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Abstract 

     Enol-Keto tautomerism in 1-[(E)-1,3-benzothiazol-2-ylazo]naphthalen-2-ol has 

been studied using the B3LYP functional of density functional theory (DFT) with 6-

31G(d,p) basis set. Relative and absolute energies, transition state geometries (TS), 

dipole moments, entropies, enthalpies and Gibbs free energies, equilibrium constants 

(KT) and rate of tautomerization (kr) were calculated. Also, the computations of 

geometries and vibration frequencies for the tautomers were calculated and 

compared. The results of the calculations showed that the enol form is the most 

stable form than other isomers, this might be due to intra-hydrogen bonding. The 

TS1 activation energies for tautomer A ↔ B, tautomer A ↔ C and tautomer B ↔ C 

are 92.65, 199.56 and 225.71 kJ/mol respectively. The TS1 is lower than TS2 by 

102 kJ/mol, showing that A ↔ B and B ↔ C paths are thermodynamic control and 

A ↔ C path is a kinetic control. The overall calculated KT ≈ 1, indicating that all 

tautomers present in significant proportions. 
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1. Introduction 

     Among other dyes, azo-dyes are of particular interest for chemists because they can be easily 

prepared with a wide range of donor and acceptor substituent. In addition, the planarity of the azo 

bridge is expected to contribute to enhancing electronic delocalization, and consequently, the optical 

activity [1]. Azo-dyes can be used in several analytical and biochemical applications such as redox, 

metallochromic acid-base indicators [2] and protein binder [3]. The interest of studying the 

tautomerism of heterocyclic compounds has grown in the past two decades due to the influence of 

tautomerism on chemical and biological activities. Enol- and keto-tautomers of azo dyes was first 

observed in 1884 by Zince and Bindenwald [4]. It although equilibrium (   
[    ]

[    ]
) tautomeric ratio 

is a solvent and a temperature dependent, theses tautomers may co-exist in a solution due to fast 

proton exchange [5-7]. The tautomeric form of azo dyes has been found to play a crucial role in 

designing efficient oxidation processes; which could minimize the toxicological effects such as the 

formation of carcinogenic amines [8]. 

     The recent investigations of tautomeric azo-naphthols are due to their differences in properties 

which should be made possible to be isolated. However, it has been shown that they are impossible to 

isolate individual tautomers by equilibrium switching [9,10]. Adequate knowledge about the 

molecular structure of a dye is key to understand its chemical and physical properties. Quantum-

chemical calculations are a veritable tool to study the tautomeric compounds, yet, the accuracy of the 

results might highly depend on the theories that have been used [11,12].   

            ISSN: 0067-2904 
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In one of our recent papers, we reported the electronic properties and the reactivity of 4-[(Z)-[4-

(trifloromethyl)-1,3-benzothiazol-2-yl]azo]naphthalen-1-ol (ortho-OH) and 1-[(Z)-[4-(trifloromethyl)-

1,3-benzothiazol-2-yl]azo]naphthalen-2-ol (para-OH)using Density Functional Theory (B3LYP/6-

31G*). The results revealed that structural relaxation was observed in para-OH isomer which led to 

thermodynamic stability for ortho-OH by 26.34kJ/ molover para-OH [13]; this was not in agreement 

with the reported experimental in the literature [14]. The stability of ortho-OH over para-OH could be 

attributed to hydrogen bond in the plane between one azo-nitrogen and para hydroxyl hydrogen (N---

HO; 1.962 Å) which would lead to tautomerization in ortho-OH. Therefore, analysis of geometrical 

and energetic changes of 3-[(E)-1,3-benzothiazol-2-ylazo]naphthalen-2-oltautomers that caused by the 

migration of hydrogen atom are necessary to gain an insight into the electronic properties of the 

tautomers. 

