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Abstract 

New azo dyes (1a-b)  were produced by the azo coupling of 2-nitro-1,4-phenylenediamine with 

5-chlorosalicylaldehyde and 5-chloro-2-hydroxyaniline. Corresponding Schiff base derivatives 

(2a-b) bearing conjugated benzimidazole and imidazole moieties were obtained via the 

condensation reaction of these dyes with 2-aminobenzimidazole and 4-

imidazolecarboxaldehyde. Their structures were identified by IR, 1H/13C NMR, mass and UV–

Vis spectroscopies and microanalysis. Chromic (solvato-, acido-, thermo-) and 

photoluminescence behaviour of compounds 2a and 2b were evaluated depending on their 

donor–π–acceptor molecular system and intramolecular proton tautomerism. Electronic 

absorption and photoluminescence spectra of 2a and 2b were recorded in DMSO, DMF and 

CHCl3. 2a emitted turquoise luminescence in DMSO and DMF, and white luminescence in 

CHCl3, while 2b emitted strong turquoise luminescence in only CHCl3.  
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1. INTRODUCTION 

 

Intramolecular proton transfer process occurs between tautomeric forms of a molecule in a six-membered 

chelate ring via hydrogen bonding interaction in ground (IPT) and excited states (ESIPT) [1]. IPT and 

ESIPT process generates thermochromism and photochromism, respectively. Chromism is defined as the 

reversible change in color due to the change in the optical properties (transmittance, reflection and 

absorption) of the molecule by a method caused by a physical (humidity, pressure, temperature, light, 

electric field, magnetic field, etc.) or chemical (pH, solution, etc.) stimulus [2]. If the changing color of the 

molecule between two chemical structure to give a distinguishable absorption spectrum occurs with the 

effect of light, temperature, solution or pH change, it is named photochromism, thermochromism, 

solvatochromism and halochromism, respectively. Chromic organic colorants are used in the production of 

smart textile materials to utilize in the fields of medicine, health and safety [3,4]. Electrochromic, 

thermochromic and photochromic materials have applications in many fields such as tiles, glasses, windows 

and optics. Halochromic and photochromic materials have great potential for optical devices and biosensor 

applications [5]. 

 

Azo dyes are the class of dye group used in the textile and dye industry due to their easy synthesis, high 

dyeing efficiency and good thermal stability [6]. These azo dyes have functional applications such as 

photodynamic therapy and laser dyes, related to their photoelectric properties [7–9]. Schiff bases (imine, 

azomethine) and metal complexes exhibit a broad spectrum of antimicrobial, antifungal, antitumor, 

antioxidant, enzyme inhibition activities [10,11]. These compounds demonstrate a wide range of working 

areas as dye, polymer stabilizer, catalyst, corrosion inhibitor and chemosensors [12]. They are used in light-
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emitting electrochemical cells (LEECs), conductors and semiconductors, due to linear, non-linear optical 

and photochromic properties [13,14].  

 

With this perspective, azo-linked Schiff bases are promising to have chromic and optical properties close 

or superior to these two organic molecule classes. To date, several papers have been reported on azo-Schiff 

bases bearing various heteroaromatic rings like as pyrazole [15], 1H-pyrazol-3(2H)-one [16], oxazole [17], 

oxadiazole [18], 9-ethylcarbazole [19], imidazole [20, 21], triazole [22], indole [23], pyridine [24], 

pyrimidine [25], chromone [26] and nicotinic acid [27]. Advantages of azo heterocycles is their fastness, 

brightness and extraordinary colouring properties [28,29]. These azo compounds have applications as 

chemosensing, optical switching, optical data storage and organic sensitized solar cells [30–32]. 

Benzimidazole and imidazole are important pharmacophores in medicinal chemistry [33,34]. They have 

been used as ionic liquid, optical and electronic materials, depending on their interesting characteristic 

photophysical properties [35,36]. Their derivatives are extensively applied as chemosensors for the sensing 

of metal cations and inorganic ions [37]. 

 

Here, heteroaromatic azo-Schiff bases (2a-b) based on benzimidazole and imidazole have been reported 

for the first time. For this purpose, azo dyes (1a-b) were obtained by the coupling reaction of 2-nitro-1,4-

phenylenediamine with 5-chlorosalicylaldehyde and 5-chloro-2-hydroxyaniline. Later, these dyes were 

condensed with 2-aminobenzimidazole and 4-imidazolecarboxaldehyde to form azo-Schiff bases in high 

yield. They were identified by different spectral techniques. Imine derivatives (2a-b) have assessed for 

solvatochromic, acidochromic, thermochromic and photoluminescence properties depending on the 

formation of azo-imine ↔ azo-amine and azo-imine ↔ hydrazone-imine tautomeric equilibria. 

 

2. MATERIAL METHOD 

 

All chemicals and solvents were reagent grade. Melting points were recorded by using open capillaries on 

a Stuart SMP30 and were uncorrected. Microanalysis was measured on a Elemental Analyzer (Thermo 

Scientific Flash 2000). Infrared spectra were carried out using ATR spectrometer (Thermo Scientific 

Nicolet iD5). 1H NMR and 13C NMR spectra were recorded in DMSO-d6 on a Varian Mercury spectrometer 

(Agilent, 400 MHz/100 MHz). NMR signals were abbreviated as follow, s: singlet, d: doublet, m: multiplet. 

