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RÉSUMÉ 

Les liquides ioniques sont généralement constitués d’un gros cation organique asymétrique et d’un 

anion organique ou inorganique, avec une température de fusion inférieure à 100oC. Les mélanges 

ternaires de liquides ioniques ont reçu très peu d’attention jusqu’à présent. Ce travail décrit des 

modèles thermodynamiques pour les diagrammes de phases de systèmes ternaires variés de 

liquides ioniques (à cation commun, à anion commun, et ternaire réciproque avec deux cations et 

deux anions), et des modèles de densité pour quelques systèmes ternaires de liquides ioniques (à 

cation commun et à anion commun). Les données expérimentales nécessaires à la calibration et à 

la validation des modèles sont à la fois issues de la littérature et obtenues à travers des 

collaborations scientifiques avec des groupes de recherche. Les nouvelles données obtenues par 

ces groupes étaient les transitions thermiques mesurées pour des mélanges binaires et ternaires de 

liquides ioniques à l’aide de la calorimétrie différentielle à balayage (DSC), et les densités de 

quelques systèmes binaires de liquides ioniques (incluant les liquides purs). 

Le Modèle Quasichimique Modifié dans l’Approximation des Paires (MQMPA) a été utilisé pour 

modéliser la solution liquide des systèmes de liquides ioniques à ion commun suivants : les 

systèmes ternaires à cation commun [C4mpyrr]{Cl, Br, BF4} et [C4mim]{Cl, NO3, CH3SO3} (où 

[C4mpyrr] et [C4mim] désignent le 1-butyl-1-methyl-pyrrolidinium et le 1-butyl-3-methyl-

imidazolium, respectivement); et le système quaternaire à anion commun {[C3mim], [C3mpy], 

[C3mpyrr], [C3mpip]}PF6 (où [C3mim], [C3mpy], [C3mpyrr] et [C3mpip] désignent le 1-propyl-3-

methyl-imidazolium, le 1-propyl-3-methyl-pyridinium, le 1-propyl-1-methyl-pyrrolidinium et le 1-

propyl-1-methyl-piperidinium, respectivement). Le Modèle Quasichimique Modifié dans 

l’Approximation des Quadruplets (MQMQA) a été utilisé pour modéliser la solution liquide du 

système ternaire réciproque [C2py]Cl - [C2py]Br - [C4py]Cl - [C4py]Br (où [Cnpy] désigne le 1-

alkyl-pyridinium). Finalement, le “Compound Energy Formalism” a été utilisé pour modéliser les 

solutions solides pertinentes. 

Pour le système ternaire à cation commun [C4mpyrr]{Cl, Br, BF4}, un petit paramètre ternaire en 

excès a été inclus pour la phase liquide de façon à reproduire au mieux les sections isoplèthes 

mesurées à une teneur constante en [C4mpyrr]BF4 de 50% molaire et à un ratio molaire constant 

[C4mpyrr]Cl / ([C4mpyrr]Cl + [C4mpyrr]Br) de 0.85. Pour le système ternaire à cation commun 

[C4mim]{Cl, NO3, CH3SO3}, aucune mesure ternaire de diagramme de phases n’a été tentée à 
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cause des données très dispersées obtenues pour le sous-système binaire [C4mim]Cl - [C4mim]NO3, 

étudié à l’aide de la DSC et de l’observation visuelle. Ces données très dispersées ont été attribuées 

au caractère très hygroscopique de ce système particulier. Une projection provisoire du liquidus du 

système ternaire a été calculée à partir des paramètres binaires optimisés du modèle. 

Le système quaternaire à anion commun {[C3mim], [C3mpy], [C3mpyrr], [C3mpip]}PF6 inclut les 

quatre sous-systèmes ternaires suivants: (1) [C3mim]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6, (2) 

[C3mpy]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6, (3) [C3mpip]PF6 - [C3mpy]PF6 - [C3mim]PF6, et (4) 

[C3mpyrr]PF6 - [C3mpy]PF6 - [C3mim]PF6. Les systèmes (1) et (2) incluent tous deux la solution 

solide continue binaire (s3-s3), qui a été rapportée dans la littérature entre les allotropes de haute 

température de [C3mpip]PF6 et [C3mpyrr]PF6 (chacun de ces deux composés présente trois 

allotropes distincts.) Deux scénarios différents ont été considérés dans ce travail: le premier 

scénario a supposé une solubilité à l’état solide négligeable entre les allotropes de basse 

température (s1-s1) et aussi entre les allotropes de température intermédiaire (s2-s2); le second 

scénario a supposé une solution solide continue entre les allotropes de basse température (s1-s1) et 

aussi entre les allotropes de température intermédiaire (s2-s2). Le second scénario a finalement été 

favorisé de façon à reproduire au mieux les sections isoplèthes mesurées dans le système (1) à une 

teneur constante en [C3mim]PF6 de 40% molaire et à un ratio molaire constant [C3mpyrr]PF6 / 

([C3mpyrr]PF6 + [C3mpip]PF6) de 0.60. Aucun paramètre ternaire en excès n’a été requis pour la 

phase liquide, et les énergies de Gibbs en excès des solutions solides de basse température (s1-s1) 

et de température intermédiaire (s2-s2) ont été ajustées. L’accord entre les calculs et les données 

ternaires était satisfaisant, mais le modèle n’a pas pu reproduire les arrêts thermiques 

expérimentaux dans la gamme de températures intermédiaires, dans la première section isoplèthe. 

Ces arrêts thermiques pourraient être associés à un polymorphisme de [C3mpyrr]PF6, avec 

l’existence de deux conformations préférées des cations pyrrolidinium. De manière similaire, la 

projection du liquidus du système (2) très semblable a été prédite. Aucun paramètre ternaire en 

excès n’a été requis pour reproduire de manière satisfaisante les sections isoplèthes mesurées dans 

le système (3) à une teneur constante en [C3mpy]PF6 de 40% molaire et à un ratio molaire constant 

[C3mpy]PF6 / ([C3mpy]PF6 + [C3mim]PF6) de 0.60. La projection du liquidus du système (4) très 

semblable a également été prédite. Finalement, les propriétés thermodynamiques du liquide 

quaternaire à anion commun {[C3mim], [C3mpy], [C3mpyrr], [C3mpip]}PF6 ont été calculées 

uniquement à partir des paramètres binaires optimisés, avec une précision raisonnable attendue. 
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Pour le système ternaire réciproque [C2py], [C4py] || Cl, Br, les propriétés thermodynamiques du 

liquide ont été calculées seulement à partir des paramètres optimisés pour les quatre sous-systèmes 

binaires à ion commun. Les sections diagonales expérimentales [C4py]Br-[C2py]Cl et [C4py]Cl-

[C2py]Br ont été reproduites de manière très satisfaisante par le modèle. La “thermodynamique 

basée sur le volume” (VBT) de Glasser et Jenkins a été utilisée en conjonction avec les données 

disponibles dans la littérature pour estimer les propriétés thermodynamiques (ΔHo
298.15K, So

298.15K, 

et Cp(T)) des liquides ioniques purs de type pyridinium, permettant ainsi d’évaluer la variation 

d’énergie de Gibbs pour la réaction d’échange [C2py]Br (liquide) + [C4py]Cl (liquide) = [C2py]Cl 

(liquide) + [C4py]Br (liquide). Il a été conclu que la VBT n’est pas suffisamment précise pour 

modéliser les diagrammes de phases de systèmes réciproques. La VBT a également été appliquée 

aux composés de type imidazolium [C4mim]Cl, [C4mim]NO3 et [C4mim]CH3SO3. 

Dans ce travail, un modèle de densité, basé sur le MQMPA et précédemment appliqué avec succès 

à plusieurs systèmes de sels fondus multicomposants inorganiques, a été appliqué aux systèmes de 

liquides ioniques suivants: les liquides ternaires à cation commun [C4mim]{Cl, NO3, CH3SO3} 

(encore en cours) et [C4mim]{BF4, PF6, NTf2} (où NTf2 désigne le 

bis(trifluoromethylsulfonyl)imide), et les liquides ternaires à anion commun {[C2mim], [C8mim], 

[C10mim]}NTf2 et {[C4mim], [C8mim], [C10mim]}NTf2. Pour les trois derniers systèmes, les lignes 

iso-valeurs du volume molaire en excès ont été calculées: le volume molaire de chaque liquide 

ternaire a été prédit à partir des valeurs optimisées des expansivités dépendant de la température et 

des volumes molaires à 298.15K des liquides purs, et à partir des paramètres binaires optimisés 

dépendant de la pression en utilisant une méthode d’interpolation symétrique standard. 
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ABSTRACT 

Ionic liquids are generally composed of a large asymmetric organic cation and an organic or 

inorganic anion, with a melting temperature below 100oC. Ternary ionic liquid mixtures have 

received very little attention until now. The present work describes thermodynamic models for the 

phase diagrams of various ternary ionic liquid systems (common-cation, common-anion, and 

ternary reciprocal with two cations and two anions), and density models for a few ternary ionic 

liquid systems (common-cation and common-anion). The experimental data necessary to calibrate 

and validate the models were both taken from the literature and obtained through scientific 

collaborations with research groups. The new data obtained by these groups were the thermal 

transitions measured for some binary and ternary ionic liquid mixtures using Differential Scanning 

Calorimetry (DSC), and the densities of a few binary ionic liquid systems (including the pure 

liquids). 

The Modified Quasichemical Model in the Pair Approximation (MQMPA) was used to model the 

liquid solution of the following common-ion ionic liquid systems : the [C4mpyrr]{Cl, Br, BF4} and 

[C4mim]{Cl, NO3, CH3SO3} common-cation ternary systems (where [C4mpyrr] and [C4mim] are 

1-butyl-1-methyl-pyrrolidinium and 1-butyl-3-methyl-imidazolium, respectively); and the 

{[C3mim], [C3mpy], [C3mpyrr], [C3mpip]}PF6 common-anion quaternary system (where [C3mim], 

[C3mpy], [C3mpyrr] and [C3mpip] are 1-propyl-3-methyl-imidazolium, 1-propyl-3-methyl-

pyridinium, 1-propyl-1-methyl-pyrrolidinium and 1-propyl-1-methyl-piperidinium, respectively). 

The Modified Quasichemical Model in the Quadruplet Approximation (MQMQA) was used to 

model the liquid solution of the ternary reciprocal system [C2py]Cl - [C2py]Br - [C4py]Cl - 

[C4py]Br (where [Cnpy] is 1-alkyl-pyridinium). Finally, the Compound Energy Formalism was 

used to model the relevant solid solutions. 

For the [C4mpyrr]{Cl, Br, BF4} common-cation ternary system, a small ternary excess parameter 

was included for the liquid phase in order to best reproduce the experimental isoplethal sections at 

constant 50 mol% [C4mpyrr]BF4 and at constant molar ratio [C4mpyrr]Cl / ([C4mpyrr]Cl + 

[C4mpyrr]Br) of 0.85. For the [C4mim]{Cl, NO3, CH3SO3} common-cation ternary system, no 

ternary phase diagram measurements were attempted owing to the very scattered phase diagram 

data for the [C4mim]Cl - [C4mim]NO3 binary subsystem, investigated using both DSC and visual 

observation. These rather scattered data were attributed to the very hygroscopic character of this 
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particular system. A tentative liquidus projection of the ternary system was calculated from the 

optimized binary model parameters. 

The {[C3mim], [C3mpy], [C3mpyrr], [C3mpip]}PF6 common-anion quaternary system includes the 

following four ternary subsystems: (1) [C3mim]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6, (2) [C3mpy]PF6 

- [C3mpip]PF6 - [C3mpyrr]PF6, (3) [C3mpip]PF6 - [C3mpy]PF6 - [C3mim]PF6, and (4) [C3mpyrr]PF6 

- [C3mpy]PF6 - [C3mim]PF6. Systems (1) and (2) both include the continuous binary solid solution 

(s3-s3), which was reported in the literature between the high-temperature allotropes of 

[C3mpip]PF6 and [C3mpyrr]PF6 (each of these two compounds displays three different allotropes.) 

Two different scenarios were considered in the present work: the first scenario assumed a negligible 

solid solubility between the low-temperature allotropes (s1-s1) and also between the intermediate-

temperature allotropes (s2-s2); the second scenario assumed a continuous solid solution between 

the low-temperature allotropes (s1-s1) and also between the intermediate-temperature allotropes (s2-

s2). The second scenario was finally favoured in order to best reproduce the isoplethal sections 

measured in system (1) at constant 40 mol% [C3mim]PF6 and at constant molar ratio [C3mpyrr]PF6 

/ ([C3mpyrr]PF6 + [C3mpip]PF6) of 0.60. No ternary excess parameter was required for the liquid 

phase, and the excess Gibbs free energies of the low-temperature (s1-s1) and intermediate-

temperature (s2-s2) solid solutions were adjusted. Agreement between the calculations and the 

ternary data was satisfactory, but the model was not able to reproduce the experimental thermal 

arrests in the intermediate temperature range, in the former isoplethal section. These thermal arrests 

might be associated with [C3mpyrr]PF6 polymorphism, with the existence of two preferred 

conformations of the pyrrolidinium cations. Similarly, the liquidus projection of the closely related 

system (2) was predicted. No ternary excess parameter was required to reproduce satisfactorily the 

isoplethal sections measured in system (3) at constant 40 mol% [C3mpy]PF6 and at constant molar 

ratio [C3mpy]PF6 / ([C3mpy]PF6 + [C3mim]PF6) of 0.60. The liquidus projection of the closely 

related system (4) was also predicted. Finally, the thermodynamic properties of the {[C3mim], 

[C3mpy], [C3mpyrr], [C3mpip]}PF6 common-anion quaternary liquid were calculated solely from 

the optimized binary parameters, with an expected reasonable accuracy.  

For the [C2py], [C4py] || Cl, Br ternary reciprocal system, the thermodynamic properties of the 

liquid were calculated solely from the optimized parameters for the four common-ion binary 

subsystems. The experimental diagonal sections [C4py]Br - [C2py]Cl and [C4py]Cl-[C2py]Br were 

very satisfactorily reproduced by the model. The Volume-based Thermodynamics (VBT) from 
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Glasser and Jenkins was used in conjunction with the available data from the literature in order to 

assess the thermodynamic properties (ΔHo
298.15K, So

298.15K, and Cp(T)) of the pyridinium-based pure 

ionic liquids, making it possible to estimate the exchange Gibbs free energy for the exchange 

reaction [C2py]Br (liquid) + [C4py]Cl (liquid) = [C2py]Cl (liquid) + [C4py]Br (liquid). It was 

concluded that the VBT is not accurate enough to model the phase diagrams of reciprocal systems. 

The VBT was also applied to the imidazolium-based compounds [C4mim]Cl, [C4mim]NO3 and 

[C4mim]CH3SO3. 

In the present work, a density model, based on the MQMPA and previously applied successfully 

to various multicomponent inorganic molten salts, was applied to the following ionic liquid 

systems: the [C4mim]{Cl, NO3, CH3SO3} (still in progress) and [C4mim]{BF4, PF6, NTf2} 

common-cation ternary liquids (where NTf2 is bis(trifluoromethylsulfonyl)imide), and the 

{[C2mim], [C8mim], [C10mim]}NTf2 and {[C4mim], [C8mim], [C10mim]}NTf2 common-anion 

ternary liquids. For the three latter systems, iso-excess molar volume lines were calculated: the 

molar volume of each ternary liquid was predicted from the optimized temperature-dependent 

expansivities and molar volumes at 298.15K of the pure liquids, and from the optimized binary 

pressure-dependent parameters using a standard symmetric interpolation method. 
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CHAPTER 1 INTRODUCTION 

By definition, ionic liquids (ILs) are salts with a melting point below an arbitrary temperature of 

100°C (boiling point of water) [1]. Whereas inorganic salts are symmetric in shape, ionic liquids 

possess a remarkably lower symmetry so that cation and anion charges are distributed over a large 

volume of the molecule by resonance. Consequently, the melting point of ionic liquids occurs at 

much lower temperatures. These ionic compounds have also been designated as "designer solvents" 

due to the possibility of changing a wide range of potential cation and anion combinations in order 

to fine-tune their physicochemical properties [2]. The structures of some commonly used cations 

(organic) and anions (either organic or inorganic) are presented in figure 1.1. Owing to distinctive 

characteristics including a very low vapor pressure (i.e. a low volatility), and a high chemical and 

thermal stability over a broad temperature range (-40 to 200°C) [3], ionic liquids have found many 

potential applications in various fields such as analytics [4], chemical processing [5], solvents and 

catalysts [6], electrochemistry [7], biomass processing [8], etc. As reported by Stark and Seddon 

[9], at a zeroth order approximation, the physical properties of ionic liquids (such as density, 

viscosity, and temperature of fusion) are controlled by the cations, whereas the anions govern the 

chemistry and reactivity. It may thus be required to fine-tune the properties of ionic liquids to 

achieve a specific application. 

 
Figure 1.1: Some cations and anions commonly used for ionic liquids 
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Since 2000 a wide variety of studies have been conducted on the design of single ionic liquids with 

"tailor-made" properties [10]. A possible technique to modify the properties of ionic liquids is to 

add other substances such as molecular solvents, that are broadly accessible and whose properties 

have been widely investigated. Even though molecular solvents may decrease the viscosity of ionic 

liquids, they can lead to an increased volatility and consequently to a reduced thermal stability. The 

combination of single ionic liquids (IL-IL mixtures) may be an interesting alternative for further 

fine-tuning of the properties [11]. Throughout this work, the term "ionic liquid mixtures/systems" 

will refer to the combination of one single ionic liquid with one or more other ionic liquids. 

So far, relatively few studies dealing with ionic liquid mixtures are available in the literature. 

Niedermeyer et al. [2] performed a critical review of mixtures of ionic liquids. These authors 

studied thermodynamics, physical and chemical properties, as well as applications of ionic liquid 

mixtures. To the best of our knowledge, ternary ionic liquid mixtures have received very little 

attention until now, thus motivating the present study. As pointed out by Plechkova and Seddon 

[10], ternary systems of ionic liquids may be worth considering, where the chemistry of the system 

would be controlled by the first component, the physical properties (such as density and viscosity) 

of the system would be adjusted by the second component, and the overall cost of the system would 

be lowered (through a dilution of the other two components) by adding a third component, cheap 

and chemically inert. 

The present work describes models for the phase diagrams of various ternary ionic liquid systems 

(common-cation, common-anion, and ternary reciprocal with two cations and two anions) along 

with a density model for ternary ionic liquids (common-cation and common-anion). 

In the Centre for Research in Computational Thermochemistry (CRCT), we have developed 

thermodynamic databases for various multicomponent high temperature inorganic molten salt 

systems, using the Modified Quasichemical Model (MQM) for short-range ordering [12-14]. 

Theoretical models based on the MQM have been developed for the density and viscosity of 

multicomponent inorganic liquids. (The viscosity model also depends on the density model.) These 

various models have been applied successfully to the NaCl – KCl – MgCl2 – CaCl2 electrolyte used 

for magnesium production [15-17] as well as the NaF – AlF3 – CaF2 – Al2O3 electrolyte used for 

aluminium production [18-20]. 
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It is proposed to apply the same methodology to ionic liquid systems. In particular, the minimum 

liquidus temperature in a given ternary ionic liquid system can be identified from the calculated 

phase diagram. 

Experimental measurements of phase diagrams for ionic liquid systems have been reviewed and 

are presented in detail in Chapter 2 (Literature Review). These studies were mostly conducted on 

binary common-ion (common-cation or common-anion) systems, and Differential Scanning 

Calorimetry (DSC) was usually used. Most of the binary ionic liquid systems investigated in the 

literature exhibited a simple eutectic phase behavior. Very little attention has been paid to the 

ternary phase diagrams of ionic liquids in the literature. In 2009, Kubota et al. [21] made an early 

attempt to measure the phase diagram of a ternary system of alkali bis(fluorosulfonyl)amides 

MFSA (with M=Li+, K+, Cs+). These authors [22] also studied the ternary phase diagrams of alkali 

bis(trifluoromethylsulfonyl)imides MNTf2 (with M=Li+, Na+, K+, Cs+). Finally, Kubota et al. [23] 

measured the ternary phase diagrams of alkali bis(fluorosulfonyl)amides MFSA (with M=Li+, Na+, 

K+, Cs+). It should be noted that these studies investigated ternary systems of ionic liquids with 

inorganic cations, while the present work deals with compounds having organic cations with 

relatively small alkyl chains (ethyl, propyl or butyl). 

The present work mainly aims at modeling the phase diagrams of three categories of ternary 

systems of ionic liquids: common-cation ([A][X][Y][Z] with A as the cation, and X, Y and Z as 

the anions), common-anion ([A][B][C][X] with A, B and C as the cations, and X as the anion), and 

ternary reciprocal ([A][B][X][Y] with A and B as the cations, and X and Y as the anions). The 

Modified Quasichemical Model (MQM) is used to model the liquid phase of these various systems. 

It assumes the distribution of cations and anions on the sites of two different sublattices, and each 

ion occupies exactly one site. This model does not consider short-range interactions such as 

hydrogen bonding, van der Waals and π-π stacking interactions. The MQM may have to be 

modified since the cations (and sometimes also the anions) in ionic liquid systems are large. In 

particular, Robelin [24] reported that this model would fail to reproduce the experimental phase 

diagram [C2mim]AlCl4 - NaAlCl4 owing to the large size difference between the inorganic Al3+ 

and organic [C2mim]+ cations. 

The Modified Quasichemical Model in the Pair approximation (MQMPA) [12, 13] is used for the 

liquid phase of the common-ion ternary systems. The model parameters are the Gibbs free energy 
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changes for pair exchange reactions such as (D − E − D) + (F − E − F) = 2(D − E − F) (where E is the common cation, and D and F are two anions). They can be expressed as a function of the 

composition by empirical polynomial expressions in order to reproduce the experimental data 

(phase diagram in the present case) available for the binary common-ion subsystems. The Gibbs 

free energy change represents the degree of short-range ordering. For instance, in a common-cation 

binary system, when the Gibbs free energy change is small, the degree of short-range ordering is 

small, and the solution approximates a random mixture (Bragg-Williams) of anions on the anionic 

sublattice. The liquid phase of all common-ion ionic liquid systems studied in the present work 

displays relatively small deviations from ideality. The MQM was used in this work because it is 

suitable for liquids which exhibit either small or extensive short-range ordering, and also for liquids 

which display positive deviations from ideality [24]. The thermodynamic properties of the 

common-ion ternary liquid are estimated from the optimized binary parameters using a Kohler-like 

(i.e. symmetric model) or a Kohler-Toop-like (i.e. asymmetric model) interpolation method [25]. 

Small empirical ternary parameters may have to be included in the liquid model in order to obtain 

a quantitative fit. 

The Modified Quasichemical Model in the Quadruplet Approximation (MQMQA) [14] is used for 

the liquid phase of a ternary reciprocal system (i.e. A, B || X, Y ). This model considers coupled 1st- 

and 2nd-nearest-neighbor short-range order. A quadruplet consists of two second-nearest-neighbor 

cations and two second-nearest-neighbor anions, which are mutual first-nearest-neighbors. The 

extent of first-nearest-neighbor (cation-anion) short-range ordering is related to the exchange Gibbs 

free energy for the reaction ED (�
��
�) + KF (�
��
�) = EF (�
��
�) + KD(�
��
�). Small 

empirical "ternary reciprocal parameters" may have to be included in order to obtain a quantitative 

fit for the A, B || X, Y system. Finally, the Compound Energy Formalism (CEF) [26, 27] is used to 

model the relevant solid solutions. A more detailed description of the thermodynamic models used 

in this work for the liquid and solid solutions is given in Chapter 3. 

The thermodynamic properties (Cp (T), So
298.15K, ΔHo

298.15K) of pure compounds are required to 

model the phase diagram of a ternary reciprocal system in order to estimate the exchange Gibbs 

free energy. No compilation tables exist for the thermodynamic properties of pure ionic liquids. In 

the present work, the missing thermodynamic properties are thus assessed by estimation techniques 

such as the Volume-Based Thermodynamics (VBT) from Glasser and Jenkins [28-33]. The VBT 

method relies on the molecular volume (νm) of the pure ionic liquids, which can be derived from 
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density measurements for the pure liquid phase and from crystallographic data for the pure solid 

phase. This approach considers only long-range Coulombic interactions, and short-range 

interactions such as van der Waals and hydrogen bonding are not yet taken into account [33]. More 

details about the VBT are given in Chapter 3. 

As mentioned previously, the present work mainly consists in modeling the phase diagrams of three 

categories of ternary systems of ionic liquids: common-cation, common-anion and ternary 

reciprocal. The experimental data were mainly obtained by DSC. They were both collected from 

the literature and obtained through a scientific collaboration with three different research groups: 

QUILL (Queen’s University Ionic Liquid Laboratories) in Belfast: Isabel Vázquez-Fernández, Dr. 

Natalia V. Plechkova and Prof. Kenneth R. Seddon; Poznań Science and Technology Park, Adam 

Mickiewicz University Foundation in Poznań (Poland): Olga Stolarska and Prof. Marcin Smiglak; 

and University of Aveiro in Portugal: Mónia Martins and Prof. João A. P. Coutinho. First of all, 

two different common-cation ternary ionic liquid systems were investigated: (i) a pyrrolidinium-

based system with 1-butyl-1-methylpyrrolidinium ([C4mpyrr]+) as the common cation, and Cl-, Br- 

and BF4
- as the anions (in collaboration with Smiglak’s group); (ii) an imidazolium-based system 

with 1-butyl-3-methylimidazolium ([C4mim]+) as the common cation, and Cl-, NO3
- and CH3SO3

- 

as the anions (in collaboration with Seddon’s group). For system (i), experimental phase diagrams 

for the three binary subsystems ([C4mpyrr]Cl – [C4mpyrr]BF4, [C4mpyrr]Br – [C4mpyrr]BF4 and 

[C4mpyrr]Cl – [C4mpyrr]Br) were available in the literature [34]. In order to test the capability of 

prediction of the MQMPA applied to ionic liquid systems, two isoplethal sections were measured 

by DSC: the isoplethal section at constant 50 mol% [C4mpyrr]BF4 and the isoplethal section at 

constant molar ratio [C4mpyrr]Cl / ([C4mpyrr]Cl + [C4mpyrr]Br) of 0.85. As will be shown in 

Chapter 4, one small ternary excess parameter was introduced for the liquid in order to best 

reproduce these new measurements. For system (ii), the phase diagrams of the three binary 

subsystems ([C4mim]Cl – [C4mim]NO3, [C4mim]Cl – [C4mim]CH3SO3 and [C4mim]NO3 – 

[C4mim]CH3SO3) were measured by DSC, and also by visual observation for the first subsystem. 

