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ABSTRACT: In the past few years, ionic liquids (ILs) with cyano-
functionalized anions have shown to be improved candidates for
electrochemical and separation applications. Nevertheless, only
scattered data exist hitherto and a broad analysis of their structure−
property relationship has yet to be attempted. Therefore, in this work,
a systematic study of the densities, viscosities and refractive indices of
imidazolium-based ILs with cyano-functionalized anions was carried
out at 0.1 MPa within a broad temperature range (from 278 to 363 K).
The ILs under study are based on 1-alkyl-3-methylimidazolium cations
(alkyl = ethyl, butyl and hexyl) combined with the [SCN]−,
[N(CN)2]

−, [C(CN)3]
− and [B(CN)4]

− anions. The selected matrix
of cation/anion combinations allows us to provide a detailed and
comprehensive investigation of the influence of the −CN group
through an analysis of the thermophysical properties of the related ILs. The results show that, regardless of the cation, the
densities decrease with an increase in the number of cyano groups or anion molecular weight. Moreover, for a fixed cation and
temperature, the refractive index of the ILs decreases according to the rank: [SCN]− > [N(CN)2]

− ≈ [C(CN)3]
− > [B(CN)4]

−.
On the other hand, no clear trend was observed for the viscosity of ILs and the respective number of −CN groups. The viscosity
dependence on the cyano-functionalized anions decreases in the order: [SCN]− > [B(CN)4]

− > [N(CN)2]
− > [C(CN)3]

−. The
isobaric thermal expansion coefficient, the derived molar refraction, the free volume, and the viscosity energy barrier of all
compounds were estimated from the experimental data and are presented and discussed. Finally, group contribution models were
applied, and new group contribution parameters are presented, extending these methods to the prediction of the ILs properties.

■ INTRODUCTION

Ionic liquids (ILs) have received enormous attention during the
past decade as replacement solvents for currently used volatile
organic solvents.1 Chemically, ILs are composed of bulky
organic cations coupled either with organic or inorganic anions.
Different combinations of their ions and the introduction of
specific and functionalized groups lead to significant changes in
their thermophysical properties and phase behavior and,
therefore, ILs have been labeled as “designer solvents” and
“task-specific fluids”. ILs thus provide the scientific community
a plethora of research opportunities for exploring their unique
and interesting properties. Most of the ILs studied to date
present negligible volatility and nonflammability; this combi-
nation has made a crucial contribution toward their selection
for a large range of applications.
One of the severest barriers to the industrial application of

ILs is the relatively high viscosities of some fluids compared to
those of molecular organic solvents, a fact that leads to lower
mass transfer coefficients and higher energy requirements.
Hence, the search for new and more versatile ILs is also being

driven by the need for low viscosity materials. A considerable
amount of work focusing on ILs containing fluoride-based
anions has been published, particularly due to their low
viscosity coupled with high thermal stability.2−4 However, ILs
with cyano-functionalized anions are a set of fluids that have
been somewhat underexplored despite their remarkably low
viscosities.
In 2001, MacFarlane et al.5 reported the synthesis of novel

ILs containing the dicyanamide anion − exceptional fluids with
low melting temperatures and significantly low viscosities.
Although this finding was shown more than a decade ago, the
subsequent studies of the application of ILs with −CN groups
have mostly centered on their use as electrolytes and in dye-
sensitized solar cells prompted by the observation that these
anions can produce some of the most fluid and conductive
ILs.6−9 More recently, this type of ILs has also been tested in
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separation approaches, such as supported IL membranes
(SILM) for the selective separation of CO2 and N2,

10 stationary
phases in chromatographic techniques,11 and in the recovery of
n-butanol from aqueous media.12 In addition, when dealing
with liquid−liquid extractive systems, Neves et al.13 proposed
the use of phosphonium-based ILs with cyano-functionalized
anions for the improved separation of ethanol and water
mixtures. Meindersma and co-workers14 evaluated a large
number of ILs for the extraction of aromatic compounds from
their mixtures with aliphatic hydrocarbons. Remarkably, from
the 121 evaluated ILs, only four compounds provided high
mass-based distribution coefficients with selectivities compara-
ble to or higher than those observed with sulfolane, all of which
are cyano-based fluids.14 ILs with −CN-based anions are also
good candidates both to extract added-value compounds found
in biomass, such as phenolic compounds,15 and to dissolve
carbohydrates and sugar alcohols,16 a point which implies
promising applications in biorefinery processes.
To fully optimize the wide range of applications where ILs

with cyano-functionalized anions are superior candidates, the
knowledge of their reliable thermophysical properties is of
foremost importance. A number of reports concerning the
thermophysical properties of scattered ILs with −CN-based
anions are available in the literature.17−51 Nevertheless, an
extensive and comprehensive characterization of a cation−
anion matrix capable of providing a consistent understanding of
structure−property relationships has not yet been attempted.
Therefore, this project was carried out to systematically
characterize imidazolium-based ILs with cyano-functionalized
anions. 1-Alkyl-3-methylimidazolium cations combined with
progressively −CN-functionalized anions ([SCN]−, [N-
(CN)2]

−, [C(CN)3]
− and [B(CN)4]

−) permit a general
overview of the changes that occur in their thermophysical
properties, namely density, viscosity, and refractive index, as
well as the dependence of all properties on temperature. The
cation−anion matrix of the ILs studied is schematically shown
in Figure 1.
Based on the experimental data and other literature

results,17−50 novel group contribution parameters for the
Gardas and Coutinho models51,52 are proposed here for all
the −CN-functionalized anions aiming at predicting densities,

viscosities, and refractive indices of ILs not previously
investigated experimentally.

