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Highlights: 
 
- Electronic effects of para substituted arylazo pyridone dyes. 
- Linear relationship between Hammett σp  constants and dyes photoreactivity. 
- The photocatalytic reactions facilitated by el.-acceptors and retarded by el.-donors. 
- Fukui functions to analyze the reactivity on concurrent sites within a molecule. 
- Hydroxyl radicals sustain attack from two reaction sites, depending on a substituent type. 
 
 

Abstract 

 

A series of arylazo pyridone dyes was synthesized by changing the type of the substituent 

group in the diazo moiety, ranging from strong electron-donating to strong electron-

withdrawing groups. The structural and electronic properties of the investigated dyes was 

calculated at the M062X/6-31+G(d,p) level of theory. The observed good linear correlations 

between atomic charges and Hammett σp constants provided a basis to discuss the 

transmission of electronic substituent effects through a dye framework. The reactivity of 

synthesized dyes was tested through their decolorization efficiency in TiO2 photocatalytic 

system (Degussa P-25). Quantitative structure-activity relationship analysis revealed a strong 

correlation between reactivity of investigated dyes and Hammett substituent constants. The 

reaction was facilitated by electron-withdrawing groups, and retarded by electron-donating 

ones. Quantum mechanical calculations was used in order to describe the mechanism of the 

photocatalytic oxidation reactions of investigated dyes and interpret their reactivities within 

the framework of the Density Functional Theory (DFT). According to DFT based reactivity 

descriptors, i.e. Fukui functions and local softness, the active site moves from azo nitrogen 

atom linked to benzene ring to pyridone carbon atom linked to azo bond, going from dyes 

with electron-donating groups to dyes with electron-withdrawing groups. 

 

Keywords: arylazo pyridone dyes, substituent effect, photocatalysis, Hammett equation, 

DFT-ab initio calculations, Fukui functions. 
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1. INTRODUCTION 

 

 Azo dyes containing heterocyclic pyridone ring have recently attracted the interest of 

many research groups due to their higher tinctorial strength, brighter dyeing and excellent 

light, washing and sublimation fastness, and chromophoric strength in relation to azo dyes 

based uniquely on azobenzene derivatives [1]. The heterocyclic azo dyes are generally used as 

disperse dyes, suitable for dying polyester fabrics [2]. Due to inefficiencies of the industrial 

dyeing process, about 10-15% of the dyes are lost in the effluent during their synthesis and 

dyeing processes [3]. Such excessive discharge of the dye effluents can lead to severe 

contamination of surface and ground water, hence affecting aquatic life, especially in the 

vicinity of dyeing industries [4, 5]. Azo dyes are of special environmental concern since 

anaerobic degradation of these dyes leads to the generation of highly toxic and carcinogenic 

aromatic intermediate products (e.g. aromatic amines) [6]. Therefore, the removal of the dyes 

from wastewater is gaining great importance, particularly as new regulations on industrial 

effluent discharges are being enforced.  

 Among different available methods used for wastewater treatment, photocatalytic 

processes, have an advantage being safe, effective, economic, and environmentally friendly 

processes. The photocatalytic reactions occur, at least principally, in the adsorbed phase, and 

include OH radical or O2
 .attack on pollutant adsorbed onto the surface of the catalyst [7] ־•

Thereby, the catalyst surface and the nature of organic substances to be degraded are one of 

the crucial parameters determining the photodegradation rate. A numerous studies have 

shown that the reactivity of aromatic compounds can be drastically affected by the electronic 

nature of substituent group in the aromatic ring [8, 9]. The Hammett substituent constants, 

which quantify the electron withdrawing or donating capabilities of a given substituent, have 

been successfully applied in various research areas to obtain a quantitative description of 
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many chemical equilibriums and reactions [10, 11]. Mazzile et al. [12] showed that reactivity 

of para-substituted phenols via photo-assisted Fenton catalysis increases with increased 

electronic density of the aromatic ring. The structural effect of para substituted phenols on 

their photoreactivity via TiO2 catalysis is studied in the work of Parra et al. [13]. The results 

from this study demonstrated a clear correlation between degradation rate data and Hammett 

constants for the majority of investigated phenols. The photodecomposition of various amino 

acids onto TiO2 aqueous suspension was examined using Hammett correlations to gain insight 

on the mechanism of photooxidation [14].  

