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Insights into the influence of the molecular structure of Fluorinated
Ionic Liquids on their thermophysical properties. A soft-SAFT based
approach.
Margarida L. Ferreira,a,b João M. M. Araújo,a Ana B. Pereiroa and Lourdes F. Vega*b
Fluorinated Ionic Liquids (FILs) are a unique family of Ionic Liquids with remarkable properties, including the formation of
three nano-segregated domains, being very attractive for several emerging applications. However, the amount of available
experimental data to fully characterize them is very scarce. We propose a systematic methodology to build FILs transferable
molecular models within the soft-SAFT framework to describe the behaviour of FILs and their mixtures. A total of 38 FILs
(pyridinium- and imidazolium- based FILs conjugated with fluorinated anions such as [N(CF3SO2)2]–, [CF3SO3]–, [CF3CO2]–,
[C4F9SO3]– and [C4F9CO2]–) have been modelled for this purpose using available data, paying special attention to the physical
meaning of the parameters. The models are used to obtain molecular insights into the influence of the anion and cation
molecular structure on the thermophysical properties of FILs. It is concluded that the anion and the fluorination are the
leading features in the thermophysical properties investigated, as captured by soft-SAFT. Models for three FILs not included
in the parametrization study were built from the transferable parameters, in excellent agreement with experimental data,
underlining the robustness of soft-SAFT approach. The methodology presented here allows a direct connection between the
molecular characteristics of the FILs, their influence on their behaviour, and how this can be captured by a molecular-based
equation of state. The procedure allows assembling FILs models with high predictive capabilities in an intuitive way regarding
the process of parametrization from the molecular structure, letting to characterize their thermophysical behaviour where
limited experimental data is available.

1. Introduction
Ionic liquids (ILs) have emerged as a new and innovative
class of alternative green solvents for industrial applications
that have high environmental, health, or safety issues.1-3 The
remarkable physical and chemical properties of ILs empower
their use in numerous fields, from chemistry to biology.4 The
versatility of ILs applications has arisen from the fact that they
can be designed with specific properties, by varying both the
cation and the anion, or through the introduction of a specific
functional group on the cation and/or anion.1-5 A sheer number
of available ILs higher than 1018 (including their binary and
ternary mixtures) have been predicted, which results in the
constant emerging of novel ILs families. This provides a massive
number of possibilities for scientific innovation and,
subsequently, the number of publications in the field has grown
exponentially in the last years.3,6 However, this rapid growth has
not been followed by the undeniable requirement to
understand
the
physicochemical
properties
and
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thermodynamic behaviour of ILs, whereas the experimental
work to perform a fully physicochemical characterization takes
a huge amount of resources, costs and time, hindering their use
in new technologies. An alternative approach to characterize
them would be by using equations of state (EoS), however, due
to the complex behaviour of these systems, most classical
equations fail in describing their behaviour.
Among these novel compounds, fluorinated ionic liquids
(FILs) have recently started to be explored and attained a special
attention as an alternative in areas where highly fluorinated
compounds (FCs) are used. They can combine the best
properties of highly FCs (inert compounds with extremely low
surface tension, high capacity to dissolve gases and ability to
rearrange into stable self-assembled supramolecular and
colloidal systems), with those of ILs (almost null vapour
pressure, easiness in recovering and recycling, non-flammability
and tuneable properties).7-9 The FILs can form a new nanosegregated, fluorinated domain, asides from the polar and
hydrogenated domains that occur in the non-fluorinated ILs.
This structural feature allows the formation of three distinct
solvation regions, converting FILs into “3-in-1” solvents.7,9-15
These three domains can assume different arrangements
greatly affecting their phase behaviour, playing an important
role in the tuneable thermodynamic properties of FILs for a
desired application.11,15 Exceptional properties have been found
for these systems, for example, they can have an amphiphilic
behaviour which improves their self-aggregation and therefore,
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make them enhanced surfactants, as well as their capacity to
reduce the impact of the addition of water upon the IL’s H-bond
acceptance ability. FILs with short alkyl chains in the cation have
surprisingly shown: (i) a total miscibility in water and stable selfassembled structures were found in aqueous medium;16-20 (ii)
and the potential to make constant their hydrogen bond
acceptance ability.21 Moreover, the study of FILs binary
mixtures showed lower melting points (regarding the pure FILs),
expanding thus their application range which allowed to obtain
a wider amount of solvents that can be liquid at temperatures
close or below room temperature.22 Along with these
exceptional properties, FILs are of high interest as new cleaner
compounds to replace totally or partially the harmful FCs that
are used for instance in components of pharmaceuticals, fire
retardants, insecticides, lubricants, polymers, refrigerants, and
surfactants.23 Beyond these applications, FILs can play a
meaningful role as a potential tool in biomedical applications
such artificial blood substitutes, liquid ventilation, imaging
agents, intravenous formulations,8,16,24-26 and more recently as
drug delivery systems for biomolecules.27
All the described properties arise due to the complexity of
FILs. This emphasizes the need of reliable, systematic, fast and
economical methodologies to understand and predict their
physicochemical and structural properties. Therefore, several
efforts have been made in recent years to develop modelling
tools to predict the properties of ILs and mixtures with other ILs
or other compounds in a systematic way, to increase their
actual implementation on the desired applications.28,29
Different modelling approaches have been proposed, from
those based on empirical (regressions) methodologies to the
theoretical (predictive) ones, such as molecular simulations
(MS) and equations of state (EoS).28-32 MS have played an
important role in the characterization of ILs, mainly in the study
of the local structure, the solubility of compounds and transport
properties.11,15,33-37 Despite the success and undeniable interest
in using MS as a powerful predictive approach, the generation
of new force fields to allow the search for new potential ILs and
the estimation of ILs properties by molecular simulations still
remains a complex and lengthy task. Therefore, MS is not yet an
ordinary tool for design of new processes and products in this
field, neither for screening purposes before selecting the right
IL for a potential application.29-32 Consequently, the use of EoS,
which are relatively simple models that provide reliable and
faster calculations, stands as one of the most promising
alternatives for describing the thermophysical properties of ILs
in a fast and still accurate manner.31,32
Recent developments in statistical thermodynamics and
molecular-based EoSs, in which the structural information of
the molecules is built from their inception and their parameters
have physical meaning, have been applied to ILs with great
success.31 Of special interest are those based on the SAFT EoS
(from the Statistical Associating Fluid Theory) proposed by
Chapman et al.38-40 based on the Wertheim’s first-order
thermodynamic perturbation theory.41-44 Among them, softSAFT 45,46 has been extensively used for the prediction of
thermophysical properties of ILs, including pure ILs density,
transport, interfacial and derivative properties and phase

equilibria of their mixtures with water, gases, and
also Online
with
View Article
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other ILs, in excellent agreement with experimental
data.26,29,4759 Following the pioneering work of Andreu and Vega,47 most of
the SAFT models of ILs contemplate the cation and anion in a
coarse grain approach as a single molecule, explicitly
considering the contribution of the hydrogen-bonding
interactions present in ILs as associative forces.47,48 Vega and coworkers 47-50,52,56 have successfully applied soft-SAFT to several
ILs families, being the more meaningful ones for this work those
modelling ILs with fluorinated anions.
Building on the success of the previous studies, the aim of
this work is to provide novel insights into the influence of the
FILs structural features on the soft-SAFT transferability
approach, on the robustness of the molecular models and on
the macroscopic FILs thermodynamic properties. We first
provide an overview of the methodology used to build FILs
molecular models, exploiting the parameterization and
transferability approaches applied in soft-SAFT. A detailed
comparison between the parametrization of families based on
different fluorinated anions is performed, seeking for new
information regarding the robustness of the equation
calculations from the molecular structure of the FILs. Pyridinium
and imidazolium based ILs conjugated with different fluorinated
anions such as [N(CF3SO2)2]–, [CF3SO3]–, [CF3CO2]–, [C4F9SO3]–
and [C4F9CO2]– were selected for this purpose. The approach is
used to build models for three ILs not included in the
parametrization
procedure:
[C2C1Im][N(C2F5SO2)2],
[C4C1Im][N(C2F5SO2)2] and [C4C1py][CF3SO3], showing good
predictions with respect to available experimental data,
validating the proposed methodology and the robustness of
using the structural information to construct the models. The
systematic study allows the establishment of guidelines to build
new FILs models in the future in a faster and efficient way,
ensuring that the model can accurately represent the physical
features of the different structures.

2. Theory and molecular models
2.1. The soft-SAFT equation of state
SAFT38-40 is a well-known EoS based on the first order
thermodynamic perturbation theory (TPT1) of Wertheim 41-44
for associating fluids. It is written as the sum of different
microscopic contributions to the total Helmholtz free energy A
of the system (Equation 1):
𝐴𝑟𝑒𝑠 = 𝐴 ― 𝐴𝑖𝑑 = 𝐴𝑟𝑒𝑓 + 𝐴𝑐ℎ𝑎𝑖𝑛 + 𝐴𝑎𝑠𝑠𝑜𝑐 + 𝐴𝑝𝑜𝑙𝑎𝑟

