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Abstract

Basic physicochemical properties were discussed at different temperatures for 18 hydropho-
bic ionic liquids (ILs) which containing imidazolium and pyridinium as cations, separately. 
The ILs include 1-ethyl-3-methylimizazolium tris(pentafluoroethyl)trifluorophosphate 
([C

2
mim][PF3(CF

2
CF3)3]), 1-acetonitrile-3- ethylimimdazolium bis(trifluoromethylsulfonyl)

imide ([MCNMIM][NTf
2
]), 1-(cyanopropyl)-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]

imide [PCNMIM][NTf
2
], 1-ethanol-3-ethylimimdazolium bis(trifluoromethylsulfonyl)imide 

([EOHMIM][NTf
2
]), 1-butylamide-3-ethylimimdazolium bis(trifluoromethylsulfonyl)-imide 

([CH
2
CONHBuEIM][NTf

2
]), N-alkylpyridinium bis(trifluoromethylsulfonyl)imide {[C

n
py]

[NTf
2
] (n = 2, 3, 4, 5, 6)}, N-alkyl-3-methylpyridinium bis(trifluoromethyl-sulfonyl)imide 

{[C
n
3Mpy][NTf

2
] (n = 3, 4, 6)}, and N-alkyl-4-methylpyridinium bis(trifluoromethylsulfonyl)

imide {[C
n
4Mpy][NTf

2
] (n = 2, 4, 6)}. The molar volume, standard molar entropy, and lattice 

energy were estimated by the empirical and semiempirical equations. The dependences of 
density, dynamic viscosity, and electrical conductivity on temperature are discussed in the 
measured temperature range. It is found that with the increasing temperature, the density 
and dynamic viscosity decreased, while the electrical conductivity increases. The influences 
of microstructures of ILs, such as the introduction of the methylene, methyl, and functional 
groups on cations, on their basic physicochemical properties are discussed.

Keywords: ionic liquid, density, surface tension, dynamic viscosity, electrical conductivity

1. Introduction

Ionic liquids (ILs) are salts while can exist as liquid at room temperature or near room tempera-
ture, which are completely composed of ions [1–3]. Compared with traditional organic solvents, 
ILs have exhibited outstanding properties, such as negligible vapor pressures, nonflammable, 
wide electrochemical window, high electrical conductivity, adjustable  acidity, high dissolving 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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capacity for inorganic and organic compounds or polymers and can be recycled, etc. Moreover, 
ILs can be designed through the introduction of functional groups on anion or cation to modify 
their physicochemical properties. As the new designed and functional solvents, ILs have been 
used in fields of synthesis, extraction, catalysis, electrochemistry, etc. The basic physicochemi-
cal properties of ILs are of great importance for their design and applications; however, related 
data are very deficient. Therefore, IL’s properties and related theoretical studies have received 
increasing attention.

2. Preparation of ionic liquids

All ionic liquids (ILs) were synthesized according to the reported method [4] except [CH
2
CON 

HBuEIM][NTf
2
] and [C

2
mim][PF3(CF

2
CF3)3].

The chloride (or bromide) type compounds were synthesized by the N-alkylation reaction. A 
slight excess of halide was added dropwise into N-alkyl compounds by stirring at 353 K for 
24 h. The products were recrystallized from acetonitrile/ethyl acetate solution several times. 
The products were dried under high vacuum for 48 h at 353 K before the synthesis of the tar-

get products. The [C
2
mim][PF3(CF

2
CF3)3] was supplied by Merck Co. (batch: S9588301). The 

compound [CH
2
CONHBuEIM][NTf

2
] was synthesized according to the reported method [5]. 

Chloroacetyl chloride was added to n-butylamine drop by drop in the same molar ratio in an 
ice bath. After completion of the reaction, the organic layer was separated then washed with 
ω(HCl) = 5% or ω (NaHCO3) = 5% until the water layer became neutral. The product (chloro-

acetyl-n-butylamine) was dried under vacuum conditions. Acetonitrile was chosen as a solvent, 
ethylimidazole was added to chloroacetyl-n-butylamine in a small excess molar ratio to allow 
the complete reaction of chloroacetyl-n-butylamine at 85°C for 18 h. The product was recrystal-
lized twice with acetonitrile and ethyl acetate ester. The resulting product was vacuum dried to 
obtain pure [EimCH

2
CONHBu]Cl.

The hydrophobic ILs were synthesized in the distilled water by the traditional ion exchange reac-

tion. The chloride (or bromide) type compounds were placed in a flask and dissolved with dis-

tilled water, an equivalent amount of lithium bis[(trifluoromethyl)sulfonyl]imide (LiNTf
2
) salt was 

also dissolved in distilled water and added to the flask. The solution was stirred vigorously for 
3 h. The bottom liquid was washed with distilled water until no halogen as detected by AgNO3/
HNO3 solution (the mass fraction of halogen was reckoned to be less than 50 ppm). The products 
were finally dried on vacuum drying line at 353 K before the determination of the thermodynamic 
properties. The final products were characterized by 1H NMR spectra.

3. Water content

The impurity of the water is the most serious influence factor to the properties of ILs. Since the 
residual water cannot be removed by conventional methods in the ILs. The mass fraction of the 
residual water was determined by a Cou-Lo Aquamax Karl Fischer moisture meter (v.10.06) 
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before and after the measurement of properties. The water mass fractions of the ILs are lower 
than 300 × 10−6 and 500 × 10−6 for before and after the property determination, respectively.

4. Property measurement

4.1. Density

The densities of ILs were measured by a Westphal balance (or an automated SVM3000 Anton 
Paar rotational Stabinger viscometer-densimeter with a cylinder geometry) in the temperature 
range of T = (283.15 to 338.15) ± 0.05 K. The density values were recorded at every 5 K. For the 
Westphal balance method, the sample was placed in a cell with a jacket.

4.2. Surface tension

Using the tensiometer (DP-AW type produced by Sang Li Electronic Co.) of the forced bub-

ble method, the surface tension of the ILs was measured with the experimental error that 
is ± 0.1 mJ⋅m−2. The temperature was controlled by a thermostat. The uncertainties of the 
measurement are in the range of ± 0.2 mJ⋅m−2.

4.3. Dynamic viscosity

The dynamic viscosity of the ILs was measured using an Ostwald viscometer (or an automated 
SVM3000 Anton Paar rotational Stabinger viscometer-densimeter with a cylinder geometry, the 
principle is based on a modified Couette according to a rapidly rotating outer tube and a rela-

tively slow rotating inner measuring bob). The values were recorded at every 5 K. The uncertain-

ties were estimated to be ± 1%.

4.4. Electrical conductivity

The electrical conductivity of the ILs was carried out using a MP522 conductivity instrument 
with the cell constants of 1 cm−1 (the cell was calibrated with the aqueous KCl solution). The 
uncertainty was reckoned to less than ± 1%. The temperature was regulated by a thermostat 
with a precision of ± 0.05 K. The experimental data were reported per 5 K after 30 min thermal 
equilibrium time.

5. Formulas

5.1. Density

A straight line can be obtained according to plot lnρ against T/K. And the lnρ against T/K can be 
fitted by the following empirical equation:

  lnρ / g ·  cm   
–3

  = b–αT / K  (1)
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where b is an empirical constant and α is the thermal expansion coefficient.

At 298.15 K, the molecular volume, V, standard molar entropy, S0, and lattice energy, UPOT, of the 
ILs can be obtained from the experimental density by the following equations:

  V = M /   (  N · ρ )     (2)

   S   0  =  1246.5 ·   (  V )    + 29.5  (3)

   U  POT   =  1981.2 ·   (  ρ / M )     1/3
  +  103.8  (4)

where M is molar mass, ρ is the density, and N is the Avogadro’s constant.

5.2. Surface tension

The surface tension, γ, has the relationship with the temperature in terms of the Eötvös 
 equation:

  γ  V   2/3  = k  (   T  
c
   − T )     (5)

where V is the molar volume of the liquid, T
c
, is the critical temperature, and k, is an empirical 

constant.

The parachor, P, was estimated by the following equation:

  P(298.15 K ) = (M  γ   1/4  ) / ρ  (6)

where M is molar mass, ρ is the density, and γ is surface tension.

The molar enthalpy of vaporization, Δ 
l

gH
m

0, was estimated by the following equation:

   Δ  1        g   H  
m

        0   (  298.15K )    / kJ ⋅  mol   −1  = 0.01121  (  γ  V   2/3   N   1/3  )    + 2.4  (7)

where V is molar volume, γ is surface tension, and N is Avogadro’s constant.

At 298.15 K, according to the literature studies [6, 7], the interstice volume, v, can be estimated by 
interstice model theory:

  v =  0.6791  ( k  
b
   T / γ )   3/2   (8)

herein, k
b
 is the Boltzmann constant, T is thermodynamic temperature, and γ is the surface ten-

sion of ILs.
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According to Yang et al., the molar volume of ILs is composed of the volume of inherent and 
interstices; herein, the molar volume of the interstice is, ∑ν = 2Nν, the molar volume of the ILs 
can be calculated by the following equation:

  V =  V  
i
   + 2Nν  (9)

herein, V is the molar volume, V
i
 is the inherent volume, and 2Nv is the interstice volume.

At 298.15 K, Yang et al. pointed out that the expansion volume of ILs only results from the inter-

stices expansion following the temperature increase. Then, the thermal expansion coefficient, α, 
can be estimated by the interstice model theory by the following equation:

  α =   (  1 / V )     (  ∂ V / ∂ T )    
p
   = 3Nν / VT  (10)

5.3. Dynamic viscosity

The temperature dependence of the dynamic viscosity for ILs can be fitted using the Vogel-
Fulcher-Tammann (VFT) equation:

  η =  η  0   · exp  (  B /   (  T–  T  0   )    )     (11)

where η is the dynamic viscosity; η0, B, and T0 are the fitting parameters.

Usually, the Arrhenius equation was used to fit the dynamic viscosity and the equation is:

  η =  η  
∞

   · exp  (   E  η   /   (   k  
B
   T )    )     (12)

where E
a
 is the activation energy for dynamic viscosity, η∞ is the maximum dynamic viscosity, 

and k
B
 is the Boltzmann constant.

