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A B S T R A C T   

The electrical conductivities of the dilute solutions containing ionic liquids (1-hexyl-3-methylimidazolium chloride [Hmim]Cl, 1-hexyl-3-methylimidazolium bro-
mide [Hmim]Br, and 1-hexyl-3-methylimidazolium iodide [Hmim]I) with water and isopropanol were determined in the temperature ranging from 293.15 to 
313.15 K. The liquid densities of all binary mixtures were further determined for model parameterization. In theoretical modeling, the limiting molar conductivities 
Λ0(T) were first obtained using the Debye-Hückel-Onsager (DHO) equation, and thereafter the ion association constants KA(T) were determined using the Shedlovsky 
equation. The effects of temperature, dielectric constant, and anion size on the values of Λ0(T) and KA(T) were systematically discussed. The Eyring activation 
enthalpy of charge transport ΔH* and the Walden values Λ0η for all studied binary mixtures were obtained from the temperature-dependent Λ0(T).   

1. Introduction 

Ionic liquids (ILs) are molten salts composed of organic cations and 
organic or inorganic anions with their melting points at low tempera-
tures, typically below 100 ◦C. ILs have attracted significant attention as 
a new type of designable liquid materials in varied scientific and in-
dustrial communities due to their outstanding properties, such as 
negligible vapor pressure, wide electrochemical window, high thermal 
stability, and tunable physicochemical properties [1, 2]. ILs have been 
supposed to be promising alternatives to traditional molecular solvents 
in various industrial processes, such as carbon dioxide capture [3–5], 
biomass dissolution [6], lubrication and tribology [7], and electro-
chemical devices for energy storage and conversion [8, 9]. 

Although ILs-based technologies are promising in many applications, 
the relatively high viscosity of ILs that strongly slows down the mass and 
heat transfer rates hinders their massive applications in industrial 
communities [10, 11]. Adding suitable molecular co-solvents, such as 
water and organic solvents, even with a trace amount, to ILs can 
significantly reduce liquid viscosities [12, 13]. However, the addition of 
molecular co-solvents will concomitantly alter many other physico-
chemical properties [14, 15]. More pertinently, our preliminary analysis 
of excess properties and electrical conductivity suggests that IL-based 
solutions are different from conventional electrolyte solutions and 

ordinary binary solvent mixtures, showing unique and atypical behav-
iors [14]. As such, a comprehensive understanding of variations of 
physicochemical properties and transport quantieties of ILs with a 
gradual addition of varied molecular solvents is of significance, which is 
crucial to select and thereafter design tailor-making IL +molecular 
co-solvent mixtures with optimal properties to advance their specific 
applications. 

In our previous work [14], the combination of experimental char-
acterizations, molecular simulations and thermodynamic analyses of 
IL-water systems demonstrated that ion hydration and association 
structures can significantly affect physicochemical and mechanistic 
properties of modeling systems [14]. Qualitatively, the addition of a 
small amount of water into ILs (xwater ≤ 0.2) changes the super-cluster 
(3D) ion structures of pure ILs to the smaller ion clusters that water is 
embedded inside. With the further addition of water (0.2 < xwater ≤ 0.9), 
IL clusters start to dissociate into ion pairs and thereafter individual ions. 
When the amount of water is very high, ion groups are completely 
dissociated into individual ions, which are completely or partially hy-
drated. Such a distinct phenomena of ion dissociation and aggregation in 
modeling systems consisting of ILs and molecular solvents other than 
water have been recently reviewed [16]. However, the information is 
still insufficient for a quantitative description of microstructural changes 
in these binary mixtures with a gradual addition of one component into 
the mixture. 
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Conductometry is regarded as an efficient tool to quantitatively 
investigate ion association and solvation of (IL +molecular solvent) 
systems, whereas the determined electrical conductivities should be 
combined with theoretical models to provide a clear description of 
microscopic ion structures in mixtures [17]. Due to the complexity of 
microstructures in concentrated IL solutions, i.e., in the solution con-
taining IL clusters, very few theoretical models can be used to represent 
the corresponding conductance, making it difficult to identify micro-
structures and their variations with IL concentrations. Consequently, for 
the conductivity studies on ion dissociation and solvation of ILs, it is 
better to start from the relatively dilute IL solutions, where the solution 
mainly contains free and solvated ions, as well as a small amount of ion 
pairs, but without IL clusters. 

For the dilute IL solutions, reliable experimental data is the prereq-
uisite for the quantitative investigation of how ion dissociation and 
solvation affecting the microstructures and physicochemical properties 
of ILs. Therefore, it is better to choose ILs with ion constituent ions easy 
to hydrate/solvate. In general, small-sized ions, such as halogen ions 
(Cl− , Br− , I− ), incline to hydrate/solvate. It is shown in previous studies 
[14] that the halogen ions-based aqueous electrolyte solutions have 
been widely studied, and their hydration properties are already avail-
able in the database. This makes the halogen-ion-based ILs desirable as 
probes in the current study. Concerning IL cations, the 1-alkyl-3-methy-
limidazolium cations ([Cnmim]+) show stable physicochemical proper-
ties, being beneficial to obtain accurate experimental data [18], and in 
particular the 1-hexyl-3-methylimidazolium [Hmim], can be used as a 
representative cation. Meanwhile, solvation strongly depends on the 
properties of molecular solvents, and a systematic investigation of the 
same ILs in different molecular solvents is of importance to reveal the 
molecular solvation mechanisms. Systematic studies on the electrical 
conductivity of [Hmim] halide in various molecular solvents are still 
scarce. Sadeghi et al. [19] measured the conductivities of the solutions 
containing [Hmim]Cl in various molecular solvents at 293.15, 298.15, 
and 303.15 K, and determined the limiting molar conductivities Λ0 and 
association constants KA using the “low-concentration chemical model” 
(lcCM). Adopting the same chemical model, Shekaari et al. [20] 
measured and analyzed the conductivities of aqueous [Hmim]Br solu-
tions at temperatures from 298.15 to 328.15 K. Wang et al. [21] 
measured and correlated the conductivities of the solutions containing 
[Hmim]Br in various molecular solvents at room temperature. From 
these reported data, it is still difficult to evaluate the effects of tem-
peratures, anion size, and molecular solvents with different dielectric 
constants on the conductance of ILs. The iodine ion has the potential to 
provide more microscopic information on solvation and ion association 
due to its high polarizability and cavitation force [22], but still very few 

electrical conductivities have been reported. Additionally, in data pro-
cessing, it is common that 3 parameters (Λ0, KA, and size parameter r) 
are obtained simultaneously from the data points in the same concen-
tration range, which may lead to the fitted parameters without clear 
physical meaning. For example, in the work of Zhuo et al. [23], an un-
reasonably negative KA for ([Bmim][EtCOO]+H2O) was obtained when 
3 parameters were iteratively fitted to a non-linear least square 
expression, and the obtained size parameters sometimes were out of the 
acceptable range [19]. 

In this work, to investigate the effects of temperature, anion size, and 
molecular solvents with different polarity (dielectric constants) on the 
conductivities and microstructures (solvation, ion association, etc.) of 
mixtures, we have systematically measured the conductivities, together 
with liquid densities of three ILs containing [Hmim]+ cation and three 
halide anions (Cl− , Br− , and I− ) in water and isopropanol at tempera-
tures ranging from 293.15 to 313.15 K with an interval of 5 K at a low IL 
concentration (c < 1 mol/L). Subsequently, a consequent method based 
on the Debye-Hückel-Onsager (DHO) model [24–26] and the Shedlov-
sky equation [27] was used to determine the values of Λ0 and KA, 
respectively. Finally, the Eyring activation enthalpy of charge transport 
ΔH* and the Walden value Λ0η for all studied IL-water/isopropanol 
mixtures were determined from the temperature dependent Λ0(T). 

2. Experimental section 

Materials. The specifications of used chemicals are summarized in 
Table 1. ILs were obtained from Lanzhou Institute of Chemical Physics, 
Chinese Academy of Sciences, and were used without further purifica-
tion. Prior to use, the ILs were dried in a vacuum drying oven at a 
pressure of − 0.1 MPa and a temperature of 60 ◦C for seven days, and the 
water content was measured by the Karl Fischer Moisture Titrator to 
control values below 500 ppm. The used deionized water (conductivity 
< 0.15 μs/cm at 298.15 K) was purified by the ultra-pure water machine 
made by EPED Company, while isopropanol was used as received. 

