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Highlights 

 Five novel bipolar benzimidazole derivatives (3a-e) were synthesized via “one-pot” 

nitro reductive cyclization as blue-green fluorescent emitters. 

 Simple and cost-effective synthetic routes. Products obtained with high yield. 

 All derivatives exhibited high stokes effect, high to moderate quantum yield and good 

thermal stability. 

 All the derivatives exhibit ESIPT process 

 Computational studies like DFT, MEP were studied 

 

 

Abstract 

The new benzimidazole ligands (3a-e) were synthesized using ethyl 4-(butylamino)-3-

nitrobenzoate and substituted salicylaldehyde in the presence of sodium dithionite reagent 

which undergoes “one-pot’’ nitro reductive cyclization. Here benzimidazole moiety acts as an 

electron-acceptor (A) whereas substituted 2-hydroxyphenyl moiety acts as an electron-donor 

(D) unit. The molecular structures were characterised by FTIR, 1H NMR, 13C NMR, single 

crystal XRD and MS analysis. Optoelectronic properties were determined by UV-vis, solution 

and solid photoluminescence, quantum yield and lifetime. The solvent-dependent absorption 

and emission were studied using both polar protic and polar aprotic solvents. All the derivatives 

exhibited ESIPT, especially compound ethyl 1-butyl-2-(3,5-dichloro-2-hydroxyphenyl)-1H-

benzo[d]imidazole-5-carboxylate (3e) displayed dual emission in both polar protic and polar 
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aprotic solvents. The compound stability and electrochemical property were determined by 

thermal gravimetric analysis (TGA) and cyclic voltammetry (CV) respectively. The 

compounds emit intense blue-green fluorescence with high to moderate quantum yield. Also, 

these derivatives exhibited a high Stokes shift. The computational studies like Density-

Functional Theory (DFT) and Molecular Electrostatic Potential (MEP) were conducted to 

provide important insights into the structure-property relationships. The crystal packing is 

stabilized through intermolecular hydrogen bonds (C---H...O) and intermolecular interactions 

(π… π).  The findings of results help in developing novel ligands in the field of organic 

optoelectronics. 

 

Key words: Benzimidazole; Photoluminescence; DFT; Cyclic voltammetry; MEP; Quantum 

yield; Fluorescence lifetime; ESIPT 

Introduction 

Before organic light-emitting diodes (OLEDs) came to light, various display technologies such 

as inorganic light-emitting diodes, liquid crystal displays, plasma displays and cathode ray 

tubes were top in the market. Due to many drawbacks of these display technologies, OLEDs 

emerged in present generation display technology with superior characteristics to overcome the 

limitations like colour tunability, bulkiness and low viewing angle [1]. OLEDs are thin, flat 

with large surface area, lightweight, flexible and bendable. It is possible to attain unbroken 

light emission over a large surface area due to the organic nature of OLEDs. Energy saving, 

low weight, brightness, reduction in thickness, large viewing angle, reduction in cost, colour 

reproduction and low power consumption are some of the key advantages of OLEDs [2]. These 

have also emerged in the field of commercial products such as digital cameras and cell phones 

[3]. Hence a great deal of work has been carried out in the development of visible light-emitting 

OLEDs. The efficacy of fluorophores boosted when they undergo excited state intramolecular 

proton transfer (ESIPT) [4, 5]. The molecules exhibiting ESIPT process have been used as 

polymer photo-stabilizer [6], fluorescent probes [7], laser dyes [8] and light-emitting materials 

for electroluminescent devices [9]. 

 One of the major problems faced by the organic and polymer chromophore is the high emission 

property in dilute solution but weak luminescent in solid state [10]. This is due to the 

aggregation-caused quenching (ACQ), where aggregation of molecules takes place resulting in 

less emission. But, for the practical applications luminophores should exist in solid films. 

Henceforth, few researchers worked on aggregation-induced emission (AIE), which is the 
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opposite of ACQ where molecules will be luminesce in aggregation state rather than in solution 

state [11-13].  

Apart from benzimidazole moiety being a bioactive molecule in the pharmaceutical field [14-

18], this moiety was also found to display exciting fluorescent and photophysical properties 

[19-21]. One of the best methods to enhance fluorescence properties, device efficiency and 

operational lifetime is to incorporate donor/acceptor strategy. This in turn depends on the 

number of holes (HT) and electron transporting (ET) moieties [22, 23]. The electroluminescent 

materials with high emission quantum yield, high glass-transition temperature and balance of 

holes and electrons are successfully employed in single-layer OLEDs [24]. The design and 

synthesis of small bipolar molecules combining both electron-donating and electron-

withdrawing groups in the same molecule enhance the fluorescence efficiency. Electron-

donating moieties such as carbazole and diphenylamine act as a hole-transporting component 

whereas electron-withdrawing moieties such as benzimidazole, 1,3,4-oxadiazole, phosphine 

oxide and triazine behave as electron – transporting acceptors [25]. 

Benzimidazole also played a significant role in the field of coordination chemistry as this 

moiety is capable of forming stable complexes with metal ions. Due to the presence of a high 

electron density zone, benzimidazole also behaves as a corrosion inhibitor [26]. This moiety 

also made an impact in the field of flame retardants, liquid materials, CO2 chemosensors and 

supramolecular chemistry [27].  

Given these findings, novel bipolar benzimidazole derivatives 3a-e as blue-green emitting 

fluorescent material have been synthesized by inserting benzimidazole as an electron acceptor 

(A) and substituted 2-hydroxyphenyl as an electron-donor (D) unit (Fig. 1.). The combination 

of electron-donating and electron-withdrawing in the single molecular framework results in 

strong intramolecular charge transfer. The blue-emitting fluorescent material can be used both 

as blue-emitting OLEDs as well as host for white and other colours [28]. The optoelectronic 

properties such as UV-vis/fluorescence spectra; thermal property like thermogravimetric 

analysis (TGA); computational studies such as HOMO-LUMO calculations and molecular 

electrostatic potential (MEP); electrochemical property by cyclic voltammetry (CV) have been 

studied and analysed.  Furthermore, the solvatochromic behaviour of the title compounds was 

examined to study the strong intramolecular charge transfer. In addition, quantum yield and 

fluorescence lifetime of the derivatives were also studied. The findings of these studies help in 

discovering suitable OLEDs. 
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Fig. 1: Chemical structures of synthesized target molecules 3a-e 

 

Experimental 

Materials and methods 

The reagents used for the synthesis of this series were analytical grade and purchased from S. 

