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Abstract Density and speed-of-sound data for 1-propyl-3-methylimidazolium bro-
mide ([Camim][Br]) + acetonitrile (MeCN), [Czmim][Br] + dimethylformamide
(DMF), and [C3mim][Br] + dimethylsulfoxide (DMSO) binary mixtures in the dilute
concentration region are reported at 7 = (288.15 to 308.15) K. From these data,
apparent molar volume, isentropic compressibility, excess molar volume, and isentro-
pic compressibility deviation values have been calculated. Negative deviations from
the ideal behavior of both molar volume and isentropic compressibility have been
observed for all systems investigated in this study. It has been found that deviations
from ideal behavior for the [C3mim][Br] + MeCN system are larger than those for the
[C3mim][Br] + DMF system which, in turn, are larger than those for the [C3mim][Br]
+ DMSO system. The results have been interpreted in terms of ion—dipole interactions
and structural factors of the ionic liquid and investigated organic solvents.

Keywords Ionic liquids - Isentropic compressibility -
1-Propyl-3-methylimidazolium bromide - Volumetric properties

1 Introduction

Ionic liquids (ILs) are organic salts that are liquids at temperatures below 373.15 K.
They have received considerable attention as alternatives to traditional organic sol-
vents. Due to the interesting physical and chemical properties of ILs, such as negligi-
ble vapor pressure, low melting point, a wide liquid range, suitable viscosity, unique
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permittivity, high thermal stability, good solvents for both polar and nonpolar organic
and inorganic substances, high electrical conductivity, and wide electrochemical win-
dow, they have been widely used as reaction media, separation solvents, and novel
electrolytes [1-4]. Despite their importance and interest, a detailed knowledge on the
thermodynamic behavior of mixtures of ILs with organic molecular solvents, which is
important for the design of any technological processes, is very limited. In recent years,
ILs based on the 1-alkyl-3-methylimidazolium cation ([C, mim] ™) have received much
attention [5]. [C,mim]X (X=CI and Br) compounds can be used for synthesis of
ILs with different anions including organic ones [1,3,6-9]. That is why [C, mim]Br
together with [C,, mim]Cl represent a potential source of numerous ILs, and the study
of their thermodynamic properties is of great importance. Thermodynamic parame-
ters such as heat capacities, enthalpies of phase transitions, and surface tensions for a
series of pure 1-alkyl-3-methylimidazolium bromide ILs have been reported at various
temperatures [10—-14].

In solution, the solvation and interactions of the ions or ion-pairs with the solvent
determine the unique properties of these systems [15]. The volumetric and acous-
tic properties of electrolytic and nonelectrolytic solutions have proved particularly
informative in elucidating the solute—solute and solute—solvent interactions. In spite
of their importance, there is limited information on the thermodynamic properties of
1-alkyl-3-methylimidazolium bromide in aqueous or nonaqueous solutions [16-31].
As a continuation of our previous study [31] on the thermodynamic properties of
the 1-alkyl-3-methylimidazolium bromide solutions, we report here new density and
speed-of-sound measurements on mixtures of 1-propyl-3-methylimidazolium bromide
([Camim][Br]) with acetonitrile (MeCN), dimethylformamide (DMF), and dimethyl-
sulfoxide (DMSO) over the range of temperature from 288.15K to 308.15K at 5K
intervals in the dilute concentration region. The experimental data have been used
to obtain apparent molar volume, isentropic compressibility, excess molar volume,
and isentropic compressibility deviation values. The chosen solvents, MeCN, DMF,
and DMSO, are versatile compounds, especially in their wide range of applicability
as solvents in chemical and technological processes and 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 the nature of
intermolecular forces in these kinds of liquid mixtures [32,33].

2 Experimental

Reagents used were N-methylimidazole (>99 %), 1-bromopropane (>99 %), aceto-
nitrile (GR, >99.8 %), toluene (>99 %), dimethylsulfoxide (>99.8 %), and dimethyl-
formamide (>99.8 %) which were purchased from Merck. These reagents were used
without further purification. [C3mim][Br] was prepared and purified using a proce-
dure previously described in the literature [34,35]. Briefly, [C3mim][Br] was synthe-
sized by direct alkylation of N-methylimidazole with an excess of 1-bromopropane
in a round-bottom flask at 353.15K for 48 h under a nitrogen atmosphere. The crude
product was dissolved in acetonitrile and crystallized by adding dropwise to toluene
in an ice bath. The product was dried in high vacuum at 333.15K using a rotary
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Table 1 Density d and speed of sound u for pure solvents investigated in this study at 7 = 298.15 K