According to Vila et al. [12], the VFT equation for dynamic viscosity was related to the Arrhenius 
equation, η0 = η∞ and B = Eη/kB

. The activation energy of dynamic viscosity was introduced in the 
final version VFT equation. The final version of the VFT equation can be expressed as follows:

  η =  η  
∞

   · exp( E  η   /   (   k  
B
    (  T–  T  0   )    )     (13)

5.4. Electrical conductivity

Usually, the VFT is also used for the fitting of temperature dependence on electrical conductivity. 
Herein, the temperature dependence of electrical conductivity of the ILs was also fitted according 
to the following VFT equation:

  σ =  σ  0   · exp  (  –B /   (  T–  T  0   )    )     (14)

here σ is the electrical conductivity; σ0, B, and T0 are fitting parameters.
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Sometimes, the Arrhenius equation is also used to fit the electrical conductivity:

  σ =  σ  
∞

   · exp  (  –  E  σ   /   (   k  
B
   T )    )     (15)

where Eσ is the activation energy, which indicates the energy needed for the ion to hop into a free 
hole, σ∞ is the maximum electrical conductivity, and k

B
 is the Boltzmann constant.

According to the discussion, Vila et al. [8] have introduced the activation energy of electrical con-

ductivity in the VFT equation by establishing the fitting parameters of the VFT equation with the 
Arrhenius equation: σ0 = σ∞ and B = Eσ/kB

. The final version of the VFT equation can be expressed 
as follows:

  σ =  σ  
∞

   · exp(–  E  σ   /   (   k  
B
    (  T −  T  0   )    )     (16)

5.5. Walden rule

The classical Walden rule was usually used for the assessing of the ionicity of ILs [9, 10]. The ionic 
mobilities (represented by the equivalent conductivity Λ = FΣμ

i
Z

i
) and the fluidity φ (φ = η−1) of 

the medium can be related to the Walden rule through the ions move. On the basis of this fact, the 
relationship of the molar electrical conductivity and dynamic viscosity for ILs can be described by 
the following equation:

  Λη = k  (17)

where Λ is the molar electrical conductivity, η is the dynamic viscosity, and k is a temperature 

dependent constant. The Walden’s product (in [S·cm2·mol−1][mP·s]) can be calculated at 298.15 K.

6. Density and surface tension of ionic liquid [C
2
mim][PF

3
(CF

2
CF

3
)

3
] and 

prediction of properties [C
n
mim][PF

3
(CF

2
CF

3
)

3
] (n = 1, 3, 4, 5, 6)

As organic salts, the ionic liquids (ILs) have shown many excellent properties, such as the 
low melting temperature, good solvation, and nonvolatility. So, the industrial and scien-

tific communities have applied ILs in a broad range as the green organic solvents. In par-

ticular, the air- and water-stable hydrophobic ILs have been used in some special fields as 
the stable ILs. Actually, the most ILs are hydrophilic, so, 1-alkyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide (C

n
mimNTf

2
) has attracted serious concern as an air- and 

water-stable hydrophobic compound. And the properties were reporting in succession when 
the air- and water-stable hydrophobic compounds were synthesized. As another air- and 
water-stable hydrophobic type IL 1-ethyl-3-methylimizazolium tris(pentafluoroethyl)triflu-

orophosphate [C
2
mim][PF3(CF

2
CF3)3] was provided by Merck Co. This is also the air- and 

water-stable hydrophobic IL. So, the study on the properties of this type ILs is significant in 
many concerned fields.

The structure of [C
2
mim][PF3(CF

2
CF3)3] is shown in Figure 1.

The experimental measured values of density and surface tension of IL [C
2
mim][PF3(CF

2
CF3)3] 

are listed in Table 1 [11].
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By plotting ln ρ against (T − 298.15) K, a straight line can be obtained (see Figure 2) according 
to Eq. (1). According to Eq. (1), the correlation coefficient is R = 0.9999, the standard deviation 
s = 3.0 × 10−5 g cm−3, b = 0.53603, the thermal expansion coefficient of the IL is α = 6.96 × 10−4 K−1 

at 298.15 K, respectively.

Figure 1. The structure of IL ([C
2
mim][PF3(CF

2
CF3)3]).

T/K 283.15 288.15 293.15 298.15 303.15 308.15

ρ/g cm−3 1.72705 1.72113 1.71517 1.70926 1.70332 1.69740

γ/mJ m−2 35.3 35.1 34.9 34.8 34.6 34.4

T/K 313.15 318.15 323.15 328.15 333.15 338.15

ρ/g cm−3 1.69150 1.68562 1.67975 1.67388 1.66804 1.66221

γ/mJ m−2 34.2 34.1 34.0 33.8 33.6 33.4

Table 1. Experimental values of density, ρ, and surface tension, γ, of IL [C
2
mim][PF3(CF

2
CF3)3] from 283.15 to 338.15 K.

Figure 2. Plot of ln ρ vs. T/K − 298.15 of IL [C
2
mim][PF3(CF

2
CF3)3].
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The experiment values of γ against (T − 298.15) K can be fitted according to the linear equa-

tion (see Figure 3). According to the linear equation, the correlation coefficient and standard 
deviation can be obtained and the values are 0.998 and 0.04 mJ∙m−2, respectively. In Figure 3, 
the surface entropy, S

a
 = − (∂γ/∂(T − 298.15))

p
, can also be obtained and the value is 33.4 × 10−3 

mJ∙K−1·m−2 at 298.15 K. At 298.15 K, the surface energy can be calculated from the surface ten-

sion value by the imperial equation, E
a
 = γ − T(∂γ/∂(T − 298.15))

p
, and the value is 44.8 mJ∙m−2. 

Compared with surface energies of the fused salts and organic liquids, the value of the IL 
[C

2
mim][PF3(CF

2
CF3)3] is close to the organic liquids, even less than some organic liquids, 

for example, 146 mJ∙m−2 for NaNO3, 67 mJ∙m−2 for benzene, and 51.1 mJ∙m−2 for octane. This 
fact shows that the interaction energy between ions in [C

2
mim][PF3(CF

2
CF3)3] is less than that 

in fused salts. The physicochemical properties (molecular volume, V
m

, parachor, P,  thermal 
expansion coefficient, α, standard entropy, S0, lattice energy, U

pot
, and molar enthalpy of 

vaporization, Δ
l
gH

m
0) were estimated by using the experimental data of density and surface 

tension according to Eqs. (1)–(7).

The contribution of the methylene (−CH
2
−) group to the molecular volumes can be obtained 

according to the literature studies [12, 13]. The values of the ILs [C
n
mim][BF4], [Cn

mim][NTf
2
], 

[C
n
mim][AlCl4], and [C

n
mim][Ala] are 0.0272, 0.0282, 0.0270 and 0.0278 nm3,  respectively. 

From the above values, the contribution of the methylene to the molecular volume can be 
considered to be similar. So, the mean value of the contribution can be calculated to be 0.0275 
nm3, the physicochemical properties (density, standard entropy, lattice energy) of the homo-

logues of [C
n
mim][PF3(CF

2
CF3)3] (n = 1, 3, 4, 5, 6) can be predicted. All of the predicted data 

are listed in Table 2.

Figure 3. Plot of γ vs. T/K − 298.15 of IL [C
2
mim][PF3(CF

2
CF3)3].
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According to the literature [12, 13], the contribution per methylene (−CH
2
−) to parachor is 

31.1 for [C
n
mim][AlCl4] and 37.5 for [C

n
mim][Ala]. An average value of the contribution can 

be calculated to be 34.3. So, the average value can be used to predict the parachor of the ILs 
[C

n
mim][PF3(CF

2
CF3)3] (n = 1, 3, 4, 5, 6). According to Eq. (6), the surface tension can be calcu-

lated from the predicted density and parachor. The molar enthalpy of vaporization, Δ
l
gH

m
0, 

can be obtained from the predicted density and surface tension. The data are listed in Table 2.

According to the predicted values of density and surface tension, the other properties can be 
predicted and the values are also listed in Table 2.

According to the interstice model and Eqs. (8)–(10) [6, 7], the interstice volume, v, the molar vol-
ume of ionic liquids, V, consists of the inherent volume, V

i
, and the volume of the interstices; the 

molar volume of the interstice, ∑ν = 2Nν, the thermal expansion coefficient, α, can be predicted 
from the interstice model at 298.15 K. All of the data obtained from estimation and prediction are 
listed in Table 2.

Table 2 shows the comparison of the predicted and experimental thermal expansion coefficients 
of [C

2
mim][PF3(CF

2
CF3)3] at 298.15 K. The difference of the two values is about 26%. So, the 

predicted values of the expansion coefficient can be as the reference data when lack of reliable 
experimental values.

Properties [C
1
mim] 

[PF
3
(CF

2
CF

3
)

3
] p

[C
2
mim] 

[PF
3
(CF

2
CF

3
)

3
] e

[C
3
mim] 

[PF
3
(CF

2
CF

3
)

3
] p

[C
4
mim] 

[PF
3
(CF

2
CF

3
)

3
] p

[C
5
mim] 

[PF
3
(CF

2
CF

3
)

3
] p

[C
6
mim] 

[PF
3
(CF

2
CF

3
)

3
] p

M/g⋅mol−1 542.15 556.18 570.20 584.23 598.26 612.29

V
m

/nm3 0.5130 0.5405 0.5680 0.5955 0.6230 0.6505

ρ/g⋅cm−3 1.75552 1.70926 m 1.66756 1.62962 1.59516 1.56356

S0/J⋅K−1⋅mol−1 669.0 703.3 737.5 771.8 806.1 840.3

U
pot

/kJ⋅mol−1 397 392 387 383 379 375

V/cm−3⋅mol−1 308.8 325.4 341.9 358.5 375.0 391.6

p 757.8 792.1 826.4 860.7 895.0 929.3

Δ
l
gH

m
0/ 

kJ⋅mol−1
161.9 157.8 160.3 161.1 162.0 163.1

1024 v/cm3 25.93 27.63 28.48 29.65 30.75 31.78

∑v/cm3 31.22 33.33 34.29 35.70 37.03 38.26

102∑v/V 10.11 10.22 10.29 9.96 9.87 9.77

104α/K−1 6.96 m

104α/K−1 5.10 5.14 5.04 5.00 4.96 4.91

γ 103/N⋅m−1 36.3 34.8 m 34.1 33.2 32.4 31.7

Notes: m measurement value; p data in the column were predicted values; e data in the column were estimated values.

Table 2. Estimated and predicted values of physicochemical properties of IL [C
n
mim][PF3(CF

2
CF3)3] (n = 1, 2, 3, 4, 5, 6) 

at 298.15 K.
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For the majority materials, the volume expansions are in the range of 10−15% from the solid state 
to the liquid state. From Table 2, the estimated and predicted interstice fractions are in the range 
of 9−11% for the serious ILs [C

n
mim][PF3(CF

2
CF3)3] (n = 1, 2, 3, 4, 5, 6) at 298.15 K. The values are 

in good agreement with the reported values. Therefore, the interstice model theory can be used 
for calculation of the thermal expansion coefficient.

