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bstract

The huge number of possible combinations of binary mixtures of alcohols and ionic liquids (ILs) make the exhaustive measurement of all these
ystems impracticable requiring the use of a predictive model for their study. In this work, the predictive capability of COSMO-RS, a model based
n unimolecular quantum chemistry calculations, was evaluated for the description of the liquid–liquid equilibria and the vapour–liquid equilibria
f binary mixtures of alcohols and several imidazolium and pyridinium-based ILs. The effect of the ions and alcohols conformers on the quality of
he predictions was assessed and the quantum chemical COSMO calculation at the BP/TZVP level derived from the lower energy conformations
as adopted. Although a degradation in the liquid–liquid equilibria predictions with increasing size length of the alkyl chain of the alcohol or

f the ionic liquid and with the short chain alcohol methanol in the vapour–liquid equilibria predictions were observed, in general a reasonable
ualitative agreement between the model predictions and experimental data for a large combination of structural variations of both alcohols and
Ls was obtained. COSMO-RS can thus be very useful in the scanning of the growing number of known ILs to find suitable candidates, or help
esigning new ILs, for specific applications before extensive experimental measurements.

2007 Elsevier B.V. All rights reserved.
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Abbreviations: [C2mim][Tf2N], 1-ethyl-3-methylimidazolium
is(trifluoromethylsulfonyl)imide; [C4mim][BF4], 1-butyl-3-methylimi-
azolium tetrafluoroborate; [C4mim][PF6], 1-butyl-3-methylimidazolium
exafluorophosphate; [C4mim][Tf2N], 1-butyl-3-methylimidazolium
is(trifluoromethylsulfonyl)imide; [C5mim][PF6], 1-pentyl-3-methylim-
dazolium hexafluorophosphate; [C6mim][BF4], 1-hexyl-3-methylimidazolium
etrafluoroborate; [C6mim][PF6], 1-hexyl-3-methylimidazolium hexafluo-
ophosphate; [C6mim][Tf2N], 1-hexyl-3-methylimidazolium bis
trifluoromethylsulfonyl)imide; [C7mim][PF6], 1-heptyl-3-methylimidazolium
exafluorophosphate; [C8mim][BF4], 1-octyl-3-methylimidazolium
etrafluoroborate; [C8mim][PF6], 1-octyl-3-methylimidazolium hexafluo-
ophosphate; [C8mim][Tf2N], 1-octyl-3-methylimidazolium bis(trifluoro-
ulfonyl)imide; [C3C1mim][Tf2N], 2,3-dimethyl-1-propylimidazolium bis
trifluoromethylsulfonyl)imide; [C6C1mim][Tf2N], 2,3-dimethyl-1-hexyl-
midazolium bis(trifluoromethylsulfonyl)imide; [C6py][Tf2N], 1-n-
exylpyridinium bis(trifluoromethylsulfonyl)imide; [C4mpy][BF4], 1-n-butyl-
-methylpyridinium tetrafluoroborate; [C4mpy][Tf2N], 1-n-butyl-3-
ethylpyridinium bis(trifluoromethylsulfonyl)imide; [C6mpy][Tf2N], 1-n-

exyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide; [C1mim]
(CH3)2PO4], 1,3-dimethylimidazolium dimethylphosphate; [C4mim][OctS],
-butyl-3-methylimidazolium octylsulfate
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. Introduction

Room temperature ionic liquids have received recently
ncreased interest as potential “green” solvents replacements
or volatile organic solvents essentially due to their negligible
apour pressures [1]. Ionic liquids are typically salts composed
f relatively large organic cations and inorganic or organic
nions and the presence of these large ions tend to reduce the
attice energy of the crystalline structure lowering their melt-
ng point, and thus they generally remain liquid at or near room
emperature. Among their unique characteristics they present
he potential to tune their physical and chemical properties
y varying different features of the ionic liquid, including the
lkyl chain length on the cation and the anion, and a detailed
nowledge of the impact of the different structural changes on
he properties of ILs will enable their use as “designer sol-
ents”.
Among the several applications foreseeable for ionic liquids
n the chemical industry such as solvents in organic synthesis,
s homogeneous and biphasic transfer catalysts, and in electro-
hemistry, there has been considerable interest in the potential

mailto:jcoutinho@dq.ua.pt
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f ILs for separation processes as extraction media [2–5]. In
articular, it was already shown that ILs can be successfully
sed for the extraction of ethanol and butanol from aqueous fer-
entation broths [4], and for the extraction of alcohols from

lcohol/alkane mixtures [5]. Furthermore, when ILs are used
s solvents for reactions or as catalysts or catalysis medium in
he presence of alcohols products or reactants, reliable thermo-
ynamic data on such systems are of great importance for the
esign of more efficient and possibly greener industrial pro-
esses.

