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Abstract

The sensitivity of ionic liquids (ILs) to water affects their physical and chemical properties, even at relatively low concentrations, yet the structural thermodynamics of protic IL (PIL)-water systems at low water concentrations still remains unclear. Using the rigorous Kirkwood-Buff theory of solutions, which can quantify the interactions between species in IL-water systems solely from thermodynamic data, we have shown that (1) Between analogous protic and aprotic ILs (AILs), the AIL cholinium bis(trifluoromethanesulfonyl)imide ([Ch][NTf2]) shows stronger interactions with water at low water concentrations, with the analogous PIL N,N-dimethylethanolammonium bis(trifluoromethanesulfonyl)imide ([DMEtAH][NTf2]) having stronger water-ion interactions at higher water contents, despite water-ion interactions weakening with increasing water content in both systems. (2) Water has little effect on the average ion-ion interactions in both protic and aprotic ILs, aside from the AIL [Ch][NTf2], which shows a strengthening of ion-ion interactions with increasing water content. (3) Self-association of water in both PIL-water systems leading to the presence of large aggregates of water in IL-rich compositions has been inferred. Water-water interactions in [DMEtAH][NTf2] were found to be similar to dialkylimidazolium AILs, whereas these interactions were much larger in the PIL N,N-dimethylethanolammonium propionate ([DMEtAH][Pr]), attributed to the change in anion-water interactions.
1. Introduction

Ionic liquids (ILs) are promising alternative solvent media for physical, chemical and biological processes, largely due to the “tunable” properties of these solvents, which can be changed by careful selection of both cation and anion. 1-4 Potential applications utilising ILs include natural product extraction, 5 biomass processing, 6-9 anhydrous fuel cells 10-13 and catalysis. 14-18 There are, broadly speaking, two classes of ILs: aprotic ionic liquids (AILs), where the formal charge center of the cation is typically formed from non-reversible alkylation of a heteroatom, and protic ionic liquids (PILs), whose ion charges depend on proton transfer equilibrium between a Brønsted acid and a suitable base. 19-21 The chief advantage of PILs is that they are often significantly cheaper alternative to their aprotic counterparts, due to their simple, atom economical and efficient synthesis. 22, 23 

Both PILs and AILs tend to be quite hygroscopic and it is well known that their physical properties, structure and dynamics are significantly affected by the presence of water, even at low concentrations.5, 6, 24-28 The origins of these effects are generally not well understood and the molecular basis for the different behavior of AIL-water and PIL-water mixtures has not previously been described on a rigorous statistical thermodynamic basis. Here we aim to clarify the difference between a selection of AIL-water mixtures and PIL-water mixtures. Prior to demonstrating that the structure of IL-water mixtures is a still a controversial and poorly-understood subject, we emphasize first of all that the study of water-IL mixtures is of practical importance. This is because of the following reasons: (1) finer tuning of IL physical and solvation properties can be achieved through mixing with other solvents, especially with water; 24-26 (2) residual water is often present in IL samples from their synthesis and the hygroscopic nature of many ILs will inevitably introduce small amounts of water when they are utilized unless they are prepared, stored and handled under anhydrous conditions, 27, 28 so that permitting residual water in ILs seems to be more sustainable due to the energy required for the removal of water; (3) The costs associated with using an IL-water mixture for a given process in place of the pure IL would be significantly reduced, due to the typical high costs of ILs with respect to water; (4) the addition of molecular solvents, such as water, to ILs can have anti-solvating effects, leading to the precipitation of a dissolved species; 5, 6 (5) water is regarded as the “greenest” solvent. 29-32 

How does the behavior of water molecules vary, depending on the IL to which they have been added? In our previous work, we utilized the rigorous Kirkwood Buff (KB) theory of solutions to answer this question for three dialkylimidazolium ionic liquid systems. 33 At the lowest measured concentrations, water molecules become dispersed within each IL system, with the preference of water-water interactions increasing with increasing water concentration. We also showed that for the three systems studied, the average ion-ion interactions are not weakened significantly in the presence of low concentrations of water. This paved a way towards resolving the controversial question of how low concentrations of water affect the local interactions in aprotic imidazolium IL systems. 33-36 Here we extend our clarification on the structure and interaction of IL-water systems at higher water concentrations, encompassing both protic and aprotic ILs. 