(1)

where 𝐴𝑟𝑒𝑠 and 𝐴𝑖𝑑 are the residual and ideal contribution of
Helmholtz free energy. 𝐴𝑟𝑒𝑓, 𝐴𝑐ℎ𝑎𝑖𝑛, 𝐴𝑎𝑠𝑠𝑜𝑐 and 𝐴𝑝𝑜𝑙𝑎𝑟 stand for
the reference, chain, association and polar terms, respectively.
Hence, the residual contributions of the free energy of a system
are due to the monomer-monomer repulsive and attractive
interactions (reference term), the formation of chains, the sitesite intermolecular association and the polar interactions such
as those due to dipole and quadrupole moments. In the absence
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of any of these molecular interactions, the corresponding term
cancels out into Equation 1.
Soft-SAFT 45,41,60 is an accurate version of SAFT that successfully
describes the thermodynamic behaviour of different ILs and
their complex mixtures.47-51,53,54,61-63 The main difference
between soft-SAFT and the other SAFT-type equations is the use
of a Lennard-Jones (LJ) intermolecular potential as the
reference term (see Equation 1), considering the repulsive and
attractive van der Waals interactions of the monomers that
constitute the chain molecules. This term is usually calculated
using the correlation of Johnson et al.64 which was obtained by
using LJ simulation data in a wide range of temperature and
pressure. In the thermodynamic perturbation approach, the LJ
radial distribution function of the reference fluid, as a function
of temperature and density, is used for calculating the chain and
association contributions. Hence, a chain molecule with no
association or polar interactions is described by three molecular
parameters: the chain length, m, the monomer LJ diameter, σ,
and the dispersive LJ energy between monomers, 𝜀. The
extension of the equation to mixtures is performed by applying
the van der Waals one-fluid theory with the modified LorentzBerthelot combining rules (Equations 2 and 3):
𝜎𝑖𝑗 = 𝜂𝑖𝑗

𝜎𝑖𝑖 + 𝜎𝑗𝑗

(

2

)

(2)

𝜀𝑖𝑗 = 𝜉𝑖𝑗(𝜀𝑖𝑖𝜀𝑗𝑗)1/2

(3)

where, 𝜂𝑖𝑗 and 𝜉𝑖𝑗 are the size and energy binary parameters,
respectively, accounting for van der Waals asymmetries
between the different compounds in the mixture. These values
become unity when the equation is used in a predictive manner,
calculating mixture properties from pure component
parameters.
The chain and association terms in Equation 1 are directly
derived from Wertheim’s TPT1, being identical in all SAFT-type
equations.41-44 For associating fluids, as the case of ILs, two
molecular parameters are required to mimic hydrogen-bonding
and other highly directional short-range forces. This is done in
soft-SAFT by including square-well spheres embedded into the
core of the LJ segments, each of them representing an
associating site.45 These sites are characterized by a site–site
association energy, 𝜀𝐻𝐵, and a parameter related to the site–
site volume of association, 𝜅𝐻𝐵. For polar fluids, a polar,
quadrupolar or octapolar term can be explicitly considered,
depending on the molecules. The reader is referred to previous
publications26,45-51,60-63 for additional information about the
implementation of the soft-SAFT terms and the underlying
molecular models.
Surface tensions of FILs can be calculated by coupling the
Density Gradient Theory (DGT) 65,66 to the soft-SAFT EoS.67 The
Helmholtz free energy density in DGT is calculated by using an
expansion in a Taylor series about the density profile to second
order, i.e., to the second derivative of the profile with respect
to the distance from the interface (Equation 4):

[

1

]

𝐴 = ∫ 𝑎0(𝜌) + ∑𝑖∑𝑗2𝑐𝑖𝑗∇𝜌𝑖∇𝜌𝑗 𝑑3𝑟

(4)

being 𝑎0(𝜌) the Helmholtz free energy density
of Online
the
View Article
homogeneous fluid at the local density ρ,DOI:
and10.1039/C8CP07522K
ρi and ρj are the
molar densities of components i and j; the square-gradient term
can be expressed in terms of c(r), the direct correlation function.
As the form of c(r) is generally unknown, it is usually treated
phenomenologically with the help of an adjustable parameter,
the so-called “influence” parameter 𝑐𝑖𝑗. More details can be
found in previous works.26,63
Second order thermodynamic derivative properties such as
heat capacities, speed of sound and isothermal compressibility
are directly calculated through the mathematical derivation of
the expression for the Helmholtz energy and the pressure. See
a detailed explanation and results in Llovell and Vega.68
2.2. Molecular models of fluorinated ionic liquids with soft-SAFT
The first step before applying soft-SAFT to experimental
systems is to propose a coarse-grain molecular model of the
compounds. The proposed models for ILs assume that they are
characterized by dispersion forces, specific steric interactions
and formation of short-lived ion pairs which reduce the ionic
character of these compounds.26,29,47-58,69 Thus, ILs are modelled
in soft-SAFT as single chains where the anions and cations are
considered to be associated as ion pairs or ionic clusters in the
bulk liquid state, taking into account experimental and
theoretical studies (see Figure 1).70-74 Besides, specific
associating sites are defined to mimic the short range and highly
directional attractive interactions between the counterions.
The number of association sites and the association schemes
have to be defined a priori. This is usually done through the
guidance of quantum chemical calculations, molecular
simulation results, experimental spectroscopic data and
previous works.26,47-51,53,54,75
The [CnC1Im][N(CF3SO2)2] series was one of the first ILs
families containing fluorinated anions described by soft-SAFT.49
ILs were modelled as homonuclear chain like molecules with
three association sites. The number of sites was chosen on the
basis of the delocalization of the anion electric charge, due to
the presence of the oxygen groups, enhancing the ability of
interaction with the surrounding cations. Consequently, one
associating site A, that represents the nitrogen atom
interactions with the cation, and two B sites representing the
delocalized charge due to the oxygen molecules on the anion,
were defined, being only AB interactions allowed between the
different IL molecules (see Figures 1a and 1b). This model was
validated by calculating the thermophysical properties of pure
ILs like density, vapour pressure, interfacial tension and
isothermal compressibility as well as ILs mixtures and
solubilities of alcohols and water in ILs, providing excellent
agreement with experimental data in all cases.49
The same three sites associating model was successfully
used to study the [CnC1py][N(CF3SO2)2] and [Cnpy][N(CF3SO2)2]
families.50 These ILs have a charge distribution similar to those
of [CnC1Im][N(CF3SO2)2], where the same association scheme
can be attributed (see Figures 1a and 1b). The model was
applied to calculate the thermophysical properties of pure ILs,
such as density, surface tension and isothermal compressibility
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as well as the solubility of carbon dioxide, sulphur dioxide and
water in excellent agreement with available experimental
data.50

Figure 1. Sketch of the interactions used to model the FILs families
within the soft-SAFT approach. The three association schemes are
represented as follows: positive – blue; negative – red and one association
scheme is represented as green. a) 3-Sites coarse grain model used in softSAFT for b) [CnC1Im][N(CF3SO2)2] family. The same scheme is used for
[CnC1py][N(CF3SO2)2] and [Cnpy][N(CF3SO2)2], [C4C1Im][CF3SO3] and
[C4C1Im][CF3CO2] FILs; c) association scheme for [CnC1Im][C4F9SO3], also
used for [C2C1py][C4F9SO3], [C2C1Im][C4F9CO2] and [C2C1py][C4F9CO2] FILs.
d) 1-Site coarse grain model for e) [C2C1Im][CF3SO3] and [C2C1Im][CF3CO2]
FILs.

A similar approach was used for the [C4C1Im][CF3SO3] and
[C4C1Im][CF3CO2] ILs.52 The association scheme was transferred
from [CnC1Im][N(CF3SO2)2], considering three associating sites.
For [C4C1Im][CF3SO3], site A also stands for the oxygen atom
interactions with the cation, however the two B sites represent
the delocalized charge due to the oxygen atoms. Analogously,
three association sites were considered for [C4C1Im][CF3CO2],
where A represents the oxygen atom interactions with the
cation and the two sites B stand the oxygen and fluorine atoms,
with only AB interactions allowed between different ILs
molecules (Figure 1c). The models were validated by calculating
the density of pure ILs and the water activity coefficients.52
No soft-SAFT published models are available for
[C2C1Im][CF3SO3] and [C2C1Im][CF3CO2]. In this work we have
applied two models for them, a three site associating model, as
for the previous FILs mentioned in this section, and a one site
associating model, as for the [CnC1Im][BF4]47,53 and
[CnC1Im][PF6]48 (see Figures 1d and 1e). The one site model was
used considering that the shape of [CF3SO3]- and [CF3CO2]- is
quasi-spherical, with a very localized charge, similar to the case
of [BF4]– and [PF6]–. Results for these two models are discussed
in the next section.
Recently, soft-SAFT models 26,59 were proposed for the
[CnC1Im][C4F9SO3] family using quantum chemical calculations
for the charge distribution and a three-site model, as the case
of [CnC1Im][N(CF3SO2)2]. One associating site, A, stands for the
main interactions of the fluorine atom with the cation, whereas
two B sites represent the delocalized charge owing to the
surrounding fluorine atoms and the oxygen atoms of the anion.
Only AB interactions between different FIL molecules were
allowed (Figure 1c). The density, viscosity and surface tension
of the pure FILs were accurately calculated.26 Furthermore, this
model was successfully transferred to other FILs such as

