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Volumetric and Speed of Sound of Ionic Liquid,
1-Butyl-3-methylimidazolium Hexafluorophosphate with Acetonitrile
and Methanol at T' = (298.15 to 318.15) K

Mohammed Taghi Zafarani-Moattar* and Hemayat Shekaari

Department of Physical Chemistry, Faculty of Chemistry, University of Tabriz, Tabriz, Iran

We report the density (p) and speed of sound («) data for 1-butyl-3-methylimidazolium hexafluorophosphate
([BMIM][PF¢]) + methanol and ([BMIM][PFg]) + acetonitrile binary mixtures over the entire range of
their compositions at 7' = (298.15 to 318.15) K. From these data, excess molar volume and isentropic
compressibility deviation values have been calculated and fitted to the fourth-order Redlich—Kister
equation. The excess molar volume values (VE) for acetonitrile mixtures are more negative than methanol
mixtures. Isentropic compressibility deviation values (Ak;) in methanol mixtures are more than acetonitrile
mixtures. The results have been interpreted in terms of ion—dipole interactions and structural factors of

the ionic liquid and these organic solvents.

Introduction

Room-temperature ionic liquids (RTILs) are a class of
organic salts that are liquids at or near room temperature
in their pure state. They exhibit many interesting proper-
ties such as negligible vapor pressure, low melting point
(<873 K), a wide liquid range, suitable viscosity, stability
up to high temperature, and high solubility for both polar
and nonpolar organic and inorganic substances.!~3 Due to
their nonvolatile nature and favorable solvation properties,
RTILs have been suggested as green and benign replace-
ments for traditional volatile organic solvents. These ionic
liquids have been recently used as solvents in catalysis,
chemical processing, liquid—liquid separations, vapor—
liquid equilibria, batteries, and fuel cells investigations.*~7
Despite their importance and interest, detailed knowledge
on the thermodynamic behavior of the mixtures of ionic
liquids with organic molecular solvents, which is important
for the design of any technological processes, is very
limited. The 1-butyl-3-methylimidazolium hexafluorophos-
phate (IBMIM][PFg)) is historically the most important and
the most commonly investigated ionic liquid. Thermody-
namic functions such as heat capacities, enthalpy changes,
and densities for [BMIM][PF¢] have been reported at
different temperatures.®? Solid—liquid and liquid—liquid
equilibria of this ionic liquid in water and 1-butanol have
been studied.!°~12 Its solubilities in aromatic hydrocarbons
and alkanes have been performed by dynamic method.!?
Computational method such as Monte Carlo simulation for
investigation of this ionic liquid has been performed, and
volumetric properties such as isothermal compressibility
and volume expansibility values have been computed.'* The
volume expansibility and isothermal compressibility prop-
erties of this ionic liquid in pure state have also been
obtained.!® However, there are no reports on the volumetric
properties of this ionic liquid in nonaqueous ordinary
solvents. There are reports on the volumetric properties
of other ionic liquids in aqueous and nonaqueous solvents.
Heintz et al.’® determined the excess molar volumes and
viscosities for mixtures of methanol with 4-methyl-N-
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butylpyridinium tetrafluoroborate at different tempera-
tures. Wang et al.l” have determined densities and vis-
cosities for mixtures of 1-butyl-3-methylimidazolium tetra-
fluoroborate ionic liquid with acetonitrile, dichloromethane,
2-butanone, and N,N-dimethylformamide. Recently, ex-
perimental data of densities and viscosities have been
presented for 1-ethyl-3-methylimidazolium tetrafluorobo-
rate + HyO binary systems over the entire range of
compositions at different temperatures by Zhang et al.1®
Also, Rebelo et al.1? reported the excess molar volumes for
1-butyl-3-methylimidazolium tetrafluoroborate + HoO. Aki
et al.?0 reported that the solvent strength and polarity of
[BMIM][PFg], as measured using two different fluorescent
probes, is more polar than MeCN and less polar than
MeOH.

In the present work, we report the density and speed of
sound measurements on mixtures of [BMIM][PFg] with
methanol (MeOH) and acetonitrile (MeCN) over the entire
composition range at 7' = (298.15 to 318.15) K, from which
the excess molar volume (VE) and isentropic compressibility
deviation (Akg) values have been calculated. The chosen
solvents MeOH and MeCN are versatile compounds, es-
pecially in their wide range of applicability as solvents in
chemical and technological processes. These solvents are
also the most commonly used for background electrolytes
in nonaqueuos capillary electrophoresis.?! These solvents
are inexpensive and easily available at high purity. The
calculated quantities can be used in a qualitatively or
quantitatively way to provide information about molecular
structure and nature of intermolecular forces in these kind
of liquid mixtures.?223

