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ABSTRACT: Two air and water stable hydrophobic ionic liquids N-alkyl-4-
methylpyridinium bis(trifluoromethylsulfonyl)imide ([C,4mpy][NT£], n = 2,
4) were synthesized and characterized. The density, electrical conductivity, and
dynamic viscosity were measured and estimated in the range of T = (278.1S to
363.15) K. The melting temperature, glass transition temperature, and
decomposition temperature of the two ILs were determined according to the
differential scanning calorimetry (DSC) and thermogravimetric analyzer (TG).
The molecular volume, standard molar entropy, and lattice energy were
estimated in terms of empirical equations on the basis of the density values. The
electrical conductivity and dynamic viscosity values dependence on temperature
were fitted by the Vogel—Fulcher—Tamman equation. The molar conductivity

was calculated by the density and electrical conductivity.
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B INTRODUCTION

In general, ionic liquids (ILs) exhibit outstanding physico-
chemical properties, such as low melting temperature, good
solvation, negligible vapor pressure, high electrical conductivity,
and thermal stability, which make them attractive in some
particular applications. ILs have received more and more
attention as valid potential green substitutes of many volatile
organic solvents.'

Actually, most ILs are hydrophilic, so the hydrophobic ILs
have attracted much more attention from the bis-
(trifluoromethylsulfonyl)imide [NTf,]™ as an anion in some
fields.>® This type of ILs exhibits a very wide liquid range, high
electrical conductivity, and excellent thermal stability. However,
the study of the mentioned ILs mainly focuses on the
imidazolium cation.”™"> Only a few researched the pyridinium
cation-based ILs, and most studies were devoted to the density
and dynamic viscosity."”>'® The systematical research on the
properties including density, dynamic viscosity, electrical
conductivity, and so forth, are still scarce which can provide
the good information of the suitable IL for a specific purpose.

Recently, the basic physicochemical properties of a series of
ILs [C,py][NT£,] (n =2, 3, 4, S, 6) have been reported by our
group.'’ " The basic physicochemical properties, including
melting temperature, glass transition temperature, decomposi-
tion temperature, density, surface tension, electrical conductiv-
ity, and dynamic viscosity, were measured by the traditional
methods. The other physicochemical properties, including
molecular volume, standard molar entropy, lattice energy,
parachor, molar enthalpy of vaporization, interstice volume,
interstice fraction, and thermal expansion coefficient and
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activation energy, were estimated in terms of empirical and
semiempirical equations on the basis of the experimental values.

In this study, the density, dynamic viscosity, and electrical
conductivity of the ILs [C,4mpy][NTf,] (n = 2, 4) were
measured at different temperatures. The basic physicochemical
properties were discussed. The effects of the alkyl chain length
of the cation on density, electrical conductivity, and dynamic
viscosity, respectively, were probed.

B EXPERIMENTAL SECTION

Preparation of [C,4mpy][Br] and [C,4mpy][NTf,] (n =
2, 4). [C,4mpy][Br] (n = 2, 4) was synthesized according to
our previously reported method.’® The final product was
characterized by "H NMR spectra shown in Figures A and B of
the Supporting Information. NMR analysis did not report any
impurities. The ILs [C,4mpy][NTf] (n = 2, 4) were
synthesized according to procedures from the literature.'”'®
The structures were identified by '"H NMR and *C NMR (see
Figures C, D, E, and F of the Supporting Information), and no
impurities were found. The AgNO;/HNO; solution was used
to test the residual Br~
limit of approximately S0 ppm. The final purity of the ILs was
estimated better than 99 % in mass. The reaction equations are
indicated as follows:

and the content below the detection
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Thermodynamic Property. Differential scanning calorim-
etry (DSC) was carried out on NETZSCH DSC 204 at a
heating rate of 10 K-min~" under nitrogen atmosphere over a
temperature window of (153 to 373) K. The temperature was
directly cooled to 153 K by the liquid nitrogen. The
decomposition temperature of the ILs was determined on a
Netzsch TG 209 at a heating rate of 10 K:min™"' under the
nitrogen atmosphere over a temperature range of (313 to 873)
K (see Figures G, H, I, and J of the Supporting Information of
DSC and TG).

Water Content. Although [C,4mpy][NTE,] (n = 2, 4) are
hydrophobic ILs, water still exists in the ILs after drying by
common methods. The presence of water becomes the most
problematic impurity and needs to be confirmed before and
after measurement. The water contents are less than 500 ppm
before measurement and less than 800 ppm after measurement
by a Cou-Lo Aquamax Karl Fischer moisture meter (v.10.06).