[C2C1py][C4F9SO3], [C2C1Im][C4F9CO2] and [C2C1View
py][C
CO2]
4F9Online
Article
59 The density,
DOI:1c).
10.1039/C8CP07522K
preserving the association scheme (Figure
surface tension and solubility of carbon dioxide, oxygen and
nitrogen were calculated in good agreement with experimental
data.59
In summary, the reported fluorinated ionic liquids modelled
with soft-SAFT that have bulky hydrogenated chains and
fluorinated anions preserve the same three-site association
scheme model and successfully reproduce experimental data.
This indicates that the three association sites give enough
degrees of freedom to account for all the interactions between
the functional group of the anion with the cation and the charge
delocalization caused either by the oxygen atoms present in the
anion functional group or by the presence of fluorine atoms in
the anion (in the case of larger fluorinated side chains). FILs with
short fluorinated and hydrogenated chains lengths
([C2C1Im][CF3SO3] and [C2C1Im][CF3CO2]) have been studied
with soft-SAFT for the first time in this work, using two different
association schemes, the performance of these approaches is
discussed in the forthcoming sections.
2.3 Soft-SAFT parametrization of FILs and physical trends
All the FILs molecular structures studied in this work,
together with their nomenclatures, are reported in Table 1. The
studied FILs are composed by imidazolium and pyridinium
cations with different hydrogenated alkyl chain lengths,
conjugated with fluorinated anions ([N(CF3SO2)2]–, [CF3SO3]–,
[CF3CO2]–, [C4F9SO3]– and [C4F9CO2]–).
Once the association scheme is selected, the next step in
using soft-SAFT to study the FILs experimental systems is to
parametrize a set of molecular parameters, usually by fitting
available
temperature-density
experimental
data
at
atmospheric pressure, although other available properties such
as high pressure data, heat capacities or isothermal
compressibility, to mention some, can also be used, as
explained in the next section. Care must be taken so that the
values capture the physical trends consistent with the structure
of the molecules related to the size, energy and specific
molecular interactions. The optimization of the five parameters
(the chain length, m; the segment diameter, ; the dispersive
energy between segments, 𝜀, the site–site association energy
and volume parameters, 𝜀𝐻𝐵 and 𝜅𝐻𝐵, respectively) can be
challenging from a numerical perspective, as a high number of
possible combinations with small deviations from the
experimental data are possible. Therefore, it is important to
guide the optimization based on physical information in order
to reduce the number of solutions and use soft-SAFT as
transferable as possible. In this work, we first compiled all
published soft-SAFT molecular parameters for the different FILs,
searching for trends and possible inconsistencies. All
parameters for the different families are summarized in Table
S1 of ESI†.
The comparison between the studied families shows a
major difference regarding the association parameters of
[CnC1py][N(CF3SO2)2] and [Cnpy][N(CF3SO2)2]. The association
parameters of [CnC1Im][N(CF3SO2)2] family were fixed at 3450 K
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Table 1. Chemical structure and respective acronyms of the studied fluorinated ionic liquids.
Fluorinated Ionic Liquid Designation

Chemical Structure

Published on 25 February 2019. Downloaded by Universidade Nova de Lisboa on 2/25/2019 10:49:06 AM.

1-Alkyl-3-methylimidazolium trifluoroacetate

O
H3 C

[CnC1Im][CF3CO2] with n = 2 or 4
1-Ethyl-3-methylimidazolium perfluoropentanoate
[C2C1Im][C4F9CO2]

N

N+

CF3

C
CnH2n+1

-

O

O
N

H3 C

N

+

CH3

-

C

CF2CF2CF2CF3

C

CF2CF2CF2CF3

O

1-Ethyl-3-methylpyridinium perfluoropentanoate

O

[C2C1py][C4F9CO2]

N+

H3 C

CH3

-

O
O

1-Butyl-3-methylpyridinium trifluoromethanesulfonate
[C4C1py][CF3SO3]

N+

H3 C

CH3

N

H3 C

1-Alkyl-3-methylimidazolium perfluorobutanesulfonate
[CnC1Im][C4F9SO3] with n = 2, 4, 6, 8, 10 or 12

+

N+

CH3

-

-

CnH2n+1

N

N+

O

-

CnH2n+1

N

N+

CnH2n+1

F 3C

CF3

S

O

O
O
N-

S

O

O

O
N+

CnH2n+1

F 3C

N-

S

[Cnpy][N(CF3SO2)2] with n = 2-6, 8, 10 or 12

CnH2n+1

S

F 3C

O
N-

S

CF3

S
O

O

O

O

1-Alkyl-3-methylimidazolium bis(perfluoroethylsulfonyl)imide
H3 C

N

N+

F3CF2C
CnH2n+1

CF3
O

O
O

N+

CF3

S

O

1-Alkylpyridinium bis(trifluoromethylsulfonyl)imide

Searching for consistency and building robust models, in this
work we have transferred the association parameters of
[CnC1Im][N(CF3SO2)2] to the [CnC1py][N(CF3SO2)2] and
[Cnpy][N(CF3SO2)2] families. The m and  molecular parameters
were preserved from those values previously obtained for the
pyridinium-based ionic liquids.50 However, the 𝜀 value was reparametrized (see Table S1 of ESI†). The differences in the

CF2CF2CF2CF3

S

O
H3 C

H3 C

[CnC1Im][N(C2F5SO2)2] with n = 2 or 4

O

O

1-Alkyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide
[CnC1py][N(CF3SO2)2] with n = 2-4, 6 or 8

CF2CF2CF2CF3

S

O

O
H3 C

[CnC1Im][CF3SO3] with n = 2 or 4

[CnC1Im][N(CF3SO2)2] with n = 1-10, 12 or 14

O

O
N

H3 C

1-Alkyl-3-methylimidazolium trifluoromethanesulfonate

1-Alkyl-3-methylimidazolium bis(trifluoromethylsufonyl)imide

CF3

S

O

O

1-Ethyl-3-methylpyridinium perfluorobutanesulfonate
[C2C1py][C4F9SO3]

-

S
O

N-

CF2CF3

S
O

performance between the parameters previously published and
the new ones versus experimental density-temperature data
are depicted in Figure S3 of ESI†. Figures S3a and S3b of ESI†
stand for [CnC1py][N(CF3SO2)2] and [Cnpy][N(CF3SO2)2] ILs
families, respectively, where set 1 represents the parameters
previously published (solid lines) 50 and set 2 corresponds to the
optimized parameters in this work (dashed lines). In both
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families there is an improvement in the agreement between the
experimental data 76-83 and soft-SAFT results obtained with set
2. This result is also sustained by the decrease of the average
absolute deviation (ADD < 0.07%) for almost all ILs (see Table S1
of ESI†), except for [C8C1py][N(CF3SO2)2], for which only one
value of density experimental data is available in literature.
For consistency with the previous calculations and with
previous work47,48 we have tested the performance of two
association schemes for [C2C1Im][CF3SO3] and [C2C1Im][CF3CO2]
FILs for predicting the density and carbon dioxide solubility and
results are shown in Figure 2. Considering a 3-site associating
model (Figure 1a), m, σ and ε were adjusted to density
experimental data,13 while association parameters were
transferred from [C4C1Im][CF3SO3] and [C4C1Im][CF3CO2] ILs.52
Results from this approach are depicted in Figure 2b as a
dashed-dotted line; the density is not shown in Figure 2a
because it was fitted. As inferred from the figure, those
parameters are unable to accurately represent the behaviour of
the FILs with carbon dioxide. Taking into account the small,
spherical size of the anions, 1-site association scheme was also
considered (Figure 1d), similarly to the imidazolium ionic liquids
with [BF4]- and [PF6]-.47,48 In this case, the five molecular
parameters were directly transferred from [C3C1Im][BF4] and
[C4C1Im][BF4] to [C2C1Im][CF3CO2] and [C2C1Im][CF3SO3],
respectively, without performing any fitting. Figure 2a shows
excellent agreement between the density experimental data13
and soft-SAFT predictions. Regarding the CO2 solubility, (Figure
2b) very good agreement is obtained for [C2C1Im][CF3CO2] for
the available experimental data 323.1 K.84 The overall behaviour
of the solubility of CO2 in [C2C1Im][CF3SO3] is also well captured,
although higher deviations from experimental data (324.15 K),85
are observed at high CO2 concentrations. Note that these are
pure predictions from the transferred parameters, and much
better agreement can be obtained if any of the parameters of
the pure FILs were fitted to experimental data. Also notice that
the 1-site model better captures the shape of the experimental
solubility data than the 3-sites model, even though the later
gives good solubility predictions at low CO2 concentrations. By
direct transfer of the soft-SAFT parameters we were able to
describe two FILs, without any adjust to experimental data,
emphasising the robustness of the models. The final molecular
parameters used for all FILs studied in this work are provided in
Table S1 of ESI†.

3. Results and discussion
In this section we focus on analysing the influence of the
cation, the cation hydrogenated alkyl side chain length, the
anion and the fluorination of the anion on some of the
physicochemical properties of these compounds, in a
systematic way. All the molecular structures are reported in
Table 1.
We first performed a study to obtain insights on the
influence of different cations, with a fixed anion, on the
thermophysical properties of the families, and how this is
reflected in the molecular parameters of soft-SAFT. This is called
Strategy 1 or ST1 (see Table 2). The cations considered were

[CnC1Im]+, [CnC1py]+ and [Cnpy]+, all of them with
View the
Articlesame
Online
DOI: 10.1039/C8CP07522K
hydrogenated alkyl side chain length. Strategy
2 (ST2 in Table 2)
focused on the influence of the cations hydrogenated side chain
length (for different cations) and the anions studied in ST1. The
following homologous families were studied in ST2:
[CnC1Im][CF3SO3],
[CnC1Im][CF3CO2],
[CnC1Im][C4F9SO3],
[CnC1Im][N(CF3SO2)2], [CnC1py][N(CF3SO2)2], [Cnpy][N(CF3SO2)2].

Figure 2. a) Density-temperature diagram at atmospheric pressure of
[C2C1Im][CF3CO2] and [C2C1Im][CF3SO3] FILs calculated by the direct
transference of soft-SAFT five parameters from [C3C1Im][BF4] and
[C4C1Im][BF4], respectively (solid lines represent the calculations with the
parameters from Table S1 of ESI†). b) Solubility of carbon dioxide in
[C2C1Im][CF3CO2] (at 323.1 K) and [C2C1Im][CF3SO3] (at 324.15 K) FILs, with
the 3- (dashed dot-dot lines) and 1-site (dashed lines, calculations with
parameters from Table S1 of ESI†) association schemes. Symbols
represent experimental data.13,84,85

To investigate the influence of the anion, the cation with a
given hydrogenated side chain length was fixed and the anions
replaced. The anions studied were [C4F9SO3]–, [C4F9CO2]–,
[CF3SO3]–, [CF3CO2]– and [N(CF3SO2)2]– (ST3 in Table 2). Finally,
to study the influence of the anion fluorination, two different
comparisons were made (see ST4 in Table 2). First, the cation
was fixed and the anion iterated considering anions with
different structural features, such as [C4F9SO3]–, [CF3SO3]– and
[N(CF3SO2)2]–, investigating the effect of incrementing the
amount of fluorine atoms in the anion. Secondly, we studied the
effect of increasing the linear fluorinated side chain on the
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molecular parameters optimization, considering the variation of
n and m in FILs based on [CnFmSO3]– and [CnFmCO2]– anions.
Table 2. Strategy of the several comparisons carried out in this
work.

weight. This enables the equation with predictive
power
View Article
Online
DOI:
10.1039/C8CP07522K
allowing the prediction of thermophysical
properties
for other
members of the same family for which no experimental data is
available.