Density measurements. The densities of pure solvents and solutions 
were measured using the oscillating U-tube density meter (Anton Paar, 
DMA 5000 M), which is equipped with a temperature control system 
with a temperature uncertainty of 0.01 K. The precision of the mea-
surements was ±1 × 10− 6 g⋅cm− 3. The apparatus was calibrated by 
deionized water and dry air at atmospheric pressure. The bubble 
detection device equipped in the DMA 5000 M was used to ensure that 
the U-shaped tube was filled with the bubble-free liquid. The uncertainty 
in density measurements was estimated to be ±7 × 10− 6 g⋅cm− 3. 

Conductivity measurements. All solutions were prepared by mass 
using an analytical balance (Sartorius) with the uncertainty of 

Nomenclature 

m̃ Mole electrolyte per kilogram of solution (mol⋅kg− 1 

solution) 
ΔH* Eyring activation enthalpy of charge transport (kJ⋅mol− 1) 
a Hydrodynamic radius (nm) 
b Density gradient of solutions (kg2⋅m − 3⋅mol− 1) 
B1, B2 Debye parameters 
c Molar concentration (mol/L) 
D Empirical constant 
ds Average distance corresponding to the side of a cell 

occupied by a solvent molecule (nm) 
f± Average activity coefficient of ions 
KA Association constant (L⋅mol− 1) 
m Mole electrolyte per kilogram of solvent (mol⋅kg− 1 solvent) 
M Molar mass of the solute (g⋅mol− 1) 
P Pressure (pa) 

r Radius of ion (nm) 
R Gas constant (= 8.314 J⋅K − 1⋅mol− 1). 
rvdw Van der Waals radius (nm) 
S(z) Shedlovsky function 
T Temperature (K) 
x Mole fraction of species 
z Valence type of the electrolyte 
ε Relative permittivity of solvents 
η Viscosity of solutions (mpa⋅s) 
η0 Viscosity of pure solvent(mpa⋅s) 
κ Specific conductivities (μs⋅cm− 1) 
κD Debye-Hückel reciprocal length 
Λ Molar conductivity (S⋅cm2⋅mol− 1) 
Λ0 Limiting molar conductivity (S⋅cm2⋅mol− 1) 
Λ0η Walden value 
ρ Density of solutions (g⋅cm− 3) 
ρ0 Density of solvents (g⋅cm− 3)  
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±1 × 10− 4 g in a glove box with water content less than 0.01 ppm. The 
samples were sealed with sealant and stirred by a magnetic stirrer for 30 
min. Prior to measurement, the Dissolved Oxygen Electrode was 
adjusted to zero in the air, and then the conductivity meter (Mettler 
Toledo, S470-K) was calibrated with the standard KCl solution according 
to the Barthel’s method [28]. After calibration, the conductivity mea-
surements were carried out under the N2 atmosphere. The temperature 
was precisely controlled by a low-temperature thermostat within 0.01 K. 
The total uncertainty of the measured values of conductivity was esti-
mated to be 0.5%. The detailed calculation of uncertainty is shown in the 
supporting information. 

3. Results and discussion 

3.1. Density and molar conductivity 

Density. To obtain the molar conductivity, accurate density at low IL 
concentration is needed. In this work, the densities of ([Hmim]Cl+wa-
ter) and ([Hmim]Cl+isopropanol) were determined firstly at different 
temperatures and IL concentrations. Secondly, the density at extremely 
dilute solutions was extrapolated. Before measuring the density of IL- 
containing solutions, to verify the accuracy of measurement, the den-
sities of pure water and isopropanol at temperatures from 293.15 to 
313.15 K were measured and compared with the values reported in the 
literature [19, 29-31]. The determined densities of water and iso-
propanol are summarized in Table 2, and these data shown a good 
agreement with the available experimental data (Figure S1), indicating 
the reliability in determining density. 

Using the same equipment, the densities of ([Hmim]Cl+water), 
([Hmim]Cl+isopropanol), ([Hmim]Br+water), ([Hmim]Br+isopropanol), 
([Hmim]I+water) and ([Hmim]I+isopropanol) were determined at tem-
peratures from 293.15 to 313.15 K, where the molality of ILs in water is 
from 0.0147 to 0.9838 mol/kg, and those in isopropanol is from 0.0068 to 
0.2661 mol/kg. The measured density results are listed in Table S1. 
Noshadi et al. [36], Sadeghi et al. [19, 37] and Shekaari et al. [20, 38] 
measured densities of ([Hmim]Cl+water), ([Hmim]Br+water), and 
([Hmim]Cl+isopropanol) at temperatures from 288.15 to 318.15 K. A 
systematic comparison demonstrated that our computational data show 
good agreement with the literature data, as illustrated in Fig. 1. In addi-
tion, the densities of all these binary mixtures at different temperatures 
are almost linearly increased with increasing IL molality, and such ob-
servations are consistent with those reported in the literature [19, 20, 
36-38]. 

Since it is difficult to directly measure the densities at the extremely 
dilute solutions, in this work, the densities of ([Hmim]Cl+water) and 
([Hmim]Cl+isopropanol) at extremely dilute solutions (mIL <

0.0147 mol/kg for [Hmim]Cl+water and mIL < 0.0068 mol/kg for 
[Hmim]Cl+isopropanol) were extrapolated from those of relatively high 
concentration solutions, because the solution density ρ increases linearly 
with increasing IL content. The relationship between ρ and the IL con-
tent can be described as 

ρ = ρ0 + bm̃ (1)  

where ρ0 represents the density of the solvent, given in Table 2. m̃ is 
defined as the number of moles of solute (IL in this work) divided by the 
mass of the solution, which can be obtained from molality m (moles of IL 
per kilogram of solvent) via m̃ = m/(1+ mM). Here M is the molar 
mass of the solute (IL). b is the density gradient with respect to m̃. In our 
preliminary study, we found that the densities calculated by using m̃ are 
very close to those using m, while with the increase of IL content, when 
using m̃, the deviations between the calculated densities and experi-
mental data are lower than that using m, and thus the relationship be-
tween ρ and m̃ was chosen in this work. 

Based on the experimental data determined in this work and those 
from the literature, the values of b for the studied six binary systems 
were obtained as listed in Table 3. The accuracies of the linear regression 
(i.e., R-squared value) for all the systems are above 0.9995. The results 
show that with increasing temperatures, the values of b for the [Hmim] 
Halide ILs in water decrease, whereas those for these studied ILs in 
isopropanol increase. In addition, the values of b always increase with 
the increasing anion size (i.e., I > Br > Cl). For the chosen solvents, the 
dielectric constant of isopropanol is much lower than that of water, and 
the corresponding b values are higher for the system with the same IL. 

Molar conductivity. Before measuring the IL-based solutions, the 
conductivities of the KCl standard solution at 298.15 K were determined 
for verification. The results are depicted in Figure S2, showing that our 
experimental data is consistent with specific conductivities measured by 
Barthel [28]. Therefore, the method of determining specific conductivity 
is reliable. 

Using the conductivity meter, the specific conductivities (κ) can be 
determined, while in general, it is common to report the molar con-
ductivity (Λ) that can be converted from specific conductivities at each 
specific concentration via Λ = 0.001κ/c, where c is the molar concen-
tration determined from the solution density ρ through c = ρm̃. 

In this work, the specific conductivities κ of all solutions were 
determined at temperatures from 293.15 to 313.15 K, where the 
molality of ILs in water is from 0.0004 to 0.9166 mol/kg, and the 
molality of ILs in isopropanol is from 0.0001 to 0.1367 mol/kg. The 
experimental results are listed in Table S2. Correspondingly, the ob-
tained specific conductivities κ of all solutions were converted to molar 
conductivities Λ, which are listed in Table 4. For ([Hmim]Cl+water), 
([Hmim]Br+water), and ([Hmim]Cl+isopropanol) binary mixtures, 
their molar conductivities were determined by Sadeghi et al. [19] and 
Shekaari et al. [20], which were also listed for a comparative purpose. A 
simple and intuitive graphical method was used to justify the consis-
tency of measurement in this work. This is because experiment data for 
the same (IL+solvent) systems reported in the literature are limited, and 
it is hard to evaluate the measured data using a quantitative method. 

Table 1 
Chemicals used in this work.  

