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Abstract: This work is based on a theoretical study concerning the degradation of basic dyes by 
advanced oxidation on five basic molecules called as follows: basic red 2 (BR2), basic red 5 (BR5), 
basic red (BR10), basic violet 5 (BV5) and basic violet 12 (BV12). The purpose of this work is to 
determine the attack sites most reactive to radical attacks. In other words, the location of the sites 
which favors the degradation by using the advanced oxidation process. This process is essential in 
the field of the water depollution. The work was done theoretically by ab initio methods. The 
calculations were carried out by CAM-B3LYP functional and 6–31++G(d, p) basis set. The 
exploitation of the results gives the following parameters: local indices of reactivities to radical 
attacks, global indices of reactivities and transition states. The results obtained from these 
parameters show the most reactive sites to radical attacks that are in good agreement with the sites 
determined experimentally. Hence, the majority of the sites were located at the level of the 
phenazine chromophore constituting the five dyes. 
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Introduction 

Textile dyes have wide applications in the fields of textile industry, paper industry, agro-
food1, medicinal and photovoltaic2,3. One of the families of textile dyes is the family of basic 
dyes used in the textile industry. These dyes are characterized by good resistance and 
chemical stability4, they are also resistant to light, high temperature (heat) and oxidizing 
agents5. The resistance of basic dyes to the processes of advanced oxidation is due to the 
electron-acceptor groups forming part of their backbones6. It is for this reason that these 
dyes are considered as non-biodegradable molecules7. The non-biodegradability of basic 
dyes is dangerous for the environment. Knowing that, these dyes are unloaded by textile 
industries in river waters and soils8. However, researchers have developed methods for the 
removal of textile dyes such as adsorption, coagulation-flocculation, electrocoagulation, 
flotation, chemical oxidation, advanced oxidation, ozonation and photo-catalysis ... etc

9-13. 
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 The advanced oxidation was largely studied by the researchers in order to eliminate the 
basic dyes in the waste water, this process has the principle of generating intermediate 
species which are the hydroxyl radicals ●OH, these species are generated by the dissociation 
of the hydrogen peroxide in the presence of metal Fe(II) or UV light14. The elimination of 
textile dyes by the method mentioned above leads to the formation of the following 
compounds: water H2O and carbon dioxide15,16 CO2. Advanced oxidation is important for 
increasing the biodegradability of pollutants and for its low cost17,18. 

 In this context, we will mention some works on basic dyes elimination of by advanced 
oxidation process while explaining the parameters influencing the profitability of the 
elimination. In addition, we will mention some dissociation mechanisms of basic dyes 
proposed by the researchers. Fathy et al. conducted an experimental study on the removal of 
basic red 18 by catalyzed oxidation. Hence, they recorded optimal profitability at a near 
neutral pH. The corresponding elimination mechanism led to the formation of the following 
products: carbon dioxide CO2, water H2O, nitric acid HNO3 and chlorine19 gas Cl2. Another 
mechanism has been proposed by Siwinska-Stefańska et al. Demonstrates that basic blue 9 
and basic red 1 dyes elimination in presence of the two radicals −•

2O and ●OH results the 

formation of the following compounds: Carbon dioxide CO2 and water H2O for the first 
radical, the same products were obtained with the second radical but with other products in 
addition20. Hassani et al. conducted a similar study on the removal of basic violet (BV10) at 
an optimal acid pH. The radicals obtained from the degradation of oxygenated water were 
●OH, −

2O  and HO2
., But the most abundant radicals was hydroxyls21. Singh et al. conducted 

an experimental study on methylene blue degradation by advanced oxidation. The 
corresponding mass spectroscopy spectrum revealed that the hydroxyl radicals attacks were 
concentrated on the three double bonds C=C and C=N above the suffer atom in order to 
break the cycle22. Another study carried out by Tokeer Ahmed on methylene blue photo-
degradation in the presence of the catalyst CuCrO2 nanoparticle; shows that the mechanism 
of degradation is based on the C=C double bonds destruction constituent the two benzene 
rings at the ends23. The same mechanisms have been proposed to methylene blue 
photodegradation by the TiO2-Cu catalyst thin films24 and vanadium-doped iron oxides 
nanostructured25. On the other hand, other studies show that the basic dye photodegradation 
mentioned before begins with the opening of the cycle which is in the middle. The latter is 
constituted by the heteroatoms26-28 N and S. 

