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Abstract

:

In this study, a series of 10 novel 1-methyl-3-octyloxymethylimidazolium derivatives carrying various anionic moieties (4-hydroxybenzenesulfonate, benzenesulfonate, carvacroloxyacetate, chloride, formate, propionate, thymoloxyacetate, vanillinoxyacetate, eugenoloxyacetate and trimethylacetate) were synthesized. Compounds were tested for their antimicrobial activity against six microbe strains (Staph-ylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae, Escherichia coli, Enterococcus faecalis, and Candida albicans), cytotoxic activity against the mouse melanoma cell line (B16 F10), and surface active properties. All synthesized compounds exhibited antimicrobial activity (expressed as minimum inhibitory concentration; in range of 0.10–27.82 mM/L), especially against Gram-positive bacteria and fungi. In addition, all compounds demonstrated cytotoxicity on B16 F10 cells (IC50 values 0.0101–0.0197 mM/L). Surface properties defined as CMC values, ranged from 0.72 to 32.35 mmol L-1. The obtained results provide an insight into the promising activity of a novel group of quaternary imidazolium derivatives having ionic liquid properties. The most potent compounds, containing a thymoloxyacetate and eugenoloxyacetate moiety, could be candidates for new antimicrobial agents or surfactants.
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1. Introduction


Ionic liquids (ILs) are a class of salts with melting points lower than 150 °C, and a large part of this class is liquid at room temperature. Due to their very diverse and unique physico-chemical properties, in recent years, these compounds have been seen as very promising alternatives to conventional organic solvents. Their features include their low vapor pressure, low flammability, and high thermal stability, so they have been labeled as environmentally friendly. However, the most important advantage of these compounds is the possibility of adjusting them to the needs of a specific chemical reaction or other processes [1,2,3,4].



The presence of ILs in the liquid state at relatively low temperatures is due to the presence of structures hindering crystallization. Among them, one can distinguish hydrogen bonds between the cation and the anion, as well as the considerable size and strong asymmetry of the organic cation. On the basis of the positive charge location, a division into ammonium, phosphonium, sulfonium, and oxonium ionic liquids can be determined. To date, the best described are the ammonium ILs, while the least known are the oxoniums, many of which are metastable.



Ionic liquids are widely used in pharmaceuticals. The most important areas of application include using ILS as biologically active compounds (drugs or potential medicinal products); synthesis of active substances (catalysts, chemical reaction media, biotechnology); optimization of the bioavailability of medicinal products (elimination of polymorphism, improvement of the solubility of active substances (combinations of IL with known drugs), carriers of medicinal substances); and analysis of medicinal products (electrophoresis, chromatography, extraction) [5,6,7].



Some ILs are biologically active compounds. The antimicrobial properties of quaternary halogenated ammonium derivatives are well known. At low concentrations, these compounds have a biostatic effect on most bacteria, mycobacteria and spores, fungi, and algae, while at average concentrations they act as biocidals against bacteria, fungi, algae, and lipophilic viruses [8,9].



ILs have proven, so far, to be active against Staphylococcus aureus, Enterococcus faecium, Escherichia coli, Micrococcus luteus, Staphylococcus epidermidis, Klebsiella pneumoniae, Candida albicans, Roseomonas rubra, and Streptococcus mutans, without toxic effects (at therapeutic concentrations) on mammalian cells. Especially, 1-alkyl-3-methylimidazolium is characterized by a high efficiency. They are derivatives of natural L-amino acids with a targeted activity against clinically significant microbial pathogens, including methicillin-resistant Staphylococcus aureus. This is of particular importance, taking into account the fact that these microorganisms can also be included in a biofilm, which prevents the penetration and action of antibiotics or disinfectants [10,11,12].



In the search for active derivatives targeted at specific biological goals, the adaptability of the physical, chemical, and biological properties of ILs, by building molecules with specific properties, and resulting from the selection of an appropriate cation and/or anion, has proven to be very helpful. Observing the antiseptic activity of ILs, some relationships were established, including the fact that their properties are determined to a greater extent by the nature of the cation structure than the anion structure. It has also been shown that ILs with a 1-alkyl-3-methylimidazolium cation are more active than those that are built based on a phosphonium or ammonium cation. Moreover, since the potency of the antimicrobial effect increases with the growth in hydrophobicity of ILs, the length of the alkyl substituent of the cation is an important structural element. The optimal structure contains 10 to 16 carbon atoms for alkyl, or 8 to 14 carbon atoms for alkoxymethyl groups [13,14].



In recent years, our team has studied the synthesis, biological and surface activity, and structure–activity relationships (SAR) of quaternary ammonium salts. In the scope of our interest are mainly mono- and bis-imidazolium salts [15,16,17]. We found that the following structures of bis-imidazolium chlorides have the optimal antimicrobial activity: 3,3’- (α, ω-dioxaalkane) bis (1-alkylimidazolium chloride), which has at least six carbon atoms in its linker, and has a R substituent of C7 to C11; α, ω-bis [(alkane) imidazol-1-yl-3-alkoxymethyl] chloride, which has at least five carbon atoms in the linker, and has a C7 to C13; and 3,3’- (α, ω-dioxaalkane) bis (1-alkylimidazolium) chloride or α, ω-bis [(alkane) imidazol-1-yl-3- alkoxymethyl chloride], which has at least seven carbon atoms and has a substituent R of C7 to C11. Moreover, we proved that surface parameters also have a prognostic value. Active antimicrobial bis-imidazolium chloride compounds possess −logCMC from 2.51 to 2.86 and surface surplus Γ in the range of 2.07–2.47 mol/m2.



Encouraged by the substantial antimicrobial activity of a few derivatives, especially against Gram-positive bacteria, we decided to extend our studies to new compounds, with a modified structure of anions. We obtained a novel group of imidazolium based compounds, which can be classified as ionic liquids. In this work, for the first time, we publish a description of the synthesis of this group of compounds and our research related to their antimicrobial and cytotoxic activity. Taking into account the growing resistance of bacteria to the drugs used in clinical practice, the search for new chemical compounds with antimicrobial activity is always relevant and necessary. The new compounds we have obtained are an important step in this direction.




2. Results and Discussion


In this paper we describe the synthesis and antimicrobial, cytotoxic, and surface activity of 10 novel ILs containing a cationic 1-methyl-3-octyloxymethylimidazolium moiety and different anions. The general structure can be found in Figure 1.



In Figure 1, X− represents the following anions: 4-hydroxybenzenesulfonate (FE-1), benzenesulfonate (BE-2), carvacroloxyacetate (OR-3), chloride (CL-4), formate (MR-5), propioniate (PR-6), thymoloxyacetate (TY-7), vanillinoxyacetate (VA-8), eugenoloxyacetate (EV-9), and trimethylacetate (TR-10). The structures of anions are presented in Table 1.



2.1. Thermal Properties


2.1.1. Phase Transition


The phase transition temperatures for the prepared ionic liquids are presented in Table 2 and the Supplementary Material. As can be seen, all compounds melt at a temperature bellow 100 °C. All of them are liquid at room temperature. Some of prepared ionic liquids exhibited a melting point at very low temperatures, around −40 °C, such OR-3 and PR-6 and EV-9, or even −61 °C for salt with a trimethylacetate anion (TR-10). The isomers-thymoloxyacetate (TY-7) and carvacroloxyacetate (OR-3) exhibited very similar glass transition temperatures, at around −70 °C, but only in cases where carvacroloxyacetate anion crystallization and melting point were observed. Cases with sulfate (FE-1 and BE-2) incorporation of a hydroxyl substituent into the benzene ring in para- position caused a reduction in glass transition, and in crystallization and melting point temperatures.




