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CHAPTER 3 

Physico-chemical investigations on the aqueous solution of an ionic liquid, 1-

butyl-3-methylimidazolium methanesulfonate, [bmim] [MS], in the 

concentrated and dilute regime 

Abstract 

Physico-chemical properties of an ionic liquid (IL) 1-butyl-3-

methylimidazolium methanesulfonate, ([bmim][MS]), in combination with water, 

were evaluated through the density, viscosity, surface tension, conductance, cyclic 

voltammetry, absorption and emission spectroscopic measurements. Binary 

mixtures were studied both in the water rich and [bmim][MS] rich regions (0.01 

mM to 4.96 M). The static and dynamic properties of the binary combinations 

were evaluated through density and viscosity measurements. [bmim][MS] 

decreased the surface tension of water wherefrom the surface excess and area per 

molecule of the ionic liquid were determined at the air-liquid surface. Equivalent 

conductance of [bmim][MS] at infinite dilution was determined from the 

conductance data as the system obeyed Debye-Hückel-Onsager formalism. Cyclic 

voltammetry measurements revealed the formation of some metastable organized 

structures at specific compositions. Absorption and emission spectral behavior of 

the anionic dye eosin Y was found to be dependent on the concentration of 

[bmim][MS] in the water rich region. A significant change in steady state 

anisotropy and excited state life time of the fluorophore occurred above 1.0 M 

[bmim][MS] in water, which was correlated with the viscosity of the medium. It 

was concluded that aggregation of [bmim][MS] into micelle like aggregates above 

the specific concentration occurred, which significantly altered the different 

physiochemical parameters of [bmim][MS] binary mixture.  

Colloids Surf., A  2012, 404, 1-11 
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1. Introduction 

Ionic liquids (IL) are neoteric and environmentally benign solvents for 

which they find many applications179,265-272. Being aprotic, less volatile and ionic 

in nature, ILs are used in energy production270,273,274, process engineering275, 

bioengineering269, material engineering and sensor technology271, electrochemical 

applications,272,276 etc. As the ILs are environmentally benign solvent they act as 

catalyst and host for organic reactions196,277. Organic solvents have the limitations, 

viz, flammability and evaporation under warm temperature, or reactivity, which 

cause stability issues. That is why imidazolium based room temperature ionic 

liquids were mostly used for their nonvolatility, relatively high conductivity and 

low viscosity 278. Because of the aforementioned applications, studies involving 

ILs are plenty in literature. 135,215. Mukherjee et al. 279-281 have also studied ILs by 

spectroscopic techniques. Sum frequency generation studies on the ionic liquids 

1-butyl-3-methylimidazolium dicyanamide ([bmim][DCA]) and 1-butyl-3-

methylimidazolium methyl sulfate ([bmim][MS]) have been reported by Aliaga et 

al.278, which could provide information on the interfacial behavior of ionic liquid. 

Use of different types of ILs have also been studied by Balducei et al.273.  

 Physico-chemical investigations on the binary mixtures of ionic liquid 

and water have been studied by different researchers196,270,274,282-292. Kelkar et al. 

have theoretically investigated the effect of temperature and water on the 

viscosity behavior of 1-ethyl-3-methylimidazolium bis (trifluoromethanesulfonyl) 

imide 293. Liu et al. have made a systematic investigation on the binary mixture of 

IL and water with the variation of both the cation and anion294,295. Reports are also 

available where different physico-chemical properties have been investigated for 

different ionic liquids in the aqueous dilute solutions294-303. 

Water is the ‘greenest’ solvent among all. Therefore, needless to mention 

that detailed investigation on IL-water binary mixtures have importance in terms 

of application and fundamental understanding. It is believed that evaluations of 

thermo-physical parameters on binary mixtures involving ILs are essential for 

optimally designing any industrial product288,294,295. Excess molar volume is an 
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important parameter in understanding the molecular level of interaction among 

the components in binary mixtures, which can be estimated by measuring the 

density. Viscosity is another important dynamic property of a solvent, both in its 

pure and mixed state with another solvent. When an IL is used as solvent, 

preferred viscosity is warranted in the lower range. On the other hand, a highly 

viscous IL mixture is preferred for lubrication and membrane preparation293. 

Therefore to tune an ionic liquid-water binary mixture, a detailed investigation on 

its viscosity in combination with another solvent is absolutely essential. Widegran 

et al.292 have investigated the viscosity behavior of the three RTILs, where it was 

reported that there occurred a dramatic change in the viscosity of IL in presence 

of water. Conductivity of a solvent has vital importance, especially for ionic 

liquids as they are similar to the binary mixtures of organic solvents with an 

organic electrolyte304. Fitchett et al.283 has found the molar conductance to be 

directly dependent on the viscosity of the medium. Studies on the conductance 

behavior of aqueous solution of IL in the dilute range are not plenty in literature. 

To check the validity of conventional electrochemical laws (Debye-Hückell-

Onsager equation) and hence to find out the equivalent conductance of IL at 

infinite dilution, such studies are considered to be essential288,294,295,305. Similarity 

or difference in conductance behavior of IL with/from the conventional 

electrolytes can also be justified through such studies. Composition of an air-

solution interface is always different from the bulk as the ILs having organic 

moieties, exhibit surface activity. Compared to the surface of pure IL, (IL+water)-

air interface are less fairly understood288,294,295,305,306. As ILs have been used in 

many electro-chemical applications, hence cyclic voltammetric studies on the 

binary mixtures of ILs and water are considered to be important. Besides, such 

systems are advantageous to study as no carrier electrolyte is required 304,307.  

Studies involving IL, interaction in the molecular level and polarity of the 

medium could be investigated through spectroscopic probing techniques. 

Solvation dynamics and subsequent characterization of solvents either in pure 

form or in the compartmentalized systems have been systematically investigated 

by different researchers113,133,140,144,193,210,214,215,265,279,308-317. To the best of our 

knowledge no systematic investigation on the absorption and emission behavior 
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of dye in bulk IL-water mixture over a wide concentration range has been 

performed using [bmim][MS].  

