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Quantum computational methods were used to elucidate the structures of the o-hydroxy Schiff ba-

ses with different substituents. It is possible for a Schiff base to have different tautomeric structures de-

pending on intramolecular proton transfer from the phenolic oxygen atom to the nitrogen atom. Proton 

transfer results in two tautomeric structures known as the phenol-imine and keto-amine forms. To explain 

the substituent effect on the proton transfer process in five o-hydroxy-Schiff bases, possible geometric 

structures in gas phase were optimized using density functional theory (DFT) at the B3LYP/6-311G(d,p) 

level. To describe tautomerism including intramolecular proton transfer, potential energy surface (PES) 

scans were performed starting from the optimized geometry of the phenol-imine form. HOMA indices 

were calculated in order to estimate -electron delocalization. In addition, the substituent effect on the 

tautomerization rate was examined using Hammett substituent constants and calculating the activation 

energies. 
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ЗАВИСНОСТ НА ТАВТОМЕРИЈАТА ОД ТИПОТ НА СУПСТИТУЕНТОТ  

КАЈ о-ХИДРОКСИ ШИФОВИ БАЗИ 

 

Со примена на квантнопресметковни методи беа определени структурите на o-хидрокси 

Шифовите бази со различни супституенти. Шифовите бази можат да имаат различни тавтомерни 

структури во зависност од интрамолекулскиот пренос на протон од фенолниот кислороден атом на 

азотниот атом. Преносот на протон резултира во две тавтомерни структури познати како фенол-

иминска и кето-аминска форма. За да се објасни ефектот на супституентот на процесот на пренос 

на протон кај пет o-хидрокси Шифови бази, беа оптимизирани петте можни геометриски 

структури во гасна фаза со употреба на теоријата на функционалот на густината (DFT) на 

B3LYP/6-311G(d,p) ниво. За да се опише тавтомеријата вклучувајќи го и интрамолекулскиот 

пренос на протон, беше извршен скен на површината на потенцијалната енергија (PES) почнувајќи 

од оптимизираната геометрија на фенол-иминската форма. Со цел да се процени делокализацијата 

на -електроните, беа пресметани индексите HOMA. Покрај тоа, беше испитан ефектот на 

супституцијата врз брзината на тавтомеризацијата со примена на Хаметовите супституциски 

константи и со пресметување на активационите енергии. 

 

Клучни зборови: Шифови бази; тавтомерија; фенол-имин; кето-амин; DFT; PES  
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1. INTRODUCTION 

 

An o-hydroxy Schiff base can have two tau-

tomeric structures, known as the phenol-imine and 

keto-amine forms. The hydrogen atom in the phe-

nol-imine form is located on the phenolic oxygen 

atom, while it is on the nitrogen atom in the keto-

amine form [1–3]. Proton transfer from the oxygen 

atom to the nitrogen atom causes tautomerism, 

which is responsible for the photochromic and 

thermochromic properties of these compounds. 

The photochromic character of Schiff bases is due 

to the transfer of protons from the oxygen atom to 

the nitrogen atom by the light effect, and the ther-

mochromic property occurs via the heat effect. 

Photochromic and thermochromic compounds 

have attracted considerable attention due to their 

potential applications in numerous fields such as 

optical switches and memories, variable electrical 

current, ion transport through membranes [4–6], as 

well as industrial [7–9], pharmaceutical [10–12], 

biological [13–18] and chemical applications [19–

23]. Previous studies have shown that o-hydroxy 

Schiff bases can have one or both of these forms in 

the solid state [1–3]. In addition to solvent media, 

the type of substituent affects tautomerism as well 

[24, 25]. The abovementioned applications have 

drawn interest regarding the investigation of the 

structural properties presented by Schiff bases. 

Therefore, in this study, the substituent effect of 

both the electron donor methoxy group and the 

electron withdrawing nitro group on tautomerism 

in o-hydroxy Schiff bases was investigated. Stud-

ied Schiff bases have two aromatic rings. For this 

reason, in order to understand the contribution of 

the substituents in each aromatic ring on tautomer-

ism, we used five different Schiff bases. The se-

lected Schiff bases are shown in Scheme 1.
 

