicted 

redox potential. In addition 99% of the experimental variance of the redox potential is explained by the quantum 
descriptors of the model.

Verification of Tropsha's criteria for the model

At HF/6-31G level

• Rext
2=0.85>0.70; 

• Q2
ext=0.71>0.60; 

• (Rext
2-R0

2)/(Rext
2)=0.13>0.10 et 0.85< k<1.15; 

• (Rext
2-R0'

2)/(Rext
2)=0.03<0.10 et 0.85< k<1.15; 

• | Rext
2-R0

2 |=1.33>1.15.

We note that four of the five (3/5) the Tropsha criteria are verified. The model is therefore very efficient in the 
prediction of the redox potential E.

At HF/6-31G level

(1) Rext
2=0.99>0.70; 

(2) Q2
ext =0.94>0.60; 

(3) (Rext
2-R0

2)/(Rext
2 )=0.05<0.10 et 0.85< k<1.15; 

(4) (Rext
2-R0

'2)/(Rext
2 )=0.05<0.10 et 0.85<k<1.15; 

(5) | Rext
2-R0

2 |=1.25>1.15. 

We note that four of the five (4/5) the Tropsha criteria are verified. The model is therefore very efficient in the 
prediction of the redox potential E.

Normality Tests of the Model

At HF/6-31G level,

The results provided by the XLSTAT software are: Shapiro-Wilk test (Epred)

This test gives the following results: w=0.837; p-value=0.172; α=0.05

Test Interpretation: Since the calculated p-value is greater than the alpha threshold significance level (0.172>0.05), 
it is concluded that the predicted values of redox potential by the model follow a normal distribution.

Durbin-Watson test (residues),

This test gives the following results: U=0.787; p-value=0.266; α=0.05

Interpretation of the test: Since the calculated p-value is greater than the alpha threshold level of significance 
(0.787>0.05), it is concluded that the residues are not self-correlated. As result, they do not contain information 
that can influence the prediction of the model.

From different analyses of statistical tests, we can retain that the mode 1 established on the quantum descriptors: 
LUMO energy (ELUMO) and the electronegativity (χ) is validated and very powerful in the prediction of the redox 
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potential. The regression equation of the prediction can be summarized as follows:

Prediction equation of the redox potential of model 1

E=-28.44-52.01ELUMO+71.26χ

n =31; R=0.98; R^2=0.96; Raj^2=0.83; S=0.087; F=4.26; FIT=0.76

At AM1 Level,

The results provided by the XLSTAT software are: Shapiro-Wilk test (Epred)

This test gives the following results: w=0.931; p-value=0.194; α=0.05

Test interpretation: Since the calculated p-value is greater than the alpha threshold significance level (0.194>0.05), 
it is concluded that the predicted values of redox potential by the model follow a normal distribution.

Durbin-Watson test (residues),

This test gives the following results: U=0.578; p-value=0.456; α=0.05

Interpretation of the test: Since the calculated p-value is greater than the alpha threshold level of significance 
(0.456>0.05), it is concluded that the residues are not self-correlated. As result, they do not contain information 
that can influence the prediction of the model.

From different analyses of statistical tests, we can retain that the model 2 established on the quantum descriptors: 
LUMO energy (ELUMO) and the electronegativity (χ) is validated and very powerful in the prediction of the redox 
potential. The regression equation of the prediction can be summarized as follows:

Prediction equation of the redox potential of model 2

E=-1.12-1.93 ELUMO+7.70 χ

n=31; R=0.97; R2=0.95; Raj
2=0.93; S=0.095; F=29.64; FI =0.96

Correlation between calculated potential Epred and experimental Eexp 

At HF/6-31G Level,

The curve in Figure 2 shows a strong linear correlation between predicted and experimental redox potentials. This 
graph confirms that the model 1 is validated and is very efficient in predicting redox potentials for this type of 
phenolic compounds (Figure 2).

Figure 2: A plot of calculated values (Epred) vs. experimental values (Eexp) by using equation 

n=31; R=0.98; R2=0.96; Raj
2=0.83; S=0.087; F=4.26; FIT=0.76

At AM1 Level,

The curve shows a strong linear correlation between predicted and experimental redox potentials. This graph 
confirms that the model 2 is validated and is very efficient in predicting redox potentials for this type of phenolic 
compounds (Figure 3).
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Figure 3: A plot of calculated values (Epred) vs. experimental values (Eexp) by using equation

 E=-1.12-1.93 ELUMO+7.70 χ, with n=31, and R2=0.95.

Comparison of QSPR models for the prediction of redox potential established during this study

The purpose is to make a comparative study of the four QSPR models established in this study in order to obtain 
a classification of performance of these four models. Fisher coefficient is used to compare overall significance of 
the QSPR models established. The results are shown in Table 25.

Table 25: Fisher coefficients of established models

Models Fisher coefficients (F)

Model 1 : HF/6-31G 4.26

Model 2 : (AM1) 29.64

Analysis of data in Table 25 shows that the most significant QSPR model in sense of Fisher is model 2 established 
because of its Fisher coefficient, which is the highest (F=29.64). On other hand, the least significant model is the 
model 1 established from the quantum descriptors at the HF/6-31G level of approximation because having the 
lowest coefficient of Fisher (F=4.26). We obtain this decreasing order of significance according to established 
models: Model 2>Model 1.

CONCLUSION

The QSPR methodology and quantum chemical methods were used to establish predictive models of redox potential 
of 31 phenolic derivatives. Two groups of quantum descriptors have been identified according to the basic criteria 
generally used. The results showed that the quantum descriptors: LUMO energy (ELUMO) and electronegativity (χ) 
correlated strongly with the redox potential of molecules. The statistical analysis allowed us to find two models 
explained by two equations: E=-1.12-1.93 ELUMO+7.70 χ and E=-28.44-52.01ELUMO+71.26χ obtained respectively 
from AM1 and HF/6-31G, which predict the redox potential with 95% and 98% confidence level respectively.
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ABSTRACT 
 

Several methods exist when seeking to experimentally evaluate the antioxidant properties of a 
natural bioactive substance. In the case of flavonoids, the methods used are mainly based on the 
experimental determination of the percentage of inhibition (IC50) or the redox potential (E).  
In the present work, a prediction study of the redox potential E and the inhibitory concentration 
LogIC50 was carried out, using the AM1 and HF/6-311G(d,p) method. 
At the end of this study, three (03) QSPR models were validated and retained, one (01) for the 
prediction of the redox potential and four (02) for the prediction of the inhibitory concentration : 

 The Redox Prediction Model, developed at the AM1 approximation level, for which 96.43 
of the experimental variance is explained by the descriptors :  

E= -0,29 + 0,22EHomo + 0,11ELumo - 0,05���  
 The Inhibitory Concentration Prediction Models, developed at the AM1 level, for which 

96.35 of the experimental variance is explained by the descriptors : 
LogIC50 = -4,92 + 11,37EHomo + 34,36ELumo + 0,67���  

 The Inhibitory Concentration Prediction Model, developed at the HF/6-311G level (d, 
p), for which 99.96of the experimental variance is explained by the descriptors. LogIC50 = 
62,40 + 80,25 EHomo - 28,44Elumo + 52,01S - 71,26 η - 6,11μ 
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The development of these QSPR models represents a significant advance in predicting the 
antioxidant properties of bioactive molecules such as flavonoids based on descriptors calculated by 
quantum chemical methods.  
 

 
Keywords: Antioxidant; properties; QSAR/QSPR; quantum descriptors. 
 
1. INTRODUCTION 
  
The field of investigation is vast when it comes to 
experimentally evaluating the antioxidant 
properties of flavonoids. The methods used are 
mainly based on the experimental determination 
of the percentage inhibition (IC50) or the redox 
potential (E).  
 
Indeed, several results published in the literature 
have shown that experimental parameters such 
as redox potential and inhibitory concentration 
allow to evaluate the antioxidant powers of 
bioactive molecules [1,2,3,4,5] (Jorgensen et al. 
1999; Volikakis et al. 2000; Yamamura, 2003 and 
and Dragan AMI et al. 2017). 
 

In the present work, QSAR/QSPR models for 
predicting antioxidant properties were developed. 
The aim is to find a linear relationship that will 
predict the experimental parameters E or IC50 as 
a function of quantum descriptors such as : 
electronic affinity (EA), ionisation energy (EI), 
hardness (η), softness (S), electronegativity (χ), 
electrophilic index (ω), energy (HOMO), energy 
(LOMO), energy gap (HOMO-LUMO), 
electrophilic index (ω), dipole moment (μ), 
electron donor (������) and electron acceptor (������), 
used in our previous studies.  
 
From the results obtained, the redox potential (E) 
and the inhibitory concentration (IC50) of the 
flavonoids will be predicted and consequently 
their antioxidant power.  
 

2. MATERIALS AND METHODOLOGY 
 

2.1 Materials  
 

In our work, 29 flavonoids with known 
experimental redox potential (E) and inhibitory 
concentration (IC50) values were selected as the 
structural basis for study. These flavonoids are 
classified into two groups or series: the learning 
series with 19 molecules (≈ 2⁄3 of the base 
molecules) and the test series with 10 molecules 
(≈ 1⁄3 of the base molecules). The choice of 
molecules for the constitution of the groups is 

arbitrary. These molecules are coded iM  in 
order to simplify their notations. 
 

The molecules of the learning set will be used to 
develop predictive models of redox potential and 
inhibitory concentration from quantum 
descriptors, and those of the test set for 
validation of the developed models. The 
experimental values of the redox potential and 
the inhibitory concentration of the molecules are 
taken from the literature [6]. 
 

2.2 Methodology 
 

For the determination of the quantum descriptors 
on which the prediction models of the redox 
potential E and the inhibitory concentration IC50 
of the studied molecules were developed, 
different levels of calculations were used. These 
are : AM1 and HF/6-311G (d, p). These levels of 
theory were chosen in view of the size of the 
molecules and the different quantum parameters 
to be evaluated.  
 

2.2.1 Statistical analysis 
 

All molecules were optimised using the 
GAUSSIAN 09 program. Two software packages 
were used, according to their specificities, to 
perform the statistical analysis of the results and 
to plot the graph, i.e. XLSTAT and MATLAB. The 
choice of the quantum descriptors is based on 
two fundamental criteria.  
 

