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 Several ionic liquids containing pyrrolidinium-, oxopyrrolidinium-, piperidinium-, morpholinium- and trialkylammonium-

based cation are synthesized and their thermal property, refractive index, polarity, electrochemical property, and temperature 

dependency of dynamic viscosity, density and ionic conductivity are characterized. All tetrafluoroborate-based room 

temperature ionic liquids studied here have a high ionic conductivity (up to 31.4 mS cm-1). These ILs were successfully used 

as suitable electrolytes for the diffusion coefficient measurement of ferrocene. Absorbance solvatochromic probes Nile red is 

used to investigate the relative polarity of these ionic liquids and compared them with several organic solvents. The relation 

of fluidity to conductance is considered in terms of a Walden plot that is shown to provide a useful basis for organizing the 

applications of solvent media for “green” synthetic reactions. 
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INTRODUCTION 
 

 Room-temperature ionic liquids (RTILs) have been 

considered as novel replacements for traditional organic 

solvents owing to their negligible vapor pressure, these 

substances can be applied as substitutes for toxic, flammable 

and volatile organic compounds [1]. The physical properties 

of RTILs are adjustable by judicious selection of the cation 

and anion. Furthermore, RTILs also exhibit many 

remarkable chemical and physical properties such as large 

liquid range, good thermal stability and wide 

electrochemical windows and etc. In light of their excellent 

physicochemical characteristics, ionic liquids have been 

used for electrode position [2], lithium batteries [3], electric 

double layer  capacitors  [4-6],  solar  cells  [7-8],  catalyst in 

 

*Corresponding author. E-mail: iwsun@mail.ncku.edu.tw  

 

organic synthesis [9-18] and as synthetic solvents and 

lubricants for ‘Green Chemistry’ [19]. 

 Protic ionic liquids (PILs), consisting of combinations of 

Brönsted acids and bases, are a sub-class of ionic liquids 

(ILs), the Brönsted bases function as acceptors of the 

protons of the Brönsted acids and thus act as proton-carriers 

in the liquids. Previously, PILs can function as proton 

conducting material under non-humidified condition and can 

be employed as an electrolyte for non-humidified fuel cell 

[20]. Furthermore, the protic ionic liquids have been used as 

acidic catalysts for the esterification [21], protection reaction 

of aldehyde carbonyls [22], Mannich reaction [23], Biginelli 

condensation [24] and Friedlander annulation [25]. 

 In the past years, great effort has been made to give 

simple models for the prediction of the physical properties 

such as density, viscosity and conductivity of new ILs with 

some empirical parameters obtained from  the  known  series  
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of ILs, and satisfactory results have been reported for certain 

types of ILs [26]. The knowledge of the properties of these 

ionic liquids is of great importance for a comprehensive 

understanding on the ionic structures and the intermolecular 

interactions that are responsible for the behavior of these 

fluids. Furthermore, the accumulation of physical data for 

these substances is essential for choosing or evaluation an 

RTIL for a particular application, that is, their actual 

potential as solvents can be realized.  

 Polarity is a further important property of ILs, because it 

influences the solubility of solutes in ILs, the yield of 

product using IL as solvent in synthetic reaction, and the 

miscibility of ILs with other solvents [27]. Solvatochromic 

probe studies can offer direct information on solvent 

properties, such as polarities, dipolarity/polarizability and 

hydrogen-bond donating/accepting capabilities. To 

determine the polarity of the ILs, several suitable probes 

(solvatochromic dyes), such as Reichardt’s dye, Nile Red 

have been reported [28]. Nile Red has been described as 

displaying positive solvatochromism leading to a large red 

shift in absorption and emission maxima in going from non-

polar solvents to polar solvents [29].  

 Typical ILs are composed of nitrogen-containing cations 

coupled with halides or polyatomic anions. The 

representative cations are imidazoliums, pyridiniums, 

morpholiniums and quaternary ammoniums. The anions are 

usually halides, BF4
-, PF6

- and N(SO2CF3)2
-. Among these 

cations, the ILs with imidazolium cations exhibit higher 

ionic conductivities and lower viscosities, however, 

imidazolium-based ILs shows less electrochemistry stability 

than pyrrolidium-based ILs [30]. Morpholinium salts might 

be applicable to electrolytes for several reasons. For 

instance, when ILs based on a morpholinium cation are used 

as the electrolytes for batteries, the oxygen group in the 

cation could dissociate the Li salts and the ionic 

conductivity might consequently be enhanced. Among the 

anions, the tetrafluoroborate anion is widely used due to its 

competitive properties and low cost. 

 Although tetrafluoroborate-based ILs with various 

cations have been synthesized, no systematic work including 

characterization of their physicochemical properties has 

been done for protic tetrafluoroborate ILs with various 

cyclic amine cations. In this work, several new 

tetrafluoroborate-based ILs with various cyclic amine cation 

are reported, and their physicochemical and electrochemical 

properties are studied in detail. 

 
 
EXPERIMENTAL 
 
Chemicals 
 All starting materials were purchased from Aldrich, 

Lancaster, TCI, and Acros and used as received. Solvents 

were freshly distilled prior to use according to the literature 

procedure. 

 

Measurement 
 The conductivity (σ) of the ionic liquid was 

systematically measured with a conductivity meter LF 340 

and 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. Densities of ionic liquids were measured 

gravimetrically with a 1 ml volumetric flask. Values for the 

densities are given ± 0.01 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 refractive index 

of the ILs was measured using a commercial refractometer 

from Atago (model PAL-RI). The measurement uncertainty 

of the refractometer is ±0.0003 for refractive index (with 

water as reference at T = 293 K). The refractometer required 

only 0.3 cm3 of the sample. A procedure called ‘‘zero 

setting” was always performed before the actual 

measurements of the sample’s refractive index to ensure that 

the refractometer is working properly. Type I reagent-grade 

deionized water was used in performing the “zero setting” 

procedure. The measurements were done in 3 to 5 replicate 

runs. The melting point of each IL was analyzed by using a 

differential scanning calorimeter (DSC, Perkin-Elmer Pyris 

1) in the temperature range -140 °C to a predetermined 

temperature. The sample was sealed in an aluminum pan, 

and then heated and cooled at a scan rate of 10 °C min-1 

under a flow of nitrogen. The thermal data were collected 

during the second heating-cooling scan. The thermal 

stabilities were measured with TGA (Perkin-Elmer, 7 series 

thermal analysis system). The sample  was  heated  at  20 °C  
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min-1 from room temperature to 800 °C under nitrogen. The 

water content of the dried ILs was detected by a Karl-

Fischer moisture titrator (Metrohm 73KF coulometer), and 

the values were less than 300 ppm. NMR spectra of 

synthetic ionic liquids were recorded on a BRUKER AV500 

spectrometer in D2O and calibrated with tetramethylsilane 

(TMS) as the internal reference. Cyclic voltammetry was 

performed at 25 °C using an electrochemical workstation 

(CH instruments Inc., CHI, model 750A). The 

electrochemical cell consist a glassy carbon working 

electrode, a Pt wire counter electrode, and a Pt quasi-

reference electrode. All electrochemical experiments were 

performed under a dry argon atmosphere to avoid the 

presence of oxygen and air humidity. Absorption spectra of 

Nile Red dissolved in ionic liquids were obtained with a 

Jasco V-550 spectrometer. 