Density, Electrical Conductivity, and Dynamic Vis-
cosity Measurements. The density, electrical conductivity,
and dynamic viscosity of the samples were determined
according to a previous paper17_19’21 in the temperature
range of T = (283.15 to 338.15) K for density, T = (298.1S to
363.15) K for dynamic viscosity, and T = (278.15 to 338.15) K
for electrical conductivity, respectively. The values are listed in
Table 1. The experimental error is + 0.0002 g-cm ™ for density.
The uncertainties are about + 1 % for electrical conductivity
and dynamic viscosity.

B RESULTS AND DISCUSSION

Thermal Analysis. From Figures G and I of the Supporting
Information, there are two endothermic peaks for [C,4mpy]-
[NTH%,], which indicated that it probably has the transition from
solid to solid at 278.2 # 0.1 K. There are two exothermic peaks
for [C,4mpy][NTf,] at 235.8 + 0.1 K and 2422 + 0.1 K,
which indicated that it has two crystal forms. The glass
transition temperatures and melting temperatures are listed in
Table 2.

From Figures H and ] of the Supporting Information, the
samples exhibited the excellent thermal stability up to 630.0 K
at the scanning rate of 10 K-min~". The mass loss of the two
ILs is more than 90 % from the onset temperature to the
terminal temperature. The mass losses of 5 %, 10 %, 20 %, 50

Table 2. Molecular Weight and Thermal Properties from the
DSC

MW/g-mol ™" T,/K T,/K
[Cy4mpy] [NTH] 402.32 291.0 + 0.1 198.6 + 0.1
[Cy4mpy] [NTH,] 430.38 2924 + 0.1 195.0 + 0.1

3001

%, 80 %, and 90 % are listed in Table S1, which is shown in the
Supporting Information.

Density. The density of this work is 1.4187 g-em™ for
[C,4mpy][NT£,] at 298.15 K, which has a small discrepancy
with the density value of 1.4122 g-cm™ for [C,4mpy][NTf,]."°

The temperature dependence on the density values in the
range of the measurement can be fitted by the following
equation:

p=A+ BT (1)

where p is the density; A and B are adjustable parameters. The
fitting curves can be obtained (see Figure 1).The best fitting
values and correlation coefficients are listed in Table 3.
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Figure 1. Plot of density, p, vs T/K. M, [C,4mpy][NT£,];
[Cmpy][NTE].

o,

Table 3. Adjustable Parameters A and B, Correlation
Coefficients (R), and Standard Deviations (s) for ILs
[C,4mpy][NTf,] and [C4mpy]|[NTH,], Derived from eq 1,

ILs A B R s
[Cy4mpy][NTE,] 17642 —9.14-107* 0.99976 2.81-107*
[C44mpy] [NT£,] 1.6924 —9.17-107* 0.99971 3.37.107™

A straight line can be obtained by plotting In p against T/K,
and the empirical equation is:

Inp/gem™ = b — a(T/K) (2)

where b is an empirical constant, and the negative value of the
slope, a = —(0 In p/ 0T) , is the thermal expansmn coeflicient
of the sample. The ﬁttmg equations are In p/g-cm™ = 0.5840 —
6.17-107*(T/K), R = 0.99965 for [C,4mpy]|[NTf,] and In p/
gem™ = 0.5441 — 6.52-107*(T/K), R = 0.99985 for
[C,4mpy][NTf,]. The thermal expansion coefficients are
6.17-107* K™* for [C,4mpy][NTf,] and 6.52-10~* K™* for
[C,4mpy][NTHL,], respectively. It increases with the increase of
the alkyl chain length of the catlon. The values are in good
agreement with the range of 5-107* and 7-10* K™ obtained by
Jacquemin et al.'!

