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In the present work, the heat capacities at T = 298.15 K of 1,3-dialkylimidazolium
bis(trifluoromethylsulfonyl)imide, [CN/2 CN/2 im][NTf2 ], were measured, for the first time, using a
high-precision heat capacity drop calorimeter, with an uncertainty of less than 0.15%. Based on the
obtained results, it was possible to evaluate the effect of the cation symmetry on the heat capacity
data through a comparative analysis with the [CN-1 C1 im][NTf2 ] ionic liquid series. The molar heat
capacities of the [CN/2 CN/2 im][NTf2 ] ionic liquids series present a less pronounced deviation from
the linearity along the alkyl chain length than the asymmetric based ionic liquids series. Lower molar heat capacities for the symmetric than the asymmetric series were observed, being this difference
more evident for the specific and volumic heat capacities. As observed for the [CN−1 C1 im][NTf2 ]
series, a trend shift in the heat capacities at [C6 C6 im][NTf2 ] was found that reflects the impact of
nonpolar region nanostructuration on the thermophysical properties of the ionic liquids. The profile
of the two regions is in agreement with the expected effect arising from the nanostructuration in ionic
liquids. The results obtained in the present work show a clear indication that for the symmetric series,
[CN/2 CN/2 im][NTf2 ], the starting of the liquid phase nanostructuration/alkyl chain segregation occurs
around [C6 C6 im][NTf2 ]. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4820825]
I. INTRODUCTION

Heat capacity is one of the most important thermophysical properties characterizing the liquid phase, and is intimately linked to the temperature dependence of fundamental thermodynamic properties. Heat capacities are essential
for the temperature correction of entropy and enthalpy in
any chemical or physical process, it can be used to evaluate
molecular and supramolecular interactions, as well as, highlight some structural and dynamics properties of materials.
Accurate heat capacity data have a wide field of application
in thermochemistry for calculating changes in reaction enthalpies and in chemical engineering for establishing energy
balances.1–3 The possible use of ionic liquids (ILs) as heat
transfer for heat exchange in chemical plants and solar thermal power generation was discussed, and it was found that
the imidazolium based ionic liquids present higher heat capacities per unit of volume that two high performance commercial thermal fluids.4–6 The knowledge of the heat capacity
is required for the evaluation of the applicability of the ionic
liquids as heat transfer fluids.4–6
During the past decade, the research in ionic liquids has
gained popularity, mainly due to their particular properties.
Hence, intense research in these systems was performed both
in fundamental and applied fields, contributing to the progress
in the understanding of the ionic liquids at a molecular level,
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and consequently, to the advance in the applied field.7–9 The
comprehension of the physical chemical properties of ionic
liquids and their adequate tuning, relies on the adequate understanding of the molecular structure of the ILs in the liquid
phase. The structural organization of the liquid phase of ionic
liquids comprises high charge density organized themselves
in order to satisfy the electroneutrality conditions and to enhance the electrostatic interactions between the cation and anion, and the alkyl chains of the cation (low charge density)
segregate elsewhere.10–14 The interaction between these two
types of regions (polar and nonpolar) led to the recognition
of ionic liquids as high-charge density (polar) network permeated by low-charge density (non-polar) regions.10–14 This
characteristic of the structural organization in ionic liquids
was later supported experimentally by X-ray diffraction15
and by small-wide angle X-ray scattering (SWAXS).16, 17 Recently, the studies exploring mesoscopic structural heterogeneities in ionic liquids has been compiled and discussed in
order to give a better understanding on the nature of structural
heterogeneities in ILs.18 Shimizu et al.,19 based on molecular
dynamics simulation, have shown that the structural segregation in ILs depends on the size of the polar and nonpolar regions. These regions can exist as isolated (dispersed) islands
or a second continuous phase, in which the transition from
a dispersed to a continuous non-polar phase corresponds to
the nanostructuration limit.19 Recently we have reported the
heat capacities at T = 298.15 K of the extended series of
ionic liquids, [CN−1 C1 im][NTf2 ] (with N = 3–9, 11, and 13),
where the effect of the nanostructuration of ionic liquids in
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this property was evaluated.20 In this work a trend shift along
the alkyl side chain length, related to a change in the molecular structure of the liquid phase around [C6 C1 im][NTf2 ],
in agreement with the thermodynamic study of vaporization
published, for the same ionic liquid family21 was disclosed.
It was also shown that the effect of the nanostructuration is
more visible when the heat capacities and enthalpies of vaporization on a volumetric basis are used. This being a result
of the relationship of the trend shift with the cohesive energy
of the liquid.20
In the present work, the heat capacities at T = 298.15 K
of 1,3-dialkylimidazolium bis(trifluoromethylsulfonyl)imide,
[CN/2 CN/2 im][NTf2 ], were measured using a high-precision
heat capacity drop calorimeter developed by Wadsö22, 23 and
recently updated in our laboratory.24 This work complements
and extends the previous study concerning the heat capacities
of the [CN−1 C1 im][NTf2 ] ionic liquid series, aiming at evaluating the effect of the symmetry and nanostructuration on the
heat capacities of an ionic liquid homologous series.

