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INTRODUCTION

1-alkyl glyceryl ethers CxH2x+1-O-CH2-CH(OH)-CH2-OH, abbreviated [x.0.0] where x is the carbon number of the alkyl chain, have found applications in medical, cosmetic or industrial fields thanks to their amphiphilic properties. [START_REF] Sutter | Glycerol Ether Synthesis: A Bench Test for Green Chemistry Concepts and Technologies[END_REF] Two of them are commercially available on an industrial scale, namely the 1-(2-ethyl)hexyl glyceryl ether (Sensiva SC50 produced by Schülke and Mayr) and the isostearyl glyceryl ether (Penetol GE-IS from Kao Corporation). On the other hand, little attention has been paid to derivatives with shorter alkyl chain which belong to the class of hydrotropes. [START_REF] Bauduin | Unified Concept of Solubilization in Water by Hydrotropes and Cosolvents[END_REF] The alkyl glyceryl ether with x = 1 to 5 are fully miscible with water and can advantageously replace ethylene glycol ether solvents, the first terms of which are reprotoxic. [START_REF] Moity | Hydrotropic Properties of Alkyl and Aryl Glycerol Monoethers[END_REF] Interestingly, the methylation of one of the two remaining hydroxy groups significantly increases their volatility. For example, the boiling points of [4.0.0] (1-butyl glyceryl ether) compared to [4.0.1] (1-butyl-3-methyl glyceryl ether) are 254 °C and 212 °C respectively. [START_REF] Lebeuf | Solvo-Surfactant Properties of Dialkyl Glycerol Ethers: Application as Eco-Friendly Extractants of Plant Material through a Novel Hydrotropic Cloud Point Extraction (HCPE) Process[END_REF] However, the latter compound, although completely miscible with water at room temperature, has a cloud point at 39 °C similar to the cloud point observed with some polyethoxylated alcohols Ci(EO)j. Such compounds, which combine typical properties of surfactants (self-association) and solvents (volatility) are called solvo-surfactants. [START_REF] Bauduin | Unified Concept of Solubilization in Water by Hydrotropes and Cosolvents[END_REF] A wide range of short chains dialkyl glycerol ethers have been studied by Garcia and al. as bio-based solvents. [START_REF] Garcia | Green solvents from glycerol. Synthesis and physico-chemical properties of alkyl glycerol ethers[END_REF][START_REF] García | Ecotoxicity studies of glycerol ethers in Vibrio fischeri: checking the environmental impact of glycerol-derived solvents[END_REF] Furthermore, our group took advantage of the solvo-surfactant and cloud point properties of 1-butyl-3-methyl glyceryl ether [4.0.1] to design a novel extraction process called "Hydrotropic Cloud Point Extraction" (HCPE). [START_REF] Lebeuf | Solvo-Surfactant Properties of Dialkyl Glycerol Ethers: Application as Eco-Friendly Extractants of Plant Material through a Novel Hydrotropic Cloud Point Extraction (HCPE) Process[END_REF] According to this method, the lipophilic compounds of a plant are extracted at room temperature with an aqueous solution of [4.0.1], then the solution is heated above the cloud point (39 °C) to separate the phase containing most of the solvo-surfactant and of the lipophilic solutes. The latter is evaporated in vacuo to recover the desired active ingredient. Nevertheless, the cloud point can be problematic in the presence of electrolytes or for longer alkyl chains because it decreases below 0 °C and the aqueous solution forms two phases at room temperature. In order to obtain salt-tolerant surfactants with longer alkyl chains, we therefore increase the hydrophilicity of the head by grafting an anionic group on the last available alcohol of the alkyl methyl glyceryl ether [x.0.1]. Alkyl glyceryl ethers have already been derived into other surfactants with many polar head like sulfonates, [START_REF] Ono | Synthesis and properties of bis(sodium sulfonated ester) types of cleavable surfactants derived from 1-O-alkylglycerols[END_REF] sulfates, [START_REF] Fan | Process for producing a sulfate salt of alkyl glyceryl ether[END_REF] amino-acids, [START_REF] Varka | Synthesis, characterization, and surface properties of phenylalanine-glycerol ether surfactants[END_REF] phosphates, [START_REF] Peter | Preparation of polyglycerol phosphates for dentifrices for treatment of caries[END_REF] choline (phospholipid glyceryl ethers), [START_REF] Van Boeckel | Synthesis of 2-O-acetyl-3-O-hexadecyl-sn-1-glycerylphosphorylcholine, the enantiomer of plateletactivating factor (PAF)[END_REF][START_REF] Hirth | Synthesis of glyceryletherphosphatides. Part 2. Preparation of 2-O-acetyl-1-O-[(Z)-9-octadecenyl]-snglyceryl-3-phosphorylcholine ('Oleyl-PAF'), of its enantiomer and some analogous, unsaturated compounds[END_REF] carbohydrates, [START_REF] Prinz | Stereoselective synthesis of long-chain 1-O-(β-D-maltosyl)-3-O-alkyl-sn-glycerols (alkyl glyceryl ether lysoglycolipids)[END_REF] or polyglycerol. [START_REF] Zhu | Preparation and properties of glycerol-based double-or triple-chain surfactants with two hydrophilic ionic groups[END_REF] Amazingly, only few works depicts the grafting of a carboxylic acid function through the reaction of sodium chloroacetate on glyceryl ethers, providing a novel class of nonionic-anionic surfactants, namely the alkyl glyceryl ether carboxylate. [START_REF] Sekine | Ether carboxylates, their preparation, and their use as surfactants[END_REF][START_REF] Montgomery | Corrosion inhibitors for ferrous metals[END_REF] However, their amphiphilic properties have never been described.

In this work, we synthesize a series of nonionic-anionic surfactants, including a methylated or non-methylated glyceryl spacer and a carboxylic function. Since ordinary sodium soaps are especially prone to precipitate in the presence of divalent cations found in hard water, we investigate the salt-tolerance of these new amphiphiles toward Na + and Ca 2+ . The compounds with the most salt-tolerant polar head are further studied for their amphiphilic properties and solubilizing capacities by varying the alkyl chain length from butyl to dodecyl. Finally, we demonstrate that the methylation of the glyceryl spacer is crucial for enhancing dramatically the salt-tolerance, and this effect is rationalized at the molecular level by 1 H NMR experiments, DFT calculations and molecular dynamics.

MATERIALS AND METHODS

Synthesis of alkyl glyceryl ether carboxylates:

1 H NMR and 13 C NMR spectra are available in supplementary information. The synthesis of all pentyl derivatives are described hereafter according to scheme 1 and scheme 2, and same procedure was used for longer tails.

1-methoxy-3-(pentyloxy)propan-2-ol ([5.0.1]): Sodium methoxide solution in methanol (Acros, 30 wt.%, 18 mL, 0.1 mol) was added in anhydrous methanol (400 mL), then pentyl glycidyl ether [START_REF] Miyajima | Process for producing glyceryl ether[END_REF] (72 g, 0.5 mol) diluted in methanol (100 mL) was added dropwise over 1 hour. The solution was then heated under reflux for 16 hours. After cooling, most of the solvent was evaporated and the residue was diluted with water (500 mL). The product was extracted with diethylether (3 x 150 mL), dried over sodium sulfate. After filtration and evaporation of the solvent, the product was distilled under vacuum (77-80 °C / 0.25 mbar) and obtained as colorless liquid (76 g, 0.43 mol, 86%). 1 H NMR (300 MHz, CDCl3): 4.00-3.91 (m, 1H), 3.51-3.40 (m, 6H), 3.39 (s, 3H), 2.61 (d, J = 4.1 Hz, 1H, OH), 1.58 (quinta, J = 7.0 Hz, 2H), 1.38-1.26 (m, 4H), 0.90 (t, J = 7.0 Hz, 3H). 13 C NMR (75 MHz, CDCl3): 73.98 (t), 71.88 (t), 71.78 (t), 69.49 (d), [START_REF] Bush | Ether carboxylate detergent builders and process for their preparation[END_REF].31 (q), 29.38 (t), 28.35 (t), 22.62 (t), 14.14 (q).

