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Abstract: The thermal phase transition behavior of maize starch in water:ionic liquid 23 

(IL) mixtures was investigated. With decreasing water:IL molar ratio to 10:1, the 24 

endothermic transition shifted to higher temperatures, and then to lower temperatures 25 

at 5:1 water:IL ratio. At 2:1 water:IL ratio, an exothermic transition occurred at a 26 

lower temperature than gelatinization temperature of starch in pure water. At the same 27 

water:IL ratios (35:1 to 5:1), the endothermic transition temperatures of starch 28 

increased with decreasing alkyl chain length of the cation, whereas an opposite trend 29 

was found for the exothermic transition at 2:1 water:IL ratio. Rheological, 1H NMR 30 

and FTIR analyses of water:IL mixtures showed that with decreasing water:IL ratio, 31 

the viscosity of water:IL mixture and the interactions between cation and anion 32 

increased, whereas the interactions between IL and water increased and then 33 

decreased. The endothermic transition of starch in water:IL mixtures of 35:1 to 5:1 34 

was affected by the water availability for gelatinization. However, the exothermic 35 

transition of starch in water:IL mixtures of 2:1 was mainly caused by the interactions 36 

between IL and starch and viscosity of water:IL mixtures. 37 

 38 

Keywords: starch phase transition; ionic liquid-water mixture; water availability; 39 

alkyl chain length; molecular interactions. 40 

 41 

Abbreviations: MS, maize starch; [C4mim][Cl], 1-butyl-3-methylimidazolium 42 

chloride; [C3mim][Cl], 1-propyl-3-methylimidazolium chloride; [C2mim][Cl], 43 

1-ethyl-3-methylimidazolium chloride; To, onset temperature; Tp, peak temperature; Tc, 44 
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conclusion temperature; ΔH, enthalpy change. 45 

 46 

1. Introduction 47 

With the imminent depletion of petroleum resources and increased environmental 48 

pollution, the use of renewable resources especially biopolymers (e.g., cellulose, 49 

starch, chitin, chitosan, and lignin) to replace synthetic polymers for the manufacture 50 

of green materials has received much attention (Mahmood et al., 2017b). However, 51 

the presence of strong inter- and intra-molecular hydrogen bonds in biopolymers 52 

makes them difficult to dissolve in many conventional solvents, thus limiting the 53 

processing of these biopolymers (Mekonnen et al., 2013). Recently, ionic liquids (ILs) 54 

are used as “green solvents” in the fabrication of biodegradable materials because of 55 

their unique properties such as negligible vapor pressure, non-flammability, and high 56 

chemical and thermal stability (Mäki-Arvela et al., 2010; Zhu et al., 2006). ILs are 57 

defined as salts with low melting point (˂ 100 °C), consisting of an organic cation and 58 

an organic or inorganic anion (Egorova et al., 2017). ILs made up of a chloride anion 59 

and an imidazolium cation are found to be effective at dissolving biopolymers 60 

(Pinkert et al., 2009). However, pure ILs have some disadvantages in the dissolution 61 

of biopolymers such as high cost, viscosity and processing temperature (typically over 62 

100 °C). To overcome these issues, the mixtures of ILs with other solvents (e.g., water 63 

(Xu et al., 2017; Zhang et al., 2017a), N,N-dimethylformamide (Xu et al., 2015a) and 64 

N,N-dimethylacetamide (Xu et al., 2015b)) have been used to dissolve biopolymers at 65 

ambient temperature. 66 
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 67 

Among renewable biopolymers investigated as potential alternatives to traditional 68 

petroleum-based polymers, starch has gained huge interest due to its wide availability, 69 

biodegradability, and regeneration (Shogren et al., 1993). Starch often undergoes 70 

gelatinization, dissolution or plasticization in the presence of water or other 71 

plasticizers during processing. Although the starch structure is disrupted during 72 

processing, the granule remnants may still be present (Debet and Gidley, 2007). The 73 

incomplete dissolution or plasticization of starch represents an issue when trying to 74 

obtain homogeneous amorphous materials. Recently, aqueous ILs have been used as 75 

an effective solvent for starch dissolution and plasticization (Wilpiszewska and 76 

