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ABSTRACT

Ionic liquids (ILs) have achieved special and dedicated attention from the scientific community in recent
years and a large number of studies involving different features of properties and applications of ILs have
been presented. The complete understanding of the phase behaviour of ILs with water is an important
issue yet there are few experimental data on their phase equilibria. In this work the predictive capability
of COSMO-RS, a predictive model based on unimolecular quantum chemistry calculations, was evaluated
for the description of the liquid-liquid equilibria (LLE) and the vapour-liquid equilibria (VLE) of diverse
binary mixtures of water and ILs. The effect of the ions conformers on the quality of the predictions was
assessed and the quantum chemical COSMO calculation at the BP/TZVP level derived from the lowest
energy conformations was adopted. While the LLE predictions degrade with increasing the hydrophilic IL
anion character, in general a good qualitative agreement between the model predictions and experimental
VLE and LLE data was obtained. COSMO-RS showed to be very helpful as an a priori predictive method in
order to find suitable candidates for a certain task or specific applications before extensive experimental

measurements.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Room-temperature ionic liquids (ILs) are salts commonly com-
posed of relatively large organic cations and inorganic or organic
anions that remain liquid at or near room temperature. Unlike

Abbreviations: [C,mim][Tf,N], 1-ethyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide; [C;mim][Tf,N], 1-methyl-3-propylimidazolium bis(tri-
fluoromethylsulfonyl)imide; [C4mim][Tf,N], 1-butyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide; [Csmim][Tf,N], 1-methyl-3-pentylimidazolium bis-
(trifluoromethylsulfonyl)imide; [Cemim][Tf,N], 1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide; [C;mim][Tf;N], 1-heptyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide; [Cgmim][Tf,N], 1-octyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide; [C4mim][PFs], 1-butyl-3-methylimidazolium
hexafluorophosphate; [Csmim|[PFg], 1-butyl-3-hexylimidazolium hexafluoro-
phosphate; [Cgmim][PFs], 1-octyl-3-methylimidazolium hexafluorophosphate;
[C4Cymim][PFs], 1-butyl-2,3-dimethylimidazolium hexafluorophosphate; [C4mim]
[BF4], 1-butyl-3-methylimidazolium tetrafluoroborate; [C4mim][I], 1-butyl-3-
methylimidazolium iodate; [C; mim][(CH3),PO4], 1,3-dimethylimidazolium di-
methylphosphate; [C,mim][EtSO4], 1-ethyl-3-methylimidazolium ethylsulfate;
[C3mpy][Tf2N], 1-n-propyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide;

[Csmpyr][Tf;N], 1-methyl-1-propylpyrrolidinium bis(trifluoromethylsulfonyl)imide;

[Campyr][Tf;N], 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide.
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molecular liquids, the ionic nature of these liquids results in a
unique combination of intrinsic physical and chemical properties
for most of them, such as high thermal stability, large liquidus
range, high ionic conductivity, negligible vapour pressure, non-
flammability and a highly solvating capacity for a wide range of
organic, inorganic and organometallic compounds.

Among the several applications foreseeable for ILs in the chem-
ical industry there has been considerable interest in the potential
of ILs for separation processes as extraction media where, among
others, ILs have shown promising in the liquid-liquid extraction of
organics from water [1-3]. For the extraction of organic products
from chemical reactions that proceed in aqueous media and for
liquid-liquid extractions from aqueous phases, ILs with lower solu-
bility in water are required. While they cannot contribute to air pol-
lution due to their negligible vapour pressures, they do have in fact
asignificant solubility in water and, as a result, this is the most likely
medium through which ILs will enter the environment. Moreover,
the loss of ILs into the aqueous phase may be an important factor
in estimating the cost of the IL recycling steps and the cost of water
treatments. Furthermore, there was found a relation between the
ILs hydrophobicity nature and their aquatic toxicity level [4,5], and
the knowledge of the liquid phase behaviour between water and ILs
can be a way to assess and predict the ILs environmental impact.
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On the other hand, it was already shown that the presence
of water in the IL phase can dramatically affect their pure phys-
ical properties such as viscosities, densities and surface tensions
[6-9], and can acts as a co-solvent or anti-solvent in alcohols-ILs
or gases-ILs systems, respectively [10-12].