 
 

 

 
 

Scheme 1. Selected Schiff bases with different substituents 
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2. THEORETICAL BACKGROUND 
 

All calculations were performed by Gaussian 

03W [26]. GaussView program was used for mo-

lecular visualization of calculated structures [27]. 

The geometry optimizations of two tautomers in the 

gas phase were carried out by DFT using the hybrid 

functional B3LYP (Becke’s three-parameter hybrid 

functional with the LYP correlation functional) [28] 

with the 6-311G (d,p) basis set [29]. To describe 

tautomerism including intramolecular proton trans-

fer, potential energy surface (PES) scans were per-

formed using the optimized geometry of the phenol-

imine form. The O-H distance was selected as the 

redundant internal coordinate from 0.9 to 1.80 Å 

with a step size of 0.05 Å [30]. 

 
3. RESULTS AND DISCUSSION 

 

3.1. Investigation of molecular structures 
 

o-Hydroxy Schiff bases can have two differ-

ent structures in both the solid state and in solvent 

media. These structures are known as the phenol-

imine form and the keto-amine form. The tauto-

meric proton in the phenol-imine form is located 

on the phenolic oxygen atom, while the proton is 

on the nitrogen atom in the keto-amine form. Con-

siderable changes in the bond lengths of the com-

pound occur with proton transfer from the oxygen 

atom to the nitrogen atom. On the other hand, the 

most important changes are seen in the aromatic 

ring where proton transfer takes place. The aro-

matic character of the phenol-imine form decreases 

with the formation of the keto-amine form. How-

ever, both the phenol-imine and keto-amine forms 

can exist in the solid state, according to X-ray stud-

ies [1–3]. In order to explain this phenomenon, the 

geometry optimizations of five Schiff bases with 

different substituents were performed using DFT 

calculations with the B3LYP 6-311 G(d,p) basis 

set. To understand the tautomerism process and its 

effect on molecular structure, the energy levels of 

tautomers were calculated. According to the re-

sults, the optimized phenol-imine tautomer, which 

corresponds to the global minima for all com-

pounds, is more stable than the optimized keto-

amine form, which is the local minima. The calcu-

lated geometric parameters clearly show how im-

portant it is for determining tautomers to note 

changes in the bond distances of C-O, C=N and the 

aromatic ring related to proton transfer. More spe-

cifically, passing from the phenol-imine form to 

the keto-amine form, the single C-O bond length 

begins to shorten to the double bond length, while 

the double bond length C=N begins to have a sin-

gle bond character. The shortening of the C1-O1 

and C6-C7 bond lengths, the elongation of the C7-

N1 bond lengths and changes in the bond distances 

of the tautomeric ring (C1-C6) clearly demonstrate 

the effect of the location of the proton on bond 

lengths. Important bond distances and energies for 

both the phenol-imine and keto-amine forms are 

given in Table 1. 
 

 

   T a b l e  1  
 

Selected bond distances (Å) and energies (a.u.) for both the phenol-imine and keto-amine forms 
 

Compound Tautomers 1 2 3 4 5 

C1-O1 
Phenol-imine 

Keto-amine 

1.33718 1.32717 1.34292 1.33792 1.33598 

1.25471 1.25000 1.25636 1.25662 1.25135 

C7-N1 
Phenol-imine 1.28870 1.28639 1.28805 1.28903 1.29191 

Keto-amine 1.33279 1.32420 1.33476 1.33024 1.34098 

C1-C2 
Phenol-imine 1.41791 1.42379 1.41243 1.41748 1.41858 

Keto-amine 1.46432 1.46784 1.46261 1.46307 1.46635 

C2-C3 
Phenol-imine 1.39007 1.38472 1.39465 1.39033 1.38960 

Keto-amine 1.37105 1.36807 1.37275 1.37188 1.36964 

C3-C4 
Phenol-imine 1.40486 1.40313 1.40540 1.40451 1.40585 

Keto-amine 1.43005 1.42650 1.43155 1.42886 1.43236 

C4-C5 
Phenol-imine 1.37826 1.37860 1.38231 1.37869 1.37674 

Keto-amine 1.36061 1.36527 1.36228 1.36163 1.35858 

C5-C6 
Phenol-imine 1.41191 1.40323 1.40843 1.41154 1.41376 

Keto-amine 1.4332 1.41836 1.43204 1.43201 1.43598 

C6-C7 
Phenol-imine 1.44959 1.45384 1.45134 1.45039 1.44451 

Keto-amine 1.39403 1.40230 1.39483 1.39666 1.38765 

Energy 
Phenol-imine –786.03487656 –990.60156934 –900.58680019 –900.59080526 –990.59899248 