Mass spectra were recorded on a mass spectrometer (Agilent LC Q-TOF) by using (ESI+) electron 

ionization method. Electronic absorption spectra were carried out on a spectrophotometer (Analytik Jena 

Specord 200). Photoluminescence spectra were carried out using HORIBA Jobin Yvon spectrometer. 

Absorption and emission spectra were recorded in dimethyl sulfoxide (DMSO), N,N‐dimethylformamide 

(DMF) and chloroform (CHCl3) (C = 30 μM). 

 

2.1. Synthesis of Azo Dyes (1a-b) 

 

The synthesis process was carried out according to the literature [38]. 2-nitro-1,4-phenylenediamine (1.0 

equiv) was dissolved in cold water containing HCl (4 mL). Sodium nitrite solution (10.0 equivalent) in cold 

water was added to a stirred amine solution in an ice bath (0–5 ºC) drop by drop for 30 min. On the other 

hand, a coupling agent (aldehyde or amine) (2.0 equiv) was dissolved in aqueous ethyl alcohol solution 

containing sodium hydroxide (25.0 equiv). Thereafter, basic aldehyde/amine solution was added to freshly 

prepared diazonium solution for 30 min at 0–5 ºC. The obtained mixture was firstly stirred at 0–5 ºC for 3 

h, and then stirred at room temperature for 2 days. For 1b, pH of the resultant mixture was adjusted to 7 by 

using dilute aqueous NaOH solution. The obtained product was filtered, washed with water and ethyl 

alcohol and dried at room temperature.  

 

3,3'-((2-nitro-1,4-phenylene)bis(diazene-2,1-diyl))bis(5-chloro-2-hydroxybenzaldeyde) (1a). The product 

was obtained by using an aldehyde (5-chlorosalicylaldehyde). Dark brown powder; 63%; dp 137 ºC 

(decomposition point). IR ν (cm-1): 3217 (O–H), 3076 (Ar–H), 2876 (C–H), 1679/1656 (C=O), 1613 (C=C), 

1529 (N=N), 1469 (NO2 asym), 1345 (NO2 sym), 1262 (C–O). 1H NMR δ (ppm): 7.51–7.59 (t-d,  J = 2.78 

Hz, J = 2.72 Hz, 2H, Ar-H), 7.72 (s, 1H, Ar–H), 7.80 (s, 1H, Ar–H), 7.93 (s, 1H, Ar–H), 8.15 (s, 1H, Ar–

H), 8.25 (s, 1H, Ar–H), 10.06 (s, 2H, OH), 10.21 (s, 2H, CHO). 13C NMR δ (ppm): 119.60, 122,73, 123.73, 

125.56, 127.44, 135.81, 136.56, 137.64, 144.17, 149.96, 157.82 (Ar–C), 159.39 (C–OH), 189.83 (CHO). 
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UV–Vis (DMSO, 30 µM): λmax (nm): 396 (logε = 4.30). Anal. calcd. for (C20H11Cl2N5O6) (488.24 g/mol): 

C, 49.20%; H, 2.27%; N, 14.34%. Found: C, 49.55%; H, 2.39%; N, 14.93%. MS (ESI+): m/z = 452.5663 

[(M - Cl)]+, calcd. 453.0467 [(M - Cl)]+. 

 

6,6'-((2-nitro-1,4-phenylene)bis(diazene-2,1-diyl))bis(2-amino-4-chlorophenol) (1b). The product was 

obtained by using an amine (5-chloro-2-hydroxyaniline). Dark brown powder; 76%; dp 125 ºC. IR ν (cm-

1): 3452 (O–H), 3346/3184 (NH2), 3087 (Ar–H), 2840 (C–H), 1624 (C=C), 1563 (N=N), 1509 (NO2 asym), 

1339 (NO2 sym), 1246 (C–O). 1H NMR δ (ppm): 6.34 (s, 4H, NH2), 7.24 (s, 2H, Ar–H), 7.45 (s, 2H, Ar–

H), 7.67 (s, 1H, Ar–H), 7.91 (s, 1H, Ar–H), 8.38 (s, 1H, Ar–H), 10.09 (s, 2H, OH). 13C NMR δ (ppm): 

115.63, 117.80, 119.67, 125.94, 128.41, 129.98, 134.98, 135.88, 140.89, 148.07, 149.25 (Ar–C), 153.00 

(C–OH). UV–Vis (DMSO, 30 µM): λmax (nm): 402 (logε = 4.40). Anal. calcd. for (C18H13Cl2N7O4) (462.25 

g/mol): C, 46.77%; H, 2.83%; N, 21.21%. Found: C, 47.05%; H, 2.19%; N, 20.93%. MS (ESI+): m/z = 

425.3163 [(M - Cl)]+, calcd. 427.0796 [(M - Cl)]+. 