ST1 - Influence of the cation

Anions

3.1.1. Effect of the cation

[C2C1Im]+

[C4F9SO3]– or [C4F9CO2]–

Once the molecular parameters were assessed and good
results obtained versus experimental data, we can use them as
a designing tool, checking for trends. Hence, we first show how
the characteristics of different cations in the ILs families is
captured by the soft-SAFT parameters (ST1 in Table 2) and their
influence on the thermophysical properties. Figure 3a depicts
the comparison among the m parameter of the ILs with
different cations, versus their molecular weight. The trend
[Cnpy]+ < [CnC1py]+ ≈ [CnC1Im]+ is explained due to the lack of a
methyl group in the aromatic ring of [Cnpy]+ cation. It is also
observed that differences in the m values between the
compared cations are very small. From this, it is inferred that
the cation is not a structural feature highly influencing the
overall length of the ILs, represented by the m parameter.
Furthermore, the value of m can be transferred from
pyridinium to imidazolium cations, when the cations are
conjugated with the same anion, because the only deviations
that can be found are related to the anion. The size parameter
 , Figure 3b, shows similar values for most of the FILs with the
same cations, increasing as the molecular weight of the ILs
increases, the values following the trend [Cnpy]+ < [CnC1Im]+ <
[CnC1py]+. The regression for the molecular volume of the
molecules (m), represented in Figure 3c, linearly increases
with the molecular weight. As inferred from this figure, the
differences in the molecular volume of FILs based on pyridinium
and imidazolium are almost negligible. The energy parameter 𝜀
is represented in Figure 3d versus the molecular weight.
Different trends can be found for the different considered ILs.
In the case of the cations conjugated with the linear fluorinated
anions, the trend is [CnC1Im]+ < [CnC1py]+. However, for the ILs
based on branched anions, the general trend is [Cnpy]+ ≈
[CnC1py]+ < [CnC1Im]+. Only in cases where the hydrogenated
chain is composed by 2 and 8 carbons, the energy parameter
follows the trend [Cnpy]+ < [CnC1py]+ < [CnC1Im]+. These
differences can be justified by the role of this parameter in
capturing the molecular energy, as it accounts for most of the
differences in energy when the association parameters are kept
constant, as it happens in this case. Once again, it is important
to bear in mind that there is only one value for the experimental
density of [C8C1py][N(CF3SO2)2] available in literature. The same
trends are observed for m𝜀 (Figure 3e).
As mentioned, the values of the association parameters are
kept constant, being the energy and volume of association for
[C2py][N(CF3SO2)2],
[C2C1py][N(CF3SO2)2]
and
[C2C1Im][N(CF3SO2)2] 3450 K and 2250 Å3, respectively (see
Table S1 of ESI†). We will discuss now how these molecular
trends are reflected in the macroscopic behaviour of the
systems using soft-SAFT to calculate them. As an initial
verification, the [C2C1Im][C4F9SO3] and[C2C1Im][N(CF3SO2)2] FILs
were selected to predict the density-pressure diagram and the
solubility of carbon dioxide (Figure 4).

[C2C1py]+

Published on 25 February 2019. Downloaded by Universidade Nova de Lisboa on 2/25/2019 10:49:06 AM.

[CnC1Im]+,
2,3,4,6,8

[C4F9SO3]– or [C4F9CO2]–
[CnC1py]+ or

[Cn

py]+,

n=

[CnC1Im]+ or [Cnpy]+, n = 5, 10, 12

[N(CF3SO2)2]–
[N(CF3SO2)2]–

ST2 - Influence of the cation
hydrogenated side chain
[CnC1Im]+, n = 2, 4, 6, 8, 10, 12

[C4F9SO3]–

[CnC1Im]+,

n = 2, 4

[CF3SO3]–

[CnC1Im]+, n = 2, 4

[CF3CO2]–

[CnC1Im]+, n = 1-10, 12, 14

[N(CF3SO2)2]–

[CnC1py]+, n = 2, 3, 4, 6, 8

[N(CF3SO2)2]–

[Cn

[N(CF3SO2)2]–

py]+,

n = 2-6, 8, 10, 12

ST3- Influence of the anion

Cations

[C4F9SO3]–, [C4F9CO2]–, [CF3SO3]–,
[CF3CO2]– or [N(CF3SO2)2]–

[C2C1Im]+

[C4F9SO3]–, [CF3SO3]–, [CF3CO2]– or
[N(CF3SO2)2]–

[C4C1Im]+

[C4F9SO3]–, [C4F9CO2]– or
[N(CF3SO2)2]–

[C2C1py]+

[C4F9SO3]– or [N(CF3SO2)2]–

[CnC1Im]+, n = 6, 8, 10, 12

ST4- Influence of the anion
fluorination
[C4F9CO2]– or [CF3CO2]–

[C2C1Im]+

[C4F9SO3]–, [CF3SO3]– or [N(CF3SO2)2]–

[CnC1Im]+ n = 2, 4

3.1. Fluorinated ionic liquids structural features and molecular
parameters in soft-SAFT
The features of the specific cation, the cation hydrogenated
alkyl side chain length, anion and the fluorination of the anion
will be reflected in the values found for the molecular and
association parameters. The m and  molecular parameters are
directly related to the size and volume of the groups making the
ILs, while m3 represents the volume and m𝜀 the energy of the
ILs molecules. Previous soft-SAFT works show that m, m3 and
m𝜀 correlate with the molecular weight for regular chemical
families; the association parameters are generally independent
of the molecular weight of the compounds, except for very
short chains. 26,50,52,59 This is due to the fact that hydrogen
bonding forces are localized and of very short range. We have
used this approach here, keeping the same association
parameters for each IL family (see Table S1 and Figures S1 and
S2 of ESI†) and having m,  and 𝜀 correlated with the molecular
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Figure 3. Molecular parameters values versus molecular weight for FILs with different cations, where: a) m parameter; b)  parameter; c) m3
correlation of the volume of the molecules (anion + cation); d) 𝜀 parameter; and e) m𝜀 is a correlation representing the van der Waals energy of the
molecules (anion + cation). The comparisons are grouped by colours.

The soft-SAFT calculations were assessed with available
experimental data. Figure 4a shows that soft-SAFT predictions
(calculated from the molecular parameters of the pure fluid) are
in excellent agreement with high pressure density experimental
data86 for the two FILs. The solubility of CO2 in the FILs is
depicted Figure 4b. Predictions for the solubility of CO2 in
[C2C1Im][N(CF3SO2)2] are in excellent agreement with the
experimental data.86 For the case of [C2C1Im][C4F9SO3] some
deviations from experimental data are observed, this is mainly
due to the large differences between the van der Waals
energies of carbon dioxide and the FILs molecules. Thus, the
correct behaviour is accurately described when a binary
parameter  is fitted (see Figure 4b). 86 However, as we are
searching for trends, calculations with pure component
parameters can be used to distinguish the effect of the cation
on these properties considering the pure component
parameters capture the behaviour.
We present next soft-SAFT predictions for the effect of the
cation on high pressure densities and the solubility of CO2 in
FILs. Although we have calculated these properties for all the

FILs depicted in Figure 3, at 313.15K, we have selected to
represent only some of them for easier visualization. Figure 5a
shows the density-pressure diagram, and the solubility of
carbon dioxide is depicted in Figure 5b for the selected FILs. ILs
with a hydrogenated alkyl side chain of two carbons conjugated
with [N(CF3SO2)2]–, [C4F9CO2]– and [C4F9SO3]– anions were
chosen for this purpose. The density at high pressures shows
the tendency: [CnC1py]+ < [CnC1Im]+ < [Cnpy]+, being
independent of the anion. These results are consistent with the
physical trends observed in the molecular parameters. As the
density is related to the volume occupied by the molecules, the
exact inverse tendency ([Cnpy]+ < [CnC1Im]+ < [CnC1py]+) can be
found in the regression m3 (see Figure 3c), supporting the
accuracy of the molecular parameters for describing the
physical features of these FILs. The predicted solubility of
carbon dioxide in these FILs, (see Figure 5b), follows the
tendency [Cnpy]+ ≈ [CnC1Im]+ < [CnC1py]+. The free volume is
related to the solubility of low molecular weight solutes (such
as carbon dioxide) and to the density. Previous studies have
shown that the increment of the free volume allows a better
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accommodation of gas molecules,8,26 hence increasing the gas
solubility. This evidence is clear for cases where the
solubilization process happens through a physical mechanism.
The free volume is inversely proportional to the density, which
means that compounds with a lower density have a higher free
volume available. This is the behaviour observed in this case,
where the ILs with lower density have a higher solubilization
power of carbon dioxide.8,26

View Article Online

DOI: 10.1039/C8CP07522K

Figure 5. Influence of FILs cation in the thermodynamic properties of
selected FILs. a) Prediction of high pressure density at 313.15 K; and b)
Predictions of carbon dioxide solubility in FILs at 313.15 K. The green
dashed line, [C2C1py][C4F9CO2], overlaps with the red solid line,
[C2C1Im][C4F9SO3]). The lines represent predictions obtained with softSAFT with the parameters represented in Figure 3 and Table S1 of ESI†.

