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Abstract 

To the best of our knowledge, this is the first study reporting the synthesis and 

characterization of o,o′-dihydroxyazo dyes bearing an acryloyl group. The o,o′-

dihydroxyazo dyes were synthesized through coupling of resorcinol with the diazonium 

salts of 2-amino-4-methylphenol, 2-aminophenol, 2-amino-4-chlorophenol, and 2-

amino-4-nitrophenol. Their acryloyl derivatives were synthesized using metallic sodium 

and acryloyl chloride under an inert atmosphere. Characterization of the compounds 

was conducted using infrared (IR), ultraviolet–visible (UV–Vis), proton nuclear 

magnetic resonance (1H NMR), and carbon nuclear magnetic resonance (13C NMR) 

spectroscopic methods. The tautomerism of the synthesized compounds’ was also 
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evaluated. The results were compared with theoretical results obtained by density 

functional theory (DFT). The DFT calculations were performed to obtain ground-state 

optimized geometries and calculate the relevant electronic and chemical reactivity 

parameters. Furthermore, possible tautomers deduced from the UV–Vis spectra were 

investigated using theoretical calculations. Both the IR and NMR spectral data showed 

that azo tautomers predominate in the solid state and DMSO solvent. The effects of pH, 

solvent, and substituent on the predominant tautomers were further investigated through 

UV–Vis spectroscopy. The results indicate that hydrazone tautomers were dominant at 

pH 12 in dimethylformamide (DMF), whereas azo tautomers were dominant at pH 2 in 

EtOH or CHCl3. 

Keywords: o,o′-dihydroxyazo dyes, DFT, azo–hydrazone, tautomerism, resorcinol 

 

Graphical Abstract  

 

Highlights 

� Novel o,o'-dihydroxyazo dyes containing an acryloyl moiety were synthesized 

and characterized. 

� The azo–hydrazone tautomerism was investigated using UV–Vis spectroscopy 

and DFT calculations. 

� These compounds are useful for synthesizing novel organic dyes. 
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1. Introduction 

Azo dyes have been extensively used in various fields such as textiles, paper, leather, 

gasoline, food, additives, cosmetics, analytical chemistry, photography, therapeutic 

agents, and drug delivery [1–5]. Such dyes are pertinent to photography, xerography, 

laser printing, and write once-read many times memory systems due to their fastness 

properties, low production costs, and useful applications [1,6,7]. Azo dyes are also 

pertinent to the medical and pharmaceutical industries owing to their antiseptic, 

antibacterial, antitumor, antioxidant, antineoplastic, and antidiabetic properties [2,8,9]. 

In particular, azo resorcinol dyes have been studied for their significant antioxidant and 

antimicrobial activities [10]. Resistance of bacteria to modern antibiotics has recently 

become a clinical crisis. Medicinal chemists are developing new antibiotics and 

synthetic antimicrobial agents to conquer drug-resistant strains [10]. For example, 4-n-

butyl resorcinol has been used in skin creams and lotions due to its antimicrobial and 

bleaching action efficacy [11,12]. Moreover, due to their phenolic moiety and hydroxyl 

groups, azo resorcinol dyes are commonly used as colorimetric reagents for metal ions 

[13–15]. 

Azo–hydrazone tautomerism occurs within azo compounds bearing, at a minimum, a 

protic group in conjugation with the azo groups [16]. In particular, o,o'-dihydroxyazo 

dyes can exhibit azo–hydrazone tautomerism. The tautomeric equilibrium primarily 

depends on structural factors, solvent polarity, and pH of the medium [17–18]. 

Kishimoto et al. [19] demonstrated that the azo group (-N=N-) is an electron-accepting 

group; thus, electron-donating groups stabilize the azo tautomer. Hydrazones bearing 

electron-acceptor groups such as imino (-NH-N=) are stabilized via electron-donor 

groups. [19]. Dakiky et al. [20] noted solvent effects on tautomerism. High-polarity 
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solvents favor hydrazone tautomers, whereas low-polarity solvents prefer azo tautomers 

[20]. Pertinent to tautomeric characterization is the fact that the absorption bands of 

hydrazo tautomers are at longer wavelengths relative to the corresponding azo 

tautomers [21]. Azo dye tautomerism is pertinent to optical, technical, and 

environmental applications [22–23]. Numerous recent studies have investigated the 

molecular properties of azo dyes using density functional theory (DFT) calculations 

[24–30]. 

 

The aim of this study was to analyze the tautomers of eight novel azo resorcinol 

compounds that belong to the class of o,o'-dihydroxyazo dyes. The compounds were 

characterized using spectroscopy and DFT calculations to further understand azo–

hydrazone tautomerism. The experimental results were validated using theoretical 

calculations. Although resorcinol dye synthesis and spectroscopic properties have been 

previously reported, no study has examined o,o′-dihydroxyazo resorcinol dyes bearing 

an acryloyl moiety nor have they implemented DFT [12,20]. DFT calculations illustrate 

the extent to which experimental results match theoretical predictions. 

 

The azo derivatives reported herein were characterized by IR, UV–Vis, 1H NMR, and 

13C NMR spectroscopies. DFT calculations with different basis sets were used to 

evaluate the structural and chemical properties of the compounds. Tautomerization was 

examined using experimental and theoretical UV–Vis studies. The molecular geometry, 

optimized parameters, and UV–Vis absorption values were calculated, and the 

calculated spectral data were compared with the experimental results. 

2. Experimental 
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Chemicals and solvents were purchased from Aldrich (USA) and Merck Chemical 

Company (Germany) and used without further purification. The IR spectra were 

obtained using a Thermo Scientific Class 1 Laser Product FTIR (USA) 

spectrophotometer in the ATR mode. The absorption spectra in chloroform, ethanol, 

and DMF were obtained using a Thermo Scientific Genesys 10S UV–VIS (UK) 

spectrophotometer. Elemental, 1H NMR, and 13C NMR analyses were conducted in the 

Instrumental Analysis Laboratory at METU Research Center. Nuclear magnetic 

resonance spectra were obtained on a Bruker (Germany) AC 400 Fourier Transform 

Spectrometer operating at 400 MHz in deuterated dimethylsulfoxide (DMSO-d6) using 

tetramethylsilane (TMS). Substance purity and reaction progress were monitored by 

TLC using TLC aluminum sheets with silica gel 60 F254 (Merck). Preparative TLC 

chromatography was performed on 20 × 20 cm glass plates covered by silica gel 60 

GF254 (Merck) or Al2O3 type G (Fluka (Switzerland)). Column chromatography was 

performed using silica gel 60 (Merck). 