2-(1-methoxy-3-(pentyloxy)propan-2-yloxy)acetic acid ([5.0.1]-CH2CO2H):

In a flask equipped with a big stirrer and caped with a bubbler were introduced 1-pentyl-3methyl glyceryl ether (8.80 g, 50 mmol, 1 eq.), tetra-butyl ammonium hydrogen sulfate (0.34 g, 1 mmol, 2 mol.%) and potassium hydroxide (85%, 3.30 g, 50 mmol, 1 eq.). After purging with argon and heating to 105 °C, sodium chloroacetate (5.8 g, 50 mmol, 1 eq.) powdered with a mortar was added portionwise. After 2 hours, same amount of potassium hydroxide and sodium chloroacetate was added again and the media was stirred for 16 hours more. The cooled mixture was poured into 1M HCl. The product was extracted with diethylether, washed with brine, dried over sodium sulfate. The solvents were filtered and evaporated. The product was purified by distillation under vacuum (124-128 °C / 0.042 mbar). The product was obtained as colorless oil (6.39 g, 27.3 mmol, 55%). 1 H NMR (300 MHz, CDCl3): 4.27 (AB system, JAB = 41.5 Hz, 2H), 3.69 (m, 1H), 3.53-3.45 (m, 6H), 3.42 (s, 3H), 1.62 (quinta, J = 7.1 Hz, 2H), 1.39-1.26 (m, 2H), 0.90 (t, J = 7.1 Hz, 3H), very flat signal at 11 ppm for CO2H. 13 C NMR (75 MHz, CDCl3): 172.21 (s), 80.60 (d), 72.52 (t), 72.25 (t), 70.62 (t), 69.13 (t), [START_REF] Bush | Ether carboxylate detergent builders and process for their preparation[END_REF].52 (q), 29.14 (t), 28.23 (t), 22.56 (t), 14.11 (q).

3-(1-methoxy-3-(pentyloxy)propan-2-yloxy

)propanoic acid ([5.0.1]-CH2CH2CO2H): [START_REF] Guo | Oxa-Michael addition promoted by the aqueous sodium carbonate[END_REF] In a flask was introduced under argon 1-pentyl-3-methyl glyceryl ether (4.0 g, 22.7 mmol), methyl acrylate (1.97 g, 22.8 mmol) and potassium tert-butoxide (0.13 g, 1.2 mmol). After stirring overnight at room temperature, the pH was adjusted to 11 by adding sodium hydroxide in water to hydrolyse the product for 2 hours. The water phase was extracted with ethyl acetate, acidified to pH 1 with 1 M hydrochloric acid solution, and the product was extracted with ethyl acetate. After solvent evaporation, the product was purified through silica gel chromatography (petroleum ether/ethyl acetate 70/30) to give the product as white sticky solid (1.2 g, 5 mmol, 22%). 1 H NMR (300 MHz, CDCl3): 3.91 (t, J = 6.0 Hz, 2H), 3.68 (m, 1H), 3.50-3.40 (m, 6H), 3.38 (s, 3H), 2.64 (t, J = 6.0 Hz, 2H), 1.58 (quinta, J = 7.0 Hz, 2H), 1.36-1.25 (m, 4H), 0.90 (t, J = 7.0 Hz, 3H). 13 1-pentyl-3-methyl glyceryl ether (15 g, 85 mmol) was mixed with succinic anhydride (7.1 g, 71 mmol) and heated at 80 °C for 5 days. After cooling and addition of ethyl acetate (200 mL), the product was extracted with 0.8 M NaHCO3 (3 x 70 mL). The aqueous solution was acidified with 1M HCl solution (200 mL), then extracted with ethyl acetate (3 x 100 mL). The combined organic fractions were washed with brine, dried over sodium sulfate and filtered. The solvent was evaporated and the product was purified through silica gel chromatography (PE/EtOAc/formic acid 80:20:0.5) and obtained as colorless oil (9.9 g, 36 mmol, 50%). 1 H NMR (300 MHz, CDCl3): 5.15 (quinta, J = 5.1 Hz, 1H), 3.57-3.54 (m, 4H), 3.48-3.40 (m, 2H), 3.36 (s, 3H), 2.68 (sa, 4H), 1.55 (quinta, J = 6.9 Hz, 2H), 1.36-1.25 (m, 4H), 0.89 (t, J = 6.9 Hz, 3H), very flat signal at 7.0 ppm for CO2H. 13 

1-(benzyloxy)-3-(pentyloxy)propan-2-ol ([5.H.0]-CH2Ph):

Sodium metal (1.05 g, 46 mmol) was dissolved in benzylic alcohol (102 mL) under argon, then pentyl glycidyl ether (28.8 g, 200 mmol) was added, and the solution was heated at 100 °C for 5 hours. After cooling, water was added (200 mL). The organic phase was collected, washed with brine (40 mL), dried over sodium sulfate, and filtered. The product was purified by distillation under vacuum and was obtained as colorless oil (40.7 g, 161 mmol, 81%). 1 H NMR (300 MHz, CDCl3): 7.38-7.28 (m, 5H), 4.56 (s, 2H), 3.98 (m, 1H), 3.58-3.42 (m, 6H), 2.55 (bs, 1H, OH), 1.57 (quinta, J = 7.0 Hz, 2H), 1.38-1.24 (m, 4H), 0.90 (t, J = 7.0 Hz, 3H). 13 

2-(3-hydroxy-2-(pentyloxymethyl)propoxy)acetic acid ([5.0.H]-CH2CO2Na):

In a three-necked flask under argon was introduced anhydrous DMF (110 mL), NaH (60% in mineral oil, 2.86 g, 71 mmol). The flask was cooled with an ice bath, then 1-(benzyloxy)-3-(pentyloxy)propan-2-ol (10.4 g, 41 mmol) was added dropwise. After stirring for 2 hours at room temperature, the media was cooled again at 0 °C before addition of ethyl chloroacetate (9.0 g, 74 mmol). After stirring overnight at room temperature, ethyl acetate (150 mL) and water (1L) were added. The organic fraction was collected and the aqueous phase extracted with ethyl acetate (2 x 150 mL). The combined organic fractions were washed with brine, dried over sodium sulfate, filtered, and solvents were evaporated. On the residue was added NaOH (6 g) in ethanol (100 mL), and the solution was heated at 50 °C for 2 hours. After evaporation of the most part of ethanol, water (300 mL) and ethyl acetate (100 mL) were added. The water phase was washed with ethyl acetate (100 mL), then acidified with 12 M HCl (25 mL) and diluted with brine (25 mL). The product was extracted with ethyl acetate (100 mL) and directly submitted to hydrogenation after evaporation of the solvent. That for, ethanol (75 mL) and Pd/C (Aldrich, 10 wt.%, 1.0 g) were added and the flask was purged with hydrogen at balloon pressure. After stirring for 48 hours at room temperature, the solution was filtered over celite. Solvents were evaporated and the product was purified through silica gel chromatography (petroleum ether/ethyl acetate 70/30) to give the lactonized product (1.4 g, 5.8 mmol). After stirring for 2 hours in ethanol (10 mL) in presence of NaOH (0.23 g, 5.8 mmol) and evaporation of the solvents, the product was obtained as sticky paste (1.48 g, 5.8 mmol, 15%). 1 H NMR (300 MHz, D2O): 3.98 (AB system, JAB = 53.0 Hz, 2H), 3.66-3.43 (m, 7H), 1.50 (quinta, J = 6.9 Hz, 2H), 1.30-1.17 (m, 4H), 0.80 (t, J = 6.9 Hz, 3H). 13 

Surface tension, PIT-slope and disperse red 13 solubilization measurements:

Surface tension measurements: A K100MK2 Krüss tensiometer using a platinum rod probe was used for the measurements and the temperature was controlled at 20.0 °C with a thermoregulation bath Julaba F12. The samples of approximately 2.5 mL were produced by diluting a stock solution of the hydrotrope with water (resistivity 18.2 MΩ.cm). The surface tension was stable when the standard deviation of the final five measurements was lower than 0.1 mN.m -1 . After each measurement the platinum rod and the vessel were cleaned by flame. The surface tension of each sample was repeated once and the average value of both was reported.