 

2.2. Synthesis of Azo-Schiff Bases (2a-b) 

 

Azo dye (1a-b) (1.0 equiv) was dissolved in ethyl alcohol. This solution was mixed with coupling agent 

(aldehyde or amine) (2.0 equiv) by refluxing for 5 h. The final mixture was stand at ambient temperature 

for 3 days. The obtained product was filtered and recrystallized with ethyl alcohol.  

 

6,6'-((2-nitro-1,4-phenylene)bis(diazene-2,1-diyl))bis(2-(((1H-benzo[d]imidazol-2-yl)imino)methyl)-4-

chlorophenol) (2a). The product was obtained by using azo dye 1a and amine (2-aminobenzimidazole). 

Dark brown powder; 78%; dp 261 ºC. IR ν (cm-1): 3442 (O–H), 3353 (N–H), 3076 (Ar–H), 2881 (C–H), 

1681 (CH=N), 1622 (C=C), 1557 (C=N, ring), 1514 (N=N), 1475 (NO2 asym), 1339 (NO2 sym), 1244 (C–

O). 1H NMR δ (ppm): 6.50 (s, 2H, NH, benzimidazole), 6.84–6.87 (m, 4H, benzimidazole), 7.09–7.12 (m, 

4H, benzimidazole), 7.41–7.45 (d, 1H, Ar-H), 7.51 (s, 1H, Ar–H), 7.61 (s, 2H, Ar–H), 7.71 (s, 1H, Ar–H), 

7.93 (s, 1H, Ar–H), 8.03 (s, 1H, Ar–H), 8.30 (s, 2H, CH=N), 9.63 (s, 2H, OH). 13C NMR δ (ppm): 111.82, 

115.72, 119.28, 119.54, 119.81, 120.07, 121.72, 122.58, 123.36, 125.61, 130.29, 134.37, 136.29, 137.69, 

146.45, 154.42 (Ar–C), 155.28 (C–OH), 159.64 (C=N, benzimidazole), 163.80 (CH=N). UV–Vis (DMSO, 

30 µM): λmax (nm): 288, 398 (logε = 4.63, 4.39). Anal. calcd. for (C34H21Cl2N11O4) (718.51 g/mol): C, 

56.83%; H, 2.95%; N, 21.44%. Found: C, 56.55%; H, 2.89%; N, 20.93%. MS (ESI+): m/z = 716.8432 [(M 

- H)]+, calcd. 716.1077 [(M - H)]+. 

 

6,6'-((2-nitro-1,4-phenylene)bis(diazene-2,1-diyl))bis(2-(((1H-imidazol-4-yl)methylene)amino)-4-

chlorophenol (2b). The product was obtained by using azo dye 1b and aldehyde (4-

imidazolecarboxaldehyde). Dark brown powder; 89%. dp 243 ºC. IR ν (cm-1): 3462 (O–H), 3344 (N–H), 

3120 (Ar-H), 2837 (C–H), 1666 (C=N), 1625 (C=C), 1587 (C=N, ring), 1564 (N=N), 1510 (NO2 asym), 

1337 (NO2 sym), 1247 (C–O). 1H NMR δ (ppm): 1H NMR δ (ppm): 6.34 (s, 2H, NH, imidazole), 7.02 (s, 

2H, Ar-H), 7.17 (s, 2H, imidazole), 7.38 (s, 1H, Ar–H), 7.50 (s, 1H, Ar–H), 7.66 (s, 2H, imidazole), 7.71 

(s, 1H, Ar–H), 7.92–7.99 (d, J = 27.33, 1H, Ar–H), 8.44 (s, 1H, Ar–H), 8.66 (s, 2H, CH=N), 9.74 (s, 1H, 

OH, azo-imine tautomer), 12.81 (s, 1H, NH, hydrazone-imine tautomer). 13C NMR δ (ppm): 115.57, 

116.83, 117,15, 117.54, 119.16, 125.35, 126.65, 128.69, 129.09, 134.44, 135.67, 140.98, 147.83, 149.08 

(Ar–C), 154.31 (C=N, imidazole), 156.45 (CH=N), 172.02 (C–OH). UV–Vis (DMSO, 30 µM): λmax (nm): 

396 (logε = 4.63). Anal. calcd. for (C26H17Cl2N11O4) (618.39 g/mol): C, 50.50%; H, 2.77%; N, 24.92%. 

Found: C, 50.42%; H, 2.68%; N, 25.03%. MS (ESI+): m/z = 619.5233 [(M + H)]+, calcd. 620.0886 [(M + 

H)]+. 
 

3. THE RESEARCH FINDINGS AND DISCUSSION 

 

3.1.  Synthesis and Characterization 

 

The azo coupling reaction of 2-nitro-1,4-phenylenediamine with 5-chlorosalicylaldehyde and 5-chloro-2-

hydroxyaniline produced azo-aldehyde (1a) and azo-amine (1b) dyes, respectively. Corresponding Schiff 

base derivatives (2a-b) were newly obtained through the reaction of 1 equiv of azo dyes with 2 equiv of 2-

aminobenzimidazole and 4-imidazolecarboxaldehyde (Figures 1-2). In this work, these substances were 
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reported for the first time. They were explicitly identified by infrared, nuclear magnetic resonance, mass 

and absorption spectroscopies (Supplemental Figures S1-S16). The obtained microanalysis results are in 

agreement with the calculated elemental values. New substances are dark brown colored, soluble in organic 

solvents and stable in air.  
 