The development of ILs specifically designed for a particu-
ar reaction or separation process requires a large data bank on
ure ILs physical properties and on their phase behaviour with
ommon solvents. A fair amount of data for solid-liquid equi-
ibria (SLE), liquid–liquid equilibria (LLE) and vapour–liquid
quilibria (VLE) of binary systems for various ILs and alco-
ols have already been reported [6–31]. As it is unfeasible to
xperimentally measure the phase behaviour of all the possible
ombinations of anions and cations in ILs with all the possi-
le alcohols, it is essential to make measurements on selected
ystems to provide results that can be used to develop correla-
ions and to test predictive methods. Several models have been
ttempted for correlating experimental data of ILs systems phase
quilibria. Based on excess free Gibbs energy models, Wilson,
NIQUAC and original and modified UNIFAC equations have
een applied to correlate SLE and VLE of ILs [16–18,23–25].
n particular original and modified UNIFAC was also applied
o correlate activity coefficients at infinite dilution and excess

olar enthalpies of systems involving ILs [25]. Another local
omposition model that proved being able to correlate data of
Ls systems was the non-random two-liquid (NRTL), that was
pplied to both VLE and LLE systems [5,8,23,26–31]. A dif-
erent approach was proposed by de Sousa and Rebelo [32]
hat used a “polymer-like” modified Flory–Huggins equation
o correlate the LLE of ILs solutions, because of the similar-
ty between the LLE phase diagrams of polymer solutions and
hose of IL solutions. Nevertheless, correlations are limited in
cope and group contribution methods are not a good alter-
ative due to the lack of IL group parameters at present. On
he other hand, the use of equations of state (EoS) requires
he ILs critical parameters or vapour pressures, which are not
irectly measurable and thus must be obtained indirectly [33,34].
n addition, EoS methods for complex mixtures are not fully
redictive requiring knowledge of the phase equilibrium at
east, at one mixture composition, for binary parameter fit-
ing.

COSMO-RS (Conductor-like Screening Model for Real
olvents) is a novel method for the prediction of thermo-
hysical properties of fluids based on unimolecular quantum
alculations and is an alternative to the structure-interpolating
roup-contribution methods (GMCs) [35–38]. This method is
herefore, able to describe, at least qualitatively, structural vari-
tions correctly. A few works dealing with the application of

OSMO-RS to the description of LLE of ILs and alcohols,
ydrocarbons, ethers, ketones or water systems were previously
one [19–22,39,40]. Also, the VLE binary systems descrip-
ion of ILs and alcohols, hydrocarbons, ketones or water using
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OSMO-RS and COSMO-RS(Ol) was previously attempted
25,40,41]. Previous contributions dealing with mixtures of ILs
nd alcohols are, however, of limited scope and do not allow
he evaluation of the applicability and reliability of the method
o those systems. In this work, a systematic study for a large
ombination of structural variations of both ILs and alcohols
as carried out. Although with a different aim, it should be

lso mentioned the work of Sahandzhieva et al. [22] were a
omparison of several COSMO-RS versions provided by the
OSMOtherm software package (versions C1.2, release 01.03
nd 05.02 and version 2.1, release 01.04) in the prediction of the
bmim][PF6]-butan-1-ol system LLE is presented. The objective
ere is to evaluate the potential of COSMO-RS in the prediction
f liquid–liquid and vapour–liquid phase equilibrium of binary
ystems containing ILs and alcohols using the more recent ver-
ion 2.1, release 01.05.

. Phase equilibria prediction of systems involving ILs
nd alcohols

COSMO-RS as proposed by Klamt and co-workers [35–38],
ombines the electrostatic advantages and the computational
fficiency of the quantum chemical dielectric continuum sol-
ation model, COSMO, with a statistical thermodynamics
pproach for local interaction of surfaces where the local devia-
ions from dielectric behaviour as well as hydrogen bonding are
onsidered. The standard procedure of COSMO-RS calculations
onsists essentially in two steps: quantum chemical COSMO
alculations for the molecular species involved, where the infor-
ation about solvents and solutes is extracted, and COSMO-RS

tatistical calculations performed with the COSMOtherm pro-
ram [42,43].

In the COSMO calculations, the solute molecules are
ssumed to be in a virtual conductor environment, where the
olute molecule induces a polarization charge density, σ, on
he interface between the molecule and the conductor. These
harges act back on the solute and generate a more polarized
lectron density than in vacuum. In the quantum chemical self-
onsistency algorithm cycle, the solute molecule is converged
o its energetically optimal state in a conductor with respect to
lectron density. The calculations end up with the self-consistent
tate of the solute in the presence of a virtual conductor that sur-
ounds the solute outside the cavity. Although time-consuming,
ne advantage of this procedure is that the quantum chemical
alculations have to be performed just once for each molecule
f interest.

The deviations of the real fluids behaviour, ILs and alco-
ols, with respect to an ideal conductor are taken into account,
nd the electrostatic energy differences and hydrogen bonding
nergies are quantified as functions of the local COSMO polar-
zation charge densities σ and σ′ of the interacting surface of the

olecule divided into segments. The 3D polarization density
istribution on the surface of each molecule Xi is converted into

distribution function, the σ-profile, pXi (σ), that describes the
olarity of each surface segment on the overall surface of the
olecule. If a mixture is considered, the σ-profile of a solvent

, pS(σ), is the result of adding the individual pXi (σ) weighed
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y their mole fractions, xi, as expressed in Eq. (1):

S(σ) =
∑

i ∈ S

xip
Xi (σ) (1)

For the statistical thermodynamics is expedient to consider a
ormalized ensemble and since the integral of pXi (σ) over the
ntire σ-range is the total surface area AXi of a compound Xi, the
ormalised σ-profile, p′

S(σ), of the overall system is defined as
ollows

′
S(σ) = pS(σ)

AS
= pS(σ)∑

i ∈ SxiAXi
(2)

The electrostatic misfit energy (Emisfit) and hydrogen bonding
EHB) are described as functions of the polarization charges of
he two interacting segments, σ and σ′ or σacceptor and σdonor, if
he segments are located in a hydrogen bond donor or acceptor
tom, as described in Eqs. (3) and (4). The van der Waals energy
EvdW) is dependent only on the elements of the atoms involved
nd is described by Eq. (5):

misfit(σ, σ
′) = aeff

α′

2
(σ + σ′)2 (3)

HB = aeffcHBmin(0; min(0; σdonor + σHB)

×max(0; σacceptor − σHB)) (4)

vdW = aeff(τvdW + τ′
vdW) (5)

hereα′ is the coefficient for electrostatic misfit interactions, aeff
s the effective contact area between two surface segments, cHB is
he coefficient for hydrogen bond strength, σHB is the threshold
or hydrogen bonding and τvdW and τ′

vdW are element-specific
dWs coefficients.