Chemical name CAS number Molecular weight Initial purity 
(Mass fraction) 

Final water purity (Mass fraction) source 

[Hmim]Cl 171,058–17–6 202.73 0.99 <0.00025 Lanzhou Institute of Chemical Physics, 
Chinese Academy of Sciences [Hmim]Br 85,100–78–3 247.18 0.99 <0.00044 

[Hmim]I 178,631–05–5 294.18 0.99 <0.00045 
isopropanol 67–63–0 60.10 0.95 <0.00005 Sinopharm Chemical ReagentCo., Ltd  

Table 2 
Densities (ρ0), viscosities (η), and relative permittivity (ε) of water and iso-
propanol as a function of temperature (T).  

T/K ρ0/ 
g⋅cm− 3 

η/mPa⋅s  
[32] 

ε [33, 
34] 

ρ0/ 
g⋅cm− 3 

η/mPa⋅s  
[31] 

ε [19, 
35]  

water isopropanol 
293.15 0.998203 1.003 80.18 0.785326 2.414 20.18 
298.15 0.997050 0.892 78.35 0.781129 2.070 19.387 
303.15 0.995657 0.800 76.58 0.776863 1.785 18.585 
308.15 0.994045 0.721 74.85 0.772518 1.546 17.478 
313.15 0.992232 0.652 73.15 0.768085 1.347 16.23  
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The comparison at 298.15 K is illustrated in Fig. 2, showing a good 
agreement for (C6mimCl+H2O) and (C6mimCl+ isopropanol). For 
(C6mimBr+H2O), our data are in agreement with Sadeghi et al. [19] at 
concentrations low than 0.005 mol/L, but there are slight discrepancies 
between the data of Shekaari et al. [20] and ours. We think the dis-
crepancies may be caused by the IL itself, as the purification of C6mimBr 
is more difficult than C6mimCl due to the instability of bromide ion, and 
indeed the discrepancies in the electrical conductivities of 
(CnmimBr+H2O) from different available sources [21, 39] are observed. 
Therefore, we think the measured data of electrical conductivity in our 
work are reliable. 

To further analyze these experimental results, the molar conductivity 
Λ versus the square root of the molar concentration c1/2 for the studied 
binary systems was obtained. The results of [Hmim]Cl in water and 
isopropanol at different temperatures are shown in Figs. 3 and 4, 
respectively. Similar to the other four binary systems (See Figures S3- 
S6), the molar conductivity decreases with increasing IL concentration, 
due to enhanced interionic interactions. The molar conductivity in-
creases with increasing temperatures. This is because the viscosity de-
creases as the temperature increases, and thus the ion mobility 
increases. Compared to the results for these two solvents, the decrease of 
Λ in isopropanol is much more distinct. This is because more ion pairs 
are formed in the isopropanol solutions at the same IL concentration. 

To analyze how the anion size affects the molar conductivity of ILs, 
the results of different ILs in water and isopropanol at the same tem-
perature are illustrated in Figs. 5 and 6, respectively, indicating that the 
ion size has a slight effect, and observations are different for the ILs with 
different solvents. More specifically, for the studied [Hmim]Halide ILs in 
water, the molar conductivities of chloride ion (Cl− ) are almost the same 
as bromide ion (Br− ), and the values of iodide ion (I− ) are the lowest, 
while the molar conductivities follow an order of I− > Br− > Cl− for the 
studied [Hmim]Halide ILs in isopropanol. According to the Stokes’ law, 
the mobility of ions at the infinite dilution solution is proportional to the 
reciprocal of ion size. This means that the smaller is the anion size, the 
larger are the values of molar conductivity. In fact, the ion radius of the 
crystal itself is not the same as the effective ion radius defined in the 
Stokes’ law, which reflects the impact of solvation. For the studied ions 

with the same charge, smaller ions have higher charge densities due to 
smaller surface areas. More water molecules can become contact- 
coordinated to iodide ion (I− ) than the smaller ions due to high sur-
face, and for smaller ions, water molecules come closer to their surface 
due to high charge density. Therefore, we speculate that the effective 
radius of the iodide ion in water is larger than the other two ions and 
leads to the molar conductivities following the order of I− < Cl− < Br− . 

3.2. Thermodynamic analysis 

Limiting conductivity Λ0. There are many equations [26] available 
for conductivity data analysis. The most common ones are IcCM equa-
tion [40], Fuoss equation [41], and Lee-Wheaton equation [42]. Fitting 
these models using molar conductivity data of IL solutions, we can 
obtain three parameters, the limiting conductivity Λ0, association con-
stant KA, and distance parameter R. The above physical models can 
represent and predict the electrical conductivities well, but the fitted 
parameters obtained by simultaneous regression sometimes are out of 
the acceptable range [19, 23]. Compared with these models, the DHO 
model [24–26] has several advantages such as simple form, less 
adjustable parameters and it comes with a clear physical meaning [26]. 
Moreover, Boroujeni et al. [26] compared the DHO equation (or its 
variants) with other electrical conductivity models, showing that the 
DHO equation (or its variants) has desirable predictive capabilities for 
1:1 salts. Therefore, this model was adopted in the curren work to fit the 
conductivity data of all studied binary mixtures to the extreme dilute 
concentration range, and the obtained limiting conductivity Λ0 was then 
used as input of the Shedlovsky equation to obtain association constant 
KA. To the best of our knowledge, it is the first time that the method 
based on the DHO model [24–26] and Shedlovsky equation is used to 
process the conductivity data of the IL systems. 

The DHO model [24–26] has been widely used for solutions con-
taining 1:1 electrolytes. The studies [43] have demonstrated that this 
model is reliable for aqueous solution with a solute concentration up to 
0.003 mol/L, but this upper limit may be much lower in the non-aqueous 
solvents. Therefore, in this work, the maximum concentration cmax used 
in the DHO model was set to be 0.003 for the aqueous solutions, while 

Fig. 1. Comparison of experimental densities with the literature data at 298.15 K. Symbols: (a) ([Hmim]Cl+water): ■, this work, □, Noshadi et al. [36], △, Sadeghi 
et al. [37]; ([Hmim]Br+water): ●, this work, □, △, ▽, Shekaari et al. [20, 38]. (b) ([Hmim]Cl+isopropanol): ▴, this work, □, Sadeghi et al. [19]. 

Table 3 
Density gradients b as a function of temperature T for the solutions of [Hmim]Cl, [Hmim]Br, and [Hmim]I in water and isopropanol, respectively.  

ILs solutions T = 293.15 K T = 298.15 K T = 303.15 K T = 308.15 K T = 313.15 K 
b/kg2⋅m − 3⋅mol− 1 

[Hmim]Cl+water 12.24 11.28 10.40 9.63 8.84 
[Hmim]Br+water 48.14 47.35 46.45 45.50 44.39 
[Hmim]I+water 80.33 79.18 78.11 77.25 75.40 
[Hmim]Cl+isopropanol 45.60 46.27 46.81 47.42 48.06 
[Hmim]Br+isopropanol 79.55 79.83 80.17 80.55 80.97 
[Hmim]I+isopropanol 103.96 104.14 104.38 110.96 123.46  
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Table 4 
Molar conductivities (Λ) as a function of IL molality (m) for solutions of [Hmim]Cl, [Hmim]Br, and [Hmim]I in water and isopropanol.  

Λ⋅104, S⋅m2/mol 
m⋅103, mol/kg T = 293.15 K T = 298.15 K T = 303.15 K T = 308.15 K T = 313.15 K 

