Betaine and l-carnitine ester bromides: synthesis and comparative study of their thermal behaviour and surface activity
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Abstract

Six esters of both betaine and l-carnitine bromides, featuring alkyl groups ranging from C8 to C18 in length, have been synthesized. The thermal behaviour of these twelve bio-based salts has been analyzed and compared by thermal gravimetric analysis and differential scanning calorimetry. The l-carnitine alkyl ester bromides melted below 100 °C and can hence be considered ionic liquids (ILs) with full rights. Conversely, the betaine alkyl ester bromides, with the exception of the shortest member of the series, melted slightly above this upper limit. Also, they resulted less thermally stable when compared to their l-carnitine analogues. Moreover, the self-aggregation behavior of these structurally related betaine and l-carnitine alkyl ester bromides, inspected through surface tension, conductivity measurements and isothermal titration calorimetry, varied significantly. The critical micelle concentration (CMC) values for the l-carnitine series were lower than those of the betaine series, and the former ILs were also capable of adsorbing more efficiently at the air/water interface as well as of reducing surface tension. A potential use of these organic salts as components of deep eutectic solvents is envisaged, thus showcasing the applicability of this natural trimethylammonium cation.
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1. Introduction
Sustainable chemistry plays a major role in most of the UN Sustainable Development Goals as highlighted by Welton in 2018.[1] Therefore, progresses in the area of sustainable chemistry, although challenging, are of the highest importance toward sustainable development. Giving that the use of conventional organic solvents represents one of the main causes of pollution in most chemical processes, hence a major concern in the transition toward sustainable chemistry, it is not a surprise that the search for neoteric solvents, alternative to traditional ones, has been a constant point of interest in the last twenty years. Two of the most studied classes of novel solvents are the ionic liquids (ILs) [2] and the deep eutectic solvents (DESs) [3]. The first family comprises organic salts with a melting point below 100 °C and is praised mainly for the high thermal [4] and chemical stability,[5] non-flammability,[6] and wide electrochemical window [7] generally displayed by its members. A DES is instead obtained when two separate chemical species are mixed together and the resulting melting temperature of the eutectic point is (well) below the theoretically-derived ideal one.[8,9] Despite the fact that many compounds can give rise to a DES when mixed at a specific albeit non-fixed molar ratio, the majority of the investigated cases feature quaternary ammonium salts acting as hydrogen bond acceptors (HBAs) in combination with a variety of hydrogen bond donors (HBDs).
ILs and DESs, although characterized by unique features, share a common advantage, namely the possibility to tune their properties to best fit the needs of an application of interest. This can be done by paring the most suitable ions in the former case or combining the proper HBA and HBD in the latter case. Both solvent classes can be considered ‘designer solvents’.[10–12] In recent years, a clear trend of using starting materials from renewable sources for the preparation of bio-based ILs [13–17] or natural DESs (NaDESs) [18,19] has emerged. This tendency responded to the urge of moving away from fossil fuel-derived materials and at the same time of improving the overall safety profile of DESs and ILs.

A prominent role in this field is played by the cholinium cation, which is by far the most used HBA in DESs when paired with the chloride anion [20–23] and can give rise to fully bio-based ILs [24] when paired with aminoacids, for instance. [25,26] Of a certain interest is a recent report where cholinium acetate, which is per se an IL capable of dissolving cellulose, was transformed into new DES systems via combination with different HBDs. In so doing, new media were obtained which were able to fractionate lignocellulosic material while leaving the cellulose part unchanged.[27]
Betaine and l-carnitine are two natural compounds with strong structural similarities to the cholinium cation: they indeed feature the same trimethylammonium cation albeit as part of a zwitterionic salt. Both compounds have previously found direct use in the DES field,[3,28,29] while a limited number of studies have focussed on the transformation of their carboxylate anion into an ester. As new bio-based alkyl ester ILs, [30–34] these structures have been studied as potential antimicrobials [35,36] and herbicidals [37] in combination with the iodosulfuron-methyl anion. Further work in the area aimed at assessing these compounds in terms of their Pt/Ir separation ability, [38] their use as pesticides removal agents from wastewater, [39] as SO2 absorbers, [40] as hydrotropes [41] and as enantiomeric separation ingredients for the preparation of homocysteine and cysteine. [42]
The carboxylate capping strategy allows for the use of betaine and l-carnitine as natural building blocks in the preparation of organic salts with adjustable hydrophobicity. Hence, new ILs and DES components can be accessed through variation of the ester moiety. The co-existence of an ionic hydrophilic head group and an alkyl hydrophobic chain in one compound results in an amphiphilic species able to adsorb at various interfaces, to decrease the surface tension and to self-assemble into well-organized structures when dispersed into water.[43] The aggregation behavior of surfactants has been extensively studied for many years due to their importance in both science and technology. The applications of surfactants are countless: detergency, pharmacy, mining and petroleum industry, metal processing, high technology areas among many others.[44] In this regard, previous studies on ILs as new functional compounds with amphiphilic structure focused on the behavior of IL/water mixtures through the use of various experimental and theoretical methods.[45–50] Initially, mainly monocationic alkyl imidazolium ILs were studied and the relationship between alkyl chain length in the IL's cation and its susceptibility to form micellar aggregates was analyzed.[47,51,52] Most of the ILs were found to have a lower critical micelle concentration (CMC) when compared to conventional surfactants having an analogous structure.[53] In recent years, and as a result of increasing environmental concerns, the development of more biodegradable surface active compounds, which could be derived from natural and sustainable sources, has taken place.[41,54] Recently, the surface activity and the aggregation behavior of amphiphilic ILs has been used in the preparation of nano- and micro-particles as well as in catalytic and separation applications.[45,53,55,56]
In this work, we describe the preparation and characterization of a series of l-carnitine and betaine ester bromides, featuring alkyl groups of different lengths. These compounds were designed with the aim of obtaining either new bio-based ILs or potential components for new DESs with adjustable hydrophobic character. The thermal behaviour of the two set of salts was studied by means of differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA), while the surface activity was investigated by surface tension, conductivity measurements and isothermal titration calorimetry.
2. Material and methods

If not noted otherwise, reactants and reagents were commercially available and used as received. All 1-bromoalkanes (>97%) were purchased from Acros Organics, l-carnitine (99+%) and betaine anhydrous (>97%) from Alfa Aesar and all the solvents from Sigma Aldrich.
General methods

2.1 Synthesis of compounds

General procedure for the synthesis of Betaine and l-Carnitine alkyl ester bromides - (2-alkyloxy-2-oxoethyl)-trimethylammonium bromide (B1-B6) and (4-alkyloxy-2-hydroxy-4-oxobutyl)-trimethylammonium bromide (C1-C6) were synthesized via the O-alkylation reaction  of betaine or L-carnitine with the appropriate 1-bromoalkane (CnH2n+1Br with n = 8, 10, 12, 14, 16, 18) according to the protocol described by Häckl et al.[41] and Niemczk et al.[37] with slight modification. Briefly, betaine or L-carnitine (20 mmol), the 1-bromoalkane (25 mmol) and 15 mL of acetonitrile were added in a flask of 100 mL and stirred at 80 °C for 16 h (B1-B2 and C1-C2), 24 h (B3-B4 and C3-C4), or 72 h (B5-B6 and C5-C6). Diethyl ether was added to the final mixture to precipitate the desired product and eliminate unreacted 1-bromoalkane. Solid precipitates were filtered under vacuum, washed with diethyl ether and dried in vacuo, to afford white solids products. All synthetized compounds have been characterized by 1H and 13C NMR and FTIR analysis and all the spectra are given in the Supporting Information (Figures S1-S12 for 1H and 13C NMR and Figures S13-S24 for FTIR).