The most important descriptor used in COSMO-RS is in fact
he local screening charge density, σ, which would be induced
n the molecular surface if the molecule would be embedded in
virtual conductor. This descriptor can be calculated by quan-

um chemical programs using the continuum solvation model
OSMO, and it is an extremely valuable descriptor for the local
olarity of molecular surface and it is the only descriptor deter-
ining the interaction energies. Thus, the ensemble of surface

ieces characterising a liquid system S is described by the dis-
ribution function, pS(σ), that depicts the amount of surface
n the ensemble having a screening charge density between σ

nd σ + dσ. Thus, the σ-profile of a single compound is derived
rom the quantum chemical COSMO output for that molecule,
pplying some local averaging algorithm that take into account
hat only screening charge densities averaged over an effective
ontact area are of physical meaning in COSMO-RS [42,43].

The molecular interactions in the solvent are thus fully
escribed by pS(σ) and the chemical potential differences result-
ng from these interactions are calculated with an exact statistical

hermodynamics algorithm for independently pair-wise interact-
ng surfaces [42,43]. The COSMO-RS method depends only on
small number of adjustable parameters (predetermined from

nown properties of individual atoms) and that are not specific
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o
s
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or functional groups or type of molecules. Moreover, statisti-
al thermodynamics enables the determination of the chemical
otential of all components in the mixture and, from these, the
hermodynamic properties can be derived.

The approach to a pseudobinary mixture was used to cal-
ulate the LLE and VLE of mixtures of an ionic liquid and
n alcohol, considering the cation and the anion of the IL as
eparate compounds with the same mole fraction. The chem-
cal potentials are then calculated for each ternary system
anion + cation + alcohol), where the chemical potential of the
hole IL is the sum of the chemical potentials of both the cation

nd anion. For LLE phase diagrams calculations, a numerical
pproach is used to find the compositions of equal chemical
otentials at a fixed temperature.

The ILs + alcohols binary systems phase equilibria was stud-
ed using the quantum chemical COSMO calculation performed
n the Turbomole program package [44,45] using the BP den-
ity functional theory and the Ahlrichs-TZVP (triple-� valence
olarized large basis set) [46] using the fully optimized geome-
ries at the same level of theory for the lower energy conformers
f each cation, anion and alcohol.

. LLE and VLE experimental database

Experimental liquid–liquid and vapour–liquid equilibria
inary systems data of several common alcohols + imidazolium
nd alcohols + pyridinium-based ILs were taken from literature
nd are summarized in Table 1.

. Results and discussion

Prior to extensive comparisons between COSMO-RS predic-
ions and the experimental data available, a study concerning
ifferent energy conformers of both ions and alcohols were
ompared to access the best conditions of the COSMO-RS
redictions in regard to the experimental data. All the COSMO-
S calculations therein after were carried at the BP/TZVP

Turbomole [44,45], DFT/COSMO calculation with the BP
unctional and TZVP [46] basis set using the optimized geome-
ries at the same level of theory) with the parameter file
P TZVP C21 0105.

.1. Conformers influence

To study the influence of the different anions, cations and
lcohols conformations on the COSMO-RS LLE and VLE
inary systems predictions, stable conformers with different
OSMO energies have been used. Fig. 1 presents an example
f the conformers influence in the COSMO-RS predictions for
he binary liquid–liquid equilibria between [C2mim][Tf2N] and
utan-1-ol and the comparison with the experimental data. In this
ase there are three different energy states for the cation, two for
he anion and two for the butan-1-ol that are a result of torsional

otations. The lowest energy conformation of cation and/or anion
nd/or alcohol provide the best qualitative description of the
verall phase behaviour as found previously in water + IL binary
ystems [40]. In the example presented, the predictions deviate
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Table 1
Experimental LLE and VLE IL + alcohol binary systems

IL Alcohol Type of equilibria Reference

[C2mim][Tf2N]
Propan-1-ol

LLE [6,15]Butan-1-ol
Pentan-1-ol

[C4mim][BF4]

Propan-1-ol

LLE [6,21]

Butan-1-ol
Hexan-1-ol
Propan-2-o
Butan-2-ol
Isobutanol
tert-Butanol

[C4mim][PF6]
Ethanol

LLE [9,20–22,29]Propan-1-ol
Butan-1-ol

[C4mim][Tf2N]
Butan-1-ol

LLE [6,9,11]Hexan-1-ol
Isobutanol

[C5mim][PF6] Butan-1-ol LLE [21]

[C6mim][BF4]
Butan-1-ol

LLE [6,7]Hexan-1-ol
Octan-1-ol

[C6mim][PF6] Butan-1-ol LLE [21]

[C6mim][Tf2N]

Butan-1-ol

LLE [7,12,13]
Pentan-1-ol
Hexan-1-ol
Octan-1-ol

[C7mim][PF6] Butan-1-ol LLE [21]

[C8mim][BF4]
Pentan-1-ol

LLE [7,13]Hexan-1-ol
Octan-1-ol

[C8mim][PF6] Butan-1-ol LLE [21]