Spychaj, 2011), facilitating the development of starch-based materials, such as 77 

thermoplastic starch (Decaen et al., 2017; Mahmood et al., 2017a; Sankri et al., 2010), 78 

solid polymer electrolytes (Ning et al., 2009; Ramesh et al., 2011), and starch-based 79 

conducting films (Xie et al., 2015; Zhang et al., 2017b). 80 

 81 

The understanding of the phase transition of starch is crucial to the development of 82 

emerging biodegradable starch-based materials. Over the past few years, the starch 83 

phase transition in water:IL mixtures have been paid much attention due to the 84 

application of ILs or their aqueous solutions in the processing of starch. With 85 

increasing IL concentration in water, the phase transition of starch was observed to 86 

change from a single endotherm, to a endotherm plus an exotherm, and finally to only 87 

a single exotherm (Mateyawa et al., 2013; Sciarini et al., 2015; Xiang et al., 2018; 88 
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Zhang et al., 2016; Zhao et al., 2015). By characterizing the structural changes of 89 

starch during phase transition, the mechanisms underlying the endotherm and 90 

exotherm of starch in water:IL mixtures were revealed (Xiang et al., 2018). The phase 91 

transition behavior of starch in water:IL mixtures was assumed to be affected by the 92 

viscosity of the water:IL mixtures and the interactions between ILs and water (Liu and 93 

Budtova, 2013; Zhang et al., 2015). However, this assumption has not been verified 94 

and needs to be supported by further evidence.  95 

 96 

On the other hand, although the cationic structure of ILs can greatly affect the 97 

interactions between IL and water (Papanyan et al., 2013; Ren et al., 2019; 98 

Vicent-Luna et al., 2017) and between IL and biopolymer (Lappalainen et al., 2013; 99 

Lu et al., 2014; Ren et al., 2019; Xu et al., 2018), there have been limited studies on 100 

the effect of the cationic moiety of ILs on the phase transition behavior of starch in 101 

water:IL mixtures. Hence, the aim of the present study is to investigate the effect of 102 

the alkyl chain length of the imidazolium cation and water:IL ratios on the phase 103 

transition of maize starch using differential scanning calorimetry (DSC) and light 104 

microscopy. To better understand phase transition of starch in aqueous IL solutions, 105 

the properties of water:IL mixtures were investigated by rheology, attenuated total 106 

reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy, and nuclear 107 

magnetic resonance (NMR) spectroscopy. 108 

 109 

2. Materials and methods 110 
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2.1. Materials 111 

Normal maize starch (10.1% moisture and 22.4% amylose contents) was purchased 112 

from Sigma Chemical Co. (St. Louis, MO, USA). The ILs 113 

(1-butyl-3-methylimidazolium chloride, [C4mim][Cl]; 1-propyl-3-methylimidazolium 114 

chloride, [C3mim][Cl]; 1-ethyl-3-methylimidazolium chloride, [C2mim][Cl]) were 115 

supplied by Nuowei Chemistry Co., Ltd. (Wuhu, Anhui, China) and used without 116 

further purification. According to the supplier, the purity of these ILs was all ≥ 95 117 

weight% (water content < 0.5 weight%). The chemical structures of these 118 

imidazolium-based ILs are depicted in Figure 1. Milli-Q water was used in all 119 

instances. The water:IL mixtures with different water:IL molar ratios (35:1, 15:1, 10:1, 120 