Criterion 1: By nature, the dependence of Y on 
Xi  is assumed to be linear. Therefore the 
absolute value of the linear correlation coefficient 

between the property Y and the variables 
Xi  

must be greater than 0.50: |R| ≥0.50  
 

Criterion 2: The different samples
Yi are 

assumed to be independent of each other. For 
two descriptors to be independent, the partial 

correlation coefficient (
aij ) between these two 

descriptors i and j must be strictly less than 0.70 
:aij < 0.70  
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Table 1. Structure of the flavonoids studied 
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A
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C
R16

R13

R12

R8

R6

R5

R15

R14

R7

1

2

 
Basic structure of flavonoids 
Molecules C2 R3 R5 R6 R7 R8 R12 R13 R14 R15 Names 
M1 C H OH H OH H H H OH OH Epigallo catechin 
M2 C H OH H OH H H OH OH OH Epigallocatechingallate 
M3 C Gallate OH H OH H H OH OH H Epicatechin gallate 
M4 C Gallate OH H OH H H OH OH OH Gallocatechin gallate 
M5 C Gallate OH H OH H H H OH OH Catechin gallate 
M6 C OH OH H OH H H OH OH H - Catechin 
M7 C OH OH H OH H H H OH OH - Epicatechin 
M8 C OH OH H OH H H H OH OH + Epicatechin 
M9 C OH OH H OH H H OH OH H + Catechin 
M10 C=O OH OH H OH H H H 4-(2, 3, 4-trihydroxybutyl)-2-

methoxyphenol 
Silibinin 

M11 C=O H H OH H OH H OH H H Luteolin 
M12 C=O H H OH H OH H H H H Wogonin 
M13 C=O H H OH H OH H H H H Apigenin 
M14 C=O OH OH H H OH H OH H H Fustin 
M15 C=O OH OH OH H OH H H H H Naringenin 
M16 C=O H H H H OH H H H H Daidzein 
M17 C=O H H H Glucose H H H OH H Daidzin 
M18 C=O H H H OH Glucose H H OH H Puerarin 
M19 C OH OH H OH H H OH OH OH Gallocatechin 
M20 C=O OH OH H OH H H OH OH OH Myricetin 
M21 C=O OH OH H OH H H OH H H Quercetin 
M22 C=O OH H H OH H H OH H H Fisetin 
M23 C=O OH OH H OH H H H H H Kaempferol 
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Basic structure of flavonoids 
Molecules C2 R3 R5 R6 R7 R8 R12 R13 R14 R15 Names 
M24 C=O OH OH H OH H OH H H H Morin 
M25 C=O OH OH H OH H H H H H Galangin 
M26 C=O Rutinose H H H H H OH OH H Rutin 
M27 C=O Glucose OH H OH H H OH H H Hyperoside 
M28 C=O OH OH OH H H H H H H Baïcalein 
M29 C=O OH OH Glucose H H H H H H Baïcalin 
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Table 2. Molecules in the learning and test series 
 
Molecules in the learning series Molecules in the test series 
N° Name of the molecules N° Name of the molecules 
M1 -(2R, 3R) Epigallocatechin M20 Myricetin 

M2 -(2R, 3R)-Epigallocatechin gallate M21 Quercetin 
M3 -(2S, 3R) -Gallocatechin gallate M22 Fisetin 
M4 (-) -(2S, 3R) -catechin gallate M23 Kampferol 
M5 -(2R, 3R)-Epicatechin gallate M24 Morin 
M6 (+) -(2S, 3S)-Epicatechin M25 Galangin 
M7 (-) -(2R, 3R) -Epicatechin M26 Rutin 
M8 (-) -(2S, 3R)-Catechin M27 Hyperoside 
M9 (+) -(2S, 3R)-Catechin M28 Baicalein 
M10 Silibinin M29 Baicalin 
M11 Luteolin   
M12 Wogonin   
M13 Apigenin   
M14 Fustin   
M15 Naringenin   
M16 Daidzein   
M17 Daidzin   
M18 Puerarin   
M19 -(2S, 3R) -Gallocatechin   

 
Chart 1. Quantum descriptors used. Debye (D); Electron-volt (eV) 

 
Quantum descriptors Rating Expression Unit 
Dipole moment μ - (D) 
Energy of the HOMO EHomo - (eV) 
Energy from the LUMO ELumo - (eV) 
Electronic affinity  �� ��= -ELumo [12] (eV) 
Ionisation energy  �� ��= - EHomo ([13] (eV) 
GAP (HOMO-LUMO) ��� Gap = ELumo- EHomo (eV) 
Electronegativity  χ χ = 

(�� � ��)

�
 [14] (eV) 

Hardness. η η = 
(�� � ��)

�
 [15] (eV) 

Softness  S S = 
�

 �� 
 [16] (eV)-1 

Electrophilic Index  ω ω = 
��

��
 [17] (eV) 

Donor electron power  �� �  ����� =
(�.�����)�

��(�����)
 [18] (eV) 

Electron acceptor power  �� � �� � =
(����.��)�

��(�����)
 [19] (eV) 

 
The predictive power of a model is also based on 
the Tropsha criteria. If the three fifths (3/5) of the 
criteria are verified then the model has a good 
predictive power. Normality tests were also 
carried out to verify the quality of the confidence 
interval obtained. These are the Shapiro-Wilk 
and Durbin-Watson tests. 
 
2.2.2 Theoretical descriptors 
 
These are quantum descriptors calculated by 
quantum chemical methods. Chart 1 shows the 

quantum descriptors used in this study 

[7,8,9,10,11] [20-24].  
 
2.2.3 Contribution of an explanatory variable 

to the prediction of a property 
 

The contribution of an explanatory variable 
Xi  

noted 
CXi  to the prediction of a property of Y is 

based on the statistical parameter t_test which 
indicates the significance of an explanatory 
variable in a model [25]. 
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 ���
= 

|�_����(��)|

�|(�_����(��)|
x100  

 

The contribution is expressed as a percentage 
(%), where |�_����(��)|, the absolute value of the 

t_test of the variable �� ; Σ|(�_����(��)| the sum 
of the absolute values of the t_test of all the 

variables ��  of the model. The higher  ���
 is, the 

greater the contribution of the explanatory 

variable �� in the model developed [26]. 
 

3. RESULTS AND DISCUSSION  
 

In Tables 3 to 6, the values of the calculated 
quantum descriptors and the values of the redox 
potential E and the inhibitory concentration IC50 
of the molecules of the training and test series 
are recorded. 
 

3.1 Selection of Quantum Descriptors for 
the Prediction of the LogIC50 
Inhibitory Concentration 

 

The results for the final selection of the predictive 
quantum descriptors for the LogIC50 inhibitory 
concentration are reported in Tables 8 and 9. 

The results in Table 8 allow us to consider two 
groups of predictive quantum descriptors of 
LogIC50 for the AM1 level:  

 
 Group 3: LUMO Energy (ELumo), HOMO 

Energy (EHomo) and Electron Donor 
Power (�� �) ; 

 Group 4: Energy of the HOMO (EHomo), 
Electron Acceptance Power ( �� � ) and 
Electron Donor Power (�� �). 

 
The analysis of Table 9 reveals that the         
quantum descriptors selected for the prediction 
of LogIC50 at the HF/6-311G level (d, p) are: 
EHomo, ELumo, S, η, χ and μ. These                    
quantum descriptors allow us to consider two 
groups:  
 
 Group 5: HOMO energy (EHomo), LUMO 

energy (ELumo), Softness (S), Hardness (η) 
and Density (μ); 

 Group 6: LUMO energy (ELumo), Softness 
(S), Hardness (η), Electronegativity (χ), 
and Dipole moment (μ). 

 
Table 3. Values of the quantum descriptors calculated at the AM1 level and the experimental 

values of the redox potential E and the inhibitory concentration IC50 of the training series 
 

Code Quantum descriptors Experimental 
descriptors 

EHomo ELumo Gap χ η S ω μ �� � �� � E LogIC

50 

M1 -0 .33 -0 .00 0.33 0.17 0.17 2.94 0.09 3.34 0.02 0 .02 -0.030 -4.98 

M2 -0 .33 -0 .02 0.31 0.18 0.16 3.13 0.10 2.61 0.03 0 .21 0.020 -5.07 

M3 -0 .33 -0 .00 0.33 0.17 0.17 2.94 0.09 3.12 0.02 0 .02 0.030 -4.68 

M4 -0 .33 -0 .02 0.31 0.18 0.16 3.13 0.10 4.11 0.03 0 .21 0.080 -4.72 

M5 -0 .33 -0 .01 0.32 0.17 0.16 3.13 0.09 0.57 0.03 0 .20 0.105 -4.64 

M6 -0 .33 -0 .01 0.32 0.17 0.16 3.13 0.09 1.21 0.03 0 .20 0.280 -4.86 

M7 -0 .32 -0 .01 0.31 0.17 0.16 3.13 0.09 2.78 0.02 0 .19 0.180 -4.03 

M8 -0 .33 -0 .00 0.33 0.17 0.17 2.94 0.09 3.30 0.02 0 .02 0.185 -4.23 

M9 -0 .33 -0 .00 0.33 0.17 0.17 2.94 0.09 1.56 0.02 0 .02 -0.060 -5.20 

M10 -0 .33 -0 .01 0.32 0.17 0.16 3.13 0.09 4.13 0.02 0 .20 0.080 -4.70 

M11 -0 .33 -0 .04 0.29 0.19 0.15 3.33 0.12 3.03 0.04 0 .23 0.180 -4.58 

M12 -0 .33 -0 .03 0.30 0.18 0.15 3.33 0.11 2.87 0.04 0 .22 0.360 - 

M13 -0 .34 -0 .03 0.31 0.19 0.16 3.13 0.11 2.35 0.04 0 .22 0.500 - 

M14 -0 .33 -0 .02 0.31 0.18 0.16 3.13 0.10 2.43 0.03 0 .21 0.132 4.18 

M15 -0 .34 -0 .02 0.32 0.18 0.16 3.13 0.10 2.64 0.03 0 .21 0.590 - 

M16 -0 .32 -0 .02 0.30 0.17 0.15 3.33 0.10 1.98 0.03 0 .20 0.500 - 

M17 -0 .32 -0 .02 0.30 0.17 0.15 3.33 0.10 3.03 0.03 0 .20 0.538 - 

M18 -0 .33 -0 .03 0.31 0.18 0.16 3.13 0.10 1.40 0.04 0 .21 0.540 - 

M19 -0 .33 -0 .00 0.33 0.17 0.17 2.94 0.09 1.06 0.02 0 .02 -0.030 -4.53 
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Table 4. Values of the quantum descriptors calculated at AM1 and the experimental values of the redox potential E and the inhibitory 
concentration IC50 of the test series 

  
Code Quantum descriptors Experimental descriptors 

EHomo ELumo ��� χ η S ω μ �� � �� � E LogIC50 
M20 -0 .32 -0 .04 0.28 0.18 0.14 3.57 0.12 1.06 0 .04 0 .22 -0.035 -4.80 
M21 -0 .32 -0 .04 0.28 0.18 0.14 3.57 0.12 2.14 0 .04 0 .22 -0.020 -4.96 
M22 -0 .32 -0 .04 0.28 0.18 0.14 3.57 0.12 2.39 0 .04 0 .22 -0.010 -4.89 
M23 -0 .32 -0 .04 0.28 0.18 0.14 3.57 0.12 0.49 0 .04 0 .22 0.040 -4.89 
M24 -0 .31 -0 .03 0.28 0.18 0.14 3.57 0.12 1.91 0 .04 0 .21 0.080 -5.00 
M25 -0 .32 -0 .04 0.28 0.18 0.14 3.57 0.12 2.20 0 .04 0 .22 0.082 -4.60 
M26 -0 .31 -0 .03 0.28 0.18 0.14 3.57 0.12 2.95 0 .04 0 .21 0.082 -4.52 
M27 -0 .32 -0 .03 0.29 0.18 0.15 3.33 0.11 1.62 0 .04 0 .34 0.092 -4.42 
M28 -0 .35 -0 .03 0.32 0.19 0.16 3.13 0.11 2.95 0 .04 0 .23 0.102 -4.29 
M29 -0 .32 -0 .03 0.29 0.18 0.15 3.33 0.11 4.62 0 .04 0 .21 0.450 -4.01 

 
Table 5. Values of the quantum descriptors calculated at the HF/6-311G level (d, p) and the experimental values of the redox potential E and the 

inhibitory concentration IC50 of the training set 
 

Code Quantum descriptors Experimental descriptors 
EHomo ELumo ��� χ η S ω μ �� � �� � E LogIC50 