[Hmim]Cl + water 
0.791 92.18 ± 1.45 104.14 ± 1.64 115.17 ± 1.81 127.22 ± 2.00 138.45 ± 2.18 
1.120 91.57 ± 1.09 103.93 ± 1.24 114.96 ± 1.37 126.81 ± 1.51 137.68 ± 1.64 
1.550 90.99 ± 0.85 103.70 ± 0.97 114.71 ± 1.07 126.24 ± 1.18 137.12 ± 1.28 
1.992 90.55 ± 0.74 103.36 ± 0.85 114.41 ± 0.94 125.73 ± 1.03 136.43 ± 1.12 
2.629 89.75 ± 0.60 102.81 ± 0.69 113.94 ± 0.76 124.89 ± 0.83 135.33 ± 0.90 
3.677 88.36 ± 0.50 101.97 ± 0.58 113.26 ± 0.64 123.79 ± 0.70 133.88 ± 0.76 
4.593 87.59 ± 0.45 101.32 ± 0.52 112.54 ± 0.57 122.50 ± 0.62 132.82 ± 0.68 
9.374 85.45 ± 0.34 98.06 ± 0.39 108.32 ± 0.43 116.64 ± 0.47 127.84 ± 0.51 
15.409 84.22 ± 0.30 95.15 ± 0.34 105.54 ± 0.38 114.62 ± 0.41 124.8 ± 0.45 
29.623 80.16 ± 0.26 90.22 ± 0.30 99.75 ± 0.33 109.75 ± 0.36 119.99 ± 0.39 
34.872 79.45 ± 0.26 89.18 ± 0.29 98.97 ± 0.32 109.02 ± 0.35 119.28 ± 0.39 
46.959 78.47 ± 0.25 87.53 ± 0.28 97.61 ± 0.31 107.50 ± 0.34 117.53 ± 0.37 
54.003 76.73 ± 0.24 85.69 ± 0.27 95.03 ± 0.30 104.87 ± 0.33 114.82 ± 0.36 
68.419 75.42 ± 0.23 84.41 ± 0.26 93.71 ± 0.29 103.50 ± 0.32 113.33 ± 0.35 
78.391 73.82 ± 0.23 82.91 ± 0.26 92.04 ± 0.28 101.57 ± 0.31 111.26 ± 0.34 
249.251 62.35 ± 0.19 70.11 ± 0.21 77.77 ± 0.23 85.70 ± 0.26 94.39 ± 0.28 
464.236 53.86 ± 0.16 60.99 ± 0.18 68.07 ± 0.20 75.43 ± 0.23 83.51 ± 0.25 
735.741 47.18 ± 0.14 53.44 ± 0.16 59.97 ± 0.18 66.79 ± 0.20 74.01 ± 0.22 
916.578 44.53 ± 0.13 50.39 ± 0.15 56.71 ± 0.17 63.35 ± 0.19 70.27 ± 0.21 
[Hmim]Br + water 
0.704 93.80 ± 1.47 108.88 ± 1.7 120.95 ± 1.89 132.86 ± 2.08 145.40 ± 2.28 
1.477 93.17 ± 0.82 106.82 ± 0.94 117.65 ± 1.04 129.29 ± 1.14 141.14 ± 1.25 
2.184 92.42 ± 0.65 104.44 ± 0.73 115.45 ± 0.81 126.52 ± 0.89 138.88 ± 0.97 
2.848 91.86 ± 0.55 102.59 ± 0.62 113.63 ± 0.69 124.93 ± 0.76 136.52 ± 0.83 
3.761 90.49 ± 0.48 100.87 ± 0.54 112.00 ± 0.60 122.85 ± 0.66 133.95 ± 0.72 
4.508 89.68 ± 0.45 99.87 ± 0.50 110.87 ± 0.55 121.87 ± 0.61 131.56 ± 0.66 
5.190 89.03 ± 0.42 99.42 ± 0.47 109.85 ± 0.52 120.50 ± 0.57 130.79 ± 0.62 
6.637 87.79 ± 0.38 98.48 ± 0.43 109.09 ± 0.47 119.76 ± 0.52 130.69 ± 0.57 
8.778 86.33 ± 0.35 96.53 ± 0.39 106.89 ± 0.43 117.39 ± 0.47 128.33 ± 0.52 
10.929 84.91 ± 0.32 95.05 ± 0.36 107.19 ± 0.41 115.80 ± 0.44 126.23 ± 0.48 
12.785 83.58 ± 0.31 93.19 ± 0.34 102.95 ± 0.38 113.30 ± 0.42 123.75 ± 0.46 
14.711 83.27 ± 0.30 92.76 ± 0.33 102.55 ± 0.37 113.13 ± 0.41 123.49 ± 0.44 
28.290 81.26 ± 0.27 91.50 ± 0.30 100.13 ± 0.33 111.25 ± 0.37 121.50 ± 0.40 
49.204 77.68 ± 0.25 86.90 ± 0.27 96.32 ± 0.30 106.14 ± 0.34 115.25 ± 0.36 
86.512 71.90 ± 0.22 82.29 ± 0.25 91.63 ± 0.28 101.92 ± 0.31 112.16 ± 0.35 
277.810 59.52 ± 0.18 66.93 ± 0.20 74.47 ± 0.22 81.37 ± 0.24 89.47 ± 0.27 
572.155 48.60 ± 0.15 54.99 ± 0.16 61.64 ± 0.18 68.31 ± 0.20 75.65 ± 0.23 
875.541 42.41 ± 0.13 48.23 ± 0.14 54.71 ± 0.16 61.25 ± 0.18 67.99 ± 0.20 
[Hmim]I + water 
0.393 87.95 ± 1.88 97.96 ± 2.10 109.44 ± 2.35 119.67 ± 2.57 131.99 ± 2.83 
0.633 86.87 ± 1.34 97.17 ± 1.50 108.29 ± 1.67 118.77 ± 1.84 130.33 ± 2.02 
0.780 86.31 ± 1.10 96.70 ± 1.23 107.55 ± 1.37 118.02 ± 1.51 129.33 ± 1.65 
1.172 85.19 ± 0.82 95.72 ± 0.92 105.97 ± 1.02 116.57 ± 1.12 127.28 ± 1.23 
1.795 83.77 ± 0.62 93.86 ± 0.69 103.76 ± 0.77 114.00 ± 0.84 124.64 ± 0.92 
2.811 81.72 ± 0.48 92.37 ± 0.54 101.87 ± 0.60 112.03 ± 0.66 122.03 ± 0.72 
4.208 80.64 ± 0.40 90.73 ± 0.45 100.88 ± 0.51 110.55 ± 0.55 120.60 ± 0.60 
4.801 79.64 ± 0.38 90.10 ± 0.43 99.97 ± 0.48 109.66 ± 0.52 119.53 ± 0.57 
12.779 76.37 ± 0.28 85.36 ± 0.31 94.69 ± 0.35 103.91 ± 0.38 113.26 ± 0.42 
24.763 72.83 ± 0.24 81.46 ± 0.27 90.04 ± 0.30 99.23 ± 0.33 107.87 ± 0.36 
32.221 70.56 ± 0.23 78.31 ± 0.25 87.21 ± 0.28 96.23 ± 0.31 104.98 ± 0.34 
41.828 68.99 ± 0.22 77.67 ± 0.25 86.28 ± 0.28 94.88 ± 0.30 103.52 ± 0.33 
52.968 67.12 ± 0.21 75.13 ± 0.24 83.38 ± 0.26 92.42 ± 0.29 101.29 ± 0.32 
230.474 51.50 ± 0.16 57.77 ± 0.17 64.37 ± 0.19 71.42 ± 0.22 78.57 ± 0.24 
395.288 44.19 ± 0.13 50.25 ± 0.15 56.14 ± 0.17 62.38 ± 0.19 69.07 ± 0.21 
[Hmim]Cl + isopropanol 
0.125 18.28 ± 1.83 22.67 ± 2.27 26.09 ± 2.61 30.32 ± 3.04 34.78 ± 3.49 
0.212 16.69 ± 1.00 19.05 ± 1.14 21.66 ± 1.30 24.28 ± 1.46 27.47 ± 1.65 
0.429 15.11 ± 0.69 17.70 ± 0.83 20.01 ± 0.88 21.86 ± 0.99 25.01 ± 1.10 
0.684 12.72 ± 0.25 15.36 ± 0.30 16.22 ± 0.32 17.88 ± 0.35 19.89 ± 0.39 
0.955 11.75 ± 0.17 14.15 ± 0.20 15.31 ± 0.22 16.95 ± 0.24 18.59 ± 0.26 
1.257 11.21 ± 0.13 12.83 ± 0.15 14.23 ± 0.16 15.81 ± 0.18 17.59 ± 0.20 
1.476 10.66 ± 0.10 12.22 ± 0.12 13.73 ± 0.13 15.17 ± 0.15 16.69 ± 0.16 
2.665 8.88 ± 0.06 10.08 ± 0.06 11.42 ± 0.07 12.35 ± 0.08 13.54 ± 0.09 
4.810 7.39 ± 0.03 8.37 ± 0.04 9.32 ± 0.04 10.26 ± 0.05 11.23 ± 0.05 
6.829 6.69 ± 0.03 7.53 ± 0.03 8.35 ± 0.03 9.17 ± 0.04 10.05 ± 0.04 
9.773 5.92 ± 0.02 6.66 ± 0.02 7.43 ± 0.03 8.14 ± 0.03 8.87 ± 0.03 
12.633 5.36 ± 0.02 6.04 ± 0.02 6.67 ± 0.02 7.35 ± 0.03 8.05 ± 0.03 
16.531 5.05 ± 0.02 5.66 ± 0.02 6.25 ± 0.02 6.91 ± 0.02 7.53 ± 0.02 
42.792 3.80 ± 0.01 4.30 ± 0.01 4.80 ± 0.01 5.31 ± 0.02 5.82 ± 0.02 
78.875 3.22 ± 0.01 3.62 ± 0.01 4.06 ± 0.01 4.49 ± 0.01 4.93 ± 0.01 
136.739 3.02 ± 0.01 3.44 ± 0.01 3.87 ± 0.01 4.32 ± 0.01 4.78 ± 0.01 

(continued on next page) 
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that for the isopropanol solutions, it was set to be 0.0003 mol/L after the 
preliminary study. 