     In the present work, a quantum chemical method of Density Functional Theory(DFT) was used to 

study the mechanism of hydrogen transfer in tautomers, the geometrical structures, the electronic 

properties, and to calculate the tautomerization constant of the tautomers:1-[(E)-1,3-benzothiazol-2-

ylazo]naphthalen-2-ol (A), (1E)-1-(1,3-benzothiazol-2-ylhydrazono)naphthalen-2-one (B) and (1E)-3-

[(E)-3H-1,3-benzothiazol-2-ylidenehydrazono]naphthalen-2-one(C). Therefore, the tautomeric change 

in thermodynamics, equilibrium and kinetics properties are estimated from the theoretical point of 

view using (DFT) in aqueous medium. The schematic illustration of inter-conversion of 1-[(E)-1, 3-

benzothiazol-2-ylazo]naphthalen-2-ol tautomers through transition state are shown in scheme 1.  

Path A

Path B

Inter-conversion of B            C

(TS2)

1

213

3
2

(A)

(B)

(C)

(TS3)

(TS1)

 
Scheme 1-Tautomerization through transition states TS1, TS2 and TS3 with atoms numbering. 

 

2. Computational methods 

     The conformation search on 1-[(E)-1,3-benzothiazol-2-ylazo]naphthalen-2-ol and its tautomers 

were performed using semiempirical AM1 method Monte Carlo search algorithm and the lowest 

energy conformer of its conformational search was taken for DFT calculations [15]. The equilibrium 

geometry calculations were performed at density functional theory (Beckes’s three-parameter hybrid 

functional [16] employing the Lee, Yang and Parr correlation functional B3LYP [17]). Molecular 

properties and vibrational frequencies calculations for these molecules were performed at the same 

level of theory, however, the optimized structures in the gas phase were used for energy calculations in 
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aqueous medium. The convergence criteria for the geometry optimization and energy calculations are 

as in default parameters of the Spartan 14 program. 

     The reactivity of tautomers that are predicted based on DFT concept, ionization potential (IP) and 

electron affinity (EA) are determined using the energy variation for the compound derived from the 

electron transfer which could be approximated as; IP ≈ -EHOMO and EA ≈ -ELUMO, respectively, based 

on Koopman’s theorem [18]. The chemical hardness (η), the chemical potential (μ), softness (1/η) and 

electrophilicity index (ω) of a molecule are deduced form IP and EA values [19-25], this is shown in 

equations 1, 2 and 3: 

      (
  

 𝑁
)  ( )   

 

 
[ 𝑃    ]   

 

 
[           ]                                                                   ( )

 

η =  
 2 

 𝑁2  ( )   
1

2
[ 𝑃    ]   

1

2
[ 𝐻𝑂𝑀𝑂   𝐿𝑈𝑀𝑂 ]                                                   (2)  

                                                                                                                                                (3) 

     Thermodynamic parameters, equilibrium compositions and kinetics properties of tautomerization 

were calculated according to the following equations:   

     
         

  –       
                                                             (4) 

     Where      
   𝐻   

         
       change in free energy,enthalpy and entropy between the most 

stable tautomer and that of the less stable onece. 

     
                                                                       (5) 

     is the equilibrium constant, R is the gas constant, T =298 K 

          
(
     

 

  
)
                                                            (6)  

    The rate constant (     ) for the tautomerization is obtained directly from the activation energy, 

∆E*, according to equation 7: 

       
   

 
 
 
    

  
 
                                                                         (7) 

     Kb is the Boltzmann constant, h is the Planck’s constant, and    is the difference in energy of the 

transition state and stable tautomer,  

     At room temperature and when ΔG* is in kJ/mol,        is given by: 

     =            
 
    

  
 
                                                                        (8) 

     Also, the ratio of the tautomers is used to be calculated to establish the equilibrium composition of 

a mixture of tautomers such that: 

           ( )   
    

               ( )

∑  
               ( )

 

 
             ( )

∑          ( ) 
                                                        (9) 

Tautomer energies (Etautomer), given in atomic units, represent the energy of the lowest-energy isomer. 