(2-octyloxy-2-oxoethyl)-trimethylammonium bromide (B1). The preparation of B1 (96% yield, hygroscopic white solid) was performed according to the general procedure. 1H NMR (DMSO-d6) δ 4.53 (s, 2H, NCH2COO), 4.17 (t, 2H, J=6.8 Hz, CH2OCO), 3.26 (s, 9H, 3×CH3N), 1.64-1.57 (m, 2H, CH2CH2COO), 1.33-1.24 (m, 10H, 5xCH2chain), 0.85 (t, 3H, J=6.8 Hz, CH3chain); 13C NMR (DMSO-d6) δ 164.9 (COO), 65.7 (CH2OCO), 62.4 (NCH2COO), 53.07 (3×NCH3), 31.2 (CH2chain), 28.6 (CH2chain), 28.5 (CH2chain), 27.8 (CH2chain), 25.5 (CH2chain), 22.1 (CH2chain), 14.0 (CH3chain). 

(2-decyloxy-2-oxoethyl)-trimethylammonium bromide (B2). The preparation of B2 (97% yield, hygroscopic white solid) was performed according to the general procedure. 1H NMR (DMSO-d6) δ 4.56 (s, 2H, NCH2COO), 4.17 (t, 2H, J=6.8 Hz, CH2OCO), 3.27 (s, 9H, 3×CH3N), 1.64-1.57 (m, 2H, CH2CH2COO), 1.33-1.23 (m, 14H, 7xCH2chain), 0.85 (t, 3H, J=6.8 Hz, CH3chain); 13C NMR (DMSO-d6) δ 164.7 (COO), 65.5 (CH2OCO), 62.2 (NCH2COO), 52.8 (3×NCH3), 31.0 (CH2chain), 28.7 (2xCH2chain), 28.4 (CH2chain), 28.3 (CH2chain), 27.6 (CH2chain), 24.9 (CH2chain), 21.8 (CH2chain), 13.7 (CH3chain). 

(2-dodecyloxy-2-oxoethyl)-trimethylammonium bromide (B3). The preparation of B3 (95% yield, white solid) was performed according to the general procedure. 1H NMR (DMSO-d6) δ 4.55 (s, 2H, NCH2COO), 4.17 (t, 2H, J=6.8 Hz, CH2OCO), 3.27 (s, 9H, 3×CH3N), 1.64-1.57 (m, 2H, CH2CH2COO), 1.33-1.24 (m, 18H, 9xCH2chain), 0.85 (t, 3H, J=6.8 Hz, CH3chain); 13C NMR (DMSO-d6) δ 164.9 (COO), 65.7 (CH2OCO), 62.4 (NCH2COO), 53.0 (3×NCH3), 31.2 (CH2chain), 29.0 (CH2chain), 28.96 (CH2chain), 28.93 (CH2chain) 28.89 (CH2chain), 28.67 (CH2chain), 28.5 (CH2chain), 27.8 (CH2chain), 25.2 (CH2chain), 22.0 (CH2chain), 13.9 (CH3chain). NMR (1H, 13C) data are in agreement with those reported in literature[41]. 
(2-tetradecyloxy-2-oxoethyl)-trimethylammonium bromide (B4). The preparation of B4 (96% yield, white solid) was performed according to the general procedure. 1H NMR (DMSO-d6) δ 4.50 (s, 2H, NCH2COO), 4.17 (t, 2H, J=6.8 Hz, CH2OCO), 3.25 (s, 9H, 3×CH3N), 1.64-1.57 (m, 2H, CH2CH2COO), 1.33-1.24 (m, 22H, 11xCH2chain), 0.85 (t, 3H, J=6.8 Hz, CH3chain); 13C NMR (DMSO-d6) δ 164.7 (COO), 65.5 (CH2OCO), 62.3 (NCH2COO), 52.9 (3×NCH3), 31.0 (CH2chain), 28.79 (4xCH2chain), 28.72 (CH2chain), 28.69 (CH2chain), 28.5 (CH2chain), 28.3 (CH2chain), 27.6 (CH2chain), 25.0 (CH2chain), 21.8 (CH2chain), 13.7 (CH3chain). 

(2-hexadecyloxy-2-oxoethyl)-trimethylammonium bromide (B5). The preparation of B5 (99% yield, white solid) was performed according to the general procedure. 1H NMR (DMSO-d6) δ 4.52 (s, 2H, NCH2COO), 4.17 (t, 2H, J=6.8 Hz, CH2OCO), 3.26 (s, 9H, 3×CH3N), 1.64-1.57 (m, 2H, CH2CH2COO), 1.32-1.23 (m, 26H, 13xCH2chain), 0.85 (t, 3H, J=6.8 Hz, CH3chain); 13C NMR (DMSO-d6) δ 164.7 (COO), 65.5 (CH2OCO), 62.3 (NCH2COO), 52.9 (3×NCH3), 31.0 (CH2chain), 28.79 (8xCH2chain), 28.5 (CH2chain), 28.3 (CH2chain), 27.6 (CH2chain), 25.0 (CH2chain), 21.8 (CH2chain), 13.7 (CH3chain). 

(2-octadecyloxy-2-oxoethyl)-trimethylammonium bromide (B6). The preparation of B6 (99% yield, white solid) was performed according to the general procedure. 1H NMR (MeOD) δ 4.42 (s, 2H, NCH2COO), 4.26 (t, 2H, J=6.8 Hz, CH2OCO), 3.35 (s, 9H, 3×CH3N), 1.74-1.67 (m, 2H, CH2CH2COO), 1.41-1.29 (m, 30xH, 15xCH2chain), 0.90 (t, 3H, J=6.8 Hz, CH3chain); 13C NMR (MeOD) δ 166.0 (COO), 67.6 (CH2OCO), 64.2 (NCH2COO), 54.6 (3×NCH3), 33.1 (CH2chain), 30.8 (9xCH2chain), 30.6 (CH2chain), 30.5 (CH2chain), 30.3 (CH2chain), 29.5 (CH2chain), 26.9 (CH2chain), 23.7 (CH2chain), 14.4 (CH3chain). 

(2-octyloxy-2-oxoethyl)-trimethylammonium bromide (C1). The preparation of C1 (92% yield, hygroscopic white solid) was performed according to the general procedure. The preparation of C5 (95% yield, hygroscopic white solid) was performed according to the general procedure 1H NMR (CDCl3) δ 5.15 (s, 1H, OH), 4.75-4.68 (m, 1H, CHOH), 4.10-4.01 (m, 2H, CH2OCO), 3.80-3.66 (m, 2H, NCH2), 3.48 (s, 9H, 3xNCH3), 2.76-2.66 (m, 2H, CHCH2COO), 1.64-1.57 (m, 2H,  CH2CH2COO), 1.32-1.26 (m, 10H, 5xCH2chain), 0.87 (t, 3H, CH3chain); 13C NMR (CDCl3) δ 171.2 (COO), 70.3 (CH2N), 65.4 (CH2OCO) , 62.9 (CHOH), 55.1 (3xCH3N), 39.7 (CH2COO), 31.9 (CH2chain), 29.31 (CH2chain), 29.26 (CH2chain), 28.6 (CH2chain), 26.0 (CH2chain), 22.8 (CH2chain), 14.2 (CH3chain). NMR (1H, 13C) data are in agreement with those reported in literature[37].  

(2-decyloxy-2-oxoethyl)-trimethylammonium bromide (C2). The preparation of C2 (93% yield, hygroscopic white solid) was performed according to the general procedure. 1H NMR (CDCl3) δ 5.14 (s, 1H, OH), 4.74-4.67 (m, 1H, CHOH), 4.10-4.00 (m, 2H, CH2OCO), 3.80-3.66 (m, 2H, NCH2), 3.48 (s, 9H, 3xNCH3), 2.75-2.65 (m, 2H, CHCH2COO), 1.63-1.56 (m, 2H, CH2CH2COO), 1.32-1.25 (m, 14H, 7xCH2chain), 0.87 (t, 3H, CH3chain); 13C NMR (CDCl3) δ 171.2 (COO), 70.2 (CH2N), 65.4 (CH2OCO), 62.8 (CHOH), 55.1 (3CH3N), 39.9 (CH2COO), 32.0 (CH2chain), 29.6 (2xCH2chain), 29.4 (2xCH2chain), 28.6 (CH2chain), 26.0 (CH2chain), 22.7 (CH2chain), 14.2 (CH3chain). NMR (1H, 13C) data are in agreement with those reported in literature[37].