  
Synthetic Procedure of Tetrafluoroborate-Based 
Protic Ionic Liquids 
 The amine compounds were placed in a three-necked 

flask made entirely of glass equipped with a reflux 

condenser, and a dropping funnel. The flask was mounted in 

an ice bath. The acid solutions (e.g., HBF4 is 50% aqueous) 

were added drop wise to the flask under stirring with a 

magnetic bar and stirred for 24 h at 40-60 °C. Then, the 

combined solution was dried in a vacuum at 100 °C to 

remove the water. The produced TSILs were washed 

repeatedly with diethyl ether to remove unreacted material 

and dried in a vacuum again. The structures of the ionic 

liquids prepared and studied in the present work are shown 

in Table 1. 

 1-Methylpyrrolidinium tetrafluoroborate ([PyrMe] 
[BF4]). Yield: 82.4%. 1H NMR (400 MHz, D2O, ppm): 4.07 

(t, 2H, N-CH2-), 3.46 (m, 2H, N-CH2-), 3.33 (s, 3H, N-CH3), 

2.53 (m, 2H, N-CH2-CH2-), 2.43 (m, 2H, N-CH2-CH2-). 

Elem. Anal. Calcd. for C5H12BF4N: C, 34.72%; H, 6.99%; 

N, 8.10%. Found: C, 34.67%; H, 6.93%; N, 8.02%. 

 1-Methyl-2-oxopyrrolidinium tetrafluoroborate 
([PyrOMe][BF4]). Yield: 82.8%. 1H NMR (400 MHz, D2O, 

ppm): 3.25 (t, 2H, N-CH2-), 2.57 (s, 3H, N-CH3), 2.21 (t, 

2H, O=C-CH2), 1.78 (m, 2H, N-CH2-CH2-). Elem. Anal. 

Calcd. for C5H10BF4NO: C, 32.12%; H, 5.39%; N, 7.49%. 

Found: C, 31.96%; H, 5.30%; N, 7.41%. 

 1-Methylpiperidinium tetrafluoroborate ([PipMe] 
[BF4]). Yield: 92.6%. 1H NMR (400 MHz, D2O, ppm): 3.46-

3.42 (t, 2H, N-CH2CH2), 2.95-2.87 (t, 2H, N-CH2CH2),  2.80 

 

 

    Table 1. Protic Ionic Liquids Used in this Study 

Ionic liquids Structure 

[PyrMe][BF4] N
H3C H

BF4
 

[PyrOMe][BF4] N
H3C H

BF4
O

 

[PipMe][BF4] 
N

H3C H

BF4

 

[PipEt][BF4] 
N

C2H5 H

BF4

 

[MorMe][BF4] 
N

H3C H

BF4

O  

[MorEt][BF4] 
N

C2H5 H

BF4

O  

[TPA][BF4] N

C3H7 H

BF4

C3H7 C3H7  

 

 

(s, 3H, N-CH3), 1.89-1.81 (t, 2H, N-CH2CH2), 1.76-1.37 (m, 

4H, N-CH2CH2 and N-CH2CH2CH2). 
1H NMR (400 MHz, 

DMSO, ppm): 3.07 (m, 4H, N-CH2CH2), 2.69 (s, 3H, N-

CH3), 1.68-1.66 (t, 4H, N-CH2CH2), 1.47 (m, 2H, N-

CH2CH2CH2). Elem. Anal. Calcd. for C6H14BF4N: C, 38.54 

%; H, 7.55 %; N, 7.49%. Found: C, 38.29%; H, 7.50%; N, 

7.36%. 

 1-Ethylpiperidinium tetrafluoroborate ([PipEt] 
[BF4]). Yield: 87.7%. 1H NMR (400 MHz, CDCl3, ppm): 

6.60 (br, 1H, -NH), 3.51 (t, 2H, N-CH2-), 3.16 (m, 2H, N-

CH2-), 2.88 (t, 2H, N-CH2-), 1.90 (m, 4H, N-CH2CH2), 1.51 

(m, 2H, N-CH2CH2CH2) 1.36 (t, 3H, N-CH2CH3). Elem. 

Anal. Calcd. for C7H16BF4N: C, 41.83%; H, 8.02%; N, 

6.97%. Found: C, 41.69%; H, 7.97%; N, 6.82%. 

 4-Methylmorpholin-4-ium tetrafluoroborate 
([MorMe][BF4]). Yield: 90.5%. 1H NMR (400 MHz, D2O, 

ppm): 4.14 (t, 2H, O-CH2CH2), 3.84 (t, 2H, O-CH2CH2), 

3.50 (t, 2H, N-CH2CH2), 3.23 (m, 2H, N-CH2CH2), 2.96 (m,  
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3H, N-CH3). Elem. Anal. Calcd. for C5H12BF4NO: C, 

31.78%; H, 6.40%; N, 7.41%. Found: C, 31.59%; H, 6.35%;  

N, 7.31%. 

 4-Ethylmorpholin-4-ium tetrafluoroborate ([MorEt] 
[BF4]). Yield: 85.7%. 1H NMR (400 MHz, D2O, ppm): 4.13-

4.09 (t, 2H, O-CH2CH2), 3.82-3.74 (t, 2H, O-CH2CH2), 

3.53-3.48 (t, 2H, N-CH2CH2), 3.22-3.08 (m, 4H, N-CH2CH2 

and N-CH2CH3), 1.33-1.28 (m, 3H, N-CH2CH3). Elem. 

Anal. Calcd. for C6H14BF4NO: C, 35.50%; H, 6.95%; N, 

6.90%. Found: C, 35.37%; H, 6.89%; N, 6.81%. 

 Tripropylammonium tetrafluoroborate ([TPA][BF4]). 
Yield: 87.2%. 1H NMR (400 MHz, D2O, ppm): 3.02 (t, 6H, 

N-CH2CH2CH3), 1.64 (m, 6H, N-CH2CH2CH3), 0.89 (t, 9H, 

N-CH2CH2CH3). Elem. Anal. Calcd. for C9H22BF4N: C, 

46.78%; H, 9.60%; N, 6.06%. Found: C, 46.75%; H, 9.57%; 

N, 6.02%. 