5:1 and 2:1) were prepared at ambient temperature (25±0.5 °C). In this article, the 121 

abbreviation “water:IL-n:m-MS” is used subsequently to indicate that the maize 122 

starch (MS) was heated in the water:IL mixtures at the molar ratio of n:m. 123 

 124 

2.2. Differential scanning calorimetry 125 

Differential scanning calorimetry (DSC) measurements were performed using a 126 

differential scanning calorimeter (200F3, Netzsch, Germany) equipped with a thermal 127 

analysis data station. For each measurement, approximately 3 mg of the native starch 128 

was weighed into an aluminum pan and 9 mg of a certain water:IL mixture were 129 

added to obtain a starch/aqueous IL ratio of 1:3 (weight/weight) (Xiang et al., 2018). 130 

The pans were shaken gently to ensure complete immersion of the starch in the liquid 131 

before sealing the pans. The DSC profiles were recorded immediately. The pans were 132 
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heated from 20 to 100 °C at a heating rate of 10 °C min−1. An empty aluminum pan 133 

was used as the reference. The onset (To), peak (Tp), conclusion (Tc) temperatures and 134 

the enthalpy change of phase transition (ΔH) were recorded. When a water:IL ratio of 135 

5:1 was used, the thermogram was more complex. In this case, four temperatures were 136 

defined and determined: To is defined as the onset temperature of the initial exotherm; 137 

Tc means the conclusion temperature of the subsequent endotherm; Tp1 represents the 138 

peak temperature of the exotherm; and Tp2 indicates peak temperature of the 139 

endotherm. 140 

 141 

2.3. Light microscopy 142 

A light microscope with a hot-stage thermosystem (DM-4000M-LED, Leica, 143 

Germany) was used. Starch suspensions (0.5 wt%) in water:IL mixtures were 144 

prepared in glass vials (Mateyawa et al., 2013). A drop of the starch suspension was 145 

transferred onto a glass slide, which was covered by another glass slide. Silicon 146 

adhesive was used to seal the starch suspension between the two glass slides to avoid 147 

moisture evaporation during observation. Starch samples were heated from 25 °C to 148 

100 °C at a rate of 2 °C min−1, and the images at To, Tp and Tc (obtained from DSC) 149 

were captured. 150 

 151 

2.4. Rheology 152 

Rheological measurements of water:IL mixtures were performed on an Anton Paar 153 

MCR302 rheometer (Anton Paar, GmbH., Austria) with a Peltier temperature control 154 
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system. The measuring system has a cone-plate geometry with 4° angle and 40 mm 155 

diameter (Hall et al., 2012). For each solution, the steady-shear viscosity was recorded 156 

as a function of shear rate from 10 s−1 to 500 s−1 at a constant temperature (25 °C). 157 

Silicone oil was placed around the edge of the measuring cell to prevent water vapor 158 

absorption and evaporation. 159 

 160 

2.5. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) 161 

spectroscopy 162 

ATR-FTIR spectra of water:IL mixtures were obtained using a Thermo Scientific 163 

Nicolet IS50 spectrometer (Thermo Fisher Scientific, USA). Approximately 50 μL of 164 

water:IL mixtures was scanned from 4000 to 400 cm−1 at ambient temperature (Zhang 165 

et al., 2015). The spectra were obtained at a resolution of 4 cm−1 with an accumulation 166 

of 32 scans against the air as the background.  167 

 168 

2.6. Nuclear magnetic resonance (NMR) spectroscopy 169 

Mixtures of D2O:IL at different molar ratios (35:1, 15:1, 10:1, 5:1 and 2:1) were 170 

prepared for NMR measurement. 1H NMR spectra of D2O:IL mixtures were obtained 171 

using a DMX 300 NMR spectrometer (300 MHz) (Bruker, Germany) at ambient 172 

temperature (Chen et al., 2014).  173 

 174 

2.7. Statistical analysis 175 

All analyses were performed at least in triplicate and the results are reported as mean 176 
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value plus standard deviation. For ATR-FTIR and 1H NMR, only one measurement 177 

was performed. One-way analysis of variance (ANOVA) followed by post-hoc 178 

Duncan's multiple range tests (p < 0.05) was conducted to determine the significant 179 

differences between mean values using SPSS 17.0 Statistical Software (SPSS Inc. 180 

