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Abstract

:

One of the most basic properties of chemical compounds is structural symmetry or asymmetry. This property can be considered at different levels of structural organization. The physical, chemical, biological, and technological properties of organic compounds depend on their chemical structure and are systematically related to it. The presented paper is focused on the synthesis and study of the spectroscopic properties of selected photoinitiators from the acrylate and methacrylate derivatives of 2-(benzothiazolylthio)ethyl. The indicated compounds can find potential application in medicine. The 2-(benzothiazolylthio)ethyl acrylate and methacrylate derivatives were characterized using infrared spectroscopy (IR) and nuclear magnetic resonance (NMR) spectroscopy. Their spectroscopic properties were determined on the basis of UV–Vis spectra. The calculated DFT energies and Frontier Molecular Orbitals calculations of the studied compounds were proved to be consistent with the experimental observations. The results have showed that the introduction of the ethoxy substituent increases the reactivity of the compounds and results in the slight bathochromic shift (~19 nm) of the absorption spectra maxima.
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1. Introduction


Multifunctional polymeric materials play a key role in many biomedical technologies [1,2]. A wide range of different polymers is available and their advantages include the possibility of modifying physical, chemical, and biological properties over a wide range to match the requirements of specific applications. Due to the very advanced mechanical properties that can be observed, for example, in polymers with shape memory that, under the influence of a special stimulus, such as pH, temperature, magnetic field, or light, can freely deform and return to their original shape, such polymers are used in many biomedical applications. Other medical applications of polymers are drug delivery reservoirs [3], hemodialysis membranes, [4] extracorporeal membrane oxygenation [5], and dental restorative materials. Synthetic polymers have gained a strong appeal for medical applications in temporary in vivo applications such as vascular catheters [5], urinary catheters [6], ureteral stents [7], or wound dressings [8]. Polymer research in the field of biomedicine includes not only general surgical implants, such as suture materials [9], tissue adhesives and sealants [10], surgical meshes [11], but also surgical implants [11]. The numerous types of polymers that are currently in use in all fields of medicine include plastic, reconstructive, and cosmetic surgery [12], ophthalmology [13], dentistry [14], and neurosurgery [14].



Synthetic polymers gained high attraction for technical as well as for medical application for various reasons. A wide range of physical and chemical properties can be achieved based on the monomer units, polymerization reaction, and formation of co-polymers consisting of different components at adjustable concentrations [15]. Synthetic methodologies that have enabled the production of well-defined and functionalized polymers play a key role in this research area. In this study, a light-sensitive photoinitiator (meth)acrylic of 2-mercaptobenzothiazole derivatives with different substituents were designed and synthesized. According to the literature, some of these compounds can act not only as photoinitiators but also as attractive building blocks and components of advanced polymer materials characterized by a high refractive index, for optical, e.g., as foldable intraocular lenses [16], and for industrial applications (coatings) [17,18].



All properties of organic molecules, physical, chemical, biological, and technological, depend on their chemical structure and vary with it in a systematic way. Structural symmetry and asymmetry are one of many contributing factors that need to be considered when designing of new compounds. By modifying the structure of the compound, such as by introducing an appropriate substituent, its photophysical properties can be easily modified to meet the high demand of various applications. The study of structural correlations with spectroscopic properties of the newly synthesized compounds is one of the goals of the presented work. In the present research, four photoinitiators with a hydrogen atom or ethoxy group (Scheme 1) in the 6-position of the aromatic ring of 2-mercaptobenzothiazole were synthesized. Their structures were confirmed using Nuclear Magnetic Resonance (NMR) and Attenuated Total Reflectance Spectroscopy (ATR-FTIR). Additionally, their photophysical and photochemical properties were determined using UV–Vis absorption spectroscopy. It should be highlighted that not only the influence of the substituent was investigated. It was also determined how the modification of an acrylic derivative to a methacrylic derivative (Scheme 1) affects the synthesis and properties of the new compounds. The obtained experimental data were compared and supported by the results of appropriate quantum chemical calculations.




