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PREFACE 

 

 The basic structure requirement for prototropic tautomerism is the existing of 

labile proton in the molecule. This requirement is manifested in the case of azo dyes 

containing OH or NHR group conjugated with the azo group and these dyes exist as 

tautomeric azo-hydrazo mixture in solution and solid phase. Since the tautomeric 

ratio is quite important task for the industrial application of the dyes, the 

investigations of the azo-hydrazo tautomerism are of present interest as in 

theoretical as well as in practical aspect. It should be noted only that a statistical 

evaluation shows theoretical possibility for tautomerism in 92% of the monoazo dyes 

published in Colour Index [1]. 

 In the case of this study the azo (A) -quinonehydrazone (H) tautomerism in 

the following dyes: 

 

N

N O

H N

N O

H

azo form                                                              hydrazo form

R R

 
I. R=H 

II. R=p-CH3     III. R=m-CH3 
IV. R=p-OCH3     V. R=m-OCH3  
VI. R=p-N(CH3)2    VII. R=m-N(CH3)2 
VIII. R=p-NH2     IX. R=m-NH2 
X. R=p-F     XI. R=m-F 
XII. R=p-COCH3    XIII. R=m-COCH3 
XIV. R=p-CN     XV. R=m-CN 
XVI. R=p-NO2     XVII R=m-NO2 
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XXIV 

 

was investigated by using of quantum-chemical calculations, and the results 

obtained were compared with our previously spectral investigations in order to find 

some relations between them and to make an attempt for explanation of this 

complex phenomenon in solution. 
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INTRODUCTION 

 

 The A-H tautomerism of I has been observed for the first time before more 

than one century by Zince & Bindenwald [2], who showed that I can be synthesized 

by using of two different reactions: 

 - coupling reaction between aminobenzene (its diazonium salt) and 1-

naphthol; 

 - condensation reaction between phenylhydrazine and 1,4-naphthoquinone. 

 They explained this fact by fast proton exchange in solution and therefore 

existing of A-H tautomeric equilibrium, which was confirmed by chemical evidences 

for co-existence of hydroxy and carbonyl groups [3]. Kuhn & Bar [4] proved the 

existence of this equilibrium by using of UV-Vis spectroscopy and comparing the 

spectra of I measured in different solvents with those of model compounds where 

the movable proton is replaced with methyl group. 

 The A-H tautomeric equilibrium has been investigated qualitatively for many 

derivatives of I, XVIII and XXIV and in different solvents and it was found that the 

tautomeric ratio (defined as tautomeric constant KT=[H]/[A]) between both 

tautomeric forms depends on the dye structure and environmental factors.  

 Unfortunately due to the high rate of proton exchange between both 

tautomeric forms they can not be separated experimentally and therefore for long 

time it was not possible to make an exact investigation on A-H tautomeric 

equilibrium as well as the factors determining KT. For this reason it was possible to 

make most often qualitative conclusions only by observation of the spectra 

measured or to utilize some semi-quantivative approaches, in which "model 

compounds" were used for this purpose [4]. However, resently a new method for 

quantitative analysis of tautomeric equilibria [5], based on resolution of overlapping 

bands technique in spectroscopy, has been developed. With this method the 
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tautomeric equilibrium in I, XVIII and XXIV was investigated in different solvents 

[6-9]. 

 

CHEMICAL STRUCTURE 

 

 The structure factors are decisive for the position of the tautomeric 

equilibrium. In the case of XVIII and XXIV the existence of intramolecular hydrogen 

bonding leads to additional stabilization of the tautomeric equilibrium upon external 

influences such as solvent effect and substituents in the phenyl ring. In this case H-

form is more stable than in I. In the case of I such stabilization is not possible and A-

H equilibrium is more responsitive to external influences [10]. 

 The properties of the substituents (donors or acceptors) quite remarkable 

influence the equilibria. Experimental [6,7,11,12] and theoretical AM1 [13] 

investigations show the general tend that acceptor substituents on para position in 

the phenyl ring stabilize more the H-form whereas donor ones are favourable for the 

A-form. In [6,7] by quantitative analysis of the tautomeric equilibrium it was depicted 

that KT increases in the order: p-OCH3 < p-CH3 < H < p-Cl < p-COCH3 < 

p-NO2 and a good correlation of the pKa-values with the σo-constants of these 

substituents was found. 

 

ENVIRONMENTAL FACTORS 

 

 Although the structure factors are decisive for the A-H tautomeric equilibrium, 

the chemical environment also has strong effects. Changes in the environment often 

cause changes in the KT. Most important in this case are solvents, temperature and 

the physical condition (solution or solid phase). 