■ EXPERIMENTAL SECTION

Materials. Nine imidazolium-based ILs containing anions
with −CN groups, namely, 1-ethyl-3-methylimidazolium
thiocyanate, [C2C1im][SCN] (mass fraction purity >98%), 1-
butyl-3-methylimidazolium thiocyanate, [C4C1im][SCN] (mass
fraction purity >98%), 1-ethyl-3-methylimidazolium dicyana-
mide, [C2C1im][N(CN)2] (mass fraction purity >98%), 1-
butyl-3-methylimidazolium dicyanamide, [C4C1im][N(CN)2]
(mass fraction purity >98%), 1-hexyl-3-methylimidazolium
dicyanamide, [C6C1im][N(CN)2] (mass fraction purity
>98%), 1-ethyl-3-methylimidazolium tricyanomethane,
[C2C1im][C(CN)3] (mass fraction purity >98%), 1-butyl-3-
methylimidazolium tricyanomethane, [C4C1im][C(CN)3]
(mass fraction purity >98%), 1-ethyl-3-methylimidazolium
tetracyanoborate, [C2C1im][B(CN)4] (mass fraction purity
>98%), and 1-hexyl-3-methylimidazolium tetracyanoborate,
[C6C1im][B(CN)4] (mass fraction purity >98%), were studied
from the perspective of understanding their structure−property
relationships. Two tetrafluoroborate-based ILs, namely, 1-ethyl-
3-methylimidazolium tetrafluoroborate, [C2C1im][BF4] (mass
fraction purity >99%), and 1-butyl-3-methylimidazolium
tetrafluoroborate, [C4C1im][BF4] (mass fraction purity
>99%), were also used to validate the novel data as well as to
compare with the results obtained for the −CN-containing ILs.
All the [SCN]-, [N(CN)2]-, and [BF4]-based compounds

were acquired at Iolitec, whereas the [C(CN)3]- and
[B(CN)4]-based fluids were kindly offered by Merck KGaA
Germany.
Prior to the experimental measurements, all samples were

dried and purified under constant stirring, high vacuum (10−5

Pa) and moderate temperature (353 K) for at least 48 h. The
purity of each IL was further evaluated by 1H and 13C NMR
and was found to be in accordance with the levels given by the
suppliers. All the ILs under studied are hygroscopic and their
water content, before and after the experimental determi-
nations, was determined using a Metrohm 831 Karl Fischer
coulometer. The water content was found to be below 300 ppm
for all samples and no significant water adsorption occurred

Figure 1. Ionic structures and cation−anion matrix of the studied ILs: ●, ILs studied; ○, ILs not studied.
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during the experimental measurements. The analyte used for
the coulometric Karl Fischer titration was Hydranal - Coulomat
AG from Riedel-de Haen̈.
Experimental Procedure. After drying, the densities (ρ)

and viscosities (η) of all ILs were measured at pressures close to
ambient pressure, ≈ 0.1 MPa, and in the temperature range
from (278.15 to 363.15) K, using an automated SVM 3000
Anton Paar rotational Stabinger viscometer-densimeter. Further
details regarding the operation system can be found else-
where.18,22 The uncertainty in temperature is ±0.02 K, the
relative uncertainty for the dynamic viscosity is ±0.35%, and
the absolute uncertainty for the density is ±5 × 10−4 g·cm−3.
The refractive indices (nD) were measured at 589.3 nm, at ≈0.1
MPa, and in the temperature range from (278.15 to 363.15) K,
using an Anton Paar Abbemat 500 Refractometer developed for
measuring both liquid and solid samples. At least seven
measurements were taken for each sample and at each
temperature to ensure the effectiveness of the measurements.
The associated uncertainty to the refractive index is within 2 ×
10−5 nD. Previous data for other ILs are published elsewhere
and support the viability of the equipment to determine
accurate refractive indices of IL samples.53,54

It should be pointed out that the properties associated with
[C2C1im][B(CN)4] were studied in a narrower temperature
range, from 293.15 to 363.15 K, due to the fact that its melting
temperature is ca. 286 K.

■ RESULTS AND DISCUSSION

Density. The experimental density data for all the room
temperature ILs with anions with −CN groups are depicted in
Figure 2 and reported in Table S1, in the Supporting
Information. The densities are provided in 5 K intervals and
from 278.15 to 363.15 K, with the exception of [C2C1im][B-
(CN)4]. The experimental data of the [BF4]-based fluids are
also presented in Table S1 for comparison purposes.
The comparison between the data obtained in this work and

those already reported in literature is shown in the Supporting
Information (Figures S1−S5). In addition to the measurement
of the CN-based ILs, we also measured the density of two well-

studied compounds, namely [C2C1im][BF4] and [C4C1im]-
[BF4]. For [C2C1im][BF4] and [C4C1im][BF4], an average
relative deviation of 0.028% and 0.014%, respectively, between
our data and those previously reported was found.
For the ILs containing the cyano-functionalized anions,

where fewer literature data exist, the average relative deviation
between our data and those previously published17−50 is within
1%. Two main exceptions were found for the data reported by
Schreiner et al.32 and Yoshida et al.41 where higher relative
deviations were observed for the ILs [C2C1im][N(CN)2] and
[C2C1im][C(CN)3]. These higher deviations may be attribut-
able either to the purity of the samples that were synthesized by
the authors32,41 or to the use of a different experimental setup
such as a pycnometer.41 Nevertheless, and in general, the
density data obtained in this work are in good agreement with
most of the published results.17−50