2.1.2. Thermal Stability


Thermal stabilities of studied ILs are summarized in Table 3 and in the Supplementary Materials. Sulfates (FE-1 and BE-2) are stable up to 135–138 °C. The second group are phenoxyacetates (carvacroloxy-OR-3, thymoloxy-TY-7, vanilinoxy-VA-8, and eugenoloxyacetate EV-9), which start to decompose at 112 °C. The lower thermal stability was characterized for carboxylates, such as formate MR-5, propionate –PR-6, and purivate TR-10; these group start to decompose at 85 °C, as for propionate.




2.1.3. Infrared Spectra Analysis


The ATRFT-IR spectra of the prepared ionic liquids are presented in Figure 2 and in the Supplementary Materials. As can be seen from the spectra, the bands in all of the catalysts within the range from 4000 to 500 cm−1 are similar, indicating that they have a similar structure. The bands at 3130 and 3082 cm−1 come from the stretch vibration of heterocyclic C-H. The adsorption at around 2920 and 2856 cm−1 are assigned to the stretch vibration of C-H of substituent on the imidazole ring. The characteristic peaks at around 1570 and 1444 cm−1 can be attributed to the stretch vibration of C=N on the imidazole ring. The characteristic peak at 1488 cm−1 is attributed to the bending vibration of C-H. The strong peak at 1111 cm−1 belongs to the stretch vibration of the imidazole ring.



The characteristic peak for the ether system appears between 1130 and 1000 cm−1, and is more intensive in case of thymoloxy- and carvacroloxyacetates, with incorporation of another ether group in the case of vanilinoxy and eugenoloxyacetate causing further intensification of the peak. For unsaturated substituent in eugenoloxyacetate a peak appears at 1609 and for aldehyde substituent at 1671 cm−1, for sulfacids at 1033 and 998 cm−1, and hydroxy derivative at 1006 and 1027 cm−1.





2.2. Antimicrobial Activity


The mechanism of the antiseptic action of ILs is closely related to their chemical structure and physical properties. ILs cations (especially heterocyclic) interact electrostatically with the negatively charged cell surfaces of microbes, and surface active compounds easily penetrate through the protein–lipid biological membranes, causing disturbances in their structural and functional coherence. Denaturation of bacterial proteins, disruption of complexes of nucleoprotein, and reactions with amino groups, consequently, lead to permanent damage and death of pathogen cells [6,18].



The antimicrobial properties of ILs are also related to the chain length of hydrophobic surfactants; the longer the hydrophobic chain, the better the performance. However, they cannot be extended indefinitely, due to the non-linear, but parabolic course of the dependence curve. A decrease in the MIC value was shown with elongating substituents, while the type of linker between these chains (-NH, -O, -S), and nitrogen atoms was not significant for activity against Staphylococcus aureus. However, the type of linker had an influence on the selectivity of the tested compounds; whereby the amide group influenced a broader spectrum of activity against Gram-positive and Gram-negative bacteria and fungi. The most active compounds were found among surfactants containing from 10 to 12 carbon atoms in the hydrophobic chain. However, the antimicrobial activity decreases as the length of the alkyl chain increases above 12 (C14–C16) and shortens below 10 carbon atoms. The bactericidal properties of ILS are also influenced by their lipophilicity [19,20,21].



The antimicrobial activity of the synthesized compounds is presented in Table 4. At the end of the table, the MIC values of reference substances commonly used in disinfection and antiseptics, didecyldimethylammonium chloride (ST-1) and benzalkonium chloride (ST-2), are given. Basically, the bacteriostatic activity of the novel imidazolium-based ionic liquids depends on the species of the strains and the structure of compounds. The highest values of MIC, which indicate the lowest antimicrobial activity, were obtained for Gram-negative bacteria, Pseudomonas aeruginosa (PAE). The lowest values of MIC were obtained for Gram-positive staphylococci (SAU), and Candida yeasts (CAL). This phenomenon is widely described in literature and can be easily explained by differences in bacterial cell structure. Gram-negative bacteria possesses an outer membrane of the cell wall, which limits the penetration of biocides into the cell. The activity of QASs is related to interruption of the cell wall integrity, and the membrane provides an additional protection for the cell [22]. Referring to the structure of the anion, TY-7 exhibited the highest antimicrobial activity against almost all tested strains, with the best results for Staphylococcus aureus and Enterococcus faecalis (EFA). On the other hand FE-1 exhibited the lowest biological activity and cannot be considered a potential antimicrobial agent. There is no clear explanation, since the structure of the anions FE-1 and BE-2 are similar and its antimicrobial activity is different. This may be related to the presence of a hydroxyl group in the structure, which is not present in the other tested anionic moieties. It is worth emphasizing that most of the tested compounds presented a bacteriostatic activity, and this depended on the type and structure of the anionic moiety. In the literature, the effect of anions on biological activity was also considered. Generally, it is suggested that antimicrobial activity mainly depends on the length of the hydrocarbon chains of the compound, but some studies pointed out that the type of counterion also affects MIC [23,24]. Anion effects are of lesser importance than those of the cations. Not all literature data are consistent in this matter. It can be found that ILs containing Br− have a stronger antimicrobial activity against E. coli than BF4− and PF6−. The authors concluded that the hydrophobic anions BF4− and PF6− (unlike Br−) have poor solvation and dissociation. This is the reason for blocking the long alkyl chain of imidazolium from penetrating the bacterial membrane [19].



Moreover, and especially important in the context of our research, anions are involved in the interaction between water molecules and the phospholipid bilayer. Small hydrophilic anions cannot pass through the cell membrane (mainly because of the charge), while more hydrophobic anions are able to form a thin layer at the lipid–water interface. Furthermore, hydrophobic anions may be incorporated into the hydrocarbon tails of the membrane lipid bilayer to disorganize the phospholipid arrangements, with the cations located outside the membrane [19,25,26]. This effect is also likely in the case of the compounds with large anions tested by our team.



Contrary to our results, the anion showed almost no effect on antimicrobial activity, when taking into account imidazolium derivatives [8,27,28,29,30]. However, within the group of alkyltrihexylphosphonium ILs in the study [31], both cation structure and the type of anion had effects on the biological activity.




2.3. Surface Active Properties


The surface activity of synthesized ionic liquids has been examined by surface tension measurements, which were obtained from the graphs in Figure 3. In general, the surface tension decreases with increasing IL concentration, until a plateau is reached. At this point, the surface tension value is constant. In fact, this is the common behavior of surface active ionic liquids that can adsorb at the liquid–air interface [32]. To investigate the surface activity of imidazolium ionic liquids, we used parameters such as critical micelle concentration (CMC), surface tension at the CMC (γCMC), maximum excess concentration (Γmax), free energy change of adsorption (ΔG0ads), and area per molecule residing at the surface (Amin). The exact equations to determine the parameters Γmax, ΔG0ads, and Amin are described in a previous work [33]. Additionally, the wetting properties of the analyzed compounds were investigated. The results of the surface properties of ILs are summarized in Table 5.