PIT-slope measurements: the reported procedure in the literature was strictly followed. [START_REF] Ontiveros | A simple method to assess the hydrophilic lipophilic balance of food and cosmetic surfactants using the phase inversion temperature of C10E4/n-octane/water emulsions[END_REF][START_REF] Ontiveros | Structureinterfacial properties relationship and quantification of the amphiphilicity of well-defined ionic and non-ionic surfactants using the PIT-slope method[END_REF] Solubilization of disperse red 13: In 2 mL vials were weighted 25, 50, 75, 100, 125, 150, 175 and 200 mg of each hydrotropes, which were diluted respectively by 475, 450, 425, 400, 375, 350, 325 and 300 µL of pure water. To each vial was added 25 mg of disperse red 13 dye and the vials were shacked for 24h at room temperature using a Elmi Intelli rotisserie mixer RM-2, by rotations of 180° at 60 rpm. After decantation, the supernatants were filtered through 0.2 µm cellulose filters, ensuring that the filtrates were limpid. Amount of solubilized dye were determined by UV-spectroscopy by dilution of the filtrates in ethanol to get an absorbance between 0.2 to 1 (typically 50 µL of the filtrate with 20 mL of ethanol in cases of concentrated hydrotropic solutions) and comparison to a standard line also done in ethanol.

2.3

Computational details.

All quantum chemistry calculations have been performed with the Gaussian16 [M.J. Frisch et al. Gaussian16, Gaussian Inc. Wallingford CT] software at the PCM/B3LYP/6-31G** level of theory. [START_REF] Tomasi | Quantum Mechanical Continuum Solvation Models[END_REF][START_REF] Lee | Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density[END_REF] Optimized structures have been validated starting from three different initial configurations. Classical molecular dynamics simulations (NPT) have been performed with the GROMACS software [START_REF] Hess | GROMACS 4: Algorithms for Highly Efficient, Load-Balanced, and Scalable Molecular Simulation[END_REF] and the force fields OPLS all atom [START_REF] Jorgensen | The OPLS [optimized potentials for liquid simulations] potential functions for proteins, energy minimizations for crystals of cyclic peptides and crambin[END_REF] and TIP3P [START_REF] Jorgensen | Comparison of simple potential functions for simulating liquid water[END_REF]. Simulation boxes contain 80 CaCl2 units, 160 [4.0.1]-CH2CO2Na units and 8608 water molecules. A timestep of 2fs is used in all simulations (fixed bond lengths). Equilibrated simulations boxes at ambient conditions have been obtained via a simulated annealing procedure. The analysis is done on 40ns after 100ns of equilibration. More technical details can be found in the simulation input and topology files provided in the Supporting Information section.

RESULTS AND DISCUSSION

Synthesis and salt-tolerance of the alkyl glyceryl ether carboxylates

Regioisomerically pure dialkyl glycerols were obtained through the opening of the corresponding epoxide by an alcoholate (Scheme 1). [START_REF] Lebeuf | Solvo-Surfactant Properties of Dialkyl Glycerol Ethers: Application as Eco-Friendly Extractants of Plant Material through a Novel Hydrotropic Cloud Point Extraction (HCPE) Process[END_REF] When methylate reacts with pentyl glycidyl ether, 1-pentyl-3-methyl glyceryl ether is obtained, abbreviated as [5.0.1]. The pentyl chain was chosen because the corresponding alkyl glyceryl ether [5.0.1] is just under the limit of miscibility with water, while the shorter 1-butyl-3-methyl glyceryl ether [4.0.1] is fully watersoluble at room temperature. Different polar heads including 3 types of spacers with 1, 2 or 3 carbons between the carboxylic function and the oxygen atom of the methyl glyceryl moiety were studied (Scheme 1). By analogy to the alkylation of alkyl polyethylene oxides used to produce alkyl ether carboxylates surfactants at the industrial scale such as the AKYPO series, we first applied the Williamson etherification with sodium chloroacetate to provide [5.0.1]-CH2CO2Na. Two other bio-based carboxylate sources were then used, i.e. ethyl acrylate and succinic anhydride, which extend the spacer between the glyceryl and carboxylate function. A base-catalyzed oxo-Michael addition with acrylate [START_REF] Guo | Oxa-Michael addition promoted by the aqueous sodium carbonate[END_REF] provides [5.0.1]-CH2CH2CO2Na whereas the condensation of succinic anhydride leads to the corresponding ester [5.0.1]-succinateNa after neutralization (Scheme 1).

Scheme 1. Synthesis of three types of glyceryl-carboxylates amphiphiles with various spacers between the carboxylic function and the oxygen atom of the methyl glyceryl moiety

In an attempt to further increase the hydrophilicity of the polar head, the non-methylated regioisomer [5.0.H]-CH2CO2Na is also synthesized using a protection/deprotection step with a benzyl group (scheme 2). All compounds obtained as single isomers are purified under the acidic form, either by distillation or chromatography, and neutralized before study. The four synthesized sodium salts of pentyl glyceryl carboxylates are very soluble in water (> 1M). Their salt-tolerance towards NaCl and CaCl2 are assessed while maintaining their concentration at a constant value of 20% by weight. The salt concentrations which induce the formation of a precipitate or a second liquid phase at room temperature are reported in Table 1. They are also compared to sodium heptanoate to estimate the influence of the glyceryl part located between the carboxylate function and the alkyl chain (Table 1). 

Anionic hydrotropes

NaCl (wt.%)

CaCl2 (wt.%) n-C5H11-CH2CO2Na >20 ≤ 0.05 (precipitate) [5.0.H]-CH2CO2Na >20 ≤ 0.4 (precipitate) [5.0.1]-CH2CO2Na >20 > 20 (soluble) [5.0.1]-CH2CH2CO2Na >20 ≤ 14 (dephasing) [5.0.1]-succinateNa >20 ≤ 2.5 (dephasing)
All compounds, including sodium heptanoate, are soluble in brine but they behave dramatically differently in the presence of calcium chloride. The compound [5.0.H]-CH2CO2Na, which possesses an additional non-methylated glyceryl moiety compared to sodium heptanoate, exhibits a slight better salt-tolerance since it precipitates in the presence of as little as 0.4 wt.% of CaCl2. In contrast and despite a less hydrophilic head compared to [5.0.H]-CH2CO2Na, the methyl glyceryl linker dramatically enhances the salt-tolerance toward this divalent cation since [5.0.1]-CH2CO2Na remains soluble up to 20 wt.% of CaCl2. Addition of one more methylene unit between the carboxylate and the methyl glyceryl part (compound [5.0.1]-CH2CH2CO2Na) lowers this salt-tolerance, although this compound remains soluble up to 14 wt.% of calcium chloride. Under these conditions, a clouding is observed with this compound, whereas sodium heptanoate and [5.0.H]-CH2CO2Na gives a precipitate. Lastly, with an additional carbonyl group, the salt-tolerance of [5.0.1]-succinateNa falls down to 2.5 wt.% of CaCl2, which is nevertheless much better than sodium heptanoate. In order to further discriminate These results clearly show that the highest salt-tolerance is obtained with a methyl glyceryl ether spacer next to a methylene-carboxylic group. Before rationalizing this behavior, we investigated the amphiphilic properties and salt-tolerance of a series of alkyl methylglyceryl ether carboxylates [x.0.1]-CH2COONa with longer tails.