M1 -0.29 -0.06 0.23 0.18 0.12 4.17 0.14 2.06 0.06 0.24 -0.030 -4.98 

M2 -0.29 -0.06 0.23 0.18 0.12 4.17 0.14 2.61 0.06 0.24 0.020 -5.07 
M3 -0.29 -0.06 0.23 0.18 0.12 4.17 0.14 2.45 0.06 0.24 0.030 -4.68 
M4 -0.29 -0.06 0.23 0.18 0.12 4.17 0.14 1.02 0.06 0.24 0.080 -4.72 
M5 -0.30 -0.08 0.22 0.19 0.11 4.55 0.16 2.73 0.08 0.27 0.105 -4.64 
M6 -0.33 -0.08 0.25 0.21 0.13 3.85 0.17 8.10 0.08 0.27 0.280 -4.86 
M7 -0.29 -0.09 0.20 0.19 0.10 5.00 0.18 4.21 0.10 0.29 0.180 -4.03 
M8 -0.30 -0.08 0.22 0.19 0.11 4.55 0.16 3.68 0.08 0.27 0.185 -4.23 
M9 -0.32 -0.08 0.24 0.20 0.12 4.17 0.17 3.70 0.08 0.28 -0.060 -5.20 
M10 -0.30 -0.08 0.22 0.19 0.11 4.55 0.16 7.85 0.06 0.27 0.080 -4.70 
M11 -0.31 -0.07 0.24 0.19 0.12 4.17 0.15 4.39 0.07 0.26 0.180 -4.58 
M12 -0.31 -0.06 0.25 0.19 0.13 3.85 0.14 3.77 0.06 0.25 0.360 - 
M13 -0.31 -0.07 0.24 0.19 0.12 4.17 0.15 3.35 0.07 0.26 0.500 - 
M14 -0.31 -0.09 0.22 0.20 0.11 4.55 0.18 3.02 0.10 0.30 0.132 4.18 
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Code Quantum descriptors Experimental descriptors 
EHomo ELumo ��� χ η S ω μ �� � �� � E LogIC50 

M15 -0.32 -0.09 0.23 0.22 0.12 4.17 0.20 3.91 0.09 0.30 0.590 - 
M16 -0.30 -0.09 0.21 0.20 0.11 4.55 0.18 2.35 0.10 0.29 0.500 - 
M17 -0.29 -0.08 0.21 0.19 0.11 4.55 0.16 4.30 0.08 0.27 0.538 - 
M18 -0.30 -0.09 0.21 0.20 0.11 4.55 0.14 2.83 0.10 0.24 0.540 - 
M19 -0.34 -0.08 0.26 0.21 0.13 3.85 0.17 10.45 0.08 0.29 -0.030 -4.53 

 
Table 6. Values of the quantum descriptors calculated at the HF/6-311G level (d, p) and the experimental values of the redox potential E and the 

inhibitory concentration IC50 of the test series 
 

Code Quantum descriptors Experimental descriptors 
EHomo ELumo ��� χ η S ω μ �� � �� � E LogIC50 

M20 -0.30 -0.13 0.17 0.22 0.09 5.55 0.27 4.12 0.11 0.32 -0.035 -4.80 
M21 -0.31 -0.10 0.21 0.21 0.11 4.55 0.20 3.25 0.14 0.36 -0.020 -4.96 
M22 -0.31 -0.12 0.19 0.22 0.11 4.55 0.22 4.76 0.08 0.27 -0.010 -4.89 
M23 -0.30 -0.08 0.22 0.19 0.11 4.55 0.16 4.54 0.14 0.36 0.040 -4.89 
M24 -0.31 -0.12 0.21 0.22 0.11 4.55 0.22 1.55 0.18 0.39 0.080 -5.00 
M25 -0.30 -0.13 0.17 0.22 0.09 5.55 0.27 1.97 0.18 0.39 0.082 -4.60 
M26 -0.30 -0.13 0.17 0.22 0.09 5.55 0.27 1.82 0.18 0.36 0.082 -4.52 
M27 -0.31 -0.13 0.18 0.22 0.09 5.55 0.27 3.91 0.14 0.36 0.092 -4.42 
M28 -0.31 -0.12 0.19 0.22 0.11 4.55 0.20 1.81 0.13 0.34 0.102 -4.29 
M29 -0.31 -0.11 0.20 0.21 0.10 5.00 0.22 5.27 0.11 0.32 0.450 -4.01 
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Table 7. Selection of descriptors at the HF/6-311G (d,p) level of approximation 
 

Redox potential E Inhibitory concentration IC50 
Equations Linear 

correlation 
coefficient lRl 

Descriptor 
rejected if  
lRl < 0.50 

Equations Linear 
correlation 
coefficient 
lRl 

Descriptor 
rejected if  
lRl < 0.50 

E and EHomo 0.03 Rejected LogIC50 and EHomo 0.64 Withheld 
E and ELumo 0.43 Rejected LogIC50 and ELumo 0.56 Withheld 
E and Gap 0.45 Rejected LogIC50 and Gap 0.53 Withheld 
E and χ 0.44 Rejected LogIC50 and χ 0.66 Withheld 
E and η 0.44 Rejected LogIC50 and η 0.63 Withheld 
E and S 0.41 Rejected LogIC50 and S 0.64 Withheld 
E and ω 0.44 Rejected LogIC50 and ω 0.68 Withheld 
E and μ 0.32 Rejected LogIC50 and μ 0.52 Withheld 
E and �� � 0.42 Rejected LogIC50 and �� � 0.67 Withheld 
E and �� � 0.45 Rejected LogIC50 and �� � 0.68 Withheld 
 

Table 8. Selection of descriptors at the AM1 level of approximation 
 

Redox potential E Inhibitory concentration IC50 
Equations Linear 

correlation 
coefficient lRl 

Descriptor 
rejected if  
lRl < 0.50 

Equations Linear 
correlation 
coefficient 
lRl 

Descriptor 
rejected if  
lRl < 0.50 

E and EHomo 0.61 Withheld LogIC50 and EHomo 0.66 Withheld 
E and ELumo 0.81 Withheld LogIC50 and ELumo 0.66 Withheld 
E and Gap 0.30 Rejected LogIC50 and Gap 0.49 Rejected 
E and χ 0.17 Rejected LogCI50 and χ 0.18 Rejected 
E and η 0.26 Rejected LogIC50 and η 0.49 Rejected 
E and S 0.29 Rejected LogIC50 and S 0.31 Rejected 
E and ω 0.42 Rejected LogIC50 and ω 0.22 Rejected 
E and μ 0.12 Rejected LogIC50 and μ 0.10 Rejected 
E and �� � 0.61 Withheld LogIC50 and �� � 0.66 Withheld 
E and �� � 0.61 Withheld LogIC50 and �� � 0.66 Withheld 
 

3.2 Selection of Quantum Descriptors for 
the Prediction of Redox Potential  

 

The results for the final selection of the predictive 
quantum descriptors of the redox potential E are 
given in Tables 8 and 9. 
 
The analysis of the results allows us to consider 
two groups of predictive quantum descriptors for 
the AM level1 : 
 

 Group 1: LUMO energy (ELumo), HOMO 
energy (EHomo) and electron donor power 
(�� �) ; 

 Group 2: Energy of the HOMO (EHomo), 
electron acceptor (�� �) and electron donor 
power (�� �). 

 
For the HF/6-311G (d, p) method, no descriptor 
was retained, therefore there is no predictive 

model for redox potential at this level of 
calculation. 
 

3.3 QSPR Model of the Predictive 
Quantum Descriptors of the Redox 
Potential E of the Inhibitory 
Concentration LogIC50 

 

Based on the learning set and the selected 
predictive descriptors, the aim were to : 
 

 Establish one or more QSPR model(s) for 
predicting the redox potential E and the 
inhibitory concentration LogIC50 per 
calculation level. 

 to carry out an analysis of the statistical 
parameters of the QSPR models 
developed. 

 

The results of this work allowed the validation of 
the best models for predicting the redox potential 
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E and the LogIC50 inhibitory concentration of 
flavonoids.  
 

3.3.1 QSPR model of predictive quantum 
descriptors of redox potential by the 
AM1 method  

 

In order to select the group to be used for the 
regression equation of the QSPR model at the 
AM1 level of calculation, the Fisher coefficients 
of the two groups 1 and 2 compared and the 
most significant group in the Fisher sense 
selected.  
 

Analysis of the results in Tables 10 and 11 
shows that the Fisher coefficient (F1) for Group 1 
was higher than the Fisher coefficient (F2) for 
Group 2 : F2 < F1 ; this means that the regression 
equation for Group 1 will be more significant than 
that for Group 2. Therefore, the quantum 
descriptors of group 1 can be preferred to 
establish the QSPR model of the AM1 level of 
redox potential. 
 

The ANOVA table for Model 1, which was used 
to perform the analysis of variance, is shown in 
Table 10. This ANOVA table indicates that the p-
value (0.0005E-6) is less than α=0.05, showing 
that the regression equation of model 1 is 
significant in predicting redox potential. 

The results of the multilinear regression obtained 
from the descriptors of group 1 are shown in 
Table 11. 
 
The regression equation for model 1 is as follows 
: 
 

E= -0.29 + 0.22EHomo + 0.11ELumo – 0.05ω� � 
 
3.3.2 Contribution of the AM1 level quantum 

descriptors in the prediction of the redox 
potential E 

 
According to the absolute values of the t-test in 
Table 12, the importance of the quantum 
descriptors of the AM1 level in Model 1 is in the 
following order 
 

ω��< EHomo< ELumo 

 
Indeed, the contribution calculations show that 
the Lumo Energy (ELumo) makes a contribution of 

48.35 in predicting the redox potential, the 
electron donor power ( �� � ) and the HOMO 
Energy (EHomo) make a contribution of 25.48 
and 26.18 respectively. It is clear that the 
LUMO energy (ELumo) is the main predictive 
descriptor of the redox potential. 

 
Table 9. ANOVA table of the quantum descriptors of group 1 of the AM1 level 

 

 DS SC MSC F1 P-value 

Regression 3 0.58 0.19 10.68 0.0005E-6 

Residue 15 0.27 0.01   

Total 18 0.86    
 

Table 10. ANOVA table of the quantum descriptors of group 2 of the AM1 level 
 

 DS SC MSC F2 P-value 

Regression 3 0.10 0.03 0.70 0.5634E-5 

Residue 15 0.75 0.05   

Total 18 0.86    
 

Table 11. Values of the regression coefficients of group 1 for model 1 
 

 Coefficients Standard deviation Test t P-value 

constants -0.29 5.93 5.93 0.01 

EHomo 0.22 0.02 0.02 0.20 

ELumo 0.11 0.04 0.04 0.01 

ώ
− ¿¿

 -0.05 0.02 0.02 0.92 

 



 
 
 
 

Doco et al.; IRJPAC, 22(7): 19-34, 2021; Article no.IRJPAC.72000 
 
 

 
29 

 

3.3.2 QSPR model of the predictive quantum 
descriptors of the LogIC50 inhibitory 
concentration at the AM1 level: model 2 

 
The ANOVA tables (Tables 12 and 13) show that 
the Fisher coefficient (F4) of group 3 is higher 
than the Fisher coefficient (F5) of group 4: F5 < F4 

; therefore, the quantum descriptors of group 4 
can be preferred to establish the QSPR model of 
the AM1 level for the prediction of the inhibitory 
concentration. 

 
The results of the multilinear regression obtained 
from the descriptors of group 4 are shown in 
Table 14. 

 
The regression equation for model 2 is as 
follows: 

 
LogIC50 = - 4.92 + 11.37 EHomo + 34.36 ELumo 
+ 0.67��� 

 
The ANOVA table for the model (Table 15) 
indicates that the p-value (0.00021E-7) is less 
than α = 0.05. Thus the regression equation of 
model 2 is significant in predicting the inhibitory 
concentration. 

 
3.3.3 Contribution of AM1 quantum 

descriptors to the prediction of the 
inhibitory concentration 

 
According to the absolute values of the t-test in 
Table 15, the importance of the quantum 

descriptors of the AM1 level in Model 2 was in 
the following order 
 

ω��< EHomo< ELumo 

 
The contribution calculations show that the Lumo 
Energy (ELumo) makes a contribution of 60.66� in 
predicting the redox potential, the electron donor 
power ( �� � ) and the HOMO Energy (EHomo) 
make a contribution of 37.71� and 2.25� 
respectively. It is clear that the LUMO Energy 
(ELumo) is the main descriptor predicting the 
inhibitory concentration. 
 