3.1.2. Effect of the cation hydrogenated side chain
Figure 4. Validation of soft-SAFT predictions for [C2C1Im][N(CF3SO2)2] and
[C2C1Im][C4F9SO3] thermodynamic properties. a) High pressure density at
313.15 K;86 and b) Carbon dioxide solubility in these FILs at 313.15 K.
Symbols represent experimental data.86 The solid lines denote predictions
obtained with soft-SAFT with the parameters provided in Table S1 of ESI†.
In b) the dashed lines stand for the calculations with the binary parameter
 adjusted to data for the [C2C1Im][C4F9SO3] IL .

Hence, in summary, based on the discussed results, FILs
containing the cations [Cnpy]+, [CnC1Im]+ and [CnC1py]+ have
similar molecular length and association energy, mainly
differing on molecular volume and van der Waals interactions.
As a consequence, the same values of the molecular parameters
related to the molecular length, m, and association, 𝜀𝐻𝐵 and 𝜅𝐻𝐵
can be used for [Cnpy]+, [CnC1Im]+ and [CnC1py]+ cations-based
FILs, while only the group size and energy parameters,  and 𝜀,
need to be fitted to experimental data (see Table 3).

We present next results for FILs in which the hydrogenated
side chain length varies, the molecular parameters associated
to this, and the influence of the structure on selected
thermodynamic properties.
We first consider three [N(CF3SO2)2]--based ILs families
conjugated with the [CnC1Im]+, [CnC1py]+ and [Cnpy]+ cations, all
of them with hydrogenated chains (see Table 2, ST2). Taking
into account that the type and strength of the association of the
these families should be very similar, the association
parameters were kept constant for all members of the three
families, assuming that the increment of the cation
hydrogenated chain does not influence the localized
association.
As for the other three parameters, in the case of
[CnC1Im][N(CF3SO2)2], m,  and 𝜀 were fitted to density data and
correlated with the molecular weight (Mw) by:49
𝑚 = 0.0056𝑀𝑤 +3.8337

(5)

𝑚𝜎3 = 1.9733𝑀𝑤 +366.33 (Å3)

(6)

𝑚𝜀/𝑘𝐵 = 3.3986𝑀𝑤 +1043.3 (K)

(7)
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These correlations, together with the constant association
parameters, enable the prediction of the thermodynamic
behaviour of other members of the series, not included in the
fitting procedure.49
In addition, considering the similarity between the chemical
structure of [CnC1Im][N(CF3SO2)2] and [CnC1py][N(CF3SO2)2] FILs,
the chain length value m was transferred from imidazolium- to
the pyridinium- based ILs with the same cation alkyl chains
length (i.e., m[C2C1py][N(CF3SO2)2] = m[C2C1Im][N(CF3SO2)2]).50 For the
[Cnpy][N(CF3SO2)2] family, the transferability was not direct due
to the lack of a methyl group in the aromatic ring, conversely,
the m values were transferred corresponding to [Cn-1C1Im]+
(e.g., m[C3py][N(CF3SO2)2] = m[C2C1Im][N(CF3SO2)2]).50 As the m parameter
was transferred from the imidazolium family, the correlation of
Equation 5 is also effective for the pyridinium families in a
predictive manner.
Regarding the  size parameter, two different correlations
were found for each pyridinium family to account for the small
deviations in molecular volume between both families.
Equation 8 stands for [CnC1py][N(CF3SO2)2] and Equation 9
represents [Cnpy][N(CF3SO2)2].50
𝑚𝜎3 = 1.9345𝑀𝑤 +357.92 (Å3)

(8)

𝑚𝜎3 = 1.9205𝑀𝑤 +349.81 (Å3)

(9)

Notice that 𝜀 parameter for the pyridinium families with the
[N(CF3SO2)2]– anion was reparametrized in this work to allow
the association parameters to be transferred between families
(see Table S1 of ESI†), as all differences in energy are now
implicitly included in this parameter.
Table 3. Summary of the transferability analysis of the molecular
parameters, where T indicates the parameters that can be
transferred and F the parameters that have to be fitted to
experimental data, regarding the different structural features of
the studied ionic liquids. [CnC1Im][CF3SO3] and [CnC1Im][CF3CO2]
are not included here. See text for details.
Parameter

Cation
(ST1)
T

m

Hydrogenated
chain (ST2)

F

T

✔

σ [Å]

✔

𝜺/kB [K]

✔

F

Anion
(ST3)
T

F

Fluorinated
chain (ST4)
T

F

✔

✔

✔

✔

✔

✔

✔

✔

✔

𝜺𝑯𝑩/kB [K]

✔

✔

✔

✔

𝜿𝑯𝑩[Å3]

✔

✔

✔

✔

We studied next the imidazolium cations with different
anions: [CF3SO3]–, [CF3CO2]– and [C4F9SO3]–. The FILs
[CnC1Im][CF3SO3] and [CnC1Im][CF3CO2] (n= 2, 4), were modelled
with different associations schemes. For C2 FILs the molecular
and association parameters were transferred from
[CnC1Im][BF4]47,53 family (see Figure 2) using a 1-site association
scheme, while parameters for C4 were adjusted to

experimental data in previous work.52 Although View
there
isOnline
not
Article
DOI: 10.1039/C8CP07522K
enough available experimental for these
ILs families to
correlated them with the molecular weight (only C2 and C4 are
available; see Table 2, ST2), it can be seen that molecular
volume and molecular energy of these two families are smaller
than for the others, mainly as a consequence of their lower
molecular weight (see Figure S4 of ESI†).
Pereiro et al.26 modelled the [CnC1Im][C4F9SO3] FILs family,
where the five molecular parameter values were fitted to
temperature–density experimental data at atmospheric
pressure. The association parameters of [CnC1Im][C4F9SO3] were
kept constant for the whole family,26 obtaining linear
correlations with the molecular weight for m,  and 𝜀:
𝑚 = 0.01330𝑀𝑤 +1.857

(10)

𝑚𝜎3 = 1.911𝑀𝑤 +375.4 (Å3)

(11)

𝑚𝜀/𝑘𝐵 = 5.664𝑀𝑤 +203.2 (K)

(12)

In summary, as far as the hydrogenated chain length of the
cation is concerned, we can conclude that, as for the alkanes
and alkanol families,74,87 m,  and 𝜀 linearly correlate with the
molecular weight (Equations 5 to 12), while the association
parameters are independent of the cation hydrogenated side
chain length, being their values constant for all the series
members.
In previous studies the van der Waals energy parameter, 𝜀,
was usually fitted to experimental data and not transferred
between families, carrying most of the molecular energetic
differences among FILs families. However, a closer look into the
parameters provided in Table S1 of ESI† shows that, for the
[CnC1py][N(CF3SO2)2] and [Cnpy][N(CF3SO2)2] families the value of
𝜀 was kept constant for the whole family. For other families the
values of 𝜀 are quite similar (see Figure S4 of ESI†), except for the
case of FILs with short fluorinated chains. Based on this fact we
took one step forward into building transferable models and
fixed the 𝜀 value for each family, not including [CnC1Im][CF3SO3]
and [CnC1Im][CF3CO2] (only two members of each family are
available). The 𝜀 parameter was fixed at an intermediate value
between those obtained for each member of the family and the
density-temperature diagrams were calculated for each ILs
family. Results are presented in Figure S5 of ESI†, with the
following
optimized
values
for
each
family:
a)
[CnC1Im][N(CF3SO2)2] with 𝜀/kB = 406 K; b) [CnC1Im][C4F9SO3] with
𝜀/kB = 355 K; c) [CnC1py][N(CF3SO2)2]; and d) [Cnpy][N(CF3SO2)2]
with 𝜀/kB = 380 K. The solid lines represent the calculations with
the parameters depicted on Table S1 of ESI† and the dashed lines
stand for the calculations with the optimized fixed 𝜀 values for
each family (Figure S5 of ESI†). The overall agreement between
the experimental data8,13,26,76-83,88,89 and the two type of
calculations are excellent. For the outermost members, the
calculations with the fixed energy parameter are slightly
allocated. However, the differences are not significant and it
can be stated that fixing the 𝜀 value along the ILs families
included in this work, the calculations provide a good
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representation of the experimental data, leading to the
conclusion that this parameter can be fixed along a FIL family.
Taking advantage of the transferability of the models we
have studied the influence of the cation hydrogenated alkyl side
chain on the thermodynamic properties of FILs and results are
presented in Figure 6 for the [CnC1Im][N(CF3SO2)2] family as an
example. This family is the one with more studied FILs; the same
thermophysical behaviour was found for the other FILs families.
The high pressure density diagram is depicted in Figure 6a
showing that the density decreases as the hydrogenated alkyl
side chain length increases. This is in agreement with the linear
correlation of m3, the molecular volume (see Figure S4c in the
ESI†), which has the inverse behaviour, increasing as the
hydrogenated side chain length increases. For the solubility of
carbon dioxide in these FILs, it is observed that the solubility
increases as the hydrogenated side chain increases (see Figure
6b). This result can also be related to the free volume between
the molecules (the increment of alkyl chain corresponds to an
increase in the free volume). This behaviour is directly related
to the increment of the asymmetry between the FILs
molecules.13 Again, the molecular parameters accurately
capture the physical features of the FILs families.
In summary, it has been observed that the hydrogen
bonding of these FILs is independent of the length of the
hydrogenated alkyl chain of the cation, and the corresponding
𝜀𝐻𝐵 and 𝜅𝐻𝐵 parameters can be transferred between FILs
families. It has also been observed that the van der Waals
energy parameter can be kept constant within a family, while m
and  are different for each member of the family, and they
need to be fitted to experimental data, showing a good
correlation with the molecular weight (see Table 3). This implies
that most of the differences between members of the studied
FILs are related to their size and molecular volumes.
3.1.3. Effect of the anion
In a similar manner as for the cations, we have studied
several FILs with a given cation and different anions, comparing
the values of the molecular parameters versus their molecular
weight (see Figure S6 of ESI†) and the corresponding effect on
selected thermodynamic properties (ST3 in Table 2 and Figure
7). As shown in Figure S6a of ESI†, the length of the ILs depends
on the anions considered. Accordingly, the value of m increases
in the following order: [CF3CO2]– ≈ [CF3SO3]– < [N(CF3SO2)2]– <
[C4F9CO2]– ≈ [C4F9SO3]– for the same cation. This tendency is not
linear with the increment of the molecular weight. However, it
can be related to the structure of the anions, where a linear
fluorinated chain (e.g. [C4F9SO3]–) has a higher m contrarily to
the anion with branched fluorinated chains (e.g. [N(CF3SO2)2]–).
It is clear that the sulfonate and carboxylate functional groups
do not have an influence on the overall length of the ILs
considered. These behaviours justify the deviations found in the
cation (see Figure S4 of ESI†), emphasising that those results are
accurate only when the cations are conjugated with the same
anion.