The surface activity of ionic liquids can be evaluated by the effectiveness of lowering the surface tension of water (γCMC). Indeed, for aqueous solutions of ILs, the surface tension decreased from the value of water (72.8 mN m−1), to a minimum located from 25.2 to 37.7 mN m−1. This suggests that the molecules of imidazolium ionic liquids are able to aggregate in water solution [34]. Moreover, for the analyzed ILs, the micellization process was determined by the nature of the anion, although it is the cation that has an amphiphilic structure. In fact, the large anion can destabilize the micelle by steric hindrance. Basically, the surface activity depends on the structure of the ionic liquid, while, on the other hand it is related to the biostatic (bactericidal and fungicidal) activity. It has been confirmed in the literature that the ability of ILs to aggregate determines the rate of their diffusion to the cell surface and, thus, affects the permeability of the ionic liquid [35]. The CMC values (ranged from 0.72 to 32.35 mmol L−1) varied as expected, due to the change in hydrophobicity of the anion. It should be emphasized that the ability of ILs to inhibit microbial cell growth is not only determined by the structure of the ionic liquid, but also depends on biological factors, such as the above mentioned cell morphology or the physiological state of the microorganism.



While calculating surface parameters such as Amin (minimum surface area per molecule at the aqueous solution–air interface) and Γmax (excess surface concentration), no clear analogy between these parameters was observed. Whereas the values obtained for ΔG0ads were negative (for all ILs), which means that the adsorption phenomenon at the liquid–air interface is spontaneous.



Wettability was also studied, to determine the surface activity of imidazolium ionic liquids. Whereby, the CA values were in the range 0–90° (from 38.7°, which was equal for ILs with carvacrol acetate anion to 71.8° calculated for ILs with chloride anion). Based on the contact angle values obtained, it is concluded that the imidazolium salts can be classified as liquids that partially wet the hydrophobic paraffin surface.




2.4. Cytotoxic Properties


In our study, each of the 10 tested compounds exhibited cytotoxic properties against the mouse melanoma cell line (B16 F10) in the concentration range of the test (see Section 4). B16F10 is one of the most convenient cell models for both in vitro and in vivo experiments. This is due to the possibility of syngeneic tumor induction in an animal model, such implementation does not require sophisticated and expensive infrastructure (an IVC animal breeding facility). Thus, the choice of that cell line was due to the possibility of expanding research to an animal model in further studies. Table 6 presents average IC50 values, standard deviation (SD), and relative standard deviation (%RSD) for each of the tested compounds. Average IC50 values were in the range of 0.0101–0.0197 mM/L. Among the group of 10 compounds, TY-7 showed the strongest cytotoxic properties against the B16 F10 cell line. On the other hand, TR-10, MR-5, and CL-4 were less cytotoxic.



The comparison of cytotoxic and antimicrobial activity is ambiguous. In some cases cytotoxicity corresponded with antimicrobial activity, where TY-7 was the most active against both bacteria and mouse melanoma cells. The same relationship can be observed for compound EV-9. However, compounds CL-4 and PR-6, the most active against microbes, were the less cytotoxic compounds of all tested.



ILs can be used as potential anticancer agents, although knowledge about this remains limited. A general trend is found in the subject literature, that the toxicity of an IL can be related to the lipophilicity [6,18]. The cytotoxicity of ILs depends on their structure, and a major challenge is to build a structure with a high anticancer activity and low toxicity. Tests were carried out on vertebrates and invertebrates, including insects, fish, mice, and hamsters, as well as numerous human tumor cell lines, proving that derivatives of choline are less toxic than 1-alkyl-3-methylimidazolium and 1-alkylpyridinium [34,35,36]. Additionally, in the case of combinations of natural L-amino acids with the tetrafluoroborate anion the increase in cytotoxicity was most likely caused by the improved toxic transport of anions inside the cells. The antitumor activity and cytotoxicity of salts based on the phosphonium cation, ammonium, and 1-alkyl-3-methylimidazolium was tested on 60 lines of human tumor cells: leukemia, melanoma, and cancer of the lungs, colon, kidney, ovary, breast, prostate, and central nervous system; finding the relationship between the activity, toxicity, and length of the alkyl substituent. It has been shown that phosphonium derivatives are more active and less toxic than ammonium [37,38]. In the study of the action against human leukemia cell lines, the following compounds showed high activity: 1-dodecyl-3-methylimidazolium chloride and tetrafluoroborate; 1-hexadecyl-3-methylimidazolium chloride; and 1-octadecyl-3-methylimidazolium chloride, hexafluorophosphate, bis (trifluoromethylsulfonyl) imide, and tris (pentafluoroethyl)trifluorophosphate [39,40]. Some authors also analyzed the cytotoxic properties of benzalkonium chloride and didecyldimethylammonium chloride, which we used as standards for antimicrobial activity. It was found that the IC50 values for benzalkonium chloride were 0.19 mM/L for murine fibroblasts, 1.92 × 10−2 mM/L for lung epithelial cells, and 0.5–5 × 10−3 mM/L for Neuro2a cells and SK-N-SH cells, respectively [41,42]. On the other hand, IC50 values for didecyldimethylammonium chloride were 0.016 mM/L for A549 human alveolar epithelial adenocarcinoma cells and 1.57 × 10−2 mM/L for normal human lung cells [43].



The cytotoxicity of ILs v depends on the counterions used. However at present, there is no clear structure–cytotoxicity correlation, due to the different types of cell models used for research. It seems that Table 6 shows the anion does significantly not affect the cytotoxic properties in the conditions of our study. In [44], the bis(trifluoromethylsulfonyl)imide anion was clearly identified as a cytotoxicity-enhancing structural element, whereas the impact of the chloride, acetate, and tetrafluoroborate anions depended, both on the nature of the IL cation, and on the type of cell line being affected. The mechanisms of the cytotoxic action of ILs can vary and are not fully understood. However, taking into account their physicochemical properties it can be expected that, as in the case of antimicrobial activity, they damage the lipid–protein bilayer of the cell membrane, leading to necrosis of cancer cells [45,46]. Some authors have described other mechanisms, including alteration of cell membrane viscoelasticity; cell and nuclear membrane damage; mitochondrial permeabilization and dysfunction; generation of reactive oxygen species; alteration of transmembrane and cytoplasmatic protein/enzyme functions; alteration of signaling pathways; and DNA fragmentation [47].




2.5. Selectivity Indexes


An optimal structure of chemical compound requires a balance between antimicrobial properties and cell cytotoxicity. One of the issues concerning the development of many membrane-active agents as antibacterial agents is the selectivity for bacterial cells over mammalian cells, as these agents have the potential to disrupt human plasma membranes and induce related toxicity [48,49].



To compare the cytotoxic and antimicrobial activity, we calculated the selectivity indexes (SI) for each tested compound using data obtained for each microbial strain (Table 7).



The cytotoxicity is influenced by multiple physicochemical properties of the molecule, similarly to their MIC. All compounds exhibited SI values lower than 1; therefore, efforts will be required to improve the selectivity of these compounds.