 
RESULTS AND DISCUSSION 
 
 The tetrafluoroborate-based protic ILs are synthesized by 

proton transfer between a Brönsted acid and a Brönsted 

base. An equimolar amount of acid and base, either neat or 

in an aqueous solution, are reacted together. The basic 

physicochemical data of ionic liquids are important for the 

design of cleaner technological processes and a better 

understanding of the interactions in this kind of compounds.  

 The thermal and physicochemical properties of these 

tetrafluoroborate-based ILs, including thermal 

decomposition temperature, phase transition temperature, 

viscosity, density, and conductivity are indicated in Table 2. 

Each ionic liquid used for  physical  property  measurements  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

was dried under vacuum at 80 °C for 24 h before use. The 

concentration (C) is evaluated from the molecular weight 

(Mw) and experimental density (d) using the following 

equation: 

 

 
w

d
C

M
=                                     (1) 

 
Thermal Properties  
 The good thermal stability of these compounds enables 

their potential use for example as phase-transfer catalysts 

and electrolytes. Thermogravimetric analysis (TGA) 

provides information concerning thermal stability. Figure 1 

shows the thermogravimetric traces of tetrafluoroborate 

containing ILs, the thermal decomposition temperatures (Td) 

of 10% weight loss are listed in Table 2. The decomposition 

started at temperatures 207-295 °C and the compounds 

decomposed mainly in one stage. The Td of these ILs has 

some relationship with the cations; the thermal stability of 

cations is pyrrolidium, piperidinium, morpholinium > 

tripropylammonium > oxopyrrolidinium. Cyclic amine 

cations (pyrrolidium, piperidinium, morpholinium) show the 

best thermal stability, the incorporation a keto unit into 

cyclic amine cation decrease the thermal stability 

significantly. These ionic liquids have potential usage as 

alternative to conventional organic solvents due to their 

thermal stability.  

 The melting point (Tm), glass transition point (Tg) of the 

ILs determined by DSC were summarized in Table 2. By 

inspecting the transition temperatures as a function of the 

cation,   it    can   be    noted     that    the    Tg    and    Tm   of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Table 2. Physicochemical and Thermal Properties of Tetrafluoroborate Based ILs. 

 

Ionic liquids 
Mw 

(g mol-1) 

Tg 

(°C) 

Tc 

(°C) 

Ts-s 

(°C) 

Tm 

(°C) 

Td
b 

(°C) 
ρ

a 

(g cm-3) 

C 

(mol dm-3) 

η 

(mPa s) 

σ 

(mS cm-1) 

Λ 

(S cm2 mol-1) 

[PyrMe][BF4] 172.96 -105 - -59 -33 282 1.250 7.23 27.7 31.4 4.345 

[PyrOMe][BF4] 186.94 - 70 -46 - 24 207 1.325 7.09 151.7 2.14 0.3019 

[PipMe][BF4] 186.99 -101 - -9 25 295 1.272 6.80 139.8 8.19 1.2966 

[PipEt][BF4] 201.01 -94 - -27, -18 80 292 - - - - - 

[MorMe][BF4] 188.96 -74 -38, -27 -5 29 257 1.349 7.14 287.3 3.12 0.4574 

[MorEt][BF4] 202.99 -84 - - 21 288 1.294 6.37 216.2 3.2 0.5822 

[TPA][BF4] 231.08 - - - 25 250 - - - - - 
   aDensity (ρ), concentration (C), viscosity (η), conductivity (σ) and molar conductivity (Λ)  are  measured  at  30 °C.    

   bDecomposition temperature of 10% weight los. 
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  Fig. 1. Thermogravimetric trace for  the tetrafluoroborate-   

       based  ILs: [PyrMe][BF4] (——), [PyrOMe][BF4]  
       (······),  [PipMe][BF4] (------), [PipEt][BF4] (−··−··),  

       [MorMe][BF4] (―――), [MorEt][BF4] (−·−·), and  

       [TPA][BF4] (−−−). 

 

 

oxopyrrolidinium-based ionic liquid [PyrOMe][BF4] (-70 °C 
and 24 °C, respectively) are higher than pyrrolidinium-based 
ionic liquid ([PyrMe][BF4], Tg = -105 °C, Tm = -33 °C). The 
typical DSC thermograms are reported in Fig. 2.  
 [MorMe][BF4] exhibits both glass transition and melting 
temperature (Tg = -74 °C, Tm = 29 °C), samples such as 
pyrrolidinium- and piperidinium-based ILs exhibit multiple 
solid-solid transitions (Ts-s) prior to Tm ([PyrMe][BF4], Ts-s = 
-59 °C, Tm = -33 °C; [PyrEt][BF4], Ts-s = -27, -18 °C, Tm = 
80 °C). On the other hand, [MorMe][BF4] (Tc = -38, -27 °C) 
shows a substantial supercooling behavior as the freezing 
points of the samples are significantly lower than the 
corresponding melting points (Tm = 29 °C). The melting 
temperature difference of [MorMe][BF4] and [MorEt][BF4] 
can be attributed to (1) [PipEt][BF4] exhibits multiple solid-
solid transitions (Ts-s = -27, -18 °C) prior to melting point 
(Tm = 80 °C), the multiple solid-solid transitions disperse 
some binding energy of ionic liquid; (2) The incorporation 
of oxygen atom in [MorEt][BF4] is more flexible, flexible 
chain facilitates the ionic liquid to melt at lower 
temperature; (3) The incorporation of oxygen atom in 
[MorEt][BF4] exhibits a larger cation size than [PipEt][BF4], 
smaller cation ([PipEt][BF4]) possesses stronger ion bonding 
ability than larger cation ([MorEt][BF4]). 
 
Densities of Ionic Liquids 
 Densities of  the  ILs  as  a  function  of  temperature  are 

 

 
Fig. 2. Selected DSC thermogram of ILs [PyrMe][BF4]  

      (——),  [PipEt][BF4] (······), and [MorMe][BF4]  

    (------) obtained from DSC heating experiment. 