 

2.1. General procedure for the synthesis of acryloyl derivatives of azo dyes 

First, o,o'-dihydroxyazo dyes were synthesized via a coupling reaction of resorcinol 

with diazonium salts of 2-hydroxy-4-methyl phenol, 2-aminophenol, 2-amino-4-choloro 

phenol, and 2-amino-4-nitro phenol [31–32]. Then, for the synthesis of acryloyl 

derivatives of o,o'-dihydroxyazo dyes, reaction of these compounds with metallic 

sodium and acryloyl chloride was conducted under a N2 atmosphere at a 1:1 molar ratio. 

Figure 1 illustrates the general synthesis method and the structures of compounds 1–8. 

 

2.1.1. Synthesis of 4-[(E)-(2-hydroxy-5-methylphenyl)diazenyl]benzene-1,3-diol, (1) 
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A cold solution of NaNO2 (0.69 g; 0.01 mol) was added dropwise into a mixture of 2-

amino-4-methylphenol (1.23 g; 0.01 mol) dissolved in concentrated hydrochloric acid 

and water (20 mL) at 0–5°C. The solution was then stirred for 30 min to complete the 

diazotation. Diazonium salt was added dropwise into an ice-cold solution of 1,3-

benzenediol (1.10 g; 0.01 mol) with a mixture of NaAc (7.5 g, 0.09 mol) and DMF (20 

mL) at 0–5°C. After stirring for 3 h at 0–5°C, the solution acidity was adjusted to pH 4–

5 using 1 mol.L-1 HCl. The synthesized compounds were precipitated by maintaining a 

temperature range of 0–5°C. The reaction solution was then filtered and washed with 

water and purified from ethanol/water. Melting Point (m.p.) 153-155 °C. Yield 78 %. IR 

(cm-1): 3277 (OH), 3067, 2976, 2916 (C-H), 1621 (>C=C<), 1178 (Ar-O) 1H NMR (500 

MHz, d6-DMSO, ppm): 12.81 (s,1H), 11.08 (s,1H), 10.47 (s, 1H), 7.68 (d, 1H, J =7.00),  

7.55 (s, 1H), 7.12 (d, 1H, J=5.50 Hz), 6.92 (d, 1H, J=7.0 Hz), 6.47 (d, 1H, J=5.50 Hz), 

6.37 (s, 1H), 2.27 (s, 3H) 13C NMR (125 MHz, d6-DMSO, ppm) 162.9, 157.3, 151.4, 

137.03, 132.7, 132.4, 128.9, 128.5, 121.4, 117.8, 109.4, 103.5, 20.5. Analysis by 

calculation for C13H12N2O3: C, 63.93; H, 4.95; N, 11.47 %. Found: C, 62.25; H, 5.14; N, 

10.84% 

2.1.2. Synthesis of 4-[(E)-(2-hydroxyphenyl)diazenyl]benzene-1,3-diol, (2) 

The same procedure was used for the synthesis of compound 1 and compound 2. The 

product was recrystallized from ethanol/water, yielding a product with a melting point 

(m.p.) in the range of 136–138°C. Yield 78 %. IR (cm-1): 3488, 3199 (OH), 3095 (C-H), 

1623 (>C=C<), 1167 (Ar-O) 1H NMR (500 MHz, d6-DMSO, ppm): 12.68 (s,1H), 11.42 

(s,1H), 10.49 (s, 1H), 7.74 (d, 1H, J =5.50),  7.69 (d, 1H, J=6.50 Hz ), 7.30 (t, 1H, 

J=5.50 Hz), 7.03 (d, 1H, J=7.0 Hz), 6.96 (t, 1H, J=6.50 Hz), 6.48 (d, 1H, J= 7.0 Hz),  

6.38 (s, 1H) 13C NMR (125 MHz, d6-DMSO, ppm) 163.1, 157.4, 153.5, 137.5, 132.4, 
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131.9, 128.0, 122.1, 120.1, 118.0, 109.5, 103.5 Analysis by calculation for C12H10N2O3: 

C, 62.60; H, 4.38; N, 12.17 %. Found: C, 61.32; H, 4.53; N, 10.54% 

2.1.3. Synthesis of 4-[(E)-(5-chloro-2-hydroxyphenyl)diazenyl]benzene-1,3-diol, (3) 

The same procedure was used for the synthesis of compound 1 and compound 3. The 

product was recrystallized from ethanol/water to give an orange dye with a m.p. in the 

range of 190–192°C. Yield 78 %. IR (cm-1): 3447, 3184 (OH), 3080 (C-H), 1627 

(>C=C<), 1169 (Ar-O), 980 (C-Cl) 1H NMR (500 MHz, d6-DMSO, ppm): 12.65 (s,1H), 

11.18 (s,1H), 10.61 (s, 1H), 7.75 (s, 1H), 7.72 (d, 1H, J=7.50 Hz), 7.31 (d, 1H, J=8.20 

Hz), 7.05 (d, 1H, J= 7.50 Hz), 6.49 (d,1H, J=8.20 Hz), 6,37 (s, 1H) 13C NMR (125 

MHz, d6-DMSO, ppm) 163.8, 157.8, 152.7, 138.3, 132.8, 131.1, 129.0, 124.1, 119.6, 

119.3, 109.9, 103.6. Analysis by calculation for C12H9ClN2O3: C, 54.46; H, 3.43; N, 

10.58 %. Found: C, 53.25; H, 3.59; N, 10.14% 

2.1.4. Synthesis of 4-[(E)-(2-hydroxy-5-nitrophenyl)diazenyl]benzene-1,3-diol, (4) 

The same procedure was used for the synthesis of compound 1 and compound 4. The 

product was recrystallized from ethanol/water to give a red dye, yielding a product with 

a m.p. in the range of 152–156°C. Yield 72 %. IR (cm-1): 3492, 3404 (-OH), 3093 (C-

H), 1621 (>C=C<), 1516,1338 (NO2), 1182 (Ar-O) 1H NMR (500 MHz, d6-DMSO, 

ppm): 12.79 (s,1H), 12.36 (s,1H), 10.77 (s, 1H), 8.49 (s, 1H), 8.15 (d, 1H, J=5.00 Hz), 