In the context of IL-water mixtures, the following important questions have been posed in the literature, and have not been answered clearly.  

Question 1 Does water interact more strongly with protic ILs than with aprotic ILs?
That protic cations interact more strongly with water than their aprotic counterparts has been demonstrated by a comparison of the transport properties of analogous imidazolium aprotic and protic ILs, the cause of which was attributed to the tertiary N-H site of protic cations being able to hydrogen bond strongly with water, whereas the quaternary nitrogen on the aprotic cations could not. 37 It is expected that there would be some hydrogen bonding interactions from the C-H sites on the aprotic cations with water, in particular from the hydrogen on the C2 position on the imidazolium ring. However, these types of hydrogen bond will also be present on the protic cations of analogous structure and will be significantly weaker than those involved with the N-H sites on the protic cations. This was complemented by a study of the effects of water on the vibrational spectra of two PILs; 1-ethylimidazolium trifluoromethanesulfonate ([EIm][OTf]) and 1-ethylimidazolium bis(trifluoromethanesulfonyl)imide ([EIm][NTf2]), where similar water-cation vibration modes were observed in both systems. 38 The study also showed water-anion vibrational modes in the [EIm][OTf] system but not in the [EIm][NTf2] system. These results suggest that water interacts differently between the two PILs and more favorably with [EIm][OTf] than with [EIm][NTf2], contradicting the assumption that interactions between anion and water are related to the pKa(aq) of the conjugate acid. This view was best rationalised by the different polarization between the two PILs, not simply the acidity of the precursor acid; water in a PIL such as methylammonium nitrate ([MA][NO3]) becomes depolarized to a greater extent than in dialkylimidazolium ILs due to the strong, directional hydrogen bonds. 39   

While the above investigations of analogous AIL and PIL mixtures with water appear to suggest stronger interactions between water and PILs, this does not represent a complete picture of IL-water interactions. The interactions between water and ILs have been inferred from the excess molar volume () and partial molar volume of species () of these binary systems from extensive density data. 40-45 The resultant deviations of molar volume from additivity suggest that both protic and aprotic ILs demonstrate weakening 46-49 and strengthening of interactions between ions and water. 50-52 The fact that both classes of ILs can demonstrate both strengthening and weakening of interactions with water implies that ionicity alone cannot explain the strength of interaction. (Indeed, as will be shown in this paper, partial molar volume does not infer a single interaction, but rather a combination of numerous interactions.)

Question 2 Does the presence of water weaken ion-ion interactions in PILs?
It has been suggested that contact ion pairs (CIPs) as opposed to solvent-separated ion pairs (SIPs) were most prominent in PIL-water mixtures featuring triethylammonium methanesulfonate ([TEA][MS]) even at very high water concentrations. 53 This was supported by DFT calculations of the binding energy of aggregates of water and PILs at different compositions, finding that CIPs are more preferential at lower water configurations, and SIPs are more preferential at higher water concentrations. This is supported by the work of Greaves et al., demonstrating that certain PILs retain structural features in the presence of water, suggesting that water does not reduce the strength of ion-ion interactions. This is the opposite to how the precursor materials behave in mixtures with water. 54 However a study of the effect of water on the shear thinning of the PIL diethanolammonium acetate ([DEtA][ Ac]) suggested that less than molar equivalent quantities of water disrupt interactions between ions. 55 Indeed, it has been suggested from studies of the viscosity of PIL-water systems that the presence of water disrupts ion-ion interactions through hydrogen bonding interactions. 52, 56 A recent study on the transport properties and local interactions within species in mixtures of water and the PIL diethylmethylammonium methanesulfonate [DEMA][MS] gave evidence from 1H NMR and IR spectroscopy to show that cation-anion hydrogen bonding interactions weaken with increasing water concentration. 57 This evidence was a justification for the observed increase in the self-diffusion coefficients (from both pulsed field gradient NMR and conductivity measurements) observed for the species within these systems. Taken all of the above into consideration, there is no consensus as to whether water strengthens or weakens the IL-IL interaction. 

