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ABSTRACT: This paper reports the densities, viscosities, and electrical conductivities of the
two pyrrolidinium ionic liquids, N-methoxymethyl-N-methylpyrrolidinium bis(fluorosulfonyl)-
amide ([Pyr1,1O1][FSA]) and N-butyl-N-methylpyrrolidinium bis(fluorosulfonyl)amide
([Pyr1,4][FSA]), over the temperature range T = (273.15 to 363.15) K at atmospheric pres-
sure. The densities were fitted to polynominals, and the viscosities and electrical conductivities
were analyzed with the Vogel−Fulcher−Tammann and Litovitz equations. The densities and
electrical conductivities of [Pyr1,1O1][FSA] are higher than those of [Pyr1,4][FSA], while the
viscosities of the former salt are smaller than those of the latter. The Walden plots (double
logarithm graph of molar conductivity vs fluidity (reciprocal viscosity)) give the straight lines
with the slopes being 0.91 to 0.94. The present results for [Pyr1,1O1][FSA] and [Pyr1,4][FSA]
are compared with those for the bis(trifluoromethanesulfonyl)amide ([NTf2]

−) analogues,
[Pyr1,1O1][NTf2] and [Pyr1,4][NTf2].

■ INTRODUCTION
Room temperature ionic liquids (ILs) are salts, the melting
points of which are at or below ambient temperatures. They
generally consist of a large asymmetric cation and an organic or
inorganic anion. ILs have some favorable characters: negligible
vapor pressure, nonflamability, high thermal and chemical stability,
a wide electrochemical window, high solubility of certain specific
gases, and so on. Because of these features, ILs have attracted
much attention, for example, as electrolytes in batteries, solvents
for chemical reactions, and media for separation processes. An
understanding of the nature of ILs is of importance for related
technologies; therefore, a large number of investigations have
been performed on the physical and chemical properties of ILs.
Pyrrolidinium-based ILs, a kind of aliphatic quaternary ammonium
ILs, have widely been studied because they are considered as
promising candidates for Li secondary batteries.1−9 Additionally,
ILs with bis(fluorosulfonyl)amide anion ([FSA]−) have shown
more attractive properties (higher electrical conductivities
and lower viscosities) than corresponding ILs with
bis(trifluoromethanesulfonyl)amide ([NTf2]

−).1−4

Our research group has measured accurately the densities,
viscosities,10−12 and electrical conductivities13,14 of imidazo-
lium-based ILs as a function of temperature and pressure. In
addition, such properties of N-methoxymethyl-N-methylpyrro-
lidinium bis(trifluoromethanesulfonyl)amide ([Pyr1,1O1]-
[NTf2]) and N-butyl-N-methylpyrrolidinium bis(trifluoro-
methanesulfonyl)amide ([Pyr1,4][NTf2]) have been recently
investigated over a wide range of temperatures at atmospheric
pressure.15,16 In the present study, the densities, viscosities, and

electrical conductivities of two different pyrrolidinium salts
with the [FSA]− anion, N-methoxymethyl-N-methylpyrrolidi-
nium bis(fluorosulfonyl)amide ([Pyr1,1O1][FSA]), and N-butyl-
N-methylpyrrolidinium bis(fluorosulfonyl)amide ([Pyr1,4]-
[FSA]) have been measured over the temperature range T =
(273.15 to 363.15) K at atmospheric pressure. In addition, the
present results have been compared with those of analogues
pyrrolidinium-based ILs with the [NTf2]

− anion ([Pyr1,1O1]-
[NTf2] and [Pyr1,4][NTf2]).