 

 
shown in Fig. 3. As expected, densities decrease linearly 
with increasing temperature, and can be correlated by the 
following equation: 
 

ρ = A + BT                                 (2) 
 

where ρ is the density, A and B are adjustable parameters, 
and T is the absolute temperature. The best linear fitting 
parameters are gathered in Table 3. 
 The morpholinium-based ionic liquid has a higher 
density ([MorMe][BF4]: ρ = 1.349 g cm-3 at 30 °C) than 
those of pyrrolidinium- and piperidinium-based ionic liquids 
([PyrMe][BF4]: ρ = 1.250 g cm-3 at 30 °C; [PipMe][BF4]:     
ρ = 1.272 g cm-3 at 30 °C). This shows that higher-density 
liquids have a denser structure. In morphiline-based RTIL, 
the electron rich oxygen part likely interacts with other 
organic cations. For methyl and ethyl group substitutions in 
morpholinium-based ionic liquid, [MorEt][BF4] has lower 
density (ρ = 1.294 g cm-3 at 30 °C) than [MorMe][BF4] (ρ = 
1.349 g cm-3 at 30 °C), implying ethyl group substitutions in 
morpholine-based ionic liquid decreases the intermolecular 
packing and therefore decreases the density. For 
pyrrolidinium- and oxopyrrolidinium-based ionic liquid 
([PyrMe][BF4] and [PyrOMe][BF4], respectively), the 
incorporation of keto group has higher density owing to the 
electron rich oxygen part likely interacts with other organic 
cations  or   the   two   ILs   may   have  similar  packing  but  

www.SID.ir



Arc
hi

ve
 o

f S
ID

 

 

 

Wu et al. 

 154 

 

Fig. 3. Temperature dependence of density data for the ILs:   

      [PyrMe][BF4] (●), [PyrOMe][BF4] (○), [PipMe][BF4]         

      (▼), [MorMe][BF4] (∆), and [MorEt][BF4] (■). 

 

[PyrOMe][BF4] has a heavy oxygen atom.  

 

Refractive Index of Ionic Liquids 
 The refractive index is related to the polarizability/ 

dipolarity of the  environment.  Data  related  to  the  studied 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ionic liquids are shown in Table 4. These results are quite 

comparable to values for typical organic solvents and similar 

to the values reported for the previously reported 

tetrafluoroborate-based ILs [31].  

 The molar refraction, Rm, is a useful property to the 

understanding of a pure component since it provides an idea 

of the hard core volume of 1 mole of species. The molar 

refraction of the liquid was calculated from experimental 

data of both density and refractive index at the studied 

temperatures using the Lorentz-Lorenz relation [32]. 

 

 Rm = (nD
2 -1)/(nD

2 +2)·Ve                       (3) 

 

where nD is the measured refractive index, and Ve is the 

molar volume of the RTIL which was calculated from the 

experimental density using Ve = M /ρ, where M is the molar 

mass and ρ is the density, which in this case is a function of 

temperature. 

 The refractive index and molar refraction of ILs are 

gathered in Table 4. The comparison with the isomeric ILs 

indicates that not only the molar refraction but also the 

molar volume for [PyrMe][BF4] is smaller than the values 

found        for        [PyrOMe][BF4],       [PipMe][BF4]      and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                    Table 3. The Adjustable Parameters of Density for ILs 
 

Ionic liquids A 104B R2a 

[PyrMe][BF4] 1.451 -6.590 0.9990 

[PyrOMe][BF4] 1.560 -7.702 0.9998 

[PipMe][BF4] 1.474 -6.579 0.9996 

[MorMe][BF4] 1.557 -6.802 0.9997 

[MorEt][BF4] 1.489 -6.402 0.9999 
                                aCorrelation coefficient. 

 

 

      Table 4. The Refractive Index and Molar Refraction of Ionic Liquids at 27 °C 

 

Ionic liquids Refractive index 

nD 

Molar refraction 

Rm (cm3*mol-1) 

Density 

ρ
 (g cm-3) 

Molar volume 

Ve  (cm3*mol-1) 

[PyrMe][BF4] 1.4148 34.544 1.253 138.004 

[PyrOMe][BF4] 1.4396 37.044 1.329 140.669 

[PipMe][BF4] 1.4301 37.845 1.277 146.472 

[MorMe][BF4] 1.4275 35.896 1.353 139.666 

[MorEt][BF4] 1.4346 40.809 1.297 156.515 
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[MorMe][BF4]. 

 Refractive indices n for the {[PipMe][BF4] + water} 

binary mixtures as function of composition over the whole 

mole fraction range and at T = 27 °C are reported in Table 5. 

The deviation of n from the additivity rule on volume 

fraction basis (‘‘ideality”), 	φn is given by: 
 
 	φn = n - φ1n1 - φ2n2                                          (4) 

 

where φ1 and φ2 are the volume fractions of component 1 

([PipMe][BF4]) and 2 (water), respectively. Values of n, nD
id 

(nD
id = φ1n1 + φ2n2), and 	φn for the binary mixtures are 

displayed in Table 5 and 	φn is plotted in Fig. 4 against the 

volume fraction over the whole composition region. It 

shows that the 	φn are asymmetric and negative over the 

entire composition range. 

 The values of 	φn were fitted to a Redlich-Kister type 

[33] polynomial equation. 
 

 
4

1 1 1
0

n (1 ) (1 2 )kk
k

x x A xφ
=

∆ = − −∑                      (5) 

 

where the coefficients of Ak are adjustable parameters which 

were obtained by fitting the equations to the experimental 

values with a least-squares method. 

 The correlated results for 	φn, including the values of the 

parameters Ak together with  the  standard  deviation σ,  were 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Fig. 4. Deviation  of  	φn  for  the  binary systems:  

        {[PipMe][BF4] + water}   as   a  function  of  

        [PipMe][BF4]  mole fraction composition,  x1, at  

        27 oC. The symbols represent experimental values,  

        and the solid curves represent the values calculated  

        from Eq. (5). 
 
 
given in Table 6, in which the tabulated standard deviation σ 

was defined as follows, 

 

 
2

exp cal 1/ 2( n - n )
[ ]

m n
φ φσ

Σ ∆ ∆
=

−
                       (6) 

 

 

 

 

 

 

 

 

 

 

                Table 5. The Refractive Index, Ideal nD
id, Deviation from Ideality 	φn for the 

                       Binary Mixtures of {[PipMe][BF4] + Water}  as  a  Function of 

                       [PipMe][BF4] Mole Fraction Composition, x1, at 27 °C (n ± 0.0003) 

 

x1 n nD
id ∆φn 

1 1.4301 1.4301 0 

0.885 1.4271 1.4286 -0.00148 

0.756 1.4215 1.4264 -0.00487 

0.583 1.4086 1.4222 -0.01358 

0.396 1.3887 1.4147 -0.02601 

0.273 1.3741 1.4060 -0.03194 

0.188 1.3627 1.3962 -0.03357 

0.136 1.3541 1.3873 -0.03323 

0.096 1.3477 1.3778 -0.03001 

0.059 1.3415 1.3655 -0.02404 

0.028 1.3369 1.3511 -0.01429 

0 1.3327 1.3327 0 
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where m is the number of data points and n is the number of 

estimated parameters. The subscripts, “exp” and “cal”, 

denoted the experimental and the calculated value of 	φn, 

respectively [34]. The relative deviation between the 

experimental and calculated value of all data point was less 

than 0.04. As seen from Table 6, the experimentally derived 

	φn were correlated satisfactorily by the Redlich-Kister 

equation.  
 