 
Figure 1. Synthesis diagram of azo-aldehyde dye (1a) and Schiff base derivative (2a) 
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Figure 2. Synthesis diagram of azo-amine dye (1b) and Schiff base derivative (2b) 

 

It is well known that in Schiff bases and azo dyes containing OH group at ortho-position of phenyl rings, 

the polar electron–donating OH groups lead to form an intramolecular H-bond between enol-imine ↔ keto-

amine and azo ↔ hydrazone tautomeric forms, respectively. Tautomeric equilibrium of azo-Schiff bases 

2a-b is given in Figure 3 and Supplemental Figure S17. 
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Figure 3. The proposed tautomeric equilibria in 2a 

 

In FT–IR spectrum of azo dyes, the νOH peaked at 3217 cm–1 for 1a, and 3452 cm–1 for 1b. The aldehyde 

ν(C–H) and ν(C=O) frequencies appeared at 2876 and 1679/1656 cm–1 for 1a. The dual band at 3346/3184 

cm−1 was due to the νNH frequency of 1b. The azo ν(N=N) frequency appeared at 1529 cm–1 for 1a and 

1563 cm–1 for 1b. The symmetric and asymmetric ν(NO2) frequencies were observed at 1469/1345 cm−1 

for 1a and 1509/1339 cm−1 for 1b. Benzene ν(C–H) and ν(C=C) frequencies were at 3076 cm−1 and 1613 
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cm−1 for 1a, and 3087 cm−1 and 1624 cm−1 for 1b. The frequency at 1262 and 1246 cm–1 was belonged to 

ν(C–O) of phenol ring for 1a and 1b. The νOH frequency centered at 3442 and 3462 cm–1 for 2a and 2b, 

respectively. The νNH vibration frequency of imidazole ring peaked a 3353 and 3344 cm–1 as a broad band 

for 2a and 2b. The stretching vibration bands due to the aldehyde group disappeared for 2a. The band at 

1681 and 1666 cm–1 was corresponded to the ν(C=N) frequency of the imine group for 2a and 2b, 

respectively [39], showing Schiff base formation through a condensation reaction. The frequency at 1557 

and 1587 cm–1 was attributed to C=N group of imidazole for 2a and 2b, respectively [40]. The vibration 

band at 1514 and 1564 cm–1 was due to ν(N=N) frequency of azo group for 2a and 2b. The nitro frequencies 

were at 1475 and 1339 cm–1 for 2a, and 1510 and 1337 cm–1 for 2b. The (C–O) band was at 1244 and 1247 

cm–1. These results indicated that 2a and 2b most likely exist as a mixture of azo and imine tautomer in the 

solid state.  

 

In 1H NMR spectrum of 1a, the aldehyde (CHO) proton was observed at δH 10.21 ppm as a singlet signal. 

The phenolic OH proton was seen at δH 10.06 and δH 10.09 ppm for 1a and 1b, respectively. Free amino 

protons of 1b appeared at δH 6.34 ppm. Benzene protons resonated in the range of δH 7.53–8.25 ppm and 

δH 7.24–8.38 ppm for 1a and 1b, respectively. For 2a, the aldehyde proton signal was absent. The singlet 

peak at δH 8.30 ppm for 2a and δH 8.66 ppm for 2b was attributed to (CH=N) proton [41]. The OH proton 

signal shifted to upfield compared to that of corresponding azo compounds. It was observed at δH 9.63 and 

δH 9.74 ppm for 2a and 2b, respectively. These results confirmed that 2a and 2b exhibit as azo-imine 

tautomer in DMSO solution. On the other hand, the singlet at δH 12.81 ppm may be corresponded to the 

NH proton of hydrazone-imine tautomeric form of 2b (Supplemental Figure S17). The proportion of azo-

imine tautomer in this compound can be calculated by the intensities of δOH and δNH shifts values of the 

corresponding tautomeric forms. The intensity of the OH proton signal is 1.84, and the intensity of the NH 

proton signal is 0.30, then the percentage of azo form is close to ~86%. One-proton singlets at δH 6.50 ppm 

and δH 6.34 ppm may be attributed to the NH proton of imidazole ring for 2a and 2b, respectively [42,43]. 

Benzene signals were recorded within the range of δH 7.41–8.03 ppm and δH 7.02–8.44 ppm for 2a and 2b. 

Benzimidazole signals were seen at δH 6.84–6.87 and δH 7.09–7.12 ppm as multiplet and doublet peaks for 

2a. Imidazole protons appeared at δH 7.17 and δH 7.66 ppm as a singlet signal for 2b.  