One of the main ILs intrinsic attributes is the potential of tuning
their physical and chemical properties and their solvating ability
by varying different features of their structure, including the cation
family, the cation alkyl chain length and number of alkyl groups,
and the anion identity. At present, measurements on solubility and
phase equilibrium of ILs and water are limited and just a few sys-
tematic studies changing the cation and/or the anion along with
a temperature dependence have been attempted [13-15]. To our
knowledge, other studies on both LLE and VLE water-IL systems
have also been reported [3,7,10,16-32].

As it is unfeasible to experimentally measure all the possible
combinations of anions and cations in ILs vapour-liquid equilibria
(VLE) and liquid-liquid equilibria (LLE) systems, it is essential to
make measurements on selected systems to provide results that
can be used to develop correlations and to test predictive meth-
ods. Several models have been used for correlating experimental
data of phase equilibria with ILs systems. Based on excess free
Gibbs energy models, Wilson, UNIQUAC and original and modi-
fied UNIFAC equations have been applied to correlate solid-liquid
equilibria (SLE) and VLE of ILs systems [23,33-37]. In particular,
original and modified UNIFAC was also applied to correlate activ-
ity coefficients at infinite dilution and excess molar enthalpies of
systems involving ILs [36]. Another local composition model that
proved being able to correlate data of ILs systems was the non-
random two-liquid (NRTL) that was applied to VLE and LLE systems
[27,35,38-45]. Nonetheless, correlations and group-contribution
methods (GCMs) are not a good option due to the lack of a suf-
ficiently large bank of experimental data for systems involving
ILs at present. The use of equations of state (EoS) requires crit-
ical parameters of the IL, which can only be obtained indirectly
and with large uncertainties [8,46-48]. Nevertheless, on the basis
of unimolecular quantum calculations of the individual molecules,
the conductor-like screening model for real solvents (COSMO-RS)
[49-51] appears to be a novel method for the prediction of thermo-
physical properties of fluids and can be considered as an alternative
to the structure-interpolating GCMs. The COSMO-RS is also based
ona physically founded model, but unlike GCMs, uses only element-
specific parameters. This method is therefore, at least qualitatively,
able to describe structural variations correctly.

There are few previous contributions reported in literature that
deal with the application of COSMO-RS for the description of LLE
systems involving ILs and alcohols, hydrocarbons, ethers or ketones
[52-57]. In addition, the VLE binary systems description of ILs and
alcohols, hydrocarbons, ketones or water using COSMO-RS and
COSMO-RS(01) was merely carried by Kato and Gmehling [36],
Banerjee et al. [25,26] and also by our group [13,14,57].

Thus, the goal of the present study is to evaluate the COSMO-
RS potential for the prediction of the thermodynamic behaviour of
systems of several nature-based ILs and water. The main ambition
is to determine the impact of different ILs characteristics and the
possibility to design a solvent for a specific application, in this case
to fine-tune a particular IL, and with known mutual solubilities with
water.

2. Phase equilibria prediction of systems involving ILs and
water

Traditional approaches for correlating or predicting the prop-
erties of fluid mixtures such as EoS methods and schemes based

primarily on dividing the molecules into various groups (GCMs)
require a large bank of experimental data prior to their applica-
tion. At present the major requirement is a predictive method that
could screen the huge number of possible combinations of ILs and
their mixtures, in this study with water, prior to making extensive
experimental measurements.

The COSMO-RS is a unique method for predicting the thermody-
namic properties of mixtures on the basis of unimolecular quantum
chemical calculations for the individual molecules. COSMO-RS
combines the electrostatic advantages and the computational effi-
ciency of the quantum chemical dielectric continuum solvation
model COSMO with a statistical thermodynamics approach, based
on the results of the quantum chemical calculations [49-51].
The standard procedure of COSMO-RS calculations consists in
two major steps: quantum chemical COSMO calculations for the
molecular species involved and COSMO-RS statistical calculations
performed within the COSMOtherm program [58,59].

The quantum chemical model COSMO is an efficient variant
of dielectric continuum solvation methods. In these calculations
the solute molecules are assumed to be in a virtual conductor
environment, where the solute induces a polarization charge den-
sity, o, on the interface between the molecule and the conductor,
that is, on the molecular surface. These charges act back on the
solute and give rise to a more polarized electron density than
in vacuum. During the quantum chemical self-consistency cycle,
the solute molecule is thus converged to its energetically opti-
mal state in a conductor with respect to electron density, and that
molecular geometry can be optimized using conventional meth-
ods for calculations in vacuum. Although time-consuming, one
advantage of this procedure is that the quantum chemical calcu-
lations have to be performed just once for each molecule or ion of
interest.