 In the recent years, theoretical investigations have been extensively performed to 

provide important information about reaction pathways [15-18]. DFT-based reactivity 

descriptors, such as Fukui functions and local softness, [19] were widely used to predict the 

most probable reactive sites without actual calculations of the corresponding potential energy 

surface [20, 21].  

 Our recently published paper investigated the substituent effects on the absorption 

spectra and acid-base and tautomeric equilibrium of the synthesized 5-(4-substituted arylazo)-

6-hydroxy-4-methyl-3-cyano-2-pyridones using Hammett's equation [22]. The present study 

extends the previous investigation with the aim to obtain the quantitative description of the 

electronic substituent effects on the atomic charges and photocatalytic properties of the 

selected dyes. The primary attack of photogenerated hydroxyl radicals on dye compound was 

applied as reaction model for determination of photocatalytic reactivity of investigated dyes. 

DFT based reactivity descriptors, e.g. condensed Fukui function and local softness were used 

to describe the mechanism of the photocatalytic oxidation reactions by predicting the 

preferred site of hydroxyl radical attack.  
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2. EXPERIMENTAL 

 

2.1. Synthesis and structure of arylazo pyridone dyes 

 

 The synthesized arylazo pyridone dyes, 5-(4-substituted arylazo)-6-hydroxy-4-methyl-

3-cyano-2-pyridones belong to a group of heterocyclic azo dye compounds (Scheme 1). The  

investigated dyes possess the same benzene/pyridone skeleton with different substituent group 

(R) in the benzene ring. The synthesis and characterization of investigated dye molecules 

(compounds) were reported in our previously published papers [23, 24].  

 

2.2. Photocatalytic activity studies 

 

The photocatalytic degradation of investigated dyes was performed in an open cylindrical 

thermostated Pyrex cell of a 1 L capacity. A commercially available TiO2, Aeroxide P25, 

Evonik Degussa GmbH (80 % anatase - 20% rutile, surface area - 52 m2 g-1, mean diameter - 

approximately 30 nm) was used as a photocatalyst. The irradiation was performed using 

Osram Vitalux lamp, with a power consumption of 300 W, housed 50 cm above the top 

surface of the dye solution. The emission spectrum of the used lamp simulates solar 

irradiation.  

 Prior to illumination, the dye suspensions were magnetically stirred in the dark for 30 

min in order to achieve adsorption-desorption equilibrium.  

 The initial pH of the suspension was adjusted to 12 using sodium hydroxide solution. 

The tests were performed in alkaline media in order to increase dye solubility to overcome the 

effects of substituent anionic group on adsorption (eg. -COOH group becomes negatively 
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charged at lower pH). The mass of the used TiO2 was 0.5 g; the concentration of dye solution 

was 1x10-5 mol/dm3; the volume of the dye solution was 500 mL.  

 During irradiation, the aliquots were taken periodically, and the concentration of the 

dyes was followed using UV-Vis spectrophotometer (Thermo Electron Nicolet Evolution 

500). The concentration of the dyes was calculated according to absorption maxima of 

particular dye in the visible region [Error! Bookmark not defined.]. Before analysis, the 

aliquots were centrifuged for 10 min at the rate of 17000 rpm. The photodegradation kinetics 

was analyzed in terms of simplified Langmuir-Hinshelwood model (Eq. 1). Apparent first 

order rate constant kapp (min-1) was determined for each test and used as a measure of the 

photocatalytic efficiency.  

 

tkCC app)/ln( 0           (1) 

 

where C is dye concentration at irradiation time t and C0 is initial dye concentration (at zero 

irradiation), both given in mol/dm3.  

 

2.3. Quantum chemical calculations 

 

The quantum chemical calculations have been carried out with Gaussian 09 electronic 

structure program suite (revision C.01), by using Density Functional Theory approach (DFT) 

[25]. The widely used and well-known M06-2X functional and 6-31+G(d,p) basis set [26-28] 

have been chosen for calculation of structural and electronic properties of the studied dyes. 

