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Abstract: In this study, azo dyes containing an imine group were synthesised by coupling p-

hydroxybenzylidene aniline with the diazonium salts of p-toluidine, 4-aminophenol, aniline, p-

chloroaniline, p-fluoroaniline and p-nitroaniline. The compounds were characterised by melting 

point, elemental, UV-Vis and IR analyses as well as 1H-NMR and 13C-NMR spectroscopies. Moreover, 

the experimental data were supplemented with density functional theory (DFT) calculations. The 

experimental data on FT-IR and UV–Vis spectra of the compounds were compared with theoretical 

results. The DFT calculations were performed to obtain the ground state geometries of the 

compounds using the B3LYP hybrid functional level with 6-311++g(2d,2p) basis set. Frontier 

molecular orbital energies, band gap energies and some chemical reactivity parameters, such as 

chemical hardness and electronegativity, were calculated and compared with experimental values. 

A significant correlation was observed between the dipole moment and polarities of the solvents 

and the absorption wavelength of the compounds.  
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INTRODUCTION 

 

Azo dyes have been widely used in various areas, such as textile dyes (1-2), printing systems (2), 

photoelectronics (3), coloring fibres (4) and optical storage technology. They are also commonly 

utilised in many biological reactions (5, 6) and in analytical chemistry (7-8). Schiff bases are also 

an important class of organic compounds that exhibit a broad range of biological activities, including 

antibacterial (9), antifungal (9), antiproliferative (8), anti-inflammatory (4), antimalarial (8), 

antipyretic (8) and antiviral (5) properties (6,10). Azo dyes and related Schiff bases containing both 

imine (-HC=N-) and azo (-N=N-) groups have received much attention in both fundamental and 

applied research areas. Azo-azomethine dyes containing hydroxyl groups are of particular interest 

because of the proton tautomerism that exists between the enol-imine and keto-enamine forms 

(11-14).  

 

Because of the proton-transfer ability of azo-azomethine dyes, they play an important role in many 

scientific fields; in addition, their tautomers exhibit different optical behaviours and possess different 

electronic absorption spectra and dyeing properties (1,4,5). The extent to which a tautomer is 

favoured under certain conditions can play a significant role in terms of its structural and optical 

behaviours in different medium (6,15). Inter- and intramolecular proton transfer from the phenolic 

oxygen to the imine nitrogen alters photophysical properties, such as electronic structure and 

ground- and excited-state dipole moments (5-6). In addition to these solvent effects, substitutions 

are also important in understanding many chemical and physical behaviours, such as hydrogen 

bonding and tautomerism of Schiff bases in solutions (5,6). In this study, we examine the 

relationship between the structural and spectroscopic behaviours of azo dyes containing Schiff bases 

using density functional theory (DFT) analyses and estimation of singlet ground- and excited-state 

dipole moments (6). 

 

The literature contains many reports on the successful application of DFT to azo dyes (16-23). In 

this study, a series of azo dyes containing an imine group were synthesised and characterised using 

both spectroscopy and Kohn-Sham DFT (24) method. The molecular structures and FT-IR and UV–

Vis spectra of the azo-imine dyes synthesised in this study were obtained using the B3LYP method 

with 6-311++g(2d,2p) basis set. Solvent effects on the absorbance characteristics of the dyes were 

theoretically studied in solvents of different polarities, such as dichloromethane (DCM), 

dimethylformamide (DMF) and ethanol (EtOH).  
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EXPERIMENTAL PROCESS 

 

All reagents and solvents for synthesis and analysis were purchased from Merck (Germany) and 

Sigma-Aldrich (US) and were used without further purification. p-Hydroxybenzylidene aniline were 

synthesised and purified according to methods used in previous studies (11,25-27). In this study 

compounds 2, 3 and 6 are new compounds and these are given here first time in the literature, 

also theoretical calculations of all the compounds except 4 are studied for the first time.  Azo-imine 

compounds were obtained by coupling p-hydroxybenzylidene aniline with the diazonium salts of p-

toluidine, p-hydroxyaniline, p-chloroaniline, p-fluoroaniline and aniline in a 1:1 molar ratio at 0–

5°C. The crude products were purified by recrystallisation from EtOH–water. Elemental (C, H and 

N) analyses were performed using a LECO CHNS-932 elemental analyser (LECO Corporation, US). 