(2-dodecyloxy-2-oxoethyl)-trimethylammonium bromide (C3). The preparation of C3 (95% yield, white solid) was performed according to the general procedure. 1H NMR (CDCl3) δ 5.14 (s, 1H, OH), 4.73-4.66 (m, 1H, CHOH), 4.07-3.98 (m, 2H, CH2OCO), 3.77-3.64 (m, 2H, NCH2), 3.47 (s, 9H, 3xNCH3), 2.73-2.63 (m, 2H, CHCH2COO), 1.61-1.54 (m, 2H, CH2CH2COO), 1.30-1.22 (m, 18H, 9xCH2chain), 0.84 (t, 3H, CH3chain); 13C NMR (CDCl3) δ 171.2 (COO), 70.3 (CH2N), 65.4 (CH2OCO) , 62.8 (CHOH), 55.1 (3xCH3N), 39.7 (CH2COO), 32.0 (CH2chain), 29.7 (3xCH2chain), 29.6 (CH2chain), 29.4 (CH2chain), 29.3 (CH2chain), 28.6 (CH2chain), 26.0 (CH2chain), 22.7 (CH2chain), 14.2 (CH3chain). NMR (1H, 13C) data are in agreement with those reported in literature [37]. 

(2-tetradecyloxy-2-oxoethyl)-trimethylammonium bromide (C4). The preparation of C4 (99% yield, white solid) was performed according to the general procedure. 1H NMR (CDCl3) δ 5.14 (s, 1H, OH), 4.73-4.67 (m, 1H, CHOH), 4.10-4.00 (m, 2H, CH2OCO), 3.78-3.65 (m, 2H, NCH2), 3.47 (s, 9H, 3xNCH3), 2.70-2.67 (m, 2H, CHCH2COO), 1.61-1.55 (m, 2H, CH2CH2COO), 1.30-1.23 (m, 22H, 11xCH2chain), 0.85 (t, 3H, CH3chain); 13C NMR (CDCl3) δ 171.2 (COO), 70.3 (CH2N), 65.4 (CH2OCO) , 62.8 (CHOH), 55.1 (3xCH3N), 39.7 (CH2COO), 32.0 (CH2chain), 29.8 (4xCH2chain), 29.77 (CH2chain), 29.6 (CH2chain), 29.44 (CH2chain), 29.36 (CH2chain), 28.6 (CH2chain), 26.0 (CH2chain), 22.8 (CH2chain), 14.2 (CH3chain). NMR (1H, 13C) data are in agreement with those reported in literature [37]. 
(2-hexadecyloxy-2-oxoethyl)-trimethylammonium bromide (C5). The preparation of C5 (95% yield, white solid) was performed according to the general procedure. 1H NMR (CDCl3) δ 5.15 (s, 1H, OH), 4.74-4.69 (m, 1H, CHOH), 4.08-3.99 (m, 2H, CH2OCO), 3.80-3.68 (m, 2H, NCH2), 3.49 (s, 9H, 3xNCH3), 2.75-2.65 (m, 2H, CHCH2COO), 1.63-1.56 (m, 2H, CH2CH2COO), 1.31-1.23 (m, 26H, 13xCH2chain), 0.86 (t, 3H, CH3chain); 13C NMR (CDCl3) δ 171.2 (COO), 70.3 (CH2N), 65.4 (CH2OCO) , 62.8 (CHOH), 55.1 (3xCH3N), 39.7 (CH2COO), 32.0 (CH2chain), 29.8 (7xCH2chain), 29.6 (CH2chain), 29.44 (CH2chain), 29.37 (CH2chain), 28.6 (CH2chain), 26.0 (CH2chain), 22.8 (CH2chain), 14.2 (CH3chain). 

(2-octaxdecyloxy-2-oxoethyl)-trimethylammonium bromide (C6). The preparation of C6 (95% yield, white solid) was performed according to the general procedure. 1H NMR (CDCl3) δ 5.15 (s, 1H, OH), 4.74-4.69 (m, 1H, CHOH), 4.08-3.99 (m, 2H, CH2OCO), 3.80-3.68 (m, 2H, NCH2), 3.49 (s, 9H, 3xNCH3), 2.75-2.65 (m, 2H, CHCH2COO), 1.63-1.56 (m, 2H, CH2CH2COO), 1.31-1.23 (m, 30H, 15xCH2chain), 0.86 (t, 3H, CH3chain); 13C NMR (CDCl3) δ 171.3 (COO), 70.3 (CH2N), 65.4 (CH2OCO) , 62.8 (CHOH), 55.2 (3xCH3N), 39.7 (CH2COO), 32.0 (CH2chain), 29.8 (9xCH2chain), 29.76 (CH2chain), 29.5 (CH2chain), 29.4 (CH2chain), 28.6 (CH2chain), 26.0 (CH2chain), 22.8 (CH2chain), 14.2 (CH3chain).

2.2 NMR spectroscopy
The 1H NMR spectra were recorded in DMSO-d6, CDCl3 or in MeOD on a Bruker 400MHz NMR spectrometer at 25°C. The experiments were performed using 50 mg/mL as sample concentration. The following abbreviations are used: s=singlet, d=doublet, t=triplet, q=quartet, p=pentet, m=multiplet. 13C NMR spectra were recorded at 101 MHz. 1H and 13C NMR chemical shifts (ppm) are referenced to the either residual DMSO (δH 2.50, δC 39.5) or CDCl3 (δH 7.26, δC 77.1) or MeOD (δH 3.31, δC 49.0) and J-values are given in Hz. 
2.3 Fourier transform infrared spectroscopy (FTIR)
The ATR-FTIR spectra were recorded with an Agilent Technologies IR Cary 660 FTIR spectrophotometer using macro-ATR accessory a Diamond crystal. The spectra were measured in a range from 4000 to 500 cm-1 with 32 scans. The moisture and CO2 were eliminated from the samples by measuring first the background spectra before each sample.

2.4 Thermal analysis

2.4.1 Thermogravimetric analysis (TGA)
The thermal stability of the betaine and carnitine esters was investigated by thermal gravimetric analysis (TG), conducted in a TA Instruments Q500 TGA (weighing Precision ± 0.01%, sensitivity 0.1 µg, baseline dynamic drift < 50 µg). The temperature calibration was performed using curie point of nickel standard and for mass calibration weight standards of 1 g, 500 mg, and 100 mg were used. All the standards were supplied by TA Instruments Inc. 15-20 mg of each sample were heated in a platinum crucible as sample holder. First, the heating mode was set to isothermal at 60 °C in N2 (80 cm3 min-1) for 30 min. Then, the sample was heated from 40 °C to 600 °C at 10 °C min-1 under nitrogen (80 cm3 min-1) and maintained at 600 °C for 3 min. Mass change was recorded as a function of temperature and time. TGA experiments were carried out in triplicate. 