D. Fine, Sigma-Aldrich and Spectrochem, which were used directly without further 

purification. Only the analytical solvents were used during the experiments. The completion of 

the reaction was determined by thin-layer chromatography plate from Merck. Recrystallization 

was used as a purification method either in dimethylformamide or ethanol as a solvent. 

 

Procedure for the synthesis of ethyl-4-chloro-3-nitrobenzoate (1) 

To a solution of 4-chloro-3-nitrobenzoic acid (10 g, 49.6 mmol) in ethanol (100 mL) added a 

catalytic amount of conc. H2SO4 and heated to reflux for 16 h. The completion of the reaction 

was monitored by TLC. After the completion of the reaction, excess of solvent was removed 

under high vacuum and the residue was poured into ice-cold water. The precipitate formed was 

filtered and dried to afford intermediate 1 as white solid. Yield: 92% 

 

Procedure for the synthesis of ethyl 4-(butylamino)-3-nitrobenzoate (2) 

Ethyl-4-chloro-3-nitrobenzoate (10.5 g, 45.8 mmol) was taken in dry THF. To this mixture 

butylamine (45.8 mmol) and TEA (45.8 mmol) were added at room temperature and stirred 
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overnight at the same temperature. The completion of the reaction was monitored by thin-layer 

chromatography. Excess of solvent was removed under a high vacuum and the residue left was 

added into ice-cold water. The precipitate formed was filtered, dried and recrystallized from 

ethanol to yield intermediate 2 as yellow solid. Yield: 82% 

Yellow solid; Yield: 82%; M.p.: 70-72 °C; 1H NMR (400 MHz, DMSO-d6, δ ppm ): 0.98-1.019 

(t, 3H, J = 12 Hz, 4-CH3), 1.37-1.40 (t, 3H, J = 12 Hz, ester CH3) 1.46-1.52 (quint, 2H, 3-CH2), 

1.70-1.76 (quint, 2H, 2-CH2), 3.33-3.38 (q, 2H, J = 4 Hz, ester CH2) 4.33-4.38 (t, 2H, 1-CH2), 

6.85-6.87 (d, 1H, J = 8 Hz, H5 of  benzyl), 8.061-8.067 (d, 1H, J = 2.4 Hz, H6 of  benzyl), 8.33 

(bs, 1H, NH), 8.872-8.877 (d, 1H, J = 2 Hz, H2 of  benzyl) ppm; 13C NMR (100 MHz): δ = 

165.4, 147.9, 136.5, 131.3, 129.6, 117.5, 113.6, 61.2, 43.1, 31.08, 20.3, 14.5, 13.9; MS: 

calculated for C13H18N2O4 is 266.13; found [M+H]+ 267.15 m/z; Anal. calcd. for C13H18N2O4: 

C, 58.63; H, 6.81; N, 10.52%. Found: C, 58.60; H, 6.79; N, 10.50%. 

 

General procedure for the synthesis of ethyl 1-butyl-2-(2-hydroxyphenyl)-1H-

benzo[d]imidazole-5-carboxylate (3a-e) 

To a stirred solution of intermediate 2 (0.5 g, 19.8 mmol) in dry DMSO (5 mL), substituted 

salicylaldehyde (19.8 mmol) and sodium dithionite (39.6 mmol) was added and heated to 90 

°C with stirring for 3 h. After completion of the reaction, the reaction mass was poured into 

ice-cold water. The precipitate formed was filtered, dried and recrystallized from DMF to 

afford the target compound 3a-e. Yield: 90-95%. 

 

Ethyl 1-butyl-2-(2-hydroxyphenyl)-1H-benzo[d]imidazole-5-carboxylate (3a) 

Off white solid; yield: 92%; melting point (°C): 98-100; FT IR (ATR, υmax/cm): 3477 (-OH), 

1701 (C=O of ester), 1292 (C-O of ester). 1H NMR (400 MHz, DMSO-d6): δ = 0.99-1.03 (t, 

3H, J = 16 Hz, 4-CH3), 1.44-1.50 (m, 5H, ester CH3 and 3-CH2), 1.93-2.01 (quint, 2H, 2-CH2), 

4.39-4.45 (q, 4H, J = 8 Hz, ester CH2 and 1-CH2), 6.96-6.99 (m, 1H, H3 of 2-hydroxy-phenyl) 

7.15-7.17 (d, 1H, J = 8 Hz, H5 of 2-hydroxy-phenyl), 7.36-7.44 (m, 1H, H4, H6 of 2-hydroxy-

phenyl), 7.61-7.63 (d, 1H, J = 8 Hz, H6 of benzimidazole), 8.05-8.07 (d, 1H, J = 8 Hz, H7 of 

benzimidazole), 8.47 (s, 1H, H4 benzimidazole) ppm; 13C NMR (100 MHz): δ = 13.8, 14.6, 

20.2, 32.0, 46.0, 61.2, 109.7, 113.0, 118.6, 119.0, 121.2, 125.0, 125.7, 126.7, 132.1, 138.4, 

140.2, 153.0, 159.3, 167.0 ppm; MS: calculated for C20H22N2O3 is 338.16; found [M+H]+ 

339.05 m/z; Anal.calc. for C20H22N2O3: C, 70.99; H, 6.55; N, 8.28%. Found: C, 70.95; H, 6.53; 

N, 8.20%; Uv-Vis: λmax (ACN) = 322 nm, Fluorescence: λex = 322 nm, λem (ACN) = 474 nm, Φ 

= 0.14. 
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Ethyl 1-butyl-2-(5-fluoro-2-hydroxyphenyl)-1H-benzo[d]imidazole-5-carboxylate (3b) 

