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Abstract Here we report a systematic study on electrical conductivity and surface ten-
sion of various concentrated solutions of imidazolium based room temperature ionic lig-
uids (RTILs), viz. 1-butyl-3-methylimidazolium hexafluorophosphate ((BMIM][PFg]) and
1-butyl-3-methylimidazolium tetrafluoroborate ((BMIM][BF,]) in the cosolvents methanol
and acetonitrile at 298.15 K. The aim of the investigations was to explore the impact of
cosolvents on bulk and interfacial characteristics of imidazolium based RTILs. It was
observed that both methanol and acetonitrile mix non-ideally with and enhance the
transport parameters of the imidazolium based RTILs. An interesting outcome of the
presented work is that the investigated RTILs retain their inherent structural characteristics
up to a high dilution limit with cosolvent, and this limit is higher in acetonitrile than in
methanol as cosolvent. The findings establish that, in comparison to methanol, acetonitrile
is a better cosolvent that can be used for enhancing the transport parameters of imidazo-
lium based RTILs for electrochemical and other applications. The results are explained in
light of structure-composition-property relations and ion-ion and ion-cosolvent
interactions.

Keywords Room temperature ionic liquid (RTIL) - Cosolvent - Surface
tension - Specific conductance - Interface

1 Introduction

Attractive and tunable physicochemical characteristics of room temperature ionic liquids
(RTILs) have established them as novel compounds with potential to act as green solvents,
catalysts, lubricants and electrolytes [1-4]. Presently researchers from diverse fields are
showing an increasing interest in studies aimed at the use of RTILs for their applications in
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fields like catalysis, organic synthesis, lubrication, thermal separation processes and
electrochemistry [1-5]. However, the poor transport properties, high viscosity and low
conductivity of RTILs are some of the major obstacles that limit their general use in such
applications. Working at high temperatures [6—8] and/or addition of a cosolvent that
reduces the viscosity are the two options currently advocated by solution chemists to
overcome the viscosity concerns of RTILs [9-12]. However, an increase of temperature
may be unsuitable when chemical/devices are poorly heat resistant. Hence the use of
cosolvents seems a better option to overcome viscosity related challenges in RTILs.
Interestingly the RTIL + cosolvent mixtures in some cases have been reported to possess
altered and improved physicochemical properties [13—16]. The low viscosity of such
mixtures ensures easy mass transport, thereby minimizing the energy requirements for the
use of RTILs in many engineering processes. However, addition of a cosolvent always
leads to loss in structural organization in RTILs, which is mainly responsible for many of
their desirable characteristics. The above mentioned facts imply that the general use of
RTILs as an alternative to conventional solvents in industry and academia demand detailed
and comprehensive investigations about the physicochemical properties of the RTIL +
cosolvent binary mixtures. Based on the results from their molecular dynamics simulation
studies, Chaban and Prezhdo [17] have predicted that the volatility and hence the toxic
effects of molecular solvents can be reduced through addition of appropriate RTILs to
these solvents. In view of such demands and presaged potential applications of RTIL-
cosolvent mixtures, recently there has been a significant upsurge in the physicochemical
studies of such mixtures and much useful data about their interesting properties has been
published [18-25].

In view of the above we carried out a detailed and systematic study on electrical
conductivity and surface tension of imidazolium based RTILs, viz. 1-butyl-3-methylimi-
dazolium hexafluorophosphate ([BMIM][PFs]) and 1-butyl-3-methylimidazolium tetra-
fluoroborate ([BMIM][BF4]) plus methanol and acetonitrile mixtures to explore and
understand the impact of latter as cosolvents on the bulk and interfacial characteristics of
RTILs. The solvents methanol and acetonitrile were chosen not only because of their
industrial /environmental relevance but also because of the different nature of the
molecular interactions they can engage with the chosen RTIL constituents. Thus, while
methanol is a highly associating liquid that interacts mainly through hydrogen bonding,
acetonitrile is a dipolar non-associating molecule with potential to engage the RTIL
constituents in ion-dipole interactions.