Viscosities of these Protic ILs 
 The viscosity of an ionic liquid is a very important 

parameter in electrochemical studies due to its strong effect 

on the mass transport rate within solution. As shown in Fig. 

5, the temperature dependency of the dynamic viscosity 

values has been fitted using the Vogel-Tammann-Fulcher 

(VTF) equation [35] since it presents concave curved 

profiles.  

 

 exp[ ]
( )o

o

B

T T
η η=

−
                            (7) 

 

where T is the absolute temperature; and ηο, B and To are 

adjustable parameters. The best-fit ηo (cP), B (K), and To (K) 

parameters are given in Table 7. The 5 ILs were very well fit 

by the VTF model over the temperature range studied, and 

the ηo, B, and To values did not show a distinct relationship 

with the viscosity values. 

 The    viscosity    values    pronounced    decrease   when 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

temperature begins to increase until they achieve a gentle 

descent at high temperatures. The viscous behavior of ionic 

liquids can be understood by the interplay of Columbic and 

Van der Waals interactions as well as hydrogen bond 

formation [36]. The trends in the evolution of viscosity with 

the structure of the cations and the anions in many aspects 

have some relationship with those observed for density.  

 The pyrrolidinium-based ionic liquid possesses the 

lowest viscosity compared to oxopyrrolidinium-, 

piperidinium- and morpholinium-based ionic liquids. In the 

ionic liquid, smaller ions were revealed to migrate faster 

under the same molecular motion. Particularly the 

contribution of the keto and morpholinium unit to the 

viscosity increase is strong. Oxopyrrolidinium- and 

morpholinium-based ionic liquid exhibit higher viscosity 

([PyrOMe][BF4], η = 151.7 mPa s; [MorMe][BF4], η = 

287.3 mPa s at 30 °C) than the pyrrolidinium-based ionic 

liquid ([PyrMe][BF4], η = 27.7 mPa s at 30 °C). The 

viscosity values of these cations follow the order: 

morpholinium (216.2-287.3 mPa s at 30 °C) > 

oxopyrrolidinium (151.7 mPa s at 30 °C) > piperidinium 

(139.8 mPa s at 30 °C) > pyrrolidinium (27.7 mPa s at 30 

°C). Although several literatures [37] show that the viscosity 

would increase as the size of the non-polar part of the 

cations (methyl and ethyl substitution in morpholinium) 

becomes larger, [MorEt][BF4] possess lower viscosity (η = 

216.2 mPa s at 30 °C) than [MorMe][BF4] (η = 287.3 mPa s 

at 30 °C). 

        Table 6. Redlick-Kister Fitting Coefficients Ak and the Standard Deviation σ of the 	φn for the 

               binary mixtures of {[PipMe][BF4] + water} systems at 27 °C 

 

Properties A0 A1 A2 A3 A4 σ 

	φn -0.0847 -0.11 0.0421 -0.1456 -0.308 0.014 

 

 
             Table 7. VTF Equation Parameters of Viscosity for ILs. (η = ηo exp[-B/(T - To)]) 

 

Ionic liquids ηo (mPa s) To (K) B (K)a R2b 

[PyrMe][BF4] 0.1838 131.2 871.4 0.999 

[PyrOMe][BF4] 0.07803 187.1 878.3 0.999 

[PipMe][BF4] 0.4542 191.7 640.9 0.999 

[MorMe][BF4] 0.2292 191.4 803 0.999 

[MorEt][BF4] 0.559 206 594.3 0.999 
                    aActivation energy (kJ mol-1). bCorrelation coefficient. 
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Fig. 5. Dynamic viscosity (η) as a function of  temperature  

     for  ILs [PyrMe][BF4]  (●), [PyrOMe][BF4]  (○),  

    [PipMe][BF4]  (▼),  [ MorMe][BF4]  (∆),  and   

   [MorEt][BF4] (■). (a) η vs. T; (b) lnη vs. 1000 T-1. 

 

 
Conductivites of these Protic ILs 
 Ionic conductivity is one of the most important 

properties of ILs considered as electrolytes. It is well known 

that the ionic conductivity is the function of both carrier ion 

number and the mobility. The evolution of conductivity can 

be attributed to several factors, such as the geometrical and 

electronic structure of the cation and anion, hydrogen-bond 

interactions, diffusion coefficient of the proton, and lower 

viscosity of these ILs. 

 The temperature dependence of conductivity for these 

protic ionic liquids is depicted in Fig. 6. At a fixed 

concentration, the  ions  move  faster  at  higher  temperature  

 

 

   Fig. 6. Dependence  of  specific conductivity (σ) on  

         temperature  for  the  ILs [PyrMe][BF4] (●),  

         [PyrOMe][BF4]   (○),   [PipMe][BF4]  (▼),  

         [MorMe][BF4] (∆), and [MorEt][BF4] (■). (a) σ  

          & T; (b) ln σ & 1000 T-1. 
 

 

due to the relatively lower viscosity of the mixture. From 

Fig. 6a, the temperature dependency of the ionic 

conductivity shows a concave-curved profile, the electrical 

conductivity presents an exponential behavior with 

temperature for all ILs measured. To explore this behavior, 

the natural logarithm of σ vs. the inverse of absolute 

temperature, i.e. lnσ vs. 1/T was plotted in Fig. 6b. 

 From the measured electrical conductivity σ (S m-1), the 

values of Λ (m2 S mol-1) are evaluated as in Eq. (8): 

 1000( )
C

σΛ =                                  (8) 

a 

b 
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where C (kmol m-3) is the molar concentration of the 

solution. 

 The observed temperature dependence of conductivity is 

consistent with glass-forming liquids, and is often best 

described by the empirical Vogel-Tammann-Fulcher (VTF) 

equation [35]: 

 

 '
exp[ ]

( )o
o

B

T T
σ σ −=

−
                            (9) 

 

where σo, B’, and To was the fitting parameter, a factor 

related to the activation energy, and ideal glass transition 

temperature, respectively. VTF fitting parameters of the 

ionic conductivity for these protic ILs are summarized in 

Table 8. Like the viscosity, the temperature dependence of 

conductivity for the 5 ILs well fit the VTF model over the 

temperature range studied. The σo, To, B value did not show 

any distinct relationships with the conductivity of these ILs. 

From Table 2, it is worth to note that the conductivity values 

of smaller cation size (pyrrolidinium-based ionic liquid) 

possesses higher conductivity than those of the 

corresponding piperidinium- and morpholinium-based salts 

at 30 °C. For instances, [PyrMe][BF4] possesses higher 

conductivity (31.4 ms cm-1) than that of [PipMe][BF4] (8.19 

ms cm-1) and [MorMe][BF4] (3.12 ms cm-1). Moreover, the 

incorporation of keto substitution to pyrrolidinium-based 

ionic liquid ([PyrOMe][BF4]) decreases the conductivity 

significantly. The viscosity and diffusion velocity of ion are 

major contribution of macroscopic behavior in ionic liquid, 

hence higher viscosity of [PyrOMe][BF4] has lower 

conductivity. 