UV–Vis spectra were obtained using a Genesys 10S UV–Vıs spectrophotometer (Thermo Scientific, 

UK) with a concentration of 5 × 10−5 mol/L of dye in various solvents, such as EtOH, DCM, and 

DMF. Infrared spectra were obtained using a Class 1 Laser product FTIR (Thermo Scientific, US) in 

the 400–4000 cm−1 range. 1H-NMR and 13C-NMR spectra were obtained using an AC 400 (400 MHz) 

NMR spectrometer (Bruker, Germany) with deuterated dimethylsulphoxide (d6-DMSO) as a solvent 

and tetramethylsilane as an internal standard.  

 

General procedure for synthesising azo-imine dyes 

p-Hydroxybenzylidene aniline was synthesised by a condensation reaction between p-

hydroxybenzaldehyde and aniline at a 1:1 molar ratio, as described previously (6,11,25-27), and 

the reaction mixture was refluxed for 3 h. Azo derivatives were synthesised from the p-

hydroxybenzylidene aniline by reaction with diazonium salts at 0–5°C. The general synthetic method 

is depicted in Figure 1. 

 

Figure 1. Synthesis of azo-imine compounds (i) pH=4-5, methanol, reflux, 3 h, (ii) NaNO2, HCl, 

0-5°C, r1: Ring ; r2: Ring 2; r3: Ring 3. 
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Synthesis of (E)-4-[(phenylimino)methyl]phenol, 1 

Aniline (0.93 g; 0.01 mol) was added dropwise to a solution of p-hydroxybenzaldehyde (1.22 g; 

0.01 mol) in 35-mL of EtOH. Four to five drops of acetic acid were added to the solution to reach a 

pH of 4–5. The reaction mixture was refluxed for 3 h and left to crystallise at room temperature for 

a day. The yellow product was collected by filtration, washed with cold water, dried and 

recrystallised from toluene. Yield: 78%, melting point (m.p.): 185°C–186°C. IR: =3200-2673 (br, 

O-H), 3042 (C-H arom.), 1602 (-CH=N-), 1573 (-C=C-), 1283 cm-1 (-C-O). 1H-NMR (d6-DMSO, 

ppm): = 10.12 (s, H1), 8.45 (s, H4), 7.76 (d, J=8.8 Hz, H3), 7.38 (t, J=5.2 Hz, H7), 7.21 (d, 

J=4.0 Hz, H6), 7.18 (d, J=4.0 Hz, H5), 6.89 (d, J=8.8Hz, H2) 13C-NMR (101 MHz, d6-DMSO) δ 

161.09 (C1), 160.48 (C5), 152.47 (C6), 131.14 (C3), 129.59 (C8), 127.98 (C9), 125.78 (C4), 

121.33 (C7), 116.31 (C2). Anal. calcd. (%) for C13H11NO: C 79.16, H 5.62, N 7.10; found: C 78.85, 

H 5.47, N 7.07 

 

Synthesis of 4-[[[4-[(4-methylphenyl)azo]phenyl]imino]methyl]-phenol, 2 

Azo-coupled Schiff bases were synthesised using standard coupling methods (6,8,11). p-Toluidine 

(1 g; 9.33 mmol) was dissolved in 40-mL water containing concentrated HCl solution (2.4 mL; 27.9 

mmol) and then diazotised at 0–5°C with a solution of NaNO2 (0.64 g; 9.33 mmol in 4-mL water). 

The diazonium solution was stirred at 0–5°C for 30 min. Following diazotisation, diazonium salt 

solutions were added dropwise to a solution of (E)-4-[(phenylimino)methyl]phenol (1,84 g; 9,33 

mmol) and 5-g sodium acetate in 25-mL DMF at 0–5°C. The resulting solution was stirred for 3 h 

at 0–5°C and then acidified with 1 M HCl to precipitate the product. The reddish-brown product was 

filtered and then washed with cold water before recrystallisation in EtOH/water. Yield: 68%, m.p.: 

110–111°C. IR: =3551-3071 (br, O-H), 3039 (C-H arom.), 2913,2872 (-C-H, Aliph.), 1602 (-

