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Ion transport processes in mixtures of 1-methyl-3-pentylimidazolium tetrafluoroborate ([MPI][BF4]) 

and lithium tetrafluoroborate (LiBF4) are characterized using conductivity and pulsed field gradient 

NMR measurements at various temperatures. The viscosity, ionic conductivity, molar conductivity, 

and self diffusion coefficient in neat [MPI][BF4] and LiBF4-doped [MPI][BF4] change with 

temperature following the Vogel-Tamman-Fulcher equation, and the density shows a linear decrease. 

The ionic conductivity and the self-diffusion coefficient of each ionic specie decrease with increasing 

concentration of LiBF4 in LiBF4-doped [MPI][BF4]. The correlation between ionic conductivity and 

viscosity is based on the classical Walden rule, the α  values of neat [MPI][BF4] and LiBF4-doped 

[MPI][BF4] calculated from the slopes of the Walden plots are compared to those calculated from the 

ratio of activation energies for viscosity and molar conductivity (Ea,Λ/Ea,η). The comparison of 

activation energies of the reciprocal of viscosity, the ionic conductivity, and individual ion diffusion 

against the LiBF4 concentration is also studied. 

 

 

Keywords: Ionic liquid, ionic conductivity, molar conductivity, self-diffusion coefficient, ion 

transference number 

 

1. INTRODUCTION 

There is a rapidly expanding interest in using ionic liquids (ILs) as electrolyte materials for 

material science and electrochemical applications [1]. Ionic liquids (ILs), being defined as salts with 

http://www.electrochemsci.org/
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melting points below 100 
o
C, have attracted an enormous deal of attention because of their potential as 

green alternatives to common organic solvents [2]. Their intrinsic properties, like negligible volatility 

even at elevated temperature, nonflammability, high chemical and thermal stability, combined to high 

ionic conductivity [3-5] and electrochemical stability [6,7], make them very attractive candidates as 

electrolytes in rechargeable lithium batteries [8-11], electrochemical sensor [12-23], solar cells [24-

28], fuel cell [29-31], and capacitors [32,33].  

ILs are called “designer solvents” because their physicochemical properties can be easily tuned 

simply by changing the structures of the component cations and anions [34-36]. Currently, onium 

cation-based aprotic ILs such as quaternary ammonium and imidazolium RTILs have been adopted as 

“solvents” for use in Lithium ion batteries (LIBs)[37]. Most studies on ILs are dealing with 

imidazolium derivatives due to low viscosity and good ionic conductivity [38]. If intended to be used 

in Li batteries, ILs are required to have the ability to dissolve a Li salt to have a high Li
+
 conductivity. 

Accordingly, the fundamental knowledge on physical and electrochemical properties of neat ILs and 

LiBF4-doped ILs including viscosity, conductivity, and the diffusion coefficient is important [39-42]. 

Ion transport and diffusion in ionic liquids consisting of only one type of organic cation and one type 

of anion have been studied by means of ac impedance spectroscopy [43] and pulsed gradient spin-echo 

(PGSE) NMR techniques [44,45]. While the former technique provides information about the overall 

ionic conductivity, the latter technique is a method of choice for measuring self-diffusion of cations 

and anions, and its applications have grown exponentially in recent years ranging from probing the 

ionic diffusion coefficient, the degree of ionic association, and the interaction between ions [46]. The 

importance and dominance of this technique lies in it being able to provide the diffusion coefficient 

(D) of multiple species in a sample simultaneously and in a noninvasive manner. 

In this work, we report the effects of ionic conductivity, viscosity, and ion self-diffusion 

coefficients for a mixture of 1-methyl-3-pentylimidazolium tetrafluoroborate ([MPI][BF4]) and LiBF4. 

To evaluate the possibility of using binary [MPI][BF4] and LiBF4 electrolytes, the solubility of lithium 

salt in [MPI][BF4] is examined, homogeneous binary ILs were obtainable over a wide range of salt 

concentrations. For instance, the molar ratio of 
4LiBFx = 0.25 is obtainable at room temperature without 

crystallization. The relationship between the ionic conductivity and the viscosity in the neat 

[PMI][BF4] and LiBF4-doped [MPI][BF4] is analyzed using the Walden rule. The self-diffusion 

coefficients of the ionic species holding 
1
H, 

7
Li, or 

19
F nuclei are measured as a function of the LiBF4 

mole fraction x by using the pulsed gradient spin-echo NMR (PGSE-NMR) method to bring some 

information on the transport properties of the various ionic species. 

