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Abstract:



Ionic liquids are considered environmentally friendly media for various industrial applications. Basic data on physicochemical properties are significant for a new material, in terms of developing its potential applications. In this work, 1-ethyl-3-methylimidazolium fluoride ([EMIm]F) ionic liquid was synthesized via an anion metathesis process. Physical properties including the density, viscosity, electrical conductivity, and thermal stability of the product were measured. The results show that the density of [EMIm]F decreases linearly with temperature increases, while dynamic viscosity decreases rapidly below 320 K and the temperature dependence of electrical conductivity is in accordance with the VFT (Vogel–Fulcher–Tammann) equation. The temperature dependence of the density, conductivity, and viscosity of [EMIm]F can be expressed via the following equations: ρ = 1.516 − 1.22 × 10−3T, σm = 4417.1exp[−953.17/(T − 166.65)] and η = 2.07 × 10−7exp(−5.39 × 104/T), respectively. [EMIm]F exhibited no clear melting point. However, its glass transition point and decomposition temperature are −71.3 °C and 135 °C, respectively.
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1. Introduction


Ionic liquids (ILs) are molten salts comprised entirely of cations and anions with a melting point below 100 °C. Generally, cations are organic, such as alkyl-substituted imidazolium, pyridinium, pyrrolidinium, tetraalkylammonium, and tetraalkylphosphonium. Anions can be organic or inorganic, such as halide, tetrafluoroborate, hexafluorophosphate, and bistriflimide. In earlier studies, ethylpyridinium cation was reported as an IL in the 1950s [1], N-butylpyridinium cation was reported as an IL in the 1970s [2], and 1-ethyl-3-methyl-imidazolium cation was reported as an IL in the 1980s [3]. Subsequently, ILs received increasing attention due to their extraordinary physicochemical properties including low melting point, low vapor pressure, high conductivity, and wide potential window. In recent decades in particular, ILs have been considered a promising, green medium for reactive metal electrodeposition, replacing high-temperature molten salts [4,5,6,7,8,9,10].



Numerous studies have focused on designing new ILs and on the relationship between the phase behavior and molecular structure, in order to clarify the nature of ILs and expand their applications [11,12,13,14,15].



Fundamental data on physical and chemical properties are very important for IL design and for the exploration of new applications. So far, many experimental or simulated studies on the density, viscosity, conductivity, thermal behavior, and solubility of pure ILs and their mixtures have appeared in the literature [16,17,18,19,20]. Tokuda and co-workers [21,22,23] systematically studied the effect of ionic structures, including anionic species, cationic species, and alkyl chain, in imidazolium cation on the physicochemical characteristics of ILs.



Alkyl-substituted imidazolium cation-based ILs have been studied extensively due to their advantages in terms of superior fluidity and conductivity. The generic structure of alkyl-substituted imidazolium-based ILs is shown in Figure 1.


Figure 1. The generic structure of alkyl-substituted imidazolium=based ILs. R1 = alkyl (methyl typically), R2 = alkyl, X− = anion (halide, BF4−, PF6−, Tf2N−, typically).
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For the molecular structure of alkyl-substituted imidazolium-based ILs, as shown in Figure 1, R1 is typically methyl and R2 can generally be butyl [24,25,26,27,28,29,30,31], ethyl [32,33,34,35], or octyl [36]. Common anionic species include halide, tetrafluoroborate (BF4−), tetrafluorophosphate (PF6−), bis(trifluoromethylsulfonyl)imide (Tf2N−), dicyanamide (DCA), ethylsulfate (EtSO4), etc. Among them, ILs with a single fluoride anion are rarely reported because the syntheses of such ILs are challenging, unlike those of other halide ILs. As is known, the enhanced basicity of metal fluorides can lead to Hoffman elimination on side chains of the cationic part of the system. However, anion metathesis from other halides is accessible. Hagiwara and co-workers [37] prepared 1-ethyl-3-methyl imidazolium fluoride (EMIF∙2.3HF) via the reaction of hydrogen fluoride and homologous chloride. Pagoria et al. [38] reported a method that included putting a strongly hydrogen bonded organic material in contact with an ionic liquid having a fluoride anion for the solubilization of the strongly hydrogen bonded organic material. [EMIm]F and other similar imidazolium fluoride ionic liquids could be prepared using imidazolium chloride and silver fluoride as raw materials. Zhu et al. [39] synthesized a series of 1-akyl-3-methylimidazolium fluorides via the reaction of silver fluoride with the corresponding imidazolium iodides; weak interactions between the fluoride anion and sp3-hybridized C–H groups were observed.