CH=N-), 1652, 1573 (-C=C-), 1514, 1442 (-N=N-), 1283 cm-1 (-C-O). 1H-NMR (d6-DMSO, ppm) = 

12.01 (s, H1), 7.97 (s, H4), 7.81 (m, H3), 7.68 (m, H8), 7.43 (m, H6), 7.37 (m, H5), 7.08 (m, H9), 

6.67 (m, H2), 1.91 (s, H10) 13C-NMR (101 MHz, d6-DMSO) δ 169.08 (C1), 162.56 (C5), 156.45 

(C6), 152.52 (C9), 147.89 (C13), 142.68 (C8), 141.57 (C10), 130.35 (C3), 129.83 (C12), 122.80 

(C11), 125.41 (C4), 123.95 (C7), 119.58 (C2), 21.45 (C14). Anal. calcd.  (%) for C20H17N3O: C 76.17, 

H 5.43, N 13.12; found: C 75.74, H 5.28, N 12.65 

 

Synthesis of 4-[[[4-[(4-hydroxyphenyl)azo]phenyl]imino]methyl]-phenol, 3 

This compound was prepared in a manner similar to that described in section 1.1.2. Yield: 81%, 

m.p. 186–188°C. IR: = 3473-3087 (br, O-H), 3042 (C-H arom.), 1602 (-CH=N-), 1612, 1573 (-

C=C-), 1514, 1442 (-N=N-), 1283, 1240, 1163 cm-1 (-C-O). 1H-NMR (d6-DMSO, ppm) = 10.13 (s, 

H1), 8.45 (s, H4), 7.79 (m, H3), 7.76 (m, H8), 7.20 (m, H6), 7.39 (m, H5), 6.90 (m, H9), 6.87 (m, 

H2), 10.13 (s, H10, OH) 13C-NMR (101 MHz, d6- DMSO) δ 164.12 (C1, C13), 160.41(C5), 152.29 

(C9), 156.30 (C6), 145.59 (C10), 143.89 (C8), 131.05 (C3), 129.44 (C12),  124.81 (C4), 124.78 
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(C11), 121.34 (C7), 116.37 (C2). Anal. calcd. (%) for C20H17N3O: C 71.91, H 4.76, N 13.24; found: 

C 71.25, H 4.58, N 13.04 

 

Synthesis of 4-[[[4-phenylazo]phenyl]imino]methyl]-Phenol, 4 

This compound was prepared in a manner similar to that described above. Yield: 75%, m.p.: 78–

80 °C. IR: =3483-3085 (br, O-H), 3041(C-H arom.), 1602 (-CH=N-), 1595 (-C=C-), 1504, 1478 

(-N=N-), 1239, 1137 cm-1 (-C-O). 1H-NMR (d6-DMSO, ppm) = 6.10 (s, H1), 7.76 (s, H4), 7.69 (m, 

H3), 7.49 (m, H8), 7.49 (m, H6), 7.41 (m, H5), 7.38 (m, H9), 6.69 (m, H2), 7.44 (m, H10) 13C-

NMR (101 MHz, d6-DMSO) δ 153.34 (C1,C6), 152.92 (C5, C9), 145.59 (C10), 143.26 (C8), 130.36 

(C13), 129.85(C3), 129.65(C12), 125.65 (C4), 122.52 (C11) 122.16 (C7), 113.84(C2)  Anal. calcd. 

(%) for C19H15N3O: C 75.73, H 5.02, N 13.94; found: C 74.48, H 4.92, N 13.17 

 

Synthesis of 4-[[[4-[(4-chlorophenyl)azo]phenyl]imino]methyl]-phenol, 5 

This compound was prepared a in a manner similar to that described above. Yield: 73%, m.p.: 72–

74°C. IR: =3301-2648 (br, O-H), 3044(C-H arom.), 1602 (-CH=N-), 1670, 1574 (-C=C-), 1515, 

1443 (-N=N-), 1285, 1164 cm-1 (-C-O), 840 (-C-Cl). 1H-NMR (d6-DMSO, ppm) = 12.58 (s, H1), 

8.73 (s, H4), 7.75 (m, H3), 7.66 (m, H8), 7.28 (m, H6), 7.44 (m, H5), 7.04 (m, H9), 6.69 (m, H2). 