 In the light of this bibliography we conclude that basic dyes degradation leads to the 
formation of several products which are depending on dyes nature of. In addition, three 
types of mechanisms have been proposed by researchers for the degradation of basic dyes by 
advanced oxidation. 

 In this article we will discuss a theoretical study of five basic dyes degradation (Figure 1) 
by advanced oxidation. Our objective is to determine the reactive sites by radical attacks in 
order to determine the preliminary degradation mechanism and to make a comparison with 
the mechanisms obtained experimentally. This study is carried out theoretically by ab initio 
methods. The originality of our article is based on the determination of the preliminary 
mechanisms of dyes degradation mentioned before accompanied by a study concerning the 
parameters influencing the profitability of degradation. 

Computational details 

All calculations were carried out by NWChem 6.6 program open source29. Hence, our work 
has focused on the study of  five  basic dyes: basic red 2 (BR2), basic red 5 (BR5), basic  
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red 10 (BR10), basic violet 5 (BV5) and basic violet (BV12). We chose these dyes because 
they include the phenazine chromophore in common but the grafted radicals are different. 
Where, radical variation influences the efficiency of degradation by advanced oxidation. 
First, we calculated dyes geometries by optimizations performed by the long range corrected 
version of B3LYP using the coulomb-attenuating method CAM-B3LYP functional30 
combined with the 6–31++G(d, p) basis set in the presence of the solvent water using the 
solvation model cosmo polarizable continuum model CPCM31,32. Knowing that the studied 
dyes are conjugated and charged systems and their eliminations is done in water solvent, it is 
for this reason that we have chosen the functional and the base mentioned before because 
they are more descriptive of the electronic parameters according to previous work33-37. The 
geometries obtained were subjected to single point SP calculations in order to calculate the 
following parameters: total dipole moments in solution µtot, hardnesses η, chemical 
potentials µ, electronegativities χ and solvation Gibbs free energies ∆Gsolv calculated by 
SMD solvation model38. We also calculated the local reactivity indices 0

kf  obtained by 

Fukui function for radical attacks. Finally, we have exploited electronic excitations 
parameters by time dependant functional density method TD-DFT39,40, in order to determine 
the maximum wavelengths λmax, dipole oscillator strengths ƒ and excitations energies 
∆EHomo-Lumo. 

The total dipole moments41 are expressed by the following equation: 

)( 222
zyxµ µµµ ++=                                                           (1) 

 The electronic chemical potentials µ, the electronegativities χ and the overall hardnesses 
ηcan be calculated from the energies of frontier molecular orbitals εHOMO and εLUMO as 
follows42,43:  

2/)( LUMOHOMOµ +=−=                                                             (2) 

)( LUMOHOMOµ −=                                                                       (3) 

Local reactivity indices44-46 0
kf  obtained by Fukui function for radical attacks are expressed 

by the following equation:  

]2/)1()1([0 −−+= NqNqf kkk
                                                    (4) 

 Where, qk(N+1) : electronic population of the atom k in the anionic molecule. qk(N-1): 
electronic population of the atom k in the canionic molecule.  

 In the NWChem 6.6 program the parameters of the global reactivity hardnesses η, 
chemical potentials µ and electronegativities χ are given directly in the output file. The 
parameters of the local reactivity qk (N+1) et qk (N–1) are expressed by other indices in this 
program which are: +

nnf  et −

nnf   respectively. 

Analysis of global reactivity indices 

Table 1 summarizes the results of hardnesses η, chemical potentials µ, electronegativities χ, 
dipole moment elements µx, µy, µz, total dipole moments µtot and solvation Gibbs free 
energies ∆Gsolv. These parameters are calculated by CAM-B3LYP functional and the base 
6–31++G(d, p) in the presence of water solvent using the implicit solvation model CPCM. 
The corresponding calculations were performed on the five basic dyes BR2, BR5, BR10, 
BV5 and BV12 (Figure 1). 
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Table 1. Hardnesses ƞ. chemical potentials µ and electronegativities χ in (eV). Mean dipole 
moments µx, µy, µz and total dipole moments µtot in (Debye). Solvation Gibbs free energies 
∆Gsolv in kcal.mol-1 of the five dyes calculated by the CAM–B3LYP/6–31++G(d. p) in the 
presence of water solvent by the implicit solvation model CPCM 