3. Results and discussion 

3.1 Optimized geometries 

     The optimized 3-[(E)-1,3-benzothiazol-2-ylazo]naphthalen-2-ol tautomers and their inter-

conversion transition states at B3LYP/6-31G* levels of theory are displayed in Figure-1. Geometries 

parameters (bond lengths, bond angles, and dihedral angles) that are calculated for these compounds 

are listed in Table-1. The C1-C2 bond distance is 1.421Ǻ for A, 1.523Ǻ for B and 1.522Ǻ for C, 

respectively. The observed increase in C1-C2 bond distance for B and C compared to A is due to the 

decrease in double bond character. Similarly, the decrease in N1-C2 bond distance is due to the 

increase in bond force constant as a result of the increase in double bond nature in molecules B and C, 

Table-1. Comparing the compound of 1-[(E)-1,3-benzothiazol-2-ylazo]naphthalen-2-ol (A), and 

compound (1E)-1-(1,3-benzothiazol-2-ylhydrazono)naphthalen-2-one (B) in this work to 1-[(E)-1,3-

benzothiazol-6-ylazo]naphthalen-2-ol and (1E)-1-(1,3-benzothiazol-6-ylhydrazono)naphthalen-2-one 

[8],the calculated C2-N1, N2-C3 and C3-N3 bond distances are 1.372, 1.394 and 1.295 Ǻ for 

compound (A),and 1.303, 1.384 and 1.292 Ǻ for compound (B), respectively. These bonds were 

calculated to be 1.382, 1.411 and 1.289 Ǻfor 1-[(E)-1,3-benzothiazol-6-ylazo]naphthalen-2-ol,and 

1.325, 1.401 and 1.288 Ǻ for (1E)-1-(1,3-benzothiazol-6-ylhydrazono)naphthalen-2-one [8].Also, the 






2

2


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bond angles (C2-N1, C2-N3, and C3-N3) are 1.346, 1.382 and 1.294Ǻ for TS1; 1.327, 1.239 and 

1.371Ǻ for TS2; 1.315, 1.345 and 1.330Ǻ for TS3, respectively.  

 

 
Figure 1-Optimized structures of the studied tautomers and their inter-conversion transition states. 

 
Scheme 2-he possible positions of the lone pair electrons on molecules (B) and (C) 

 

     The N-N bond distance for (A), (B) and (C) are 1.274, 1.325 and 1.358Ǻ, respectively, These are 

bigger if compared to 1.272Ǻ for 1-[(E)-1,3-benzothiazol-6-ylazo]naphthalen-2-ol and 1.306Ǻ for 

(1E)-1-(1,3-benzothiazol-6-ylhydrazono)naphthalen-2-one [8]. However, the average Ar-N=N-Ar 

bond distance has been reported to be 1.255Ǻ [26], thus, Ar-N=N-Ar in compound A is lengthened by 

0.019 Ǻ which is comparable to 1.271 previously reported for 1-trifluoromethyl-4-
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dimethylaminoazobenzene [27]. The difference in N-N bond distance for (B) and (C) (in spite that N-

N is a single bond in both B and C) is due to the positions/arrangement of lone pair electrons on the 

nitrogen atoms (see scheme 2). N-N bond distance is 1.304, 1.305 and 1.316Ǻ for TS1, TS2 and TS3, 

respectively. The arrangement of lone pair electrons on the N-N atoms in (C) is also accounted for the 

lengthening of N-N bond distance in TS2 compared to TS1 and TS3 (scheme 2). The bond angle of 1-

[(E)-1,3-benzothiazol-2-ylazo]naphthalen-2-ol and its tautomers as well as  the transition states are 

different due to differences in geometrical structures of the molecules. For instance, C1C2 1 and 

 1 2C3 bond angles are 109.73 and 112.77  for (A), 117.13 and 119.34  for (B) and 110.68 and 108.68  

for (C). These bond angles are 121.98 and 117.80 for TS1, 124.27 and 122.47 for TS2 and 126.45 and 

178.64 for TS3, the bond angle in the transition states increased than the tautomers. The calculated 

dihedral angles show that the tautomers and the transition state geometries are planar; except molecule 

(B) which slightly distorts from planarity, Table-1.  