 The merits of the Walden plot is to organize the different 

possible relations between the conductivity per mole of 

charge (i.e., the molar conductivity Λ) and the fluidity φ =   

η-1 (where η is the viscosity) of ionic liquids [38]. In this 

study, five solvent-free ionic liquids  can  be  well  described 

 

 

 

 

 

 

 

 

 

 

 

 
 
by correlating the temperature-dependent fluidity with molar 

conductivity according to the modified Walden’s rule. The 

Walden plot (ln(molar conductivity) vs. ln(1/η)) shows the 

relationship between conductivity and viscosity. The molar 

conductivity Λ of the electrolyte is defined as the following 

equation: 

 

 Λ = Veσ                                    (10) 
 
where Ve is the molar volume of the salt.  

 When the conductivity is strongly correlated with the 

viscosity, the Walden product can be written in the form: 

 

 Ληα = C                                   (11) 

 

where C is a constant and α is the slope of the line in the 

Walden plot, which reflects the decoupling of the ions. The 

Walden plots (Fig. 7) shows the variations of ln(Λ) vs. ln  

(η-1) for the ILs. The fitted α values of these ionic liquid are 

[PyrMe][BF4] (α = 0.860), [PyrOMe][BF4] (α = 0.821), 

[PipMe][BF4] (α = 0.857), [MorMe][BF4] (α = 0.896), and 

[MorEt][BF4] (α = 0.907). Most of these values are smaller 

than unity (α < 1), as predicted by the ideal Walden rule, 

implying a progressive augmentation in the quantity of less 

conductive ion pairs with increasing temperature [39]. 

 In the absence of any strong ion-ion interactions, the 

slope should be unity. If the liquid can be represented as an 

ensemble of independent ions, the Walden plot will 

correspond closely with the ideal line. To fix the position of 

the “ideal” Walden line, we include some data for dilute 

aqueous KCl solutions in which the system is known to be 

fully dissociated and to have ions of equal mobility [40]. For 

the unit chosen, the ideal line runs from corner to corner of a 

square diagram. First, we note that, for ionic liquids, the 

most favorable systems will have their ambient-temperature 

values located in the top right-hand corner of the diagram.  

 

 

 

 

 

 

 

 

 

 

 

            Table 8. VTF Equation Parameters of Conductivity for ILs. (σ = σo exp[-B’/(T - To)]) 

 

Ionic liquids σo (mS cm-1) To (K) B’ (K) R2b 

[PyrMe][BF4] 712.8 189.5 363.9 0.999 

[PyrOMe][BF4] 188.6 236.0 313.8 0.999 

[PipMe][BF4] 1666.7 170.3 736.2 0.999 

[MorMe][BF4] 769.2 212.1 514.5 0.999 

[MorEt][BF4] 833.3 206.4 542.6 0.999 
                    aCorrelation coefficient. 
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   Fig. 7. Walden plots for  tetrafluoroborate-based  ILs  

         [PyrMe][BF4]   (●),  [PyrOMe][BF4]   (○),  

         [PipMe][BF4]  (▼),  [MorMe][BF4] (∆),  and  

         [MorEt][BF4] (■),  where Λ is  the  equivalent  

         conductivity and η-1 is the fluidity. The ideal line  

         runs from corner to corner of a square diagram is  

         generated from data obtained in aqueous 0.01 M  

         KCl solution. 

 
 
 These will be the systems in which high fluidities are 

combined with high conductivities. The relation of fluidity 

to conductance is considered in terms of a Walden plot that 

is shown to provide a useful basis for organizing the 

applications of solvent media for “green” synthetic reactions 

[41]. 

 The   curves   for   oxopyrrolidinium-based ionic    liquid  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[PyrOMe][BF4] has poor ionicity owing to the incorporation 

of keto unit. However, four tetrafluoroborate-based ILs 

([PyrMe][BF4], [PipMe][BF4], [MorMe][BF4], and 

[MorEt][BF4]) are close to the ideal KCl line, implying even 

faster transport of ions in consideration of the incomplete 

decoupling of ions in ionic liquids [42], such ions could 

serve as the proton transporting particles in high-

temperature fuel cells.  

 

Electrochemical Window 
 The electrochemical windows of the ILs determined 

from their cyclic voltammograms are listed in Table 9 and 

typical cyclic voltammograms are represented in Fig. 8. 

When the potential changes from 0.45 to -2.75 V (vs. 

Fc/Fc+) for [PyrMe][BF4], no redox peak is observed, that is, 

the electrochemical window of the ionic liquid is about 3.2 

V. The cathodic stability of these materials is mainly 

determined by the potential at which the reduction of the 

cations takes place. The reduction process is expected to 

mainly involve the positively charged nitrogen in the 

pyrrolidinium, oxopyrrolidinium, piperidiniuim and 

morpholinium ring. From the cathodic limiting potential in 

Table 9, there is no significant relationship from the cation 

of pyrrolidinium, piperidiniuim and morpholinium ring. 

However, the incorporation of electron-withdrawing keto 

unit increases the electron affinity, and the cathodic limiting 

potential of [PyrOMe][BF4] shifts to -2.45 V (vs. Fc/Fc+). 

On the other hand, the anodic stability of these materials is 

mainly determined by the potential at which the oxidation of 

the tetrafluoroborate anion takes place. With regard to the 

anodic  limit,  the  tetrafluoroborate  anion  is  oxidized  at  a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          Table 9. Electrochemical Windows of Ionic Liquids 

 

Ionic liquid 

Cathodic limiting 

potential 

V vs. Fc/Fc+ 

Anodic limiting potential 

V vs. Fc/Fc+ 

Electrochemical 

Window 

V 

[PyrMe][BF4] -2.75 0.45 3.2 

[PyrOMe][BF4] -2.45 0.51 2.96 

[PipMe][BF4] -2.72 0.47 3.19 

[PipEt][BF4] -2.68 0.51 3.19 

[MorMe][BF4] -2.69 0.48 3.17 

[MorEt][BF4] -2.66 0.50 3.16 
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Fig. 8. Cyclic  voltammogram of tetrafluoroborate-based ILs  

     [PyrMe][BF4]   (——),   [PyrOMe][BF4]   (······),  

     [PipMe][BF4]    (------),   [PipEt][BF4]   (−··−··),  

    [MorMe][BF4] (−−−), [MorEt][BF4] (−·−·) relative to  

    Pt reference electrode, with glassy carbon  working  

    electrode  and Pt counter electrode. Potential  was  

    calibrated using the redox potential  of  ferrocene/ 

    ferricenium (Fc/Fc+) redox couple measured in each  

     ionic liquid. 