Self-aggregation and hydrophilicity of dialkyl glyceryl ether methylene carboxylates

Following the same synthetic approach (Scheme 1), a series of [x.0.1]-CH2CO2Na were synthesized with x = 4, 5, 6, 7, 8, 10 and 12. All these compounds are soluble in water at concentrations up to 20 wt.% from 0 to 90 °C thanks to the carboxylate functions. More interestingly, the corresponding n-alkyl carboxylates with the same carbon number are much less soluble, a Krafft point appears at 3 °C for sodium decanoate and increases with the carbon number. [START_REF] Mcbain | The solubility of sodium and potassium soaps and the phase diagrams of aqueous potassium soaps[END_REF][START_REF] Blanco | A comparative study of the physicochemical properties of perfluorinated and hydrogenated amphiphiles[END_REF] The effect of the methylglyceryl spacer on lowering the Krafft point and increasing the salt-tolerance is related to the behavior of ethoxylated/ionic surfactants, which are also more water-soluble and salt-tolerant than the corresponding ionic surfactants free of ethoxy groups. A well-known example concerns sodium dodecyl sulfate (SDS) compared to sodium lauryl ether sulfate (SLES) for which their Krafft points are respectively of 16 °C and < 0 °C, [START_REF] Rosen | Surfactants and Interfacial Phenomena[END_REF] and that of their calcium salts of 50 °C and < 0 °C. [START_REF] Hato | Krafft points of calcium and sodium dodecylpoly(oxyethylene) sulfates and their mixtures[END_REF] Regarding carboxylated alkyl polyethoxylates, also called alkyl ether carboxylate (AKYPO), they were originally studied by Hato et al. [START_REF] Hato | Physico-chemical properties of aqueous solutions of Cn-1H2n-1OCH2COONa[END_REF] and Ogino et al. [START_REF] Ogino | Physicochemical properties of solutions of poly(oxyethylene) alkyl ether carboxylates[END_REF]. They are mainly used in personal applications thanks to their excellent mildness to the skin. [START_REF] Takagi | An effective novel facial cleanser for mild acne: cleanser formulated with sodium laureth sulfate and alkyl ether carboxylates[END_REF][START_REF] Subirats | Alkyl Ether Carboxylates -multifunctional and outstanding performance for personal care applications[END_REF] Whereas the Krafft point of sodium tetradecanoate is 45 °C, the insertion of a single ethoxy spacer lowers it below 0 °C. [START_REF] Hato | Physico-chemical properties of aqueous solutions of Cn-1H2n-1OCH2COONa[END_REF] Their salt-tolerance is also greatly enhanced, offering application for ion transportation, [START_REF] Inokuma | Active Transport of Alkali and Alkaline Earth Metal Cations by Oligo (oxyethylene) Alkyl Ethers Bearing a Carboxyl Group[END_REF] separation, [START_REF] Strzelbicki | Extraction of zinc(II), cadmium(II), and mercury(II) by dodecyloligo(oxyethylene) carboxylic acids[END_REF] or metal extraction by foam flotation. [START_REF] Micheau | Evaluation of ion separation coefficients by foam flotation using a carboxylate surfactant[END_REF] Noteworthy, they provide very low interfacial tension between water and crude oils that makes them well suited for enhanced oil recovery. [START_REF] Liu | Effect of electrolytes on interfacial tensions of alkyl ether carboxylate solutions[END_REF][START_REF] Li | Synergism and Performance for Systems Containing Binary Mixtures of Anionic/Cationic Surfactants for Enhanced Oil Recovery[END_REF][START_REF] Zhang | Adsorption behavior of branched polyoxyethylene ether carboxylate surfactants[END_REF][START_REF] Bittner | Enhanced petroleum recovery using dual anionic-nonionic surfactants containing carboxylated polyoxyalkylenes[END_REF] 

Amphiphilic properties of [x.0.1]-CH2CO2Na in aqueous systems

The aggregation properties for six [x.0.1]-CH2CO2Na from x = 4 to 12 were studied by tensiometry as shown in Figure 1. The surface tension curves exhibit the typical profile for amphiphilic molecules: a steep decrease followed by a more or less stable surface tension value indicating that the critical aggregation concentration is reached. However, some of these curves do not show the characteristic plateau but present instead a marked minimum followed by a rise to the expected plateau. This behavior may be ascribed to the presence of a small proportion of the protonated form of the carboxylic amphiphile which acts as a non-ionic co-surfactant beside the majority anionic form. A similar evolution of the surface tension is observed with sodium dodecyl sulfate when tiny amount of 1-dodecanol is present as impurity. [START_REF] Addison | The properties of freshly formed surfaces. IX. Expansion of soluble films of sodium dodecyl sulfate at air-water and toluene-water interfaces[END_REF][START_REF] Elworthy | The surface tension of sodium dodecylsulfate solutions and the phase separation model of micelle formation[END_REF][START_REF] Lu | Adsorption of dodecyl sulfate surfactants with monovalent metal counterions at the air-water interface studied by neutron reflection and surface tension[END_REF] Indeed, the same anomalous surface tension profile, has also been observed by Ogino with the sodium salts of the alkyl polyethoxy methylene carboxylates [START_REF] Ogino | Physicochemical properties of solutions of poly(oxyethylene) alkyl ether carboxylates[END_REF] and by Campbell et al. with sodium alkanoates. [START_REF] Campbell | Conductances and surface tensions of aqueous solutions of sodium decanoate, sodium laurate, and sodium myristate, at 25° and 35°[END_REF] Presumably, the formation of micelles impacts the equilibrium between the protonated and deprotonated forms at the pH value close to the pKa. In some cases the presence of impurity induces this kind of profiles and a lower value of both the CMC and the surface tension compared to the purified ionic compound. [31,44][42]. In these cases (from x = 6 to 12), the CMC was estimated as the concentration at the minimum surface tension value as suggested in literature [START_REF] Ogino | Physicochemical properties of solutions of poly(oxyethylene) alkyl ether carboxylates[END_REF][START_REF] Campbell | Conductances and surface tensions of aqueous solutions of sodium decanoate, sodium laurate, and sodium myristate, at 25° and 35°[END_REF], even if the presence of impurity induces a lower value of both the CMC and the surface tension compared to the purified ionic compound. [START_REF] Elworthy | The surface tension of sodium dodecylsulfate solutions and the phase separation model of micelle formation[END_REF] A more recent study by Sakai et al. suggests a vesicle-to-micelle transition before the CMC of these alkyl polyethoxy methylene carboxylates, due to a pseudo-binary system between their deprotonated and protonated forms. [START_REF] Sakai | Thermodynamically Stable Vesicle Formation and Vesicle-to-Micelle Transition of Single-Tailed Anionic Surfactant in Water[END_REF] As suggested by Sakai et al., the CMC should be estimated as the concentration after the minimum, in which the surface tension value remains constant, but in order to compare the results with the reported data, the CMC values were determined at the minimum.