13C-NMR (101 MHz, d6-DMSO) δ 153.73 (C1), 153.34 (C5), 152.92 (C6), 152.57 (C9), 151.12 (C13), 

143.22 (C10), 131.52 (C8), 129.73 (C12), 128.96 (C3), 125.92, 125.57 (C4), 122.82 (C11), 122.17 

(C7), 113.77 (C2). Anal. calcd. (%) for C19H14ClN3O: C 67.96, H 4.20, N 12.51; found: C 67.24, H 

4.14, N 11.73 

 

Synthesis of 4-[[[4-[(4-fluorophenyl)azo]phenyl]imino]methyl]-phenol, 6 

This compound was prepared in a manner similar to that described above. Yield: 76%, m.p.: 71–

72 °C. IR: = 3386-2745 (br, O-H), 3042 (C-H arom.), 1602 (-CH=N-), 1572 (-C=C-), 1514, 1443 

(-N=N-), 1283, 1163 cm-1 (-C-O), 1193 (-C-F). 1H-NMR (d6-DMSO, ppm) = 12.45 (s, H1), 8.45 (s, 

H4), 7.79 (m, H3), 7.54 (m, H8), 7.24 (m, H6), 7.41 (m, H5), 7.03 (m, H9), 6.87 (m, H2) 13C-NMR 

(101 MHz, d6-DMSO) δ 163.75 (C1), 160.43 (C13), 161.04 (C5), 152.46 (C9), 150.14 (C6), 146.84 

(C10), 142.30 (C8), 131.14 (C3), 129.16 (C12), 125.71 (C4), 122.83 (C7), 121.33 (C11), 116.56 

(C2), 114.56 (C12). Anal. calcd. (%) for C19H14FN3O: C 71.46, H 4.42, N 13.16; found: C 71.34, H 

4.38, N 12.87 

 

Synthesis of 4-[[[4-[(4-nitrophenyl)azo]phenyl]imino]methyl]-phenol, 7 

This compound was prepared in a manner similar to that described above. Yield: 77%, m.p.: 128–

130°C. IR: =3544-3068 (br, O-H), 3047 (C-H arom.), 1602 (-CH=N-), 1572 (-C=C-), 1514, 1442 

(-N=N-), 1484, 1388 (-NO2), 1283, 1163 cm-1 (-C-O). 1H-NMR (d6-DMSO, ppm) = 13.03 (s, H1), 

8.29 (s, H4), 7.60 (m, H3), 7.58 (m, H8), 7.47 (m, H6), 7.50 (m, H5), 7.53 (m, H9), 7.34 (m, H2) 
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13C-NMR (101 MHz, d6-DMSO) 163.77 (C1), 158.41 (C5), 153.35 (C9), 152.04 (C6), 149.63 (C13), 

142.00 (C10), 14167 (C8), 130.16 (C3), 126.39 (C11), 126.19 (C4), 123.95 (C12), 121.73 (C7), 

114.25 (C2). Anal. calcd. (%) for C19H14N4O3: C 65.89, H 4.07, N 16.18; found: C 65.38, H 3.96, N 

15.64 

 

Computational details 

Quantum chemical calculations of azo dyes containing an imine group were performed by the 

Gaussian 09 software package (28) using Becke’s three-parameter exchange functional (B3) (29) 

combined with the nonlocal correlation functional of Lee, Yang and Parr (LYP) (30) with 6-

311++G(2d,2p) basis set. Ground state geometries of the azo-imine dyes in gas and solvent phases 

were optimised with the same method and basis set without any constraint on the geometry. 

Vibrational analysis was used to verify whether the optimised structures corresponded to local 

minima on the potential energy surface. The self-consistent reaction field method and the 

conductor-polarizable continuum model (31) were used for UV calculations. The vertical excitation 

energies and oscillator strengths at the optimised ground state equilibrium geometries were 

calculated for DCM, DMF and EtOH phases using time-dependent DFT computations and the same 

hybrid functional and basis set, and the UV–Vis absorption properties of the synthesised azo-imine 

compounds were investigated for these solvents.  

 

The highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO) and 

electrostatic potential (ESP) surfaces of the optimised forms of the molecules were obtained. 