2. Materials and Methods


2.1. Materials


All the reagents and solvents were purchased from Sigma-Aldrich (Poznań, Poland) and used without further purification. The highest (≥99%) purity of all the used chemicals was required for the spectroscopic studies.




2.2. Synthesis


2.2.1. Synthesis of 2-(2-Benzothiazolylthio)ethyl Acrylate and Methacrylate Derivatives


2-(Benzothiazolylothio)ethyl Acrylate (1) [17] It was synthesized in two steps according to procedure [16]: Chloroethanol (0.09 mol, 6 mL) was added to a solution of 2-mercaptobenzothiazole (0.06 mol, 10 g), potassium hydroxide (0.09 mol, 5 g), and potassium iodide (0.003 mol, 0.5 g) in 100 mL ethanol/water (1:1) mixture. The reaction medium was refluxed overnight. Then, the ethanol was evaporated and 70 mL of dichloromethane and 50 mL of 5% NaOH solution were added to the residue. The organic layer was extracted using dichloromethane and dried over MgSO4. The dichloromethane was evaporated. The crude, brown oil was purified using silica gel column chromatography with hexane/ethyl acetate (7:3) as an eluent. 2-(2-Benzothiazolylthio)ethanol (a white solid) was obtained with a reaction yield of 61% and m.p. 50–53 °C.



The second step: For a solution of 2-(2-benzothiazolylthio)ethanol (the product of the first step) (23 mmol, 3.85 g) and triethylamine (34 mmol, 4.81 mL) in 38 mL anhydrous dichloromethane at 0 °C, acryl chloride (34 mmol, 2.8 mL) was added dropwise over a period of 30 min. The content of the reaction vessel was allowed to proceed for 3 h at this temperature. Then, an aqueous solution of 5% NaOH was added and the reaction product was extracted using dichloromethane. MgSO4 was added to the organic layer to become involved in the residual water. The dichloromethane was evaporated. The crude, yellow oil was purified using silica gel column chromatography with dichloromethane as an eluent (fractions were collected at 300 nm). 2-(Benzothiazolylthio)ethyl acrylate (1) (a yellow oil) was obtained with a reaction yield of 52%.



2-(2-(6-Ethoxybenzothiazolylo)thio)ethyl Acrylate (2) [17] It was synthesized in two steps according the following procedure [16]: for a solution of 6-ethoxy-2-mercaptobenzothiazole (0.06 mol, 12.67 g), potassium hydroxide (0.09 mol, 5 g), and potassium iodide (0.003 mol, 0.5 g) in a 100 mL ethanol/water (1:1) mixture, chloroethanol (6 mL) was added. The reaction medium was refluxed overnight. Then, the ethanol was evaporated and 70 mL of dichloromethane and 50 mL of 5% NaOH solution were added to the residue. The organic layer was extracted using dichloromethane and dried over MgSO4. The dichloromethane was evaporated. The crude solid was recrystallized from ethanol. 2-(6-Ethoxy-2-benzothiazolylthio)ethanol (a white solid) was obtained with a reaction yield of 79% and m.p. 85.5–86.5 °C.



The second step: For a solution of 2-(6-ethoxy-2-benzothiazolylthio)ethanol (the product of the first step) (23 mmol, 5.87 g) and triethylamine (34 mmol, 4.81 mL) in 38 mL anhydrous dichloromethane at 0 °C, acryl chloride (34 mmol, 2.8 mL) was added dropwise over a period of 30 min. The content of the reaction vessel was allowed to proceed for 3 h at this temperature. Then, an aqueous solution of 5% NaOH was added and the reaction product was extracted using dichloromethane. MgSO4 was added to the organic layer to become involved in the residual water. The dichloromethane was evaporated. The crude, yellow oil was purified using silica gel column chromatography with dichloromethane as an eluent (fractions were collected at 300 nm). 2-(6-Ethoxybenzothiazolylthio)ethyl acrylate (2) (a transparent oil) was obtained with a reaction yield of 66%.