Off white solid; yield: 90%; melting point (°C): 146-148; FT IR (ATR, υmax/cm): 3412 (-OH), 

1715 (C=O of ester), 1021 (C-F), 1215 (C-O of ester); 1H NMR (400 MHz, DMSO-d6): δ = 

1.007-1.04 (t, 3H, J = 13 Hz, 4-CH3), 1.42-1.47 (m, 5H, ester CH3 and 3-CH2), 1.95-1.99 (quint, 

2H, 2-CH2), 4.40-4.45 (q, 4H, J = 8 Hz, ester CH2 and 1-CH2), 7.10-7.12 (dd, 2H, H3 and H4 

of 5-fluoro-2-hydroxyphenyl), 7.32-7.35 (m, H7 of benzimidazole), 7.43-7.45 (d, 1H, J = 8 Hz, 

H8 of benzimidazole), 8.07-8.073 (dd, 1H, J = 1.2 Hz, H5 of benzimidazole), 8.472-8.474 (d, 

1H, J = 0.8 Hz, H6 of 5-fluoro-2-hydroxyphenyl) ppm; 13C NMR (100 MHz): δ = 13.7, 14.6, 

20.2, 32.0, 45.9, 61.2, 109.8, 112.7, 112.75 (J = 40 Hz), 119.0 (J =  92 Hz), 119.6 (J = 32 Hz), 

121.4, 125.3, 126.0, 138.3, 140.0, 152.0, 154.3, 156.1 (J = 480 Hz), 166.94 ppm; MS: 

calculated for C20H21N2FO3 is 356.15; found [M+H]+ 357.10 m/z; Anal.calc. for C20H21N2FO3: 

C, 67.40; H, 5.94; N, 7.86%. Found: C, 67.3; H, 5.90; N, 7.50%; Uv-Vis: λmax (ACN) = 332 

nm, Fluorescence: λex = 332 nm, λem (ACN) = 487 nm, Φ = 0.03. 

 

Ethyl 1-butyl-2-(5-chloro-2-hydroxyphenyl)-1H-benzo[d]imidazole-5-carboxylate (3c) 

Off white solid; yield: 95%; melting point (°C): 120-122; FT IR (ATR, υmax/cm): 33412 (-OH), 

1709 (C=O of ester), 1209 (C-O of ester), 835 (C-Cl);  1H NMR (400 MHz, DMSO-d6): δ = 

1.008-1.05 (t, 3H, J = 13 Hz, 4-CH3), 1.44-1.49 (m, 5H, ester CH3 and 3-CH3), 1.94-1.98 (quint, 

2H, 2-CH2), 4.42-4.47 (q, 4H, J = 8 Hz, ester CH2 and 1-CH2), 7.12-7.14 (dd, 2H, H3 and H4 

of 5-chloro-2-hydroxyphenyl), 7.33-7.37 (m, 1H, H7 of benzimidazole), 7.45-7.47 (d, 1H, J = 

8 Hz, H8 of benzimidazole), 8.08-8.084 (dd, 1H, J = 1.6 Hz, H5 of benzimidazole), 8.574-8.576 

(d, 1H, J = 0.8 Hz, H6 of 5-chloro-2-hydroxyphenyl) ppm; 13C NMR (100 MHz): δ = 13.9, 

14.1, 20.1, 30.1, 49.6, 61.2, 110.2, 110.8, 115.7, 118.3, 128.7, 129.1, 130.3, 130.5, 130.6, 

134.3, 141.0, 150.8, 158.7, 167.2 ppm; MS: calculated for C20H21N2ClO3 is 372.12; found 

[M+H]+ 373.05 m/z; Anal.calc. for C20H21N2ClO3: C, 64.43; H, 5.68; N, 7.51%. Found: C, 

64.0; H, 5.45; N, 7.25%; Uv-Vis: λmax (ACN) = 332 nm, Fluorescence: λex = 332 nm, λem (ACN) 

= 486 nm, Φ = 0.30. 

 

Ethyl 2-(5-bromo-2-hydroxyphenyl)-1-butyl-1H-benzo[d]imidazole-5-carboxylate (3d) 

Off white solid; yield: 93%; melting point (°C): 128-130; FT IR (ATR, υmax/cm): 3465 (-OH), 

1705 (C=O of ester), 1210 (C-O of ester), 650 (C-Br); 1H NMR (400 MHz, DMSO-d6): δ = 
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1.007-1.04 (t, 3H, J = 13 Hz, 4-CH3), 1.42-1.47 (m, 5H, ester CH3 and 3-CH2), 1.95-1.99 (quint, 

2H, 2-CH2), 4.40-4.45 (q, 4H, J = 8 Hz, ester CH2 and 1–CH2), 7.13-7.15 (dd, 2H, H3 and H4 

of 5-bromo-2-hydroxy phenyl), 7.31-7.34 (m, 1H, H7 of benzimidazole), 7.44-7.46 (d, 1H, J = 

8 Hz, H8 of benzimidazole), 8.06-8.09 (dd, 1H, J = 1.6 Hz, H5 of benzimidazole), 8.336-8.338 

(d, 1H, J = 0.8 Hz, H6 of 5-bromo-2-hydroxy phenyl) ppm; 13C NMR (100 MHz): δ = 13.7, 

14.2, 20.4, 30.1, 49.4, 61.0, 110.2, 110.9, 116.7, 118.2, 120.1, 129.1, 130.2, 130.7, 133.3, 

134.3, 141.5, 151.9, 159.5, 168.2 ppm; MS: calculated for C20H21N2BrO3 is 416.07; found 

[M+H]+ 417.15 m/z; Anal.calc. for C20H21N2BrO3: C, 57.56; H, 5.07; N, 6.71%. Found: C, 

57.45; H, 5.05; N, 6.65%; Uv-Vis: λmax (ACN) = 332 nm, Fluorescence: λex = 332 nm, λem 

(ACN) = 497 nm, Φ = 0.16. 