Following the DHO model, the molar conductivity data at the dilute 
concentration range for the studied [Hmim][halide] binary mixtures can 
be described with the following equation. The detailed derivation is 
described in the Appendix. 

Λ = Λ0 −

(

B1Λ0 +B2

∑

j

1
1 + κDaj

)
̅̅
I

√
(2)  

B1 =
8.204 × 105

(εT)3/2 (3)  

B2 =
82.5

η0(εT)1/2 (4)  

where Λ0 is the limiting molar conductivity, B1 and B2 are the Debye 

Table 4 (continued ) 

Λ⋅104, S⋅m2/mol 
m⋅103, mol/kg T = 293.15 K T = 298.15 K T = 303.15 K T = 308.15 K T = 313.15 K 

[Hmim]Br + isopropanol 
0.101 19.31 ± 1.96 22.18 ± 2.24 25.37 ± 2.55 29.12 ± 2.93 33.28 ± 3.33 
0.200 18.13 ± 0.93 20.60 ± 1.09 22.99 ± 1.21 26.11 ± 1.38 29.55 ± 1.55 
0.287 17.04 ± 0.63 19.50 ± 0.72 21.50 ± 0.79 24.39 ± 0.90 27.21 ± 1.00 
0.537 14.70 ± 0.30 16.93 ± 0.34 18.79 ± 0.38 21.35 ± 0.43 23.86 ± 0.48 
0.793 13.22 ± 0.19 15.23 ± 0.22 17.51 ± 0.25 19.99 ± 0.29 22.23 ± 0.32 
1.170 12.09 ± 0.12 13.69 ± 0.14 16.21 ± 0.17 18.27 ± 0.19 20.42 ± 0.21 
1.828 10.78 ± 0.08 12.26 ± 0.09 13.98 ± 0.10 15.72 ± 0.12 17.48 ± 0.13 
3.010 9.22 ± 0.05 10.51 ± 0.06 11.78 ± 0.06 13.05 ± 0.07 14.31 ± 0.08 
4.968 7.90 ± 0.03 8.95 ± 0.04 9.98 ± 0.04 11.06 ± 0.05 12.17 ± 0.05 
7.055 7.07 ± 0.03 8.00 ± 0.03 8.95 ± 0.03 9.87 ± 0.04 10.82 ± 0.04 
9.290 6.53 ± 0.02 7.36 ± 0.03 8.18 ± 0.03 9.05 ± 0.03 9.89 ± 0.04 
13.288 5.80 ± 0.02 6.50 ± 0.02 7.31 ± 0.02 8.09 ± 0.03 8.85 ± 0.03 
17.220 5.31 ± 0.02 6.00 ± 0.02 6.70 ± 0.02 7.39 ± 0.02 8.09 ± 0.03 
64.995 3.67 ± 0.01 4.15 ± 0.01 4.67 ± 0.01 5.18 ± 0.02 5.70 ± 0.02 
116.739 3.29 ± 0.01 3.74 ± 0.01 4.20 ± 0.01 4.67 ± 0.01 5.17 ± 0.02 
[Hmim]I + isopropanol 
0.108 23.47 ± 1.87 26.87 ± 2.14 30.50 ± 2.43 35.29 ± 2.81 40.95 ± 3.26 
0.169 21.10 ± 1.10 23.78 ± 1.24 25.42 ± 1.33 28.94 ± 1.51 33.63 ± 1.76 
0.308 18.59 ± 0.55 20.35 ± 0.60 22.38 ± 0.66 24.98 ± 0.74 28.67 ± 0.85 
0.527 15.99 ± 0.29 17.94 ± 0.33 20.28 ± 0.37 22.73 ± 0.41 25.34 ± 0.46 
0.700 14.85 ± 0.21 16.84 ± 0.24 19.21 ± 0.27 21.67 ± 0.30 24.15 ± 0.34 
0.958 13.67 ± 0.15 15.71 ± 0.17 17.97 ± 0.20 20.30 ± 0.22 22.58 ± 0.25 
1.263 12.53 ± 0.11 14.40 ± 0.12 16.61 ± 0.14 18.69 ± 0.16 20.81 ± 0.18 
1.550 11.86 ± 0.09 13.59 ± 0.10 15.50 ± 0.12 17.46 ± 0.13 19.43 ± 0.15 
3.031 9.77 ± 0.05 11.07 ± 0.06 12.53 ± 0.06 13.91 ± 0.07 15.34 ± 0.08 
4.882 8.50 ± 0.04 9.68 ± 0.04 10.82 ± 0.04 12.07 ± 0.05 13.11 ± 0.05 
6.233 7.80 ± 0.03 8.87 ± 0.03 9.92 ± 0.04 11.01 ± 0.04 12.19 ± 0.05 
6.909 7.57 ± 0.03 8.57 ± 0.03 9.62 ± 0.04 10.69 ± 0.04 11.73 ± 0.04 
9.322 6.78 ± 0.02 7.74 ± 0.03 8.70 ± 0.03 9.61 ± 0.03 10.68 ± 0.04 
13.906 5.98 ± 0.02 6.75 ± 0.02 7.60 ± 0.03 8.44 ± 0.03 9.28 ± 0.03 
17.588 5.62 ± 0.02 6.38 ± 0.02 7.15 ± 0.02 7.94 ± 0.03 8.74 ± 0.03 
50.244 4.15 ± 0.01 4.72 ± 0.01 5.30 ± 0.02 5.96 ± 0.02 6.56 ± 0.02 
82.180 3.65 ± 0.01 4.19 ± 0.01 4.73 ± 0.01 5.28 ± 0.02 5.86 ± 0.02 

Standard uncertainties are u(T) = 0.01 K, u(P) = 3 kPa, u(m) = (1.03~3.18) × 10− 5 mol/kg, and uc(Λ) = (0.01~3.33) S⋅cm2⋅mol− 1 (level of confidence=0.95). 

Fig. 2. Comparison of experimental molar conductivities of ILs solutions with 
the literature data at 298.15 K. Symbols: [Hmim]Cl+water: ■, this work, □, 
Sadeghi et al. [19]; [Hmim]Br+water: ●, this work, ○, Shekaari et al. [20], ○, 
Sadeghi et al. [19]; [Hmim]Cl+isopropanol: ▴, this work, △, Sadeghi 
et al. [19]. 

Fig. 3. Molar conductivities (Λ) of [Hmim]Cl solutions in water versus c1/2 at 
the experimental temperatures. Symbols: ○, 293.15 K, ○, 298.15 K, ○, 303.15 K, 
○, 308.15 K, ○, 313.15 K. Lines were caculated using the Shedlovsky equation. 
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parameters, κD is the Debye-Hückel reciprocal length, aj is the hydro-
dynamic radius of the solvated ion j (= rj + ds, where rj is the radius of 
ion j, and ds is the average distance corresponding to the side of a cell 
occupied by a solvent molecule), I is ionic strength (= 1/2

∑
cjzj

2, where 
cj is the concentration of ion j with charge zj), ε is the relative 

permittivity of the solvent, T is the temperature in Kelvin, and η0 is the 
viscosity of the pure solvent. 

In this work, the viscosities and relative permittivity of the studied 
solvents were taken from the literature [19, 31-35] as listed in Table 2. It 
was assumed that the radius r for each ion is equal to the Van der Waals 
radius rvdw, which was taken from the literature [44–47] as listed in 
Table 5. The value of ds for each solvent was calculated by ds = 1.183 
(M/ρ0)1/3, corresponding to 0.31 and 0.50 nm for water and iso-
propanol, respectively. The equation to estimate the solvent diameter 
was first proposed by Fouss [48]. Based on the assumption that all the 
dissociated ions are fully solvated in the diluted solutions, in this work, 
the solvated ionic radius was used to obtain the values of Λ0 instead of 
the crystallographic ionic radius. The sum of the hydrodynamic radius of 
each solvated ion is also listed in Table 5. 