As will be presented in Chapter 5, the [C4mim]Cl – [C4mim]NO3 experimental phase diagram is 

rather scattered owing to the highly hygroscopic nature of this particular system. As a result, the 

corresponding calculated phase diagram has a limited accuracy. Therefore, no ternary DSC 

measurements were conducted, and only a tentative liquidus projection of the [C4mim]Cl – 

[C4mim]NO3 – [C4mim]CH3SO3 system was calculated. The VBT from Glasser and Jenkins [28-
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33] was used in conjunction with the available data from the literature to assess the thermodynamic 

data (ΔHo
298.15K, So

298.15K, Cp (T)) of the three pure compounds. 

As a second step, a common-anion quaternary system was studied in collaboration with Coutinho’s 

group: the common anion was hexafluorophosphate (PF6
-), and the various cations were 1-methyl-

3-propylimidazolium ([C3mim]+), 1-methyl-1-propylpyrrolidinium ([C3mpyrr]+), 1-methyl-3-

propylpyridinium ([C3mpy]+), and 1-methyl-1-propylpiperidinium ([C3mpip]+). Experimental 

phase diagrams for the six binary subsystems ([C3mim]PF6 - [C3mpy]PF6, [C3mim]PF6 - 

[C3mpyrr]PF6, [C3mim]PF6 - [C3mpip]PF6, [C3mpy]PF6 - [C3mpyrr]PF6, [C3mpy]PF6 - 

[C3mpip]PF6 and [C3mpyrr]PF6 - [C3mpip]PF6) were available in the literature [35]. Whereas the 

[C3mpip]PF6 - [C3mpy]PF6 - [C3mim]PF6 and [C3mpyrr]PF6 - [C3mpy]PF6 - [C3mim]PF6 ternary 

subsystems do not exhibit any solid solubility, the [C3mim]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6 and 

[C3mpy]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6 ternary subsystems display some extensive binary solid 

solubility. Indeed, the [C3mpip]PF6 and [C3mpyrr]PF6 pure compounds both have three allotropes 

(s1, s2, s3), and a high-temperature (s3-s3) solid solution was observed over the entire composition 

range [35]. Some binary solid solutions may also exist in the intermediate-temperature (s2-s2) and 

low-temperature (s1-s1) ranges. In order to elucidate this, two isoplethal sections in the [C3mim]PF6 

- [C3mpip]PF6 - [C3mpyrr]PF6 system were measured by DSC: the isoplethal section at constant 40 

mol% [C3mim]PF6 and the isoplethal section at constant molar ratio [C3mpyrr]PF6 / ([C3mpyrr]PF6 

+ [C3mpip]PF6) of 0.60. Similarly, two isoplethal sections in the [C3mpip]PF6 - [C3mpy]PF6 - 

[C3mim]PF6 system were measured by DSC: the isoplethal section at constant 40 mol% 

[C3mpy]PF6 and the isoplethal section at constant molar ratio [C3mpy]PF6 / ([C3mpy]PF6 + 

[C3mim]PF6) of 0.60. The corresponding thermodynamic models were adjusted in order to best 

reproduce the new data. Using the programme FactOptimal [36], which is a coupling of the 

FactSage thermochemical software with the powerful Mesh Adaptive Direct Search (MADS) 

algorithm, we identified the composition in the quaternary system [C3mim]PF6 - [C3mpyrr]PF6 - 

[C3mpy]PF6 - [C3mpip]PF6 corresponding to the global minimum of the liquidus temperature. 

As a third step, a ternary reciprocal system was investigated in collaboration with Smiglak’s group: 

1-ethylpyridinium ([C2py]+) and 1-butylpyridinium ([C4py]+) were the two cations, while Cl- and 

Br- were the two anions. Experimental phase diagrams obtained by DSC were published recently 

[37] for the four common-ion binary subsystems ([C2py]Br - [C4py]Br, [C2py]Cl - [C4py]Cl, 

[C2py]Cl - [C2py]Br and [C4py]Cl - [C4py]Br) along with two diagonal sections inside the ternary 
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reciprocal system ([C4py]Br - [C2py]Cl and [C4py]Cl - [C2py]Br). The VBT from Glasser and 

Jenkins [28-33] was used in conjunction with the available data from the literature to assess the 

exchange Gibbs free energy for the reaction [C2py]Br (liquid) + [C4py]Cl (liquid) = [C2py]Cl 

(liquid) + [C4py]Br (liquid). As will be shown in Chapter 4, the experimental diagonal sections 

were satisfactorily reproduced using solely the optimized model parameters for the four common-

ion binary subsystems. 

The present work also aims at modeling the density of binary and ternary common-ion (common-

cation and common-anion) ionic liquid systems. As mentioned previously, the density model is 

based on the MQM and has been applied successfully to inorganic molten salt systems [16, 19]. 

First of all, two different common-cation ternary ionic liquid systems were studied:  

(i) an imidazolium-based system with 1-butyl-3-methylimidazolium ([C4mim]+) as the common 

cation, and Cl-, NO3
-, and CH3SO3

- as the anions (in collaboration with Seddon’s group). 

(ii) another imidazolium-based system with [C4mim]+ as the common cation, and BF4
-, PF6

- and 

bis(trifluoromethylsulfonyl)imide (NTf2
-) as the anions (based on the published density data from 

Canongia Lopes et al. [38]). 

As a second step, two different common-anion ternary ionic liquid systems were investigated: the 

common anion was NTf2
-, and a series of 1-alkyl-3-methylimidazolium cations ([C2mim]+ - 

[C8mim]+ - [C10mim]+ and [C4mim]+ - [C8mim]+ - [C10mim]+) was considered. For both systems, 

the published density measurements of Canongia Lopes et al. [38] were used.  

The molar volume (and thus the density) of each common-ion ternary ionic liquid system was 

modeled by introducing in the Gibbs free energy of the liquid phase temperature-dependent molar 

volume expressions for the pure components and pressure-dependent excess parameters for the 

binary interactions. 

For system (i), the density of the three pure liquids and of the [C4mim]Cl – [C4mim]NO3 and 

[C4mim]Cl – [C4mim]CH3SO3 binary liquids was measured in Seddon’s group (QUILL). All 

samples were then sent by QUILL to a Portuguese research group (University of Lisboa: Prof. Luis 

P. Rebelo) who has a more accurate equipment than that of QUILL. This latter group measured the 

density of the three pure liquids and of the three binary liquids. For the [C4mim]Cl – [C4mim]NO3 

and [C4mim]Cl – [C4mim]CH3SO3 binary liquids, the excess molar volumes (VE) measured by the 

two research groups showed opposite trends (i.e. positive or negative values). Therefore, the 
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density of these two systems was finally not modeled and a prediction of the density of the 

[C4mim]Cl – [C4mim]NO3 – [C4mim]CH3SO3 ternary liquid was not possible. 

For all other ternary ionic liquid systems considered, their density was predicted, based on the 

optimized density model parameters for the binary subsystems. Details are given in Chapter 7. 

The present thesis is organized as follows: Chapter 2 presents the relevant literature review; it 

describes the thermal behavior of pure ionic liquids and the main published studies dealing with 

phase diagram and density measurements for binary and ternary ionic liquid systems. Chapter 3 is 

devoted to the thermodynamic models used in this work for the liquid phase and the relevant solid 

solutions, as well as the density model used for the liquid phase of ionic liquid systems. The 

principles of the Volume-based Thermodynamics (VBT) for the estimation of the missing 

thermodynamic properties of pure ionic liquids is also discussed. Chapter 4 presents the scientific 

paper submitted for publication in "Physical Chemistry Chemical Physics" and dealing with models 

for the phase diagrams of a pyrrolidinium-based common-cation ternary ionic liquid system, and 

of a pyridinium-based ternary reciprocal ionic liquid system. The phase diagram of an 

imidazolium-based common-cation ternary ionic liquid system is discussed in Chapter 5. Chapter 

6 is devoted to a thermodynamic model for a PF6-based common-anion quaternary system. Chapter 

7 presents a density model for two common-cation and two common-anion (all imidazolium-based) 

ternary ionic liquid systems. Finally, Chapter 8 presents a general discussion on the main results 

of the present work. 

 

 

 

 

 

 

 

 

 



9 

 

CHAPTER 2 LITERATURE REVIEW 

This chapter first describes the thermal behavior of pure ionic liquids. Then, it presents an overview 

of the published studies dealing with phase diagram measurements for binary and ternary ionic 

liquid systems. Finally, it summarizes the key literature on density measurements for common-ion 

(common-cation or common-anion) ionic liquid systems. 

2.1 Phase behavior 

2.1.1 Pure ionic liquids 

The first ionic liquid, ethylammonium nitrate ([EtNH3]NO3) with a melting point of 12°C, was 

reported by Walden in 1914 [39]. As mentioned previously, ionic liquids (ILs) are usually 

composed of a large organic cation (with alkyl chains of variable length) and an organic or 

inorganic anion, with an estimated number of 1018 possible ionic liquids [40]. 

It is well known that the physicochemical properties and phase behavior of ionic liquids can be 

tailored by use of an appropriate combination of cations and anions [4]. Strong Coulombic 

interactions between cations and anions play a major role in the properties of ionic liquids. 

However, short-range interactions such as van der Waals and hydrogen bonding may also affect 

the ionic liquid characteristics [41, 42]. Knowledge of the thermophysical properties of pure ionic 

liquids (including freezing, melting, solid-solid transition, cold crystallization, and glass transition) 

allows us to better understand the structure and stability of these compounds. It is also important 

for evaluating and choosing ionic liquids for a specific application in addition to process design. 

The thermal behavior of pure ionic liquids has been investigated by many researchers using various 

methodologies and equipments [43-53]. A general overview is given below. 

By definition, thermal analysis is a procedure in which physical or chemical properties (enthalpy, 

heat capacity, mass changes, etc.) of a sample are monitored as a function of temperature or time 

while the sample is subject to a controlled temperature program. There are a wide variety of 

techniques available; the major differences are the properties of the substance being studied [54]. 

The most common thermoanalytical techniques are presented in table 2.1. 
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Table 2.1: Thermoanalytical techniques applied to the analysis of materials [54] 

Technique abbreviation Property measured 
Differential thermal analysis DTA Temperature difference 

Differential scanning calorimetry DSC Enthalpy 
Thermogravimetric analysis TGA Mass 

Dynamic mechanical analysis DMA Deformation 
Dielectric thermal analysis DEA Deformation 

Evolved gas analysis EGA Gaseous decomposition 
Thermo optical analysis TOA Optical properties 

In the case of ionic liquids, properties such as heat capacity, glass transition temperature, melting 

temperature, thermal decomposition temperature, and enthalpy of phase transitions can be 

determined using Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis 

(TGA) [55-57]. DSC is a technique in which the difference in the amount of heat needed to raise 

the temperature of a sample and a reference material is measured as a function of temperature while 

the sample and the reference material are subject to a controlled temperature program [58]. On the 

other hand, TGA, which is applied to determine the thermal stability of a substance and its volatile 

content, monitors the weight changes of a substance as a function of temperature or time under a 

controlled atmosphere as the sample is subject to a controlled temperature program [54]. 

The most common procedure for analyzing the thermal history of ionic liquids is to run a 

heating/cooling/heating cycle using the DSC technique. It helps to know how they behave and to 

perform comparative studies. The first heating cycle gives information regarding the thermal 

transitions occurring in the sample. This step enables to "erase" the thermal history of the substance. 

It should be noted that the final temperature must be not too high, because it may lead to 

decomposition of the sample, but it must be high enough for melting to occur. The cooling step 

provides data for a standard heating history of the sample at a controlled cooling rate. The second 

heating step enables us to compare substances directly to each other [56]. 

Various thermal transitions of ionic liquids such as melting, solid-solid transition, crystallization, 

and glass transition can be observed and measured using DSC. The melting point is the temperature 

at which a phase transition occurs from the solid state to the liquid state upon heating under 

atmospheric pressure. A solid-solid transition occurs at a temperature where the compound exhibits 

two different polymorphic forms. Crystallization is the formation of a crystalline solid from a 

primary liquid phase upon cooling. Another type of crystallization called cold crystallization occurs 

above the glass transition temperature upon heating, forming a crystalline structure from an 
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amorphous solid. Glass transition occurs at a temperature where an amorphous region forms 

between the glassy and rubbery states. 

Regarding the interpretation of a DSC thermogram, the melting temperature (Tm) is taken as the 

onset of an endothermic peak (downward deflection of the curve peak) upon heating, the 

crystallization temperature (Tc) as the onset of an exothermic peak (upward deflection of the curve 

peak) upon cooling, the cold crystallization temperature (Tcc) as the onset of an exothermic peak 

upon heating from a supercooled liquid state to a crystalline solid state, the solid-solid transition 

temperature (Tss) as the onset of an endothermic peak upon heating from a crystalline solid state, 

and the glass transition temperature (Tg) as the midpoint of a small heat capacity change upon 

heating from an amorphous glass state to a liquid state [55, 56, 59]. An overview of the various 

thermal transitions possible for pure ionic liquids is shown schematically in figure 2.1. 

 

Figure 2.1: Various types of thermal transitions possible for pure ionic liquids: hypothetical ionic 

liquids (a) {upon heating} and (b) {upon cooling}. 

In general, pure ionic liquids can exhibit three types of thermal behavior [55, 56]: 

1) Some ionic liquids display no true phase transitions (i.e. melting and freezing), and only 

the formation of an amorphous glass upon cooling and the reformation of the liquid upon 

heating are observed. For example, [C4mim][BF4] and [C3mim][NTf2] present this type of 

behavior [44, 60]. 



12 

 

2) Some ionic liquids easily crystallize and do not form glasses, showing a crystallization 

transition. A crystalline solid is formed upon cooling and melting occurs upon heating. For 

instance, [C4mim][OTf], [C2mim][NTf2], and [C6mim][TFO] belong to this group [44, 60]. 

3) For some ionic liquids, upon cooling there is the formation of a glass with no tendency to 

crystallize; however, upon heating, the compound shows a phase transition from a glassy 

state to a supercooled liquid phase, and then a cold crystallization occurs. An increase in 

the heating/cooling rate may lead to the disappearance of the cold crystallization. Then, as 

the temperature increases, melting occurs. [C4mim][NTf2] and [C6mim][NTf2] belong to 

this group [44, 60]. 

One of the most influential factors in DSC is the heating/cooling rates, inasmuch as the 

crystallization transition is strongly dependent on the heating/cooling rates because there would be 

enough time for a compound to form a crystalline phase at low rates. The influence of the variation 

of heating/cooling rates on the thermal behavior of some imidazolium-based ionic liquids showed 

that, as the scan rate increased, the glass transition (e.g. [C3mim][NTf2], [C4mim][NTf2], 

[C6mim][NTf2], and [C6mim][DCA]) and cold crystallization temperatures increased, while the 

freezing temperature decreased. Moreover, the heating/cooling rates had no impact on the melting 

temperature, as was observed for [C2mim][NTf2], [C4mim][NTf2], [C6mim][NTf2], and 

[C6mim][TFO] [60]. 

Changes in heating/cooling rates provide useful information regarding the thermal transitions of 

ionic liquids. At fast rates, the thermal analysis gives an overlapped phase transition peak, while at 

slow rates these peaks can move apart from each other. To obtain valid information regarding the 

thermal behavior of pure ionic liquids, including whether it is a crystal or a glass former, the 

presence of polymorphs, etc., it is suggested to begin the analysis of the sample by a scan performed 

at a relatively low heating rate of 2°C/min [55]. 

There are various factors which may affect the melting temperature of ionic liquids such as the 

alkyl chain length, the symmetry of cations, the type of anion, the pressure, dissolved gases, etc. 

The effect of the alkyl chain length on the melting temperature of one of the widely known ionic 

liquids, [Cnmim][BF4], has been studied. The melting point decreases as the alkyl chain lengthens 

as a result of the lower overall symmetry of the cation (symmetry-breaking region) until, beyond a 

certain length (n≈10), it increases owing to attractive van der Waals interactions between the alkyl 
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side chains which start outweighing the symmetry effect (hydrophobic region) [61, 62]. Dissolved 

gases have a significant impact on the melting temperature; for instance, adding CO2 to ionic 

liquids with fluorinated anions can provoke decreases up to 70 K into the melting temperature [63, 

64]. Furthermore, the type of anion has a profound impact on the melting temperature of ionic 

liquids. Typically, substitution with an asymmetric anion and an increase in the anion size both 

cause a decrease in the melting temperature [65]. The melting point of ionic liquids with [C4mim]+ 

as the common cation and various anions such as Cl-, OTf-, NTf2
-, PF6

-, or BF4
- showed a decrease 

in this order [61]. 

2.1.2 Binary systems 

Over the last few years, the phase behavior of single ionic liquids has been widely investigated, but 

there have been relatively few studies conducted on the phase diagrams of ionic liquid systems. An 

overview of the experimental phase diagram measurements for ionic liquid systems with organic 

cations is given in table 4.1 (Chapter 4). These are almost exclusively binary common-ion 

(common-cation or common-anion) systems, and the main experimental technique used was DSC.  

From the thermodynamic modeling viewpoint, Maximo et al. [35] modeled the phase diagrams of 

nine [PF6]-based binary ionic liquid systems with imidazolium ([C3mim]+ or [C12mim]+), 

pyrrolidinium ([C3mpyrr]+), pyridinium ([C3mpy]+), piperidinium ([C3mpip]+), 

tetrabutylammonium ([N4444]+) and tetrabutylphosphonium ([P4444]+) as the different cations. These 

authors considered the following thermodynamic model: 

ln MaOPaOQR = ln MxOPγOPxOQγOQR
= ∆UVWHR Z 1TUVW − 1T[
+ \ ]∆^_HR Z 1T̂ _ − 1T[` +a

^_b�
∆UVWCcR ZTUVWT − ln ZTUVWT [ − 1[ 

(1) 

where aOP and aOQ are the activities of component i in the liquid and solid phases, respectively; xOP 

and xOQ are the mole fractions of component i in the liquid and solid phases, respectively; γOP and γOQ 

are the activity coefficients of component i in the liquid and solid phases, respectively; T is the 

liquidus temperature (K) of the binary mixture; R is the gas constant; TUVW and ∆UVWH are the melting 

temperature (K) and enthalpy (J.mol-1) of component i; T̂ _ and ∆^_H are the thermal transition 
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temperatures (K) and enthalpies (J.mol-1) of the n solid-solid transitions of component i; and ∆UVWCc 

is the heat capacity (J.mol-1.K-1) of component i at the melting temperature TUVW. For the phase 

diagram calculations, Maximo et al. [35] simplified Eq. (1) taking into account that the binary 

system has a simple eutectic behavior with no solid solubility (aOQ = xOQγOQ = 1) and neglecting the 

differences in heat capacity (∆UVWCc = 0). In the case of an ideal liquid phase, they considered that  

γOP = 1. As explained in Chapter 4, these authors reported that most of the binary systems 

investigated are simple eutectic systems with a liquid close to ideal, while one particular binary 

system ([C3mpyrr][PF6] – [C3mpip][PF6]) displays an extensive solid solution confirmed by 

powder X-ray diffractometry of the solid phase. 

Kick et al. [66] modeled the phase diagram of the [C2mim]Cl – [C4mim]Cl common-anion binary 

system. These authors used Eq. (1) in its simplest form, assuming an ideal liquid (γOP = 1) and 

crystallization of the pure components (aOQ = xOQγOQ = 1), and neglecting the differences in heat 

capacity (∆UVWCc = 0). Since no solid-solid transitions were observed for the pure components, 

∆^_H = 0. 

Recently, Teles et al. [67] measured the phase diagrams of four binary systems of fluorinated ionic 

liquids, and modeled three of them ([C4mpyrr]N(C4F9SO2)2 - [C4mpyrr]C4F9SO3, 

[C2mpyrr]N(C4F9SO2)2 - [C2mpyrr]CF3SO3, and [C2mpyrr]N(C4F9SO2)2 - 

[C4mpyrr]N(C4F9SO2)2). They used Eq. (1) to calculate the phase diagrams, assuming negligible 

differences in the heat capacity (∆UVWCc = 0) and no polymorphic forms (∆^_H = 0).  

The phase diagrams of binary systems of salts with ions commonly used for the preparation of 

ionic liquids have also been investigated (see table 4.2 in Chapter 4). These are exclusively 

common-anion systems with alkali metals as the cations. 

2.1.3 Ternary systems 

An overview of the phase diagram measurements available in the literature for ternary systems of 

salts with ions commonly used for the preparation of ionic liquids is given in table 4.3 (Chapter 4). 

Again, these are common-anion ternary systems with alkali metals as the cations. Studies of ionic 

liquid ternary systems involving organic cations are still lacking, which motivated the present 

study. 
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2.1.4 General remarks 

Water is the most important source of impurities in ionic liquids due to the hygroscopic nature of 

these compounds. Water can be present in ionic liquids either because of insufficient drying or due 

to absorption from the atmospheric air. The presence of residual water in ionic liquids has a 

significant impact on their properties such as melting point, density, viscosity, electrical 

conductivity, reactivity, etc. [68-72]. For instance, the thermal transitions measured by DSC for 

the common-cation binary system [C2mim]NO3 - [C2mim]Cl were found to be unreliable with very 

poor reproducibility owing to the highly hygroscopic character of this system [73]. 

Some ionic liquids may exhibit a large degree of supercooling during DSC measurements. Upon 

cooling, these compounds remain liquid until forming glasses at very low temperatures instead of 

showing a crystallization. This may lead to experimental problems while measuring the solid-liquid 

equilibria for ionic liquid systems. For example, Stolarska et al. [73] only reported the DSC 

thermograms of the first heating run for the [C4mim]Cl-[C2mim]Cl common-anion binary system, 

since no thermal transition (either melting or crystallization) was observed during the second and 

third heating/cooling cycles in the [C4mim]Cl-rich region owing to the tendency of this compound 

to form a supercooled liquid phase. 

Some thermal transitions might be missing due to the dynamic nature of the DSC technique. For 

instance, no melting transition was observed in the DSC thermograms for the [C2mim]PF6-

[C2mim]Cl common-cation binary system at compositions between 25 mol% and 75 mol% 

[C2mim]Cl due to the highly hygroscopic nature of [C2mim]Cl [73]. Some missing thermal 

transitions (either melting or eutectic) were also reported for the [C4mim]Cl-[C2mim]Cl common-

anion binary system because of the following reasons: 1) supercooling behavior of the system; 2) 

wide melting peak in the heating curve of the [C2mim]Cl compound; 3) coincidence of the eutectic 

transition temperature and of the temperature range in which was observed an exothermic peak 

corresponding to the cold crystallization of the [C2mim]Cl compound [73]. 

2.2 Density 

A considerable number of papers has been published up to now on the density of pure ionic liquids. 

In recent years, the density and excess molar volume of ionic liquid mixtures have attracted much 

attention. Niedermeyer et al. [2] gave a comprehensive review of the density of ionic liquid 
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mixtures. Early work on the density and excess molar volume of ionic liquid binary mixtures was 

undertaken by Canongia Lopes et al. [38]. These authors measured at 298K and 333K the density 

of six common-anion systems with NTf2
- as the common anion and various [Cnmim]+ cations (n=2, 

4, 6, 8, 10), and of three common-cation binary systems with [C4mim]+ as the common cation and 

NTf2
-, BF4

- and PF6
- as the anions. They reported a small symmetric positive deviation from ideality 

of the order of a few tenths of cm3.mol-1 (less than 0.1% of the mixture’s molar volume) for the 

excess molar volume (VE) of all systems. It was also found that the VE values are essentially 

temperature- and pressure-independent. It was well demonstrated for the common-anion binary 

systems investigated that the VE values increased with the difference between the alkyl chain 

lengths of the two cations (about 0.25 cm3.mol-1 as the maximum value reported for the 

[C2mim]NTf2 – [C10mim]NTf2 binary liquid). A similar dependence of VE on the size difference 

between the anions was observed for the common-cation binary systems studied. 

Navia et al. [74] studied the volumetric behavior of two common-cation ([C4mim]BF4 – 

[C4mim]MeSO4 and [C4mim]PF6 – [C4mim]BF4) and two common-anion ([C2mim]BF4 – 

[C6mim]BF4 and [C4mim]BF4 – [C6mim]BF4) binary mixtures in the temperature range 298.15-

308.15K. A very small positive deviation from ideality was observed for the [C4mim]PF6 – 

[C4mim]BF4 binary system, while the other systems exhibited a negative deviation. 

Song and Chen [75] measured the density of three binary mixtures of [BF4]-based ionic liquids 

with various [Cnmim]+ cations (n=2, 3, 6) in the temperature range 298.15-343.15K. These various 

systems exhibited very small deviations from ideality. In another study, Song and Chen found a 

near-ideal behavior of the molar volume of the [eOHmim]BF4 – [C4mim]BF4, [eOHmim]BF4 – 

[C4py]BF4 and [C4mim]BF4 – [C4py]BF4 common-anion binary systems. The first two systems 

showed both positive and negative deviations from ideality, while the latter displayed a very small 

negative deviation. 

Clough et al. [11] measured the density of nine binary systems and two ternary reciprocal systems 

of ionic liquids consisting of imidazolium ([CnCmim]+), pyrrolidinium ([CnCmpyrr]+), pyrazolium 

([CnCmCppz]+) and diazabicycloundecenium ([R-DBU]+) as the cations, and of Cl-, OTf-, MeSO4
-, 

Me2PO4
- and NTf2

- as the anions. The authors reported a close-to-ideal behavior for most of the 

ionic liquid systems investigated. Two common-cation binary systems such as [C4C1mim]MeSO4 

– [C4C1mim]NTf2 and [C4C1mim]NTf2 - [C4C1mim]Me2PO4 as well as the [C4C1mim]NTf2 – [Me-
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DBU]MeSO4 ternary reciprocal system exhibited deviations from ideality. The authors ascribed 

this non-ideality to: (i) the loss of fluorophilic interaction between a highly-fluorinated anion (NTf2
-

) and another anion with no fluorine atoms (MeSO4
- or Me2PO4

-); (ii) the size difference between 

the ions; (iii) the influence of other interactions such as hydrogen bonding. They also reported that 

the [C4C1mim]NTf2 – [Me-DBU]MeSO4 ternary reciprocal system exhibited higher deviations 

from ideality (VE=1.07 cm3.mol-1 as the highest value) than the other systems owing to the fact that 

more interactions are involved in the ternary reciprocal system than in the common-cation binary 

systems; thus involving larger values of the enthalpy and entropy of mixing. 