Figure 2 presents density as a function of temperature for the
−CN-functionalized ILs under study. In all samples, the density
values decrease with increasing temperature.
For both fluoride-based or −CN-containing anions, the

densities of the ILs decrease with the increase in the alkyl side
chain length in the imidazolium cation. Accordingly, at a fixed
temperature, the densities of the cation can be ranked in the
following order: [C2C1im]

+ > [C4C1im]
+ > [C6C1im]

+. This
trend is in agreement with previous investigations making use
of ILs containing 1-alkyl-3-methylimidazolium cations com-
bined with different anions.43,55−57

In fact, the decrease in density along the [CnC1im]
+ series

corresponds to a regular and well-defined increase in the molar
volume of the corresponding ILs as their alkyl side chains
increase in length. It was originally demonstrated by Rebelo
and co-workers58,59 that such a trend is independent of the IL
anion, and at 298.15 K the addition of one methylene group
(−CH2−) to the alkyl side chain increases the IL molar volume
by a constant value of 17.1 ± 0.3 cm3·mol−1. Later, this concept
was found to be valid also for the addition of methylene groups
to the alkyl side chains of some anions such as alkylsulfonate or
alkylsulfate.59

Taking into account the ideas expressed in the previous
paragraph, we have decided to test the molar volume

Figure 2. Experimental density data as a function of temperature, and at 0.1 MPa, for the [C2C1im]-, [C4C1im]- and [C6C1im]-based ILs (filled
symbols, empty symbols, and crosses, respectively) and respective prediction with the Gardas and Coutinho group contribution method52 (full,
dashed, and dotted lines, respectively): ⧫, [SCN]−; ▲, ∗, [N(CN)2]−; ●, [C(CN)3]

−; ■, × , [B(CN)4]
−.
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interadditive character of the cyano-based [CnC1im][X(CN)m]
series, with n = 2, 4, or 6 and m = 1 (X = S), 2 (X = N), 3 (X =
C) or 4 (X = B). It must be stressed that the anions in this
series are not completely homologous due to the presence of
different central atoms.
Since we have experimental density data for all ILs within the

series with n = 2 or m = 2 (based on the ethyl-
methylimidazolium cation and the dicyanamide anion), we
were able to calculate the differences according to

Δ =

−

V n V

V C

( ) ([C C im][N(CN) ])

([C im][N(CN) ])
nm m 1 2

m 2 1 2 (1)

Δ =

−

V m V X

V C

( ) ([C C im][ (CN) ])

([C im][N(CN) ])
n mm m 1

m 2 1 2 (2)

which further allow one to estimate the molar volumes of any
of the ILs within the series,

=

+ Δ + Δ

V X V

V n V m

([C C im][ (CN) ]) ([C C im][N(CN) ])

( ) ( )
n mm 1 m 2 1 2

m m (3)

Figure 3 shows the experimental (filled circles) and estimated
(empty circles) Vm values in the ([CnC1im][X(CN)m]) series,

with n = 2 to 6 and m = 1 to 4 (X = S, N, C or B). The
corresponding values are given in Table 1. The almost perfect
overlap between the two sets of datarelative deviations
always lower than 0.2%demonstrate the high internal
consistency of the density measurements and the additive
character of the molar volumes within the series. Such behavior
allows not only the prediction of other molar volume values
within the series but also warrants the incorporation of this
series in more general group-contribution molar volume
prediction schemes.
For a fixed cation and at a common temperature, as expected,

the [BF4]-based ILs present higher density values than those
based on the −CN anions due to the higher mass of the

Figure 3. Experimental (●) and calculated (○) molar volumes at
333.15 K for the ([CnC1im][X(CN)m]) series (matrix), where n is the
number of carbons in the alkyl side chain of the cation, m is the
number of cyano groups in the anion and X (S, N, C or B) is the anion
central atom.
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fluorine atom. When analyzing the effect of the −CN groups,
the densities decrease in the following order: [SCN]− >
[N(CN)2]

− > [C(CN)3]
− > [B(CN)4]

−. In summary, both the
increase in the length of the aliphatic moiety in the cation and
the increase in the number of −CN groups in the anion
produces less dense ILs. In general, IL density decreases with
the decrease in the ions’ molecular weight of the −CN-based
series studied here (Mw([SCN]

−) = 58.08 g·mol−1 < Mw([N-
(CN)2]

−) = 66.04 g·mol−1 < Mw([C(CN)3]
−) = 90.06 g·mol−1

< Mw([B(CN)4]
−) = 114.88 g·mol−1). In fact, there is a strict

correlation between density and the anion molecular weight for
the −CN-functionalized ILs as depicted in Figure 4. Never-

theless, this density dependence on the anion molecular weight
is the opposite of that observed by Kolbeck et al.60 with
fluoride-based ILs, where an increase in the molecular weight of
the anion (or number of fluorine atoms at the anion) results in
denser fluids. Fluorine atoms are heavier than hydrogen, but
about the same size. The introduction of fluorine atoms has
little effect on the molecular size yet a strong influence on the
molecular weight of a particular compound.
The density data measured in this work were also used to

widen the group contribution parameter values in the extension
of the Ye and Shreeve group contribution method61 previously
proposed by Gardas and Coutinho,51 intended to enable the
prediction of densities of ILs not experimentally addressed. The
contributions of the −CN-based anions were estimated
according to eq 4,