[C8mim][Tf2N] Octan-1-ol LLE [7]

[C3C1mim][Tf2N]
Butan-1-ol

LLE [6]
Hexan-1-ol

[C6C1mim][Tf2N] Hexan-1-ol LLE [7]

[C6py][Tf2N] Hexan-1-ol LLE [8]

[C4mpy][BF4]
Propan-1-ol

LLE [8]
Butan-1-ol

[C4mpy][Tf2N]
Butan-1-ol

LLE [8]
Hexan-1-ol

[C6mpy][Tf2N] Hexan-1-ol LLE [8]

[C1mim][(CH3)2PO4]
Methanol

VLE [24]
Ethanol

[C2mim][Tf2N]
Methanol

VLE [24,25]Ethanol
Propan-2-ol

[C4mim][Tf2N]

Methanol

VLE [24,31]
Ethanol
Propan-1-ol
Propan-2-ol

[C6mim][Tf2N]
Methanol

VLE [25]
Ethanol

[C8mim][BF4]
Methanol

VLE [26]Ethanol
Propan-1-ol

[C4mim][OctS]
Methanol

VLE [26]Ethanol
Propan-1-ol

Fig. 1. Liquid–liquid phase diagram for [C2mim][Tf2N] with butan-1-ol: (♦)
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xperimental data [14]; (—) COSMO-RS prediction calculations with the low-
st energy conformers; (- - -) COSMO-RS prediction calculations with higher
nergy conformers.

lightly in the alcohol rich-phase but poorer results are obtained
n the IL-rich phase due to the higher solubilities of alcohols in
Ls. A more detailed analysis involving the distribution coef-
cients of the alcohol in both phases can be accessed in the
upporting Information, were it is proved that the lower energy
onformers used provide the best qualitative and quantitative
redictions in respect to the experimental results. This trend was
bserved for almost all the binary systems analysed and thus the
owest energy isomers conformation for all the species involved
ill be used in the COSMO-RS calculations below, since the
ain goal of this contribution is to analyse the structural modi-
cations of both ions and alcohols and to test the COSMO-RS
redictive ability.

.2. Liquid–liquid equilibria prediction

The quantum chemical COSMO descriptions of the pure
Ls and alcohols were achieved using the BP functional and
he triple-� valence polarized large basis set (TZVP) and the
iquid–liquid calculations were then performed using the pseu-
obinary approach described above. The results obtained with
he COSMO-RS calculations are compared with T–xIL experi-

ental data in Figs. 2–12.
All systems involving ILs and alcohols show nearly sym-

etrical binodal curves when the results are plotted against the
ass fraction. Using mole fractions as concentration units, shifts

he maximum upper critical solution temperature (UCST) to
he lower IL concentrations because of the large differences in

olecular weights between the ILs and alcohols, resulting in
symmetrical curves.
To study the impact of structural variations in the ILs anions
nd cations and in the alcohols on the predicted phase dia-
rams the mole fraction basis was adopted. The results obtained
re discussed below from different perspectives to evaluate the
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Fig. 2. Liquid–liquid phase diagram for [C4mim][PF6] (♦) (—), [C4mim][BF4]
(
b
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c

Fig. 4. Liquid–liquid phase diagram for [C4mim][Tf2N] (�) ( ) and
[
[
r
t

c
a
t
b
w

�) (- - -) and [C4mim][Tf2N] (×) (– – –) with butan-1-ol. The single sym-
ols and the lines represent respectively the experimental data [6,21] and the
OSMO-RS prediction calculations.

OSMO-RS predictive capability to describe the mutual solu-
ilities in the liquid phase.

.2.1. Anion identity influence
The influence of the anion was examined by changing it on
number of systems, while keeping the cation and the alco-
ol, as depicted in Fig. 2. This figure presents a comparison
etween experimental data and COSMO-RS predictions for the
iquid–liquid phase behaviour of butan-1-ol and the [C4mim]

ig. 3. Liquid–liquid phase diagram for [C4mim][BF4] (�) ( ) and
C4mpy][BF4] (×) (– – –) with propan-1-ol, and [C4mim][BF4] (♦) (—) and
C4mpy][BF4] (�) (—) with butan-1-ol. The single symbols and the lines rep-
esent respectively the experimental data [6,8] and the COSMO-RS prediction
alculations.

[
t
i
p
h

F
[
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c

C4mpy][Tf2N] (♦) (—) with butan-1-ol, and [C4mim][Tf2N] (�) (- - -) and
C4mpy][Tf2N] (×) (– – –) with hexan-1-ol. The single symbols and the lines
epresent respectively the experimental data [6,8] and the COSMO-RS predic-
ion calculations.

ation in combination with three different anions: [Tf2N], [BF4]
nd [PF6]. Experimentally, the anion has a marked effect on
he phase behaviour of imidazolium-based and pyridinium-
ased ILs with alcohols. A reasonable qualitative prediction
as obtained for the entire liquid–liquid phase diagram of