2.4.2 Differential scanning calorimetry (DSC)

The thermal behavior of the betaine and carnitine esters was analyzed by a differential scanning calorimeter (TA DSC, Q250, USA, temperature accuracy ±0.05 °C, temperature precision ±0.008 °C, enthalpy precision ±0.08%). Dry high purity N2 gas with a flow rate of 50 cm3 min-1 was purged through the sample. 1-5 mg of each sample was loaded in pinhole hermetic aluminum crucibles and the phase behavior was explored under nitrogen atmosphere in the temperature range of -90-120 °C with a heating rate of 10 °C min-1. The temperature calibration was performed considering the heating rate dependence of the onset temperature of the melting peak of indium. The enthalpy was also calibrated using indium (melting enthalpy ΔHm=28.71 J g-1). DSC experiments were carried out in duplicate. Tg was obtained by taking the onset of the heat capacity change on heating from a glass to a liquid, Tcc was determined as the peak temperature of the exothermic peak on heating from subcooled liquid to a crystalline solid. Tm was taken as the peak temperature of the endothermic peak on the heating run. The peak temperatures were chosen instead of the onset temperatures due to the complexity of the thermograms.
2.4 Surface activity
Surface tension ()() studies of the betaine or l-carnitine alkyl ester bromide solutions were performed by drop profile analysis (pendant drop method) using a video based optical contact angle meter (OCA 15, Dataphysics, Germany) equipped with supportive software (SCA22), a resolution of the measurements ±0.01mN m-1. The experiments were performed at 25 ± 0.1 °C, and the temperature of the samples was controlled by a thermostatic water bath (AD07R-20, PolyScience, USA).

Based on the surface tension measurements the maximum surface excess concentration, max, and the minimum area per amphiphile molecule, Amin, at the air/solvent interface were calculated with the following equations:
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and:
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where R is the gas constant [J mol-1∙K-1)], T is the absolute temperature [K], NA is Avogadro’s constant [1/mol],  is surface tension [mN m-1], and c is the concentration of IL in the solution [mmol L-1]. The adsorption efficiency of the l-carnitine esters at the air/water interface (pC20) was calculated as follows:
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where C20 is the amphiphile concentration required to reduce the surface tension of water by 20 mN m-1. Surface pressure at the saturated air/solution interphase, cmc, was obtained by means of the equation:
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where is the surface tension of water [mN/∙m-1], and means the surface tension of the IL’s solution at CMC [mN/∙m-1]. The Gibbs free energy of micelle formation, Gm, is related with the CMC by the following formula:
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where  is the degree of ionization of the micelle taken from conductivity measurements and XCMC is the mole fraction of the IL monomers at CMC. The above mentioned parameters, namely max, cmc and Gm were than further used for calculation of the free energy of adsorption (ΔGad): 

[image: image6.emf]∆ 𝐺 𝑎𝑑 = ∆ 𝐺 𝑚 − 𝛱 𝐶𝑀𝐶 𝛤 𝑚𝑎𝑥  


The entropy of the micellization, Sm, was calculated from the equation:
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where T is the absolute temperature. 
Conductivity () profiles were analyzed using a conductivity meter equipped with an autotitrator (Cerko Lab System CLS/M/07/06, Cerko, Poland) and a microconductivity electrode (EPST-2ZA, Eurosensor, Poland). A thermostatic water bath (9106, PolyScience, USA) was used to maintain a stable temperature of 25±0.1 °C during the measurements. The degree of ionization of the micelle (β) was calculated from the ratio of the dκ/dc slopes of the two linear fragments of the conductivity curves[57]. 

The thermodynamic parameters of the ILs micellization in aqueous solutions were determined with a Nano-Isothermal Titration Calorimeter III (N-ITC III, CSC, USA). The ITC apparatus is composed of two cells enclosed in an adiabatic jacket. During the experiment, the IL solution with concentrations of about ten times higher than the expected CMC was titrated into the sample cell (958 µL) filled with water resulting in a release or an uptake of heat. The reference cell, used as a control, is also filled with water. During the experiments, the temperature difference between the sample and the reference cell is constantly compensated thanks to a heating resistance. The resulting time-dependent input of power furnishes thermograms, which in turn can be manipulated to yield the thermodynamic parameters of the process. The enthalpy of demicellization (ΔHdm) and the CMC value were extracted from the enthalpograms created using Titration Bindworks software provided by CSC.
3. Results and discussion
3.1. Synthesis of ester bromides.
Two series of betaine and l-carnitine alkyl esters, varying in the length of the alkyl chain (from C8 to C18), were synthesized following a simple protocol of alkylation (Scheme 1). As expected, the reaction rate depended from the chain length of the 1-bromoalkane employed. Indeed, longer bromoalkanes required a longer time for the reaction to go to completion; 16 h for the short alkyl chains (B1-B2 and C1-C2), 24 h for intermediate alkyl chains (B3-B4 and C3-C4) and 72 h for the long alkyl chains (B5-B6 and C5-C6). It is worth noting that B5-B6 and C5-C6 precipitated from the reaction mixture even before the addition of diethyl ether, which is part of the standard work-up protocol for these reactions. All the products were obtained in high yields (> 90%) as white solids.
Scheme 1. Synthesis of betaine and l-carnitine alkyl ester bromides.
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13C and 1H NMR and FTIR analyses were performed to confirm the identity and purity of the prepared compounds. For what concern the FTIR spectra (please refer to the Supplementary Information, Figures S13-S24), distinct vibrational modes were discernable for the ester group (stretching of C=O at 1749 cm-1 and stretching of C-O-C at 1250 cm-1 for B1-B6 and 1736 cm-1 and 1250 cm-1 for C1-C6), the ammonium group (asymmetric stretching C-N+(CH3)3 at 959-960 cm-1) and methyl and methylene groups (stretching at 2916-2850 cm-1, bending at 1468 cm-1-1372 cm-1). It is reasonable to assume that the lower wave number observed for the C=O stretching mode of the ester group in the carnitine series is ascribable to the presence of an intramolecular hydrogen bond with the hydroxyl group through the formation of a six-membered ring. The distinct vibrational bands at ca 3268 and 3105 cm-1 for the hydroxyl group corroborate this hypothesis. Finally, the bands at 2916-2850 cm-1 grew in intensity as the length of the alkyl chain of the ester increased. FTIR data are in agreement with those reported by Niemczak et al.[37] for betaine alkyl esters.
3.2. Thermal analysis
DSC analyses were performed at 10 °C min-1 in a nitrogen flow and for a temperature range spannig from -90 °C to 130 °C. At first, the sample was cooled down from 40 °C to -90 °C and maintained at this temperature for 3 min. Then, it was heated to the selected temperature at a rate of 10 °C min-1 to ensure the complete sample melting (1st heating run). Finally, the sample was subjected to another cycle of cooling-heating at a rate of 10 °C min-1 (2nd cycle). The melting temperatures of the synthesized betaine and l-carnitine ester bromides registered during the 1st heating are depicted in Figure 1. The Tpeak was reported instead of Tonset due to the complexity of the observed transitions.
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Figure 1. Melting temperatures of l-carnitine and betaine ester bromides; for C1 (carnitine series, n = 8) the Tpeak of the 2nd cycle is reported
All compounds showed a clear melting transition in the 1st heating run (Figure S25-S36), with the exception of C1, most likely on account of its high tendency to absorb water from the environment. All betaine ester bromides displayed a melting phenomenon divided in two events, while all l-carnitine esters showed a single melting process. A slight increment of the melting temperature as the alkyl chain length increased was observed for both series of compounds, with the greatest effect for the carnitine series. However, this increase, which is due to a more prominent interaction between the aliphatic alkyl chains, is well below the 18 °C increment found in a related series of fatty acid ILs when the aliphatic chain was elongated by two carbon atoms.[58] All l-carnitine ester bromides displayed melting temperature below 100 °C and can therefore be considered ionic liquids with full rights. On the contrary, all betaine ester bromides showed higher melting temperature than those of the l-carnitine compounds and in any case slightly above the 100 °C arbitrarily set as IL threshold, with the exception of B1 which lies around this borderline The melting temperatures obtained for the betaine ester bromides in the 1st heating run are in agreement with the data reported by Niemczk et al.[37], which were recorded with a Mettler Toledo MP 90 melting point system. Similar values of melting temperature (around 100 °C) were also reported by Cockcroft at el.[59] for structurally-related systems, namely an homologous series of N-alkyl trimethylammonium bromide surfactants (from n = 10 to n= 18). 
The two series under investigation in the present work reflect the behavior displayed by the starting zwitterionic compounds: anhydrous betaine decomposes before melting at 293 °C[60] while l-carnitine melts at 191 °C.[61] The difference in melting temperature between betaine and l-carnitine esters could be attributable to the different packing of the cation in the solid due to the presence of the hydroxyl group in the latter series. Indeed, for l-carnitine esters, the intramolecular hydrogen bond which leads to the formation of a six-membered ring between the carbonyl ester and the hydroxyl group could preclude the optimal packing in the solid. Ultimately this would lower the melting temperatures of this class of compounds when compared to betaine ester bromides.
On the other hand, it has been reported previously that the melting temperature for this class of compounds can be strongly varied by changing the anion type via metathesis reaction. As expected, the betaine butyl ester cation paired with bistriflimide (TF2N), dicyanamide (DCA), and thiocyanate (SCN) anions displayed substantially lower melting temperatures.[40] Similar behaviors were observed for betaine ester cations featuring alkyl chains of varying length and iodosulfuron-methyl [37], DCA, lactate (Lac) or inorganic (BF4-, ClO4-) anions.[30]
All the phase transitions (DSC) of the synthesized bromides obtained in the 2nd cycle are summarized in Table 1. In Figures 2 and 3, the comparison between the DSC curves obtained during the 2nd cycle for the four betaine and the four l-carnitine ester bromides are reported, respectively. The other curves are reported in the Supplementary Information (Figure S37-S40).
Table 1. Crystallization (Tc), glass transition (Tg), cold crystallization (Tcc), solid-solid transition (Tss) and melting (Tm) temperatures for the synthesized betaine and l-carnitine ester bromides obtained in the 2nd cycle of cooling-heating at 10 °C min-1.