ρ =
+ +
Mw

NV a bT cp( ) (4)

where ρ is the density in kg.m−3, Mw is the IL molecular weight
in kg·mol−1, N is the Avogadro constant, V is the IL volume in
m3, T is the temperature in K, and p is the pressure in MPa.
The coefficients a, b, and c were previously proposed51 using a
broad set of experimental data and using the values of 0.8005 ±
0.0002, (6.652 ± 0.007) × 10−4 K−1 and (−5.919 ± 0.024) ×
10−4 MPa−1, respectively.
To obtain and propose novel group contribution parameters

for the −CN-functionalized anions, both the experimental
density values obtained in this work and those from the
literature17−50 were used to gather the most accurate values.
The new proposed ionic volumes are given in Table 2 along

with those previously reported for the IL cation.51 Although we
had already proposed ionic volumes for some of the
investigated anions,18,22 the most accurate values are those
reported in this work since the highest density databank was
compiled here.
Figure 2 compares the experimental density data with the

predicted density values based on the group contribution
method51 and their dependence on temperature. The depend-
ence of density on temperature is, in general, well described,
and the predicted values are in good agreement with the
experimental data. A maximum absolute average deviation of
0.59% for the 509 reported density data points was found.
Figure 3 depicts the dependence of the predicted anion

volume by the Gardas and Coutinho group contribution
model51 along with the molecular weight of the anion showing
again a strict dependence on both properties for structurally
similar ILs. An increase in the ionic volume of the −CN-
functionalized anions results in denser fluids.
The isobaric thermal expansion coefficients (αp), which

consider the volumetric changes with temperature, were
calculated from the fitting of the experimental data using eq 5,

α
ρ

ρ ρ= − ∂
∂

= − ∂
∂

⎜ ⎟⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠T T

1 ln
p

p p (5)

where ρ is the density in kg·m−3, T is the temperature in K and
ρ is the pressure in MPa.
Despite the controversy surrounding the application of a

linear correlation or a second order polynomial equation to
describe the experimental density data, we found the use of a
linear function in T to be adequate to describe the experimental
density data (at least in the temperature range investigated in
this work). Furthermore, the use of a linear regression implies
that the thermal expansion coefficient values are constant at a
given pressure.
In Table 3, αp is presented for all the investigated ILs at a

common temperature of 298.15 K. Among the set of cyano-
containing ILs, the thermal expansion coefficients are very close
and vary between (5.43−7.49) × 10−4 K−1 for [C2C1im][SCN]
and for [C2C1im][B(CN)4], respectively. These values are
considerably lower than those of molecular organic solvents
and higher than those of classical molten salts.62 ILs containing
a smaller alkyl chain present a lower expansion coefficient
compared to those having a longer aliphatic moiety. This
suggests that the large cation size of the ILs reduces
electrostatic interactions and thus facilitates expansion. It
seems, however, that the thermal expansion coefficients are
less dependent on the cation alkyl side chain length than on the
anion which constitutes a given IL, at least for the anion−cation

Figure 4. Density (⧫) and anion volume determined by the Gardas
and Coutinho group contributon model52 (●) of [C2C1im]-based ILs
at 298.15 K as a function of the anion molecular weight.

Table 2. Ionic Volumes, V, Determined with the Gardas and
Coutinho Group Contribution Model (within 278.15 and
363.15 K)51

ionic species V / Å3

Cation51

[C1C1im]+ 154
Anion

[SCN]− 69
[N(CN)2]

− 84
[C(CN)3]

− 126
[B(CN)4]

− 181
Additional Group51

−CH2 28
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combinations studied here. The expansion of the cyano-
constituting anions is more dependent on temperature than the
aliphatic moieties present in the imidazolium ring (from
[C2C1im]+ to [C6C1im]+). An increase in the number of −CN
groups, for a common cation such as [C2C1im]+, leads to an
increase in the thermal expansion coefficient of the IL. In
addition, when comparing the [BF4]- and [B(CN)4]-based ILs,
there is evidence that the fluorinated ILs are less expansible
than the cyano-based fluids.
Viscosity. Viscosity is an important property of ILs as it

influences ionic conductivity and mass transport phenomena,
thereby governing their suitability for particular applications.
The experimental viscosity data for the ILs studied are reported
in Table S2, in the Supporting Information, and depicted in
Figure 5. The results indicate that the viscosity of the selected
ILs decreases markedly with temperature increase. For instance,
for the cyano-based compounds, a rise in temperature from
298.15 to 303.15 K, leads to a fall in viscosity from 14 to 22%.
These values can be compared with a decrease in viscosity of
5% and 10% for n-hexane and water, respectively, in the same
temperature range.62

The comparison between our experimental viscosity data and
those reported in the literature is given in the Supporting
Information (Figures S6−S10). Larger deviations are now
observed in the viscosity data, as compared with the density
results. Even for the well-studied [BF4]-based fluids, average
relative deviations in the order of 2.50% are observed. For those
ILs with −CN-containing anions average relative deviations ca.
to 3.23% were detected.17−50 The reasons for this high disparity
among diverse authors are related to temperature control (since
viscosity is highly temperature dependent), purity of the
samples (including the preparation procedures), equipment
used, and sample handling since the adsorption of water during
the experiments is a crucial factor in determining accurate
viscosity values.
The structural effects of the ILs toward their viscosity values

are depicted in Figure 6.
At present, ILs with low viscosity are highly desirable for

industrial applications. For all the investigated samples with a
common anion, viscosity increases with the increase of the alkyl
side chain length of the imidazolium cation according to
[C6C1im]

+ > [C4C1im]
+ > [C2C1im]

+. In general, lengthening
the aliphatic moieties in ILs increases their viscosity through
stronger van der Waals interactions, as observed for other
imidazolium-based ILs combined with different anions.3,54