C4mim][BF4] and [C4mim][Tf2N] with butan-1-ol, although

he alcohol-rich phase predictions deviate strongly from exper-
mental results. On the IL-rich phase, COSMO-RS is able to
redict the increasing alcohol solubility with the anion, failing
owever in providing the correct variation of the IL solubility

ig. 5. Liquid–liquid phase diagram for [C6mim][Tf2N] (�) (- - -) and
C6C1mim][Tf2N] (♦) (—) with hexan-1-ol. The single symbols and the lines
epresent respectively the experimental data [7] and the COSMO-RS prediction
alculations.
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Fig. 8. Liquid–liquid phase diagram for [C4mim][PF6] (�) ( ) [C5mim][PF6]
(♦) (—), [C6mim][PF6] (�) (- - - - - - -), [C7mim][PF6] (©) ( ) and
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ig. 6. Liquid–liquid phase diagram for [C6py][Tf2N] (�) ( ) and
C6mpy][Tf2N] (�) (- - -) with hexan-1-ol. The single symbols and the lines
epresent respectively the experimental data [8] and the COSMO-RS prediction
alculations.

n the alcohol-rich phase between [PF6] and [BF4] and thus will
ail in the UCST prediction differences due to these two anions.
urther similar results for other systems and a representation
f the distribution coefficients of the alcohol in both phases are
eported in the Supporting Information of this manuscript.
.2.2. Cation class influence
The influence of the cation on the LLE can be assessed

y examination of the experimental phase diagrams of imida-
olium and pyridinium-based ILs and their predictions using

ig. 7. Liquid–liquid phase diagram for [C4mim][BF4] (♦) (—) and
C6mim][BF4] (�) (- - -) with butan-1-ol. The single symbols and the lines rep-
esent respectively the experimental data [6] and the COSMO-RS prediction
alculations.

b
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C8mim][PF6] (×) (– – –) with butan-1-ol. The single symbols and the lines rep-
esent respectively the experimental data [21] and the COSMO-RS prediction
alculations.

OSMO-RS as presented in Figs. 3 and 4. In Fig. 3, the anion
BF4] is retained for both alcohols, propan-1-ol and butan-1-
l, and it can be observed that the UCST is higher for the
midazolium-based ILs than for the pyridinium-based, display-
ng lower mutual solubilities between the alcohol and the IL
t temperatures below the UCST. This trend is well predicted
y COSMO-RS for the two alcohols studied with both alco-

ols and both cation class. Nevertheless, the opposite trend is
bserved for the experimental phase behaviour of the [Tf2N]-
ased ILs, where the UCST is higher for the pyridinium-based

ig. 9. Liquid–liquid phase diagram for [C4mpy][Tf2N] (�) (- - -) and
C6mpy][Tf2N] (♦) (—) with hexan-1-ol. The single symbols and the lines
epresent respectively the experimental data [8] and the COSMO-RS prediction
alculations.
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Fig. 10. Liquid–liquid phase diagram for [C4mim][BF4] with propan-1-ol (♦)
(—), butan-1-ol (�) (- - -) and hexan-1-ol (�) ( ). The single symbols and
t
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Fig. 12. Liquid–liquid phase diagram for [C4mim][BF4] with butan-1-ol (×)
(– – –), butan-2-ol (�) ( ), isobutanol (�) (- - -) and tert-butanol (♦) (—).
T
[
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he lines represent respectively the experimental data [6] and the COSMO-RS
rediction calculations.

Ls, as shown in Fig. 4. The COSMO-RS predictions cap-
ure the same trend for both anions-based ILs while predicting
he lower mutual solubilities for the imidazolium-based ILs,
ssuming that the anion identity will not change the polarity
bserved due to the cation class, and fails in the prediction of
he [Tf2N]-based ILs behaviour. Results for another similar sys-
em and for the alcohol distribution coefficients for the system

resented are depicted in the Supporting Information of this
anuscript.

ig. 11. Liquid–liquid phase diagram for [C4mim][BF4] with propan-1-ol (×)
– – –) and propan-2-ol (♦) (—). The single symbols and the lines represent
espectively the experimental data [6] and the COSMO-RS prediction calcula-
ions.
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he single symbols and the lines represent respectively the experimental data
6] and the COSMO-RS prediction calculations.

.2.3. Cation methyl inclusion influence
Figs. 5 and 6 present the liquid–liquid phase behaviour for

exan-1-ol and two different families of [Tf2N] based-ILs with
ifferent number of substitutions at the cation. The inclusion of
methyl group in both the [C6mim] and [C6py] cations (form-

ng [C6C1mim] and [C6mpy]) leads to an UCST increase and
ecrease of the IL and alcohol mutual solubilities at any par-
icular temperature. This effect is shown in Fig. 5, where the
cidic C2 hydrogen of the imidazolium cation is replaced by
methyl group and therefore the ability of hydrogen bonding
ith the alcohol is greatly reduced. This effect is not as pro-
ounced in the pyridinium-based ILs, as depicted in Fig. 6. In
he case of [C6mim][Tf2N] and [C6C1mim][Tf2N] the COSMO-
S calculations give approximately the same liquid–liquid phase
ehaviour for both systems, not distinguishing the experimen-
al differences observed in the mutual solubilities due to the
ydrogen-bonding increased ability in the absence of the methyl
roup. An analysis of the σ-profiles of the imidazolium cations
hows no major differences in their polarities, and thus in their
ydrogen-bond abilities, which could explain the failure of the
OSMO-RS calculations for predicting the differences in the
utual solubilities for [C6mim][Tf2N] and [C6C1mim][Tf2N]
ith hexan-1-ol. On the other hand, for the pyridinium-based

Ls, the COSMO-RS calculations fail in estimating the mutual
olubilities, predicting a higher UCST for the [C6py][Tf2N]
han for [C6mpy][Tf2N], where experimentally the opposite
rend is observed. Although experimentally small deviations in
he mutual solubilities between the both pyridinium-based ILs
re found, the COSMO-RS predicts considerable differences
n their LLE behaviour due to the σ-profiles significant dif-
erences in both pyridinium-based ILs. This poor description

f both pure ILs class-based is the major reason for the dif-
erences obtained in the predictions. A further analysis of the
lcohol experimental and predicted distribution coefficients in
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oth phases is presented in the Supporting Information of this
anuscript.