The CMC (or CAC for the hydrotropes) values for the [x.0.1]-CH2CO2Na compounds with x = 4-12 evolves from 1 mM to 1 M, respectively (Table 2). The CMCs values for the long chain molecules are in the millimolar range of anionic surfactants, comparable to sodium laurate (24.4 mM) [START_REF] Campbell | Conductances and surface tensions of aqueous solutions of sodium decanoate, sodium laurate, and sodium myristate, at 25° and 35°[END_REF] or sodium dodecyl sulfate (8 mM). [START_REF] Rosen | Surfactants and Interfacial Phenomena[END_REF] For shorter compounds (x ≤ 6) the CMC is too high to consider them as surfactants and the term "critical aggregation concentrations" (CAC) is preferred because these amphiphiles do not form true micelles but rather small aggregates. As expected, increasing the alkyl chain length diminishes the values of the CMC/CAC. Figure 2 shows the logarithm of the CMC/CAC as a function of the alkyl chain length for these compounds and for alkyl poly(oxyethylene) ether sodium methylene carboxylates reported by Ogino et al. [START_REF] Ogino | Physicochemical properties of solutions of poly(oxyethylene) alkyl ether carboxylates[END_REF] Noteworthy, the Kleven's linear relationship [START_REF] Klevens | Critical micelle concentrations as determined by refraction[END_REF] between the logarithm of the CMC and the alkyl chain length of the amphiphilic can be applied to all the [x.0.1]-CH2CO2Na, even for the shorter hydrotropes. ) according to the carbon number of their alkyl chain (in black), compared to the sodium salts of alkyl polyethoxy methylene carboxylates with different ethoxy numbers "j" (data from ref [START_REF] Ogino | Physicochemical properties of solutions of poly(oxyethylene) alkyl ether carboxylates[END_REF]).

In order to understand the effect of the methylglyceryl ether as non-ionic spacer it is interesting compare the CMC values of [x.0.1]-CH2CO2Na with the corresponding alkyl carboxylates Cx+1H2x+3CO2Na. Thus, the sodium dodecanoate (23 mM) and the sodium decanoate (96 mM) [START_REF] Campbell | Conductances and surface tensions of aqueous solutions of sodium decanoate, sodium laurate, and sodium myristate, at 25° and 35°[END_REF] CH2CO2Na and [8.0.1]-CH2CO2Na, respectively. Indeed, the methyl glycerol ether spacer has the same effect than ethoxy groups inserted between the alkyl chain and the ionic group, i.e. they decrease the electrostatic repulsion of ionic heads, diminishing the CMC. Based on the molecular formula, a methylglyceryl spacer is equivalent (isomer) to two ethylene oxides, however, the CMCs are nearly two folds lower and correspond rather to the products with four ethylene oxide, as can be seen in Figure 2.

Regarding the minimum surface tensions, they vary only slightly with the alkyl chain length (γmin = 31-33 mN.m -1 from butyl to decyl chain), except for [12.0.1]-CH2CO2Na which exhibits a deeper minimum value of 28 mM.m -1 (Figure 1). This value is, however, quite close to the value reported for C12EO4-CH2CO2Na (30.5 mM.m -1 ), again suggesting the physicochemical similarity between methylglyceryl spacer and polyethylene oxide spacers. [START_REF] Sakai | Thermodynamically Stable Vesicle Formation and Vesicle-to-Micelle Transition of Single-Tailed Anionic Surfactant in Water[END_REF] The aggregation properties of the short-chain alkyl compounds were also investigated by solubilizing tests using Disperse Red 13, a hydrophobic model dye (Figure 3). [START_REF] Bauduin | Unified Concept of Solubilization in Water by Hydrotropes and Cosolvents[END_REF] In presence of a solute, the Minimum Hydrotropic Concentration (MHC) is the concentration at which the solubilization begins (Table 2). The MHC decreases by increasing the alkyl chain length of the hydrotropes and is different from the CAC calculated from the surface tension profile due to the presence of the solute, which in our case promotes the aggregation. Indeed, whereas the CAC of [4.0.1]-CH2CO2Na was determined at 32 wt.% (Table 1), Disperse Red 13 started to be solubilized around 15 wt.% of hydrotope concentration. The difference decreases following the alkyl chain length, suggesting a change in the solubilization mechanism. For weak aggregated systems, the solute would promote the aggregation, whereas for more cohesive systems, the solute would have less influence on it. The MHC of both [4.0.1]-CH2CO2Na (0.78 M) and [5.0.1]-CH2CO2Na (0.39 M) can be compared with the values of several non-ionic hydrotropes like the butyl methyl glyceryl ether [4.0.1] or the pentyl glyceryl ether [5.0.0] that are respectively of 0.46 M [4] and 0.33 M [START_REF] Lavergne | Volatile short-chain amphiphiles derived from isosorbide: Hydrotropic properties of esters vs. ethers[END_REF]. The ionic hydrotropes need a higher concentration to solubilize the Dispersed Red due to the electrostatic repulsion between the ionic heads in the aggregates. It should be noted that an additional solubilization test was carried out in the presence of 10 wt.% of calcium chloride with [6.0.1]-CH2CO2Na, showing that it is capable of dissolving the hydrophobic dye in water at high salinity. In this case, addition of calcium chloride decreased the MHC from 3 wt.% to 1 wt.%, which is almost the same effect than increasing the alkyl chain of one more methylene unit. In addition to be able to solubilize hydrophobic compounds through aggregates or micelles, we shown that amphiphiles are able to form microemulsions with isopropyl myristate, a common oil used in cosmetics. The formation of microemulsion depend of the amphiphilicity of the surfactant, the polarity of the oil, the temperature, but also of the salinity. This has been well rationalized by the Hydrophilic-Lipophilic-Deviation (HLD) equation developed by Salager. [START_REF] Salager | How to Attain Ultralow Interfacial Tension and Three-Phase Behavior with Surfactant Formulation for Enhanced Oil Recovery: A Review. Part 1. Optimum Formulation for Simple Surfactant-Oil-Water Ternary Systems[END_REF][START_REF] Aubry | Use of the normalized hydrophilic-lipophilic-deviation (HLDN) equation for determining the equivalent alkane carbon number (EACN) of oils and the preferred alkane carbon number (PACN) of nonionic surfactants by the fish-tail method (FTM)[END_REF] We thus looked at which NaCl salinity domain [8.0.1]-CH2CO2Na could form microemulsion at a concentration of 5 wt.%. In fact, the oil becomes more soluble by increasing the amount of salt, and up to 2 wt.% of isopropyl myristate could be solubilized at 20 wt.% of NaCl (Figure SI-2). This salt dependence could be explained by the screening of the carboxylate functions by the sodium cations, that should lower the affinity of the surfactant for the water phase, and thus, lead to a more equilibrated system toward the oil phase.

Amphiphilic behavior in surfactant/oil/water systems

The hydrophilic/lipophilic balance of the [x.0.1]-CH2CO2Na series was measured using the PIT-slope method. [START_REF] Ontiveros | A simple method to assess the hydrophilic lipophilic balance of food and cosmetic surfactants using the phase inversion temperature of C10E4/n-octane/water emulsions[END_REF][START_REF] Ontiveros | Structureinterfacial properties relationship and quantification of the amphiphilicity of well-defined ionic and non-ionic surfactants using the PIT-slope method[END_REF] This method is based on the evolution of the phase inversion temperature (PIT) when a second amphiphile S2 is gradually added to a well-defined 3% C10E4/n-octane/0.01M NaCl(aq) reference system. The increase or decrease of the PIT reflects the effect of the added surfactant on the curvature of the interfacial layer of C10E4. There is a linear relationship between the PIT and the concentration (molar or wt. %) of the second surfactant. The dPIT/dx2 or "PIT-slope" is an effective descriptor of the hydrophilic/lipophilic character of S2 : positive values indicate a more hydrophilic surfactant than C10E4 and negative values a more lipophilic behavior.