MeCN DMSO DMF

Density (g - cm*3) 0.776609 (Exp.) 1.095278 (Exp.) 0.943917 (Exp.)
0.776533 [36] 1.095271 [36] 0.94392 [41]
0.776532 [37] 1.09533 [40] 0.94387 [42]
0.77667 [38] 1.09527 [41]

Speed of sound (m - s*') 1278.77 (Exp.) 1485.21 (Exp.) 1457.81 (Exp.)
1278.62 [36] 1485.12 [36] 1457.30 [42]
1280 [39] 1484.51[41]
1283 [40]

evaporator for at least 4h at 0.7 kPa. The obtained [C3mim][Br] has a purity greater
than a mass fraction of 0.98, which was used after vacuum desiccated for at least 48 h
to remove trace amounts of moisture. The moisture in [C3mim][Br] was controlled by
the Karl Fischer method during the experimental method, and it was found that the
water content in [Czmim][Br] is less than 0.02 mass %. [C3mim][Br] was analyzed by
'"H NMR (Brucker Av-300) and IR (Buck Scientific) spectra to confirm the absence
of any major impurity.

All the solutions were prepared by mass on a Sartorius CP124S balance precise to
within +10~*g. The density and speed of sound of the mixtures were measured at
different temperatures with a digital vibrating-tube analyzer (Anton Paar DSA 5000,
Austria) with proportional temperature control that kept the samples at the work-
ing temperature within 1073 K. The apparatus was calibrated with double-distilled,
deionized, and degassed water, and dry air at atmospheric pressure according to the
instrument catalog. The density and speed of sound can be measured to £107° g-cm ™3
and £10~2m-s~!, respectively, under the most favorable conditions. The uncertainties
of density and speed-of-sound measurements were 3 x 107%g-cm™3 and 10~ 'm-s~!,
respectively. During the course of the experiments, the purity of the solvents was
checked by comparing density and speed-of-sound results with literature values at
298.15K as given in Table 1.

3 Results and Discussion

The experimental density (d) and speed-of-sound (u) data for the MeCN(1) +
[C3mim][Br](2), DMF(1) + [C3mim][Br](2), and DMSO(1) + [C3mim][Br](2) mix-
tures, as a function of molality of [C3mim][Br] at 7 = 288.15K, 293.15K, 298.15K,
303.15K, and 308.15K are reported in Table 2. As can be observed, the densities of
investigated solutions decrease with increases in temperature and solvent composi-
tion. Table 2 also shows that the speed of sound of investigated systems increases with
decreases in temperature and solvent composition. The density and speed of sound
of methanolic solutions of [C3mim][Br] have similar behaviors as those observed in
this study [31]. Although the density of aqueous solutions of [C3mim][Br] has similar
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Fig. 1 Apparent molar volume of [C3mim][Br] in MeCN, ¢y, versus molality of [C3mim][Br], m: O
288.15K, 293.15K, A 298.15 K, A 303.15 K, [1308.15 K

behavior with systems investigated in this study, the speed of sound of aqueous solu-
tions of [C3mim][Br] increases with increasing temperature and IL concentration [31].

The apparent molar volumes (¢y ) for [C3mim][Br] were calculated from density
data by using the equation,

oy M, 100060 —d) 0
V=4 mdod

where M and m are the molar mass and the molality, respectively, of the IL; and d
and dy are the densities of solutions and pure water, respectively. As examples, in
Figs. 1 and 2, the temperature and concentration dependencies of ¢y have been given
for [C3mim][Br], respectively, in MeCN and DMSO. The apparent molar volume of
[C3mim][Br] for all the investigated systems in this study increases with increasing IL
concentration. Figures 1 and 2 show that the apparent molar volumes of [Czmim][Br]
in MeCN and DMSO decrease and increase, respectively, with increasing tempera-
ture. The apparent molar volumes of [C3mim][Br] in MeOH and H,O, respectively,
decrease and increase with increasing temperature [31]. For low concentrations of
the IL, the small molar volume is attributed to the strong attractive interactions due
to the solvation of ions. By increasing the salt concentration, the ion—ion interaction
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Fig. 2 Apparent molar volume of [C3mim][Br] in DMSO, ¢y, versus molality of [C3mim][Br], m: O
288.15K, 293.15 K, A 298.15 K, A 303.15 K, [1308.15 K

increases and the positive initial slope of ¢y against the IL concentration is attributed
to these interactions. In the electrolyte solutions, the solute—solute interactions are
characterized by positive slopes of ¢y versus concentration plots.