 

SOLVENT EFFECT 
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 It was suggested that specific polar interactions and intermolecular hydrogen 

bonding determine the position of the tautomeric equilibrium, especially in the case 

of I. It was shown experimentally that the increase of the solvent polarity (without 

ability for hydrogen bonding) favours the more polar H-form [14], but in the case of 

solvents forming hydrogen bonding this rule can not be applied. For example 

Hempel [15] found that ethanol stabilize more H-form, but Kishimito [12] mentioned 

that in the case of I the tautomeric equilibrium is shifted towards A-form in pyridine, 

acetone, methanol and ethanol, whereas in chloroform the H-form is dominating. Of 

course it should be pointed out that these conclusions are only qualitative ones. In 

general Reeves & Kaiser [16] mark that there is not a correlation between the 

dielectric constants of the solvents and the tautomeric equilibrium position and this 

fact can be explained with the specific interaction between dye molecule and its 

solvent micro environment. The analogous conclusion has been made by Mitsuishi 

et al. [17] by investigating the A-H equilibrium of I in binary water-organic solvents. 

They have found that KT is different in different binary mixtures in spite of the same 

dielectric constants. 

 The existence of specific interactions has been confirmed in [6,8,9] after 

calculating the tautomeric constants of I, XVIII and XXIV in different solvents. It has 

been found that in the case of I KT increases in the following order: 

i-octane < DMFA ≈ ethanol < DMSO < methanol ≈ ethyl acetate ≈ acetone 

< acetonitrile < 50% ethanol/water < chloroform < methylene chloride ≈ 

formamide < water. 

 This general trend is valid also in the cases of XVIII and XXIV, but the 

differences are smaller because of the stabilizing intramolecular hydrogen bonding. 

 It can be suggested that two factors are mainly responsible for this trend: 

- selective solvation, depending on the structure of the solvent [16,18]; 

- the solvent's ability to form stronger intermolecular hydrogen bonds with a particular 

tautomeric form. 
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EFFECT OF THE TEMPERATURE 

 The temperature effects has been studied by using mainly NMR and UV-Vis 

spectroscopy [19-23]. It was shown that in CH2Cl2 the tautomeric equilibrium in 

XVIII is shifted towards H-form with ∆H=-1.38 kcal/mol. This conclusion has been 

confirmed by low temperature absorption spectra [19,22]. Fischer [19,23] showed 

that in the case of I, the decrease of the temperature favours A-form in ethanol and 

H-one in methylcyclohexane (∆H=-2±0.2 kcal/mol). By using of NMR spectroscopy, 

it was shown that the increase of the temperature moves the equilibrium towards A-

form [24] for IV and XX. The absorption spectra of I in formamide has been 

measured [6] at different temperatures and the thermodynamic parameters of the 

tautomeric equilibrium have been calculated. It has been found that ∆H=-2.5 

kcal/mol and ∆S=-7.8 e.u., which suggests that the process A→H is exothermic and 

the entropy increase and enthalpy decrease will favour it. 

PHYSICAL CONDITION 

 Since the dyes investigated are used as pigments, their colour properties 

depend on their crystal structure as well as on the position of the tautomeric 

equilibrium in solid state. From IR-investigations of I, XVIII and XXIV, it has been 

shown that both tautomeric forms co-exist in the crystal lattice [25-27] and this was 

called "mixed tautomeric crystal lattice". Recently new 13C NMR and X-ray data for 

XVIII [28,29] confirm this conclusion. The bond lengths determined for N-N bond 

are between the average values [30] for single and double bond, but nearer the first 

one. Therefore a conclusion can be made that in solid state H-form is dominating. 

 Nishimura et al. [31] calculated the heat of formation of A-form of I (∆

H=70.52 kcal/mol) and that of H-form (∆H=71.36 kcal/mol), namely A-form is more 

stable in gas phase.  
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EXPERIMENTAL PART 

 

 The quantum chemical calculations was performed on Cray C90 

supercomputer as follows: 

- AM1 method [32] for calculation of the structures, heat of formation (∆H) and 

electronic properties of the molecules I-XXIV by using Unichem 3.0 package 

(Cray Research Inc.); 

- ab initio calculations (HF/3-21G and HF/6-31G**) of I, XVIII and XXIV by 

using Gaussian'94 [33]. 

 The molecular orbital diagrams was drawn on Silicon Graphics station by 

using AVSTM Chemistry Viewer 1.5 (Molecular Simulations Inc.). The Chem3D+ 

3.1.1 for Macintosh (Cambridge Scientific Computing Inc.) was used also. 