According to Marciniak et al.318 and Ventura et al.291 it was proposed that 

the extraction capability of an ionic liquid depended on the hydrogen bond 

accepting strength of the anions, although detailed physico-chemical explanation 

behind such properties were not explained. According to Marciniak et al.318  

dearomatization can be influenced by the nature of anion in IL. Among different 

types of imidazolium based ionic liquids, not many works have been done with 

methanesulfonate anions291,319. Yang et al.320 have compared the differences in the 

physico-chemical properties of IL comprising two different anions, viz., toluene-

p-sulfonate and methanesulfonate. Khare et al.293 has used ethyl 

methylimidazolium based ionic liquids with a number of anions and have found 

that methanesulfonate anions could act as a better stabilizing agent for in situ 

synthesized iron carbide nanoparticles. Rivera-Rubero321 reported the anomalous 

behavior of MS containing ILs than the conventional anions. According to Fröba 

et al.270,274, there could be existence of unlimited number of ILs considering the 

variation in the number of cation and anion and hence comprehensive physico-

chemical investigations on all the ILs in their binary mixed states could not be 

investigated. However, to understand the structure-property relationship, such 

studies are warranted. 

This present study focuses the investigations on the solution behavior of an ionic 

liquid 1-butyl-3-methylimidazolium methanesulfonate [bmim][MS] in water, over 

a wide concentration range, using  different techniques. The investigation aims to 

derive the density, excess molar density and viscosity in understanding the 

synergistic and antagonistic behavior of all the combinations. Surface tension 

studies on aqueous solution of [bmim][MS]  in the water rich region could 

evaluate the surface activity, surface excess and molecular area of the IL. 

Conductance measurements for all the combinations and cyclic voltammetry 

measurements in the IL rich region helped in understanding the states of 

aggregates in solution. Absorption and emission spectroscopic studies of an 

anionic xanthene dye eosin Y have been performed in the water rich region. 
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Fluorescence lifetime and anisotropy measurements could shed light on the 

viscosity of the media. Efforts have also been made to correlate the life time and 

fluorescence anisotropy with the experimentally determined viscosity. Also we 

intended to correlate the data of the binary mixture in the water rich region with 

the aggregation behavior of IL as there are several reports with conclude that 

[bmim] based ionic liquids can form micelle like aggregates in water after 

attainment of certain concentration294,295,298,302,303,306,322. The choice of this anion 

is intentional as the anion is an alkyl group containing simple inorganic ion. Our 

main aim is to use the binary mixture of [bmim][MS] and water in microemulsion 

of oil continuum. However due to relatively higher melting point, this ionic 

liquid, in its pure form, was thought to be not useful for practical purpose. 

Moreover, imidazolium based ionic liquid containing [MS] anion would be less 

toxic compared to the fluorine based ILs320. In a very recent study Stark et al.323 

has reported that 1-ethyl-3-methyl imidazolium methane sulfonate exhibits some 

unusual behavior in combination with water. It is reported there that this 

particular ionic liquid could deactivate water above a certain concentration even if 

water is present in high amount (upto50 mole %). In another work of Stark and 

Wassersch, it was reported that water molecules becomes deactivated below 50 

mole % of water and in combination with [emim][MS]. The deactivation of water 

molecules was occured through a chemical reaction. In this reaction, 5-

hydroxymethyl furfural could be obtained from an intramolecular condensation 

reaction of fructose; however, the reaction rate was slowed down significantly in 

presence of water. Nevertheless, water, when present in combination with an ionic 

liquid [emim][MS] at upto 50 mole %, could barely slow the reaction rate. The 

deactivation of water in terms of chemical reactivity was due to the formation of 

highly structured IL framework that physically separated water from the reactants. 

We also intended to check the validity of the generalization which subsequently 

have motivated us to undertake the physico-chemical investigations on the binary 

mixture of [bmim][MS] and water. Such study is believed to help in 

understanding the interaction between [bmim][MS] and water at the molecular 

level as well as the orientation of the IL at the air solution interface which, in turn, 

will put new physical insight into the area of IL comprising binary mixtures.  
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2. Experimental 

2.1. Materials.  

The ionic liquid (IL) 1-butyl-3-methyl-imidazolium-methanesulfonate 

[bmim][MS] was a product from M/S Sigma-Aldrich Chemicals Pvt. Ltd., USA. 

It was stated to be more than 99.5% pure. The IL was further thoroughly degassed 

at 333 K (60oC) for a time period of 3h on a vacuum line. Double distilled water 

with a specific conductance of 2-4µS (at 298 K) was used to prepare the binary 

mixtures and also aqueous solution of [bmim][MS]. K4[Fe(CN)6], used as an 

electrochemical probe, was purchased from E. Merck (India) Ltd., Mumbai, India. 

The dye eosinY (EY) sodium salt, was a product from E. Merck, Germany. It was 

used as received. The concentrated solution of dye was prepared by dissolving 

weighed amount in water. Working solutions were then prepared by proper 

dilution. 

 
Scheme 3.1. Schematic structure of [bmim][MS] (top) and eosin Y (bottom). 

 

 

2.2. Methods.  

Binary mixtures of [bmim][MS] and water as well as the  aqueous solution 

of the IL in the dilute to moderate concentration range were prepared by proper 

weighing.  Two types of binary mixtures of [bmim][MS]+water have been used : 
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[bmim][MS] rich region where the mole fraction of [bmim][MS] were greater 

than 0.1 (x[bmim][MS] =0.2, 0.4, 0.5, 0.6, 0.8, 1.0). The molar concentration 

associated with the mole fractions are 3.69, 4.40, 4.58, 4.70, 4.86 and 4.96 M 

respectively. The second category was comprised of water rich regions (x[bmim][MS] 

<0.1)  within a dilute concentration range of IL (0.01 M to 3.0 M). Henceforth, 

[bmim][MS]+water binary mixtures are categorized into two groups; (A)  IL rich 

binary mixtures and (B) water rich IL solutions. 