Bharmoria et al. [76] observed at 298.15K a large positive deviation in VE with a maximum value 

of about 1.4 cm3.mol-1 for the [HEA]HCOO – [C4mim]Cl ternary reciprocal system. As reported 

by these authors, this non-ideality is due to improper packing of the dissimilar ions in the liquid 

solution. 

Annat et al. [77] reported a close-to-ideal behavior for the common-anion binary systems consisting 

of [C3mpyrr]NTf2 with [C4mpyrr]NTf2, [C6mpyrr]NTf2 or [C2mim]NTf2. They observed 

deviations from ideality for the [C3mpyrr]dca - [C3mpyrr]NTf2 (highest measured VE value of 

about 0.5 cm3.mol-1) and the [P6,6,6,14]NTf2 - [C3mpyrr]NTf2 binary systems; the latter exhibited the 

highest deviation, with a VE value of about 1.5 cm3.mol-1. 

Recently, Canongia Lopes et al. [78] investigated the influence of the hydrogen-bonding interaction 

on the excess molar volume of ammonium-based common-anion binary systems with NO3
- as the 

common anion. These authors considered two categories of binary systems: (i) binary systems 

composed of ethylammonium nitrate ([N0002]NO3), propylammonium nitrate ([N0003]NO3) and 

butylammonium nitrate ([N0004]NO3), where the cation of each component involves exactly three 

hydrogen bond donor groups; (ii) binary systems consisting of ethylammonium nitrate (with three 

hydrogen bond donor groups in the cation) and of various homologous ionic liquids with different 

numbers of hydrogen bond donor groups: diethylammonium nitrate ([N0022]NO3)   (two hydrogen 

bond donors), triethylammonium nitrate ([N0222]NO3) (one hydrogen bond donor) and 

tetraethylammonium nitrate ([N2222]NO3) (no hydrogen bond donors). For category (i), Canongia 

Lopes et al. observed a quasi-ideal behavior with VE values lying between -0.1 and +0.1 cm3.mol-

1. Category (ii) exhibited some deviations from ideality when the difference in the number of 

carbon atoms present in the cations increased or the number of hydrogen bond donors present in 
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the cation decreased. A large positive symmetric deviation from ideality (particularly for the 

[N0222]NO3 - [N0002]NO3 binary system, with a maximum VE value of about 3 cm3.mol-1) was 

reported for these binary systems. The authors concluded that interactions such as hydrogen 

bonding may affect the volumetric properties of ionic liquid mixtures in addition to the expected 

influence of an increase in the number of carbon atoms in the cation. 
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CHAPTER 3 THERMODYNAMIC MODELS, VBT & DENSITY 

MODEL 

This chapter first describes the thermodynamic models applied in this work to the liquid phase and 

relevant solid solutions. The Modified Quasichemical Model was used for the liquid phase, and the 

Compound Energy Formalism was employed for the solid solutions. Then, are briefly presented 

the principles of the Volume-based Thermodynamics from Glasser and Jenkins for the estimation 

of the missing thermodynamic properties of the pure ionic liquid compounds. The last section of 

this chapter presents a theoretical model for the density of multicomponent ionic liquid systems, 

based on the Modified Quasichemical Model. 

3.1 Thermodynamic model for the liquid phase 

In this work, the Modified Quasichemical Model (MQM) for short-range ordering [12-14] is used 

for the liquid phase. This model considers the distribution of cations and anions on the sites of two 

different sublattices (cationic and anionic), and each ion occupies exactly one site. 

The Modified Quasichemical Model in the Pair Approximation (MQMPA) [12, 13] is used for the 

liquid phase of common-ion (common-cation or common-anion) systems. Let us consider first the AX − AY (abbreviated as A//X, Y) common-cation binary system, where A is the common cation, 

and X and Y are two anions. In this case, the MQMPA takes into account short-range ordering 

(SRO) between second-nearest-neighbor (SNN) anion-anion pairs. The following pair-exchange 

reaction is considered: 

(X − A − X)ceO_ + (Y − A − Y)ceO_ = 2(X − A − Y)ceO_;    ∆gg//hi  (2) 

where ∆gg//hi is the Gibbs free energy change for the formation of 2 moles of (X − A − Y) pairs. 

The Gibbs free energy of the binary liquid solution is given by: 

G = kng/hgg/hl + ng/igg/il m − T∆SolaUOp + qnhi2 r ∆gg//hi   (3) 

where ng/h and ng/i as well as gg/hl  and gg/il  are the number of moles and the molar Gibbs free 

energies of the AX and AY pure components, respectively; nhi is the number of moles of (X − A − Y) pairs; and ∆SolaUOp is the configurational entropy of mixing given by randomly 

distributing the (X − A − X), (Y − A − Y), and (X − A − Y) pairs: 
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∆SolaUOp = −R(nhln�s + niln�t)
− R unhhln M�hhYh� R + niiln M�iiYi� R + nhiln Z �hi2YhYi[v   (4) 

In Equation (4), R is the gas constant; �h and �i are the anionic site fractions; Yh and Yi are the 

"coordination-equivalent" fractions; and �hh, �ii and �hi are the SNN pair fractions. Yh and Yi 

are respectively defined as: 

Yh = ws . �sws . �s + wt. �t    (5) 

Yi = wt. �tws . �s + wt. �t    (6) 

where ws and wt are the second-nearest-neighbor coordination numbers of the anions D and F. In 

the present work, all SNN coordination numbers were set to 6.0. Therefore, Yh and Yi reduce to 

the mole fractions �s and �t, respectively. It should be noted that Eq. (4) is an approximate 

equation since no exact expression is known for the entropy of this distribution in three dimensions. 

However, it is an exact expression for a one-dimensional lattice. For a liquid solution close to 

ideality, it can be shown that �ss → Fs�, �tt → Ft� and �st → 2FsFt. The second term in Equation 

(4) is then equal to zero, and the configurational entropy thus reduces to the Bragg-Williams 

(random-mixing) expression. For further details, one is referred to Refs. [12, 13]. 

The Gibbs free energy change ∆gg//hi is a model parameter, which is expanded in terms of the 

pair fractions as: 

∆gg//hi = ∆gg//hil + \ gg//hiOC . �hhO
Oy� + \ gg//hiCz . �iiz

zy�    (7) 

where  ∆gg//hil , gg//hiOC
 and gg//hiCz  are empirical coefficients that can be functions of temperature. 

As ∆gg//hi becomes progressively more negative, reaction (2) is shifted to the right, (X − A − Y) 

pairs predominate and SNN short-range ordering results. 

Let us now consider the AX − AY − AZ (abbreviated as A//X, Y, Z) common-cation ternary system, 

where A is the common cation, and X, Y, and Z are three anions. The Gibbs free energy of the A//X, Y, Z common-cation ternary liquid is given by: 
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G = kng/hgg/hl + ng/igg/il + ng/|gg/|l m − T∆SolaUOp
+ }qnhi2 r ∆gg//hi + qnh|2 r ∆gg//h| + qni|2 r ∆gg//i|~   (8) 

where ng/h, ng/i and ng/| as well as gg/hl , gg/il  and gg/|l  are the number of moles and the molar 

Gibbs free energies of the AX, AY, and AZ pure components, respectively; nhi, nh| and ni| are the 

number of moles of (X − A − Y), (X − A − Z), and (Y − A − Z) pairs, respectively; ∆gg//hi, 

∆gg//h| and ∆gg//i| are the Gibbs free energy changes for the formation of 2 moles of 

(X − A − Y), (X − A − Z), and (Y − A − Z) pairs, respectively, and ∆SolaUOp is the configurational 

entropy of mixing given by randomly distributing the SNN anion-anion pairs: 

∆SolaUOp = −R(nhln�s + niln�t + n|ln��)
− R unhhln M�hhYh� R + niiln M�iiYi� R + n||ln M�||Y|� R + nhiln Z �hi2YhYi[
+ nh|ln Z �h|2YhY|[ + ni|ln Z �i|2YiY|[v   

(9) 

In Equation (9), �h, �i and �| are the anionic site fractions; Yh, Yi and Y| are the "coordination-

equivalent" fractions; and �hh, �ii, �||, �hi, �h| and �i| are the SNN pair fractions. 

The Gibbs free energy of the common-cation ternary liquid is estimated from the optimized binary 

parameters using a Kohler-like (i.e. symmetric model) or a Kohler-Toop-like (i.e. asymmetric 

model) interpolation method [25].  

In a symmetric model (figure 3.1(a)), the three components are treated in the same way. ∆gg//hi 

in the common-cation ternary liquid is given by: 

∆gg//hi = ∆gg//hil + \ gg//hiOz Z �hh�hh + �hi + �ii[O Z �ii�hh + �hi + �ii[z
(O�z)y�

+ \ gg//hi(|)Oz� Z �hh�hh + �hi + �ii[O
�y�OyCzyC

 Z �ii�hh + �hi + �ii[z Y|�  (10) 

where the second summation in Equation (10) consists of a ternary term which is zero in the A//X, Y 

binary subsystem, and which gives the effect of the presence of component Ew upon the pair 
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formation energy ∆gg//hi. The empirical ternary coefficient gg//hi(|)Oz�
 is obtained by optimization 

of experimental ternary data. As ∆gg//hi, ∆gg//h| and ∆gg//i| become small, the solution 

approaches ideality, and �hh → Yh�, �ii → Yi�, and �hi → 2YhYi. In this case, q ��������������r →
q i�i��i�r�

 and q ��������������r → q i�i��i�r�
. Equation (10) then approaches the Kohler equation 

(Equation (20) in reference [13]) for symmetric ternary systems. The first term on the right-hand 

side of Equation (10) is constant along the line AZ − a in figure 3.1(a) and is equal to ∆gg//hi in 

the A//X, Y binary system at point � (where Fs + Ft = 1). That is, it is assumed that the binary 

D − E − F pair interaction energy is constant at a constant 
t�t� ratio. Equations similar to Equation 

(10) give ∆gg//i| and ∆gg//h|, with the binary terms equal to their values at points � and �, 

respectively, in figure 3.1(a).  

 

Figure 3.1: Symmetric (left) and asymmetric (right) models for interpolation from binary to 

ternary solutions. 

In an asymmetric model (figure 3.1(b)), one component (ED) is treated differently than the other 

two components. ∆gg//hi in the common-cation ternary liquid is given by: 

∆gg//hi = ∆gg//hil + \ gg//hiOz �hhO (�ii + �i| + �||)z
(O�z)y�

+ \ gg//hi(|)Oz� �hhO (�ii + �i| + �||)z
�y�OyCzyC

 Z Y|Yi + Y|[�  (11) 

In the limit of ideality, �hh → Yh� and (�ii + �i| + �||) → (Fi + F|)� = (1 − Fs)�. Equation (11) 

then approaches the Kohler-Toop equation (Equation (21) in reference [13]) for asymmetric ternary 
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systems. The first term on the right-hand side of Equation (11) is constant along the line �� in 

figure 3.1(b) and is equal to ∆gg//hi in the A//X, Y binary system at point �. An equation similar 

to Equation (11) gives ∆gg//h|, while ∆gg//i| is given by an equation similar to Equation (10). 

The Modified Quasichemical Model in the Quadruplet Approximation (MQMQA) [14] is used for 

the liquid phase of a ternary reciprocal system ED − EF − KD − KF (abbreviated as E, K || D, F). 

The [C2py], [C4py] || Cl, Br system is discussed in Chapter 4. This model considers simultaneously 

first-nearest-neighbor (cation-anion) and second-nearest-neighbor (cation-cation and anion-anion) 

short-range order. A quadruplet consists of two second-nearest-neighbor cations and two second-

nearest-neighbor anions, which are mutual first-nearest-neighbors. Each quadruplet has a Gibbs 

free energy. The Gibbs free energy of the E, K || D, F ternary reciprocal liquid is given by: 

G = \ � �/��( �/�� − A∆��
�. �  (12) 

where � �/�� denotes the number of moles of the unary, binary, and reciprocal quadruplets; ( �/�� 
denotes the Gibbs free energy of the quadruplets; and ∆��
�. � is the configurational entropy of 

mixing. In particular, there are four binary quadruplets (A�/XY, B�/XY, AB/D�, ��� EK/F�) and 

each Gibbs free energy depends on the corresponding model parameter for the associated common-

ion binary subsystem (for instance, ∆gg//hi for the A�/XY quadruplet). ∆��
�. � corresponds to 

the distribution of all quadruplets over "quadruplet sites" considering the overlapping of FNN and 

SNN pairs. No exact mathematical expression is known for ∆��
�. �, and the entropy of 

configuration has been approximated by Pelton et al. [14] and then improved [79]. The extent of 

FNN short-range ordering is related to the Gibbs free energy change for the following exchange 

reaction: 

AX + BY = AY + BX ; ∆()*/st���1 ���   (13) 

∆()*/st���1 ��� only depends on the Gibbs free energies of the four pure liquid salts AX, KF, AY, and 

BX. If ∆()*/st���1 ��� is negative, then A − Y and B − X FNN pairs predominate. 

More details about the MQMQA are given in Chapter 4 (section 4.3). 
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3.2 Thermodynamic model for the solid solutions 

The solid solutions relevant for the present work are: the Cl-rich [C4mpyrr](Cl, [Br]) solid solution, 

the Br-rich [C4mpyrr](Br, [Cl]) solid solution, the [C2py]Cl – [C2py]Br solid solution, the 

[C4py]Cl-[C4py]Br solid solution, the [C3mpip]PF6 – [C3mpyrr]PF6 low-temperature solid 

solution, the [C3mpip]PF6 – [C3mpyrr]PF6 intermediate-temperature solid solution, and the 

[C3mpip]PF6 – [C3mpyrr]PF6 high-temperature solid solution. The Compound Energy Formalism 

(CEF) is used to model these solid solutions. More details are given in Chapter 4 (section 4.4). 

3.3 Volume-based Thermodynamics (VBT) 

To model the phase diagram of a common-ion system with no existing intermediate compound, 

only the molar Gibbs free energies of fusion of the pure compounds need to be known. On the other 

hand, for a A, B//X, Y ternary reciprocal system, the standard thermodynamic properties 

(ΔHo
298.15K, So

298.15K, and Cp(T)) of all four pure compounds must be known or estimated, so that 

the Gibbs free energy change for the exchange reaction (13) can be assessed. The molar Gibbs free 

energy of a stoichiometric phase is given by: 

G¡ = ∆H���.��¢l + £ CcdT − T ¤S���.��¢l + £ CcT
¡

���.��¢
dT¥¡

���.��¢
 (14) 

where ∆H���.��¢l  is the standard molar enthalpy at 298.15K (relative to the elements in their stable 

standard states at 298.15K), S���.��¢l  is the standard absolute (third law) molar entropy at 298.15K, 

and Cc is the molar heat capacity and is a function of the absolute temperature T (K). These 

quantities thus need to be known for a stoichiometric phase. The limited temperature range of ionic 

liquid compounds (below T=373.15K, and often below T=298.15K) indicates that ∆H���.��¢l  is by 

far the most important thermodynamic quantity for these compounds. No compilation tables are 

currently available for the thermodynamic properties of ionic liquid compounds. It is thus desirable 

to assess these missing quantities by methods of estimation such as the Volume-based 

Thermodynamics (VBT) from Glasser and Jenkins [28-33]. This method requires a knowledge of 

the molecular volume νm (expressed in nm3). The latter can be derived from crystallographic data 

for the pure solid phases, and from density measurements (using a densimeter) for the pure liquid 

phases. As emphasized by Jenkins [33], the VBT only takes into account long-range Coulombic 
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interactions, and short-range interactions such as van der Waals and hydrogen bonding are not yet 

considered. 

Strechan et al. [80] correlated the heat capacity (Cp) with the molecular volume (νm) at 298.15K 

for various methyl-imidazolium-based ionic liquids. These authors derived the following linear 

regression equation: 

Cc(298.15K)/(J. mol��. K�� ) = 1053.9νª + 37.0 (15) 

where νm is expressed in nm3. The standard error of a prediction was reported as ±16 J.mol-1.K-1. 

Recently, Robelin [24] tested this equation on various methyl-imidazolium-based ionic liquids. 

This author reported a relative shift usually lower than 5% between the calculations and the 

measurements. In the present work, we used Eq. (15) for the estimation of Cp of methyl-

imidazolium-based ionic liquids (see Chapter 5). A new Cp correlation from experimental data (Cp 

and density) was derived for pyridinium-based ionic liquids (see section 4.6.1 in Chapter 4). 

Glasser [30] proposed a linear regression equation for the standard absolute entropy (So
298.15K) of 

ionic liquids. The proposed expression is an average of two linear regression equations, one valid 

for anhydrous ionic solids [29] and another one valid for organic liquids [81]. This equation is 

presented in Chapter 4 (section 4.6.2). 

Finally, using a thermodynamic cycle, ∆H���.��¢l  for a solid ionic liquid compound can be derived 

from the standard enthalpies of formation of the cation and of the anion in the gas state, and from 

the lattice enthalpy. Details are given in Chapter 4 (section 4.6.3). 

3.4 Density model 

A theoretical model based on the Modified Quasichemical Model has been successfully applied to 

model the density of multicomponent inorganic molten salts such as the NaCl - KCl - MgCl2 - 

CaCl2 and NaF - AlF3 - CaF2 - Al2O3 electrolytes. This model is used in the present work for the 

density of common-ion (common-cation and common-anion) ionic liquid systems. Let us consider 

the E//D, F, w common-cation ternary liquid. The volume V and density ρ of the solution are 

defined respectively as: 

V = Z∂G∂P[¡,a¯/�,a¯/�, a¯/° (16) 
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ρ = mV  (17) 

where G is the Gibbs free energy of the solution (Eq. (8)) and m is the mass of the solution. 

Therefore, the volume and the density of the solution can be modeled by introducing pressure-

dependent parameters in the Gibbs free energy of the solution.  

The molar Gibbs free energy of the pure liquid salt AX can be written as: 

gg/hl (T, P) = gg/hl (T, 1 bar) + £ Vªg/h(T). dP = gg/hl (T, 1 bar) + Vªg/h(T). (P − 1)²
�  (18) 

where Vªg/h(T) is the molar volume of pure liquid AX at temperature T. It is given by: 

Vªg/h(T) = Vªg/h(T_³U). exp ¤ £ α(T). dT¡
¡·¸¹

¥ (19) 

where T_³U and α(T) are a reference temperature (arbitrarily selected) and the thermal expansion, 

respectively. The latter can be obtained by fitting the experimental volumetric data available for 

the AX pure liquid salt using the following function of temperature: 

α(T) = a + bT + cT�� + dT�� (20) 

where a, b, c and d are constant parameters. From Equations (8, 16, 18), it follows that: 

V = qng/h. Vªg/h(T) + ng/i. Vªg/i(T) + ng/|. Vªg/|(T)r
+ »qnhi2 r . M∂∆gg//hi∂P R¡,a¯/�,a¯/�, a¯/°  
+ qnh|2 r . M∂∆gg//h|∂P R¡,a¯/�,a¯/�, a¯/°  

+ qni|2 r . M∂∆gg//i|∂P R¡,a¯/�,a¯/�, a¯/°  
¼ 

(21) 

The second term in Equation (21) represents the excess molar volume of the common-cation 

ternary liquid. If the pressure dependent parameters in ∆gg//hi, ∆gg//h| and ∆gg//i| are all zero, 
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the melt has an ideal volumetric behavior (i.e. the volumes of the pure liquid salts are simply 

additive). 

For a given common-cation binary liquid such as A�/XY, ∆gg//hi is expanded as a polynomial in 

the SNN anion-anion pair fractions �ss and �tt (P in bar): 

∆gg//hi = ½∆gg//hi l + βg//hil . (P − 1)¿
+ \½gg//hiOC + βg//hiOC . (P − 1)¿. (�hh)O

Oy�
+ \ }gg//hiCz + βg//hiCz . (P − 1)~ . (�ii)z

zy�  

(22) 

where ∆gg//hi l , gg//hiOC  and gg//hiCz  represent the parameters of the thermodynamic model (at 1 bar) 

that may be functions of temperature and that were obtained by least-squares fitting of the 

experimental thermodynamic properties and phase equilibria available for the A//X, Y common-

cation binary system; and βg//hi
 , βg//hiOC  and βg//hiCz  are the parameters of the density model that 

can be functions of temperature and that are obtained by least-squares fitting of the experimental 

density data available for the A//X, Y common-cation binary liquid. Therefore, the Gibbs free 

energy change ∆gg//hi now consists of two different terms: one (independent of the hydrostatic 

pressure) corresponds to the thermodynamic model, and another one (pressure-dependent) is 

related to the density model. For the latter term, the notation ∆gg//hi²  is used. That is: 

∆gg//hi² = »βg//hil + \ βg//hiOC . (�hh)O
Oy� + \ βg//hiCz . (�ii)z

zy� ¼ . (P − 1) (23) 

At 1 bar total pressure, ∆gg//hi²  is equal to zero. As discussed previously [16], the parameters 

βg//hil , βg//hiOC  and βg//hiCz  in Equations (22) and (23) are always small so that, at given temperature 

and composition and for pressures not too high (i.e. typically less than 100 bar), the calculated 

equilibrium anion-anion pair configuration is virtually identical to the one calculated from the 

(previously developed) thermodynamic model. 

Therefore, both the density and the thermodynamic properties of the common-cation ternary liquid 

can be predicted from the binary excess Gibbs free energy parameters using the standard Kohler-
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like and Kohler-Toop-like interpolation methods described previously (section 3.1). Ternary 

pressure-dependent parameters may be introduced in order to best reproduce the density data 

available for the ternary liquid. However, such parameters were not used in the present work owing 

to the lack of ternary density data. 
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Abstract 

The present paper describes an experimental study and a thermodynamic model for the phase 

diagrams of the common-cation ternary system [C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4 (where 

[C4mpyrr] refers to 1-butyl-1-methyl-pyrrolidinium) and of the ternary reciprocal system [C2py], 

[C4py] || Cl, Br (where [Cnpy] refers to 1-alkyl-pyridinium). Phase equilibria were measured by 

Differential Scanning Calorimetry (DSC) for two isoplethal sections in the common-cation 

pyrrolidinium-based ternary system. Phase diagram measurements were recently published for the 

four common-ion binary subsystems and the two diagonal sections in the pyridinium-based ternary 

reciprocal system. In each case, the Modified Quasichemical Model was used to model the liquid 

solution, and the Compound Energy Formalism was used for the relevant solid solutions. For the 

ternary reciprocal system, the missing thermodynamic properties of the pure compounds were 

assessed using the Volume-based Thermodynamics (VBT) from Glasser and Jenkins, making it 

possible to estimate the exchange Gibbs free energy for the reaction [C2py]Br (liquid) + [C4py]Cl 

(liquid) = [C2py]Cl (liquid) + [C4py]Br (liquid). The experimental diagonal sections [C4py]Br - 

[C2py]Cl and [C4py]Cl - [C2py]Br were satisfactorily reproduced using solely the optimized model 

parameters for the four common-ion binary subsystems. 

Keywords: Ionic liquid mixtures; Pyrrolidinium-based ionic liquids; Pyridinium-based ionic 

liquids; Thermodynamic modeling; Volume-based Thermodynamics 

Meysam Mirarabrazi1, Olga Stolarska2,3, Marcin Smiglak2, Christian Robelin1, *
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4.1 Introduction 

Ionic liquids (ILs) are defined as a class of salts generally composed of a large asymmetric organic 

cation and an organic or inorganic anion [82], with a melting temperature below 100°C [83]. They 

possess unique physico-chemical properties such as a very low vapor pressure (i.e. a low volatility), 

and a high chemical and thermal stability over a broad temperature range (-40 to 200°C) [3]. Over 

the recent years, ionic liquids have been considered for use in a variety of fields including analytics 

[4], chemical processing [5], solvents and catalysts [6], electrochemistry [7], biomass processing 

[8], etc. As reported by Stark and Seddon [9], at a zeroth order approximation, the cation of an 

ionic liquid controls its physical properties (including density, viscosity, and temperature of 

fusion), while the anion governs the chemistry and reactivity. Therefore, fine-tuning the properties 

of ionic liquids may be required to target a specific application. 

Over the past several years, a large and growing body of studies has focused on the design of single 

ionic liquids with "tailor-made" properties. A possible technique to modify the properties of ionic 

liquids is to add other substances such as molecular solvents, that are broadly accessible and whose 

properties have been widely investigated. Even though molecular solvents may decrease the 

viscosity of ionic liquids, they can lead to an increased volatility and consequently to a reduced 

thermal stability. The combination of single ionic liquids (IL-IL mixtures) may be an interesting 

alternative. Throughout this paper, the term "ionic liquid mixtures/systems" will refer to the 

combination of one single ionic liquid with one or more ionic liquid. 