To obtain Λ0 in the DHO model, the molar conductivity data at the 
concentration up to cmax was used in fitting with the non-linear least- 
squares iteration. The absolute relative deviation (ARD) between the 
measured and fitted molar conductivities was calculated by the 
following equation for result evaluation. 

ARD =
100%

N
∑N

i=1

⃒
⃒
⃒
⃒
Λi,cal − Λi,exp

Λi,exp

⃒
⃒
⃒
⃒ (5) 

The obtained Λ0 values for [Hmim]Halide ILs in water and iso-
propanol at different temperatures are summarized in Table 6 together 
with the corresponding ARDs. The DHO model can describe the molar 
conductivity within the dilute concentration range for ILs in water 
accurately with an average ARD of 0.88%. While the ARD for the ILs in 
isopropanol is 8.00% in average, which is reasonable and acceptable 
even this average value is much higher than that in water. For the binary 
mixtures containing isopropanol, the maximum concentration cmax used 
in the DHO model is significantly lower than that in the aqueous IL 
systems. Within such a low concentration range, the uncertainty of 
molar conductivities is much higher, owing to the large uncertainty in 
preparing a low-concentration solution, linked the difficulty in solvent 
purification and the protection of the prepared solution from atmo-
spheric moisture. According to the error analysis for all investigated 
systems (See Table 4), the uncertainty of molar conductivity increases 
greatly as the concentration goes to zero, resulting in a higher uncer-
tainty for the ILs in isopropanol. For example, the experimental uncer-
tainty of ([Hmim]Cl in isopropanol) can be up to 6.8% at low 
concentrations (c < 0.0003 mol/L). Using the experimental data at 
relatively high concentrations may provide better fitting results for the 
ILs in isopropanol. To further investigate it, the experimental data points 
up to 0.001 mol/L were used in parameterizing. It showed that ARD was 
increased greatly (up to 13.24%), because of the formation of ion pairs. 
Therefore, the choice of cmax = 0.0003 mol/L for the ILs in isopropanol is 
reasonable, and there is no other options to achieve better fitting results. 

To verify the reliability of the limiting conductivities determined in 
this work, a comparison of our fitting results with the available values 
reported in the literature was conducted. As listed in Table 6, the ob-
tained results of ([Hmim]Cl+water) and ([Hmim]Cl+isopropanol) are 
similar to the literature data, and there is a marginal deviation for 
([Hmim]Br+water) at 293.15 and 303.15 K. In this work, the values 
were determined based on the data at the dilute concentrations, while 
the reported values in the literature were determined together with the 
parameter KA and they were dependent of the concentration range used 
in parameterizing, resulting in discrepancies. For example, the reported 

Fig. 4. Molar conductivities (Λ) of [Hmim]Cl solutions in isopropanol versus 
c1/2 at the experimental temperatures. Symbols: ○, 293.15 K, ○, 298.15 K, ○, 
303.15 K, ○, 308.15 K, ○, 313.15 K. Lines were caculated using the Shedlov-
sky equation. 

Fig. 5. Molar conductivities (Λ) of ILs in water versus c1/2 at 293.15 K. Sym-
bols: □, [Hmim]Cl, ○, [HmimBr], △, [Hmim]I. Lines were caculated using the 
Shedlovsky equation. 

Fig. 6. Molar conductivities (Λ) of ILs in isopropanol versus c1/2 at 293.15 K. 
Symbols: □, [Hmim]Cl, ○, [HmimBr], △, [Hmim]I. Lines were caculated using 
the Shedlovsky equation. Table 5 

Van der Waals radius and hydrodynamic radius of ions.  

Ions rvdw/nm a/nm in water a/nm in isopropanol 

[Hmim]+ 0.353 [49] 0.663 0.853 
Cl− 0.181 [45] 0.491 0.681 
Br− 0.182 [46] 0.492 0.682 
I− 0.198 [47] 0.508 0.698  
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limiting molar conductivities for [Hmim]Br in the aqueous solution at 
298.15 K are 103.74 and 108.36 by Shekaari et al. [20, 49], and 113.50 
S⋅cm2⋅mol− 1 by Wang et al. [21]. For comparison, the value determined 
by us is 109.12 S⋅cm2⋅mol− 1, within the range reported in the literature. 
Therefore, the limiting conductivities determined in this work with the 
chosen method are reliable. 

The effects of temperature, polarity (dielectric constant), and anion 
size on the limiting molar conductivity are discussed below. Based on 
the results listed in Table 6, Λ0 increases with increasing temperatures, 
indicating the enhanced ion mobility at high temperatures. However, 
changing solvents from water to isopropanol leads to decreased ion 
mobility because of the higher viscosity of isopropanol solutions than 
the aqueous solutions. The variation of the limiting molar conductivities 
with anion size for ILs in each solvent (i.e., water and isopropanol) 
follow the same tendency as the molar conductivities: Λ0(Br− ) > Λ0(Cl− ) 
> Λ0(I− ) in water and Λ0(I− ) > Λ0(Br− ) > Λ0(Cl− ) in isopropanol, 
indicating that the chloride ion carries more water/isopropanol mole-
cules than the bromide ion. The effective ion size of iodide ion in water is 
larger than the other two ions, while in isopropanol, the effective ion 
size of I− is smallest. 

Association constant KA. With the increase of the IL concentration, 
i.e., when the concentration of IL solutions is higher than cmax, the free 
ions associate to form ion pairs. Thus, two types of species (i.e., free ions 
and ion pairs) co-exist in this region. The Shedlovsky had proposed a 

semi-empirical equation to represent the molar conductivity: 

1
ΛS(z)

=
1

Λ0 +
cf 2

±ΛS(z)

KA
(
Λ0)2 (6)  

where S(z) is the Shedlovsky function, f± is the average activity coeffi-
cient of ions, and KA is the association constant. The detailed expressions 
of the Shedlovsky function and activity coefficient were described in the 
Appendix. 

The Shedlovsky model can be used to accurately represent the Λ-c1/2 

relations for 1:1 strong electrolyte up to 0.1 mol/L, but the concentra-
tion range is narrowed down with the decrease in the dielectric constant 
of the medium. In the current work, the concentrations below 0.1 and 
0.01 mol/L for the IL solutions containing water and isopropanol, 
respectively, were used in fitting KA with the non-linear least-squares 
iteration (see Eq. (4)). 

The obtained KA values for ILs in water and isopropanol at different 
temperatures are summarized in Table 7 together with the corre-
sponding ARDs, showing that the Shedlovsky model can be used to 
describe the molar conductivity within the chosen concentration range 
with the average ARDs of 1.64% and 3.78%, respectively. The correla-
tions for [Hmim]Cl in water and isopropanol are also shown in Figs. 1 
and 2 for comparison with the experimental results. It indicates that the 
fitting results agree well with the experimental data throughout the 
entire concentration and temperature ranges for ([Hmim]Cl+water). For 
([Hmim]Cl+isopropanol) shown in Fig. 2, the fitting plot exhibits good 
performance at concentrations from 0.0002 to 0.01 mol/L but shows 
noticable deviations at the concentration below 0.0002 mol/L, which is 
consistent with the large uncertainty of measured data. 

Table 6 
Limiting molar conductivities (Λ0) and absolute relative deviation (ARD) for 
solutions of [Hmim]Cl, [Hmim]Br, and [Hmim]I in water and isopropanol at 
different temperatures.  