 

 

 

2. EXPERIMENTAL 

2.1. Materials and measurement 

1-Methylimidazole (99%), 1-bromopentane (99%), sodium tetrafluoroborate (99%), and 

lithium tetrafluoroborate (99%) were obtained from Aldrich, TCI, and Acros and used as received. The 

conductivity () of the ionic liquid was systematically measured with a conductivity meter LF 340 and 
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a standard conductivity cell TetraCon 325 (Wissenschaftlich-Technische Werkstätten GmbH, 

Germany). The cell constant was determined by calibration after each sample measurement using an 

aqueous 0.01 M KCl solution. The density of the ILs was measured with a dilatometer, which was 

calibrated by measuring the density of deionized water at 20, 30, 40 and 50 
o
C. To measure the 

density, IL or binary mixture was placed into the dilatometer up to the marks, sealed the top of 

capillary tube, which was on the top of the dilatometer, and placed into a temperature bath for 10 

minutes to allow the temperature to equilibrate. The main interval between two marks in capillary tube 

is 0.1 cm
3
, and the minor interval between two marks is 0.01 cm

3
. From the correction coefficient of 

deionized water in capillary tube at various temperatures, we can calculate the density of neat IL or 

binary system by the expanded volume of liquid in capillary tube at various temperatures. Each sample 

was measured at least three times to determine an average value, and the values of the density are ± 

0.0001 g mL
-1

. The viscosities (η) of the ILs were measured using a calibrated modified Ostwald 

viscometer (Cannon-Fenske glass capillary viscometers, CFRU, 9721-A50) with inner diameters of 1.2 

± 2% mm. The viscometer was placed in a thermostatic water bath (TV-4000, TAMSON), in which 

the temperature was regulated to within ± 0.01 K. The flow time was measured with a stop watch 

capable of recording to 0.01 s. For each IL, the experimental viscosity was obtained by averaging three 

to five flow time measurements. The water content of the dried ILs was detected by a Karl–Fischer 

moisture titrator (Metrohm 73KF coulometer), and the values were less than 150 ppm. NMR spectra of 

synthetized ILs were recorded on a BRUKER AV300 spectrometer and calibrated with 

tetramethylsilane (TMS) as the internal reference. 

 

2.2. Synthesis of 1-methyl-3-pentylimidazolium tetrafluoroborate [MPI][BF4] 

1-bromopentane (208 g, 1.38 mol) was added to a vigorously stirred solution of 1-

methylimidazole (102.6 g, 1.25 mol) in toluene (125 mL) at 0 
o
C. The solution was heated to reflux at 

around 110 
o
C for 24 hours, and then cooled to room temperature for 12 hours. The toluene was 

decanted and the remaining viscous oil was washed with ether several times to yield a viscous liquid, 

which was dried in vacuo to give 1-pentyl-3-methylimidazolium bromide ([MPI][Br]) with a yield of 

approximately 82 %. 
1
H-NMR (400MHz, D2O, ppm): δ 0.80 (t, J = 7.1 Hz, 3H, CH3), δ 1.14-1.33 (m, 

4H, CH2), δ 1.76-1.86 (m, 2H, CH2), δ 3.84 (s, 3H, CH3), δ 4.14 (t, J = 7.1 Hz, 2H, CH2), δ 7.37-7.40 

(m, 1H, CH), δ 7.42-7.44 (m, 1H, CH), δ 8.67 (s, 1H, CH). 
13

C-NMR (100 MHz, D2O, ppm): 13.5 (q), 

21.6 (t), 27.7 (t), 29.2 (t), 36.1 (q), 49.7 (t), 122.4 (d), 123.7 (d), 135.9 (d). Elemental analysis (%) is 

found (C, 46.26; H, 7.32; N, 11.97) and calculated (C, 46.36; H, 7.35; N, 12.02) for synthetic 

[MPI][Br]. NaBF4 (0.32 mol) was added to a solution of [MPI][Br] (0.29 mol) in dichloromethane and 

stirred for 24 hours. The suspension was filtered to remove the precipitated bromide salt. The organic 

phase was repeatedly washed with small volumes of water (around 30 cm
3
) until no precipitation of 

AgBr occurred in the aqueous phase upon the addition of a concentrated AgNO3 solution. The organic 

phase was then washed two more times with water to ensure the complete removal of the bromide salt. 

The solvent was removed in vacuo and the resulting IL was stirred with activated charcoal for 12 

hours. The IL was then passed through a short alumina column(s) (acidic and/or neutral) to give a 
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colorless IL, which was dried at 100 
o
C in vacuo for 24 hours or until no visible signs of water were 

present in the IR spectrum. Yields were 70 to 80 %. 
1
H-NMR (400MHz, D2O, ppm): δ 0.76-0.84 (m, 

3H, CH3), δ 1.14-1.33 (m, 4H, CH2), δ 1.74-1.86 (m, 2H, CH2), δ 3.79-3.86 (m, 3H, CH3), δ 4.08-4.17 

(m, 2H, CH2), δ 7.33-7.43 (m, 2H, CH), δ 8.60 (s, 1H, CH). 
13

C-NMR (100MHz, D2O, ppm): 13.1 (q), 

21.6 (t), 27.7 (t), 29.2 (t), 35.5 (q), 49.4 (t), 122.2 (d), 123.5 (d), 136.1 (d). Elemental analysis (%) is 

found (C, 45.12; H, 7.11; N, 11.53) and calculated (C, 45.03; H, 7.14; N, 11.67) for synthetic 

[MPI][BF4]. The Br
-
 contents were confirmed with ICP-MS, being below 0.5% w/w. The structure of 

1-methyl-3-pentylimidazolium tetrafluoroborate is shown in Fig. 1. 