	
	R
	Tc / °C

(ΔH / KJ mol-1)
	Tss / °C

(ΔH / KJ mol-1)
	Tcc / °C

(ΔH / KJ mol-1)
	Tss / °C

(ΔH / KJ mol-1)
	Tm / °C

(ΔH / KJ mol-1)

	B1
	C8H17
	62.51

(33.09)
	-
	-
	-
	89.98

98.26

(34.54)

	B2
	C10H21
	74.97

83.08-86.51

(40.68)


	-
	-
	-
	96.85

102.37

(41.80)

	B3
	C12H25
	78.57

92.90

(49.09)
	-
	-
	-
	102.37

106.35

(49.10)

	B4
	C14H29
	97.71

(22.34)
	-12.73

(0.60) 

54.46

(4.53)
	79.51

(27.59)
	-10.03

(0.58)

56.76

(3.76)
	103.69-108.75

(50.50)

	B5
	C16H33
	91.68

(28.31)
	59.46

(3.22)
	91.21

(1.42)
	63.80

(4.14)
	111.64

(26.94)

	B6
	C18H37
	102.73

(32.33)
	17.58

(1.06) 

66.52

(3.30)
	-
	20.69

(1.18)

68.99

(3.32)
	113.7

(32.42)

	C1
	C8H17
	26.55

(4.93)

63.56

(0.25)
	-
	-
	-
	37.62

(4.89)

66.57

(0.24)

	C2
	C10H21
	34.09

(5.17)
	-24.78

(2.91)
	34.97

(8.96)
	-
	70.98

(17.11)

	C3
	C12H25
	10.66

32.98

(17.78)
	-
	44.96

(24.90)
	-7.40

(0.75)
	70.7-77.7

(42.22)

	C4
	C14H29
	49.45

(34.86)
	-9.13


	-
	17.09

(7.00)
	83.27-76.69

(27.98)

	C5
	C16H33
	55.98

(39.36)
	12.17
	-
	28.85

(9.56)
	87.33

(30.91)

	C6
	C18H37
	66.98

(42.41)
	22.34
	-
	38.32

(10.24)
	94.11

(32.12)
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Figure 2. Differential scanning calorimetry (DSC) of compounds B1 (a), B2 (b), B3 (c), B4 (d), B5 (e) and B6 (f).
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Figure 3. Differential scanning calorimetry (DSC) of compounds C1 (a), C2 (b), C3 (c), C4 (d), C5 (e) and C6 (f).
Three thermal behaviors have been generally observed for ILs:[62] i) ILs which display only formation of amorphous glassy solids (type I); ii) ILs showing a crystallization event during the cooling run and a corresponding melting transition during the heating run (type II); iii) ILs that exhibit a crystallization only in the heating run (a cold crystallization), which is inhibited during the cooling run (type III). This classification will be applied here also for betaine ester bromides B2-B6, although the melting point of these salts exceeds the IL temperature upper limit by 5-15 °C. Betaine ester bromides presented different thermal behaviors as the ester alkyl chain was varied. More in detail, B1 displayed a melting transition divided in two events upon heating and a single freezing transition (crystallization) during the cooling run (type II). B2-B3 showed again a type II behavior, albeit with a splitting of the freezing transition (crystallization) upon cooling. In the case of B3, the second crystallization event became very broad, while it was not present for B4. Indeed, this latter salt displayed a crystallization transition during the cooling run and a cold crystallization before melting during the heating run. The cold crystallization was only barely visible for B5 and completely disappeared for B6. Moreover, the appearance of two further slight exothermic transitions upon cooling, which were reflected by the corresponding endothermic transitions upon heating for B4-B5-B6, were registered. 

Also, l-carnitine ester bromides showed different thermal behavior as the alkyl chain length increased. In particular, C1 exhibited a main melting transition during the heating run and a freezing transition (crystallization) during the cooling run (type II). Compounds C2-C3 presented a freezing transition as crystallization upon cooling and a cold crystallization before melting upon heating (intermediate behavior between type II and type III). Moreover, C2 showed an exothermic transition after the first event of crystallization and the corresponding endothermic transition before the cold crystallization during the heating run. C4-C5-C6 did not show any cold crystallization, while a less intense exothermic transition upon cooling and an intense exothermic transition were still present (type II).

A similar polymorphic behavior has been observed when structurally-related long-chain alkanoylcholine soaps were analyzed.[63] In the study, the thermal-structural behavior of a series of different fatty acid choline ester iodides (with n =12, 14, 16 and 18) have been deeply investigated by powder X-ray diffraction (PXRD) and single-crystal diffraction (SXD) measurements. In accordance to our data, diverse phases differing in degree of order and mutual arrangement of layers were registered as a function of temperature and of alkyl chain length of the ester.
Finally, a difference of hysteresis between the melting and crystallization transitions was detected when comparing the two classes of compounds. Betaine salts showed a reduced hysteresis compared to l-carnitine ones (see Table S1).
The thermal stability of the synthesized compounds was ascertained by using thermal gravimetric analysis. Although previously accurately dried, all samples were subjected to a further drying step (isothermal run at 60 °C for 30 min) before the analysis. Subsequently, the samples were subjected to a continuous linear increase of temperature (10 °C min-1) up to 600 °C and the mass loss was recorded as a function of temperature. From the analysis of the thermogravimetric curves, three characteristic indicators of thermal stability were evaluated for each investigated betaine and l-carnitine ester bromide, Tstart, Tonset, and Tpeak. Data are summarized in Table 2.
Table 2. Tstart, Tonset, and Tpeak of the investigated bromide esters measured under a nitrogen atmosphere and at 10 °C min-1 heating rate.
	
	R
	Tstart(5%) / °C)
	Tonset / °C
	Tpeak / °C
	Tonset  / °C
Lit.

