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The heat capacity and thermal behavior trend along the 1-alkyl-3-methylimidazolium hexafluorophosphate
[CnC1im][PF6] (with n = 2–10, 12) ionic liquids series, is used to explore the effect of the alkyl chain length in
the nanostructuration. The heat capacities of the studied ILs were measured with an uncertainty better than
±0.15% and are in excellent agreement with the available data in the literature. An odd-even effect for the spe-
cific and volumic heat capacities of the [CnC1im][PF6] serieswas found. The observed odd-even effect in the liquid
heat capacity was rationalized considering the preferential orientation of the terminal\\CH3 group. The higher
specific/volumic heat capacities shown for the [C6C1im][PF6] and [C8C1im][PF6] are an indication of an additional
conformational disorder increase in the liquid phase that could be related with a weaker alkyl chain interdigita-
tion capability of the even number chain ILs. The melting temperatures and consequent Δs

lHm
o and Δs

lSm
o trend

along the alkyl series present a V-shape profile that is explained based on the analysis of the balance between
the initial decrease of the electrostatic interaction potential and the increase of the van der Waals interactions
with the increasing size of the alkyl side chain of the cation. The inhibition of crystallization for intermediate
alkyl chain size (from [C5C1im][PF6] to [C8C1im][PF6]) seems to arise from the overlapping of the hypothetical
cold crystallization temperature by themelting temperature. Above the critical alkyl size, CAS, a regular increase
in the entropy and enthalpy profiles presents a similar shape than the observed in other alkane series and is a
strong support of the intensification of the ILs nanostructuration.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Ionic liquids, ILs, are known for possessing high viscosities, high heat
capacities and high electrical conductivity, higher than the common or-
ganic solvents. All the ILs properties can be tuned by simply exchanging
their components [1–5] as well by the change of the alkyl chain length
in the cation or anion. This is an important feature for both science
and industrial fields because the ILs can be easily adapted to different
applications. The research on their physicochemical properties is of
great importance for the better understanding of structure-property re-
lationships between the different cation-anion combinations, allowing
the design of new and improved ILs [5]. Some ILs are considered as
nanostructured systems that tend to organize themselves into hetero-
geneous regions due to the separation of polar (head polar groups and
anions) and non-polar domains (long alkyl chains), maximizing their
electrostatic interactions and maintaining the electroneutrality
tos@fc.up.pt (L.M.N.B.F. Santos).
conditions of the cation/anion aggregation [6]. The transition between
polar and non-polar domains was observed in different properties,
when the effect of the alkyl chain length of the cation was investigated
[7–9]. The effect of the nanostructuration in the ILs properties was
found to be intensified at the denominated critical alkyl size, CAS typi-
cally at n = 6 [7–9].

In general, ILs exhibit relatively weak coulombic interactions com-
pared to the molten salts, due to the charge delocalization of asymmet-
ric ions [1–6]. This leads to an inefficient arrangement of the crystal
lattice, and consequently, lower melting temperatures of ILs and in
many cases, glass formation with marked inhibition of crystallization.
These features lead to complex solid - liquid phase behavior [10–12].
For many ILs, the cooling of the liquid phase tends to pass to a metasta-
ble equilibrium (undercooling), and later to glass formation. In these
cases, the kinetics of the crystallization, mainly governed by the liquid
cooling rate, plays an important role. As a result, in order to obtain reli-
able thermal phase behavior data, long equilibration times and small
samples are needed [13,14]. The main works reporting thermal phase
behavior of ILs were performed using differential scanning calorimetry
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Fig. 1. Schematic representation of the 1-alkyl-3-methylimidazolium cations, [CnC1im]+,
and the studied anion, hexafluorophosphate [PF6]−. The size of the alkyl chain from
n = 2–10 and 12.
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(DSC). The obtained data for these systems have revealed multiple
solid-solid transitions, e.g. crystal-crystal polymorphism, as detected
for 1-butyl-3-methylimidazolium chloride ([C4C1im][Cl]) [11], and in
some cases the ILs exhibit plastic-crystal transitions, which consumes
a fraction of the energy of fusion leading to crystal - liquid transition
with a lower enthalpy of fusion [15]. The existence of crystal polymor-
phism in the ILs indicates a level of a more complex structure [12] and
also contributes for a differentiation on the thermophysical properties,
such as, melting temperatures and heat capacities. Holbrey et al. [11]
found the existence of two type of crystals in [C4C1im][Cl] which differ
only in the conformation of the alkyl chain. Later that work was
complemented with the thermal behavior studies of the two crystalline
forms by Nishikawa et al. [16].

The 1-alkyl-3-methylimidazolium hexafluorophosphate ILs series is
one of the most studied series [17]. Gordon et al. [17] presented a com-
pilation of phase transition temperatures for the imidazolium
hexafluorophosphate series, [CnC1im][PF6] with long alkyl chains
(n N 12), where it was found an increase of the melting temperatures
along the alkyl chain. Later, Triolo et al. [18] reported a thermodynamic,
structural, and dynamical information obtained for [C4C1im][PF6] in its
amorphous glassy and liquid state, using quasi-adiabatic, continuous
calorimetry, and X-ray and neutron scattering. Based on the results it
was possible to observe that the studied IL show a considerable degree
of order in their amorphous states, which resembles the crystalline
order and a complex crystal polymorphism has been characterized
[18]. Endo et al. [19–21] presented three individual studies about two
[PF6] ILs, [C1C1im][PF6] [19] and [C4C1im][PF6] [20,21], where based on
the thermal phase behavior complemented with Raman spectroscopy,
they were able to distinguish different crystalline phases of both com-
pounds, showing that polymorphism is a characteristic of ILs with
short alkyl chain size. The different crystalline phases of [C1C1im][PF6]
were detected with some difficulty since the solid-solid transition did
not possess a fixed temperature and was dependent on the measure-
ment heating rate [19]. This behavior was also described for
[C4C1im][PF6], together with the detection of different crystalline
phases. This last IL was the focus of study of many scientific groups,
leading to well-known heat capacities [9,22,23].

