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ABSTRACT: Tetraisothiocyanatocobaltate-based ionic
liquids (ILs) have shown interesting thermophysical properties, mainly surprisingly low melting points and moderate
viscosity. In addition, they have been tested to separate
aromatics from aliphatics because of the high molar relation
between cyano groups per molecule, with highlighted results.
In this work, high-pressure density data (ρpT) were measured
for bis(1-alkyl-3-methylimidazolium) tetraisothiocyanatocobaltate ILs ([CnC1im]2[Co(NCS)4]) (n = 1, 2) over wide
ranges of temperature (283−363 K) and pressure (0.1−95
MPa). The new ρpT data and derivative properties, namely,
the isothermal compressibility and isobaric expansivity, were
successfully modeled with perturbed-chain statistical association ﬂuid theory (PC-SAFT) and using the so-called volume shift, allowing us to propose a new molecular model and
parameters for these solvents. The proposed model for tetraisothiocyanatocobaltate-based ILs is shown to be robust enough to
model the phase equilibria of this new class of compounds.
process and product engineering, opening new ﬁelds full of
opportunities and challenges.
The bis(1-alkyl-3-methylimidazolium) tetraisothiocyanatocobaltate ([CnC1im]2[Co(NCS)4]) ILs are dicationic-paramagnetic ILs with two cations and one anion with two negative
charges that have shown high densities, low melting points,
moderate viscosity and heat capacities, and good thermal
stability.5−8 Regarding their applications as solvents, their good
performance is remarkable in the aromatic/aliphatic separation, showing high capacities of extraction for the aromatics
and high aromatic/aliphatic selectivity (mass-based toluene
distribution ratios and toluene/n-heptane selectivity higher
than for most ILs or sulfolane).7 The cyano-group/anion
molar ratio was found to increase the IL capacity, whereas the
thiocyanate anion was revealed as one of the most selective for
separating aromatics from aliphatics.7,9−11 In addition,
transition metals were found to enhance aromatic/aliphatic
selectivities because of their ability to interact with the
aromatic π−π delocalized charge.12 Despite the interest in this

1. INTRODUCTION
Ionic liquids (ILs) are salts with low melting points typically
formed by bulky organic cations with disperse charge and
organic or inorganic anions. They have attracted a large
amount of interest over the past decade because of their
unique physicochemical properties such as negligible vapor
pressure, nonﬂammability, high thermal and chemical stability,
high conductivity, and tunable properties by the appropriate
selection of the cation or anion in their structure. In fact, the IL
properties, hydrophobic/hydrophilic nature, good/bad conduction, low/high viscosity, glass-forming ability, gas solubility,
and many others are usually imposed by the anion selection,
and the cation choice allows for the ﬁne-tuning of these
properties.1 Despite interesting developments in the ﬁeld,2,3 it
is important to search for new anion combinations to enhance
the compound properties targeted to speciﬁc applications.
Lately, special attention has been paid to magnetic ionic liquids
(MILs).4 Metal-containing ionic liquids can combine the
general properties of common ILs with those associated with
the incorporation of a metal ion into their structure, such as a
strong response to an external magnetic ﬁeld and photophysical/optical or catalytic properties.4−7 The use of magnetic
elements with higher charges imposes higher Coulombic
interactions between the cation and anion, which results in
higher lattice energies and MILs for new applications for both
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Table 1. Chemical Structure, Compound Description, Supplier, Mass Fraction Purity, and Water Mass Fraction Content of the
Studied ILsa

a

Weight percentages were reported by the supplier and determined by nuclear magnetic resonance and ion chromatography.

Figure 1. Association scheme “3 + 5” proposed for the studied ILs.

2.2. High-Pressure Density Procedure. The highpressure density was determined in the (283−363 K)
temperature and (0.1−95 MPa) pressure ranges with an
Anton Paar high-pressure densimeter (DMA-HPD) coupled
with an mPDS 5 unit. The measuring cell was thermostated
with a circulating thermo-regulated heat-carrier ﬂuid, to a
temperature stability of 0.01 K and an uncertainty of 0.1 K, by
means of a thermostated bath circulator (Julabo MC). The
pressure was measured with a piezoresistive silicon pressure
transducer (Kulite HEM 375) with accuracy better than 0.2%,
ﬁxed directly in the 1/4 in. stainless steel line to reduce dead
volumes and placed between the DMA-HPM measuring cell
and a movable stainless steel piston. The densimeter was
calibrated with ultrapure water, toluene, and dichloromethane
in the (283−363) K, (0.1−100) MPa, and (0.810−1.377) g·
cm−3 temperature, pressure and density ranges, respectively.
The calibration methodology, measurement procedure, validation, and standard uncertainty of the density (5 × 104 g·
cm−3) were detailed in previous publications.13,14 Furthermore,
the low viscosity of the studied compounds (∼123 mPa·s) has
little to no impact on the density determination. In fact,
corrections lower than 10−4 g·cm−3 were obtained, making the
density correction unnecessary.