 
13C NMR spectrum of 1a exhibited the aldehyde (CH=O) and the (C-OH) carbons at δC 189.83 and δC 

159.39 ppm. The azo-linkaged (C–N=N) aromatic carbons displayed two different signal at δC 157.82 and 

δC 149.96 ppm. The nitro-substituted (C–NO2) aromatic carbon resonated at δC 144.17 ppm. For 1b, the 

phenolic (C–OH) carbon signalized at δC 153.00 ppm. The azo-linkaged carbons appeared at δC 149.25 and 

δC 148.07 ppm. The nitro-substituted carbon was seen at δC 140.89 ppm, respectively. Other benzene 

carbons were seen between δC 119.60 and 137.64 ppm for 1a; δC 117.80 and 135.88 ppm for 1b. In 13C 

NMR spectrum of 2a, the aldehyde carbon signal disappeared. The new peak at δC 163.80 was assigned to 

the imine (CH=N) carbon atom [44]. Benzimidazole (C=N) carbon resonated at δC 159.64 ppm. The 

phenolic (C–OH) carbon signal gave upfield shifting to 155.28 ppm. The azo-linkaged carbons signalized 

at δC 154.42 and δC 146.45 ppm. The nitro-substituted carbon was observed at δC 137.69 ppm. For 2b, the 

imine and imidazole (C=N) carbons were seen at δC 156.45 and δC 154.31 ppm. The phenolic (C–OH) 

carbon signal shifted downfield to 172.02 ppm. The (C–N=N) and (C–NO2) carbons were at δC 

149.08/147.83 and δC 140.98 ppm. 

 

In mass spectrum of 1a, high relative intensity peak was seen by the reduction of chlorine atom of molecule 

at m/z 452.5663. This fragment was followed by loss of (C7H4NO2) radical and showing the strong peak at 

m/z 321.3554. The mass spectral pattern of 1b exhibited the peaks at m/z 425.3163 and 319.2327, which 

are corresponded to loss of chlorine atom and (C6H5NO) radical, respectively. Compound 2a displayed [M-

H]+ ion peak at m/z 716.8432. The following fragment appeared at m/z 507.3954 by loss of two chlorine 

atoms and (C8H6N3) radical. In the presence of 2b, [M+H]+ ion peak was recorded at m/z 619.5233. This 

fragment was followed by loss of chlorine atom and (C4H4N3) radical giving the peak at m/z 483.4228. 

High relative intensity peak at m/z 275.1811 may be corresponded to (C16H11N5) radical.  
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3.2.  Donor–(π–Electron Bridge)–Acceptor Structure of Azo-Schiff Bases (2a-b) 

 

Polyaromatic planar heterocyclic D–π–A molecules have extensive π-electronic delocalization system 

between donor and acceptor units. These chromophores present variety of photophysical transfer 

mechanisms like as intra/intermolecular charge (ICT), intramolecular proton in excited state (ESIPT) and 

photoinduced electron (PET) [45]. ICT mechanism is related to HOMO of donor and LUMO of acceptor, 

and the linker that connect both. Charge transfer directly associates with the ionization energy of donor 

unit. An ESIPT active molecule must iclude both an acidic (H–donor) and basic (H–acceptor) sites or in 

close proximity. For PET mechanism, electron transfer occurs between donor and acceptor units of the 

molecule in excited state via non-radiative pathway [46]. 

 

Azo-Schiff bases (2a-b) developed as D–π–A molecular systems have similar pheny/phenyl/heteroaromatic 

ring skeletal structure linked by azo and imine double bonds (Figure 4). The presence of electron–

withdrawing nitro group and chlorine atoms at meta-position of phenyl rings provides the push-pull tuning 

(unsymmetrical electron distributions) property of the molecules. Tertiary imidazole (C=N) nitrogen atom 

of benzimidazole and imidazole rings acts as an electron-donating cores. The lone pair electrons of pyrrole 

(NH) nitrogen atom in benzimidazole ring are delocalized with the π system of aromatic ring. Stabilization 

of the whole molecule is due to interaction between electron-acceptors and electron-donors. Effective and 

intensive π-π conjugation of azo and imine bonds is achieved by intramolecular charge transfer from π-

donor to π*-acceptor. The molecular conjugation is also achieved by the introduction of salicylidene 

moieties. 

 

 
Figure 4. Donor–π–acceptor molecular structure of azo-Schiff bases (2a-b) 

 

3.3. Structure Effect on Electronic Absorption Spectra 

 

2a and 2b are expected to display two main transitions: π→π* and n→π*. The main absorption bands 

originate from π–conjugation system transitions of azo and imine bonds. HOMO→LUMO (π→π*) 

transitions can also represent intraligand charge transfer bands from phenyl to phenyl ring, 

benzimidazole/imidazole to phenyl ring or electron-withdrawing groups at the phenyl towards 

benzimidazole/imidazole ring of the molecule.  
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In DMSO, 2a bearing benzimidazole ring exhibited two absorption maximum at 282 and 401 nm, while 2b 

including imidazole ring had only one maximum at 396 nm (Figure 5). In DMF, 2a showed the bands at 

287 and 394 nm, 2b had a main band at 393 nm. In CHCl3, the bands were recorded at 257, 278 and 383 

nm for 2a; 262 and 387 nm for 2b. The wavelength of higher energy bands was belonged to phenyl ring 

π→π* transition [47]. The broad overlapping band above 380 nm may belong to to a combination of imine 

n→π* and azo π→π* transitions. The shoulder at 325 nm for 2a was corresponded to (C=N) bond π→π* 

transition of benzimidazole ring. This transition may become more strongly with respect to the resonance 

effect of extra phenyl ring, which is not present in 2b. 