T/K Λ0/S⋅cm2⋅mol− 1 Number of 
points 

ARD/ 
% 

[Hmim]Cl+water    
293.15 93.94, 96.34 [19] 5 0.20 
298.15 106.91, 106.95 [19], 104.01  

[50] 
5 0.21 

303.15 118.35, 123.10 [19] 5 0.26 
308.15 130.30 5 0.06 
313.15 141.56 5 0.09 
[Hmim]Br+water    
293.15 95.90, 107.27 [20] 4 0.09 
298.15 109.12, 108.36 [20], 113.50  

[21], 103.74 [49] 
4 1.35 

303.15 120.76, 109.46 [21] 4 1.32 
308.15 132.67 4 1.36 
313.15 142.03 4 1.98 
[Hmim]I+water    
293.15 87.71 6 1.24 
298.15 98.37 6 0.98 
303.15 109.18 6 1.34 
308.15 119.90 6 1.22 
313.15 131.32 6 1.48 
[Hmim] 

Cl+isopropanol    
293.15 17.26, 18.29 [19] 3 7.42 
298.15 20.00, 22.71 [19] 3 9.72 
303.15 22.84, 27.18 [19] 3 9.96 
308.15 25.79 3 11.09 
313.15 29.13 3 12.07 
[Hmim] 

Br+isopropanol    
293.15 19.05 3 3.41 
298.15 21.80 3 3.45 
303.15 24.43 3 4.67 
308.15 27.89 3 5.11 
313.15 31.55 3 5.74 
[Hmim] 

I+isopropanol    
293.15 21.73 3 7.42 
298.15 24.31 3 9.16 
303.15 26.74 3 9.22 
308.15 30.35 3 10.41 
313.15 35.13 3 10.94  

Table 7 
Association constants (KA) and the absolute relative deviation (ARD) for solu-
tions of [Hmim]Cl, [Hmim]Br, and [Hmim]I in water and isopropanol at 
different temperatures.  

T/K KA/L⋅mol− 1 ARD/% 

[Hmim]Cl + Water   
293.15 0.87, 4.60 [19] 0.59 
298.15 1.31, 2.40 [19], 5.36 [50] 0.50 
303.15 1.18, 7.80 [19] 0.61 
308.15 1.15 0.73 
313.15 0.86 0.66 
[Hmim]Br + Water   
293.15 1.14, 4.84 [20] 1.16 
298.15 1.69, 4.90 [20], 71.0 [21] 1.87 
303.15 1.65, 4.93 [21] 1.85 
308.15 1.45 1.97 
313.15 0.52 1.87 
[Hmim]I + Water   
293.15 3.25 1.22 
298.15 3.30 1.15 
303.15 3.26 1.30 
308.15 2.98 1.29 
313.15 3.09 1.55 
[Hmim]Cl + isopropanol   
293.15 640.44, 650 [19] 3.11 
298.15 682.74, 790 [19] 4.12 
303.15 754.14, 972 [19] 3.47 
308.15 817.29 3.93 
313.15 911.15 4.15 
[Hmim]Br + isopropanol   
293.15 709.65 3.77 
298.15 733.02 3.62 
303.15 721.52 3.48 
308.15 786.46 3.86 
313.15 872.64 4.16 
[Hmim]I + isopropanol   
293.15 928.69 4.33 
298.15 877.24 3.95 
303.15 801.69 3.37 
308.15 846.10 3.58 
313.15 995.17 3.82  
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The values of KA determined in this work together with those re-
ported in the literature are listed in Table 7 for comparison, showing that 
the KA results of the investigated ILs have a similar magnitude of order, 
but our fitting results are somewhat lower than those reported in the 
literature. For ([Hmim]Br+water), the value of KA reported in the work 
of Wang et al. [21] (KA = 71 L/mol) is higher than the value reported in 
Shekaari et al. [20] (KA = 4.90 L/mol) and our fitting result 
(KA = 1.75 L/mol). In the further quantitative investigation of Wang 
et al. [21], they considered the discrepancy was caused by the use of 
experimental data in different concentration ranges to fit the conduc-
tivity equations, and the discrepancy of KA disappeared when the con-
centration range used in fitting was the same. Their observation is 
consistent with ours. Furthermore, the use of different equations may 
cause a difference in the calculated results. For example, the value of KA 
for [Bmim][BF4] in methanol at 298.15 K determined by Voroshylova 
et al. [51] (i.e., KA = 53.7) is much higher than that presented in the 
work of Bester-Rogac et al. [29] (i.e., KA = 37.7), even though the con-
centration ranges they used are almost the same. This implies that it is 
difficult to explain. The values of Λ0 and KA in this work are close to 
those reported in the literature, and thus they are acceptable and 
reliable. 

The effects of temperature, dielectric constant, and anion size on the 
association constant KA were further discussed, based on the results 
listed in Table 7. The relationship between temperature and association 
constant is not obvious for ILs in water or isopropanol, only the asso-
ciation constant of (C6mimCl+isopropanol) is monotonically increased 
with increasing temperature, and the corresponding Gibbs free energy of 
ion pair formation can be calculated. However, for other investigated 
systems, ΔG cannot be obtained, and thus no further study of ΔG for 
(C6mimCl+isopropanol) was conducted in this work. The irregular 
variation between temperature and association constant was also re-
ported in many research works [51–54]. The values of KA for ILs in water 
are significantly lower than those for ILs in isopropanol, indicating that, 
at the same IL concentration, IL ions are almost completely dissociated 
in water and exist in the form of hydrated ions, whereas the IL ions are 
highly associated in isopropanol. This is because the solvent with a high 
dielectric constant has a strong screening effect and weakens the elec-
trostatic interactions of IL ions, leading to a high dissociation of IL ions 
and a low association constant. The KA values of ILs in both solvents is 
described by an order of I− > Br− > Cl− , indicating that the electrostatic 
interaction between [Hmim]+ and I− ion is stronger than that for the 
other two ion pairs, and thus more ion pairs exist. 

Other properties (ΔH*, Λ0η). The temperature-dependent limiting 
molar conductivity can be expressed by the following equation: 

lnΛ0 +
2
3

lnρ0 =
ΔH∗

RT
+ D (7)  

where ΔH* is the Eyring activation enthalpy of charge transport, D is an 
empirical constant, and R is the gas constant (= 8.314 J⋅K − 1⋅mol− 1). 

The variation of Λ0 with the reciprocal of the temperature is illus-
trated in Fig. 7, showing that the values of lnΛ0 + (2/3) lnρ◦ for ILs in 
water are higher than those in isopropanol, whereas the slopes for all 
solutions are almost the same. The calculated values of ΔH* for the 
studied IL solutions are summarized in Table 8, showing that ΔH* values 
for [Hmim]Cl in both solvents are higher than those for the other two ILs 
([Hmim]Br and [Hmim]I). The positive values of ΔH* indicate that the 
ion-pairing process is endothermic, and the interactions between ion 
pairs and solvents are weaker than ion-solvent interactions. 

The Walden’s law can reflect the strength of solvation, which is 
defined as 

Λ0η = const
/

rs (8)  

where rs is the Stokes’ radius, and Λ0η is the Walden product. The 
calculated results of Λ0η are summarized in Table 9, reflecting the varied 
solvation status of each IL in different solvents. The solvation of ILs in 
water is weaker than that in isopropanol. In general, it can be noted that 
the values of Λ0η for ILs in water first increase and then decrease with 
increasing temperatures, whereas the values of Λ0η for ILs in iso-
propanol have a monotonic decrease with increasing temperatures, 
indicating that the solvent viscosity is more predominant than limiting 
molar conductivity in isopropanol. 

4. Conclusion 

The electrical conductivity of three IL solutes ([Hmim]Cl, [Hmim]Br, 
and [Hmim]I) in water and isopropanol have been measured at tem-
peratures from 293.15 K to 313.15 K. The DHO theory has been used to 
obtain the limiting molar conductivity, which was as the input of the 
Shedlovsky equation to obtain the association constant. The results show 
that the conductivity model can be used to describe the molar conduc-
tivity of the ILs solutions at low concentrations. The effects of the anion 
size, temperature, and dielectric constant of solvent on Λ0 and associa-
tion constant KA have been further discussed, indicating that the ion 
mobility is improved with increasing temperatures, and values of Λ◦ for 
ILs in water are higher than that in isopropanol due to the decrease in 
solvent viscosity. However, the relationship between Λ0 and anion size 

Fig. 7. Plot of (lnΛ0
+2/3lnρ0) as a function of (1/T) for ILs in H2O and iso-

propanol. Symbols: □, [Hmim]Cl+H2O, ○, [Hmim]Br +H2O, △, [Hmim] 
I + H2O; □, [Hmim]Cl+isopropanol, ○, [HmimBr]+isopropanol, △, [Hmim] 
I+isopropanol. The slope yielded the Eyring activation enthalpy of charge 
transport, ΔH*. 

Table 8 
The Eyring activation enthalpy of charge transport ΔH* according to Eq. (6).   

ΔH*/kJ⋅mol− 1  

[Hmim]Cl [Hmim]Br [Hmim]I 

water 15.41 ± 0.69 14.85 ± 0.43 15.20 ± 0.32 
isopropanol 19.31 ± 0.82 18.59 ± 0.31 17.46 ± 0.62  

Table 9 
The Walden product of ILs in water and isopropanol at different temperatures.  