3.3.4 QSPR model of the predictive quantum 

descriptors of the LogIC50 inhibitory 
concentration at the HF/6-311G level (d, 
p): model 3 

 
The Fisher coefficients for groups 5 and 6 are 
provided by the ANOVA tables in Tables 16 and 
17. From the analysis of the results, the Fisher 
coefficient (F11) of group 5 is higher than the 
Fisher coefficients (F12) of group 6; its 
regression equation will be more significant than 
that of group 6. 
 

The ANOVA table for Model 3 indicates that the 
p-value (p-value = 0.026E-8) is smaller than 
α=0.05. This shows that the regression equation 
of Model 3 is significant in predicting the 
inhibitory concentration of the molecules. 
 

The results of the multilinear regression are 
shown in Table 17. 

 
Table 12. ANOVA table of the quantum descriptors of group 3 of level AM1 

 
 DS SC MSC F4 P-value 
Regression 3 2.84 3.96 4.33 0.00021E-7 
Residue 15 3.87 3.59   
Total 18 6.71    

 
Table 13. ANOVA table of quantum descriptors for group 4 at AM1 level 

 
 DS SC MSC F5 P-value 
Regression 3 3.65 7.82 1.16 0.00356E-4 
Residue 15 4.06 8.20   
Total 18 5.71    

 
Table 14. Values of the regression coefficients of model 2 at AM1 level 

 
 coefficients Standard deviation Test t P-value 
constants -4.92 3.09 -3.36 0.00 
EHomo 11.37 6.56 1.73 0.10 
ELumo 34.36 12.13 2.83 0.01 
�� � 0.67 6.38 0.10 0.91 
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The regression equation for model 6 is as 
follows: 
 

LogIC50 = 62.40 + 80.25 EHomo – 28.44 Elumo 
+ 52.01 S -71.26 η – 6.11μ 

 

3.4 Statistical Parameters of Model 1 of 
Models 1, 2 and 3 

 

The results of the statistical parameters are 
reported in Table 19.  
 

The results show that : 
 

 The redox potential is strongly correlated 
with the quantum descriptors of the AM1 
level as R= 0.9820. In addition 96.43 of 
the experimental variance of the redox 
potential is explained by the descriptors of 
model 1. It can be said that model 1 is 
validated and can be retained as a model 
for predicting the redox potential of the 
studied molecules.  

 The LogIC50 inhibitory concentration is 
correlated with the quantum descriptors at 
the AM1 and HF/6-311G levels (d, p). 
Indeed, 96.35 and 99.96 of the 

experimental variance of the inhibitory 
concentration are explained by the 
descriptors of model 2 and model 3 
respectively. It can be said that models 2 
and 3 are validated and can be retained as 
a predictive model for the inhibitor 
concentration. 

 
3.5 Internal LOO Validation of Models 1, 2 

and 3 
 
The results are reported in Table 20. They 
indicate that : 
 
 Model 1 has a very high predictive capacity 

as 94.9 of the molecules in the training 
set have their redox potential predicted. 

 Model 3 has a very high predictive ability, 
98.9 of the molecules in the training set 
have their predicted inhibitory 
concentration. 

 The model has a very high predictive 
capacity (���� 

� = 0,941) because 94.1 of 
the molecules in the training set have their 
predicted inhibitory concentration 

 
Table 15. ANOVA table of the quantum descriptors of group 5 of level HF/6-311G (d, p) 

 

 DS SC MSC F11 P-value 
Regression 5 3.77 2.75 4.26 0.026E-8 
Residue 13 3.16 2.55   
Total 18 6.93    

 
Table 16. ANOVA table of the quantum descriptors of group 6 of the HF/6-311G level (d, p) 

 

 DS SC MSC F12 P-value 
Regression 5 6.65 1.32 0.83 0.546E-3 
Residue 13 0.79 9.29   
Total 18 7.44    

 
Table 17. Values of the regression coefficients for group 5 

 

 coefficients Standard deviation Test t P-value 
constants 62.40 63.74 0.05 0.95 
EHomo 80.25 86.62 1.57 0.13 

Elumo -28.44 16.71 -2.35 0.03 
S 52.01 40.83 0.36 0.72 
η -71.26 24.56 -0.13 0.89 
μ -6.11 7.58 -0.80 0.43 

 
Table 18. Statistical parameters for the external validation of models 1, 2 and 3 

 

Models n R 
R2

 
R2aj

 S F FIT 
Model1 19 0.9820 0.9643 0.9582 0.0755 4.3492 0.230 
Model2 0.9816 0.9635 0.8575 0.0850 4.3397 0.023 
Model 3  0,998 0,996 0,8936 0,2498 4,2614 0.080 
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3.6 External Validation of Models 1, 2 and 
3 

 

The results are reported in Table 20 and show 
that :  
 

 Model 1, has high predictive power (Q2ext 
= 0.891) as 89, 1. of the molecules in the 
test series have their redox potential 
predicted. In addition 93, 50% of the 
experimental variance in redox potential is 
explained by the quantum descriptors of 
model1 at the AM1 level. 

 Model 2, has a high predictive power. 
Indeed, 97.80 of the molecules in the test 
series have their redox potential predicted. 
In addition 98.30% of the experimental 
variance of the inhibitory concentration is 
explained by the quantum descriptors of 
model 2 at the AM1 level. 

 Model 3 has high predictive power as 
96.10 of the molecules in the test series 
have their redox potential predicted. Also, 
97.70 of the experimental variance in the 
percentage of inhibition is explained by the 
quantum descriptors of model 3 at the 
HF/6-311G level (d, p).  

3.7 Verification of Tropsha Criteria for 
Models 1, 2 and 3 

 
The analysis of the results is recorded in Table 
21 and shows that : 

 
 For model 1 only criteria 1, 2 and 4 are 

verified; i.e. the of Tropsha's criteria. The 
model is therefore efficient in predicting the 
redox potential 

 For model 2, only criteria 1, 2 and 4 are 
verified while for model 3, all 5 criteria are 
verified. Models 2 and 3 therefore perform 
very well in predicting the inhibitory 
concentration.  

 
3.8 Normality Tests of Models  
 
3.8.1 Normality tests for model 1 

 
 Shapiro-Wilk test (Epréd) 

 
This test gives the following results: w = 0.390; p-
value = 0.879; α =0.05 

 
Table 19. Statistical parameters for internal and external validation of models 1, 2 and 3 

 

Model 1 Internal n PRESS ����
�  ������  

 19 0.197 0.949 0.170  

 Extern n R2
ext PRESS Q2ext SPRESS 

  10 0.935 0.149 0.891 0.044 

Model 2 Internal n PRESS ����
�  ������  

 19 0.221 0.989 0.134  

Extern n R2
ext PRESS Q2ext SPRESS 

 10 0.983 0.149 0.978 0.116 

Model 3 Internal n PRESS ����
�  ������  

 19 0.256 0.941 0.322  

Extern n R2
ext PRESS Q2ext SPRESS 

 10 0.977 0.198 0.961 0.143 
 

Table 20. Tropsha criteria verification for the models developed [15] (T. M. Martin et al.; 2012) 
 

Criteria  Model 1 Model2 Model 3 

Critrion 1 = ����
� > 0.70> 0.70 0.935 0.953 0.877 

Critrion 2 = Q2ext > 0.60 0.891 0.918 0.853 

Critrion 3 = 
����

� ���
�

����
�  < 0.1 et 0.85 < k < 1.15 0.010 0.058 0.139 

Critrion 4 = 
����

� ���
′�

����
� < 0.1 et 0.85 < k’ < 1.15  

0.011 0.041 1.528 

Critrion 5= ||����
� -��

�| ≤ 0.30  0.03 0.023 0.121 
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Interpretation of the test: Since the calculated 
p-value is above the alpha threshold significance 
level (0.879 > 0.05), it is concluded that the 
predicted values of the redox potential by model 
1 follow a normal distribution. 
 
 Durbin-Watson test (residuals) : 

 
This test gives the following results: U= 0.785; p-
value = 0.4860; α = 0.05 
 
Interpretation of the test: Since the calculated 
p-value is above the alpha significance level 
(0.4860 > 0.05), it is concluded that the residuals 
are not autocorrelated. Therefore, they do not 
contain any information that could influence the 
prediction of model 1.  
 
3.8.2 Normality tests of model 2 
 
 Shapiro-Wilk test  

 
This test gives the following results: w = 0.239; p-
value = 0.067; α =0.05 
 
Interpretation of the test: Since the calculated 
p-value is above the alpha threshold significance 
level (0.067 > 0.05), it is concluded that the 
predicted values of the inhibitory concentration 
by model 2 follow a normal distribution. 
 
 Durbin-Watson test: 

 
This test gives the following results: U=0.463; p-
value = 0.1137; α =0.05 
 
Interpretation of the test: Since the calculated 
p-value is above the alpha significance level, the 
residuals are not autocorrelated. They do not 
contain any information that could influence the 
prediction of model 2.  
 
3.8.3 Normality tests of model 3 
 
The results are as follows: 
 
 Shapiro-Wilk test  

 
This test gives the following results: w=0.105; p-
value = 0.077; α =0.05 
 

Interpretation of the test: Since the calculated 
p-value is above the alpha threshold significance 
level (0.077 > 0.05), it is concluded that the 
predicted values of their inhibitory concentration 
by model 3 follow a normal distribution. 

 Durbin-Watson test: 
 
This test gives the following results: U=0.993; p-
value = 0.1232; α =0.05 
 
Interpretation of the test: Since the calculated 
p-value is above the alpha significance level, the 
residuals do not contain information that could 
influence the prediction of model 3.  
  
3.8.4 Predicted model equations 
 
From the various statistical tests in Table 18 we 
can deduce that the equations of the models are 
as follows:  
 
Model 1: Prediction of the redox potential, which 
is summarized as follows:  
  

E= -0.29 + 0.22EHomo + 0.11ELumo – 0.05��� 
 

n=19; R=0.9820 ; �� =0.643 ; ���
�  = 0.9582 ; S = 

0.0755 ; F=4.3492 ; FIT=0.230 
 
Model 2: Prediction of the inhibitory 
concentration is summarised as follows at the 
AM1 level:  
 

LogIC50 = -4.92 + 11.37EHomo + 34.36 ELumo + 
0.67��� 

 

n=19; R = 0.9816; ��  = 0.9635; ���
�  = 0.8575; 

S=0.0850; F=4.3492 ; FIT = 0.0230 
 
Model 3: The prediction regression equation is 
summarised as follows:  
 

LogIC50 = 62.40 + 80.25 EHomo – 28.44 Elumo 
+ 52.01 S -712.6 η – 6.11μ  

 
n=19; R =0.998; ��  =0.998; ���

�  = 0.996; S= 

0.24936; F=1.4614; FIT=0.08 
 

3.9 Predicted Values of Redox Potential 
and Inhibitory Concentration of 29 
Flavonoids by Models 1, 2, 3  

 
Table 21 shows the predicted values of redox 
potential and percentage inhibition of the 29 
flavonoids by models 1, 2 and 3. 
 