II. EXPERIMENTAL DETAILS

The 1,3-dialkylimidazolium bis(trifluoromethylsulfonyl)imide series, [CN/2 CN/2 im][NTf2 ] (N = 2, 4, 6, 8, 10, 12,
14, 16, 18, 20), used in this work, were purchased from
IOLITEC with a stated purity of better than 98%. All ionic
liquids were dried under reduced pressure (<10 Pa) and
stirred constantly at 323 K, in order to reduce the presence of
water or other volatile contents. This process was performed
systematically before and during the heat capacity measurements. The purity of each ionic liquid was further evaluated
by 1 H, 13 C, and 19 F NMR spectra and all ionic liquids found
to be >99 wt.% purity. The water contents of the degassed
samples were determined with a Metrohm 737 Karl Fischer
R
- Coulomat AG from Riedelcoulometer, using the Hydranal
de Haën, and revealed less than 200 ppm of water.

A. High-precision heat capacity drop calorimetry

The heat capacities at T = 298.15 K of the extended series of [CN/2 CN/2 im][NTf2 ] (N = 2, 4, 6, 8, 10, 12, 14, 16,
18, 20) ionic liquids were measured by a high-precision heat
capacity drop calorimeter, which is described in detail in the
literature.22–24 The calorimeter, was originally developed and
used at the Thermochemistry Laboratory, Lund, Sweden,22, 23
being afterwards transferred to Porto, Portugal, where it was
reassembled, modernized, and tested.24 The apparatus comprises two main parts: the furnace and the calorimetric receiving block. The furnace is maintained at a constant temperature T = 303.15 K and the receiving calorimeter is kept
at T = 293.15 K. The ampoules were weighted in a Mettler
Toledo AG245 dual range analytical balance (sensitivity of
0.00001 g and repeatability of 0.00002 g) both empty and after filling with the ionic liquid. The ampoule was maintained
in the furnace for temperature equilibration, in a fixed position, by means of a drop and lift mechanism system. After a
pre-defined time, the ampoule was dropped into the receiving calorimetric block at a well-defined temperature, and was
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kept there for a fixed time interval. In each independent drop
experiment, the drop procedure was automatically repeated
using the same experimental conditions, used for the blanks
and calibration experiments. In the present work the apparatus was used in single-drop mode (no reference ampoule was
used) with blank correction that was measured independently
using empty ampoules.
The calorimeter was calibrated with water and sapphire
(α-Al2 O3 ), using the respective standard molar heat capacio
(H2 O) = (75.32
ties at 298.15 K reported in literature, Cp,m
−1
−1
o
± 0.01) J K mol and Cp,m (α-aluminum oxide) = (79.03
± 0.08) J K−1 mol−1 .25 The calibration constant was found
to be ε = (6.6040 ± 0.0036) W V−1 . Since the calorimeter was used to measure the heat capacity of ionic liquids,
the accuracy was checked on the basis of the results obtained
o
([C6 C1 im][NTf2 ],
for [C6 C1 im][NTf2 ]. The determined Cp,m
−1
298.15 K) = (629.24 ± 0.43) J K mol−1 was obtained
from the average of two independent experiments, using different ampoules, and is in excellent agreement with the reco
([C6 C1 im][NTf2 ], 298.15 K) = (631.6
ommended value, Cp,m
−1
−1 26
± 1.3) J K mol .
The relative atomic masses of the 11 elements have been
presented as an interval, in the latest IUPAC technical report
2009.27 Since the values reported in the IUPAC Commission
in 200728 are within the presented interval, we choose to use
the relative atomic masses recommended by the IUPAC report
2007 in this work.28 All the uncertainties are given as twice
of the standard deviation of the mean, and include the calibration uncertainty. The buoyancy effect correction was considered both for the calibration and experiments of the ionic
liquids.
III. RESULTS AND DISCUSSION