3. Materials and Methods


All reagents, sodium hydroxide, chloroacetic acid, sulfuric acid, toluene, heptane, acetonitril, 1-methylimidazole, chloromethyloctyl ether, Dowex Monosphere 550A, formic acid, propionic acid, trimethylacetic acid, benzene sulfonic acid, 4-phenylsulfonic acid and phenol compounds (thymol, carvacrol, eugenol, vanilin) were obtained from Sigma-Aldrich, Poznań, Poland.



3.1. Synthesis


The new group of 10 imidazolium ionic liquids were prepared in three-step reactions, which can be found in Scheme 1, Scheme 2 and Scheme 3 and in Table 8.



In the first, 1-methyl-3-octyloxymethylimidazolium chloride was obtained in the Menschutkin reaction of 1-methylimidazole and chloromethyloctyl ether (1). The reaction was carried out for 1 h, in acetonitrile in 293 K, and the product was purified by extraction with heptane in 343 K (1). The product of 1-methyl-3-octyloxymethylimidazolium chloride was a hygroscopic compound with the yield 98.9%.



The second reaction was an alkalization process: 1-methyl-3-octyloxymethylimidazolium chloride was dissolved in water and passed through a column filled with a anionic resin Dowex Monosphere 550A.



The third reaction was a neutralization process of 1-methyl-3-octyloxymethylimidazolium hydroxide by proper acid HA (Scheme 2).



Next, water was removed using a rotary evaporator, and the obtained product was thoroughly dried under reduced pressure (5 mbar) at 60 °C for 10 h. All synthesized ILs were stored under reduced pressure over P4O10. The yield of neutralization reaction was 99.5%.



Phenoxy Acid Synthesis


A phenol compound (thymol, carvacrol, eugenol, vanilin) dissolved in warm water was added to a solution of sodium hydroxide (2.1 eq.) in warm water. After mixing for 30 min at 50 °C, monochloroacetic acid (2.1 eq.) was added. The obtained solution was mixed overnight at 50 °C. After cooling to room temperature, the solution was acidified to pH 2 with 10% sulfuric acid. The obtained solid phenoxy acetic acid was separated with a Buchner funnel. Water from the aqueous phase was removed on a rotary evaporator, and the residue was dissolved in hot toluene and washed with water. After separation from the organic phase, phenoxyacetic acid was precipitated and separated with a Buchner funnel. The combined crude phenoxyacids were dissolved in hot toluene, and activated charcoal was added and mixed for 15 min at 50 °C. After removing the charcoal from the hot solution, the organic phase was cooled to room temperature, and the obtained solid phenoxyacetic acid was filtrated and dried in vacuum.





3.2. Characterization of New ILs


3.2.1. NMR and IR Spectroscopy


The novel group of imidazolium based ionic liquids was characterized by 1H and 13C-NMR spectroscopy. 1H and 13C NMR spectra were recorded at 25 °C using a 400 MHz (for 1H) and 100 MHz (for 13C) Bruker NMR spectrometer. The infrared (IR) spectra were obtained on a Nexus Nicolet 5700 Fourier Transform Infrared Spectrophotometer (FTIR, Thermo Electron Scientific Instruments Corporation, Madison, WI, USA) equipped with an attenuated total reflection (ATR) accessory, with a diamond crystal (T = 25 °C, range 4000–600 cm−1, resolution 4 cm−1 at 64 scans). Results can be found in the Supplementary Section File.




3.2.2. Thermal Properties


Thermal transition temperatures were determined by DSC, with a Mettler Toledo Stare DSC1 (Leicester, UK) unit, under nitrogen. Samples (between 5 and 15 mg) were placed in aluminum pans and heated from 25 to 110 °C, at a heating rate of 10 °C/min, cooled with an intracooler at a cooling rate of 10 °C/min to −100 °C, then heated again to 120 °C. Thermogravimetric analysis was performed using a Mettler Toledo Stare TGA/DSC1 unit (Leicester, UK), under nitrogen. ILs (between 2 and 10 mg) were placed in aluminum pans and heated from 30 to 450 °C at a heating rate of 10 °C/min. The thermal analysis apparatus was 605 calibrated by measuring the following standards: In (purity 606 99.999%, Tm = 156.49 °C, ΔH = 29.38 J/g), Pb (purity 99.99%, Tm = 327 °C, ΔH =22.25 J/g), Zn (purity 99.998%, Tm = 418.78 °C, ΔH = 106.53 J/g), Al (purity 99.99%, Tm = 660.03 °C, ΔH = 340.15 J/g).





3.3. Surface Active Properties Determination


Surface tension and contact angle measurements were carried out with the use of a DSA 100 analyzer (Krüss, Germany, the accuracy of 0.01 mN m−1) at 25 °C. Temperature was controlled using a Fisherbrand FBH604 thermostatic bath (Fisher, Germany, accuracy 0.1 °C). The surface tension was determined using the shape drop method. Generally, this method is based on the analysis of an asymmetric drop situated at the tip of a syringe needle. During the whole measurement, an image of the drop (3 mL) is taken from a CCD camera and digitized. The surface tension (γCMC) is calculated by analyzing the profile of the drop, according to the mathematic Laplace equation. The values of parameters such as critical micelle concentration (CMC) and the surface tension at the CMC (γCMC) were determined from the intersection of two straight lines drawn in the low and high concentration regions in surface tension curves (γCMC vs. log C curves) using a linear regression analysis method.



The contact angle (CA) was determined using the sessile drop method. The concentration of liquid drops that were deposited on the solid (paraffin) surface was above CMC. In this work, we used paraffin, because it is a highly hydrophobic surface. After identification of actual drop shape and correct contact line, the drop was fit to the Young–Laplace equation. The CA was determined as the slope of the contour line at the 3-phase contact point (solid–liquid and liquid–air).




3.4. Antimicrobial Activity Determination


The antimicrobial activity of the synthesized compounds was tested against: Staphylococcus aureus ATCC 25213, Pseudomonas aeruginosa ATCC 27853, Klebsiella pneumoniae ATCC 700603, Escherichia coli ATCC 25922, Enterococcus faecalis ATCC 29212, and Candida albicans ATCC 90028. The strains were purchased from Microbiologics (San Diego, CA, USA). Bacterial, fungal suspensions with a turbidity equivalent to that of a 0.5 McFarland standard were prepared by suspending growth from blood Trypticase Soy Agar (TSA, BBL) plates in 2 mL of sterile saline. The antibacterial effects of the analyzed compounds were evaluated by determination of minimal inhibitory concentration (MIC, % w/v) values using the disk-diffusion method, ranging from 1.0 to 0.000125 and the control plate without disinfectant. The test medium was Mueller–Hinton agar (bio-Merieux). The MIC was determined as the lowest concentration of the tested agent at which no visible bacterial growth could be detected. A barely visible haze of growth was disregarded. MIC was read at 37 °C, after 24 or 48 h culture for the other bacteria and for Candida spp. Details of the agar dilution procedure for testing microorganisms have been published by the Clinical and Laboratory Standards Institute [15].