 

 
Figure 5. Electronic absorption spectra of 2a and 2b in DMSO (a), DMF (b) and CHCl3 (c)  

 
For Schiff bases derived from salicylaldehyde, the relative stability of keto-amine tautomer decreases 

because of lossing of aromaticity [1]. Hydrazone tautomer generally absorbs at longer wavelengths than 

azo tautomer, and it has better dyeing power. UV–Vis data of 2a and 2b showed that all the bands are seen 
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at lower wavelength. This finding confirmed that these compounds mainly exist as azo-imine tautomer in 

solution. The existence of lowest energy transition bands below 400 nm may be explained by the induction 

effect of O and N atoms in structure. Presence of intramolecular hydrogen bonding between imine and (OH) 

group causes a blue-shift in this absorption band. Bathochromic and hypsochromic shifts in absorption 

bands can also be dependent on a weak mesomeric electron-repulsive and a strong inductive electron-

withdrawing characters of chlorine atoms and electron-attracting effect of nitro group at meta-position of 

phenyl rings [48,49]. Delocalization of the lone pair electrons of N atom of azo chromophore is hinder by 

electron-withdrawing character of Cl substituent. Moreover, the formation of a strong π charge 

delocalization between azo/imine chromophores and aromatic/heteroaromatic rings leads to decrease in the 

absorption wavelength. Substitution of imidazole of 2b with benzimidazole (2a) affects a larger delocalized 

π-electron system over phenyl and salicylidene rings.  

 

3.4. Solvent Effect on Electronic Absorption Spectra 

 

The solvent polarity strongly effects the excited state of D–π–A molecule by stabilizing it via solvation, 

dipole-dipole interactions and formation of stronger intermolecular H-bonding. As seen in Figure 5, the 

solution colors turned from orange to colorless with changing of polarity. The absorption spectrum of 2a 

displayed the bands at 282, 325(sh) and 401 nm in DMSO (ε = 46); 287 and 394 nm in DMF (ε = 37); 257, 

278 and 383 nm in CHCl3 (ε = 4.8). When the dielectric constant (ε) of solvents increased, the third band 

shifted bathochromically (Δλmax = 7–18 nm) (positive solvatochromism). Aswell, hyperchromic effect was 

noted for the absorbance of the first transition, which decreases in the order of DMSO > DMF > CHCl3. 

The shoulder related to π→π* transition of (C=N)benzimidazole appeared in only protophilic DMSO solution. 

This transition may be stabilized via H-bonding between double bonded O atom of dipolar aprotic 

protophilic DMSO molecule and (NH) proton of benzimidazole rings. In the presence of 2b, decreasing of 

solvent polarity caused that the color of solutions turns to light yellow. 2b had the band at 396, 393, and 

262 and 387 nm in these solutions, respectively. This broad band red-shifted to longer wavelength 

(bathochromic shift) (Δλmax = 3–9 nm), and the absorbance increased with increasing of dielectric constant 

of solvents (positive solvatochromism).  

 

It has been determined that the stability of tautomers depends on temperature and solvent [50,51]. Enol-

imine form becomes more stable in polar solvents [52,53]. The obtained results indicated that the absorption 

band positions of 2a and 2b show a major dependence on solvent polarity. In polar solvents, intramolecular 

hydrogen bonding interaction between imine and the hydroxyl groups completely disappear or weakened, 

so the absorption band corresponded to n→π* transition of imine shows a red-shift [44]. Positive 

solvatochromism suggests that polar solvents stabilize excited state more than the ground state [54]. This 

may be due to the effect of changes of dipole moment, protonation and H–bonding strength upon electronic 

excitation [55]. In inert CHCl3, π→π* transition of phenyl ring became more stable, which is resulted that 

higher energy band is observed at 257 and 262 nm for 2a and 2b.  

 

3.5. Acid–Base Effect on Electronic Absorption Spectra 

 

Azo-Schiff bases (2a-b) have both deprotonable acidic (OH and NHimidazole) and protonable basic (azo, 

imine and iminoring) active cores. Benzimidazole and imidazole ring system is amphoteric, they act as both 

acid and base due to proton releasing and binding property of pyrrole and tertiary imidazole nitrogen atoms 

in their molecular structure. Since their basic character is slightly higher than acidic property, they can form 

salts with acids. Benzimidazole acts as weaker base than imidazole, related to the conjugation between 

imidazole and benzene rings in its structure. On the other hand, substituents in salicylidene and phenyl rings 

influence protonation equilibrium by increasing basicity of azo and imine chromophores or increasing 

acidity of the phenolic group, depending on their steric and electronic effects. 
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Figure 6. Acid and base equilibrium in 2a 

 

In the synthesized azo-Schiff bases, protonation can occur on azo, imine and imidazole nitrogen atom of 

imidazole moiety, that leads to formation of dicationic, tetracationic and hexacationic forms in solution. 