new class of compounds, they are still poorly characterized and
the data available are limited to atmospheric pressure.5−7 Highpressure density (ρpT) data is still not available, limiting the
development of robust models to support the development of
new processes based on these ILs. In this work, ρpT data for
bis(1-ethyl-3-methylimidazolium) tetraisothiocyanatocobaltate
([C2C1im]2[Co(NCS)4]) and bis(1-butyl-3-methylimidazolium) tetraisothiocyanatocobaltate ([C4C1im]2[Co(NCS)4])
is presented over wide (283 to 363 K) temperature and (0.1
to 95 MPa) pressure ranges. Derivative properties, namely, the
isothermal compressibility (kT) and isobaric thermal expansivity (αp), estimated from the experimental density data are also
reported and discussed. Density and derivative properties were
modeled using the perturbed-chain statistical association ﬂuid
theory, with the so-called volume shift (PC-SAFT), proposing
a new molecular scheme and novel insights.

2. EXPERIMENTAL SECTION
2.1. Chemicals. The bis(1-ethyl-3-methylimidazolium)
tetraisothiocyanatocobaltate, [C2C1im]2[Co(NCS)4], and the
bis(1-butyl-3-methylimidazolium) tetraisothiocyanatocobaltate, [C4C1im]2[Co(NCS)4], ILs were acquired from
Iolitec GmbH with purities higher than 98 wt %. The ILs were
dried at moderate temperature (323 K) and vacuum (1 Pa)
and under continuous stirring for a minimum of 48 h prior to
the measurements, aiming at reducing to negligible values the
contents of both water and volatile compounds. The full name,
CAS number, molecular weight, average water content, mass
purity, and supplier of each IL are reported in Table 1.

3. MODEL DESCRIPTION
The PC-SAFT EoS was developed by Gross and Sadowski15 as
expressed for residual Helmholtz energy
ares = ahc + adisp + aassoc
B
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Figure 2. Percentage relative deviations (%RDs) between density data, at 0.1 MPa, determined here and those reported in the literature.5−7

where ahc is the hard-chain energy contribution, adisp is the
dispersive energy, and aassoc is the associative interaction
energy. For nonassociative ﬂuids, three parameters are
required, namely, the segment number (m), the segment
diameter (σ), and the dispersive energy between segments (ε),
whereas association compounds have two additional parameters related to the volume (kHB) and energy (εHB) of the
association sites. Tetraisothiocyanatecobaltate-based ILs were
considered to be associating ﬂuids as reported in the literature
for other imidazolium-based ILs with anions composed of
cyano functional groups.16,17 Literature approaches for similar
molecules reported a “3 + 3” association scheme for
tricyanomethanide-based ILs with imidazolium cations: three
negative association sites according to the delocalization charge
in the cyano groups and three regarding the cations. Taking
into account the available data, tetraisothiocyanatocobaltatebased ILs have one more cyano group and a central Co atom,
with a double negative charge, an asymmetric “3 + 5”
association scheme (three donor sites A and ﬁve acceptor sites
B), with AB interactions being allowed for the pure
component, as depicted in Figure 1.
In a recent publication,18 the use of the volume shift (VS)
has been proposed as a strategy to improve the PC-SAFT
description for derivative properties while retaining the ability
for an accurate phase equilibria description. Although common
in cubic equations of state, this approach is rarely applied in
equations of state based on perturbation theory mainly because
of the correct description of densities (at both high and low
pressures) obtained by most SAFT variants. The applied
volume shift is a constant Péneloux-type volume shift
described as19

Vt = V0 − c VS

describe the physical features behind second-order derivatives
by translating the usual singularities observed for the derivative
properties20 is highly relevant as a mechanism to validate the
model proposed here as well as the robustness of the ﬁtted
parameters. Nonetheless, despite the importance of checking
the accuracy of the EoS for reliable estimations of these
properties, the number of contributions related to the
application of SAFT-type equations to derivative properties
is still very scarce. In fact, depending on the SAFT version, the
ﬂuid under investigation, and the property evaluated, poor
agreement against the experimental data may be observed.
The PC-SAFT EoS molecular parameters, used on the
Multif lash thermodynamics package from KBC Advanced
Technologies Limited (a Yokogawa Company),21 were
determined by regressing the pure-component parameters
against the experimental density and derivative properties data,
having as an objective function the following equation
ÅÄÅ N
ÑÉ
ρexp − ρcalc ÑÑÑ
1 ÅÅÅ
ÑÑ
OF = ÅÅÅ∑
ÑÑ
ÑÑ
ρexp
N ÅÅÅ i = 1
(3)
ÑÖ
Ç
where N is the number of data points and the subscripts exp
and calc refer to the experimental and calculated data,
respectively. For the volume shift correction, the same
objective function was applied using the experimental data at
0.1 MPa.