The viscosity results within the ([CnC1im][X(CN)m]) series
were also analyzed in terms of the possible existence of an
additive behavior. As in the case of the density data (cf. above),
the following differences were considered:

η η

η

Δ =

−

n C Cln ( ) ln ([ im][N(CN) ])

ln ([C C im][N(CN) ])
n 1 2

2 1 2 (6)

η η

η

Δ =

−

m Xln ( ) ln ([C C im][ (CN) ])

ln ([C C im][N(CN) ])
m2 1

2 1 2 (7)

and the viscosities of all ILs within the series were calculated
via,

Table 3. Fitting Parameters of Eq 5 and Thermal Expansion
Coefficients, αp, in the Temperature Range from 278.15 to
263.15 K and at 0.1 MPa for the Studied ILs

ionic liquid 104 (αp ± σ)/K−1

[C2C1im][SCN] 5.43 ± 0.02
[C4C1im][SCN] 5.52 ± 0.02
[C2C1im][N(CN)2] 5.99 ± 0.02
[C4C1im][N(CN)2] 5.97 ± 0.02
[C6C1im][N(CN)2] 5.94 ± 0.02
[C2C1im][C(CN)3] 6.53 ± 0.02
[C4C1im][C(CN)3] 6.44 ± 0.02
[C2C1im][B(CN)4] 7.49 ± 0.03
[C6C1im][B(CN)4] 7.21 ± 0.01
[C2C1im][BF4] 5.90 ± 0.02
[C4C1im][BF4] 5.91 ± 0.02

Figure 5. Experimental viscosity data as a function of temperature, and at 0.1 MPa, for the [C2C1im]-, [C4C1im]-, and [C6C1im]-based ILs (filled
symbols, empty symbols, and crosses, respectively) and respective prediction with the Gardas and Coutinho group contribution method52 (full,
dashed, and dotted lines, respectively): ⧫, [SCN]−; ▲, ∗, [N(CN)2]−; ●, [C(CN)3]

−; ■, × , [B(CN)4]
−.
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η η

η η

=

+ Δ + Δ

X

n m

ln ([C C im][ (CN) ]) ln ([C C im][N(CN) ])

ln ( ) ln ( )
n m1 2 1 2

(8)

The use of lnη instead of η values is warranted by the use of the
Grunberg−Nissan model.63

The experimental and calculated results at fixed temperatures
are presented in Table 4. Relative deviations up to 17% were
observed, thus confirming that the ILs viscosity is not additive
within the series.
For a common cation at a fixed temperature, the viscosity of

the cyano-functionalized ILs decreases in the order [SCN]− >
[B(CN)4]

− > [N(CN)2]
− > [C(CN)3]

−. This sequence is
closely related to the intermolecular interactions that occur at
the bulk liquid; however, a molecular-based understanding of
the ionic liquids’ dominating interactions is a challenging task.
The high energy of cohesion, which increases with the increase
of the ions size, induces the formation of viscous liquids if van
der Waals interactions become predominant. It is also well-
known that an increase in ion size reduces the electrostatic
attraction inducing the formation of less viscous fluids. In
cyano-based ILs there is no straight correlation between
viscosity and anion molecular size, and it thus seems that there
is a delicate balance between diverse interactions, which act in
opposite ways. The ILs with an almost linear or flat shape and
enhanced charge distribution anions, namely, [N(CN)2]

− and
[C(CN)3]

−, are the most fluid ILs investigated, notwithstand-
ing their somewhat coordinating ability. Overall, for the cyano-
functionalized ILs, an increase in anion size or in the number of
−CN groups decreases the viscosity until [C(CN)3]

− whereas
from [C(CN)3]

− to [B(CN)4]
− an opposite behavior is

verified. It appears that the higher symmetry of the
tetracyanoborate anion and its tetrahedral shape overlaps the
decreasing tendency of viscosity as a function of the −CN
number.
The [BF4]-based fluids are more viscous than the cyano-

containing compounds. The fluoride-based compounds have
become compounds of election due to their low viscosities.3

The higher charge distribution and lower polarizability of
[BF4]

− contribute to reduced cohesive forces, van der Waals

Figure 6. Viscosity at 298.15 K of cyano-functionalized anions
combined with the cations: ●, [C2C1im]

+; ⧫, [C4C1im]+; ▲,
[C6C1im]

+.
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interactions, and hydrogen-bonding, and thus to low viscous
materials. Nevertheless, cyano-based ILs seem to overwhelm
the typical low-viscosities displayed by fluorinated ILs. The
outstandingly low viscosities of cyano-containing ILs, in
particular the [C(CN)3]-based compounds, make them
especially appropriate for a wide range of applications.
The experimental viscosity data were correlated using the

Vogel−Tammann−Fulcher model described in eq 9,

η = +
−η

η

η
A

B

T C
ln

( ) (9)

where η is the viscosity in mPa·s, T is the temperature in K, and
Aη, Bη, and Cη are adjustable parameters. The adjustable
parameters were determined from the fitting of the
experimental data and are presented in Table 5. The correlated
viscosities are in good agreement with the experimental data
with a maximum relative deviation of 0.18%.