 

N N

F

B

F
F

F

 

 

Figure 1. Chemical structure of 1-methyl-3-pentyl-imidazolium tetrafluoroborate ([MPI][BF4]). 

 

2.3. Sample preparation for diffusion coefficient measurements 

A portion of each sample was degassed and sealed in a cylindrical Pyrex tube under high 

vacuum at room temperature. The sealed sample tube was inserted into a standard 5 mm tube filled 

with an external lock solvent of D2O. 
1
H, 

19
F, 

7
Li NMR measurements were carried out on a Bruker 

Avance 400 with a 5 mm pulsed-field gradient probe. The signals of 
1
H in [MPI]

+
, 

7
Li in Li

+
, and 

19
F 

in tetrafluoroborate anions were used for the determination of self-diffusion coefficients (
MPI

D  ,
Li

D  , 

and 
4BF

D  ) of the cation and anion species, respectively. The sample temperature was controlled within 

±0.1K by a variable temperature control unit using heated.  

Pulsed-gradient spin-echo diffusion measurements were carried out using a stimulated spin-

echo sequence. In the pulsed-field gradient spin-echo NMR experiment, the self-diffusion coefficient, 

D, is given by Tanner and Stejskal [47]:  

 

2 2 2

o

ln ( )
3

A
D g

A


 

 
   

 
                                           (1) 

 

where A and A0 are the signal integrals in the presence and absence of the pulsed-field gradient, 

respectively, γ is the nuclear magnetogyric ratio, Δ is the interval between the two gradient pulses, δ is 

the gradient pulse width, and g is the gradient magnitude. In the present experiments, the pulse-field-

gradient interval Δ determines the diffusion time and was varied from 20 to 100 ms, δ was set between 

3 and 18 ms, and g was set using a suitable strength. The self-diffusion coefficients were measured five 

or more times at each temperature. The experimental errors in 
MPI

D  ,
Li

D  , and 
4BF

D   were estimated to 

be less than 3%. 
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3. RESULTS AND DISCUSSION  

3.1. Ionic conductivity and viscosity of neat [MPI][BF4] and LiBF4-doped [MPI][BF4]  

The fundamental properties of neat [MPI][BF4] and LiBF4-doped [MPI][BF4], including 

physicochemical quantities of density (), viscosity (), and conductivity (σ), are plotted in Fig. 2-4, 

all of the LiBF4-doped [MPI][BF4] are liquid at room temperature. 

Generally, in a narrow range of temperatures, ρ (g cm
−3

) can be expressed as follows: 



 A + BT                                                                (2) 

 

where A, B, and T are the density at 0 K (g cm
−3

), the coefficient of volume expansion (g cm
−3

 

K
−1

), and temperature (K), respectively. In the present system a strong linear relationship (R > 0.999) 

with temperature was obtained for neat [MPI][BF4] and LiBF4-doped [MPI][BF4] (Fig. 2). The best fit 

parameters of Eq. (2) are summarized in Table 1. As shown in Fig. 2, the density of lithium 

tetrafluoroborate-doped RTIL increases with increasing lithium tetrafluoroborate concentration, for 

instance, LiBF4-doped RTIL (
4LiBFx = 0.0672,  = 1.1960 g cm

-1
 at 30 

o
C) has higher density than IL 

without doping LiBF4 ( = 1.1746 g cm
-1

 at 30 
o
C), 

4LiBFx = 0.1543 ( = 1.2164 g cm
-1

 at 30 
o
C) has 

higher density than 
4LiBFx = 0.1111 ( = 1.2063 g cm

-1
 at 30 

o
C). In lithium tetrafluoroborate-doped 

RTIL, a more efficient packing and/or attractive interaction occurred when the ionic liquid and LiBF4 

were mixed, small lithium ion fit into the interstices upon mixing. Therefore, the filling effect of 

lithium ion in the interstices of ionic liquids contributes to a denser structure. 

 

Table 1. The adjustable parameters of density (ρ = A + B · T) for neat [MPI][BF4] and LiBF4-doped 

[MPI][BF4] at various LiBF4 concentrations. 

 
Mole fraction of 

LiBF4  

 ρ 

 A 10
4
B R

2a
 

neat [MPI][BF4]  1.369 –6.413 0.9999 

4LiBFx = 0.0672  1.391 –6.433 0.9998 

4LiBFx = 0.1111  1.403 –6.488 0.9996 

4LiBFx = 0.1543  1.414 –6.517 0.9997 

4LiBFx = 0.2054  1.419 –6.486 0.9999 

4LiBFx = 0.2503  1.441 –6.561 0.9998 

a
 Correlation coefficient. 