Keto-amine –786.02899070 –990.59876938 –900.57953378 –900.58463072 –990.59260640 
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The activation energy for the transition state 

from the global minima to local minima is signifi-

cantly small and excitation can occur with a small 

amount of energy. As shown in Figure 1, the elec-

tron withdrawing nitro group makes the proton 

transfer process much easier by lowering the acti-

vation energy. On the other hand, the electron do-

nor methoxy group increases the activation energy 

and the proton transfer process becomes more dif-

ficult. 

The keto-amine form that occurs after pro-

ton transfer is also stabilized by the electron with-

drawing group NO2 and the keto form of the com-

pound containing the electron donating methoxy 

group is of higher energy. The relative activation 

energy and keto form energy are given in Table 2. 

In addition, the electron withdrawing group NO2 

makes the keto-amine form more stable; that is, the 

formation of the keto-amine form is easier than the 

others. 
 

 
 

 
 

Fig. 1. Relative energy profiles during the proton transfer process.  

The relative energy values were calculated relative to the energy of stable phenol-imine form. 
 
 

 

                            T a b l e  2  
 

The relative activation energies and keto form energies of the compounds 
 

Compounds 
Relative activation energy 

(kcal/mol) 

Relative keto form energy 

(kcal/mol) 

1 5.85 3.69 

2 4.45 1.76 

3 6.66 4.56 

4 5.77 3.87 

5 6.37 4.01 

 

 

3.2. Hydrogen bond properties and natural bond 

orbital (NBO) analysis 
 

When the geometric parameters in the hy-

drogen bond responsible for tautomerization (O-

H...N) were examined, it was seen that an elonga-

tion occurs in the O-H bond length of compound 2, 

including the electron withdrawing nitro group. 

This stretch is accompanied by a shortening in the 

distances between N…O and N…H. This is an in-

dication that the hydrogen bond in compound 2 is 

stronger. The electron withdrawing effect of the 

nitro group causes the electron density on the oxy-

gen to decrease. This means that the electrons of 

hydrogen are found more on oxygen. The hydro-

gen bond properties are given in Table 3. 
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                              T a b l e  3 
 

Hydrogen bond properties of the compounds 
 

Compound O-H N…H N….O 

1 0.99337 1.73477 2.62805 

2 0.99938 1.70784 2.60932 

3 0.99016 1.75514 2.64194 

4 0.99398 1.73184 2.32766 

5 0.99038 1.75119 2.63738 

 

 

The second order Fock matrix was used to 
evaluate the donor-acceptor interactions in NBO 
analysis. For each donor NBO (i) and acceptor 
NBO (j), the stabilization energy E(2) associated 
with electron delocalization between donor and 
acceptor is estimated as  

 

ij

ij

iij

F
qEE

 


2

)2(
)(

     (1) 

 

where qi is the donor orbital occupancy, i, and j 

are diagonal elements (orbital energies) and Fij is 

the off-diagonal NBO Fock matrix element [31, 

32]. The larger the E(2) value, the more intensive 

the interaction between electron donors and elec-

tron acceptors, i.e., the more donating tendency 

from electron donors to electron acceptors and the 

greater the extent of conjugation of the whole sys-

tem. NBO analysis for all compounds revealed that 

there is a strong interaction LPN1→ BD*O1-H1 

(nN1→σ*O1-H1), which corresponds to a hydrogen 

bond interaction. The results of the NBO analysis 

(Table 4) indicate that the hydrogen bond energy is 

increased by the electron withdrawing NO2 group. 

In contrast to the other compounds, compound 2 

becomes stable because of a combination of lone-

pair electrons (LP) on N and an unoccupied LP* 

orbital on hydrogen. These phenomena can be ex-

plained by the mesomeric effect of the electron 

withdrawing NO2 group, as shown in Scheme 2. 