Density of [bmim][MS] rich binary mixtures (category A), were measured 

using DMA 4500-M densitometer (Anton Paar, USA), with a stated accuracy 

5× 10-5 g.mL-1. Temperature during the measurements were controlled (± 0.05K) 

with a high precision Pt-resistance probe274. Densities of the binary mixtures at 

atmospheric pressure were recorded in the temperature range 298 to 323K with an 

interval of 5K. Viscosity was measured using a LVDV-II+PCP cone and plate 

type roto-viscometer (Brookfield Eng.  Lab, USA). Temperature was controlled 

by a cryogenic water bath (of precision ±0.1K). Shear rates (D) was varied within 

the range (20 – 60 S-1) and corresponding shear stress ( ) were recorded. Viscosity 

( ) was obtained at zero shear rates using the relation: η = /D324. The 

uncertainties of the experimental density and viscosity were found to be less than 

0.003  g.mL-1 and 0.01 mPa.s, respectively, and the deviations of VE was less than 

0.0005mL.mol-1 and 0.01mPa.s, respectively. Refractive indices of the binary 

mixtures were determined with an refractometer (Refracto 30GS, Mettler Toledo, 

Columbus,OH) with a stated accuracy of ±0.0005. Surface tension of the aqueous 

[bmim][MS] solutions were measured (measurable upto 1.0 M) with a du Noüy 

tensiometer (precission ± 0.1mN.m-1) from Jancon, Kolkata, India. Concentrated 

aqueous [bmim][MS] solution was progressively added to 20 mL water kept in a 

thermostated double walled jacket. Solution was homogenized using magnetic 

stirrer and equilibrated for 15 min, prior to each measurement. Temperature was 

controlled at 298±0.05K by a cryogenic circulatory water bath. An average of 

three readings was considered. Conductance was recorded with EC-CON510/43S 

conductivity meter (Cyberscan, TDS/0C/0F, USA) at 298K. The solutions were 

kept in a double walled glass jacket. The cyclic voltammetric measurements were 
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carried out on a BAS (Bio Analytical Systems) Electrochemical Work Station, 

Epsilon (USA). The electrochemical measurements were conducted by using 

three electrode configurations which were a glassy carbon working electrode, an 

Ag/AgCl reference electrode and a platinum counter electrode. 1.0 mM 

K4[Fe(CN)]6 was used as an electrochemical probe. Scan rates were varied in the 

range of 50 – 100 mV·s-1. Visible absorption spectra of 10 M  aqueous solution 

of EY were recorded on a UVD-2950 Spectrophotometer (Labomed Inc., USA). 

Spectra were recorded in the range 400 to 600nm using matched pair quartz cell 

of 1.0cm optical path length. Water or [bmim][MS]+water solution were used as 

reference. Steady state and time resolved fluorescence spectroscopic 

measurements were performed using a bench-top spectrofluorimeter 

(Quantamaster-40, Photon Technology International Inc, NJ, USA). The 

fluorescent dye was excited at 500 nm ( ex) and emission spectra were recorded in 

the range 475nm to 675nm. Steady state anisotropy was determined using the 

following expressions325: 

           r =  (IVV – GIVH) / (IVV +  2GIVH)       (3.1) 

and,   G =  IHV/IHH         (3.2) 

where, IVV, IVH are the intensities obtained with the extinction polarizer oriented 

vertically and the emission polarizer oriented vertically and horizontally 

respectively; IHV and IHH refer to the similar parameters as above for the 

horizontal positions of the extinction polarizer. Further details can be found in 

literature325. Motorized polarizers were used for such studies. Fluorescence 

lifetime of aqueous solution of EY in the absence and presence of the IL was 

determined from the fluorescence decay curve by Ströbe technique using a pulsed 

nano diode (Nano LED, light emitting device) as the light source at 500nm. 

Fluorescence decay curves were analyzed by Felix GX (version 2.0) software. 

Goodness of the fits were adjudged by the χ2 values.230,325,326  

3. Results and discussion 

3.1.1. Density measurement. The density, viscosity and their derived data for the 

binary mixtures in the [bmim][MS] rich region are summarized in Table 3.1, 
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Figure 3.1 and also in the supplementary section. Figure 3.1 describes the density-

composotion (concentration, C and mole fraction, xIL) profile in the IL rich 

region, where it was found that density increased in a nonlinear fashion with 

increasing IL content. Initially the density increased rapidly upto 60 mole% (4.5 

M) of [bmim][MS] after which the change was not so significant. Differences in 

the structure and packing of molecular components led to such 

variations294,295,302,327. Stark et al.323 has proposed that in case of IL+water binary 

mixtures when the IL content is more than 50 mole%,  highly ordered pseudo-

lattice like structures are formed, as also proposed by Mendez-Morales et al.328. In 

the present case the same proposition was found to be valid. 

 
Figure 3.1. Variation of density (ρ) of [bmim][MS] + water binary mixture with the mole 

fraction (x) and concentration (C) of [bmim][MS] in the ionic liquid rich region. 

Temperatures (in K) are mentioned inside the Figure  

 

Above 50 mole% of IL, the water molecules become less sensitive and could not 

perturb the pseudo-lattice like structured aggregates of IL. The variation of 

density with the molar concentration of [bmim][MS] was nonlinear in the entire 

studied concentration range as also reported previously294,295. Density decreased 

linearly with temperature obeying the following formalism: 

ρ = ρ0 + ρ1T                                                               (3.3) 
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The ILs were reported to be capable of forming micelle like aggregates. Above 60 

mole% [bmim[MS], there will be sufficient number of such congregated species 

whose organizational packing would barely be perturbed by added water 

molecules. Additionally, the approach of Stark et al.323 could be adapted by 

considering  that above the stated composition, there occurred some “loosening 

effect” on the structure of the aggregates.   We have studied mixtures at even 

lower concentrations. The behavior of [bmim][methyl sulphate] was also similar 

as ours, although the density of [bmim][methyl sulphate] were higher than that of 

[bmim][MS]. The temperature sensitivity on density (ρ) for [bmim][methyl 

sulphate] was less329 [–(6.72± 0.0149) × 10-4] g.mL-1oC-1 than [bmim][MS] [–

(7.263± 0.367) × 10-4]g.mL-1oC-1. 

3.1.2. Variation of excess molar volume (VE). The excess molar volume VE was 

calculated from the experimental results according to the following equation 

294,295: 

                    �� = + − −      (3.4) 

where, x1 and x2 are the mole fractions; M1 and M2 are molar masses; ρ1 and ρ2 

are the densities of pure IL and water respectively. The subscript M represents 

density of mixture. The deviation of VE was approximately ±0.05% . The results 

are shown in Table 3.1. The VE values at all the temperature passed through a 

minimum at xIL=0.5, as shown in Table 3.1. Additionally, the variation of the 

excess molar volume with composition at different temperatures have been shown 

in Figure 3.2. 
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Table 3.1. Variation of density (ρ), excess molar volume (VE) and viscosity ( ) for the binary mixtures of [bmim][MS] and water at different 

temperature (T) in the [bmim][MS] rich region. 