View Article Online

DOI: 10.1039/C8CP07522K

Figure 6. Influence of the FILs cation hydrogenated side chain in: a) high
pressure density at 313.15 K; and b) carbon dioxide solubility in FILs at
313.15 K. The lines represent predictions obtained with soft-SAFT with the
parameters represented in Figure S4 and Table S1 of ESI†. The colour code
is for the alkyl chain length: n=1, orange; n=2, red; n=3, pink; n=4, purple;
n=5, blue; n=6, dark cyan; n=7, light cyan; n=8, light green; n=9, dark
green; n=10, dark yellow; n=12, grey; n=14, dark red.

The differences in the anion are clearly captured by the  size
parameter as displayed in Figure S6b of ESI†. However, the
tendency is quite the reverse from those of m results, where
[C4F9CO2]– < [C4F9SO3]– < [N(CF3SO2)2]– < [CF3CO2]– ≈ [CF3SO3]–.
Furthermore, the difference in size between the sulfonate and
carboxylate functional groups is well captured by the 
parameter. Figure S6c of ESI† shows the m3 correlation with
the following trend: [CF3CO2]– ≈ [CF3SO3]– < [C4F9CO2]– <
[C4F9SO3]– ≈ [N(CF3SO2)2]–. The volume of a FIL conjugated with
[C4F9SO3]– or [N(CF3SO2)2]– anion is similar, even [C4F9SO3]– has
a high number of fluorine atoms and a slightly different Mw. This
similarity can be explained by the structure of each IL family (see
Table 1). The [C4F9SO3]– anion has a linear structure with higher
m and lower  values. On the contrary, the [N(CF3SO2)2]– anion
has two symmetric branched chains with shorter chain length,
m, but it is composed by bulkier groups, hence with higher 
values. Therefore, they seem to occupy very similar volumes,
even though they have completely different structures. Else,
the main structural difference between the volumes of
[CF3CO2]– and [CF3SO3]– is the addition of an oxygen atom.
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Figure S6d of ESI† depicts the 𝜀 values for FILs with different
anions. The values of 𝜀 follow the trend [C4F9CO2]– < [C4F9SO3]–
< [CF3CO2]– < [CF3SO3]– < [N(CF3SO2)2]–, for C4 FILs and
[C4F9CO2]– < [C4F9SO3]– < [N(CF3SO2)2]– < [CF3CO2]– ≈ [CF3SO3]–
for C2 FILs. Both trends are not linear with the Mw but reflect
the intermolecular interactions of the different ILs. The trend
found for m𝜀 regression (shown in Figure S6e of ESI†) is the
following: [CF3CO2]– ≈ [CF3SO3]– < [N(CF3SO2)2]– < [C4F9CO2]– ≈
[C4F9SO3]–.
As mentioned in the previous section, the association
parameter 𝜅𝐻𝐵 for FILs with different anions is kept constant
while 𝜀𝐻𝐵 varies. It follows the tendency: [N(CF3SO2)2]– (3450 K)
< [C4F9CO2]– = [C4F9SO3]– (3850 K) (see Table S1 of ESI†), except
for [CF3SO3]– and [CF3CO2]–, which have different 𝜀𝐻𝐵 values
depending if they are C2 (3450 K) or C4 (3650 K, [CF3SO3]– and
3725 K, [CF3CO2]–) FILs, due to the different association
schemes, as explained in section 2.3. It is concluded that ILs with
a linear fluorinated chain have a higher value of the energy of
association than the corresponding IL with a branched
fluorinated chain. Interestingly, we have observed that the
volume of association can be kept constant for all the FILs
investigated (𝜅𝐻𝐵 = 2250 Å3), except for [C4C1Im][CF3SO3]– and
[C4C1Im][CF3CO2]–, where the value of 𝜅𝐻𝐵 is 2400 Å3. This
exception can be attributed to the relatively short length of the
[CF3SO3]– and [CF3CO2]– based ILs, allowing stronger association
due to the absence of steric effects.
The calculated thermodynamic properties of the different
anions conjugated with the [C2C1Im]+ cation are discussed next,
being the only comparison involving all the anions studied in
this work. Figure 7a illustrates the density of the different ILs at
high pressures. It follows the tendency: [C4F9SO3]– <
[N(CF3SO2)2]– < [C4F9CO2]– < [CF3SO3]– < [CF3CO2]–. This trend is
similar to the inverse of the m3 trend ([CF3CO2]– < [CF3SO3]– <
[C4F9CO2]– < [C4F9SO3]– ≈ [N(CF3SO2)2]–), as expected. Hence, the
molecular parameters correctly capture the relation between
the density and volume. Notice that the density of the ILs with
heavier anions are very similar, and lower than the ones with
shorter anions. The influence of the different anions on the
solubility of carbon dioxide in FILs is depicted in Figure 7b,
following the tendency: [CF3CO2]– < [CF3SO3] < [C4F9CO2]– <
[C4F9SO3]– < [N(CF3SO2)2]––. This implies that the solubilisation
power for carbon dioxide is higher for anions with bulkier
fluorinated chains, given a clear indication of the design of ILs
for this specific application.
3.1.4. Effect of the anion fluorination
Results regarding the anion fluorination are quite similar to
those of the anions discussed in the preceding subsection. The
number of fluorine atoms and the length of the fluorinated side
chain of the anion are considered in this study (ST4 in Table 2).
The comparison related to the number of fluorine atoms and
the chain length m is presented in Figure S7a of ESI†, showing
that [CF3SO3]– < [N(CF3SO2)2]– < [C4F9SO3]–. Therefore, the
increment of the fluorine atoms in the anion demands for a
higher m value (linear tendency with the increment of Mw), as
expected, given the size of the fluorine atoms. As previously
discussed, branched anions have m lower values than linear

anions with equivalent number of atoms. It is also observed
that
View Article Online
DOI:
10.1039/C8CP07522K
anions with linear fluorinated chains follow
the
trend [CF3CO2]–
< [C4F9CO2]–, where longer chains have higher Mw and
corresponding larger m values. As in the previous cases, the
inverse trend is found for the  parameter regarding the anion
fluorination: [C4F9SO3]– < [N(CF3SO2)2]– < [CF3SO3]– and
[C4F9CO2]– < [CF3CO2]– (see Figure S7b of ESI†). The effect of the
anion fluorination in the m3 correlation (see Figure S7c of ESI†)
is similar to that observed for the anion comparisons of the
previous subsection (ST3): [CF3SO3]– < [C4F9SO3]– ≈ [N(CF3SO2)2]–
, highlighting that ILs with similar number of atoms have similar
molecular volume. The same happens for the increment of
fluorination for the linear anions: [CF3CO2]– < [C4F9CO2]–.

Figure 7. Influence of the FILs anion in: a) high pressure density at 313.15
K; and b) carbon dioxide solubility in FILs at 313.15 K. The lines represent
predictions obtained from soft-SAFT with the parameters provided in
Figure S6 and Table S1 of ESI†.

In the case of the 𝜀 parameter, the trend is [C4F9SO3]– <
[N(CF3SO2)2]– < [CF3SO3]– (except for C4 FILs, see Figure S7d of
ESI†). It is also observed that the increase of the fluorinated side
chain length decreases the overall van der Waal energy,
implying lower values of the 𝜀 parameter: [C4F9CO2]– < [CF3CO2]–
. These results suggest that for the coarse grain models used for
the FILs in this work, the energy of interaction between the
groups (monomers integrating the chains) of a short chain is
greater than in a longer or bulkier chain. This tendency implies
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that the energy parameter value is larger for anions with a
higher number of fluorine atoms.
For the m𝜀 correlation (Figure S7e of ESI†) versus Mw, the
tendency found for the addition of fluorine atoms to the anions
is [CF3SO3]– < [N(CF3SO2)2]– < [C4F9SO3]– and also [CF3CO2]– <
[C4F9CO2]–. This regression is highly influenced by the anion
fluorination, where the higher values are found for the FILs with
nine fluorine atoms. Notice that all the ILs depicted in Figure S7a
of ESI† are described by the same molecular weight correlation.
In regards to 𝜀𝐻𝐵/kB and the fluorination effects, the trend
is [N(CF3SO2)2]– (3450 K) ≤ [CF3SO3]– (C2, 3450 K; C4, 3650 K) <
[C4F9SO3]– (3850 K) and [CF3CO2]– (C2, 3450 K; C4, 3725 K) <
[C4F9CO2]– (3850 K). As was already seen, the only feature
affecting this energy parameter is the structure of the anions. A
linear fluorinated chain can have a higher or similar value of
energy between the ILs molecules association compared to a
branched fluorinated chain. The increment of the fluorinated
linear chain rises the associating energy. The 𝜅𝐻𝐵 value is
transferable into the different anions, as the case of
[N(CF3SO2)2]– , [C4F9SO3]– (2250 Å3) and C2 based FILs with
shorter fluorinated chain. However, the anions with short
fluorinated chains based on C4 ([C4C1Im][CF3SO3]– and
[C4C1Im][CF3CO2]–) have a higher value of associating volume
(2400 Å3).

Figure 8. Influence of the FILs anion fluorination in: a) high pressure
density at 313.15 K; and b) carbon dioxide solubility in FILs at 313.15 K.
Lines are predictions from soft-SAFT with parameters represented in
Figure S7 and Table S1 of ESI†.