 

Ethyl 1-butyl-2-(3,5-dichloro-2-hydroxyphenyl)-1H-benzo[d]imidazole-5-carboxylate (3e) 

Off white solid; yield: 92%; melting point (°C): 120-122; FT IR (ATR, υmax/cm): 3390 (-OH), 

1707 (C=O of ester), 1219 (C-O of ester), 831, 748 (C-Cl);  1H NMR (400 MHz, DMSO-d6): 

δ = 1.03-1.06 (t, 3H , J = 12 Hz, 4-CH3), 1.42-1.51 (m, 5H, ester CH3 and 3-CH2), 1.93-2.0 

(quint, 2H, 2-CH2), 4.40-4.46 (q, 4H, J = 8 Hz, ester CH2 and 1-CH2), 7.43-7.47 (m, 2H, H4 of 

3,5-dichloro-2-hydroxyphenyl and H7 of benzimidazole), 7.536-7.542 (d, 1H, J = 2.4 Hz, H4 

of benzimidazole), 8.08-8.10 (dd, 1H, J = 1.6 Hz, 10 Hz, H6 of benzimidazole), 8.427-8.30 (d, 

1H, J = 1.2 Hz, H6 of 3,5-dichloro-2-hydroxyphenyl) ppm; 13C NMR (100 MHz): δ = 13.7, 

14.6, 20.2, 31.9, 46.1, 61.3, 109.9, 114.7, 121.4, 123.4, 124.4, 124.7, 125.7, 126.4, 131.8, 

138.2, 139.4, 151.0, 154.2, 166.7 ppm; MS: calculated for C20H20N2Cl2O3 is 406.09; found 

[M+H]+ 407.05, [M+H+2]+ 409.05, [M+H+4]+ 411.05 m/z; Anal.calc. for C20H20N2Cl2O3: C, 

58.98; H, 4.95; N, 6.88%. Found: C, 58.95; H, 4.90; N, 6.70%; Uv-Vis: λmax (ACN) = 336 nm, 

Fluorescence: λex = 336 nm, λem (ACN) = 500 nm, Φ = 0.87. 

 

Characterization details 

The determination of the melting point was done by an open capillary method and was 

uncorrected.  Bruker Avance III, 400 MHz was used to record 1H NMR and 13C NMR spectra. 

The chemical shift values were stated in parts per million (ppm) and coupling constants in 

Hertz (Hz). TMS was used as an internal standard. FT (ATR)-IR absorption spectra were 

recorded on Shimadzu, in the range 4000–400 cm-1. Mass spectra were recorded on Schimadzu 

LCMS-8030 and are uncorrected. Thin layer chromatography on a silica-coated aluminium 

sheet was used to check the completion of the reaction and for checking the purity. Ethylacetate 

and hexane (3:7, v/v) were used as mobile phase. The UV-vis spectra of the derivatives were 
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measured in ACN, EtOH, DMF, DMSO and THF solvents (concentration 2.66 x 10-5 M and 2 

x 10-6 M) at room temperature using Shimandzu spectrometer. The photoluminescence (PL) 

spectra were recorded in Hitachi, Japan F-7000 Fluorescence Spectrophotometer. The 

florescence quantum yield was calculated using equation 1. 

 

                Φ = ΦR 
𝐈

𝐈𝐑

𝐎𝐃𝐑

𝐎𝐃

𝒏𝟐

𝒏𝑹
𝟐                                                                                                      (1) 

 

Where I is the integrated intensity, OD is the optical density and n is the refractive index, the 

subscript R refers to the reference fluorophore of known quantum yield [29]. The fluorescence 

lifetimes were measured employing picosecond time domain spectrometer based on Time 

Correlated Single Photon Counting (TCSPC) technique (IBH Jobin Yvon 6.1). All the samples 

were excited at around 330 nm in ACN solvent using pulsed excitation source (NanoLED) in 

an IBH Fluorocube apparatus. apparatus. The fluorescence emission was counted by a 

Hamamatsu Micro Channel Plate Photo-multiplier tube (R3809 MCP-PMT). The 

thermogravimetric analysis (TGA) was carried out to determine the thermal stability using 

STA-2500, NETZSCH, Germeny at a heating rate of 10 °C min−1 under an inert atmosphere. 

The cyclic voltammetry (CV) was carried out by using three-electrode system. The experiment 

was conducted in Ivium vertex electrochemical work station with 100 mV s-1 scan rate, in 

which platinum wire used as a counter electrode, working electrode used was material coated 

glassy carbon electrode and saturated calomel electrode (SCE) as a reference electrode. The 

supporting electrode used was tetrabutylammoniumhexafluorophosphate (0.1 M) in 

acetonitrile solvent. The measurements were calibrated using ferrocene/ferrocenium (Fc/Fc+) 

standard. The density functional theory (DFT) and molecular electrostatic potential (MEP) 

were carried out using Acer Veriton i5 Workstation using Materials Science Suite 2017-1, 

Schrödinger LLC, New York, NY, 2017. The X-ray intensity data for compounds 3a and 3e 

were collected at a temperature of 293 K on a Rigaku Saturn724 diffractometer using graphite 

monochromated Mo-Kα radiation. A complete data set was processed using CrystalClear [30]. 

The structures were solved by SHELXS and SHELXL programs [31]. The geometrical 

calculations were carried out using the program PLATON [32]. The molecular and packing 

diagrams were generated using software MERCURY [33]. 

 

RESULTS AND DISCUSSIONS 

Synthesis and Characterization  
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The synthetic route for compounds 3a-e is depicted in the Scheme 1 given below. The synthesis 

of the target compound was obtained in three simple steps according to the reported procedure 

[34]. Firstly, 4-chloro-3-nitrobenzoic acid in ethanol was refluxed in the presence of catalytic 

amount conc. H2SO4 to afford ethyl 4-chloro-3-nitrobenzoate (1). Intermediate 1 undergoes 

nucleophilic substitution reaction upon treatment with n-butylamine in the presence of 

triethylamine as a base in dry THF at room temperature to give ethyl 4-(butylamino)-3-

nitrobenzoate (2). Intermediate 2 on treatment with substituted salicylaldehyde in the presence 

of sodium dithionite as a reducing agent in DMSO undergoes one-pot nitro reductive 

cyclisation to yield the title compounds 3a-e. The obtained products were purified by 

recrystallisation in DMF. All these compounds can be stored for a longer time under the 

ambient conditions without any detectable degradation. The formation of the products was 

confirmed by 1H NMR, 13C NMR, MS, FTIR, single crystal XRD and elemental analyses.  