2 Experimental

The RTILs, [BMIM][PF¢] and [BMIM][BF,] were synthesized, purified, dried and char-
acterized following procedures reported elsewhere [25-27]. The synthesized RTILs were
vacuum dried and stored in desiccators under inert atmosphere. The water content of the
dried RTILs were less than 50 ppm, as analyzed by Karl Fischer titration. Acetonitrile (GR
grade, 99.9) and methanol (GR grade, 99.9) were purchased from Merck India and purified
following reported standard methods [28]. Conductivity was recorded by a digital
microprocessor based conductivity meter (CYBERSCAN CON 500) from Eutech instru-
ments having a sensitivity of 0.1 uS-cm~!. Surface tension measurements were made with
a K9 Tensiometer (Kruss, Germany) by the ring detachment technique. The measured
values were corrected according to the procedure of Harkins and Jordan built into the
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instrument software. Temperature was maintained at the desired value (within 0.1 °C) by
circulating thermostatted water from a HAAKE GH bath. The details of experimental
measurements and data processing procedures were reported elsewhere [25, 29].

3 Results and Discussions

3.1 Cosolvent Effects of Acetonitrile and Methanol on the Bulk Characteristics
of [BMIM][BF,] and [BMIM][PFs]

Conductance studies have proven to be one of the reliable means of extracting infor-
mation about bulk characteristics of fluid phase conducting media. Fig. 1 depicts the
relative influence of cosolvent mole fraction of acetonitrile and methanol on the con-
ductivity of (A) [BMIM][BF,] and (B) [BMIM][PFs]. As is clear from these figures,
addition of both methanol and acetonitrile increases the conductivity of the investigated
RTILs, it reaches a maxima and then falls. Similar trends have been reported for the
variation of specific conductance (x) of RTIL + cosolvent mixtures by many groups in
the recent past [25, 30, 31]. Such a trend is observed for concentrated solutions of
strongly associating electrolytes in solvents wherein they have high solubility [32, 33].
As is clear from the figure, the extent of increase is more when the cosolvent is ace-
tonitrile and the increase is more for [BMIM][BF;] than for [BMIM][PF¢]. The increase
in conductivity values with addition of cosolvent to the RTILs in the RTIL rich regime
has been attributed to the decrease in ion-ion interactions prevailing in the large ionic
clusters present in the RTILs [34]. With increase in the cosolvent a fraction of the anions
is released from the clusters that leads to their faster motion. Anions in the present case
being lighter and more compact than the imidazolium cations, their motion is more
strongly accelerated upon dilution. Since BF; is smaller than that of PF,, the increase in
conductivity on dilution is expected to be greater in the case of [BMIM][BF,] than for
[BMIM][PF¢] as observed. The decrease in kpy.x and xp,x with the increase in size of the
RTIL anion as observed in the present study has also been reported by Kaugin et al. [35]
for a range of RTILs in acetonitrile mixtures. Interestingly, in the case of RTIL +
cosolvent mixtures, the conductivity increase is correlated with the intrinsic mobility of
the molecular solvent which, in the present case, are acetonitrile and methanol. Since the
intrinsic mobility of acetonitrile is higher than that of methanol, the later is expected to
be less effective in increasing the conductivity of investigated RTILs than the former as
is observed.

The observed variations of the conductivity with composition can be attributed to net
effect of two competing factors: (1) increase in the number of charge carriers on account of
dissociation of added RTIL (dominates the low concentration regime) and (2) aggregation
of ions that leads to an increase in size and hence decrease in mobility and charge, besides
an increase in viscosity of the solution (dominates the RTIL rich regime). The electrical
conductivity has a relationship with ion mobility and number of charge carriers [19, 36]
which is expressed as:

K=Y nigigy (1)

where n; is the number of charge carriers of charge ¢; and y; the ionic mobility of species i.
In the low RTIL concentration regime, the increase in conductivity can be attributed to an
increase in the number of charge carriers due to increasing RTIL fraction that out weighs
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Fig. 1 Specific conductance (x) as a function of composition in acetonitrile and methanol of a
[BMIM][BF4], b [BMIM][PF¢] and their Casteel-Amis fit as per Eq. 2 at 298 K. Experimental values are
represented by symbols and lines show Casteel-Amis fit

the decrease in conductivity expected in view of their reduced mobility on account of
increased ion-ion interaction. However in the RTIL-rich fraction, aggregate formation on
account of strong ion-ion interactions becomes the dominant factor and hence leads to a
significant decrease in the ionic mobility and hence conductivity [37-39]. The observed
dependence of conductivity as a function of the RTIL mole fraction in the organic
cosolvents was analyzed using the Casteel-Amis equation [40, 41]:

x 1\ a
K = Kmax (—) exp |:b(x - xmax)z - (X - xmax) (2)
Xmax Xmax

where Kpax is the maximum conductivity and xp,y the corresponding mole fraction of the
RTIL, and a and b are fitting parameters that depend upon the shape of the conductivity
curve. The fits to the equation are represented as lines in the Fig. 1 and their corresponding
fit parameters are presented in Table 1. Similar trends for variation of x with mole fraction
of RTILs in mixtures of [BMIM][BF,] in acetonitrile and methanol, and [BMIM][PFs] in
acetonitrile has been reported by Stoppa et al. [41]. A comparison of the data from the said
report and our present work establishes that though there is a good agreement in the value
of xmax for the investigated systems in the two studies, the value of k. and the con-
ductivity for RTIL rich concentrations observed in present study are slightly higher than
those reported in reference [41]. Such mismatches in RTIL conductivity data reported by
different groups are usually due to the different sources of RTILs used and different
methods of conductivity measurements employed in such studies.

According to the simulation studies by Padua and co-workers [42] the imidazolium
based ionic liquids possess a characteristic nanostructural organization wherein nonpolar
domains permeate the polar channels formed by imidazolium cations and anions. The
incremental addition of cosolvents to the RTILs can lead to initial aggregation of these
solutes in the domains that give them more thermodynamic stability; this is expected to
cause a disruption in the organized structural network of the RTILs. Further addition of
solvent is expected to make the ions aggregate into small clusters that in turn dissociate
like conventional electrolytes at low concentration of RTIL. Thus one can safely presume
that xp,x in plots of k versus cosolvent fraction in RTIL + cosolvent systems represents the
composition where a transition from conduction due to ion aggregates to conduction due to
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Table 1 Fitted values of the empirical parameters, Kmax, Xmax, @ and b of the Casteel-Amis equation fit for x
versus mole fraction of cosolvent for [BMIM][BF,] and [BMIM][PF¢] plus cosolvent (methanol and ace-
tonitrile mixtures at 298 K

RTIL Komax (mS-cm™) Xmax a b
Methanol
[BMIM][BF,] 43.60 (+0.54) 0.164 (+0.0035) 0.898 (40.0478) 2.44 (£0.311)
[BMIM] [PF] 26.37 (+0.38) 0.118 (£0.0027) 0.840 (£0.0469) 4.79 (+£0.312)
Acetonitrile
[BMIM][BF,] 55.79 (+0.252) 0.144 (+£0.0113) 0.680 (£0.1496) 1.26 (+£0.23)
[BMIM][PF;] 55.08 (+0.208) 0.103 (+0.0039) 0.779 (£0.0768) 4.20 (£0.625)

ions moving under the influence of decreasing ion-ion interactions takes place. Obviously
this limit should depend upon the strength of cation-anion and cosolvent-cation, cosolvent-
anion interactions. Thus while stronger cation-anion interactions are expected to push xpax
to lower RTIL concentrations, stronger ion-cosolvent interactions are expected to push the
Xmax towards higher RTIL concentrations.

Both methanol (protic solvent) and acetonitrile (aprotic solvent) belong to the cosolvent
category that have significant affinity for both the polar and non-polar domains present in
imidazolium based RTILs. It is on account of these factors that these cosolvents are fairly
soluble in [BMIM][BF,4] and [BMIM][PF¢] in all compositions. Simulation studies [43]
have established that both acetonitrile and methanol interact strongly with the anion BF,,
the interaction being less directional in the case of acetonitrile in comparison to methanol.
It has been observed that while in methanol the —OH group interacts with the anion and the
Me-group faces the imidazolium cation, in acetonitrile the Me-group points preferentially
towards the anion. Thus, it can be argued that compared to methanol, the interaction of
imidazolium cation with acetonitrile is stronger. Also, in view of the higher Lewis basicity
of BF,, it is expected to interact more strongly with methanol in comparison to PFg . In
light of these facts, it can be safely argued that the dilution limit up to which the imi-
dazolium based RTIL can maintain the structural ordering of constituents will be higher
when acetonitrile is used as cosolvent in comparison to dilution with methanol. On similar
grounds it can be assumed that the said limit will be higher in the case of [BMIM][BF,]
than in [BMIM][PF¢]. This is also clearly evident from the data presented in Table 1. In
view of the data presented in Fig.1 and Table 1, it seems that compared to methanol,
acetonitrile is a better cosolvent that better enhances the transport properties of imidazo-
lium RTILs with less impact on the structural ordering of the constituents. These obser-
vations are in agreement with the recently reported predictions by Chaban et al. [44] for
imidazolium based RTIL + cosolvent mixtures. Such behavior is of considerable impor-
tance for investigations wherein addition of cosolvents to the RTILs is done to enhance
their transport characteristics while producing minimal variations in the structural orga-
nization within the RTILs.