7.76 (d, 1H, J=7.50 Hz), 7.21 (d, 1H, J= 7.50 Hz), 6.51 (d,1H, J=5.00 Hz), 6,38 (s, 1H) 

13C NMR (125 MHz, d6-DMSO, ppm) 164.4, 159.6, 158.3, 140.6, 137.0, 132.9, 129.5, 

126.4, 118.4, 114.9, 110.2, 103.4 Analysis by calculation for C12H9N3O5: C, 52.37; H, 

3.30; N, 15.27 %. Found: C, 53.08; H, 3.73; N, 15.46% 
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2.1.5. Synthesis of 3-hydroxy-4-[(E)-(2-hydroxy-5-methylphenyl)diazenyl]phenyl 
prop-2-enoat, (5) 

4-[(E)-(2-Hydroxy-5-methylphenyl)diazenyl]benzene-1,3-diol (549.0 mg; 2.25 mmol) 

and fresh metallic sodium (51.74 mg; 2.25 mmol) in dry THF (20 mL) were mixed and 

stirred under a N2 atmosphere for 24 h. Then, acryloyl chloride (0.189 mL; 2.25 mmol) 

was added dropwise and stirred into a mixture under a dry nitrogen atmosphere. After 

stirring for 4 h, the reaction mixture was filtered and the desired product was 

precipitated from the dried THF. The final product was recrystallized from THF/water, 

yielding a product with a m.p. in the range of 116–118°C. Yield 58 %. IR (cm-1): 3198 

(OH), 3072, 2922 (C-H), 1742 (C=O), 1624, 1601 (>C=C<), 1240, 1160 (Ar-O) 1H 

NMR (500 MHz, d6-DMSO, ppm): 12.84 (s, 1H) 11.09 (s, 1H), 7.67 (d, 1H, J=7.0), 

7.54 (s, 1H), 7.35-7.16 (m, 1H), 7.10 (d, 1H, J=5.50), 6.92 (d,1H, J=7.0), 6.58-6.50 

(m,1H), 6.48 (d, 1H, J=5.50), 6.33 (s, 1H), 6.22-6.17 (m, 1H), 2.27 (s, 3H) 13C NMR 

(125 MHz, d6-DMSO, ppm) 164.6, 155.4, 153.8, 152.5, 138.3, 134.7, 134.5, 129.2, 

128.5, 127.9, 124.9, 123.7, 118.7, 114.1, 111.4, 21.0 Analysis by calculation for 

C16H14N2O4: C, 64.42; H, 4.73; N, 9.39 %. Found: C, 63.79; H, 4.48; N, 9.49% 

 

2.1.6. Synthesis of 3-hydroxy-4-[(E)-(2-hydroxyphenyl)diazenyl]phenyl prop-2-

enoat, (6) 

The same procedure was used for the synthesis of compound 5 and compound 6. The 

product was then recrystallized from THF/water, yielding a product with a m.p. in the 

range of 113–115°C. Yield 72 %. IR (cm-1): 3202 (OH), 3064, 2922, 2853 (C-H), 1740 

(C=O), 1615, 1581 (>C=C<), 1241, 1125 (Ar-O) 1H NMR (500 MHz, d6-DMSO, ppm): 

12.80 (s, 1H) 11.46 (s, 1H), 7.88 (d, 1H, J=7.5), 7.73 (d, 1H, J=6.5), 7.67 (d, 1H, J=7.5), 

7.29 (t, 1H, J=6.5), 7.06 (d, 1H, J=4.0), 6.95 (t, 1H, J=6.5), 6.87-6.85 (m, 1H), 6.49 (d, 
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1H, J= 4.0), 6.37 (s,1H),  6.22-6.15 (m, 1H) 13C NMR (125 MHz, d6-DMSO, ppm) 

164.5, 162.3, 155.4, 154.3, 138.7, 137.8, 136.0, 132.1, 128.1, 121.8, 120.3, 118.9, 

118.8, 109.6, 103.6 Analysis by calculation for C15H12N2O4: C, 63.38; H, 4.25; N, 9.85 

%. Found: C, 63.06; H, 4.08; N, 9.13% 

2.1.7. Synthesis of 3-hydroxy-4-[(E)-(5-chloro-2-hydroxyphenyl)diazenyl]phenyl 

prop-2-enoat, (7) 

The same procedure was used for the synthesis of compound 5 and compound 7. The 

product was then recrystallized from THF/water, yielding a product with a m.p. in the 

range of 180–182°C. Yield 54 %. IR (cm-1): 3082 (-OH), 2970, 2852 (C-H), 1746 

(>C=O), 1622, 1595 (>C=C<), 1256, 1158 (Ar-O), 979 (C-Cl) 1H NMR (500 MHz, d6-

DMSO, ppm): 12.65 (s, 1H) 11.18 (s, 1H), 7.75 (s, 1H), 7.71 (d, 1H, J=10.0), 7.58-7.40 

(m, 1H), 7.31 (d, 1H, J=10.0), 7.06 (d, 1H, J=10.0), 6.93 (d, 1H, J=10.0), 6.60-6.45 (m, 

1H), 6.37 (s, 1H), 6.25-6.16 (m, 1H) 13C NMR (125 MHz, d6-DMSO, ppm) 164.4, 

157.3, 152.2, 145.5, 143.2, 137.8, 134.6, 131.5, 127.4, 126.8, 123.6, 118.7, 116.7, 

109.3, 102.9 Analysis by calculation for C15H11ClN2O4: C, 56.53; H, 3.48; N, 8.79 %. 