 Spectroscopic calculations (prediction of the absorption maxima and 

transition moments) were carried out on the structures obtained by AM1 method by 

using of AM1-TDHF method [34] 

 The absorption spectra used were measured on PE Lambda 17 UV-Vis 

spectrophotometer and were processed previously by original methods and 

programs for analysis of tautomeric equilibria [5,35,36]. The position of the bands 

was estimated by second derivative spectroscopy [37]. 
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RESULTS AND DISCUSSION 

 

AM1 CALCULATIONS 

 The initial calculations of the structures of the tautomeric forms of I-XXIV 

were carried out using AM1 method. However the resulting structure for the 

tautomeric forms of I were found to be nonplanar. In the A-form structure the phenyl 

ring was twisted by 19.5° to the N=N bond plane, whereas naphthyl ring was 

twisted by -18°. In H-form, the naphthyl ring was in envelope conformation, totally out 

of planarity. These results were in disagreement with X-ray data [38] available for 

some derivatives of I, as well as the fact the H-form shows fluorescence in solution 

[14]. The heats of formation obtained showed that in gas phase A-form is more 

stable in accordance with the experimental results for solution and gas phase 

[6,19,31]. Therefore the further calculations of I as well as its derivatives (II-XVII) 

were performed with all atoms from the base structure consrained to lie in the same 

plane. The resulting modified structures for I were found to be higher in energy only 

by 0.3 kcal/mol (0.04 kcal/mol and 0.28 kcal/mol for A and H-form resp.) than those 

from the unconstrained structure optimization, keeping the general trend of A-form 

being more stable. It was also found that the trans conformation of the phenyl and 

naphthyl rings is energetically preferred to the corresponding cis arrangement 

because of steric hindrance. In the case of meta substituents it was observed that 

the cis conformation o the naphthyl ring is more stable. 

 The resulting structures for the compounds XVIII-XXIV have been found to 

be planar without constraining, probably due to the intramoleculat hydrogen bonds. 

The A-form has been obtained as being more stable. 

 The calculation results for I and its derivatives, XVIII and its derivatives and 

XXIV are collected in Table 1, together with the values of σo for the corresponding 

substituens [39] and KT values in ethanol [7-9]. 

Table 1. Calculated data for the compounds I-XXIV 
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Comp. substituent σo µA 
 

[debye] 

µH 
 

[debye] 

∆HA 
 

[kcal/ 
mol] 

∆HH 
 

[kcal/ 
mol] 

KT 
 

  [H] 
[A] 

II p-CH3 -0.15 0.843 4.449 68.39 76.96 0.422 

III m-CH3 -0.07 0.524 4.443 68.65 77.13  

IV p-OCH3 -0.12 0.608 4.525 37.87 47.34 0.173 

V m-OCH3 0.13 1.251 2.960 38.73 46.87  

VI p-N(CH3)2 -0.44 2.458 6.250 84.29 93.95  

VII m-N(CH3)2 -0.15 1.093 5.108 85.80 93.81  

VIII p-NH2 -0.38 2.190 5.773 73.79 83.51  

IX m-NH2 -0.14 1.352 4.846 75.19 83.12  

I H 0 0.744 4.265 76.18 84.69 0.655 

X p-F 0.17 1.955 2.412 30.94 40.05  

XI m-F 0.35 2.354 3.615 31.57 40.03  

XII p-COCH3 0.46 3.373 1.875 39.57 47.35 2.106 

XIII m-COCH3 0.34 3.506 1.724 39.36 48.55  

XIV p-CN 0.69 4.106 0.894 108.05 116.13  

XV m-CN 0.62 4.093 4.080 108.10 117.19  

XVI p-NO2 0.82 6.617 3.171 80.31 87.98 3.273 

XVII m-NO2 0.70 6.068 5.090 80.36 89.94  

        

XIX p-CH3 -0.15 1.185 1.763 68.26 71.34  

XX p-OCH3 -0.12 2.169 2.855 37.79 41.58  

XVIII H 0 0.884 1.625 76.06 79.01 0.724 

XXI p-COCH3 0.46 2.282 2.211 39.54 41.83  

XXII p-CN 0.69 3.512 4.166 108.09 110.55  

XXIII p-NO2 0.82 6.012 6.825 80.47 82.38  

        

XXIV H 0 0.495 0.806 75.26 77.46 2.115 

 

 The data from Table 1 allow one to make a correlation between the relative 

heat of formation (∆HH-∆HA) and σo in the case of I and its derivatives (Fig. 1). 

 The Figure 1 shows that with increasing the σo (i.e. change of the properties 

of the substituent from donor towards acceptor) in the case of p-
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Figure 1. The relations between the relative heat of formation of para (♦) and meta 

(O) substituents of I and σo. 