The COSMO-RS calculation procedure, performed using the COS-
MOtherm program [58,59] describes all the interactions between
molecules as contact interactions of the molecular surfaces, and
these interactions can be related to the screening charge densities,
o and o’, of the interacting surface pieces. The COSMO output pro-
vides the total energy of a molecule in its conductor environment
and the 3D polarization density distribution on the surface of each
molecule X;. This information acts as an input for the statistical ther-
modynamic calculations therein after and it is independent of the
solvent dielectric constant and temperature. In the COSMO-RS pro-
cedure the 3D polarization density distribution is then converted
into a distribution function, the o-profile, pXi(¢). This last parame-
ter describes the polarity of each surface segment on the overall
surface of the molecule and quantifies the interactions of pair-
wise interacting surface segments in respect to the most important
molecular interaction modes. If a mixture is considered, the o-
profile of a solvent S, ps (0), is the result of adding the individual
p%i(o) weighed by their mole fractions, x;. Nevertheless, for the sta-
tistical thermodynamics of the molecular interactions is convenient
to consider a normalised ensemble and since the integral of pXi(o)
over the entire o-range is the total surface area AXi of a compound
X;, the normalised o-profile, pg(0), of the overall system is defined
accordingly to the following equation:

;o bs(o)  ps(o)
ps(o) = As TS xR (1)

The electrostatic misfit energy (Enisfir) and hydrogen bonding
free energy (Eyg) are described as functions of the polarization
charges of the two interacting segments, o and 0’ Or Gacceptor and
Odonor if the segments are located in a hydrogen bond donor or
acceptor atom, as described in Egs. (2) and (3). The van der Waals
energy (Eyqw) is dependent only on the atoms involved and is
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described in Eq. (4).

o 2
Emistir(0, 0) = Gefr (0 +07) (2)
Enp = defrcypmin(0; min(0; 0 gonor + 0HB )Max(0; Gacceptor — OHB))
(3)
Eyaw = aeff( Tydw + T\’/dw) (4)

where o' is the coefficient for electrostatic misfit interactions, desr
is the effective contact area between two surface segments, cyp is
the coefficient for hydrogen bond strength, oy is the threshold for
hydrogen bonding and tyqw and t,,,, are element-specific vdWs
coefficients [51,60].

The most significant descriptor used in COSMO-RS is the local
screening charge density, o, which would be induced on the molec-
ular surface if the molecule would be embedded in a virtual
conductor. This o descriptor is thus the key role for describing
the local polarity of molecular surface and it is the only descriptor
determining the interaction energies, replacing the empirical inter-
action parameters usually used in chemical engineering models like
UNIQUAC and UNIFAC.

Thus, in COSMO-RS, the ensemble of surface pieces character-
izing a liquid system S is described by the distribution function, ps
(o), that portrays the amount of surface in the ensemble having a
screening charge density between o and o +do. The o-profile of a
single compound is derived from the quantum chemical COSMO
output for that molecule, applying some local averaging algorithm
that take into account that only screening charge densities aver-
aged over an effective contact area are of physical meaning in
COSMO-RS [51,60]. Furthermore, COSMO-RS performs the statis-
tical thermodynamic calculations and hence yields enthalpic and
entropic information for each system.

The COSMO-RS method depends only on a small number of
general or at most element-specific adjustable parameters (pre-
determined from known properties of a small set of molecules)
and that are not specific for functional groups or type of molecules.
Moreover, statistical thermodynamics enables the determination
of the chemical potential of all components in the mixture and,
from these, the LLE, VLE and other thermodynamic properties of
any mixture can be derived.

Inthe particular case involving ILs, a pseudobinary approach was
used in the COSMOtherm program to calculate the LLE and VLE of
a mixture composed of an IL and water, with the cation and anion
of the IL input as separate compounds with the same mole fraction
during all the procedure. The chemical potentials were calculated
for the ternary system (anion +cation +water) with the chemical
potential of the IL as the sum of the chemical potentials of both
the cation and anion. For the case of LLE, a numerical approach was
used to find the two compositions having equal chemical potentials
of the three components (in the pseudobinary system) in the two
phases at a particular temperature. Nevertheless, it should be noted
that COSMO-RS is not able, at present, to treat ions correctly at
finite low ionic strength due to the long-range ion-ion interactions
involved. Thus, more experimental and theoretical work is still in
need to improve the LLE and VLE predictions for systems involving
ILs ions [51].