Question 3 Does the structure of PIL-water systems reflect homogeneous mixing or the formation of heterogeneous structures?
Homogeneous distributions of water within mixtures have been reported by molecular dynamics simulations of the protic IL ethylammonium nitrate ([EA][NO3]). 58 This view is contradictory to a combined neutron diffraction and computational study of [EA][NO3] and water mixtures, which suggest that the local structure of each component resembles that of the pure materials in the polar domains. 59 The study did suggest that a modification of the PIL nanostructure is observed due to swelling of polar regions, increasing the interfacial curvature around the non-polar regions (the cation alkyl chain). The formation of heterogeneous structures in polar solvents is also supported by the Far-IR study of PILs in polar solvents. 60 This difference in the observed mixing behavior of water and protic ILs has been emphasized further by ethylammonium formate ([EA][Fr]) mixtures with water.  The static dielectric constant, ε0, of the [EA][Fr]-water system showed consistent ε0 values up to 60% mole fraction of water. 61 However, measurements of polarity of [EA][Fr]-water systems with the probe molecule 12’-apo-b-carotenoic-12’-acid showed additivity of the observed polarity. 62 The fact that these different spectroscopic techniques seem to offer contradictory conclusions for identical water-PIL systems shows that there is still a poor understanding of the mixing behavior of these systems. Indeed, a lack of the theoretical basis behind some of the experimental techniques often leads to a misinterpretation of the results that feeds controversy.

 There is still much uncertainty as to how the species in IL-water mixtures interact. We wish to answer these three questions in this paper for six selected ILs, to showcase how the KB theory of solutions can help to better understand the complex nature of IL-water systems. To do this, we calculate the specific KB interaction parameters for water-water, water-ion and ion-ion interactions for these IL-water systems. 63-67 The KB-based approach has a proven track record in clarifying the mechanism of solvation in many systems, ranging from biochemical processes to pharmaceutical formulations. 68-77 It has also been applied by Almasy et al. to reveal the structure of water-[BMIm][BF4] in the water-rich region. 78 The theoretical framework of the KB theory has previously been useful in revealing the mechanism of biphasic extraction and the solvation of solvatochromic dyes in IL-water mixture. 79, 80 The combination of molecular dynamics and KB theory has also given valuable insight into a number of multicomponent systems featuring ionic liquids in terms of radial distribution functions associated with the individual ions. 81-83


In this paper we characterize, through the KB theory, water-water, ion-water and ion-ion interactions in six different IL-water mixtures. While it is not possible to investigate all of the diverse classes of ILs in a single study, these six systems were chosen because they represent a range of varying hydrophobicity and include both protic ILs (N,N-dimethylethanolammonium bis trifluoromethanesulfonimide ([DMEtAH][NTf2]) and N,N-dimethylethanolammonium propionate ([DMEtAH][Pr])) and aprotic ILs  (cholinium bis trifluoromethanesulfonimide ([Ch][NTf2]),1-Butyl-3-methylimidazolium tetrafluoroborate ([BMIm][BF4]), 1-ethyl-3-methylimidazolium tetrafluoroborate, ([EMIm][BF4]) and 1-ethyl-3-methylimidazolium trifluoromethanesulfonate ([EMIm][OTf])) (fig.1). Thus we can begin to understand the interactions in these specific IL-water systems, and comment on how variations of anion and cation structure influence these interactions. It is worth noting that any IL-water mixture can be studied using our approach if the required water activity and density data for the binary mixtures are known. Assisted by the theoretical foundation of the KB theory, we address the questions regarding the structure of and interactions in IL-water systems.
2. Theory and Experimental 

