
lable at ScienceDirect

Fluid Phase Equilibria 423 (2016) 190e202
Contents lists avai
Fluid Phase Equilibria

journal homepage: www.elsevier .com/locate/fluid
The effect of n vs. iso isomerization on the thermophysical properties
of aromatic and non-aromatic ionic liquids

Ana S.M.C. Rodrigues a, **, Hugo F.D. Almeida b, Mara G. Freire b, Jose A. Lopes-da-Silva c,
Jo~ao A.P. Coutinho b, Luís M.N.B.F. Santos a, *

a CIQUP, Departamento de Química e Bioquímica, Faculdade de Ciências da Universidade do Porto, R. Campo Alegre 687, P-4169-007 Porto, Portugal
b CICECO, Departamento de Química, Universidade de Aveiro, P-3810-193 Aveiro, Portugal
c QOPNA, Departamento de Química, Universidade de Aveiro, P-3810-193 Aveiro, Portugal
a r t i c l e i n f o

Article history:
Received 24 February 2016
Received in revised form
8 April 2016
Accepted 10 April 2016
Available online 13 April 2016

Keywords:
Ionic liquids
Density
Viscosity
Heat capacity
Refractive index
Surface tension
Glass transition
Phase behaviour
Imidazolium
Pyridinium
Piperidinium
Pyrrolidinium
Bis(trifluoromethylsulfonyl)imide
Differential scanning calorimetry
Isomerization
* Corresponding author.
** Corresponding author.

E-mail addresses: asmcrodrigues@fc.up.pt (A.S.M.C
pt (L.M.N.B.F. Santos).

http://dx.doi.org/10.1016/j.fluid.2016.04.009
0378-3812/© 2016 Published by Elsevier B.V.
a b s t r a c t

This work explores the n vs. iso isomerization effects on the physicochemical properties of different
families of ionic liquids (ILs) with variable aromaticity and ring size. This study comprises the experi-
mental measurements, in a wide temperature range, of the ILs' thermal behaviour, heat capacities,
densities, refractive indices, surface tensions, and viscosities. The results here reported show that the
presence of the iso-alkyl group leads to an increase of the temperature of the glass transition, Tg. The iso-
pyrrolidinium (5 atoms ring cation core) and iso-piperidinium (6 atoms ring cation core) ILs present a
strong differentiation in the enthalpy and entropy of melting. Non-aromatic ILs have higher molar heat
capacities due to the increase of the atomic contribution, whereas it was not found any significant dif-
ferentiation between the n and iso-alkyl isomers. A small increase of the surface tension was observed for
the non-aromatic ILs, which could be related to their higher cohesive energy of the bulk, while the lower
surface entropy observed for the iso isomers indicates a structural resemblance between the IL bulk and
surface. The significant differentiation between ILs with a 5 and 6 atoms ring cation in the n-alkyl series
(where 5 atoms ring cations have higher surface entropy) is an indication of a more efficient arrangement
of the non-polar region at the surface in ILs with smaller cation cores. The ILs constituted by non-
aromatic piperidinium cation, and iso-alkyl isomers were found to be the most viscous among the
studied ILs due to their higher energy barriers for shear stress.

© 2016 Published by Elsevier B.V.
1. Introduction

Most of the research on the structural property relationships of
ionic liquids (ILs) is focus on the effect that major structural vari-
ations, such as alkyl side chain length, and the nature of anions and
cations, have on their thermophysical properties [1e8]. The
complexity and variety of ILs make the rationalization of these
relationships hard, yet amenable, and a large number of approaches
to predict the properties of ionic liquids has been proposed [8e16].
However, few studies highlight small structural variations on ILs,
. Rodrigues), lbsantos@fc.up.
́
such as isomerization, or chemical nature differentiation (e.g. aro-
matic vs. aliphatic and ammonium vs. phosphonium) and their
effect on the ILs thermophysical properties [17e30]. However, the
understanding and development of structure-property relation-
ships are important from both fundamental and applied stand-
points. It allows a rationalization of the molecular level interactions
and the development of heuristics and correlations that allow the
design of ionic liquids for specific applications.

Previous studies suggested that the branching of the alkyl side
chain not affect their density significantly, but when some cycle
group (aromatic and non-aromatic) is present in the alkyl chain, the
densities increase [20,23,26]. Regarding transport properties, such
as viscosity, a small variation of the aliphatic side groupmay lead to
substantial changes in their properties [23,25];as the nano-
structuration of ILs becomes highly affected a significant impact
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occurs in the shear stress of ILs. Aromatic ILs with branched and
cyclic alkyl side chains were shown to have higher viscosities than
their n-alkyl homologous [20,23]. For different cyclic groups in the
alkyl chain or the cation core, the viscosity is expected to be
dependent on the size and structure of the cyclic group and in the
magnitude of dispersive intermolecular interactions (van der
Waals). The relatively high viscosity for these ILs compared with
their n-alkyl homologous depends heavily on the reorientation
motion on ILs. Maginn and co-workers [28], based on the unpub-
lished data by Xue et al. [31], reported higher viscosities for
branched aromatic ILs. According to the simulation study carried by
the authors [28] these results were explained by a higher packing
stability of the ion pairs in the liquid phase. In summary, the vis-
cosity is highly affected by the specific shape and length of the ILs
alkyl side chain.

There are few works concerning the thermal behaviour of
isomeric ILs. Quitevis et al. [26] have shown that changing from
aromatic to non-aromatic alkyl substituents has a significant effect
on the thermal properties of ILs. Generally, ILs with aromatic and
branched substituted cations show higher Tg values than their
aliphatic analogs, regardless of the anion [29].

In this work, we investigated the structure�property relation-
ships regarding the effect of n-butyl versus iso-butyl substituents in
aromatic (imidazolium and pyridinium) and non-aromatic (pyrro-
lidinium and piperidinium) cations of [NTf2]�-based ILs. These ILs
were chosen in order to study the effect of a branched alkyl side
chain on aromatic and aliphatic cations on several thermophysical
properties, such as thermal behaviour, heat capacities, densities,
refractive indices, surface tensions, and viscosities.