3.5. Cytotoxic Activity Determination


3.5.1. Cell Culture of the B16 F10 Line


Mouse melanoma cell line (B16 F10) was kindly provided by Prof. Tomasz Drewa, a Chair of Urology, Department of Regenerative Medicine, Collegium Medicum, Nicolaus Copernicus University, Bydgoszcz, Poland. All cell culture procedures were performed under aseptic conditions in a biosafety cabinet. Cells were cultivated in 2–3 splitting cycles per week and were maintained at 37 °C in a 5% CO2 atmosphere with 95% humidity. The B16 F10 cell line was cultured in RPMI cell culture medium (with l-glutamine and sodium bicarbonate, Sigma-Aldrich) supplemented with 10% of fetal bovine serum (FBS, Biowest, Nuaillé, France), as well as antibiotics and antimycotics (Sigma-Aldrich).




3.5.2. Determination of Cytotoxicity Using the MTT Test


The number of cells was determined automatically with a Countess™ II FL Automated Cell Counter (Invitrogen by Thermo Fisher Scientific Inc., Waltham, MA, USA). Cells were seeded in a 96-well plate (Nunc Edge 2F, Thermo-Fisher Scientific, Waltham, MA, USA) at an inoculum of 1000 cells per well. After 24 h, test compounds were added, with final concentrations as described in the ‘cytotoxicity assessment’ paragraph. After 72 h of incubating cells with test compounds, 20 µL of MTT solution (5 mg/mL) was added to each well. After 2 h, the medium was filtered off, and the obtained formazan crystals were dissolved in 100 μL of pure isopropanol. Immediately, absorbance readout was performed at 570 nm and 690 nm with a UV-VIS plate spectrophotometer (Multiskan Spektrum, Thermo Electron Corporation, Waltham, MA, USA). If not stated otherwise all chemicals were purchased from Sigma-Aldrich.




3.5.3. Cytotoxicity Assessment


The effect of 10 compounds on the survival rate of the cell line B16 F10 was determined. Each sample was dissolved with water, to obtain stock solutions of 1 mg/mL. Further dilutions were made with the cell culture medium. The test was carried out at the following final concentrations: 10 µg/mL; 1 µg/mL; 0.1 µg/mL; and 0.01 µg/mL. The test solutions were applied to cells in tetraplicates. Using the ED50plus v 1.0 freeware software (Instituto Nacional de Enfermedades Respiratorias, Mexico D.F., Mexico), the IC50 parameter was determined. The experiment was carried out in three independent biological replicates. In this study we did not analyze any standards, as our aim was to demonstrate the cytotoxicity of the pilot set of newly proposed compounds, and to estimate their overall potential and to indicate future directions of study.





3.6. Determination of the Selectivity Index (SI)


Selectivity indexes (SI) were calculated for the analyzed compounds, taking into account the MIC against Staphylococcus aureus ATCC 25213, Pseudomonas aeruginosa ATCC 27853, Klebsiella pneumoniae ATCC 700603, Escherichia coli ATCC 25922, Enterococcus faecalis ATCC 29212, Candida albicans ATCC 90028, and the IC50 on the mouse melanoma cell line (B16 F10) (SI=IC50/MIC).





4. Conclusions


In this paper we described an effective method of obtaining 10 new ionic liquids with 1-methyl-3-octyloxymethylimidazolium cation and various anionic moieties. Synthesis of all compounds was performed in high yield. This group of compounds shows antimicrobial and cytotoxic effects. The lowest MIC values were obtained for Candida albicans and Staphylococcus aureus strains; whereas, Pseudomonas aeruginosa was the most resistant strain. Moreover, it was found that TY-7 had the highest cytotoxic activity. There were no clear dependencies between antimicrobial and cytotoxic activity, and surface properties. At this stage, it could be concluded that the most potent compounds, containing thymoloxyacetate and eugenoloxyacetate moiety, could be candidates for new antimicrobial agents or surfactants.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules27061974/s1, Section S1.1: FTIR ATR spectra; Section S1.2: DSC data; Section S1.3: Thermal stability and TGA curves; Section S1.4: Elementary analysis; Section S1.5: 1H and 13C-NMR spectroscopy.





Author Contributions


Conceptualization, Ł.P., J.K., M.K. and K.J.; methodology, Ł.P., M.K., J.K., A.S., F.W., M.W. and K.M.; validation, Ł.P., M.K., K.M.; formal analysis, Ł.P. and M.K.; investigation, Ł.P., M.K., J.P., M.W., A.S. and F.W.; resources, Ł.P., J.K., K.M. and B.B.; data curation, Ł.P., M.K., M.W., B.B., J.P. and K.J.; writing—original draft preparation, Ł.P., M.K., B.B., J.P., K.J., M.W. and A.S.; writing—review and editing, M.K. and J.K.; visualization, M.K. and M.W.; supervision, Ł.P.; project administration, Ł.P.; funding acquisition, Ł.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research and APC were funded by Nicolaus Copernicus University, Excellence Initiative-Debuts, grant No. 44-IDUB 2020-1 NZ PAŁKOWSKI.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The article contains data supporting the findings.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or in the decision to publish the results.




Sample Availability


Samples of the compoundsare not available from the authors.




References


	



Huddleston, J.G.; Visser, A.E.; Reichert, W.M.; Willauer, H.D.; Broker, G.A.; Rogers, R.D. Characterization and comparison of hydrophilic and hydrophobic room temperature ionic liquids incorporating the imidazolium cation. Green Chem. 2001, 3, 156–164. [Google Scholar] [CrossRef]

	



Marenich, A.V.; Cramer, C.J.; Truhlar, D.G. Universal solvation model based on solute electron density and on a continuum model of the solvent defined by the bulk dielectric constant and atomic surface tensions. J. Phys. Chem. B 2009, 113, 6378–6396. [Google Scholar] [CrossRef]

	



Wasserscheid, P.; Keim, W. Ionic liquids—New ‘solutions’ for transition metal catalysis. Angew. Chem.—Int. Ed. 2000, 39, 3772–3789. [Google Scholar] [CrossRef]

	



Hallett, J.P.; Welton, T. Room-temperature ionic liquids: Solvents for synthesis and catalysis. Chem. Rev. 2011, 111, 3508–3576. [Google Scholar] [CrossRef]

	



Pedro, S.N.; Freire, C.S.R.; Silvestre, A.J.D.; Freire, M.G. The role of ionic liquids in the pharmaceutical field: An overview of relevant applications. Int. J. Mol. Sci. 2020, 21, 8298. [Google Scholar] [CrossRef]

	



Hao, J.; Qin, T.; Zhang, Y.; Li, Y.; Zhang, Y. Synthesis, surface properties and antimicrobial performance of novel gemini pyridinium surfactants. Colloids Surf. B Biointerfaces 2019, 181, 814–821. [Google Scholar] [CrossRef] [PubMed]

	



Buettner, C.S.; Cognigni, A.; Schröder, C.; Bica-Schröder, K. Surface-active ionic liquids: A review. J. Mol. Liq. 2022, 347, 118160. [Google Scholar] [CrossRef]

	



Docherty, K.M.; Kulpa, C.F., Jr. Toxicity and antimicrobial activity of imidazolium and pyridinium ionic liquids. Green Chem. 2005, 7, 185–189. [Google Scholar] [CrossRef]

	



Ranke, J.; Mölter, K.; Stock, F.; Bottin-Weber, U.; Poczobutt, J.; Hoffmann, J.; Ondruschka, B.; Filser, J.; Jastorff, B. Biological effects of imidazolium ionic liquids with varying chain lengths in acute Vibrio fischeri and WST-1 cell viability assays. Ecotoxicol. Environ. Saf. 2004, 58, 396–404. [Google Scholar] [CrossRef]