Atomic charges based on Hirshfeld analysis [29] and Natural Population Analysis (NPA) [30] 

as well as local reactivity indices were used to analyze the reactivity of different sites within a 

molecule, and to explain the reactivity differences between the investigated dyes. From the 
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Hard and Soft Acids and Base (HSAB) principle [31] and DFT method, it has been possible 

to identify many useful and important reactivity parameters, such as Fukui function (f(r)) [32, 

33]. However, for studying the reactivity at the atomic level, a more convenient way of 

calculating the Fukui function is through the condensed forms of the Fukui function for an 

atom j in a molecule, which are expressed as Eqs (2-4) [34].  

 

)()1()( NjNjj qqrf  
 ,         (2) 

)1()()( 
  NjNjj qqrf ,         (3) 

 )1()1(
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1
)(   NjNjj qqrf          (4) 

 

for an electrophilic ))(( rf j
 , nucleophilic ))(( rf j

  of free radical attack ))(( rf j
  on the 

reference molecule respectively. In these equations qj is the atomic charge, evaluated from the 

Hirshfeld analysis, at the jth atomic site in the neutral (N), anionic (N+1), or cationic (N-1) 

chemical species. The Fukui function contains relative information about different sites of a 

molecule, while the local softness s(r) is more important when comparing different sites in 

different molecules. The respective atomic softness parameters can be obtained by 

multiplying Fukui function values with global softness S, s(r) = Sf(r) [35]. In the finite 

difference approximation, S is calculated (Eq. 5)from the first vertical ionization energy (Ei) 

and electron affinity (Eea) of the molecule: 

 

eai EE
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3. RESULTS AND DISCUSSION 

 

3.1. DFT atomic charges of arylazo pyridone dyes  

 

 The molecular structure of the investigated arylazo pyridone dyes is presented in 

Scheme 1. The photocatalytic tests were conducted in alkaline media, where dyes existed in a 

form of an anion, which represents "resonance hybrid" between azo anion (A) and hydrazone 

anion (Hy) canonical forms with a negative charge being delocalized over pyridone oxygen 

and azo nitrogen atom (Scheme 2).  

 

The geometry optimizations of the investigated dyes generated reliable minima structures, as 

confirmed by the absence of imaginary force constants in the vibrational analysis. The 

geometry optimization yielded planar structure, which enabled the conjugation throughout the 

whole dye molecule [Error! Bookmark not defined.]. Table 1 presents the computed 

Hirshfeld atomic charges from M062X/6-31+G(d,p) calculations for pyridone oxygen, carbon 

and azo nitrogen atoms, obtained using Hirshfeld analysis. The numbering system used 

throughout the calculations is shown in Scheme 1. 

 

 Inspection of the data in Table 1 shows that the negative charge is distributed between 

pyridone oxygen atom and both azo nitrogen atoms. Pyridone oxygen atom bears the majority 

of the negative charge. It is also noticeable that atomic charges of oxygen and nitrogen atoms 

are affected by the type of investigated dye, i.e. the type of substituent on a phenyl ring. NPA 

charges give the same trend (Table S1 in the Supplementary Information). To gain better 

insight on the later point, Hammett’s linear free energy relationship (LFER) was applied using 

Eq. (6).  
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GR=GH + ρσp               (6) 

 

where GR and GH refer to the atomic charges for substituted and unsubstituted dyes 

respectively. The slope of this linear correlation, ρ, represents the sensitivity of the atomic 

charges to the effect of substituent. σp represents  Hammett substituent constant at the para 

position. A positive value of σp indicates an electron-withdrawing group, while a negative 

value indicates an electron-donating group. According to Eq. (5), Fig. 1 shows a plot of the 

atomic charges of carbon atoms linked to azo bond, pyridone oxygen and azo nitrogen atoms 

against Hammett σp constants. 

   

 As shown in Fig. 1, a good linear correlation  between the Hammett σp constants and 

atomic charges of selected atoms is observed (correlation coefficients, R2 > 0.92). The results 

revealed that substituents on the aromatic ring exert influence on electron density distribution. 