2-(Benzothiazolylothio)ethyl Methacrylate (3) [16,18] It was synthesized according to the literature guidelines [18] and with the modification procedure of purification: for 2-mercaptobenzothiazole (28 mmol, 4.68 g) and sodium bicarbonate (28.5 mol, 2.4 g) in 10 mL dimethylformamide at 60 °C, 2-chloroethyl methacrylate (29 mmol, 2.93 mL) was added dropwise. The reaction medium was refluxed overnight. Then, the reaction medium was washed with an aqueous solution of 5% NaOH and extracted using diethyl ether. The top organic layer was separated, dried over MgSO4, filtered, and stripped of solvent under vacuum. The crude, yellow oil was purified using silica gel column chromatography with dichloromethane as an eluent (fractions were collected at 300 nm). The resulting oil was extracted using methyl alcohol to afford 2-(benzothiazolylthio)ethyl methacrylate (3) as a pale-yellow oil with a reaction yield of 38%.



2-(2-(6-Ethoxybenzothiazolylo)thio)ethyl Methacrylate (4) It was synthesized according to the method described by [18] and with the modification procedure of purification: for 6-ethoxy-2-mercaptobenzothiazole (28 mmol, 5.91 g) and sodium bicarbonate (28.5 mol, 2.4 g) in 10 mL dimethylformamide at 60 °C, 2-chloroethyl methacrylate (29 mmol, 2.93 mL) was added dropwise. The reaction medium was refluxed overnight. Then, the reaction medium was washed with an aqueous solution of 5% NaOH and extracted using diethyl ether. The top organic layer was separated, dried over MgSO4, filtered, and stripped of solvent under vacuum. The crude, brown oil was purified using silica gel column chromatography with dichloromethane as an eluent (fractions were collected at 296 nm). Finally, the product was recrystallized from methanol. 2-(2-(6-Ethoxybenzothiazolyl)thio)ethyl methacrylate (4) (white solid) was obtained in a 45% reaction yield and m.p. 45–46 °C.




2.2.2. Elemental Analysis Is as Follows


2-(Benzothiazolylthio)ethyl Acrylate (1) IR (ATR), cm−1: 3020–3435, 2889–2985, 1720, and 1633. 1H NMR (400 MHz, CDCl3) δ (ppm): 7.18 (d, 1H, 3JH,H = 7.78 Hz, Ar), 7.76 (d, 1H, 3JH,H = 7.74 Hz, Ar), 7.33 (dt, 1H, Ar), 7.20 (dt, 1H, Ar), 6.35 (d, 1H, 3JH,H = 17.28 Hz, CH=CH2), 6.04 (q, 1H, CH=CH2), 5.75 (d, 1H, 3JH,H = 10.44 Hz, CH=CH2), 4.46 (t, 2H, CH2–O), and 3.53 (t, 2H, S–CH2). 13C NMR (100 MHz, CDCl3) δ (ppm): 165.8, 165.6, 152.9, 135.6, 131.4, 128.0, 126.1, 124.4, 121.6, 121.0, 62.7, and 31.8. C12H11NO2S2, Calcd. C, 54.32, H, 4.18, N, 5.28, and S, 24.17. Found C, 54.02, H, 4.38, N, 5.18, and S, 27.37.



2-(2-(6-Ethoxybenzothiazolyl)thio)ethyl Acrylate (2) IR (ATR), cm−1: 3035–3434, 2880–2978, 1721, and 1634. 1H NMR (400 MHz, CDCl3) δ (ppm): 7.67 (d, 1H, 3JH,H = 8.70 Hz, Ar), 7.14 (s, 1H, Ar), 6.93 (dd, 1H, Ar), 6.34 (d, 1H, 3JH,H = 17.36 Hz, CH=CH2), 6.04 (q, 1H, CH=CH2), 5.76 (d, 1H, 3JH,H = 10.42 Hz, CH=CH2), 4.46 (t, 2H, CH2–O), 3.99 (q, 2H, –OCH2CH3), 3.55 (t, 2H, S–CH2), and 1.37 (t, 3H, –OCH2CH3). 13C NMR (100 MHz, CDCl3) δ (ppm): 165.8, 162.1, 156.5, 147.4, 136.6, 131.3, 128.0, 122.0, 115.4, 104.8, 64.1, 62.8, 32.0, and 14.8. C14H15NO3S2, Calcd. C, 54.35, H, 4.89, N, 4.53, and S, 20.73. Found C, 54.40, H, 4.84, N, 4.40, and S, 20.86.