■ EXPERIMENTAL SECTION
Materials. [Pyr1,4][FSA] (purity: > 99 %, water: <∼30

ppm) was purchased from PIOTREK Co., Ltd. [Pyr1,1O1][FSA]
(purity: > 99 %, water: ∼8 ppm) was prepared at Stella
Chemifa Co., Ltd. as follows: a 31 g aliquot of chloromethyl
methyl ether (Tokyo Chemical Industry, reagent-grade) was
slowly added with stirring to approximately 30 cm3 toluene
solution of 30 g of N-methylpyrrolidine (Tokyo Chemical
Industry, reagent-grade) cooled in an ice bath, and the mixture
was then refluxed at 333 K for 8 h. The mixture was filtered and
dried under reduced pressure, and about 50 g of the solid
product, N-methoxymethyl-N-methylpyrrolidinium chloride
([Pyr1,1O1]Cl), was obtained. Potassium bis(fluorosulfonyl)-
amide, K[FSA], was prepared according to the literature
procedure.17 To replace Cl− by [FSA]−, ∼80 g [Pyr1,1O1]Cl in
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aqueous solution (a water content was 80 g) was mixed with
106 g K[FSA] and stirred vigorously for 1 h. The upper
aqueous phase was decanted and the lower IL layer washed
with water several times and dried under reduced pressure. The
chloride contents of aqueous solutions in contact with the
samples were less than the detection limit of AgNO3 testing. A
sample of 105 g of colorless [Pyr1,1O1][FSA] was obtained. Any
excess water in each IL was further removed by evacuation at
323 K for approximately 30 h just prior to measurements. Dried
ILs were transferred to the closed electrical cell or instruments
by use of an airtight syringe under dry nitrogen or argon. The
water contents of [Pyr1,4][FSA] and [Pyr1,1O1][FSA] were (30
and 8)·10−6 mass fractions, respectively, as determined by Karl
Fischer titration.
Apparatus and Procedure. The instruments and the

experimental equipments were the same as previously described
elsewhere.15 The densities were measured using a vibrating tube
densimeter (Anton Paar, DMA 5000M). The built-in viscosity
correction for this instrument was employed as previously
confirmed by the references with known viscosities.10−12 The
instrumental constants were calibrated using dry air and distilled
water, which was purified by a Millipore Simpli Lab Purification
Pack. The viscosities were determined with a rotating-cylinder
viscometer (Anton Paar, Stabinger SVM 3000). The reliability and
validity of the viscosities were confirmed by measuring the reference
samples supplied by Cannon Instrument Company as described in
the previous study.15 The impedance measurement was performed
with an impedance analyzer (Bio Logic, SP-150). The solution
resistance (Rsol) was obtained from the Nyquist plot by fitting the
measured impedances to the best-fit form of an arbitrary electric
circuit. Both potentiometric and galvanometric procedures gave the
same resistance within the experimental errors. A syringe-type cell
with a pair of platinum electrodes was employed. The cell constant
was 35.4 m−1 at 298.15 K, and the correction for thermal expansion
was made for different temperatures, as stated in the previous
reports.13,14 The sample temperature was kept within 0.01 K at
most in all of the measurements. The expanded uncertainty for the
densities is 0.05 kg·m−3, and those for the viscosities and electrical
conductivities are less than 2 %.

■ RESULTS AND DISCUSSION
The densities (ρ/kg·m−3) at atmospheric pressure for [Pyr1,1O1]-
[FSA] and [Pyr1,4][FSA] are summarized in Tables 1 and 2

and plotted against temperature in the Supporting Information
(Figure S1). The experimental data were fitted to the following
polynomials of temperature:

ρ ·

= − + ·

−

−T T

[Pyr ][FSA]: ( /kg m )

1707.80 1.15327( /K) 4.59221 10 ( /K)

1,1O1
3

4 2 (1)

ρ ·

= − + ·

−

−T T

[Pyr ][FSA]: ( /kg m )

1577.13 1.02691( /K) 4.04125 10 ( /K)

1,4
3

4 2 (2)

The standard errors for the coefficients in the equations were
obtained as follows: ± 0.97, ± 0.00615, and ± 0.09688·10−4 in eq 1;
± 0.93, ± 0.00590, and ± 0.09289·10−4 in eq 2. The residuals
(experimental data − calculated data) for the densities are
shown in Figure 1. The calculated values are in good agreement

with the experimental values over the entire temperature range
of the present study (less than ± 0.005 %). The density of
[Pyr1,4][FSA] at 293.15 K agrees well with the reported value.4

The densities of [Pyr1,1O1][FSA] are larger than those of
[Pyr1,4][FSA]. The ILs with the [NTf2]

− anion have larger

Table 2. Densities ρ, Viscosities η, Electrical Conductivities
κ, and Molar Conductivities Λ of [Pyr1,4][FSA] from T =
(273.15 to 363.15) K at Atmospheric Pressure