The molar masses, M (g mol−1 ), number of drop experiments, Ndrop , and the measured molar heat capacities at
o
(J K−1 mol−1 ), for the studied ionic liquids
298.15 K, Cp,m
are presented in Table I.
Table II lists a compilation of the heat capacity data for
the studied ionic liquids at T = 298.15 K. The volumic heat
capacities, Cpo /V , were calculated taking into account the
TABLE I. Molar heat capacity values, at T = 298.15 K, for the studied ionic
liquids.
Ionic liquid
[C1 C1 im][NTf2 ]
[C2 C2 im][NTf2 ]
[C3 C3 im][NTf2 ]
[C4 C4 im][NTf2 ]
[C5 C5 im][NTf2 ]
[C6 C6 im][NTf2 ]
[C7 C7 im][NTf2 ]
[C8 C8 im][NTf2 ]
[C9 C9 im][NTf2 ]
[C10 C10 im][NTf2 ]

M (g mol−1 )

Ndrop

377.286
405.340
433.393
461.446
489.500
517.553
545.606
573.660
601.713
629.766

14
20
16
33
17
14
23
20
15
19

o
Cp,m
(J K−1 mol−1 )

472.33 ± 0.46
532.64 ± 0.52
594.52 ± 0.49
656.79 ± 0.82
718.19 ± 0.71
778.50 ± 0.77
838.71 ± 0.62
906.36 ± 1.23
966.17 ± 1.38
1027.00 ± 0.86

Ndrop . = Number of drop experiments; the number of drops is the sum of the drops that
were obtained in two or more independent experiments.
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o , at T = 298.15 K, for each ionic liquid.
TABLE II. Densities, ρ, specific heat capacities, cpo , volumic heat capacities, Cpo /V , and molar heat capacities, Cp,m

Ionic liquid
[C1 C1 im][NTf2 ]
[C2 C2 im][NTf2 ]
[C3 C3 im][NTf2 ]
[C4 C4 im][NTf2 ]
[C5 C5 im][NTf2 ]
[C6 C6 im][NTf2 ]
[C7 C7 im][NTf2 ]
[C8 C8 im][NTf2 ]
[C9 C9 im][NTf2 ]
[C10 C10 im][NTf2 ]
a

ρ (298.15 K) (g cm−3 ) [Ref. 29]

cpo (J K−1 g −1 )

Cpo /V (J K−1 cm−3 ) a

o
Cp,m
(J K−1 mol−1 )

1.5692
1.4749
1.3990
1.3428
1.2924
1.2550
1.2252
1.1948
1.1692
1.1522

1.2519 ± 0.0012
1.3141 ± 0.0013
1.3718 ± 0.0011
1.4233 ± 0.0018
1.4672 ± 0.0015
1.5042 ± 0.0015
1.5372 ± 0.0011
1.5800 ± 0.0021
1.6057 ± 0.0023
1.6308 ± 0.0014

1.9645 ± 0.0019
1.9382 ± 0.0019
1.9191 ± 0.0015
1.9112 ± 0.0024
1.8962 ± 0.0019
1.8878 ± 0.0019
1.8834 ± 0.0013
1.8878 ± 0.0025
1.8774 ± 0.0027
1.8790 ± 0.0016

472.33 ± 0.46
532.64 ± 0.52
594.52 ± 0.49
656.79 ± 0.82
718.19 ± 0.71
778.50 ± 0.77
838.71 ± 0.62
906.36 ± 1.23
966.17 ± 1.38
1027.00 ± 0.86