T/K 10− 2 Λ0η/s⋅cm2⋅mol− 1⋅mpa⋅s  
[Hmim]Cl [Hmim]Br [Hmim]I  

water   
293.15 0.942 0.962 0.880 
298.15 0.954 0.973 0.877 
303.15 0.947 0.966 0.873 
308.15 0.939 0.957 0.864 
313.15 0.923 0.926 0.856  

isopropanol   
293.15 0.409 0.452 0.516 
298.15 0.406 0.442 0.493 
303.15 0.400 0.428 0.468 
308.15 0.385 0.416 0.453 
313.15 0.389 0.422 0.470  
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is unclear in this work, e.g., in water, Λ0(Br− ) > Λ0(Cl− ) > Λ0(I− ) and in 
isopropanol, Λ0(I− ) > Λ0(Br− ) > Λ0(Cl− ). Values of KA for ILs in water 
are significantly lower than those in isopropanol, indicating that at the 
same concentration, more ion pairs are formed in isopropanol solutions. 
The effects of anion size on KA indicate that electrostatic interaction 
between [Hmim]+ and I− is stronger than those for the other two ion 
pairs, whereas the variation of KA with increasing temperature is 
irregular. The values of ΔH* determined from Λ0(T) are positive, indi-
cating a endothermic ion-pairing process. 
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Appendix 

A1. The Debye-Huckel-Onsager Equation [24–26] 

The ionic conductivity is mainly influenced by two effects: relaxation effect and electrophoretic effect. The relaxation effect causes the change of 
electric intensity, named relaxation-field ΔX, giving: 

ΔX
X

=
|z1z2|e2

3εkT
qκD

1 +
̅̅̅q√ (A1)  

where k is Boltzmann constant, k = 1.3803 × 10− 16, e is photon charge, e = 4.802 × 10− 10, T is temperature, κD is the Debye-Hückel reciprocal length 
given by 

κ =
50.29 × 108

(εT)1/2

̅̅
I

√
(A2)  

and the quantity q is defined by 

q =
|z1z2|

|z1| + |z2|

λ0
1 + λ0

2

|z2|λ0
1 + |z1|λ0

2
(A3)  

where λ0
1 and λ0

2 are the limiting equivalent conductivity of cation and anion, resepctively. z1 and z2 are the valence type of the electrolyte z, and for the 
symmetrical electrolytes, |z1| = |z2| and q = 1/2. Under the effect of relaxation force, the ion velocity v′

1 is expressed as 

v
′

1 = v0
1

(

1+
ΔX
X

)

(A4)  

where v0
1 is the ion velocity produced by the field X at infinite dilution. In addition, the friction coefficient of solvents is changed by the electrophoretic 

force, and the change of ion velocity is expressed as 

Δv1 = −
z1εX
6πη0

κD

1 + κDa1

(

1+
ΔX
X

)

(A5)  

where a1 is hydrodynamic ion radius. The combination of Eqs. (A4) and (A5) leads to the final velocity of the ions under both electrophoretic and 
relaxation effects, 

v1 =

(

v0
1 −

z1εX
6πη0

κD

1 + κDa1

)(

1+
ΔX
X

)

(A6) 

The Eq. (A6) can be rewritten as 

v1

v0
1
=

(

1 −
z1εX

6πη0v0
1

κD

1 + κDa1

)(

1+
ΔX
X

)

(A7) 
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where the factor X/v0
1 is expressed as 

X
v0

1
=

F2 × 107

Nελ0
1

(A8)  

where F is the Faraday constant, F = 96,493 C, N is the Avogadro constant, N = 6.024 × 1023. Actually, the ratio v1/v0
1 can be replaced by the ratio of 

equivalent ion conductivities λ1/λ0
1. The equivalent conductivity of the electrolyte Λ = λ1 + λ2, is therefore 

Λ =

[

Λ0 −
F2

3πη0N

(
κD

1 + κa1
+

κD

1 + κDa2

)](

1 −
e2

3εkT
q

1 +
̅̅̅q√ κD

)

(A9) 

In the Onsager’s treatment, the term (1+κai) is approximated to 1.0 [55], and the cross-product of the electrophoretic and relaxation terms in Eq. 
(A9) is neglected. However, the term (1+κai) is explicitly considered in this work, that is, the ions have an identical diameter. The final molar 
conductivity is expressed as 

Λ = Λ0 −

[
2.801 × 106qΛ0

(εT)3/2( 1 +
̅̅̅q√ )+

82.5
η0(εT)1/2

∑

j

1
1 + κDaj

]
̅̅
I

√
(A10)  

where aj is the hydrodynamic radius of solvated ion j (= rj + ds, where rj is the radius of ion j, and ds is the average distance corresponding to the side of 
a cell occupied by a solvent molecule), and the expression of molar conductivity can be rewritten in the form of 

Λ = Λ0 −

(

B1Λ0 +B2

∑

j

1
1 + κDaj

)
̅̅
I

√
(A11)  

B1 =
8.204 × 105

(εT)3/2 (A12)  

B2 =
82.5

η0(εT)1/2 (A13)   

A2. The Shedlovsky equation [27] 
Onsager’s limiting theory can describe the electrical conductivities of the limiting electrolyte solutions, while with the increase of electrolyte 

concentrations, there are deviations between experimental data and calculated results of electrical conductivities. Shedlovsky proposed an empirical 
equation to describe the electrical conductivities at higher concentrations, assuming that the solution is composed of free ions and ion pairs solvated by 
solvent molecules, the Eq. (A11) can be expressed in the form of the Shedlovsky equation 

Λ = θΛ0 − α(Λ /Λ0)
̅̅̅̅̅
cθ

√
(A14)  

where θ is the degree of dissociation defined as the ratio of the concentration of free ions to the stoichiometric concentration c, and α is the Onsager 
coefficient given by α = B1Λ0 + B2. The solution of Eq. (A14) may then be written as 

θ = S(z)Λ/Λ0 (A15)  

where S(z) is the Shedlovsky function expressed as 

S(z) =
(

z
/

2 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (z/2)2
√ )2

(A16)  

and z is defined as z = θ
̅̅̅̅̅̅
cΛ

√
/(Λ0)

3/2. Substituting Eq. (A15) with the mass action equation of KA = θ2f 2
± c/(1 − θ), we obtain 

1
ΛS(z)

=
1

Λ0 +
cf 2

±ΛS(z)KA
(
Λ0)2 (A17)  

where f± is the mean ionic activity coefficient expressed as 

logf± =
− A|z1z2|

̅̅
I

√

1 + BR
̅̅
I

√ (A18)  

where R is the ion distance parameter (=
∑

rj + ds), A and B are the Debye-Hückel coefficients expressed as 

A =
1.8246 × 106

(εT)3/2 (A19)  
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B =
50.29
(εT)1/2 (A20)  
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[54] A. Boruń, C. F, A. Bald, Conductance studies of aqueous ionic liquids solutions 
[emim][BF4] and [bmim][BF4] at temperatures from (283.15 to 318.15) K, Int. J. 
Electrochem. Sci. 10 (2015) 2120–2129. 

[55] R.A. Robinson, R.H Stokes, Electrolyte Solutions, 2nd revised edition, Dover 
Publications, 2012. Dover Books on Chemistry Series. 

H. Wang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1021/acs.jced.6b00343
https://doi.org/10.1021/acs.jced.6b00343
https://doi.org/10.1016/j.molliq.2014.12.028
https://doi.org/10.1016/j.molliq.2014.12.028
https://doi.org/10.1039/C1CP21371G
https://doi.org/10.1021/je300339q
http://refhub.elsevier.com/S0378-3812(22)00299-0/sbref0054
http://refhub.elsevier.com/S0378-3812(22)00299-0/sbref0054
http://refhub.elsevier.com/S0378-3812(22)00299-0/sbref0054
http://refhub.elsevier.com/S0378-3812(22)00299-0/sbref0055
http://refhub.elsevier.com/S0378-3812(22)00299-0/sbref0055

	Experimental and theoretical study on ion association in [Hmim][halide] + water/isopropanol mixtures
	1 Introduction
	2 Experimental section
	3 Results and discussion
	3.1 Density and molar conductivity
	3.2 Thermodynamic analysis

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgement
	Supplementary materials
	Appendix
	A1. The Debye-Huckel-Onsager Equation [24–26]
	A2. The Shedlovsky equation [27]


	References