Since the high viscosity of ILs depends mainly on their
intermolecular interactions such as H-bonding and dispersive
and Coulombic interactions, an increase in temperature
substantially decreases the intensity of H-bonding interactions,
and consequently the viscosity of ILs largely decreases with
temperature. The energy barrier of a fluid to shear stress, E, can
be evaluated based on the viscosity dependence with
temperature using the following equation:

η= · ∂
∂

= ·
− +

η

η η⎜ ⎟

⎛

⎝

⎜⎜⎜⎜ ⎛
⎝

⎞
⎠

⎞

⎠

⎟⎟⎟⎟
E R

T
R

B(ln )
(1/ ) 1

C

T

C

T

22

2
(10)

where η is viscosity, T is the temperature, Bη and Cη are the
adjustable parameters obtained from eq 9, and R is the universal
gas constant.
The derived energy barriers at 298.15 K, E298.15K, are listed in

Table 5. Figure 7 depicts the energy barrier at 298.15 K and the
absolute value of the pre-exponential coefficient of the Vogel−
Tammann−Fulcher equation, Aη, as a function of the −CN-
based anion.
Neither in the energy barrier values nor in the pre-

exponential coefficient of the Vogel−Tammann−Fulcher
equation are found straight patterns with the addition of
−CN groups at the anion. The rates at which the fluidities of
the ILs with different anions change with temperature provide

information on the dynamics of particle motion in ILs. Thus,
from the absolute values of the pre-exponential coefficient of
the Vogel−Tammann−Fulcher equation, the dependence of
viscosity on temperature, and therefore, the particles’ motion
ability in the fluid decreases in the order: [C2C1im][B(CN)4] >
[C2C1im][N(CN)2] > [C2C1im][C(CN)3] > [C2C1im][SCN].
On the other hand, the energy barrier of the [C2C1im]-based
ILs decreases according to the following rank: [B(CN)4]

− >
[SCN]− > [C(CN)3]

− > [N(CN)2]
−. The higher the energy

barrier value, the more difficult it is for the ions to move past
each other. This can be a direct consequence of the size or
entanglement of the ions and/or of the presence of stronger
interactions in the fluid. Hence, the [N(CN)2]-based fluids are
the ILs that require less energy to move freely in the bulk,
whereas the [B(CN)4]-based ILs are those that need the most
energypossibly a result of their larger anion size and higher
symmetry. In all examples shown in Table 5, the barrier energy
increases with the size of the aliphatic moiety of the
imidazolium ring. As explained before, ILs with longer alkyl
side chain lengths also present stronger van der Waals
interactions that overwhelm the cation−anion electrostatic
interactions. Moreover, an increased molar volume in the cation
can also inhibit the laminar flow.
The contribution of each CN-functionalized anion to the

viscosity of the related ILs was further estimated using the
group contribution method proposed by Gardas and
Coutinho,52 which makes use of the Vogel−Tammann−
Fulcher model described in eq 9, and where Aη and Bη are
obtained by a group contribution method according to

∑=η η
=

A n a
i

k

i i
1

,
(11)

∑=η η
=

B n b
i

k

i i
1

,
(12)

where ni is the number of groups of type i and k is the total
number of different groups in the molecule.
The obtained parameters aiη and biη are provided in Table 6

and allow us to predict viscosity values of novel ILs with similar

Table 5. Correlated Parameters Aη, Bη and Cη from the
Vogel−Tammann−Fulcher Correlation Applied to the
Experimental Data and the Derived Energy Barrier at 298.15
K

ionic liquid Aη/(mPa·s) Bη/K Cη/K E298.15K/(kJ·mol−1)

[C2C1im][SCN] −1.4232 628.3 162.2 25.14
[C4C1im][SCN] −1.6841 710.7 173.8 33.99
[C2C1im][N(CN)2] −1.4642 600.3 156.7 22.16
[C4C1im][N(CN)2] −1.5729 637.0 170.5 28.91
[C6C1im][N(CN)2] −1.7548 727.6 170.1 32.79
[C2C1im][C(CN)3] −1.4582 535.9 168.7 23.65
[C4C1im][C(CN)3] −1.5011 551.6 184.0 31.27
[C2C1im][B(CN)4] −1.7288 586.2 172.1 27.26
[C6C1im][B(CN)4] −1.7182 614.7 188.8 37.99
[C2C1im][BF4] −1.5665 716.0 161.2 28.20
[C4C1im][BF4] −2.0146 849.8 171.4 40.95

Figure 7. Energy barrier at 298.15 K (●) and absolute value of the
pre-exponential coefficient of the Vogel−Tammann−Fulcher equation
(■) of [C2C1im]-based ILs.
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anions. Some of these group contribution parameters had
previously appeared in the literature,52 although based on a
more limited set of experimental data. The new groups
proposed for the anions [SCN]−, [N(CN)2]

−, [C(CN)3]
−, and

[B(CN)4]
− were obtained making use of an extended database

of experimental data (our experimental viscosity values together
with experimental data reported in literature17−50). However,
we continued to use the previously proposed value for Cη of
165.06 K.52 The predictive viscosity for the studied ILs is
presented in Figure 5 together with the experimental data. The
average relative deviation between the experimental data and
the viscosity predicted by the Gardas and Coutinho model52

was 9.71% for a total of 334 data points. Despite the large
deviations, the cation alkyl side chain length and the anion
nature effects on the viscosity values were always well predicted.
Refractive Index. The refractive index indicates the

dielectric response to an electrical field induced by electro-
magnetic waves (light) and is thus an optical property of
materials. The experimental refractive index data of the
investigated ILs are listed in Table S3, in the Supporting
Information, while Figure 8 presents a general overview of the
results as a function of temperature. The refractive indices were
measured within the range of temperatures from (283.15 to
353.15) K. As with the previous properties, the refractive index

of [C2C1im][B(CN)4] was determined only above 293.15 K
due to the higher melting temperature of this compound. In
general, and for all the ILs under study, the refractive index
decreased with an increase in temperature.
Refractive index data for ILs containing CN-functionalized

anions are particularly scarce.22,23,25,33,46 A comparison of our
experimental data with published ones appears in the
Supporting Information (Figures S11 and S12). In general,
the values obtained here are in good agreement with the
literature data, with an average relative deviation of 0.09%. Also
for the [BF4]-based fluids, a good agreement between our data
and the published ones was observed with an average relative
deviation of 0.06%.
An overall overview of the refractive index data at a fixed

temperature of 298.15 K and according to the IL chemical
structure is depicted in Figure 9.