2-(Benzothiazolylthio)ethyl Methacrylate (3) IR (ATR), cm−1: 3060, 2890–2953, 1714, and 1635. 1H NMR (400 MHz, CDCl3) δ (ppm): 7.80 (d, 1H, Ar), 7.67 (d, 1H, Ar), 7.34 (dt, 1H, Ar), 7.23 (dt, 1H, Ar), 6.04 (s, 1H, C(CH3)=CH2), 5.48 (s, 1H, C(CH3)=CH2), 4.46 (t, 2H, CH2–O), 3.61 (t, 2H, S–CH2), and 1.84 (t, 1H, CH3). 13C NMR (100 MHz, CDCl3) δ (ppm): 167.0, 165.7, 152.9, 135.9, 135.2, 126.1, 126.1, 124.6, 121.6, 121.0, 62.8, 31.9, and 18.2. C13H13NO2S2, Calcd. C, 55.89, H, 4.69, N, 5.01, and S, 22.95. Found C, 55.74, H, 4.74, N, 5.16, and S, 22.90.



2-(2-(6-Ethoxybenzothiazolyl)thio)ethyl Methacrylate (4) IR (ATR), cm−1: 3078–3408, 2894–2976, 1710, and 1635. 1H NMR (400 MHz, CDCl3) δ (ppm): 7.74 (d, 1H, 3JH,H = 8.92 Hz, Ar), 7.14 (s, 1H, Ar), 6.96 (dd, 1H, Ar), 6.03 (s, 1H, C(CH3)=CH2), 5.49 (s, 1H, C(CH3)=CH2), 4.46 (t, 2H, CH2–O), 4.00 (q, 2H, –OCH2CH3), 3.62 (t, 2H, S–CH2), 1.85 (s, 1H, CH3), and 1.38 (t, 3H, –OCH2CH3). 13C NMR (100 MHz, CDCl3) δ (ppm): 167.1, 162.6, 156.7, 146.9, 136.3, 135.9, 126.1, 121.9, 115.5, 104.8, 64.2, 63.0, 32.2, 18.2, and 14.8. C15H17NO3S2, Calcd. C, 55.70, H, 5.30, N, 4.33, and S, 19.83. Found C, 55.56, H, 5.24, N, 4.48, S, and 19.98.





2.3. Experimental Measurements


2.3.1. NMR Measurements


The 1H and 13C NMR spectra were recorded using an Ascend III spectrometer operating at 400 MHz, Bruker. Chloroform was used as a solvent and tetramethylsilane (TMS) as the internal standard. The chemical shifts (δ) are reported in ppm relative to TMS and coupling constants (J) in Hz.




2.3.2. Elemental Analysis Measurements


The elemental analysis was conducted with a Vario MACRO 11.45–0000, Elemental Analyser System GmbH, (Toruń, Poland) operating with the VARIOEL software (version 5.14.4.22).




2.3.3. The Melting Point Measurements


The melting point was measured on the Melting Point M-565 Apparatus (Buchi) (Bydgoszcz, Poland) with a measuring speed of 5 °C/min.




2.3.4. UV–Vis Measurements


The absorption spectra were measured at room temperature in a quartz cuvette (1 cm) using an Agilent Technology UV–Vis Cary 60 Spectrophotometer (Bydgoszcz, Polnad).




2.3.5. FT-IR Measurements


The infrared spectra were recorded using reflectance spectroscopy measurements realized using Alpha Bruker’s compact FT-IR spectrometer and a spectrophotometer equipped with diamond ATR in the range of 4000–360 cm−1 (Bydgoszcz, Poland).