 ƞ µ χ µx µy µz µ tot ∆Gsolv 
BR2 4.77 -4.71 4.71 0.00 0.00 3.61 3.61 -44.45 
BR5 4.64 -4.63 4.63 6.90 0.48 0.00 6.92 -48.34 
BR10 4.67 -4.60 4.60 3.36 1.00 0.00 3.51 -40.31 
BV5 4.63 -4.69 4.69 3.02 0.92 0.00 3.16 -42.25 
BV12 4.75 -4.70 4.70 2.95 3.94 0.00 4.92 -42.82 

 

 

Figure 1. Molecules studied in this article 
   The first parameter of the hardness ƞ is very important for the description of the molecular 
stability, knowing that the hardness is proportional to the molecular stability47. However, the 
descending order of the basic dye hardnesses is as follows: η (BR2)> η (BV12)> η (BR10)> 
η (BR5)> η (BV5). From the point of view of molecular stability we will record the same 
descending order obtained before. Knowing that, the five dyes are made of the same 
phenazine chromophore. Therefore, the hardnesses and the corresponding stabilities are 
influenced by the groups grafted onto the phenazine skeleton. The BR2 dye has recorded the 
highest hardness; this phenomenon can be explained by the corresponding molecular 
symmetry. We have also noticed that each addition of a benzene or alkyl group increases the 
molecular stability. The BV12 dye has two benzene groups and two methyl groups, the BR  
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10 dye has a single benzene group and two methyl groups, the BR5 dye has a single methyl 
group and the BV5 dye a has single benzene group. From these remarks it is deduced that 
the molecular stability in this type of system is influenced by the symmetry and the benzene 
and alkyl groups grafted on the phenazine chromophore. 

 The electronegativity parameters χ show the following descending order: χ (BR2)> χ 
(BV12)> χ (BV5)> χ (BR5)> χ (BR10). The BR2 molecule has the highest electronegativity. 
This phenomenon may be explained by the fact that the positive charge of nitrogen is 
slightly influenced by the four methyl and amine groups because the molecule is 
symmetrical. It is for this reason that the latter has given the highest positive charge. In this 
case, the BV12 molecule recorded a value almost identical to that of the BR2 molecule. This 
phenomenon can be explained by the fact that this molecule varies from the molecule BR2 
by a phenyl group grafted on the amine which is on the right. The last three remaining 
molecules gave the lowest values of electronegativities. In this type of system we notice that 
the parameters χ decrease when the donor groups increase. Knowing that the BV5 molecule 
has two amine and dimethylamine donor groups, the second molecule BR5 has three groups: 
amine, dimethylamine and methyl, the last molecule BR10 has four groups: methylamine, 
ethylamine and two methyl. Therefore, the donor groups mentioned earlier may have the 
tendency to weaken the positive charge centered on the nitrogen atom. This phenomenon 
generates the decrease of the electronegativities. From these remarks it is deduced that the 
electronegativities of the dyes studied are influenced by the positive charge strength centered 
on the nitrogen atom. The latter is influenced by the number and strength of donor groups 
grafted onto the phenazine skeleton. 

 The same remarks were recorded for the parameters of the chemical potentials µ since 
these parameters are inversely proportional to the electronegativities. The total dipole 
moments exploitation indicates that the three BR2, BR10 and BV5 molecules give values in 
the range of 3.16 to 3.61 Debye. On the other hand, the two remaining molecules BR5 and 
BV12 gave higher values with deviations in the range of 1.5 to 3.5 Debye. This phenomenon 
can be explained by the fact that the first three molecules are planar in the XY axes but the 
other molecules are three-dimensional in the XYZ axes because of the dimethyl groups 
grafted on the amine nitrogen in the BR5 molecule and the phenyl which is found right in 
the BV12 molecule. Knowing that, these two groups are out of the XY plane. From which 
we deduce that the total dipole moments of the studied molecules are influenced by the 
groups located outside the XY plane. 