These results show that there is good       
agreement between the model values and the 
experimental values published in the                 
literature. 
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Table 21. Experimental and predicted values of redox potential and inhibitory concentration of 
the 29 flavonoids by the models 

 
Code E LogIC50 
 Exp Mod1 Exp Mod 2 Mod3 
M1 -0.035 -0.038 -4.80 -4.84 -4.87 

M2 -0.020 -0.021 -4.96 -4.95 -4.91 
M3 -0.010 -0.008 -4.89 -4.91 -4.85 
M4 0.040 0.038 -4.89 -4.91 -4.85 
M5 0.080 0.076 -5.00 -4.97 -4.95 
M6 0.082 0.086 -4.60 -4.66 -4.68 
M7 0.082 0.086 -4.52 -4.53 -4.49 
M8 0.092 0.097 -4.42 -4.39 -4.37 
M9 0.102 0.107 -4.29 -4.27 -4.25 
M10 0.450 0.453 -4.01 -3.98 -3.94 
M11 0.180 0.177 -4.58 -4.57 -4.54 
M12 0.360 0.356 - - - 
M13 0.500 0.496 - - - 
M14 0.132 0.134 4.18 4.15 4.13 
M15 0.590 0.591 - - - 
M16 0.500 0.503 - - - 
M17 0.538 0.537 - - - 
M18 0.540 0.542 - - - 
M19 -0.030 -0.028 -4.53 -4.51 -4.49 
M20 -0.030 -0.032 -4.98 -4.95 -4.94 
M21 0.020 0.023 -5.07 -5.02 -5.03 
M22 0.030 0.027 -4.68 -4.65 -4.62 
M23 0.080 0.084 -4.72 -4.76 -4.73 
M24 0.105 0.101 -4.64 -4.65 -4.62 
M25 0.280 0.279 -4.86 -4.78 -4.74 
F26 0.180 0.177 -4.03 -3.97 -3.95 
M27 0.185 0.183 -4.23 -4.21 -4.18 
M28 -0.060 -0.059 -5.20 -5.21 -5.25 
M29 0.080 0.076 -4.70 -4.67 -4.65 

 

4. CONCLUSION  
 
A prediction study of the redox potential E and 
the inhibitory concentration LogIC50 was 
performed, using the semi-empirical methods 
AM1 and HF/6-311G (d, p).  
 
 The application of the descriptor selection 

criteria made it possible to determine and 
retain 6 groups of quantum descriptors, 
including 2 groups of descriptors for the 
prediction of the redox potential E and 4 
groups of descriptors for the prediction of 
the inhibitory concentration LogIC50. The 
antioxidant properties of the molecules 
depend strongly on these groups of 
descriptors.  

 From the multilinear regression analysis, 
several prediction models (one model for 
redox potential and two for inhibitory 
concentration) were established from the 
quantum descriptors. The established 

models are validated and perform well 
according to Tropsha criteria.  

 
The development of these QSPR models 
represents a significant advance in the prediction 
of antioxidant properties of bioactive molecules 
such as flavonoids based on descriptors 
calculated by quantum chemical methods. This is 
a contribution to the database of the two main 
parameters (E and IC50) involved in the 
prediction of antioxidant properties of bioactive 
molecules. 
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Abstract 

Urea is an organic compound with the chemical formula CO(NH2)2. It is similar to thiourea of formula 

CS(NH2)2, except that the oxygen atom is replaced by a sulfur atom. It has been shown that urea and 

thiourea, have derivatives such as: Enolurea, hydroxyurea, hydroxyhiourea, enolthiourea. 

 Indeed, since the discovery of these different compounds, the results of in vitro tests have shown the 

capacity of each of them to participate in the antioxidant defence of the body by trapping free radicals. 

In the present work, a comparative study of the antioxidant properties of urea, enolurea, thiourea, 1-

hydroxyurea, hydroxythiourea and enolthiourea was carried out by DFT method M06-2X/6-311++G (d, 

p). 

The results of the various calculations allowed to: 

 Identify the oxygen atoms of the O-H groups, O-H9, O-H7 and O-H8, as the most important sites 

for the manifestation of the antioxidant activity of hydroxythiourea, hydroxyurea, enolthiourea and 

Enolurea respectively.  

 It was found that thiourea and hydroxythiourea are the most antioxidant of the six molecules. 

 to note that the replacement of the oxygen atom by that of sulfur considerably modifies the 

antioxidant properties of the urea molecule to note that the mechanism passing by the elimination 

of atomic hydrogen by homolytic rupture of bond (HAT), as the most probable for the trapping of 

a radical by each of the molecules. 

 
Keywords: DFT, antioxidant, urea, thiourea 

 

Introduction 

Urea is an organic compound with the chemical formula CO(NH2)2. It is a small polar 

molecule with three resonance structures. It is generally synthesized in the liver and then 

transported by the blood to the kidneys. Experimental work published in the literature has 

shown that urea is also obtained by conversion of ammonia [1]. 

The kinetics of urea production, excretion and hydrolysis have been extensively studied in 

humans [2]. However, very little research has been devoted to the roles of urea in the body [3]. 

Traditionally, urea has played a passive role in the body. One of its functions is related to the 

fact that it is an osmotically active substance. Thus, changes in its concentration can 

contribute to osmoregulation in the kidneys [4]. Other studies have shown that it also 

stimulates transcription and expression of immediate early genes [5]. It is used in many fields, 

such as agricultural, pharmaceutical, chemical and medical industries [6]. 

On the experimental level, the capacity of urea to trap radical species has been reported in 

the literature. Indeed, the results of in vitro tests have shown the capacity of urea to trap free 

radicals, thus proving its participation in the antioxidant defence of the body. Moreover, an 

increase in the antioxidant capacity of serum has been observed in patients suffering from 

kidney disease. This increase would be entirely due to the relatively high serum urea present 

in the patients examined. In contrast, after hemodialysis when the serum urea concentration 

was significantly decreased, the antioxidant capacity of serum was significantly reduced [7]. 

Some works have also shown that due to its low molecular weight, urea seems to be more 

mobile compared to macromolecular antioxidants such as superoxide dismutase (SOD), 

catalase (CAT) and ceruloplasmin (CP), whose total antioxidant capacity seems to be 

confined by their limited mobility and for some, their compartmentalized distribution [8]. 
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On the theoretical level, several works published in the 

literature have shown that urea has antioxidant properties, 

for example, by DFT / BHHLYP and DFT/ωB97X-D 

methods, it was shown that the direct H-atom abstraction 

mechanism is kinetically preferred to the OH radical 

addition reaction [9]. In the same year, a M06-2X/6-311++G 

(d, p) study found that the superoxide radical anion can 

effectively abstract a hydrogen atom from one of the amino 

groups of urea and thiourea in aqueous media. They 

therefore concluded that these two compounds would both 

serve as very efficient scavengers of superoxide radical 

anion [10]. 

In addition, it has been shown experimentally in the 

literature, that urea has derivatives such as: Enolurea, 

thiourea, hydroxyurea, hydroxythiourea and enolthiourea. 

The latter are recognized as antioxidants due to their ability 

to trap radical species and reduce hydrogen peroxide. They 

are involved in the protection of cardiac rhythm and 

coronary flow [11]. 

Thiourea is a sulfur derivative of urea with the formula CH4 

N2 S. It is similar to urea, except that the oxygen atom is 

replaced by a sulfur atom. They present all of them, two 

(02) tautomeric forms. The properties of urea and thiourea 

differ considerably due to the relative electronegativities of 

sulfur and oxygen [12]. Various experimental studies 

published in the literature have shown that thiourea has 

antiviral [13] and antifungal properties [14]. Hydroxyurea (CH4 

N2 02) differs from urea by the presence of a hydroxyl group 

on one of the nitrogen atoms [15]. This molecule is 

recognized as a non-alkylating antineoplastic and antiviral 

agent used in hematology, oncology, infectious diseases and 

dermatology [16]. 

From all the above, it should be noted that to our 

knowledge, no theoretical or experimental work has 

compared the antioxidant powers of urea, enolurea, thiourea, 

hydroxyurea and hydroxythiourea. The objective of the 

present work is to determine the best antioxidant among 

these compounds by the methods of theoretical chemistry. 

The reactivities of the different compounds will be 

compared between them, in order to deduce the most 

antioxidant of these molecules. 

To achieve this objective, different electronic and 

spectroscopic parameters will be calculated and the results 

will allow to deduce a ranking order of the antioxidant 

powers of each compound. 

 

Materials 
The chemical systems object of our study were: urea, 

enolurea, thiourea, hydroxyurea, hydroxythiourea and 

enolthiourea 

 

 
 

Fig 1: Optimized form of each compound 

 

Methodology 

For urea, Enolurea, thiourea, hydroxyurea, hydroxythiourea 

and enolthiourea, the calculated parameters were: 

 Electronic parameters 

 The Energy Gap (HOMO-LUMO) = ELUMO - EHOMO which is 

all the lower that the molecule has a high antioxidant 

power 

 The electronic affinity (AE): AE=-ELUMO; the ionization 

energy EI = -EHOMO [17]. 

 The dipole moment (M) which accounts for the greater 

or lesser polarity of a molecule 

 The hardness (η) which expresses the resistance of a 

molecule to the change of its electron number or charge 

transfer [18]. The stronger the hardness, the less reactive 

the molecule: η =
(𝐸𝐿𝑈𝑀𝑂−𝐸𝐻𝑂𝑀𝑂)

2
 

 The electronegativity (χ) which measures the 

tendency of a chemical species to attract electrons 
[18]: χ =

−(𝐸𝐿𝑈𝑀𝑂+𝐸𝐻𝑂𝑀𝑂)

2
 

 The electrophilic index (ɷ) which is the 

stabilization energy of a molecule saturated by 

electrons from its surroundings [18]: ω = 
𝜒2

2𝜂
 

 The redox potential 𝐸0of the molecules, given by 

the relation of Nerst. 
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𝐸0 =
−∆𝐺𝑜

𝑛𝐹
  

 

With ∆𝐺𝑜the Gibbs energy related to the reaction 𝑂𝑥 →
+𝑛𝐻❑

++𝑛𝑒 n the number of transferred electron and F the 

Faraday constant. 

The lower the redox potential of a molecule, the higher its 

antioxidant activity [19]. Since the redox potential is 

measured in the aqueous phase, the calculation of ∆𝐺𝑜 

requires the use of the Born-Haber cycle. 

 

 
 

Scheme 1: Born-Haber cycle for obtaining ΔG0 from𝛥𝐺°(𝑔) 

 

𝛥𝐺𝑠
𝑜(H+) = -1104.6 kJ.mol -1 

 

On the basis of this cycle we can establish: 

 

ΔG0 = ΔGs
° + ΔG° (g) + n ΔGs

° (H+) -ΔGs
° (𝑂𝑥) 

 

 Spectroscopic parameters such as infrared and UV-

visible spectra were calculated by the TD-DFT method. 

These parameters will allow on the one hand to find the 

influence of antioxidant properties on the variation of 

the chemical function and on the other hand to compare 

the antioxidant properties of the compounds. 

 Studies of the mechanisms of antioxidant activity of 

molecules in the present work, it was considered to 

determine the most probable routes of the reactions that 

take place between the studied molecules. For this 

purpose, three different types of ways of manifestation 

of the antiradical activity of the molecules have been 

examined. 

 The elimination of an electron (𝐴𝑟𝑂𝐻 → 𝐴𝑟𝑂𝐻°++𝑒−
), 

followed by that of a proton), (Single-Electron Transfer 

- Proton Transfer (SET-PT)). For this purpose, the 

formula: SETPT = ∆𝐻(𝐴𝑟𝑂•) ∆𝐻) - ∆𝐻) 

 The elimination of a proton (𝐴𝑟𝑂𝐻 → 𝐴𝑟𝑂−+𝐻+
), 

followed by that of an electron), (Sequential Proton 

Loss Electron Transfer (SPLET)); then trapping of free 

radicals. For this purpose the affinity formula : 

 

SPLET = ∆𝐻(𝐴𝑟𝑂•) + ∆𝐻) + ∆𝐻(𝑒) - ∆𝐻(𝐴𝑟𝑂𝐻❑) 

The elimination of a hydrogen atom by homolytic OH) and 

then trapping of free radicals. For this purpose the BDE 

(Bond Dissociation Energy) has been calculated: 

 

𝐵𝐷𝐸 = ∆𝐻(𝐴𝑟𝑂•) + ∆𝐻(𝐻.) − ∆𝐻(𝐴𝑟𝑂𝐻❑)  

 

For each of these three reaction paths, an energy balance has 

been made. The lower the total energy released on a reaction 

pathway, the more likely this pathway will be. On the basis 

of such an energy balance, we can then propose the most 

probable mechanism of manifestation of the antiradical 

activity of the studied molecules, and determine the 

hydroxyl sites most favorable to this manifestation.  