This protonation equilibrium is depicted in Figure 6 and Supplemental Figure S18. When DMSO and DMF 

solution of 2a was strongly acidified with aqueous HCl solution, orange color changed to light yellow 

(positive acidochromism). In acidic DMSO, the first λmax value shifted hypsochromically to 277 nm. The 

hump band (due to (C=N)benzimidazole) displayed small bathochromic shift (Δλmax ~ 6 nm). The λmax value of 

the third band (due to azo/imine chromophores) showed small hypsochromic shift (Δλmax ~ 19 nm) (Figure 

7). Protonation of 2a caused a decrease in molar extinction coefficient of the bands. In acidic DMF, the 

bands hypsochromically shifted to 280 and 389 nm. For 2b, orange color solution turned to light yellow–

colorless in acidic DMSO and DMF media. Protonation of 2b caused a blue-shift absorption wavelength 

(λmax = 396 to 385 nm in DMSO, 393 to 386 nm in DMF). Absorption maxima was newly observed between 

274 and 279 nm (Figure 8).  
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Figure 7. Electronic absorption spectra of 2a upon addition of aqueous HCl solution 
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Figure 8. Electronic absorption spectra of 2b upon addition of aqueous HCl solution 

 

Adding of aqueous NaOH solution to DMSO solution of 2a caused the significant photophysical changes 

in the spectrum (Figure 9). Upon the addition of ~0.25 equiv of base, a new dual band was seen at 269 and 

297 nm, which is due to the presence of negatively-charged anionic species in solution (Supplemental 

Figure S18). This dual band converted to a maximum at 281 nm, and the shoulder disappeared with 

increasing volume of base. In basic DMF, the first λmax value bathochromically shifted to 287 nm, showing 

the deprotonation of OH groups. After the progressive addition of base, a new maxima was seen at 282 nm 

in DMSO; a new dual band was observed at 282–294 nm in DMF for 2b (Figure 10). The absorption band 

(due to azo/imine chromophores) exhibited no shifts for 2a and 2b in basic DMSO and DMF. 
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Figure 9. UV–Vis spectra of 2a after addition of aqueous NaOH solution 

 

 
Figure 10. Electronic absorption spectra of 2b upon addition of aqueous NaOH solution 
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3.6. Temperature Effect on Electronic Absorption Spectra 

 

The electronic absorption spectrum of 2a and 2b were also recorded at various temperatures (C = 30 μM). 

The original spectrum of 2a exhibited the absorption maxima at 282, 325(sh) and 401 nm; 287 and 394 nm; 

257, 278 and 383 nm at room temperature. 2b had the band at 396 nm in DMSO; 393 nm in DMF; 262 and 

387 nm in CHCl3. When these solutions were heated up from 25 ºC to 55 ºC, it was noted that the molar 

extinction coefficient values of original bands slowly increased (Figures 11-12). Despite of this, there was 

no change in color of solution and significant shift in spectra, except DMSO. The shoulder was absent in 

DMSO for 2a. These results indicated that increasing of temperature only stabilized azo-imine tautomer in 

the ground state. Tautomeric equilibrium of 2a and 2b were not influenced by the change of temperature. 

 

 
Figure 11. Electronic absorption spectra of 2a in DMSO (a), DMF (b) and CHCl3 (c) at different 

temperature values 
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Figure 12. Electronic absorption spectra of 2b in DMSO (a), DMF (b) and CHCl3 (c) at different 

temperature values 

 

 

3.7. Structure Effect on Emission Spectra 

 

It is reported that salicylideneaniline Schiff bases and azobenzenes undergo intramolecular proton transfer 

reaction in excited state upon treating with photon, which results phototautomerization process and is 

characterized by a large Stokes shift. The types of emission bands for azo dyes and Schiff bases are depicted 

in Supplemental Figure S19. Higher energy first band is assigned to normal-form (N*). This is generally 

seen in polar or protic solvents. The lower energy extra band is belonged to tautomeric-form (T*) in excited 

state. This can be observed in apolar or hydrocarbon solvents [56]. Luminescence emission originates from 

keto-amine and hydrazone tautomers at low temperatures [57]. 

 

Photoluminescence spectra of 2a and 2b were recorded in DMSO, DMF and CHCl3 (C = 30 μM) after 

excitation at λexc = 325 nm. In these solutions, the excitation band appeared at λexc = 413–417 nm for 2a 

and λexc = 405–421 nm for 2b. In DMSO, turquoise luminescence was observed with the emission bands 
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centered at λem = 485 nm for 2a including benzimidazole moiety (Figure 13). This band red-shifted to λem 

= 505 nm for 2b including imidazole moiety. In DMF, the emission bands appeared at λem = 499 nm for 2a, 

and λem = 501 nm for 2b. In CHCl3, the emission band was located at λem = 503 nm for 2a. This band shifted 

to λem = 509 nm for 2b. The luminescence intensity of 2b was observed to be 1.22-fold lower than that of 

DMSO solution of 2a. But, it was found to be 2.02-fold and 1.21-fold stronger than that of DMF and CHCl3 

solution 2a, respectively. The decreased in intensity may be explained by π–electron delocalization within 

the system for 2a. 