So far, few studies exist on the synthesis of [EMIm]F ionic liquid, and knowledge of its physical properties is lacking. We therefore prepared [EMIm]F ionic liquid via an anion metathesis process. It could potentially be used as fluoride source for nanoparticle synthesis [40,41], as an electrolyte for metal deposition, and as a solvent for chemical processing [42]. We focused on its physical properties including density, viscosity, conductivity, and thermal stability. We investigated the temperature effects.




2. Materials and Methods


2.1. Materials


1-ethyl-3-methylimidazolium chloride ([EMIm]Cl) with 99% purity was provided by Lanzhou Institute of Chemical Physics (Lanzhou, China). Silver fluoride with 98% purity and analytical grade silver nitrate was purchased from Sigma Aldrich (St. Louis, MO, USA). Analytical grade sodium chloride, ethyl acetate, and methanol were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shenyang, China). All the chemicals were used as received without further purification.




2.2. Synthesis of [EMIm]F


The reaction principle of synthesizing [EMIm]F is based on the different solubility of silver halide. The reaction equations from [EMIm]Cl are shown in Figure 2.


Figure 2. Synthesis process of [EMIm]F.
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The synthesis procedure of [EMIm]F is as follows. (1) Twenty-five milliliters of 2.76 M [EMIm]Cl aqueous solution and 20 mL of 3.45 M AgF aqueous solution (mole ratio of [EMIm]Cl/AgF is 1:1) were mixed. A white precipitate was observed, indicating that the metathesis reaction began rapidly. (2) The mixture was kept for 24 h under stirring. Subsequently, the liquid was separated from the precipitate via filtration. (3) The filtrate was dried for 48 h under vacuum conditions and a viscous liquid, [EMIm]F, was obtained. (4) The product was weighed, and the yield of [EMIm]F was found to be 95~98%. (5) In order to check the impurities removal and the purity of [EMIm]F, two samples of the final product were titrated via AgNO3 and NaCl, respectively. No precipitation indicated that Cl− and Ag+ ions were removed completely.




2.3. Physical Properties of [EMIm]F


The physical properties of [EMIm]F were also examined. To avoid the influence of water, the measurements of density and conductivity were carried out in a glove box full of argon gas. The density was measured via 10 mL pycnometer and the uncertainty of the measurements was estimated to be better than ±5 × 10−5 g·cm−3. The conductivity was measured via the fixed conductivity cell method, with an uncertainty of ±3% calibrated by a standard sodium chloride solution. Furthermore, viscosity was measured via the rotation method on a Brookfield DV−2T viscometer (rotor model SC 4–18, vertical cryostat tank DC0506N), with a nominal uncertainty of ±2%. The thermal stability of [EMIm]F was measured via a differential scanning calorimeter (DSC, NETZSCH, STA449 F3) in a nitrogen atmosphere at a temperature range of −160 °C to 200 °C and a heating rate of 10 °C/min.





3. Results and Discussion


All the experimental data are available in the Supplementary Materials. Tables S1–S3 show density, viscosity and electrical conductivity of [EMIm]F at different temperatures, respectively. The density of [EMIm]F was measured for temperatures between 303.15 K and 353.15 K. The temperature dependence of the density of [EMIm]F is shown in Figure 3. Meanwhile, the densities of ILs with the same cationic group and different anionic groups were also compared [43,44,45,46]. Figure 3 shows that the density of [EMIm]F decreases linearly with the increase of temperature for the other ILs. At a certain temperature, the density of [EMIm]F is higher than that of [EMIm][OAc] and [EMIm][DCA], and is lower than that of [EMIm][Tf2N], [EMIm][BF4] and [EMIm][EtSO4]. Correspondingly, the molar volume, calculated by dividing the molar mass by the density, increases linearly with the increase of temperature. The relationships between the density, molar volume, and temperature can be described by the following fitting equations:


ρ = 1.516 − 1.22 × 10−3T



(1)






Vm = 76.21 + 0.1296 T.



(2)






Figure 3. Temperature dependence of the densities of [EMIm]F and similar ILs.
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To study the volume changes of a pure liquid caused by the temperature at a constant pressure, a parameter, α, known as the thermal expansion coefficient, is defined as


[image: ]



(3)




where the subscript p indicates constant pressure.