To obtain the values of the apparent molar volume data at infinite dilution, ¢>3, the
values of ¢y obtained from Eq. 1 were fitted to a Redlich + Mayer type equation in
the form,

ov = @Y + Sym® + Bym (2)

In this equation, Sy and By are the empirical parameters which depend on the sol-
ute, solvent, and temperature. The coefficients of this equation and the corresponding
absolute relative deviations for ¢y are given in Table 3. As can be seen from Table 3,
with increasing temperature, the values of 4:9, for DMF + [C3mim][Br] and MeCN
+ [C3mim][Br] systems decrease and for DMSO + [C3mim][Br] system increase. As
can be seen from Fig. 3, the ¢y values for DMSO mixtures are larger than those for
the DMF mixtures which, in turn, are larger than those for the MeCN mixtures. In fact,
as can be seen from Fig. 3, the apparent molar volume of [C3mim][Br] in different
solvents follows the order H,O [31]>DMSO>DMF>MeOH [31]>MeCN.

The widely accepted interpretation of the infinite dilution apparent molar volume
of a solute is based on the following expression:
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Fig. 3 Variation of the apparent molar volume, ¢y, at 298.15K as a function of molality of [C3mim][Br],
m, for [C3mim][Br] in: O MeCN, ¢ MeOH [31], A DMF, [1 DMSO, A H,0 [31]

o) = Vi AW 3)

where V0 is the intrinsic volume of the solute molecule which is inaccessible to
solvent and AVl? is the difference between the volume of the solvation shell of a
solute and the volume of the bulk solvent. In other words, A V}? is the electrostriction
volume due to the solvation effects of the molecule and has a negative value. The ¢3
values reported in this study and also in Ref. [31] show that the magnitudes of AVhO
follow the order HO [31]<DMSO <DMF<MeOH [31]<MeCN.

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

2
VE=>"x;M;j@d" —d;") (4)
j=1

where M, x, d;, and d are the molar masses of the components, mole fractions, and
densities of pure liquids, and densities of mixtures, respectively, and subscript j = 1
is for the solvent and j = 2 is for [C3mim][Br]. Figure 4 shows the concentration and
temperature dependences of VE for [C3mim][Br] in MeCN. From Fig. 4, it can be seen
that VE values are negative and become more negative with increasing temperature.
A similar behavior has been observed for the other systems investigated in this study
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Fig.4 Excessmolar volume, VE, versus mole fraction of [C3mim][Br], x7, for MeCN(1) + [C3mim][Br](2)
mixture: () 288.15K, ¢ 293.15 K, A 298.15 K, A 303.15 K, [J308.15 K

and also for methanolic solutions studied in our previous study [31]. It was found that
[31] the VE values for [C3mim][Br] + HyO and [Cgmim][Br] + HyO, are positive
and negative, respectively. However, it is well known that VE values for an IL in
water become larger with increasing temperature [31,43,44]. In fact, the temperature
dependence of VF values for aqueous IL solutions is completely opposite to that for
nonaqueous IL solutions. The magnitude and sign of VE values are the result of dif-
ferent effects taking place in the mixture. These effects include: (a) breakdown of the
solvent self-associated molecules from each other (positive volume), (b) breakdown
of the IL ion-pairs (positive volume), and (c) negative contribution of volume due to
the packing effect and ion—dipole interaction of solvent molecules with the IL.

The molar volume for [C3mim][Br] is 155.82 cm? - mol~! at 7 = 298.15K, which
is greater than the molar volumes of MeCN (52.86 cm? - mol~1), DMF (77 - 44 cm? -
mol™!), and DMSO (71.34cm? - mol™!). The large difference between molar vol-
umes of solvents and [C3mim][Br] implies that the relatively small solvent molecules
fit in the available free volume of the IL upon mixing. The negative values of VE for
the investigated IL solutions show that the effect due to the ion—dipole interactions
between [C3mim][Br] and the investigated solvents and the packing effect are domi-
nant over the breakdown of the solvent self-associated molecules from each other and
the breakdown of the IL ion-pairs.