Holbrey et al. [24] studied the phase behavior of an analogous series,
[CnC1im][BF4] (for n=0–18), where the Tm displayed a V-shaped trend.
Their study showed that for intermediate alkyl chain size (n=2–9) the
ILs did not crystallize, undergoing a supercooled state or glass transition,
remaining liquid down to a lower limit of 193K. The remaining ILs (for n
=0, 1 andn=10–18) do not present a linear trendwhen compiling the
melting temperatures as function of the size of the alkyl chain. For low
alkyl chain size, the [BF4] series presented a decrease in the melting
temperature with the\\CH2\\ increment, while for long alkyl chains,
an increasing of the melting temperatures, per\\CH2\\ group, was
observed.

The V-shaped trend presented above [24] was later observed on
physical properties studies for [CnC1im][PF6] and [CnC1im][NTf2] with
n = (2−10) as reported by Dzyuba et al. [25] and Rodrigues et al. [7] .

More recently, the behavior observed for the Tm of the [CnC1im][PF6]
series was reproduced by Zhang and Maginn [26] using molecular sim-
ulation studies. Before the CAS, the reason for the decrease in the Tm
with the increasing alkyl chain length is mainly entropic. After the
CAS, the dispersive interactions become dominant, leading to an in-
creasing melting enthalpy per\\CH2\\ increment and overcoming the
melting entropy [26]. Nemoto et al. [27] presented another calorimetric
study with Tg and Tm values. The values for pure compounds are in
agreement with the trend mentioned above for [BF4] and [PF6]. For
long alkyl chains, ILs tend to present transitions from liquid to liquid-
crystal, revealing the high level of organization in the liquid phase.

For other series, as for example for the [NTf2] series, themelting tem-
peratures do not seem to follow any trend [7,28]. In this case, the cation
size plays an important role, governing the packing system and
diminishing the importance of short side alkyl chains [12]. For example,
Shimizu et al. [28] studied the dependence of thermodynamic proper-
ties on alkyl-chain-length also for an analogous series, [CnC1im][NTf2]
(for n = 2–18), and concluded that the entropy of the crystalline state
for members with short alkyl chain dominates their lowmelting points.

In this work, the thermal behavior (temperature range of 183 K to
423 K) of 1-alkyl-3-methylimidazolium hexafluorophosphate,
[CnC1im][PF6] (with n=2–10, 12), wasmeasured by a differential scan-
ning calorimeter (TA Q1000, TA Instruments, USA). The thermal behav-
ior studywas complemented with the heat capacities studies of each IL.
The heat capacity data have a wide field of application in chemical engi-
neering for establishing energy balances, in thermochemistry for calcu-
lating changes in reaction enthalpies as well as in evaluation of
molecular and supramolecular interactions and structural changes of
materials. Simultaneously, the phase behavior analysis complements
the heat capacities studies, allowing the comprehension of existingmo-
lecular arrangements, most stable crystalline phases and consequently,
other adjacent properties. The same samples used for thermal behavior
studies were measured with a Tian-Calvet calorimeter in the tempera-
ture range of 258–353 K, for heat capacities studies and support the
high-precision heat capacity drop calorimeter [29–31] resultsmeasured
at T=298.15 K. This work is part of a wider project related with the ef-
fect of nanostructuration on thermophysical properties of ILs [7,9,
32–34].

The experimental results obtained for the molar, specific and
volumic heat capacities and thermal behavior will be used to evaluate
the effect of the nature and size of the anion, as well as the impact of
the nanostructuration of ILs on the thermophysical properties. This
analysis will be performed in a comparative basis with the literature
data for the [CnC1im][NTf2] IL series [7].

2. Experimental details

2.1. Materials and purification

The 1-alkyl-3-methylimidazolium hexafluorophosphate,
[CnC1im][PF6] (with n = 2–10, 12, Fig. 1), used in this work, were pur-
chased from IOLITEC with a stated purity of better than 99% (additional
information is listed as SI). The sampleswere distributed among the two
laboratories, and independent purification processes were performed.
All the ILswere purified and stored under vacuum(b10 Pa) atmoderate
temperature (room temperature to 323 K) and constant stirring, to re-
duce the presence of water or other volatile contents. This process
was performed systematically before the thermophysical properties
measurements. The low content of water (b500 ppm) was measured
and confirmed by Karl-Fischer titration.

2.2. Phase behavior measurements

The phase behavior of the studied ILs was explored in the tempera-
ture range of 183K to 423Kwith a differential scanning calorimeter (TA
Q1000, TA Instruments, USA) using the continuous method with a
heating rate of 5 K min−1 and sealed aluminum crucibles. The temper-
ature and heat flux scales of the calorimeter were calibrated using
water, gallium, naphthalene, indium, and tin.