According to the calculus principle, Equation (3) can also be expressed as


[image: ]



(4)







As we discussed above, both the density and molar volume have a linear relation with the temperature. Namely, [image: ] and [image: ] are constant. The thermal expansion coefficient α varies with the density according to Equation (3). However, α is a constant from Equation (4) because the plot of lnρ versus T is also linear. Actually, the two perspectives are not so conflicting due to different linear relations supposed in a rational scope (R2 > 0.99) for the two equations. In the literature, both alternatives were reported in order to evaluate the volume expansivity for ILs [44,47,48]. For simplification, our work considers the thermal expansion coefficient of [EMIm]F a constant from Equation (4): 1.09 × 10−3 K−1.



The dynamic viscosity of [EMIm]F was measured via a DV-2T viscometer. The viscosities of ILs with the same cationic group and different anionic groups were compared, as shown in Figure 4. The viscosity of [EMIm]F is obviously larger than that of other ILs below 320 K, and decreases sharply with the temperature increase. The viscosity of [EMIm]F approaches that of other ILs above 320 K. As is known, the viscosity of ILs is mainly dependent on the combination of hydrogen bonds and van der Waals forces. The viscosity variation of [EMIm]F indicates that the interaction forces between the cation and anion are susceptible to temperature. In general, the relationship between temperature and viscosity can be expressed as an exponential equation, commonly known as an Arrhenius-type equation:


[image: ]



(5)




where R is the ideal gas constant, η∞ is the viscosity at the infinite temperature, and Ea is the apparent activation energy. According to the fitting results, the characteristic parameters of [EMIm]F can be obtained: η∞ = 2.07 × 10−7 mPa·s, Ea = −5.39 × 104 J·mol−1.


Figure 4. Viscosity of [EMIm]F and similar ILs as a function of temperature.
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The conductivity of ionic liquids is a parameter reflecting the current transporting capacity. The conductivity of [EMIm]F as a function of temperature was studied, as shown in Figure 5. As can be seen, the conductivity of [EMIm]F increases with the increase in temperature. We fitted the relationship between the conductivity and temperature using a VFT (Vogel–Fulcher–Tammann) equation:


σ = σ0exp[−B/(T − T0)],



(6)




where σ0 (mS·cm−1), B (K), and T0 (K) are constants. The fitting parameters are obtained as follows: σ0 = 4417.1 mS·cm−1, B = 953.17 K, T0 = 166.65 K.


Figure 5. Electrical conductivity of [EMIm]F as a function of temperature.
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The thermal behavior of [EMIm]F was studied via differential scanning calorimetry. The DSC curve of [EMIm]F at a cooling and heating rate of 10 K/min is shown in Figure 6. During cooling from 50 to −150 °C, we could only observe an exothermic peak at −71.3 °C, corresponding to the glass transition. In the heating process from −150 to 200 °C, two endothermic peaks were found. One is the glass transition point, which was also observed during the cooling process. The other is assigned to the decomposition temperature around 135 °C. No melting point on the DSC curve was observed, as is the case for many other ionic liquids. It has been reported that the melting point of many ionic liquids is uncertain because they can undergo considerable supercooling [49,50,51]. The temperature of the phase change can differ considerably depending on whether the sample is heated or cooled [52].


Figure 6. Differential scanning calorimeter (DSC) curve of [EMIm]F at the cooling and heating rate of 10 K/min.



[image: Applsci 08 00356 g006]







4. Conclusions


[EMIm]F was synthesized via an anion metathesis process using [EMIm]Cl and AgF as raw materials. The density, conductivity, dynamic viscosity, and the thermal stability of [EMIm]F were studied. With the increase of temperature, the density of [EMIm]F decreased linearly, while the viscosity and conductivity of [EMIm]F increased. The corresponding temperature dependence equations were summarized. The thermal analysis indicated that [EMIm]F had no clear melting point, while its glass transition point and decomposition temperature were −71.3 °C and 135 °C, respectively.








Supplementary Materials


The following are available online at http://www.mdpi.com/2076-3417/8/3/356/s1, Table S1: Density of [EMIm]F at different temperatures. Table S2: Viscosity of [EMIm]F at different temperatures. Table S3: Conductivity of [EMIm]F at different temperatures.
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