Found: C, 56.26; H, 3.40; N, 8.76% 

2.1.8. Synthesis of 3-hydroxy-4-[(E)-(2-hydroxy-5-nitrophenyl)diazenyl]phenyl 

prop-2-enoat, (8) 

The same procedure was used for the synthesis of compound 2 and compound 8. The 

product was then recrystallized from THF/water, yielding a product with a m.p. in the 

range of 116–118°C. Yield 62 %. IR (cm-1): 3178 (-OH), 3100, 2918, 2853 (C-H), 1749 

(C=O), 1623, 1578 (>C=C<), 1527, 1343 (NO2), 1211, 1112 (Ar-O) ) 1H NMR (500 

MHz, d6-DMSO, ppm):  13.15 (s, 1H) 11.98 (s, 1H), 8.70 (s, 1H), 8.15-8.12 (m, 1H), 
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7.95 (d, 1H, J=7.50), 7.78-7.71 (m, 1H), 7.60 (d, 1H, J=7.50), 6.98-6.78 (m, 1H), 6.57-

6.48 (m,1H), 6.30 (s, 1H), 6.13-6.07 (m, 1H) 13C NMR (125 MHz, d6-DMSO, ppm) 

164.9, 159.0, 157.8, 150.9, 146.1, 142.7, 135.1, 133.3, 127.3, 124.9, 117.9, 114.5, 

112.0, 109.7, 102.9. Analysis by calculation for C15H11N2O6: C, 54.72; H, 3.37; N, 

12.76 %. Found: C, 54.42; H, 3.40; N, 12.05% 

 

2.2. Computational Methods 

Structural optimization of compounds was performed by DFT calculations using 

suitable basis sets without any geometric constraints. The Kohn–Sham density 

functional theory [33–34] was used to calculate the compounds’ ground-state 

geometries and excitation energies. Molecular structures of the compounds in the 

ground state were optimized using the M06 method (which is a set of four meta-hybrid 

GGA DFT functionals) with 3-21G basis set; the B3LYP method (Becke3–Lee–Yang–

Parr hybrid functional) with 6-311++G and 6-311++G(2d,2p) basis sets; and the 

PBE1PBE method (which is the generalized-gradient-approximation exchange–

correlation functional of Perdew, Burke, and Ernzerhof) with cc–pvtz basis set in 

chloroform, dimethylformamide, and ethanol solvents. 

 

In order to determine the minimum energy level configuration of the compounds, 

compound 1 was dihedrally scanned around the N=N bond with a step size of 18° for a 

total of 20 steps (Figure 2). The most suitable dihedral angle that gives the minimum 

energy level of the compound between the phenyl rings was calculated as 7.74°. 

Calculations for geometric optimization of the remaining compounds followed the 

aforementioned protocol. In the calculations, the compounds’ minimum molecular 
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energies were obtained by the level 6-311++G(2d,2p) basis set using the B3LYP 

method. The optimized geometries were used in UV–Vis-based molecular calculations. 

The self-consistent reaction field (SCRF) method and the conductor-polarizable 

continuum model (CPCM) were used for such calculations. The frontier molecular 

orbitals (FMOs) energies were also calculated as per the same methods and basis sets. 

FMO energy eigenvalues were used to calculate global chemical reactivity parameters 

such as chemical hardness, chemical softness, and electronegativity. Dipole moment 

and molecular electrostatic potential (MEP) surfaces of the optimized molecular 

structures were examined using the theoretical results. All calculations in the study were 

performed using the GAUSSIAN 09 software package program [35]. 

 

3. Results and Discussion 

3.1. Synthesis 

Figure 1 shows the synthetic route toward the azo dyes and previously unreported 

acryloyl derivatives. All the compounds were synthesized as described previously [36]. 

Aromatic amines were effectively diazotized at 0–5°C using sodium nitrite and 

hydrochloric acid. Esters were derived satisfactorily by adding acryloyl chloride to the 

sodium salts of the resorcinol dyes in an inert atmosphere, and purification was 

performed in EtOH. Dye purity was verified using TLC with a chloroform:methanol 

(4:1) solvent system. Azo dyes and their acryloyl derivatives were identified through IR, 

UV–Vis, 1H NMR, and 13C NMR spectroscopies. 

 

3.2. IR spectral analysis 
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Two hydroxyl peaks were determined in the IR spectra of the resorcinol dyes. The first 

peak was at 3387–3095 cm–1 for the compounds containing an intramolecular hydrogen 

bond between the phenolic and azo groups. The second and narrow peak was observed 

at 3540–3489 cm–1, attributable to free hydroxyl groups. The absorption band 

corresponding to the free hydroxyl group was not observed in the IR spectra of the 

acryloyl derivatives. These observations indicate a successful reaction. On comparing 

the spectra of the azo dyes and their acryloyl derivatives, strong carbonyl peaks were 

observed in the 1740–1749 cm−1 range (Table 1 and Fig. 3). The peaks between 2970 

and 2852 cm–1 were assigned to the –C-H stretching frequency of the ethenyl (–

CH=CH2) moiety of the acryloyl derivatives. The remaining stretching bands at 1623–

1578 cm–1, 1279–1236 cm–1, and 1167–1110 cm–1 were attributed to ethenyl (CH2=CH-

), aromatic (-C=C-), -C(O)-O- and Ar-O-, respectively. After acryloyl derivative 

esterification, the stretching frequencies of the–C(O)-O- group appeared as a broader 

and stronger peak with Ar-O stretches in the same region. An–NH peak originating 

from hydrazone enantiomers, which would appear in the same region of the hydroxyl 

peak, was not observed. Azo–hydrazone tautomerization occurs via proton transfer from 

the hydroxyl group to the azo group. In the literature, NH peaks are seen in the vicinity 

of 3109 cm–1 as a weak peak [37]. Therefore, the absence of –NH peaks indicates that 

the compounds are azo tautomers in solid state. 

3.3. UV–Vis spectral analysis 

UV–Vis spectral data were recorded in various solvents such as CHCl3, EtOH, and 

DMF. The effect of pH on the absorption spectra of compounds (1–8) was investigated 

in DMF by adjusting the pH to 2 and 12 using 0.1 mol.L-1 HCl and 0.1 mol.L-1 NaOH. 

Table 2 shows the UV–Vis absorption bands pertinent to compounds 1–8. 
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The absorption maxima (λmax) for compounds 1–8 were measured in ethanol as 395–403 

nm and 415–469 nm, in chloroform as 335–401 nm and 423–436 nm, in DMF as 392–

428 nm and 435–529 nm, in DMF at pH 2 as 396–431 nm and 441–511 nm, and in 

DMF at pH 12 as 360–450 nm and 495–510 nm. This indicates a high molar 

absorptivity attributable to the π→π* and n→π* transitions. Figure 4 shows the UV–

Vis spectrum of compound 7. These results are elaborated and explained next. 