ρ / g mL-1 at different Temp.(in K) 

xIL(Conc./M) 298 303 308 313 318 323 

0.0(0.00) 0.997 0.996 0.994 0.992 0.989 0.982 

0.2(3.69) 1.131 1.132 1.129 1.123 1.121 1.118 

0.4(4.40) 1.150 1.148 1.144 1.140 1.136 1.132 

0.5(4.58) 1.156 1.154 1.150 1.146 1.143 1.139 

0.6(4.78) 1.159 1.157 1.152 1.148 1.145 1.141 

0.8(4.86) 1.161 1.159 1.154 1.151 1.147 1.144 

1.0(4.96) 1.163 1.161 1.156 1.152 1.149 1.145 

VE /mL.mol-1 

0.2(3.69) 0.2845 0.1656 0.1033 0.2038 0.1615 0.1040 

0.4(4.40) -0.6091 -0.6007 -0.5741 -0.5569 -0.5605 -0.5875 

0.5(4.58) -0.7661 -0.6250 -0.6994 -0.6867 -0.6908 -0.7149 

0.6(4.78) -0.5922 -0.5873 -0.5711 -0.5610 -0.5644 -0.5838 

0.8(4.86) -0.2323 -0.2297 -0.3644 -0.3599 -0.2169 -0.3723 

η / mPa.s(cP) 
0.0(0.00) 0.89 0.79 0.74 0.68 0.62 0.57 

0.2(3.69) 10.52 8.79 7.29 6.76 3.08 2.33 

0.4(4.40) 25.48 22.52 20.64 15.45 12.49 11.16 

0.5(4.58) 37.18 29.48 25.01 19.99 16.75 13.91 

0.6(4.78) 35.35 23.90 19.78 16.54 14.18 12.00 

0.8(4.86) 63.49 49.14 38.41 31.60 25.28 20.99 

1.0(4.96) 55.29 34.45 26.93 21.75 17.78 15.88 

Values in the parentheses indicate the molar concentration of [bmim][MS] in water at 298K. 
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Table 3.2. Coefficients of density (according to eq. 3) and viscosity (according to eq. 5) 

for the binary mixtures of [bmim][MS]+ water in the [bmim][MS] rich region. 

 

Values in the parentheses indicate the molar concentration of [bmim][MS] in water at 

298K. 

 

 
Figure 3.2. Variation of excess molar volume (VE) of [bmim][MS] + water binary mixture 

with mole fraction (x) and concentration of [bmim][MS]. Temperature (in K) are 

mentioned inside the Figure  

  

It was found that, at xIL=0.2, the VE for the mixture were higher than zero, which 

indicated a positive deviation from ideality. This finding is an indication of 

structural reorganization and the resulting swelling effect. The excess molar 

volume (VE) was not significantly different for all the temperatures. This result 

indicates the quasi-ideal behavior of the binary mixture of IL+water from molar 

volume point of view (as the VE values are lower than 0.5% of the ideal molar 

Mole-fraction 

(Conc./M) of 

[bmim][MS] 

ρ1/ g.mL-1 10-3x ρ0/ g.mL-1 103 x η0 / mPa.s Ea / kJ.mol-1 

0.0(0.00) -(0.368 ± 0.02) 1.107  

 

 

1.19  

 

 

 

2.578   

  

   

0.2(3.69) -(0.582 ± 0.07) 1.307 

0.4(4.40) -(0.743 ± 0.03) 1.373 

0.5(4.58) -(0.730 ± 0.02) 1.375 

0.6(4.78) -(0.739 ± 0.03) 1.380 

0.8(4.86) -(0.704 ± 0.02) 1.372 

1.0(4.96) -(0.726 ± 0.04) 1.380 
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volume value). The appearance of minima at xIL=0.5 indicates formation of 

condensed structure. According to Rebello et al.288 if there exist water-water and 

anion-cation interaction upon mixing of IL and water then there would be a 

significant reduction of coulumbic attraction. As a result, a size enhancement 

effect would occur. However, in our case, the VE values were found to be negative 

for all compositions in general. This finding implies a strong associative 

interaction between water and [bmim][MS], except for the cases where the 

amount of IL is less (xIL<0.2). The negative deviation from the ideality was an 

added contribution of the counter anion in [bmim][MS]. The methanesulfonate 

anion can form stronger hydrogen bond with water, compared to the other 

conventional anions, such as BF4
-, halides. This unusual behavior has only 

recently been reported by Stark et al.323 and Lehmann et al.285. A molecular 

organization of the components in binary mixtures have been proposed through 

some models295,306,323,328. 

3.2. Viscosity measurement.  The ln  - xIL profile at different temperature are 

shown in the Figure 3.3.  Results are also summarized in Table 3.1, 3.2 and 3.3. 

The measured viscosities in the studied concentration range followed Arrhenius 

formalism 232: 

                         = ���⁄                                   (3.5) 

where, EA, R and T are the viscosity activation energy, universal gas constant and 

temperature in the absolute scale respectively. In a recent study of Stark et. al. it 

was proposed that the Arrhenius formalism for viscosity activation energy could 

be employed for [emim][MS]+water binary mixture. As the IL content in the 

system increased above 50 mole%, the micelle-like structures are stabilized and 

then the added water becomes deactivated, i.e., the structuredness is not perturbed 

due to physical separation of water from the reactants. 
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Figure 3.3. Variation of viscosity ( ) of [bmim][MS] + water binary mixture with mole 

fraction (x[bmim][MS]) and concentration (C) in the dilute and ionic liquid rich region. 

Temperatures (in K) are mentioned inside the Figure  

 

The variation of viscosity with the molar concentration (as well as the 

mole fraction) was nonlinear in the entire studied concentration range. Additional 

viscosity and viscosity derived data are provided in the supplementary section. 

Similar reports are there for other binary mixtures282. Kelkar et al.293 proposed 

that water, when present in combination with IL, could preferentially bind to more 

than one species and he also proposed that water preferentially associates with the 

anionic part of the ionic liquid. In the water rich region of the binary mixture, η – 

molar concentration of ionic liquid profile was found to be sigmoidal in nature 

indicating the formation of differently aggregated species. Viscosity initially 

increased mildly with the increase in concentration of ionic liquid in water. After 

1.0 M, a significant rise in the viscosity occurred. According to the different 

available reports, it is proposed that above 1.0 M concentration, [bmim][MS] can 

form micelle like aggregates which are highly ordered. These aggregates could 

enhance the viscosity of the medium185, 186, 188-189. 
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Table 3.3. Variation in different physico-chemical parameters for the aqueous solution of 

[bmim][MS] with its concentration in the water rich region at 298 K. 