2. Experimental section

2.1. Materials and purification

All ILs were purchased from IoLiTec with the highest purity
available. The ILs samples were maintained dried under vacuum
(p < 0.1 Pa) at moderate temperature (323 K) and constant stirring
up to the measurements, to remove traces of the most volatile
impurities and moisture. The purity of each IL was checked by NMR
spectroscopy (1H and 13C). For detailed NMR analysis, see Sup-
porting Information. The water mass fraction contents were
determined with a Metrohm 831 Karl Fischer coulometer, using the
Hydranal-Coulomat AG® from Riedel-de Ha€en. Table 1 presents the
list of the studied ILs, their abbreviation, molar masses, purity, and
the water content while Fig. 1 provides a schematic representation
of the ILs studied. The relative atomic masses used in this work
were those recommended by the IUPAC Commission in 2007 [32].
Table 1
IUPAC names, abbreviation, molar masses (MM) and water content for each studied ioni

Ionic liquid Abbr

1-(2-methylpropyl)-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [iC4C

1-butyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide [C4C

1-(2-methylpropyl)-3-methylpyridinium bis(trifluoromethylsulfonyl)imide [iC4C

1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide [C4C

1-(2-methylpropyl)-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide [iC4C

1-butyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)imide [C4C

1-(2-methylpropyl)-1-methylpiperidinium bis(trifluoromethylsulfonyl)imide [iC4C

a Purity from the supplier: 1H NMR (Nuclear magnetic resonance), Ionic chromatograp
2.2. Thermal behaviour

Glass transition (temperatures and molar heat capacity change),
enthalpies and entropies of melting of the ILs under study were
measured in a power compensation differential scanning calorim-
eter, PERKIN ELMER model Pyris Diamond DSC, previously cali-
brated with some reference materials [33,34]. The methodology
adopted in the phase behaviour study is provided in the Supporting
Information. The calibration and the ILs phase behaviour study
were performed using the same experimental methodology to
improve the resolution of the differential analysis of this study. The
[C6C1im][NTf2] ionic liquid was used as a reference test sample for
the DSC calibration and methodology adopted in this work. The
experimental results for the [C6C1im][NTf2] were compared with
the literature values determined by Paulechka et al. [35], [36]
measured with adiabatic calorimetry.

2.3. Heat capacities

The ILs heat capacities at T¼ 298.15 K were measured by a high-
precision heat capacity drop calorimeter described in the literature
[37e39]. The calorimeter was calibrated with water and sapphire
(a-Al2O3) [33]. The calibration constant was found to be
ε ¼ (6.6040 ± 0.0036) W$V�1. The ampoules were weighted in a
Mettler Toledo AG245 dual range analytical balance (sensitivity of
1 � 10�5 g and repeatability of 2 � 10�5 g) both empty and after
filling with the ionic liquid. The accuracy and resolution of the
apparatus for measurements of heat capacities of liquids and solids
were previously evaluated using hexafluorobenzene, p-terphenyl,
benzoic acid, and [C6C1im][NTf2] [39]. All uncertainties are given as
twice of the standard deviation of the average value and include the
calibration uncertainty. The buoyancy effect correction was
considered for both the calibration and ILs measurements.

2.4. Densities and viscosities

The density, r, and viscosity, h, of the pure ILs were measured
using an automated SVM 3000 Anton Paar rotational Stabinger
viscometere densimeter. The apparatus was calibrated in the same
experimental conditions of the ionic liquid measurements, using
three standard calibration samples: APN7.5 (9.995 mPa$s�1/
0.8159 g. cm�3), APN26 (50.02 mPa$s�1/0.8209 g$cm�3), and
APN415 (1105 mPa$s�10.8456 g$cm�3) (values at 293.15 K). The
reproducibility of the dynamic viscosity and density measurements
is, according to the manufacturer, 0.35% and ± 0.5 kg$m�3,
respectively, from 288.15 to 378.15 K, and the uncertainty of tem-
perature is within ± 0.02 K. The measurements were carried out at
c liquid.

eviation MM/g mol�1 Water content (ppm) Puritya

1im][NTf2] 419.366 20 >98% (NMR);
<100 ppm Halides (IC)

1py][NTf2] 430.389 62 99% (NMR)
<100 ppm Halides (IC)

1py][NTf2] 430.389 28 98% (NMR)
<100 ppm Halides (IC)

1pyrr][NTf2] 422.410 55 99% (NMR)
<100 ppm Halides (IC)

1pyrr][NTf2] 422.410 21 98% (NMR)
<100 ppm Halides (IC)

1pip][NTf2] 436.437 70 99% (NMR)
<100 ppm Halides (IC)

1pip][NTf2] 436.437 17 98% (NMR)
<100 ppm Halides (IC)

hy (IC).



Fig. 1. Schematic representation of the ILs under study. Aromatic ILs: [iC4C1im][NTf2]; [C4C1py][NTf2]; [iC4C1py][NTf2]; Non-aromatic ILs: [C4C1pip][NTf2]; [iC4C1pip][NTf2];
[C4C1pyrr][NTf2]; [iC4C1pyrr][NTf2].
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pressure, p� ¼ 0.10 ± 0.01 MPa, in the temperature range from
(278.15e363.15) K. The [iC4C1pip][NTf2] ionic liquid (solid at room
temperature), was determined in the temperature range from
303.15 to 363.15 K. For each ionic liquid, at least, two independent
measurements were performed, using the same experimental
conditions and different samples.
2.5. Surface tension

The surface tension of each ionic liquid sample was determined
by the analysis of the shape of a pendant drop and measured using
a Dataphysics (model OCA-20) contact angle system. The temper-
ature inside the aluminium chamber in which the surface tensions
were determined was measured with a Pt100 within ±0.1 K (placed
at a distance of approximately 20 mm from the liquid drop). After
reaching a specific temperature inside the aluminium chamber, the
measurements were carried out 40 min after, to guarantee thermal
stabilization. Silica gel was kept inside the air chamber to maintain
a dry environment. Drop volumes of 9 ± 0.5 mL were obtained using
a Hamilton DS 500/GT syringe connected to a Teflon coated needle
placed inside an aluminium air chamber able to maintain the
temperature of interest within ± 0.1 K. The analysis of the drop
shape was done with the software module SCA 20, where the
gravitational acceleration (g ¼ 9.801(8) m$s�2) and latitude
(lat. ¼ 40�, sea level) were used, according to the location of the
assay. The surface tensions were calculated using the measured
density data. For the surface tensions determination at each tem-
perature, and for each ionic liquid, at least, 5 drops were formed
and analysed. For each drop, an average of 150 images was
captured. The surface tension measurements were performed in
the temperature range from 298.15 to 343.15 K, except the [iC4C1-
pip][NTf2], which is solid at room temperature, and the measure-
ments were performed in the temperature range from 308.4 to
343.0 K. In order to validate the equipment and methodology used,
the surface tension of ultra-pure and deionised water, n-decane,
and n-dodecane were determined from (298e343) K, and are in
close agreement with literature values [40e42]. Also the surface
tensions of [C4mim][PF6], [C4mim][Ntf2], [C4mim][CF3SO3], and
[C4mim][BF4] were determined in the temperature interval be-
tween (298 and 343) K, using the density values for the [C4mim]-
based ionic liquids taken from literature [43e45], and were
compared with previous results published by us using the du Noüy
ring method [46,47]. Further details on the equipment and its
validity to measure surface tensions of ILs can be found in sup-
porting information.
2.6. Refractive indices