Figure 5 shows the PIT-slope values for [x.0.1]-CH2CO2Na with different alkyl chains. As described in literature for ionic amphiphiles [START_REF] Ontiveros | Structureinterfacial properties relationship and quantification of the amphiphilicity of well-defined ionic and non-ionic surfactants using the PIT-slope method[END_REF], three regions can be distinguished: for "x" equal or less than 6, dPIT/dx2 increases slightly with the increase of the alkyl chain. These compounds are highly hydrophilic hydrotropes and have a poor tendency to penetrate the interfacial film since they prefer to partition in the aqueous phase. Then, the dPIT/dx2 increases sharply between 6 and 10 carbons because their amphiphilicity increases significantly and the compounds penetrate more and more into the interfacial film. For "x" higher than 10, dPIT/dx2 starts decreasing, as expected for true surfactants. Actually, they are mainly located at the interface and the alkyl chain lengthening increases their lipophilicity. In comparison with the PIT-slope of other dodecyl surfactants, the [12.0.1]-CH2CO2Na seems to be less hydrophilic than the sodium dodecyl sulfate (C12SO4Na; dPIT/dx2 = 499 °C) or the sodium dodecyl sulfonate (C12SO3Na; dPIT/dx2 = 516 °C) and approximately as hydrophilic as the sodium laurate (C11CO2Na; dPIT/dx2 = 427 °C) or the laureth sulfate de sodium (C12E2SO4Na ; dPIT/dx2 = 432 °C). [START_REF] Ontiveros | Structureinterfacial properties relationship and quantification of the amphiphilicity of well-defined ionic and non-ionic surfactants using the PIT-slope method[END_REF] Indeed, the fact that the maximum in figure 4 is located for an alkyl length chain of 10 carbons and not 12, as described for other ionic surfactants in the literature [START_REF] Ontiveros | Structureinterfacial properties relationship and quantification of the amphiphilicity of well-defined ionic and non-ionic surfactants using the PIT-slope method[END_REF], can be explained by the additional amphiphilicity of the methylglyceryl non-ionic spacer. The surfactant with only 10 carbons in the alkyl chain is already at the interface because the glyceryl spacer acts as a smooth transitional group between the hydrophobic chain and the ionic head. Finally, comparing the PIT-slope of [12.0.1]-CH2CO2Na (426 °C) with its isomer C12(EO)2CH2CO2Na (497 °C) indicates that the 2 ethoxy groups are slightly more hydrophilic than the methylglyceryl spacer.

Salt-tolerance of sodium salts of dialkyl glyceryl ether methylene carboxylates

The clouding of the aqueous solutions as a function of the temperature has been determined for [x.0.1]-CH2CO2Na (with x = 5, 6, 7, 8, 10, 12) at different salts concentrations of sodium and calcium chloride (Figure 5). The concentration of amphiphiles was fixed at 20% for the shorter compounds (x = 4 and 5) and at 5 wt.% for the longer ones (x > 6). The 5 wt.% concentration was chosen as average value between the concentration of surfactants used in shampoos and detergents (up to 30 wt.%) and in enhanced oil recovery (lower than 1 wt.%). [START_REF] Illous | Amphiphilicity and salttolerance of ethoxylated and propoxylated anionic surfactants[END_REF] Hydrotropes are always used in larger concentrations (> 0.1 M) than surfactants due to their higher CAC. The clouding phenomenon with NaCl only concerns the surfactants [x.0.1]-CH2CO2Na with longer tails (x > 8). The surfactant with the dodecyl chain is the most salt-sensitive of the series but it nevertheless supports up to 5 wt.% of NaCl at room temperature. Shortening the tail to the decyl lenght increases the salt-tolerance by three folds, and, with an octyl chain, the solution remains homogeneous in almost the entire range of temperature and salinity studied. As expected, a more marked salt-sensitivity is observed toward CaCl2 since clouding is observed as early as 0.6 wt.% of CaCl2 for the surfactant with a decyl chain. This value may seem quite low, but it actually corresponds to 54 mM of CaCl2, which is much higher than the hardness of tap water whose concentration of Ca 2+ is lower than 4 mM, even for very hard water.

Interestingly, the addition of CaCl2 first strongly decreases the solubility and, after a certain concentration of salt of the order of one molar equivalent, the increase of the salt concentration induces the opposite effect by favoring the solubilization. This "minimum" for the cloud temperature with the salt concentration was previously described with non-ionic surfactants by Schott and Royce using 2 wt.% Triton X-100 (t-octyl phenoxy polyethoxy ethanol) and MgCl2 (0-27 wt.% range) [START_REF] Schott | Effect of inorganic additives on solutions of nonionic surfactants. VI: Further cloud point relations[END_REF] and by Elokhov et al. [START_REF] Elokhov | Potential of magnesium saltmonoalkylpolyethylene glycol-water systems for use in micellar extraction[END_REF] with 10 wt.% C10-18(EO)10-12 and MgCl2 (0-30 wt.% range). Schott ascribed the phenomena to the competition between the ethers and the chlorides as ligands to the Mg 2+ cation. For most alkyl ether (ethoxy or propoxy)anionic surfactants (sulfates, sulfonates or methylene-carboxylates) the increase of the salt concentration (CaCl2 or NaCl-CaCl2 mixtures) induces a monotonous decrease of the cloud point. [START_REF] Illous | Amphiphilicity and salttolerance of ethoxylated and propoxylated anionic surfactants[END_REF] However, most of available data with these surfactants concerns punctual measurements at a fixed concentration of divalent salt or at a fixed temperature. [START_REF] Ogino | Physicochemical properties of solutions of poly(oxyethylene) alkyl ether carboxylates[END_REF][START_REF] Skauge | Phase Behavior and Solution Properties of Ethoxylated Anionic Surfactants[END_REF][START_REF] Chen | What dominates the interfacial properties of extended surfactants: Amphipathicity or surfactant shape?[END_REF] Klaus et al. have published the clouding temperature of 23 wt.% C12-14(PO)16(EO)2SO4Na at different concentrations of salts and a slight minimum was obtained only with NaSCN (0-13 wt.% range) although the expected behavior is an increase of the cloud temperature due to the salting-in nature of the SCN -. [START_REF] Klaus | Hydrotrope-Induced Inversion of Salt Effects on the Cloud Point of an Extended Surfactant[END_REF] The minimum in figure 5 could be due to a complex equilibrium between 2 different tendencies. First, the equilibrium between the calcium chelating properties of both carboxylate and ethers produces the decrease of the clouding temperature because ether groups are less available to interact with water. However, additional Ca 2+ interacting with the surfactant also gradually changes the electrostatic nature of the micelle surface from negative until partially positive avoiding the clouding phenomena by electrostatic repulsion when partially charged (and promoting it when close to zero). The shift of the different phenomena seems to happen in the vicinity of cation/surfactant molar ratio interval of 1-2. The nature of the anion does not seem affect the occurrence of the minimum since a similar shape is observed with CaCl2 and with Ca(NO3)2 (see Figure SI-3, Supplementary Information).