As can be seen from Fig. 5, at T = 298.15K, the VE values for MeCN mixtures are
more negative than those for the DMF mixtures which, in turn, are more negative than
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Fig.5 Variation of the excess molar volume, VE at298.15 K as a function of mole fraction of [C3mim][Br],
X2, for [C3mim][Br] in: O MeCN, ¢ MeOH [31], A DMF, [J DMSO, A H,O [31]

those for the DMSO mixtures. Similar behavior is observed for the other isotherms.
The negative values of VE for the MeCN + [C3mim][Br] that are larger than those for
the DMF + [Czmim][Br] and DMSO + [C3mim][Br] systems imply that in the MeCN
solutions there are stronger ion—dipole interactions and packing effects than in the
DMF and DMSO solutions. As can be seen from Fig. 5, although the molar volume
of DMSO is slightly smaller than for DMF (therefore, in the DMSO solutions there
are stronger packing effects than in the DMF solutions), the VE values for DMF mix-
tures are more negative than for DMSO mixtures. This is because DMF has stronger
ion—dipole interactions with [C3mim][Br] than does DMSO. Furthermore, the larger
dielectric constant for DMSO (46.50 [45]) than for DMF (36.71 [45]) or MeCN (35.94
[45]) indicates that the effects due to the breakdown of the IL ion-pairs for DMSO
solutions are larger than those for DMF or MeCN solutions. Figure 5 shows that, sim-
ilar to the apparent molar volume, the excess molar volume, VE_ for [C3mim][Br] in
different solvents follows the order HO [31]>DMSO >DMF >MeOH [31]>MeCN.

Based on the speed-of-sound and density values, the isentropic compressibility,
ks, values were calculated for the investigated mixtures from Laplace—Newton’s
equation:

ks =d 'u? 5)
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Fig. 6 Variation of isentropic compressibility, kg, versus molality of [C3mim][Br], m, for DMF(1) +
[C3mim][Br](2) mixture: O 288.15K, ¢ 293.15 K, A 298.15 K 4 303.15 K, [J308.15 K

where u is the speed of sound for the investigated mixtures. The isentropic compress-
ibility of all solutions investigated in this study (similar to the [C3mim][Br] + MeOH
system [31]) decreases with increasing concentration of the IL and decreasing tem-
perature. As an example, in Fig. 6, the temperature and concentration dependencies
of k have been given for [Czmim][Br] in DMF. It is well known that the isentropic
compressibility of the aqueous IL solutions decreases with increasing concentration
of IL and temperature. In electrolyte solutions, ks is the sum of two contributions,
ks (solvent intrinsic) and «, (solute intrinsic). Here « (solvent intrinsic) is the isen-
tropic compressibility due to the compression of the structure of the solvent and «;
(solute intrinsic) is the isentropic compressibility due to the compression of the sol-
vation shell of ions and intermolecular distance of the IL chain (free volume) and also
incorporation of solvent molecules into the IL chain. In fact, for the concentration
range investigated in this study (very low concentrations), ks (solvent intrinsic) is the
dominant contribution to the total value of k. At the investigated temperatures, the
isentropic compressibilities of all pure solvents are larger than those of the pure IL.
Therefore, we may conclude that in this temperature range the compressibility of a
dilute IL solution is mainly due to the effect of pressure on the bulk (unsolvated)
solvent molecules.

As the concentration of the IL increases and a large portion of solvent mole-
cules are solvated, the amount of bulk solvent decreases causing a decrease in the
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Fig. 7 Variation of isentropic compressibility, «;, at 298.15 K as a function of molality of [C3mim][Br],
m, for [C3mim][Br] in: O MeCN, e MeOH [31], A DMF, [J DMSO, a H;0 [31]

compressibility. The isentropic compressibilities for both pure solvents investigated
in this study and Ref. [31] (except for water) and the pure IL increase with increasing
temperature. Therefore, it can be expected that the isentropic compressibility for the
investigated solutions (except for aqueous solutions) increase with increasing temper-
ature. In Fig. 7 the values of «; are plotted as a function of [C3mim][Br] concentration
for different solvents investigated in this study along with those for water and methanol
[31] at 298.15 K. Figure 7 shows that, similar to the pure solvents, the [C3mim][Br]
+ MeCN solutions are more compressible than the [C3mim][Br] + DMF solutions
which, in turn, are slightly more compressible than the [C3mim][Br] + DMSO solu-
tions. In fact, similar to the pure solvents, the isentropic compressibility of different
IL solutions follows the order, MeOH [31]>MeCN>DMF>H,0 [31]>DMSO.