H(ArOH): Enthalpy of the ArOH molecule; H (ArO•): 

Enthalpy of the ArO radical•; 

H (ArOH• +): Enthalpy of the cation radical 𝐴𝑟𝑂𝐻°+H 

(ArO-): Enthalpy of the anion 𝐴𝑟𝑂−; 

H(e-): Enthalpy of the electron (0.752 Kcal/mol) [20]; 

H (H+): Enthalpy of the proton (1.482 Kcal/mol) [20]; 

 

Representation of molecular electrostatic potentials in 

three dimensions (3D) 

The electrostatic potential gives information about the 

nuclear and electronic charge distribution of molecules. It is 

an indispensable tool for the interpretation and prediction of 

chemical reactivity. It is widely used as a molecular 

reactivity map because it displays the most probable regions 

for nucleophilic and electrophilic attacks. Indeed, in the 

potential energy surface, the red color refers to an electron-

rich (negative) region, the blue color refers to an electron-

poor (positive) region and the green color means a zero 

electrostatic potential. In most surface energy surfaces, the 

negative region is the preferred site for electrophilic attack 

and the positive region is preferred for nucleophilic attack 
[22]. 

 

Results and Discussions 

Analysis of the electronic parameters of urea, Enolurea, 

thiourea, hydroxyurea, hydroxythiourea and 

enolthiourea 

The calculated values of the electronic parameters, at the 

M06-2X approximation level of each of the six molecules 

are recorded in the following Table 1: 

 
Table 1: Calculated values (kJ/mol) of the electronic parameters of 

urea, enolurea, thiourea, hydroxyurea, hydroxythiourea and 

enolthiourea 
 

 EGap AE EI µ ω η χ 

Urea 204.54 8.15 212.72 3.79 59.62 102.27 110.43 

Enolurea 193.9 8.78 202.68 3.01 57.65 96.95 105.73 

Hydroxyurea 203.94 8.15 212.09 3.94 59.49 101.97 110.12 

Thiourea 156.87 11.92 168.79 5.07 52.04 78.43 90.35 

Enolthour 191.39 5.64 197.03 2.28 53.65 95.69 101.33 

Hydroxythiourea 161.27 11.92 173.19 4.61 53.11 80.63 92.55 
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The results in Table 1 show that: 

The six molecules, thiourea gave the lowest Gap value 

(HOMO-LUMO) followed by hydroxythiourea. This result 

in agreement with experimental data published in the 

literature, means that thiourea and hydroxythiourea are 

much less stable and therefore more antioxidant than urea, 

enolurea, hydroxyurea and enolthiourea [23]. 

 

Overall, the Gaps ranking order of the six molecules would 

be: thiourea < hydroxythiourea < enolthiourea < 

hydroxyurea < urea by decreasing order of the antioxidant 

activity; we have thus thiourea - hydroxythiourea - 

enolthiourea - hydroxyurea - urea. The thiourea would be 

the most antioxidant of the six molecules. 

 The six compounds, the lowest values of hardness (η), 

electronegativity (χ) and electrophilic index (ω) on the 

one hand, the highest value of dipole moment (µ ) on 

the other hand were obtained respectively by thiourea 

and hydroxythiourea. These series of results show more 

that thiourea followed by hydroxythiourea are the most 

antioxidant of the molecules. Also, the values obtained 

of the dipole moment reveal that thiourea and 

hydroxythiourea are more polar than enolthiourea, 

hydroxyurea and urea. 

 It appears from these analyses that thiourea and 

hydroxythiourea are more antioxidant than 

enolthiourea, Enolurea, hydroxyurea and urea. 

 

 

Calculation of the redox potentials of molecules 

The redox potentials (Eo) of the six molecules, calculated by 

the M06-2X functional method in bases 6-311++G (d, p) are 

reported in Table 2. 

 
Table 2: Calculated values (in volt) of the redox potential of urea, 

enolurea, thiourea, hydroxyurea, hydroxythiourea and enolthiourea 
 

 M06-2X / 6-311++G (d,p) 

Urea -0.47 

Enolurea -0.61 

Hydroxyurea -0.49 

Thiourea -0.83 

Enolthour -0.67 

Hydroxythiourea -0.75 

 

From the analysis of the results in Table 2, it appears that 

the lowest values of redox potentials obtained in the order: 

Thiourea < hydroxythiourea < enolthiourea < hydroxyurea < 

urea. 

This result further indicates that thiourea followed by 

hydroxythiourea are the most antioxidant of the six (06).  

 

Determination of the probable hydroxyl sites of 

antioxidant activity of the molecules 

For the different O-H bonds found in urea, Enolurea, 

thiourea, hydroxyurea, hydroxythiourea and enolthiourea 

molecules, the values of the bond breaking enthalpies 

(BDE) were calculated at the M06-2X approximation levels. 

The results obtained are reported in Table 3. 

 
Table 3: Values (in kcal/mol) of O-H bond breaking enthalpies (BDE) calculated at the M06-2X approximation levels for urea, enolurea, 

thiourea, hydroxyurea, hydroxythiourea and enolthiourea 
 

Links M06-2X/6-311++G (d,p) 

Urea 
O-H4 116.08 

O-H6 109.18 

Enolurea 
O-H4 106.675 

O-H8 97.26 

Thiourea 
O-H4 46.43 

O-H9 84.71 

Hydroxyurea 

O-H7 90.98 

O-H4 116.71 

O-H8 79.06 

Hydroxythiourea 

O-H6 94.75 

O-H4 109.185 

O-H6 104.16 

Enolthiourea 
O-H4 109.81 

O-H7 89.105 

 

The results in Table 3 show that: 

 Of the six molecules, the lowest values of dissociation 

enthalpy by homolytic OH bond breaking (BDE) was 

obtained by thiourea. This result further confirms that 

thiourea is the most antioxidant of the six molecules. 

 For hydroxythiourea, hydroxyurea, enolthiourea and 

Enolurea, the lowest enthalpy values are mainly 

obtained for the bonds 

 

O-H8, O-H9, O-H7 and O-H8 respectively. These results 

indicate that the hydrogen atoms H8, H9, H7 and H8 can 

easily dissociate from each of the four molecules to release 

radicals that can scavenge free radicals. Thus, the O-H8, O-

H9, O-H7 and O-H8 sites appear to be the most important for 

the manifestation of antioxidant activity of hydroxythiourea, 

hydroxyurea, enolthiourea and Enolurea respectively.  

 Overall, the BDE values given for each of the 

molecules are ranked in order: Thiourea < 

hydroxythiourea < enolthiourea < hydroxyurea < 

Enolurea < urea. 

 

The antioxidant activity of thiourea would thus be more 

important than that of the other six molecules 

 

Mechanisms and sites of manifestation of antiradical 

activity of molecules 

For the different O-H bonds found in each of the molecules, 

the calculated values of the different energy parameters 

(HAT SETPT and SPLET), relative to the three reaction 

paths considered, are recorded in Table 5. 
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Table 5: Calculated values (in kcal/mol) of the energy parameters of urea, Enolurea, thiourea, hydroxyurea, hydroxythiourea and 

enolthiourea 
 

 Urea Enolurea Thiourea Enolthiourea Hydroxyurea Hydroxythiourea 

HAT 116.08 97.26 46.43 89.105 84.71 79.06 

SETPT 430.06 411.23 360.41 403.08 404.96 393.04 

SPLET 430.81 411.98 361.16 403.83 405.71 393.79 

 

The results obtained for urea, Enolurea, thiourea, 

hydroxyurea, hydroxythiourea and enolthiourea show that 

the reaction pathway passing through the elimination of a 

hydrogen atom by homolytic rupture of the O-H bond 

required the lowest energy values. This means that the 

manifestation of the antiradical activity of each of the six 

molecules, would probably pass by this last reaction path 

(elimination of a hydrogen atom by homolytic rupture of 

OH bond then scavenging of the free radicals). 

 

Study of the uv-visible spectra of urea, Enolurea, 

thiourea, hydroxyurea, hydroxythiourea and 

enolthiourea 

The absorption curves of the UV-Visible spectrum of each 

of the six molecules were calculated and represented at the 

level M06-2X/6-311++G (d, p) (Figure 2). 

From the analysis of the different absorption curves it 

appears that: 

 Urea, Enolurea and hydroxyurea have respectively 3, 5, 

2 peaks of UV-vis absorption whose band width varies 

between 50 nm and 230 nm. Regarding thiourea, 

hydroxythiourea and enolthiourea they present 8, 7 and 

4 peaks respectively whose absorption band is between 

300 nm and 350 nm. It follows from these results that 

thiourea, hydroxythiourea and enolthiourea appear 

more antioxidant than urea, Enolurea and hydroxyurea. 

These last molecules having presented a range of 

absorption band less broad than thiourea, 

hydroxythiourea and enolthiourea. Indeed, according to 

the experimental work published in the literature by [24], 

the molecules presenting a broad range of UV-vis 

spectra facilitate more the electronic delocalization and 

present a strong antioxidant character. 

 The comparison between the UV-visible absorption 

spectra of urea, Enolurea, thiourea, hydroxyurea, 

hydroxythiourea and enolthiourea showed that thiourea 

and hydroxythiourea had the widest absorption bands. 

This means that thiourea and hydroxythiourea have the 

strongest antioxidant powers of the six molecules. 

 

From all the above, it should be said that thiourea and 

hydroxythiourea are antioxidant than urea, enolurea, 

hydroxyurea and enolthiourea. 
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Fig 2: Uv-visible spectra of urea, Enolurea, thiourea, hydroxyurea, hydroxythiourea and enolthiourea 

 

Analysis of the Infra-Red spectra of urea, Enolurea, 

thiourea, hydroxyurea, hydroxythiourea and 

enolthiourea 

The IR spectra of urea, Enolurea, thiourea, hydroxyurea, 

hydroxythiourea and enolthiourea are shown in Figure 3.  

From the analysis of the different spectra, it appears that: 

 Infrared spectra of urea, Enolurea and hydroxyurea are 

dominated by intense bands located in the spectral 

range 0 to 2000 cm-1. For thiourea, hydroxythiourea and 

enolthiourea less intense IR spectral bands between 0 

cm-1 and 1800 cm-1 were observed. From these 

observations, it appears that thiourea, hydroxythiourea 

and enolthiourea appear to be more stable than urea, 

Enolurea and hydroxyurea 

 IR spectra of urea, Enolurea and hydroxyurea gave 

much less intense bands than those of thiourea, 

hydroxythiourea and enolthiourea. This result indicates 

that electron delocalization would be more important in 

urea, Enolurea and hydroxyurea than in thiourea, 

hydroxythiourea and enolthiourea. This implies a 

greater weakening of the hydroxyl (O-H) and (N-H) 

bonds in each of the urea derivatives than in the 

thiourea derivatives. These results further show that 

thiourea and hydroxythiourea are the most antioxidant 

of the six molecules 

 

From these analyses, it appears that the replacement of the 

oxygen atom by that of sulfur considerably modifies the 

antioxidant properties of the urea molecule 
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Fig 3: Infrared spectra of urea, Enolurea, thiourea, hydroxyurea, hydroxythiourea and enolthiourea 
 

Representation of the molecular electrostatic potentials 

in three dimensions (3D) of each molecule 

The electron populations at the potential energy surface are 

indicated by different colors. The 3D representation of the 

potential energy surfaces of urea, Enolurea, thiourea, 1-

hydroxyurea, hydroxythiourea and enolthiourea were shown 

(Figure 4). The analysis of the different surfaces showed 

that the electron density values increase in the following 

order: Red > Orange > Yellow > Black > Blue 

For urea, Enolurea, hydroxyurea, the electron density is in 

the regions between [-3.780 ua; 3.780 ua], [-3.560 ua; 3.460 

ua] and [-4.700 ua; 3.500 ua] respectively. The analysis of 

the molecular electrostatic potentials (MEP) of each of these 

three molecules shows that they possess more electron-rich 

partial negative charges (electrophilic site) than electron-

deficient charges (nucleophilic site); which means that these 

three molecules are good antioxidant candidates. Moreover, 

of the three molecules, enolthiourea presents a stronger 

electronic delocalization; this molecule thus appears to be 

the most antioxidant of the three molecules. 