The calculation procedure and basis set parameterization of
COSMO-RS calculations were done at the BP/TZVP level (Turbo-
mole [61,62], DFT/COSMO calculation with the BP functional and
TZVP [63] basis set using the fully optimized geometries at the same
level of theory) and parameter file BP_.TZVP_C21_0025.

3. LLE and VLE experimental database

LLE experimental data between water and imidazolium, pyri-
dinium and pyrrolidinium-based ILs were taken from literature

[13,14,22] for the following ILs: [C4mim][BF4], [C4mim][PFg],
[Cemlm][PFg], [Cgmlm][PFG], [C4C1mlm][PF6], [szlm][szN],
[Cgmlm][szN], [C4m1m][Tf2N], [C5m1m][Tf2N], [Cemlm][szN],
[C;mim][TfyN], [Cgmim][TfN], [C3mpy][TfyN], [C3mpyr|[Tf,N] and
[C4mpyr][Tf,N]. Further details about the experimental proce-
dure and respective results and accuracy can be found elsewhere
[13,14,22].

VLE experimental isothermal data between water and
imidazolium-based ILs were taken from literature for the follow-
ing ILs: [C4mim][I], [C4mim][BF4], [C4mim][PFg], [Cgmim][PFg],
[Comim][TfyN], [C4mim][Tf,N], [C;mim][(CH3),P04] and [C;mim]
[EtSO4] [16,20,29,36].

4. Results and discussion

Prior to extensive comparisons between COSMO-RS predictions
and the experimental data available, a study concerning different
energy conformers of both cations and anions was performed to
access the best conditions of the COSMO-RS predictions in regard to
the experimental data. All the COSMO-RS calculations were carried
at the BP/TZVP level (Turbomole [61,62], DFT/COSMO calculation
with the BP functional and TZVP [63] basis set using the optimized
geometries at the same level of theory) with the parameter file
BP_TZVP_C21.0105. Therefore, the effect of the cation family, cation
alkyl chain length, methyl inclusion, anion identity and tempera-
ture dependence in both LLE and VLE systems are presented and
discussed.

4.1. Conformers influence

A molecule prefers to occupy the states of the low total energy
and arranges its atoms accordingly. By rotation around single bonds,
molecules with the same molecular formula can form geometri-
cal isomers by arranging their atoms in different, non-equivalent
positions to each other, the so-called local energy conformations or
meta-stable conformations. The ions molecular geometry is opti-
mized in vacuum and thus converged to its energetically optimal
state in a conductor with respect to electron density. There are dif-
ferent energy states for the various conformers in the alkyl chains
of [C;mim| and [C,pyr] cations and in the [Tf,N] and [(CH3),P04]
anions studied. Thus it is important from a theoretical point of view
to evaluate the effect of the various conformers on the predicted
LLE and VLE systems. To study the influence of the ILs conforma-
tions on the COSMO-RS predictions, the meta-stable conformations
with the lowest and higher COSMO energies have been tested. The
global minimum energy conformations for ILs consist of the geo-
metrically optimized minimum energy structure for both the cation
and the anion and the local minima energy conformations consist
in meta-stable conformations but with higher potential energy sur-
faces than the global minimum. Besides the [TfyN] and [(CH3),PO04]
anions that were found to have two and three stable conform-
ers each, in some cases just the effect of the cation is studied,
because only one structure of the anions [I], [EtSO4], [BF4] and [PFg]
was found. Some examples of the conformers influence results are
depicted in Figs. 1-3, both in the LLE and VLE phase diagrams.

The results presented in Fig. 1 show that different cation energy
conformations have a small effect on the predicted mutual solubili-
ties, and similar behaviours in the LLE study were obtained for other
cations family-based and other cations alkyl chain length examples.
Nevertheless, higher deviations are found for the [C4mim][Tf;N]
and water phase diagram presented in Fig. 2, where besides the
presence of the cation conformers, the anion also presents two
different local minima energy geometrical isomers. There is a com-
bination of minimal energy conformations of both cation and anion,
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showing that the anion plays an important role in the H-bonding
interactions with water.

One example of the diverse energy conformations influence
in the [C4mim][Tf;N] and water VLE behaviour is presented in
Fig. 3. For both vapour-liquid phase diagrams of [C;mim][Tf;N]
and [C4mim][Tf,N] with water, the positive deviation from Raoult’s
law is predicted, and the best results in respect to experimental
data are with the lowest energy conformation ions. Nevertheless,
smaller differences due to the ions conformers are obtained in the
VLE studies because of the ILs negligible vapour pressures and their
small contribute in this type of phase behaviour.