	



Swatloski, R.P.; Holbrey, J.D.; Memon, S.B.; Caldwell, G.A.; Caldwell, K.A.; Rogers, R.D. Using Caenorhabditis elegans to probe toxicity of 1-alkyl-3-methylimidazolium chloride based ionic liquids. Chem. Commun. 2004, 4, 668–669. [Google Scholar] [CrossRef]

	



Flieger, J.; Flieger, M. Ionic liquids toxicity—Benefits and threats. Int. J. Mol. Sci. 2020, 21, 6267. [Google Scholar] [CrossRef]

	



Couling, D.J.; Bernot, R.J.; Docherty, K.M.; Dixon, J.K.; Maginn, E.J. Assessing the factors responsible for ionic liquid toxicity to aquatic organisms via quantitative structure–property relationship modeling. Green Chem. 2006, 8, 82–90. [Google Scholar] [CrossRef]

	



Cho, C.-W.; Pham, T.P.T.; Zhao, Y.; Stolte, S.; Yun, Y.-S. Review of the toxic effects of ionic liquids. Sci. Total Environ. 2021, 786, 147309. [Google Scholar] [CrossRef] [PubMed]

	



Yu, M.; Liu, C.; Zhao, H.; Yang, Y.; Sun, J. The effects of 1-hexyl-3-methylimidazolium bromide on embryonic development and reproduction in Daphnia magna. Ecotoxicol. Environ. Saf. 2020, 190, 110137. [Google Scholar] [CrossRef] [PubMed]

	



Pałkowski, Ł.; Błaszczyński, J.; Skrzypczak, A.; Błaszczak, J.; Kozakowska, K.; Wróblewska, J.; Kozuszko, S.; Gospodarek, E.; Krysiński, J.; Słowiński, R. Antimicrobial activity and SAR study of new gemini imidazolium-based chlorides. Chem. Biol. Drug Des. 2014, 83, 278–288. [Google Scholar] [CrossRef] [PubMed]

	



Pałkowski, L.; Błaszczyński, J.; Skrzypczak, A.; Błaszczak, J.; Nowaczyk, A.; Wróblewska, J.; Kozuszko, S.; Gospodarek, E.; Słowiński, R.; Krysiński, J. Prediction of antifungal activity of gemini imidazolium compounds. BioMed Res. Int. 2015, 2015, 392326. [Google Scholar] [CrossRef] [PubMed]

	



Pałkowski, Ł.; Karolak, M.; Błaszczyński, J.; Krysiński, J.; Słowiński, R. Structure-activity relationships of the imidazolium compounds as antibacterials of staphylococcus aureus and pseudomonas aeruginosa. Int. J. Mol. Sci. 2021, 22, 7997. [Google Scholar] [CrossRef] [PubMed]

	



Gonçalves, A.R.P.; Paredes, X.; Cristino, A.F.; Santos, F.J.V.; Queirós, C.S.G.P. Ionic liquids—A review of their toxicity to living organisms. Int. J. Mol. Sci. 2021, 22, 5612. [Google Scholar] [CrossRef] [PubMed]

	



Nikfarjam, N.; Ghomi, M.; Agarwal, T.; Hassanpour, M.; Sharifi, E.; Khorsandi, D.; Ali Khan, M.; Rossi, F.; Rossetti, A.; Nazarzadeh Zare, E.; et al. Antimicrobial Ionic Liquid-Based Materials for Biomedical Applications. Adv. Funct. Mater. 2021, 31, 2104148. [Google Scholar] [CrossRef]

	



Miskiewicz, A.; Ceranowicz, P.; Szymczak, M.; Bartuś, K.; Kowalczyk, P. The use of liquids ionic fluids as pharmaceutically active substances helpful in combating nosocomial infections induced by Klebsiella Pneumoniae New Delhi strain, Acinetobacter Baumannii and Enterococcus species. Int. J. Mol. Sci. 2018, 19, 2779. [Google Scholar] [CrossRef] [PubMed]

	



Egorova, K.S.; Gordeev, E.G.; Ananikov, V.P. Biological Activity of Ionic Liquids and Their Application in Pharmaceutics and Medicine. Chem. Rev. 2017, 117, 7132–7189. [Google Scholar] [CrossRef]

	



Kwaśniewska, D.; Chen, Y.-L.; Wieczorek, D. Biological activity of quaternary ammonium salts and their derivatives. Pathogens 2020, 9, 459. [Google Scholar] [CrossRef]

	



Brycki, B.E.; Szulc, A.; Kowalczyk, I.; Koziróg, A.; Sobolewska, E. Antimicrobial activity of gemini surfactants with ether group in the spacer part. Molecules 2021, 26, 5759. [Google Scholar] [CrossRef]

	



Kowalczyk, I.; Pakiet, M.; Szulc, A.; Koziróg, A. Antimicrobial activity of gemini surfactants with azapolymethylene spacer. Molecules 2020, 25, 4054. [Google Scholar] [CrossRef]

	



Bingham, R.J.; Ballone, P. Computational study of room-temperature ionic liquids interacting with a POPC phospholipid bilayer. J. Phys. Chem. B 2012, 116, 11205–11216. [Google Scholar] [CrossRef]

	



Yee, P.; Shah, J.K.; Maginn, E.J. State of hydrophobic and hydrophilic ionic liquids in aqueous solutions: Are the ions fully dissociated? J. Phys. Chem. B 2013, 117, 12556–12566. [Google Scholar] [CrossRef]

	



Garcia, M.T.; Gathergood, N.; Scammells, P.J. Biodegradable ionic liquids Part II. Effect of the anion and toxicology. Green Chem. 2005, 7, 9–14. [Google Scholar] [CrossRef]

	



Lee, S.-M.; Chang, W.-J.; Choi, A.-R.; Koo, Y.-M. Influence of ionic liquids on the growth of escherichia coli. Korean J. Chem. Eng. 2005, 22, 687–690. [Google Scholar] [CrossRef]

	



Pernak, J.; Sobaszkiewicz, K.; Mirska, I. Anti-microbial activities of ionic liquids. Green Chem. 2003, 5, 52–56. [Google Scholar] [CrossRef]

	



Pernak, J.; Goc, I.; Mirska, I. Anti-microbial activities of protic ionic liquids with lactate anion. Green Chem. 2004, 6, 323–329. [Google Scholar] [CrossRef]

	



Cieniecka-Rosłonkiewicz, A.; Pernak, J.; Kubis-Feder, J.; Ramani, A.; Robertson, A.J.; Seddon, K.R. Synthesis, anti-microbial activities and anti-electrostatic properties of phosphonium-based ionic liquids. Green Chem. 2005, 7, 855–862. [Google Scholar] [CrossRef]

	



Kumar, H.; Kaur, G. Scrutinizing Self-Assembly, Surface Activity and Aggregation Behavior of Mixtures of Imidazolium Based Ionic Liquids and Surfactants: A Comprehensive Review. Front. Chem. 2021, 9, 667941. [Google Scholar] [CrossRef] [PubMed]

	