Chicago, IL, USA). 181 

 182 

3. Results and discussion 183 

3.1. Thermal properties of starch in water:IL mixtures 184 

Figure 2 shows the DSC thermograms of native maize starch in water:IL mixtures and 185 

the corresponding thermal transition parameters are listed in Table 1. During DSC 186 

heating, a single well-defined gelatinization endotherm was observed between 65.8 °C 187 

and 76.9 °C for the native starch in pure water. For each type of ILs, the phase 188 

transition was changed from only a single endotherm to a small exotherm followed by 189 

an endotherm (at water:IL ratio of 5:1), and then to a single exotherm with decreasing 190 

water:IL ratio to 2:1. These transitions were attributed to the gelatinization transition 191 

of starch, except the small exotherm observed at low temperatures for starch at a 192 

water:IL ratio of 5:1, which was explained as being due to the interaction between 193 

amorphous starch and IL rather than the melting of starch crystallites (Xiang et al., 194 

2018).  195 

 196 

With decreasing water:IL ratio to 15:1, the single endothermic transition shifted to 197 

higher temperatures. A further decrease in water:IL ratio to 10:1 did not result in a 198 
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significant shift of the endotherm (p > 0.05). At a water:IL ratio of 5:1, the 199 

endothermic transition shifted to lower temperatures. When the water:IL ratio was 2:1, 200 

the single exotherm occurred at a temperature lower than the gelatinization 201 

temperatures of the starch-water system. The enthalpy change (ΔH) increased with 202 

decreasing water:IL ratio to 10:1, and then decreased for 5:1 water:IL ratio. At 2:1 203 

water:IL ratio, the only wide exothermic transition had ΔH of −5.7 to −10.5 J/g (p < 204 

0.05). These observations indicate that the addition of ILs to water delayed the 205 

progression of starch gelatinization at water:IL ratios of 35:1, 15:1, 10:1 and 5:1, but 206 

facilitated such transition at a lower water:IL ratio of 2:1. 207 

 208 

At water:IL ratios of 35:1, 15:1, 10:1 and 5:1, To, Tp, Tc and ΔH of the endotherm for 209 

the starch gelatinization followed the order [C2mim][Cl] > [C3mim][Cl] > 210 

[C4mim][Cl]. At 2:1 water:IL ratio, the exothermic transition temperatures decreased, 211 

and the exothermic enthalpy increased from 5.7 J/g to 10.5 J/g with decreasing cation 212 

alkyl chain length from C4 to C2. These results suggest that a longer cation alkyl 213 

chain length facilitated the starch gelatinization at high water:IL ratios (between 35:1 214 

and 5:1), but delayed the starch gelatinization at lower water:IL ratio of 2:1. 215 

 216 

3.2. Morphological changes of starch granules during phase transition in 217 

water:IL mixtures 218 

Figure 3 shows the light and polarized light microscopic images of native maize 219 

starch in pure water and water:IL mixtures during heating. Similar granule 220 
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morphology was observed for the starch in three different types of water:IL mixtures, 221 

thus only the images of water:[C4mim][Cl]-MS are shown here. The native starch 222 

presented a well-defined granule structure and clear birefringent (Maltese cross) 223 

patterns (Figure 3, a1 and a2). Whether being heated in pure water or water:IL 224 

mixtures of 35:1 to 10:1, the starch showed similar changes in granule morphology. 225 

Upon heating to To of the gelatinization endotherm, the starch granules remained 226 

intact with clear birefringent patterns (Figure 3, b1, b4, c1 and c4), although the 227 

brightness of Maltese cross patterns became weaker compared with that of the native 228 

starch. This observation was consistent with the previous finding that starch 229 

gelatinization is initiated earlier than To of the endotherm (Jenkins and Donald, 1998; 230 