In both LLE and VLE studies the best predictions in respect to
experimental data are obtained with the lowest energy conforma-
tions or with the global minimum for both cation and/or anion.
This trend is observed for almost all the binary systems analysed
and thus the lowest energy isomers conformation for all the species
involved will be used in the COSMO-RS calculations below.

4.2. Liquid-liquid equilibria predictions

Using the optimal global minimum energy ions conformers,
the phase diagram for a number of binary IL-water systems was
predicted. In this part of the work the quantum chemical COSMO
calculations for the ILs under study were performed with the Tur-
bomole program package [61,62] using the BP density functional
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theory and the triple-{ valence polarized large basis set (TZVP)
[63]. These calculations were made for a true three-component
mixture where the cation and anion of equal mole fractions were
treated as separate species. Experimental data in the form of T-x.
for each binary mixture investigated and the results obtained with
the COSMO-RS predictive calculations are compared in Figs. 4-9.

) [C;mim][Tf;N]; (@) (—--—) [Csmim][Tf,N]. The single symbols and the lines represent,

The ILs-water systems studied present an asymmetric LLE
behaviour due to the higher solubility of water in ILs while their
solubility in water is very small. In fact, the mole fraction solu-
bility of the studied ILs in water ranges from 3.4 x 10—, for the
[Cgmim][Tf;N], to complete miscibility at room temperature, for
[C4mim][BF4]. On the other hand, the mole fractions solubilities of
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water in the ILs studied range from 0.19 to the complete miscibility,
at room temperature, and depend on both the cation and the anion
identity. However, since the main goal of this work is to study the
impact of the ILs anions and cations structural variations on the
predicted phase diagrams the mole fraction basis was adopted.
The results obtained are discussed below from different per-
spectives to evaluate the impact of ILs structural variations on the
COSMO-RS predictive capability for mutual solubilities with water.

4.2.1. Cation class influence

The influence of different cations family on IL-water LLE systems
can be assessed by examination of the experimental phase dia-
grams of imidazolium, pyridinium and pyrrolidinium-based ILs in
combination with the common anion [Tf,N] [13,14], as well as their
predictions using COSMO-RS, presented in Fig. 4. Due to the asym-
metrical character of the LLE behaviour the figures present both the
general LLE diagrams and the water-rich side of the equilibrium.
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The overall trend is well predicted with the hydrophobic
tendency increasing from [C3mim]<[C3mpy]<[C3mpyr] as veri-
fied experimentally for the IL-rich phase. Besides the qualitative
description, the predictions also provide a good quantitative
description of the experimental data. For the water-rich phase the
predictive hydrophobic tendency is also well described.

In general, it seems that the COSMO-RS is able to describe
well, both qualitatively and quantitatively, water-IL LLE systems
based on extremely hydrophobic anions, as the case of [Tf,N]-
based anions, and independently of the cation class or the cation
hydrophobicity.

4.2.2. Cation alkyl chain length influence

Figs. 5-7 show the liquid-liquid experimental data [13,14] and
the predicted phase behaviour with water for two anions, [PFg]
and [Tf;N], in combination with different alkyl chain length imida-
zolium and pyrrolidinium-based ILs.

The influence of the cation alkyl chain length on the mutual sol-
ubilities appeared to follow the same trend with both the anions
and cations families, where there is an increase in the IL hydropho-
bic character with the cation alkyl chain length increase. That
hydrophobic tendency occurs at both sides of the equilibrium but
plays a major role on the water-rich side, where differences of
one order of magnitude appear when comparing the solubility of
[C4mim][PFg] with [Cgmim][PFg] and even of two orders of mag-
nitude comparing [C,mim][Tf,N] with [Cgsmim][Tf;N] in water at
room temperature.

The results obtained from COSMO-RS calculations show an
acceptable agreement with the experimental data available, and
follow the ILs hydrophobic character increase with the cation alkyl
chain length increase, depicting the good qualitatively predic-
tion capacity of this method. Higher relative deviations between
experimental data and COSMO-RS predictions were found in the
water-rich phase, but it should be mentioned that the ILs solubility
in water can be considered as to being at infinite dilution and that
predictions can always be considered reasonable satisfactory at the
quantitative level.