The molecular volume, V,,, standard molar entropy, S° and
lattice energy, Upor, were calculated from experimental density
using the empirical equations. The process of the calculation
has been described in previous literature.”' The obtained data
from the empirical equations are listed in Table 4.

dx.doi.org/10.1021/je3004645 | J. Chem. Eng. Data 2012, 57, 2999—3004
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Table 4. Estimated Values of Physicochemical Properties of
[C,4mpy][NTf,] and [C,4mpy][NTf,] at 298.15 K

property [Cy4mpy][NT5,] [Cy4mpy] [NT5,]
MW/g-mol ™! 402.33 430.38
V,,/nm? 0.4479 0.5039
10* a/K™! 6.17 6.52
V/em™3-mol ™ 269.7 303.4
§°/J K -mol™! 587.8 657.6
Upot/KJ-mol " 410 399

From the Table 1 and Figure 1, the values of the density
decrease with the increase of the alkyl chain length of the
cation. From Table 4, the mean contribution of the methylene
to the molecular volume is 0.0280 nm® of the samples
[C4mpy][NT,] (n = 2, 4) at 298.15 K It is in good
agreement with the values of 0.0280 nm® for ILs [C,pyl-
[NT£,],"” 0.0282 nm?® for [C,mim][NT%,],** and 0.0279 nm?
for amino acid type ILs.>*">°

Electrical Conductivity and Dynamic Viscosity. The
dynamic viscosity is 55.14 mPa-s for [C,4mpy][NTf,] at
298.15 K, which is a little different from the dynamic viscosity
of $6.300 mPa-s."*

The electrical conductivity and dynamic viscosity of the
samples as a function of temperature are illustrated in Figures 2
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Figure 2. Plot of electrical conductivity, 6, vs T/K. W, [C,4mpy]-
[NTL]; @, [C,4mpy][NT5].

and 3. From the results, the dynamic viscosity decreases
drastically with the increase of the temperature for each IL.
However, the electrical conductivity behaves inversely. The
dynamic viscosity increases with the extension of the alkyl side
chain of the cation. However, the electrical conductivity greatly
contrasts with the dynamic viscosity. The conclusion can be
obtained that the electrical conductivity decreases with the
dynamic viscosity increase for the samples.

The molar electrical conductivity can be obtained according
to the following equation:

A=oMp™ 3)

where A is the molar conductivity, ¢ is the electrical
conductivity, M is the molar mass, and p is the density. The
values of the molar conductivity are listed in Table 1.
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Figure 3. Plot of dynamic viscosity, #, vs T/K. B, [C,4mpy][NT£,];
®, [C,4mpy][NT£].

The temperature dependence of electrical conductivity,
dynamic viscosity, and molar electrical conductivity values of
the ILs can be fitted using the Vogel—Fulcher—Tamman
(VFT) equation:

D = D, exp(+B/(T - Ty)) 4)

where D is the dynamic viscosity, electrical conductivity, or
molar electrical conductivity; D, and B are adjustable
parameters. The best fitted parameters of D, B, T, correlation
coeflicient, R, and standard deviation, s, are listed in Table S.
From Table §, the obtained values of the correlation coefficient,
R, are more than 0.9999, which indicates that the VFT equation
can be used for fitting the experimental dynamic viscosity and
electrical conductivity.
For electrical conductivity, the Arrhenius equation is:

6 = a,, exp(—E,/(kgT)) (5)

where E, is the activation energy for electrical conduction,
which indicates the energy needed for an ion to hop to a free
hole, o, is the maximum electrical conductivity, and ky is the
Boltzmann constant. The 1000/T dependence on In ¢ was
plotted for ILs [C,4mpy][NTf,] (n = 2, 4) (see Figure 4).
From Figure 4, the curves are not straight lines (the red lines).
So, the values of the experimental do not follow the Arrhenius
behavior well by eq S.

Cabeza et al.”’ have related the fitting parameters of the VET
equation with the Arrhenius equation: D = 6, and B = E/kg,
and the final version of the VFT equation is:

o = a, exp(—E,/(kz(T — T)) (6)

The activation energies of electrical conduction for ILs
[C,4mpy][NTf,] (n = 2, 4) were calculated and are listed in
Table S. From Table 5, the activation energies of electrical
conductivity increases with the extension of the alkyl side chain.

For dynamic viscosity, the 1000/T dependence on In ¢ was
plotted for ILs [C,4mpy][NTf,] (n = 2, 4) (see Figure S)
according to the Arrhenius equation. The Arrhenius equation
is:

n =1, exp(E,/(kT)) )

where E, is the activation energy for viscous flow, 7, is the
maximum dynamic viscosity, and kg is the Boltzmann constant.
From Figure S, the curves do also not form straight lines (the

dx.doi.org/10.1021/je3004645 | J. Chem. Eng. Data 2012, 57, 2999—3004
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Table S. Fitted Values of Dynamic Viscosity, Electrical Conductivity, and Molar Electrical Conductivity of 1y, 6, A, B, E,;, E,