To quantify and compare the effect of substituents on atomic charges, the slope of the linear 

curves were determined according to Eq. 6. The greater the magnitude of the slope, the 

greater the sensitivity of atomic charge to the substituent change. The obtained slopes of the 

curves for C6, O1, N4, C5 and N3 were (28, 15, 11, 10 and 6)x10-3 min-1 respectively. The 

substituents exert the strongest influence on C6 atomic charge, since this carbon atom is 

nearest to the substituent group. Analysis of atomic charge sensitivity also revealed that O1 is 

second the most sensitive atom to the substituent effect. This result undoubtly indicates the 

existence of the conjugation throughout the whole dye molecule. The negative charge on the 

N3 nitrogen atom is not strongly affected by the substituent type.  

 The results also revealed that the electron density of the N4 atom increases sensitively 

ongoing from the dyes with electron-donating groups to the dyes with electron-withdrawing 
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groups, while electron density of O1 pyridone oxygen atom and carbon C5 and C6 atoms 

decreases. The rationale behind these findings is elaborated in the following. The negative 

charge on the pyridone oxygen atom and electron rich character of pyridone ring tend to 

strengthen the electron-accepting power of acceptors resulting in an increased resonance 

interaction with pyridone ring; the acceptors pull electrons from the pyridone ring to N4 atom, 

thus increasing the negative charge on the N4 azo nitrogen atom and decreasing negative 

charge on O1 pyridone oxygen atom. On the other hand, extra available electrons in pyridone 

ring have the tendency to weaken the donating power of substituents, which results in 

prevented resonance interactions between an electron donating group and pyridone ring, 

maintaining negative charge in the pyridone ring. The results also indicate that the negative 

charge on the N3 nitrogen atom is not strongly affected by the substituent type.  

 The above analysis of partial atomic charges is in accordance with global softness, S, 

of investigated dyes, Table 1. In fact, there is a clear linear relation between softness and 

Hammett σp constants, Fig. 2. The same is true for both Ei and Eea, Table S2 and Fig. 2. Dyes 

with electron-donating groups are being more soft than those with electron-withdrawing 

substituents. 

 

3.2. Electrostatic potential molecular surfaces  

 

The molecular electrostatic potential (MEP) for substituted dyes are shown in Fig. 3. The 

MEP is related to the electronic density, and because of that it is an excellent approach for 

visualising chemically active sites, that potentially participate in different chemical reactions. 

The MEP could, therefore, be a very useful tool for determining suitable areas for 

electrophilic, nucleophilic, or in our case radical attacks. 
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  The values of the electrostatic potential at the surface are shown by different colours: 

blue indicates the most positively charged part of the examined molecule, while red colour 

represents the most negatively charged part. Potential decreases in the order 

blue > green > yellow > orange > red. The plot of the electrostatic potential mapped onto the 

electron density surface is modelled in the colour range from -0.0190 a.u. to 0.0400 a.u.  

 In Fig. 3 the MEP maps of presented dye molecules in neutral and anionic form are 

presented. As can be seen, the distribution of negative charge in anionic form (Fig. 3a) is 

located in the part of a molecule between pyridone oxygen and azo bond, while this 

distribution is absent in protonated form (Fig. 3b). In protonated form, the negative charge is 

equally distributed over carbon atoms of the benzene ring. In anionic form, decreased electron 

density on the benzene ring is due to the electron withdrawal from benzene ring to pyridone 

ring. 

Electron distribution in the molecules varies depending on the characteristics of the 

substituent on the aromatic ring. In the case of dyes with the electron-donating hydroxyl 

group (Fig. 3c) the presence of electron distribution spreads from oxygen O1 atom to nitrogen 

atoms. This area in dye substituted with the nitro group (Fig. 3d) is more deficit in electron 

density, since the electrons are withdrawn from the pyridone ring to NO2 group. Additionally, 

carbon atoms of benzene ring bonded to the electron-donating OH group are more electron-

deficient compared to the benzene carbon atoms of dye with NO2 group, due to a stronger 

resonance interaction in the later compound. 