So far, there have been relatively few studies dealing with ionic liquid mixtures. Niedermeyer et 

al. [2] performed a comprehensive review of the mixtures of ionic liquids. These authors 

investigated thermodynamics, physical and chemical properties, and applications of ionic liquid 

mixtures. To the best of our knowledge, ternary ionic liquid mixtures have received very little 

attention until now, thus motivating the present study. As pointed out by Plechkova and Seddon 

[10], ionic liquid ternary mixtures may be worth considering, where the chemistry of the system 

would be controlled by the first component, the physical properties (such as density and viscosity) 

of the system would be adjusted by the second component, and the global cost of the system would 

be lowered (through a dilution of the other two components) by adding a third component, cheap 

and chemically inert. The present article describes an experimental study and a thermodynamic 

model for the phase diagrams of the common-cation ternary system [C4mpyrr]Cl - [C4mpyrr]Br - 
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[C4mpyrr]BF4 (where [C4mpyrr] refers to 1-butyl-1-methyl-pyrrolidinium) and of the ternary 

reciprocal system [C2py]Cl - [C2py]Br - [C4py]Cl - [C4py]Br (where [Cnpy] refers to 1-alkyl-

pyridinium) (A ternary reciprocal system is composed of two cations and two anions.). In 

particular, the minimum liquidus temperature in these two multicomponent ionic liquid systems 

can be calculated. As part of the present work, a literature review of the phase diagram 

measurements for ionic liquid systems was conducted (see tables 4.1 to 4.3). Table 4.1 gives an 

overview of the phase diagram measurements for ionic liquid systems with organic cations. These 

are almost exclusively binary common-ion (common-cation or common-anion) systems, and the 

main experimental technique used was Differential Scanning Calorimetry (DSC). As seen in table 

4.1, most of these systems are simple eutectic systems; three systems display a eutectic behavior 

with two terminal solid solutions ([C3mpyrr][NTf2] - [C3mpyrr][FSI], [C4mpyrr][N(C4F9SO2)2] - 

[C4mpyrr][C4F9SO3], and [C2mpyrr][N(C4F9SO2)2] - [C2mpyrr][CF3SO3]); two systems exhibit an 

extensive solid solution over the entire composition range ([C3mpyrr][PF6] - [C3mpip][PF6] and 

[C2mpyrr][N(C4F9SO2)2] - [C4mpyrr][N(C4F9SO2)2]); and one system involves the formation of an 

intermediate compound ([N1112(OH)][C4F9SO3] - [C4mpyrr][C4F9SO3]). From the thermodynamic 

modeling viewpoint, Kick et al. [66] modeled the phase diagram of the [C2mim]Cl – [C4mim]Cl 

common-anion binary system using the Schöder-Van-Laar equation in its simplest form assuming 

an ideal liquid. Maximo et al. [35] modeled the phase diagrams of nine [PF6]-based binary ionic 

liquid systems. These authors reported that most of the binary systems investigated are simple 

eutectic systems with a liquid close to ideal, while one particular binary system ([C3mpyrr][PF6] – 

[C3mpip][PF6]) displays an extensive solid solution confirmed by powder X-ray diffractometry of 

the solid phase. Recently, Teles et al. [67] measured the phase diagrams of four binary systems of 

fluorinated ionic liquids, and modeled three of them. They reported a quasi-ideal eutectic behavior 

with the presence of two terminal solid solutions for the [C4mpyrr][N(C4F9SO2)2] - 

[C4mpyrr][C4F9SO3] and [C2mpyrr][N(C4F9SO2)2] - [C2mpyrr][CF3SO3] binary systems. Also, 

these authors observed a continuous solid solution behavior (confirmed by a X-ray diffraction study 

of the solid phase) for the [C2mpyrr][N(C4F9SO2)2] - [C4mpyrr][N(C4F9SO2)2] binary common-

anion system. Robelin [24] modeled the thermodynamic properties (including the phase diagram) 

of a binary system consisting of one ionic liquid ([C2mim]Cl) and one inorganic compound (AlCl3) 

using the Modified Quasichemical Model. Using experimental data from ref. [84], the author 

calculated two binary eutectics (Teu1=231K, Xeu1=40.1 mol% AlCl3; Teu2=166K, Xeu2=66.2 mol% 
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AlCl3) along with the formation of the intermediate compound [C2mim]AlCl4. Robelin [24] 

reported that this system exhibits extensive short-range ordering owing to the size and charge 

differences between the inorganic Al3+ and organic [C2mim]+ cations.  

The phase diagrams of binary systems of salts with ions commonly used for the preparation of 

ionic liquids have also been investigated (see table 4.2). These are exclusively common-anion 

systems. These systems may be simple eutectic systems or may exhibit an intermediate compound 

or an extensive solid solution over the entire composition range. Robelin [24] modeled the phase 

diagrams of three binary systems consisting of alkali bis(fluorosulfonyl)amides M[FSA] (with 

M=Li, K, Cs) using the experimental data reported in ref. [21].  

Finally, an overview of the phase diagram measurements available in the literature for ternary 

systems of salts with ions commonly used for the preparation of ionic liquids is given in table 4.3. 

These are common-anion ternary systems with different alkali metals. Studies of ionic liquid 

ternary systems involving organic cations are still lacking. Robelin [24] modeled the phase diagram 

of the Li[FSA] - K[FSA] - Cs[FSA] system. This author calculated a ternary eutectic (Teu=315K 

with  XLi[FSA]=0.31, XK[FSA]= 0.33, XCs[FSA]=0.36) very close to the experimental eutectic reported 

in the literature [21, 23]. In another study, Gbassi and Robelin [85] modeled the phase diagram of 

the Li[CH3COO] - K[CH3COO] - Cs[CH3COO] system. Although the three pure salts have 

relatively high melting temperatures, a ternary eutectic was calculated at T=368K. 

In the present work, the liquid phase of the two multicomponent ionic liquid systems investigated 

was modeled with the Modified Quasichemical Model for short-range ordering [12-14]. This model 

has been applied successfully to various inorganic salt systems such as the NaF - AlF3 - CaF2 - 

Al2O3 base electrolyte [18] (used to produce aluminum) and fertilizer systems [19, 20]. The liquid 

model considers the distribution of cations and anions on the sites of two different sublattices, and 

each ion occupies exactly one site. As mentioned previously [24], this model may have to be 

modified since the cations in ionic liquid systems are large and may involve long alkyl chains. In 

particular, it was shown [24] that the current thermodynamic model would fail to reproduce the 

experimental [C2mim]AlCl4-NaAlCl4 section in the NaCl - [C2mim]Cl - AlCl3 phase diagram due 

to the large size difference between the inorganic Al3+ and organic [C2mim]+ cations (where 

[C2mim] refers to 1-ethyl-3-methyl-imidazolium). A large ion such as [C2mim]+ can occupy 

several sites on the cationic sublattice. Also, the Modified Quasichemical Model does not yet take 
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into account specific short-range interactions such as hydrogen bonding, van der Waals and π - π 

stacking interactions [24]. Despite the fact that coulombic forces are the dominating interaction 

between the cations and anions of ionic liquids, relatively weak interactions such as hydrogen 

bonding may affect their physicochemical properties such as melting point, viscosity, etc. [86]. 

Previous studies have provided evidence for the existence of hydrogen bonds in ionic liquids 

(mainly imidazolium-based) [87-91]. In particular, it has been found that pyrrolidinium- and 

pyridinium-based ionic liquids exhibit weaker hydrogen bonding interactions than imidazolium-

based compounds [92]. This is due to the fact that the interaction between an anion and a H atom 

(C-H) on the imidazolium ring makes a stronger H-bond than that between an anion and a H atom 

(N-CH3) on a non-imidazolium cation. 

As explained in section 4.5.1, to model the phase diagram of a common-ion system with no existing 

intermediate compounds such as [C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4, only the molar Gibbs 

energies of fusion of the pure compounds need to be known. On the other hand, for a ternary 

reciprocal system such as [C2py], [C4py] || Cl, Br, the standard thermodynamic properties 

(ΔHo
298.15K, So

298.15K, and Cp(T)) of all four pure compounds must be known or estimated, so that 

the Gibbs free energy change for the exchange reaction [C2py]Br (liquid) + [C4py]Cl (liquid) = 

[C2py]Cl (liquid) + [C4py]Br (liquid) can be assessed. Thermodynamic tables such as JANAF [93] 

and Barin [94] provide recommended values of the standard thermodynamic properties of 

numerous inorganic compounds. However, no such compilation tables are currently available for 

ionic liquid compounds. Therefore, methods of estimation such as the Volume-based 

Thermodynamics (VBT) from Glasser and Jenkins [28-33] need to be used to estimate the missing 

thermodynamic data for the pure ionic liquid compounds. 

The present paper is organised as follows: section 4.2 describes the experimental procedure for the 

preparation of the various mixtures and for the phase diagram measurements by DSC in the 

[C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4 ternary system. Sections 4.3 and 4.4 are devoted to the 

thermodynamic models used for the liquid phase and the relevant solid solutions, respectively. 

Section 4.5 presents the thermodynamic model developed for the common-cation ternary system 

[C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4. Section 4.6 briefly describes the principles of the 

Volume-based Thermodynamics (VBT) with focus on the pyridinium-based compounds of the 

ternary reciprocal system [C2py], [C4py] || Cl, Br. Finally, section 4.7 is devoted to the 

thermodynamic model developed for the latter reciprocal system.
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 Table 4.1: Literature review of the phase diagram measurements for ionic liquid systems with organic cations (Tfusion: 
temperature of fusion; Tg: glass transition temperature; Teu: eutectic temperature; Xeu: eutectic liquid composition) 

System Component 1 (Tfusion [K]) Component 2 (Tfusion [K]) Type of phase diagram Reference 

Common 
anion 

[C2mim][PF6] (334) [C2pz][PF6] (352) Simple eutectic (Xeu=47 mol% [C2mim][PF6]; Teu=296.15K)  [95] 

[C3mpyrr][NTf2] (282) [C4mpyrr][NTf2] (256) 
Simple eutectic (Xeu=50 mol% [C4mpyrr][NTf2]; 

Teu=248.15K) 

[77] [C3mpyrr][NTf2] (282) [C6mpyrr][NTf2] (274) 
Not specified (measurements performed at a few 

compositions) 
[C3mpyrr][NTf2] (282) [C2mim][NTf2] (274) 
[C3mpyrr][NTf2] (282) [P6,6,6,14][NTf2] (Tg=198) 

[C2mim][Cl] (361) [C4mim][Cl] (342) Simple eutectic (Xeu=50 mol% [C2mim][Cl]; Teu=315K) [66] 
[C2mim][Cl] (361) [C4mim][Cl] (338) Simple eutectic (Xeu=51.3 mol% [C2mim][Cl]; Teu=319K) [73] 

[C3mim][PF6] (312) [C3mpy][PF6] (312) Simple eutectic 

[35] 

[C3mim][PF6] (312) [C3mpyrr][PF6] (383) Simple eutectic 
[C3mim][PF6] (312) [C3mpip][PF6] (368) Simple eutectic 
[C3mpy][PF6] (312) [C3mpip][PF6] (368) Simple eutectic 

[C3mpy][PF6] (312) [C3mpyrr][PF6] (383) Simple eutectic 
[C3mpyrr][PF6] (383) [C3mpip][PF6] (368) Complete solid solution 

[C3mim][PF6] (312) [C12mim][PF6] (326) Simple eutectic 
[C3mim][PF6] (312) [N4444][PF6] (520) Simple eutectic 
[C3mim][PF6] (312) [P4444][PF6] (497) Simple eutectic 

[C1py][NTf2] (317) [C1mpyrr][NTf2] (-) 
Simple eutectic (Xeu=30 mol% [C1mpyrr][NTf2]; 

Teu=306.15K) 
[96] 

[C2mpyrr][N(C4F9SO2)2] (431) [C4mpyrr][N(C4F9SO2)2] (374) Complete solid solution 
[67] 

[N1112(OH)][C4F9SO3] (449) [C4mpyrr][C4F9SO3] (361) 
Formation of an intermediate compound at 33 mol% 

[C4mpyrr][C4F9SO3] 
[PPh4][NTf2] (407) Cs[NTf2] (398) Simple eutectic (Xeu=32.0 mol% [PPh4][NTf2]; Teu=371.75K) [97] 

[C3mpyrr][FSI] (264) [C4mpyrr][FSI] (255) Not specified (measurements performed only at equimolar 
composition) 

[98] 
[C3mpyrr][TFSI] (283) [C4mpyrr][TFSI] (266) 

Common 
cation 

[C2mim][PF6] (335) [C2mim][Cl] (361) Simple eutectic (Xeu=37.6 mol% [C2mim][Cl]; Teu=312K) 
[73] 

[C2mim][PF6] (335) [C2mim][NO3] (316) Simple eutectic (Xeu=60.0 mol% [C2mim][NO3]; Teu=292K) 

[1,3-diMeIm][4,5-diNO2-Im] (372) [1,3-diMeIm][4-NO2-Tri] (359) 
Simple eutectic (Xeu=64 mol% [1,3-diMeIm][4-NO2-Tri]; 

Teu=339.65K) 
[99] 

[C3mpyrr][NTf2] (282) [C3mpyrr][dca] (256) 
Simple eutectic (Xeu=75 mol% [C3mpyrr][dca]; 

Teu=246.15K) 
[77] 

[C3mpyrr][NTf2] (285)a [C3mpyrr][FSI] (-) 
Eutectic behavior (Xeu=70 mol% [C3mpyrr][FSI]; 
Teu=247.15K) with two terminal solid solutions 

[100] 

[C4mpyrr][Cl] (474) [C4mpyrr][Br] (477) Simple eutectic (Xeu=35.3 mol% [C4mpyrr][Br]; Teu=464K) 
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[C4mpyrr][Cl] (474) [C4mpyrr][BF4] (425) Simple eutectic (Xeu=44.7 mol% [C4mpyrr][BF4]; Teu=366K) 
[34] [C4mpyrr][Br] (477) [C4mpyrr][BF4] (425) Simple eutectic (Xeu=55.6 mol% [C4mpyrr][BF4]; Teu=394K) 

[C2mpyrr][NTf2] (364) [C2mpyrr][BF4] (339) Simple eutectic (Xeu=40.0 mol% [C2mpyrr][BF4]; Teu=322K) 

[C4mpyrr][N(C4F9SO2)2] (374) [C4mpyrr][C4F9SO3] (361) 
Eutectic behavior (Xeu=48.0 mol% [C4mpyrr][N(C4F9SO2)2]; 

Teu=305K) with two terminal solid solutions 
[67] 

[C2mpyrr][N(C4F9SO2)2] (431) [C2mpyrr][CF3SO3] (384) 
Eutectic behavior (Xeu=38.0 mol% [C2mpyrr][N(C4F9SO2)2]; 

Teu=357K) with two terminal solid solutions 
[C3mpyrr][FSI] (264) [C3mpyrr][TFSI] (283) Not specified (measurements performed only at equimolar 

composition) 
[98] 

[C4mpyrr][FSI] (255) [C4mpyrr][TFSI] (266) 

Ternary 
reciprocal 

[C2mpyrr][NTf2] (364) [C4mpyrr][BF4] (425) Simple eutectic (Xeu=50.8 mol% [C4mpyrr][BF4]; Teu=274K) [34] 
[C4mim][Cl] (338) [HEA][HCOO] (185) Simple eutectic [76] 

[C3mpyrr][TFSI] (283) [C4mpyrr][FSI] (255) Not specified (measurements performed only at equimolar 
composition) 

[98] 
[C3mpyrr][FSI] (264) [C4mpyrr][TFSI] (266) 

a Reference [101] 

CATIONS: [Cnmim]: 1-alkyl-3-methylimidazolium; [C2pz]: 1-ethyl-2-methylpyrazolium; [Cnmpyrr]: 1-alkyl-1-methylpyrrolidinium; [P6,6,6,14]: trihexyl(tetradecyl)phosphonium; 

[C3mpy]: 1-propyl-3-methylpyridinium; [C3mpip]: 1-propyl-1-methyl-piperidinium; [N4444]: tetrabutylammonium; [P4444]: tetrabutylphosphonium; [1,3-diMeIm]: 1,3-

dimethylimidazolium; [N1112(OH)]: 2-(hydroxyethyl)trimethylammonium; [PPh4]: tetraphenylphosphonium; [HEA]: 2-hydroxyethylammonium.  

ANIONS: [NTf2]: bis(trifluoromethylsulfonyl)imide; [4,5-diNO2-Im]: 4,5-dinitroimidazolate; [4-NO2-Tri]: 4-nitro-1,2,3-triazolate; [dca]: dicyanamide; [FSI]: 

bis(fluorosulfonyl)imide; [N(C4F9SO2)2]: bis(nonafluorobutylsulfonyl)imide; [C4F9SO3]: nonafluorobutanesulfonate; [CF3SO3]: trifluoromethanesulfonate; [HCOO]: formate; 

[TFSI]: bis(trifluoromethanesulfonyl)imide. 
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Table 4.2: Literature review of the phase diagram measurements for common-anion binary 

systems of salts with ions commonly used for the preparation of ionic liquids (Tfusion: temperature 

of fusion; Teu: eutectic temperature; Xeu: eutectic liquid composition) 

Component 1 (Tfusion [K]) Component 2 (Tfusion [K]) Type of phase diagram Reference 

Li[NTf2] (506) Na[NTf2] (530) 
Simple eutectic (Xeu=67.0 mol% Li[NTf2]; 

Teu=453K) 

[102] 

Na[NTf2] (530) Rb[NTf2] (450) 
Simple eutectic (Xeu=25.0 mol% Na[NTf2]; 

Teu=431K) 

K[NTf2] (472) Cs[NTf2] (395) 
Simple eutectic (Xeu:not specified; 

Teu=395K) 

Li[NTf2] (506) Rb[NTf2] (450) 

Two eutectic reactions (Xeu1=25.0 mol% 
Li[NTf2] and Teu1=421K; Xeu2=60.0 mol% 

Li[NTf2] and Teu2=426K) with formation of 
the intermediate compound LiRb(NTf2)2 

Li[NTf2] (506) Cs[NTf2] (395) 

Two eutectic reactions (Xeu1=7.0 mol% 
Li[NTf2] and Teu1=385K; Xeu2=60.0 mol% 

Li[NTf2] and Teu2=432K) with formation of 
the intermediate compound LiCs(NTf2)2 

Li[NTf2] (506) K[NTf2] (472) 
Eutectic reaction (Xeu=43.0 mol% Li[NTf2]; 

Teu=423K) with formation of the 
intermediate compound Li3K(NTf2)4 

Na[NTf2] (530) K[NTf2] (472) 
Eutectic reaction (Xeu=25.0 mol% 

Na[NTf2]; Teu=456K) with formation of the 
intermediate compound Na3K(NTf2)4 

Na[NTf2] (530) Cs[NTf2] (395) 
Eutectic reaction (Xeu=7.0 mol% Na[NTf2]; 

Teu=383K) with formation of the 
intermediate compound Na3Cs(NTf2)4 

K[NTf2] (472) Rb[NTf2] (450) Complete solid solution 
Rb[NTf2] (450) Cs[NTf2] (395) Complete solid solution 

Li[FSA] (403) K[FSA] (369) 
Simple eutectic (Xeu=45.0 mol% Li[FSA]; 

Teu=338K) 

[21] Li[FSA] (403) Cs[FSA] (386) 
Simple eutectic (Xeu=40.0 mol% Li[FSA]; 

Teu=331K) 

K[FSA] (369) Cs[FSA] (386) 
Simple eutectic (Xeu=60.0 mol% K[FSA]; 

Teu=333K) 

ANIONS: [NTf2]: bis(trifluoromethylsulfonyl)imide; [FSA]: bis(fluorosulfonyl)amide. 
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Table 4.3: Literature review of the phase diagram measurements for common-anion ternary 

systems of salts with ions commonly used for the preparation of ionic liquids (Teu: eutectic 

temperature; Tp: peritectic temperature) 

Ternary system Type of phase diagram Reference 

Li[NTf2] - Na[NTf2] - K[NTf2] 

One ternary eutectic point (Teu=427K with XLi[NTf2]=0.45, 

XNa[NTf2]= 0.10, XK[NTf2]=0.45) and one ternary peritectic 

point (Tp=431K with XLi[NTf2]=0.50, XNa[NTf2]= 0.10, 

XK[NTf2]=0.40) 

[22] Li[NTf2] - Na[NTf2] - Cs[NTf2] 

Two ternary eutectic points (Teu1=431K with 

XLi[NTf2]=0.60, XNa[NTf2]= 0.10, XCs[NTf2]=0.30; Teu2=388K 

with XLi[NTf2]=0.05, XNa[NTf2]= 0.05, XCs[NTf2]=0.90) 

Li[NTf2] - K[NTf2] - Cs[NTf2] 

Two ternary peritectic points (Tp1=421K with 

XLi[NTf2]=0.50, XK[NTf2]= 0.25, XCs[NTf2]=0.25; Tp2=417K 

with XLi[NTf2]=0.30, XK[NTf2]= 0.40, XCs[NTf2]=0.30) 

Na[NTf2] - K[NTf2] - Cs[NTf2] No ternary invariant point reported 

Li[FSA] - Na[FSA] - K[FSA] 
One ternary eutectic point (Teu=318K with XLi[FSA]=0.30, 

XNa[FSA]= 0.40, XK[FSA]=0.30) 

[21] Li[FSA] - Na[FSA] - Cs[FSA] 
One ternary eutectic point (Teu=311K with XLi[FSA]=0.30, 

XNa[FSA]= 0.40, XCs[FSA]=0.30) 

Na[FSA] - K[FSA] - Cs[FSA] 
One ternary eutectic point (Teu=309K with XNa[FSA]=0.40, 

XK[FSA]= 0.25, XCs[FSA]=0.35) 

Li[FSA] - K[FSA] - Cs[FSA] 

One ternary eutectic point (ref. [23]: Teu=312K with 

XLi[FSA]=0.30, XK[FSA]= 0.35, XCs[FSA]=0.35; ref. [21]: 

Teu=309K with XLi[FSA]=0.33, XK[FSA]= 0.33, 

XCs[FSA]=0.33) 

[21, 23] 

ANIONS: [NTf2]: bis(trifluoromethylsulfonyl)imide; [FSA]: bis(fluorosulfonyl)amide. 

4.2 Materials and methods  

4.2.1 Materials 

All used ionic liquids were purchased from Iolitec GmbH, with a nominal purity of 99%, were 

recrystallized from acetonitrile/ethyl acetate (1:10) mixture and dried under high vacuum (p = 

0.001 mbar) in order to eliminate the influence of water on the melting point analysis. The water 

content of the samples was determined by Karl-Fischer titration using a Metrohm 915 KF Ti-

Touch instrument with volumetric titration, and kept below 1000 ppm.  
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4.2.2 Preparation of ionic liquid mixtures for DSC analysis 

In the case of hygroscopic salts such as pyrrolidinium halides, the procedure for sample preparation 

for DSC analysis needed to be performed in a glove box, under argon atmosphere with highly 

reduced humidity. In order to prepare the ternary mixtures of ionic liquids at the different 

concentrations of each salt, each sample was prepared by weighing out the appropriate amount of 

each salt and then mixing it together in a vial. Subsequently, each mixture was heated up until 

complete melting of the solids, cooled down and grinded after solidification. Approximately 6-18 

mg of each sample was placed into a tarred aluminium DSC pan, and sealed using a lid of the same 

material, and submitted for DSC analysis. 

4.2.3 DSC protocol 

Thermal transitions were determined by performing DSC experiments using Mettler-Toledo DSC 

1 STARe System differential scanning calorimeter, cooled with a Huber TC100 immersion cooler. 

The calorimeter was calibrated for temperature and cell constants using high purity indium 

(melting temperature: 430 K; specific enthalpy of melting: 28.71 J.g-1). All data were collected at 

atmospheric pressure, with nitrogen as a purge gas, and an empty sample pan as the reference. The 

experiments were conducted in the temperature range from 193.15 to 483.15 K. The samples were 

initially heated from room temperature, at a rate of 10 K.min-1, to the highest temperature. At this 

temperature, they were held for a 10 min isotherm, prior to two cycles of cooling and heating at 

rates of 5 K.min-1 spaced by 5 min isothermal holding at the lower and upper endpoint 

temperatures. 

4.2.4 Transition temperature determination based on the peak position 

The data from the DSC thermograms were obtained via analysis with the STARe Evaluation 

Software by Mettler Toledo. All temperatures reported for the glass transition and melting were 

established as the onset temperatures for the endothermic changes in heat flow. Uncertainties of 

1 K in the temperatures and of 1 % in the enthalpies are estimated. 
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4.3 Thermodynamic model for the liquid phase 

The liquid phase of the [C2py], [C4py] || Cl, Br ternary reciprocal system was modeled with the 

Modified Quasichemical Model in the Quadruplet Approximation (MQMQA), that evaluates 

coupled 1st-and 2nd-nearest-neighbor short-range order. This is a two-sublattice model, where the 

cations are assumed to distribute on one sublattice, and the anions are assumed to distribute on 

another sublattice. A quadruplet consists of two second-nearest-neighbor cations and two second-

nearest-neighbor anions, which are mutual first-nearest-neighbors. Each quadruplet has a Gibbs 

free energy. Quadruplets mix randomly, constrained by an elemental mass balance. The 

equilibrium quadruplet composition (configuration) is the one that minimizes the Gibbs free 

energy of the melt at given temperature, pressure and composition, and thus results in an 

equilibrium configuration that reflects 1st- and 2nd-nearest-neighbor short-range order. The 

following second-nearest-neighbor pair exchange reactions are taken into account: 

(E − D − E)À  Á + (K − D − K)À  Á = 2(E − D − K)À  Á;    ∆()*/s/ (24) (D − E − D)À  Á + (F − E − F)À  Á = 2(D − E − F)À  Á;    ∆()//st (25) 

where E and K are two different cations ([C2py]+ and [C4py]+ in the present case), and D and F are 

two different anions (Cl- and Br- in the present case). As the Gibbs free energy change ∆()*/s/(respectively ∆()//st) becomes progressively more negative, reaction (24) (respectively 

(25)) is shifted to the right, (E − D − K) (respectively (D − E − F)) pairs predominate and 

second-nearest-neighbor cation-cation (respectively anion-anion) short-range ordering results. The 

Gibbs free energy changes ∆()*/s/ and ∆()//st are model parameters that can be expressed as a 

function of composition by empirical polynomial expressions (see equation (11) in reference [13]) 

in order to reproduce the available experimental data (phase diagram in the present case) for the E, K || D and E || D, F binary subsystems, respectively. In order to obtain a quantitative fit for the E, K || D, F system, small empirical "ternary reciprocal parameters" may have to be included. As 

described previously [13], these parameters represent the Gibbs free energies of formation of the EKDF quadruplets from the binary quadruplets according to: 

12 (EKD� + EKF� + E�DF + K�DF) = 2EKDF   ;   ∆()*/st (26) 
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However, such "ternary reciprocal parameters" were not required for the [C2py], [C4py] || Cl, Br 

system. The extent of first-nearest-neighbor (cation-anion) short-range ordering is related to the 

Gibbs free energy change for the following exchange reaction: 

ED + KF = EF + KD ; ∆()*/st���1 ��� (27) 

If  ∆()*/st���1 ��� is negative, then E − F and K − D first-nearest-neighbor pairs predominate. For 

instance, as explained in section 4.7.1, ∆([&/ÀÃ][&ÅÀÃ]/&�*Á���1 ���  for the exchange reaction [C2py]Br 

(liquid) + [C4py]Cl (liquid) = [C2py]Cl (liquid) + [C4py]Br (liquid) can be estimated as -1.6 kJ.mol-

1 at 25°C, -1.9 kJ.mol-1 at 100°C, and -2.4 kJ.mol-1 at 150°C (i.e. above the highest melting 

temperature of the four pure ionic liquids). These are relatively small values and thus the [C2py], 

[C4py] || Cl, Br liquid displays relatively little first-nearest-neighbor (cation-anion) short-range 

ordering. As will be shown in section 4.7.2, the optimized model parameters ∆()*/s/ and ∆()//st 

for the four common-ion binary subsystems are relatively small in amplitude. Therefore, the 

[C2py], [C4py] || Cl, Br liquid also exhibits relatively little second-nearest-neighbor (cation-cation 

and anion-anion) short-range ordering. It can be concluded that the investigated ternary reciprocal 

liquid displays small deviations from ideality, which is due to the fact that the two cations only 

differ by the length of their alkyl chains (ethyl or butyl) and that the two anions are halides with 

similar ionic radii. 