The refractive indices of ILs were measured at the sodium D-line
using a Bellinghammodel RFM 340 refractometer (±3� 10�5 stated
precision), as a function of temperature. The refractometer features
a presser with a seal ring made of fluoropolymer Kalrez® which is
closed over the sample on the sapphire prism. The presser in-
corporates a micro flow cell, which is used to introduce the sample
into the refractometer, without opening the presser. The presser
and the internal prism water jacket assembly is temperature
controlled by an external bath through the presser hinge and in-
tegral channels in the presser arm. The temperature in the refrac-
tometer cell is controlled using an external thermostatic bath
within a temperature fluctuation of ±5 � 10�3 K, measured with a
resolution better than 1 � 10�3 K and an uncertainty within
±0.02 K. The apparatus was calibrated with degassed water (Mil-
lipore quality) and toluene (Spectranal, 99.9%). Samples were
directly introduced into the flow cell (prism assembly) using a sy-
ringe; the flow cell was kept closed after sample injection. For each
ionic liquid, at least, two independent experiments were performed
and in each experiment, at least, threemeasurements were taken at
each temperature. The refractive indices were measured with
respect to air and no corrections were applied.
3. Results and discussion

3.1. Thermal behaviour

The experimental results concerning the thermal behaviour of
the ILs investigated are summarized in Table 2. Fig. 2 depicts the
glass temperatures of the n and iso-butyl isomers. [iC4C1pyrr][NTf2]
could not form a glass, since it crystallizes in the cooling quenching
process performed in this work. The thermograms and some
experimental details are presented as Supporting Information. The
nomenclature used in this paper section relatively to the phase
transitions is follow described: s: solid; gs: glass-state; sl:
supercooled-liquid; l: liquid. The enthalpies and entropies of
melting were corrected to the reference temperature of
T ¼ 298.15 K, according to equations (1) and (2), respectively:



Table 2
Glass transition, Tg, solid-solid, Tss, and melting, Tm, temperatures. Heat capacity change of the glass transition, Dsl

gsC
�
p;m , and enthalpy, DtrsH

�
m , and entropy, DtrsS

�
m of phase

transitions for the studied ILs at pº ¼ 0.10 ± 0.01 MPa.

Ionic liquid anion [NTf2]� T/K Dsl
gsC

�
p;m/J K

�1 mol�1 DtrsH
�
m/kJ mol�1 DtrsS

�
m/J K

�1 mol�1

Cations
[C6C1im]þ 184.4 (Tg)

[184.3[b]; 192[c]; 189[d]] (Tg)
262.6 (Tm)
[267[c]; 272.03[e]] (Tm)

171

[C4C1im]þ 181.3 (Tg)[b] 74[e]

[iC4C1im]þ 190.6 (Tg) 94
[C4C1py]þ 185.2 (Tg) 70
[iC4C1py]þ 193.6 (Tg) 101
[C4C1pyrr]þ 183.0 (Tg) 83

259.7(Tm) 20.2 ± 0.7 (Tm) 77.8 ± 2.7 (Tm)
[265.65 ± 0.05[f]] (Tm) [21.9 ± 0.1][f]

(0.70) [g] 24.1 ± 0.7 (298.15 K) 91.7 ± 2.7 (298.15 K)
[iC4C1pyrr]þ 253.0 (Tss)

272.9 (Tm)
4.1 ± 0.7 (Tss) 16.2 ± 2.7 (Tss)
13.1 ± 0.7 (Tm) 48.0 ± 2.6 (Tm)
19.7 ± 1.0 (298.15 K) 73.1 ± 3.7 (298.15 K)

[C4C1pip]þ 194.8 (Tg) 73
[iC4C1pip]þ 194.8 (Tg)

239.5 (Tss)
273.1 (Ttrans)[h]

287.9 (Tm)
(0.71)[g]

[i] 1.0 ± 0.7 (Tss)
19.3 ± 0.7 (Ttrans)[h]

2.4 ± 0.7 (Tm)
23.7 ± 1.2 (298.15 K)

4.2 ± 2.9 (Tss)
70.7 ± 2.6 (Ttrans)[h]

8.3 ± 2.4 (Tm)
86.7 ± 4.6 (298.15 K)

The expanded uncetainty, within 0.95 confidence level, of the experimental results, was taken as the extended standard deviation for the enthalpies of melting, s, and was
estimated as ± 0.5 K for the Tg and Tm. DtrsH

�
m stands for the enthalpy of various transitions identified as: solid-solid, Tss, and melting, Tm. The enthalpies and entropies were

corrected at 298.15 K using Dl
sC

�
p;m ¼ 101 J$K�1$mol�1 and Ds

sC
�
p;m ¼ 0 J$K�1$mol�1 and corresponds to the sum of all the enthalpy changes from the most stable crystal form to

the isotropic liquid. An uncertainty of 10 J$K�1$mol�1 was estimated for Dsl
gsC

�
p;m . Literature data: [b] [50],[c] [48],[d] [49] (differential scanning calorimetry), [e] [36]; [f] [51]

(adiabatic calorimetry); [g] ratio between Tg/Tm. [h] The ration between the enthalpy of melting (isotropization) and this transition is in order of 13%, which indicate that this
transition could correspond to a solid to crystal liquid phase transition. [i] The Dsl

gsC
�
p;m could not be determined because a partial crystallization occurred (see supporting

information).

Fig. 2. Glass transition temperatures as a function of the n and iso-butyl cations of
[NTf2]� e based ILs.
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Dl
sH

�
mð298:15KÞ ¼ Dl

sH
�
m

�
Tfus

�
þ Dl

sC
�
p;m

�
298:15� Tfus

�
(1)

Dl
sS

�
mð298:15KÞ ¼ Dl

sH
�
m

�
Tfus

�.
Tfus þ Dl

sC
�
p;mDln

�
298:15

.
Tfus

�
(2)

The molar heat capacity differences between the liquid and the
solid, Dl

sC
�
p;m, used in the corrections of the enthalpies and
entropies of melting, at T ¼ 298.15 K, were estimated based on the
respective molar heat capacity change, Dl

gsC
�
p;m, at glass transition

(typical ratio between the heat capacities
changes, Dl

gsC
�
p;m=Dl

sC
�
p;m ¼ 0.8), taking into account our results for

[C6C1im][NTf2] and the data reported by Paulechka et al. for the
same IL [35,36]. The experimental data of the enthalpies of tran-
sition, at the transition temperatures, are provided in Table 2. The
molar heat capacity change associated with glass transition,
Dl
gsC

�
p;m, determined in this work corresponds to the difference

between the molar heat capacities of the supercooled liquid C
�
p;mðlÞ

and glass state C
�
p;mðgsÞ, according to equation (3).