 

3.3. Photocatalytic degradation of arylazo pyridone dyes-Hammett study 

 

 Before examining photocatalytic degradation of the synthesized dyes, two control 

experiments were performed: (i) dye removal in the dark in the presence of TiO2 (1.0 g L-1) 
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and (ii) dye degradation under simulated sunlight in the absence of TiO2 (photolysis). The 

concentration of dye in both experiments was 1x10-5 mol/L. The adsorption of anionic form 

of the dyes was below the level of spectroscopic accuracy measurement, so we did not detect 

adsorption in ordinary experiment setup. In addition, the photolysis of the dyes was not 

detected. The results from these control tests indicate that both TiO2 and UV were necessary 

for effective degradation of the tested dyes. 

 The major benefit of low adsorption is that adsorption constant in Langmuir-

Hinshelwood model becomes negligible and reaction kinetics can be simplified to reduced 

Langmuir-Hinshelwood; thus the reaction between hydroxyl radical and anionic dye becomes 

a phase that determines the reaction rate. Therefore, such reaction conditions provide a 

straightforward way to study substituent effect on the reaction mechanism and on the reaction 

rate constants. 

 Time-dependent photodegradation efficiency of the investigated dyes is presented in 

Fig. 4. The apparent first order rate constant kapp (min-1) was determined from observed 

kinetic curves using simplified Langmuir-Hinshelwood model and presented in Table 1.  

 

 

 The obtained results clearly show that photocatalytic reaction rate is strongly affected 

by the type of the phenyl substituent group. For the quantitative assessment of the substituent 

effects on the reaction rate, LFER model, based on simple Hammett equation was applied 

(Eq. 7): 

 

pHR kk )/log(           (7) 

 



 14

The slope of linear correlation is the reaction constant, ρ, reflecting the sensitivity of reaction 

rate to the substituent effects. The positive sign of ρ implies the development of a negative 

charge at the reaction site during the formation of the transition state in the rate determining 

step, and vice versa. Apparent first order rate constant kR refers to the substituted dye, while 

kH refers to the unsubstituted dye. According to Eq. (6), Fig. 5 shows a plot of the first term 

against σp.  

 

 

 Hammett correlation log(k/k0) vs. σp reveals that the electron-withdrawing groups 

enhance, while electron-donating groups retard the reaction rate compared to the 

unsubstituted dye. This is in accordance with HSAB principle, and the linear relationship 

between S  and σp (Fig. 2). Although plot log(k/k0) vs. σp shows generally a good correlation 

(R2=0.90), some points are markedly of the line (CN and NO2). Deviation of CN and NO2 

data points from the fitted line could be explained with extra resonance interaction between 

the substituent and the reaction site, i.e. through conjugation. It has been found that reactions 

involving through conjugations correlate better with σ - or σ+ Hammett constants than with 

Hammett σp constants [37]. In the case of CN substituent, plotting log(k/k0) versus σ - 

constants (σ-=0.88) [Error! Bookmark not defined.] gave better Hammett correlation 

(R2=0.98) (Fig. 2, open squares) than it does with the original Hammett σp constants (Fig. 2, 

closed squares). However, by using σ - constants for NO2 substituent (σ -=1.24) [Error! 

Bookmark not defined.], a higher deviation from the straight line is obtained, indicating 

possible change of reaction mechanism. It has been suggested that the mechanism of the 

photodegradation of azo compounds under UV-visible light illumination is usually initiated 

by hydroxyl radical attack on either the carbon atom bearing the azo linkage or on the azo 

nitrogen atoms. Due to the electrophilic character of the hydroxyl radical, it can be expected 



 15

that photocatalytic reactions are favoured by increased electron density at the reaction site, i.e. 

accelerated by electron-donating substituents, and retarded by electron-withdrawing ones. 