T ρ η κ Λ

K kg·m−3 mPa·s S·m−1 μS·m2·mol−1

273.15 1326.81 153.2 0.236 57.3
278.15 1322.77 120.5 0.295 71.9
283.15 1318.75 96.24 0.363 88.6
288.15 1314.76 78.05 0.439 107.7
293.15 1310.79 64.13 0.525 129.2
298.15 1306.86 53.24 0.619 152.7
303.15 1302.94 44.76 0.722 178.7
313.15 1295.18 32.72 0.959 238.8
323.15 1287.50 24.72 1.231 308.3
333.15 1279.89 19.19 1.538 387.4
343.15 1272.35 15.30 1.865 472.7
353.15 1264.88 12.43 2.230 568.3
363.15 1257.47 10.28

Table 1. Densities ρ, Viscosities η, Electrical Conductivities
κ, and Molar Conductivities Λ of [Pyr1,1O1][FSA] from T =
(273.15 to 363.15) K at Atmospheric Pressure

T ρ η κ Λ

K kg·m−3 mPa·s S·m−1 μS·m2·mol−1

273.15 1427.09 67.87 0.460 100.0
278.15 1422.56 55.69 0.554 120.9
283.15 1418.07 46.31 0.659 144.2
288.15 1413.61 39.00 0.772 169.6
293.15 1409.17 33.20 0.898 197.8
298.15 1404.75 28.50 1.033 228.2
303.15 1400.37 24.71 1.178 261.0
313.15 1391.69 19.07 1.492 332.8
323.15 1383.09 15.14 1.841 413.1
333.15 1374.59 12.24 2.222 501.8
343.15 1366.16 10.11 2.636 598.8
353.15 1357.81 8.48 3.068 701.2
363.15 1349.52 7.22

Figure 1. Residuals between the experimental density ρexp and the
calculated density ρcal as a function of temperature T. Circle (open),
[Pyr1,1O1][FSA]; square (open), [Pyr1,4][FSA]; diamond (filled),
[Pyr1,4][FSA] (ref 4). Data points of [Pyr1,1O1][FSA] are covered
with those of [Pyr1,4][FSA].
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densities than those with the [FSA]− anion. Table 3 lists the
molar volumes (Vm/cm

3·mol−1) and expansion coefficients

(β/10−4 K−1) of [Pyr1,1O1][FSA], [Pyr1,1O1][NTf2],
15 [Pyr1,4]-

[FSA], and [Pyr1,4][NTf2]
16 at 298.15 K. [Pyr1,1O1][FSA] has

the smallest molar volumes in the present ILs followed by
[Pyr1,4][FSA], [Pyr1,1O1][NTf2], and [Pyr1,4][NTf2]. The volu-
metric changes with temperature for the ILs with the [Pyr1,1O1]

+

cation and [NTf2]
− anion are more sensitive than those of the

corresponding counterparts; i.e., [Pyr1,4]
+ < [Pyr1,1O1]

+ in a fixed
anion and [FSA]− < [NTf2]

− in a fixed cation. The temperature
dependencies of the densities, viscosities, and electrical con-
ductivities for the present ILs have not been reported, except for
the viscosities and electrical conductivities of [Pyr1,4][FSA].

2

The viscosities (η/mPa·s), electrical conductivities (κ/S·m−1),
and molar conductivities (Λ/μS·m2·mol−1 (≡ κ/c = κM/ρ)) for
the two ILs are listed in Tables 1 and 2. The temperature depen-
dencies of viscosities and electrical conductivites are presented in
the Supporting Information (Figures S2 and S3). Each property
was fitted to the Vogel−Fulcher−Tammann (VFT) equation:

η κ Λ = ′ −A B T T, , or exp ( /( ))0 (3)

and the Litovitz equation:

μ κ Λ = ′ ′A B RT, , or exp( /( ))3
(4)