 

Table 1-Selected geometrical parameters for tautomers and the transition states 

Geometry A TS1 B TS2 C TS3 

C1-O 1.334 1.285 1.227 1.243 1.231 1.236 

C1-C2 1.421 1.444 1.523 1.498 1.522 1.496 

C2-N1 1.372 1.346 1.303 1.327 1.303 1.315 

N1-N2 1.274 1.304 1.325 1.305 1.358 1.316 

N2-C3 1.394 1.382 1.384 1.239 1.315 1.345 

C3-N3 1.295 1.294 1.292 1.371 1.358 1.330 

C3-S 1.770 1.775 1.776 1.874 1.761 1.736 

O-N1 2.553 - 2.688 - 2.610 - 

O-H1  1.904  1.829  - 

N2-H1  1.266 1.029 -  1.431 

N3-H1  -  1.029 1.009 1.338 

OC1C2 120.35 120.06 122.69 124.04 122.06 122.85 

C1C2N1 109.73 121.98 112.13 126.45 110.68 124.27 

C2N1N2 121.26 115.65 122.81 120.72 121.81 120.80 

N1N2C3 112.77 117.80 119.34 178.69 108.68 122.47 

N2C3N3 129.30 127.42 121.62 127.64 126.10 104.42 

N2C3S 114.44 116.00 120.00 126.39 122.36 140.04 

OC1C2N1 0.06 0.00 16.24 0.00 0.00 -0.70 

C1C2N1N2 179.94 0.00 175.70 0.00 180.00 -0.14 

C2N1N2C3 -179.81 180.00 -176.00 0.00 180.00 179.93 

N1N2C3N3 0.30 0.00 175.97  0.00 0.00 

N1N2C3S -179.77 180.00 -5.33  180.00 180.00 

 

3.2 Vibration frequencies 

     Vibrational spectroscopy is being used fororganic compoundscharacterization;this includes 

identification of functional groups and distinguishing molecular conformers and tautiomers. In quell to 

understand fairly complex systems, experimental vibrational modes coupled with theoretical results 

are now commonly used. Therefore in this work, theoretically calculated vibrational frequencies of 

tautomers (A), (B) and (C) are compared with other results for similar isomers calculated at the same 

level of the theory. The theoretical vibrational frequency values and the spectra of B3LYP/6-31G(d,p) 

level for three tautomers of (A), (B) and (C) are displayed in Table-2 and Figure-2, respectively. For 
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effective comparison, these compounds are compared with similar isomeric tautomers of1-[(E)-1,3-

benzothiazol-6-ylazo]naphthalen-2-ol (D) and (1E)-1-(1,3-benzothiazol-6-ylhydrazono)naphthalen-2-

one (E) which were reported by Pavlovic et al., [8]. The N-H and O-H vibrational frequency values 

showed a similar band profile. The calculated N-H was 3455cm
-1

with 15.42 intensity for tautomer (B), 

3478 cm
-1

with 56.04 intensity for tautomer C compared to 3445cm
-1

with 5.93km/mol intensity 

forE.νO-H for A and D are 3415 and 3505cm
-1

with intensities of 54.98km/mol and 147.06km/mol, 

respectively. Also, 3443 cm
-1 

was observed for similar compound of 4-[(E)-[4-(trifloromethyl)-1,3-

benzothiazol-2-yl]azo]naphthalen-1-ol [13].σ -Hbandscalculated at 629 and 691 cm
-1

 are assigned for 

tautomers (B) and (C), respectively, whereas for (E), it was calculated to be 643 and 562 cm
-1

. The 

calculated O-H and N-H vibrational frequencies for D and (E) are 3445cm
-1

and 3505cm
-1 

respectively. 