Liu et al., 2019; Ratnayake et al., 2009). At Tp of gelatinization endotherm, most of 231 

the granules were greatly swollen and deformed with less remaining birefringence 232 

(Figure 3, b2, b5, c2 and c5). Starch granules were completely disrupted with no 233 

birefringence at Tc (Figure 3, b3, b6, c3 and c6). As the water:IL ratio decreased to 5:1, 234 

there was no apparent change in the granule morphology at To and Tp1 of the exotherm 235 

(Figure 3, d1, d2, d5 and d6), whereas all granules were destroyed with no 236 

birefringence at Tp2 of endotherm (Figure 3, d3 and d7). It is interesting to note that at 237 

Tp of the exothermic transition for the 2:1 water:IL mixture, most granules were still 238 

intact and showed birefringence (Figure 3, e2 and e5), although no granule remnants 239 

and birefringence were observed at Tc (Figure 3, e3 and e6).  240 

 241 

3.3. Rheological properties of water:IL mixtures 242 
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The steady-shear viscosities of pure water and water:IL mixtures are compared (Table 243 

2). Viscosity increased with decreasing water content in the water:IL mixtures and 244 

with increasing alkyl chain length of the IL cation, which is in general agreement with 245 

our previous results (Ren et al., 2019). While the 35:1, 15:1 and 10:1 water:IL 246 

mixtures all exhibited a low viscosity (< 4.0 mPa·s), further increases in IL 247 

concentration led to the significantly increased viscosity of water:IL mixtures (p < 248 

0.05). Irrespective of the IL type, the viscosities of 5:1 water:IL mixtures were about 249 

twice those of 10:1 water:IL mixtures; and the viscosities of 2:1 water:IL mixtures 250 

were 3-4 times those of the 5:1 mixtures.  251 

 252 

3.4. ATR-FTIR analysis of water:IL mixtures 253 

Figure 4 shows the ATR-FTIR spectra of pure water and different water:IL mixtures 254 

and the wavenumbers representing the -OH stretching mode of water (3000-3800 255 

cm−1) (Cammarata et al., 2001) are listed in Table 2. The band in this region was 256 

observed to shift to higher wavenumbers after mixing water with an IL, indicative of 257 

the interactions occurring between water and the IL. This blue shift increased with 258 

decreasing water:IL ratio to 10:1, but decreased with further increasing water:IL ratio 259 

to 2:1. This indicates that the interactions between the IL and water gradually 260 

increased to a maximum and then decreased as the water:IL ratio was decreased. At 261 

the same water:IL ratio, the -OH stretching band shifted to higher wavenumbers with 262 

increasing alkyl chain length of the IL cation, indicating that the interactions between 263 

water and ILs with longer alkyl chain were stronger. 264 
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 265 

3.5. 1H NMR analysis of water:IL mixtures 266 

The 1H-NMR spectra of water:IL mixtures are shown in Figure 5 and the chemical 267 

shifts of hydrogens tethered at carbons C(2), C(4) and C(5) on the imidazolium ring 268 

(designated as δH(2), δH(4) and δH(5), respectively) are listed in Table 2. The changes in 269 

the chemical shift of these hydrogens are indicative of interactions between cation and 270 

anion or between cation and water molecules (Chen et al., 2014). With decreasing 271 

water:IL ratio from 35:1 to 2:1, δH(2), δH(4) and δH(5) increased gradually, indicating the 272 

increased aggregation of IL ion pairs enhancing the cation-anion interactions (Chen et 273 

al., 2014; Hall et al., 2012; Ren et al., 2019; Vicent-Luna et al., 2017). At the same 274 

water:IL ratio, increasing alkyl chain length of the IL cation could also cause small 275 

increases in δH(2), δH(4) and δH(5) of water:IL mixtures.  276 

 277 

4. General discussion 278 

The effect of the cationic moiety of IL and water:IL ratio on the phase transitions of 279 