For thiourea, hydroxythiourea and enolthiourea, the electron 

density is in the regions between [-3,800 ua; 3,800 ua], [-

3,820 ua; 3,450 ua] and [-5,020 ua; 3,120 ua] respectively. 

The analysis of the molecular electrostatic potentials (MEP) 

of each of these three molecules shows that there is more 

electrophilic site than nucleophilic site; which means that 

these three molecules are good antioxidant candidates. 

Moreover, thiourea and hydroxythiourea presented more 

electrophilic sites. This result indicates that these two 

molecules are the most antioxidant. 

A comparative study of the isoelectric surfaces shows that 

among the six molecules (urea, Enolurea, thiourea, 

hydroxyurea, hydroxythiourea and enolthiourea), thiourea 

and hydroxythiourea have presented the highest electronic 

populations. From this analysis, it appears that thiourea and 

hydroxythiourea are the most antioxidant of the six 

molecules. 
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Fig 4: representation of the molecular electrostatic potentials at the 3D level of urea, Enolurea, thiourea, hydroxyurea, hydroxythiourea and 

enolthiourea 
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Conclusion 

A theoretical study of the chemical reactivities of urea, 

Enolurea, thiourea, hydroxyurea, hydroxythiourea and 

enolthiourea, by the method M06-2X/6-311++G (d, p). The 

comparison between the calculated values of the different 

electronic, thermodynamic and spectroscopic parameters 

allowed: 

 To identify the oxygen atoms of the O-H groups8, O-H9, 

O-H7 and O-H8, as the most important sites for the 

manifestation of the antioxidant activity of 

hydroxythiourea, hydroxyurea, enolthiourea and 

Enolurea respectively.  

 That thiourea and hydroxythiourea are the most 

antioxidant of the six molecules. 

 to note that the replacement of the oxygen atom by that 

of sulfur considerably modifies the antioxidant 

properties of the urea molecule. 

 to note that the mechanism passing by the elimination 

of atomic hydrogen by homolytic rupture of bond 

(HAT), as the most probable for the trapping of a 

radical by each of the molecules. 

 

Regarding the prediction of the antioxidant properties of the 

molecule and the studied complexes, the theoretical results 

are in agreement with the experimental data published in the 

literature. 
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Abstract 
Myricetin is phenolic compound, commonly found in vegetable kingdom (fruits, vegetables, roots etc.) 

and an integral part of daily diet of humans. Several experimental and theoretical works have shown 

that this molecule has an important antioxidant power. 

Indeed, since the discovery of relationship between antioxidant activity of certain phenolic compounds 

and their ability to chelate metal ions, many experimental studies devoted to complexation of 

molecules such as quercetin, myricetin, kaempferol, rutin, morine with various metals (Cobalt, Nickel, 

Zinc, Copper, Molybdenum, Europium) were realized. However, these experimental studies do not yet 

constitute a standard means of determining complexation sites of molecules. 

In present work, study of complexation of myricetin by Zn2+ ion was carried out by Hatree-Fock 

method, and in 6-311G (d, p) base set. The results of various calculations made it possible to: 

 release hydroxyl groups as myricetin complexation sites;  

 note that the complexes obtained are more antioxidants than myricetin; 

 show that the complexation of myricetin causes bathochromic shifts of absorption bands. 

 

Keywords: Hatree-fock, myricetin, complexe, antioxidant 

 

Introduction 
The ability of phenolic compounds to form complexes with metals (Iron, Magnesium, 

Aluminum, Copper, Zinc.) by process of chelation has long been used for analytical 

purposes, especially for revelation of chromatograms and for determination of these 

substances (Crichton et al., 2001) [2]. Today, thanks to their complexing properties, 

flavonoids are used to detect the presence of metal ions such as iron, Zirconium, Antimony 

(Pierre and al., 2002) [15]. It has long been known that phenomenon of complexation plays 

the most important role in the coloration of plants and, studies have shown that the ability of 

flavonoids to inhibit the growth and development of certain insects stem from their 

complexing properties (Tapiero and et al., 2001) [18].  

Antioxidant activity of flavonoids is related to this ability to complex metals. These 

molecules can trap free radicals responsible for oxidation by complexing catalyst metal ions 

of the formation reaction of these radicals (Ke & Qian, 2003) [11]. Indeed, since the discovery 

of relationship between activity of certain flavonoids and their ability to chelate metal ions, 

many studies are devoted to complexation of molecules such as quercetin, rutin, morine with 

various metals, Cobalt, Nickel, Copper, Molybdenum, Europium (Chaves and et al., 2007) [3] 

have been realized. 

Several theoretical and experimental work on flavonoid coordination properties have been 

published in literature and often contradictory results have been obtained with regard to 

metal/ligand binding site. 

Experimentally, for example, studies have shown that these contradictions are due to the 

variation of conditions in study environments. Indeed, it is generally accepted that in alkaline 

solutions, the Fe3+, Cu2+, Zn2+ and Al3+ ions have the highest affinity for ortho-dihydroxyl 

group of quercetin (Y. Hara and al., 2001, Maria M. Kasprzak et al., 2005) [20, 25]. The study 

in acid solution of different chelation sites of quercetin in the presence of iron has shown that 

catechol group remains the main chelation site of Fe (J. Cui and et al., 2013) [9]. In the same 

year, Dimitric Markovic and al. presented data that corroborated opposite (Y. Hara, 2001) 
[20]. They reported the formation of Fe-quercetin complex in an acidic solution, with 

coordination via sites 3-4 or 4-5 (Figure 1), whereas for a high pH solution, the binding of Fe  
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to the catechol group was advocated. For different solvents 

used for fisetin, these same authors also observed the 

formation of a fisetin-Fe complex involving coordination 

via the 3-4 site. The reduction of Fe3+ to Fe2+ by fisetine at 

acidic pH has also been described, while at higher pH, Fe3+ 

and Fe2+ complexes coexist. 

On theoretical side, several authors using DFT methods 

have shown that Cr3+ ions promote the deprotonation of the 

4-5 sites of quercetin and luteolin (Maria M. Kasprzak et al., 

2005, Jun Ren and et al., 2007). [21, 25], whereas Pb2+ ions 

bind preferentially to the 3'-4 site of each of these molecules 

(Katiyar Santosh K, et al., 2008) [22]. Other theoretical 

studies published in the literature have reached the same 

conclusions (M. Leopoldini and al., 2006) [12]. Also in 2012, 

Y. Zhang and al. performed a DFT study on quercetin 

complexes with aluminum. They indicated that there is 

difference between chelation sites of the solid state and 

those in solution. For their part, in 2013 by the 

DFT/B3LYP/6-31G method (2df, 3dp), by studying the UV-

vis and IR spectra of luteolin complexes with Cadnium II, 

SONG Liao and al. Have shown that the chelation sites of 

this molecule are those of catechol par. 

Of all foregoing, it should be noted that to our knowledge, 

no theoretical work with respect to the chelation sites of 

myricetin by Zn2+ has yet been performed. Indeed, several 

experimental works (Ez-zohra NKHILI; thesis 2009) [5] and 

theoretical (Chabi and al., 2018) [23] have shown that this 

molecule has very important antioxidant power.  

The objective of the present work is to determine the best 

antioxidant among the complexes of the myricetin by 

methods of quantum chemistry. The reactivities of different 

chelation sites will be compared with each other, in order to 

deduce the preferential sites for reinforcing antioxidant 

capacities of this molecule. To achieve this objective, 

various electronic and spectroscopic parameters will be 

calculated and the results will allow to deduce a ranking 

order of the antioxidant powers of each complexes as well 

as the most appropriate chelation sites for this molecule. 

 

Materials and Methodology 

Materials 

Chemical systems in our study were myricetin and 

complexes obtained from myricetin and the Zn2+ ion 

provided by zinc chloride (ZnCl2) 

 

 
 

Fig 1: Représentation spatiale de la myricétine 

 

Methodology 

For myricetin and each complex, calculated parameters 

were: 

 

  Structural parameters 

For molecule with several degrees of freedom, potential 

energy surface is hyper-surface with several minima and 

maxima. The maxima correspond to transition states and the 

minima to equilibrium geometries or conformations of 

molecule. In a state of minimal energy, vibration 

frequencies of molecule are all positive. The lowest of 

minima called global minimum, represents the most stable 

conformation of studied system. 

Each of compound was studied by Hatree-Fock method in 

the 6-311G (d, p) atomic orbital base. At the beginning of 

the complexation process, ZnCl2 molecule was placed about 

2,50 Ǻ of each of hydroxyl groups considered. 

 

 

Electronic parameters 

 

,  

 

which is weaker as molecule has a high antioxidant power 

 Hardness (η) which expresses the resistance of 

molecule to the change of its number of electrons or to 

charge transfer (Bonin KD and al., 1997). The harder 

the hardness, less reactive the molecule is:  

 

η =  

 

 Electronegativity (χ), which measures tendency of 

chemical species to attract electrons (Morrel H., 2006) 
[13]: 
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 χ =  

 

 Electrophilic index (ɷ), which represents the 

stabilizing energy of molecule saturated by electrons 

from its surroundings (Payan-Gomez and al., 2010):  

 

ω =  

 

 Electrofugacity, which indicates the ability of a 

compound to donate one or more electrons ∆Ee = ω + 

I, I=-ELUMO (Ayers and al., 2005) [26] 

 Nucleofugacy that reflects the ability of a compound to 

accept one or more electrons  

 ∆En = ω - A, A=-EHOMO (Ayers and al., 2005) [26] 

 

Spectroscopic parameters: such as Infra-red spectra and 

UV-visible spectra were calculated by TD-DFT method. 

This parameter will allow us to find the influence of 

complexation of myricetin on antioxidant properties of it. 

Calculations were made by Hatree-Fock method in the 6-

311G (d, p) atomic orbital Pople base set (J.P. Perdew and 

al., 1996) [24]. 

 

Results and Discussions 

Study of structural properties of compound 

Figures 2, 3, 4, 5 and 6 show optimized geometry of 

myricetin and each of the complexes obtained from 

myricetin and Zinc chloride (ZnCl2). The various complexes 

obtained allow us to make following observations: 

 For complex 1, there was formation of bond between 

O14 and Zn metal since the interatomic distance O14Zn34 

is 1.98 Ǻ, which is in agreement with experimental data 

published in literature (Symonowicz et al., 2012) [17]. 

The preferred complexation site is thus the O14 atom of 

the C8=O14 group. However, the geometry of the metal 

in the complex is trigonal rather than tetrahedridic. This 

observation shows that the complex obtained is 

unstable. 

 For complexes 2, 3 and 4, globally, hydroxyl groups 

O26H27 ((O26 ----- Zn34) = 2.21 Å) and O24H25 ((O24-----

Zn34) = 2.23Å), O32H33 ((O30----- Zn34) = 2.20 Å and 

O26H27 ((O30 ----- Zn34) = 2.21 Å) of B cycle on one 

hand and O30H31 (O30 --- --- Zn34) = 2.12 Å) of C cycle, 

on other hand are favorable to complexation of 

myricetin. Geometry of Zinc in these three complexes 

is tetrahedral which augurs a good complexation and 

therefore confirms that these hydroxyl sites are true 

sites of chelation of myricetin. This result is in 

agreement with experimental results published in 

literature (Jun Ren and al, 2007, Symonowicz and al, 

2012) [21, 17]. According to these authors, the hydroxyl 

groups of the catechol part favor the chelation of 

flavonoids by metal ions. 