Dl
gsC

�
p;m ¼ C

�
p;mðlÞ � C

�
p;mðgsÞ (3)

The glass and melting transition temperatures obtained for
[C6C1im][NTf2], presented in Table 2, are in agreement with liter-
ature results [35,36,48,49]. The reported overall uncertainties are
twice the standard deviation of the average value. The uncertainties
of the experimental results were assigned on the basis of the
extended standard deviation of the experimental and the calibra-
tion results. The entropy, at T ¼ 298.15 K, of the transition was
determined by equation (4):

Dl
sS

�
mð298:15 KÞ ¼ Dl

sH
�
mð298:15 KÞ=298:15 (4)

The results presented in Fig. 2 show a strong differentiation in
the glass temperatures between n and iso-alkyl ILs. The iso-alkyl
aromatic ILs (imidazolium- and pyridinium-based) have higher
glass temperatures than their respective n-alkyl isomers, meaning a
high relative glass stability, as discussed byMaginn and co-workers
[28] for imidazolium-based ILs. The glass state resembles the
freezing state of the isotropic liquid. Its relative stability is driven
mostly by the size and themagnitude of the interactions in the bulk
IL. The higher Tg for the piperidinium-based ILs indicates higher
conformational entropy relative to the pyrrolidinium and the
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remaining ILs formed by different cations (aromatic and non-
aromatic). These results are consistent with the fact that piper-
idinium is a more flexible cation with a larger number of possible
conformers. Additionally, these results can be associated with an
additional increase of the absolute entropy of both glass and the
liquid phases, leading to a lower heat capacity change
(73 J$K�1$mol�1) at the glass transition (which is an evidence of a
smaller entropic differentiation between the glass and the super-
cooled liquid) and, as a consequence, to an increase of the glass
temperature. Unlike observed for the aromatic ILs, no significant
effect of the iso-alkyl on the glass transition was observed for non-
aromatic ILs, mainly because the contribution of the dispersive
interactions of the cation surpasses in magnitude any effect that the
iso-alkyl may have in glass transition.

The melting temperature of the iso-alkyl pyrrolidinium IL is
higher than the n-alkyl isomer by about 13 K, as reported in
Table 2. This difference has an enthalpic contribution of
3 kJ$mol�1 but it is essentially entropically driven, indicating a
lower conformation entropy of [iC4C1pyrr][NTf2] in the liquid
bulk. The observed difference of 15 K in the melting temperature
between the iso-pyrrolidinium (5 atoms ring cation core) and iso-
piperidinium (6 atoms ring cation core) is strongly enthalpically
driven.

3.2. Heat capacities

The molar, Co
p;m(J$K�1$mol�1), specific, cop (J$K�1$g�1), and vol-

umic, Co
p = V(J$K�1$cm�3) heat capacities, at T ¼ 298.15 and

p� ¼ 0.10 ± 0.01 MPa, are presented in Table 3. The molar heat
capacities of the non-aromatic ILs are, as expected, higher than the
aromatic ILs due to the increase of the atomic contribution. There is
no significant difference between the n and iso isomers, in agree-
ment with the observed in other compounds (e.g. the molar heat
capacity of butane, 130.2 J$K�1$mol�1 at T ¼ 260 K [52], and iso-
butane, 129.7 J K�1 mol�1 at T¼ 260 K [53]). A consistent difference
is, however, observed between the heat capacity of the analogous
aromatic and the non-aromatic molecules, in the order of
20 J K�1 mol�1, in agreement with the expected heat capacity
increment contribution (at 298.15 K) of five additional atoms in the
cation core. The volumic heat capacity, at T ¼ 298.15 K, determined
in this work, (1.90e1.94) J$K�1$cm�3, is in the range of the typical
average value of 1.92 J$K�1$cm�3, which was previously suggested
in the literature and verified after for the homologous series
[CnC1im][NTf2] with an alkyl chain length above Critical Alkyl Size
(CAS), at n ¼ 6. The critical alkyl size, starting from n ¼ 6 of the n
alkanes in the [CnC1im][NTf2] corresponds to the point where the
Ils starts to evidence the nanostructuration [51,54,55].

3.3. Densities

The experimental density data for the ILs as a function of tem-
perature is presented in Table 4. The density data (r) was further
Table 3
Molar heat capacity, Co

p;m (J$K�1$mol�1), specific heat capacity, cop (J$K�1$g�1), and vo

Ionic liquid anion [NTf2]� Co
p;m/J$K�1$mol�1

[C4C1im]þ [54] 565.9 ± 0.6
[iC4C1im]þ 565.3 ± 0.4
[C4C1py]þ 578.1 ± 0.8
[iC4C1py]þ 579.0 ± 0.6
[C4C1pyrr]þ 584.3 ± 0.6
[iC4C1pyrr]þ 582.2 ± 0.6
[C4C1pip]þ 607.5 ± 0.8

The expanded uncertainty, within 0.95 confidence level, of the experimental resu
includes the calibration uncertainty.
correlated with temperature (T) using a second order polynomial
equation (5):

ln
�
r=g$cm�3

�
¼ aþ b$T þ c$T2 (5)

where a, b, and c are the coefficients obtained by the least square
fitting method. The graphic representation of the logarithm of the
density as a function of temperature is shown in Fig. 3.

The isobaric thermal expansion coefficient, ap, which considers
the volumetric changes with temperature, was using equation (6),
derived from equation (5):

ap ¼ �1
r

�
vr

vT

�
p
¼ �

�
vln r

vT

�
p
¼ �½bþ 2c$ðT=KÞ� (6)

where, r is the density in kg m�3, T is the temperature in K, p is the
standard pressure (p� ¼ 0.10 ± 0.01 MPa), and b and c are the fitted
coefficients from the equation (5). The derived a, b, and c co-
efficients, the molar volume and the thermal expansion co-
efficients, at T ¼ 323.15 K and p� ¼ 0.10 ± 0.01 MPa, for all the
studied ILs are listed in Table 5. Since the [iC4C1pip] is solid at room
temperature, the comparison of the data for all the thermophysical
properties was done at T¼ 323.15 K. The graphic representations of
the density and molar volume and thermal expansion coefficients
at 323.15 K and p� ¼ 0.10 ± 0.01 MPa, against the different cations
are depicted in Fig. 4 (I) and (II) and Fig. 5, respectively.