Table 1
Experimental glass, Tg, solid-solid, Tss, cold crystallization Tcc, and melting temperatures, Tm, are presented together with the Tg/Tm ratio for the [Cnmim][PF6] series (n = 2–10, 12).

Ionic liquid Tg/K Tss/K Tcc/K Tm/K Tg/Tm

[C1C1im][PF6] – – – (α, 364.3)a

(β, 314.3)a

[C2C1im][PF6] – 279.4 ± 0.8 (297 ± 1)b 334.2 ± 0.3
(333 ± 1)b, (332.8 ± 1)c,
(331.1 ± 4)d, (334.1 ± 1)e,
(335 ± 2)f, (333 ± 3)g, (341–343)o, (335.7)p, (335)q

–

[C3C1im][PF6] (199.2)d – 219.1 ± 0.3 311.8 ± 0.3
(294.2d, 310-312o)

–

[C4C1im][PF6] 196.0 ± 0.9
(196.2d,190.6h,
196.2i, 194.0j, 195p, 194r, 193s, 196t)

– (226.5d) (276.4c,283.5h,
283 ± 6i, 282.3j

284 ± 1k,283 ± 2l,
γ = 285.3 ± 0.7m

β = 285.8 ± 0.7m, 281.8n, 285u, 283v, 278w)

0.687

[C5C1im][PF6] 199.2 ± 1.2
(193.2d,197p)

– – – –

[C6C1im][PF6] 201.7 ± 0.4
(193.2d, 197.4j, 199p)

– – – –

[C7C1im][PF6] 203.5 ± 0.5
(189.2d, 201p)

– – – –

[C8C1im][PF6] 203.5 ± 0.4
(202.2d, 199.8j)

– – 267.3 ± 0.3
(272.3j)

0.761

[C9C1im][PF6] 205.9 ± 0.3
(207.2d, 200.6j)

– 252.8 ± 0.5 293.0 ± 0.3
(287.1 ± 2d)

0.703

[C10C1im][PF6] 208.2 ± 0.3
(202.2d, 205.9j)

– 238.8 ± 0.8 307.1 ± 0.3
(305.2 ± 2d, 308.4j)

0.678

[C12C1im][PF6] – – – 326.5 ± 0.3
(326.2j)

–

Standard pressure (p0 = 105 Pa). Standard uncertainties, u, are u(T) = 0.02 K, the 0.95 confidence level (k ≈ 2).
a Endo et al. [19]
b Vila et al. [44].
c Domanska et al. [45].
d Dzyuba et al. [25].
e Sifaoui et al. [46].
f Ngo et al. [47].
g Wong et al. [48].
h Kabo et al. [23].
i Tokuda et al. [49].
j Nemoto et al. [27].
k Fredlake et al. [50].
l Huddlestone et al. [51].
m Endo et al. [20].
n Zhang et al. [52].
o Talaty et al. [53].
p Strehmel et al. [54].
q Urahata et al. [55].
r Shamim et al. [56].
s Branco et al. [57].
t Xu et al. [58].
u Holopainen et al. [59].
v Flieger et al. [60].
w Su et al. [61].
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Fig. 2. Typical thermograms obtained by DSC using the described experimental methodology: (I) - [C2C1im][PF6], solid–solid relaxation transition Tss was found 30 to 50 K before the
melting temperature (at 0.3 K min−1); (II) - DSC thermogram for [C10C1im][PF6]. Exhibiting the glass transition after the first melting cycle, followed by a cold crystallization and
melting. Black, red, and dashed lines represent the first, second, and third consecutive DSC temperature scans (5 K min−1 heating rate).
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Table 3
Experimental Δcp values of the previously described phase transitions: Tg, Tcc and Tm.

Compound Δgl
l cm/J K−1 g−1 Δl

crcp/J K−1 g−1 Δcr
l cp/J K−1 g−1

[C2C1im][PF6] – – 0.09
[C3C1im][PF6] (0.12a) −0.14 0.18
[C4C1im][PF6] 0.28 (0.18a, 0.28b) – –
[C5C1im][PF6] 0.34 (0.16a) – –
[C6C1im][PF6] 0.39 (0.13a, 0.26b) – –
[C7C1im][PF6] 0.24 (0.23a) – –
[C8C1im][PF6] 0.24 (0.07a, 0.26b) – –
[C9C1im][PF6] 0.23 (0.02a, 0.26b) −0.25 0.28
[C10C1im][PF6] 0.29 (0.14a, 0.29b) −0.28 0.27
[C12C1im][PF6] – – 0.29

Standard pressure (p0 = 105 Pa). Standard uncertainties, u, are u(T) = 0.02 K, the 0.95
confidence level (k ≈ 2).

a Dzyuba et al. [25].
b Nemoto et al. [27].

Table 2
Experimental melting temperatures, Tm, and the respective enthalpies of melting, Δcr

l Hm
o and entropies of melting, Δcr

l Sm
o .