 

3a: R = H, 3b: R = 5-F, 3c: R = 5-Cl, 3d: R = 5-Br, 3e: R = 3,5-Cl2 

Scheme 1: The synthesis of target compounds (3a-e). Reagents and conditions: (a) H2SO4, dry 

ethanol, 16 h; (b) n-Butylamine, triethylamine, room temperature; (c) substituted 

salicaldehydes, sodium dithionite, 90 °C, 3 h. Jo
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Fig. 2: Synthetic strategy for designing target molecule  

 

Formation of 3b to the consideration, 1H NMR spectrum showed triplet at 1.00-1.04, multiplet 

at 1.42-1.47, quintet at 1.95-1.99 and quartet at 4.40-4.45 ppm confirmed the presence of N-

butyl and ethyl ester group. The signal doublet of doublet at 7.10-7.12 ppm with J = 4 Hz, 1.6 

Hz was attributed for H3 and H4 of 5-fluoro-2-hydroxy phenyl due to meta and para coupling. 

Whereas multiplet at 7.32-7.35 ppm was attributed for H7 of benzimidazole, H8 of 

benzimidazole showed a doublet with J = 8 Hz at 7.43-7.45 ppm due to ortho coupling. 

Furthermore, signals in the region 8.06-8.09 and 8.472-8.474 were assigned for H5 of 

benzimidazole with J = 1.6 Hz represented meta coupling and H6 of 5-fluoro-2-hydroxy phenyl 

having J = 0.8 Hz showed para coupling respectively. The formation of the product was 

supported by 13C NMR spectrum with a characteristic peak at 166.9 ppm for carbonyl carbon 

of ester and 154.3 ppm for carbon attached to hydroxy group. 

 

Crystal structures and Thermal Properties 

The crystals suitable for X-ray analysis of 3a and 3e were obtained using slow evaporation 

method. The molecular and crystal structure of 3a and 3e confirmed using X-ray 

crystallographic studies (Fig. 3. and Fig. 5.). In the title compounds 3a and 3e, (Fig. 4, Fig. 6 

and Table 1), the molecules are connected through C11---H11A…O2 and C17---H17B…O2 

intermolecular hydrogen bonds.  The intramolecular hydrogen bonds of the type O3---H3…N2 

are observed in both the compounds. The Cg…Cg short interactions in molecule 3a are, 

Cg1…Cg1 (3.747 (2) Å, slippage = 1.281 Å, -X,-Y,-Z), Cg1…Cg3 (3.6532 Å), -X,1-Y,-Z) and 

Cg2…Cg3 (3.696(2) Å, -X,-Y,-Z). Where, Cg1: N1/C7/N2/C6/C8, Cg2:C4-C10 and Cg3: 
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C15-C20. The molecule 3e has short interactions of the type Cg2…Cg2 (3.712(2) Å, 1-X,-Y,1-

Z, slippage = 0.722), Cg2…Cg4 (3.683(2) Å, -X,-Y,1-Z) and Cg3…Cg4 (3.767(2) Å, 1-X,-

Y,1-Z). Where, Cg2: N1/C7/N2/C6/C8, Cg3: C4-C10and Cg4: C11-C16. The bond length and 

bond angles of 3a and 3e are included in ESI (Table S4-S9). 

Thermogravimetric analysis (TGA) was carried out to determine the thermal stability of the 

molecules (3a-e). The TGA plots are shown in Fig. S15 (ESI). The compounds 3a, 3b, 3c, 3d 

and 3e show high decomposition temperature (Td) of 259, 221, 252, 270 and 266 °C, 

respectively and 5%, 19%, 34%, 2% and 17 % of compounds 3a-e left as residual matter. 

Among five synthesized compounds (3a-e), 3d showed the highest decomposition temperature. 

Whereas, the amount of compound left as the residual matter is highest for 3c indicating highest 

stability among the five synthesized compounds (3a-e) (Table 2). 

Table 1: Intramolecular and Intermolecular interactions parameters 

 

 

 

D---H... A/Cg 
D---H  

(Å) 

H...A/Cg/X 

 (Å) 

D....A/CgX 

 (Å) 

D---H... 

A/Cg/X 

 () 

Symmetry 

3a 

O3---H3…N2 0.82 1.79 2.524(5) 149  

C11---H11A…O2 0.97 2.56 3.493(6) 161 x,1/2+y,1/2-z 

 

3e 

O3---H3…N2 0.82 1.80 2.524(5) 146  

C17---H17B…O2 0.97 2.51 3.422(9) 156 1-x,-y,1-z 
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Fig. 3: ORTEP diagram of Ethyl 1-butyl-2-(2-hydroxyphenyl)-1H-benzo[d]imidazole-5-

carboxylate (3a) 

 

Fig. 4: Packing of the 3a molecules when viewed down along the b-axis. The dotted lines 

represent intermolecular hydrogen bonds. 
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Fig. 5: ORTEP diagram of Ethyl 1-butyl-2-(3,5-dichloro-2-hydroxyphenyl)-1H-

benzo[d]imidazole-5-carboxylate (3e) 

 

Fig. 6: Packing of the 3e molecules when viewed down along the b-axis. The dotted lines 

represent intermolecular hydrogen bonds. 