Indeed, the latter has been confirmed in various works [Error! Bookmark not defined., 

Error! Bookmark not defined.]. Most of these papers investigate simple organic 

compounds, consisted of an aromatic ring with only one possible reaction site. Conversely, 

the investigations in this study reveal that the photocatalytic degradation of arylazo pyridone 

dyes is being inhibited by the electron-donating groups and accelerated by electron-

withdrawing one with respect to unsubstituted dye (Fig. 2) and the positive Hammett reaction 

constant was obtained  (ρ=0.507). The positive sign of ρ implies the development of a 

negative charge (or the disappearance of a positive charge) at the reaction site during the 

formation of the transition state in the rate determining step. In order to explain the result 

obtained, it should first be noted that, investigated dyes in this study were in the form of an 

anion, with increased amount of negative charge. The development of a negative charge at the 

reaction site during the formation of the transition state is most likely a consequence of the 

movement of negative charge from pyridone oxygen to a reaction site, leading to the positive 

Hammett constant.  

 Recent works investigating more simple compounds, such as substituted phenols, 

imply that the electronic effects of substituents may be unobstructedly transmitted through the 

benzene ring, and the electronic density at the reaction site is primarily influenced by the type 

of substituent in benzene ring [Error! Bookmark not defined.]. In the present work, a series 

of more complex compounds, 5-(4-substituted arylazo)-6-hydroxy-4-methyl-3-cyano-2-

pyridones, is studied, where the para substituted benzene ring is linked to the azo bond 

bearing heteroaromatic ring. In such complex structures, charge on a reactive site is 

influenced, not only by the substituent group, but also by the interaction between aromatic 

and heteroaromatic (pyridone) ring. Therefore, the application of simple Hammett equation 
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would not be sufficient for a complete understanding of the reaction mechanism, but rather 

additional analysis comprising molecular descriptors ought to be conducted. 

 

3.4. Fukui functions as site reactivity descriptors for predicting dye photoreactivity 

 

Hydroxyl radicals, either adsorbed or present in the bulk solution, are generally considered to 

be the principle reactive species responsible for the photocatalytic reaction. Therefore, the 

model reaction used in the theoretical part of this study is based on the primary attack 

of the photogenerated OH radicals on dye substrate [38]. Due to a strong electrophilic 

character of the hydroxyl radicals, it can be expected that hydroxyl radicals would attack the 

region with the highest electron density.  

 According to the results of DFT calculations, the N4 nitrogen atom carries the most 

negative charge (Table 1), representing the most electron-populated part of the dye. The 

negative charge on the N4 atom increases when going from dyes with electron-donating 

substituents to dyes with electron-withdrawing substituents in the same direction as a reaction 

rate, suggesting this to be the likely point of attack by OH radical. However, the use of partial 

charges for prediction of the reaction site may produce some contradicting conclusions when 

larger molecules are investigated. In these cases, it is preferable to use the local reactivity 

indices, e.g. the Fukui functions, instead of the electronic density, to predict the possible 

reactive site. In fact, Fukui function (f) and local softness have already been applied to a wide 

range of chemical problems, such as to study solute-solvent interactions [39, 40], stabilization 

of different tautomeric forms [41] and also to predict the reaction mechanisms of many types 

of reactions [42-44]. 

 Table 2 list the values of condensed radical Fukui functions and local softness, in 

terms of Hirshfeld charges, computed for azo nitrogen atoms and carbon atoms linked to azo 
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bond. Table S3 reports the condensed radical Fukui functions and local softness calculated 

from NPA charges. In order to obtain the best reactivity descriptor and the nature of the 

photocatalytic oxidation reactions of the substituted arylazo pyridone dyes, "softness-

matching principle" [45] was used. This principle is based on HSAB principle. According to 

the local HSAB principle, soft atoms react preferentially with other soft atoms and hard atoms 

with other hard atoms. For these reactions the difference between the oxygen atom of the 

attacking OH radical and the atom of arylazo pyridone dye (C5, N3, N4 or C6) that may 

undergo the radical attack was calculated for each of the investigated molecules. On 

inspection of the results presented in Table 2, it is conclusive that the hydroxyl radicals 

sustain attack from two reaction sites, depending on a dye employed. The attack occurs at the 