Pernak, J.; Niemczak, M.; Materna, K.; Zelechowski, K.; Marcinkowska, K.; Praczyk, T. Synthesis, properties and evaluation of biological activity of herbicidal ionic liquids with 4-(4-chloro-2-methylphenoxy)butanoate anion. RSC Adv. 2016, 6, 7330–7338. [Google Scholar] [CrossRef]

	



Łuczak, J.; Hupka, J.; Thöming, J.; Jungnickel, C. Self-organization of imidazolium ionic liquids in aqueous solution. Colloids Surf. A Physicochem. Eng. Asp. 2008, 329, 125–133. [Google Scholar] [CrossRef]

	



Łuczak, J.; Jungnickel, C.; Łącka, I.; Stolte, S.; Hupka, J. Antimicrobial and surface activity of 1-alkyl-3-methylimidazolium derivatives. Green Chem. 2010, 12, 593–601. [Google Scholar] [CrossRef]

	



Kumar, R.A.; Papaïconomou, N.; Lee, J.-M.; Salminen, J.; Clark, D.S.; Prausnitz, J.M. In vitro cytotoxicities of ionic liquids: Effect of cation rings, functional groups, and anions. Environ. Toxicol. 2009, 24, 388–395. [Google Scholar] [CrossRef] [PubMed]

	



Ranke, J.; Müller, A.; Bottin-Weber, U.; Stock, F.; Stolte, S.; Arning, J.; Störmann, R.; Jastorff, B. Lipophilicity parameters for ionic liquid cations and their correlation to in vitro cytotoxicity. Ecotoxicol. Environ. Saf. 2007, 67, 430–438. [Google Scholar] [CrossRef] [PubMed]

	



Ranke, J.; Stolte, S.; Störmann, R.; Aming, J.; Jastorff, B. Design of sustainable chemical products—The example of ionic liquids. Chem. Rev. 2007, 107, 2183–2206. [Google Scholar] [CrossRef] [PubMed]

	



Stasiewicz, M.; Mulkiewicz, E.; Tomczak-Wandzel, R.; Kumirska, J.; Siedlecka, E.M.; Gołebiowski, M.; Gajdus, J.; Czerwicka, M.; Stepnowski, P. Assessing toxicity and biodegradation of novel, environmentally benign ionic liquids (1-alkoxymethyl-3-hydroxypyridinium chloride, saccharinate and acesulfamates) on cellular and molecular level. Ecotoxicol. Environ. Saf. 2008, 71, 157–165. [Google Scholar] [CrossRef]

	



Stolte, S.; Arning, J.; Bottin-Weber, U.; Müller, A.; Pitner, W.-R.; Welz-Biermann, U.; Jastorff, B.; Ranke, J. Effects of different head groups and functionalised side chains on the cytotoxicity of ionic liquids. Green Chem. 2007, 9, 760–776. [Google Scholar] [CrossRef]

	



Müller, G.; Kramer, A. Biocompatibility index of antiseptic agents by parallel assessment of antimicrobial activity and cellular cytotoxicity. J. Antimicrob. Chemother. 2008, 61, 1281–1287. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.H.; Kwon, D.; Lee, S.; Son, S.W.; Kwon, J.T.; Kim, P.J.; Jung, Y.S. Concentration-and Time-Dependent Effects of Benzalkonium Chloride in Human Lung Epithelial Cells: Necrosis, Apoptosis, or Epithelial Mesenchymal Transition. Toxics 2020, 8, 17. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, D.Y.; Kim, E.; Kwon, J.T.; Lee, D.H.; Park, S.Y.; Kim, H.M.; Choi, K. Ethylene glycol potentiated didecyldimethylammonium chloride toxicity in human bronchial epithelial cells. Mol. Cell. Toxicol. 2015, 11, 161–166. [Google Scholar] [CrossRef]

	



Dzhemileva, L.U.; D’yakonov, V.A.; Seitkalieva, M.M.; Kulikovskaya, N.S.; Egorova, K.S.; Ananikov, V.P. A large-scale study of ionic liquids employed in chemistry and energy research to reveal cytotoxicity mechanisms and to develop a safe design guide. Green Chem. 2021, 23, 6414–6430. [Google Scholar] [CrossRef]

	



Stolte, S.; Abdulkarim, S.; Arning, J.; Blomeyer-Nienstedt, A.-K.; Bottin-Weber, U.; Matzke, M.; Ranke, J.; Jastorff, B.; Thöming, J. Primary biodegradation of ionic liquid cations, identification of degradation products of 1-methyl-3-octylimidazolium chloride and electrochemical wastewater treatment of poorly biodegradable compounds. Green Chem. 2008, 10, 214–222. [Google Scholar] [CrossRef]

	



Thuy Pham, T.P.; Cho, C.-W.; Yun, Y.-S. Environmental fate and toxicity of ionic liquids: A review. Water Res. 2010, 44, 352–372. [Google Scholar] [CrossRef]

	



Kumari, P.; Pillai, V.V.; Benedetto, A. Mechanisms of action of ionic liquids on living cells: The state of the art. Biophys. Rev. 2020, 12, 1187–1215. [Google Scholar] [CrossRef]

	



Wang, L.L.; Hu, C.; Shao, L.Q. The antimicrobial activity of nanoparticles: Present situation and prospects for the future. Int. J. Nanomed. 2017, 12, 1227–1249. [Google Scholar] [CrossRef] [PubMed]

	



Kamaruzzaman, N.F.; Tan, L.P.; Hamdan, R.H.; Choong, S.S.; Wong, W.K.; Gibson, A.J.; Chivu, A.; Pina, M.D.F. Antimicrobial Polymers: The Potential Replacement of Existing Antibiotics? Int. J. Mol. Sci. 2019, 20, 2747. [Google Scholar] [CrossRef]








[image: Molecules 27 01974 g001 550] 





Figure 1. General Structure of New ILs. 
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Figure 2. FTIR ATR spectra for CL-4 (black), MR-5 (red), and PR-6 (blue). 
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Figure 3. Surface tension vs. log C at 25 °C. 
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Scheme 1. The synthesis of new ILs, alkalization process of 1-methyl-3-octyloxymethylimidazolium chloride. 
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Scheme 2. The synthesis of new ILs, neutralization process of 1-methyl-3-octyloxymethylimidazolium hydroxide. 
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Scheme 3. The synthesis of new ILs-phenoxy acid synthesis. 






Scheme 3. The synthesis of new ILs-phenoxy acid synthesis.