The coefficients of eq 3 (A, B, and T0) and eq 4 (A′ and B′) are
given in Table 4 with the Angell strength parameter D (= B/T0).
The deviations from the Litovitz equations are smaller than the
estimated experimental uncertainties, except for the viscosities in
high-temperature extremes (see Figure 2 for viscosity and Figure 3
for electrical conductivity). On the other hand, the residuals
between the experimental data and the calculated values from the
VFT equations are smaller than 1 % over the temperature range of
the present study. The squares of the correlation coefficients, R2,
for the VFT equations are very close to unity. The viscosities of
[Pyr1,4][FSA] agree with the literature values at 293.15 K,2,4

although they are a little higher than those reported by Zhou
and co-workers2 at higher temperatures as shown in Supporting
Information (Figure S4). The electrical conductivities of
[Pyr1,4][FSA] measured in the present study are higher than the
previous values2,4 (Figure S5). It is currently unclear what caused
such deviations. One of the possibilities might be differences in
experimental procedures. The replacement of the [NTf2]

− anion
with the [FSA]− anion decreases the viscosities and increases
the conductivities as previously reported.1−4 [Pyr1,1O1][FSA] has
much lower viscosities and higher electrical conductivities than
[Pyr1,4][FSA], and similar effects caused by the introduction of
the ether group have been observed elsewhere.18−20 The
improvements in the transport properties are attributable to a
more flexible methoxymethyl group with a smaller volume than
the butyl group. The Angell strength parameter is also smaller
in the fragile [Pyr1,1O1][FSA] than that in [Pyr1,4][FSA] (Table 4),

while [Pyr1,1O1][FSA] shows the larger Angell strength parameter
than [Pyr1,1O1][NTf2].

15

An empirical Walden product is useful to understand the
relation between the viscosities and the electrical conductivities:

Λη =α C (5)

where α is an adjustable parameter and C is a constant.21−24

Figure 4 shows the logarithmic plots of molar conductivity versus

Table 3. Molar Volumes Vm and Expansion Coefficients β of
the Pyrrolidinium-Based Ionic Liquids with [FSA]− and
[NTf2]

− Anions at 298.15 K

Vm β Vm β

cm3·mol−1 10−4 K−1 cm3·mol−1 10−4 K−1

[Pyr1,1O1]
[FSA]

220.921 6.2605 [Pyr1,4][FSA] 246.694 6.0134

[Pyr1,1O1]
[NTf2] [15]

276.791 6.6060 [Pyr1,4]
[NTf2] [16]

302.875 6.3880

Table 4. Coefficients of the Best Fits for Equations 3 and 4
for the Viscosities η, Electrical Conductivities κ, and Molar
Conductivities Λ

η κ Λ

mPa·s S·m−1 μS·m2·mol−1

[Pyr1,1O1][FSA] ln A −1.528 (0.027) 4.115 (0.010) 9.723 (0.012)

eq 3 B 810.8 (9.5) K −617.5 (3.3) K −666.5 (3.8) K
T0 132.0 (1.0) K 146.9 (0.4) K 142.9 (0.5) K

Da 6.143 (0.119) −4.204 (0.034) −4.664 (0.043)
standard error of
fit/%

0.19 0.08 0.09

[Pyr1,1O1][FSA] ln A′ 0.3544 (0.0171) 2.743 (0.005) 8.213 (0.008)

eq 4 B′/R 7.913
(0.048)·10

7

K3

−7.179
(0.014)·10

7 K3
−7.366
(0.022)·10

7 K3

standard error of
fit/%

1.61 0.43 0.65

[Pyr1,4][FSA] ln A −1.702 (0.018) 4.207 (0.023) 9.917 (0.023)

eq 3 B 905.2 (6.2) K −685.1 (7.2) K −730.8 (7.3) K
T0 138.7 (0.6) K 152.0 (0.8) K 148.6 (0.8) K

Da 6.527 (0.073) −4.508 (0.071) −4.918 (0.076)
standard error of
fit/%

0.13 0.18 0.16

[Pyr1,4][FSA] ln A′ 0.3620 (0.0151) 2.729 (0.003) 8.307 (0.005)

eq 4 B′/R 9.553
(0.042)·10

7

K3

−8.502
(0.007)·10

7 K3
−8.681
(0.012)·10

7 K3

standard error of
fit/%

1.41 0.20 0.37

aAngell strength factor (D = B/T0).