Electronegativity (χ) and chemical hardness (η) were also calculated. The theoretical results proved 

invaluable in interpreting the experimental IR and UV–Vis spectra of the compounds. 

 

RESULT AND DISCUSSION 

 

The UV–Vis spectra of the azo-imine compounds were obtained at a concentration of 1 x 10−5 mol/L 

in EtOH, DCM, DMF and pH of 2 and 12 (in DMF). The UV–Vis spectral results of the compounds are 

depicted in Table 1. The major absorption peaks with highest extinction coefficients are attributed 

to ππ* and nπ* transitions at 318–389 nm and 372–521 nm, respectively. A weak nπ* 

transition was observed as a shoulder peak in the spectra because it overlapped with the strong 

ππ* transition. Figure 2 shows the UV–Vis spectrum of compound 3. Increasing the pH and polarity 

produced a bathochromic shift. In acidic medium, the absorption bands for all compounds were 

observed in the visible spectral region of 328–501 nm (Table 1).  
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Table 1. Experimental and theoretical UV-Vis data of the compounds 2-7. 

Comp. 

max. 

EtOH 

(nm) 

Log 

 

 

max. 

CH2CI2 

Log 

 

 

max. 

DMF 

Log 

 

 

max. 

DMF 

(pH=2) 

Log 

 

 

max. 

DMF 

(pH= 

12) 

Log 

 

 

Theoretical 

EtOH CH2Cl2 DMF 

2 379 3,28 365 3,48 
350s 

391 

3,26 

3,31 
501 3.09 352 3,24 425.4 425.8 427.4 

3 367 3,31 352 3,72 373 3,88 
347 

378s 

3.84 

3.04 

361 

398s 

3,99 

3,74 
430.2 430.9 432.4 

4 
318 

396 

3,53 

3,87 

329 

372 

3.62 

3.82 
405 3,44 390 3,26 

364 

412 

520s 

4,85 

3,75 

3.12 

423.2 423.5 425.3 

5 389 3.36 370 3.88 374 3.43 498 3.09 
410 

511 

3.49 

3.40 
431.9 432.4 434.0 

6 
353 

380s 

3,71 

3.88 
359 3,98 

323 

368 

3.78 

3.85 

328 

350 

3.88 

3.86 

364 

401s 

511 

4,04 

3.85 

3.41 

424.2 424.8 426.3 

7 387 3.81 
330 

381 

3.59 

3.98 

392 

510s 

3,74 

3.04 

384 

490s 

3,47 

3.03 
521 3,86 

397.1 

501.4 

394.4 

498.5 

398.0 

504.3 

max. nm, Log : L.mol-1.cm-1 

 

 

Figure 2. The UV-Vis spectra of 4-[[[4-[(4-hydroxyphenyl)azo]phenyl]imino]methyl]-phenol in 

CHCl3, EtOH, DMF, pH=2 (DMF) and pH=12 (DMF). 
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Consistent with experimental measurements for the compounds, theoretical calculations of their 

UV–Vis spectra showed that the absorption wavelengths obtained using DMF as a solvent were 

generally longer than those obtained using other solvents. The absorption wavelengths of 

compounds 2–7 in DCM and EtOH were found to be at around 425 nm, 430 nm, 423 nm, 432 nm 

and 424 nm, respectively (Table 1), whereas they were 2 nm higher for the same compounds in 

DMF. Compound 7, which bore the NO2 substituent, exhibited two large absorption peaks at 398 

and 504 nm. Besides, for the compounds 2-6, the effects of CH3, OH, Cl and F substituents on the 

absorption wavelengths were determined to be λ−Cl > λ−OH > λ−CH3
> λ−F > λ−H. An increase in the 

polarity of the solvent elicited a bathochromic shift in the absorption wavelengths of the compounds, 

that is, the most polar solvent DMF produced a larger effect than the other solvents. A significant 

correlation was also observed between the dipole moments of the solvents and the bathochromic 

shifts they produced (mDMF≈3.86 D, mEtOH≈1.69 D, mDCM≈1.47 D, where D is Debye).  