Accordingly, Mulliken atomic charges show that 

the density of electrons on oxygen atom decreases 

relatively in compound 2 (Table 4). 

 

 

N

OO

N+

H

-O
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N
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N+
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-O
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Scheme 2. Resonance structure of compound 2 
 
 

 

              T a b l e  4  
 

Second order perturbation theory analysis of the Fock matrix in the NBO analysis 
 

Compound Donor Acceptor 
E(2)  

(kcal/mol) 
Mulliken atomic charges 

1 LP(1) N1 BD*(1)O1-H1 23.59 – 0.415714 

2 LP (1) N1 LP* H1 42.62 – 0.388220 

3 LP(1) N1 BD*(1)O1-H1 21.32 – 0.420343 

4 LP(1) N1 BD*(1)O1-H1 24.10 – 0.418270 

5 LP(1) N1 BD*(1)O1-H1 21.67 – 0.403886 
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Because of the resonance structure seen in 

Scheme 2, proton transfer occurs much more easily 

in the compounds containing an electron withdraw-

ing group. On the contrary, the electron donor 

methoxy group makes it difficult for the proton to 

migrate onto nitrogen by increasing the electron 

density on the oxygen with the mesomeric effect. 

 

3.3. Investigation of kinetic properties 
 

The Hammet equation below [33] can be 

used to explain the effect of substituents on the 

reaction rate:  

 

log k/k0 = ρ        (2) 

 

In the equation, k is the reaction rate con-

stant for substituted compounds, k0 is the reaction 

rate constant for unsubstituted compound with R = 

H,  is the reaction constant and  is the substitu-

ent constant. The reaction constant () shows the 

effect of substituents on the reaction rate. A high ρ 

value indicates that the reaction rate is significantly 

influenced by the substituents, while a small ρ val-

ue indicates little effect of the substituents. ρ<0 

values mean that the reaction is accelerated by 

electron donating groups, whereas ρ>0 values cor-

respond to a reaction accelerated by electron with-

drawing groups [34]. The Arrhenius equation is 

given below: 

 
RTEaAek

/
         (3) 

 

where k is the reaction rate coefficient, Ea is the 

activation energy, R = 1.985 × 10–3 kcal.mol–1K–1 

and T = 298 K. Using these two equations, one can 

derive the following expression in order to obtain 

the reaction constant (ρ). First, the ratios of the rate 

constants are calculated using the activation ener-

gies (Ea) obtained from the proton transfer process, 

and then plotted against the substituent constants 

( as shown in Figure 2. 

 

ρ303.2/)(/log
00  RTEEkk aa    (4) 

 

When the graph is examined, it has    

and specifically a high  value for the aromatic 

ring I (Scheme 3). That is, the substituents in the 

ring I are very influential in tautomerism. While 

the electron withdrawing groups facilitate tautom-

erization, the electron donating groups make it dif-

ficult. For this reason, compounds containing an 

electron withdrawing group tend to form more ke-

to-amines. Schiff bases containing an electron do-

nating group are present in the phenol-imine form. 

However, aromatic ring III exhibits the opposite 

behavior. It has ρ  0 and small ρ value. In other 

words, the substituents have no remarkable effect 

on tautomerism. Contrary to the substituents in the 

tautomeric ring I, electron donating groups in ring 

III facilitate tautomerization, but electron with-

drawing groups make tautomerization difficult. 
 

 

 
 

Fig. 2. The substituent effect on the reaction rate  

in Schiff bases 
 
 

N

OO H1

I

II III

 
 

Scheme 3. Numbering of the rings (aromatic and chelate)  

for five Schiff bases 
 
 

3.4. Tautomerism from the perspective  

of the HOMA index 
 

The harmonic oscillator model of aromatici-

ty (HOMA) index gives information about the ar-

omaticity of compounds, using average squared 

deviation of bond lengths. The HOMA index is 1 

for the pure aromatic systems. When aromaticity 

decreases, the HOMA index approximates to zero. 