 

The viscosity of an IL is related to the ability of its constituting particles to move in response to 

an applied force and the conductivity refers to the mobility of the ions. The relative viscosity (Li-salt-

doped sample/neat RTIL sample) is depicted in Fig. 3. The viscosity values, , were fitted using 

Vogel–Tamman–Fulcher (VTF) equation and modified Vogel–Tamman–Fulcher (modified VTF) 
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equation. The most commonly used equation to correlate the variation of viscosity with temperature is 

the Arrhenius-like law, but according to Seddon et al. [48] the Arrhenius law can generally be applied 

when the cation presents only a limited symmetry.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Temperature dependence of density data for neat [MPI][BF4] and LiBF4-doped [MPI][BF4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Dynamic viscosity (η) as a function of temperature for neat [MPI][BF4] and LiBF4-doped 

[MPI][BF4]. 

 

If this is not the case, Vogel–Tamman–Fulcher (VTF) and modified equation Vogel–Tamman–

Fulcher are recommended [48]. The modified VTF equation can be expressed as: 

 

1 exp[ ]
( )

o

o

B

T TT


 




                                                (3) 

 

and the VTF equation can be presented as: 
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
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 c
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1 exp[ ]
( )

o

o

B

T T
  




                                                  (4) 

 

where o, B, and To are adjustable parameters. The best-fit ηo (mPa s), B (K), and To (K) 

parameters are given in Table 2. The viscosity of neat [MPI][BF4] and LiBF4-doped [MPI][BF4] 

follows the order: neat [MPI][BF4] < (
4LiBFx = 0.0672) < (

4LiBFx = 0.1111) < (
4LiBFx = 0.1543) < (

4LiBFx = 

0.2054) < (
4LiBFx = 0.2503). The addition of a Li salt to [MPI][BF4] increased viscosity due to the 

enhancement of ion-ion interactions. 

 

Table 2. The VTF equation parameters of viscosity (η = ηo exp[B/(T - To)]) and conductivity (σ = σo 

exp[-B′/(T - To)]). 

 
Mole fraction of 

LiBF4  

 η  σ 

 ηo / mPa s To / K B / K R
2a

  σo / 

mS cm
-1

 

To / K B’ /K R
2a

 

neat [MPI][BF4]  0.182 170.5 860.9 0.999  87.6 194.0 381.9 0.999 

4LiBFx = 0.0672  0.173 173.4 865.0 0.999  52.0 208.4 295.4 0.999 

4LiBFx = 0.1111  0.156 171.3 920.6 0.999  59.9 204.0 339.3 0.999 

4LiBFx = 0.1543  0.135 170.6 983.3 0.999  102.6 184.2 500.6 0.999 

4LiBFx = 0.2054  0.193 179.1 896.7 0.999  78.9 191.3 452.0 0.999 

4LiBFx = 0.2503  0.192 178.5 943.9 0.999  80.8 191.7 482.7 0.999 

a
 Correlation coefficient. 

 

Table 3. The Ea, ΔS and ΔH evaluated by Eyring equation and the relationships of  vs. T and vs. T. 

  
Mole fraction of LiBF4     

 Ea/ 

kJ mole
-1

 

ΔS/ 

J mole
-1

 K
-1

 

ΔH/ 

kJ mole
-1

 

 Ea/ 

kJ mole
-1

 

ΔS/ 

J mole
-1

 K
-1

 

ΔH/ 

kJ mole
-1

 

neat [MPI][BF4]  31.95  -319.80  34.66   21.63  -174.21  19.01  

4LiBFx = 0.0672  33.21  -323.05  35.93   18.97  -184.20  16.24  

4LiBFx = 0.1111  34.35  -325.03  37.07   20.21  -181.40  17.49  

4LiBFx = 0.1543  36.17  -328.75  38.90   22.10  -177.31  19.38  

4LiBFx = 0.2054  37.08  -330.35  39.80   22.30  -177.40  19.59  

4LiBFx = 0.2503  38.76  -333.08  41.48   23.68  -175.07  20.95  

 

For the relationship of  vs. T, the Ea, ΔS, and ΔH values evaluated using the slope (-Ea/R) of 

the Arrhenius equation and Eyring equation for the ILs are summarized in Table 3. The absolute values 

of Ea, ΔS, and ΔH for the ILs are in the order: (1) LiBF4-doped [MPI][BF4], 
4LiBFx = 0.0672 (Ea = 33.21 

kJ mole
-1

, │ΔS│= 323.05 J mole
-1

 K
-1

, and ΔH = 35.93 kJ mole
-1

) > [MPI][BF4] without doping LiBF4 

(Ea = 31.95 kJ mole
-1

, │ΔS│= 319.80 J mole
-1

 K
-1

, and ΔH = 34.66 kJ mole
-1

); (2) higher mole fraction 
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of LiBF4 (
4LiBFx : 0.2054, Ea = 37.08 kJ mole

-1
, │ΔS│= 330.35 J mole

-1
 K

-1
, and ΔH = 39.80 kJ mole

-1
) 

> lower mole fraction of LiBF4 (
4LiBFx : 0.1543, Ea = 36.17 kJ mole

-1
, │ΔS│= 328.75 J mole

-1
 K

-1
, and 

ΔH = 38.90 kJ mole
-1

). 