 

The IR absorption of the hydroxyl groups of the compounds occurred as a broad peak band in the 

range of 3551–2672 cm−1 because of intramolecular hydrogen bonding, and the stretching of -

HC=N- was observed at 1602 cm−1 (5, 6). In addition, weak peak bands appeared in the ranges 

3047–3039 cm−1 and 2925–2872 cm−1, which can be attributed to aromatic C-H and aliphatic =C-

H stretching, respectively (Figure 3 and Table 2). The asymmetric and symmetric stretching bands 

of the azo group (-N=N-) were observed at both 1500 and 1450 cm−1. The exact position of these 

bands varied according to the molecular structure of the compounds, and the strong bands that 

appeared in the range of 1650–1572 cm−1 of the IR spectra can be attributed to aromatic stretching.  

 

 

Figure 3. The IR spectrum for 4-[[[4-[(4-chlorophenyl)azo]phenyl]imino]methyl]-Phenol 
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Table 2. IR spectral results of compounds 1-7. 
Compound O-H   C-H 

Arom. 

 =C-H 

Aliph. 

C=N C=C N=N Ar-O Other functional  

groups 

1 3200- 

2672  

3042 

 

2914 

2863 

1602 1573 - 1283 - 

2 3551- 

3071  

3039 2913 

2854 

1602 1652 

1573 

1514 

1442 

1283 2913 and 

2872 (CH3) 

3 3473- 

3087 

3042 2923 

2872 

1602 1612 

1573 

1514 

1442 

1283 

1240 

1163 

- 

4 3483- 

3085 

3041 2918 

2863 

1602 1595 1504 

1478 

1239 

1137 

- 

5 3301- 

2648 

3044 2913 

2868 

1602 1670 

1574 

1515 

1443 

1285 

1164 

840 (C-Cl) 

6 3386- 

2745 

3042 

 

2924 

2874 

1602 1573 1514 

1443 

1283 

1163 

1193 (C-F) 

7 3544- 

3068 

3047 2925 

2864 

1602 1572 1514 

1442 

1283 

1163 

1484 and 

1388 (NO2) 

 

As can be seen in Table 3, the theoretical and experimental IR results were in close agreement. 

However, because the theoretical calculations were performed for single molecules (i.e. 

intermolecular interactions were not taken into account), calculated aromatic and aliphatic =C-H 

bond vibrations were found to be higher than experimentally determined values. -CH3, -OH, -Cl and 

-F substituents did not significantly alter the vibration of O-H, whereas NO2 substitution had a more 

pronounced effect (Table 3). Substituents appeared to have the most effect on N=N vibrations. For 

example, in unsubstituted compound 4 the -N=N- vibration frequency had its highest value (1534 

cm−1), and the difference in the electronegativity of the substituents had little effect on other 

oscillation frequencies except for the -N=N- bond and aromatic C-H vibrations of ring 3. Both the 

experimental and theoretical results showed that C=N vibrations were particularly unaffected by 

substituent variation (experimental, 1602 cm−1; theoretical, 1679 cm−1). All selected oscillation 

frequencies are shown in Table 3. 
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Table 3. Theoretical IR spectral results of the compounds. 

Compound O-H 

 C-H 

Arom. 

 =C-H 

Aliph. 
C=N C=C N=N Ar-O 

Other 

functional 

groups 

2 3832 

3179 (r2) 

3160 (r3) 

3158 (r1) 

3011 1680 

1646 

1618 

1548 

1490 

1438 
1286 

    3109 

    3076 

  3032 (CH3) 

3 
3833 (r3) 

3831 (r1) 

3178 (r2) 

3159 (r1) 

3153 (r3) 

3009 1678 

1642 

1612 

1527 

1496 

1466 

1289 (r1) 

1281 (r2) 
3833 (O-H) 

4 3831 

3199 (r3) 

3179 (r2) 

3176 (r1) 

3010 1679 

1647 

1612 

1548 

1534 

1445 
1290 - 

5 3831 

3218 (r3-

weak) 

3180 (r2) 

3160 (r1) 

3010 1679 

1647 

1612 

1548 

1530 

1492 
1290 1095 (C-Cl) 

6 3831 

3210 (r3-

weak) 

3179 (r2) 

3160 (r1) 

3010 1679 

1647 

1612 

1527 

1496 

1439 
1290 1238 (C-F) 

7 3830 

weak (r3) 

3205 (r2) 