Compound Tm /K Δcr
l Hm

o /kJ mol−1 Δcr
l Sm

o / J mol−1

[C1C1im][PF6] – (17.3a) (47.6a)
[C2C1im][PF6] 334.2 ± 0.3 17.7 ± 0.1

(17.9b;18.0c; 17.9d)
53.2 ± 0.1

[C3C1im][PF6] 311.8 ± 0.3 14.1 ± 0.9 45.2 ± 1.0
[C4C1im][PF6] – (22.6c; 9.2d, 19.9e, 20.9f, 20.7g, 19.6h) (45.9e, 73.3f)
[C8C1im][PF6] – (12.9g) (47.0g)
[C9C1im][PF6] 293.0 ± 0.3 16.5 ± 0.1 56.4 ± 0.2
[C10C1im][PF6] 307.1 ± 0.3 19.4 ± 0.5 (21.7f) 63.3 ± 1.7 (69.1f)
[C12C1im][PF6] 326.5 ± 0.3 24.5 ± 0.2 (27.2f) 75.2 ± 0.7

Standard pressure (p0 = 105 Pa). Standard uncertainties, u, are u(T) = 0.02 K, the 0.95 confidence level (k ≈ 2).
a Endo et al. [19].
b Sifaoui et al. [46].
c Endo et al. [20].
d Domanska et al. [45].
e Troncoso et al. [75].
f Zhang et al. [52].
g Nemoto et al. [27].
h Kabo et al. [23].
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In order to reach a better differential analysis of the thermal behav-
ior we follow the same experimental methodology and procedure used
in a recent work [7]. During the thermal analysis of the ILs, two iso-
therms, one at the beginning and another at the end of each measure-
ment, were performed to ensure the sample stabilization and remove
the memory effect. In the first run, the initial isotherm was performed
at 183 K, with a fast cooling, to observe the initial crystalline phase be-
fore the first melting, followed by the standard 5 K min−1 heating,
and the final isotherm at 400 K to ensure sample melting and stabiliza-
tion. After the measurement, a final fast cooling down to 183 K, to in-
duce possible amorphous state, was performed. The crucibles were
weighted on a Denver Instrument analytical balance with a readability
of 0.01mgand the typical sample loadwas of about 10mg. Thehandling
of the ILs was performed in a glove box under nitrogen atmosphere.

2.3. Heat capacities measurements

2.3.1. Tian-Calvet type calorimetry
The heat capacities of condensed phasesweremeasuredwith a Tian-

Calvet type calorimeter (SETARAM model μDSCIIIa) in the range from
258 to 353 K using the incremental temperature step mode method
[35]. Each 5 K step included a heating rate of 0.3 K min−1 followed by
an isothermal delay of 2600 s. The combined expanded uncertainty of
the heat capacity measurements is estimated to be Uc (Cp,m) =
0.01·Cp,m. A detailed description of the calorimeter and its calibration
can be found in the literature [36]; the measuring procedure was de-
scribed in detail in the reference [37].

2.3.2. High-precision heat capacity drop calorimetry
The heat capacities of the liquid [CnC1im][PF6] (with n= 4–9) were

measured at T= 298.15 K, by a high-precision heat capacity drop calo-
rimeter, which is described in detail in the literature [29–31]. The calo-
rimeter was calibrated with water and sapphire (α-Al2O3 pellets, NIST-
RM 720) based on a drop temperature step procedure of ΔT = 10 K [9,
22,29–34,38–40], using the respective standardmolar heat capacities at
298.15 K reported in literature, Cp,mo (α-Al2O3) = (79.03 ± 0.08)
J K−1mol−1 and Cp,m

o (H2O)= (75.32±0.01) J K−1mol−1 [41]. The cal-
ibration constant was found to be ε = (6.6040 ± 0.0036) W V−1. The
accuracy of the apparatus for the measurements of the heat capacities
of liquids and solids was evaluated based on the measurements of
benzoic acid and hexafluorobenzene [31]. It was additionally tested
for ionic liquid samples with 1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, [C6C1im][NTf2]. The determined
Cp,m
o ([C6C1im][NTf2], 298.15 K)= (629.24± 0.43) J K−1mol−1 is in ex-

cellent agreementwith the available literature dataCp,mo ([C6mim][NTf2],
298.15 K) = (631.6 ± 0.5) J K−1 mol−1 [38]. The calorimeter and the
samemethodologywas already used in themeasurement of heat capac-
ities for the imidazolium based IL series [38]. The obtained results differ
b 0.4% from the literature data, in excellent agreement with the best
heat capacity data obtained by high precision adiabatic calorimetry
[42]. The mass of the ILs samples and calibration compounds were
corrected for the buoyancy effect. The relative atomic masses used
were those recommended by the IUPAC Commission in 2007 [43]. The
presented uncertainties are presented as twice the standard deviation
of the mean and the calibration uncertainty is included.

3. Results and discussion

3.1. Phase behavior

The thermal behavior of the studied ILswas evaluated by differential
scanning calorimetry. The typical behavior for the studied ILs is present-
ed in Fig. 2. The thermograms of the studied ILs are available as
supporting information. The melting temperatures (Tm) were taken as
the onset temperatures of the endothermic peak on heating, the cold
crystallization temperature (Tcc) and the solid-solid transition tempera-
tures (Tss) were taken as the onset temperature of an exothermic peak
on heating. The glass transition temperature (Tg) was taken as themid-
point of the heat capacity change on heating from the glass to a liquid
transition. The Tg, Tss, Tcc, Tm, and the Tg /Tm ratio for each of the studied
ILs are presented in Table 1.