 

substituents the relative heat of formation decreases, which leads to shift of the 

tautomeric equilibrium towards H-form. This conclusion is clearly supported by the 

data for KT presented in Table 1. The opposite effect can be observed in the case 

of m-substituents and it is well illustrated in Figures 2 and 3. There are two possible 

suggestions for this correlation: 

1. It could mean that the donor substituents on m-position in the aromatic ring will 

favour the H-form and the acceptors - A-one. But it is unlikely to be true, since it is in 

disageement with our previous PPP calculations [6] and with the HOMO-LUMO 

molecular orbital diagrams from the present calculations, which show that the 

general effect of the substiuents does not depend on the 
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Figure 2. Electronic density diagrams of A-form of: a) VI; b) I; c) XVI. 
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Figure 3. Electronic density diagrams of A-form of: a) VII; b) I; c) XVII. 
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position, although the general effects in the case of m-substituents are not so clear. 

2. Most probably it means that the effects of meta substituents are qualitating the 

same as para ones, but the relative changes in the case of meta could be slight 

and not so remarkable. 

 Unfortunately there are not experimental results in the case of meta 

substituents and last allegation can be supported only partially by the fact that in the 

case of m-SO2CH3 (σn=0.67) the KT =0.64 [6], i.e. smaller than the same value 

for p-COCH3 derivative, where σo=0.46 and KT =2.106. 

 According to the recent development of the theory for hard and soft acids and 

bases [40] any molecule can be classified relatively as hard or soft acid or base. 

This classification can be manifested by two characteristics: hardness (η) and 

electronegativity (χ). The electronegativity is a measure for ability of the molecule to 

attract electrons to itself and the acid must be more electronegative than the base. 

The hardness in the cyclic conjugated systems is a measure for the aromaticity, high 

aromaticity means high stability and this is the description of the principle of 

maximal hardness [41]. Since both characteristics are relative ones it was 

interesting to investigate the changes in the hardnesses and electronegativities of 

A- and H-forms upon the influence of the substituens. According to the molecular 

orbital theory η and χ can be defined as follows: 

 

χ =
− −EHOMO ELUMO

2
 

η =
−ELUMO EHOMO
2

 

 

which allows both parameters to be estimated by using the results from AM1 

calculations. This was made and results are depicted in Table 2. 
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Table 2. Calculated values for the energies of HOMO and LUMO, and values for 
the hardnesses and elctronegativities of both tautomeric forms of I-XVII. 

  A- form H- form     

Comp. σo 
LUMO 

 
[eV] 

HOMO 
 

[eV] 

LUMO 
 

[eV] 

HOMO 
 

[eV] 

ηA ηH χA χH 

II 
 

-0.15 -0.925 -8.332 -1.098 -8.298 3.703 3.600 4.629 4.698 

III 
 

-0.07 -0.924 -8.364 -1.132 -8.346 3.719 3.607 4.644 4.739 

IV 
 

-0.12 -0.901 -8.282 -1.119 -8.198 3.690 3.539 4.591 4.658 

V 
 

0.13 -0.995 -8.411 -1.198 -8.404 3.707 3.602 4.703 4.801 

VI 
 

-0.44 -0.781 -8.015 -1.032 -7.908 3.616 3.438 4.398 4.470 

VII 
 

-0.15 -0.882 -8.264 -1.089 -8.240 3.690 3.575 4.573 4.664 

VIII 
 

-0.38 -0.812 -8.109 -1.059 -8.003 3.648 3.472 4.461 4.531 

IX 
 

-0.14 -0.914 -8.334 -1.116 -8.306 3.710 3.595 4.624 4.711 

I 
 

0 -0.944 -8.378 -1.151 -8.372 3.717 3.610 4.661 4.761 

X 
 

0.17 -1.088 -8.441 -1.265 -8.440 3.676 3.587 4.765 4.853 

XI 
 

0.35 -1.096 -8.480 -1.265 -8.542 3.691 3.638 4.788 4.904 

XII 0.46 -1.239 -8.509 -1.373 -8.592 3.635 3.609 4.874 4.982 

XIII 0.34 -1.114 -8.517 -1.296 -8.547 3.701 3.625 4.815 4.922 

XIV 0.69 -1.323 -8.574 -1.437 -8.748 3.625 3.655 4.948 5.092 

XV 0.62 -1.191 -8.540 -1.338 -8.625 3.674 3.643 4.865 4.982 

XVI 0.82 -1.669 -8.733 -1.685 -8.947 3.532 3.631 5.201 5.316 

XVII 0.7 -1.400 -8.635 -1.486 -8.798 3.617 3.656 5.018 5.142 

  

An interesting relation has been found between the relative hardnesses (ηH-

ηA) and σo (Figure 4). It shows that with increasing the Hammett constants of the 

substituents, the relative hardness increases. This means, according to the principle 
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of maximal hardness, that the tautomeric equilibrium shifts towards H-form upon 

change of the character of the substituent. This effect is remarkable in the case of 

para substituents, where the correlation coefficient is 0.95. In the case of meta 

substituents the effect is slighter (with smaller slope), but it practically solves the 

discussion mentioned above. 
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Figure 4. Relation between the reative hardness (◊ and o for para and meta 

substituents resp.), KT for some para substituents (*) and σn in the 
case of I. 