It is interesting to note that the liquid-liquid phase behaviour
between alcohols and ILs follows the opposite trend of that
observed for water-ILs systems. The higher the alkyl side chain
length of the cation the higher are the mutual solubilities between
alcohols and ILs essentially due to the increase in the van der Waals
interactions. In both cases COSMO-RS seems to be able to correctly
describe the mutual solubilities changes induced by the cation alkyl
side chain length increase [57].

4.2.3. Cation methyl inclusion influence

Fig. 8 presents the comparison between water and [C4mim][PFg]
or [C4Cymim][PFg] mutual solubilities for both experimental and
COSMO-RS predictive results [13,14].

By replacing the hydrogen of the [C4mim] cation at the C2
position with a methyl group (forming [C4C;mim]) the ability of
the cation to hydrogen bond with water is greatly diminished,
resulting in a decrease in the mutual solubilities between the pre-
vious imidazolium-based IL and water. Clearly, hydrogen bonding
of water with the most acidic hydrogen of the imidazolium cation
has some influence in controlling liquid-liquid phase behaviour
between imidazolium-based ILs and water. COSMO-RS calculations
agree well with experimental results for both sides of the equilib-
rium predicting correctly the IL hydrophobic character increase and
the variation in mutual solubilities due to a methyl inclusion at the
imidazolium cation.

4.2.4. Anion identity

Fig. 9 shows the comparison between the experimental data
[13,14,22] and COSMO-RS predictions using the BP/TZVP proce-
dure for the liquid-liquid phase behaviour of the [C4mim] cation in
combination with three different anions: [BF4], [PFg] and [Tf,N].

In the water-rich phase COSMO-RS proved to predict the
increase in the hydrophobicity nature due to the anion identity
from [BF4] < [PFg] < [Tf,N], following the experimental mutual sol-
ubilities decrease with water. However, in the IL-rich phase the
IL hydrophobic tendency between [PFg] and [Tf,N] is not well
described when compared to the experimental data. COSMO-RS
predicts a higher solubility of water in [C4smim][Tf,N] than in
[C4mim][PFg], may be due to the fact that the [Tf;N] is a stronger
Lewis base than [PFg]. Conversely, [PFg] has a greater charge density
than [Tf,N] because it is smaller, so it can have stronger Coulom-
bic interactions. Clearly the phase behaviour is the result of several
competing interactions in the solution and all types of interactions
should be considered. Moreover it was demonstrated that both the
cation and anion affect the mutual solubilities, but from Fig. 9, it
is the anion that plays the major role on the phase behaviour of
imidazolium-based ILs with water. Thus, changing the anion is the
easiest way to adjust the liquid-liquid equilibrium with water.

A good quantitative general description was found for
[C4mim][Tf,N]-water system over the entire liquid-liquid phase
diagram. In fact, and as stated before, for the cation family influ-
ence study it seems that the COSMO-RS is capable of describing
improved systems with extremely hydrophobic anions than those
based in more hydrophilic anions, as [BF4] and [PFg]. The pre-
dictions show a clear quantitative degradation with the anion
hydrophilic character increase.

In general, the predictive LLE capacity of COSMO-RS seems to
improve with the increasing polarity of the solvent, since better
quantitative descriptions are obtained in this work for water involv-
ing systems, when compared with the COSMO-RS predictions for
LLE binary systems of ILs with alcohols, alkanes and ketones where
the mutual solubilities deviations were found to be larger than
those reported in the present work [54-57].

From the present results and our previous contribution [57] a
global remark can be established for the IL-solvent binary systems
LLE predictions. It appears that the larger the difference between
the IL and the solvent polarity, the better are the quantitative and
qualitative predictions. For IL-water systems the predictions start
to deviate with the anion hydrophilic nature increase, while for
IL-alcohol systems the predictions start to deviate with both the
cation alkyl side chain and alcohol chain length increase.

4.3. Vapour-liquid equilibria predictions

The vapour-phase behaviour for several IL-water systems
was available from literature [16,20,29,36] and the comparison
between the COSMO-RS predictions, using the BP/TZVP procedure
and the lowest energy ion conformations, with the experimental
data was performed. The results are presented in Figs. 10-20 in the
form of p—xwater data for each binary mixture investigated. Again
the COSMO-RS calculations were made for a true three-component
mixture where the cation and anion of equal concentrations are
treated as separate species. The results obtained for the isotherms
DP—-Xwater Phase diagrams are discussed below from different views
to evaluate the influence of the ILs structural variations and its
dependence with temperature and the COSMO-RS predictive
capability.