 

*Surface tension of [bmim][MS] in water could not be determined at 

concentration higher than 1.0 M as the viscous solution interfered with the surface 

tension data. 

Values of excess molar volume and viscosity deviations were fitted by 

Redlich-Kister type polynomial232:  = � � ∑ � − �=                          (3.6) 

where, Y =  VE and the coefficients of Ak are parameters that were obtained by 

fitting the equations to the experimental values with a least square method. The 

correlated results for density, excess molar volume were defined by the following 

equation, and the results are shown in the Table 3.4 according to the following 

formalism232: 

   � = [∑( − � )− ] ⁄
                             (3.7) 

where, Y refers to ρ, , VE; the subscripts ‘exp’ and ‘cal’ represent the 

experimental value and the calculated value, respectively. ‘n’ is the number of 

data points; and ‘p’ is the number of coefficients. 

Conc. of 

[bmim][MS] / m M 

Viscosity/ 

mPa.s 

*Surface 

tension/mN.m-1 
Refractive index 

0.16 0.88 70.6 1.350 

0.316 0.97 70.5 1.351 

0.63 0.98 70.3 1.351 

1.25 1.03 70.2 1.352 

2.50 1.03 69.7 1.352 

5.00 1.06 68.9 1.352 

10.00 1.08 64.5 1.352 

20.00 1.10 61.7 1.352 

37.50 1.14 58.2 1.353 

75.00 1.15 55.8 1.354 

150 1.18 48.2 1.356 

300 1.64 45.3 1.360 

450 1.98 44.4 1.367 

600 2.04 43.8 1.370 

750 2.09 43.2 1.373 

1000 2.60 42.3 1.381 

1200 6.20 - 1.387 

1500 8.53 - 1.397 

3000 9.12 - 1.435 
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Table 3.4. Fit Parameters in the Redlich-Kister Equation (eq. 6) for the density data. 

Values in the parentheses indicate the molar concentration of [bmim][MS] in water at 

298K. 

 

3.3. Refractive index. Variation of the refractive index with the molar 

concentration of [bmim][MS] in the water rich region has been shown in Figure 

3.4. Refractive index increased linearly with the concentration of IL, like the 

previously reported systems 294,295. Refractive index increased significantly above 

5.0 mM [bmim][MS] in water. Change in the dielectric constant of the medium 

could account for such variation. The refractive index (RI) and density (ρ) obeyed 

the σewton’s formalismμ 

   

                                                            
− =            (3.8) 

where, C is constant, in the entire concentration range. 

 
Figure 3.4. Variation in the refractive index of [bmim][MS] +  water binary mixture with 

IL concentration (C) at 298 K. 

 

Mole-fraction (Conc./M) of [bmim][MS] a0 / g.mL-1 104 x a1 / g.mL-1 

0.0(0.00) 1.107 -3.54 

0.2(3.69) 1.307 -6.89 

0.4(4.40) 1.373 -7.44 

0.5(4.58) 1.375 -7.30 

0.6(4.78) 1.380 -7.39 

0.8(4.86) 1.372 -7.04 

1.0(4.96) 1.380 -7.26 
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Table 3.5. Polynomial regression coefficients for different physico-chemical parameters (according to eq. 7) of [bmim][MS]+ water binary mixtures in the 

[bmim][MS] rich region. 

 

Mole-fraction (Conc./M)  

of [bmim][MS] 

σρ ( g.mL-1 )/  σV
E(mL.mol-1)/ση (mPa.s) 

298K 

10 20 30 40 50 

0.2(3.69) 0.048 / 0.127 /0.56 0.053 / 0.142/ 0.62 0.062 / 0.164 / 0.72 0.076 / 0.201 /0.88 0.107 / 0.285/ 1.25 

0.4(4.40) 0.041/ 0.272/ 1.26 0.046/ 0.304/ 1.41 0.053/ 0.352/ 1.63 0.065/ 0.431/ 2.00 0.09 / 0.609/2.83 

0.5(4.58) 0.036/ 0.451/ 4.06 0.040/ 0.504/ 4.45 0.046/ 0.582/ 5.25 0.057/ 0.713/ 6.43 0.080/ 1.007/ 9.09 

0.6(4.78) 0.029/ 0.265/ 0.81 0.033/ 0.296/ 0.91 0.037/ 0.342/ 1.05 0.046/ 0.419/ 1.28 0.065/ 0.592/ 1.82 

0.8(4.86) 0.015/ 0.104/ 8.53 0.016/ 0.116/ 9.54 0.018/ 0.134/ 11.01 0.023/ 0.164/ 13.49 0.033/ 0.232/ 19.08 

303K 

0.2(3.69) 0.048 / 0.074 / 0.57 0.054 / 0.083 /0.64 0.062 / 0.096 /0.73 0.076 /  0.117 /0.89 0.108 / 0.166 /1.27 

0.4(4.40) 0.041/ 0.268/ 3.69 0.045/ 0.300/4.13 0.052/ 0.347/ 4.77 0.064/ 0.425/ 5.85 0.091/ 0.600/ 8.27 

0.5(4.58) 0.035/ 0.279/ 5.30 0.039/ 0.312/ 5.93 0.045/ 0.361/ 6.85 0.055/ 0.442/ 8.38 0.078/ 0.625/ 11.86 

0.6(4.78) 0.029/ 0.263/ 1.29 0.033/ 0.294/ 1.45 0.038/ 0.339/ 1.67 0.046/ 0.415/ 2.05 0.065/ 0.587/ 2.90 

0.8(4.86) 0.014/ 0.103/ 9.58 0.016/ 0.115/ 10.71 0.018/ 0.133/ 12.36 0.023/ 0.162/ 15.15 0.032/ 0.229/ 21.42 

308K 

0.2(3.69) 0.047 /0.046 /0.59 0.053 / 0.052 /0.66 0.061 / 0.059 /0.76 0.075/ 0.073 /0.93 0.106 / 0.103 /1.32 

0.4(4.40) 0.039 /0.257/ 4.21 0.044 / 0.287/4.71 0.051/ 0.331/ 5.43 0.062/ 0.406/ 6.66 0.087/ 0.574/ 9.42 

0.5(4.58) 0.034/ 0.313/ 4.99 0.038/ 0.349/ 5.58 0.044/ 0.404/ 6.44 0.054/ 0.495/ 7.89 0.076/ 0.699/ 11.17 