 

 It was interesting to calculate the transition energies and transition moments 

for the molecules investigated and to compare them with the experimental data 

available. For this purpose the AM1-TDHF method was performed [34] using the 

structures optimized previously. The results obtained for the unsubstituted dyes are 
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presented in Table 3 together with the experimental data (λmax and oscillator 

strength ƒ) for the absorption bands in solution [7-9]. In general calculation results 

are in good agreement with the experimental ones, especially for the A-form. The 

AM1-TDHF method correctly predicts the existence of two long wavelength bands 

in the spectrum of the A-form, one of them with small intensity. The results for the H-

form confirm the observations of Gabor at al. [42] at low temperatures for existing of 

vibronic structure of its long wavelength band. It is also worth to note that the ratios 

between the oscillator strengths (calculated and experimental) of both tautomeric 

form are practically the same. For example the ratio between the experimentally 

obtained oscillator strengths of H- and A-forms for XXIV is 2.19 and the that from 

the calculated transition moments is 2.13. 

 

 
Table 3. Experimental (for I in ethanol, XVIII in tetrachloromethane, XXIV in i-

octane) and calculated data (AM1-TDHF) for the long wavelength 
absorption band. 

Dye A-form H-form 
 Exp. data Calc. data Exp. data Calc. data 
 λ

max[n
m] 

ƒ λ

max[n
m] 

ƒ* λ

max[n
m] 

ƒ λ

max[n
m] 

ƒ* 

I 413**4
04**40

7*** 

0.0030
.3120.
315# 

409 
390 

0.6380
.0480.
676# 

499**4
72**47

9*** 

0.0950
.3760.
471# 

418 1.055 

XVIII 426**3
71**42

0*** 

0.2280
.1840.
412# 

41138
5 

0.4790
.0280.
507# 

507**4
83** 

473** 
487*** 

0.103 
0.041 
0.301 
0.445# 

434 0.606 

XXIV 423*** 0.139 40938
3 

0.3810
.0160.
397# 

526**5
05**47
4**487

*** 

0.0220
.0440.
2390.3

05# 

439 0.846 

* Transition moments; ** Individual band position; *** Observed position; # Total. 
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 The AM1-TDHF method was performed also for these substituted dyes, 

where the experimental data for the band positions are available. The results are 

collected in Table 4. Again a good agreement for the spectral characteristics (very 

closed results) of A-form can be seen. In spite of not good general correlation 

(partially the reason for this is the lack of experimental data in solvent without ability 

for hydrogen bonding, like i-octane) between the calculated and experimental data 

(for both A- and H-forms) it should be noted that AM1-TDHF describes correctly 

the general effect of the substituents on the position of the bands. 

 
Table 4. Experimental (in ethanol) and calculated values (AM1-TDHF) for the 

position (λmax in nm) of the long wavelength band of some substituted 
dyes I and XVIII. 

para I XVIII 
R A H A H 
 Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. 

CH3 406 41139
0 

484 42041
8 

- 41438
6 

- 44143
7 

OCH3 407 41339
0 

455 428 418* 417 
386 

460* 442 
440 

H 40740
5* 

40939
0 

47946
0* 

418 419 41138
5 

487 434 

COCH3 436 41240
3 

472 422 428*4
02* 

41540
3 

486* 44343
6 

CN 432* 41539
0 

455* 42341
4 

412*3
98* 

41838
6 

482* 44543
6 

NO2 444 419 
390 

497 422 417* 422 
387 

489* 447 
435 

*Values in CH2Cl2 determined by second derivative spectroscopy [33,34]. 

 

Ab initio CALCULATIONS 

 

 Since it is well known that in the case of azo compounds the ab initio 

calculations give better results than AM1 ones [43], the ab initio HF/3-21G 

method was applied initially for the compounds I, XVIII and XXIV. The geometry in 

all cases was predicted correctly to be planar, but erroneously H-form has been 
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found more stable. Therefore using the optimized geometries from HF/3-21G 

basis set as initial approximations further HF/6-31G** basis set has been used. 

The stability of the optimized structures was proved by vibrational analysis [33]. In 

order to confirm the reliability of the results obtained some selected bond lengths 

and angles of XVIII (Figure 5) are compared in Table 5 with the existing 

experimental X-ray data [28,29]. 