3160 (r1) 

3012 1679 

1647 

1611 

1528 

1528 

1488 
1292 1359 (NO2) 

r1: ring 1, r2: ring 2, r3: ring 3 

 

The 1H-NMR spectra of the compounds were produced using DMSO-d6, and the signals at 7.81 ppm 

and 6.67 ppm were assigned to the aromatic protons. The signal stemmed from imine group 

appeared as a singlet in the range of 8.45 and 7.76 ppm. Aromatic protons were observed as 

doublets and, in a few cases, as overlapping doublets/multiplets. The singlet peak of the OH group 

appeared at 13.03 and 10.12 ppm except for that of the OH group the compound 4, which appeared 

at 6.10 ppm. An additional signal at 1.91 ppm, which was found in compound 2, was attributed to 

the CH3 group. Hydroxyl and imine protons were observed as singlet peaks at 13.03 and 8.29 ppm 

for the H1 and H4 protons in the spectrum of compound 7 (Figure 4). The peak at 7.34–7.60 ppm 

was attributed to signals from aromatic protons (Table 4). Protons (H2-H7) on the benzene ring 

adjacent to the nitro group shifted downfield, as expected, due to the unsubstituted benzene protons 

(H2-H7) in the compound 7. 
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Figure 4.  The 1H-NMR Spectrum of 4-[[[4-[(4-nitrophenyl)azo]phenyl]imino]methyl]-Phenol 
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Table 4. 1H-NMR spectral results of compounds 1-7. 

HO

N

1

2

2 3

3

4

5

5 6

6

7

HO

N N

N X

1

2

2 3

3

4

5

5 6

6

8

8 9

9

10

7

 

Compound 1 

                                                 X= CH3 (2), -OH (3), -H (4), -Cl (5), -F (6), NO2 (7) 

 H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 

1 10.12 (s) 6.89  (d)  7.76 (d) 8.45 (s) 7.18 (d)  7.21(d) 7.38 (t) - - - 

2 12.01 (s) 6.67 (m) 7.81 (m) 7.97 (s) 7.37(m) 7.43(m) - 7.68(m) 7.08(m) 1.91(s) 

3 10.13 (s) 6.87 (m) 7.79 (m) 8.45 (s) 7.39(m) 7.20(m) - 7.76(m) 6.90 (m) 10.13(s) 

4 6.10 (s) 6.69 (m) 7.69 (m) 7.76 (s) 7.41(m) 7.49(m) - 7.49(m) 7.38(m) 7.44(m) 

5 12.58 (s) 6.69 (m) 7.75 (m)  8.73 (s) 7.44(m) 7.28(m) - 7.66(m) 7.04(m) - 

6 12.45(s) 6.87 (m) 7.79(m) 8.45 (s) 7.41(m) 7.24(m) - 7.54(m) 7.03(m) - 

7 13.03(s) 7.34  (m) 7.60(m) 8.29 (s) 7.50(m) 7.47(m) - 7.58(m) 7.53(m) - 
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Theoretical calculations showed that the highest molecular energy among compounds 2–7 was 

shown by the unsubstituted compound 4 (−972.776 au) and that there was no relationship between 

the electronegativity of substituent groups and the molecular energies of the compounds. 

Compound 5, bearing the -Cl substituent, had the lowest molecular energy (−1432.400 au). The 

NO2 substituted compound 7 possessed the lowest HOMO-LUMO energy gap (∆E) and the highest 

electronegativity (4.798 eV) and dipole moment (9.914 D). Therefore, compound 7 exhibited the 

lowest chemical hardness (1.517 eV) and the highest reactivity. Conversely, unsubstituted 

compound 4 exhibited the highest chemical hardness. Comparison between compounds 4 and 2 

showed that the methyl substituent decreased the dipole moment of the compound 4 from 3.6 to 

1.5 D.  

 

Table 5. Electronic and chemical parameters calculated by B3lyp/6-311++g(2d,2p) 

Compound E (au) 𝑬𝐡𝐨𝐦𝐨 (eV) 𝑬𝐥𝐮𝐦𝐨 (eV) ∆𝑬 𝜼  (eV) 𝜒 (eV) m (D) 