Experimental Section

Materials. [BMIM][PFg¢] was obtained from Solvent
Innovation Co. (K6ln, Germany) with mass fraction of
>0.98, and it was used after being vacuum desiccated for
at least 4 h to remove trace amounts of water. MeOH and
MeCN were supplied from Merck, with purity gradient
grade (mass fraction >0.999), and were used without
further purification. During the course of the experiments,
the purity of the solvents was monitored by density
measurements.
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Table 1. Physical Properties of Pure Components at T' =
298.15 K: Density (p) and Speed of Sound (z) Data

plgrem™3 w/m-s™!
component exp. lit. exp. lit.
MeOH 0.786531 0.78656,320.7865430  1102.68 1101.932
MeCN 0.776533 0.776532,33 0.77658 3¢ 1278.62 1280.8%
[BMIM][PF¢] 1.366657 1.36603,%41.3603'415  1442.41

Apparatus and Procedure. Density and speed of sound
data were continuously measured using a commercial
density and speed of sound measurement apparatus (Anton
Paar DSA 5000 densimeter and speed of sound analyzer).
Details of the experimental setup and measuring procedure
have been given elsewhere.?* The temperature was auto-
matically kept constant within uncertainty + 0.001 K. In
each measurement, the uncertainty of density and speed
of sound were £ 3.0:1076 g:cm 3 and + 0.1 m*s™1, respec-
tively. Density and speed of sound values of the pure
components are given in Table 1 at 298.15 K and compared
with the literature values.

Results and Discussion

The experimental density (p) and speed of sound («) data
for the MeCN (1) + [BMIM][PF¢] (2) and MeOH (1) +
[BMIM][PF¢] (2) mixtures, as a function of [BMIM][PFg]
mole fraction (x2) at the temperature range from 7 =
(298.15 to 318.15) K are presented respectively in Tables
2 and 3.

Values of the excess molar volume (VE) were calculated
using the relation:

2
VE = Zx/wp*l — o) (1)
£

where Mj, xj, p;, and p are molar mass of the components,
mole fractions, densities of pure liquids, and densities of
mixtures, respectively, and subscript j=1 is for the MeCN
or MeOH and j=2 is for the [BMIM][PF].

The VE values have been fitted to the Redlich—Kister
equation?®:

VE/m®-mol ! = x,(1 — xz)ZAi(l - 2x,)' 2)

It was found that the fourth-order Redlich—Kister equation
represents satisfactorily the experimental excess molar
volumes for the studied systems. The polynomial coef-
ficients (A;) of eq 2 for the studied systems along with the
corresponding standard deviations (o(VE)) are collected in
Table 4.

Speed of sound measurements in solutions furnishes
knowledge about ion—ion and ion—solvent interactions.?223.26
Using the speed of sound and density data, the isentropic
compressibilities («;) were calculated from the Laplace-
Newton’s equation:

K, =— (3)

where u is the speed of sound for the investigated mixtures.
The experimental isentropic compressibility deviations
(Aks) are obtained using the relation:

2
Ak, = K, — (ij/csj) (4)
J

where «; is the value of isentropic compressibility of pure

Table 2. Experimental Density (p) and Speed of Sound () Data for the MeCN (1) + [BMIM][PFg¢] (2) System
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0.2966
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0.0935
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Table 3. Experimental Density (p) and Speed of Sound (z) Data for the MeOH (1) + [BMIMI][PF¢] (2) System
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component j. The Axs values were also correlated by the
Redlich—Kister equation:25—27

Ar/Pa™ = xy(1 = x9) y A, (1 — 20y (5)

The fitting parameters A,; were estimated by the least-
squares method, and the obtained values together with the
related standard deviations (0(Ax;)) are given in Table 5.