The comparison of the densities at T ¼ 323.15 K, depicted in
Fig. 4 (I), reveals a differentiation between aromatic and non-
aromatic ILs. Aromatic ILs are denser than the respective non-
aromatic ILs due to the planarity of the aromatic moieties and ar-
omatic interactions. There is, however, no significant difference
between the n and iso isomers, in agreement with previous reports.
[28], except for the piperidinium cation isomers. Nevertheless, we
found that n vs. iso differentiation in piperidinium Ils (around
10 kg$m�3, less than 0.8%) is small and it is very difficult to find a
non-speculative and reasonable explanation for that. The thermal
expansion is also highly differentiated, within the uncertainty
associated, with non-aromatic ILs presenting lower thermal
expansion than the aromatic ones; yet, no significant differences
are observed between the n and iso isomers.
3.4. Surface tension

Experimental results of surface tension, g (mN$m�1), at
p� ¼ 0.10 ± 0.01 MPa for the investigated ILs as a function of tem-
perature are presented in Table 6. The surface thermodynamic
properties, namely surface entropy and surface enthalpy, were
estimated using the quasi-linear dependence of the surface tension
with temperature [57]. The surface entropy, SgðTÞ, was determined
according to equation (7), and the surface enthalpy, HgðTÞ, was
determined according to equation (8):
lumic heat capacity, Co
p = V (J$K�1$cm�3) at 298.15 K and p� ¼ 0.10 ± 0.01 MPa.

cop/J$K
�1$g�1 Co

p = V/J$K�1$cm�3

1.349 ± 0.002 1.940 ± 0.002
1.348 ± 0.001 1.937 ± 0.002
1.343 ± 0.002 1.899 ± 0.003
1.345 ± 0.002 1.900 ± 0.003
1.383 ± 0.001 1.939 ± 0.003
1.378 ± 0.002 1.930 ± 0.003
1.392 ± 0.002 1.924 ± 0.003

lts, was taken as the extended standard deviation. The expanded uncertainty



Table 4
Experimental results of density, r, at p� ¼ 0.10 ± 0.01 MPa for the investigated ILs as a function of temperature.

T/K r/(kg$m�3)

[iC4C1im]þ [C4C1py] [iC4C1py]þ [C4C1pyrr]þ [iC4C1pyrr]þ [C4C1pip]þ [iC4C1pip]þ

[NTf2]�

293.15 1442.1 1418.7 1417.2 1406.1 1404.5 1386.9
298.15 1437.2 1414.1 1412.6 1401.6 1400.0 1382.5
303.15 1432.4 1409.4 1408.0 1397.2 1395.6 1378.1 1392.9
308.15 1427.7 1404.8 1403.4 1392.7 1391.2 1373.8 1388.6
313.15 1422.9 1400.2 1398.8 1388.3 1386.8 1369.5 1384.4
318.15 1418.2 1395.6 1394.2 1383.8 1382.4 1365.2 1380.1
323.15 1413.5 1391.1 1389.7 1379.4 1378.0 1361.0 1375.9
328.15 1408.8 1386.6 1385.1 1375.1 1373.7 1356.7 1371.7
333.15 1404.2 1382.0 1380.6 1370.7 1369.4 1352.5 1367.5
338.15 1399.5 1377.6 1376.1 1366.4 1365.2 1348.3 1363.3
343.15 1394.9 1373.1 1371.6 1362.1 1360.9 1344.1 1359.1
348.15 1390.3 1368.7 1367.2 1357.8 1356.7 1340.0 1355.0
353.15 1385.7 1364.3 1362.8 1353.6 1352.5 1335.9 1350.8
358.15 1381.1 1359.9 1358.4 1349.3 1348.3 1331.8 1346.7
363.15 1376.6 1355.6 1354.1 1345.1 1344.1 1327.7 1342.7

The expanded uncertainty, within 0.95 confidence level, for the density and temperature data are ± 0.2 kg$m�3 and ± 0.02 K respectively. The expanded uncertainty includes
the calibration uncertainty.

Fig. 3. Logarithm of density as a function of temperature. Literature: (red) -[C4C1im]
[NTf2] [56]. This work: (blue) - [iC4C1im][NTf2]; (red) - [C4C1py][NTf2]; (blue) -
[iC4C1py][NTf2]; (red) - [C4C1pyrr][NTf2]; (blue) - [iC4C1pyrr][NTf2]; (red) -
[C4C1pip][NTf2]; (blue) - [iC4C1pip][NTf2]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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SgðTÞ ¼ �
�
dg
dT

�
T

(7)
Table 5
List of fitted parameters (equation (5)), density, molar volume, and thermal expansion c

Ionic liquid anion [NTf2]� a 104 � b/K�1 1

[iC4C1im]þ 7.4760 ± 0.0015 �7.11 ± 0.09 0
[C4C1py]þ 7.4633 ± 0.0015 �7.43 ± 0.09 1
[iC4C1py]þ 7.4585 ± 0.0021 �7.19 ± 0.13 1
[C4C1pyrr]þ 7.4471 ± 0.0017 �7.12 ± 0.10 1
[iC4C1pyrr]þ 7.4475 ± 0.0016 �7.26 ± 0.09 1
[C4C1pip]þ 7.4345 ± 0.0012 �7.28 ± 0.07 1
[iC4C1pip]þ 7.4306 ± 0.0026 �6.47 ± 0.16 0

The uncertainties quoted in the table are the expanded uncertainties with 0.95 level of
HgðTÞ ¼ g� T$
�
dg
dT

�
T

(8)

where, g, stands for the surface tension and T for the temperature.
The values of the surface tensions and the thermodynamic
functions, at T ¼ 330 K, of all bis[(trifluoromethyl)sulfonyl]imide-
based ILs derived from the temperature dependence of the sur-
face tension, g ¼ f ðTÞ, in combination with the associated de-
viations [58], are presented in Table 7. Fig. 6 (I) depicts the
dependence of the surface tension with temperature and the
surface tensions, at T ¼ 330 K. Surface enthalpies and entropies of
the studied ionic liquids are depicted in Fig. 7 (I) and (II),
respectively. The surface tension range (~31e33) mN$m�1 deter-
mined in this work are in the range of the surface tension
determined experimentally for the [CnC1im][NTf2] series [59]. The
surface tensions of ILs are ruled by the preferential orientation of
the alkyl group to the surface. Different types of cations (with
long alkyl chain) marginally influence the differentiation of the
ILs surface tension, since their surface is very similar to alkanes.
The slight increase of the surface tension from the aromatic to
non-aromatic ring ILs should be related to the expected higher
cohesive energy of the bulk in the non-aromatic fluids. The effect
of the iso-alkyl chain on the surface tension seems to be different
for 5 and 6 atom rings. While the former, the iso isomers, present
a lower surface tension, the effect is negligible, or even opposite,
for the latter.