2.1. The Kirkwood-Buff theory of binary mixtures 

Based upon the rigorous statistical thermodynamic KB theory for binary mixtures, thermodynamic data can be used to reveal the structure of IL-water mixtures. 33, 63-67, 74 A more detailed discussion on the derivation of the KB parameters as used in this work has been shown before now,33 and has been reproduced here in a condensed form. Consider a mixture of water () and IL (). Following the standard approach well-established for dissociative species, we consider the (averaged) ions of the ILs as the species 2 (because the composition is always equivalent, it is not possible to study the effects of changing the number of cations or anions independently due to the charge neutrality requirement). 33, 66, 67, 70 As in previous KB approaches to ionic solutions, 33, 66 ,67, 70 cations and anions of varying size asymmetry have been assumed to be treated as single species as “a collection of indistinguishable ions”. 33, 66, 67, 70 

Our goal is to determine the KB integral between species  and , defined as follows: 33, 63-77  
							(1)
where  is the radial distribution function between the species  and , separated at the distance .  usually takes negative values, reflecting the contributions from small  where  due to steric repulsion, which contributes negatively to ; however, if an attractive interaction exists between  and ,  exhibits peak values much greater than 1, which contributes positively to  ; if species  is excluded from , the depletion of  contributes negatively to . Thus  reflects the excluded volume, as well as attraction and repulsion between  and . Following what is customary, we present our theory on a microscopic (molecular) scale using the Boltzmann constant  and the KB integrals measured in m3 (or other units for volume). In the analysis of experimental data, it is customary to use the macroscopic (molar) scale, namely, the gas constant  instead of  and cm3 mol-1 or m3 mol-1 as the units of the KB integrals. The conversion between the two scales can easily be made by the use of Avogadro’s constant. 

The KB integrals can be determined through the following well-known formulae: 33, 63-77
 								(2) 
								(3)
									(4)
where  and  respectively express the concentration and the partial molar volume of species , and  is the isothermal compressibility (typically of negligible contribution to KBI values);  has also been used.  is the key quantity for KB integral determination: 63-77?
						(5) 
where  ,   and  respectively express the chemical potential, the mole fraction and the activity of the species . The equivalence of the eqn. (2)-(5) to the ones used in our previous paper is proven in Appendix A. 

 and , as well as the excess volumes, have been employed in the literature to characterize the interactions between the species. In contrast, Appendix B shows that  and  actually contain several KB integrals, demonstrating that it is hard to separate one type of intermolecular interaction from the other simply by using the volumetric data alone. 

2.2. Quantifying the closeness to phase separation 

To compare quantitatively how close IL-water mixtures are to phase separation, we appeal to the thermodynamic criterion for phase stability, namely where  is the activity coefficient of the species . 82-84 Using eqn. (5), this translates to the following condition 
									(6) 
The D parameter summarizes the change in chemical potential of a given species with respect to its composition within a defined mixture. Using the Gibbs-Duhem equation, the single parameter accounts for the thermodynamic behavior of the species within a multicomponent system (in our case, the IL and water). This  can also be measured by scattering experiments; by straightforward algebra, this  can be linked directly to the variance of mole fraction related to the zero wave vector value of the concentration-concentration structure factor, as 78, 84-89 
 									(7) 

2.3. Water activity and density data 

The calculation of KB integrals requires experimental data as input: vapor pressure and density of IL-water mixtures. Water activity data on three IL-rich mixture systems have been taken from our previous papers, 79, 80 which include cholinium bis(trifluoromethylsulfonyl)imide ([Ch][NTf2]), N,N-dimethylethanolammonium bis(trifluoromethylsulfonyl)imide ([DMEtAH][NTf2]) and N,N-dimethylethanolammonium propionate ([DMEtAH][Pr]).90 The structures of the ILs from our previous work vary both the anion and cation structure, as well as featuring both protic and aprotic ILs. The aprotic cation cholinium ([Ch]) and the protic cation N,N-dimethylethanolammonium ([DMEtAH]) are often regarded as being “green” cations due to their favourable biodegradability, and low mutagenicity and toxicity. 91-93