4. RESULTS AND DISCUSSION
4.1. Pressure−Density−Temperature (ρpT) Measurements. Density data for the studied compounds were reported
at atmospheric pressure in a previous work,7 by Peppel et al.,5
and by Geppert-Rybczyńska et al.6 As depicted in Figure 2,
with the exception of the data reported by Peppel et al.5 that
presents a %ARD of 0.7% for the [C2C1im]2[Co(NCS)4], the
remaining data presents a small %ARD of 0.1%, denoting good
agreement among the diﬀerent authors. The largest deviations
found against the values reported by Peppel et al.5 for the
[C2C1im]2[Co(NCS)4] (%RD of −0.7%) may be related to
the reaction pathways and ultimately the purity and water
content of the ILs. Nonetheless, the %RD of −0.1% for
[C2C1im]2[Co(NCS)4] against density data evaluated in a
previous work and using a diﬀerent apparatus denotes the
accuracy of the experimental methodology and procedure.

(2)

where Vt is the volume after translation, V0 is the original
volume obtained by the EoS before translation, and cVS is the
volume shift. Considering the IL structure and thermophysical
properties, namely, low melting temperatures, low viscosity,
and high density, the volume shift stands as an interesting
approach to improve the PC-SAFT performance and capability
to accurately describe this family of compounds. Furthermore,
the ability to describe other thermodynamic properties, such as
the density derivative properties, stands as a challenging test to
any molecular approach. In fact, the ability to accurately
C
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Figure 3. Density as a function of pressure and temperature for [C2C1im]2[Co(NCS)4] and [C4C1im]2[Co(NCS)4]. The solid and dashed lines
represent the PC-SAFT EoS with and without the volume shift ﬁt to the experimental data, respectively.

Table 2. PC-SAFT Molecular Parameters, Volume Shift Correction, and Density and Derivative Property Deviations for the
[C2C1im]2[Co(NCS)4] and [C4C1im]2[Co(NCS)4] ILs
[C2C1im]2[Co(NCS)4]

2.8 × 10−12
3.173
289.955
22.128
0.0606
6609.61
7.3148 × 10−2 T − 23.8558

1.4 × 10
3.177
287.736
19.057
0.0606
6609.61
5.8254 × 10−2 T − 18.5009
%AAD

p (700 K)/Pa
σ/Å
ε/kB/K
m
KAB
εAB/kB/K
104cVS /cm3·mol−1
ρpT

[C4C1im]2[Co(NCS)4]

−11

0

0.39

0.14

The ρpT data for [C 2 C 1 im] 2 [Co(NCS) 4 ] and
[C4C1im]2[Co(NCS)4] ILs were measured for temperatures
and pressures ranging from (283 to 363) K and (0.1 to 95)
MPa and are depicted in Figure 3 and reported in detail in the
Supporting Information.
As mentioned in the Model Description section, the
tetraisothiocyanatocobaltate-based ILs were modeled with an
asymmetric “3 + 5” association scheme with the ILs having
four donor sites A and four acceptor sites B and allowing only
AB interactions for the pure component, as depicted in Figure
1. PC-SAFT EoS pure-component parameters were determined against the experimental density data, and the optimal
results are reported in Table 2. As depicted in Figure 3, the
proposed molecular parameters allow us to describe the

0.36

0.09

density data with %AAD values of 0.39 and 0.36% for
[C2C1im]2[Co(NCS)4] and [C4C1im]2[Co(NCS)4], respectively, with underestimations for temperatures of up to 323 K
and overestimations at higher temperatures. Aiming at
enhancing the PC-SAFT description of the density data, the
volume shift (VS) has been applied as a strategy to improve
the EoS description of the compounds’ properties while
retaining the EoS molecular parameters’ physical signiﬁcance.
As shown in Figure 3, a temperature-dependent volume shift
correction, reported in Table 2, allows us to achieve better
pressure and temperature descriptions of the density with %
AAD values of 0.14 and 0.09% for [C2C1im]2[Co(NCS)4] and
[C4C1im]2[Co(NCS)4], respectively.
D
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Figure 4. Isothermal compressibility as a function of temperature and pressure for the tetraisothiocyanatocobaltate-based ILs. The solid and dashed
lines represent the PC-SAFT EoS with and without the volume-shift ﬁt to the experimental data, respectively.