 

The λmax of the dyes and their acryloyl derivatives in DMF with pH 12 showed a 

slightly bathochromic shift compared with EtOH and CHCl3. Azo dye 1, bearing an 

electron-donor substituent exhibited a bathochromic shift in EtOH. In contrast, azo 

compounds 3 and 4, bearing electron-acceptor substituents, exhibited a hypsochromic 

shift compared with unsubstituted azo compound 2. Resorcinol azo dyes 1–4 featured a 

hypsochromic shift compared to the corresponding acryloyl derivatives (5–8) in all 

solvents because of the electron-withdrawing effect of the acryloyl group. As a result of 

the observed bathochromic shifts, pH 12 DMF favors the hydrazone tautomers. 

Theoretical predictions of the hydrazone tautomers A–E of compounds 1–8 were 

undertaken to analyze in detail the tautomeric equilibrium observed in the experimental 

UV–Vis data (Figure 5 and Section 3.5). 

3.4. NMR spectral analysis 

1H NMR and 13C NMR chemical shifts were recorded in d6-DMSO. In the 1H NMR 

spectra of the azo dyes, peaks of three hydroxyl groups were observed as a singlet peak 

at 12.81–12.65 ppm, 12.36–11.08 ppm, and 10.90–10.47 ppm. The protons of the two 

hydroxyl groups in the esterified products were determined between 11.95 and 11.08 

ppm (and in the case of hydrogen bonding, from 10.90 to 10.47 ppm). The third peak, 
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which resonated in the range of 12.81–12.65 ppm, disappeared as expected after 

esterification. In Dyes 1 and 5, which bear a methyl group on the diazo unit, methyl 

protons resonated as a singlet peak at 2.27 ppm. The peaks between 8.70 and 6.07 ppm 

were attributed to the signals of aromatic and vinyl protons (Table 3 and Fig. 6). The 

13C NMR spectra of acryloyl derivatives showed a low field signal at 164 ppm, which 

can be attributed to the carbon atom of the >C=O group. Compounds 1–4 may be 

expected to favor the azo tautomer in DMSO solvent since the carbonyl groups 

expected for the hydrazone tautomer were not detected. The vinyl peaks of the acryloyl 

derivatives resonated in the range of 162.3–102.9 ppm, close to the aromatic carbon 

atom region (Table 4). The peaks appearing at 21 ppm of compounds 1 and 5 are 

attributed to the carbon atom of the methyl group. The NMR data obtained in this study 

are consistent with the literature [38]. 

 

3.5. Theoretical Results 

The results of the B3LYP method with the 6-311 ++ G (2d, 2p) basis set were used in 

this study due to experimental pertinence. The Appendix (supplementary data) shows 

the data obtained from other methods and basis sets. The experimental UV–Vis 

absorptions obtained in chloroform and ethanol compare favorably with theoretical 

calculations. The absorption wavelengths of compounds 1–8 were calculated to be 

between 411 nm and 443 nm in chloroform and between 411 nm and 431 nm in ethanol 

(Table 5). 

 

The UV–Vis theoretical calculations indicate that the bonding of the acryloyl group to 

the resorcinol derivatives caused shifts to longer wavelengths. Considering the 

resorcinol derivatives, the absorption wavelengths of the CH3, Cl, and NO2 substituents 
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on the m-position of the phenyl ring are as follows: ����	(�) > ����	(
) > ����	(�). Thus, 

the m-CH3 leads to an enhanced bathochromic shift in comparison to m-Cl and m-NO2. 

This ���� trend is the same for CH3, Cl, and NO2 derivatives of acryloyl compounds 5, 

7, and 8. 

The absorption maxima in DMF shifted to longer wavelengths in the experimental 

studies than that in chloroform and ethanol. Experimental UV studies showed that all 

compounds absorbed in the 495–510 nm range at pH = 12 and in the 490–529 nm range 

in DMF (not pH-adjusted). These shifts can be ascribed to the conversion of the azo 

compounds and their acryloyl derivatives to hydrazone tautomers, as a function of 

solvent and acidity. However, it is difficult to evaluate tautomerization through 

experimental UV–Vis spectra. In order to clarify this interpretation, theoretical 

calculations were performed with the B3LYP method with 6-311++G(2d,2p) basis set 

for all possible hydrazone tautomeric structures in DMF. Figure 6 shows the possible 

tautomers. Theoretical results obtained for hydrazones C and E are most pertinent to the 

experimental results (Table 6). The calculated UV absorption values for the tautomers 

were obtained in the range of 486–513 nm for B3LYP/bs3. Both the experimental and 

theoretical results showed that the UV–Vis absorptions of the resorcinol derivative, 

considering the possible tautomers, manifest at shorter wavelengths than their acryloyl 

derivatives. 

 

The molecular energy of compounds 1–8 obtained using the B3LYP method with 6-

311++G(2d,2p) was calculated to be lower than that of the other methods and basis sets. 

In the calculations, the minimum molecular energies of the resorcinol derivative 

compounds were calculated to be as follows: –1.258.324 au for m-Cl (molecule 3), –

1.003.271 au for m-NO2 (molecule 4), –838.030 au for m-CH3 (molecule 1), and –
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798.701 au for the unsubstituted derivative (compound 2). A similar sequence of energy 

values was also observed for acryloyl derivatives 7, 8, 5, and 6. Furthermore, the m-NO2 

substituted compounds 4 and 8 have a much larger dipole moment than the other 

compounds. In comparison, m-Cl substituted compounds 3 and 7 have a larger dipole 

moment than the remaining compounds (1, 2, 5, and 6). Therefore, bonding of the 

acryloyl group to the resorcinol derivatives caused a decrease in the energy gap (∆E= 

ELUMO − EHOMO) and molecular hardness but caused an increase in electronegativity. 

The highest ∆E and chemical hardness (η) values were observed for m-NO2 substituted 

compounds 4 and 8 (Table 7). Appendix 1–3 provides additional data. 

Calculations for the azo–hydrazone tautomers provided remarkable results. The 

molecular energies of the hydrazones should be lower than those of the azo compounds. 