 

 

 

 

 

 
Figure 5. Schematic presentation of XVIII. 
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Table 5. Experimental and calculated bond lengths (in angstroms), angles (in 
degrees) and dipole moments (in debays) for XVIII. 

 AM1 3-21G 6-31G** X-ray 
 H A H A H A [29] [28]* 

C3-N7 1.423 1.434 1.397 1.424 1.398 1.420 1.415 1.406 
N7-N8 1.297 1.233 1.326 1.248 1.297 1.226 1.314 1.308 
N8-C9 1.333 1.424 1.291 1.403 1.286 1.403 1.340 1.338 

C10-O11 1.247 1.366 1.235 1.347 1.212 1.327 1.267 1.261 
         

C3-N7-N8 121.9 120.0 120.2 116.7 121.1 116.3 119.0 118.9 
N7-N8-C9 124.5 121.0 122.8 118.9 123.3 118.3 118.5 118.4 
N8-C9-C10 125.3 126.8 117.7 123.8 117.2 124.7 124.1 123.9 

C9-C10-
O11 

121.9 126.6 121.7 123.5 122.0 124.3 121.7 121.3 

         

µ 1.625 0.884 2.086 1.447 2.028 1.163   

* at 213K 
 

 As it can be seen from Table 5 the experimental bond lengths and angles lie 

between calculated values for A- and H-form, which is in accordance with the fact 

that the tautomeric equilibrium exists even in solid state [28]. It is worth to note also 

that the data from Table 5 are in good agreement with statistically evaluated limits 

[30] for bond distances involved in azo linkage (1.37Å<R(C3-N7)<1.49Å; 

1.20Å<R(N7=N8)<1.28Å) and hydrazo linkage (1.35Å<R(C3-N7)<1.47Å; 

1.30Å<R(N7-N8)<1.43Å; 1.26Å<R(N8=C9)<1.33Å).  

 The results for the energies of the tautomeric forms obtained in comparison 

with the heats of formation from AM1 are presented in Table 6. 

 The value for A-H gap of I calculated with HF/6-31G** shows an excellent 

agreement with the experimental data available (0.84 kcal/mol in gas phase [31], 2 

kcal/mol in methylcyclohexane [19,23] and 2.5 kcal/mol in formamide [6]) which is 

one good confirmation of the reliability of the calculation results. The data for the A-

H gaps in the dyes investigated show a change which is in accordance with the 

experimentally found tautomeric constants, and according to HF/6-31G** method 

the H-form in the case of XXIV is more stable, which is likely to be consistent with 
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the values for the KT. The dependence between the calculated H-A gaps and the 

KT is shown on Figure 6. 

 
Table 6. Energies and heats of formation of the tautomeric forms of I, XVIII and 

XXIV. 
Dye AM1 

∆H 
[kcal/mol] 

HF/6-31G** 
ERHF 
[a.u.] 

KT 

 A H H-
Agap 

A H H-
Agap[
kcal/mo

l] 

* ** 

I 76.18 84.69 8.51 -796.63223 -796.62979 1.531 0.24 0.11 

XVIII 76.06 79.01 2.95 -796.63823 -796.63779 0.276 0.72 0.49 

XXIV 75.26 77.46 2.20 -796.64064 -796.64153 -0.558 2.11 1.50 

* in ethanol [5,7-9]; ** in i-octane [6-9] 

0.00 1.00 2.00
Tautomeric constant

0.00

4.00

8.00

H
-A
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 [k
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hydrazo more stable

 
Figure 6. Relation between the tautomeric constants in ethanol (◊) and i-octane (o) 

with the A-H gaps calculated by using AM1 (empty characters) and 
HF/6-31G** (filled characters) methods. 

 Both A- and H-forms are typical donor-acceptor chromogens and the charge 

transfer of azo structure proceeds mainly from OH group in the naphthyl ring 
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towards the azo group and to a smaller extent to the phenyl ring. This fact is well 

illustrated in Figures 7-9, where the HOMO-LUMO molecular orbital diagrams for the 

A-forms of I, XVIII and XXIV are presented.  

 The opposite is true for the hydrazone structure - the charge transfer 

proceeds mainly from the phenyl ring and aniline-like N-atom towards carbonyl 

group in the naphthyl ring and quinoneimine N-atom (Figures 10-12).  

 This fact leads to the suggestion for the opposite effect of the substituents on 

the stability of A- and H-form, especially on para position, but it is difficult to make 

such clear conclusion for the meta substituents. 

 

MODELLING THE SOLVENT EFFECT 

 

 So far all of the calculations were done in gas phase. While gas phase 

predictions are suitable for many purposes, they are inadequate for describing the 

A-H tautomeric equilibrium in solution, because the properties of the tautomers can 

differ considerably between gas phase and solution. 