The νN-H experimentally observed at 3433cm
-1

for E. The calculated N=N stretching vibrations were 

1484cm
-1

 for (A) and 1513, 1469 and 1443cm
-1

 for (D), however, N-N stretching vibrations were 

calculated to be 1186cm
-1

 for (B), 1247, 1148 and 1091cm
-1

 for B, and 1310 and 1185 cm
-1

 for (E). 

The O–H out-of-plane, bending vibrations were calculated to be 818 and 931cm
-1

 for (A) and (D), 

respectively. 

     The aromatic C–H stretching vibrations for tautomers (A), (B) and (C) were calculated to be in the 

regions of 3232-3085, 3209-3054 and 3278-3048cm
-1

 respectively. They were also calculated for (D) 

and E in the regions of 3240-3179 and 3238-3170cm
-1

, respectively, and was experimentally observed 

for (E) at 3039 cm
-1

 [8] and 3055-3051 cm
-1

 for 4-[(E)-[4-(trifloromethyl)-1, 3-benzothiazol-2-

yl]azo]naphthalen-1-ol [13]. C–S stretching vibrations were calculated to be: 1231, 1068 and 716 cm
-1 

for A,1333, 1076, 713 and 699 cm
-1 

for B, and 1320, 1074 and 707 cm
-1 

for C. These were calculated 

at 1056, 814, 669 and 647 cm
-1 

for D, and 1057 and 662 cm
-1 

for E.vC=O stretching vibrations were 

calculated at 1757, 1733 and 1748 cm
-1

 for B, C and E, respectively. The aromatic bond of C=C which 

is coupled with C=N stretching vibrations for the tautomers A, B and C were calculated to be in the 

regions of 1642 and 1543 cm
-1

 for A; 1607 and 1598 cm
-1

 for B, and 1626 and 1537 cm
-1

 for C. They 

were calculated at 1657, 1647, 1619, 1609 and 1546 cm
-1

 for D, however, it was previously reported at 

1621 cm
-1

[8]. For E, it was calculated at 1639, 1592, 1571 and 1540 cm
-1

. They were also observed at 

1624, 1610 and 1512 cm
-1 

for 4-[(E)-[4-(trifloromethyl)-1,3-benzothiazol-2-yl]azo]naphthalen-1-ol 

[13]. Within the limitation of the theoretical method used, the calculated vibrational frequencies 

agreed with the experimental data. However, the calculated frequencies are observed to be slightly 

higher than the experimental data due to environmental conditions, and the fact that experimental is an 

inharmonic frequency whereas the theoretical is a harmonic frequency. Theoretical results can be 

improved as compared to experimental data by scaling the theoretical results [28-32]. 

 

Table 2- Selected vibrational frequencies of the studied tautomers at DFT/B3LYP/6-31G(d,p) 

A B C Assignemnt 

- 3455 (15.42km/mol) 3478 (56.04km/mol) ν(N-H) 

3415 (54.98) - - νOH 

3232-3085 3209-3054 3278-3048 νC-H 

- 1757 (201.58km/mol) 1733 (194.51km/mol) νC=O 

1642, 1543 1607, 1598 1626, 1537 νC=C + νC=  

- 1461 1411 π -H + νC=  

1231 1333 1320 νC-S 

1275 - - πOH + πC-H 

- 1265 1272 νC-NH 

1484 - - ν =N 

- 1186 1247, 1148, 1091 ν -N 

1068, 1077 1076 1074 νC-S 

818 - - σOH 
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716 699, 713 707 νC-S 

- 629 691 σ -H 

ν, stretching; π, in-plane bending; σ, out plane bending; *frequencies in bracket are taken from 

reference[8]. 

 

 

 
Figure 2-Simulated IR spectra at DFT/B3LYP/6-31G(d,p). 