Since the densities of the above three IL-water mixtures have not been reported in the literature to the best of our knowledge, we have we have measured the density of these three IL-water mixtures over the whole composition range, using an Anton Paar DSA5000 density meter. The results can be found in the supplementary information document (fig. S1a – S1c). The synthetic procedure and characterization of the protic IL [DMEtAH][Pr] and the aprotic IL [Ch][NTf2] are also summarized in the supplementary information document. The protic IL [DMEtAH][NTf2] was purchased from Bioniqs Ltd., was of biochemical purity (≥99%) and used without further purification.

In addition, we utilise data sets of water activity 94, 95 and density 96, 97 of the three IL-water mixtures featuring the ILs 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIm][BF4]), 1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIm][BF4]) and 1-ethyl-3-methylimidazolium trifluoromethanesulfonate ([EMIm][OTf]). The structures of all ILs used in this study are summarized in fig. 1. The experimental water activity and density data have been utilized in fig. 2, with subsequent differentiation producing the D value (eqn (5)) as shown in fig. 3 which is used to calculate all KB integrals (eqn (2)-(4)).
3.  Results and Discussion

3.1. Does water interact more strongly with protic or aprotic ILs? (Question 1)

To answer this question, we utilize the values of the ion-water interaction parameter, G21, for all six systems. Two pairs of ILs have been selected to compare the ion-water interactions in protic and aprotic ILs; one representing hydrophobic ILs, the other representing the hydrophilic ILs from this study. 

Hydrophobic ILs
Both the [Ch][NTf2] and [DMEtAH][NTf2] feature the bis(trifluoromethanesulfonyl)imide anion, near-universally regarded as extremely hydrophobic, ammonium cation (quaternary for the aprotic, tertiary for the protic) and hydroxyl functional group on the cation. (The similarity in ion structure results in comparable average ion size, which can be inferred roughly by the partial molar volume of the ILs at , i.e., 169.45 cm3 mol-1 for [DMEtAH][NTf2] and 176.47 cm3 mol-1 for [Ch][NTf2]). Despite the similarity in structure, the two ILs exhibit distinctly different degrees of interaction with water. At the lowest comparable measured concentration of water (x1 = 0.073), The AIL [Ch][NTf2] shows more favorable ion-water interactions than the PIL [DMEtAH][NTf2] (fig. 4). Both ILs feature hydroxyl functional groups on the cation (at position 2 in fig. 1 for both ILs), which are expected to act as hydrogen bond donors towards water, as well as with the anion. 98, 99 Protic ionic liquids have often been described as having strong, directional hydrogen-bonding networks present as a result of the charge transfer formation of ions, in some cases also being compared to water. 100 This can create strong differences in the local structure of analogous protic and aprotic ILs. 101 As a result, it is likely that the availability of the hydroxyl groups on the cation (at position 2 in fig. 1 for [DMEtAH][NTf2]) to form hydrogen bonds with at low water concentrations is restricted. As the ion-ion interactions in AILs are typically dependent on diffuse electrostatic interactions, there is less restriction to the ion-water mode of interaction through hydrogen bonding. 

With increasing water concentration, ion-water interactions become less preferential in both systems; however, for the [Ch][NTf2] system G21 decreases more drastically, eventually becoming more negative than for [DMEtAH][NTf2] at around x1 ≈ 0.20. This implies more preferential ion-water interactions in the PIL than in the analogous AIL at x1 > 0.20. At these higher water concentrations, it is likely that a reorganization of water in the AIL takes place, resulting in an increase in the strength of water-water interactions. This is supported by an increase in G11 (fig. 5) from large and negative values at low water concentration (similar to what has been shown before in AILs 33) to large and positive values, larger than in [DMEtAH][NTf2] at around x1 ≈ 0.20. (Note that, due to the inherent difficulties in measuring low water activity, the values of  should be considered only indicative of qualitative trend at this end.)  