Figure 2. Residuals between the experimental viscosity ηexp and the
calculated viscosity ηcal as a function of temperature T. Circle
(open), [Pyr1,1O1][FSA] for VFT; circle (filled), [Pyr1,1O1][FSA]
for Litovitz; square (open), [Pyr1,4][FSA] for VFT; square (filled),
[Pyr1,4][FSA] for Litovitz; diamond (filled), [Pyr1,4][FSA] (ref 4)
for VFT; diamond (open), [Pyr1,4][FSA] (ref 2) for VFT. Some
data points in ref 2 were out of range (details are shown in the
Supporting Information, Figure S4).
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fluidity (reciprocal viscosity). The slope and intercept corre-
spond to α and log C in eq 5, respectively: they are found to be
0.937 and −0.154 for [Pyr1,1O1][FSA] and 0.913 and −0.067 for
[Pyr1,4][FSA]. The values of α and C are available for similar
analogues with a different anion, [NTf2]

−: 0.930 and −0.182 for
[Pyr1,1O1][NTf2],

15 0.924 and −0.180 for [Pyr1,4][NTf2].
16 The

slopes in the four ILs are smaller than unity, as generally
observed in other ILs,20−23 which indicates that the conductive
flows of ions relatively decrease (increase) with increasing
(decreasing) temperature from the expected values of fluidity.
Angell et al. have pointed out that the data points of “good

ILs” are closer to the ideal line (α = 1, C = 0) than those of
“poor ILs” in the Walden plots.22 [Pyr1,4][FSA] is a so-called
“good IL” and obviously shows better conductivity at a given
fluidity than [Pyr1,4][NTf2] as well as the other ILs studied in
the present work, though the absolute value of conductivity for
[Pyr1,4][FSA] is smaller at a fixed temperature than that for

[Pyr1,1O1][FSA]. The replacement of [NTf2]
− by [FSA]−

effectively improves the Walden relation in [Pyr1,4]
+. Interestingly,

however, this is not the case for [Pyr1,1O1]
+. Structural investiga-

tions such as vibrational and diffraction experiments and molecular
simulations could provide meaningful information about the present
specific results in the ether functionalized cation, [Pyr1,1O1]

+.

■ CONCLUSION
The densities, viscosities, and electrical conductivities of
[Pyr1,1O1][FSA] and [Pyr1,4][FSA] have been measured at
atmospheric pressure and at T = (273.15 to 363.15) K.
Quadratic equations reproduce the densities of the present ILs
within the deviations less than 0.005 %. Both the VFT and the
Litovitz equations were successfully applied to fit the viscosities,
the electrical conductivities, and the molar conductivities. The
deviations between the calculated values from the VFT equa-
tions and the experimental data are less than 1 %. The Walden
plots (log Λ vs log η−1) give the straight lines with slopes of
0.91 to 0.94, which are similar to values found for other ILs. ILs
with the [FSA]− anion show better transport properties (lower
viscosity and higher electrical conductivity) than ILs with the
[NTf2]

− anion. The introduction of the ether group remarkably
increases/decreases the conductivity/viscosity in N-alkyl-N-
methylpyrrolidinium ILs.
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■ LIST OF SYMBOLS
A, B, T0 coefficients in the VFT equation
A′, B′ coefficients in the Litovitz equation
C constant in the Walden product
D Angell strength parameter (= B/T0)
M molecular weight [kg·mol−1]
R gas constant [J·mol−1·K−1]
T temperature [K]
α coefficient in the Walden product
η viscosity [Pa·s]
κ electrical conductivity [S·m−1]
ρ density [kg·m−3]
Λ molar conductivity [S·m2·mol−1]

Figure 3. Residuals between the experimental electrical conductivity κexp
and the calculated electrical conductivity κcal as a function of temperature
T. Circle (open), [Pyr1,1O1][FSA] for VFT; circle (filled), [Pyr1,1O1][FSA]
for Litovitz; square (open), [Pyr1,4][FSA] for VFT; square (filled),
[Pyr1,4][FSA] for Litovitz. Data points in refs 2 and 4 were out of range
(details are shown in the Supporting Information, Figure S5).

Figure 4. Logarithmic projection of the molar conductivity Λ − the
fluidity (the reciprocal viscosity) η−1. Circle (filled), [Pyr1,1O1][NTf2]
(ref 15); circle (open), [Pyr1,1O1][FSA]; square (filled), [Pyr1,4][NTf2]
(ref 16); square (open), [Pyr1,4][FSA]. The solid line represents the
Walden line with α = 1 and log C = 0, and the dashed and dotted lines
are eye guides.
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