The solubility domain of [12.0.1]-CH2CO2Na in presence of CaCl2 was investigated in more detail by varying the concentration of the surfactant and compared to its ethoxylated isomer, namely C12(EO)2-CH2CO2Na (Figure 6). The solubility minima observed in figure 6 appear close to the CMC concentrations. [START_REF] Baviere | Calcium effect on the solubility of sodium dodecyl sulfate in sodium chloride solutions[END_REF] In fact, [12.0.1]-CH2CO2Na is a bit less salt tolerant than C12E2-CH2CO2Na since the minima of the curves appear at 0.018 ± 0.008 wt.% and 0.038 ± 0.013 wt.% of CaCl2 respectively. The structural difference between the two compounds can be seen as a branching of the two ethoxy into methyl-glyceryl. This branching slightly increases the hydrophobicity, and thus the saltsensitivity. Such effect of the branching on the hydrophobicity agrees with the CMC and PITslope values discussed above. The low salt-tolerance of soaps towards calcium is due to the formation of dimers which precipitate as crystals of hydrated calcium soaps below a certain temperature (Krafft point). [START_REF] Yoke | The solubility of calcium soaps[END_REF][START_REF] Pereira | What drives the precipitation of long-chain calcium carboxylates (soaps) in aqueous solution?[END_REF] The presence of additional ether functions increases the capacity of the carboxylate group to complex calcium ions and to keep them in solution. Indeed, the moiety (O-CH2-CO2H) is found in the ether carboxylates commonly used as scale inhibitors in laundry detergents. [START_REF] Bush | Ether carboxylate detergent builders and process for their preparation[END_REF][START_REF] Motekaitis | Potentiometry of mixtures: metal chelate stability constants of 1-hydroxy-3-oxapentane-1,2,4,5-tetracarboxylic acid and 3,6-dioxaoctane-1,2,4,5,7,8hexacarboxylic acid[END_REF] Ethers spacers are known to decrease the melting point of calcium salt due to their high flexibility, [START_REF] Zech | Alkali metal oligoether carboxylates -a new class of ionic liquids[END_REF][START_REF] Mueller | Oligoether carboxylate counterions: An innovative way towards surfactant ionic liquids[END_REF] that explains the appearance of a cloud point rather than a Krafft point. In order to highlight such possible complexation, 1 H NMR experiments were performed with [6.0.1]-CH2CO2Na in the presence of three alkaline-earth chlorides as well as sodium chloride for comparison (Figure 7). The signals of the CH of the glyceryl part and of the methylene linked to the carboxylate function are the most impacted, especially the last one which becomes an AB system in the presence of calcium and strontium cations. Such AB system is characteristic of diastereotopic CH2 protons, meaning that a conformation is blocked and that the two protons are no more equivalent due to the stereocenter on the glycerol (Ha 1 and Ha 2 in Scheme 3). Noteworthy, this behavior is not observed with magnesium cation, that correlate well with the solubility diagram for which clouding occurs only at high concentration and high temperature (Figure 7). The dimer is probably formed, but remains water-soluble due to the higher salting-in effect of magnesium than calcium on the nonionic part of the hydrotrope.[63] The formation of the complex is a dynamic equilibrium since when increasing the amount of calcium relative to the hydrotrope, the AB system becomes more and more splitted (Figure SI-4). We also looked at the stability of this calcium complex according to the temperature and in relation to the clouding phenomena. We selected [7.0.1]-CH2CO2Na in the presence of five molar equivalents of calcium to get a cloud point of 33 °C (Figure 5). By heating the solution between 25 °C and 60 °C (Figure SI-5), new peaks on the apolar part of the NMR appear progressively, probably due to the formation of the organic phase during clouding. Concerning the polar part, the changes are less pronounced, suggesting that the main part of the complexes is maintained in solution, even up to 25 °C above the cloud point.

In order to explore at the atomistic level the origin of the effect of the methylation of the glyceryl spacer, we first investigated the stability of methylated and non-methylated [4.0.z]-CH2CO2Ca + (z = H or Me) complexes with quantum chemistry calculations. Both products exhibit a pseudo-tetrahedric structure where all the oxygen atoms of the glyceryl part and one of the carboxylates are coordinated to the calcium (Scheme 3, methylated product not shown). Free energies of formation in solution [START_REF] Tomasi | Quantum Mechanical Continuum Solvation Models[END_REF] are found equal to -196.59 kJ/mol and -202.53 kJ/mol for the methylated and non-methylated molecules respectively, highlighting a slightly higher affinity for Ca 2+ of the non-methylated [4.0.H]-CH2CO2 -ion. However, such small free energy difference, that can be traced back to little differences in the structure and electronic density distribution of the two complexes (atom positions and partial charges are reported in the SI section), cannot be directly connected with the macroscopic solubility behavior of the two substances.

In order to shed more light on its macroscopic origin, we investigated the atomistic structure of a group of complexes in solution by means of molecular dynamics simulations. In Figure 8 we reported the radial distribution functions involving Ca 2+ and the oxygen of the OH (or OCH3) group for the non-methylated (or methylated) molecule, showing that such oxygen lies in the first coordination shell of Ca 2+ only for the non-methylated one. Looking in space, concerning the compounds with the free OH, nearly 1 time out of 10 of the molecules act as a "bridge" between two Ca 2+ ions, both the hydroxyl and the carboxylate being coordinated independently (Figure 9). Interestingly the formation of such bridging interactions has already been suggested with related ethoxylated carboxylates to rationalize an increase of viscosity in presence of calcium. [START_REF] Zech | Correlation between polarity parameters and dielectric properties of [Na][TOTO] -a sodium ionic liquid[END_REF] In the present work, this may explain the different solubility behavior between the non-methylated and the methylated species, since bridging interactions are not observed for the latter compound. 

CONCLUSION

Alkyl ether carboxylates are a fascinating class of surfactants as they combine several remarkable and valuable properties. [START_REF] Chiappisi | Polyoxyethylene alkyl ether carboxylic acids: An overview of a neglected class of surfactants with multiresponsive properties[END_REF] They dramatically reduce the O/W interfacial tension (essential for enhanced oil recovery) [START_REF] Liu | Effect of electrolytes on interfacial tensions of alkyl ether carboxylate solutions[END_REF][START_REF] Li | Synergism and Performance for Systems Containing Binary Mixtures of Anionic/Cationic Surfactants for Enhanced Oil Recovery[END_REF][START_REF] Zhang | Adsorption behavior of branched polyoxyethylene ether carboxylate surfactants[END_REF][START_REF] Bittner | Enhanced petroleum recovery using dual anionic-nonionic surfactants containing carboxylated polyoxyalkylenes[END_REF], they exhibit excellent salt-tolerance to Ca 2+ cations unlike soaps (avoiding anti-limescale builders in detergents) [START_REF] Bush | Ether carboxylate detergent builders and process for their preparation[END_REF] and they are very mild to the skin (mandatory for personal care products) [START_REF] Subirats | Alkyl Ether Carboxylates -multifunctional and outstanding performance for personal care applications[END_REF]. This work demonstrates that a methylglyceryl spacer can advantageously replace the ethylene oxide units within the conventional alkyl ether carboxylates marketed by Kao under the name of Akypos. Indeed, a single methylglyceryl moiety reduces the CMC value as much as four ethylene oxide units, while retaining excellent salt-resistance to calcium ion. The methylation of the free OH group of the glyceryl spacer is shown to be essential to achieve a high salt-tolerance since the unmethylated amphiphiles easily precipitate in the presence of Ca 2+ ions despite its higher hydrophilicity. This unexpected result is rationalized by molecular dynamics which reveals that the methyl bound to the pendant glyceryl OH group impedes the bridging interaction of the methylglyceryl spacer with two calcium ions which is probably the first step towards precipitation. Nevertheless, the complexation of Ca 2+ by the hydrophilic head, which was previously proposed to be at the origin of the salt-tolerance of oligoether carboxylates [START_REF] Mueller | Oligoether carboxylate counterions: An innovative way towards surfactant ionic liquids[END_REF] and alkyl ether sulfates [START_REF] Chen | Improvement of Ca2+-tolerance by the introduction of EO groups for the anionic surfactants: Molecular dynamics simulation[END_REF], does indeed take place as evidenced herein by 1 H NMR analyses in presence of various mono-or di-valent cations at different concentrations and temperatures. A noticeable difference was also observed between Mg 2+ and Ca 2+ , in agreement to previous work showing the higher salting-in effect of Mg 2+ on polyethers. [START_REF] Schott | Effect of inorganic additives on solutions of nonionic surfactants. VII. Cloud point shift values of individual ions[END_REF] The salting-in effect of Ca 2+ was taken into account to explain the increase of the cloud point occurring at very high concentration of both CaCl2 and Ca(NO3)2. To the best of our knowledge, this is the first report showing an increase in the solubility of a carboxylate surfactant with increasing calcium concentration. Interestingly, the aqueous solubilization of a hydrophobic solute such as Disperse Red 13 by a short-chain alkyl glyceryl carboxylate is enhanced by the addition of a calcium salt. Alternative "greener" alkyl ether carboxylates were prepared by introducing the carboxylic function with the potentially bio-based ethyl acrylate and succinic anhydride instead of the petroleum-derived sodium chloroacetate. They also exhibit quite respectable salt -tolerance.