Conclusion

In this section, the density and surface tension of the imidazolium-type hydrophobic IL 
[C

2
mim][PF3(CF

2
CF3)3] (n = 1, 2, 3, 4, 5, 6) were determined and predicted in the tempera-

ture range of 283.15–338.15 K. According to the estimated equations and interstice model 
theory, the thermodynamic properties of the serious ILs were calculated by the empirical and 
semiempirical equations at 298.15 K. The effect of the methylene on molecular volume and 
parachor was discussed and used for the prediction of the thermodynamic properties of ILs. 
From the predicted values of thermal expansion coefficient, the other predicted values can be 
used as the reference data when lack the reliable experimental values.

7. Density, dynamic viscosity, and electrical conductivity of imidazolium-

type hydrophobic functional ionic liquids

Ionic liquids (ILs) have exhibited outstanding physicochemical properties, such as good solva-
tion, negligible vapor pressure, good thermal stability, and designability. ILs have been used as 
the green solvents in industrial and scientific areas. The functional ionic liquids (FILs) have been 
paid much more attention because of the designability [14–24]. The physicochemical properties 
can be designed according to the introduction of the functional groups, such as −CN, −OH, and 
−CH

2
-O-CH3.

Egashira et al. [14–16] have introduced the cyano group on the imidazolium FILs and qua-
ternary ammonium FILs, respectively. The FILs have been applied in the lithium batteries as 
electrolyte components. The FILs have showed an improved cycle behavior compared with the 
electrolyte based on a tetraalkylammonium ionic liquid without a cyano group. The quaternary 
ammonium-based FILs containing a cyano group showed the better stability of the cathodic 
than the imidazolium-based FILs. Hardacre et al. [17, 18] have also synthesized two series pyri-
dinium type FILs. The effect of electron-withdrawing groups on the properties was discussed 
 according to the presence of the nitrile or trifluoromethyl in this type FILs. The introduction 
of the two functional groups leads to the increasing of the melting temperature compared the 
traditional ILs. On the basis of this fact, the authors have observed the liquid charge-transfer 
complexes form upon contacting electron-rich aromatics with an electron withdrawing group 
appended 1-alkyl-4-cyanopyridinium ionic liquids. Zhang et al. [19] have studied the solu-
bilities of C

2
H4 and CO

2
 in the cyano-type imidazolium FILs using the gas chromatography. 

Compared with the 1,3-dialkylimidazolium-type ILs, the cyano-type FILs result in a remarkable 
decrease of the interactions of hydrocarbons. The cyano-type ILs have exhibited the advanta-
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geous properties. As the solvent, it can be applied as a suitable reaction media and ligands in 
catalytic reactions, as an electrolyte in lithium batteries, as a solvent for extraction of metals and 
dissolution of cellulose.

Although the FILs have been applied in some areas, the physicochemical properties are not 
enough for the application [20–22]. In this chapter, the properties of 1-acetonitrile-3-ethylimim-

dazolium bis(trifluoromethylsulfonyl)imide [MCNMIM][NTf
2
], 1-(cyanopropyl)-3-methylimid-

azolium bis[(trifluoromethyl)sulfonyl]imide [PCNMIM][NTf
2
], 1-ethanol-3-ethylimimdazolium 

bis(trifluoromethylsulfonyl)imide [EOHMIM][NTf
2
], 1-butylamide-3-ethylimimdazolium 

bis(trifluoromethylsulfonyl)-imide [CH
2
CONHBuEIM][NTf

2
] were compared with the traditional 

ILs 1-alkyl-3-mthylimimdazolium bis(trifluoromethylsulfonyl)imide [C
n
MIM][NTf

2
], (n = 2, 4) and 

1-alkyl-2,3-dimthylimimdazolium bis(trifluoromethylsulfonyl)imide [C
n
MMIM][NTf

2
], (n = 2, 4).

The structure of [EMIM][NTf
2
], [BMIM][NTf

2
], [EMMIM][NTf

2
], [BMMIM][NTf

2
], [MCNMIM]

[NTf
2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] is shown in Figure 4.

The density, dynamic viscosity, and electrical conductivity of the four FILs are listed in 
Tables 3–5 [23–25].

The temperature dependences on the density of the FILs [MCNMIM][NTf
2
], [PCNMIM][NTf

2
], 

[EOHMIM][NTf
2
], and [CH

2
CONHBuEIM][NTf

2
] are plotted in Figure 5.

In order to compare the influences of methylene and functional group on the properties of 
ILs, the values of density, dynamic viscosity, and electrical conductivity for ILs are listed in 
Table 6 at 298.15 K. The ILs are [EMIM][NTf

2
], [BMIM][NTf

2
], [EMMIM][NTf

2
], [BMMIM]

[NTf
2
], [MCNMIM][NTf

2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM]

[NTf
2
], respectively.

Figure 4. The structures of the (a) [EMIM][NTf
2
], (b) [BMIM][NTf

2
], (c) [EMMIM][NTf

2
], (d) [BMMIM][NTf

2
], (e) [MCNMIM]

[NTf
2
], (f) [PCNMIM][NTf

2
], (g) [EOHMIM][NTf

2
], and (h) [CH

2
CONHBuEIM][NTf

2
].
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[MCNMIM] [NTf
2
] [PCNMIM] [NTf

2
] [EOHMIM] [NTf

2
] [CH

2
CONHBuEIM] [NTf

2
]

283.15 1.6259 1.5290 1.5886 1.4310

288.15 1.6205 1.5239 1.5836 1.4270

293.15 1.6150 1.5191 1.5786 1.4227

298.15 1.6097 1.5143 1.5737 1.4180

303.15 1.6046 1.5097 1.5688 1.4135

308.15 1.5996 1.5051 1.5639 1.4090

313.15 1.5946 1.5006 1.5591 1.4044

318.15 1.5898 1.4961 1.5542 1.3997

323.15 1.5848 1.4916 1.5494 1.3954

328.15 1.5799 1.4870 1.5446 1.3910

333.15 1.5751 1.4826 1.5398 1.3867

338.15 1.5702 1.4781 1.5350 1.3823

343.15 1.5654 1.4737 1.5302

348.15 1.5606 1.4692 1.5255

353.15 1.5558 1.4648 1.5207

Table 3. Experimental values of density, ρ/kg⋅m-3, of [MCNMIM][NTf
2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and 

[CH
2
CONHBuEIM][NTf

2
] from 283.15 to 353.15 K at atmosphere pressure.

[MCNMIM] [NTf
2
] [PCNMIM] [NTf

2
] [EOHMIM] [NTf

2
] [CH

2
CONHBuEIM] [NTf

2
]

283.15 1140 612.68 213.4

288.15 708.6 419.66 153.7

293.15 463.4 303.31 114.1

298.15 315.5 222.35 86.89 777.5

303.15 222.8 166.86 67.66 517.3

308.15 162.4 131.14 53.88 359.0

313.15 121.7 99.090 43.52 255.2

318.15 93.56 78.438 35.85 187.9

323.15 73.61 63.791 29.83 138.9

328.15 58.99 55.023 25.20 106.0

333.15 47.93 44.728 21.52 82.1

338.15 39.70 37.515 18.46 64.4

343.15 33.27 29.223 16.08 53.3

348.15 28.11 26.418 14.06 43.5

353.15 24.06 23.573 12.44 35.8

Table 4. Experimental values of dynamic viscosity, η/mPa⋅s, of [MCNMIM][NTf
2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], 

and [CH
2
CONHBuEIM][NTf

2
] from 283.15 to 353.15 K at atmosphere pressure.
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[MCNMIM] [NTf
2
] [PCNMIM] [NTf

2
] [EOHMIM] [NTf

2
] [CH

2
CONHBuEIM] 

[NTf
2
]

283.15 0.283 1.319 0.0606

288.15 0.439 0.612 1.794 0.0985

293.15 0.648 0.841 2.37 0.1527

298.15 0.919 1.125 3.05 0.233

303.15 1.294 1.473 3.87 0.332

308.15 1.727 1.874 4.81 0.467

313.15 2.25 2.33 5.89 0.639

318.15 2.85 2.88 7.04 0.854

323.15 3.60 3.49 8.30 1.106

328.15 4.41 4.17 9.67 1.414

333.15 5.36 4.94 11.12 1.774

338.15 6.44 5.78 12.77 2.19

343.15 7.56 6.66 14.47

348.15 8.78 7.60 16.26

353.15 10.12 18.15

Table 5. Experimental values of electrical conductivity, σ/mS⋅cm−1, of [MCNMIM][NTf
2
], [PCNMIM][NTf

2
], [EOHMIM]

[NTf
2
], and [CH

2
CONHBuEIM][NTf

2
] from 283.15 to 353.15 K at atmosphere pressure.

Figure 5. Density vs. temperature plots for FILs [MCNMIM][NTf
2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CON 

HBuEIM][NTf
2
].
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From Table 6, based on the same anion, at 298.15 K, the density follows the order of ILs 
[CH

2
CONHBuEIM][NTf

2
] < [BMMIM][NTf

2
] < [BMIM][NTf

2
] < [EMMIM][NTf

2
] < [PCNMIM]

[NTf
2
] < [EMIM][NTf

2
] < [EOHMIM][NTf

2
] < [MCNMIM][NTf

2
].

The dynamic viscosity follows the order of ILs [EMIM][NTf
2
] < [BMIM][NTf

2
] < [EMMIM]

[NTf
2
] < [EOHMIM][NTf

2
] < [BMMIM][NTf

2
] < [PCNMIM][NTf

2
] < [MCNMIM][NTf

2
] < 

[CH
2
CONHBuEIM][NTf

2
].

The electrical conductivity follows the order of ILs [CH
2
CONHBuEIM][NTf

2
] < [MCNMIM]

[NTf
2
] < [PCNMIM][NTf

2
] < [BMMIM][NTf

2
] < [EOHMIM][NTf

2
] < [EMMIM][NTf

2
] < [BMIM]

[NTf
2
] < [EMIM][NTf

2
].