[image: Molecules 27 01974 sch003]







[image: Table] 





Table 1. Chemical Structure of Anions of New ILs.
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	Name
	Anion Structure





	FE-1
	 [image: Molecules 27 01974 i001]



	BE-2
	 [image: Molecules 27 01974 i002]



	OR-3
	 [image: Molecules 27 01974 i003]



	CL-4
	 [image: Molecules 27 01974 i004]



	MR-5
	 [image: Molecules 27 01974 i005]



	PR-6
	 [image: Molecules 27 01974 i006]



	TY-7
	 [image: Molecules 27 01974 i007]



	VA-8
	 [image: Molecules 27 01974 i008]



	EV-9
	 [image: Molecules 27 01974 i009]



	TR-10
	 [image: Molecules 27 01974 i010]
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Table 2. DSC data for obtained ionic liquids.
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	Compound
	Tg (°C)
	Tc (°C)
	Tm (°C)





	FE-1
	−49.76
	−23.61
	8.8



	BE-2
	−29.37
	−4.78

−0.56
	−18.90

17.10



	OR-3
	−69.24
	−50.39
	−43.05



	CL-4
	-
	−2.02
	16.62



	MR-5
	−54.54
	−18.75
	−24.98



	PR-6
	-
	−52.23
	−37.01



	TY-7
	−68.73
	-
	-



	VA-8
	−36.92
	-
	-



	EV-9
	−59.45
	−49.36
	−37.26



	TR-10
	-
	−68.65
	−61.58







Tm—melting point; Tc—temperature of crystallization; Tg—glass transition temperature.
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Table 3. Thermal stability for obtained ionic liquids.
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	Compound
	Ti (°C)
	T0.01 (°C)
	T0.02 (°C)
	T0.05 (°C)





	FE-1
	138.65
	159.92
	170.90
	192.18



	BE-2
	135.62
	163.71
	176.93
	196.93



	OR-3
	115.98
	130.23
	139.40
	156.37



	CL-4
	117.60
	147.81
	159.69
	177.68



	MR-5
	97.48
	107.77
	116.00
	129.73



	PR-6
	85.81
	97.92
	106.05
	120.46



	TY-7
	114.24
	133.92
	144.79
	162.77



	VA-8
	112.85
	135.25
	144.08
	157.66



	EV-9
	118.62
	135.59
	145.78
	163.09



	TR-10
	102.67
	114.21
	122.36
	134.91







Ti, initial decomposition temperature at which dm/dt obtained value 10–4 mg/s; T0.01, decomposition temperature of 1% sample; T0.02, decomposition temperature of 50% sample; T0.05, decomposition temperature of 50% sample
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Table 4. MIC values of the group of new ILs.
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Compound

	
MIC (mM/L)




	
SAU

	
KPN

	
PAE

	
ECO

	
EFA

	
CAL






	
FE-1

	
1.7248

	
13.9097

	
27.8195

	
1.7248

	
1.7248

	
1.7248




	
BE-2

	
0.2329

	
1.8052

	
7.2788

	
0.4658

	
0.2329

	
0.2329




	
OR-3

	
0.1016

	
1.5754

	
6.3526

	
1.5754

	
0.1016

	
0.1016




	
CL-4

	
0.1804

	
1.3980

	
5.6371

	
0.3608

	
0.1804

	
0.1804




	
MR-5

	
0.1729

	
2.6804

	
10.8079

	
0.3459

	
0.1729

	
0.1729




	
PR-6

	
0.1542

	
1.1952

	
4.8195

	
0.1542

	
0.3084

	
0.1542




	
TY-7

	
0.0508

	
0.7877

	
3.1763

	
0.4066

	
0.0508

	
0.1016




	
VA-8

	
0.1011

	
1.5678

	
6.3216

	
0.4046

	
0.1011

	
0.2023




	
EV-9

	
0.0982

	
3.0673

	
3.0673

	
1.5214

	
0.0982

	
0.1963




	
TR-10

	
0.2783

	
2.1571

	
8.6981

	
0.5567

	
0.2783

	
0.2783




	
ST-1

	
0.0035

	
0.8561

	
0.8561

	
0.0138

	
0.0069

	
0.0069




	
ST-2

	
0.0284

	
0.4555

	
1.7653

	
0.0569

	
0.0142

	
0.0142
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Table 5. Surface active parameters of imidazolium ILs.
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	No
	CMC [mmol L−1]
	γCMC

(mN m−1)
	Γmax

(mol m−2)
	Amin × 10−19

(m2)
	ΔG0ads × 104

(J m−1)
	Contact Angle

(°)





	FE-1
	4.78
	33.5
	7.84 × 106
	2.12
	−1.84
	61.2



	BE-2
	6.11
	32.0
	1.33 × 105
	1.25
	−1.50
	58.9



	OR-3
	0.87
	27.9
	7.69 × 106
	2.16
	−2.26
	38.7



	CL-4
	32.35
	37.7
	6.92 × 106
	2.40
	−1.43
	71.8



	MR-5
	2.99
	25.2
	1.63 × 105
	1.02
	−1.53
	62.5



	PR-6
	15.63
	27.6
	5.53 × 106
	3.00
	−1.89
	64.7



	TY-7
	0.82
	28.2
	8.72 × 106
	1.91
	−2.01
	39.5



	VA-8
	0.82
	30.1
	1.19 × 105
	1.39
	−1.96
	53.8



	EV-9
	0.96
	29.5
	1.27 × 105
	1.31
	−1.93
	48.9



	TR-10
	0.72
	28.8
	8.78 × 106
	1.89
	−2.15
	46.8
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Table 6. Cytotoxic properties of the analyzed compounds.
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	FE-1
	BE-2
	OR-3
	CL-4
	MR-5
	PR-6
	TY-7
	VA-8
	EV-9
	TR-10





	IC 50

[mM/L]
	1.22 × 10−2
	1.22 × 10−2
	1.11 × 10−2
	1.97 × 10−2
	1.84 × 10−2
	1.58 × 10−2
	1.01 × 10−2
	1.11 × 10−2
	1.11 × 10−2
	1.63 × 10−2



	SD
	5.02 × 10−4
	9.42 × 10−4
	9.47 × 10−4
	3.80 × 10−3
	8.49 × 10−4
	2.55 × 10−3
	5.62 × 10−4
	1.05 × 10−3
	8.34 × 10−4
	5.09 × 10−4



	% RSD
	4.11
	7.74
	8.51
	19.29
	4.62
	16.09
	5.56
	9.42
	7.55
	3.13
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Table 7. Selectivity indexes.
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	Compound
	SISAU
	SIKPN
	SIPAE
	SIECO
	SIEFA
	SICAL





	FE-1
	0.0071
	0.0009
	0.0004
	0.0071
	0.0071
	0.0071



	BE-2
	0.0524
	0.0068
	0.0017
	0.0262
	0.0524
	0.0524



	OR-3
	0.1096
	0.0071
	0.0018
	0.0071
	0.1096
	0.1016



	CL-4
	0.1092
	0.0141
	0.0035
	0.0546
	0.1092
	0.1092



	MR-5
	0.1064
	0.0069
	0.0017
	0.0532
	0.1064
	0.1064



	PR-6
	0.1025
	0.0132
	0.0033
	0.1025
	0.0512
	0.1025



	TY-7
	0.1988
	0.0128
	0.0032
	0.0248
	0.1988
	0.0994



	VA-8
	0.1098
	0.0071
	0.0018
	0.0274
	0.1098
	0.0549



	EV-9
	0.1130
	0.0036
	0.0036
	0.0073
	0.1130
	0.0565



	TR-10
	0.0586
	0.0076
	0.0019
	0.0293
	0.0586
	0.0586
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Table 8. Details of phenoxy acid synthesis.
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	R1
	R2
	R3
	Yield (%)
	Mp. (°C)





	Thymoloxyacetic acid
	iPr
	H
	Me
	87
	146



	Carvacroloxyacetic acid
	Me
	H
	iPr
	82
	151



	Vanillinoxyacetic acid
	OMe
	CHO
	H
	72
	190 *



	Eugenoloxyacetic acid
	OMe
	All
	H
	76
	99







* Recrystallized from 96% Ethanol.
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