[C2C1im][SCN] has the highest refractive index (1.55 at
room temperature). In addition, most of the refractive indices
of the cyano-functionalized ILs are higher than the liquid
immersion oil commonly used in optical microscopy (1.51).46

Therefore, the CN-based fluids can be envisaged as new and
advantageous optical materials.
As previously reported,22 the refractive indices of ILs are

strongly dependent on the composing anion. For the cyano-
constituting ILs, the refractive index decreases in the order
[SCN]− > [N(CN)2]

− ≈ [C(CN)3]
− > [B(CN)4]

−. Generally,
the refractive index decreases with the anion molecular
weight,53 although an important exception is observed with
the [N(CN)2]

− and [C(CN)3]
− anions which present similar

values for a common cation. Usually, solvents with higher
refractive indices, and hence large polarizability, should enjoy
particularly strong dispersion forces, such as in the case of
[SCN]− that presents a significant delocalization of charge. The
refractive index data can be regarded as a measure of the
relative extent of the apolar domains in the IL, and for a similar
cation, the contribution of the [N(CN)2]

− and [C(CN)3]
−

anions to these regimes is approximately the same. Among all

Table 6. Group Contribution Parameters, ai,η and bi,η, of the
Group Contribution Method for the Prediction of Viscosity
According to the Gardas and Coutinho Model52

ionic species ai,η bi,η/K

Cation52

[C1C1im]
+ −7.271 510.51

Anions
[SCN]− −0.909 53.97

[N(CN)2]
− −1.204 58.16

[C(CN)3]
− −1.539 91.51

[B(CN)4]
− −1.737 132.16

Additional Group52

−CH2 −7.528 × 10−2 40.92

Figure 8. Experimental refractive index data as a function of
temperature, and at 0.1 MPa, for the [C2C1im]-, [C4C1im]-, and
[C6C1im]-based ILs (filled symbols, empty symbols, and crosses,
respectively) and respective prediction with Gardas and Coutinho
group contribution method52 (full, dashed, and dotted lines,
respectively): ⧫, [SCN]−; ▲, ∗, [N(CN)2]−; ●, [C(CN)3]

−; ■, × ,
[B(CN)4]

−.

Figure 9. Refractive Index at 298.15 K of cyano-functionalized anions
combined with the cations: ●, [C2C1im]

+; ⧫, [C4C1im]+; ▲,
[C6C1im]

+.
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the studied ILs the [BF4]-based fluids display the lowest
refractive index values.
As a general rule, and since the refractive indices constitute a

quantitative measure of the importance of the dispersive forces
in the IL medium, it is expected that ILs with longer aliphatic
moieties display higher refractive index values. This trend has
been previously reported by Tariq et al.55 for a large series of 1-
alkyl-3-methylimidazolium-based ILs combined with fluori-
nated anions. Although we also observe this behavior for the
ILs with the most hydrophobic anions, namely [BF4]

− and
[B(CN)4]

−, an opposite pattern is verified with the remaining
and more “hydrophilic” cyano-functionalized ILs. For more
hydrophilic anions and where cation−anion interactions are
also stronger, the higher refractive indices occur for short chain
ILs. Indeed, we had already reported on this trend making use
of acetate-based ILs.54 In addition, the anion dependence of the
refractive index is stronger than the cation alkyl side chain
length dependence as shown in Figure 9.
At any temperature interval, any value of nD at a specific

temperature can be estimated using the following equation,

= + ∂ ∂ −n T n n T T( /K) (298.15 K) / ( /K 298.15 K)D D D
(13)

where nD (298.15 K) is the refractive index at 298.15 K, and
∂nD/∂T is the temperature derivative of the refractive index.
The derived refractive indices of all the studied ILs, at T =

298.15 K, are compiled in Table 7 along with the observed

temperature derivative of the refractive index. The temperature
dependence of the refractive index of each IL is very small; yet,
it depends on the nature of the IL. A decrease in the refractive
index of (2.6 to 3.6) × 10−4 per K was observed for all ILs,
which is less pronounced than that verified with common
molecular solvents (ca. 4.5 × 10−4 per K).62

To gather further insights into the intermolecular forces and
behavior in solution of the selected ILs, the molar refractions
can be also determined from the volumetric and refractive index

data. Several equations have been proposed to calculate the
molar refraction or molar polarizability making use of density
and refractive index data.55 An implication of some of these
approaches is that the refractive index of a substance is higher
when its molecules are more tightly packed, i.e., when the
compound is denser. It should be remarked that Tariq et al.55

observed an inverse dependency between the densities and
refractive indices for the series of 1-alkyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ILs. In this context, care must
be taken when generalizing some relationships commonly
employed to isotropic fluids since the nanostructure of ILs may
hamper their application.55 Despite these concerns, the derived
molar refractions, Rm, and the free volumes, fm, were
additionally calculated according to eqs 14 and 15, respectively,

ρ
=

−
+

×R
n
n

M( ) 1
( ) 2m

D
2

D
2

w

(14)

= −f V Rm m m (15)

where Mw is the IL molecular weight, and Vm is the respective
molar volume.
The calculated Rm and fm at 298.15 K and for each IL are

displayed in Table 7.
Molar refraction is a measure of the total polarizability of a

mole of a substance. In all examples, an increase in the cation
alkyl side chain length led to an increase in the molar refraction
as well as to a free volume increment, as expected.
The derived molar refractions and the free volumes as a

function of the cyano-based anion are depicted in Figure 10.