0.6(4.78) 0.028/ 0.255/ 1.48 0.031/ 0.286/ 1.66 0.036/ 0.329/ 1.92 0.044/ 0.404/ 2.35 0.062/ 0.571/ 3.33 

0.8(4.86) 0.014/ 0.163/ 7.47 0.016/ 0.182/ 8.36 0.018/ 0.210/ 9.65 0.022/ 0.258/ 11.82 0.031/ 0.364/ 16.72 

Mole-fraction (Conc./M) of 

[bmim][MS] 

σρ ( g.mL-1 )/  σV
E(mL.mol-1)/ση (mPa.s) 

313K 

10 20 30 40 50 

0.2(3.69) 0.045/ 0.091 / 0.84 0.051 / 0.102 /0.93 0.058 / 0.117 /1.07 0.072 / 0.144 / 1.32 0.102 / 0.204 /1.87 

0.4(4.40) 0.038 / 0.249/ 2.84 0.043/ 0.278/ 3.17 0.049/ 0.322/ 3.66 0.061/ 0.394/ 4.48 0.086/ 0.557/ 6.34 

0.5(4.58) 0.034/ 0.307/ 3.92 0.037/ 0.343/ 4.38 0.043/ 0.396/ 5.06 0.053/ 0.486/ 6.20 0.075/ 0.687/ 8.77 

0.6(4.78) 0.028/ 0.251/ 1.44 0.031/ 0.281/ 1.61 0.036/ 0.324/ 1.86 0.044/ 0.396/ 2.28 0.062/ 0.561/ 3.22 

0.8(4.86) 0.014/ 0.161/ 6.28 0.016/ 0.0.179/ 7.03 0.018/ 0.207/ 8.11 0.022/ 0.254/ 9.94 0.031/ 0.359/ 14.06 
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Values in the parentheses indicate the molar concentration of [bmim][MS] in water at 298K. 

                    318K 

0.2(3.69) 0.044 / 0.072/0.43 0.049/ 0.081 / 0.48 0.057/ 0.093 / 0.56 0.070/ 0.114 / 0.68 0.099/ 0.161 / 0.97 

0.4(4.40) 0.043/ 0.251/ 2.24 0.048/ 0.280/ 2.51 0.056/ 0.324/ 2.89 0.068/ 0.396/ 3.54 0.097/ 0.561/ 5.01 

0.5(4.58) 0.033/ 0.308/ 3.37 0.036/ 0.345/ 3.77 0.042/ 0.398/ 4.36 0.052/ 0.488/ 5.34 0.074/ 0.691/ 7.55 

0.6(4.78) 0.026/ 0.252/ 1.46 0.030/ 0.282/ 1.63 0.034/ 0.326/ 1.88 0.042/ 0.399/ 2.31 0.059/ 0.564/ 3.26 

0.8(4.86) 0.014/ 0.097/ 4.88 0.015/ 0.108/ 5.46 0.017/ 0.125/ 6.31 0.022/ 0.153/ 7.73 0.031/ 0.217/ 10.93 

323K 

0.2(3.69) 0.043/ 0.046 /0.58 0.048/ 0.052 / 0.65 0.056/ 0.060/ 0.75 0.068/ 0.073/ 0.92 0.097/ 0.104/ 1.30 

0.4(4.40) 0.036/ 0.263/ 1.99 0.040 / 0.294/  2.24 0.046/ 0.339/ 2.58 0.057/ 0.415/ 3.16 0.081/ 0.587/ 4.47 

0.5(4.58) 0.032/ 0.319/ 2.54 0.034/ 0.357/ 2.84 0.041/ 0.413/ 3.27 0.050/ 0.505/ 4.02 0.071/ 0.715/ 5.68 

0.6(4.78) 0.026/ 0.261/ 1.00 0.029/ 0.292/ 1.12 0.034/ 0.337/ 1.29 0.041/ 0.413/ 1.58 0.058/ 0.584/ 2.24 

0.8(4.86) 0.013/ 0.166/ 3.65 0.014/ 0.186/ 4.08 0.016/ 0.215/ 4.72 0.021/ 0.263/ 5.77 0.029/ 0.372/ 8.17 
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3.4. Surface tension. Because of the ionic liquids have organic moieties, they are 

expected to exhibit surface activity. The surface tension (γ) – concentration (C) 

profile for the binary mixture in water-rich region has been presented in Figure 

3.5. It is clear from the Figure that the surface tension decreased only after 5.0mM 

(marked as point A in the Figure), while a second halt appeared at ~0.3 M. 

Similar types of variation for [bmim][BF4] have been reported by Bowers et al.305. 

Initially, due to its high ionic nature, [bmim][MS] molecules do not 

spontaneously get adsorbed onto the surface. The second breakpoint confirms the 

changes in the structural organization through the formation of micelle like 

aggregates as proposed by several authors200,284,290,294-296,298,299,301-

303,305,306,322,323,330. Stark et. al. modeled the structures of these ionic clusters  in the 

absence and presence of water in their recent studies. 

 
Figure 3.5. Variation of surface tension (γ) with the concentration (C) of [bmim][MS] in 

water at 298K. The points A and B correspond to [bmim][MS] concentration at 5.0 mM 

and 0.3 M  respectively. 

 

Gibbs formalism was found to be valid for aqueous ionic liquid solutions 

as: 

                           = − . �� �                                     (3.9) 
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where, γ, a are surface tension, activity of the IL in water respectively and R, T 

have their usual meanings. Although strictly speaking, calculation of surface 

excess from the above equation needs to know the actual activity of [bmim][MS] 

in solution to be derived from concentration. However as in many cases activity 

of the specific solute solvent system cannot be accurately measured, hence in the 

dilute range activity was approximated as the concentration of the solute. In the 

present system, the surface excess was calculated by determining the slope of γ 

vs. log C plot (through linear regression) in the concentration range of 0.007mM 

to 0.20mM. The surface excess value for [bmim][MS] in the stated concentration 

range at the air-solution interface was found to be 1.23x10-6 mol.m-2. This method 

of surface excess determination is quite reliable. However, no reported value for 

[bmim][MS] is available in the literature. The significant decrease after which 

there occurred a change in the slope of γ vs log C changed, was found to be 

(marked as point ‘B’ in Figure 3.4) 45mN m-1. This value was found to be 

relatively higher than other [bmim] containing ionic liquids in their pure forms330. 