This work is a first step towards fully bio-based and highly salt-tolerant surfactants. Further studies are underway to replace the methyl glyceryl spacer with other polyols such as polyglycerol, erythritol and sorbitol according to sustainable syntheses. It will be interesting to see if the unexpected increase in salt-tolerance induced by the methylation of pendant OH groups also occurs for the alkyl ether carboxylate surfactants including these polyhydroxylated spacers. ASSOCIATED CONTENT Supporting Information. 1 H NMR and 13 C NMR spectra of the compounds, and calculation parameters are available.
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 1 methoxy-3-(pentyloxy)propan-2-yloxy)-4-oxobutanoic acid ([5.0.1]-succinic acid):

Scheme 2 .

 2 Scheme 2. Synthesis of regioisomerically pure [5.0.H]-CH2CO2Na.

  [5.0.1]-CH2CO2Na and [5.0.1]-CH2CH2CO2Na and examine the clouding phenomena in more details, their binary phase diagrams Temperature / CaCl2 wt.% were determined (Figure SI-1). Whereas [5.0.1]-CH2CO2Na exhibits an almost steady cloud point curve between 65-68 °C in the range of 8-20 wt.% of CaCl2, the one of [5.0.1]-CH2CH2CO2Na gradually decreases from 50 to 8 °C in the same salt range.

Figure 1 .

 1 Figure 1. Evolution of the surface tension of [x.0.1]-CH2CO2Na (x = 4, 5, 6, 8, 10, 12) according to their concentration in water at 20 °C.

Figure 2 .

 2 Figure 2. Evolution of the CMC/CAC of [x.0.1]-CH2CO2Na (x = 4, 5, 6, 8, 10, 12) according to the carbon number of their alkyl chain (in black), compared to the sodium salts of alkyl polyethoxy methylene carboxylates with different ethoxy numbers "j" (data from ref[START_REF] Ogino | Physicochemical properties of solutions of poly(oxyethylene) alkyl ether carboxylates[END_REF]).

  have significantly higher CMC than the corresponding [10.0.1]-

Figure 3 .

 3 Figure 3. Evolution of solubilized hydrophobic Disperse Red 13 as a function of the concentration of the hydrotropes [x.0.1]-CH2CONa (x = 4, 5, 6, 7) in water. For the compound with x = 6, a supplementary test was performed in the presence of CaCl2 (10 wt.%).

Figure 4 .

 4 Figure 4. Evolution of dPIT/dx2 (°C) with increasing alkyl chain length of [x.0.1]-CH2CO2Na for the system (3%C10E4+S2)/Octane/Water at fw = 0.5.

Figure 5 .

 5 Figure 5. Evolution of the cloud points of [x.0.1]-CH2CONa at different concentrations of NaCl (left) or CaCl2 (right) and constant concentration of the amphiphiles (20 wt.% for x = 4, 5 and 5 wt.% for x = 6, 7, 8, 10 12). The solutions are homogeneous under the limits and cloudy above.

Figure 6 .

 6 Figure 6. Comparison of the solubility domains of [12.0.1]-CH2CO2Na and C12E2-CH2CO2Na at 25 °C. The red and the blue areas correspond to the two-phase and one-phase domains, respectively.
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 4 Molecular origin of the salt-tolerance.

Figure 7 .

 7 Figure 7. Cloud point temperature of 5 wt.% solutions of [6.0.1]-CH2CO2Na in presence of different divalent cations at different concentrations and their 1 H NMR in D2O with n(M n+ )/n(hydrotrope) = 6.

Scheme 3 .

 3 Scheme 3. Proposition and optimized modelization of a [4.0.z]-CH2CO2Ca + cage complex.

Figure 8 .

 8 Figure 8. Oxygen (at z position) -Calcium radial distribution functions g(r) for [4.0.z]-CH2CO2Ca + with z = H (blue) or z = Me (red) in molecular dynamics simulations.

Figure 9 .

 9 Figure 9. View of a snapshot of the Molecular Dynamics simulations showing a non-methylated [4.0.H]-CH2CO2 - molecule bridging two nearby Ca 2+ ions. Color code: Carbon = water green, Hydrogen = white, Oxygen = red, Calcium = blue.

  C NMR (75 MHz, CDCl3): 174.75 (s), 78.38 (d), 72.71 (t), 71.93 (t), 70.57 (t), 65.81 (q), 59.38 (q), 35.27 (t), 29.30 (t), 28.34 (t), 22.62 (t), 14.18 (q).

Table 1 .

 1 Salt concentration limits for the solubility of the hydrotropes at 20 wt.% in water at room temperature.

Table 2 .

 2 Critical Micellar or Aggregation Concentration in water, minimum surface tensions at the CMC (or CAC),

	Minimum Hydrotropic Concentration estimated by solubilizing the Disperse Red 13 and PIT-slope (weight and
	molar basis) of [x.0.1]-CH2CO2Na (x = 4, 5, 6, 8, 10, 12) at 20 °C.				
	Compounds	CMC/CAC	γmin	MHC		dPIT/dC dPIT/dx2
		mol.L -1 wt.% mN.m -1 mol.L -1 wt.% °C/wt.%	°C
	[4.0.1]-CH2CO2Na	1.0	32	33	0.78	19	3	6
	[5.0.1]-CH2CO2Na	0.40	13.4	33	0.39	10	7	21
	[6.0.1]-CH2CO2Na	0.10	3.5	31	0.11	3	30	85
	[8.0.1]-CH2CO2Na	0.04	1.5	31	-	-	152	422
	[10.0.1]-CH2CO2Na	0.009	0.4	32	-	-	177	545
	[12.0.1]-CH2CO2Na	0.001	0.04	28	-	-	131	426
	CH3(CH2)8CO2Na	0.096	1.9	36	-	-	-	-
	CH3(CH2)10CO2Na	0.023	0.51	23	-	-	211	427

work. This work was realized, in partnership with the SAS PIVERT, in the frame of the French Institute of Excellence in the field of Low-Carbon Energies (IEED) P.I.V.E.R.T. (www.institutpivert.com) selected as an Investment for the Future ("Investissements d'Avenir"). This work was supported, as part of the Investments for the Future, by the french Government under the reference ANR-001-01. The authors thank Patrick Daubias for Temperature-controlled 1 H NMR experiments.