starch in the water:IL mixtures was investigated. The mechanism for changes of phase 280 

transitions in different solvent systems was revealed from the viewpoint of water 281 

availability for starch gelatinization, interactions between water and IL, and viscosity 282 

of the water:IL mixtures. From the results of FTIR and 1H NMR spectra, we can 283 

conclude that with increasing concentration of IL in water:IL mixtures, the 284 

interactions between water and IL increased initially and then decreased (the blue shift 285 

for –OH increased and then decreased in Figure 4), and that the interactions between 286 
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cations and anions increased (the gradual downfield movement of δH(2), δH(4) and δH(5) 287 

in Figure 5). FTIR results also showed that with increasing alkyl chain length of the 288 

IL cation, the interactions between water and the IL increased.  289 

 290 

In pure water, starch molecules interact with free water during heating, leading to the 291 

disruption of starch crystalline and granule structures. With an increasing amount of 292 

IL in water (35:1 to 10:1 water:IL ratio), the interactions between water and IL 293 

increased, resulting in decreasing water availability for starch gelatinization, and in 294 

turn increasing transition temperatures and enthalpy change. With a further increase of 295 

IL in water (5:1 water:IL ratio), the interactions between water and IL decreased, 296 

leading to increased water availability for gelatinization and decreased temperatures 297 

and enthalpy change of gelatinization endotherm. Meanwhile, there were abundant IL 298 

that could penetrate into starch granules with the assistance of water (with a lower 299 

viscosity than for the case at 2:1 water:IL ratio) and interact with starch hydroxyls 300 

(which mostly like to occur initially in amorphous regions), leading to a small 301 

exothermic transition. At this water:IL ratio, the gelatinization may still be not as easy 302 

as in pure water due to the limited amount of water available for this process and to 303 

the higher viscosity (compared to the viscosity at higher water:IL ratios) limiting the 304 

access of water to starch. As a result, the gelatinization temperatures were still higher 305 

than those for starch in water. When the water:IL ratio was further decreased to 2:1, 306 

the large amount of IL allowed the predominant interactions occurring between starch 307 

and IL, leading to heat release of starch gelatinization (exothermic event) (Xiang et al., 308 
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2018). In this case, although the viscosity became much higher, a higher temperature 309 

could still facilitate the starch-IL interactions. 310 

 311 

At the same water:IL ratio (35:1, 15:1, 10:1 and 5:1), increasing alkyl chain length of 312 

the cation led to decreased thermal transition temperatures and enthalpy change of 313 

starch. The hydrophobicity of ILs increases with increasing cationic alkyl chain length 314 

(Pinkert et al., 2009), resulting in increasing interaction of ILs and water availability 315 

for starch gelatinization, thus decreasing the transition temperatures and enthalpy 316 

change of starch. At lower water:IL ratio 2:1, although the availability of IL is greater, 317 

the much higher viscosity of the water:[C4mim][Cl] mixtures would make the 318 

interactions between IL and starch less easy and result in higher exothermic transition 319 

temperatures. In contrast, the lower viscosity of the water:[C3mim] and 320 

water:[C2mim][Cl] would allow them to interact with starch more easily, leading to a 321 

shift of the exothermic transition to lower temperatures. 322 

 323 

5. Conclusions 324 

This research shows that the phase transition behavior of maize starch in aqueous ILs 325 

is affected greatly by the water:IL ratio and the length of the cation alkyl chain. For 326 

each type of ILs, the phase transition of starch shifted to higher temperatures with 327 

decreasing water:IL ratio to 10:1. At 5:1 water:IL ratio, an exothermic transition at 328 

lower temperatures followed by an endothermic event was observed; and at 2:1 329 

water:IL ratio, only an exothermic transition occurred. [C4mim][Cl], which has a long 330 
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cationic alkyl chain, facilitated starch gelatinization at water:IL ratios of 35:1, 15:1, 331 