4.3.1. Cation alkyl chain length influence
Figs. 10-12 show the experimental vapour-liquid phase
behaviour for three anions, [BF4], [PFg] and [Tf;N], in combination
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Fig. 10. Vapour-liquid phase diagram for water and ILs at 298.15K: (¢) (=)
[C4mim][BF4]; (A) (---) [Csmim][BF4]. The single symbols and the lines represent,
respectively the experimental data and the COSMO-RS predictions.

with different alkyl chain length imidazolium-based ILs [16,20,36]
and the respective comparison with the COSMO-RS prediction
results.

From Figs. 10-12, COSMO-RS provides a good qualitative
description of the p-xwater phase diagrams in respect to the
cation alkyl chain length variation with the three different anions
(|BF4], [PFg] and [Tf,N]) when compared to the experimental data
[16,20,36]. There is an increase of the positive deviation from
Raoult’s law and also an increase of the ILs hydrophobic nature with
the alkyl chain length. However, and in accordance with the results
reported for the LLE predictions, better quantitative results are
obtained for water-IL systems with the hydrophobic anion [Tf;N].

Furthermore, in Fig. 12 itis shown the occurrence of a miscibility
gap with the [Tf,N]-based ILs; this same behaviour is expected with
the [PFg]-based ILs, although the mole fraction range presented is
not enough to prove this fact experimentally. Besides the positive
deviation from Raoult’s law that is predicted for the three anions,
COSMO-RS showed to be able to give at least a priori good qualitative
predictions.
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Fig. 11. Vapour-liquid phase diagram for water and ILs at 298.15K: (¢) (=)

[C4mim][PFs]; (O) (- --) [Csmim][PFs]. The single symbols and the lines represent,
respectively the experimental data and the COSMO-RS predictions.
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Fig. 12. Vapour-liquid phase diagram for water and ILs at 353.15K: (0) (—)
[Comim][Tf;N]; (O) (- - -) [C4mim][Tf,N]. The single symbols and the lines represent,
respectively the experimental data and the COSMO-RS predictions.

4.3.2. Anion identity influence

Figs. 13 and 14 show the comparison between experimental data
and COSMO-RS predictions using the BP/TZVP procedure for the
vapour-liquid phase behaviour for the [Cgmim] cation, in combi-
nation with two anions: [BF4] and [PFg] [16], and for the [C4mim]
cation in combination with different anions: [BF4] and [I] [20].
Figs. 15 and 16 present the results obtained for water with the
[Cimim][(CH3);P04] and the [C;mim][EtSO4] ILs vapour-liquid
phase equilibria, respectively [29,36]. However, a direct comparison
with other anions cannot be made due to the lack of experimental
data reporting these two anions in combination with other cations.

From the inspection of Figs. 13 and 14, the COSMO-RS
proved to predict well the hydrophobic tendency increase in the
vapour-liquid phase equilibria due to the anion identity from
[1] < [BF4] < [PFg], following the same trend of the experimental data
and also as verified for the LLE.
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Fig. 13. Vapour-liquid phase diagrams for water and ILs at 298.15K: (A) (=)

[Csmim][BF4]; (O) (---) [Csmim][PFg]. The single symbols and the lines represent,
respectively the experimental data and the COSMO-RS predictions.
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Moreover it was demonstrated that both the cation and anion
affect the vapour-liquid phase equilibria, but comparing Figs. 13-16
it is again the anion that plays the major role on the vapour-phase
behaviour of imidazolium-based ILs with water, as verified for the
LLE type systems.

From Figs. 14-16, the COSMO-RS demonstrated also that it is
able to describe well phase diagrams with negative deviations
from Raoult’s law, as experimentally evidenced for the [C4mim][I],
[Cimim][(CH3);P04] and [Comim|[EtSO4]-water binary systems.