It is obvious that theoretical calculations gave results that support this expectation 

(Table 8). However, the relationship between the calculated minimum molecular energy 

levels of possible tautomers may not be the only indication of which tautomers are 

present over the course of the experiment. Theoretical calculations indicate that the 

compound with the lowest molecular energy for the azo–hydrazo compounds is the 

possible hydroazo tautomer A, and the proposed tautomeric structure D for acryloyl 

group molecules has lower molecular energies than those of the remaining possible 

structures (Appendix 4). However, when the calculated energy gap (∆E) of possible 

tautomers is examined, one encounters an interesting result: within the proposed 

tautomeric structures, the energy gap of C and E, which compare favorably with the 

experiments, is markedly smaller than that of other possible situations. Similarly, the 

chemical hardness values of compounds C and E are also calculated to be quite small 

compared to other possible situations. 
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Tautomerization affected LUMO energies more than HOMO energies, and 

consequently the difference between the HOMO–LUMO energies decreased (Figure 7 

for compounds 1 and 5; Appendices 5a and 5b show other HOMO–LUMO and ESP 

maps of the azo–hydrazone tautomers). The chemical hardness for the ground state of 

an N electronic system is defined as 

                     � = 12��
2�
��2��(����) ,        (1) 

where E is the electronic energy, N is the number of electrons, and �(��) is the constant 

external potential. Equation 1 can be expressed using the finite difference 

approximation 

 � = 12(�−�),         (2) 

where I and A can be approximated in terms of the energies of the FMOs; i.e., � =
−��� � and � = −�!" � [39]. From Equations 1 and 2, the hydrazone tautomers are 

more likely to be chemically reactive than the azo tautomers. In other words, 

hydrazones are chemically softer than azo tautomers. 

 

 

In addition, a noticeable increase in dipole moments of the hydrazone tautomers was 

observed. In particular, the dipole moments of compounds 4 and 8 bearing m-NO2 were 

higher than those of other molecules. An interesting situation pertains to the correlation 

between the energy gap of possible hydrazone and azo tautomers. The Pearson 

correlation coefficient R of the relationship between the energy gaps of hydrazones C 

and E and the azo tautomers of compounds 1–8 was calculated to be 0.4988. For a 

combination of hydrazones A, B, and D, the correlation coefficients were calculated to 

be 0.7809 for A–D and 0.8209 for B, D (Graphic 1). 
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The HOMO–LUMO energies of hydrazones C and E, which compare more favorably 

with the experimental UV–Vis values, changed in a less-correlated fashion than those of 

the other hydrazones. In other words, if there is a higher correlation between the 

hydrazone and azo tautomers, the molecular electronic configurations of the compounds 

are more protected; i.e., more resistant to a configurational change. Therefore, these 

structures contribute less to the tautomerism. 

 

4. Conclusion 

In this research, o,o'-dihydroxy azo dyes that bear an acryloyl moiety were synthesized 

through a reaction between o,o'-dihydroxy azo dyes and acryloyl chloride in a 1:1 molar 

ratio. The structures of these compounds were characterized using IR, UV–Vis, 1H 

NMR, and 13C NMR. In the UV–Vis spectra, the absorptions of compounds 1-8 in DMF 

revealed significant shifts in acidic and basic conditions compared with neutral pH and 

other solvents. After esterification, free hydroxyl peaks did not appear in the IR spectra 

as expected. In the 13C NMR spectra of the acryloyl compounds in d6-DMSO, a 

carbonyl peak was observed in the vicinity of 164 ppm. Both IR and NMR 

spectroscopies showed that azo tautomers of azo and acryloyl derivatives were 

dominant in the solid state and DMSO solvent. 

The tautomerism proposed from experimental UV–Vis data was studied in detail by 

quantum chemical calculations. Consequently, the Pearson correlation and energy gap, 

∆E, was useful to determine the dominant tautomers. Although the energy gaps of 

structures C and E were smaller than other hydrazones, the Pearson correlation 

coefficient (R) of the relationship between structures C and E and the azo structures was 
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lower than that of other correlations. The chemical hardness of hydrazones C and E was 

calculated to be lower than that of other hydrazones. To the best of our knowledge, this 

report is the first example of o,o'-dihydroxy resorcinol azo dyes bearing an acryloyl 

moiety. 
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Table 3. 1H NMR spectral results of compounds 1-8 
 

N

N

OH

HO

OH

R

1
2

3

4

5

6
7

8

910
 

 

R= CH3 (1), -H (2), -Cl (3), NO2 (4) 

N

N

OH

HO

O

R

1
2

3

4

5

6
7

910

11

12

O

H

H

H
13

 

R= CH3 (5), -H (6), -Cl (7), NO2 (8) 
Compound OH Azo Phenyl -H Resorcinole-H Acryloyl-H 

H5 H6 H8 H3 H2 H1 H4 H10 H9 H7 H12 H11 H13 
1 12.81 (s) 11.08 (s) 10.47(s) 7.68 (d) 

J=7.0 
2.27 (s) 7.55 (s) 6.92 (d) 

J=7.0 
7.12 (d) 
J=5.5 

6.47 (d) 
J=5.5 

6.37 (s) - - - 

2 12.68 (s) 11.42 (s) 10.49(s) 7.30 (d) 
J=5.5 

6.96 (t) 
J=6.5 

7.74 (d) 
J=7.0 

7.69 (d) 
J=6.5 

7.03 (d) 
J=7.0 

6.48 (d) 
J=7.0 

6.38 (s) - - - 

3 12.65 (s) 11.18 (s) 10.61(s) 7.72 (d) 
J=7.5 

- 7.75 (s) 7.05 (d) 
J=7.5 

7.31 (d) 
J=8.2 

6.49 (d) 
J=8.2 

6.37 (s) - - - 

4 12.79 (s) 12.36 (s) 10.77(s) 8.15 (d) 
J=5.0 

- 8.49 (s) 6.51 (d) 
J=5.0 

7.76 (d) 
J=7.5 

7.21 (d) 
J=7.5 

6.38 (s) - - - 

5 12.84 (s) 11.09 (s) - 7.67 (d) 
J=7.0 

2.27(s) 7.54 (s) 6.92 (d) 
J=7.0 

7.10 (d) 
J=5.5 

6.48 (d) 
J=5.5 

6.33 (s) 7.35-7.16 (m) 6.58-6.50 (m) 6.22-6.17 (m) 

6 12.80 (s) 11.46 (s) - 7.29 (t) 
J=6.5 

6.96 (t) 
J=6.5 

7.67 (d) 
J=7.5 

7.73 (d) 
J=6.5 

7.88 (d) 
J=7.5 

7.06 (d) 
J=4.0 

6.37 (s) 6.87-6.85 (m) 6.49 (d) 
 J=4.0 

6.22-6.15 (m) 