10:1 and 5:1. In contrast, [C3mim][Cl] and [C2mim][Cl] with a shorter cationic alkyl 332 

chain favored the starch gelatinization at water:IL ratios of 2:1. Our results clearly 333 

showed that the phase transition of starch in water:IL mixtures is affected by the 334 

water:IL ratio and alkyl chain length of cations, which determines the interactions 335 

between water and ILs and the viscosity of water:IL mixtures. Our findings would not 336 

only increase the understanding of the mechanism of starch phase transition in 337 

water:IL mixtures, but also benefit the development of starch-based materials with 338 

desirable functional properties.  339 
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Figure captions 507 

Figure 1. Structures of the ionic liquids used. 508 

 509 

Figure 2. DSC thermograms of maize starch in different water:IL mixtures. 510 

Water:[C4mim][Cl]-MS, solid line; Water:[C3mim][Cl]-MS, dot line; 511 

Water:[C2mim][Cl]-MS, dash-dot line. C2, C3, and C4 indicate the alkyl chain length 512 

of cation of ILs. 513 

 514 

Figure 3. Normal light (NL) and polarized light (PL) microscopic images of native 515 

starch at To, Tp and Tc in different water:IL mixtures. The scale of images was 20 μm. 516 

(a) Native maize starch; (b) Pure water-MS, (c) Water:[C4mim][Cl]-15:1-MS, (d) 517 

Water:[C4mim][Cl]-5:1-MS, (e) Water:[C4mim][Cl]-2:1-MS. 518 

 519 

Figure 4. ATR-FTIR spectra of pure water and water:IL mixtures at different molar 520 

ratios of water:IL. 521 

 522 

Figure 5. 1H-NMR spectra of water:IL mixtures at different molar ratios of water:IL. 523 

 524 
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Table 1. DSC results of maize starch in different water:IL mixtures. 592 

Samples Transition To (°C) TP (°C) Tc (°C) ΔH (J/g) 

Pure water-MS Endo 65.8 ± 0.2g
 70.8 ± 0.2d 76.9 ± 0.2c 11.4 ± 0.3a 

      

Water:[C4mim][Cl]-35:1-MS Endo 74.0 ± 0.2h 80.2 ± 0.1e 85.2 ± 0.1e 12.9 ± 0.2b 

Water:[C4mim][Cl]-15:1-MS Endo 76.5 ± 0.1ij 83.2 ± 0.2g 88.6 ± 0.0g 15.1 ± 0.1c 

Water:[C4mim][Cl]-10:1-MS Endo 75.2 ± 0.4hi 82.1 ± 0.3f 88.1 ± 0.3fg 15.5 ± 0.5cd 

Water:[C4mim][Cl]-5:1-MS Exo → Endo 33.1 ± 0.5c Tp1 43.5 ± 0.4 → Tp2 70.0 ± 0.1 76.8 ± 0.1c 12.7 ± 0.2b 

Water:[C4mim][Cl]-2:1-MS Exo 58.5 ± 0.4f 63.7 ± 0.2c 77.0 ± 0.3c -5.7 ± 0.1C 

      

Water:[C3mim][Cl]-35:1-MS Endo 76.9 ± 0.2j 82.8 ± 0.1g 88.0 ± 0.3f 13.2 ± 0.1b 

Water:[C3mim][Cl]-15:1-MS Endo 80.6 ± 0.2 87.1 ± 0.1i 92.0 ± 0.1i 15.7 ± 0.2d 

Water:[C3mim][Cl]-10:1-MS Endo 80.0 ± 0.2kl 86.5 ± 0.1i 91.6 ± 0.1i 17.5 ± 0.0f 

Water:[C3mim][Cl]-5:1-MS Exo → Endo 30.6 ± 0.4b Tp1 41.4 ± 0.3 → Tp2 73.5 ± 0.2 80.5 ± 0.3d 15.3 ± 0.2b 