Hydrophilic ILs
While not analogous in structure, the PIL [DMEtAH][Pr] and the AIL [EMIm][OTf], represent the most hydrophilic of the ILs from this study. Here, note that [EMIm][OTf] is larger in size than [DMEtAH][Pr] (which can be inferred roughly by their respective pure-phase partial molar volumes, namely 94.13 cm3 mol-1 for [EMIm][OTf] and 76.69 cm3 mol-1 for [DMEtAH][Pr]).  Over the entire comparable compositions, [EMIm][OTf] exhibits greater G21 values than [DMEtAH][Pr] (fig. 4). This result conveys that water-ion interactions are more favorable in [EMIm][OTf] than in [DMEtAH][Pr] at the concentration range studied.  While the structures of these two ILs are distinctly different, they both feature anions and cations that could form hydrogen bond interactions with water. (The hydrogen at the C2 position of the imidazolium ring of the cation and the oxygen atoms on the triflate anion for [EMIm][OTf]; the hydroxyl and tertiary ammonium groups on the cation and the oxygen atoms on the propionate anion for [DMEtAH][Pr]). The triflate anion has been shown from classical MD simulations to able to form strong hydrogen bonds with water at low concentrations through the oxygen atoms. 102, 103 Even at greater water concentrations, the anions of aprotic ILs such as [BMIm][BF4] and [EMIm][OTf] have shown to significantly interact with water, resulting in a picture of water-anion networks. 104, 105 Note that the stronger water-ion interaction of the PIL is observed over the entire concentration range studied here, unlike the case of the hydrophobic ILs, for which the relative strength of ion-water interaction was shown to depend strongly on water concentration.
3.2 Does water weaken ion-ion interactions in PILs? (Question 2)

To answer this question, we assess the dependence of water mole fraction on the ion-ion KB parameter, G22 (fig. 6).  For all but one IL-water systems (that of [Ch][NTf2]), we find that there is relatively small decrease of G22 with increasing water content. The degree of weakening of ion-ion interactions is seemingly comparable for these systems, despite the wide variety of IL structures present. This relatively small decrease in G22 suggests that ion-ion interactions are relatively unchanged by the presence of water. This is in agreement with previous studies into the liquid structure and interactions in PIL systems upon addition of water. 53, 54 It has previously been shown that G22 has little impact on the chemical potential of water, which in turn is reinforced by the relatively small change observed for the preferential solvation of ions (G21 – G22) (fig. 7). 33 As well as establishing that ion-ion interactions are relatively unaffected by the presence of water, fig. 7 demonstrates that ion-water interactions are preferable to ion-ion interactions over the studied concentration range. In comparing the estimated Log10P values for each IL (fig. S4) to fig. 7, we are unable to find any correlation. This is likely a result of concentration differences: Log10P values are representative of preferential interactions of IL at low concentrations in water, whereas we report on the preferential interactions of ILs with low concentrations of water present.

3.3 Does the structure of PIL-water systems reflect homogeneous mixing or the formation of heterogeneous structures? (Question 3)