3.2 Cosolvent Effects of Acetonitrile and Methanol on the Interfacial Characteristics
of [BMIM][BF;] and [BMIM][PFs]

Structural aspects of RTIL/solid, RTIL/vapor are of prime importance in many areas

related to applications of such interfaces [45-47]. A comprehensive molecular level
understanding of such interfaces is a prerequisite for the optimal utilization of the novel
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Fig. 2 Surface tension (y) as a function of composition in acetonitrile and methanol of a [BMIM][BF,] and
b [BMIM][PF¢] at 298 K

features related to such interfaces for their desired properties in interface-based applica-
tions [48, 49]. Surface properties of RTIL + cosolvent mixtures are of particular interest
for two reasons. First, they are often considered as key to obtaining valuable information
about the transfer of mass and energy of dissolved molecules across the RTIL-based
interfaces and these also provide information about the aggregation behavior and drop
formation in RTIL-based partially miscible liquid mixtures. Such information is valuable
in understanding the behavior of RTILs as components in mixed solvent systems, which is
very useful for their use in processes like liquid-liquid extraction. Secondly, these prop-
erties provide valuable information about composition of mixture at the interface which
usually differs from that in the bulk phase.

Figure 2 depicts the variation in surface tension (y) of RTILs, viz. (a) [BMIM][BF,] and
(b) [BMIM][PFg], with change in mole fraction of the RTIL in acetonitrile and methanol.
As is obvious from the plots, v of [BMIM][PFs] and [BMIM][BF,] increase with
increasing mole fraction of RTIL in both methanol and acetonitrile, but the variation is
clearly not linear. These observed deviations from linear behavior are an indication of non-
ideal mixing and Domanska et al. [50] have also reported similar observations for addition
of alcohols to imidazolium based RTILs. Non-ideal mixing of RTILs with molecular
cosolvents has also been reported in the past and specific non-bonded interactions have
been found to play a significant role in such mixing in these mixtures. To visualize the non-
ideal mixing more clearly we calculated the deviations for observed y values from those
expected for ideal values, i.e Ay through the following equation:

AY =Y- (XRTILYRTIL + XCOSOIVCHIYcosolvem) (3)

The variation of Ay as a function of RTIL mole fraction is depicted in Fig. 3 which clearly
shows that the mixing of RTIL with acetonitrile and methanol is non-ideal. Similar trends
for the variation of y and Ay with the addition of [BMIM][BF,] and [BMIM][PF¢] to
acetonitrile were observed in our previously reported studies [25]. While the deviation
from ideal behavior is more pronounced for [BMIM][PF¢] than [BMIM][BF,] in aceto-
nitrile, the opposite occurs in methanol. This can be attributed to the composition
dependent structural organization and ion-solvent interactions for RTIL-cosolvent mix-
tures. In the low RTIL concentration region, cation-anion interaction is weakened due to
stronger solvation of RTIL ions by cosolvents leading to low surface tensions, but when the
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Fig. 3 Deviations in surface tension (Ay) as a function of composition in acetonitrile and methanol of a
[BMIM][BF4] and b [BMIM][PF¢] at 298 K

concentration of RTIL is increased in the mixture, cation-anion interaction predominates
due to which surface tension increases.

As clearly seen from the Fig. 2, the addition of both methanol and acetonitrile to the
investigated RTILs decreases their surface tension. The surface excess of cosolvent in the
RTIL and that of RTIL in the cosolvent was estimated from the y versus concentration data
of cosolvent-rich and RTIL-rich mixtures, respectively, by using the Gibbs adsorption

equation [51]:
1 oy
I'==%r <6ln(C)) “)

where I', C, v, R, and T are the surface excess, bulk solute concentration, surface tension of
the mixture, ideal gas constant and the temperature, respectively. The estimated values of
surface excess are given in Table 2.