As shown in Table 6, the three series ILs have exhibited the same tendency for density after 
the introduction of methylene on the alkyl side chain. Usually, for dynamic viscosity and elec-

trical conductivity, the introduction of methylene leads to the dynamic viscosity increase and 
electrical conductivity decrease, such as [EMIM][NTf

2
] and [BMIM][NTf

2
]; [EMMIM][NTf

2
] 

and [BMMIM][NTf
2
]. However, for the FILs, the values exhibited the contrary tendency with 

the traditional ILs. The dynamic viscosity values of FIL [PCNMIM][NTf
2
] are lower than FIL 

[MCNMIM][NTf
2
] and the electrical conductivity values of FIL [PCNMIM][NTf

2
] are higher 

than FIL [MCNMIM][NTf
2
] in the temperature range. The abnormal results have been also 

discovered for traditional pyridinium-type ILs from our group (see here). For the pyridinium-
type ILs, the electrical conductivity values increase when the methyl group is introduced on 
position 4. The dynamic viscosity values decrease when the methyl group is introduced on 
position 4. We believed that the electron-withdrawing and electron-donating groups play the 
important role to the effect of the properties. −CN is the electron-withdrawing group, −CH

2
− 

and −CH3 are the electron-donating group. For the two series ILs, the presence of the −CN and 
−CH3 leads to the cations that have the relatively symmetry structure after the introduction of 
−CH

2
−. Then, the cation and anion have the relatively far away and the force of them becomes 

weak. So, these two types of ILs exhibited the high fluidity after the introduction of −CH
2
−.

MW g mol−1 V cm3 mol−1 ρ kg m−3 η mPa s σ mS cm−1

[EMIM][NTf
2
] 391.31 257.75 1.5182a 32.0a 8.96a

[BMIM][NTf
2
] 419.36 291.91 1.4366a 51.7a 3.98a

[EMMIM][NTf
2
] 405.33 271.48 1.4931a 72.2a 3.89a

[BMMIM][NTf
2
] 433.38 304.70 1.4224a 101.6a 2.12a

[MCNMIM][NTf
2
] 402.29 249.92 1.6097b 315.5b 0.919b

[PCNMIM][NTf
2
] 430.34 284.18 1.5143c 222.35c 1.125c

[EOHMIM][NTf
2
] 407.30 258.8 1.5737 86.89 3.05

[CH
2
CONHBuEIM][NTf

2
] 490.47 345.89 1.4180 777.5 0.233

Table 6. Comparison of density, ρ, dynamic viscosity, η, and electrical conductivity, σ, of [EMIM][NTf
2
], [BMIM][NTf

2
], 

[EMMIM][NTf
2
], [BMMIM][NTf

2
], [MCNMIM][NTf

2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM]

[NTf
2
] at 298.15 K at atmosphere pressure.
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As indicated in Table 6, the density and dynamic viscosity of the FILs are higher than the 
nonfunctional ILs, and the electrical conductivity is lower than the nonfunctional ILs after 
the introduction of the −CN or −CH

2
OH functional group on the imidazolium ring, this result 

leads to the increasing of Van der Waals force between the cation and the anion relative to 
the nonfunctional ILs. The order of the effect of the group to the thermodynamic properties 
is: −CN > −CH

2
OH > −CH3.

According to Eqs. (1)–(4), the calculated values of the thermal expansion coefficient molecular vol-
ume, standard molar entropy, and lattice energy are calculated and listed in Table 7, respectively.

From Table 7, the contribution of the methylene to the molecular volume is 0.0285 nm3 for the 
cyano-type FILs [MCNMIM][NTf

2
] and [PCNMIM][NTf

2
]. The value is in good agreement 

with the reported values of 0.0280 nm3 for ILs [C
n
py][NTf

2
] [4, 26], 0.0282 nm3 for [C

n
mim]

[NTf
2
], 0.0277 nm3 for [C

n
3mpy][NTf

2
] (n =3, 4, 6) [27], and 0.0289 nm3 for [C

n
4mpy][NTf

2
] (n 

=2, 4, 6) [27] at 298.15 K. The lattice energies of the FILs are much lower than traditional salts, 
such as UPOT, CsI = 613 kJ mol−1 [28]. Usually, the ILs exhibit the low lattice energy [4, 23–27]. 
And it is the reason that the ILs having the relatively low melting temperature can exist in the 
liquid state at room temperature.

Usually, the Vogel-Fulcher-Tammann (VFT) is used for the fitting of temperature depen-

dence on dynamic viscosity. The temperature dependences on dynamic viscosity of the FILs 
[MCNMIM][NTf

2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] are 

plotted in Figure 6.

The best fitted values of η0, B, T0, and the correlation coefficient, R, are listed in Table 8 from the 
empirical Eq. (11). From Table 8, the obtained correlation coefficient values, R, are better than 
0.9999. The results indicate that the experimental dynamic viscosity of the FILs [MCNMIM]
[NTf

2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] can be fitted by 

the VFT equation.

According to Eq. (12), the 1000/T dependence of ln η was plotted for four FILs [MCNMIM]
[NTf

2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] (see Figure 7).

Property [MCNMIM] [NTf
2
] [PCNMIM] [NTf

2
] [EOHMIM] [NTf

2
] [CH

2
CONHBuEIM] [NTf

2
]

MW/(g mol−1) 402.29 430.34 407.30 490.47

V/(nm3) 0.4151 0.4721 0.4299 0.5746

104α/(K−1) 6.26 6.09 6.23 6.36

V
m

/(cm−3 mol−1) 249.9 284.18 258.8 345.89

S0/(J K−1 mol−1) 547.0 617.9 565.4 745.7

U
pot

/(kJ mol−1) 418 405 414 613

Table 7. Calculated values of thermodynamic properties of FILs [MCNMIM][NTf
2
], [PCNMIM][NTf

2
], [EOHMIM]

[NTf
2
], and [CH

2
CONHBuEIM][NTf

2
] at 288.15–338.15 K under atmospheric pressure.
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The 1000/T dependences on ln η of the four FILs [MCNMIM][NTf
2
], [PCNMIM][NTf

2
], 

[EOHMIM][NTf
2
], and [CH

2
CONHBuEIM][NTf

2
] are also fitted in the temperature range 

(Figure 7). The values of the correlation coefficient, R, are 0.9878, 0.9937, 0.9926, and 0.9943, 
respectively. The values are obvious lower than the correlation coefficient values, R = 0.99999, 
0.99989, 0.99999, and 0.99998, which obtained according to the VFT equation. So, the same 
result indicated that the dynamic viscosity values of [MCNMIM][NTf2], [PCNMIM][NTf2], 
[EOHMIM][NTf2], and [CH2CONHBuEIM][NTf2] cannot be fitted according to the Arrhenius 
Eq. (12). From Figure 7, it can be obviously observed that the measurement points lie far away 
from the fitted straight lines.

According to Eq. (13), the activation energies of dynamic viscosity for the FILs [MCNMIM]
[NTf

2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] were calculated 

and are listed in Table 8.

Figure 6. Dynamic viscosity vs. temperature plots for FILs [MCNMIM][NTf
2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and 

[CH
2
CONHBuEIM][NTf

2
].

Property [MCNMIM] [NTf
2
] [PCNMIM] [NTf

2
] [EOHMIM] [NTf

2
] [CH

2
CONHBuEIM] [NTf

2
]

η0/(mPa s) 0.2166 0.1600 0.2144 0.0820

B/K 728.8 882.1 692.3 990.9

103Eη/eV 62.9 76.1 59.7 85.5

T0/K 198.1 176.2 182.9 189.9

R 0.99999 0.99989 0.99999 0.99998

Table 8. Fitted parameter values of η0, B, T0, and correlation coefficient, R, and Eη.
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From Table 5, the temperature dependences on electrical conductivity of the FILs [MCNMIM]
[NTf

2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] are plotted in 

Figure 8.

Figure 7. Plot of lnη vs. 1000/T for FILs [MCNMIM][NTf
2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM]

[NTf
2
].

Figure 8. Electrical conductivity vs. temperature plots for FILs [MCNMIM][NTf
2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], 

and [CH
2
CONHBuEIM][NTf

2
].
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The best fitted values of σ0, B, T0, and the correlation coefficient, R, are listed in Table 9 from the 
empirical Eq. (14). From Table 9, the obtained correlation coefficient, R, is better than 0.9999. 
The results indicate that the measurement electrical conductivity of the FILs [MCNMIM]
[NTf

2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] can be fitted by 

the VFT equation.

According to Eq. (15), the 1000/T dependence on ln σ was plotted of four FILs [MCNMIM]
[NTf

2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] (see Figure 9).

Property [MCNMIM] [NTf
2
] [PCNMIM] [NTf

2
] [EOHMIM] [NTf

2
] [CH

2
CONHBuEIM] [NTf

2
]

σ0/(S⋅cm−1) 0.64 0.49 0.56 0.82

B/K 621.3 661.8 551.9 860.5

103Eσ/eV 53.6 57.1 47.6 74.3

T0/K 203.0 189.3 192.0 192.9

R 0.99997 0.99997 0.99998 0.99999

Table 9. Fitted parameter values of σ0, B, T0, correlation coefficient, R and Eσ.

Figure 9. Plot of ln σ and lnσ vs. 1000/T for FILs [MCNMIM][NTf
2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and 

[CH
2
CONHBuEIM][NTf

2
].
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In Figure 9, the 1000/T dependences on ln σ of the four FILs [MCNMIM][NTf
2
], [PCNMIM]

[NTf
2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] are fitted in the temperature range. 

The values of the correlation coefficient, R, are 0.9878, 0.9908, 0.9905, and, 0.9930, respectively. 
The same results can be obtained that the values are much lower than the correlation coef-
ficient values, R = 0.99997, 0.99998, 0.99998, and 0.99999, which obtained by the VFT equation 
(see Table 9). So, the measurement electrical conductivity of [MCNMIM][NTf

2
], [PCNMIM]

[NTf
2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] does not well follow the Arrhenius 

Eq. (15). From Figure 9, it can be obviously seen that the measurement points lie far away 
from the fitted straight lines.

The activation energies of electrical conductivity for four FILs [MCNMIM][NTf
2
], [PCNMIM]

[NTf
2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] were also calculated by Eq. (16) and 

are listed in Table 9.

At 298.15 K, the Walden’s product (in [S·cm2·mol−1][mP·s]) for the four FILs [MCNMIM][NTf
2
], 

[PCNMIM][NTf
2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] can be determined accord-

ing to Eq. (17), and the values are 73, 71, 69, and 63, respectively.

According to Eq. (17), the logΛ dependences on logη−1 are illustrated in Figure 10 for the four 
FILs [MCNMIM][NTf

2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] 

from 283.15 to 353.15 K.