7 12.65 (s) 11.18 (s) - 7.71 (d) 
J=10.0 

- 7.75 (s) 7.06 (d) 
J=10.0 

7.31 (d) 
J=10.0 

6.93 (d) 
J=10.0 

6.37 (s) 7.58-7.40 (m) 6.60-6.45 (m) 6.25-6.16 (m) 

8 13.15 (s) 11.98 (s) - 8.15-8.12 
(m) 

- 8.70 (s) 7.78-7.71 
(m) 

7.95 (d) 
J=7.5 

7.60 (d) 
J=7.5 

6.30 (s) 6.98-6.78 (m) 6.57-6.48 (m) 6.13-6.07 (m) 
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Table 4.  13C NMR spectral results of compounds 1-8 

N

N

OH

HO

O

R

1

23

4

5

7

9

10

1112

O

13

6

8

14

15

 

 
 
 
 
 
 
R= CH3 (1,5), -H (2,6), -Cl (3,7), NO2 (4,8) 
 

Compound C13 C10 C8 C2 C15 C4 C14 C5 C6 C12 C1 C7 C3 C11 C9 R 
1 - 162.9 157.3 151.4 - 137.0 - 132.7 132.4 128.9 128.3 121.4 117.8 109.4 103.5 20.5 
2 - 163.1 157.4 153.5 - 137.5 - 122.1 128.0 132.4 131.9 120.1 118.0 109.5 103.5 - 
3 - 163.8 157.8 152.7 - 138.3 - 129.0 131.1 124.1 132.8 119.6 119.3 109.9 103.6 - 
4 - 164.4 159.6 158.3 - 129.5 - 132.9 137.0 126.4 140.6 118.4 114.9 110.2 103.4 - 
5 164.6 155.4 153.8 152.5 138.3 134.7 129.2 124.9 127.9 128.5 134.5 123.7 118.7 114.1 111.3 21.0 
6 164.5 162.3 155.4 154.3 137.8 138.7 128.1 132.1 136.0 121.8 118.9 120.3 118.8 109.6 103.6 - 
7 164.4 157.3 152.2 145.5 143.2 137.8 134.6 126.8 127.4 123.6 131.5 118.7 116.7 109.3 102.9 - 
8 164.9 159.0 150.9 157.8 142.7 124.9 135.1 127.3 133.3 114.5 146.1 117.9 112.0 109.7 102.9 - 
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Table 1. IR spectral results of compounds 1-8 

 
 
 
 
Table 2. The Uv-Vis data of the related compounds (1-8) 
 

 

 

 

 

 

 

 

 

 

        s: Shoulder peaks 

Compound νO-H  ν C-H 

Arom. 

ν C-H 

Alkene 
νC=O νC=C νAr-O Other functional  

groups 
1 3277 3067 

 
- - 1621 1178 2976 and 

2916 (CH3) 
2 3488 

3199 
3095 - - 1623 1167 - 

3 3447 
3187 

3080 - - 1627 1169 980 (C-Cl) 

4 3492 
3404 

3093 - - 1621 1182 1516 and 
1338 (NO2) 

5 3198 3072 2922 1742 1624 
1601 

1240 
1160 

2922 (CH3) 

6 3202 3064 
 

2922 
2853 

1740 1615 
1581 

1241 
1125 

- 

7 3082 3082 2970 
2852 

1746 1622 
1595 

1256 
1158 

979 (C-Cl) 

8 3178 3100 
 

2918 
2853 

1749 1623 
1578 

1211 
1112 

1527 and 
1343 (NO2) 

 Wavelength [λmax(nm)] (logε (L/mol.cm)) 

Compound CHCl3 EtOH DMF (pH= 1-2) 
(DMF) 

(pH= 12) (DMF) 

1 435 (4.61) 
400s (4.73) 
429 (4.77) 

428 (4.60) 
496s (4.36) 

401 (4.43) 
360 (3.94) 
505 (4.22) 

2 
400s (4.59) 
428 (4.64) 

397s (4.62) 
421 (4.61) 

400 (4,64) 
435s (4.59) 
491s (4.26) 

396 (4.51) 
431s (4.45) 
500s (4.06) 

497 (4.63) 

3 
408s (4.46) 
436 (4.53) 

407s (4.77) 
423 (4.73) 

425 (4.75) 
516s (4.29) 

408 (4.59) 
423s (4.58) 

497 (4.70) 

4 
401s (4.75) 
431 (4.83) 

402 (4.74) 
413s (4.73) 

415 (4.61) 
510 (4.63) 

404 (4.54) 
450s (4.68) 
504 (4.72) 

5 
401s (4.46) 
430 (4.50) 

399s (4.70) 
415 (4.69) 

408 (4.52) 
523s (4.11) 

420 (4.46) 
484s(4.12) 

503 (4.58) 

6 
393 (4.59) 
423s (4.60) 

395 (4.76) 
421s (4.72) 

402 (4.56) 
428s (4.53) 
490s (4.25) 

412 (4.42) 
433s (4.39) 
511s (4.02) 

498 (4.58) 

7 
343s(4.51) 
400 (4.54) 
431s(4.58) 

403 (4.79) 
412 (4.57) 
501s (4.32) 

407 (4.52) 
431s (4.49) 

495 (4.66) 

8 396 (4.82) 
420 (4.54) 
469s (4.44) 

392s (4.31) 
502 (4.58) 
529s (4.53) 

399 (4.43) 
441s(4.37) 

449s (4.46) 
510 (4.50) 
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Table 5. The UV-Vis data of azo forms calculated by some method and basis sets (BS1, BS2 and BS3) in solvents 

(S1, S2 and S3) 

 Methods and Basis Sets 
Compound M06/bs1 PBE1PBE/bs2 B3LYP/bs3 B3LYP/bs4 
 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 

1 445 450 442 414 413 411 429 428 426 442 441 439 

2 434 433 431 403 402 400 417 416 414 428 427 425 

3 441 439 437 414 413 404 429 427 425 435 433 431 

4 427 426 424 397 397 395 411 407 406 418 418 416 

5 456 455 453 420 419 416 443 433 431 447 445 444 

6 443 442 440 411 410 408 427 426 424 437 436 434 

7 451 449 447 421 418 417 434 431 430 440 436 440 

8 437 435 434 402 400 399 415 412 411 433 418 417 
S1:Chloroform, S2:DMF, S3:Ethanol; bs1: 3-21g, bs2: cc-pvtz, bs3: 6-311++g(2d,2p), bs4: 6-311++g 