As is clear from the entries in Table 2, while the surface excess of RTIL in the
investigated cosolvents is negative, the surface excess of cosolvents in RTILs in the
RTIL-rich regimes is positive. A comparison of the magnitudes of the surface excess
indicates that while acetonitrile shows stronger interaction with [BMIM][PF¢] than

Table 2 Surface excess I', of cosolvent (methanol and acetonitrile) in [BMIM][BF,] and [BMIM][PF¢] in
RTIL-rich regime and of RTILs ([BMIM][BF,] and [BMIM][PF¢]) in methanol and acetonitrile in the
cosolvent rich regime of RTIL plus cosolvent mixtures at 298 K

RTIL I'(mol-m~2) I'(mol-m~2)
Methanol in RTIL Acetonitrile in RTIL
[BMIM] [BF,] 3.59 x 107% 1.33 x 107%
[BMIM] [PFg] 3.91 x 107% 1.17 x 107%
RTIL in Methanol RTIL in Acetonitrile
[BMIM] [BF,] —7.66 x 10~ -7.26 x 10777
[BMIM] [PFg] —3.63 x 10777 —8.47 x 10777
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[BMIM][BF4], in the case of methanol the reverse is true. This can be attributed to the
nature of specific solute-solvent interaction energies in RTIL+ cosolvent mixtures. As
regards the solute for imidazolium based RTILs, while methanol is regarded as an
associating solute that forms strong hydrogen bonds with the charged parts of RTILs
(especially anions), acetonitrile is regarded as a dipolar solute that interacts with the
charged head groups of the ions and nonpolar domains in RTILs [52]. Through
molecular dynamic simulation, Lopes and co-workers [42, 43] have established that both
acetonitrile and methanol interact strongly with the anions BF, and PFg. On account of
its smaller size, BF, interacts more strongly than PFg . The difference between methanol
and acetonitrile interactions with imidazolium-based RTILs lies in their interaction with
C2-H of the imidazolium ion. This interaction energy is comparatively stronger for
acetonitrile than for methanol and is expected to be greater for PF, than BF; on account
of larger polarizability of the former. In light of these facts it can be safely argued that
between methanol and acetonitrile as solutes, while [BMIM][BF4] will show stronger
interaction energies with methanol, in the case of [BMIM][PFg] acetonitrile will more
strongly interact with the RTIL domains than methanol. This very well justifies the
relative variations observed for y values of [BMIM][BF,] and [BMIM][PF¢] on addition
of methanol and acetonitrile.

An overall view of the observed trends in v, Ay and « leads us to propose that in the low
RTIL regime, the fraction of free conducting species increases leading to increases in v, Ay
and x. However in the RTIL-rich fraction, aggregate formation on account of strong ion-
ion interactions becomes the dominant factor and hence leads to the overall decreases in
v, Ay and k. Thus, we propose that the maxima in Ay and x versus mole fraction plots
actually represent the RTIL-cosolvent composition beyond which the mixture behaves like
a structured solvent.

4 Conclusion

Conductance and surface tension studies on mixtures of imidazolium based RTILs, viz. 1-
butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PF¢]) and 1-butyl-3-methyli-
midazolium tetrafluoroborate ([BMIM][BF,]) plus methanol and acetonitrile mixtures,
were carried out to explore and understand the impact of the latter as cosolvents on the
bulk and interfacial characteristics of RTILs. It was found that both methanol and aceto-
nitrile as cosolvents enhance the transport parameters of the investigated RTILs, with the
later being more effective. An interesting finding of the present work is that with cosolvent
addition, the RTILs preserve their characteristic structural aspects up to a certain definite
limit of dilution: in acetonitrile, X;; = 0.144 for [BMIM][BF4] and Xy = 0.103 for
[BMIM][PF¢]; in methanol, X = 0.164 for [BMIM][BF4] and Xy =0.118 for
[BMIM][PF¢]. In acetonitrile both RTILs retain their chemical characteristics up to a
higher dilution limit and there is also larger increase of ionic conductivity than in meth-
anol. Therefore acetonitrile seems to be a better cosolvent for boosting the conductivity of
imidazolium ionic liquids and enhancing their transport for electrochemical and other
applications wherein high viscosity limits the use of RTILs.
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