 Gaussian'94 is capable of predicting energies and structures in solution at 

the Hartree-Fock level by using the Onsager reaction field model [33,44]. In the 

light of this model the solvent is viewed as a continuous medium of uniform dielectric 

constant ε. The solute occupies a spherical cavity with some radius within it. A 

dipole in the molecule will induce a dipole in the medium, and the electric field 

applied by the solvent dipole will in turn interact with the molecular dipole, leading to 

net stabilization. There is a possibility for modelling of the effect additionally by 

varying the volume of the solute molecule, but the physical meaning of this procedure 

is not clear and it is better to use the optimal value provided by the program. 
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Figure 7. HOMO-LUMO molecular orbital diagrams of the A-form of I. 



Liudmil Antonov                       31st UNESCO course - Final Thesis                                 page 24 

  

 

 

Figure 8. HOMO-LUMO molecular orbital diagrams of the A-form of XVIII. 
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Figure 9. HOMO-LUMO molecular orbital diagrams of the A-form of XXIV. 
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Figure 10. HOMO-LUMO molecular orbital diagrams of the H-form of I.  
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Figure 11. HOMO-LUMO molecular orbital diagrams of the H-form of XVIII. 
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Figure 12. HOMO-LUMO molecular orbital diagrams of the H-form of XXIV. 
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 The effect of the solvent on the tautomeric equilibrium of I has been modelled 

in some solvents by using the Onsager model and results obtained are presented in 

Table 7. 

 
Table 7. The values of the energies of H- and A-forms (HF/6-31G** level) in 

different solvents calculated according to the Onsager model. 

Solvent ε 
ERHF 

H 

[a.u.] 

ERHF 
A 

[a.u.] 

H-A 

gap 

[kcal/mol] 

KT 

gas phase  -796.62979 -796.63223 1.531 - 

i-octane 1.96 -796.63018 -796.63228 1.317 0.116* 

CH2Cl2 9.08 -796.63085 -796.63236 0.947 1.570* 

CH3OH 32.63 -796.63106 -796.63239 0.834 0.254* 

water 80.37 -796.63111 -796.63239 0.803 1.934** 
* [6]; ** extrapolated value [5] since I is not soluble in water, the nearest value is 
1.342 for ethanol/water=20%/80%. 

 As can be seen from Table 7 there is not correlation between the relative 

energies and the tautomeric constants in different solvents, and these calculational 

results confirm the experimental fact that the interactions between tautomer and 

solvent are specific [6-9,17]. 

 Therefore the further investigations were directed towards modelling of these 

specific interactions by adding solvent molecules around the molecule of particular 

tautomer. As can be seen from Figure 13 there are 4 possibilities for interaction 

(and for adding solvent molecule) in each tautomer. In the H-form the possible sites 

are:  

1. O13-C14-H23 plane - interaction with C=O group; 

2. O13-C11-H24 plane - interaction with C=O group; 

3. H25-H26-H27 plane - interaction with H from N-H group; 
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Figure 13. Schematic presentation of H- and A-forms of I. 

 

 

 

4. H20-N8-H31 plane. 

 The possibilties for A-form are as follows: 

1. O13-C14-H20 plane - interaction with O from OH group; 

2. H31-C12-H30 plane - interaction with H from OH group; 

3. H29-N7-H28 plane; 

4. H23-N8-H24 plane. 
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 It means that the number of the variants for each tautomer are 4n, where n is 

the number of solvent molecules added. The big number of possibilities leads to 

rather massive computations. Therefore the initial variants were calculated by using 

AM1 and most promising states were calculated on HF/6-31G** level. Since it is 

impossible to add solvent molecules endless the calculations were performed in two 

ways - only dye-solvent interactions and dye-solvent interactions in the dipole field 

(Onsager model). The solvation energy (∆Es) defined as: 

 

∆Es=(ERHF-dye+n.ERHF-solv)-ERHF-(dye+solv) 

 

where: ERHF-dye - energy of the isolated dye molecule; 

             ERHF-solv - energy of the isolated solvent molecule; 

             ERHF-(dye+solv) - energy of the interacting dye and solvent molecules; 

for each of the variants was calculated. In the case of i-octane because of steric 

hindrance the stable interactions have not been found and most probably in this 

case only dipole interactions exist.  

 All calculation results are presented in Tables 8-9 and Figures 14-17. 