[C2C1im][PF6] presents a Tss that is dependent of the heating rate, not
being detectable for fast heating rates. For low heating rates, it can be
observed in a 20 K temperature interval (e.g. 270 K at 0.3 K min−1).
This phenomenon is due to differences in the crystal packing or from



Table 4
Fitted parameters, a, and b of Eq. (1).a

Compound Phase Trange/K a/(J K−1 mol−1) b/(J K−2 mol−1) sr/%
a

[C2C1im][PF6] Crystal I 260–274 16.21 1.0335 0.54
Crystal II 280–300 −48.41 1.2676 0.55
Liquid 340–355 200.77 0.4842 0.29

[C3C1im][PF6] Crystal 259–294 −10.11 1.2712 0.52
Liquid 320–355 222.68 0.5088 0.41

[C4C1im][PF6] Liquid 265–345 242.21 0.5559 0.29
[C5C1im][PF6] Liquid 258–355 256.83 0.6055 0.20
[C6C1im][PF6] Liquid 258–355 288.22 0.6062 0.24
[C7C1im][PF6] Liquid 264–345 311.92 0.6329 0.24
[C8C1im][PF6] Liquid 263–355 332.17 0.6839 0.12
[C9C1im][PF6] Liquid 259–355 356.14 0.7153 0.09
[C10C1im][PF6] Crystal 258–279 215.72 1.1174 0.01

Liquid 314–355 387.93 0.7225 0.09
[C12C1im][PF6] Crystal 283–294 172.98 1.5508 0.07

Liquid 334–355 408.67 0.8763 0.06

a sr ¼ 100� f∑n
i¼1

½ðCp−Ccalc
p Þ=Ccalc

p �2
i

n−m g
1
2

, where n is the number of fitted data points, andm is the number of independent adjustable parameters. Standard pressure (p0= 105 Pa). Standard
uncertainties, u, are u(T) = 0.02 K, the 0.95 confidence level (k ≈ 2).
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the capability, of both cation and anion, to adopt more than one confor-
mation in the crystal [62]. ILs with low alkyl chain lengths show higher
tendency to exhibit polymorphic forms as mentioned in the introduc-
tion [11,63]. The [C3C1im][PF6] presents a cold crystallization, only de-
tectable for low heating rates (0.3 K min−1). Increasing the alkyl side
chain length, in the region from [C4C1im][PF6] until [C8C1im][PF6], only
the glass transitionwasdetected, being a consequence of theweakening
of the electrostatic interactions and decrease of the cation symmetry.
The melting temperatures of three polymorphic crystals of
[C4C1im][PF6] ILs was already reported in the literature [20], however
in the present work we were not successful to achieve the crystalliza-
tion of our sample. This can be a result of the ILs complex structuration,
which promotes the formation of a non-organized glass state at low
temperatures, as reported by other groups [7,58,64]. The graphic repre-
sentation of the Tg, Tss, Tcc, and Tm values as a function of the number of
carbon atoms in the alkyl side chains of the cation, n, for [CnC1im][PF6]
series, together with the available literature data, are depicted in Fig. 3.

The observed trend in themelting temperatures for the studied ILs is
in good agreementwith the reported trends in the literature [27]. A sim-
ilar V-shape profile is found for the enthalpies and entropies of melting
with the increasing alkyl chain length of the cation (Table 2 and Fig. 4),
reflecting the an entropic-enthalpic compensation behavior [26].

The initial decrease in the melting temperatures (along the alkyl
chain) is in agreement with the combination of the expected decrease
of the electrostatic interactions and increase (linear) of the van der
Waals interaction per \\CH2\\ group [65]. In addition, the loss of
Table 5
Liquid phase heat capacities at T = 298.15 K.

Ionic liquid cp
o/J K−1 g−1 Cp

o/V/J K−1 cm−3 Cp,m
o /J K−1 mol−1 cp

o/J K−1 g−1

μDSC IIIa microcalorimeter Drop calorimete

[C2C1im][PF6] 1.348a ± 0.014 345.1a ± 3.5
[C3C1im][PF6] 1.386a ± 0.014 374.4a ± 3.7
[C4C1im][PF6] 1.436 ± 0.014 1.964 ± 0.020 408.0 ± 4.1 1.4310 ± 0.001

[C5C1im][PF6] 1.467 ± 0.015 1.948 ± 0.020 437.4 ± 4.4 1.4603 ± 0.002
[C6C1im][PF6] 1.503 ± 0.015 1.946 ± 0.020 469.0 ± 4.7 1.5012 ± 0.001
[C7C1im][PF6] 1.535 ± 0.015 1.939 ± 0.019 500.6 ± 5.0 1.5350 ± 0.001
[C8C1im][PF6] 1.576 ± 0.016 1.949 ± 0.020 536.1 ± 5.4 1.5727 ± 0.001
[C9C1im][PF6] 1.608 ± 0.016 1.949 ± 0.020 569.4 ± 5.7 1.6000 ± 0.001
[C10C1im][PF6] 1.639a ± 0.016 603.3a ± 6.0
[C12C1im][PF6] 1.690a ± 0.017 666.3a ± 6.7

Note: AC - adiabatic calorimetry; TC - Tian-Calvet microcalorimetry.
GCM - Gardas & Coutinho [81] group contribution method estimation . Standard pressure (p0 =

a The heat capacities of liquid phase were extrapolated to T = 298.15 K.
b The heat capacity of [C4C1im][PF6] was extrapolated to T = 298.15 K [81].
symmetry of the cation contributes as well as, to a decrease of themelt-
ing temperature reaching a region where only glass transition is
detected.