	B1
	C8H17
	163.6
	176.9

323.3
	214
343.9
	-

	B2
	C10H21
	165.7
	178.9
	207.2
270.8
349.6
	-

	B3
	C12H25
	168.2
	176.5
272.1
	201.6
296.5
	-

	B4
	C14H29
	174.6
	179.6

291.2
	192.6-203
317.2
	-

	B5
	C16H33
	178.3
	178.8

295.9
	203.5
315.3

347.4
	-

	B6
	C18H37
	181.7
	177.4

298.2
	188.9-201.2
313.3

361.8
	-

	C1
	C8H17
	219.2
	237.2
	263.1
	185[41]

	C2
	C10H21
	213.1
	230.0
	257.8
	235[41]

	C3
	C12H25
	219.1
	232.0
	240.5-259.9

	239[41]

	C4
	C14H29
	219.7
	233.7
	244.3-262.6
	241[41]

	C5
	C16H33
	216.4
	229.0
	256.3
	-

	C6
	C18H37
	224.1
	235.0
	267.5

402.3


	-


The comparison of the curves and the related derivatives obtained for betaine alkyl ester bromides (B1-B6) and l-carnitine alkyl ester bromides (C1-C6) are shown in Figure 4, respectively. The single thermogram of each compound is reported in the Supplementary Information (Figure S37-S48).

[image: image12]
Figure 4. Left side: thermal gravimetric analysis (a) and derivatives (b) of betaine alkyl ester bromides B1-B6. Right side: thermal gravimetric analysis (c) and derivatives (d) of l-carnitine alkyl ester bromides C1-C6.
All carnitine esters presented an onset degradation temperature ranging between 229.0 °C (C5) and 237.2 °C (C1) thus resulting more thermally stable than the betaine compounds, which showed values of Tonset between 176.5 °C (B3) and 179.6 °C (B4). Based on the Tonset, no correlation between the alkyl chain length of betaine ester and their degradation temperature was observed. However, by analyzing the Tstart a slight increase in the degradation temperature as a function of the alkyl chain length was observed for betaine esters while no effect was detected for carnitine esters. The two set of compounds displayed well distinct thermal stability. If the classification proposed by Cao and Mu[64] is followed, l-carnitine ester bromides can be defined as “least stable” ILs (200 °C < Tonset<250 °C), while betaine ester bromides are below the lower limit considered. Another intriguing difference between l-carnitine and betaine ester bromides lies in the shape of the thermogravimetric curves which translate in the number of degradation steps easily identifiable in the DTG (Figure 3b and Figure 3d). 

Indeed, the thermal profiles of l-carnitine ester bromides are mainly characterized by a single degradation event. The only exception was represented by C6, which displayed a second degradation step at high temperature (402.3 °C) with a weight loss of 11.2 %. Degradation temperatures registered for C2-C4 are in agreement with those reported by Häckl et al.[41]. Conversely, the authors reported a lower Tonset for C1, a result which could be ascribable to the presence of water in their sample.[65] Betaine ester bromides were instead characterized by three main degradation steps: the first process with Tpeak ranging between 188.9 °C and 214.0 °C, the second with Tpeak ranging between 270.8 °C and 317.2 °C and the third with Tpeak ranging between 347.4 °C and 361.8 °C. Finally, no obvious correlation was found between the length of the alkyl chains and the degradation processes when the latter were quantified considering the loss of mass for each step.
Usually, the nature of the anion is invoked to explain the different thermal stability of structurally-related series of ILs. In fact, it is well-known that the nucleophilicity of the anion plays a major role in triggering the degradation of an IL. In particular, strongly nucleophilic anions lower the thermal stability while poorly nucleophilic anions have a minor effect on the cation degradation.[65] For example, De Gaetano et al. presented a series of structurally-related betaine esters and showed how the alkyl chain length only slightly influenced the thermal stability while the anion type affected the thermal stability in the order Lac-<DCA-<ClO4-<BF4-.[30] In a similar study, Yang et al. reported the beneficial effect of the poorly nucleophilic anion Tf2N on the thermal stability of betaine butyl esters when compared to DCA and SCN anions.[40]
In the present work, the different thermal stability of betaine and l-carnitine ester bromides cannot be justified by the different nature of the anion. However, the hydroxyl group, which is present only in the latter series, could decrease the nucleophilicity of the bromide by forming hydrogen bonds. This would reflect in the increased thermal stability of l-carnitine ester bromides and also account for the different degradation profile of the two ester series. It is worth noting that a very similar multi-step degradation profile as in the case of betaine ester bromides was reported for analogous long-chain alkanoylcholine soaps.[63] Conversely, the ester bromides of l-carnitine display only a degradation event which is very similar to what found for long-chain alkyltrimethylammonium bromides [59]. These latter do not possess labile esters functional groups, hence higher thermal stability would be expected. This aspect makes ester bromides of l-carnitine excellent bio-based and biodegradable alternatives to long-chain alkyltrimethylammonium bromides.
3.2. Surface active analysis

The surface and micellar behavior of betaine and l-carnitine alkyl ester bromides in aqueous solutions were investigated by surface tension and conductivity measurements performed at 25 °C (Figure 5-7). It is worth mentioning that B5 and B6 were not soluble in water and hence were not included in the surface activity analysis. The relation between surface tension values and concentration of the solute in aqueous solutions, shown for l-carnitine esters (C1-C6) in Figure 5 and betaine derivatives (B1-B4) in Figure 6, exhibited the typical behavior of amphiphiles. Initially, with increasing concentration of the esters in solutions, the amphiphilic cations gather at the air/water interface in order to avoid the energetically unfavorable contact of hydrocarbon chains and water. This behavior is due to the higher free energy of dissolution of an amphiphilic molecule in the bulk phase in comparison to the free energy of adsorption at the interface. Therefore, in dilute aqueous solution, the surface tension values are close to the characteristic value for water. Only when the surface of water becomes saturated, the further addition of amphiphile results in its dissolution in water and is accompanied by a decrease in the surface tension of the solution. As a consequence, the free energy of the system increases due to the presence of the alkyl chains in water. Adsorption of the amphiphile at the interface is described by the Gibbs equation shown in the General methods section (2.4 Surface activity). The surface tension decreases (dγ⁄dlnc < 0) until the specific concentration of the amphiphile in the solution (critical micelle concentration, CMC) allows for the formation of micelles. In these systems the hydrocarbon chains are oriented toward the interior of the aggregate thus limiting unfavorable contact between the hydrophobic part of the molecule and water. This phenomenon is recognized as the characteristic discontinuity on the surface tension isotherm. The surface tension after CMC does not change significantly since micelles are not surface active. In this regard, most of the esters of l-carnitine reduced the surface tension at levels of 36–39 mN m-1. The only exception was the compound with the longest alkyl chain, namely C6, which reduced the surface tension by only 21.6 mN m-1 to the level of 50.5 mN m-1. The esters of betaine were found to be more effective in surface tension reduction since B2-B4 salts decreased this property to 27-32 mN m-1.
By applying the Gibbs adsorption isotherm, the parameters describing adsorption for the betaine and l-carnitine alkyl esters, namely max, Amin, pC20 and cmc, were calculated. In addition, the CMC values characterizing the micellization ability of these compounds wasere determined. The above-mentioned results are presented in Table 3.
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Figure 5. Surface tension vs. log concentration curves of l-carnitine esters determined at 25 °C: 
(() C6, (() C5, (() C4, (() C3, (() C2, (() C1
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Figure 6. Surface tension vs. log concentration curves of betaine esters determined at 25 °C: 
(() B4, (() B3, (() B2, (() B1
l-Carnitine and betaine alkyl ester bromides, being ionic amphiphiles, also showed a discontinuity on the conductivity-concentration curve, which corresponds to CMC (Figure 7). Higher concentration of the ionic solute in water obviously resulted in the increased conductivity due to the increasing number of ions in solutions. Nevertheless, aggregation of the amphiphilic cation provided less mobile micellar structures. Additionally, bromides as counter ions are attracted to the micelle surface by electrostatic interaction (the number of current carriers). Therefore, the conductivity of the solution changes after reaching CMC, revealed by a lower slope. This method enabled to confirm the micellization ability of C1-C6 and B1-B4 as well as the additional determination of the degree of ionization of the micelle (Table 3).
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Figure 7. Exemplary conductivity vs. concentration relations of (A) l-carnitine esters: (() C5, (() C4, (() C3; (B) betaine esters: (() B4, (() B3, (() B2; determined at 25 °C
As seen in Table 3, the CMC values of both groups of esters (C1-C6 and B1-B4) decrease with increasing alkyl chain length and thus with more hydrophobic cations. The average CMC values determined for esters of l-carnitine varied from 50.4 to 0.17 mmol L-1 for compounds containing respectively 8 and 18 carbon atoms in their ester moiety (C1 and C6, respectively). Analogous results for salts containing C8 to C14 alkyl chains was obtained by Hackl et al.[41] In comparison, esters of betaine (B1-B4) revealed relatively higher CMC values which indicate slightly weaker aggregation ability, ranging from 79.8 up to 1.31 mmol L-1 for compounds with 8 and 14 carbon atoms. The results obtained with surface tension and conductivity measurements are in good agreement and indicate that the nature of the head groups had a weaker effect compared to the impact of the alkyl groups’ length. This is likely due to the fact that the energy gain associated to the limiting interactions between the hydrophobic chains of the amphiphile and water is the main driving force of the micellization process.[44] When comparing the self-association tendency of the betaine esters described in this work with typical alkylbetaine surfactants (zwitterionic derivatives), it was found that B1 revealed slightly lower CMC than the corresponding octylbetaine, whereas B2 and B3 displayed the opposite trend.[66] This result was expected since zwitterionic surfactants generally form micelles more readily in comparison with ionic ones. In ionic surfactants more energy is required to overcome the repulsive interactions between headgroups in a micelle. Moreover, the CMC values of betaine esters bromides described in this work were lower than those of a similar series of salts characterized by chloride counteranions.[67] The larger, weaker hydrated anions (Br) bind more easily to the surface of the micelle, thereby more effectively decreasing electrostatic repulsion between head groups and facilitating aggregation.[68] The CMC values detected for l-carnitine esters were relatively lower compared to esters of betaine. The hydrophilic head in the first series of compounds was modified by adding a CH2-CH(OH)- moiety between the ester and the quaternary ammonium group. On the one hand introducing hydrophilic moiety should increase solubility in water, thereby working against micellizations. However, positioning the charge away from the  carbon of the hydrophobic chain likely had a stronger effect.[44] The CMC values obtained for both ester homologue’s series were lower than those detected for N-alkyltrimetylammonium bromides (CnTAB),[69] N-alkyltrimetylammonium chlorides (CnTAC)[70] as well as quaternary ammonium derivatives containing hydroxyl groups, such as N-alkyl-N-2-hydroxyethyl-N,N-dimethyl ammonium bromides and N-alkyl-N,N-2-dihydroxyethyl-N-methyl ammonium bromides.[71] The presence of the ester functional group in betaine and l-carnitine derivatives and additionally hydroxyl group in l-carnitine esters and their localization near the quaternary ammonium moiety waken the repulsion between the charged ammonium groups in micellar aggregates. Thereby, the micellization occurs at a relatively lower concentration 
Table 3. The adsorption and micellization parameters of l-carnitine and betaine esters 
	Abbreviation
	nC
	CMCa 
(mmol L-1)
	CMCb 
(mmol L-1)
	CMCc 
(mmol L-1)
	