2.3.6. Quantum-Mechanical Calculations


The geometry optimization, vibrational spectra, and the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) energies were calculated based on density functional theory with the use of B3LYP [19,20,21] functional and 6-311+G(d,p) basis set [22,23]. All the calculations were carried out using Gaussian 09 software [24]. The analysis of the frontier orbitals and FT-IR spectra including the extraction of frequencies and a visual presentation of the vibrational modes and orbitals was realized with the use of the Avogadro 1.2.0 application [25].






3. Results and Discussion


3.1. Synthesis and NMR Data


In recent years, several methods have been reported for the synthesis of acrylate and methacrylate derivatives of 2-mercaptobenzothiazole [16,17,18,26]. The treatment of 2-mercaptobenzothiazole with chloroethanol in the presence of potassium hydroxide and potassium iodide causes its transformation into 2-(2-benzothiazolylthio)ethanol. The purified intermediate product was always used in the subsequent synthetic step. The second step involved the esterification of 2-(2-benzothiazolylthio)ethanol with acrylate chloride (Scheme 2).



The 2-(2-benzothiazolylthio)ethyl methacrylate derivatives (3, 4) were synthesized in one step by refluxing the 2-mercaptobenzothiazole with 2-chloroethyl methacrylate (Scheme 3).



The structures of the newly synthesized compounds were confirmed using nuclear magnetic resonance spectroscopy. The most characteristic 1H and 13C NMR chemical shifts data were presented in Table 1 and Table 2, respectively. The 1H-NMR signals of =CH2 of 2-(benzothiazolylthio)ethyl acrylate (1) and 2-(2-(6-ethoxybenzothiazolyl)thio)ethyl acrylate (2) can be seen at δ = 5.75–6.35 ppm in CDCl3, which are a doublet. The same protons of 2-(benzothiazolylthio)ethyl methacrylate (3) and 2-(2-(6-ethoxybenzothiazolyl)thio)ethyl methacrylate (4) can be found at δ = 5.75–6.35 ppm in CDCl3, but as a singlet. The remaining protons attached to the carbon atoms involved in the carbon–carbon double bond were observed at 6.04 ppm as a quartet. The alkyl protons of the CH2 groups appeared at about 4.5 ppm and 3.5 ppm for CH2-O and CH2-S, respectively. In each case, they were triplets.



The carbonyl carbon atom C=O in the 13C NMR spectra of the synthesized compounds resonates in the ranges of δ = 165.8–167.1 ppm. This signal corresponds to the most downfield peak in the spectrum. The signals of the carbon atoms of the ethylene group (CH=CH2/C(CH3)=CH2) of the compounds can be seen between δ = 126.1 and 135.9 ppm. All the 1H and 13C NMR chemical shift values are within the range of the calculated values. Some deviations result from calculations in dimethyl sulfoxide instead of chloroform. It was a deliberate operation. The aim was to test whether a change in the solvent significantly affects the chemical shift values.




3.2. Vibrational Analysis


Infrared (IR) spectroscopy is a common and widely used spectroscopic technique employed due to its usefulness in determining structures of compounds and identifying them. Vibrational spectroscopy and quantum chemical calculations using the B3LYP functional and 6-311+G(d,p) basis set have been employed to study the structure of the title compounds. The most characteristic vibrational bands were collected in Table 3. The band characteristic of ν(C=O) vibrations of ester fragments appeared in the range 1710–1721 cm−1. Moreover, the sharp bands of medium intensity at 1633–1635 cm−1 in the analyzed compounds were due to the stretching vibrations of the C=C group.



The theoretical spectrograms for the IR spectra of the synthesized compounds were also constructed and compared with the experimental spectra. The computed vibrational frequencies of these molecules were found to be in good agreement with the experimental results (Figure 1).




3.3. Spectroscopic Studies


The data characterizing the spectroscopic properties of the synthesized compounds were presented in Table 4 and Figure 2.