Figure 8 depicts the influence of the anion fluorination
on
View Article Online
DOI:
the high pressure density of the pure FILs
at10.1039/C8CP07522K
313.15 K and the
solubility of carbon dioxide in FILs at 313.15 K. The density,
illustrated on Figure 8a, varies in the following order: [C4F9SO3]–
< [N(CF3SO2)2]– < [CF3SO3]; decreasing as the chain length
increases. This tendency is inversely proportional to the m3
result, with the parameters accurately describing the physical
features of the ILs molecules. In the case of carbon dioxide
solubilisation, as previously observed for different anions (ST3),
the FILs with bulkier fluorinated chains have a greater
solubilisation power, followed by the branched fluorinated
chains and at last the shorter linear fluorinated chains (see
Figure 8b). This behaviour is a direct consequence of increasing
the number of fluorine atoms and the length of the linear
fluorinated chain.
3.2. Validity of the transferability approach for prediction
purposes
In order to validate the robustness of the parameters and
the approach for prediction purposes, we selected some FILs
not included in the previous discussions to be modelled with the
soft-SAFT framework and compare its accuracy to experimental
data. For this purpose we selected two FILs from
[CnC1Im][N(C2F5SO2)2] ILs family, where n = 2 and 4, and
[C4C1py][CF3SO3], taking advantage of the experimental data
available in the literature.68,86,90-94 The [CnC1Im][N(C2F5SO2)2] ILs
family as a fluorinated anion different than those of the ILs
studied in the previous section. The anion of the
[C4C1py][CF3SO3] IL was studied in the previous sections,
however in this particular case it is conjugated with a different
cation. Besides, this IL has an anion with short fluorinated chain
which has a behaviour quite different from the other ILs. For
consistency, a 3-site association model was used (see Figure 1a).
Selected thermodynamic properties of the pure FILs and
solubilities of carbon dioxide, methanol and water in the FILs
were calculated in a predictive manner and compared with the
available experimental data.68,86,90-94 The molecular models of
carbon dioxide (CO2), methanol (CH3OH) and water (H2O) were
transferred from previous works.50,75,87,95 Carbon dioxide was
modelled as a Lennard-Jones (LJ) chain, where quadrupolar
interactions were taken into account with the molecular
parameter xp fixed to 1/3 (representing the number of
segments in those molecules that may momentarily contain the
quadrupole).50 Methanol was modelled as a homonuclear
chainlike molecules with two association sites embedded offcentre in one of the LJ segments to mimic the hydroxyl group
interactions. One A site stands for the lone pair of electrons on
the oxygen atom and one B site represents the H atom. Only A-B
interactions were allowed for the pure component.75,95 Water
was modelled as a single spherical LJ monomer (mH2O = 1) with
four association sites: two e sites (negative, corresponding to
the lone pairs of the oxygen electrons) and two H type sites
(positive, corresponding to the hydrogen atoms). Only e-H
bonding was allowed. These four association sites preserve the
tetrahedral geometry of the compound.87 The values of the
respective molecular parameters for the three compounds are
summarized in Table S2 of ESI† for completeness.
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The validation process of the transferability of the
parameters started with [C2C1Im][N(C2F5SO2)2]. Three different
approaches to optimize the molecular parameters of this FIL
were performed. The first approach (approach 1) was focused
on the analysis of the number of fluorine atoms in the FIL anion,
independently of their distribution. In this case the [C4F9SO3]–
anion, with a similar number of fluorine atoms, was chosen and
a direct transfer of parameters from the [C2C1Im][C4F9SO3] FIL
molecular parameters to [C2C1Im][N(C2F5SO2)2] was intended
and results compared to density-temperature data of
[C2C1Im][N(C2F5SO2)2] available in the literature.86 The results
are represented in Figure 9 as a black line, very far to the
experimental data. From the knowledge learned about the
influence of the different molecular features on the molecular
parameters (discussed in the previous sections) it was decided
to fit  parameter to density data, while the other four
molecular parameters were directly transferred from
[C2C1Im][C4F9SO3] (see Table 4, set A). An excellent agreement
with the experimental values was achieved in this case (Figure
9, red solid line, overlapped by green solid line) with an AAD of
0.017%. However, the previous approach implies fitting to
experimental data, even though it is only for one parameter. In
a second approach (approach 2), searching for pure predictions,
we focused on the symmetry of the anion branched fluorinated
side chain, as it has been shown to have an important effect in
the parameterization. Thus, it was considered that the anion
structural features can be characterized by the presence of only
5 fluorine atoms, since the two side chains are a mirror of each
other (see Table 1). A member of the [CnC1Im][N(CF3SO2)2]
series with a longer hydrogenated chain capable of
compensating the presence of 2 additional fluorine atoms
(considering the symmetry of the anions, [N(CF3SO2)2]– = 3
fluorine atoms versus [N(C2F5SO2)2]– = 5 fluorine atoms) was
chosen in this case. In terms of size, one fluorine atom is
approximately 1.5 times larger than a hydrogen atom.16
Therefore, 3 hydrogen atoms are needed to have approximately
2 fluorine atoms. With this strategy in mind, the molecular
parameters of [C5C1Im][N(CF3SO2)2] (Table S1 of ESI†) were
directly transferred to [C2C1Im][N(C2F5SO2)2] FIL. Results with
this set are presented in Figure 9 as a green line. The predictions
show very good agreement with experimental data, having only

a small deviation in the lower temperatures range.
an
View This
Article is
Online
DOI: 10.1039/C8CP07522K
outstanding result, showing that a direct
transfer of the
parameters, taking into consideration the molecular features of
the equivalent ILs allow a good agreement with experimental
data, without any fitting. Of course, excellent agreement in the
whole range of temperatures can be achieved if the
experimental data is used to fit some of the parameters. For
instance, results fitting  and 𝜀 while transferring the other
three parameters from [C5C1Im][N(CF3SO2)2] are shown in
Figure 9 as a red dashed line, with parameters provided in Table
4 as set B. In all cases used in the previous section only
temperature-density data was used in the fitting or to assess
the transferred parameters. In order to check the sensitivity of
the parameters and their performance to the data used to
estimate them, a third approach was used (approach 3). In this
approach, high pressure density and isothermal compressibility
data was used, simultaneously, to fit  and 𝜀, while also
transferring the other four molecular parameters from
[C5C1Im][N(CF3SO2)2] (see Table 4, set C). Results with this set of
parameters are presented in Figure 9 as a dotted red line,
overlapping with those obtained from sets A and B.

Figure 9. Temperature-density diagram of [C2C1Im][N(C2F5SO2)2] and of
[C4C1Im][N(C2F5SO2)2] at atmospheric pressure. Lines represent the softSAFT calculations, where the three red lines and solid blue line are the
calculations obtained with the optimized sets of parameters (see Table 4)
and black, green and grey lines are the calculations with the parameters
directly transferred from other ILs. The three red lines and the green line
overlap. Symbols are the experimental data.86,91

Table 4. Molecular weight, molecular parameters and density absolute average deviation (AAD) from the fitting procedure of the ionic
liquids modelled in this work. The references correspond to the density experimental data used in the fitting or assessment approach.
Mw
[g mol-1]

m

σ
[Å]

𝜺/kB
[K]

mσ3
[Å3]

m𝜺/kB
[K]

𝜺𝑯𝑩/kB

[C2C1Im][N(C2F5SO2)2] set A

491.32

7.320

4.013

343.4

473

2514

[C2C1Im][N(C2F5SO2)2] set B

491.32

6.247

4.240

354.8

476

[C2C1Im][N(C2F5SO2)2] set C

491.32

6.247

4.225

337.1

[C4C1Im][N(C2F5SO2)2]

519.39

6.418

4.356

[C4C1py][CF3SO3]

299.31

4.149

4.457

Ionic Liquid

𝜿𝑯𝑩[Å3]

AADρ
[%]

3850

2250

0.0168

2216

3450

2250

0.0386

471

2106

3450

2250

0.010

356.0

530

2285

3450

2250

0.0341

90

378.0

347

1568

3650

2400

0.0521

94
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[C5C1Im][N(CF3SO2)2] (green line) also shows good agreement,
the soft-SAFT calculations give the correct slope, with a
deviation from data near to 4.6% (considering the range 3.1-3.3
mol·L-1 of density).
The high pressure density experimental data86 was used to
calculate a derivative property, isothermal compressibility (kT),
using the Tait equation.49,96,97 The corresponding isothermal
compressibility data is represented in Figure 10 using symbols,
while the soft-SAFT calculations are represented by lines. Set C,
fitted to this data, is the one providing the best results, with an
AAD% of 0.6. Predictions from the other three sets are also
shown in the figure; although they capture the correct slope,
none of them is able to quantitatively reproduce the derived
experimental data, being the ones from set B (red dashed line)
the closest, with an AAD% of 14%. This behaviour has been
observed in previous SAFT works in which the molecular
parameters fitted to vapour equilibria data do not
quantitatively predict second derivative properties, as the
isothermal compressibility or heat capacities.68, 98 It is important
to emphasize that the derivative properties are more sensitive
to errors in both, the experimental data and the values of the
parameters.
Predictive results using these four sets of parameters for the
calculation of the solubility of carbon dioxide in
[C2C1Im][N(C2F5SO2)2] and the density of FIL + methanol binary
system are presented in Figure 11, as compared to available
experimental data.