 Finally, the solvation Gibbs free energies record the following decreasing order: ∆Gsolv 
(BR10)> ∆Gsolv (BV5)> ∆Gsolv (BV12) > ∆Gsolv (BR2)> ∆Gsolv (BR5). Knowing that, the 
molecules with the lowest values of ∆Gsolv are the most solvated in water. Therefore, the two 
most solvated molecules in water are BR2 and BR5 and the least solvated molecules in water 
are BR10, BV5 and BV12. In this context, the difference between the first series composed by 
BR2 and BR5 molecules the second series composed by BR10, BV5 and BV12 molecules; it 
is because that the first series is characterized by a low number of methyl groups grafted on the 
phenazine chromophore and on the amines. On the other hand, the second series is 
characterized by a high number of methyl and ethyl groups in BR10 molecule. From these 
observations, it is deduced that the solvation of these molecules in water is influenced by the 
number of alkyl groups grafted onto the phenazine chromophore and the amines. 

 In summary, the stabilities of the molecules studied are influenced by the symmetry, the 
benzene and alkyl groups grafted onto the phenazine chromophore. The corresponding 
electronegativities are influenced by the strength of the positive charge centered on the nitrogen 
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atom which is in turn influenced by the number and strength of donor groups grafted onto 
the phenazine backbone. The chemical potentials µ revealed the same deductions because of 
their inverse proportionality with the electronegativities. The total dipole moments of the 
studied molecules are influenced by the groups located outside the XY plane. Finally, the 
solvation of these molecules is influenced by the number of alkyl groups grafted onto the 
phenazine chromophore and the amines. 

Analysis of local reactivity indices 

Table 2 summarizes Fukui indices results 0
kf  for each molecule (see eq. 4). These indices 

indicate the effect of radical attacks on the molecules studied. We calculated the indices cited 
above by the CAM–B3LYP functional combined with the 6–31++G(d, p) basis–set in the 
presence of the water solvent using the CPCM solvation model. We have also reported on the 
Table 2. The Fukui indices barriers 0

kf∆  in order to valorize the effectiveness of radical attacks 

on each molecule, these parameters are expressed by the following equation34:   
(min)(max) 000

kkk fff −=∆                                                  (5) 

 Avec (max)0
kf is the highest value theoretically obtained. Avec (max)0

kf is the lowest 

value obtained theoretically. 0
kf∆  Is the barrier of the Fukui index between the highest and 

the lowest values. 

Table 2. Fukui indices of all atoms dyes obtained from Mulliken charges calculated by 
CAM–B3LYP/6–31++G(d, p) in the presence of water solvent by the CPCM implicit 
solvation model    

BR2 BR5 BR10 BV5 BV12 

Atoms 0
kf  Atoms 0

kf  Atoms 0
kf  Atoms 0

kf  Atoms 0
kf  

N1 0.03815 C1 -0.00095 N1 0.03905 C1 -0.01490 N1 0.03855 
N2 0.10350 C2 -0.01740 N2 0.10375 C2 0.03825 N2 0.10390 
N3 -0.04625 C3 0.03450 N3 -0.04935 C3 -0.04955 N3 -0.04525 
N4 -0.04625 C4 -0.03885 N4 -0.04925 N4 0.10430 N4 -0.05010 
C5 0.03505 N5 0.10405 C5 0.03770 C5 -0.04545 C5 0.03545 
C6 0.03505 C6 -0.03865 C6 0.03780 C6 0.03890 C6 0.03630 
C7 -0.05270 C7 0.03590 C7 -0.04735 C7 -0.01175 C7 -0.05090 
C8 -0.05270 C8 -0.00755 C8 -0.04725 C8 0.02260 C8 -0.05075 
C9 0.01100 C9 0.01500 C9 0.00710 N9 -0.07380 C9 0.01200 