As shown in Figure 3A, the compounds under study have a pronounced absorption band with the maximum (λab) located in the range from 278 nm to 298 nm. The position of the absorption band depends on the polarity of the solvent. When the polarity increases, the absorption band slightly shifts toward a higher wavelength (bathochromic shift) from the non-polar dichloromethane (DCM) to the polar aprotic dimethyl sulfoxide (DMSO) (Figure 3B). The position of the absorption band depends not only on the solvent but also on the structure of the compound. The change from acrylic (compounds 1 and 2) to methacrylic (compounds 3 and 4) derivatives has no significant effect on the position of the absorption band. In this case, the location of the absorption band is the most affected by the presence of a substituent attached to the phenyl ring (Figure 3A). The introduction of the ethoxy substituent increases the electron density on the aromatic ring and results in the slight bathochromic shift (~19 nm) of the absorption spectra maxima. All the results were supported by calculations. The fluorescence properties (e.g., maximum of fluorescence, Stokes Shift, and fluorescence quantum yield) could not be determined because the tested compounds do not emit fluorescence under excitation at the absorption band maximum.




3.4. Computational Details


An important factor in assessing the practical use of the compounds under consideration is their reactivity. The most important orbital in molecules are the frontier molecular orbitals, called the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO). The HOMO represents the ability to donate an electron, while LUMO, as an electron acceptor, represents the ability to accept an electron. The energy of the HOMO is directly related to the ionization potential, while the LUMO energy is directly related to the electron affinity [27]. The frontier molecular orbital energy gap helps to characterize the chemical reactivity and kinetic stability of the molecule. A molecule with a smaller energy gap between HOMO and LUMO is more polarizable and is generally associated with a high chemical reactivity, low kinetic stability, and is termed as a soft molecule [28,29,30]. In Table 5, there were presented values characterizing all the studied compounds, including energy values of HOMO and LUMO orbitals, energy gaps, and hardness (η).



Based on the obtained data, it can be concluded that among all the molecules under consideration, the derivatives containing the ethoxy substituent show the greatest reactivity. Such molecules were characterized by the lowest values of hardness and energy gap (Table 5). Moreover, the lower values of energy gap of 2-(2-benzothiazolylthio)ethyl acrylate derivatives (1, 2) may indicate that they are more reactive than 2-(2-benzothiazolylthio)ethyl methacrylate derivatives (3, 4) (Figure 4). No clear effect of the solvent polarity was observed on the calculated parameters.





4. Conclusions


The selected 2-(2-benzothiazolylthio)ethyl acrylate (1, 2) and methacrylate (3, 4) derivatives were synthesized and their spectroscopic properties were characterized in three solvents of different polarities. The aim of the research was to check whether the modification of acrylate derivatives (R2 = H in Scheme 1) to methacrylate (R2 = CH3 in Scheme 1) would significantly affect the synthesis and spectroscopic properties of the new compounds. It has been shown that the performed modification had only a slight influence on the mentioned parameters. Only the modification of the structure of the molecule by the introduction of the ethoxy substituent results in the increase in the reactivity of the compound and in the slight bathochromic shift (~19 nm) of the absorption spectra maxima. The experimental data were supported by the quantum chemistry calculations, which not only reproduced the experimental trends but also contributed to the understanding of the electronic structure of the studied compounds.
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Scheme 1. Structure of 2-(benzothiazolylthio)ethyl acrylate and methacrylate derivatives. 






Scheme 1. Structure of 2-(benzothiazolylthio)ethyl acrylate and methacrylate derivatives.