Cpo /V values were calculated taking into account the specific heat capacities, cpo , and the experimental density values available in the literature.29

specific heat capacities, cpo , and the experimental density values available in the literature.29 For this series of ionic liquids,
no literature data were found. The heat capacities of the studied ionic liquids were measured with an uncertainty of less
than 0.15%.
The graphic representations of the molar heat capacity
o
, and the specific heat capacity data, cpo , as a funcdata, Cp,m
tion of the total number of carbons atoms in the alkyl side
chains of the cation, N, are presented in Figure 1.
Unlike to what it was observed for the series of ionic
o
liquids, [CN−1 C1 im][NTf2 ] (asymmetric ILs)20 , the Cp,m
(T = 298.15 K) of the [CN/2 CN/2 im][NTf2 ] series (symmetric
ILs) increases near linearly along the alkyl chain length, with
a contribution of (30.88 ± 0.09) J K−1 mol−1 per methylene
group (–CH2 –).
From Figure 1(I) it can be observed that, for the same
total number of carbons in the alkyl chains, the symmetric series presents slightly lower molar heat capacities than
the asymmetric ones, being this difference larger above
[C6 C1 im][NTf2 ]. This difference becomes more evident in the
specific heat capacities, presented in Figure 1(II), where the
asymmetric ionic liquids present higher specific heat capacities than the symmetric. Instead of two regions in the cpo values, as observed for the asymmetric series, the specific heat

capacities of the symmetric ionic liquids could be described
by a curvilinear function with a decrease of the derivative,
without a clear distinction of two regions with a discontinuity of a derivative. The contribution per –CH2 – group for
the cpo values is higher for the symmetric ILs with shorter
alkyl side chains, reaching a region where a subtle decrease
in the −CH2 − group contribution is observed, with a clear
odd-even effect for longer alkyl side chains, as depicted in
Figure 1(II).
Figure 2 presents the volumic heat capacities against
the total number of carbons in the alkyl side chains of the
cation. In this graphic representation it is clear that the symmetric imidazolium based ionic liquids present lower volumic heat capacities than those observed for the asymmetric
ILs.20 For the asymmetric ionic liquids,20 the volumic heat
capacity reaches a constant value (1.92 J K−1 cm−3 ) above
[C6 C1 im][NTf2 ] (Figure 2 “Region B” in the asymmetric series). In the case of the symmetric series, the volumic heat
capacities present an identical decrease in the volumic heat
capacities, from [C2 C2 im][NTf2 ] to [C6 C6 im][NTf2 ], reaching a constant value of 1.88 J K−1 cm−3 (Figure 2 “Region
B” in the symmetric series) significantly lower than the observed value for the asymmetric ILs from [C7 C7 im][NTf2 ] to
[C10 C10 im][NTf2 ]. The lower constant value for the volumic

FIG. 1. Molar heat capacities (I) and specific heat capacities (II) as a function of the total number of carbon atoms in the alkyl side chains of the cation. Graph
o
o
(I)  (gray), [CN−1 C1 im][NTf2 ] (N = 3–9, 11, and 13);20 — (gray), fitting of Cp,m
values of [C3 C1 im][NTf2 ]-[C5 C1 im][NTf2 ]; –– (gray), fitting of Cp,m
o
values of [C7 C1 im][NTf2 ]-[C12 C1 im][NTf2 ];  (blue), [CN/2 CN/2 im][NTf2 ] (N = 2, 4, 6, 8, 10, 12, 14, 16, 18, 20); − − − (blue), fitting of Cp,m
values of
[C1 C1 im][NTf2 ]-[C10 C10 im][NTf2 ]. Graph (II)  (gray), [CN−1 C1 im][NTf2 ];20  (blue), [CN/2 CN/2 im][NTf2 ].
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It is well established that in the liquid phase of ionic liquids, the polar regions tend to organize themselves in order to
enhance the electrostatic interactions between the cation and
anion and the alkyl chains of the cation for a non-polar segregated network.13, 14, 19 In previous studies, the experimental
evidence for the nanostructuration in ionic liquids was verified to occur above [C6 C1 im][NTf2 ].20, 21, 29 Based on the results obtained in the present work, we found a clear indication
that for the symmetric series, [CN/2 CN/2 im][NTf2 ], the limit
for the beginning of the nanostructuration/alkyl chain segregation is around [C6 C6 im][NTf2 ].
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FIG. 2. Volumic heat capacities as a function of the total number of carbon
atoms in the alkyl side chains of the cation.  (gray), [CN−1 C1 im][NTf2 ] (N
= 3–9, 11, and 13);20  (blue), [CN/2 CN/2 im][NTf2 ] (N = 2, 4, 6, 8, 10, 12,
14, 16, 18, 20).
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