.2.4. Cation alkyl chain length influence
The influence of the cation alkyl chain length in the IL-alcohol

utual solubilities is presented in Figs. 7–9. Experimentally,
t can be observed that as the alkyl chain length of the cation
ncreases the UCST of the system decreases. The mutual solubil-
ties of both IL and alcohol increase at any particular temperature
ith an increase of the cation alkyl chain length, but a larger

nhancement in the solubility occurs in the IL-rich phase when
ompared to the IL solubility in the alcohol-rich phase. A cation
hain length increase leads to an increase in the van der Waals
nteractions between the hydrophobic chain and the alcohol
lkyl portion, thus enhancing the mutual solubilities between
he alcohols and ILs and decreasing the UCST.

The prediction by COSMO-RS calculations shows a fair
uantitative agreement with the experimental data available.
evertheless, from the qualitative point of view, the COSMO-
S adequately describes the increase in solubility with the cation
lkyl chain length increase, independently of the cation type,
lcohol or anion identity. The larger increase in the alcohol
olubility in the IL-rich phase when compared to the alco-
ol rich-phase is also correctly described. For the imidazolium
PF6]-based and [Tf2N]-based ILs shown in Figs. 8 and 9,
espectively, the predictions present higher deviations from
xperimental data compared with the [BF4]-based ILs presented
n Fig. 7, but the correct trend of increasing mutual solubilities
ith alkyl chain length is well described for all the ILs.
However, the predictions show a clear quantitative degrada-

ion of the predictions with increasing chain length, or with the
L non-polar character increase. This seems to be one of the
ost important shortcomings of the COSMO-RS predictions.

n a previous work dealing with different ILs and water binary
ystems [40], this degradation with the IL alkyl chain length
ncrease was not observed and the deviations from experimental
ata were similar for the entire [C2-C8mim] series of [Tf2N]-
ased ILs liquid–liquid equilibria with water. The major reason
or the deviations observed with alcohols arises from the under-
stimation of the van der Waals energy between the alkyl chains
f both IL cations and alcohols. Further examples and one exam-
le of the alcohol distribution coefficients are presented in the
upporting Information.

.2.5. Alcohol chain length influence
The data presented in Fig. 10 show an increasing experimen-

al UCST with increasing size of the alkyl chain length of the
lcohols for all the ILs considered. The alcohol polar character
ecreases with increasing chain length makes it more aliphatic,
nhancing the tendency of the mixtures to demixing.

The COSMO-RS proved to adequately predict the mutual
olubilities tendency for different ILs and alcohols, predicting
he UCST increase with the alcohol chain length as shown in

ig. 10. Although a superior quantitative agreement is obtained
or the lower alcohols, higher deviations appear with the chain
ength increase of the alcohols. Both these deviations and those
iscussed in the previous point resulting from the increase in the

e
o
f
I
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ation chain length seem to arise from the IL-alcohol microstruc-
ure formation [47] that it is not taken into account by the
OSMO-RS calculations. In Fig. 10, the phase diagrams of

C4mim][BF4] with three alcohols are presented. The best pre-
ictions are obtained for the [C4mim][BF4] with propan-1-ol and
arger deviations are found for the butan-1-ol and even larger for
he hexan-1-ol. The deviations from experimental data are even

ore pronounced if the combination of long chain alcohols with
he longer alkyl chain length cations is considered, as shown
n several examples in the Supporting Information. A further
nalysis of the predicted and experimental alcohol distribution
oefficients in both phases supports this predictive degradation
ith the alcohol chain length increase and it is available in the
upporting Information.

In general, the predictive LLE capacity of COSMO-RS
mproves with the increasing polarity of the solvent. Domańska
t al. [19,39] presented the COSMO-RS predictions for LLE
inary systems of ILs with alkanes and ketones where it can
e seen that the UCST and mutual solubilities deviations are
uch larger than those reported in the present work. However,

n a previous work by Freire et al. [40], it was shown that the
utual solubilities predictions with COSMO-RS for IL with
ater systems are much closer of experimental values than the
LE predictions for ILs with alcohols presented here.

.2.6. Alcohol structural isomers influence
Figs. 11 and 12 present the experimental and the COSMO-RS

redictions of the behaviour of [C4mim][BF4] with propan-1-
l and propan-2-ol and with butan-1-ol, butan-2-ol, isobutanol
nd tert-butanol. Experimentally the UCST of these systems are
lmost identical, in particular for the case of the butan-1-ol iso-
ers. For the propan-1-ol isomers the COSMO-RS prediction

ails in detecting the differences in mutual solubilities between
hese isomers, and the same happens for the non-branched iso-

ers, butan-1-ol and butan-2-ol. For the butan-1-ol isomers,
arger solubility differences are observed in the IL-rich phase.
he qualitative trend of increasing solubility for secondary and

ertiary alcohols is correctly described but this behaviour is not
dequately captured quantitatively by the model. The solubili-
ies in the alcohol rich phase are, however, well described. Other
xamples are presented in the Supporting Information.