Values of the second-nearest-neighbor "coordination numbers" of the various ions in the various 

quadruplets have to be defined. They were all set to 6 for the [C2py], [C4py] || Cl, Br system. In 

the improved version of the MQMQA [79], the parameter Æ)/s, which is equal to the number of 

quadruplets emanating from, or containing, a first-nearest-neighbor E − D pair (where E is a cation 

and D is an anion), is defined as: 

Æ)/s = 2w)//s/) w)//s/s /kw)//s/) + w)//s/s m (28) 

where w)//s/  is the second-nearest-neighbor "coordination number" of the ion 
 (
 = E, D) when 

all 
 exist in E�D� quadruplets. The resulting values of Æ)/s (equation (28)) for the [C2py], [C4py] 

|| Cl, Br system are all equal to 6. 

For the liquid phase of the common-cation ternary system [C4mpyrr]Cl - [C4mpyrr]Br - 

[C4mpyrr]BF4, the Modified Quasichemical Model in the Pair Approximation (MQMPA) is 
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sufficient. Since the cationic sublattice is occupied only by one type of cation ([C4mpyrr]+), only 

the second-nearest-neighbor anion-anion pairs on the anionic sublattice need to be taken into 

account, and ∆()//st (equation (25)) is the only relevant Gibbs free energy change. For the sake 

of clarity, this notation will be retained in the present article. (The notation ∆()/st was often used 

in previous publications.) All second-nearest-neighbor anion-anion "coordination numbers" were 

set to 6. The [C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4 ternary system is considered to be 

"asymmetric", with [C4mpyrr]BF4 as the "asymmetric" component. This asymmetry makes the 

estimation of the thermodynamic properties of the ternary liquid from binary optimized parameters 

very similar to the Kohler-Toop interpolation method [25]. Under these conditions, the 

composition variables Çst, defined previously [13], that are relevant for the present work become: 

Ç&�(*ÈÅ) = Ç*Á(*ÈÅ) = �&�&� + �*Á*Á + �&�*Á (29) Ç(*ÈÅ)&� = Ç(*ÈÅ)*Á = �(*ÈÅ)(*ÈÅ) (30) 

where �st is the mole fraction of second-nearest-neighbor (D − ['É�Ê%ËË] − F) pairs. Note that, 

for the binary systems [C4mpyrr]X - [C4mpyrr]BF4 (where X=Cl, Br), equation (29) reduces to: 

Çs(*ÈÅ) = �ss (31) 

As mentioned before, the parameters ∆()//st (with A=[C4mpyrr]) of reaction (25) for each anion-

anion pair are expanded, through optimization with the available phase diagram data, as empirical 

polynomials in Çst and Çts. For the ternary system, terms may be added that give the effect of 

the third component upon the pair-formation energies ∆()//st [13]. One ternary term was required 

for the [C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4 system (see section 4.5.3). As will be shown 

in section 4.5.2, the optimized model parameters ∆()//st for the three binary subsystems are 

relatively small in amplitude. Therefore, the investigated common-cation ternary liquid displays 

relatively little second-nearest-neighbor (anion-anion) short-range ordering. Thus, the Bragg-

Williams (random-mixing) model could have been used successfully for this liquid. This model is 

described in detail in reference [103] and is briefly presented in reference [24]. The Modified 

Quasichemical Model (MQM) was finally preferred since it is suitable for liquids exhibiting either 

small or extensive short-range ordering, and also for liquids displaying positive deviations from 

ideality. As a result, the MQM is well adapted for the development of large thermodynamic 

databases [15, 104, 105]. 
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4.4 Thermodynamic model for the solid solutions 

The solid solutions relevant for the present work are: the Cl-rich [C4mpyrr](Cl, [Br]) solid solution, 

the Br-rich [C4mpyrr](Br, [Cl]) solid solution, the [C2py]Cl – [C2py]Br solid solution, and the 

[C4py]Cl-[C4py]Br solid solution. They were all modeled using the Compound Energy Formalism 

[26, 27]. Let us consider a solid solution phase such as B(Cl, Br), where B (B=[C4mpyrr]+, [C2py]+ 

or [C4py]+) resides on the cationic sublattice C, and Cl- and Br- reside on the anionic sublattice A. 

The molar Gibbs free energy of the solution is then given by the following equation: 

Ì = %&�Í) Ì*Î:&�Í
 + %*ÁÍ) Ì*Î:*ÁÍ
 + ÐA(%&�Í) ��%&�Í) + %*ÁÍ) ��%*ÁÍ) ) + ÌÑ (32) 

The first two terms represent the reference Gibbs free energy of the solution, where %&�Í)  and %*ÁÍ)  

are the site fractions of Cl- and Br- on the anionic sublattice A, and Ì*Î:&�Í
  and Ì*Î:*ÁÍ
  are the 

standard molar Gibbs free energies of the end-member components BCl and BBr, respectively, 

possibly augmented by a temperature-dependent Gibbs free energy. This latter term is always 

positive and is a model parameter. For instance, for the Cl-rich [C4mpyrr](Cl, [Br]) high 

temperature solid solution, the two end-member compositions are [C4mpyrr]Cl(s2) and 

hypothetical [C4mpyrr]Br having the same crystal structure as [C4mpyrr]Cl(s2). The Gibbs free 

energy of this hypothetical [C4mpyrr]Br is that of [C4mpyrr]Br(s) augmented by a constant (and 

positive) Gibbs free energy. On the other hand, for the [C2py]Cl – [C2py]Br extensive solid 

solution, the two end-member compositions are [C2py]Cl(s) and [C2py]Br(s) (which have the same 

crystal structure). The third term in Equation (32) gives the ideal entropy of mixing (Temkin type 

[106]), assuming a random distribution of the anions on the anionic sublattice. The final term is 

the molar excess Gibbs free energy and is expressed as follows: 

ÌÑ = %&�Í) %*ÁÍ) Ò*Î: &�Í,*ÁÍ (33) 

The L factor may depend on the temperature and also on the composition, where Redlich-Kister 

terms as a function of site fractions are generally used. 

4.5 The [C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4 system 

This section describes a thermodynamic model for the common-cation ternary system [C4mpyrr]Cl 

- [C4mpyrr]Br - [C4mpyrr]BF4. Figure 4.1 shows the chemical structure of the three pure ionic 

liquids. The phase diagrams of the three binary subsystems were measured previously by DSC 
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[34], and these data are used in the present work. As described in section 4.5.3, two isoplethal 

sections were measured in the ternary system, and these new data are compared to the phase 

diagrams predicted by using solely the optimized model parameters for the three binary subsystems 

along with a standard asymmetric interpolation method [13]. Then, one small ternary parameter is 

included for the liquid phase in order to best reproduce the ternary data. 

4.5.1 Pure ionic liquids 

To model the phase diagram of a common-ion (common-cation or common-anion) system for 

which measurements are available, only the molar Gibbs free energies of fusion and the molar 

Gibbs free energies of solid-solid transition (if different allotropes exist) of the pure compounds 

need to be known. The molar Gibbs free energy of fusion of the pure compound � may be written 

as: 

∆(.ÓÔ 
� (Õ)
 = ∆ℎ.ÓÔ 
� (Õ)
 M1 − AA.ÓÔ 
�(Õ)R (34) 

where the enthalpy of fusion ∆ℎ.ÓÔ 
� (Õ)
  is independent of the temperature to a first 

approximation. Similarly, the molar Gibbs free energy of solid-solid transition for a compound 

displaying two different allotropes (s1, s2) may be written as: 

∆(0Á �Ô (Ô×)
 = ∆ℎ0Á �Ô (Ô×)
 M1 − AA0Á �Ô(Ô×)R (35) 

To our knowledge, few thermodynamic data are available in the literature for the three pure 

compounds [C4mpyrr]Cl, [C4mpyrr]Br and [C4mpyrr]BF4 (see table 4.4). The enthalpy of fusion 

of [C4mpyrr]BF4 has not been measured, and it was assessed in the present work by using the 

limiting liquidus slope Equation (36), which assumes no solid solubility: 

M �A��Õ� ØÓ ÙÓÔR = ÐA.ÓÔ 
� (Õ)�
∆ℎ.ÓÔ 
�(Õ)
      [�Ú �Õ = 1] (36) 

where R is the gas constant, and A.ÓÔ 
�(Õ) and ∆ℎ.ÓÔ 
�(Õ)
  are respectively the temperature of 

fusion and the molar enthalpy of fusion of the pure salt �. Equation (36) was applied to the 

[C4mpyrr]Cl - [C4mpyrr]BF4, [C4mpyrr]Br - [C4mpyrr]BF4 and [C2mpyrr]NTf2 - [C4mpyrr]BF4 

experimental phase diagrams of Stolarska et al. [34] (where [C2mpyrr] and NTf2 refer to 1-ethyl-
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1-methyl-pyrrolidinium and bis(trifluoromethylsulfonyl)imide, respectively). An average value of 

13725 J.mol-1 was obtained for the enthalpy of fusion of [C4mpyrr]BF4. As shown in Table 4.4, 

experimental values of the enthalpy of fusion of [C4mpyrr]Cl and [C4mpyrr]Br were available and 

they are used directly in the present work. Finally, for the sake of consistency, the temperatures of 

fusion of the three pure compounds measured by Stolarska et al. [34] were selected in the present 

study. 

Table 4.4: Enthalpies of fusion and of solid-solid transition measured by DSC in the literature for 

the pure compounds [C4mpyrr]Cl, [C4mpyrr]Br and [C4mpyrr]BF4 

Cation Anion 
Water 
content 
(ppm) 

Purity 
(%) 

Melting 
temperature (K) 

Enthalpy 
of fusion 
(J.mol-1) 

Solid-Solid transition Reference 

[C4mpyrr]+ 

Cl- 
- >98 474 - - [34] 

7-8 high 476 13037 
Ttrans=466.45K 

ΔHtrans=1493 J.mol-1 [107] 

Br- - >98 477 - - [34] 
3540 - 487 13120 - [108] 

BF4
- - >98 425 - - [34] 

4.5.2 Binary subsystems 

4.5.2.1 The [C4mpyrr]Br - [C4mpyrr]BF4 binary system 

The phase diagram has been measured by DSC [34]. No solid solubility was reported, and there 

are no reported intermediate compounds. The optimized Gibbs free energy of reaction (25) is: 

∆([&ÅÕÀÃÁÁ]//*Á(*ÈÅ)/(�. �����) = 209.2 + 836.8Ç*Á(*ÈÅ) + 1740.5Ç(*ÈÅ)*Á (37) 

The calculated phase diagram is shown along with the measurements in figure 4.2. This is a simple 

eutectic system. The reported characteristics of the experimental eutectic are {T=394K (i.e. 

120.85°C), 55.6 mol% [C4mpyrr]BF4} [34]. The characteristics of the calculated eutectic are 

{121°C, 55.5 mol% [C4mpyrr]BF4}. 

As shown in figure 4.2, a DSC signal for the eutectic reaction was observed only for three binary 

mixtures. As emphasized by Stolarska et al. [34], owing to the dynamic nature of the experimental 

technique, thermal transitions that should exist thermodynamically may be kinetically hindered. 
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Therefore, measuring and interpreting the phase diagrams of ionic liquid systems is expected to be 

more difficult than for inorganic salt systems. The measured liquidus temperatures in figure 4.2 

are somewhat scattered: for instance, at 10 mol% [C4mpyrr]BF4, the shift between the calculated 

and experimental liquidus temperatures is almost 10°C. The scattering of the data is more visible 

in the eutectic temperatures measured for the seven binary mixtures in the [C4mpyrr]Cl - 

[C4mpyrr]BF4 binary system (see figure 4.3). 

4.5.2.2 The [C4mpyrr]Cl - [C4mpyrr]BF4 binary system 

The phase diagram has been measured by DSC [34]. No solid solubility was reported and the 

measured limiting slope of the [C4mpyrr]Cl liquidus curve agrees with Equation (36). There are 

no reported intermediate compounds. The optimized Gibbs free energy of reaction (25) is: 

∆([&ÅÕÀÃÁÁ]//&�(*ÈÅ)/(�. �����) = −669.4 − 836.8Ç&�(*ÈÅ) + 836.8Ç(*ÈÅ)&� (38) 

The calculated phase diagram is compared with the measurements in figure 4.3. Again, this is a 

simple eutectic system. The reported characteristics of the experimental eutectic are {T=366K (i.e. 

92.85°C), 47.4 mol% [C4mpyrr]BF4} [34]. The composition of the eutectic liquid was derived 

from a Tammann plot, where the specific heat of fusion of the eutectic peak was plotted against 

the composition [34]. The characteristics of the calculated eutectic are {92°C, 50.4 mol% 

[C4mpyrr]BF4}. As reported in Table 4.4, Babushkina [107] measured by DSC a solid-solid 

transition at 193.3°C for [C4mpyrr]Cl. Therefore, two different allotropes (s1, s2) were introduced 

for the latter compound in the present work. 

4.5.2.3 The [C4mpyrr]Cl - [C4mpyrr]Br binary system 

The phase diagram has been measured by DSC [34]. No solid solubility was reported, and there 

are no reported intermediate compounds. As shown in figure 4.4(a), the measured limiting slopes 

of the [C4mpyrr]Cl and [C4mpyrr]Br liquidus curves substantially disagree with Equation (36), 

and therefore this system exhibits at least some terminal solid solubility. Two thermal transitions 

were observed only for four binary mixtures. The low-temperature transition at about 190°C was 

attributed to a binary eutectic [34]. For pure [C4mpyrr]Cl and most of the [C4mpyrr]Cl – 

[C4mpyrr]Br binary mixtures investigated, another thermal transition was observed in the range 

370-390K (i.e. 96.85-116.85°C) [34] (see figure 4.4(b)). As suggested by Stolarska et al., this 

transition might be associated with [C4mpyrr]Cl polymorphism, with the existence of two 
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preferred conformations of the pyrrolidinium ions. However, no such thermal transition was 

observed for the [C4mpyrr]Cl – [C4mpyrr]BF4 system [34]. Finally, the low-temperature thermal 

transition reported above was not considered in the present work. Two terminal solid solutions 

were introduced: a Cl-rich [C4mpyrr](Cl, [Br]) solid solution and a Br-rich [C4mpyrr](Br, [Cl]) 

solid solution. The reported characteristics of the experimental eutectic are {T=464K (i.e. 

190.85°C), 35.3 mol% [C4mpyrr]Br}. The characteristics of the calculated eutectic are {192°C, 

35.3 mol% [C4mpyrr]Br}. The low-temperature transitions at about 190°C measured for the binary 

mixtures containing 60.0 or 80.0 mol% [C4mpyrr]Br are not well reproduced by the model, but 

this shift may be due to the scattering of the data. Since the Cl- and Br- anions have similar ionic 

radii [109], the binary liquid was assumed to be ideal. That is: 

∆([&ÅÕÀÃÁÁ]//&�*Á = 0 (39) 

The two terminal solid solutions were modeled with the Compound Energy Formalism (CEF). 

Their optimized Gibbs free energies are given by: 

Ì(&�,[*Á])(ÔÔ)/(�. �����)
= %ÛÜÍ) Ì[&ÅªcÝ__]&�(Ô/)
 + %Þ_Í) kÌ[&ÅªcÝ__]*Á(Ô)
 + 836.8m
+ ÐA½%ÛÜÍ) ��(%ÛÜÍ) ) + %Þ_Í) ��(%Þ_Í) )¿ 

(40) 

Ì(*Á,[&�])(ÔÔ)/(�. �����)
= %ÛÜÍ) kÌ[&ÅªcÝ__]&�(Ô/)
 + 443.5m + %Þ_Í) Ì[&ÅªcÝ__]*Á(Ô)

+ ÐA½%ÛÜÍ) ��(%ÛÜÍ) ) + %Þ_Í) ��(%Þ_Í) )¿ 

(41) 

Recently, the [C4mpyrr]C4F9SO3 - [C4mpyrr]N(C4F9SO2)2 phase diagram has been measured by 

DSC, and it has been interpreted as displaying two terminal solid solutions [67]. A similar 

assumption was made in the present work for the [C4mpyrr]Cl-[C4mpyrr]Br system, thus implying 

that [C4mpyrr]Cl(s2) and [C4mpyrr]Br do not have the same crystal structure. To our knowledge, 

no crystal structure information is available. If there was convincing evidence that these two solid 

compounds have the same crystal structure, then a single solid solution would have to be 

introduced and the experimental low-temperature transition at about 190°C would be due to a very 

flat minimum (azeotrope) or to a solid-solid miscibility gap. The introduction of two terminal solid 

solutions allowed us to best reproduce the experimental phase diagram, in particular the liquidus 

temperatures which are of primary interest in the present study. 
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4.5.3 The [C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4 ternary system 

The calculated liquidus projection of the [C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4 system is 

shown in figure 4.5. As explained in section 4.3, the thermodynamic properties of the ternary liquid 

are calculated from the optimized model parameters for the three binary subsystems (Equations 

(37-39)) using an asymmetric interpolation method. As justified below, a small ternary excess 

parameter was included for the liquid phase: 

([&ÅÕÀÃÁÁ]/&�*Á(*ÈÅ)CC� /(�. �����) = 3640.1 (42) 

In figure 4.5, the univariant lines (along which the liquid coexists with two solid phases) are shown 

as bold lines. By convention, the arrows indicate the directions of decreasing temperature along 

these lines. The constant temperature lines are called liquidus isotherms, and they are displayed as 

thin lines. Two ternary invariant reactions are calculated. The ternary eutectic reaction liquid = 

[C4mpyrr]Cl(s1) + [C4mpyrr]BF4 + [C4mpyrr](Cl, [Br]) (ss) occurs at 91°C with a liquid 

composition of (49.5 mol% [C4mpyrr]BF4 + 49.0 mol% [C4mpyrr]Cl + 1.5 mol% [C4mpyrr]Br). 

This corresponds to the minimum liquidus temperature in the ternary system. The ternary quasi-

peritectic reaction liquid + [C4mpyrr](Br, [Cl]) (ss) = [C4mpyrr](Cl, [Br]) (ss) + [C4mpyrr]BF4 

occurs at 98°C with a liquid composition of  (52.2 mol% [C4mpyrr]BF4 + 41.9 mol% [C4mpyrr]Cl 

+ 5.9 mol% [C4mpyrr]Br). 

In order to test the accuracy of the developed thermodynamic model, two isoplethal sections were 

measured by DSC: the isoplethal section at constant 50 mol% [C4mpyrr]BF4 and the isoplethal 

section at constant molar ratio [C4mpyrr]Cl / ([C4mpyrr]Cl + [C4mpyrr]Br) of 0.85. As an example, 

DSC thermograms for the latter isoplethal section are shown in figure 4.6. The data and the 

calculations are compared in figures 4.7 and 4.8. A small ternary excess parameter (Equation (42)) 

was introduced for the liquid in order to best reproduce the measurements. The calculations in 

presence and in absence of the ternary excess parameter are compared for both isoplethal sections 

in figures 4.9 and 4.10. As explained previously, thermal transitions that should exist 

thermodynamically may not be observed by DSC. Therefore, for a given sample, the number of 

calculated transitions should be equal or higher than the number of experimental transitions. Both 

situations occur in the isoplethal section shown in figure 4.7. For both of the investigated isoplethal 

sections, agreement between the calculations and the measurements is satisfactory (figures 4.7 and 

4.8). The observed temperature shift is always less than 12°C. 
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4.6 Volume-Based Thermodynamics (VBT)  

Since no compilation tables exist currently for the thermodynamic properties (Cp (T), So
298.15K, 

ΔHo
298.15K) of pure ionic liquids, estimation techniques such as the Volume-Based 

Thermodynamics (VBT) from Glasser and Jenkins [28-33] are needed to predict the missing 

thermodynamic data. Recently, Robelin [24] tested the applicability of the VBT to predict the 

thermodynamic properties of various methyl-imidazolium-based ILs. The VBT only takes into 

account long-range Coulombic interactions, and short-range interactions such as van der Waals 

and hydrogen bonding are not yet considered [33]. The VBT requires a knowledge of the molecular 

volume νm (expressed in nm3). The latter can be derived from crystallographic data for the pure 

solid phases, and from density measurements (using a densimeter) for the pure liquid phases. The 

estimation of the relevant thermodynamic properties of a pure ionic liquid is described below. 

4.6.1 Heat capacity Cp (T) 

By analogy with Strechan et al. [80], who correlated the heat capacity (Cp) with the molecular 

volume (νm) at 298.15K for various methyl-imidazolium-based ionic liquids, the experimental data  

(Cp and density) available for twenty one pyridinium-based ILs were collected from the literature 

(see table 4.5). Only five of the ionic liquids (highlighted in table 4.5) are 1-alkyl-pyridinium-

based compounds and have a chemical structure very similar to that of the pyridinium-based ionic 

liquids studied in the present work. The experimental data available for these five compounds were 

used to derive the following linear regression equation: 

'À(298.15ß)/(�. �����. ß��) = 1195.2àÕ + 16.8 (43) 

where νm is the molecular volume (in nm3). The standard error of a prediction is ±18.4 J.mol-1.K-

1. Figure 4.11 displays the corresponding linear regression line along with the linear regression 

line obtained from nineteen pyridinium-based compounds. For the latter, the [4empy]NTf2 and 

[O3mpy]BF4 compounds (shown as empty circles) were discarded. 

4.6.2 Standard absolute entropy (So
298.15K) 

Glasser [30] proposed the following expression for the standard absolute entropy (So
298.15K) of ionic 

liquids, which is an average of two linear regression equations (one valid for anhydrous ionic solids 

[29] and another one valid for organic liquids [81]): 
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����.��	
 /(�. �����. ß��) = 29.5 + 1246.5àÕ (44) 

where νm represents the molecular volume (in nm3).  

4.6.3 Standard enthalpy ΔHo
298.15K 

The standard enthalpy of formation (∆����.��	
 ) is the most important thermodynamic quantity for 

pure ionic liquids. As an example, let us consider solid 1-ethyl-pyridinium chloride (referred to as 

[C2py]Cl). One can derive the following equation from the thermodynamic cycle shown in figure 

4.12: 

∆����.��	
 (['�Ê%]'�, á) = ∆����.��	
 (['�Ê%]�, () + ∆����.��	
 ('��, () − ∆�â (45) 

where ΔHL is the lattice enthalpy. The values of ∆����.��	
 (['�Ê%]�, () and ∆����.��	
 ('��, () 

can be assessed from ab initio calculations. The lattice enthalpy is given by the following 

expression [32]: 

∆�â = ã3ä- + \ � q� 2 − 2r . ÐA�
 b�  (46) 

where ã3ä- represents the lattice potential energy, � is the number of ion types in the formula unit, �  is the number of ions of type 
, and �  depends on the type of ion (3 for a monoatomic ion 
, 5 

for a linear polyatomic ion 
, 6 for a nonlinear polyatomic ion 
). 
The lattice potential energy is calculated as follows [32]: 

ã3ä- = 2å. » æ
çÕ�è + é¼ (47) 

where æ and é are fitted constants obtained by Gutowski et al. [110] for a series of salt compounds 

containing the organic cations NH4
+, N2H5

+, CH3NH3
+, (CH3)2NH2

+, (CH3)3NH+, (C2H5)2NH2
+ 

and (C2H5)3NH+: 

æ = 83,262 �. �����. �� (48) é = 157,318 �. ����� (49) 

and 
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å = 12 \ � (ê )��
 b�  (50) 

In Equation (50), å is the ionic strength factor, � is again the number of ion types in the formula 

unit,  �  is again the number of ions of type 
, and ê  is the valence of ion 
. Equation (47) is only 

valid for lattice potential energy values lower than 5000 kJ.mol-1 [32]. 

Table 4.5: Calculated (Equation (43)) and experimental Cp values at T=298.15K for various 

pyridinium-based ionic liquids 

Compound 
Measured Cp  
[J.mol-1.K-1] 
at 298.15K 

Measured 
density ρ 

[g.cm-3] at 
298.15K 

νm [nm3] at 
298.15K 

Calculated Cp  

[J.mol-1.K-1] 
at 298.15K 

Relative 
shift for 
Cp (%) 

Reference 

[bmpy][C(CN)3] 468.0 1.042 0.383 474.6 1.4 [111] 
[b4mpy][NTf2] 636.4 1.412 0.506 621.6 -2.3 [112] 
[b3mpy][BF4] 412.3 1.183 0.333 414.8 0.6 [113] 
[b4mpy][BF4] 413.7 1.183 0.333 414.8 0.3 [113] 
[epy][NTf2] 522.4 1.536 0.420 518.8 -0.7 [114] 
[b3mpy][DCA] 367.7 1.056 0.340 423.2 15.1 [115] 
[ppy][BF4] 363.0 1.253 0.277 347.9 -4.2 [116] 
[eepy][eSO4] 412.0 1.219 0.356 442.3 7.4 [117] 
[mpy][mSO4] 299.0 1.346 0.253 319.2 6.8 [117] 
[BCN3py][NTf2] 586.0 1.479 0.495 608.4 3.8 [118] 
[HCN3py][NTf2] 658.0 1.409 0.553 677.7 3.0 [118] 
[HCN4py][NTf2] 633.0 1.407 0.554 678.9 7.3 [118] 
[OCN3py][NTf2] 709.0 1.355 0.609 744.7 5.0 [118] 
[hmpy][NTf2] 634.0 1.362 0.559 684.9 8.0 [119, 120] 
[C6py][NTf2] 612.0 1.388 0.532 652.6 6.6 [120] 
[bupy][BF4] 395.2 1.213 0.305 381.3 -3.5 [121] 
[bmpy][NTf2] 622.0 1.415 0.505 620.4 -0.3 [122, 123] 
[bmpy][BF4] 405.0 1.183 0.333 414.8 2.4 [122, 124] 
[bupy][CF3SO3] 470.4 1.214 0.390 482.9 2.7 [125] 
[4empy][NTf2] 630.5 1.487 0.449 553.4 -12.2 [126, 127] 
[O3mpy][BF4] 450.5 1.095 0.445 548.7 21.8 [128] 

CATIONS: [bmpy]: 1-butyl-3-methylpyridinium; [b4mpy]: 1-butyl-4-methylpyridinium; [b3mpy]: 1-butyl-3-methyl-
pyridinium; [epy]: 1-ethylpyridinium; [ppy]: 1-propylpyridinium; [eepy]: 1,2-diethylpyridinium; [mpy]: 1-
methylpyridinium; [BCN3py]: 1-butyl-3-cyanopyridinium; [HCN3py]: 1-hexyl-3-cyanopyridinium; [HCN4py]: 1-
hexyl-4-cyanopyridinium; [OCN3py]: 1-octyl-3-cyanopyridinium; [hmpy]: 1-hexyl-3-methylpyridinium; [C6py]: 1-
hexylpyridinium; [bupy]: 1-butylpyridinium; [4empy]: 1-ethyl-4-methylpyridinium; [O3mpy]: 1-octyl-3-
methylpyridinium.  