 

Photophysical Properties 

UV-vis studies Photoluminescence (PL) spectral studies 

The photophysical properties of the benzimidazole derivatives were measured using UV-vis 

absorption and photoluminescence (PL) spectroscopy. The UV-vis absorption of the 

synthesized compounds (3a-e) was studied at room temperature. Fig. 7 shows UV-vis 

absorption spectra of 3a-e in acetonitrile. The synthesized benzimidazole derivatives have a 

hydroxy-substituted aromatic ring with continuous conjugation with a benzimidazole-5-

carboxylate moiety which shows two main groups of bands in absorption spectra observed at 
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220-290 nm and 330-335 nm. The strong absorption band at a shorter wavelength is due to the 

π-π* of the hydroxy-substituted aromatic ring towards benzimidazole moiety [35]. The 

relatively weak absorption band at higher wavelength is due to π-π* transition within the whole 

molecule. The maximum absorption wavelengths (𝜆max⁡
𝑎𝑏𝑠 ) of 3a, 3b, 3c, 3d and 3e were 

observed at 322, 332, 332, 332 and 336 nm respectively.  

 

Photoluminescence (PL) spectral studies 

All chromophores exhibit dual emission bands around 500 nm (i.e., strong main band) and 369 

nm (i.e., weak sub band) in weak H-bonding solvent such as acetonitrile at room temperature. 

This dual emission originates from phototautomerization (i.e., excited-state intramolecular 

proton transfer (ESIPT)) that changes enol form (E) to keto form (K) upon excitation, by 

migrating a proton to the neighbouring electronegative atom through intramolecular H-bonding 

(see Scheme 2). After relaxation of the K-form to the ground state, the E-form is again 

recovered by ground-state intramolecular proton transfer (GSIPT) i.e., reverse proton transfer 

[36-39]. Further, Fig. 3 and Fig. 5 confirms that 2-hydroxyphenyl benzimidazole derivatives 

exhibit intramolecular hydrogen bonding of type O3---H3…N2. The weak shorter wavelength 

emission (369 nm) is the normal emission from excited enol whereas strong longer wavelength 

emission (474-500 nm) is from tautomer due to ESIPT [40, 41]. Usually the tautomer emission 

has highest Stokes shift [42].  

 

Scheme 2: Typical schematic representation of the Four Level ESIPT Photocycle for 3a 

compound 
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The tautomer emission found to be red shifted on changing the substitution on 2-hydroxyphenyl 

moiety. Whereas normal emission did not display any changes. The slight red shift in tautomer 

emission spectra of compounds 3b-e compared to 3a (Fig. 7) was due to the presence of 

halogen atom in the fifth position of the hydroxy phenyl moiety. It was observed that as the 

size of the halogen atom increases emission maxima showed bathochromic shift. The molecule 

3e with 3,5-Cl2 substitution in the hydroxyphenyl moiety showed the highest emission maxima 

at 500 nm. The emission maxima of compounds 3a-e is in the order 3e > 3d > 3b > 3c > 3a 

with wavelength 500, 497, 486, 487and 474 nm respectively (Table 2). Even though the 

marginal difference was observed concerning for to emission maxima, but there was a huge 

difference in intensity of these compounds due to variation in the structural property. The 

moiety with 3,5-Cl2 (3e) substituted in hydroxy phenyl showed the highest intensity compared 

to other moieties in the series followed by 3c, 3d, 3b and 3a.  

 

Solid state photoluminescence studies 

The emission spectra of compounds 3a-e in solid-state films were obtained by exciting at 300 

nm (Fig. 7) and the 𝜆max⁡
𝑒𝑚𝑖  being 481-509 nm which fall within blue to green region. The results 

revealed that there were about 9-14 nm of the bathochromic shift in a solid state when compared 

to the solution phase which explains the existence of aggregation induced emission. The 

absorption and emission maxima of compounds 3a-e were summarised in Table 2. 

The degree of a bathochromic shift from absorption maxima (𝜆max⁡
𝑎𝑏𝑠 ) to emission maxima (𝜆max⁡

𝑒𝑚𝑖 ) 

is measured by the Stokes shift which is the range of 151-165 nm. Among five title compounds, 

3a and 3e showed smaller and larger stokes effect respectively (Table 2). 
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Fig. 7: (a) UV-Vis absorption spectra of compounds 3a-e in ACN at room temperature, at 2 

µM concentration  

(b) Emission spectra of compounds 3a-e in ACN at room temperature, at 2 µM concentration 

excited at λex = 330 nm. 

(c) Emission spectra of compounds 3(a-e) in solid state film when excited at λex = 300 nm. 

 

Quantum Yield (Φ) calculations 

Fluorescence quantum yield (ΦPL) were measured in ACN at room temperature and compared 

with 2-napthylamine taken as a reference of known quantum yield (Fig. S18). The radiative 

(kr) and non-radiative rate constants were calculated using ΦPL and lifetime values. It was 

observed that moieties with chlorine substituent showed highest quantum yield compared to 

other halogen atoms. The highest ΦPL value of 0.87 was observed for 3e, which is due to 

decrease of non-radiative rate constant based on tight packing structure with hydrogen-bonds 

(see Table 2). The comparison between previously reported benzimidazole derivatives [35, 

43-46] and 3e has been summarised in Table S10 (ESI). The introduction of the ehtylester and 

alkyl chain greatly enhanced the optoelectronic property, quantum yield and Stokes shift. 

Alkyl group greatly affects the solid-state fluorescence behaviour of small organic 

luminophore [47] and introduction of ethylester which is in continuous conjugation with 

benzimidazole nucleus leads to an intramolecular charge transfer due to which emission peaks 

are redshifted depending on the nature of electron-acceptor unit [48]. (Fig. 2). The moderate 

ΦPL was observed for the rest of the derivatives which was in the range of 0.03-0.3 (Table 2). 