It may be mentioned that we could not measure the surface tension of 

[bmim][MS] in water at concentration higher 1.0 M as the stickiness of the 

interface interfered with the surface tension values. The surface excess value 

helped in determining the minimum area per ionic liquid at the surface 305: 

                    � = 8�× �           (3.10) 

where, Amin was the minimum area per ionic liquid molecule at the air water 

interface, NA was Avogadro constant and Γmax was surface excess. For 

[bmim][MS], the Amin value was found to be 1.35nm2.molecule-1. The Amin value 

for [bmim][MS] was found to be higher than that from previous reports305. Sung 

et al.290 has proposed a model depicting the orientation of 1-butyl-3-

methylimidazolium tetrafluoroborate [bmim][BF4] at the (IL+water)-air interface, 

where the anions are also associated with the cationic moiety. The larger size of 

methane sulfonate anion resulted in the larger area for the present IL. However, 

an additional sophisticated instrumentation technique, sum frequency generation 

spectroscopy, neutron reflectometry or elipsometry, etc., is warranted, and these 

studies are considered as future possibilities. 
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3.5.1. Electrical conductivity. It was found that molar conductance decreased 

with the increase in [bmim][MS] concentration in water (as shown in Figure 3.6). 

The decrease was significant up to 50 mole% of ionic liquid in combination with 

water; after that decrease in molar conductance was mild (panel A). It is 

anticipated that after 50 mole% of ionic liquid in the binary mixture, no 

significant structural alteration takes place. Considering the effect of temperature, 

it was found that the molar conductance increased with temperature. Increase in 

temperature results in the increase in ionic mobility. Also loss of structuredness 

led to the increased conductance at elevated temperature. Rise in molar 

conductance was significant for the binary mixtures containing lower amount 

ionic liquids. After 50 mole% [bmim][MS], molar conductance of the mixtures at 

different temperatures were not significantly higher. For ionic liquid containing 

20 and 40 mole %, although there was a rise in molar conductance with 

temperature increase but no definite trend line was obtained. This suggests that 

orderedness of the structured species decreased with increase in temperature of 

these two systems.  

 
Figure 3.6. Variation of molar conductance (ΛM) with A, mole fraction (x) in the 

[bmim][MS] rich region; B, concentration (C) of [bmim][MS] solution in water rich 

region. Inset of B: ΛM - C1/2 (О) and log ΛM-log -1 (□) profile in the lower concentration 
range of [bmim][MS]. Temp. 298K. 
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For 50, 60, 80 mole% and pure IL increase in molar conductance with 

temperature was more or less linear. The studies were found to be comparable 

with reports by other324. The increase in molar conductance with increase in 

temperature was due to increasing ionic mobility. It is to noted that the viscosity 

for 80 mole% [bmim][MS] containing mixture was higher than pure IL whereas 

the molar conductance for 80 mole% was also higher than that of pure one. This 

behavior was due to the formation of hydrogen bonded structures whereby a 

proton transfer mechanism could occur for 80 mole% ionic liquid containing 

mixture. We have plotted molar conductance with an intention to find out the 

limiting molar conductance. It may also be mentioned that conductivity-

composition profile were similar as observed by others 331 332. 

For aqueous dilute solution, the molar conductance decreased with the 

concentration and this decrease continued upto 4.2 mM [bmim[MS] (Figure 

3.5B). Debye-Hückell-Onsager equation was found to be valid in the dilute 

concentration region upto 70mMof [bmim][MS] (as shown in the inset of panel 

B). The value for limiting molar conductance of [bmim][MS] was found to be 

75.44 S.cm2.mol-1. To the best of knowledge no such reports of the limiting molar 

conductance of [bmim][MS] were found in the literature. According to the reports 

of Wang et al.333, the limiting molar conductance of [bmim][Br]  at 298K is 86.3 

S.cm2.mol-1. Inset of Figure 3.5B (log ΛM vs log -1) profile has been shown, 

which is also known as Walden formalism 334-336. It states that the product of the 

limiting molar conductance ΛM and the viscosity  is constant for infinitely dilute 

electrolyte solutions and is expressed as:                                                                            

                          ΛM  = C = constant                                               (11) 

   log ΛM =  log C +  log -1                                         (12) 

The Walden rule relates the ionic mobilities of the ions to the fluidity of 

the medium through which the ion moves 337. The trend of the Walden plot was 

found to be linear which indicates the dependency of viscosity on molar 

conductance with a slope of 1.314 ± 0.081 and intercept of -0.700±0.158. Ion pair 

association is not possible at that dilute concentration range, but as concentration 
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goes up, the viscosity of solution increases for which the molar conductance 

decreased.  

3.5.2. Cyclic voltammetric studies. A representative cyclic voltammogram with 

varied scan rate for an equimolar [bmim][MS]+water binary mixture at 298 K is 

shown in Figure 3.7. The electro chemical window was found to be dependent on 

scan rate.  The peak current (iP) varies linearly with the square root of the sweep 

rate (v) for a stable system338. However in the present case, linear variation in the 

ip vs. v1/2 profile were not observed for all the mixtures as shown in the inset of 

Figure 3.7. The ip vs. v1/2 profiles were linear for pure water and pure ionic liquid. 

Results clearly indicate the non-ideality in the mixing behavior of the 

components. Also it is evidenced from the Figure that all the combinations 

comprising less than 50 mole% ionic liquid were not well organized/structured. 

There were positive deviations from the linearity for all the mixtures (except the 

1:4 mixture). As it has previously been mentioned that in case of binary mixtures, 

when water is present less than 50 mole%, then it cannot greatly affect the 

orderedness of the IL 323. That is why the extent of deviation decreased with the 

increasing mole fraction of [bmim][MS]. 

 
Figure 3.7. Electrochemical window for an equimolar mixture of [bmim][MS] +  water at 

various scan rates and at 298K. Scan rates (mV.s-1): 1, 25; 2, 50; 3, 100; 4, 200; 5, 500 

and 6, 1000.       0.1 mM K4Fe(CN)6 was used as the probe. No carrier electrolyte was 

used as the medum was self conducting except pure water (1.0 mM KCl was used). Inset: 

Dependence of peak current (ip) on the scan rate (v) for different [bmim][MS] +  water 

mixtures. Mole fraction of [bmim][MS] are indicated inside the Figure  
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3.6. Effect of [bmim][MS] on the spectral behavior of eosinY (EY). 