The lower surface entropy of the iso isomers is an indication of
the high structural resemblance between the bulk and the surface.
Again, here a significant differentiation is observed between ILs
oefficients, ap, at 323.15 K and p� ¼ 0.10 ± 0.01 MPa for the studied ILs.

07 � c/K�2 r/(kg,m�3) Vm/(cm3$mol�1) 103 � ap/K�1

T ¼ 323.15 K

.72 ± 0.14 1409.0 304.5 0.664 ± 0.013

.41 ± 0.14 1391.1 301.5 0.652 ± 0.013

.02 ± 0.20 1390.0 301.8 0.653 ± 0.018

.19 ± 0.16 1379.4 306.2 0.635 ± 0.022

.51 ± 0.14 1378.1 306.5 0.629 ± 0.014

.60 ± 0.11 1361.0 320.7 0.624 ± 0.013

.52 ± 0.24 1376.0 317.2 0.614 ± 0.012

confidence.



Fig. 4. Density (I) and molar volume (II), at 323.15 K and p� ¼ 0.10 ± 0.01 MPa, as a function of the cations in the [NTf2]�-based ionic liquids. Literature: - [C4C1im][NTf2] [56].

Fig. 5. Thermal expansion coefficients, ap, at 323.15 K and p� ¼ 0.10 ± 0.01 MPa, as a
function of the cations in the [NTf2] based ionic liquids. Literature: (red) - [C4C1im]
[NTf2] [56]. This work: (blue) -[iC4C1im][NTf2]; (red) - [C4C1py][NTf2]; (blue) -
[iC4C1py][NTf2]; (red) - [C4C1pyrr][NTf2]; (blue) - [iC4C1pyrr][NTf2]; (red) -
[C4C1pip][NTf2]; (blue) - [iC4C1pip][NTf2]. Uncertainties of the experimental results
were assigned on the basis on the extended standard deviation of the experimental
results ± 0.02 K�1. The dash-dot is a guide line with no physical meaning. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Table 6
Experimental results of surface tension, g (mN.m�1), at p� ¼ 0.10 ± 0.01 MPa, for the
investigated ILs as a function of temperature.

T/K g (mN$m�1)

[NTf2]�

[iC4C1im]þ [iC4C1py]þ [iC4C1pyrr]þ [C4C1pip]þ [iC4C1pip]þ

298.2 32.72 33.45 33.54 34.14
308.2 32.26 32.99 33.10 33.65 33.90
318.2 31.81 32.54 32.65 33.17 33.45
328.2 31.35 32.08 32.20 32.68 33.01
338.2 30.90 31.63 31.75 32.20 32.56
343.2 30.67 31.40 31.53 31.96 32.34

The expanded uncertainty, within 0.95 confidence level, for the surface tension and
temperature data are ± 0.3 mN$m�1 and ±0.1 K respectively. The expanded un-
certainty includes the calibration uncertainty. The results presented here were fitted
with a linear equation from the raw data.
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with a 5 and 6 atoms ring cation cores in the n alkyl series with the
former presenting higher surface entropy. This indicates a more
efficient arrangement of the non-polar region at the surface for the
smaller cation cores.
3.5. Refractive indices

The graphic representation of the refractive indices, as a func-
tion of the temperature for the studied ILs, is depicted in Fig. 8(I).
The experimental data is presented in Table 8. The refractive indices
of all studied ILs, at T ¼ 298.15 K, along with available literature
values, and the derivative of the temperature dependence of the
refractive index, vnD/vT are presented in Table 9.

The plots of the refractive indices, at T ¼ 298.15 K, as a function
of the total number of carbon atoms in the alkyl chains in the
imidazolium cations, for the measured ILs, are shown in Fig. 8 (II).
The refractive indices obtained in this work are in good agreement
with the available literature data, with relative deviations below 2%.
Seki et al. [62] reported an experimental study of 17 ILs with
different cations and anions, in the temperature range of
283.15e353.15 K. The authors [62] found that the refractive indices
of pyridinium-based ILs are quite different from those of imidazo-
lium and pyrrolidinium ILs. The refractive indices are barely
dependent on the cation structure but are highly dependent on the
anion. Our experimental results are consistent with the relations
observed by Seki et al. [62] The higher refractive indices of the
pyridinium-based ILs is related with the higher polarizability of the
aromatic moieties in this aromatic ring.
3.6. Viscosities

The experimental viscosities for the ILs here studied are re-
ported in Table 10 and represented in Fig. 9. The experimental data
was correlated using the Vogel-Tammann-Fulcher (VTF) model
described in equation (9).



Table 7
Values of the surface tension g (mN$m�1) at 330.0 K and p� ¼ 0.10 ± 0.01 MPa, and surface thermodynamic functions, Sg (J K�1 m�2) and Hg (J m�2).

Ionic liquid anion [NTf2]� g ± s (330 K)/(mN$m�1) (Sg ± s) ✕ 105/(J$K�1$m�2) (Hg ± s)✕102/(J$m�2)

[C4C1im]þ [60] 31.6 ± 0.5 5.5 ± 0.1 4.97 ± 0.03
[iC4C1im]þ 31.3 ± 0.8 4.5 ± 0.1 4.63 ± 0.06
[C4C1py]þ 32.0 ± 0.2 4.9 ± 0.1 4.82 ± 0.01
[iC4C1py]þ 32.0 ± 0.6 4.6 ± 0.1 4.70 ± 0.05
[C4C1pyrr]þ [61] 32.7 ± 0.6 5.9 ± 0.1 5.21 ± 0.04
[iC4C1pyrr]þ 32.1 ± 0.4 4.5 ± 0.1 4.69 ± 0.03
[C4C1pip]þ 32.6 ± 0.4 4.9 ± 0.1 4.86 ± 0.03
[iC4C1pip]þ 32.9 ± 0.5 4.5 ± 0.1 4.77 ± 0.03

s e overall uncertainty for 0.95 level of confidence.