N4 nitrogen atom for all substituted dyes, except the one with NO2 substituent, that would 

sustain the attack on C5 carbon atom, linked to the pyridone ring. It follows that 

photocatalytic degradation of dye containing NO2 substituent proceeds through mechanism 

pathway, that differs from the ones of other dyes. These results explain our previous 

experimental finding, which revealed that only a dye compound that contains NO2 substituent 

deviates from Hammett correlation (Fig. 5). Maximal local reactivity indices, i.e. Fukui 

functions and local softness on N4 (for dyes with R=OH, OCH3, H, Cl, Br, COOH and CN) 

and on C5 (for R=NO2) are linearly related to the log(k/k0), Fig. 6 (R2=0.92 and R2=0.93 

respectively). The obtained results clearly demonstrate the power of the Hammett correlation, 

especially when accompanied with DFT calculations.  

 

4. CONCLUSION 

 

In this study, the effect of substituent in phenyl ring on the electronic properties and 

photocatalytic decomposition of synthesized 5-(4-substituted arylazo)-6-hydroxy-4-methyl-3-
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cyano-2-pyridones was studied. The results showed that electron distribution in the dye 

molecules varies depending on the characteristics of the substituent on the aromatic ring. 

The calculated atomic charges of azo nitrogen atoms and pyridone oxygen correlates well 

with Hammett σp constants, implying existence of resonance interactions between aromatic 

and heterocyclic ring.  

 The photocatalytic degradation of substituted dyes was performed using TiO2 in a 

basic media, under simulated solar irradiation. Experimentally obtained reaction rate 

constants were correlated with simple Hammett equation. The results showed that the reaction 

rate was inhibited by electron-donating substituents, and enhanced by electron-withdrawing 

ones. The development of a negative charge at the reaction site during the formation of the 

transition state is most likely a consequence of movement of negative charge from pyridone 

oxygen to reaction site. A better Hammett correlation is obtained by using the values of σ - for 

strong electron releasing substituent rather than those of σp, thus indicating the extent of 

resonance interactions between substituent group and reaction site. The facts that investigated 

dyes have complex structure, with more than one possible reactive site and that NO2 

substituted dye does not show good correlation, even using the corrected σ - Hammett 

constant, indicate possible change in mechanism pathway.  

 Quantum mechanical calculations were used in order to describe the initial mechanism 

of the photocatalytic oxidation reactions of arylazo pyridone dyes and to reveal mechanism 

changeover within the framework of the DFT. The reaction model used in the computational 

part of this study is the reaction between the arylazo pyridone dye and the photogenerated 

hydroxyl radicals. According to Fukui functions and local softness the hydroxyl radical attack 

preferentially occurs at the N4 nitrogen atom for all dyes except the one with NO2 substituent 

that sustains the attack on C5 carbon atom. The obtained calculations were used as a starting 

point for understanding the degradation mechanism of mentioned arylazo pyridone dyes. A 
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more detailed insight into the reaction mechanism would be provided by calculating the 

potential energy surfaces of the tested photocatalytic reactions. This complex task is planned 

to be the subject of our further investigation.  
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Fig. 1 Hirshfeld atomic charges of carbon atoms linked to azo bond (C5, C6), pyridone 

oxygen (O1) and azo nitrogen atoms (N3, N4) versus Hammett σp constant for the substituted 

arylazo pyridone dyes. 

 

 

 

 

 

Fig. 2 Relation between global softness (S), ionisation energy (Ei), electron affinity (Eea) and 

Hammett σp constant for the substituted arylazo pyridone dyes. 
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(a)                   (b) 

 

(c)   (d)     

      

 

 

Fig. 3 The molecular electrostatic potential for neutral (a) R= H and anionic form (b) R=H, (c) 

R=OH, (d) R=NO2 of substituted arylazo pyridone dye compounds. Potential decreases in the 

order blue > green > yellow > orange > red.  (For interpretation of the references to colour in 

this Figure legend, the reader is referred to the web version of the article.)  



 27

 

Fig. 4 Time-dependent photodegradation of aqueous solutions of substituted arylazo pyridone 

dyes (1×10−5 mol/dm3). Solid symbols are referred to dyes with electron-donating 

substituents, while empty symbols are referred to dyes with electron-withdrawing 

substituents.  