 

Table 6. Theoretical UV-Vis results for possible tautomeric structures in DMF solvent 

 

 

 

 

 

 

 

bs1: 3-21g, bs3: 6-311++g(2d,2p) 

 
 
Table 7. Theoretical calculations of molecules 1-8 (B3lyp/6-311++g(2d,2p)) 

 

 

 

 

 

 

E: Energy; ∆�: ����� − �	���; 
: Chemical Hardness ; �: Chemical softness :	Electronegativity; m: Dipole moment 

Method 
and  

Compound 

Hydrazone forms  
(resorcinol dyes) Compound 

Hydrazone forms (acryloyl 
derivatives) 

A B C D E 

M
06

/b
s1

 1 477 462 498 5 500 486 

2 464 446 490 6 485 487 

3 464 443 503 7 487 501 

4 449 424 504 8 476 505 

       

B
3L

Y
P

/b
s3

 1 474 465 506 5 493 499 

2 463 448 495 6 481 486 

3 467 453 513 7 487 505 

4 453 422 503 8 470 496 

Molecule E (au) ����� (eV) ����� 
(eV) 

∆� 
  (eV) �  (eV-1) � (eV) m (Debye) 

1 -838.030 -5.944  -2.670  3.274 1.637 0.611 4.307 1.147 
2 -798.701 -6.069  -2.722  3.347 1.674 0.598 4.396 1.671 
3 -1258.324 -6.180     -2.924   3.256 1.628 0.614 4.552 3.894 
4 -1003.271 -6.582  -3.198 3.384 1.692 0.591 4.890 7.840 
5 -1028.819 -6.090   -2.873 3.217 1.609 0.622 4.482 1.818 
6 -989.490 -6.224 -2.923  3.301 1.651 0.606 4.574 1.712 
7 -1449.113 -6.320  -3.089 3.231 1.616 0.619 4.705 3.062 
8 -1194.060 -6.728  -3.353  3.375 1.688 0.593 5.041 6.821 
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Table 8. Theoretical calculations of possible hydrazone C and E (by method B3LYP with 6-311++g(2d,2p) basis 
set) 

 

 

 

 

E: Energy; ∆�: ����� − �	���; 
: Chemical Hardness ; �:	Chemical	softness	; :	Electronegativity; m: Dipole moment 

 

 

 

 

 

 

 

 

 

 

 

 

 

Molecule E (au) ����� (eV) 
����� 
(eV) 

∆� 
  (eV) �  (eV-1) � (eV) m (Debye) 

1-C -838.032 -5.723 -3.020 2.703 1.352 0.740 4.372 1.154 
2-C -798.703 -5.849 -3.075 2.774 1.387 0.721 4.462 2.313 
3-C -1258.326 -5.872 -3.201 2.671 1.336 0.749 4.537 5.090 
4-C -1003.280 -6.239 -3.469 2.770 1.385 0.722 4.854 12.122 
5-E -1028.823 -5.917 -3.144 2.773 1.387 0.721 4.531 2.339 
6-E -989.493 -6.058 -3.205 2.853 1.427 0.701 4.632 2.505 
7-E -1449.116 -6.070 -3.332 2.738 1.369 0.730 4.701 3.873 
8-E -1194.069 -6.469 -3.616 2.853 1.427 0.701 5.043 10.146 
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CAPTIONS 

Figure 1 The synthesis of o,o'-dihyroxyazo dyes including acryloyl moiety 

Figure 2 Dihedral scanning of the compound 1 

Figure 3. The IR spectrum for 3-Hydroxy-4-[(E)-(5-chloro-2-hydroxyphenyl)diazenyl]-
phenyl prop-2-enoat, 6 

Figure 4 The UV-Vis spectra of 3-Hydroxy-4-[(E)-(5-chloro-2-hydroxyphenyl)diazenyl]-
phenyl prop-2-enoat (7), in CHCl3, EtOH, DMF, DMF (pH = 2), DMF (pH = 12) 
1.0 x10-5 mol.L-1.  

Figure 5 The Azo-Hydrazone tautomer forms of the compounds  

Figure 6 The 1H-NMR spectrum for 3-Hydroxy-4-[(E)-(5-chloro-2-
hydroxyphenyl)diazenyl]-phenyl prop-2-enoat, 6 
 

Figure 7 HOMO-LUMO and ESP maps of compounds 1 and 2, and their tautomeric forms (C and 
E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

N
N

HO

OH

OH

R

N

N

HO

O

OH

R

O

Cl

O
Na

1 R= -CH3

2 R= -H
3 R= -Cl
4 R= -NO2

5 R= -CH3

6 R= -H
7 R= -Cl
8 R= -NO2

24 h , r.t1.

2.

,

4 h , r.t,

 

 

 
Figure 1. The synthesis of o,o'-dihyroxyazo dyes including acryloyl moiety 

 

 

 

Figure 2. Dihedral scanning of the compound 1 
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Figure 3. The IR spectrum for 3-Hydroxy-4-[(E)-(5-chloro-2-hydroxyphenyl)diazenyl]-phenyl 

prop-2-enoat, 6 
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Figure 4. The UV-Vis spectra of 3-Hydroxy-4-[(E)-(5-chloro-2-hydroxyphenyl)diazenyl]phenyl 
prop-2-enoat (7), in CHCl3, EtOH, DMF, DMF (pH = 2), DMF (pH = 12) 1.0 x10-5 mol.L-1.  
 

 

 

 

 

 

 

 

 

 

 

Figure 5. The Azo-Hydrazone tautomer forms of the compounds 
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Figure 6. The 1H-NMR spectrum for 3-Hydroxy-4-[(E)-(5-chloro-2-hydroxyphenyl)diazenyl]-
phenyl prop-2-enoat, 6 
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Figure 7. HOMO-LUMO and ESP maps of compounds 1 and 5, and their tautomeric forms (C and E). 
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SCHEME 

 

 

 

 

 

 

 

 

 

 

 

Graphic 1. Energy gab (∆E) of possible hydrazone forms, and correlation with azo forms 
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Highlights 

� Novel o,o'-dihydroxyazo dyes containing an acryloyl moiety were synthesized and 

characterized. 

� The azo–hydrazone tautomerism was investigated using UV–Vis spectroscopy and DFT 

calculations. 

� These compounds are useful for synthesizing novel organic dyes. 