After the critical alkyl size, CAS typically at n = 6 [6,9,22], the in-
crease of the alkyl chain does not significantly change the polar network
(anion-cation) interaction and the structural organization of the ILs in
the crystal. At this point, there is an intensification of the ILs structura-
tion into two distinct regions: one polar region, mainly dominated by
the cation-anion network interactions, and another non-polar segregat-
ed region (alkane-like domain) with essentially/predominant van der
Waals interactions. In the non-polar region, the alkyl chain folding
leads to an increase of the stability of the crystalline phase interaction
that is growing continuously with the alkyl chain length. This is in
agreement with the observed trends for long chain alkane derivatives
[66–71] and the recent findings for the thermal behavior of
[CnC1im][NTf2] and [CnCnim][NTf2] series [7].

The V-shape profile of the melting temperatures along the increase
of the alkyl chain length is the result of effect of the combination of
the change of the two interaction potentials in the crystalline and liquid
phases that will be discussed and analysed considering the enthalpic
and entropic trend along the series. The observed Tcc values
(~200–270 K) are typically the temperatures associated in the alkanes
and alkane derivatives to thermal motion needed to the alkyl group ro-
tation [72,73]. The compiled Tcc follows a trend that goes in the opposite
direction of the Tm and leads to the inability of the intermediate alkyl
chain size compounds to form crystalline solids, since there would be
Cp
o/V/J K−1 cm−3 Cp,m

o /J K−1 mol−1 Cp,m
o /J K−1 mol−1 Cp,m

o /J K−1 mol−1

r Literature GCM [81]

343.6
375.6

8 1.9567 ± 0.0025 406.68 ± 0.51 408.7 ± 1.6 (AC) [23]
407.7 ± 2.5 (TC) [75]
405 ± 12 (TC)b [82]

407.6

1 1.9390 ± 0.0028 435.49 ± 0.63 439.6
7 1.9429 ± 0.0022 468.73 ± 0.54 471.6
6 1.9381 ± 0.0020 500.81 ± 0.52 503.6
6 1.9453 ± 0.0020 535.16 ± 0.56 535.6
3 1.9410 ± 0.0016 566.89 ± 0.45 567.6

599.6
663.6

105 Pa). Standard uncertainties, u, are u(T) = 0.02 K, the 0.95 confidence level (k ≈ 2).



Fig. 3. Thermal behavior temperatures as function of the number of carbon atoms in the
alkyl side chain of the cation, n, for [CnC1im][PF6] (with n = 2–10, 12). black symbols,
Tg; red symbols, Tcc; green symbols, Tss; blue symbols, Tm – data obtained in this work.
The available literature data are plotted as empty symbols (black for Tg, blue for Tm and
red for Tcc). , Endo et al. [19]; , , Endo et al. [20]; , López -Martin et al. [74]. ,
Domanska et al. [45]; , Troncoso et al. [75]; , Sifaoui et al. [46]; ,Vila et al. [44]; □,
, Dzyuba et al. [25]; , , Ngo et al. [47]; , Wong et al. [48]; , Kabo et al. [23]; ,

Tokuda et al. [49]; , Fredlake et al. [50]; , Huddlestone et al. [51]; , , , Nemoto
et al. [27].

683P.B.P. Serra et al. / Journal of Molecular Liquids 248 (2017) 678–687
an overlay of Tcc and Tm. This agreeswith the observed thermal behavior
where the cold crystallization was not detected.

For the ILs with the shorter alkyl chain length, a decrease in the
enthalpies of melting is observed, in agreement with already men-
tioned increase of the hindering effect which leads to a decrease of
the localized electrostatic interaction. It is interesting to note that
the entropy contribution per methylene group,\\CH2\\, is small
compared to the observed for the ionic liquids with long alkyl chains,
indicating a very small perturbation in the solid-liquid entropy
change with the increase of the alkyl chain length (but still in agree-
ment to a molten salt-like melting). Above the critical alkyl size, CAS,
a regular increase in the entropy and enthalpy profiles is observed
with a similar shape observed in other alkane series [76,77]. The sim-
ilarity of the shape and magnitude of the enthalpy and entropy in-
crease per \\CH2\\ group with the one observed in the alkane
series [76,78] is a strong support/evidence of the existence of
nanostructuration in the ILs, where the alkyl side chains segregates
from the rest of the IL, forming a alkane-like domain separated
from the polar network [79]. The detailed experimental results of
the melting are presented in supporting information.

The graphic representation of theΔs
lHm

o andΔs
lSm

o as a function of the
number of carbon atoms in the alkyl side chains of the cation, n, for
[CnC1im][PF6] series, together with the available literature data, are
depicted in Fig. 4.
Fig. 4. Enthalpies (I) and entropies (II) of fusion as a function of the number of carbons in the a
Endo et al. [19,20] (●, γ form;◑, β form); , Domanska et al. [45];▲, Dzyuba et al. [25]; , Tron
without any physical meaning.
The heat capacity change Δcp associated for each phase transition
was derived as the jumpof heat capacity at the phase transition temper-
ature (schematic description of the adopted methodology is presented
as supporting information). The extrapolated onset temperature was
adopted as a transition temperature and the difference in extrapolated
signal to the transition point was regarded as Δcp. The derived Δcp
data is presented in Table 3 and depicted in Fig. 5.

The heat capacity difference between the supercooled liquid and the
glass at Tg shows a seems to present a gradual increase until
[C6C1im][PF6], reaching a constant value around Δcr

glcp =
0.24 J K−1 g−1. This observation is in good agreement with previous
works, where a trend shift at n=6, the CAS, is detected in several phys-
icochemical properties of ILs [7–9]. After CAS, a very small effect of the
alkyl chain length in the heat capacity difference is observed.