ANIONS: [C(CN)3]: tricyanomethanide; [NTf2]: bis(trifluoromethylsulfonyl)imide; [DCA]: dicyanoamide; [eSO4]: 

ethylsulfate; [mSO4]: methylsulfate; [CF3SO3]: triflate. 
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4.7 The [C2py], [C4py] || Cl, Br system 

This section describes a thermodynamic model for the ternary reciprocal system [C2py]Cl-

[C2py]Br-[C4py]Cl-[C4py]Br. As mentioned previously, the thermodynamic properties of all four 

pure compounds must be known or estimated, so that the Gibbs free energy change for the 

exchange reaction [C2py]Br (liquid) + [C4py]Cl (liquid) = [C2py]Cl (liquid) + [C4py]Br (liquid) 

can be estimated. First of all, the thermodynamic properties (ΔHo
298.15K, So

298.15K and Cp(T)) of all 

four pure ionic liquids are assessed by using all available data from the literature and by applying 

the VBT whenever relevant. Then, the phase diagrams of the four common-ion binary subsystems 

are modeled. Finally, the liquidus projection of the ternary reciprocal system and the two diagonal 

sections ([C4py]Br-[C2py]Cl and [C4py]Cl-[C2py]Br) are calculated solely from the optimized 

model parameters for the four common-ion binary subsystems. 

4.7.1 Pure ionic liquids 

Figure 4.13 presents the chemical structures of the four pure compounds investigated. Table 4.6 

gathers all thermodynamic data collected from the literature for the four pyridinium-based pure 

ionic liquids. All phase diagram measurements in the [C2py], [C4py] || Cl, Br ternary reciprocal 

system were conducted recently by Stolarska et al. [37]. For the sake of consistency, the 

temperatures of fusion of the four pure compounds measured by these authors were selected in the 

present study. The properties of fusion proposed by Verevkin et al. [129] for [C2py]Cl were 

discarded since these are estimated values. The temperature of fusion was assessed from general 

trends of ionic liquids as 435K, which is 45K higher than the experimental value of Stolarska et 

al. [37]. The enthalpy of fusion was estimated as 23,500 J.mol-1 using the modified Walden’s rule 

[129]. The properties of fusion of [C2py]Br and [C4py]Br were measured by Verevkin et al. [129], 

and the ones of [C4py]Cl were measured by Verevkin et al. [130]. The corresponding values of the 

entropy of fusion are 32.4, 54.0 and 52.6 J.mol-1.K-1, respectively. The entropies of fusion of 

[C4py]Br and [C4py]Cl are very close to each other. Similarly, the entropy of fusion of [C2py]Cl 

was assumed to be identical to that of [C2py]Br, and the enthalpy of fusion of [C2py]Cl was then 

estimated as 12,638 J.mol-1. The thermodynamic properties (ΔHo
298.15K, So

298.15K and Cp(T)) of the 

four pure compounds were assessed using the VBT. The obtained values are discussed in detail 

below. 
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As mentioned previously, the VBT requires a knowledge of the molecular volume νm (expressed 

in nm3). Verevkin et al. [130] measured the density of pure liquid [C4py]Cl as 1.010 g.cm-3 at 

418.2K using a pycnometer. To our knowledge, no other experimental density values are available 

for the solid or liquid phases of [C2py]Cl, [C4py]Cl, [C2py]Br and [C4py]Br. The molecular volume 

of each pure solid at 298.15K was finally assessed using the method proposed by Krossing et al. 

[131]. Based on the cell parameters derived from X-ray diffraction data, these authors determined 

the molecular volume νm of various ionic liquids in the solid state. Assuming the additivity of the 

ion volumes (i.e. νm= νcation+ νanion), Krossing et al. reported volume values for various ions, which 

are supposed to be independent of the crystallographic structure. The following values were 

proposed [131]: 0.047 nm3 for Cl-, 0.056 nm3 for Br-, and 0.198 nm3 for [C4py]+. Although no 

volume value was reported for [C2py]+, an estimation can be made from the volume value reported 

for [C4py]+. Krossing et al. [131] proposed the following ion volume values for various methyl-

imidazolium-based cations differing from each other by one -CH2- group: 0.156 nm3 for [C2mim]+, 

0.178 nm3 for [C3mim]+, 0.196 nm3 for [C4mim]+ and 0.219 nm3 for [C5mim]+. Krossing et al. 

concluded that the addition of one -CH2- group in the alkyl chain of these various ions corresponds 

to an average volume increase of 0.021 nm3. The volume of [C2py]+ may thus be estimated as 

0.156 nm3 (i.e. 0.198 - 2×0.021). The derived molar volumes and densities of the four pyridinium-

based ionic liquids in the solid state are presented in the Appendix (table A1). 

Table 4.6: Thermodynamic data collected from the literature for the pure compounds [C2py]Cl, 

[C2py]Br, [C4py]Cl and [C4py]Br 

Cation Anion 
Water 

content 
[ppm] 

Purity 
[%] 

Experimental 
technique 

ΔHo
298.15K 

[kJ.mol-1] 
Cp 

[J.mol-1.K-1] 

Temperature 
of fusion (K) 

Enthalpy 
of fusion 
(kJ.mol-1) 

Reference 

[C2py]+ 

Cl- <100 99 DSC 
s:-125.1 
l: -113.3 

- 435 23.5 [129] 

- - DSC - - 390 - [37] 

Br- 

<100 99 DSC 
s:-82.0 
l: -77.1 

- 391.3 12.8 [129] 

- - DSC - - 395 - [37] 

- >99.5 AC - 

76.4-300.3 
J.mol-1.K-1 

between 77.7 
and 409.7K 

391.31 12.77 [132] 

[C4py]+ 

Cl- <100 99 DSC 
s:-177.7 
l: -164.7 

- 393.3 20.7 [130] 

- - DSC - - 408 - [37] 

Br- <100 99 DSC 
s:-144.1 
l: -130.5 

- 378 20.4 [129] 

- - DSC - - 380 - [37] 

s and l refer to the solid and liquid phases, respectively. 

AC: Adiabatic Calorimetry 
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In order to assess the density of ionic liquids in the liquid state, Paduszynski and Domanska [133] 

developed a new method based on generalized empirical correlations and group contributions 

obtained from a comprehensive database of experimental data for a variety of ionic liquids. These 

authors considered the organic cations to consist of a core along with alkyl chains or functional 

groups attached to it, whereas the anions were treated as individual groups. The molar volume of 

a given ionic liquid in the liquid state is then estimated by adding the molar volumes of its 

constitutive groups. The molar volumes of the constitutive groups of the four pyridinium-based 

ionic liquids in the liquid state and the derived densities of the latter are given in the Appendix 

(table A2). The density of pure liquid [C4py]Cl was calculated to be 1.107 g.cm-3 at 298.15K using 

the group contribution method from Paduszynski and Domanska, and then 1.028 g.cm-3 at 418.2K 

using Equation (26) from Reference [133]. The latter compares reasonably well with the 

experimental value of 1.010 g.cm-3 obtained by Verevkin et al. [130] (relative shift of 1.74%). The 

same relative shift of 1.74% was finally applied to the original density values estimated at 298.15K 

(and displayed in table A2 of the Appendix) for the [C2py]Cl, [C2py]Br, [C4py]Cl and [C4py]Br 

pure liquids. 

To our knowledge, no heat capacity measurements are available for the [C2py]Cl, [C4py]Cl and 

[C4py]Br compounds (solid and liquid). The Cp values at 298.15K were assessed using Equation 

(43) (valid for 1-alkyl-pyridinium-based compounds) along with our estimated molecular volumes 

of the solid and liquid phases. Then, an identical procedure (described below) was used to assess 

the standard absolute entropies So
298.15K of the solid and liquid phases. As an example, let us 

consider the [C2py]Cl compound. As a starting point, using Equation (44) So
298.15K of the solid and 

liquid phases were estimated as 282.5 and 285.6 J.mol-1.K-1, respectively. As explained previously, 

the entropy of fusion of [C2py]Cl is about 32.4 J.mol-1.K-1. Assuming constant Cp values, one can 

derive the following expression: 

∆�.ÓÔ 
�
 = ����.��	
 (�) − ����.��	
 (á) + k'À� − 'ÀÔm. �� ZA.ÓÔ 
�298.15[ (51) 

It follows that ����.��	
 (�) − ����.��	
 (á) ≈ 31.6 � . ����� . ß��. Since this term was initially only 

about 3.1 J.mol-1.K-1, the shift of (31.6-3.1)=28.5=2×14.2 was equally distributed on the initial 

values of ����.��	
  for the solid and liquid phases. That is, the ����.��	
  values finally selected for 

the solid and liquid phases of [C2py]Cl are about 268.3 and 299.9 J.mol-1.K-1, respectively. 
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Tong et al. [132] measured the heat capacity of [C2py]Br by adiabatic calorimetry over the 

temperature range 77-410K. These Cp data were fitted with the following equations: 

'À(A)/(� . ����� . ß��) = E + KA + 'A�
= 43.0120 + 0.3308A + 0.0008A�(A 
� ß) ì�Ë Úℎí á��
� Êℎ�áí 

(52) 

'À(A)/(� . ����� . ß��) = � + �A
= −23.4290 + 0.7903A (A 
� ß) ì�Ë Úℎí �
��
� Êℎ�áí 

(53) 

The calculated 'À values of [C2py]Br are compared to the measurements of Tong et al. [132] in 

figure 4.14. One can derive the following expression for [C2py]Br: 

∆�.ÓÔ 
�
 = ����.��	
 (�) − ����.��	
 (á) + (� − E). �� ZA.ÓÔ 
�298.15[
+ (� − K)kA.ÓÔ 
� − 298.15m − '2 kA.ÓÔ 
�� − 298.15�m 

(54) 

As a starting point, using Equation (44) ����.��	
  of the solid and liquid phases of [C2py]Br were 

estimated as 293.8 and 308.5 J.mol-1.K-1, respectively. Using a procedure similar to that for 

[C2py]Cl, the ����.��	
  values finally selected for the solid and liquid phases of [C2py]Br are about 

284.4 and 317.9 J.mol-1.K-1, respectively.  

Using an equation similar to Equation (45) along with Equations (46-50), values of ∆����.��	
  for 

the solid phases of [C2py]Cl, [C2py]Br, [C4py]Cl and [C4py]Br were estimated, based on the values ∆����.��	
 (['�Ê%]�, () = 680.1 î�. ����� and ∆����.��	
 (['ÉÊ%]�, () = 633.5 î�. ����� 

reported by Verevkin et al. [129] and the values ∆����.��	
 ('��, () = −233.954 î�. ����� and ∆����.��	
 (KË�, () = −219.008 î�. ����� taken from the FactSage thermodynamic databases 

[134]. The standard thermodynamic properties of the four pyridinium-based compounds estimated 

by the VBT are gathered in table 4.7. 

Verevkin et al. [129] measured by DSC ∆����.��	
  for the liquid phases of [C2py]Cl, [C2py]Br, 

[C4py]Cl and [C4py]Br. For each of these four pure liquids, these authors derived ∆����.��	
  from 

the experimental reaction enthalpy ∆Á�
 related to the formation of the pyridinium-based ionic 

liquid from precursors (liquid pyridine and liquid C4H9Cl in the case of liquid [C4py]Cl). A layer 

of ionic liquid solvent ([C4mim]NTf2) was used to separate the precursors and to avoid beginning 

of the chemical reaction outside the DSC apparatus. The reaction enthalpy ∆Á�
, derived by 
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integration of the DSC peak, corresponds to the temperature of the peak maximum (about 503K 

for [C4py]Cl). Verevkin et al. [129] showed that the correction (ΔCp) required to adjust the reaction 

enthalpy to the reference temperature 298.15K is within the DSC experimental uncertainties of 

about 1-3 kJ.mol-1. Therefore, the experimental value of ∆Á�
 was considered to be valid at 

298.15K and, using experimental values from the literature for ∆����.��	
 (�
��
�) of the 

precursors, Verevkin et al. [129] estimated ∆����.��	
  for the liquid pyridinium-based compound. 

These experimental values of ∆����.��	
 (�
��
�) from Verevkin et al. [129] were finally favoured 

in the present work. The thermodynamic properties finally selected for the four pyridinium-based 

compounds are displayed in table 4.8. Note that tables 4.7 and 4.8 only differ by the ∆����.��	
  

values for the solid and liquid phases. In table 4.7, ∆����.��	
  (á��
�) was estimated by the VBT 

and ∆����.��	
  (�
��
�) was then derived from it using other thermodynamic properties (Cp and 

properties of fusion). In table 4.8, ∆����.��	
  (�
��
�) was taken directly from Verevkin et al. [129] 

and ∆����.��	
  (á��
�) was then derived from it using other thermodynamic properties (Cp and 

properties of fusion). The shifts between the two values of ∆����.��	
  (�
��
�) are about -27.4 

kJ.mol-1 for [C2py]Cl, -43.8 kJ.mol-1 for [C2py]Br, 1.7 kJ.mol-1 for [C4py]Cl, and -16.0 kJ.mol-1 

for [C4py]Br. 

Kabo et al. [135] proposed a group contribution method for the assessment of ∆����.��	
  of various 

liquid 1-alkyl-3-methylimidazolium nitrates [Cnmim]NO3 (with n = 1, 2, 4). The substitution 

procedure was described by Emel’yanenko et al. [136], and the group contribution values were 

determined by Domalski and Hearing [137]. Kabo et al. [135] selected liquid 3-methylimidazolium 

nitrate [Hmim]NO3 as the starting compound with a known (experimental) ∆����.��	
  value. 

[C1mim]NO3 is obtained from [Hmim]NO3 by substituting the H atom connected to a N atom for 

a -CH3 group, which corresponds to an enthalpy increment ∆����.��	
 (('�è),) =−0.73 î�. ����� [137]. Then, [Cnmim]NO3 (with n=2, 4) is obtained from [C1mim]NO3 by 

substituting one time or three times a H atom connected to a C atom for a -CH3 group, which 

corresponds to an enthalpy increment ∆����.��	
 (('�è)&) = −25.73 î�. ����� [137]. In the 

present work, a similar approach was used for the [C2py]Cl, [C2py]Br, [C4py]Cl and [C4py]Br pure 

liquids. Liquid [C1py]Cl and [C1py]Br were selected as the starting compounds, since their ∆����.��	
  values were measured by Verevkin et al. [129] using DSC.  
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In table 4.9, for each of the four pyridinium-based compounds, the ∆����.��	
 (�
��
�) value 

derived using the group contribution method from Kabo et al. [135] (series 3) is given along with 

the experimental value of Verevkin et al. [129] (series 1) displayed in table 4.8, and the value 

derived from the VBT value of ∆����.��	
 (á��
�) (series 2) displayed in table 4.7. As mentioned 

previously, the shifts between series 1 and 2 lie between -43.8 and +1.7 kJ.mol-1, whereas the shifts 

between series 1 and 3 lie between 5.0 and 8.7 kJ.mol-1. The calculated shifts for series 3 are much 

smaller than those for series 2. This is not surprising since series 3 was obtained with the group 

contribution method from Kabo et al. [135], which requires the knowledge of ∆����.��	
 (�
��
�) 

for a starting compound similar to the targeted compound. On the other hand, series 2 only required 

a knowledge of the molecular volumes (for application of the VBT) along with the properties of 

fusion. 

Table 4.7: Standard thermodynamic properties of the pyridinium-based pure compounds 
estimated by the VBT 

Compound 

Molecular 
volume  

νm [nm3] at 
298.15K 

Cp 

[J.mol-1.K-1] 
So

298.15K 

[J.mol-1.K-1] 
ΔHo

298.15K 

[J.mol-1] 

Solid Liquid Solid Liquid Solid Liquid Solid Liquid 
[C2py]Cl 0.203 0.205 259.4 262.4 268.3 299.9 -153072 -140704 

[C2py]Br 0.212 0.224 
43.0120+ 0.3308T+ 0.0008T� 

−23.43+ 0.79T 
284.4 317.9 -134058 -120880 

[C4py]Cl 0.245 0.262 310.2 329.9 322.5 369.0 -182293 -162987 
[C4py]Br 0.254 0.280 320.4 351.9 339.5 385.5 -164329 -146505 

Table 4.8: Selected thermodynamic properties for the pyridinium-based pure compounds 

Compound T range [K] 
ΔHo

298.15K 

[J.mol-1] 
So

298.15K 

[J.mol-1.K-1] 
Cp 

[J.mol-1.K-1] 
[C2py]Cl (s) 298.15 to 600 -125668 268.3 259.4 
[C2py]Cl (l) 298.15 to 600 -113300 299.9 262.4 

[C2py]Br (s) 298.15 to 600 -90278 284.4 
43.0120+ 0.3308T+ 0.0008T� 

[C2py]Br (l) 298.15 to 600 -77100 317.9 −23.43 + 0.79T 
[C4py]Cl (s) 298.15 to 600 -184006 322.5 310.2 
[C4py]Cl (l) 298.15 to 600 -164700 369.0 329.9 
[C4py]Br (s) 298.15 to 600 -148324 339.5 320.4 
[C4py]Br (l) 298.15 to 600 -130500 385.5 351.9 
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Table 4.9: Comparison between experimental and estimated values of ∆����.��	
 (�
��
�)(�. �����) for the pyridinium-based pure compounds 

Compound 
From Verevkin et 

al. (series 1) 
From VBT 
(series 2) 

From group contribution 
method of Kabo et al. [135] 

(series 3) 
[C2py]Cl -113300 [129] -140704 -104630 
[C2py]Br -77100 [129] -120880 -72130 
[C4py]Cl -164700 [130] -162987 -156090 
[C4py]Br -130500 [129] -146505 -123590 

Kabo et al. [135] also proposed two linear regression equations to assess ∆����.��	
  for the solid 

and liquid phases of various 1-butyl-3-methyl-imidazolium compounds with different anionic 

groups ([C4mim]X) as a function of the known value of ∆����.��	
 (á��
�) for the corresponding 

potassium salt KX, based on the available data for X = Br, I, and NO3. In the present work, a 

similar approach was used for the liquid phase of 1-butylpyridinium compounds ([C4py]X), using 

the experimental ∆����.��	
  values available for X = Cl, Br and BF4 (see table 4.10). 

The following linear regression equation was obtained: 

∆����.��	
 (['ÉÊ%]D, �
��
�)/(î�. �����) = 193.4 + 0.82∆����.��	
 (ßD, á��
�) (55) 

where D is an anion. The standard error of a prediction is ± 0.73 kJ.mol-1. 

Equation (55) can be used to estimate ∆����.��	
 (�
��
�) for a given 1-butylpyridinium compound 

from the known value of ∆����.��	
 (á��
�) for the corresponding potassium salt. Owing to the lack 

of experimental data, no linear regression equation was derived for 1-ethylpyridinium compounds 

([C2py]X). 

Table 4.10: Experimental values of ∆H���.��¢l (liquid or solid) from the literature used to derive 

Equation (55) 

Anion X 
∆����.��	
 (['ÉÊ%]D, �
��
�) 

[kJ.mol-1] 
ï����.��	
 (ßD, á��
�) 

[kJ.mol-1] 
Cl- -164.7 [130] -436.7 [93] 
Br- -130.5 [129] -393.8 [93] 

BF4
- -1356.3 [138] -1887.0 [93] 

Discussion: Using the selected thermodynamic data in table 4.8, the thermodynamic stability of 

the [C2py]Cl, [C2py]Br, [C4py]Cl and [C4py]Br pure compounds was examined both in the solid 

(at 25°C) and liquid (slightly above the melting temperature) states. Each compound is calculated 
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to decompose into C(graphite, s) and gaseous products. These reactions of decomposition are 

highly thermodynamically favoured since they have a very negative Gibbs free energy change. 

However, they are kinetically hindered owing to the necessity to break several bonds. A similar 

situation occurs for some common organic compounds such as benzene and acetone (both liquid 

at 25°C) as well as naphthalene and phenol (both solid at 25°C). Although these various 

compounds are stable at room temperature, they are all calculated to decompose 

thermodynamically using the FactSage databases [134].  

The thermodynamic properties of pure ionic liquids are useful to assess their relative stability. 

More importantly, they are required to estimate the exchange Gibbs free energy (Equation (27)), 

which is an important parameter to model the phase diagrams of ternary reciprocal systems such 

as [C2py], [C4py] || Cl, Br. As mentioned previously, using the selected thermodynamic data in 

table 4.8, ∆([&/ÀÃ][&ÅÀÃ]/&�*Á���1 ���  for the exchange reaction [C2py]Br (liquid) + [C4py]Cl (liquid) = 

[C2py]Cl (liquid) + [C4py]Br (liquid) is estimated as -1.6 kJ.mol-1 at 25°C, -1.9 kJ.mol-1 at 100°C, 

and -2.4 kJ.mol-1 at 150°C. Using the thermodynamic data in table 4.7 (mainly derived from the 

VBT),  ∆([&/ÀÃ][&ÅÀÃ]/&�*Á���1 ���  is calculated as -2.9 kJ.mol-1 at 25°C, -3.3 kJ.mol-1 at 100°C, and -3.7 

kJ.mol-1 at 150°C. Although these two series of values are very close to each other, this is fortuitous 

since the shift between the two values of ∆����.��	
 (�
��
�) in tables 4.7 and 4.8 is as high as -

43.8 kJ.mol-1 for [C2py]Br. As reported by Robelin [24], the ∆����.��	
  value estimated from the 

VBT for solid [C2mim]NO3 was about 46 kJ.mol-1 lower than the experimental value of 

Emel’yanenko et al. [139] obtained by combustion calorimetry. These shifts are at least partly due 

to the uncertainty on the value of the standard enthalpy of formation at 298.15K of the organic 

cation in the gas state, derived from ab initio calculations. It can thus be concluded that, in the 

general case, the ∆����.��	
  values assessed from the VBT are not accurate enough to model the 

phase diagram of reciprocal systems; experimental values of ∆����.��	
  (such as the data of 

Verevkin et al. [129] obtained by DSC for the [C2py]Cl, [C2py]Br, [C4py]Cl and [C4py]Br pure 

liquids) are required. 
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4.7.2 Common-ion binary subsystems 

4.7.2.1 The [C2py]Br – [C4py]Br binary system 

The phase diagram has been measured by DSC [37]. No solid solubility was reported, and the 

measured limiting slopes of the [C2py]Br and [C4py]Br liquidus curves agree with Equation (36). 

No intermediate compound has been observed. The optimized Gibbs free energy of reaction (24) 

is: 

∆([&/ÀÃ][&ÅÀÃ]/*Á//(�. �����) = 159.0 − 29.3�[&ÅÀÃ][&ÅÀÃ] (56) 

where �[&ÅÀÃ][&ÅÀÃ] is the mole fraction of second-nearest-neighbor (['ÉÊ%] − KË − ['ÉÊ%]) pairs. 

The calculated phase diagram is shown along with the measurements in figure 4.15. This is a 

simple eutectic system. The reported characteristics of the experimental eutectic are {T=342K (i.e. 

68.85°C), 48.0 mol% [C4py]Br} [37]. The characteristics of the calculated eutectic are {69°C, 48.0 

mol% [C4py]Br}. 

4.7.2.2 The [C2py]Cl – [C4py]Cl binary system 

The phase diagram has been measured by DSC [37]. No solid solubility was reported, and the 

measured limiting slopes of the [C2py]Cl and [C4py]Cl liquidus curves agree with Equation (36). 

No intermediate compound has been observed. The optimized Gibbs free energy of reaction (24) 

is: 

∆([&/ÀÃ][&ÅÀÃ]/&�//(�. �����) = 627.6 − 1464.4�[&/ÀÃ][&/ÀÃ] + 251.0�[&ÅÀÃ][&ÅÀÃ] (57) 

where �   is the mole fraction of second-nearest-neighbor (
 − '� − 
) pairs. The calculated phase 

diagram is compared to the measurements in figure 4.16. Again, this is a simple eutectic system. 

It was not possible to reproduce the experimental liquidus temperature of 76.1°C at 20.0 mol% 

[C4py]Cl. If this data point had been favoured, then the calculated eutectic temperature would be 

significantly lower than the experimental one. The reported characteristics of the experimental 

eutectic are {T=349K (i.e. 75.85°C), 20.5 mol% [C4py]Cl} [37]. As seen in figure 4.16, the 

eutectic temperatures measured for the [C2py]Cl – [C4py]Cl binary system are relatively scattered: 

75 ± 8°C. The characteristics of the calculated eutectic are {76°C, 27.3 mol% [C4py]Cl}. 
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4.7.2.3 The [C2py]Cl – [C2py]Br binary system 

The phase diagram has been measured by DSC [37]. A full solid solution was reported, and no 

intermediate compound has been observed. As explained previously, the Cl- and Br- anions have 

similar ionic radii and therefore the binary liquid was assumed to be ideal. That is: 

∆([&/ÀÃ]//&�*Á = 0 (58) 

The [C2py]Cl – [C2py]Br extensive solid solution was modeled with the Compound Energy 

Formalism (CEF). Its optimized Gibbs free energy is given by Equation (32), and the 

corresponding excess Gibbs free energy is: 

ÌÑ/(�. �����) = %ÛÜÍ) %Þ_Í) q242.7 − 188.3(%&�Í) − %*ÁÍ) )r (59) 

The calculated phase diagram is shown along with the measurements in figure 4.17. Agreement is 

excellent. 

4.7.2.4 The [C4py]Cl – [C4py]Br binary system 

The phase diagram has been measured by DSC [37]. Again, a full solid solution was reported, and 

no intermediate compound has been observed. By analogy with the [C2py]Cl – [C2py]Br system, 

the binary liquid was assumed to be ideal. That is: 

∆([&ÅÀÃ]//&�*Á = 0 (60) 

The [C4py]Cl – [C4py]Br extensive solid solution was modeled with the CEF. Its optimized Gibbs 

free energy is given by Equation (32), with: 

ÌÑ/(�. �����) = %ÛÜÍ) %Þ_Í) q1292.9 + 292.9(%&�Í) − %*ÁÍ) )r (61) 

The calculated phase diagram is compared to the measurements in figure 4.18. Agreement is 

excellent. 