C10 -0.03350 N10 -0.08010 C10 -0.03785 C10 -0.00470 C10 -0.03280 
C11 -0.03350 C11 -0.00475 C11 -0.03735 C11 -0.00365 C11 -0.03310 
C12 0.03745 C12 -0.00460 C12 0.03425 C12 -0.05865 C12 0.03740 
C13 0.03745 C13 -0.06025 C13 0.03395 C13 0.03840 C13 0.03420 
C14 -0.01920 C14 0.03090 C14 -0.01750 N14 0.03450 C14 -0.01750 
C15 -0.01920 N15 0.03945 C15 -0.01715 C15 0.03160 C15 -0.01785 
C16 0.01035 H16 0.00035 C16 0.01650 C16 -0.01865 C16 0.01045 
C17 0.01035 C17 0.02715 C17 0.01610 C17 0.01620 C17 0.01070 
C18 0.00165 C18 -0.01175 C18 -0.00085 N18 -0.03055 C18 0.00120 
C19 0.00165 C19 0.01705 C19 -0.00085 H19 0.00015 C19 0.00120 
C20 -0.00135 N20 -0.02365 C20 -0.00105 H20 -0.00005 C20 -0.00135 
C21 -0.00135 H21 0.00000 C21 -0.00095 H21 -0.00020 C21 -0.00120 

Contd.…
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C22 -0.00555 H22 -0.00055 C22 -0.00125 H22 0.00015 C22 -0.00530 
C23 -0.00555 H23 -0.00055 C23 -0.00125 H23 0.00000 C23 -0.00530 
C24 -0.00325 H24 0.00010 C24 -0.00130 H24 -0.00360 C24 -0.00320 
H25 -0.00010 H25 -0.00005 H25 -0.00015 H25 -0.00360 H25 -0.00010 
H26 -0.00010 H26 -0.00020 H26 -0.00015 H26 0.00000 H26 -0.00010 
H27 0.00010 H27 0.00015 H27 0.00010 H27 -0.00320 H27 0.00010 
H28 0.00010 H28 0.00000 H28 0.00010 H28 -0.00320 H28 0.00010 
H29 0.00030 H29 -0.00365 H29 0.00000 H29 -0.00010 H29 0.00020 
H30 0.00030 H30 -0.00365 H30 0.00000 H30 -0.00015 H30 0.00020 
H31 0.00000 H31 0.00000 H31 0.00000 H31 -0.00005 H31 0.00000 
H32 -0.00035 H32 -0.00365 H32 -0.00030 H32 0.00000 H32 -0.00025 
H33 -0.00035 H33 -0.00365 H33 -0.00030 C33 0.00745 H33 -0.00025 
H34 -0.00035 H34 -0.00010 H34 -0.00035 C34 0.00040 H34 -0.00060 
H35 -0.00035 H35 -0.00010 H35 -0.00035 C35 0.00040 H35 -0.00060 
H36 0.00000 H36 0.00005 H36 0.00000 C36 -0.00280 H36 0.00000 
H37 0.00015 - - H37 0.00005 H37 0.00000 H37 0.00010 
H38 0.00015 - - H38 0.00005 C38 -0.00280 H38 0.00010 
H39 -0.00020 - - H39 -0.00025 H39 0.00000 H39 -0.00020 
H40 -0.00020 - - H40 -0.00025 C40 -0.00215 H40 -0.00030 
H41 -0.00020 - - H41 0.00000 H41 0.00005 H41 0.00000 
H42 -0.00020 - - C42 -0.00230 H42 0.00005 H42 -0.00020 
H43 0.00000 - - H43 -0.00235 H43 0.00000 C43 -0.00210 

- - - - H44 -0.00235 - - C44 -0.00175 
- - - - H45 0.00000 - - C45 -0.00175 
- - - - C46 -0.00240 - - C46 0.00065 
- - - - H47 -0.00225 - - H47 -0.00010 
- - - - H48 -0.00225 - - C48 0.00065 
- - - - C49 -0.00005 - - H49 -0.00010 
- - - - H50 0.00005 - - C50 -0.00025 
- - - - H51 0.00000 - - H51 -0.00015 
- - - - H52 0.00005 - - H52 -0.00015 
- - - - - - - - H53 0.00000 

0
kf∆  0.15620 0

kf∆  0.18415 0
kf∆  0.15310 0

kf∆  0.17810 0
kf∆  0.15480 

 The atoms numbering on each molecule and the reproduction of the values 0
kf  by 

curves are shown in the Figure 2. 

 According to the Table 2, the barriers of the Fukui indices 0
kf∆  record the following 

descending order: 0
kf∆  (BR5)> 0

kf∆  (BV5)> 0
kf∆  (BV12) > 0

kf∆  (BR2)> 0
kf∆  (BR10). 