3.6.1. Absorption spectra. An aqueous solution of 10 M EY exhibited strong 

absorption peak at 517nm with a faint shoulder at 495nm230. The band at 517nm 

corresponds to the monomeric form of the dye while the 495nm band was due to 

the formation of dimer involving the stacking of two monomers339. Effect of 

[bmim][MS] on the absorption spectra of EY has been shown in Figure 3.8(A). 

Absorption spectra of EY was perturbed in the presence of varying amount of 

[bmim][MS] in water, indicating change in the environment of the medium. With 

the progressive addition of [bmim][MS], a red shift occurred in the major 

absorption peak of EY. In the lower concentration range (<10mM) intensity of 

EY increased without any significant shift in the peak position. Above 10 mM 

[bmim][MS] concentration, a red shift in the spectra of EY was initiated. No 

previous studies involving the effect of ionic liquid on the absorption spectra of 

xanthenene dye are available. Recent studies of Adhikari et al.225,265,308 revealed 

that there occurred a red shift in the absorption spectra of cumarin 480 (a 

solvatochromatic dye) dissolved in [bmim][BF4] in comparison to spectra of the 

same in benzene. Spectral studies on some xanthene dyes were performed 

systematically in different solvents and in presence of different aqueous surfactant 

solution by De et al.230 and Bhowmik et al.339 and Chakraborty et al.340 They 

observed a red shift in the spectra of EY and erythrosin B with the progressive 

addition of a cationic surfactant hexadecyltrimethylammoniumbromide (CTAB). 

Red shift in the absorption spectra for xanthenes dyes could also occur in less 

polar solvent compared to water. According to Bhowmik et al.339 the shift in the 

absorption spectra was due to an additional (other than electrostatic interaction) 

contributory effect in the altered polarity of the media. In the present study we, 

therefore, believe that there occur some electrostatic attraction between [bmim] 

cation and EY in the ground state. Additionally, the ionic liquid, having organic 

moiety, alter the solvent polarity. Hence the resultant spectral shift of EY in the 

presence of [bmim][MS] was due to electrostatic attraction as well as altered 

solvent polarity. Also as Stark et al.323 have proposed there might be a tail-tail 
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aggregation formation in the system which also leads to the resultant spectral 

shift, as what happened in case of micelles. 

 
Figure 3.8. Absorption (A) and emission (B) spectra of 10 µM eosinY in presence of 

different amount of [bmim][MS] in water at 298 K. Molar concentration of [bmim][MS] 

are mentioned inside the Figure Excitation wavelength ( ex): 500nm. 

 

3.6.2. Fluorescence spectra. Fluorescence spectra of EY in the presence 

of varying amount of aqueous solution of [bmim][MS] is presented in Figure 

3.8(B). The absorption and emission pattern of EY were more or less similar up to 

1.0 M [bmim][MS] in water. When the IL concentration exceeded the 

concentration of 1.0 M, there occurred progressive quenching of fluorescence 

with the increase in IL concentration. However, the red shift with increasing IL 

concentration was monotonous at least upto 4.58 M. Such studies reveal a 

different mechanism for the formation of exciplex above 1.0 M [bmim][MS]. We 

believe that some significant structural changes occur above this threshold 

concentration. Aggregation of different ILs in aqueous medium with varying alkyl 

chain length, cations and anions have been reported by different authors [30-32, 

36, 37, 40, 41, 44, 48, 75]. According to them for [bmim] based ILs, aggregated 

species could form around 1.0 M concentration. Such aggregates are comprised of 

small clusters of 8 to 10 ionic liquid cations. 

We believe that due to the formation of such clustered aggregates, there occurred 

a significant change in the viscosity of the medium which subsequently retarded 

the excitation process.  
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Figure 3.9. Fluorescence decay curves of 10 µM eosin Y in presence of different 

concentration of [bmim][MS] in water at 298 K. Concentration of [bmim][MS] have 

been mentioned inside the Figure Excitation wavelength ( ex): 500nm and emission 

wavelength ( em): 537nm. 

 

Figure 3.9 describes the fluorescence decay profile of aqueous eosinY 

solution in absence and presence of [bmim][MS]. The decay profile was found to 

be single exponential in nature. The fluorescence lifetime was changed from 2.15 

ns for EY in water to 4.8 ns in 1.0 M IL in water. Enhanced viscosity might be the 

causative factor to alter the excited lifetime of EY. Therefore, it could be 

concluded that the transition processes in the excited and ground states were 

affected by the viscosity of the medium. Also solvent polarity could play role in 

this regard225,265,308,311.  

Figure 3.10 is a combined representation for the variation of excited state 

life time and anisotropy with increasing concentration of [bmim][MS] in water. 

Both the life time and anisotropy did not change significantly upto 1.0 M 

[bmim][MS], above which the anisotropy value increased sharply. In the inset of 

Figure 3.10, variation of viscosity with concentration has been shown to compare 

with the anisotropy-concentration profile. Viscosity results suggest that there 

occurred a significant change in the viscosity of medium above 1M [bmim][MS] 

in water. The viscosity increase was due to the formation of aggregates 

211,230,296,298,301,305,306,323,333,341-343. As viscosity of a medium governs the 
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fluorescence anisotropy of a dye326, hence fluorescence anisotropy enhancement 

was certainly due to enhancement in the viscosity of the media. 

 

 
Figure 3.10. Variation of lifetime (▲) and fluorescence anisotropy (∆) for 10µM eosinY 
with concentration (C) of [bmim][MS] in water at 2λ8K. Excitation wavelength ( ex): 

η00nm and emission wavelength ( em): 537nm. Inset: viscosity ( ) - [bmim][MS] 

concentration profile. 

 

4. Summary and conclusion 

 Physico-chemical investigations on the binary mixture of [bmim][MS] + 

water were carried out both in the dilute and concentrated regime of [bmim][MS] 

using different techniques. Thereoccurred a synergistic interaction between the 

[bmim][MS] andwater. The surface tension decreased monotonously with a halt 

at0.3 M [bmim][MS]. The absorption and emission spectral behaviors were 

significantly different. The steady state fluorescence anisotropy and excited state 

lifetime were dependent on the concentration of [bmim][MS] in water. It was 

finally concluded that initially increasing the IL concentration led to the formation 

of an ion-pair, whereby the cationic component, which was surface active, was 

interfacially absorbed. Micelle-like aggregates were formed above a certain 

concentration, which was similar to ionic clusters. Above 50 mole% ionic liquid, 

a three dimensional quasi crystal-like network was formed which deactivates the 

water molecules. 