From G22 we have shown there is little change in the ion-ion interaction strength (fig. 6) in PILs in the presence of water, implying that the structure of the PIL remains relatively unchanged. If we consider as well the water-water interactions for these systems, we find that for both PILs, G11 is large and positive at the concentration range of this study (fig. 5). This behavior of water-water interactions is distinctly different than observed in any of the AILs in this study. Despite this, strong aggregation of water at low concentrations has been observed in other systems using KB theory, such as sucrose-water 106 and dimethyl sulfoxide (DMSO)-water mixtures. 107 (Note that large positive and negative KB integrals have been reported in the past to contribute to discussion on binary systems. 108, 109)
To clarify the effect of such strong self-association on the mixing behavior of PIL-water systems, we turn to the well-established thermodynamic criteria for phase separation based on eqns (5, 6) (fig. 3). This parameter has been used to clarify the phase behavior of numerous binary systems which are close to phase separation. 78, 85-89, 110 For the PIL [DMEtAH][Pr], the values of D increase with increasing water concentration, implying an increased stability in the system. As a result, the lowest values of D occur at the lowest water concentrations, which is rationalized by the presence of strong water association at low water concentrations (fig. 5). The PIL [DMEtAH][NTf2] shows a weak dependence of D on water concentration. The values of D for this system are markedly lower than for [DMEtAH][Pr], suggesting a more heterogeneous structure of the system. This could be rationalized by the greater degree of water-water interactions in [DMEtAH][NTf2], as shown by G11. This is to be expected, as the [NTf2] anion is widely regarded as being more hydrophobic than the [Pr] anion. For both PILs the values of D are away from phase separation (D = 0), suggesting that the PIL-water system is stable despite the presence of water-rich clusters (fig. 3). 

The three dialkylimidazolium ILs show similar trends, with variation of anion having a greater effect on D than variation of cation. Within the concentration range studied, all systems are away from phase separation; [EMIm][OTf] is close to ideal mixing. The only system showing a tendency towards phase separation (D = 0) is [Ch][NTf2]. This is consistent with the phase separation behavior of the [Ch][NTf2]-water system at certain temperature and compositions,111, 112 however our values of D suggest that the system is stable within the composition range studied. 
Nonetheless, the KB interaction parameters in the [Ch][NTf2] IL-water system are distinctly different to that of any other in this study. We hypothesize that this due to a combination of two different aspects of IL-water mixtures. The first is a difference in the ability to form heterogeneous liquid structures within the pure IL to form polar and non-polar domains. The resultant liquid structure can then accommodate water within the polar, hydrophilic domains, while being excluded from the non-polar, hydrophobic domains. 113, 114 The second is the ability to form hydrogen-bonding interactions with water. While there has been no study on the liquid structure of this pure IL to the best of our knowledge, the absence of a long, lipophilic functional group on either the anion or cation of the IL suggests a more homogeneous structure of pure [Ch][NTf2]. Additionally, the [NTf2] anion has been shown before now to interact weakly with water through hydrogen bonds, 37, 38 while only the hydroxyl group of the cholinium cation (position 6, fig. 1 for [Ch][NTf2]) is likely to form hydrogen bonds with water. The result is an IL with apparent low compatibility with water at high concentrations, as we have shown in this study. However further experimental evidence of the specific molecular interactions and the mesoscopic structure of [Ch][NTf2] and its mixtures with water are required to confirm this hypothesis.
4. Conclusions

Based upon the rigorous statistical thermodynamic theory, the Kirkwood-Buff (KB) theory of solutions, 33, 60-64, 74, interactions between solvent species within six IL-water mixtures have been calculated using only density and water activity data of the mixtures, covering a selection of both protic and aprotic ILs that represent different structural characteristics seen in these classes of salts. 33, 60-64, 74 Through the above combination of theory and experimental data, we were able to answer the questions originally posed in the introduction.
 
For analogous ILs, the AIL [Ch][NTf2] has greater preference of ion-water interactions at low concentrations, with the PIL [DMEtAH][NTf2] exhibiting greater preference of ion-water interactions at higher water concentrations (question 1). This is rationalised by a strong increase in the water-water interaction strength with increasing water concentration in [Ch][NTf2]. In contrast, we show that the AIL [EMIm][OTf] exhibits stronger ion-water interactions than the PIL [DMEtAH][Pr] over the studied concentration range (question 1). We propose that this is due to the relative difference of the highly ionic nature of [EMIm][OTf] in comparison to [DMEtAH][Pr].