T,, Correlation Coefficients (R), and Standard Deviations (s)

VET equation

property IL
[C4mpy][NT£]
[Cy4mpy] [NTf, ]

n/mPa-s

A/S-cm*mol™! [Cy4mpy][NTH5,] 2.12

[C44mpy][NT1,] 1.78

1o/mPa-s B/K
0.1768 720.6
0.0859 914.6
6p/S-cm™ B/K
6/mS-cm™ [Cy4mpy][NTH,] 0.64 574.6
[C,4mpy] [NTH] 0.50 586.5

107%A,/ S-cm*mol™*

E /eV To/K R s
62.2:1073 160.2 0.99997 0.043
78.9-1073 156.6 0.99996 0.104

E,/eV T,/K R s
49.6-1073 168.5 0.99997 3.36:1072
50.6-1073 180.4 0.99996 3.48-1072
B/K T,/K R s
619.0 164.7 0.99999 1.61-1072
635.6 176.2 0.99999 0.80-1072
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Figure 4. Plot of In ¢ vs 1000/(T/K). M, [C,4mpy][NTL,]; @,
[C,4mpy][NTH£,]. The red line represents the linearized curve.
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Figure S. Plot of In # vs 1000/(T/K). M, [C,4mpy][NTL,]; @,
[C,4mpy][NTH£,]. The red line represents the linearized curve.

red lines). So, the experimental values of the dynamic viscosity
do not follow the Arrhenius behavior well by eq 7.

According to the Cabeza et al?” discussion, the VFT
equation for dynamic viscosity was also related with the
Arrhenius equation, and the final version of the VFT equation
is:

n =1, exp(E,/(ky(T — T,)) (8)

3003

The activation energies of dynamic viscosity for ILs
[C,4mpy][NTf,] (n = 2, 4) were calculated and are listed in
Table S. From Table S, the activation energies of dynamic
viscosity increases with the extension of the alkyl side chain.

The Walden product can be used to describe the relationship
of the molar conductivity and dynamic viscosity:

A=k 9)

where A is the molar conductivity, # is the dynamic viscosity,
and k is a temperature-dependent constant. The Walden
products (in [S-cm*mol™'][cP]) are 67 for [C,4mpy][NTHf,]
and 53 for [C,4mpy][NT£,] at 298.15 K, respectively.

The log A dependence on log 1~ were plotted for ILs
[C,4mpy][NTL,] (n = 2, 4) from (278.15 to 363.1S) K (see
Figure 6). From Figure 6, the curves approximate to straight
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Figure 6. Walden plots for samples at temperatures from (278.15 to
353.15) K: M, [C,4mpy][NTf,]; @, [C,4mpy][NTf,]; the solid
straight line is the ideal line for a 0.01 M aqueous KClI solution.

lines. The slopes of the lines for ILs [C,4mpy][NTf,] and
[C,4mpy][NTf,] are 0.915 and 0.912, respectively. The
position of the ideal line was established using aqueous KCl
solutions at high dilution. The lines for ILs [C,4mpy][NT£,] (n
= 2, 4) lie below and close to the ideal KCI line. The ILs
[C,4mpy][NT£,] (n = 2, 4) are “subionic”.*®

B CONCLUSIONS

The density, dynamic viscosity, and electrical conductivity of
two air and water stable hydrophobic ILs [C,4mpy][NTf,] (n
= 2, 4) were measured and estimated in the range of T =

dx.doi.org/10.1021/je3004645 | J. Chem. Eng. Data 2012, 57, 2999—3004
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(278.15 to 363.15) K. The density and dynamic viscosity of the
samples decrease with the increase in temperature; however,
the conductivity behaves inversely. The dynamic viscosity
increases with the extension of the alkyl side chain of the cation,
while the density and electrical conductivity have an opposite
trend. The molar volume increment per the addition of two
carbon atoms, 33.7 cm®mol™}, is obtained at 298.15 K. The
melting temperatures of the two ILs are below 295 K. The
samples exhibited excellent thermal stability up to 630 K. The
VFT equation can be used to fit the dynamic viscosity and
electrical conductivity of ILs. The ILs [C,4mpy][NTf,] (n = 2,
4) are “subionic”.

B ASSOCIATED CONTENT

© Supporting Information

NMR, DSC, and TG curves of [C,4mpy][NT£,] (n =2, 4) and
table of mass loss of the two ILs. This material is available free
of charge via the Internet at http://pubs.acs.org.
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