.3. Vapour–liquid equilibria prediction

Some examples of the vapour-phase behaviour for several
onic liquid-alcohol systems were obtained from literature and
re reported in Table 1. A comparison between the experimen-
al data and the COSMO-RS predictions, using the BP/TZVP
rocedure and the ions and alcohols lower energy ions confor-
ation was performed. The results are presented in Figs. 13–17

n the form of p–xIL diagrams for each binary mixture inves-
igated. As before the COSMO-RS calculations were made
or a pseudobinary mixture where the cation and anion, with

qual concentrations, are treated as separate species. The results
btained for the p–xIL phase diagrams are discussed below
rom different points of view to evaluate the influence of the
Ls structural variations and its dependence with tempera-
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Fig. 13. Vapour–liquid phase diagram at 298.15 K [C4mim][Tf2N] (�)
(
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F
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C

- - -) and [C4mim][OctS] (♦) (—) with propan-1-ol. The single symbols and the
ines represent respectively the experimental data [31,26] and the COSMO-RS
rediction calculations.

ure and the COSMO-RS predictive capability. As expected
he description of the VLE phase diagrams is superior to the
LE since they are easier to describe. Reasonable quantitative
escriptions are easily achieved with COSMO-RS for the VLE
inary systems studied unlike what was observed for some LLE
ystems.
.3.1. Anion identity influence
Fig. 13 presents a comparison between the experimen-

al data and COSMO-RS predictions for the p–xIL phase

ig. 14. Vapour–liquid phase diagram at 353.15 K for [C2mim][Tf2N] (♦) (—)
nd [C4mim][Tf2N] (�) (- - -) with propan-2-ol. The single symbols and the
ines represent respectively the experimental data [24] and the COSMO-RS
rediction calculations.

t
d
f
w

F
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C

ig. 15. Vapour–liquid phase diagram at 353 K for [C2mim][Tf2N] (�)
- - -) and [C6mim][Tf2N] (♦) (—) with ethanol. The single symbols and the
ines represent respectively the experimental data [25] and the COSMO-RS
rediction calculations.

iagram of [C4mim][OctS] and [C4mim][Tf2N] with propan-
-ol at 298.15 K. The COSMO-RS prediction provides the
orrect tendency of the pressure increase with the anion
OctS] < [Tf2N], allowing the speculation that [OctS]-based ILs
ill present higher miscibilities with alcohols than [Tf2N]-
ased ILs. Although, the quantitative predictions provided by
OSMO-RS present considerable deviations when compared
o experimental data. The COSMO-RS seems to be able to
escribe better phase diagrams with strong positive deviations
rom Raoult’s law, as observed for the [Tf2N]-based ILs, but
orst the negative deviations, as observed for the [OctS]-based

ig. 16. Vapour–liquid phase diagram at 298.15 K for [C4mim][Tf2N] with
ethanol (♦) (—), ethanol (�) ( ) and propan-1-ol (�) (- - -). The single

ymbols and the lines represent respectively the experimental data [31] and the
OSMO-RS prediction calculations.
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Fig. 17. Vapour–liquid phase diagram for [C4mim][Tf2N] and ethanol at
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sotherms: 298.15 K (♦) (—), 303.15 K (�) (- - -), 308.15 K (×) (– – –) and
13.15 K (�) ( ). The single symbols and the lines represent respectively the
xperimental data [31] and the COSMO-RS prediction calculations.

Ls. Results for other isotherms and with other alcohols are
resented in the Supporting Information.

.3.2. Cation alkyl chain length influence
Figs. 14 and 15 show the vapour–liquid phase behaviour

or [C2mim][Tf2N] and [C4mim][Tf2N] with propan-2-ol at
53.15 K and [C2mim][Tf2N] and [C6mim][Tf2N] with ethanol
t 353 K. The COSMO-RS predictions provide a good qualita-
ive description of the p–xIL phase diagram changes with the
ation alkyl chain length. For VLE description, the increasing
eviation of the COSMO-RS predictions with the alkyl chain
ength of the ILs is not as pronounced as for the LLE. Actually,
he model seems to be able to adequately describe the increase
f the positive deviation from Raoult’s law with decreasing alkyl
hain length.

.3.3. Alcohol chain length influence
Fig. 16 shows the comparison between experimental data and

OSMO-RS predictions for the vapour–liquid phase behaviour
f [C4mim][Tf2N] in combination with alcohols of different
lkyl chain length. The COSMO-RS correctly describes the
apour–liquid tendency and the Raoult’s law positive devia-
ion, where just a small overprediction of the positive deviation
f Raoult’s law appears for very short chain alcohols, such as
ethanol. This is also verified for all the isotherms under study

nd for similar systems with other combinations of cations and
nions, as shown in some examples depicted in the Supporting
nformation. The worst descriptions of the phase equilibria
bserved for these systems result from the strong polarity of
ethanol, that COSMO-RS has some difficulties in capture.
.3.4. Temperature dependence influence
In Fig. 17, the comparison between the experimental data and

OSMO-RS predictions for the vapour–liquid phase behaviour

m
a
I
o

uilibria 255 (2007) 167–178

t several isotherms for the [C4mim][Tf2N]—ethanol system
s presented. COSMO-RS is able to correctly describe the
apour–liquid phase diagrams as a function of temperature.
lthough data in a larger temperature range would be required

o fully establish the adequacy of the temperature dependence
f the COSMO-RS predictions, the results here reported, along
ith other results presented in the Supporting Information and

long with the LLE results, seem to indicate that COSMO-RS
rovides a correct temperature dependence of the liquid phase
on-ideality.