Knowing that 0
kf∆  parameter indicates the molecular trend to radical attacks taking into 

account the maximum values. For more information, we have plotted the representative 
curve of 0

kf∆ values as a function of the corresponding hardness which is reported in the 

Figure 2. The latter shows two series of molecules, series (a) composed of the two molecules 
BR5 and BV5, series (b) composed of the three molecules BR10, BR2 and BV12. We notice 
that the series (a) gave higher values than the series (b) from the parameter point of view 

0
kf∆ . In addition, the series (a) gave low values of hardness relative to the series (b). This 

phenomenon explains that the molecules with the weakest hardness (weak stability)  
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are the most answered to radical attacks. We also plotted the representative curve of 0
kf∆  

values as a function of the corresponding ∆Gsolv in the Figure 3. On this curve we only took 
the results of the BR2, BR5, BR10 and BV12 molecules. Hence, we record an inverse 
proportionality between the values 0

kf∆  as a function of ∆Gsolv with a regression coefficient 

in the order of 0.9984. From these remarks, it is found that the degradation efficiency of 
these dyes is influenced by their solvations in the presence of water. 

 

 

Figure 2. Relationship between Fukui indices 0
kf∆  and hardness ƞ of the five dyes studied 

calculated by the functional CAM–B3LYP combined with the basis–set 6–31++G(d, p) in 
the presence of water solvent by the implicit solvation model CPCM 

 

 

Figure 3. Relationship between Fukui indices 0
kf∆  and solvation Gibbs free energies ∆Gsolv 

of the four dyes BR2, BR5, BR10 and BV12 calculated by the functional CAM–B3LYP 
combined with the basis–set 6–31++G(d, p) in the presence of water solvent by the implicit 
solvation model CPCM 
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 From the Figure 4, we note that all the radical attacks are concentrated on the nitrogen 
atoms constituting the phenazine chromophore, the two carbons close to the positively 
charged nitrogen atoms and the two carbons which are in second position of the nitrogens 
still not charged in the phenazine group. These remarks were recorded for all studied 
molecules. Therefore, we record six radical attack reactive sites for each molecule with 
higher values for the uncharged nitrogen atoms constituting the phenazine chromophores. 
But for the remaining sites we record almost similar values lower than the values quoted 
before. From these findings, it is deduced that the sites most reactive to radical attacks by 
advanced oxidation are the neutral nitrogens of phenazine chromophores. So, there is a good 
match between the sites located experimentally and theoretically. 

     

     

      

N
1 

F
uk

ui
 in

di
ce

s 
f0 k 

F
uk

ui
 in

di
ce

s 
f0 k 

F
uk

ui
 in

di
ce

s 
f0 k 



397        Chem Sci Trans., 2019, 8(3), 388-404 

      

      

Figure 4. Fukui indices to radical attacks 0
kf  for the five molecules studied 

 In summary, the less stable basic dyes and the more solvated in water are the most 
profitable for radical attacks which leads to easy degradation except for an exception 
recorded for BV5 dye. The most reactive sites to radical attacks by advanced oxidation are 
the neutral nitrogens of the phenazine chromophores. Good agreement recorded between the 
results obtained experimentally and theoretically. 

Mulliken charges analysis 

In this analysis we will study the effects of grafted groups on the Mulliken charges of the 
six atoms most reactive to radical attacks. Hence, we calculated the Mulliken charges by 
the CAM–B3LYP functional and the 6–31++G(d, p) basis–set in the presence of water 
using the CPCM solvation model. The corresponding results are shown in the Table 3. We 
also plotted the Mulliken charge curves versus atoms to determine the influence of these 
charges in each molecule. The corresponding curves are shown schematically in the 
Figure 5. 
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Table 3. Atoms Mulliken charges most reactive to radical attacks for each molecule 
calculated by CAM–B3LYP / 6–31++G (d.p) in the presence of the water solvent by the 
CPCM solvation model. Numbers of atoms are shown in Figure 5 