4.7.3 The [C2py]Cl – [C2py]Br – [C4py]Cl – [C4py]Br ternary reciprocal system 

The [C2py]Cl – [C2py]Br – [C4py]Cl – [C4py]Br ternary reciprocal system has been studied by 

DSC [37]. Stolarska et al. measured the [C4py]Br – [C2py]Cl and [C4py]Cl – [C2py]Br sections. 

The corresponding calculated sections are shown along with the measurements in figures 4.19 and 

3.20, respectively. (Glass transitions were measured below 250K (i.e. -23°C) in both sections and 
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are not shown in the figures.) No additional parameters were introduced for the liquid phase. The 

thermodynamic properties of the latter are calculated solely from the optimized parameters for the 

four common-ion binary subsystems (Equations (56-58, 60)). As seen in figures 4.19 and 4.20, the 

measurements are somewhat scattered but agree very satisfactorily with the calculations. The 

calculated liquidus projection of the [C2py]Cl – [C2py]Br – [C4py]Cl – [C4py]Br system is shown 

in figure 4.21. As mentioned previously, the ternary reciprocal liquid exhibits small deviations 

from ideality, owing to the fact that the two cations only differ by the length of their alkyl chains 

and that the two anions are halides with similar ionic radii. In the reciprocal square in figure 4.21, 

the four apices correspond to the pure salts: [C2py]Cl, [C4py]Cl, [C2py]Br and [C4py]Br. Note that 

there is a degree of freedom in expressing the compositions in such a system. For example, a 

solution of one mole of [C2py]Cl and one mole of [C4py]Br could equally well be described as a 

mixture of one mole of [C4py]Cl and one mole of [C2py]Br. Therefore, the compositions are 

expressed in terms of cationic and anionic equivalent fractions. The X-axis corresponds to the 

cationic molar ratio 
�([&/ÀÃ])�([&/ÀÃ])��([&ÅÀÃ]), and the Y-axis corresponds to the anionic molar ratio 

�ðñ�ðñ��òó (where �  is the number of moles of ion 
). 
The [C2py]Cl – [C2py]Br – [C4py]Cl – [C4py]Br system is indeed a "ternary" system since it 

consists of four ionic species and the following condition of electroneutrality is respected at any 

composition inside the reciprocal square: 

�[&/ÀÃ]Î + �[&ÅÀÃ]Î = �&�Í + �*ÁÍ  (62) 

In figure 4.21, the univariant line (along which the liquid coexists with the [C2py]Cl – [C2py]Br 

and [C4py]Cl – [C4py]Br extensive solid solutions) is shown as a bold line. By convention, the 

arrow indicates the direction of decreasing temperature along this line. The liquidus isotherms are 

displayed as thin lines. There are no calculated ternary invariant reactions, and the minimum 

liquidus temperature in the ternary reciprocal system corresponds to the binary eutectic reaction 

liquid = [C2py]Br + [C4py]Br at 69°C. 

4.8 Conclusions 

For the first time, the phase diagrams of a common-cation ternary system ([C4mpyrr]Cl – 

[C4mpyrr]Br – [C4mpyrr]BF4) and of a ternary reciprocal system (i.e. a system with two cations 
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and two anions: [C2py], [C4py] || Cl, Br), both consisting only of pyrrolidinium-based and 

pyridinium-based ionic liquids, respectively, were modeled successfully. The Modified 

Quasichemical Model [12-14] was used for the liquid phase, whereas the Compound Energy 

Formalism (CEF) [26, 27] was used for the relevant solid solutions. The two multicomponent 

liquids investigated display relatively small deviations from ideality. The Volume-based 

Thermodynamics (VBT) from Glasser and Jenkins [28-33] was used in conjunction with the 

available data from the literature to assess the thermodynamic properties of the [C2py]Cl, 

[C2py]Br, [C4py]Cl and [C4py]Br pure compounds, thus making it possible to estimate the Gibbs 

free energy change for the exchange reaction [C2py]Br (liquid) + [C4py]Cl (liquid) = [C2py]Cl 

(liquid) + [C4py]Br (liquid). The optimized parameters form a database for use with the FactSage 

thermochemical software [134] and may be used, along with Gibbs free energy minimization 

software, to calculate phase equilibria in the [C4mpyrr]{Cl, Br, BF4} and [C2py], [C4py] || Cl, Br 

systems.  

The phase diagrams of the three binary subsystems of the [C4mpyrr]{Cl, Br, BF4} common-cation 

system were modeled based on the available DSC measurements [34].  Whereas [C4mpyrr]{Cl, 

BF4} and [C4mpyrr]{Br, BF4} are simple eutectic systems, [C4mpyrr]{Cl, Br} exhibits a eutectic 

behavior with two terminal solid solutions. The thermodynamic properties of the ternary liquid 

were calculated from the optimized model parameters for the three binary subsystems using a 

standard asymmetric interpolation method with [C4mpyrr]BF4 as the asymmetric component. A 

small ternary excess parameter was included for the liquid phase in order to best reproduce the two 

isoplethal sections at constant 50 mol% [C4mpyrr]BF4 and at constant molar ratio [C4mpyrr]Cl / 

([C4mpyrr]Cl + [C4mpyrr]Br) of 0.85, which were measured by DSC in the present work. The 

calculated minimum liquidus temperature in the ternary system corresponds to a ternary eutectic 

at 91°C, very close to the binary eutectic in the [C4mpyrr]{Cl, BF4} system. 

The phase diagrams of the four common-ion binary subsystems of the [C2py], [C4py] || Cl, Br 

system were modeled based on the available DSC measurements [37]. Whereas {[C2py], 

[C4py]}Cl and {[C2py], [C4py]}Br are simple eutectic systems, [C2py]{Cl, Br} and [C4py]{Cl, Br} 

both display an extensive solid solution over the entire composition range. The thermodynamic 

properties of the ternary reciprocal liquid were calculated solely from the optimized parameters 

for the four common-ion binary subsystems. The experimental [37] diagonal sections [C4py]Br - 

[C2py]Cl and [C4py]Cl - [C2py]Br are very satisfactorily reproduced by the model. The calculated 
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minimum liquidus temperature in the [C2py], [C4py] || Cl, Br system corresponds to the binary 

eutectic at 69°C in the {[C2py], [C4py]}Br system. 
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4.9 Appendix 

Table A1: Molar volume (Vm) and density (ρ) of pyridinium-based ionic liquids in the solid state 

estimated using the method proposed by Krossing et al. [131] 

Compound Vm (cm3.mol-1) ρ (g.cm-3) 
[C2py]Cl 122.3 1.174 
[C2py]Br 127.7 1.473 
[C4py]Cl 147.9 1.161 
[C4py]Br 153.0 1.412 

 

Table A2: Molar volume (Vm) of constitutive groups and density (ρ) of pyridinium-based ionic 

liquids in the liquid state estimated using the method proposed by Paduszynski and Domanska 

[133] 

Compound 
Constitutive 

groups 
Number Vm (cm3.mol-1) ρ (g.cm-3) 

[C2py]Cl 

pyridinium 1 65.95 

1.181 
N-CH2 1 2.88 

CH3 1 26.16 
Cl 1 26.66 

[C2py]Br 

pyridinium 1 65.95 

1.419 
N-CH2 1 2.88 

CH3 1 26.16 
Br 1 37.54 

[C4py]Cl 

pyridinium 1 65.95 

1.107 
N-CH2 1 2.88 

CH2 2 16.73 
CH3 1 26.16 
Cl 1 26.66 

[C4py]Br 

pyridinium 1 65.95 

1.302 
 

N-CH2 1 2.88 
CH2 2 16.73 
CH3 1 26.16 
Br 1 37.54 
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FIGURE CAPTIONS 

Figure 4.1: Chemical structure of the pyrrolidinium-based ionic liquids: (a) [C4mpyrr]Cl; (b) 

[C4mpyrr]Br; (c) [C4mpyrr]BF4. 

 

Figure 4.2: Calculated [C4mpyrr]Br - [C4mpyrr]BF4 phase diagram, temperature versus mole 

fraction of [C4mpyrr]BF4. Experimental data are from Stolarska et al. [34] (●) and from the present 

work (▲). 

 

Figure 4.3: Calculated [C4mpyrr]Cl - [C4mpyrr]BF4 phase diagram, temperature versus mole 

fraction of [C4mpyrr]BF4. Experimental data are from Stolarska et al. [34] (●) and from the present 

work (▲). 

 

Figure 4.4(a): Calculated [C4mpyrr]Cl - [C4mpyrr]Br phase diagram, temperature versus mole 

fraction of [C4mpyrr]Br. Experimental data are from Stolarska et al. [34] (●) and from the present 

work (▲). Notations: A: [C4mpyrr](Cl, [Br]) (ss), B: [C4mpyrr](Br, [Cl]) (ss). The limiting 

liquidus slopes calculated from Equation (36) are shown as thin red lines. 

  

Figure 4.4(b): Calculated [C4mpyrr]Cl - [C4mpyrr]Br phase diagram over a wider temperature 

range. Experimental data are from Stolarska et al. [34] (●, ■) and from the present work (▲).  

 

Figure 4.5: Calculated liquidus projection of the [C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4 

system.  

 

Figure 4.6: DSC thermograms of the common-cation ternary system [C4mpyrr]Cl - [C4mpyrr]Br 

- [C4mpyrr]BF4, for the isoplethal section at constant molar ratio [C4mpyrr]Cl / ([C4mpyrr]Cl + 

[C4mpyrr]Br) of 0.85. Mole fraction of [C4mpyrr]BF4 in the ternary mixture: (1) 0.00; (2) 0.25; 

(3) 0.50; (4) 0.75; (5) 0.90; (6) 1.00. 
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Figure 4.7: Calculated section of the [C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4 phase diagram 

at constant 50.0 mol% [C4mpyrr]BF4. New DSC measurements (●); Stolarska et al. [34] (▲). 

Notations: A: [C4mpyrr]BF4(s), B: [C4mpyrr]Cl(s1), C: [C4mpyrr](Cl, [Br])(ss), D: [C4mpyrr](Br, 

[Cl])(ss). 

 

Figure 4.8: Calculated section of the [C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4 phase diagram 

at constant molar ratio [C4mpyrr]Cl / ([C4mpyrr]Cl + [C4mpyrr]Br) of 0.85. New DSC 

measurements (●); Stolarska et al. [34] (▲). Notations: A: [C4mpyrr]BF4(s), B: [C4mpyrr]Cl(s1), 

C: [C4mpyrr](Cl, [Br])(ss), D: [C4mpyrr](Br, [Cl])(ss). 

 

Figure 4.9: Calculated section of the [C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4 phase diagram 

at constant 50.0 mol% [C4mpyrr]BF4, in presence (thick lines) or in absence (thin red lines) of the 

ternary excess parameter for the liquid phase (Equation (42)). 

 

Figure 4.10: Calculated section of the [C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4 phase diagram 

at constant molar ratio [C4mpyrr]Cl / ([C4mpyrr]Cl + [C4mpyrr]Br) of 0.85, in presence (thick 

lines) or in absence (thin red lines) of the ternary excess parameter for the liquid phase (Equation 

(42)). 

 

Figure 4.11: Heat capacity (Cp) at 298.15K as a function of molecular volume (νm) for various 

pyridinium-based ionic liquids. Experimental data for 1-alkyl-pyridinium-based compounds (▲), 

experimental data for other types of pyridinium-based compounds (●), discarded experimental 

data (○). Linear regression equation for compounds shown as ▲: Cp/(J.mol-1.K-1)=1195.2νm+16.8 

(full line). Linear regression equation for compounds shown as ▲ and ●: Cp/(J.mol-1.K-

1)=1109.5νm+37.1 (dashed line). 

 

Figure 4.12: Thermodynamic cycle to calculate the standard enthalpy ∆����.��	
  of solid [C2py]Cl. 

 

Figure 4.13: Chemical structure of the pyridinium-based ionic liquids: (a) [C2py]Cl; (b) [C2py]Br; 

(c) [C4py]Cl; (d) [C4py]Br. 
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Figure 4.14: Calculated heat capacity of [C2py]Br versus temperature. Experimental data are from 

Tong et al. [132] (○). Cc = 43.012 + 0.3308T + 0.0008T� (solid), Cc = −23.429 + 0.7903T 

(liquid). 

 

Figure 4.15: Calculated [C2py]Br - [C4py]Br phase diagram, temperature versus mole fraction of 

[C4py]Br. Experimental data are from Stolarska et al. [37] (●). 

 

Figure 4.16: Calculated [C2py]Cl - [C4py]Cl phase diagram, temperature versus mole fraction of 

[C4py]Cl. Experimental data are from Stolarska et al. [37] (●). 

 

Figure 4.17: Calculated [C2py]Cl - [C2py]Br phase diagram, temperature versus mole fraction of 

[C2py]Br. Experimental data are from Stolarska et al. [37] (●). 

 

Figure 4.18: Calculated [C4py]Cl - [C4py]Br phase diagram, temperature versus mole fraction of 

[C4py]Br. Experimental data are from Stolarska et al. [37] (●). 

 

Figure 4.19: Calculated (predicted) [C4py]Br - [C2py]Cl section of the [C2py]Cl - [C2py]Br - 

[C4py]Cl - [C4py]Br phase diagram along with measurements from Stolarska et al. [37] (●). 

Notations: A: ([C2py]Cl – [C2py]Br) (ss), B: ([C4py]Cl – [C4py]Br) (ss). 

 

Figure 4.20: Calculated (predicted) [C4py]Cl - [C2py]Br section of the [C2py]Cl - [C2py]Br - 

[C4py]Cl - [C4py]Br phase diagram along with measurements from Stolarska et al. [37] (●). 

Notations: A: ([C2py]Cl – [C2py]Br) (ss), B: ([C4py]Cl – [C4py]Br) (ss). 

 

Figure 4.21: Calculated (predicted) liquidus projection of the [C2py]Cl - [C2py]Br - [C4py]Cl - 

[C4py]Br system. 
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FIGURE 4.5 
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FIGURE 4.7 
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FIGURE 4.14  

 

 

FIGURE 4.16 

 

FIGURE 4.18 

 

FIGURE 4.15 

 

 

FIGURE 4.17 

 

FIGURE 4.19 

Solid

Liquid

Melting temperature (391.3K)

T / K

C
p

 /
 (

J
/m

o
l.

 K
)

50 100 150 200 250 300 350 400 450

0

100

200

300

400

500

600

Liquid + [C4py]Cl (s)

(0.273)

[C2py]Cl (s) + [C4py]Cl (s)

135
o
C

117
o
C

Liquid

Liquid + [C2py]Cl (s)

76
o
C

x([C4py]Cl)

T
 /

 (
o
C

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

50

60

70

80

90

100

110

120

130

140

150

Liquid

107
o
C

135
o
C

([C4py]Cl - [C4py]Br) (ss)

x([C4py]Br)

T
 /

 (
o
C

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

100

105

110

115

120

125

130

135

140

122
o
C

107
o
C

69
o
C

(0.480)

[C2py]Br (s) + [C4py]Br (s)

Liquid + [C2py]Br (s)

Liquid

Liquid + [C4py]Br (s)

x([C4py]Br)

T
 /

 (
o
C

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

50

60

70

80

90

100

110

120

130

([C2py]Cl - [C2py]Br) (ss)

Liquid

122
o
C

117
o
C

x([C2py]Br)

T
 /

 (
o
C

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

105

110

115

120

125

130

107
o
C

117
o
C

Liquid + A
Liquid + B

A + B

Liquid

(0.657)

72
o
C

x([C2py]Cl)

T
 /

 (
o
C

)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

40

50

60

70

80

90

100

110

120

130



73 

 

 

FIGURE 4.20 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4.21
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CHAPTER 5 PHASE DIAGRAM OF THE COMMON-CATION 

TERNARY SYSTEM [C4mim]{Cl, NO3, CH3SO3} 

This chapter describes a thermodynamic model for the common-cation ternary system [C4mim]Cl 

- [C4mim]NO3 - [C4mim]CH3SO3. DSC measurements were performed by Seddon’s group 

(QUILL) for the three pure compounds and the three binary subsystems. As will be explained later, 

visual observation along with powder X-ray diffraction were also used to characterize the 

[C4mim]Cl - [C4mim]NO3 system, owing to severe problems of hygroscopicity. The VBT from 

Glasser and Jenkins [28-33] is used in conjunction with the available data from the literature to 

estimate the thermodynamic properties of the pure compounds. Then, the phase diagrams of the 

three binary subsystems are modeled, and a tentative liquidus projection of the ternary system is 

calculated, using solely the optimized binary parameters along with a standard symmetric 

interpolation method. 

5.1 Pure ionic liquids   

In the present work, the [C4mim]Cl - [C4mim]NO3 - [C4mim]CH3SO3 ternary system was the very 

first ionic liquid system to be selected, in collaboration with Seddon’s group. Imidazolium-based 

ionic liquids were favoured since they are among the most well-known ionic liquids. Also, they are 

sufficiently stable, relatively cheap and easy to synthesize. Figure 5.1 presents the chemical 

structures of the three pure compounds. 

 

Figure 5.1: Chemical structure of the imidazolium-based ionic liquids: (a) [C4mim]Cl; (b) 

[C4mim]NO3; (c) [C4mim]CH3SO3. 
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Experimental section: The thermal behavior of the three pure compounds was studied by Seddon’s 

group using DSC. Prior to the DSC measurements, the three pure ionic liquids were dried in vacuo 

at 70 °C and the water content was measured by the Karl-Fischer technique (between 200 and 1400 

ppm). DSC experiments were performed for the three pure compounds using the two following 

procedures: heating - cooling - heating - cooling - heating and cooling - heating - cooling - heating 

- cooling cycles. Measurements were carried out at a fixed scan rate of 5°C/min for the heating and 

cooling cycles, and in the temperature range of -80°C to a temperature higher than the melting 

point of the pure compounds. The melting points and solid-solid transitions from the second and 

third heating runs were taken as the top temperatures of the peaks for the endothermic changes in 

heat flow. As an example, figure 5.2 displays the DSC thermograms for the [C4mim]NO3 pure 

compound corresponding to the second heating/cooling cycle according to the two different 

procedures. As seen in figure 5.2(a), upon heating a glass transition is observed at Tg=-78.6°C. 

Interestingly, an exothermic peak corresponding to a cold crystallization is observed at Tcc=-40.3°C 

with an enthalpy change Δhcc=-13,813 J.mol-1. A solid-solid transition is detected at Ttrans=5.5°C 

with an enthalpy of transition Δhtrans=1,219 J.mol-1. Finally, melting occurs at Tfusion=28.0°C and 

an enthalpy of fusion Δhfusion=9,763 J.mol-1. Upon cooling, no peak is observed under the 

measurement conditions. This supercooling behavior depends on variables such as the cooling rate. 

As seen in figure 5.2(b), upon cooling the pure liquid crystallizes at Tcrys=-28.9°C with an enthalpy 

change Δhcrys=-9,970 J.mol-1. Upon heating, a cold crystallization is detected at Tcc=-38.5°C with 

Δhcc=-1,518 J.mol-1. A solid-solid transition is observed at Ttrans=5.6°C with Δhtrans=1,172 J.mol-1. 

Finally, melting occurs at Tfusion=28.6°C with Δhfusion=9,620 J.mol-1. Table 5.1 gathers the thermal 

transitions measured by Seddon’s group for the [C4mim]Cl, [C4mim]NO3 and [C4mim]CH3SO3 

pure compounds along with the thermodynamic data collected from the literature. 

As discussed previously, only the molar Gibbs free energies of fusion and the molar Gibbs free 

energies of solid-solid transition (if different allotropes exist) of the pure compounds need to be 

known to model the phase diagram of a common-ion (common-cation or common-anion) system 

for which measurements are available. 
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Figure 5.2: DSC thermograms for the [C4mim]NO3 pure compound starting with a: (a) heating 

run, or (b) cooling run (obtained by Seddon’s group). 

Strechan et al. [80] observed three solid-solid transitions by adiabatic calorimetry for the 

[C4mim]NO3 compound: Ttrans1=5.65°C and Δhtrans1=2,080 J.mol-1; Ttrans2=14.95°C and 

Δhtrans2=360 J.mol-1; Ttrans3=19.05°C and Δhtrans3=150 J.mol-1. These authors observed the fusion at 

Tfusion=36°C and Δhfusion=17,990 J.mol-1. There is a significant shift between the enthalpy of fusion 

measured by Seddon’s group and that of Strechan et al. There is an excellent agreement between 

the measurements of Seddon’s group and of Strechan et al. regarding the temperature of the first 

solid-solid transition. However, the corresponding Δhtrans values are significantly different. The 

other two solid-solid transitions reported by Strechan et al. correspond to relatively small enthalpy 

changes and have not been observed by DSC. According to Strechan et al., the various solid-solid 

transitions are related to the evolution of spatial orientations of the nitrate ion. The temperatures 

and enthalpies of the three solid-solid transitions, along with the enthalpy of fusion reported by 

Strechan et al. for the [C4mim]NO3 compound are used directly in the present work. In particular, 

as will be explained in section 5.2.1, the enthalpy of fusion from Strechan et al. corresponds to a 

more reasonable limiting slope of the [C4mim]NO3 liquidus curve in the [C4mim]NO3 - [C4mim]Cl 

binary phase diagram. Also, it agrees well with the value of 17.4 kJ.mol-1 obtained by 

Emel’yanenko et al. [139] using DSC. For the sake of consistency, the melting temperature of 

[C4mim]NO3 measured by Seddon’s group was selected in the present work. The properties of 

fusion measured by Seddon’s group (using DSC) for [C4mim]Cl and [C4mim]CH3SO3 are used 

directly. They agree very satisfactorily with the available data from the literature, as shown in table 

5.1. 
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Table 5.1: Thermodynamic data available in the literature or obtained by Seddon’s group for the [C4mim]Cl, [C4mim]NO3 and 

[C4mim]CH3SO3 pure ionic liquids 

      s and l refer to the solid and liquid phases, respectively. 

      AC: Adiabatic Calorimetry; BC: Bomb Calorimetry. 

 

 

Cation Anion 
Water 
content 
(ppm) 

Purity 
(%) 

Experimental 
technique 

Cp 

 (J.mol-1.K-1) 
ΔHo

298.15K 

(J.mol-1) 

Melting 
temperature 

(K) 

Enthalpy 
of fusion 
(J.mol-1) 

Solid-solid transition Reference 

[C4mim]+ 

Cl- 

<0.5 
wt% 

>99 DSC - - 347 18000 Ttrans=30°C; Δhtrans=2700 ± 300 J.mol-1 [140] 

- - DSC - - 338 18500 - [141] 
<150 - AC - - 342 21000 - [142] 

- - AC - - 341 25860 - [143] 
- >98 DSC - - 342 14057 - [144] 

<500 - DSC - - 327 10310 - [145] 
<2200 - DSC - - 314 - - [68] 

- - DSC - - 340 22900 - [146] 

- - DSC - 
s: -214700 
l: -196100 

342 21700 - [147] 

- - DSC - - 342 20358 - 
Seddon’s 

group 

NO3
- 

0.016 
wt% 

99.4 AC 

s: 305.8 at 
298.15K 

l: 353.5 at 
360K 

s: -278600 309 17990 
Ttrans1=5.65°C; Δhtrans1=2080 J.mol-1 
Ttrans2=14.95°C; Δhtrans2=360 J.mol-1 
Ttrans3=19.05°C; Δhtrans3=150 J.mol-1 

[80] 

<0.2 
wt% 

>99 DSC - 
s: -278800 
l: -261400 

309 17400 - [139] 

- 99 DSC - 
s: -275000 
l: -256000 

- - - [135] 

- - DSC - - 301 9691 Ttrans=5.60°C; Δhtrans=1196 J.mol-1 
Seddon’s 

group 

CH3SO3
- 

- 99 BC - - 347 22000 - [148] 
0.29 
wt% 

96 DSC 
l: 449.9 at 
358.15K 

- 353 - - [149] 

- - DSC - - 350 - - [150] 

- - DSC - - 348 21278 - 
Seddon’s 

group 
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The thermodynamic properties (ΔHo
298.15K, So

298.15K and Cp(T)) of the three pure compounds were 

assessed using the VBT in conjunction with the available data from the literature. The obtained 

values are discussed in detail below. 

As mentioned previously, the VBT requires a knowledge of the molecular volume νm (expressed 

in nm3). The densities of the [C4mim]Cl, [C4mim]NO3 and [C4mim]CH3SO3 pure liquids were 

measured by Seddon’s group as discussed in Chapter 7. Since these compounds are all solid at 

room temperature, the densities of the three pure liquids at 298.15K were estimated by linear 

extrapolation of the data from Seddon’s group. The obtained density values are 1.067 g.cm-3 for 

liquid [C4mim]Cl, 1.156 g.cm-3 for liquid [C4mim]NO3, and 1.153 g.cm-3 for liquid 

[C4mim]CH3SO3. Using single crystal X-ray diffraction, Holbrey et al. [151] observed two 

crystalline polymorphs for [C4mim]Cl, which differ only in the conformation of the butyl chain: 

an orthorhombic form (more thermodynamically stable) formed upon cooling the pure ionic liquid; 

and a monoclinic form formed via crystallization in the presence of an organic solvent or another 

ionic liquid. Only the orthorhombic form is considered in the present work. Based on the reported 

cell parameters, a density value of 1.207 g.cm-3 at 298.15K is derived for solid [C4mim]Cl. Using 

X-ray diffraction, Abe et al. [152] observed two crystalline polymorphs for [C4mim]NO3: an 

orthorhombic form stable at room temperature, and a monoclinic form stable at lower temperatures. 

Based on their measured cell parameters, these authors reported a density of 1.357 g.cm-3 at 

298.15K for the orthorhombic form of [C4mim]NO3. To our knowledge, no experimental density 

value is available in the literature for solid [C4mim]CH3SO3. The molecular volume of solid 

[C4mim]CH3SO3 at 298.15K was assessed in the present work using the method proposed by 

Krossing et al. [131] and described in Chapter 4 (section 4.7.1). These authors reported an ion 

volume of 0.196 nm3 for [C4mim]+. Ye and Shreeve [153] reported an ion volume of 0.099 nm3 for 

CH3SO3
-. The molecular volume of solid [C4mim]CH3SO3 can thus be estimated as 0.295 nm3, 

which corresponds to a density of 1.319 g.cm-3. 