 

2

1

)(
1

1HOMA optj

n

j

j RR
n

 


   (5) 

 

where n is the number of bonds and Rj is individual 

bond length. The normalization constant is equal to 

257.7 for C–C, 93.52 for C–N and 157.38 for C–O 

bonds; the optimal value Ropt = 1.388 Å for C–C, 
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1.334 Å for C–N and 1.265 Å for C–O [35, 36]. 

The HOMA indices of aromatic rings and chelate 

rings (Scheme 3) were calculated at each step of 

the scan process. The change in HOMA indices 

versus the scan coordinate is shown in Figure 3. It 

can be seen that the aromaticity level of C1/C6 in 

ring I decreases while the aromaticity level of C8-

C13 in ring III increases slightly with the scan co-

ordinate changing from 0.9 to 1.80 Å. There is a 

decrease in the aromaticity of ring I up to 1.30 Å, 

while there is an increase in the aromaticity of che-

late ring II. The loss in aromaticity is accompanied 

by an increase in the chelate ring, which causes the 

aromaticity of the whole molecule to remain un-

changed. On the other hand, aromatic ring III shows 

a small increase in its aromaticity. The aromaticity 

is decreased in both I and II after 1.30 Å. While the 

aromaticity of chelate ring II decreases slightly, it 

decreases significantly in aromatic ring I. 

 

 

 
 

Fig. 3. The dependency of aromatic (I and III) and chelate (II) rings on the HOMA indices for compound 1 
 

 

Other compounds showed similar behaviors, 

as seen in Figures 4 and 5. The HOMA indices 

show that proton transfer from the phenol-imine to 

keto-amine forms in o-hydroxy Schiff bases is fa-

cilitated by -electron delocalization, which occurs 

in the aromatic (I) and chelate (II) rings (Scheme 

4). This situation makes it possible to obtain the 

keto-amine form in the solid state and in solvent 

media, as previously reported in the literature, alth-

ough the loss of aromaticity in the pure keto form 

is considerable in compounds containing both elec-

tron donating and electron withdrawing groups 

[37–43].  

 
 

 
 

Fig. 4. The dependency of aromatic rings on the HOMA index for all compounds 
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Fig. 5. The dependency of chelate rings on the HOMA index for all compounds 

 
 

N

OO H

 
 

Scheme 4. -Electron delocalization in the aromatic (I)  

and chelate (II) rings 
 

 

4. CONCLUSIONS 

 

Quantum chemical studies show that, in all 

compounds, the phenol-imine form is more stable 

than the keto-amine form. The electron withdraw-

ing nitro group makes the proton transfer process 

much easier by lowering the activation energy. On 

the other hand, the electron donor methoxy group 

increases the activation energy and proton transfer 

becomes more difficult. This result was also con-

firmed by the kinetic data. The  values obtained 

from the graphical method show that the substitu-

ents greatly affect aromatic ring I; while electron 

withdrawing groups facilitate tautomerization, 

electron donating groups make it difficult. For this 

reason, compounds containing an electron with-

drawing group tend to form more keto-amines. 

Schiff bases containing an electron donating group 

are present in the form of phenol-imine. On the 

other hand, the substituent effect on tautomeriza-

tion in aromatic ring III is very small; contrary to 

aromatic ring I, electron attracting groups slow 

down the tautomerization reaction, while electron 

donating groups accelerate it. Geometry-based ar-

omaticity HOMA indices provided important in-

formation on electron delocalization in the aro-

matic rings. The aromatic ring I in the phenol-

imine form for all compounds had a very high val-

ue of the HOMA index (about 0.9), indicating 

strong -electron delocalization in this ring. On the 

contrary, the keto-amine tautomer exhibits low 

aromaticity (HOMA indices of about 0.3 for all 

compounds), and the chelate ring has relatively 

high electron delocalization. During tautomeriza-

tion, -electron delocalization in the phenol-imine 

form decreases, while -electron delocalization in 

the chelate ring increases; that is, HOMA index of 

the chelate ring increases. These results show that 

proton transfer from the phenol-imine to the keto-

amine form is facilitated by -electron delocaliza-

tion. This situation makes it possible to obtain the 

keto-amine form, although the loss of aromaticity 

in the pure keto form is considerable in o-hydroxy 

Schiff bases. 
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