[image: Symmetry 15 00370 sch001]







[image: Symmetry 15 00370 sch002 550] 





Scheme 2. The synthesis procedure of 2-(2-benzothiazolylthio)ethyl acrylate derivatives (1, 2). 
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Scheme 3. The synthesis procedure of 2-(2-benzothiazolylthio)ethyl methacrylate derivatives (3, 4). 
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Figure 1. Comparison of the observed with simulated (scaled) IR spectra of 2-(2-(6-ethoxybenzothiazolyl)thio)ethyl acrylate (2). 
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Figure 2. Tauc’s plot of (αhν)2 as a function of photon energy (hν) for the 2-(benzothiazolylothio)ethyl acrylate (1) in selected solvents of different polarities ((A) dichloromethane, (B) methanol, and (C) dimethyl sulfoxide). 
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Figure 3. Normalized absorption spectra of 1–4 in methanol (A) and normalized absorption of 2-(2-(6-ethoxybenzothiazolyl)thio)ethyl methacrylate (4) in solvents of different polarities (B) (values were converted to have the maximum normalized at 1). 
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Figure 4. Atomic orbital composition of the frontier molecular orbital for 1 (left) and 3 (right) in dichloromethane. 
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Table 1. 1H NMR chemical shifts of 2-(2-benzothiazolylthio)ethyl acrylate (1, 2) and methacrylate (3, 4) derivatives for 0.1–0.2 M Solution CDCl3 (measured) and CDCl3, DMSO-d6 (italic, calculated) at 303 K.






Table 1. 1H NMR chemical shifts of 2-(2-benzothiazolylthio)ethyl acrylate (1, 2) and methacrylate (3, 4) derivatives for 0.1–0.2 M Solution CDCl3 (measured) and CDCl3, DMSO-d6 (italic, calculated) at 303 K.





	
Compound

	
Solvent

	
CH=CH2/

C(CH3)=CH2

	
CH=CH2

	
C(CH3)=CH2

	
CH2–O

	
S–CH2






	
1

	
CHCl3

	
6.35; 5.75

	
6.04

	
-

	
4.46

	
3.53




	
CHCl3

	
7.05; 6.30

	
6.53

	
-

	
4.37

	
3.48




	
DMSO-d6

	
7.04, 6.37

	
6.59

	
-

	
4.40

	
3.53




	
2

	
CHCl3

	
6.34, 5.76

	
6.04

	
-

	
4.46

	
3.55




	
CHCl3

	
7.03; 6.29

	
6.51

	
-

	
4.35

	
3.43




	
DMSO-d6

	
7.02, 6.36

	
6.59

	
-

	
4.44

	
3.53




	
3

	
CHCl3

	
6.04, 5.48

	
-

	
1.84

	
4.46

	
3.61




	
CHCl3

	
6.78; 5.98

	
-

	
1.93

	
4.36

	
3.51




	
DMSO-d6

	
6.70, 6.04

	
-

	
2.02

	
4.39

	
3.58




	
4

	
CHCl3

	
6.03, 5.49

	
-

	
1.85

	
4.46

	
3.62




	
CHCl3

	
6.76; 5.94

	
-

	
1.97

	
4.32

	
3.46




	
DMSO-d6

	
6.75, 6.02

	
-

	
1.94

	
4.26

	
3.56
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Table 2. 13C NMR chemical shifts of 2-(2-benzothiazolylthio)ethyl acrylate (1, 2) and methacrylate (3, 4) derivatives for 0.1–0.2 M solutions in CDCl3 (measured) and CDCl3, DMSO-d6 (italic, calculated) at 303 K.






Table 2. 13C NMR chemical shifts of 2-(2-benzothiazolylthio)ethyl acrylate (1, 2) and methacrylate (3, 4) derivatives for 0.1–0.2 M solutions in CDCl3 (measured) and CDCl3, DMSO-d6 (italic, calculated) at 303 K.