Figure 10. Plot of lgΛ vs. lgη−1 for the four FILs [MCNMIM][NTf
2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and 

[CH
2
CONHBuEIM][NTf

2
] from 283.15 to 353.15 K. The solid straight line is the ideal line for aqueous KCl solutions.
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Usually, the Walden rule can be used for the presentation of the independent ions of the 
liquid. If the Walden points close to the ideal line, the liquid can be considered as a relative 
ideal liquid. The ideal line position was determined according to the aqueous KCl solution 
at high dilution. As an ideal line, the slop of the ideal line should be unity and not have any 
interaction of the ions [10, 29, 30]. In Figure 10, it can be seen that the approximately straight 
lines can be obtained according to the experimental points. The results indicate that the FILs 
[MCNMIM][NTf

2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] fol-

low the Walden rule to some extent. The slopes of the lines for the four FILs [MCNMIM]
[NTf

2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] are 0.941, 0.927, 

0.939, and 0.913, respectively. The lines for the two FILs below are close to the ideal KCl line, 
as shown in Figure 10. Most of the reported traditional ILs [9, 10, 29, 31] and our previous 
studied ILs [24–27, 32, 33] have the same trend. From the result, the FILs [MCNMIM][NTf

2
], 

[PCNMIM][NTf
2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] can be named “subi-

onic” [34].

Conclusion

The density, dynamic viscosity, and electrical conductivity of the FILs [MCNMIM][NTf
2
], 

[PCNMIM][NTf
2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] were measured at the 

temperature from 283 to 353 K. The others thermodynamic properties of the FILs, like ther-

mal expansion coefficient, molecular volume, standard molar entropy, and lattice energy, 
were estimated according to the classical empirical equations. The introduction of the methy-

lene group on the −CN (electron-withdrawing group) type series FILs leads to a different 
change in the dynamic viscosity, and electrical conductivity with the traditional ILs. The 
dynamic viscosity values of FIL [PCNMIM][NTf

2
] are lower than FIL [MCNMIM][NTf

2
] and 

the electrical conductivity values of FIL [PCNMIM][NTf
2
] are higher than FIL [MCNMIM]

[NTf
2
] in the temperature range. The temperature dependences on the dynamic viscosity 

and electrical conductivity values of the ILs can be satisfactorily fitted by the VFT equation. 
However, the experimental values do not follow the Arrhenius behavior described by the 
Arrhenius equation.

8. Density, dynamic viscosity, and electrical conductivity of  

pyridinium-based hydrophobic ionic liquids

Actually, most of the studied ILs are hydrophilic-type ILs. The hydrophobic ILs 
have been paid much more attention in many fields as a special functional ILs. The 
bis(trifluoromethylsulfonyl)imide [NTf

2
]− as an air- and water-stable anion has been applied 

in many fields [35–37]. These types of anion ILs have exhibited a relatively wide liquid range, 
higher electrical conductivity, and thermal stability than the hydrophilic-type ILs. However, 
the study of thermodynamic properties of the [NTf

2
]-type ILs mainly focuses on the imidaz-

olium-type cation ILs [38–40]. The study of the pyridinium type cation-based ILs is still not 
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enough [41]. The systematical research on the properties including density, dynamic viscos-
ity, and electrical conductivity is still scarce which can provide the well information of the 
suitable IL for a specific purpose.

In this section, the basic physicochemical properties of three serious Ils N-alkylpyridinium 
bis(trifluoromethylsulfonyl)imide {[C

n
py][NTf

2
] (n = 2, 3, 4, 5, 6)}, N-alkyl-3-methylpyridinium 

bis(trifluoromethyl-sulfonyl)imide {[C
n
3Mpy][NTf

2
] (n = 3, 4, 6)}, and N-alkyl-4-methylpyridinium 

bis(trifluoromethylsulfonyl)imide {[C
n
4Mpy][NTf

2
] (n = 2, 4, 6)} were discussed. The methyl group 

was introduced on positions 3 and 4 of the pyridinium ring, respectively. The basic physicochemi-
cal properties, including density, dynamic viscosity, and electrical conductivity, were measured 
by the traditional methods. The other physicochemical properties, including molecular volume, 
standard molar entropy, lattice energy, were estimated in terms of empirical and semiempirical 
equations on the basis of the experimental value. The effect of the methylene and methyl groups 
on the properties is discussed at 298.15 K.

The structures of ILs [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6), [C

n
3Mpy][NTf

2
] (n = 3, 4, 6), and [C

n
4Mpy]

[NTf
2
] (n = 2, 4, 6) are shown in Figure 11.

Figure 11. The structure of ILs [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6), [C

n
3Mpy][NTf

2
] (n = 3, 4, 6), and [C

n
4Mpy][NTf

2
] (n = 2, 4, 6).
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8.1. N-Alkyl type pyridinium type ionic liquids

The results of the density, surface tension, dynamic viscosity, and electrical conductivity of the 
ILs [C

n
py][NTf

2
] (n = 2, 3, 4, 5, 6) are listed in Tables 10–13 [4, 31, 33].

[C
2
py][NTf

2
] [C

3
py][NTf

2
] [C

4
py][NTf

2
] [C

5
py][NTf

2
] [C

6
py][NTf

2
]

283.15 1.4331 1.4008

288.15 1.5457 1.4296 1.3966

293.15 1.5414 1.4259 1.3923

298.15 1.5375 1.4547 1.4214 1.3877

303.15 1.5332 1.4506 1.4169 1.3831

308.15 1.5291 1.4845 1.4462 1.4128 1.3789

313.15 1.5249 1.4800 1.4417 1.4083 1.3744

318.15 1.5205 1.4757 1.4372 1.4038 1.3699

323.15 1.5164 1.4710 1.4332 1.3989 1.3655

328.15 1.5122 1.4667 1.4291 1.3942 1.3615

333.15 1.5078 1.4623 1.4245 1.3893 1.3569

338.15 1.5037 1.4574 1.4205 1.3851 1.3525

Table 10. Experimental values of density of ILs [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6).

[C
2
py][NTf

2
] [C

3
py][NTf

2
] [C

4
py][NTf

2
] [C

5
py][NTf

2
] [C

6
py][NTf

2
]

283.15 33.1 32.5

288.15 37.7 32.8 32.2

293.15 37.6 32.7 32.0

298.15 37.4 33.4 32.5 31.7

303.15 37.1 33.2 32.2 31.6

308.15 36.9 32.9 32.0 31.4

313.15 36.7 32.8 31.8 31.2

318.15 36.6 32.4 31.5 31.0

323.15 36.4 32.1 31.3 30.8

328.15 36.1 32.0 31.1 30.6

333.15 35.9 31.8 30.8 30.3

338.15 35.6 31.5 30.5 30.1

Table 11. Experimental values of surface tension of ILs [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6).
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From Tables 10–13, it can be concluded that the density and electrical conductivity decrease 
as the alkyl side chain length of the cation increases for the N-alkyl type pyridinium ILs. The 
dynamic viscosity increases with the extension of the alkyl side chain of the cation for the three 
series of N-alkyl type pyridinium ILs.

According to Eqs. (1)–(10), the thermodynamic properties are calculated and listed in Table 14, 
respectively.

[C
2
py][NTf

2
] [C

3
py][NTf

2
] [C

4
py][NTf

2
] [C

5
py][NTf

2
] [C

6
py][NTf

2
]

298.15 39.4 58.3 71.9 84.5

303.15 32.5 46.7 57.1 66.4

308.15 27.1 33.0 38.0 45.6 53.2

313.15 23.2 27.6 31.4 37.2 43.1

318.15 20.0 23.3 26.4 30.6 35.2

323.15 17.3 19.8 22.4 25.6 29.1

328.15 15.2 17.1 19.2 21.7 24.5

333.15 13.5 14.9 16.6 18.4 20.9

338.15 11.9 13.5 14.4 15.8 17.9

Table 12. Experimental values of dynamic viscosity of ILs [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6).

[C
2
py][NTf

2
] [C

3
py][NTf

2
] [C

4
py][NTf

2
] [C

5
py][NTf

2
] [C

6
py][NTf

2
]

283.15 1.67 1.04 0.76

288.15 1.91 1.37 1.00

293.15 5.01 2.50 1.77 1.30

298.15 5.99 3.21 2.22 1.66

303.15 7.06 3.95 2.75 2.08

308.15 8.24 4.73 3.36 2.57

313.15 9.53 7.19 5.63 4.03 3.11

318.15 10.90 8.30 6.70 4.81 3.87

323.15 12.33 9.55 7.79 5.63 4.46

328.15 14.28 10.83 8.96 6.53 5.38

333.15 16.09 12.23 10.19 7.42 6.21

338.15 17.84 13.65 11.47 8.24 7.12

Table 13. Experimental values of electrical conductivity of ILs [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6).
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From Table 14, the thermal expansion coefficients are 5.63 × 10−4, 5.99 × 10−4, 6.30 × 10−4, and 
6.40 × 10−4 K−1 for [C

2
py][NTf

2
], [C4py][NTf

2
], [C5py][NTf

2
], and [C6py][NTf

2
], respectively. The 

values are in good agreement in the range of 5 × 10−4 to 7 × 10−4 K−1 obtained by Jacquemin et al. 
[40]. From Table 14, compared with the fused salts and organic liquids, for example, E

a
 = 146 

mJ∙m−2 for NaNO3, Ea
 = 67 mJ∙m−2 for benzene and E

a
 = 51.1 mJ∙m−2 for octane. The values of sur-

face energy of the samples are close to the organic liquids. This fact shows that the interaction 
energy between ions in the samples is less than fused salts. The values of the molecular vol-
ume are 0.4196 nm3 for [C

2
py][NTf

2
], 0.4754 nm3 for [C4py][NTf

2
], 0.5030 nm3 for [C5py][NTf

2
], 

and 0.5320 nm3 for [C6py][NTf
2
] at 298.15 K. The plotting V

m
 against the number of the carbons, 

n, in the alkyl chain of the samples ([C
n
py][NTf

2
]) can be described (see Figure 4). The average 

contribution of the methylene to the molecular volume can be obtained by the slop of the fit-
ting equation. The value is 0.0280 nm3 at 298.15 K. The value is close to the values of 0.0272 nm3 

for imidazolium-type ILs [C
n
mim][BF4] and 0.0282 nm3 for imidazolium-type [C

n
mim][NTf

2
].

The molar masses of cations of the ILs [C
n
py][NTf

2
] (n = 2, 4, 5, 6) are listed in Table 15. The 

plotting V
m

 against the molar mass of cations of the samples ([C
n
py][NTf

2
]) can be obtained 

(see Figure 12). The intercept of the linear regression can be approximately regarded the vol-
ume of the anion, NTf

2
−, the value is 0.2032 nm3. The volume value of NTf

2
− is much higher 

than 0.1390 nm3 for AlCl4
− [42] and 0.1548 nm3 GaCl4

− [43]. The volume values of the cations 
and the radii are listed in Table 15.