3.2. Heat capacities

The heat capacities of all the ILs were measured using a Tian-
Calvet differential type scanning calorimeter. The measurements
were performed in the range from 258 to 353 K using the incremen-
tal temperature mode (step method) and measured at T = 298.15 K,
by a non-commercial high-precision heat capacity drop calorimeter.
The experimental heat capacities of the condensed phases obtained
in this work are available as supporting information and are present-
ed in Fig. 6.

In the experimental temperature range the experimental results
could be quite well described, for each ionic liquid, by linear tempera-
ture dependence as follows:

C∘
p;m ¼ a þ b � T=Kð Þ ð1Þ

Thefitted coefficients, a and b of Eq. (1) are listed in Table 4. The heat
capacities of the liquid phase at T = 298.15 K obtained in this work to-
gether with the literature values are presented in Table 5. The molar
heat capacity data predicted by the group contribution method (GCM)
of Gardas and Coutinho [81] are also listed in Table 5 (at 298.15 K). It
was found that the Gardas and Coutinho GCM could describe quite
well the experimental data obtained in this work.

It was also found, an excellent linear correlation between the coeffi-
cients “a” and “b” of the Eq. (1) with the number of carbons in the alkyl
chain “n” as described in Eqs. (2) and (3):

a= J � K−1 �mol−1
� �

¼ 150:36þ 23:067 � n ð2Þ

b= J � K−2 �mol−1
� �

¼ 0:42719þ 0:030935 � n ð3Þ
lkyl side, n, chains of the cation, n, for [CnC1im][PF6] (with n=2–10, 12). , this work;●,
coso et al. [75]; , Sifaoui et al. [46]; , Nemoto et al. [27]. Dashed lines are only view lines



Fig. 6. Heat capacities of condensed phases Cp,m
cd as function of temperature, in the

temperature range of 253–355 K. Δ - C2C1 crystal phase 1; ◮ - C2C1 crystal phase 2;▲ -
C2C1 liquid phase; - C3C1 crystal phase; - C3C1 liquid phase; - C4C1 liquid phase;
- C5C1 liquid phase; - C6C1 liquid phase; - C7C1 liquid phase; - C8C1 liquid phase;
- C9C1 liquid phase; - C10C1 crystal phase; - C10C1 liquid phase; - C12C1 crystal
phase; - C12C1 liquid phase.
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based on the linear fitting of “a” and “b” as function of “n” (n=2 to n=
10). Eq. (4) was derived by analytical substitution of the coefficients “a”
and “b” in Eq. (1),

C∘
p;m ðn; TÞ = J � K−1 �mol−1 ¼ 150:36þ 23:067nþ 0:42719T þ 0:030935n � T

ð4Þ

which describes the linear dependence of themolar heat capacitieswith
(n and T) for the [CnC1im][PF6] IL series, where, “n” is number of carbons
in the alkyl chain of the and “T” the temperature in K. Eq. (4) was found
to describes quite well (better than 1%) the molar heat capacity of the
[CnC1im][PF6] IL series in the “n” (n = 2 to 12) and “T” (253 to 355 K),
as depicted in Fig. 7 which presents deviation plots of the experimental
molar heat capacities from the model described in Eq. (4).

It is interesting to observe a “V” shape in the deviation plot that is
centred in the n=6 (CAS) and the good agreement of the experimental
data with the Gardas and Coutinho [81] after the CAS number of n=6.

Any heat capacity data was found in the literature for the ILs
[C5C1im][PF6], [C7C1im][PF6] and [C9C1im][PF6]. Some of the available
data in literature for [C4C1im][PF6], [C6C1im][PF6] and [C8C1im][PF6] pre-
sents a quite large uncertainty that in some cases exceed 10% [50,
83–87]. Only the available literature data with an uncertainty lower
than 3% [23,75,82,88] was considered for data comparison. The volumic
heat capacities, Cpo/V, were calculated taking into account the specific
heat capacities, cpo, and the experimental density values at the same ref-
erence temperature reported in the literature [33]. Fig. 8 shows the
graphic representation of the molar heat capacity data, Cp,mo , and
the specific heat capacity data, cpo, at 298.15 K, as a function of the num-
ber of carbon atoms in the alkyl side chains of the cation, n, for the
[CnC1im][PF6] together with the literature data for the [CnC1im][NTf2]
ionic liquid series [38]. An apparent linearity behavior along the IL series
is observed in the representation of Cp,mo (298.15 K) = f (n) for the
studied ILs.

At 298.15 K, the molar heat capacity of the [CnC1im][NTf2] series is
around 159 J K−1 mol−1) higher than those obtained for the
[CnC1im][PF6] series, which reflects the higher molar heat capacity con-
tribution of the NTf2 anion when compared with the PF6 anion. The
higher heat capacity contribution of the NTf2 anion is due to the higher
number of atoms (15 atoms) than the PF6 anion (7 atoms), similar than
the observed previously for the benzylimidazolium ionic liquids [12].