2 -1012.105 -5.862 -2.455 3.406 1.703 4.158 1.501 

3 -1048.026 -5.765 -2.417 3.348 1.674 4.091 2.469 

4 -972.776 -5.954 -2.529 3.425 1.713 4.242 3.600 

5 -1432.400 -6.022 -2.673 3.350 1.675 4.348 5.276 

6 -1072.046 -5.992 -2.593 3.399 1.700 4.293 4.903 

7 -1177.345 -6.315 -3.282 3.033 1.517 4.798 9.914 

E: Energy, ∆𝑬: 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂, 𝜼: Chemical Hardness, 𝝌: Electronegativity, m: Dipole moment D: Debye 

 

As can be seen from Table 5, there is no obvious relationship between the electronegativity of the 

substituents and that of the compounds 2–6. However, compound 7, which bore the highest 

electronegative substituent (NO2), also showed the highest electronegative. However, these data 

still suggest that a substituent’s electronegativity is not necessarily the only criterion that 

determines the molecular electronegativity of the compound. The calculated electronic and chemical 

values of the compounds are shown in the Table 5. Furthermore, the calculated HOMO-LUMO and 

ESP maps of the molecules are given in Figure 5.  
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Comp. HOMO LUMO ESP 

2 

   

3 

   

4 

   

5 

   

6 

   

7 

   

Figure 5. HOMO-LUMO and ESP maps of the compounds. 

 

In 13C-NMR spectra, which are shown in Table 6 and Figure 6, the aromatic and imine carbon atoms 

appear in the same region of 163.77–121.33 ppm, which is in agreement with values reported in 

the literature (5,8,13). The C1 atom conjugated to the OH group produced a signal downfield from 

the other carbon atoms, whereas the C5 and C6 atoms were shifted downfield, as expected, due to 

the nitrogen atom. In the substituted benzene ring, the C13 carbon atom resonated downfield due 

to a decrease in electron density resulting from the presence of -OH, -Cl, -F or -NO2. Conversely, 

the presence of the electron-donating -CH3 group resulted in upfield shifts in carbon atoms 

resonances due to an increase in electron density.  
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Figure 6.  The 1H-NMR Spectrum of 4-[[[4-[(phenyl)azo]phenyl]imino]methyl]-phenol 
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Table 6. 13C-NMR spectral results of compounds 1-7. 

HO

N

1

2

2 3

3

4 5

6

8

8

9

7

7
             

HO

N N

N X

1

2

2 3

3

4 5

6

8

8

9

10

7

11 12

13

7

11 12

 

                         Compound 1                               X= CH3 (2), -OH (3), -H (4), -Cl (5), -F (6), NO2 (7) 

 

 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 

1 161.09 116.31 131.14 125.78 160.48 152.47 121.33 129.59 127.98 - - - - 

2 169.08 119.58 130.35 125.41 162.56 156.45 123.95 142.68 152.52 141.57 122.80 129.83 147.89 

3 164.12 116.37 131.05 124.81 160.41 156.30 121.34 143.89 152.29 145.59 124.78 129.44 164.12 

4 153.34 113.84 129.85 125.65 152.92 153.34 122.16 143.26 152.29 145.59 122.52 129.65 130.36 

5 153.73 113.77 128.96 125.57 153.34 152.92 122.17 131.52 152.57 143.22 122.82 129.73 151.12 

6 163.75 116.56 131.14 125.71 161.04 150.14 122.83 142.30 152.46 146.84 121.33 114.56 160.43 

7 163.77 114.25 130.16 126.19 158.41 152.04 121.73 141.67 153.35 142.00 126.39 123.95 149.63 
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CONCLUSION  

The azo-imine compounds synthesised in this study were obtained in a high yield and were 

characterised by UV–Vis, IR, NMR and elemental analyses. Spectroscopic and elemental analyses 

revealed the expected results. The UV–Vis electronic absorption and IR spectra of the compounds 

were determined both experimentally and also computationally using DFT. The UV–Vis spectra of 

the compounds exhibited two absorption bands in the ranges of 318–389 and 372–521 nm, which 

were assigned to * and n* transitions, respectively. 1H- and 13C NMR spectroscopy confirmed 

the presence of the functional groups, particularly the -N=N- and -HC=N- imine groups, of the 

compounds.  
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