Property [C
2
py][NTf

2
] [C

4
py][NTf

2
] [C

5
py][NTf

2
] [C

6
py][NTf

2
]

103S
a
/ mJ⋅K−1⋅m−2 41.6 47.9 46.2 41.8

E
a
/ mJ⋅m−2 49.8 47.7 46.3 44.1

V
m

/nm3 0.4196 0.4754 0.5030 0.5320

S0/J⋅K−1⋅mol−1 552.5 622.1 656.4 692.6

107k/J∙K−1 1.131 1.590 1.503 1.316

T
c
/K 1618 1212 1271 1429

T
b
/K 970 727 763 857

U
pot

/kJ⋅mol−1 417 404 399 393

V/cm−3⋅mol−1 252.6 286.2 302.8 320.2

p 625.0 688.9 723.5 759.9

Δ
l
gH

m
0/kJ⋅mol−1 143.8 139.1 140.9 142.9

1024 v/cm3 24.80 29.38 30.67 31.77

∑v/cm3 29.86 35.38 36.92 38.25

102∑v/V 11.82 12.36 12.19 11.95

104α/K−1 (exp.) 5.63 5.99 6.30 6.40

104α/K−1 (cal.) 5.95 6.22 6.13 6.01

Table 14. Estimated values of physicochemical properties of [C
n
py][NTf

2
] at 298.15 K.
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According to Eq. (5), by plotting the γV
m

2/3 against T, straight lines were obtained (see Figure 13). 
From the plot, the value of empirical constant (k) and critical temperature (T

c
) can be obtained 

according to the fitting equation and the values are listed in Table 16. Rebelo et al. [44] have 
reported that the normal boiling point, T

b
, is approximately 0.6T

c
 for ILs. Herein, the normal 

boiling point, T
b
, can be calculated and the values are also listed in Table 16. For the majority 

of organic liquids, k ≈ 2.1 × 10−7 J∙K−1, but for fused salts, k = 0.4 × 10−7 J∙K−1 for fused NaCl [7]. 
It indicated that ILs [C

n
py][NTf

2
] (n = 2, 4, 5, 6) have the medium polarity between organic 

liquids and fused salts in terms of the value of the k.

From Table 14, the values of estimation of the thermal expansion coefficient are in good agree-

ment with experimental values. It also can be seen that the estimation values of interstice 
fractions, ∑v/V, are in the range of 11−13% for the ILs [C

n
py][NTf

2
] (n = 2, 4, 5, 6). For the 

majority materials, the volume expansions are in the range of 10−15% from the solid state to 
liquid state. For the ILs [C

n
py][NTf

2
] (n = 2, 4, 5, 6), the values are in good agreement with 

the reported values. Therefore, the interstice model theory can be used for calculation of the 
thermal expansion coefficient of pyridinium-based ILs.

ρ/g⋅cm−3 V
m

/nm3 M
+

V
+
/nm3 r

+
/nm

[C
2
py][NTf

2
] 1.5375 0.4196 108.16 0.2164 0.372

[C4py][NTf
2
] 1.4547 0.4754 136.22 0.2722 0.402

[C5py][NTf
2
] 1.4214 0.5030 150.24 0.2998 0.415

[C6py][NTf
2
] 1.3877 0.5320 164.27 0.3288 0.428

Table 15. Estimated volumetric properties of the ILs [C
n
py][NTf

2
] n = 2, 4, 5, 6 at 298.15 K.

Figure 12. Plot of V
m

 vs. n at 298.15 K, the correlation coefficient is R = 0.9999 for ILs [C
n
py][NTf

2
] (n = 2, 4, 5, 6).
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According to Table 12 and Eq. (11), the temperature dependence on dynamic viscosity values of 
the ILs can also be fitted using the VFT Eq. (11), see Figure 14.

The best fitting parameters of η0, B, T0, and the corresponding correlation coefficient, R, 
are listed in Table 17. From Table 17, the obtained values of the correlation coefficient, R, 
are 0.9999, which indicates that the VFT equation can be used for fitting the experimental 
dynamic viscosity.

According to Eq. (13), the activation energies of dynamic viscosity for [C
n
py][NTf

2
] (n = 2, 4, 5, 6) 

were calculated by Eq. (13) and are listed in Table 17.

According to Eq. (12), the 1000/T dependence of ln η was plotted for [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6) 

(see Figure 15).

The 1000/T dependences on ln η of the for [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6) were fitted in the tem-

perature range (see Figure 15). The values of the correlation coefficient, R, are 0.9976, 0.9965, 

Figure 13. Plot of γV
m

2/3 vs. T
 
(K) for ILs[C

n
py][NTf

2
] (n = 2, 4, 5, 6).

[C
2
py][NTf

2
] [C

4
py][NTf

2
] [C

5
py][NTf

2
] [C

6
py][NTf

2
]

107K/J∙K−1 1.131 1.559 1.503 1.316

T
b
/K 1618 1230 1815 1429

T
c
/K 971 738 1089 857

Table 16. The estimated values of k, T
b
, and T

c
 for ILs [C

n
py][NTf

2
] n = 2, 4, 5, 6.
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0.9977, 0.9984, and 0.9983, respectively. The values are obviously lower than the values (all 
of the values are 0.9999) which obtained by the empirical VFT equation. So, the measure-
ment dynamic viscosity of [C

n
py][NTf

2
] (n = 2, 3, 4, 5, 6) does not follow the Arrhenius Eq. 

(12). From Figure 15, it can also be obviously seen that the measurement points lie far away 
from the fitted straight lines. The FILs [MCNMIM][NTf

2
], [PCNMIM][NTf

2
], [EOHMIM]

[NTf
2
], and [CH

2
CONHBuEIM][NTf

2
] have also exhibited the same result.

According to Table 13 and Eq. (14), the temperature dependences of electrical conductivity 
values of the ILs can also be fitted using the VFT Eq. (14), see Figure 16.

The best-fitting parameters of σ0, B, T0, and the corresponding correlation coefficient, R, are 
listed in Table 18. From Table 18, the obtained values of the correlation coefficient, R, are 
0.9996, which indicates that the VFT equation can be used for fitting the experimental electri-
cal conductivity.

Figure 14. Plot of dynamic viscosity, η, vs. temperature, T, of ILs [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6).

Property [C
2
py][NTf

2
] [C

4
py][NTf

2
] [C

5
py][NTf

2
] [C

6
py][NTf

2
]

η
0
/(mPa⋅s) 0.3907 0.2021 0.0758 0.0645

B/K 531.7 695.1 966.2 1036.0

103Eη/eV 45.9 60.0 83.4 89.4

T0/K 182.9 175.4 157.2 153.8

R 0.9999 0.9999 0.9999 0.9999

Table 17. Fitted values of dynamic viscosity of η0, B, Eη, T0, and R according to Eqs. (11) and (13).
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Figure 16. Plot of electrical conductivity, σ, vs. temperature, T, of [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6).

Figure 15. Plot of dynamic viscosity, η, vs. temperature, T, of [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6).
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According to Eq. (16), the activation energies of dynamic viscosity for [C
n
py][NTf

2
] (n = 2, 4, 5, 6) 

were calculated by Eq. (16) and are listed in Table 18.

According to Eq. (15), the 1000/T dependence on ln σ was also plotted for the [C
n
py][NTf

2
] (n = 2, 

4, 5, 6) (see Figure 17).

In Figure 17, the 1000/T dependence on ln σ of the [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6) was fitted in the 

temperature range. The values of the correlation coefficient, R, are 0.9990, 0.9990, 0.9939, and 
0.9970, respectively. The values are also lower than the values (all of the values of R = 0.9996) 
which obtained by the empirical VFT equation (see Table 18). So, the measurement electrical 
 conductivity does not follow the Arrhenius Eq. (15). In Figure 17, it can also be seen that the mea-
surement points lie far away from the fitted straight lines. The FILs [MCNMIM][NTf

2
], [PCNMIM]

[NTf
2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] have also exhibited the same result.

Property [C
2
py][NTf

2
] [C

4
py][NTf

2
] [C

5
py][NTf

2
] [C

6
py][NTf

2
]

σ0/(S⋅cm−1) 2.39 0.47 0.23 0.81

B/K 1067.5 577.7 472.9 803.1

103Eσ/eV 92.1 49.9 40.8 69.3

T0/K 119.9 182.3 196.5 168.4

R 0.9996 0.9996 0.9996 0.9996

Table 18. Fitted values of electrical conductivity of σ0, B, Eσ, T0, and R according to Eqs. (15) and (17).

Figure 17. Plot of Ln σ vs. 1000/T of ILs [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6).
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The Walden’s product (in [S·cm2·mol−1][mP·s]) can be calculated according to Eq. (17). The val-
ues are 60, 54, 48, 45 for [C

2
py][NTf

2
], [C4py][NTf

2
], [C5py][NTf

2
], and [C6py][NTf

2
] at 298.15 K, 

respectively. From the results, the values are decrease with the methylene introduced.

According to Eq. (17), the logΛ dependence on logη−1 is illustrated in Figure 18 for the [C
n
py]

[NTf
2
] (n = 2, 3, 4, 5, 6) from 283.15 to 338.15 K.

Usually, the Walden rule can be used for the presentation of the independent ions of the liquid. 
If the Walden points close to the ideal line, the liquid can be considered as a relative ideal liquid. 
The ideal line position was determined according to the aqueous KCl solution at high dilution. 
As an ideal line, the slop of the ideal line should be unity and not have any interaction of the 
ions [10, 29, 30]. In Figure 10, it can be seen that the approximately straight lines can be obtained 
according to the experimental points.

Like the FILs, the Walden rule can also be used for the presentation of the independent ions 
of the ILs [C

n
py][NTf

2
] (n = 2, 3, 4, 5, 6). From Figure 18, it can be seen that the approxi-

mately straight lines can be obtained according to the experimental values. The fitted slopes 
of the lines for the ILs [C

n
py][NTf

2
] (n = 2, 3, 4, 5, 6) are 0.941, 0.906, 0.935, 0.893, and 0.959, 

respectively. The lines for the ILs below are close to the ideal KCl line from Figure 18. Most 
of the reported traditional ILs [9, 10, 29–31] have the same tendency. Herein, the ILs [C

n
py]

Figure 18. Walden plots for samples at temperature from 283.15 to 338.15 K for [C
n
py][NTf

2
] (n = 2, 3, 4, 5, 6).
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[NTf
2
] (n = 2, 3, 4, 5, 6) can be called “subionic.” It means that the ILs [C

n
py][NTf

2
] (n = 2, 3, 

4, 5, 6) did not yield the expected conductivity from the high fluidities because on average 
the proton transfer is incomplete. The behavior of the ILs [C

n
py][NTf

2
] (n = 2, 3, 4, 5, 6) as if 

there is only a small population of ions and the “ionicity” of the ILs is therefore reduced [34].