 

 

 

 

Fig. 5 The influence of substituent electronic effects on the apparent first-order rate constants 

of photocatalytic degradation of arylazo pyridone dyes. Solid symbols are referred to simple 

Hammett σp constants, while empty symbols are referred to σ - constants. 
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Fig. 6 Maximal radical Fukui functions (f0) and local softness (s0) calculated at M062X/6-

31+G(d,p) level of theory and NPA atomic charges for the substituted arylazo pyridone dyes 

versus log (kR/kH). 
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Scheme 1. Structure of studied 5-(4-substituted arylazo)-6-hydroxy-4-methyl-3-cyano-2-

pyridones with added nuclei labels; R= OH, OCH3, H, Cl, Br, COOH, CN, NO2. 
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Scheme 2 Anionic form of arylazo pyridone dyes: "resonance hybrid" between azo anion (A) 

and hydrazone anion (Hy ) canonical forms.  
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Table 1 Hirshfeld atomic charges and global softness (S) from M062X/6-31+G(d,p) 

calculations and determined kinetic parameters of photocatalytic degradation of substituted 

arylazo pyridone dyes.  

 

Substituent, 

R 

Hammett 

σp 

constantsa 

kapp
b 

[min-1] 

log 

(kR
c/kH

d) 

Atomic charge 

 

S 

[Hartree-1] 

    C5 N3 N4 C6 O1  

OH -0.370 0.017 -0.201 -0.0288 -0.0957 -0.1327 0.0237 -0.3582 18.8060 

OCH3 -0.270 0.019 -0.153 -0.0289 -0.0954 -0.1328 0.0241 -0.3592 19.6451 

H  0.000 0.027 0.000 -0.0273 -0.0928 -0.1343 0.0356 -0.3557 16.5006 

Cl  0.227 0.030 0.046 -0.0259 -0.0923 -0.1374 0.0368 -0.3534 13.4643 

Br  0.232 0.036 0.125 -0.0255 -0.0920 -0.1381 0.0381 -0.3526 12.9874 

COOH  0.450 0.045 0.222 -0.0217 -0.0897 -0.1407 0.0503 -0.3242 10.3819 

CN  0.600 0.071 0.420 -0.0209 -0.0902 -0.1425 0.0504 -0.3460 9.71810 

NO2  0.778 0.053 0.293 -0.0178 -0.0892 -0.1440 0.0545 -0.3421 7.88460 

a  the values are taken from Ref. [36], 

b apparent first-order rate constant,  

c apparent first-order rate constant of substituted dyes,  

d apparent first order rate constant of unsubstituted dye.
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Table 2 The condensed Fukui function (f0) and local softness (s0) for radical attack of azo 

nitrogen atoms (N3, N4) and carbon atoms linked to phenyl (C4) and pyridone ring (C5) of 

the substituted arylazo pyridone dyes calculated at M062X/6-31+G(d,p) level of theory and 

Hirshfeld atomic charges; Fukui function for OH radical=0.781; local softness for OH 

radical=1.550. Numbering system used throughout the calculations is shown in Scheme 1. 

 

Substitu

ent, R  

f0
a s0

b 

C5 N3 N4 C6 C5 N3 N4 C6 

OH 0.0529 0.0519 0.0782 0.0170 0.9954 0.9758 1.4704 0.3195 

OCH3 0.0526 0.0522 0.0774 0.0162 1.0328 1.0253 1.5196 0.3177 

H 0.0547 0.0522 0.0771 0.0179 0.9019 0.8609 1.2716 0.2954 

Cl 0.0545 0.0505 0.0742 0.0186 0.7338 0.6806 0.9994 0.2510 

Br 0.0543 0.0496 0.0727 0.0188 0.7055 0.6438 0.9438 0.2441 

COOH 0.0413 0.0723 0.0769 0.0263     0.4294 0.7509 0.7987 0.2734 

CN 0.0554 0.0451 0.0632 0.0232 0.5387 0.4379 0.6137 0.2255 

NO2 0.0566 0.0304 0.0460 0.0274 0.4459 0.2399 0.3626 0.2162 

a condensed radical Fukui function, 

b local softness. 