 

3.3 Stability and Equilibrium properties 

     The total and relative energies at DFT/6-31G (d,p) level of the tautomers of 1-[(E)-1,3-

benzothiazol-2-ylazo]naphthalen-2-ol are presented in Table-3. Since it is the most stable tautomer (A) 

is taken as a reference to obtain the relative energetic stability of the other two tautomers. The total 

energies of (A), (B) and (C) are  -1292.10124, -1292.0836 and -1292.09105au, respectively, indicating 

that (A) is relatively more stable tautomer than B and C by 46.24 and 26.75 kJ/mol, respectively. 

Thus, the order of stability are (A) > (C) > (B). This means that enol tautomer is stable and this may be 

due to hydrogen bond formation between –OH and N1 (-OH - - - N1; 1.946 Å).  

     The HOMO, LUMO and frontier molecular orbital energy gap (∆EHOMO-LUMO), shown in Figure-3, 

for the tautomers are: -5.71, -280 and 2.91eV for A; -5.79, -2.67 and 3.12eV for (B); -5.54, -2.44 and 

31.0eV, respectively. ΔEg, η, and σ show that the tautomer has lowest band gap energy, chemical 

hardness and highest softness, thus, (A) is expected to be more reactive and more electrophilic (ω = 

3.118 eV) than other tautomers. This is in agreement with the low value of LUMO energy and the 

order of stability; indicating tautomer A can readily accept an electron from the aqueous medium. This 

means (A) > (B) > (C). The magnitude of the dipole moment is inversely related to the tautomeric 

stability. The calculated dipole moments of the studied tautomers are found to be 1.43, 2.79 and 

4.63Debye for enol tautomer (A), keto (C) and keto (B), respectively. The highest value of the dipole 

moment was found in case of keto (B) while the lowest one was found in the case of enol (A) [33]. 

The dipole moments for TS1, TS2, and TS3 are 1.32, 1.78 and 4.79Debye, respectively. This 

corresponds to the change in ΔEg between the stable tautomers (ΔEg) and the transition states. ΔEg(A ↔ 

TS1), ΔEg(A ↔ TS2) and ΔEg(B ↔ TS3) are 0.67, 0.78 and 1.11 eV, respectively, this means that the barrier 

high for A ↔ B is expected to be lower than the barrier high for A ↔ C, likewise, the barrier high for 

A ↔ C is also expected to be lower than that for B ↔ C.  
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     Transition state (TS) for the reaction mechanism is explored by locating the stationary point on the 

potential energy surface at B3LYP/6-31G(d.p) level. The activation energy barrier for the 

tautomerization of A ↔ B through TS1 is 92.65 kJ/mol and for A ↔ C through TS2 is 

199.56.Theinter-conversion of B ↔ C through TS3 is 225.71 kJ/mol (see Figure-4). These values 

agree with the change in ΔEg between the stable tautomers (ΔEg) and the transition states (TS). TS1 

for A ↔ B is lower than that of A ↔ C by 102 kJ/mol, indicating that A ↔ B path is a thermodynamic 

control, whereas A ↔ C path is a kinetic control. TS3 for B ↔ C is about 25 kJ/mol, this is higher 

than A ↔ C process, therefore, the inter-conversion of B ↔ Cwill be grossly solvent assisted which 

may lead to spontaneous process. The mole fraction of the tautomers (azo, A and hydrazine, B and C) 

in aqueous are: 0.3364 (33.64 %) for A, 0.3306 (33.06 %) for B and 0. 3330 (33.30 %) for C. The 

rates of inter-conversion show a magnitude of 10
12

, this agrees with the estimated mole fraction of the 

tautomers. Though, the ratio of the two tautomers is described by the equilibrium constant KT, and its 

computed absolute values. KT> 1 indicating a preference for the enol tautomer (A) relative to the keto 

ones (B) and (C). However, the absolute value of KT highly depends on the accuracy of the evaluation 

of the free energy, also, determinate the privileged direction of equilibrium. 