The compound with fluorine substituent (3b) showed the least fluorescence quantum yield of 

0.03 because of increased non-radiative rate constant.   
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Table 2: Summary of Optical and thermal properties of compounds (3a-e) 

Comp. Absorption 

𝝀𝐦𝐚𝐱⁡
𝒂𝒃𝒔  

(nm)[a] 

Emission Stoke 

shift 

∆λ 

(nm) 

ΦPL Td[°C][e] Average 

lifetime 

(ns) 

Radiativ

e 

rate 

constant 

kr  

(108S-1) 

Non-

radiative 

rate 

constant 

knr 

(109S-1) 

𝜆max⁡
𝑒𝑚𝑖  

(nm)[b] 

𝜆max⁡
𝑒𝑚𝑖  

(nm)

[c] Normal 

emission 

Tautomer 

emission 

3a 322 369 474 483 152 0.14 259 0.31 4.52 2.77 

3b 332 369 487 500 155 0.03 221 0.26 1.15 3.73 

3c 332 369 486 495 154 0.30 252 0.21 14.3 3.33 

3d 332 369 497 498 156 0.16 270 0.26 6.15 3.23 

3e 336 369 500 510 165 0.87 266 1.21 7.19 0.11 

Std[d] 345 369 400 - 55 0.91 - - - - 

[a]The absorption spectra were measured in acetonitrile at 2 x 10-6 M concentration. 

[b]The emission spectra were measured in acetonitrile at 2 x 10-6 M concentration. 

[c]The emission spectra were measured in solid state film. 

[d] 2-Napthylamine was used as a standard compound. 

[e]Obtained TGA measurements. 

 

Solvent Effect 

The role of solvent is important in spectroscopic analysis as it brings major changes in intensity, 

shape and position of absorbance and fluorescence band. Hence to study the solvent-induced 

shift in absorption and emission band and to understand the intramolecular charge transfer 

(ICT) effect, the UV-vis and photoluminescence study of molecules 3a-e were studied in 

solvents of different dielectric constant with a set concentration of 2.66 x 10-5 M. The chosen 

solvents are tetrahydrofuran (THF), N,N-dimethylformamide (DMF), ethanol (EtOH) and 

dimethyl sulfoxide (DMSO). The results are summarised in Table S11 and depicted in Figs. 

S10-14 (ESI). The spectral shifts with respect to solvent polarity reflects on the molecular 

interactions between solute and solvent. The spectral curves revealed that molecules 3a-e 

displayed an absorption peak in the region 274-337 nm. Finite bathochromic shifts were 

observed differing by 2-25 nm on varying substitution on hydroxyphenyl moiety. Further, it 

was observed that on increasing the solvent polarity absorbance maxima shifted to blue region. 

A similar trend in absorption maxima of compounds 3a-e on varying solvent polarity was 
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observed that is, EtOH < DMF = DMSO < THF. About 25-51 nm of a shift to blue region was 

observed on increasing solvent polarity. 

The solution photoluminescence (PL) spectra of all the derivatives showed an emission band 

in the violet-green region (352-508 nm). The compound 3a, 3b and 3c exhibited dual emission 

in THF solvent, whereas single emission in EtOH, DMF and DMSO solvent which is attributed 

to intramolecular hydrogen bonding dominates over solvent-solute interaction in THF solvent 

resulting in dual emission. Whereas compound 3d and 3e displayed dual emission in all chosen 

solvents. The absence of dual emission in few solvents suggests the absence of ESIPT process 

due to the presence of intermolecular hydrogen bonding with solvent molecule resulting in the 

stabilization of solvated isomer [36] (Fig. S19, ESI). Usually the tautomer emission has highest 

Stokes shift. Hence it can be inferred that single emission at longer wavelength is tautomer 

emission. Also, photoluminescence spectra were intense in the EtOH solvent which indicates 

the stabilization of the dipole moment of the molecules in the excited state by the solvent. 

Among the series 3a-e, compound 3e showed the highest Stokes shift in EtOH solvent. 

Furthermore, it was observed that on increasing the solvent polarity emission maxima shifted 

to red region. 

 

Fluorescence lifetime studies 

The fluorescence decay of 3a-e was measured in ACN solvent (Fig. S20 in ESI) and the data 

were tabulated in Table 2. When excited around 330 nm, dual lifetimes were noticed for all 

compounds (see Table S13 in ESI). The biexponential decay was perhaps due to dual emission 

bands. The shorter lifetime values (i.e., 1) corresponds to the excited E-form and the longer 

lifetime values (i.e., 2) corresponds to K-form of 3a-e compounds. The excited state lifetimes 

vary from 0.21 ns (least for 3c) to 1.21 ns (highest for 3e).  

 

Electrochemical Properties 

To explore electrochemical properties and practical energy levels of the molecules (3a-e), 

cyclic voltammetry studies were performed (Table S12, ESI). The cyclic voltammograms of 

molecules (3a-e) is depicted in Fig. S16 (ESI). The molecules 3a-e exhibited one oxidation 

potential peak in the anodic region at 0.99, 0.92, 0.99, 0.96, 1.00 V vs SCE respectively. The 

highest occupied molecular orbital (HOMO) was calculated using equation (2) 

EHOMO = -[𝐸𝑜𝑛𝑠𝑒𝑡
𝑜𝑥 ⁡+ 4.8eV - EFOC]      (2) 
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where, 𝐸𝑜𝑛𝑠𝑒𝑡
𝑜𝑥  and EFOC are the onset oxidation potentials of the compounds and ferrocene (EFOC 

= 0.29 V vs SCE (Fig. S17, ESI)), respectively, −4.8 eV is the HOMO energy level of ferrocene 

against vacuum. 

Whereas, lowest unoccupied molecular orbital (LUMO) energy levels were calculated using 

equation (3). 

ELUMO = EHOMO + Eg                                                                                                             (3) 

 

The optical bandgap value (Eg) estimated from the absorption edge of 3a-e were 3.51, 3.42, 

3.42, 3.41, 3.37 respectively, calculated using equation (4) which varied in the order 3a > 3b 

= 3c = 3d > 3e.  

                    𝐸𝑔 =
1240

𝜆𝑜𝑛𝑠𝑒𝑡
                                                                                   (4) 

 

The calculated HOMO-LUMO energy gap of 3a-e using equation (5) are summarised in Table 

S12. The results revealed that there was a marginal difference of HOMO-LUMO energy gap 

of benzimidazole ligands. 