 
Table 8. Solvent influence on the energies (HF/6-31G** in a.u.) of both 

tautomeric forms of I. 
Solvent n Without dipole field With dipole field 

  A H H-A 
gap[
kcal/
mol] 

A H H-A 
gap[kc
al/mol] 

 0 -796.63223 -796.62979 1.531 -796.63239 -796.63111 0.803 

water 1 -872.66830 -872.66437 2.466 -872.67073 -872.67082 0.0568 

 2 -948.69964 -948.69908 0.351 -948.70136 -948.70463 -2.051 

CH2Cl2 0 -796.63223 -796.62979 1.531 -796.63236 -796.63085 0.947 

 1 -1754.62373 -1754.62326 0.294 -1754.62396 -1754.62623 -1.424 

CH3OH 0 -796.63223 -796.62979 1.531 -796.63239 -796.63106 0.834 

 1 -911.69173 -911.68816 2.240 -911.69392 -911.69068 2.033 
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Figure 14. Interaction of water molecule with A (a) and H (b) forms. 
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Figure 15. Interaction of two water molecules with A (a) and H (b) forms. 
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Figure 16. Interaction of CH2Cl2 molecule with A (a) and H (b) forms. 
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Figure 17. Interaction of CH3OH molecule with A (a) and H (b) forms. 
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Table 9. Solvation energy ∆Es (in kcal/mol) of both tautomeric forms of I in 
different solvents. 

Solvent n Without dipole field With dipole field 

  A H H-A 
gap 

A H H-A 
gap 

water 1 7.819 6.884 -0.935 7.059 7.919 0.86 

 2 12.669 13.849 1.180 9.281 12.136 2.855 

CH2Cl2 1 2.065 3.301 1.236 1.575 3.947 2.372 

CH3OH 1 8.026 7.317 -0.709 8.333 7.135 -1.198 

 As it can be seen from Table 8 and Figures 14 & 15 in the case of water in 

the A-form OH...OH2 interaction is preferable, while in the H-form NH...OH2 

interaction stabilizes more the dye-solvent system. The increase of the number of 

water molecules leads to a decrease of H-A gap and stabilizing more of the H-

form as indicated by the case of two water molecules H-form is more stable. The 

case of solvent-dye interaction and Onsager model filed together is more reliable, 

because the calculations of some variants with 3 molecules water showed that the 

third molecule does not interact directly with dye molecule, but influences by 

interaction with one of already associated water molecules. The dependence 

between H-A gap and the number of associated water molecules is shown on 

Figure 18. Most probably the increase of the number of water molecules more than 

2 will lead to not so sharp changes and finally to saturation, and for this reason we 

think that the system dye-2 water molecules describes satisfactory the real situation 

in this solvent. 

 The CH2Cl2 - dye model (Figure 16) shows that in this case O...H2CCl2 

interaction is preferable (but with very small interaction forces) in both tautomeric 

forms and H-form has been found more stable. Probably the adding of more solvent 

molecules will not change the situation dramatically due to the big steric hindrance.  

 In the case of methanol as solvent the interaction sites (Figure 17) are the 

same as in water, but it has been found that A-form is more stable. 
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Figure 18. The change of H-A gap as function of the number of interacting water 

molecules (--- without Onsager field; ___ with Onsager field) 

 

 Using the data from Tables 7-9 two excellent correlations (with correlation 

coefficients more than 0.99) have been found and they are depicted on Figure 19. 

Firstly there is correlation between the experimentally obtained tautomeric constants 

in the fourth investigated solvents and the energy H-A gap in the case of specific 

interactions in Onsager field. This correlation shows that the model used describes 

correctly the real situation in the solution and that most probably because of the 

weak interaction of the methanol with the dye its effect is through dipole 

interactions. The second correlation between the tautomeric constants and ∆Es in 

Onsager field shows that the interaction between solvent and dye is most stabilizing 
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for H-form in water and for A-form in methanol, which again is in very good 

agreement with the experimental results. 
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Figure 19. Correlation between the experimentally obtained tautomeric constants 

(Table 7) and: H-A gap in the ERHF (Tables 7 & 8; empty circles), and 
∆Es (Table 9, filled circles). 

 

 Of course it has to be remembered that in the real solution the phenomena 

are very complicated and sometimes it is impossible to be described, but obviously 

this simplified model of dye-solvent interaction estimates the real situation with 

acceptable correctness.  
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CONCLUSIONS 

 

 The tautomeric azo-hydrazo equilibrium in some phenylazonaphthols has 

been investigated by using quantumchemical (AM1 and ab initio) methods. 

 It has been found that in gas phase the azo form is more stable and the 

calculated energy gap between azo and hydrazo forms is in good agreement with 

the experimental data. 

 The correlations between experimentally estimated tautomeric constants and 

the relative heats of formation and hardnesses have been considered. 

 The effect of the solvent upon the tautomeric equilibrium has been modelling 

by using ab initio HF/6-31G** method. It was shown tat the solvent effect is 

specific and good agreement between the stabilizing solvation energies and the 

experimental data for the tautomeric constants in different solvents was found out. 
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