Figure 10. Thermodynamic properties of FIL [C2C1Im][N(C2F5SO2)2]. a)
Pressure-density diagram at 313.15 K (red lines overlap) and b)
isothermal compressibility at 313.15 K. Lines correspond to the softSAFT calculations, where the three red lines are the calculations
obtained with the optimized sets of parameters (see Table 4) and
green line the calculation with the parameters directly transferred
from the indicated IL. Symbols are the experimental data.86 In b) the
data was calculated using the Tait equation.49,96,97
A comparison of the performance of the four sets of
parameters for [C2C1Im][N(C2F5SO2)2] FIL at high pressure and
isothermal compressibility data is presented in Figure 10. Note
results for sets A and B (red full and dashed lines) and those
obtained from approach 2 (green line) are pure predictions,
while set C from approach 3 was fitted to these data. As inferred
from the figure, sets A, B and C (see Table 4) give similar results
for the high pressure-density data, in excellent agreement with
experimental data.86 The set directly transferred from
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Figure 11. Predictions of some properties of [C2C1Im][N(C2F5SO2)2].
a) Carbon dioxide solubility at 313.15 K; and b) density of IL +
methanol binary system at 313.15 K. Lines represent the soft-SAFT
predictions, where the red lines are the calculations obtained with
optimized sets of parameters (see Table 4) and the green line is from
the set of parameters directly transferred from the indicated IL
(approach 2). See text for details. All soft-SAFT calculations overlap
in figure b). Symbols are the experimental data.86,90
The predicted solubility of carbon dioxide in
[C2C1Im][N(C2F5SO2)2] is depicted in Figure 11a were
calculations with the four sets are compared to available
experimental data.86 No specific association interactions
between the ILs and the CO2 are considered in this case, as it
corresponds to physical absorption. It can be observed that set
A gives excellent agreement with experimental data, while sets
B and C, and parameters transferred from [C5C1Im][N(CF3SO2)2]
give the correct trend, but slightly overestimating the solubility
of CO2 in [C2C1Im][N(C2F5SO2)2]. It is important to remark that
these calculations are complete predictions from the pure
component parameters of the ILs and CO2. Furthermore, the
calculation shown as green line has been obtained with
parameters transferred from other families of ILs. It is also
interesting to observe that the set of parameters obtained by
including two sets of experimental data (set C) gives the same
level of predictions as those obtained fitting only temperaturedensity data (B). This reinforces the robustness of the soft-SAFT
equation and the procedure presented herein to

predict/describe the thermodynamic properties
of Online
pure
View Article
DOI: 10.1039/C8CP07522K
of experimental
compounds and mixtures, even in the absence
data.
Taking advantage of the available experimental data, the
density of the binary system [C2C1Im][N(C2F5SO2)2] + methanol
was also calculated and results presented in Figure 11b. SoftSAFT calculations with the four sets show excellent agreement
with the experimental data,90 supporting the outstanding
predictive power of this tool for binary systems (the red lines
and the green line all overlap in agreement with the data).
The validity of the approach was also assessed with the
[C4C1Im][N(C2F5SO2)2] IL. Following approach 2, taking into
account the symmetry of the anion branched fluorinated side
chain, the direct transfer of the [C7C1Im][N(CF3SO2)2] molecular
parameters to [C4C1Im][N(C2F5SO2)2] was applied and the
density-pressure diagram was calculated. Results are presented
in Figure 9, corresponding to the grey line, in very good
agreement with experimental data.91 As in the case of
[C2C1Im][N(C2F5SO2)2], slightly deviations are observed at low
temperatures. An optimization of the  and 𝜀 parameters with
the density-temperature data was also performed, transferring
the other three parameters (see Table 4). Results with this
optimized set are represented in Figure 9 as a blue line, now in
excellent agreement with data. No further properties were
studied due to the absence of experimental data, the accuracy
of the model is expected to be similar to the one obtained for
the [C2C1Im][N(C2F5SO2)2] systems.
The procedure developed in this work and the predictive
power of the equation was also tested for the [C4C1py][CF3SO3]
and compared to available experimental data. This IL have a
similar structure to [C4C1Im][CF3SO3]. Therefore, the direct
transfer of the molecular parameters from [C4C1Im][CF3SO3] to
[C4C1py][CF3SO3] was applied and calculations performed with
soft-SAFT in a predictive manner. Results are depicted on Figure
12a, where the calculated density-temperature diagram is
compared with experimental data of [C4C1py][CF3SO3].92 The
orange dashed line represent the calculations using parameters
directly transferred from [C4C1Im][CF3SO3], showing a deviation
from experimental data but with the right slope. Taking into
account the results obtained from the analysis of the cation
effect on the molecular parameters, the  and 𝜀 parameters
were optimized by fitting to the density-temperature
experimental data (see Table 4). The results are presented in
Figure 12a as a full solid orange line, in excellent agreement
with experimental data.
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agreement with experimental data, as illustrated
in Figure 12b.
The two sets of parameters were used to predict the density
of the [C4C1py][CF3SO3] + water binary system. Both sets show
very good agreement to experimental data,93 without any
fitting to binary data (Figure 12c), showing that the leading
interactions in this mixture are the hydrogen bonding formation
and the length of the molecules.

Published on 25 February 2019. Downloaded by Universidade Nova de Lisboa on 2/25/2019 10:49:06 AM.

Conclusions

Figure 12. Thermodynamic properties of the FIL [C4C1py][CF3SO3]: a)
temperature-density diagram at atmospheric pressure; b) surface tension
of [C4C1py][CF3SO3] at atmospheric pressure and c) density of the
[C4C1py][CF3SO3] + water binary system at 288.15 K . Lines represent the
soft-SAFT predictions, where solid lines are the calculations obtained with
the optimized set of parameters and dashed lines are the parameters
directly transferred from [C4C1Im][CF3SO3]. Symbols are the experimental
data taken from literature.92-94

The surface tension of [C4C1py][CF3SO3] was also calculated
with the optimized set of molecular parameters (see Table 4).
This property requires the fitting of experimental data94 to the
influence parameter, c, while the input value from soft-SAFT is
the density. As the correct density is obtained only with the
optimized set, this was the one used for the surface tension
calculations. The optimized c value was 1.839×10-18 Jm5mol-2

We have presented a compilation of all FILs studied with the
soft-SAFT EoS, focusing on the influence that the molecular
feature of the anions and cations have on selected
thermophysical properties, and how this is captured by the
model. A procedure to transfer molecular parameters in a
systematic and intuitive manner has been developed to model
fluorinated ionic liquids within the soft-SAFT framework,
searching for a designing tool. The FILs families with branched
and longer fluorinated chains in the anion preserved the same
3-site association scheme model to mimic the hydrogen bonds
of these systems. Hence, three association sites provide enough
degrees of freedom to represent the interactions between the
anions and cations and the delocalization of the charge due to
the presence of oxygen atoms in the anion functional groups
and/or the fluorine atoms of the anion side chains.
Furthermore, the analysis of the validation process for each
model show that the thermophysical properties should be
calculated, not only for the pure systems, but also for binary
mixtures. Thus, the model accurately reproduces the main
interactions with other ILs or other potential solutes. The FILs
with short fluorinated chains were model by 3-site and 1-site
association schemes, due to FILs with short hydrogenated and
fluorinated chains assume a spherical shape, like the [BF4]– and
[PF6]– anions, and preliminary results show a better
performance of the 1-site model in this case.
A throughout analysis of the parameters leads to several
conclusions regarding the key attributes of the ionic liquid’s
structural features as captured by the soft-SAFT coarse grain
models. For instance, the comparisons between the chain
length m and  size parameters show that the chain length
values can be transferred from pyridinium to imidazolium
cations, when they are conjugated with the same anion. In the
same manner, differences in group size and volume should be
carried out using the  parameter, fitting it to the densitytemperature data of the corresponding ILs. Both parameters (m
and ) linearly correlate with the molecular weight for each ILs
family, allowing calculations of ILs not included in the fitting
procedure. The anion is the structural feature that has the
higher influence in the molecular length and group size of the
ILs. The m parameter increases linearly with the increase of the
number of fluorine atoms and the fluorinated side chain length,
while the  parameter has an inverted trend.
The van der Waals energy parameter of the groups making
the chain, ε, has different values depending on the studied FILs.
It has been observed that the same value can be used for all
members of the same family, making it transferable within the
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family. The molecular van der Waals energy, represented by the
mε correlation, shows a linear trend with increasing the cation
hydrogenated chain length, and it is highly influenced by the
anion fluorination. The highest mε values are found for the FILs
with nine fluorine atoms.
Finally, regarding the association parameters, it is concluded
that only the anion has a direct effect into the associating
energy. A linear fluorinated chain has a higher energy of
association value than a branched fluorinated chain. Besides,
the associating energy increases with the increase of the
fluorinated linear chain length. The effect of the anion and the
cation features on the association volume is less noticeable. Its
value is transferable between different FILs with different
anions, except for those with short fluorinated chains, as the
associating volume increases because of the lack of steric
effects. In conclusion, the anions and their fluorination are the
main structural features that can influence the five soft-SAFT
molecular parameters.
The learnings from the analysis relating the molecular
features of the FILs to the soft-SAFT molecular parameters were
used to model other ILs not included in the approach, in order
to check the robustness of the procedure and the transferability
power
of
the
FILs
models.
[C2C1Im][N(C2F5SO2)2],
[C4C1Im][N(C2F5SO2)2] and [C4C1py][CF3SO3] ILs were used for
this purpose. The study shows that it is possible to obtain very
good agreement with experimental data for the thermophysical
properties of these FILs without fitting any parameter, just from
the inspection of the molecular features of the ILs to be
modelled, transferring the parameters from similar ILs
previously parametrized.
Overall, this work proves the robustness of the soft-SAFT
equation for modelling FILs with different molecular features,
and allows building reliable ILs models with high predictive
capabilities in a more intuitive way regarding the process of
optimization and parametrization. It also allows the molecular
approach to be used as a designing tool where the influence of
the different molecular features can be investigated searching
for trends in mixtures, such as the solubility of gases or mixture
density data. The approach will permit an optimization of
resources and time spent, between the selections of potential
ILs for a new application to the actual implementation.
However, an extra effort is still needed to obtain enough
reliable data for a handful of ILs and mixtures to further assess
the accuracy of the models.
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