Ionic conductivity was measured for different molar ratios of the [MPI][BF4]–LiBF4 

electrolytes at various temperatures. The conductivity () is related to the ion mobility and the number 

of charge carriers, which can be expressed by the following equation [49,50]: 



 = ∑niqiui                                                          (5) 

 

where ni, qi, and ui are the number of charge carriers of type i, the charge of each species, and 

the mobility of each species, respectively. The temperature dependence of conductivity for these ILs is 

depicted in Fig. 4. An increase in temperature results in an increase in the mobility because the 

viscosity of the liquids is reduced. The observed temperature dependences of conductivity are well 

fitted by VTF equation: 

 

'
exp[ ]

( )
o

o

B

T T
 





                                                  (6) 

 

where o, B’, and To were the fitting parameters. The VTF fitting parameters of the ionic 

conductivity for these ILs are summarized in Table 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Dependence of specific conductivity (σ) on temperature for neat [MPI][BF4] and LiBF4-

doped [MPI][BF4]. 

 

Different from viscosity, the conductivity of ILs decreases initially upon addition of LiBF4, and 

then increases with increasing 
4LiBFx  following the order: neat [MPI][BF4] > (

4LiBFx = 0.0672) > (
4LiBFx = 

0.1111) > (
4LiBFx = 0.1543) > (

4LiBFx = 0.2054) > (
4LiBFx = 0.2503). For the relationship of  vs. T, the Ea, 

ΔS, and ΔH values evaluated using the slope (-Ea/R) of the Arrhenius and Eyring equations for the ILs 
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are summarized in Table 3. Ea, ΔS, and ΔH decrease initially upon addition of LiBF4, and then 

increases with further addition of LiBF4 (
4LiBFx ≥ 0.1111).  

Ionic conductivity is proportional to the concentration of free ions and the mobility of the ions. 

The molar conductivity Λ (S cm
2
 mol

−1
) was obtained by dividing the ionic conductivity by the salt 

concentration according to the following equation: 

 

M



                                                                   (7) 

 

where M, σ, ρ are the respective equivalent weight, specific conductivity, and density of the IL 

mixtures. The temperature dependence of molar conductivity for the IL mixtures is depicted in Figure 

5. The observed temperature dependences of molar conductivity are well fitted by the empirical VTF 

equation: 

 

'
exp[ ]

( )
o

o

B

T T


  


                                                  (8) 

 

where Λo, B’, and To are the fitting parameters. VTF fitting parameters of the molar 

conductivity for the ILs are summarized in Table 4. With regard to the relationship of  vs. T, the Ea, 

ΔS, and ΔH values evaluated using the slope (-Ea/R) of the Arrhenius and Eyring equations for the ILs 

are summarized in Table 5. The Ea, ΔS, and ΔH values of the molar conductivity (Λ) show similar 

tendency with specific conductivity (σ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Dependence of molar conductivity () on temperature for neat [MPI][BF4] and LiBF4-doped 

[MPI][BF4]. 
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Table 4. VTF equation parameters of molar conductivity data (= o exp[-B’/(T - To)], NMR = o 

exp[-B’/(T - To)]) 

 
Molar fraction of LiBF4    NMR 

 o  

/ S cm
2
 mol

−1
 

To/K B’ /K R
2a

  o  

/ S cm
2
 mol

−1
 

To /K B’ /K R
2a

 

neat [MPI][BF4]  23.2 187.9 433.0 0.999  218.3 201.6 540.9 0.999 

4LiBFx = 0.0672 
 

11.5 205.8 316.9 0.999  226.6 199.4 595.1 0.999 

4LiBFx = 0.1111 
 

12.8 201.4 362.4 0.999  364.6 186.7 758.8 0.999 

4LiBFx = 0.1543 
 

21.6 181.4 531.8 0.999  330.3 190.6 738.4 0.999 

4LiBFx = 0.2054 
 

15.8 188.7 479.8 0.999  280.6 193.2 740.6 0.999 

4LiBFx = 0.2503 
 

15.4 189.3 510.1 0.999  437.3 182.2 904.2 0.999 

a
 Correlation coefficient. 

 

Recently, it has been reported that the Walden rule is roughly applicable in ILs, and is a useful 

measure for examination of the ion pairing problem in electrolyte solution. If the viscosity and 

conductivity of the electrolyte obeys Walden’s rule, the ionic conductivity is correlated to viscosity 

using the qualitative approach of Angell et al. [51]: 




 = C                                                         (9) 

 

where C is a temperature-dependent constant, which is called the Walden product.  is the 

slope of the line in the Walden plot, which reflects the decoupling of the ions. The fitted  values of 

the ILs are given in Table 6. The parameter  reflects the difference of the activation energies of the 

ionic conductivity and viscosity. In the present study, all  values are smaller than unity (  < 1), 

indicating that the ionic conductivities of the liquid salts is somewhat diminished as a result of ion-pair 

formation [1].  