 
Figure 3-HOMO, LUMO and Frontier Molecular orbital energies diagrams. 
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Table 3-Electronic properties of the tautomers and the transition state complexes in aqueous solution 

 A B C TS1 TS2 TS3 

Total energy 

(au) 

-

1292.1012

4 

-

1292.0836 

-

1292.09105 

-

1292.06595 

-

1292.02528 

-

1292.00508 

Energy diff. 

(au)/kJ/mol 
0.00/0.00 

0.01761/ 

46.24 

0.01019/ 

26.75 

0.03529/ 

92.65 

0.07601/ 

199.56 

0.09616/ 

225.71 

EHOMO (eV) -5.71 -5.79 -5.54 -5.45 -5.07 -4.87 

ELUMO (eV) -2.80 -2.67 -2.44 -3.21 -2.94 -2.88 

ΔEg = EHOMO - 

ELUMO(eV) 
2.91 3.12 3.10 2.24 2.13 1.99 

η (eV) 1.455 1.560 1.550 1.120 1.065 0.995 

μ (eV) -4.26 -4.22 -3.99 -4.33 -4.005 -3.875 

Softness = (1/η) 0.687 0.641 0.645 0.893 0.939 1.009 

ω (eV) 3.118 2.854 2.560 4.185 3.765 3.773 

D.M (Debye) 1.43 4.63 2.79 1.32 1.78 4.79 

ZPEº (kJ/mol) 643.31 643.23 642.96 630.87 636.01 626.32 

Hº(kJ/mol) 682.91 683.34 682.92 675.33 680.87 672.24 

Sº(J/mol) 489.99 493.12 492.27 544.17 548.81 556.17 

Gº(kJ/mol) 536.82 536.31 536.15 513.09 517.24 506.42 

fraction of 

Tautomer 
0.3364 0.3306 0.3330 

 

% Composition 33.64 33.06 33.30 

 

Table 4- Equilibrium and kinetics parameters in aqueous solution 

      
 au (kJ/mol) ∆E* au (kJ/mol)    (au) KT kr (10

12
) 

A          B 
-1.94x10

-4
 

(-0.51) 

-0.03529 

(-92.65) 

-9.04 x 10
-3

 

(-2.374) 
1.002059 6.14 

A           C 
-2.55x10

-4
 

(-0.67) 

-0.07601 

(-199.56)8 

-9.46 x 10
-3

 

(-2.484) 
1.000271 6.14 

B           C 
-5.09x10

-5
 

(-0.134) 

-0.08597 

(-225.71) 

-1.14 x 10
-2

 

(-2.993) 
1.000054 6.13 

1 au = 2625.5kJ/mol. 
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Figure 4-Overall reaction energy profiles in aqueous solution. 

     The thermodynamic functions based on vibrational analysis and statistical thermodynamics such as 

heat capacity entropy (∆Sº), enthalpy (Hº) and Gibbs free energy (Gº) were calculated and listed in 

Table-3. Hº, Sº and Gº are: 682.91 kJ/mol, 489.99 J/mol and 536.82 kJ/mol for tautomer (A); 683.34 

kJ/mol, 493. 12 kJ/mol and 536.31 kJ/mol for tautomer B; and 682.92 kJ/mol, 492.27 J/mol and 

536.15 kJ/mol for tautomer C, respectively.       
 for A ↔ B is -0.51 kJ/mol, for A ↔ C it is -0.67 

kJ/mol, and for B ↔ C      
 is -0.134 kJ/mol (Table-4), this shows that tautomerization is a 

spontaneous process. 

Conclusion 

     Tautomerism would highly affect chemical properties, biological properties and hence, industrial 

applications of azo molecules. Enol tautomer was found to be the most stable among others studied in 

this work. Tautomerization paths showed that A↔B and A↔C paths are thermodynamically and 

kinetically controlled respectively, which might be assisted by the fast hydrogen migration, this is 

concluded from the magnitude of the reaction rate constant. KT and the mole fraction of the tautomers 

showed that enol tautomer is more abundant in tautomers mixtures of the aqueous medium, and hence, 

it is the more favorable. 
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