As it can be observed, the [CnC1im][PF6] presents higher specific heat
capacities than the bistriflamide based ILs. In addition, unlike to the
trend shift found around [C6C1im][NTf2] for [CnC1im][NTf2] series [38],
a subtle odd-even effect for the specific heat capacities, was found for
the [CnC1im][PF6], where the even numbered ILs presents higher cpo.
The observed odd-even effect in the heat capacity of the [CnC1im][PF6]
series could be rationalized considering a different preferential orienta-
tion of the terminal\\CH3 group in agreement than a similar effect ob-
served previously [89] for the molar volume and molecular simulation
Fig. 5. Experimental specific heat capacity change, Δcp associated to the phase transitions
as a function of the number of carbons of the alkyl side chain of the cation, n, for
[CnC1im][PF6] (with n=2–10, 12). Thiswork:□, Tg; , Tcc; , Tm. , Tg Nemoto et al. [27].
showing that the cation side chains tend to adopt transoid conforma-
tions that pack head-to-head in the liquid phase. Fig. 9 presents the
plot of the volumic heat capacity at 298.15 K as function of the number
of carbon atoms in the alkyl side chain of the cation,n, and their compar-
ison with the [CnC1im][NTf2] [38].

The cation side chains tend to adopt transoid conformations that
pack head-to-head in the liquid phase and in agreementwith the previ-
ous work [89] in the C6C1im cation series the even number tend to be
less compact. The odd-even effect was already observed in some ther-
modynamic properties of different families of compounds, such as
paraffin's [90], alcohols [91], fatty acids [92], and more recently in
fluorotelomer alcohols [77,93] as well as in ILs [9,38,80,94]. However,
it is still not clear why the sphericity and low charge dispersion of the
hexafluorophosphate anion leads to a more pronounced odd-even ef-
fect on the heat capacities when compared with the bistriflamide
anion. The observed subtle odd-even effect in the liquid phase is related
with some preferential distribution of the chain tails in the apolar do-
main in agreement with the nanostructuration of the ILs [89]. The
[C4C1im][PF6] shows an outlier behavior from the trend of the homolo-
gous series, presenting a higher volumic heat capacity, in agreement
with recent works reported in the literature for the short members of
Fig. 7.Deviation from the linearmodel (Eq. (4)) of the experimentalmolar heat capacities
of the liquid as function of “n” is number of carbons of the alkyl chain in the [CnC1im][PF6]
IL series (temperature range of 253–355 K).▲ - C2C1 liquid phase; - C3C1 liquid phase;
- C4C1 liquid phase; - C5C1 liquid phase; - C6C1 liquid phase; - C7C1 liquid phase; -
C8C1 liquid phase; - C9C1 liquid phase; - C10C1 liquid phase; - C12C1 liquid phase;★ -
deviation of the Gardas and Coutinho Model [81] at 298.15 K.
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the bistriflamide ILs series [38,95]. For a better understanding of the dif-
ferentiation observed for the [C4C1im][PF6], accurate data for the
volumic heat capacity of the other short members of the series
[C2C1im][PF6] and [C3C1im][PF6] (that are solids at 298.15 K), will be
needed.

4. Final remarks

This work contributed to a better understanding of the complex
thermal behavior of the ILs. Based on the obtained differences in the
phase behavior, the studied series can be divided into three major
groups: short, intermediate, and long alkyl chain members. For small
alkyl chainmembers, as their size increases, themore difficult the pack-
ingmechanism is, explainingwhy themelting temperature starts to de-
crease. For the intermediate alkyl chain size members, the difficult
packing system demands more energy to reach the crystalline phase,
reflecting the increasing of Tcc. The\\CH2\\ increments in shorts alkyl
side chains, decreases the gap between electrostatic and dispersive in-
teractions and this is observed in Tm. The Tmdecreases per each\\CH2\\
added, until it eventually intercepts Tcc, and no solid phase can be ob-
served (intermediate region). The Tm of [C8C1im][PF6] confirms this.
The respective enthalpy and entropy showed that the melting was par-
tially obtained due to the difficulty in the crystallization process. Many
attempts were performed to achieve solid phase without success, with
long isotherms (about a week) at 183 K were needed. For longer alkyl
chains the packing mechanism is mainly controlled by dispersive inter-
actions, leading to an easier packing of the alkyl chains and the increase
of melting temperatures per\\CH2\\group added.
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Fig. 9. Volumic heat capacities at T = 298.15 K, as a function of the number of carbon
atoms in the alkyl side chains of the cation. - [CnC1im][PF6] (with n = 5–10), μDSC
IIIa; - [CnC1im][PF6] (with n = 5–10), drop calorimeter; - [CnC1im][NTf2] (with n =
2–8, 10, 12) [38].
Polymorphism was observed in the region of short alkyl chains, in
agreement with literature. This is the effect of the small alkyl chain
and its easy rearrangement in the crystal structure, confirmed by the ex-
istence of solid-solid phase transitions with no well-defined
temperature.

Besides the deviation that is expected from the intensification of the
nanostructuration in the liquids phase after the so called CAS n = 6, a
quite good linear dependence of the molar liquid heat capacities with
(n and T), Eq. (4), for the [CnC1im][PF6] IL series was found. The molar
heat capacity of this series presents a linear increase with the number
of the methylene groups in the alkyl chain (it increases about
32 J K−1 mol−1 per methylene group at 298.15 K) and the specific
heat capacities are dominated by the packing system and so, by the
anion/cation interactions, where the [PF6] family presents higher values
when compared with the [NTf2] (very large anion which hinders the
packing systemandwithmore dispersed electronegativity). The smaller
size of [PF6] anion and the easiness in packing allows the detection of a
subtle odd-even effect, result of the terminal\\CH3 group orientation.
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