 BR2 BR5 BR10 BV5 BV12 
N1 (+) -0.309 -0.284 -0.295 -0.295 -0.280 
N2 -0.248 -0.252 -0.252 -0.252 -0.248 
C3 -0.030 -0.048 -0.048 -0.051 -0.030 
C4   0.038 -0.036 -0.033 -0.036 -0.033 
C5   0.074   0.110   0.129   0.129   0.063 
C6   0.056   0.111   0.129   0.129   0.133 

 

 

Figure 5. Atoms Mulliken charges most reactive to radical attacks for each molecule 
calculated by CAM–B3LYP / 6–31++G (d.p) in the presence of the water solvent by the 
CPCM solvation model 

 According to the Table 3, we find that the charges of the four atoms N1, N2, C3 and C4 
are negative for all molecules, except an exception recorded for the charge of the C4 atom in 
the first column. The remaining atoms C5 and C6 are positive for all molecules. This 
phenomenon may be explained by the fact that the two C5 and C6 atoms are influenced by 
the attracting effect generated by the positively charged nitrogen atom which is nearby. We 
recorded this case for the five molecules. In addition, we see increases in top-down charges 
for the five molecules. Knowing that, we have classified the charges in ascending order. So, 
we notice that the corresponding orders obtained for the five molecules obey almost the 
same orders obtained in the Figure 4. From which, we deduce that the atoms with weaker 
charges are the most reactive to radical attacks. 

 In order to compare the charges of the five molecules, we have schematized the Figure 5. 
The latter shows that the charges of the N2 atoms of each molecule are almost identical. The 
same remarks were recorded for the two C3 and C4 atoms except for one exception that was 
recorded for the BR2 molecule. But the charges of the remaining atoms are different for the 
five molecules. This phenomenon shows that the three atoms N2, C3 and C4 are slightly 
influenced by the radicals grafted on the phenazine chromophore, perhaps because of their  
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positioning. But the remaining atoms N1, C5 and C6 are more influenced by the grafted 
groups. Knowing that, the N2, C3 and C4 atoms are more influenced by radical attacks 
according to Figure 4. From which, we deduce that the atoms with Mulliken charges least 
influenced by the grafted groups are the most reactive to radical attacks. 

 We have also plotted the curve of the 0
kf∆  values as a function of the positive charges 

N1. This curve is shown schematically in the Figure 6 for the four molecules BR2, BR5, 
BR10 and BV12, because the BV5 molecule registered an exception and it was the same 
case for the Figure 3. Hence, we found proportionality between the two parameters quoted 
before with a regression coefficient in the order of 0.9722. From which, we deduce that the 
increase of the atomic charge N1 improves the molecular susceptibility to radical attacks. 

 In summary, atoms with lower charges and less influenced by grafted groups are the 
most reactive to radical attack. The increase of the atomic charge N1 improves the molecular 
susceptibility to radical attacks. 

Transition states analysis  

This analysis is based on the study of the transition states of each molecule studied. The 
corresponding calculations were carried out by the CAM–B3LYP functional with the base 
6–31++G(d, p) in the presence of water solvent by the solvation model CPCM. We used the 
TD–DFT method to determine the transition states with a convergence of 10-6 (convergence 
energy 1d–6). The parameters exploited according to these calculations are: excitation 
energies ∆EH–L, dipole oscillator strengths ƒ and maximum wavelengths λmax. The 
corresponding results are shown in Table 4. 

 

 

Figure 6. Relationship between Fukui indices 0
kf∆  and Mulliken charges qN1 of the four dyes 

BR2, BR5, BR10 and BV12 calculated by the functional CAM–B3LYP combined with the 
basis–set 6–31++G(d, p) in the presence of water solvent by the implicit solvation model CPCM 

 Dipole oscillator strengths reported on the Table 4 give the following order: ƒ (BV5) ≈ 
ƒ (BR5) < ƒ (BR2) < ƒ (BV12) < ƒ (BR10). The maximum wavelengths give the following 
increasing order: λmax (BR2) < λmax (BV12) < λmax (BR10) < λmax (BR5) ≈ λmax (BV5). 
Knowing that, the increases in maximum wavelengths and oscillator strengths indicate 
Bathochromic48,49 and Hyperchromic50 effects respectively. Hence, a bathochromic effect is  
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recorded passing from the BR2 molecule to the BV5 molecule in the order obtained before. 
Hyperchromic effect is recorded passing from the BV5 molecule to the BR10 molecule 
according to the order of the oscillator strengths. We also note that the BR5 and BV5 
molecules gave the highest maximum wavelengths and the lowest oscillator strengths 
compared to the other molecules with nearly identical values. This phenomenon may be 
explained by the fact that these two molecules have aimethylamine groups which have a 
very strong donor characters51,52. The remaining three molecules also have donor groups 
such as: ethylamine (BR10), phenylamine (BV12) and amine (BR2) but weak compared to 
the groups of the two molecules mentioned above. Hence, it is deduced that the donor 
groups influence the bathochrome and hyperchrome effect. 