 

From these analyzes, it appears that Zinc metal complexes 

can be obtained from myricetin. However, these results 

should be compared by calculating the electronic parameters 

of each of the complexes and myricetin in order to refine the 

conclusions of the present work. 

 

Analysis of electronic parameters of myricetin and its 

complexes 

For different complexes and myricetin, calculated values of 

electronic parameters, at Hatree-Fock levels approximation 

are recorded in table 1: 

 
Table 1: Calculated Values (kJ/mol) of Electronic parameters of Complexes 1, Complex 2, Complex 3, Complex 4 and Myricetin 

 

 
EHOMO 

(kJ/mol) 

ELUMO 

(kJ/mol) 

EGap 

(kJ/mol) 

ω 

(kJ/mol) 

∆Ee 

(kJ/mol) 

∆En 

(kJ/mol) 

Myricétine -831.25 157.5 988.75 105 656.25 1023.75 

Complexe 1 -866.4 26.25 892.65 5773.36 5198.75 13098.75 

Complexe 2 -866.4 78.76 945.16 3491.25 4672.5 2598.75 

Complexe 3 -866.4 78.76 945.16 3491.25 4672.5 2598.75 

Complexe 4 -787.65 105.02 892.67 5771.36 5196.75 13098.75 

 

Results in Table 1 show that 

 All of the four complexes gave, on the one hand, Gap 

(HOMO-LUMO) lower than of myricetin and on the 

other hand electrophilic index (ω) values higher than 

that of myricetin. These series of results, in agreement 

with experimental data published in literature, mean 

that the complexes are very stable and therefore more 

antioxidant than myricetin (CHERRAK Sabri Ahmed, 

Thesis 2017) [4]. Zinc II ion would then enhance 

antioxidant capacity of myricetin. Overall, the ranking 

order of the Gaps of the four complexes would be: 

Complex 1 <complex 4 <complex 2 ≈ complex 3. 

Antioxidant activity of complexes 1 and 4 would 

therefore be greater than that of complexes 2 and 3.  

 Of the four complexes, the highest values of 

electrofugacity (ΔEe), nucleofugacy 

(ΔEn) and electrophile index (ω) were obtained by 

complexes 1 and 4. This result indicates that these 

complexes are more antioxidants than complexes 2 and 

3. 

These analyzes show that complexes resulting from the 

chelation of myricetin with Zn II ion are more 

antioxidant than myricetin. Also, complexes 1 and 4 

possess the highest antioxidant powers of the four 

complexes 

 

Representation of HOMO-LUMO energies and iso 

surface of myricetin and each complex 

For myricetin and each of the complexes 1, 2, 3 and 4, 

energies HOMO, LUMO and iso surface have been 

represented in figure 2, 3, 4,5 and 6. 

Analysis of these different figures reveals that: 

 For myricetin, HOMO and LUMO are distributed along 

all three cycles (A, B and C), whereas for all four 

complexes these orbitals are distributed over the cycles 

(B and C). This result indicates that presence of Zn II 

ion modifies the distribution of electron cloud at level 

of myricetin; this promotes a high electron density at 

these two cycles. This implies an increase in 

antioxidant power. 
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 The representation of potential energy surface of each 

of complexes, shows globally, that areas of high 

electron density are at C8O14, O26H27, O24H25, O32H33, 

O26H27 and O30H31 groups. This distribution of electron 

density, due to the presence of Zn II ion made it 

possible to draw the same conclusions as above. The 

sites favorable for complexation of myricetin by Zn II 

ion are Oxygene (O) atom of C8O14, O26H27, O24H25, 

O32H33, O26H27 and O30H31 groups. 

 

Influence of complexation on UV-vis spectra of 

myricetin 

The absorption curves of UV-Visible spectrum of myricetin 

and complexes 1, 2, 3, 4 were calculated and represented at 

HF/6-311G (d, p) level (Figure 6). From analysis of 

different absorption curves it follows that:  

 Complex 1, has five (05) UV-screw absorption peaks 

whose absorption waveband varies from 100 to 350 nm. 

With regard to complexes 2, 3 and 4, they have 4 peaks 

and absorption wavelengths are between 50 nm and 300 

nm. On other hand, Myricetin has 4 absorption peaks 

less hypertrophied than those of the four complexes and 

the length of the absorption band is between 98nm and 

300nm. From these analyzes, it appears that, the 

presence of Zn II ion, It has strengthened electronic 

delocalization of myricetin. This result indicates that 

each of the four complexes has broader range of UV-

visible spectrum than myricetin. It follows that 

complexes 1, 2, 3 and 4 are more antioxidant than 

myricetin. the complex 1 having presented wider range 

of absorption band compared to other complexes, thus 

appears the most antioxidant of the 4 complexes. 

Indeed, according to the experimental work published 

in literature by Ez-zohra NKHILI in 2009 [5], molecules 

with wide range of UV-vis spectra facilitate electronic 

delocalisation and have a strong antioxidant character. 

 Comparison between UV-visible absorption spectra of 

complexes revealed that of the four, complexes 2, 3 and 

4 showed the same absorption curves with almost the 

same number of peaks. Which means that these 

complexes possess very close antioxidant powers. 

 

From all above, it can be concluded that complexation of 

myricetin by Zinc II ions causes bathochromic 

displacements of the absorption bands of myricetin and 

increases antioxidant power thereof. This behavior is 

observed especially with complex 1. 

 

Analysis of Infra-Red Spectra of Myricetin and 

Complexes 1, 2, 3 and 4 
Infra Red (IR) spectra of myricetin and each of 4 complexes 
are shown in Figures 2, 3, 4,5 and 6 below. From analysis of 
different spectra, it appears that: 
 Infra-red spectra of myricetin and its complexed forms 

are dominated by bands in spectral range 0-4.200 cm-1. 
 Significant frequency changes around the spectral band 

between 4000 cm-1 and 4250 cm-1 are observed between 
the IR spectra of myricetin and that of the complexes. 
This observation between IR spectra indicates that 
chelation causes very important structural variations in 
myricetin. This result is in agreement with the 
experimental results published by Laurence VRIEL 
YNCK in 1996. 

 IR spectra of complexes 1, 2, 3 and 4 gave less intense 

bands than those of myricetin. This result indicates that 
electronic offshoring is more important at level of 
complexes than myricetin. This implies a weakening of 
the hydroxyl (OH) bonds at the level of each of the 
complexes. Complexes 1, 2, 3 and 4 therefore appear to 
be more stable than myricetin. The Zn II ion 
strengthens the antioxidant power of myricetin. 

 IR bands from 0 to 2000 cm-1 are virtually identical for 
myricetin and each of 4 complexes. On other hand, for 
band at 4000 cm-1 and 4250 cm-1, we have difference 
between different peaks observed. By comparing this 
spectral band for the ligand (myricetin), and complexes 
1, 2, 3 and 4, it is found that complexation peaks are 
obtained practically at level of band at 4150 cm-1. These 
peaks corresponding to peak of the coordination link. 

 
From these results, it follows that Zinc II ion modifies 
structural properties and increases the antioxidant activity of 
myricetin 
The structure of Zinc in Complex 1 has a trigonal geometry. 
However, this complex has good antioxidant power. It 
therefore seems interesting to seek and find tetrahedral form 
by stabilizing it with other ligands for more judicious 
comparison of antioxidant properties. 

 

Stabilisation of complex 1 
Figure 7 shows the complex obtained from Zinc chloride 
(ZnCl2) and two molecules of myricetin. The distance 
between groups (C8O14, O28H29) and ZnCl2 for optimization 
of geometry is 2.50 Å.  
From analysis of results, it appears that: 
 Zinc metal structure is tretrahedral in complex (v). This 

result indicates that ZnII metal complex stabilizes with 
two molecules of myricetin. The distances (O---Zn) 
obtained on either side of two ligands being identical 
and is equal to 2.01 Å, justifies good coordination 
between Zn II and all the two molecules of myricetin. 

 HOMO, LUMO orbitals are distributed along all three 
cycles (A, B and C) of the ligands. Similarly, the 
representation of potential energy surface of complex, 
shows that globally, areas of high electron density are at 
C8O14, O26H27, O24H25, O32H33, O26H27 and O30H31 (w) 
groups of this same ligand. around Zn II. This result, 
identical to that of complex 1, indicates that presence of 
Zn II ion modifies distribution of electron cloud at the 
level of myricetin and promotes a strong electronic 
delocalization at these cycles A, B and C. 

 With regard to UV-vis and Infra-red spectra, the results 
obtained practically coincide with those of complexes 
2, 3 and 4, with the difference that UV-vis spectrum of 
the complex has an absorption band varying from 124 
nm to 325 nm. This means that the latter has slightly 
higher antioxidant power than that of 2,3 and 4 
complexes. 

  Calculation of energy Gap for the complex 5 gives 
866.41 kJ/mol. This value being higher than those of 
complexes 1, 2, 3 and 4, indicates that the complex 5 
would be more antioxidant. This result shows that the 
formation of complex from two molecules of myricetin 
further enhances more antioxidant capacity of the latter. 

 
From these results, we can conclude that complex obtained 
from two molecules of myricetin is much more stable and 
therefore more antioxidant than complexes formed from a 
molecule of myricetin. 
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Fig 2: representation of optimized forms (a), HOMO and LUMO and SEP (b) orbitals, UV-vis (c) and IR (d) spectra of myricetin to HF / 6-

311G (d, p)s 

 

 
 

Fig 3: Representation of optimized forms (e), HOMO and LUMO and SEP (f) orbitals, UV-vis (g) and IR (h) spectra of complex 1 to HF / 6-

311G (d, p) 
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Fig 4: Representation of optimized forms (i), HOMO and LUMO orbitals, SEP (j), UV-vis (k) and IR (1) spectra of complex 2 to HF / 6-

311G (d, p) 

 

 
 

Fig 5: Representation of optimized forms (m), HOMO and LUMO orbitals, SEP (n), UV-vis (o) and IR (p) spectra of complex 3 to HF / 6-

311G (d, p) 
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Fig 6: representation of optimized forms (q), HOMO and LUMO orbitals, SEP (r), UV-vis (t) and IR (u) spectra of complex 4 to HF / 6-

311G (d, p) 

 

 
 

Fig 7: Representation of optimized forms (v), HOMO and LUMO orbitals, SEP (w), UV-vis (x) and IR (y) spectra of complex 5 to HF / 6-

311G (d, p) 
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Conclusion 

A theoretical study of chemical reactivities of myricetin and 

complexed forms was carried out by Hatree-Fock/6-311G 

(d, p) method. Comparison between calculated values of 

various structural, electronic and spectroscopic parameters 

allowed to:  

 Release that oxygene (O) atoms of C8O14, O26H27, 

O24H25, O32H33, O26H27 and O30H31 groups as 

complexing sites of myricetin 

 note that complexes 1, 2, 3 and 4 from myricetin are 

more antioxidant than myricetin. 

 show that complexes 1 and 4 are the most antioxidants 

of four complexes 

 note that complexation of myricetin by Zinc II ions in 

some cases causes a bathochromic displacement of 

absorption bands of myricetin. 

  show that complex obtained from two molecules of 

myricetin is more stable and therefore more antioxidant 

than the complexes formed from molecule of myricetin. 

 

With regard to prediction of antioxidant properties of 

molecule and the complexes studied, theoretical results are 

in agreement with the experimental data published in the 

literature. 
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