The experimental VE values for the investigated systems
together with the curves obtained using eq 2 are repre-
sented in Figures 1 and 2. Similarly, the experimental A«
and obtained curves using eq 5 are shown in Figures 3 and
4. For VE and Ak, the Redlich—Kister fitting curves are
asymmetric. Also, a minimum in VE and Ak are reached
with mole fraction of this ionic liquid near to 0.3 and 0.2
for MeCN (1) + [BMIMI[PF¢] (2) and MeOH (1) + [BMIM]-
[PF¢] (2) systems, respectively. Similar behavior has been
observed for 1-butyl-3-methylimidazolium tetrafluoroborate
in nonaqueous organic solvent such as MeCN, dichlo-
romethane, 2-butanone and N,N-dimethylformamide.!” The
magnitude and sign of VE values are a reflection of the type
of interactions taking place in the mixture, which are the
result of different effects containing the breakdown of the
MeCN dipolar interactions and MeOH self-associated
molecules from each other (a positive volume), the break-
down of the ionic liquid ion-pair (a positive volume), and
the negative contribution of volume due to the packing
effect and ion—dipole interaction of MeCN or MeOH
molecules with the ionic liquid. The molar volume for
[BMIM][PF¢] is 207.94:107¢ m?3-mol~!, which is greater
than the molar volumes of MeOH (40.74:10~¢ m3-mol™1)
and MeCN (52.86-107% m3-mol™1) at 7' = 298.15 K. The
large difference between molar volumes of these solvents
and [BMIM][PF¢] imply that the relatively small MeOH
or MeCN molecules fit in the available free volume of ionic
liquid upon mixing. Also, the negative values of VE show
that the effect due to the ion—dipole interactions between
organic solvents (MeOH or MeCN) and [BMIM][PFg] are
dominating over the disruption of dipolar orders in MeCN
or MeOH.

As can be seen from the Figures 1 and 2, the VE values
for MeCN mixtures are more negative than the MeOH
mixtures. Similar behavior is observed for the other
isotherms. Then, the larger negative VE values for the
MeCN (1) + [BMIM][PF¢] (2) than the MeOH (1) + [BMIM]-
[PFgl (2) imply that in the MeCN solutions there are
stronger ion—dipole interactions and packing effects than
the MeOH solutions. The higher relative permittivity and
dipole moment of MeCN as compared with the correspond-
ing values for methanol?® and strong hydrogen bonding
between MeOH molecules indicate the stronger ion—dipole
interactions and packing effects of MeCN in ionic liquid
solutions.

Figure 5 shows that the «; values for MeCN mixtures
are less than the MeOH mixtures at 7' = 298.15 K, and
similar behavior is observed for the other isotherms. It is
obvious from Figure 5 that the solution of [BMIM][PFg] in
MeOH is more compressible than the solutions of [BMIM]-
[PF¢] in MeCN at a particular concentration and temper-
ature. This indicates a different solvation process of
[BMIM][PF¢] in MeOH in comparison with the MeCN,
because of its characteristic structure as compared with
the MeCN. X-ray analysis on pure MeCN has revealed that
the linear MeCN dipoles are arranged in antiparallel
positions,?1-2? leading to a smaller value for «; for MeCN
than MeOH for which it was found that it is extensively
self-associated through hydrogen bonding in the pure
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Table 4. Coefficients of the Redlich—Kister Equation (eq 2) for Excess Molar Volumes (VE) and the Standard Deviations
(6(VE)) of the MeCN (1) + [BMIMI[PFg] (2) and MeOH (1) + [BMIMI[PF¢] (2) Mixtures

solvent T/K 106 Ap 1084, 106 Ay 106 A3 106 Ay 106 o(VE/m3-mol~1)2

MeCN 298.15 —4.8252 —2.7242 1.4250 —-3.4221 —6.2046 0.024
303.15 —5.0024 —2.5483 0.6903 —4.3954 —5.0195 0.029
308.15 —5.2218 —2.8504 0.5481 —-3.9914 —4.5048 0.010
313.15 —5.4397 —2.8728 1.0872 —4.6767 —6.2037 0.027
318.15 —5.6770 —3.0345 1.0321 —4.998 —6.6254 0.029

MeOH 298.15 —2.2895 —1.4392 —0.9797 —3.6861 —3.8364 0.021
303.15 —2.3350 —1.4879 —1.1601 —3.6384 —4.0424 0.022
308.15 —2.4076 —1.5835 —0.9273 —3.7417 —4.4814 0.022
313.15 —2.4888 —-1.6311 —0.7823 -3.9311 —4.8176 0.022
318.15 —2.5558 —1.6167 —0.8983 —4.2095 —4.0886 0.022

1/2
Z(VeExp - ‘/cEal)2

a Ey
o(V5) = ; n is number of the experimental data; the units of A; values are m3-mol™1.

n

Table 5. Coefficients of the Redlich—Kister Equation (eq 5) for Isentropic Compressibility Deviations (Aks) and the
Standard Deviations (0(Aks)) of the MeCN (1) + [BMIM][PF¢] (2) and MeOH (1) + [BMIM][PFg] (2) Mixtures