8.2. N-Alkyl-3-methyl or N-alkyl-4-methyl type pyridinium-type ionic liquids

Two series ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) and [C

n
4Mpy][NTf

2
] (n = 2, 4, 6) were synthesized 

in this section. From Figure 11, the two series ILs introduced the methyl group on the pyri-
dinium ring and the positions are position 3 and 4, respectively.

The values of the density, dynamic viscosity, and electrical conductivity are listed in Tables 19–21 

[27, 33, 45].

In order to compare the density, dynamic viscosity, and electrical conductivity with the 
N-alkyl type pyridinium-type ILs at 298.15 K, the values of the three series pyridinium-based 
ILs are listed in Table 22.

T/K [C
3
3mpy] [NTf

2
] [C

4
3mpy] [NTf

2
] [C

6
3mpy] [NTf

2
] [C

2
4mpy] [NTf

2
] [C

4
4mpy] [NTf

2
] [C

6
4mpy] [NTf

2
]

278.15 1.4685c 1.4399 1.3781c 1.5100c 1.4373c 1.3695c

283.15 1.4640c 1.4357 1.3736 1.5052 1.4328 1.3653

288.15 1.4596 1.4315 1.3697 1.5010 1.4284 1.3608

293.15 1.4556 1.4271 1.3653 1.4961 1.4234 1.3563

298.15 1.4514 1.4226 1.3615 1.4920 1.4187 1.3518

303.15 1.4471 1.4183 1.3570 1.4877 1.4140 1.3474

308.15 1.4426 1.4142 1.3529 1.4830 1.4093 1.3429

313.15 1.4380 1.4098 1.3487 1.4783 1.4047 1.3385

318.15 1.4332 1.4051 1.3447 1.4734 1.4002 1.3341

323.15 1.4287 1.4007 1.3403 1.4688 1.3958 1.3296

328.15 1.4245 1.3964 1.3360 1.4644 1.3913 1.3252

333.15 1.4203 1.3921 1.3317 1.4599 1.3869 1.3208

338.15 1.4160 1.3876 1.3280 1.4551 1.3825 1.3165

343.15 1.4113c 1.3832c 1.3237c 1.4506c 1.3777c 1.3121

348.15 1.4069c 1.3787c 1.3195c 1.4460c 1.3731c 1.3078

353.15 1.4025c 1.3742c 1.3154c 1.4414c 1.3686c 1.3034

Note: c calculated values.

Table 19. Experimental values of density, ρ, of two series ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) and [C

n
4Mpy][NTf

2
] (n = 2, 4, 6) 

at pressure p = 0.1 MPa.
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From Table 22, the density of the three series of pyridinium-type ILs decreases with the introduc-

tion of the methylene group on the alkyl side chain of the pyridinium-type ILs. The result is the 
same with the imidazolium-type ILs [12, 13]. The introduction of the methyl group on the pyri-
dinium-type ILs leads the apparent decrease of the density. However, the degree of decreasing is 
different on the position 3 and 4 of the pyridinium ring. The introduction of the methyl group on 
position 4 leads the more decrease than position 3 on the pyridinium ring. The order is as follows: 
[C

2
py][NTf

2
] > [C

2
4mpy][NTf

2
]; [C4py][NTf

2
] > [C43mpy][NTf

2
] > [C44mpy][NTf

2
]; [C6py][NTf

2
] > 

[C63mpy][NTf
2
] > [C64mpy][NTf

2
].

As shown in Table 22, the electrical conductivity of the three series pyridinium-type ILs decreases 
with the introduction of the methylene group on the alkyl side chain of the pyridinium-type ILs. 
But, the introduction of the methyl group on the ring leads to the different change tendency for 
electrical conductivity. For density, the values are decrease with the introduction of the methyl 
group on positions 3 and 4 of the pyridinium ring. However, the electrical conductivity decreases 
after the introduction of methyl group on position 3 and increases after the introduction of the 
methyl group on position 4 of the pyridinium ring. The tendency is just the reverse and the order 
is as follow: [C

2
py][NTf

2
] < [C

2
4mpy][NTf

2
]; [C43mpy][NTf

2
] < [C4py][NTf

2
] < [C44mpy][NTf

2
]; 

[C63mpy][NTf
2
] < [C6py][NTf

2
] < [C64mpy][NTf

2
].

T/K [C
3
3mpy] [NTf

2
] [C

4
3mpy] [NTf

2
] [C

6
3mpy] [NTf

2
] [C

2
4mpy] [NTf

2
] [C

4
4mpy] [NTf

2
] [C

6
4mpy] [NTf

2
]

278.15 160.80c 177.0c 276.16c 79.45c 159.65c 253.47c

283.15 118.12c 133.3c 199.61c 61.98c 118.57c 181.62

288.15 89.08c 102.3c 147.89c 49.30c 90.07c 133.92

293.15 68.73c 79.9c 112.00c 39.89c 69.82c 101.07

298.15 54.12 63.2 86.59 32.75 55.14 77.989

303.15 43.46 51.1 67.83 27.31 44.20 61.301

308.15 35.27 41.4 54.23 23.10 35.85 49.031

313.15 29.18 34.0 44.24 19.69 29.61 39.755

318.15 24.32 28.4 36.21 16.95 24.77 32.729

323.15 20.87 23.9 29.97 14.66 20.85 27.381

328.15 17.94 20.3 25.08 12.85 17.86 23.111

333.15 15.15 17.5 21.31 11.34 15.37 19.709

338.15 13.40 15.2 18.28 10.10 13.42 16.968

343.15 11.74 13.0 15.88 9.07 11.65 14.729

348.15 10.37 11.3 13.71 8.19 10.15 12.866

353.15 9.19 10.0 11.99 7.43 8.89 11.324

358.15 6.76 7.94

363.15 6.19 7.20c

Note: c calculated values.

Table 20. Experimental values of dynamic viscosity, η, of two series ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) and [C

n
4Mpy][NTf

2
] 

(n = 2, 4, 6) at pressure p = 0.1 MPa.
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T/K [C
3
3mpy] [NTf

2
] [C

4
3mpy] [NTf

2
] [C

6
3mpy] [NTf

2
] [C

2
4mpy] [NTf

2
] [C

4
4mpy] [NTf

2
] [C

6
4mpy] 

[NTf
2
]

278.15 1.524 1.00 0.495 3.39c 1.24 0.592c

283.15 1.990 1.32 0.670 4.24 1.66 0.839

288.15 2.53 1.72 0.885 5.25 2.15 1.101

293.15 3.18 2.17 1.157 6.38 2.73 1.447

298.15 3.93 2.72 1.480 7.63 3.41 1.852

303.15 4.76 3.35 1.869 9.01 4.19 2.31

308.15 5.71 4.09 2.31 10.50 5.09 2.83

313.15 6.71 4.90 2.83 12.08 6.00 3.46

318.15 7.86 5.76 3.42 13.78 7.02 4.15

323.15 9.04 6.90 4.06 15.54 8.17 4.87

328.15 10.36 7.96 4.77 17.50 9.41 5.71

333.15 11.79 9.10 5.53 19.55 10.75 6.52

338.15 13.29 10.31 6.38 21.7 12.07 7.56

343.15 14.85 11.60 7.28 23.9c 13.56c 8.61

348.15 16.50 12.96 8.22 26.2c 15.10c 9.68

353.15 18.28 14.37 9.20 28.5c 16.70c 10.75

Note: c calculated values.

Table 21. Experimental values of electrical conductivity, σ, of two series ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) and [C

n
4Mpy]

[NTf
2
] (n = 2, 4, 6) at pressure p = 0.1 MPa.

ρ/(g⋅cm−3) η/(mPa⋅s) σ/(mS⋅cm−1)

[C
2
py][NTf

2
] 1.5375 39.4 5.99

[C4py][NTf
2
] 1.4547 58.3 3.21

[C5py][NTf
2
] 1.4214 71.9 2.22

[C6py][NTf
2
] 1.3877 84.5 1.66

[C33mpy][NTf
2
] 1.4514 54.12 3.93

[C43mpy][NTf
2
] 1.4226 63.2 2.72

[C63mpy][NTf
2
] 1.3615 86.59 1.480

[C
2
4mpy][NTf

2
] 1.4920 32.75 7.63

[C44mpy][NTf
2
] 1.4187 55.14 3.41

[C64mpy][NTf
2
] 1.3518 77.989 1.852

Table 22. The comparison of density, ρ, dynamic viscosity, η, and electrical conductivity, σ, of three series pyridinium-
based ILs at 298.15 K and pressure p = 0.1 MPa.
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For the dynamic viscosity, the values of the three series pyridinium-type ILs increase with the 
introduction of the methylene group on the alkyl side chain of pyridinium-type cation ILs. Like 
the electrical conductivity, the dynamic viscosity also exhibited the difference tendency with 
the density after the introduction of the methyl group on the pyridinium ring. However, the 
tendency is in contrast to the electrical conductivity. For dynamic viscosity, the values increase 
with the introduction of the methyl group on position 3 of the pyridinium ring and decrease 
with the introduction of the methyl group on position 4 of the pyridinium ring with the non-
substituting pyridinium ring. The order is as follows: [C

2
py][NTf

2
] > [C

2
4mpy][NTf

2
]; [C43mpy]

[NTf
2
] > [C4py][NTf

2
] > [C44mpy][NTf

2
]; [C63mpy][NTf

2
] > [C6py][NTf

2
] > [C64mpy][NTf

2
].

According to Table 19, the temperature dependence of the density values can be plotted and fit-
ted according to the linear equation (Figure 19).

The thermal expansion coefficient, α, molecular volume, V
m

, standard molar entropy, S0, and lat-
tice energy, UPOT, were calculated from experimental density using the empirical Eqs. (1)–(4). The 
obtained data from the empirical equations are listed in Table 23.

From Table 23, the thermal expansion coefficients are 6.12 × 10−4 K−1 for [C33mpy][NTf
2
], 6.20 × 

10−4 K−1 for [C43mpy][NTf
2
], 6.19 × 10−4 K−1 for [C63mpy][NTf

2
], 6.17 × 10−4 K−1 for [C

2
4mpy][NTf

2
], 

6.52 × 10−4 K−1 for [C44mpy][NTf
2
], and 6.62 × 10−4 K−1 for [C64mpy][NTf

2
], respectively. The values 

are in good agreement with the range of 5 × 10−4 to 7 × 10−4 K−1 obtained by Jacquemin et al. 44]. 
According to Table 23, the mean contributions of the methylene to the molecular volume are 
0.0277 nm3 for [C

n
3mpy][NTf

2
] (n = 3, 4, 6) and 0.0289 nm3 for [C

n
4mpy][NTf

2
] (n = 2, 4, 6) at 298.15 

K. The values are in good agreement with the values of 0.0280 nm3 for ILs [C
n
py][NTf

2
] [4, 26].