Water:[C3mim][Cl]-2:1-MS Exo 51.3 ± 0.1e 61.6 ± 0.4b 73.7 ± 0.3b -9.5 ± 0.2B 

      

Water:[C2mim][Cl]-35:1-MS Endo 78.6 ± 0.1k 84.5 ± 0.2h 89.6 ± 0.1h 13.4 ± 0.1b 

Water:[C2mim][Cl]-15:1-MS Endo 84.0 ± 0.1m 90.0 ± 0.2j 94.1 ± 0.1k 16.2 ± 0.1e 

Water:[C2mim][Cl]-10:1-MS Endo 83.7 ± 0.1m 89.4 ± 0.1j 93.5 ± 0.1j 18.7 ± 0.3g 

Water:[C2mim][Cl]-5:1-MS Exo → Endo 29.1 ± 0.2a Tp1 37.3 ± 0.3 → Tp2 78.4 ± 0.3 85.1 ± 0.2e 18.1 ± 0.1f 

Water:[C2mim][Cl]-2:1-MS Exo 48.0 ± 0.5d 57.8 ± 0.1a 67.9 ± 0.1a -10.5 ± 0.2A 

Values are means ± standard deviation. Values with the same lowercase letters in the same column are not significantly different (p < 0.05).  593 

Values with the same uppercase letters in the same column for the exothermic transition are not significantly different (p < 0.05). 594 
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Table 2. Viscosity, wavenumbers (-OH of water) and chemical shift (δH(2), δH(4) and 595 

δH(5) of cation imidazolium ring) of water:IL mixtures at different molar ratios.  596 

Samples 
Viscosity 

(mPa·s) 

Wavenumbers 

(cm−1) 

Chemical shift 

(ppm) 

─OH δH(2) δH(4) δH(5) 

Pure water 0.81 ± 0.01a 3388.94 N.D. N.D. N.D. 

      

Water:[C4mim][Cl] 35:1 1.40 ± 0.01d 3400.27 8.82 7.58 7.52 

Water:[C4mim][Cl] 15:1 2.34 ± 0.02g 3400.92 9.03 7.72 7.67 

Water:[C4mim][Cl] 10:1 3.45 ± 0.03j 3404.14 9.12 7.80 7.75 

Water:[C4mim][Cl] 5:1 8.42 ± 0.01m 3400.87 9.44 8.03 7.96 

Water:[C4mim][Cl] 2:1 32.86 ± 0.02p 3400.63 9.64 8.18 8.10 

      

Water:[C3mim][Cl] 35:1 1.33 ± 0.02c 3397.30 8.80 7.56 7.50 

Water:[C3mim][Cl] 15:1 2.18 ± 0.01f 3400.55 8.98 7.70 7.64 

Water:[C3mim][Cl] 10:1 3.10 ± 0.01i 3401.05 9.09 7.78 7.73 

Water:[C3mim][Cl] 5:1 6.11 ± 0.02l 3396.59 9.34 7.98 7.92 

Water:[C3mim][Cl] 2:1 19.03 ± 0.02o 3396.36 9.57 8.15 8.08 

      

Water:[C2mim][Cl] 35:1 1.24 ± 0.02b 3397.03 8.76 7.53 7.49 

Water:[C2mim][Cl] 15:1 1.93 ± 0.01e 3398.56 8.95 7.69 7.62 

Water:[C2mim][Cl] 10:1 2.63 ± 0.01h 3399.72 9.03 7.76 7.67 

Water:[C2mim][Cl] 5:1 5.85 ± 0.01k 3395.76 9.24 7.91 7.83 

Water:[C2mim][Cl] 2:1 17.05 ± 0.02n 3395.53 9.42 8.05 7.96 

Values are means ± standard deviation. Values with the same lowercase letters in the 597 

same column are not significantly different (p < 0.05).  598 

 599 
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