Moreover, combining the data from viscosity, conductivity and density measurements we find 

the molar conductivities of ILs with 
4LiBFx = 0, 0.0672, 0.1111, 0.1543, 0.2054, and 0.2503 to be 0.538, 

0.441, 0.361, 0.271, 0.237, and 0.173 S cm
2
 mol

-1
 at 30 

o
C, respectively. Another method that yields 

almost identical values of α is the ratio of the temperature-dependent activation energies for viscosity 

and molar conductivity, Ea,Λ/Ea,η [52]. The activation energies of Ea,Λ and Ea,η are summarized in Table 

3 and Table 5.  

Table 6 compares α  values calculated from the slopes of the Walden plots in Fig. 6 with those 

calculated from the activation energies. The two methods for obtaining α  values are in very good 

agreement. 
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Table 5. The Ea, ΔS and ΔH evaluated by Eyring equation and the relationships of  vs. T and NMR 

vs. T. 

 

 

Table 6. Comparison of the activation energies for the absolute viscosity, Ea,η, and equivalent 

conductance, Ea,. α is from the general Walden plots and αEA is calculated from the ratio of 

the activation energies (Ea, / Ea,η). 

 
Molar fraction of LiBF4  Ea,η / 

kJ mole
-1

 
Ea, / 

kJ mole
-1

 

α αEA 

neat [MPI][BF4]  32.0 20.7 0.639 0.648 

4LiBFx = 0.0672  33.2 19.5 0.586 0.588 

4LiBFx = 0.1111  34.4 20.8 0.602 0.605 

4LiBFx = 0.1543  36.2 22.6 0.620 0.624 

4LiBFx = 0.2054  37.1 22.6 0.611 0.610 

4LiBFx = 0.2503  38.8 24.3 0.631 0.626 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Walden plots for neat [MPI][BF4] and LiBF4-doped [MPI][BF4], where  is the equivalent 

conductivity and -1
 is the fluidity. The solid lines are the result of linear regressions onto the 

data. 

Molar fraction of 

LiBF4 

   NMR 

 Ea/ 

kJ mole
-1

 

ΔS/ 

J mole
-1

 K
-1

 

ΔH/ 

kJ mole
-1

 

 Ea/ 

kJ mole
-1

 

ΔS/ 

J mole
-1

 K
-1

 

ΔH/ 

kJ mole
-1

 

neat [MPI][BF4]  20.70  -190.62  18.01   31.11  -150.29  28.39  

4LiBFx = 0.0672  19.54  -195.94  16.82   33.00  -147.12  30.28  

4LiBFx = 0.1111  20.79  -193.46  18.08   34.51  -144.70  31.79  

4LiBFx = 0.1543  22.58  -190.00  19.86   35.48  -142.62  32.77  

4LiBFx = 0.2054  22.61  -190.38  19.89   37.25  -139.65  34.53  

4LiBFx = 0.2503  24.25  -188.15  21.54   38.69  -137.41  35.97  

log (
-1

 / P
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According to the Walden rule, ILs that possess strongly interacting ions in ILs are usually 

located below the KCl ideal line, due to partial association of neighboring ions. In the present study, 

LiBF4-doped [MPI][BF4] and neat [MPI][BF4] are less than the Λη of the KCl aqueous solution, 

indicating a fraction of ion association in the ILs. Compare the discrepancy from the ideal line of 

Walden plots, the deviation increases significantly with the addition of LiBF4 to [MPI][BF4], implying 

the addition of LiBF4 increases the ion association in the IL mixture. 

 

3.2. Self-Diffusion Coefficient of the Individual ion  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Temperature dependence of the self-diffusion coefficients of ions (a) 
MPI

D  , (b) 
4BF

D  , (c) 

Li
D  , and (d) Dtotal in neat [MPI][BF4] and LiBF4-doped [MPI][BF4]. 

 

Pulsed-field gradient spin-echo (PGSE) NMR measurements were carried out to determine the 

self-diffusion coefficients of individual ion in neat [MPI][BF4] and LiBF4-doped [MPI][BF4]. The 

diffusion coefficients of the 
1
H, 

7
Li, and 

19
F nuclei have been measured as a function of the LiBF4 

mole fraction in [MPI][BF4] and LiBF4 mixtures for 0 < 
4LiBFx < 0.25. For consistency of self-diffusion 

coefficient determination, the hydrogen adjacent to the two nitrogen atoms in imidazolium was 

selected in this study. Fig. 7 shows the temperature dependence of the self-diffusion coefficients of the 
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cation and anion species (
MPI

D  ,
Li

D  , and 
4BF

D  ), and the summation of the cation and anion (Dtotal = 

x
Li

D  +(1-x)
MPI

D  +
4BF

D  ) for these binary IL solutions, the experimental self-diffusion coefficients D 

(cm
2
 s

-1
) and activation energy Ea,D (kJ/mol) for LiBF4-doped [MPI][BF4] and neat [MPI][BF4] are 

summarized in Table 7. As shown in Fig. 7, some of the temperature dependence curves of 

MPI
D  ,

Li
D  , 

4BF
D  and Dtotal cannot be expressed by a simple linear function. However, the Vogel–

Tamman–Fulcher (VTF) equation fits the experimental data very well over the entire temperature 

range.  