Figure 19. Plot of density, ρ, vs. temperature, T, for two series ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) and [C

n
4Mpy][NTf

2
] (n = 2, 4, 6).
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From Table 20, the temperature dependence on dynamic viscosity can be fitted according to VFT 
Eq. (11), see Figure 20.

The best-fitting parameters of η0, B, T0, and the corresponding correlation coefficient, R, are 
listed in Table 24. From Table 24, the obtained values of the correlation coefficient, R, are 
higher than 0.9999, which indicates that the VFT equation can be used for fitting the experi-
mental dynamic viscosity.

Property [C
3
3mpy] [NTf

2
] [C

4
3mpy] [NTf

2
] [C

6
3mpy] [NTf

2
] [C

2
4mpy] [NTf

2
] [C

4
4mpy] [NTf

2
] [C

6
4mpy] 

[NTf
2
]

MW/(g⋅mol−1) 416.35 430.38 458.43 402.33 430.38 458.43

V
m

/(nm3) 0.4765 0.5025 0.5593 0.4479 0.5039 0.5633

104α/(K−1) 6.12 6.20 6.19 6.17 6.52 6.62

V/(cm−3⋅mol−1) 286.9 302.5 336.7 269.7 303.4 339.1

S0/(J⋅K−1⋅mol−1) 623.5 655.9 726.7 587.8 657.6 731.7

U
pot

/(kJ⋅mol−1) 404 399 389 410 399 388

Table 23. Estimated values of physicochemical properties of two series pyridinium-based ILs at 298.15 K.

Figure 20. Plot of dynamic viscosity, η, vs. temperature, T, for two series ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) and [C

n
4Mpy]

[NTf
2
] (n = 2, 4, 6).
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According to Eq. (13), the activation energies of dynamic viscosity for the two series ILs [C
n
3Mpy]

[NTf
2
] (n = 3, 4, 6) and [C

n
4Mpy][NTf

2
] (n = 2, 4, 6) were calculated and are listed in Table 24.

The 1000 T−1 dependence on Ln η was plotted for the ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) and 

[C
n
4Mpy][NTf

2
] (n = 2, 4, 6) (see Figure 21) according to Eq. (12).

Property [C
3
3mpy] [NTf

2
] [C

4
3mpy] [NTf

2
] [C

6
3mpy] [NTf

2
] [C

2
4mpy] [NTf

2
] [C

4
4mpy] [NTf

2
] [C

6
4mpy] [NTf

2
]

η0/(mPa⋅s) 0.1523 0.0474 0.0749 0.1768 0.0859 0.1170

B/K 751.0 1151.7 997.9 720.6 914.6 847.2

103Eη/eV 64.8 99.4 86.1 62.2 79.9 73.1

T0/K 170.3 138.1 156.6 160.2 156.6 167.9

R2 0.99999 0.9999 0.99999 0.99997 0.99996 0.99999

Table 24. Fitted parameter values of η0, B, T0, and correlation coefficient, R2, by Eq. (11) and Eη by Eq. (13).

Figure 21. Plot of Ln η vs. 1000/T of ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) and [C

n
4Mpy][NTf

2
] (n = 2, 4, 6).
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In Figure 21, the 1000/T dependences on ln η of the two ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) and 

[C
n
4Mpy][NTf

2
] (n = 2, 4, 6) were fitted in the temperature range. The values of the correlation 

coefficient, R, are 0.9972, 0.9987, 0.9978, 0.9966, 0.9981, and 0.9947, respectively. The values are 
much lower than the values (all of the values are higher than R = 0.9999) which fitted accord-
ing to the empirical VFT equation (see Table 24). So, the measurement dynamic  viscosity 
cannot be well fitted with the Arrhenius Eq. (12). From Figure 21, it can also be obviously 
obtained that the measurement points lie far away from the straight fitting lines. The FILs 
[MCNMIM][NTf

2
], [PCNMIM][NTf

2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] have 

also exhibited the same result.

From Table 21, the temperature dependence on electrical conductivity can be fitted according to 
VFT Eq. (14), see Figure 22.

The best-fitting parameters of σ0, B, T0, and the corresponding correlation coefficient, R, are 
listed in Table 25. From Table 25, the obtained values of the correlation coefficient, R, are 
higher than 0.9999, which indicates that the VFT equation can be used for fitting the experi-
mental electrical conductivity.

Figure 22. Plot of electrical conductivity, σ, vs. temperature, T, of two ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) and [C

n
4Mpy]

[NTf
2
] (n = 2, 4, 6).
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The activation energies of electrical conductivity for the two series ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) 

and [C
n
4Mpy][NTf

2
] (n = 2, 4, 6) were calculated by Eq. (16) and are listed in Table 25.

The 1000/T dependence on ln σ was plotted for the two series ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) 

and [C
n
4Mpy][NTf

2
] (n = 2, 4, 6) (see Figure 23) by Eq. (15).

Property [C
3
3mpy] [NTf

2
] [C

4
3mpy] [NTf

2
] [C

6
3mpy] [NTf

2
] [C

2
4mpy] [NTf

2
] [C

4
4mpy] [NTf

2
] [C

6
4mpy] 

[NTf
2
]

σ0/(S⋅cm−1) 0.64 0.49 0.47 0.64 0.50 0.46

B/K 650.2 608.4 684.6 574.6 586.5 647.3

103Eσ/eV 56.1 52.4 59.0 49.5 50.6 55.9

T0/K 170.7 181.0 179.3 168.5 180.4 181.0

R2 0.99996 0.9999 0.99992 0.99997 0.99996 0.99999

Table 25. Fitted parameter values of σ0, B, T0, and correlation coefficient, R2, by Eq. (15) and Eσ by Eq. (17).

Figure 23. Plot of Ln σ vs. 1000/T of ILs for the two series ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) and [C

n
4Mpy][NTf

2
] (n = 2, 4, 6).
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In Figure 23, the 1000/T dependence on ln σ of the two ILs [C
n
3Mpy][NTf

2
] (n = 3, 4, 6) and 

[C
n
4Mpy][NTf

2
] (n = 2, 4, 6) was fitted in the temperature range. The values of the correla-

tion coefficient, R, are 0.9957, 0.9935, 0.9933, 0.9943, 0.9958, and 0.9936, respectively. The 
values are much lower than the values (all of the values are higher than R = 0.9999) which 
fitted by the empirical VFT equation (see Table 25). So, the measurement values cannot be 
well fitted with the Arrhenius Eq. (15). From Figure 23, the measurement points can also 
be obviously shown far away from the straight fitting lines. The FILs [MCNMIM][NTf

2
], 

[PCNMIM][NTf
2
], [EOHMIM][NTf

2
], and [CH

2
CONHBuEIM][NTf

2
] have also exhibited the 

same result.

According to Eq. (17), the Walden products (in [S·cm2·mol−1][cP]) are calculated and the values 
are 61 for [C33mpy][NTf

2
], 52 for [C43mpy][NTf

2
], 43 for [C63mpy][NTf

2
], 67 for [C

2
4mpy]

[NTf
2
], 53 for [C44mpy][NTf

2
], and 49 for [C64mpy][NTf

2
] at 298.15 K. From the results we 

found that the values are also decrease with the introduction of the methylene group such as 
the N-alkyl pyridinium-type ILs.

Log Λ dependence on log η−1 was plotted for the ILs [C
n
3mpy][NTf

2
] (n = 3, 4, 6) and [C

n
4mpy]

[NTf
2
] (n = 2, 4, 6) from 273.15 to 353.15 K according to Eq. (17) (see Figure 24).

Figure 24. Walden plots for samples at temperature from 273.15 to 353.15 K.
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From Figure 24, it can be observed that the curves are approximately straight lines. The 
slopes of the lines for the ILs [C

n
3mpy][NTf

2
] (n = 3, 4, 6) and [C

n
4mpy][NTf

2
] (n = 2, 4, 6) 

are 0.887, 0.949, 0.954, 0.915, 0.912, and 0.946, respectively. The position of the ideal line 
was established using aqueous KCl solutions at high dilution. The lines of the ILs [C

n
3mpy]

[NTf
2
] (n = 3, 4, 6) and [C

n
4mpy][NTf

2
] (n = 2, 4, 6) lie below and closely to the ideal KCl 

line. The ILs [C
n
3mpy][NTf

2
] (n = 3, 4, 6) and [C

n
4mpy][NTf

2
] (n = 2, 4, 6) are “subionic” [38].

Conclusion

The density, surface tension, dynamic viscosity, and electrical conductivity of the three 
series hydrophobic pyridinium-type ILs [C

n
py][NTf

2
] (n = 2, 3, 4, 5, 6), [C

n
3Mpy][NTf

2
] (n 

= 3, 4, 6), and [C
n
4Mpy][NTf

2
] (n = 2, 4, 6) were determined at atmospheric pressure in the 

temperature range of 278–363 K. The thermal expansion coefficient, molecular volume, stan-

dard molar entropy, and lattice energy of the samples were estimated in terms of empiri-
cal and semiempirical equations. The density and electrical conductivity decrease with 
the introduction of the methylene group on the alkyl side chain of the pyridinium type. 
However, the dynamic viscosity exhibited the inverse tendency. Compared with the meth-

ylene group, the introduction of the methyl group on the pyridinium ring exhibited the 
irregular tendency to the density, dynamic viscosity and electrical conductivity. The order is 
as follows: [C

2
4mpy][NTf

2
] < [C

2
py][NTf

2
], [C44mpy][NTf

2
] < [C43mpy][NTf

2
] < [C4py][NTf

2
], 

and [C64mpy][NTf
2
] < [C63mpy][NTf

2
] < [C6py][NTf

2
] for density; [C

2
4mpy][NTf

2
] < [C

2
py]

[NTf
2
], [C44mpy][NTf

2
] < [C4py][NTf

2
] < [C43mpy][NTf

2
], and [C64mpy][NTf

2
] < [C6py][NTf

2
] 

< [C63mpy][NTf
2
] for dynamic viscosity; [C

2
4mpy][NTf

2
] > [C

2
py][NTf

2
], [C44mpy][NTf

2
] > 

[C4py][NTf
2
] > [C43mpy][NTf

2
], and [C64mpy][NTf

2
] > [C6py][NTf

2
] > [C63mpy][NTf

2
] for 

electrical conductivity. According to the correlation coefficients, the empirical equation can 
be satisfactorily used for the fitting of the dynamic viscosity and electrical conductivity of 
the pyridinium-type ILs. However, the Arrhenius equation cannot be used for the fitting of 
the measurement values.
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