solvent T/K 1019 A,0 101941 101042 10°4,3 10044 1010 g(Ak/Pa=1)e
MeCN 298.15 —6.601 —4.586 —2.700 —4.464 —4.571 0.014
303.15 —6.996 —4.852 —2.881 —4.824 —4.880 0.016
308.15 —17.422 -5.171 —3.142 —5.153 —5.093 0.015
313.15 —17.885 —5.483 —3.278 —5.656 -5.719 0.019
318.15 —8.384 —5.837 —3.508 —-6.177 —6.250 0.021
MeOH 298.15 —11.652 —8.009 —3.457 —12.712 —14.917 0.062
303.15 —12.231 —8.392 —3.559 —13.687 —16.160 0.066
308.15 —12.844 —8.796 —3.650 —14.727 —17.498 0.070
313.15 —13.487 —9.223 —3.754 —15.827 —18.903 0.075
318.15 —14.167 —9.668 —3.862 —17.001 —20.400 0.080
o2
Z(Aks(exp) - AKs(cal))
‘o(Aky) = B ; the units of A,; values are Pa™l.
-0.1
-0.1 4
-0.4 A -0.2 4
_ -0.3
'g -0.7 -
S 04
- g 04
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~ =
5 S 06+
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0
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Figure 1. Excess molar volume (VE) vs mol fraction of [BMIM]- X2

[PFg] for MeCN (1) + [BMIM][PFg] (2) mixture: O, 298.15 K; W,
303.15 K; ©, 308.15 K; @, 313.15 K; A, 318.15 K; solid line,
Redlich—Kister (eq 2).

Figure 2. Excess molar volume (VE) vs mol fraction of [BMIM]-
[PFg] for MeOH (1) + [BMIM][PF¢] (2) mixture: O, 298.15 K; W,
303.15 K; <, 308.15 K; @, 313.15 K; A, 318.15 K; solid line,
Redlich—Kister (eq 2).

state.2? The results obtained from the «, values for the

studied mixtures are compatible with those obtained from
the excess molar volumes. Recently, similar results have
been obtained for tetraalkylammonium tetraphenylborate
and tetraalkylammonium bromide in MeOH and MeCN

solutions using the association constants determined from
conductometric measurements.3¢ The association constants
for the both studied organic salts in MeOH are higher than
that of MeCN. This means that while ion—ion interactions
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0

10"k, / Pa’!

X2

Figure 3. Variation of isentropic compressibility deviations (Axs)
vs mol fraction of [BMIM][PF6] for MeOH (1) + [BMIM][PF6] (2)
mixture: 0, 298.15 K; W, 303.15 K; <, 308.15 K; @, 313.15 K; a,
318.15 K; solid line, Redlich—Kister (eq 5).

0

10"°Ax,/ Pa
P

X2
Figure 4. Variation of isentropic compressibility deviations (Axs)
vs mol fraction of [BMIM][PF6] for MeCN (1) + [BMIM][PF6] (2)
+ mixture: O, 298.15 K; B, 303.15 K; <, 308.15 K; @, 313.15 K;
A, 318.15 K; solid line, Redlich—Kister (eq 5).

are dominant in MeOH solutions, in the case of MeCN
solutions ion—solvent interactions are dominant.

For the both systems the values of A« are negative over
the entire composition range and at all the temperatures
studied. Figures 3 and 4 show that for these systems, the
behavior of Axs versus ionic liquid mole fraction is very
similar to those of excess molar volume at the all studied
temperatures. The behavior of Akxs implies that these
mixtures are less compressible than the ideal mixture. This
is due to a closer approach of unlike molecules and stronger
interaction between components of mixtures26:30 that lead
to decreasing compressibility.

IOIOKSIPa“

3 T T T T
0 0.2 0.4 0.6 0.8 1

Figure 5. Variation of isentropic compressibility («s) vs mol
fraction of [BMIM][PF¢]: O, MeOH (1) + [BMIM][PFg] (2); W,
MeCN (1) + [BMIM][PF¢] (2) mixtures at 298.15 K.

Conclusions

Excess molar volume (VE) and isentropic compressibility
deviation (Akg) values of [BMIM][PFg] in MeOH and MeCN
mixtures have been calculated from the measured density
and speed of sound data at 7' = (298.15 to 318.15) K. For
VE and Ak, the Redlich—Kister fitting curves are asym-
metric. Also, a minimum in VE and Ak, are reached with a
mole fraction of this ionic liquid near 0.3 and 0.2 for the
MeCN (1) + [BMIM][PF¢] (2) and MeOH (1) + [BMIM][PF¢]
(2) systems, respectively. The measured negative VE values
for these systems indicate that effect due to the ion—dipole
interactions and packing between organic solvents (MeOH
or MeCN) and [BMIM][PFg] are dominating over the
disruption of dipolar orders in MeCN or MeOH.

The VE values for MeCN mixtures are more negative
than the MeOH mixtures, which imply that in the MeCN
solutions there are stronger ion—dipole interactions and
packing effects than the MeOH solutions. Similar results
are obtained from comparison of the isentropic compress-
ibility values for theses systems.
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