compressibility, with the volume shift correction imposing a
negligible impact on the EoS isothermal compressibility
description, as depicted in Figure 4.
As depicted in Figure 5, the IL’s isobaric thermal expansivity
presents a very small dependence on temperature, whichPCSAFT overestimates. Furthermore, although the volume shift
correction reduces the overestimation, the temperature
dependence is still poorly described. Nonetheless, the
qualitatively description of the derivative properties is clear
and similar to those reported in the literature,18,22−24 denoting
the adequacy of the proposed molecular parameters.

Molar volumes of the ILs were calculated as a function of
temperature and pressure and are depicted in Figure S1 and
reported in Tables S1 and S2 in the Supporting Information.
The molar volumes exhibit small dependencies with temperature and pressure, with a minor molar volume increase with
temperature (∼17 cm3·mol−1) and a decrease with pressure
(∼13 cm3·mol−1). Furthermore, the molar volumes increase
with the number of CH2 groups by 31.3 cm3·mol−1 per group
at 283.15 K and 0.1 MPa.
Derivative properties, namely, the isothermal compressibility
(kT) and isobaric thermal expansivity (αp) were calculated as
follows:
ij d ln ρ yz
zz
KT = jjj
j dp zz
k
{T

i d ln ρ yz
zz
αp = jjj
k dT { p

5. CONCLUSIONS
New high-pressure density data for tetraisothiocyanatocobaltate-based ILs is reported in the (283 to 363) K and
(0.1 to 95) MPa temperature and pressure ranges, respectively.
Density and density derivative properties, namely, the
isothermal compressibility and isobaric expansivity, were
determined and modeled with the PC-SAFT EoS using an
asymmetric “3 + 5” association scheme with the ILs having
three donor sites A and ﬁve acceptor sites B and allowing only
AB interactions for the pure component. Aimed at enhancing
the PC-SAFT EoS description of the experimental data while
retaining the EoS molecular parameters’ physical signiﬁcance,
the volume shift correction was applied to the EoS. A
temperature-dependent volume shift correction allowed better
pressure and temperature descriptions of the density with %
AAD values of 0.14 and 0.09% for [C2C1im]2[Co(NCS)4] and
[C4C1im]2[Co(NCS)4], respectively. Known for its limitation

(4)

(5)

The isothermal compressibility and isobaric thermal
expansivity are measures of the variation of the compound’s
volume with pressure, at constant temperature, and with
temperature, at constant pressure, respectively. As depicted in
Figures 4 and 5, pressure has similar impacts on both the
isothermal compressibility and isobaric thermal expansivity,
and temperature denotes a higher impact on the compound’s
isothermal compressibility. The PC-SAFT EoS’s ability to
describe IL derivative properties is known to be limited.18,22−24
In fact, PC-SAFT EoS overpredicts the IL’s isothermal
E
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Figure 5. Isobaric thermal expansivity as a function of temperature and pressure for the tetraisothiocyanatocobaltate-based ILs. The solid and
dashed lines represent the PC-SAFT EoS with and without the volume-shift ﬁt to the experimental data, respectively.

■

in describing derivative properties, PC-SAFT EoS overpredictions of the ILs’ isothermal compressibility is not
improved by the volume shift correction. Nonetheless, while
the isobaric thermal expansivity’s small dependency with
temperature is wrongly predicted by the EoS, applying the
volume shift correction reduces the overestimation of the
derivative property. The qualitatively description of the
derivative properties is nonetheless clear and similar to those
reported in the literature.
Overall, the proposed model for tetraisothiocyanatocobaltate-based ILs is robust enough to be used to model
the phase equilibria of this new class of compounds.
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André M. Palma: 0000-0002-5580-6883
Julián García: 0000-0003-1386-4003
João A. P. Coutinho: 0000-0002-3841-743X
Pedro J. Carvalho: 0000-0002-1943-0006
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work was developed in the scope of the CICECO-Aveiro
Institute of Materials project, POCI-01-0145-FEDER-007679
(ref. FCT UID/CTM/50011/2013) funded by FEDER
through COMPETE2020 − Programa Operacional Competitividade e Internacionalizaçaõ (POCI) and by national funds
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