               ∆E = EHOMO - ELUMO                                                                                                                  (5) 

 

DFT calculation and electronic structures 

The quantum parameters like highest occupied molecular orbital (HOMO), lowest unoccupied 

molecular orbital (LUMO) and HOMO-LUMO bandgap are essential to determine the 

chemical stability as well as molecular electrical transport properties of the synthesized 

molecule [49]. To obtain the knowledge about the electronic structure of newly synthesized 

benzimidazole derivatives, theoretical computational studies were carried out by density 

function theory (DFT) with basis set ps-321G, ps-631G and ps-6311G for compounds 3a, 3b, 

3c and 3e. Whereas ps-LAV3P basis set for compound 3d. The optimized structure, HOMO 

and LUMO distribution of 3a-e is depicted in Fig. 8. The HOMO of the title compounds is 

localized on the whole conjugated molecular backbone excluding the ester group and n-butyl 

group. Whereas, LUMO is localized on the whole conjugated molecular backbone as well as 

on ester moiety but excluding n-butyl group. The calculated energies of HOMO are in the range 

of -6.15 to -6.49 eV whereas LUMO in the range of -1.62 to -2.00 eV. The incorporation of 

two chlorine atom in 3e effectively lowered the LUMO energy level which leads to the 

bathochromic shift in electronic absorption. DFT-based reactive descriptors resulted from 

HOMO-LUMO energies are summarized in Table S12 (ESI).  
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The perception of electronegativity (χ), global hardness (η), global softness (S) and 

electrophilicity index (ω) can be calculated [50] according to Koopman’s theorem using 

HOMO and LUMO energies (Table 3). The chemical behaviour of the synthesized compound 

can be predicted by these parameters. The moiety is defined as acidic with higher χ value. 

Whereas, the moiety is considered as basic with smaller χ value. The acidic character of the 

synthesized molecule follows the order 3c > 3b > 3a > 3d > 3e. The stability of the molecule 

is determined by the global hardness which is the order 3e > 3c > 3a > 3b > 3d. Whereas global 

softness in the order 3d > 3a = 3b = 3c > 3e indicating 3d is soft and more reactive compared 

to other moieties. The electrophilicity index values are in the order 3c > 3b > 3a > 3d > 3e 

indicating all are highly electrophilic. 
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Fig. 8: Calculated molecular orbital plots of HOMO and LUMO levels and optimized 

molecular structures of compounds 3a-e. 
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Table 3: Conceptual DFT-based reactivity descriptors for the synthesized compounds 3a-e  

Parameter 3a 3b 3c 3d 3e Derivation 

Ionization potential (I) 

(eV) 

 

6.34 6.40 6.50 6.15 6.23 I = -EHOMO  

Electron affinity (A) 

(eV) 

2.00 2.12 2.15 1.90 1.63 A = -ELUMO  

Chemical potential (µ) 

(eV) 

-4.17 -4.26 -4.32 -4.03 -3.93 µ = -(I + 

A)/2  

Electronegativity (χ) 

(eV) 

4.17 4.26 4.32 4.03 3.93 χ = - µ  

Global hardness (η) 

(eV) 

4.34 4.28 4.35 4.25 4.60 η = I - A 

Global softness (S) 

(eV-1) 

0.23 0.23 0.23 0.24 0.22 S = 1/η 

Electrophilicity index 

(ω) (eV) 

2.00 2.12 2.14 1.91 1.68 ω = µ2/2η 

 

Molecular Electrostatic Potential (MEP) 

MEP surface reveals the dispersal of charges across the surface of a molecule and it is a very 

useful tool for understanding hydrogen bonding interactions, nucleophilic and electrophilic 

sites of the synthsized molecule [51]. The prediction of reactive sites of the compounds 3a-e 

was obtained using the ps-321G, ps-631G and ps-6311G basis sets for compounds 3a, 3b, 3c 

and 3e. Whereas ps-LAV3P basis set for compound 3d which are shown in Fig. 9. The colours 

represent the magnitude of electrostatic potential. Blue colour represents the strongest 

attraction; electron-deficient region while red colour represents the strongest repulsion; 

electron-rich region. In contrast, red regions are prone to electrophilic attack while blue regions 

to nucleophilic attack. These results give us evidence about which region of the molecule 

undergoes intermolecular interaction when the reaction is carried out. From MEP surface it is 

evident that the red region is localised on the N3 of benzimidazole, oxygen atom of ester, 

fluorine atom and hydroxy group while the blue region is localised on the carbonyl carbon, 

hydrogen atoms of the aromatic region and the hydrogen atom of the hydroxy group. The dark 

blue colour region indicates the high reactivity towards nucleophiles while light blue regions 

are less reactive.  
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                                            3a                                                          3b 

                   

                                             3c              3d                                           

      

 

                                                                            3e 

Fig. 9: Molecular Electrostatic Potential (MEP) of compounds 3a-e 

 

Conclusions 

Five novel benzimidazole derivatives have been synthesized via “one-pot” nitro reductive 

cyclization using one of the cheaply available reagent sodium dithionite. The three-dimensional 

crystal structures of 3a and 3e were confirmed using single-crystal X-ray diffraction method.  

The introduction of halogen atoms to 2-hydroxyphenyl group attached to benzimidazole moiety 

resulted in a bathochromic shift in UV-Vis and PL spectra, as well as resulted in increased 

molecular stability. These moieties also exhibit blue-green fluoresce in solid-state. The 

HOMO-LUMO bandgap energy obtained from DFT and CV are fairly in agreement. The 
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fluorescence quantum yield was found to be appreciable for benzimidazole derivative 

compared to reference (2-Napthylamine). Especially compound 3e showed green emission, 

dual emission in both polar protic and aprotic solvents, high quantum yield, highest excited 

state lifetime and good thermal stability. The findings of results help in developing novel ligand 

in the field of organic optoelectronics. 

 

Supporting information 

Supporting information includes spectral characterization of compounds 3a-e, TGA graph 

solvent-dependant, cyclic voltammetry graphs and tables. Also, bond length and bond angle 

tables of 3a and 3e. 
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