We show that the ion-ion interaction strength is not greatly affected by the presence of water for either PIL (question 2). The significance of this result is that while water-ion interactions in the example PILs are preferential to the ion-ion interactions at the concentrations studied (fig. 7), the structure of the IL portion of the mixture strongly resembles that of the pure system for both PILs in this study (fig. 6). 

We clarify the mixing behavior of the two PIL-water systems using the “closeness to phase separation” parameter (question 3). For both [DMEtAH][NTf2] and [DMEtAH][Pr], we find that the systems are closer to stable phase behavior than phase separation (fig. 3), despite the strong water-water interactions observed in both PILs (fig. 5) and the relatively unchanged ion-ion interactions in the presence of water. We also demonstrate the stark contrast between the analogous PIL and AIL, with [Ch][NTf2] showing a decrease of phase stability with increasing water concentration. 
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Appendices

Appendix A

Here we show that eqn. (4)-(6) are equivalent to the following expressions in our previous paper33: 
						(A1)
 						(A2)
A3)
We have used the following relationship in combination to eqn. (A1)-(A3)
						(A4)
where  is the activity of water and  is the concentration of water in the vapour phase.  

Let us show that Eq. (A1) is equivalent to Eq. (A2). This goal is equivalent to showing that 
									(A5) 
The equivalence between eqn. (5) and (A5) can be demonstrated straightforwardly by using 
										(A6)	
Using eqn. (A5) and (A6), the equivalences between eqn. (3) and (A2), as well as eqn. (4) and (A3) can be proven straightforwardly.   


Appendix B 

Partial molar volumes and excess molar volumes are widely used to probe intermolecular interactions in IL-water mixture. Here we show that they are determined by a combination of intermolecular interactions defined via the KB theory. This can be demonstrated easily by solving the simultaneous equations consisting of the following (that can be derived from the Gibbs-Duhem equations or directly from the grand partition function): 
							(B1) 
and the isobaric isothermal Gibbs-Duhem equation: 
									(B2)
We obtain 
									(B3) 
								(B4)
Swapping the indexes 1 and 2 also yields a pair of equations which describes  and  in terms of  and . Thus  and  do not correspond to any one single KB integral, especially away from dilute concentration range of 1 or 2, showing that they contain different interactions (water-water and water-IL) at the same time. 

Note here that the adoption of “indistinguishable ion” as species 2 has been necessitated by the experimental constraint the number of cations and anions in the system cannot be changed independently. The possibility of overcoming this constraint in simulation has been proposed.115  
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Figures
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Figure 1: The structures of the six ionic liquids in this study; the aprotic ILs in red: [EMIm][OTf], [EMIm][BF4], [BMIm][BF4], and [Ch][NTf2], and protic ILs in blue: [DMEtAH][Pr] and [DMEtAH][NTf2]. The selection of IL systems allows for a systematic comparison of analogous protic and aprotic ILs, as well as the comparison of a common protic IL structure with three common aprotic imidazolium ILs. 
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Figure 2: Dependence of the activity of water ( on the mole fraction of water dissolved in IL (). Fitting functions of the plots are used to calculate the KB parameters. Coefficients of the fitting functions are summarized in table S3.
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Figure 3: The D factor for each system as calculated from equation 5. 
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Figure 4: The dependence of water-ion Kirkwood Buff Integral G21 (cm3 mol-1) on water mole fraction (x1) for the six systems studied as calculated by equation (3). 
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Figure 5: The dependence of water-water Kirkwood Buff Integral G11 (cm3 mol-1) on water mole fraction (x1) for the six systems studied as calculated by equation (2). 
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Figure 6: The dependence of ion-ion Kirkwood Buff Integral G22 (cm3 mol-1) on water mole fraction (x1) for the six systems studied as calculated by equation (4). 
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Figure 7: Dependence of preferential solvation of ions, (G21 – G22) on the mole fraction of water () for each system.33
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