	CMC 
(mN m-1)
	pC20
	m x 106 
(mol m-2)
	Am 

(nm2)
	cmc
(mN m-1)
	Gad 
(kJ mol-1)

	C1
	8
	48.59
	52.20
	-
	0.30
	37.7
	1.75
	3.06
	0.53
	34.4
	-40.9

	C2
	10
	13.12
	12.80
	13.61
	0.29
	38.3
	2.30
	3.11
	0.52
	33.5
	-46.2

	C3
	12
	2.51
	2.98
	3.29
	0.30
	36.4
	2.99
	3.10
	0.52
	35.7
	-53.7

	C4
	14
	0.76
	0.75
	0.91
	0.32
	38.7
	3.47
	3.11
	0.52
	33.4
	-57.4

	C5
	16
	0.42
	0.45
	0.39
	0.34
	39.1
	3.77
	3.15
	0.51
	33.0
	-59.0

	C6
	18
	0.16
	0.18
	-
	0.37
	50.5
	3.83
	3.85
	0.42
	21.6
	-57.1

	B1
	8
	80.38
	79.2
	-
	0.35
	38.00
	1.81
	1.90
	0.85
	34.30
	-44.8

	B2
	10
	16.94
	17.87
	18.66
	0.33
	29.51
	2.42
	3.15
	0.51
	41.95
	-46.8

	B3
	12
	4.90
	4.35
	5.12
	0.32
	27.31
	2.99
	3.30
	0.49
	44.79
	-52.41

	B4
	14
	1.36
	1.14
	1.33
	0.36
	32.20
	3.44
	3.48
	0.46
	39.90
	-54.59


a surface tension, b conductivity, c ITC

nCnumber of carbon atoms, is the degree of ionization of the micelle, γcmc, the surface tension at CMC; pC20, the IL concentration required to reduce the surface tension of by 20 mN m-1; Γmax, the maximum surface excess concentration; Am, the minimum area per molecule at the interface; ΔGad, free energy of adsorption; ΔGm, free energy of micellization.
The CMC results determined for these two homologous series of linear single-chain amphiphiles can be presented as logarithmic dependance as a function of the number of carbon atoms in the alkyl chain indicating the empirical Stauff–Klevens rule (logCMC = A−Bx shown in Figure 8). By using this relation, the CMC values for various chain lengths in the homologous series can be assessed.
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Figure 8. The relation between the CMC values and the alkyl chain length in the L-carnitine and betaine homologous series: (() l-carnitine, (() betaine esters

For these two series of amphiphiles, the value of parameter A was estimated at 3.57 and 4.24 for esters of l-carnitine and betaine, respectively. This parameter is affected by the nature and the number of the hydrophilic groups in the compound and was found to be in the typical range of salts featuring quaternary nitrogen atoms, also heterocyclic (from 3.8 to 4.7).[72–74] Functionalization with hydroxyl group, l-carnitine series, decreased the A value. An analogous trend was observed for example for imidazolium-based ILs functionalized with carboxylic acids, for which A was calculated to be even lower (2.86).[75] Parameter B, in turn, correlates with the average contribution of each additional methylene group in the hydrophobic chain to micelle formation. For esters of betaine (B1-B4) this parameter falls in the range typical of conventional ionic surfactants (0.28-0.30).[73] This roughly corresponds to each methylene group of the alkyl chain reducing the CMC value by a factor of two. The B value for esters of l-carnitine (C1-C6), corresponding to the slope of the graph presented in Figure 8, was somewhat lower (0.25). In this regard, micellization is favored by lower values of A or larger values of B.[76]
The higher hydrophobicity of the esters led also to higher adsorption efficiency (pC20). The increase of this parameter was more pronounced for esters of l-carnitine, changing from 1.75 for C1 to 3.83 for the homologue with eighteen carbon atoms in the cation (C6). In comparison, the values for the betaine derivatives ranged from 1.88 for B1 to 3.44 for B2. These data indicated that the first group of compounds more efficiently adsorbs at the air/water interface and has a higher ability to reduce surface tension. The reduction of CMC with the elongation of the alkyl chains is accompanied by an increase of the maximum surface excess concentration and a decrease of the minimum area per amphiphile molecule, thus indicating a tighter packing of the compound at the air/water interface. For esters of carnitine Γmax ranged from 3.06 to 3.85 μmol m-2, and correspondingly Amin from 0.53 to 0.42 nm2 with lengthening the alkyl chain from C8 to C18. However, the differences in these parameters for compounds containing C8/C16 alkyl chains were relatively small, whereas the behavior of the compound with C18, denoted as C6, differed substantially. This distinctive behavior of C6 may be explained considering the length of the hydrocarbon chain. The dependency between increasing alkyl side chain length and a property often no longer holds true for very long alkyl side chains. The Γmax parameters determined for esters of betaine were generally slightly higher, whereas Amin were lower. These trends likely reflect the presence of more tight and more perpendicular arrangement of the betaine cations (B1-B4) at the interface. The relative unfavorable arrangement of the l-carnitine esters at the air/water interface may be due to the presence of a hydroxyl group between the ester and the quaternary ammonium moiety, which could cause steric hindrance. The behavior of esters of betaine and l-carnitine is characterized by a larger max and correspondingly lower Amin values than classical zwitterionic alkylbetaines,[77] N-arylimidazolium bromides[47] or 1-alkyl-3-methylimidazolium hydrogen sulfates[76] indicating a denser arrangement of at the air–water interface. The higher adsorption efficiency of the esters of l-carnitine (C1-C6) in comparison with betaine derivatives was also confirmed by more negative free energy of adsorption values, ΔGas.
3.4. Thermodynamics of the micelle formation