Fig. 6. Surface tension values of ILs as function of temperature (I). Literature: (red) - [C4C1im][NTf2]; (red) [60]; - [C4C1pyrr][NTf2] [61]. This work: (blue) - [iC4C1im][NTf2];
(red) - [C4C1py][NTf2]; (blue) - [iC4C1py][NTf2]; (blue) - [iC4C1pyrr][NTf2]; (red) - [C4C1pip][NTf2]; (blue) -[iC4C1pip][NTf2]. Surface tension dependence, at 330 K, as a
function of the cations in the [NTf2]-based ionic liquids (II). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 7. Surface enthalpies and entropies as a function of the cations in the [NTf2]-based ionic liquids. Enthalpy (I); Entropy (II). Literature: - [C4C1im][NTf2] [60]; [C4C1pyrr][NTf2]
[61].
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Fig. 8. Refractive indices as a function of temperature at pº ¼ 0.10 ± 0.01 MPa for the studied ILs (I). (red) -[C4C1im][NTf2]; (blue) -[iC4C1im][NTf2]; (red) - [C4C1py][NTf2];
(blue) - [iC4C1py][NTf2]; (red) - [C4C1pyrr][NTf2]; (blue) - [iC4C1pyrr][NTf2]; (red) - [C4C1pip][NTf2]; (blue) - [iC4C1pip][NTf2]. Refractive indices, nD, at T ¼ 298.15 K as a
function of as a function of the cations in the [NTf2]�-based ionic liquids (II). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 8
Experimental refractive indices at the sodium D-line, nD, for the studied ILs as a
function of temperature T at p� ¼ 0.10 ± 0.01 MPa.

T/K nD

[C4C1im]þ [iC4C1im]þ [C4C1py] [iC4C1py]þ

288.15 1.4302 1.4301 1.4490 1.4490
293.15 1.4286 1.4285 1.4474 1.4474
298.15 1.4270 1.4270 1.4460 1.4459
303.15 1.4255 1.4254 1.4442 1.4443
308.15 1.4240 1.4239 1.4427 1.4427
313.15 1.4224 1.4223 1.4411 1.4411
318.15 1.4209 1.4208 1.4395 1.4395

[C4C1pyrr]þ [iC4C1pyrr]þ [C4C1pip]þ [iC4C1pip]þ

288.15 1.4261 1.4271 1.4325 1.4339
293.15 1.4247 1.4256 1.4311 1.4324
298.15 1.4232 1.4242 1.4296 1.4310
303.15 1.4217 1.4227 1.4281 1.4300
308.15 1.4203 1.4213 1.4267 1.4281
313.15 1.4188 1.4198 1.4252 1.4267
318.15 1.4173 1.4184 1.4238 1.4252
323.15 1.4238
328.15 1.4224
333.15 1.4209

The expanded uncertainty, within 0.95 confidence level, for the surface tension and
temperature data are ± 0.00005 and ± 0.1 K respectively. The expanded uncertainty
includes the calibration uncertainty. The results presented here were fitted with a
linear equation from the raw data.

Table 9
Experimental refractive indices at the sodium D-line, nD, for the studied ILs at
T ¼ 298.15 and p� ¼ 0.10 ± 0.01 MPa and respective available literature data. De-
rivative of the temperature dependence of the refractive index, vnD/vT.

Ionic liquid nD (298.15 K) 104$(vnD/vT)/(K�1) [j] nD (298.15 K)
literature

[C4C1im][NTf2] 1.4271 �3.10 ± 0.01 n.a.
[iC4C1im][NTf2] 1.4270 �3.09 ± 0.01 n.a.
[C4C1py][NTf2] 1.4460 �3.14 ± 0.01 1.44566 ± 0.00037[k]

1.44594 ± 0.00048[l]

1.4460 ± 0.0007[m]

[iC4C1py][NTf2] 1.4460 �3.17 ± 0.01 n.a.
[C4C1pyrr][NTf2] 1.4232 �2.93 ± 0.01 1.42304 ± 0.00037[n]

1.42302 ± 0.00046
1.4202 ± 0.0033[o]

[iC4C1pyrr][NTf2] 1.4242 �2.91 ± 0.01 n.a.
[C4C1pip][NTf2] 1.4300 �2.92 ± 0.01 1.42928 ± 0.00037[k]

[iC4C1pip][NTf2] 1.4310[p] �2.87 ± 0.01 n.a.

[j] in the temperature interval, any value of nD, at a specific temperature, T, can be
estimated using the following equation: nD(T/K) ¼ nD (298.15 K) þ dnD/dT$(T/K -
298.15 K). n.a. stands for non-available data. Literature data: [k] [24]; [l] [63]; [m]
[64]; [n] [65]; [o] [66]. [p] extrapolated value to 298.15 K from the linear fitting of
nD ¼ f (T). The data presented in this table was obtained taking into account the
linear fitting of the raw experimental results for the refractive indices. Uncertainty
associated to nD (298.15 K) of ± 0.0002, is the extended standard deviation and was
estimated from the combined uncertainty of the calibration and the two set of in-
dependent refractive indices measurements.
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lnðh=mPa$sÞ ¼ ln
�
Ah
�
mPa$s

�þ Bh�
T � Ch

� (9)

whereh is the viscosity inmPa$s, T is the temperature in K, andAh, Bh
and Ch are the fitting coefficients derived from experimental data.

The energy barrier of the fluid to shear was evaluated based on
the viscosity dependencewith the temperature using equation (10):

E ¼ R$
vðln hÞ
vð1=TÞ ¼ R$

0
BB@ Bh 

C2
h

T2 � 2$Ch

T þ 1

!
1
CCA (10)
where Ah, Bh and Ch are the coefficients derived from the VTF
equation (9), and the viscosity and the derived energy barrier, E, at
T ¼ 323.15 K, are presented in Table 11.

The viscosities of the studied compounds, h, at T ¼ 323.15 K, are
depicted in Fig. 10. The pre-exponential coefficient of the VTF
equation, Ah, and the energy barrier at T¼ 323.15 K, E (T¼ 323.15 K),
as a function of the cation are represented in Fig. 11.

Fig. 10 shows a clear differentiation between the aromatic and
non-aromatic ILs. In aromatic ILs, the iso-alkyl IL presents a higher
viscosity than the n-alkyl while the opposite was observed for the
non-aromatic ILs. A detailed analysis of the shear stress energetics
of the viscosity, depicted in Fig. 11, shows that the iso-alkyl aro-
matic ILs present a higher energy barrier, in line with the observed
in the viscosity trend. For the non-aromatic ILs, the iso-alkyl group
leads to a decrease in the energy barrier that is driving the



Table 10
Experimental viscosity results, h, at pº ¼ 0.10 ± 0.01 MPa for the studied ILs as a function of temperature.