 

'
exp[ ]

( )
o

o

B
D D

T T





                                                 (10) 

 

where the constants Do (cm
2
 s

-1
), B’ (K), and To (K) are adjustable parameters. The best-fit 

parameters of the ionic diffusivity are summarized in Table 8 and Table 9. As shown in Fig. 7, the sum 

of the cationic and anionic diffusion coefficients (Dtotal) for the neat [MPI][BF4] and LiBF4-doped 

[MPI][BF4] follows the order: (
4LiBFx = 0) > (

4LiBFx = 0.0672) > (
4LiBFx = 0.1111) > (

4LiBFx = 0.1543) > 

(
4LiBFx = 0.2054) > (

4LiBFx = 0.2503).  

Ionic transference numbers at 303 K are shown in Table 7 to compare the self-diffusion 

coefficients of each ion, the ionic transference number ti [53] is defined as:  

 

i i
i

i i

x D
t

x D



                                                          (11) 

 

The ionic transference number of the MPI
+
 is comparable to that of BF4

–
 in neat [MPI][BF4] at 

all temperatures. However, the ionic transference numbers of the MPI
+
 and Li

+
 increase and the BF4

–
 

decrease with increasing LiBF4 mole fraction in [MPI][BF4] and LiBF4 mixtures. The ionic 

transference numbers of ions in ILs can be ascribed to influence by the shape of the ions and the local 

interaction between the cations and anions [54]. 

 

3.3. Molar conductivity evaluated from the PGSE-NMR diffusion coefficients 

The Nernst-Einstein equation is applied to calculate molar conductivity (NMR) from the PGSE-

NMR diffusion coefficients:  

 

4

2

MPI MPI BF Li Li

NMR

( )Ne x D D x D

kT

     
                             (12) 

 

where N is the Avogadro number, e is the electric charge on each ionic carrier (1.602*10
-19

 

Coulomb), 
MPI

x   and 
Li

x   are the molar ratio of IL and LiBF4, respectively, k is the Boltzmann 

constant (1.38*10
-23

), and T is the absolute temperature (K). The temperature dependence of the molar 
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conductivity calculated from the ionic diffusion coefficient and Eq. 12 is shown in Fig. 8 and the best-

fit parameters of the VTF equation are listed in Table 4. The experimental molar conductivity value 

() is lower than that of the calculated molar conductivity (NMR) over the entire temperature range, 

which has been established as one of the important phenomena associated with ionic liquids [55]. 

 

Table 7. Experimental self-diffusion coefficients D (cm
2
 s

-1
), ion transference number t at 303 K, and 

activation energy Ea,D (kJ/mol) for LiBF4-doped [MPI][BF4] and neat [MPI][BF4]. 

Transference number ti is defined as: ti = xiDi/ΣxiDi. 

 
 ion D / cm

2
 s

-1
 t Ea,D / kJ mole

-1
 

neat [MPI][BF4] MPI
+
 1.4510

-7
 0.509 33.66 

BF4
-
 1.4010

-7
 0.491 33.99 

4LiBFx = 0.0672 MPI
+
 1.0810

-7
 0.513 35.04 

Li
+
 9.7610

-9
 0.0033 36.11 

BF4
-
 9.5010

-8
 0.484 36.40 

4LiBFx = 0.1111 MPI
+
 8.6810

-8
 0.531 36.21 

Li
+
 7.2410

-9
 0.0055 37.19 

BF4
-
 6.7210

-8
 0.463 38.33 

4LiBFx = 0.1543 MPI
+
 7.8610

-8
 0.527 37.56 

Li
+
 6.6110

-9
 0.0081 38.31 

BF4
-
 5.8710

-8
 0.465 38.88 

4LiBFx = 0.2054 MPI
+
 6.0510

-8
 0.540 38.82 

Li
+
 4.6210

-9
 0.0107 39.60 

BF4
-
 4.0010

-8
 0.449 41.25 

4LiBFx = 0.2503 MPI
+
 4.8110

-8
 0.543 40.39 

Li
+
 3.2810

-9
 0.0124 42.42 

BF4
-
 2.9510

-8
 0.445 42.57 

 

Table 8. VTF equation parameters of self-diffusion coefficient data (D = Do exp[-B’/(T – To)]) from 

the MPI
+
 of [MPI][BF4] and BF4

–
 of LiBF4 and [MPI][BF4]. 