The values of the Gibbs free energy of micelle formation, Gm, were calculated applying the mass action model[78] and assuming that monomers and micelle exist in chemical equilibrium. This parameter reflects a free energy change for the transfer of 1 mol of amphiphile from the aqueous phase to micelle. The corresponding values calculated for C2-C5 and B2-B4 are given in Table 4. The longer the alkyl chain, the more negative Gm, thus more favorable the micellization process. For compounds containing eight to fourteen carbon atoms in the alkyl chain, ΔGm became more negative by about 2.0-3.0 kJ per methylene group (Table 4). A comparison of ΔGads with ΔGm values revealed that the adsorption of both series of esters at the air-water interface is more favored than the micellization in the bulk solution. Values of Hm were experimentally determined for selected compounds through isothermal titration calorimetry, and revealed that the micellization of both groups of esters (C2-C5 and B2-B4) is an exothermic process. The results obtained for the selected esters of l-carnitine and betaine are shown in Figure 9 and 10 as examples.
Table 4. Comparison of thermodynamic parameters of micellization of l-carnitine and betaine esters in water determined at 25 °C

	Abbreviation
	CMC*, mM
	Gm, kJ mol-1
	Hm, kJ mol-1
	TSm, kJ mol-1

	C2
	13.18
	-35.15
	-1.7
	33.5

	C3
	3.29
	-41.49
	-4.4
	37.1

	C4
	0.91
	-46.36
	-5.5
	40.9

	C5
	0.42
	-48.50
	-13.5
	35.0

	B2
	17.82
	-33.28
	-1.5
	31.7

	B3
	4.79
	-38.95
	-2.6
	36.3

	B4
	1.28
	-43.39
	-3.5
	39.9


* the average value of CMC 
During these experiments, a concentrated amphiphile solution (about 10 times higher than CMC value) was titrated to water placed in the reaction cell with a specific volume (986 (L). The limited solubility of some compounds as well as the constant volume of the reaction cell pose constraints to the analytical capabilities of the apparatus. For the above reasons, the thermodynamic parameters were only collected for a selected group of esters. The raw titration data were further integrated and normalized with respect to the injected number of moles of corresponding ester. The sigmoidal-shaped enthalpograms consist of three distinct regions reflecting the phenomena occurring in the reaction cell. First, during a pre-micellar phase reflects the enthalpic effect of the titration of the concentrated amphiphile solution to water, comprising the heat of micelle dilution, the demicellization process and the dilution of monomers in water. Secondly, a sharp decrease of the heat released in the reaction cell is observed when the concentration of the amphiphile reaches the CMC. Finally, the third step reflects the thermal effect that titrating a concentrated ester solution to the micellar solution (post-micellar region) has. The enthalpograms provided values of the enthalpy of demicellization (ΔHdem) determined as the difference between the two plane parts of the S-shaped curve, namely the pre- and postmicellar regions. The CMC values were calculated as the first derivative of the integrated peaks versus the total concentration of esters (dQ/dc). The results of CMC determined by ITC are presented in Table 3 for comparison with the results provided thanks to other methods. The average CMC values, enthalpy of esters micellization as well as calculated Gibbs energy and entropy changes were presented in Table 4. Elongation of the alkyl chain caused a small decrease of the Hm in the range from -1.7 to -13.5 kJ mol-1 for C2 and C5, respectively. The changes of enthalpy detected for esters of betaine were relatively less negative (from -1.5 to -3.5 kJ mol-1 for B2 and B4, respectively). More negative values of ∆Hmic are related to the stronger hydrophobic interactions between the alkyl chains with the increase of the length of the alkane chains. Comparison of the ΔHm determined for betaine esters bromide (this study) and homologues with chloride anion[67] revealed that the presence of bromide anion resulted in a more exothermic micellization. With longer alkyl chain the enthalpy change is more negative, whereas the entropy change becomes more positive. The values of enthalpy of micellization detected for both betaine and l-carnitine esters were more negative than those reported for classical quaternary ammonium compounds such as CnTAB,[69] also more negative or similar to ammonium salts modified by addition of one or two hydroxyl groups, namely N-alkyl-N-2-hydroxyethyl-N,N-dimethyl ammonium bromides and N-alkyl-N,N-2-dihydroxyethyl-N-methyl ammonium bromides.[71]
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Figure 9. Enthalpograms of titration of C2 (130.35 mM) and C4 (10.86 mM) aqueous solutions titration into water, first derivative (dQ/dc) indicate the CMC value
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Figure 10. Enthalpograms of titration of B2 (148.88 mM) and B4 (51.5858 mM) aqueous solutions titration into water, first derivative (dQ/dc) indicate the CMC value

The results showed above indicate that the negative values of Gm are due to a large positive contribution of Sm. Despite a negative enthalpy change of micellization, its contribution is much lower than the value of TSm. Therefore, the entropy gain mainly governs the micellization process of both series of esters. The observed increase of the entropy due to micellization may be explained by change of the water structure surrounding the hydrophobic chain, when they are removed from water to the interior of the micelle, as well as increased freedom of the hydrophobic group in the micelle in comparison to the aqueous medium.[43] 
4. Conclusions
Twelve betaine and l-carnitine bromides, derivatized as C8 to C18 alkyl esters, have been prepared and characterized. The effects of the structural alteration of the starting natural zwitterions on their thermal properties and on their surface activity have been analyzed. Differential scanning calorimetry showed that the members of the l-carnitine series were ILs, while betaine ester bromides melted above 100 °C. Furthermore, more complicated thermal behaviors were found for the betaine-based salts. The same picture also emerged from the thermogravimetric analysis, with the betaine ester bromides displaying several degradation events versus almost a single one in the case of the l-carnitine ester bromides. More importantly, all the members of this latter series were consistently and substantially more thermally stable when compared to their betaine analogues.
The self-aggregation behavior of l-carnitine and betaine ester bromides in aqueous solution was investigated by surface tension studies, conductivity measurements and isothermal titration calorimetry. The CMC values measured for l-carnitine ester bromides were relatively lower compared to the esters of betaine. This suggests that the longer and more polar backbone facilitates micelle formation, likely by moving the charge away from the -carbon of the hydrophobic chain. The l-carnitine ester homologues were also found to more efficiently adsorb at the air/water interface and reduce surface tension. Thermodynamic considerations confirmed the above-mentioned results: both the Gibbs free energy and the enthalpy change of micelle formation for the l-carnitine esters were more negative, indicating a more spontaneous and more exothermic process. For both groups of esters, the entropy gain is the driving force of the micellization process.
Given these results, it can be speculated that the novel l-carnitine-based chemical species proposed can be used as bio-based ILs for the development of new phase change material or in electronic applications. Moreover, giving the high melting point of the majority of the compounds here described, these l-carnitine and betaine derivatives can function as bio-based HBA components for DESs, featuring the same trimethylammonium cation currently exploited in cholinium DESs but with tunable hydrophobic tails. Studies on this aspect are currently underway in our laboratory and will be presented in due course.
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