	
Compound

	
Solvent

	
CH=CH2/

C(CH3)=CH2

	
CH=CH2/

C(CH3)=CH2

	
C=O

	
CH2–O

	
S–CH2






	
1

	
CHCl3

	
135.3

	
131.4

	
165.8

	
62.7

	
31.8




	
CHCl3

	
142.45

	
135.64

	
174.25

	
66.4

	
39.2




	
DMSO-d6

	
142.9

	
135.8

	
175.1

	
66.7

	
39.3




	
2

	
CHCl3

	
131.3

	
128.0

	
165.8

	
62.8

	
32.0




	
CHCl3

	
142.3

	
135.6

	
174.2

	
66.5

	
39.0




	
DMSO-d6

	
142.6

	
135.4

	
175.0

	
66.4

	
39.1




	
3

	
CHCl3

	
126.1

	
135.5

	
167.0

	
62.8

	
39.9




	
CHCl3

	
136.9

	
146.9

	
175.0

	
66.5

	
39.2




	
DMSO-d6

	
136.7

	
148.1

	
176.2

	
66.7

	
39.1




	
4

	
CHCl3

	
126.1

	
135.9

	
167.1

	
63.0

	
32.2




	
CHCl3

	
136.8

	
146.9

	
174.8

	
66.6

	
39.0




	
DMSO-d6

	
136.8

	
146.8

	
175.1

	
66.3

	
39.1
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Table 3. Characteristic band strength values of the synthesized compounds.
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Compounds

	
νs and νas (C–H)

	
νs and νas (C–H)

	
ν (C=O)

	
ν (C=C)




	
 [image: Symmetry 15 00370 i001]

	
or
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1

	
3032–3435

	
2889–2985

	
1720

	
1633




	
2

	
3035–3434

	
2880–2978

	
1721

	
1634




	
3

	
3060

	
2890–2953

	
1714

	
1635




	
4

	
3078–3408

	
2894–2976

	
1710

	
1635











[image: Table] 





Table 4. Measured and calculated spectroscopic data of 2-(2-benzothiazolylthio)ethyl acrylate (1, 2) and methacrylate (3, 4) derivatives in selected solvents of different polarities.
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Compound

	
Solvent

	
λab (nm)

(Measured)

	
λab (nm)

(Calculated)

	
ε (×104,

M−1 · cm−1)

	
Direct Energy

Band Gap

(eV)






	
1

	
DCM

	
278

	
276

	
1.58

	
3.93




	
MeOH

	
277

	
275

	
1.68

	
3.92




	
DMSO

	
280

	
276

	
2.47

	
3.95




	
2

	
DCM

	
291

	
287

	
2.72

	
3.86




	
MeOH

	
296

	
286

	
2.92

	
3.89




	
DMSO

	
298

	
287

	
3.05

	
3.89




	
3

	
DCM

	
279

	
276

	
2.00

	
4.03




	
MeOH

	
278

	
275

	
1.65

	
4.03




	
DMSO

	
280

	
276

	
1.89

	
4.02




	
4

	
DCM

	
292

	
278

	
2.15

	
3.90




	
MeOH

	
296

	
286

	
2.22

	
3.91




	
DMSO

	
298

	
287

	
1.79

	
3.86
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Table 5. The values of hardness (η), energy gap, and energies of HOMO and LUMO orbitals estimated for all compounds.
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Compound

	
Solvent

	
HOMO (eV)

	
LUMO (eV)

	
Energy Gap (eV)

	
η (eV)






	
1

	
DCM

	
−6.2811

	
−1.7943

	
4.4868

	
2.2434




	
MeOH

	
−6.2882

	
−1.7878

	
4.5004

	
2.2502




	
DMSO

	
−6.2893

	
−1.7872

	
4.5021

	
2.2510




	
2

	
DCM

	
−5.8727

	
−1.7894

	
4.0833

	
2.0416




	
MeOH

	
−5.8871

	
−1.7845

	
4.1026

	
2.0513




	
DMSO

	
−5.8890

	
−1.7839

	
4.1050

	
2.0525




	
3

	
DCM

	
−6.2806

	
−1.6335

	
4.6471

	
2.3235




	
MeOH

	
−6.2871

	
−1.6332

	
4.6539

	
2.3269




	
DMSO

	
−6.2879

	
−1.6327

	
4.6552

	
2.3276




	
4

	
DCM

	
−5.8713

	
−1.6250

	
4.2463

	
2.1231




	
MeOH

	
−5.8868

	
−1.6278

	
4.2591

	
2.1295




	
DMSO

	
−5.8885

	
−1.6294

	
4.2591

	
2.1295
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