T/K h/(mPa$s)

[iC4C1im]þ [C4C1py]þ [iC4C1py]þ [C4C1pip]þ [iC4C1pip]þ [C4C1pyrr]þ [iC4C1pyrr]þ

[NTf2]�

293.15 107.35 84.20 135.42 261.28 101.71 83.61
298.15 81.44 65.74 100.10 189.11 79.57 66.29
303.15 63.36 52.39 76.34 141.44 125.12 63.64 53.53
308.15 50.30 42.46 59.56 108.27 96.40 51.71 43.91
313.15 40.69 34.93 47.48 84.87 76.03 42.67 36.52
318.15 33.40 29.13 38.42 67.24 60.67 35.60 30.75
323.15 27.81 24.59 31.63 54.34 49.34 30.07 26.18
328.15 23.46 20.97 26.40 44.55 40.71 25.66 22.52
333.15 20.05 18.10 22.36 37.09 34.11 22.16 19.57
338.15 17.24 15.71 19.08 31.09 28.76 19.21 17.09
343.15 14.99 13.77 16.47 26.41 24.57 16.83 15.06
348.15 13.14 12.15 14.35 22.65 21.18 14.84 13.36
353.15 11.63 10.82 12.63 19.65 18.47 13.21 11.95
358.15 10.31 9.66 11.14 17.09 16.14 11.77 10.70
363.15 9.22 8.69 9.93 15.01 14.25 10.57 9.65

The magnitude of the experimental differentiation between the two independent set of viscosity data: ± [0.005 mPa s þ 0.001.(h/mPa s)].

Fig. 9. Logarithm of viscosity as a function of temperature at pº ¼ 0.10 ± 0.01 MPa for
the studied ILs. The solid lines represent the Vogel-Tammann-Fulcher fitting from
equation (9). (blue) - [iC4C1im][NTf2]; (red) - [C4C1py][NTf2]; (blue) - [iC4C1py]
[NTf2]; (red) - [C4C1pyrr][NTf2]; (blue) - [iC4C1pyrr][NTf2]; (red) - [C4C1pip]
[NTf2]; (blue) - [iC4C1pip][NTf2]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 10. Viscosity (h/mPa s) at T ¼ 323.15 K and p� ¼ 0.10 ± 0.01 MPa as a function of
the cations in the [NTf2]-based ionic liquids. Literature: (red) -[C4C1im][NTf2] [56].
This work: (blue) - [iC4C1im][NTf2]; (red) - [C4C1py][NTf2]; (blue) - [iC4C1py]
[NTf2]; (red) - [C4C1pyrr][NTf2]; (blue) - [iC4C1pyrr][NTf2]; (red) - [C4C1pip]
[NTf2]; (blue) - [iC4C1pip][NTf2]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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decrease in the viscosity, when compared with the respective n-
alkyl isomers. As expected, the branching of the alkyl side chain
increases the pre-exponential coefficient, Ah for all compounds
studied. The piperidinium-based ILs are the most viscous as a
Table 11
Fitted parameters of VTF equation for the viscosity data of the studied ILs, viscosity and

Ionic liquid Ah/(mPa.s) Bh/K

[iC4C1im][NTf2] 0.1909 ± 0.004 701.9 ± 6.0
[C4C1py][NTf2] 0.1725 ± 0.002 748.8 ± 4.2
[iC4C1py][NTf2] 0.2058 ± 0.004 675.3 ± 5.6
[C4C1pip][NTf2] 0.1571 ± 0.004 830.1 ± 7.8
[iC4C1pip][NTf2] 0.1793 ± 0.005 791.8 ± 8.4
[C4C1pyrr][NTf2] 0.1779 ± 0.005 803.3 ± 8.0
[iC4C1pyrr][NTf2] 0.1949 ± 0.005 768.8 ± 7.7
result of the higher energy barrier, which must be related to
conformational features. The larger number of possible
the derived energy barrier at T ¼ 323.15 K and p� ¼ 0.10 ± 0.01 MPa.

Ch/K h/(mPa$s) E/(kJ$mol�1)

(T ¼ 323.15 K)

182.3 ± 0.6 27.82 30.70 ± 0.64
172.2 ± 0.4 24.59 28.52 ± 0.37
189.0 ± 0.5 31.64 32.60 ± 0.69
181.2 ± 0.7 54.36 35.76 ± 0.82
182.2 ± 0.8 49.40 34.61 ± 0.94
166.6 ± 0.8 30.07 28.44 ± 0.65
166.3 ± 0.8 26.19 27.12 ± 0.62



Fig. 11. The energy barrier (E/kJ mol�1) at 323.15 K (I) and Pre-exponential coefficient of the VTF equation (Ah/mPa s) (II) as a function of the cations in the [NTf2]-based ionic liquids.
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conformations increases the cohesive interaction in the shear, thus
increasing the viscosities.
3.7. Final remarks

The n vs. iso isomerization, aromaticity and ring cation core size
effects on the physical-chemical properties of ionic liquids (ILs),
such as thermal behaviour, heat capacities, densities, refractive
indices, surface tensions and kinematic viscosities were explored in
this work. From the temperature dependence of the experimental
results, the thermal expansion coefficients, the thermal tempera-
ture dependence of the refractive index, entropies and enthalpies of
surface formation and energy barrier to shear were derived. This
study highlights that the incorporation of a branched alkyl chain in
different types and sizes of aromatic and non-aromatic cations
cannot be easily interpreted and generalized.

We found that the iso-alkyl group leads to an increase in the
relative stability of the glass relative to the supercooled liquid,
leading to higher Tg. The heat capacity change of the glass transition
enhances the absolute entropic differentiation between the glass
and liquid states. The iso-pyrrolidinium (5 atoms ring cation core)
and iso-piperidinium (6 atoms ring cation core) ILs present a strong
differentiation in the enthalpy and entropy of melting.

Non-aromatic ILs present a higher molar heat capacity due to
the increase of the atomic contribution. No significant differentia-
tion on the isomerization n to iso-alkyl ILs was found in the heat
capacities. The n to iso isomerization has no effect on the densities
and thermal expansion; nevertheless, these properties are sensitive
to the aromaticity of the cation core.

No n to iso differentiation and a very small increase (from the 5
to 6 ring cation core) in refractive indices was observed. The pyr-
idinium cations derived ILs were those with the highest refractive
indices which are related with the higher polarizability of the ar-
omatic pyridinium ring. The temperature dependence of the
refractive indices is in the range between e (2.9e3.2) � 10�4 K�1

and seems to be related with the thermal expansion coefficients of
each ILs.

The small increase of the surface tension from the aromatic to
the non-aromatic ILs was found to be related with the higher
cohesive energy of the bulk in non-aromatic ILs and the slightly
lower surface entropy of the iso isomers, an indication of a strong
structural resemblance between the bulk and the IL surface. The
significant differentiation between IL with 5 and 6 atoms ring
cation cores in the n-alkyl series (5 atoms ring cation has higher
surface entropy) is an indication of a more efficient arrangement of
the non-polar region at the surface in the smaller cation core.

The non-aromatic piperidinium cation and the iso-alkyl isomers
were found to be the most viscous among the studied ILs, due to
their higher energy barrier which can also be related with confor-
mational features. A larger number of possible conformations will
increase the cohesive interaction on the shear.
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