.4. Enthalpy of vaporization prediction for pure
ompounds

In order to address the increasing deviations in the pre-
ictions obtained with COSMO-RS for molecules with larger
lkyl chains, the vaporization enthalpies of pure 1-alkanols
nd [Cnmim][Tf2N] ILs were predicted and evaluated against
xperimental data [47,48]. A figure with both predicted
nd experimental vaporization enthalpies is provided in the
upporting Information of this manuscript.

Although the enthalpies of vaporization for the 1-alkanols
eem to be adequately described and the correct chain length
ependency is obtained, the predicted enthalpies of vaporization
f the pure ionic liquids fail to describe the increase with the alkyl
hain length observed experimentally. These results may explain
he larger degradation of the LLE observed with increasing chain
ength as compared to the VLE, as for this type of equilibria the
nfluence of the alkanol will be more important since they vapor-
ze alone. The poor description of the enthalpies of vaporization
or the ILs may reflect a poor description of the interactions in
iquid phase, not only among the IL molecules, but also between
he IL alkyl moieties and the alkyl chains of other compounds.
s suggested above the problem with the description of the ionic

iquids seems to arise from the IL microstructure formation [47]
hat it is not taken into account with the COSMO-RS calcula-
ions. Also, the COSMO-RS fails in estimating the methanol
nthalpies of vaporization correctly, due to its strong polarity,
xplaining the failure in the VLE systems descriptions involving
ethanol as a solvent.

. Conclusions

ILs have been suggested as potential “green” solvents to
eplace volatile organic solvents in reaction and separation pro-
esses due to their negligible vapour pressures. To design ILs
or these applications, it is important to develop a predictive
ethod capable of describing the changes in phase behaviour of

uch systems along with the structure of ILs and solvents.
Quantum chemical calculations based on the σ profiles of the

ation, the anion, and the alcohol were used for the prediction
f LLE and VLE binary systems of several imidazolium and
yridinium-based ILs and alcohols. COSMO-RS and its imple-

entation in the program COSMOtherm are capable of giving
priori predictions of the systems thermodynamics involving

Ls, which may be of considerable value for the extrapolation
f suitable ILs for practical applications.



se Eq

t
f
m

v
d
C
o
a
m
s
t
l
e
i
p

L
a
A

c
E
E
E
p
p
p

p

T
x
X
x

G
α

σ

σ

σ

σ

τ

τ

A

C
P
a
s
L
l

A

i

R

[

[

[

[

[

[

[

[
[

[

[

[

[

[
[
[
[

[

[

[
[
[

[

[

M.G. Freire et al. / Fluid Pha

Although the results of COSMO-RS look promising, devia-
ions from the LLE experimental data are observed especially
or compounds with longer alkyl chains and from the VLE with
ethanol.
In spite of some shortcomings the COSMO-RS model pro-

ides a reasonable qualitative agreement with the experimental
ata for both LLE and VLE binary systems. Thus, in this study
OSMO-RS proved to be a useful tool to scan the large number
f possible ILs or to help in the design of new ILs for specific
pplications, since it allows the a priori prediction of their ther-
odynamic behaviour with common solvents. Nevertheless, it

hould be noted that COSMO-RS, at the present, is not able
o treat ions correctly at finite low ionic strength due to the
ong-range ion-ion interactions involved, and besides the small
ffects it induces they must be considered, and much more exper-
mental and theoretical work is needed to improve such type of
redictions.

ist of symbols
eff effective contact area between two surface segments
Xi total surface area of molecule Xi

HB hydrogen bond strength coefficient
HB hydrogen bonding energy
misfit electrostatic misfit energy
vdW van der Waals energy

pressure
S(σ) sigma profile of a solvent
Xi (σ) sigma profile of a solute i
′
S(σ) normalised sigma profile of a solvent

temperature
i mole fraction of compound i
i i molecule considered as solute
IL ionic liquid mole fraction

reek symbols
′ electrostatic misfit interactions coefficient

polarization charge density
acceptor polarization charge of an hydrogen bonding acceptor
donor polarization charge of an hydrogen bonding donor
HB hydrogen bonding threshold
vdW element-specific vdWs coefficient
′
vdW element-specific vdWs coefficient
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29] M. Bendová, Z. Wagner, J. Chem. Eng. Data 51 (2006) 2126–2131.
30] X. Hu, J. Yu, H. Liu, J. Chem. Eng. Data 51 (2006) 691–695.
31] S.P. Verevkin, J. Safarov, E. Bich, E. Hassel, A. Heintz, Fluid Phase Equi-

libr. 236 (2005) 222–228.
32] H.C. de Sousa, L.P.N. Rebelo, J. Polym. Sci. B: Polym. Phys. 38 (2000)

632–651.
33] A. Shariati, C.J. Peters, J. Supercrit. Fluids 25 (2003) 109–111.

34] L.P.N. Rebelo, J.N.C. Lopes, J.M.S.S. Esperança, E. Filipe, J. Phys. Chem.

B 109 (2005) 6040–6043.
35] A. Klamt, J. Phys. Chem. 99 (1995) 2224–2235.
36] F. Eckert, A. Klamt, AIChE J. 48 (2002) 369–385.
37] A. Klamt, F. Eckert, Fluid Phase Equilibr. 172 (2000) 43–72.

http://dx.doi.org/10.1016/j.fluid.2007.04.020


1 se Eq

[

[
[

[

[

[

[

[

[
5835.
78 M.G. Freire et al. / Fluid Pha

38] A. Klamt, COSMO-RS from quantum chemistry to fluid phase thermody-
namics and drug design, Elsevier, Amsterdam, 2005.
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