As clearly shown in Figure 10, the free volumes of the ILs
increase in a quasi-linear trend with the number of cyano
groups present at the anion. Nevertheless, molar refraction
increases in the order [N(CN)2]

− < [SCN]− < [C(CN)3]
− <

[B(CN)4]
−. The molar refraction does not strictly depend on

the number of −CN groups present at the anion and the higher
molar refraction values occur with the [B(CN)4]-based fluids.
The contribution of each −CN-based anion on the refractive

index of ILs was also identified using the group contribution

Table 7. Derived Refractive Index of the Studied ILs at
298.15 K, Corresponding Temperature Derivative, and
Calculated Molar Refractions and Free Volumes

ionic liquid nD
104 × (∂nD/
∂T)/K−1 Rm/(cm

3·mol−1) fm/(cm
3·mol−1)

[C2C1im]
[SCN]

1.5506 −3.30 48.32 103.20

[C4C1im]
[SCN]

1.5394 −3.07 57.83 126.65

[C2C1im]
[N(CN)2]

1.5112 −3.27 48.10 112.41

[C4C1im]
[N(CN)2]

1.5080 −3.70 57.71 135.88

[C6C1im]
[N(CN)2]

1.5039 −3.38 67.14 159.62

[C2C1im]
[C(CN)3]

1.5124 −3.62 55.84 130.15

[C4C1im]
[C(CN)3]

1.5065 −3.50 65.08 153.80

[C2C1im]
[B(CN)4]

1.4469 −3.48 58.28 159.89

[C6C1im]
[B(CN)4]

1.4526 −3.37 76.90 207.84

[C2C1im]
[BF4]

1.4145 −2.62 38.59 115.68

[C4C1im]
[BF4]

1.4217 −2.62 47.77 140.32

Figure 10. Free volume (●) and molar refraction (■) of [C2mim]-
based ILs at 298.15 K.
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method proposed by Gardas and Coutinho,52 which follows a
linear function of the form,

= −n A B Tn nD D D (16)

where

∑=
=

A n an
i

k

i i
1

,nD D (17)

∑=
=

B n bn
i

k

i i
1

,nD D (18)

and where ni is the number of groups of type i, and k is the total
number of different groups in the molecule.
The new group contribution parameters, ai,nD and bi,nD, for

the cyano-containing anions are given in Table 8. These values

were estimated using our data in combination with that of the
literature.22,23,25,33,46 The predictive description of the refractive
indices using eqs 16 to 18 is depicted in Figure 7. A maximum
relative deviation of 0.91% was found. Nevertheless, due to the
odd behavior observed experimentally with the most hydro-
philic anions and the reverse trend in the refractive indices
along the cation alkyl side chain, these divergences are reflected
in the model predictions that follow the “common” pattern:
higher refractive indices are observed with ILs with longer
aliphatic moieties.
Finally, and making use of the predictive ability of the Gardas

and Coutinho models,51,52 Table 9 presents a summary of the
thermophysical properties for the complete matrix of the
[CnC1im]-cyano-based ILs (2 ≤ n ≤ 6).

■ CONCLUSIONS
In line with the continual IL investigations, the knowledge of
their thermophysical properties and the construction of a
proper databank are essential requisites for the design of related
industrial processes. Indeed, the study of the physicochemical
properties and the structure−property relationships of ILs can
potentially aid in the design of future applications. Therefore, in
this work, we reported several physicochemical properties,
namely density, viscosity, and refractive index, and their
dependence on temperature, for a variety of imidazolium-
based ILs containing cyano-functionalized anions. Specifically,
we compared all the properties as a function of the alkyl side
chain length of the imidazolium cation and according to the
cyano-incorporating anion[SCN]−, [N(CN)2]

−, [C(CN)3]
−

and [B(CN)4]
−to provide a comprehensive analysis making

use of structural considerations.

Our data allowed us to conclude that for density, and
independently of the cation, the values decrease with an
increase in the number of cyano groups from the [SCN]- to the
[B(CN)4]-based fluids and closely correlate with the anions’
molecular weight. Moreover, particularly high refractive indices
were observed for the thiocyanate-based ILs, suggesting their
potential applicability as optical materials. In general, the
refractive indices were found to decrease according to the rank:
[SCN]− > [N(CN)2]

− ≈ [C(CN)3]
− > [B(CN)4]

−. Finally, the
trend obtained for viscosity was not straightforward and did not
depend on the number of −CN groups at the anion. The
viscosity of the cyano-based ILs decreased in the order:
[SCN]− > [B(CN)4]

− > [N(CN)2]
− > [C(CN)3]

−. Tricyano-
methane-based fluids had exceptionally low viscosities and are
among the most desirable ILs for industrial applications.
The isobaric thermal expansion coefficient, the derived molar

refraction, the free volume and the energy barrier on viscosity
of all compounds were calculated based on the experimental
data and were presented and discussed.
The Gardas and Coutinho group contribution models were

also applied to the three measured properties, and new group
contribution parameters were proposed. The novel groups
promise to usefully predict the properties of ILs as yet
experimentally characterized.
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