Table 4. Dipole oscillator strength ƒ, transition energies ∆EH-L and maximum wave lengths 
λmax calculated by TD–CAM–B3LYP/6–31++G(d.p) in the presence of the water solvent by 
the CPCM solvation model 

 BR2 BR5 BR10 BV5 BV12 
ƒ 0.7598 0.7267 0.8327 0.7233 0.8138 
∆EH-L 3.0190 2.9067 2.9315 2.9069 2.9774 
λmax

(1) 410.07 426.54 422.94 426.52 416.42 
(1)

 λmax were calculated by the following equation: )(
842017.1239

max nm
EE

hc

LHLH −− ∆
=

∆
=λ   

 We also plotted the curve of 0
kf∆  as a function of the dipole oscillator strengths ƒ. This curve 

is shown schematically in the Figure 7. From this figure, we notice an inverse proportionality 
between the two parameters 0

kf∆  and ƒ with a decreasing exponential rate which gave a 

regression coefficient in the order of 0.85748. This phenomenon explains that the decrease of 
the molecular hyperchromic effect increases the profitability of degradation by radical attacks. 

 
 

Figure 7. Relationship between Fukui indices 0
kf∆  and oscillator strengths ƒ of the five dyes 

studied calculated by the functional CAM-B3LYP combined with the basis–set 6–31++G(d, p) 
in the presence of water solvent by the implicit solvation model CPCM 
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 In summary, the bathochrome and hyperchromic effects are influenced by donor groups 
grafted onto the phenazine chromophore. The decrease of the molecular hyperchromic effect 
increases the profitability of degradation by radical attacks. 

Conclusion  

In this article we have described the parameters influencing molecular profitability to radical 
attacks. Hence, we focused on advanced oxidation field for the degradation of some basic 
dyes used in the textile industry. The studied dyes are: basic red 2, basic red 5, basic red 10, 
basic violet 5 and basic violet 12. The summaries obtained are as follows: 

 The stabilities of the molecules studied are influenced by the symmetry, the benzene 
and alkyl groups grafted onto the phenazine chromophore. The corresponding 
electronegativities are influenced by the strength of the positive charge centered on the 
nitrogen atom which is in turn influenced by the number and strength of donor groups 
grafted onto the phenazine backbone. The total dipole moments of the studied molecules are 
influenced by the groups located outside the XY plane. Finally, the solvation of these 
molecules is influenced by the number of alkyl groups grafted on the chromophore 
phenazine and amines. 

 The molecular instability of basic dyes increases their solvations in the presence of 
water and generates a higher profitability for radical attacks. The most reactive sites to 
radical attacks by advanced oxidation are the neutral nitrogens of the phenazine 
chromophores. Good agreement recorded between the results obtained experimentally and 
theoretically. 

 Atoms less influenced by the grafted groups with weaker Mulliken charges are the most 
reactive to radical attacks. The increase in the atomic charge N1 enhances the molecular 
susceptibility to the radical attacks. 

 The bathochrome and hyperchromic effects are influenced by donor groups grafted onto 
the phenazine chromophore. The decrease of the molecular hyperchromic effect increases 
the profitability of degradation by radical attacks. 

 Based on these summaries, we recommend experimentalist researchers to enhance 
advanced oxidation degradation profitability of the three BR2, BR10 and BV12 molecules, 
because of their 0

kf∆  low values relative to the two remaining molecules. Our proposal is based 

on the destruction of the molecular symmetry of the two BR2 and BV12 molecules by 
increasing the temperature or adding it to another solvent53. We also propose to increase the 
bathochromic effect for these three molecules by subjecting them to external electric fields54,55. 
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