 

 
Figure 13. Photoluminescence spectra of 2a and 2b in DMSO (a), DMF (b) and CHCl3 (c). Insets: the 

photograph of the compounds upon excitation (λexc. = 325 nm) 
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The obtained spectral results indicated that 2a and 2b have azo-imine form in the ground state. They were 

characterized by the emission bands around 485–503 nm and 501–509 nm. These bands may be belonged 

to π→π*/n→π* transitions from phenyl to phenyl ring, benzimidazole to phenyl ring (2a), imidazole to 

phenyl ring (2b). For these heteroarylazo Schiff bases, it was noted that strong electron-acceptor nitro group 

and extending conjugation system represent enhancement of intramolecular charge transfer effect in excited 

state. Electron-withdrawing groups stabilize LUMO level of molecule, that cause a decrease in the 

electronic transition energy and the luminescence intensity. 

 

3.8. Solvent Effect on Emission Spectra 

 

The experimental results showed that dielectric constant of solvents has effect on the intensity, position and 

shape of emission spectrum of 2a and 2b. As shown in Figure 13, 2a emitted weak turquoise luminescence 

in DMSO and DMF with 325 nm excitation wavelength, indicating excited state proton transfer reaction 

(Figure 14). The luminescence band was seen at λem = 485 nm in DMSO. This band red-shifted to the longer 

wavelength, and appeared at λem = 499 nm in DMF. In CHCl3, 2a displayed white luminescence with 

emission band at λem = 503 nm. Herein, it was noted that polarity of solvents leads to a hypsochromic shift 

for the emission bands (negative solvatochromism), indicating that a weak interaction of polar solvents in 

the excited state. On the other hand, the luminescence intensity decreased in the order of DMSO > DMF > 

CHCl3. Observed luminescence of 2a may prove that azo↔hydrazone tautomeric equilibrium occurs in the 

excited state. The band around 485–503 nm was due to normal (N*) emission of azo-imine form.  

 

Compound 2b is non-emissive in DMSO and DMF at room temperature. The formation intermolecular 

hydrogen bonding between these dipolar aprotic protophilic solvents and the hydroxyl groups of 2b may 

hamper ESIPT reaction in the excited state. This resulted that the amount of tautomer (T*) to normal (N*) 

form dramatically decreases in these solutions. In DMSO, the emission band was centered at λem = 505 nm 

(Figure 13). In DMF, a single emission band was located at λem = 501 nm, which is associated with normal 

(N*) emission of azo-imine form. In CHCl3, 2b emitted strong turquoise luminescence with the emission 

wavelength at λem = 509 nm. This confirmed that 2b acts as an ESIPT active luminescent molecule in inert 

CHCl3. 
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Figure 14. ESIPT reaction mechanism in azo-Schiff bases (2a-b) 
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4. RESULTS 

 

Herein, Schiff base derivatives (2a-b) having D–π–A system have been produced via the condensation 

reaction of azo dyes (1a-b) with 2-aminobenzimidazole and 4-imidazolecarboxaldehyde. According to FT–

IR and NMR spectroscopies, it was noted that a mixture of azo and imine tautomer is mainly presented in 

solid state and solution in the ground state. In these compounds, prototopic tautomeric equilibria, 

solvatochromic, acidochromic and thermochromic properties were investigated by UV–Vis spectroscopy. 

PL spectra were recorded at ambient temperature upon photoexcitation at 325 nm. 2a showed turquoise 

luminescence in DMSO and DMF, and white luminescence in CHCl3, but the luminescent efficiency is 

moderate. 2b emitted strong turquoise luminescence in CHCl3. This study may offer that luminescent 

compounds 2a and 2b can be utilized as conductive organic material and light emitting diodes for 

fabricating of new electroluminescent materials. According to the obtained results, this work has 

significance in molecular design of novel luminescent azo-Schiff bases.  
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Figure S1: FT–IR spectrum of 1a 

 
Figure S2: FT–IR spectrum of 1b 

 
Figure S3: FT–IR spectrum of 2a 

 
Figure S4: FT–IR spectrum of 2b 
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Figure S5. 1H-NMR spectrum of 1a in DMSO-d6                                                            Figure S6. 1H-NMR spectrum of 1b in DMSO-d6 

     
Figure S7. 1H-NMR spectrum of 2a in DMSO-d6                      Figure S8. 1H-NMR spectrum of 2b in DMSO-d6 

 



 

 

     
Figure S9.13C-NMR spectrum of 1a in DMSO-d6                     Figure S10.13C-NMR spectrum of 1b in DMSO-d6 

 

    
Figure S11.13C-NMR spectrum of 2a in DMSO-d6                             Figure S12. 13C-NMR spectrum of 2b in DMSO-d6 
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Figure S13. Mass spectrum of 1a 

 

 
Figure S14. Mass spectrum of 1b 

 

 
Figure S15. Mass spectrum of 2a 

 

 
Figure S16. Mass spectrum of 2b 



 

 

 
Figure S17. Azo-hydrazone tautomeric equilibrium in 2b 

 

 
Figure S18. Acid-base equilibrium in azo-imine tautomer of 2b 

 



 

 

 
Figure S19. General ESIPT reaction mechanism in Schiff bases and azo dyes 