The experimental isentropic compressibility deviations, Akg, are obtained using
the relation,

2
Akg = kg — ij/csj (6)
j=I

where «; is the value of the isentropic compressibility of pure component j. Figure 8
shows the concentration and temperature dependencies of Ak for [Czmim][Br] in
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MeCN. From Fig. 8, it can be seen that the A, values are negative and become more
negative with increasing temperature. A similar behavior has been observed for the
other systems investigated in this study. Figure 9 shows that for the systems investi-
gated in this study, the behavior of Ak versus IL mole fraction is very similar to those
of the excess molar volume at all studied temperatures. In fact, the Ak values for
MeCN mixtures are more negative than those for the DMF mixtures which, in turn,
are more negative than those for the DMSO mixtures.
The apparent molar isentropic compressibility ¢k is defined as

_ (v
ok = (ap)s ™

The apparent molar isentropic compressibility of [C3mim][Br], ¢k, in the studied
solvents was computed from the density and sound-speed experimental data according
to the following equation:

1000 (165 — Ks0)

K
mdy

Kspv ®)
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where ks and kg are the isentropic compressibilities of the solution and solvent,
respectively. Similar to the apparent molar volume, an equation of the form,

ok = ¢% + Skm® + Bxm )

was used for correlating the experimental apparent molar isentropic compressibility
data. Here q&?{ is the limiting apparent molar isentropic compressibility, and Sx and Bg
are the empirical parameters which depend on the solute, solvent, and temperature.
The coefficients of this equation and the corresponding absolute relative deviation
for ¢ are also given in Tables 3. As an example, in Fig. 10, the temperature and
concentration dependencies of ¢x have been given for [C3mim][Br] in MeCN. A
similar behavior has been obtained for other systems studied in this work and also for
the [C3mim][Br] + MeOH system [31] studied in our previous work. The apparent
molar isentropic compressibility of [C3mim][Br] in water increases with an increase
in temperature [31].

In Fig. 11 the effect of the type of solvent on the concentration dependence of ¢
has been given for [C3mim][Br] at 298.15 K. A similar behavior has been obtained for
other temperatures studied in this work. The apparent molar isentropic compressibil-
ities of [Camim][Br] in MeCN and DMSO, respectively, have negative and positive
values. The apparent molar isentropic compressibilities of [C3mim][Br] in DMF at low
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IL molality have negative values; however, at high IL molality, they have positive val-
ues. For all investigated systems in this study, the values of ¢k increase with increasing
IL molality and decreasing temperature. The negative values of the apparent molar
isentropic compressibility (loss of compressibility of the medium) imply that the sol-
vent molecules around the solute are less compressible than the solvent molecules in
the bulk solutions. In fact, the negative values of ¢g of [C3mim][Br] in MeCN and
DMF are attributed to the strong attractive interactions due to the solvation of ions in
these solvents. From Eqs. 3 and 7, we obtain the following expression for the infinite
dilution apparent molar isentropic compressibility of a solute:

% = K2 + AKY (10)

where Kgl is the intrinsic molar isentropic compressibility of the solute volume Vrg
and AK }? is the difference between the compressibility of the solvation shell of a solute
and the compressibility of the bulk solvent.

Since the effect of pressure on the volume of crystals of low molar mass solutes
which have no cavities in their structure is small, one would expect K 191 for low molar
mass solutes to be positive and close to zero. The values of Kr?l for high molar mass
molecules are also positive, and their contribution can be significant. Therefore, the
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Fig. 11 The variation of the apparent molar isentropic compressibility, ¢ g, at 298.15 K as a function of
molality of [C3mim][Br], m, for [C3mim][Br] in: O MeCN, ¢ MeOH [31], A DMF, [J DMSO, A H,0
[31]

bulkiness of the large hydrophobic cations of ILs suggests that their intrinsic molecular
compressibilities might account for some of the apparent increase of compressibility
in relation to that for small inorganic ions. The ¢(1)( values reported in Table 3 show
that the values of AK}? for MeCN are more negative than those for the DMF mixtures
which, in turn, are more negative than those for the DMSO mixtures. This behavior
indicates that in the MeCN solutions there are stronger ion—dipole interactions than in
the DMF and DMSO solutions, and also the DMF-IL interactions are stronger than
the DMSO-IL interactions.

4 Conclusions

Experimental data at 7 = (288.15 to 308.15) K of the density and speed of sound for
mixtures of [Czmim][Br] with MeCN, DMF, and DMSO have been reported. The
values of excess molar volumes and isentropic compressibility deviations of solu-
tions were calculated from the measured data. Both the excess molar volumes and
the isentropic compressibility deviations are negative and become more negative as
the temperature or concentration of the IL increases. When mixing [C3zmim][Br] with
organic solvents, we observe that the effect due to the ion—solvent interactions and
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packing between organic solvents and [Camim][Br] are dominant over the disruption
of dipolar orders in organic solvents and the breakdown of the IL ion-pairs. The data
presented clearly show that the magnitudes of the VF and A« values essentially fol-
low the order [C3mim][Br] + DMSO > [C3mim][Br] + DMF>[C3mim][Br] + MeCN,
which implies that in the MeCN solutions there are stronger ion—dipole interactions
and packing effects than in the DMF and DMSO solutions.
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