 
Molar fraction of 

LiBF4 

 DMPI
+
  DBF4- 

 Do/cm
2
 s

-1
 To (K) B’ (K) R

2a
  Do/cm

2
 s

-1
 To (K) B’ (K) R

2a
 

neat [MPI][BF4]  5.1510
-5 198.3 614.8 0.999  7.8610

-5 188.8 722.9 0.999 

4LiBFx = 0.0672  5.4810
-5 196.4 663.6 0.999  8.4710

-5 187.5 784.3 0.999 

4LiBFx = 0.1111  6.7210
-5 189.2 757.0 0.999  1.2610

-4 180.3 924.5 0.999 

4LiBFx = 0.1543  8.0110
-5 188.4 795.2 0.999  5.5110

-5 197.9 719.4 0.999 

4LiBFx = 0.2054  8.5010
-5 188.1 832.6 0.999  1.0410

-4 184.8 929.9 0.999 

4LiBFx = 0.2503  8.1910
-5

 190.1 839.8 0.999  9.8510
-5 181.3 988.3 0.999 

a
 Correlation coefficient. 
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Table 9. VTF equation parameters of self-diffusion coefficient data (D = Do exp[-B’/(T – To)]) from 

Li
+
 of LiBF4 and (MPI

+
 + BF4

–
 + Li

+
) of (LiBF4 and [MPI][BF4]). 

 
Molar fraction of 

LiBF4 
 DLi

+
  Dtotal 

 Do/cm
2
 s

-1
 To (K) B’ (K) R

2a
  Do/cm

2
 s

-1
 To (K) B’ (K) R

2a
 

neat [MPI][BF4]  --- --- --- ---  1.2610
-4 193.8 664.9 0.999 

4LiBFx = 0.0672  9.5110
-6 184.3 816.8 0.999  1.3210

-4 191.9 722.7 0.999 

4LiBFx = 0.1111  1.0610
-5 179.1 903.6 0.999  2.1710

-4 179.8 900.6 0.999 

4LiBFx = 0.1543  1.0510
-5 182.0 891.4 0.999  2.0010

-4 183.4 881.7 0.999 

4LiBFx = 0.2054  4.4310
-6 199.1 712.8 0.999  1.6010

-4 187.4 866.1 0.999 

4LiBFx = 0.2503  9.8910
-6 184.5 949.7 0.999  1.8610

-4 182.6 955.9 0.999 

a
 Correlation coefficient. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Dependence of molar conductivity (NMR) on temperature for neat [MPI][BF4] and LiBF4-

doped [MPI][BF4]. NMR is calculated from PGSE-NMR diffusion coefficient and Nernst-

Einstein equation. 

 

3.4. Comparison of the dynamic properties depending on temperature 

Fig. 9 shows the activation energies of the reciprocal of viscosity, the ionic conductivity, and 

individual ion diffusion against the LiBF4 concentration. The activation energies for the reciprocal of 

viscosity are larger than those of the ionic conductivity and molar conductivity, however, they are 

smaller than those of individual ion diffusion at 0 < 
4LiBFx  < 0.25. The activation energy of the ionic 

conductivity is comparable to molar conductivity and shows a minimum at a mole fraction of LiBF4 

near x = 0.0672, however, the activation energy of the reciprocal of viscosity and individual ion 

diffusion showed an increased tendency with increasing LiBF4 concentration. The activation energy of 

individual ion diffusion with the LiBF4 concentration is in the order: 
4BF
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increase of the activation energy of the individual ion diffusion with LiBF4 concentration indicates a 

reduction of the translational motions due to the higher viscosity in the concentrated samples. The 

different tendency between the activation energy of the ionic conductivity and individual ion diffusion 

with LiBF4 concentration can be attributed to different types between ionic conductivity and individual 

ion diffusion. Ion diffusion coefficients are measured by PGSE-NMR and consider the isolated, paired, 

and clustered ions including noncharge neutral ion clusters, but the ionic conductivity is affected by 

ion transfer velocity and the number of “electrochemically” active ions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Dependencies of the activation energies of the individual ion diffusion, ionic conductivity, 

and (reciprocal of the) viscosity in neat [MPI][BF4] and LiBF4-doped [MPI][BF4]. 

 

 

 

4. CONCLUSIONS 

We have studied electrical transport and diffusion processes in [MPI][BF4]/LiBF4 mixtures 

with different mole fraction of LiBF4. The density and viscosity in the ILs increased with increasing 

concentration of LiBF4, whereas the conductivity, molar conductivity, and self-diffusion coefficient of 

each ionic species decreased with increasing concentration of LiBF4. The molar conductivities were 

compared for the values obtained by the electrochemical conductivity () and the values calculated 

from the pulsed-gradient spin-echo nuclear magnetic resonance method (diffusive conductivity) 

(NMR). The Λ/ΛNMR values for the LiBF4-doped [MPI][BF4] studied are less than unity, indicating that 

not all the diffusive species contribute to the ionic conduction (i.e. free-ions, ionic pair or/and cluster 

coexist in LiBF4-doped [MPI][BF4]). The different tendency between the activation energy of the Λ 

and ΛNMR with LiBF4 concentration can be attributed to ΛNMR is calculated by PGSE-NMR and 

consider the isolated, paired, and clustered ions including noncharge neutral ion clusters, however, the 

Λ is affected by ion transfer velocity and the number of “electrochemically” active ions. 
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