 

 

relatively low anodic potential, +0.45 ~ 0.51 V vs. Fc/Fc+ 

reference, whereas the pyrrolidinium, piperidiniuim and 

morpholinium show a cathodic reduction at a very negative 

potential, ca., -2.7 V vs. Fc/Fc+ reference.  

 

Diffusion Coefficient of Ferrocene in Ionic Liquids 
 Representative cyclic voltammograms of ferrocene in 

[PyrMe][BF4] are shown in Fig. 9a. The voltammograms 

illustrate an anodic peak due to the conversion of Fe(C5H5)2 

to its oxidized form Fe(C2H5)2
+ is observed at the anodic 

peak potential (Ep
a).                                           

 During the reverse scan, reduction of Fe(C2H5)2
+ occurrs 

and a cathodic peak current (ip
c) is observed at the cathodic 

peak potential (Ep
c). The anodic and cathodic peak 

separation (∆Ep) in the cyclic voltammograms was found to 

be 0.06 V (the ideal value that is indicative of one-electron 

oxidation). 

 The linear dependence of anodic peak current (ip) on 

square root of scan rate (ν
1/2), shown in Fig. 9b confirms the 

oxidation process of ferrocene in [PyrMe][BF4] is diffusion 

controlled. 

 In general, the peak current of diffusion controlled 

reversible electrochemical reaction  follows  Randles-Sevcik  

 

 

Fig. 9. (a) Cyclic voltammograms obtained for 5.00 mM  

      ferrocene in  [PyrMe][BF4] at a  glassy carbon  

       electrode  (1 mm diameter) at  scan rates of 0.01  

       (——), 0.02 (······), 0.05 (------), 0.10 (−··−··), 0.20  

       (―――), 0.35 (−·−·), and 0.5 (−−−) V s-1. (b) The  

      dependence of square root of the scan rate on peak  

       current for oxidation of ferrocene. 

 
 
equation [43],  

 

 1/2 1/2 1/20.4463 ( )p

nF
i nF CAD

RT
ν=                   (12) 

 

where ip is the peak current (in A), n is the number of 

electron equivalents exchanged during the reversible redox 

process (electron stoichiometry), A is the active surface area 

of the working electrode (cm2), D is the diffusion coefficient  
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(cm2 s-1), C is the bulk concentration of the diffusing species 

(mol cm-3), ν is the voltage scan rate (V s-1), F is Faraday’s 

constant, and R is the universal gas constant. The diffusion 

coefficient of ferrocene in ionic liquids follows the order: 

[PyrMe][BF4] (3.83 ×10-7 cm2 s-1 at 303 K) > [PipMe][BF4] 
(1.29 × 10-7 cm2 s-1 at 303 K) > [PyrOMe][BF4] (1.1 × 10-7 

cm2 s-1 at 303 K) > [MorEt][BF4] (0.688 × 10-7 cm2 s-1 at 

303 K) > [MorMe][BF4] (0.334 × 10-7 cm2 s-1 at 303 K). The 

trends in the evolution of diffusion coefficient of ferrocene 

in ionic liquids seem have some relationship with those 

observed for viscosity. 

 The electrochemical behavior of ferrocene in 

[PyrMe][BF4] was further studied using 

chronoamperometry. The chronoamperograms for the 

oxidation of ferrocene in [PyrMe][BF4] at 303 K at various 

constant potentials are shown in Fig. 10a. 

Chronoamperometry was made through the potential step 

from -0.313 V to various values of potential ranging from 

0.187 to 0.287 V. The Cottrell plot showed an 

approximately linear relation in the time domain from 2.5 to 

10 s. The current at the time shorter than 1 s deviated 

upward from the linear line probably because of a delay of 

the potentiostat due to extremely large charging current at a 

short time. The linearity with zero-intercept obtained from 

the plot of i-t-1/2 (Cottrell plot, Fig. 10b) indicates the 

validity of simple diffusion controlled reduction and enables 

the determination of diffusion coefficient of ferrocene in 

ionic liquid using the following equation [43]: 

 

 
1/ 2

1/ 2 1/ 2

nFAD C
i

tπ
=                                 (13) 

 

The symbols have the same meanings as in Eq. (12). The 

diffusion coefficient of ferrocene in ionic liquids follows the 

order: [PyrMe][BF4] (5.75 × 10-7 cm2 s-1 at 303 K) > 
[PipMe][BF4] (1.51 × 10-7 cm2 s-1 at 303 K) > 

[PyrOMe][BF4] (1.32 × 10-7 cm2 s-1 at 303 K) > 

[MorEt][BF4] (0.873 × 10-7 cm2 s-1 at 303 K) > 

[MorMe][BF4] (0.372 × 10-7 cm2 s-1 at 303 K). The values 

obtained from chronoamperometry are larger than those 

from cyclic voltammetry. This is often observed in 

electrochemical studies. 

 The Stokes-Einstein relationship [44] (Eq. (14)) predicts 

a linear dependence of D on the reciprocal of viscosity (η). 

Thus: 

 
6

Bk T
D

πηα
=                                   (14) 

 

 

  Fig. 10. (a)  Chronoamperograms  at  various applied   

         potentials  187 mV (——), 237 mV (······), and  

         287 mV  (------) and (b) Cottrell plot at 287 mV  

         (●) for  ferrocene (5 mM) in  [PyrMe][BF4] at  

         glassy carbon electrode. 

 

 

where kB is the Boltzmann constant, T is the temperature, 

and α is the radii of the diffusing entities. Table 10 

summarizes the calculated Stokes-Einstein product, Dη/T of 

ferrocene in ionic liquids, these values are comparable to 

other Stokes-Einstein product of ferrocene in functionalized 

ionic liquids [emim][NTf2] [45], [mimSBu][NTf2] [45], 

[TEtA][Ac] [46] and [TEtA][Of] [46]. 

 

Polarity Study of Protic ILs with the 
Solvatochromic Dye, Nile Red 
 The  polarity  of  RTILs  is  an  area  of  current research  
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   Table 10. The Calculated Stokes-Einstein Product, Dη/T of Ferrocene in Ionic Liquids 

 

Ionic liquid 107 D (cm2 s-1) η (cp) Temp (K) 1010 ηD/T (g cm s-2 K-1) Ref. 