4.3.3. Temperature dependence influence

Figs. 17-20 show the comparison between the experimen-
tal data [16,29] and COSMO-RS predictive results using the
BP/TZVP procedure for the vapour-liquid phase behaviour at sev-
eral isotherms for the following ILs: [C4mim][PFg], [Cgmim][PFg],
[Cgmim][BF4] and [C,mim][EtSO4].
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Fig. 15. Vapour-liquid phase diagram for water and [C;mim][(CH3);P04] at
353.15K: () (—). The single symbols and the lines represent, respectively the exper-

imental data and the COSMO-RS predictions.
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Fig. 16. Vapour-liquid phase diagram for water and [C;mim][EtSO4] at 302.19K: ()
(—). The single symbols and the lines represent, respectively the experimental data
and the COSMO-RS predictions.
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Fig.17. Vapour-liquid phase diagrams for water and [C4mim][PFg] at isotherms: (¢)
(=) 283.15K; (&) (---) 298.15K; (O) (——) 308.15K; (O) ( ) 323.15K.
The single symbols and the lines represent, respectively the experimental data and
the COSMO-RS predictions.
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Fig. 18. Vapour-liquid phase diagram for water and [Cgmim][PFg] at isotherms: (¢)
(—)283.15K;(A)(---)298.15K; (0) (——) 308.15 K. The single symbols and the lines
represent, respectively the experimental data and the COSMO-RS predictions.
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Fig. 19. Vapour-liquid phase diagram for water and [Cgmim|[BF4] at isotherms: (0)
(—)283.15K; (A)(---)298.15K; (0) (— —) 308.15 K. The single symbols and the lines
represent, respectively the experimental data and the COSMO-RS predictions.

From Figs. 17-20, COSMO-RS showed to be able to describe the
vapour-liquid phase diagrams behaviour, increasing pressure with
the increase of temperature as verified experimentally. Although
the quantitative predictions are not perfect, the COSMO-RS was able
to describe the qualitative variations due to temperature in all the
ILs analysed that are composed by different cations and/or anions.

Although data in a larger temperature range would be required
to fully establish the adequacy of the temperature dependence of
the COSMO-RS predictions, the results here reported and along with
the LLE results, seem to indicate that COSMO-RS provides a correct
temperature dependence of the liquid phase non-ideality.

Comparing the LLE and VLE results, the VLE description is qual-
itatively superior following the same behaviour for all the ILs
combinations studied when compared with experimental data. For
the LLE results some improvements should be made to achieve a
better description of the anion influence in the mutual solubilities
between water and ILs.

p/kPa

Xwater

Fig. 20. Vapour-liquid phase diagram for water and [C; mim][EtSO4] at isotherms:
(0) (=) 302.19K; (A) (---) 312.19K; (O) (——) 322.19K. The single symbols and the
lines represent, respectively the experimental data and the COSMO-RS predictions.

5. Conclusions

ILs have been suggested as potential “green” solvents due to
their negligible vapour pressures. To develop ILs as prospective sol-
vents for diverse applications it is important to gain a fundamental
understanding of the factors that control the phase behaviour of
ILs with other liquids, including polar solvents as water. Since it
is not feasible to experimentally determine all the possible com-
binations with ILs, a predictive method capable of describing the
phase behaviour of such systems is of extreme importance. Quan-
tum chemical calculations based on the o profiles of the cation,
the anion, and water were used for the prediction of LLE and VLE
systems incorporating ILs and water. COSMO-RS and its implemen-
tation in the program COSMOtherm showed to be capable of giving
satisfactory a priori qualitative predictions of the thermodynamics
of systems involving ILs, which may be of considerable value for the
exploration of suitable ILs for practical and specific applications.

The VLE predictions showed to be more accurate inrespect to the
available experimental data, describing well all the ILs structural
modifications in their phase behaviour. Nevertheless, for the LLE
predictions some model limitations were found, especially for the
anions influence.

Although a reasonable qualitative prediction was obtained for
the various ILs studied, the deviations from experimental data seem
to increase with the IL anion hydrophilic character. On the other
hand, the cation hydrophilic character does not lead to this devia-
tion increase from experimental data.

List of symbols

Qeff effective contact area between two surface segments
Ak total surface area of molecule X;

CHB hydrogen bond strength coefficient

Enug hydrogen bonding free energy

Enisiit  electrostatic misfit energy

Evaw van der Waals energy

p pressure

ps (o)  sigma profile of a solvent

pXi(o)  sigma profile of a solute i

P¢(o) normalised sigma profile of a solvent

T temperature

X; mole fraction of compound i

XIL ionic liquid mole fraction

X; i molecule considered as solute

Greek symbols

o electrostatic misfit interactions coefficient

o polarization charge density

Oacceptor Polarization charge of a hydrogen

Odonor  POlarization charge of a hydrogen bonding donor
OuB hydrogen bonding threshold bonding acceptor
Tydw element-specific vdWs coefficient

Toaw element-specific vdWs coefficient
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