[emim][NTf2] 5.09a 34.7 294 6.01 [45] 

[mimSBu][NTf2] 1.35a 98.5 294 4.52 [45] 

[PyrMe][BF4] 3.83a 27.7 303 3.50 this work 

[PyrMe][BF4] 5.75b
 27.7 303 5.26 this work 

[PyrOMe][BF4] 1.1a
 151.7 303 5.51 this work 

[PyrOMe][BF4] 1.32b
 151.7 303 6.61 this work 

[PipMe][BF4] 1.29a
 139.8 303 5.95 this work 

[PipMe][BF4] 1.51b
 139.8 303 6.97 this work 

[MorMe][BF4] 0.334a
 287.3 303 3.17 this work 

[MorMe][BF4] 0.372b
 287.3 303 3.53 this work 

[MorEt][BF4] 0.688a
 216.2 303 4.91 this work 

[MorEt][BF4] 0.873b
 216.2 303 6.23 this work 

[TEtA][Ac] 8.1a 11 298 2.99 [46] 

[TEtA][Of] 8.7a 10 298 2.92 [46] 
     aCyclic voltammetry. bChronoamperometry. 

 

 

    Table 11. Wavelengths of Maximum Absorption (λmax) and  Molar Transition Energies (ENR) for Nile Red  

            Dissolved in Ionic Liquids 

 

Ionic liquid λmax (nm) ENR (kcal mol-1) Ref. 

 
NN

Me H

BF4

 
562.3 50.9 [48] 

 
NN

Et H

BF4

 

562.9 50.8 [48] 

 
NN

Bu H

BF4

 
562.8 50.8 [48] 

[PyrMe][BF4] 572.3 50.0 This work 

[PyrOMe][BF4] 589.7 48.5 This work 

[PipMe][BF4] 561.8 50.9 This work 

[MorMe][BF4] 586.3 48.8 This work 

[MorEt][BF4] 583.3 49.0 This work 

Water 593.2 48.2 [49] 

Methanol 549.8 52.0 [49] 

Ethanol 548.8 52.1 [49] 

DMF 541.5 52.8 [49] 

CHCl3 537.4 53.2 [49] 

CH3CN 531.4 53.8 [49] 

Hexane 484.6 59 [49] 
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interest. So far, a wide range of solvatochromic probes have 

been used to assess the solvent polarity scales by 

comparison to well-established empirical solvent scales 

based on molecular liquids [47]. The relative polarity of the 

ionic liquid was assessed using the solvatochromatic dye 

Nile Red. Nile Red shows one of the largest shifts in 

excitation and emission maxima in going from nonpolar 

solvents (in hexane, λmax ~ 484.6 nm) to polar solvents (in 

water, λmax ~ 593.2 nm) (Table 11). These ENR values are 

simply defined as the molar transition energies (in kcal   

mol-1; 1 kcal = 4.184 kJ) of the Nile Red dye, measured in 

solvents of different polarity at room temperature (30 °C) 

and normal pressure (1 bar), according to Eq. (15),  

 

     ENR (kcal mol-1) = (hcNA/λmax) × 106 = 28591/(λmax (nm))                      

                                             (15) 

 

where h is the Planck’s constant, c is the speed of light, NA 

is the Avogadro’s number and λmax is the wavelength of 

maximum absorption (nm). The wavelengths of maximum 

absorption (λmax) and the molar transition energies (ENR) for 

Nile Red dissolved in the ionic liquids are summarized in 

Table 11, along with the values for several widely used 

solvents and imidazole and tetrafluoroborate containing 

protic ionic liquid [48,49] for comparison. The λmax for these 

protic ILs are in the range of 561.8-589.7 nm, and the ENR 

values calculation for these protic ILs are in the range of 

48.5-50.9 kcal mol-1, which shows higher polarity than 

apolar solvent hexane (ENR = 59 kcal mol-1), and polar 

solvent CHCl3 (ENR = 53.2 kcal mol-1), CH3CN (ENR = 53.8 

kcal mol-1), DMF (ENR = 52.8 kcal mol-1), methanol (ENR = 

52.0 kcal mol-1) and ethanol (ENR = 52.1 kcal mol-1), 

demonstrating these ionic liquids to be considered as polar 

solvents.  

 By inspecting the polarity effect of cation species at 30 

°C, the morpholinium-based ionic liquid has a lower ENR 

value (higher polarity) ([MorMe][BF4], ENR = 48.8 kcal  

mol-1) than those of pyrrolidinium- and piperidinium-based 

ionic liquids ([PyrMe][BF4], ENR = 50.0 kcal mol-1; 

[PipMe][BF4], ENR = 50.9 kcal mol-1). Large polarity on 

morpholinium-based cations increases the interactions 

between ions; therefore, morpholinium-based ionic liquids 

have a higher density than those of pyrrolidinium- and 

piperidinium-based ionic liquids. Under similar condition, 

the oxopyrrolidinium-based ionic liquid has a lower ENR 

value (larger polarity) ([PyrOMe][BF4], ENR = 48.5 kcal 

mol-1)   than   those   of   pyrrolidinium-based   ionic  liquids 

 

 

([PyrMe][BF4], ENR = 50.0 kcal mol-1). The dipole moments 

of the donor-acceptor pairs are different in the excited state 

and ground state [50]. The incorporation of keto unit to 

pyrrolidinium stabilized both the ground state and the 

excited state. The excited state is more stabilized by electron 

withdrawing keto unit than the ground state, this leads to a 

red shift of the absorption spectra and higher polarity for 

oxopyrrolidinium-based ionic liquid. As these ILs become 

alternatives for conventional solvents, polarity data will 

become important to the synthetic chemists.  

 
CONCLUSIONS 
 

 Seven ILs containing cyclic ammonium units as cation, 

and tetrafluoroborate unit as anion were designed and 

synthesized. The thermal property, refractive index, density, 

viscosity, conductivity, electrochemical property and 

polarity were measured and investigated in detail. The 

resulting physicochemical properties show that the effect of 

cation identity is preponderant. An investigation of thermal 

property showed that a wide liquid range (up to -105 °C) 

and moderate thermal stability (up to 295 °C for 10% of 

decomposition). [PyrMe][BF4] has low viscosity (27.7 mPa 

s) and high ionic conductivity (up to 31.4 mS cm-1) at 30 °C. 

These ILs was successfully used as a suitable electrolyte for 

the diffusion coefficient measurement of ferrocene, the 

calculated Stokes-Einstein product, Dη/T of ferrocene in 

these tetrafluoroborate-based ionic liquids are comparable to 

those in other functionalized ionic liquids. Polarities were 

measured spectroscopically using Nile red dye. The polarity 

(ENR values) of these tetrafluoroborate-based ionic liquids is 

lower than general organic solvent, such as methanol, 

ethanol, DMF, CHCl3, CH3CN and hexane, but they are 

compared to some imidazolium-based ionic liquids. The 

presented IL characterization study is of importance to 

obtain a better understanding of their application scope.  
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