For the solid and liquid phases of [C4mim]Cl and [C4mim]CH3SO3, the Cp values at 298.15K were 

assessed using Equation (15) from Chapter 3 (valid for methyl-imidazolium-based ionic liquids) 

along with the available molecular volume values. 
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Hu et al. [154] and Holbrey et al. [155] measured by DSC the heat capacity of liquid [C4mim]Cl 

over the temperature ranges 343-403K and 338-448K, respectively. These measurements were 

fitted with the two following equations: 

'À(A)/(� . ����� . ß��) = � + �A = 106.8200 + 0.6711A (A 
� ß) (63) 'À(A)/(� . ����� . ß��) = 115.5500 + 0.5271A (A 
� ß) (64) 

The Cp values of liquid [C4mim]Cl extrapolated at 298.15K from Equations (63) and (64) were 

compared to the Cp values assessed by the VBT. The corresponding shifts are about 16.6 J.mol-1.K-

1 (5.4 %) and 50.9 J.mol-1.K-1 (18.6 %) for the measurements of Hu et al. and Holbrey et al., 

respectively. As discussed previously [24], the relative shift for methyl-imidazolium-based ionic 

liquids is expected to be usually lower than 5%. Therefore, Equation (63), derived from the Cp data 

of Hu et al. [154], is finally preferred in the present work for liquid [C4mim]Cl. The calculated Cp 

values of liquid [C4mim]Cl are compared to the measurements of Hu et al. [154] and Holbrey et 

al. [155] in figure 5.3. 

 

 

Figure 5.3: Calculated heat capacity of liquid [C4mim]Cl versus temperature. Experimental data 

are from Hu et al. [154] (●) and Holbrey et al. [155] (■). 
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Strechan et al. [80] measured the heat capacity of [C4mim]NO3 by adiabatic calorimetry over the 

temperature range 5-370K. These Cp data were fitted with the following equations: 

Cc/(� . ����� . ß��)
= −289.5157 − 2.8058A + 0.0035A� + 63.8467AC.�
+ 366.8009A�C.� (A 
� ß)��Ú
� 200ß, ì�Ë Úℎí á��
� Êℎ�áí 

(65) 

'À(A)/(� . ����� . ß��) = E + KA
= 42.3390 + 0.8811A (A 
� ß) ���ûí 200ß ì�Ë Úℎí á��
� Êℎ�áí 

(66) 

'À(A)/(� . ����� . ß��) = � + �A
= 229.4500 + 0.4140A (A 
� ß)ì�Ë Úℎí �
��
� Êℎ�áí 

(67) 

The calculated 'À values of [C4mim]NO3 are compared to the measurements of Strechan et al. [80] 

in figure 5.4. 

 

 

Figure 5.4: Calculated heat capacity of [C4mim]NO3 versus temperature. Experimental data are 

from Strechan et al. [80] (○). Cc = −289.5157 − 2.8058A + 0.0035A� + 63.8467AC.� +
366.8009A�C.� (red line); Cc = 42.3390 + 0.8811A (green line); Cc = 229.4500 + 0.4140A 

(blue line). 
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As a starting point, the standard absolute entropies ����.��	
  of the solid and liquid phases of 

[C4mim]Cl, [C4mim]NO3 and [C4mim]CH3SO3 were estimated using Equation (44) from Chapter 

4. ����.��	
  was then adjusted using a procedure similar to the one described for [C2py]Br in Chapter 

4 (section 4.7.1). Equation (54) was used with K = ' = 0 for [C4mim]Cl, ' = 0 for [C4mim]NO3, 

and K = ' = � = 0 for [C4mim]CH3SO3. The ����.��	
  value obtained for the allotrope (s4) of 

[C4mim]NO3 (stable form at 298.15K) was about 333.4 J.mol-1.K-1. It was finally adjusted to the 

value of 365.8 J.mol-1.K-1 derived by Strechan et al. [80] from their Cp measurements at low 

temperatures. ����.��	
  for liquid [C4mim]NO3 was then adjusted accordingly, using the relevant 

thermodynamic properties (Cp and properties of fusion). 

Using an equation similar to Equation (45) along with Equations (46-50) from Chapter 4 (section 

4.6.3), values of ∆H���.��¢l  for the solid phases of [C4mim]Cl and [C4mim]NO3 were estimated, 

based on an average value of 590,839 J.mol-1 for ∆����.��	
 (['É�
�]�, () obtained from the two 

values 586,100 J.mol-1 [129] and 595,579 J.mol-1 [24], and on the values ∆H���.��¢l (Cl�, g) =−233,954 J. mol�� and ∆H���.��¢l (ôüè�, g) = −310,779 J. mol�� taken from the FactSage 

thermodynamic databases [134]. To our knowledge, no values of ∆H���.��¢l (CHè�üè�, g) are 

available in the literature. The standard thermodynamic properties of the three imidazolium-based 

compounds estimated by the VBT are gathered in table 5.2. 

Verevkin et al. [129] measured by DSC ∆����.��	
 = −196,100 J. mol�� for liquid [C4mim]Cl. 

The experimental procedure is similar to that described for the pyridinium-based compounds in 

Chapter 4 (section 4.7.1). The shift between this measured value and that derived from the VBT is 

about -11.8 kJ.mol-1. Strechan et al. [80] measured ∆����.��	
 = −278,600 J. mol�� for solid 

[C4mim]NO3 using combustion calorimetry. There is a shift of about -26.6 kJ.mol-1 between this 

measured value and that assessed by the VBT. The experimental values of ∆����.��	
  from 

Verevkin et al. [129] for liquid [C4mim]Cl and from Strechan et al. [80] for solid [C4mim]NO3 

(allotrope (s4)) were finally favoured in the present work. The thermodynamic properties finally 

selected for the three imidazolium-based compounds are displayed in table 5.3. Note that tables 5.2 

and 4.3 display some differences. In table 5.2, ∆����.��	
  (á��
�) was estimated by the VBT and ∆����.��	
  (�
��
�) was then derived from it using other thermodynamic properties (Cp and 

properties of fusion). In table 5.3, ∆����.��	
  (�
��
�) of [C4mim]Cl was taken directly from 

Verevkin et al. [129] and ∆����.��	
  (á��
�) was then derived from it using other thermodynamic 
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properties (Cp and properties of fusion). Also, ����.��	
  (á��
�) and ∆����.��	
  (á��
�) of 

[C4mim]NO3 (allotrope (s4)) were directly taken from Strechan et al. [80], and ����.��	
  (�
��
�) 

and ∆����.��	
  (�
��
�) were then derived from them using other thermodynamic properties (Cp 

and properties of fusion). Since ∆����.��	
 ('�è�üè�, () is unknown, ∆����.��	
 (á��
�) for 

[C4mim]CH3SO3 was arbitrarily set to zero (table 5.3). As explained previously, only the molar 

Gibbs free energies of fusion and of solid-solid transition need to be known to model the phase 

diagram of a common-cation system such as [C4mim]Cl – [C4mim]NO3 – [C4mim]CH3SO3. 

Therefore, the arbitrary value of ∆����.��	
  for solid [C4mim]CH3SO3 will have no impact. 

Verevkin et al. [129] measured by DSC ∆����.��	
 = −100,700 �. ����� for liquid [C1mim]Cl. 

Using the group contribution method proposed by Kabo et al. [135], and described in Chapter 4 

(section 4.7.1), ΔHo
298.15K of liquid [C4mim]Cl can be assessed as -177,890 J.mol-1. The shift 

between the experimental value of ΔHo
298.15K for liquid [C4mim]Cl from Verevkin et al. and the 

value estimated by the group contribution method from Kabo et al. is about +18.2 kJ.mol-1.  

Using the selected thermodynamic data in table 5.3, the thermodynamic stability of the [C4mim]Cl 

and [C4mim]NO3 pure compounds was examined both in the solid (at 25°C) and liquid (slightly 

above the melting temperature) states. Each compound is calculated to decompose into C (graphite, 

s) and gaseous products. As explained before in Chapter 4 for the pyridinium-based compounds, 

although these reactions of decomposition are highly thermodynamically favoured, they are 

kinetically hindered owing to the necessity to break several bonds. 

Table 5.2: Standard thermodynamic properties of the imidazolium-based pure compounds 
estimated by the VBT 

Compound 
Molecular volume  

νm [nm3] at 298.15K 
Cp 

[J.mol-1.K-1] 
So

298.15K 

[J.mol-1.K-1] 
ΔHo

298.15K 

[J.mol-1] 

Solid Liquid Solid Liquid Solid Liquid Solid Liquid 

[C4mim]Cl 0.240a 0.272 290.2 
106.8200+ 0.6711A 

321.1 376.3 -226867 -207895 

[C4mim]NO3 0.246b 0.289 

−289.5157− 2.8058A+ 0.0035A�+ 63.8467AC.�+ 366.8009A�C.� 
(A) 

229.4500+ 0.4140A 

- (s1) 

392.7 

- (s1) 

-287395 

42.3390+ 0.8811A 
 (B) 

324.2 (s1) -307834 (s1) 
331.7 (s2) -305754 (s2) 
332.9 (s3) -305394 (s3) 
333.4 (s4) -305244 (s4) 

[C4mim]CH3SO3 0.295 0.337 347.9 392.6 396.6 450.7 
21094 + 

ΔHo
298.15K(CH3SO3

-, g) 
40137 + 

ΔHo
298.15K(CH3SO3

-, g) 
a Reference [151]; b Reference [152]. (A): until 200K for (s1, s2, s3, s4); (B): above 200K for (s1, s2, s3, s4). 
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Table 5.3: Selected thermodynamic properties for the imidazolium-based pure compounds 

Compound T range [K] 
ΔHo

298.15K 

[J.mol-1] 
So

298.15K 

[J.mol-1.K-1] 
Cp 

[J.mol-1.K-1] 
[C4mim]Cl (s) 298.15 to 600 -215072 321.1 290.2 

[C4mim]Cl (l) 298.15 to 600 -196100 376.3 106.8200 + 0.6711A   

[C4mim]NO3 
(s1, s2, s3, s4) 

10 to 200 - (s1) - (s1) 
−289.5157 − 2.8058A+ 0.0035A� + 63.8467AC.�+ 366.8009A�C.� 

200 to 301.15 

-281190 (s1) 356.6 (s1) 

42.3390 + 0.8811A 
-279110 (s2) 364.0 (s2) 
-278750 (s3) 365.3 (s3) 

-278600 (s4) 365.8 (s4) 

[C4mim]NO3 (l) 
10 to 200 - - 

−289.5157 − 2.8058A+ 0.0035A� + 63.8467AC.�+ 366.8009A�C.� 

200 to 600 -260751 425.1 229.4500 + 0.4140A 

[C4mim]CH3SO3 (s) 298.15 to 600 0 396.6 347.9 

[C4mim]CH3SO3 (l) 298.15 to 600 +19043 450.7 392.6 

5.2 Binary subsystems 

The binary phase diagrams were measured by DSC using three consecutive heating and cooling 

cycles with scan rates of 2.5°C/min (heating) and 5°C/min (cooling), respectively. The binary 

mixtures were dried in the freeze dryer prior to the DSC experiments. 

5.2.1 The [C4mim]NO3 – [C4mim]Cl binary system 

This is the first binary system that was studied in the present work. Substantial problems of 

hygroscopicity were encountered and, for some compositions, it was not possible to measure their 

liquidus temperature by DSC (absence of peak). Therefore, visual observation (upon heating) along 

with powder X-ray diffraction at room temperature were also used to characterize the [C4mim]NO3 

– [C4mim]Cl phase diagram. The optimized Gibbs free energy of reaction (25) in Chapter 4 is: 

∆([&ÅÕ Õ]//(,äý)&�/(�. �����) = 418.4 + 543.9�(,äý)(,äý) (68) 

where �(,äý)(,äý) is the mole fraction of second-nearest-neighbor (ôüè − ['É�
�] − ôüè) pairs. 

The calculated phase diagram is compared to the measurements in figure 5.5. As seen in this figure, 

the data are rather scattered. Stolarska et al. [73] reported that they were unable to obtain 

reproducible DSC measurements for the phase diagram of the [C2mim]NO3 – [C2mim]Cl binary 



84 

 

system, owing to the very hygroscopic nature of this combination of ionic liquids. Note that the 

[C4mim]+ and [C2mim]+ cations only differ by the length of their alkyl chains (butyl or ethyl). The 

calculated (tentative) [C4mim]NO3 – [C4mim]Cl phase diagram is a simple eutectic system. The 

characteristics of the calculated eutectic are {T=21°C, 21.8 mol% [C4mim]Cl}. 

The calculated limiting slope of the [C4mim]NO3 liquidus curve agrees reasonably well with the 

available data. If the experimental enthalpy of fusion of [C4mim]NO3 measured by Seddon’s group 

had been favoured, then the corresponding limiting slope would be even steeper (see figure 5.5) 

and agreement in the [C4mim]NO3-rich region would be much less satisfactory. The calculated 

eutectic composition of 21.8 mol% [C4mim]Cl agrees reasonably well with the powder X-ray 

diffraction data (shown in figure 5.6), which suggest that the experimental eutectic composition is 

close to 30 mol% [C4mim]Cl.  

The diffractogram (0) of pure [C4mim]NO3 displays two distinctive peaks at 2θ≈15° and 2θ≈22°. 

According to Strechan et al. [80], there are four different allotropes, and the high-temperature form 

is formed at about 19°C. Since all temperatures measured by Seddon’s group are above 20°C, only 

the allotrope (s4) should be observed.  

The diffractogram (10) of pure [C4mim]Cl exhibits two distinctive peaks at 2θ≈10° and 2θ≈20°. 

For 10 and 20 mol% [C4mim]Cl, only the peaks related to pure [C4mim]NO3 are observed. For 60, 

70, 80 and 90 mol% [C4mim]Cl, only the peaks related to pure [C4mim]Cl are observed. For 30 

mol% [C4mim]Cl, the peaks related to both pure compounds are observed (in particular, the peak 

at 2θ≈20° for pure [C4mim]Cl). For 40 and 50 mol% [C4mim]Cl, the diffractograms are not very 

conclusive and difficult to interpret.  

For the X-ray diffraction experiments, the various samples were prepared in a glove box and 

protected from the environment using a Kapton film. The measurements were performed at room 

temperature (i.e. very close to the calculated eutectic temperature). The diffractograms related to 

the binary mixtures at 10, 20, 60, 70, 80 and 90 mol% [C4mim]Cl only display the peaks 

corresponding to pure [C4mim]NO3 or pure [C4mim]Cl. Therefore, thermodynamic equilibrium 

has not been reached and only the peaks for the primary solid phase precipitating are observed. 

Although the formation of solid solutions cannot be excluded, it is very unlikely. Indeed, the 

experimental ACl – ANO3 binary phase diagrams (with A=Li, Na, K) display a negligible solid 

solubility. 



85 

 

 

Figure 5.5: Calculated (tentative) [C4mim]NO3 - [C4mim]Cl phase diagram, temperature versus 
mole fraction of [C4mim]Cl. Experimental data are from Seddon’s group. (●): DSC 

measurements; (□): first series of visual observation data; ( ): second series of visual 
observation data. The limiting slope of the [C4mim]NO3 liquidus curve calculated with the 

experimental enthalpy of fusion from Seddon’s group is shown as a red line.

 

Figure 5.6: X-ray diffractograms for the [C4mim]NO3 - [C4mim]Cl binary system (obtained by 
Seddon’s group). Mole fraction of [C4mim]Cl in the binary mixture: (0) 0; (1) 0.1; (2) 0.2; (3) 

0.3; (4) 0.4; (5) 0.5; (6) 0.6; (7) 0.7; (8) 0.8; (9) 0.9; (10) 1. 
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5.2.2 The [C4mim]CH3SO3 – [C4mim]Cl binary system 

The phase diagram has been measured by DSC. No solid solubility was observed, and the measured 

limiting slope of the [C4mim]CH3SO3 liquidus curve agrees with Equation (36) in Chapter 4. No 

intermediate compound has been observed. The optimized Gibbs free energy of reaction (25) in 

Chapter 4 is: 

∆([&ÅÕ Õ]//(&õýþäý)&�/(�. �����) = 694.5 − 418.4�&�&� (69) 

where �&�&� is the mole fraction of second-nearest-neighbor ('� − ['É�
�] − '�) pairs. The 

calculated phase diagram is compared to the measurements in figure 5.7. This is a simple eutectic 

system. The measured liquidus temperatures in the [C4mim]Cl-rich region are somewhat scattered: 

for instance, at 80 mol% [C4mim]Cl, the shift between the calculated and experimental liquidus 

temperatures is almost 5°C. Also, the measured eutectic temperature at 80 mol% [C4mim]Cl is 

about 6°C lower than the calculated eutectic temperature. The characteristics of the calculated 

eutectic are {T=47°C, 59.3 mol% [C4mim]Cl}. 

 

 

Figure 5.7: Calculated [C4mim]CH3SO3 - [C4mim]Cl phase diagram, temperature versus mole 

fraction of [C4mim]Cl. Experimental data are from Seddon’s group (●). 
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5.2.3 The [C4mim]CH3SO3 – [C4mim]NO3 binary system 

The phase diagram has been measured by DSC. No solid solubility was observed, and there are no 

intermediate compounds. The measured limiting slope of the [C4mim]CH3SO3 liquidus curve 

agrees with Equation (36) in Chapter 4. The optimized Gibbs free energy of reaction (25) in Chapter 

4 is: 

∆([&ÅÕ Õ]//(&õýþäý),äý/(�. �����) = 736.4 + 795.0�(,äý)(,äý) (70) 

where �(,äý)(,äý) is the mole fraction of second-nearest-neighbor (ôüè − ['É�
�] − ôüè) pairs. 

The calculated phase diagram is compared with the measurements in figure 5.8. Again, this is a 

simple eutectic system. The characteristics of the calculated eutectic are {T=25°C, 90.4 mol% 

[C4mim]NO3}. The calculated eutectic temperature is very close to the melting temperature of pure 

[C4mim]NO3. 

 

 

Figure 5.8: Calculated [C4mim]CH3SO3 - [C4mim]NO3 phase diagram, temperature versus mole 

fraction of [C4mim]NO3. Experimental data are from Seddon’s group (●). 
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5.3 The [C4mim]Cl – [C4mim]NO3 – [C4mim]CH3SO3 ternary system 

The calculated (tentative) liquidus projection of the [C4mim]Cl - [C4mim]NO3 - [C4mim]CH3SO3 

system is shown in figure 5.9. The thermodynamic properties of the ternary liquid are calculated 

solely from the optimized model parameters for the three binary subsystems (Equations (68-70)) 

using a Kohler-like symmetric interpolation method. The ternary eutectic reaction liquid = 

[C4mim]Cl + [C4mim]NO3(s3)  + [C4mim]CH3SO3 is calculated at 18°C with a liquid composition 

of (24.0 mol% [C4mim]Cl + 64.4 mol% [C4mim]NO3 + 11.6 mol% [C4mim]CH3SO3). This 

corresponds to the minimum liquidus temperature in the ternary system. Owing to the large 

uncertainty in the [C4mim]NO3 – [C4mim]Cl binary subsystem, no phase diagram measurements 

were conducted in the ternary system. 

 

 

Figure 5.9: Calculated (tentative) liquidus projection of the [C4mim]Cl - [C4mim]NO3 - 

[C4mim]CH3SO3 system. 
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CHAPTER 6 PHASE DIAGRAM OF THE COMMON-ANION 

QUATERNARY SYSTEM {[C3mim], [C3mpy], [C3mpyrr], [C3mpip]}PF6 

This chapter describes a thermodynamic model for the common-anion quaternary system 

[C3mim]PF6 - [C3mpy]PF6 - [C3mpyrr]PF6 – [C3mpip]PF6. DSC measurements have been 

performed by Maximo et al. [35] for the pure compounds, and optical microscopy measurements 

have been conducted by the same authors for the six binary subsystems [35]. The phase diagrams 

of the various binary subsystems are modeled, and then the liquidus projections of the four ternary 

subsystems are predicted: (1) [C3mim]PF6 – [C3mpip]PF6 – [C3mpyrr]PF6, (2) [C3mpip]PF6 – 

[C3mpy]PF6 – [C3mim]PF6, (3) [C3mpy]PF6 – [C3mpip]PF6 – [C3mpyrr]PF6, and (4) [C3mpyrr]PF6 

– [C3mpy]PF6 – [C3mim]PF6. The thermodynamic properties of each ternary liquid are calculated 

using solely the optimized binary parameters along with a standard symmetric (for systems (2) and 

(4)) or asymmetric (for systems (1) and (3)) interpolation method. In order to test the accuracy of 

the developed thermodynamic model, two isoplethal sections were measured in each of the ternary 

systems (1) and (2) by Coutinho’s group using DSC. The thermodynamic model is slightly 

adjusted, and then the composition in the quaternary system corresponding to a global minimum 

of the liquidus temperature is calculated using the programme FactOptimal [36].  

6.1 Pure ionic liquids 

Figure 6.1 displays the chemical structures of the four PF6-based pure compounds. Maximo et al. 

[35] measured their thermal transitions by DSC. These authors performed three repeated cycles of 

cooling and heating at 1 K.min-1 from 183.15K to a temperature higher than the melting point. 

They measured the properties in the last heating run, and the melting temperatures were taken as 

the peak top values in the DSC thermograms. Maximo et al. [35] also measured the melting 

temperatures of the pure compounds using optical microscopy, by exploring temperatures between 

243.15K and 393.15K. Finally, the crystal structures of the pure compounds were also determined 

by single crystal X-ray diffraction at 180K. Table 6.1 gives the thermal transition data from 

Maximo et al. [35] along with the data available in the literature for the pure compounds. For the 

sake of consistency, the data of Maximo et al. are used in the present work. In particular, 

[C3mpyrr]PF6 and [C3mpip]PF6 both have three allotropes (s1, s2, s3). 
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Figure 6.1: Chemical structures of the PF6-based ionic liquids: (a) 1-methyl-3-propylimidazolium 

hexafluorophosphate ([C3mim]PF6), (b) 1-methyl-3-propylpyridinium hexafluorophosphate 

([C3mpy]PF6), (c) 1-methyl-1-propylpyrrolidinium hexafluorophosphate ([C3mpyrr]PF6), (d) 1-

methyl-1-propylpiperidinium hexafluorophosphate ([C3mpip]PF6). 

 

Table 6.1: Enthalpies of fusion and of solid-solid transition measured by DSC in the literature for 

the pure compounds [C3mim]PF6, [C3mpy]PF6, [C3mpyrr]PF6 and [C3mpip]PF6. 

Cation Anion 
Water content 

(wt.%) 
Purity 
(%) 

Melting 
temperature 

(K) 

Enthalpy of 
fusion 

(J.mol-1) 
Solid-Solid transition Reference 

[C3mim]+ 

PF6
- 

<0.5 >99 312 14260 - [35] 

<20 ppm - 313 - - [43] 

[C3mpy]+ <0.5 >99 312 12640 - [35] 

[C3mpyrr]+ 
<0.5 >99 383 3410 

Ttrans1=346.6K, Δhtrans1=2810 J.mol-1 
Ttrans2=359.5K, Δhtrans2=2310 J.mol-1 [35] 

- - 386 6565 
Ttrans1=355.2K 

Ttrans2=370.2K [156] 

[C3mpip]+ <0.5 >99 368 5110 
Ttrans1=311.7K, Δhtrans1=8080 J.mol-1 

Ttrans2=352.4K, Δhtrans2=2740 J.mol-1 [35] 
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6.2 Binary subsystems 

The phase diagrams of the six binary subsystems have been measured by Maximo et al. [35] using 

mainly optical microscopy. According to these authors, the melting temperatures of the binary 

mixtures measured by optical microscopy are accurate (reported uncertainty of 1.30K) since the 

mean absolute deviations between the two techniques were always lower than the summation of 

the uncertainties related to the melting temperatures determined by optical microscopy or DSC. No 

intermediate compound has been observed. As explained in Chapter 2, Maximo et al. [35] modeled 

the various binary phase diagrams using Equation (1), taking into account that the binary system 

has a simple eutectic behavior with no solid solubility (� þ = � þ. � þ = 1) and neglecting the 

differences in heat capacity (∆.ÓÔ'À = 0). In the case of an ideal liquid phase, they considered that 

� â = 1. Our calculated phase diagrams are described below. 

6.2.1 Phase diagrams with a simple eutectic behavior 

Figures 6.2 to 6.6 display the calculated phase diagrams for the [C3mpy]PF6 - [C3mim]PF6, 

[C3mpip]PF6 - [C3mim]PF6, [C3mpyrr]PF6 - [C3mim]PF6, [C3mpy]PF6 - [C3mpyrr]PF6 and 

[C3mpip]PF6 - [C3mpy]PF6 binary subsystems along with the experimental data from Maximo et 

al. [35] These are simple eutectic systems with negligible solid solubility. The characteristics of 

the calculated binary eutectic (temperature and composition) are shown in each figure. Agreement 

between the calculations and the measurements is satisfactory. Table 6.2 gives the optimized Gibbs 

free energy of reaction (24) in Chapter 4 for each binary liquid. 

  

Table 6.2: Optimized Gibbs free energy of reaction (24) in Chapter 4 for the eutectic-type phase 

diagrams (�   is the mole fraction of second-nearest-neighbor (
 − "#$ − 
) pairs) 

Binary system Optimized ∆()*/(3È�)/ (J.mol-1) 

[C3mpy]PF6 - [C3mim]PF6 205.0 − 163.2�(&ýÕÀÃ)(&ýÕÀÃ) 
[C3mpip]PF6 - [C3mim]PF6 −460.2 + 677.8�(&ýÕÀ À)(&ýÕÀ À) + 602.5�(&ýÕ Õ)(&ýÕ Õ) 
[C3mpyrr]PF6 - [C3mim]PF6 −598.3 + 661.1�(&ýÕÀÃÁÁ)(&ýÕÀÃÁÁ) + 623.4�(&ýÕ Õ)(&ýÕ Õ) 
[C3mpy]PF6 - [C3mpyrr]PF6 −192.5 + 272.0�(&ýÕÀÃ)(&ýÕÀÃ) + 502.1�(&ýÕÀÃÁÁ)(&ýÕÀÃÁÁ) 
[C3mpip]PF6 - [C3mpy]PF6 715.5�(&ýÕÀ À)(&ýÕÀ À) 
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Figure 6.2: Calculated [C3mpy]PF6 - [C3mim]PF6 phase diagram, temperature versus mole 

fraction of [C3mim]PF6. Experimental data are from Maximo et al. [35] (optical microscopy (●), 

DSC (○)). 

 

Figure 6.3: Calculated [C3mpip]PF6 - [C3mim]PF6 phase diagram, temperature versus mole 

fraction of [C3mim]PF6. Experimental data are from Maximo et al. [35] (optical microscopy (●), 

DSC (○)). 
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Figure 6.4: Calculated [C3mpyrr]PF6 - [C3mim]PF6 phase diagram, temperature versus mole 

fraction of [C3mim]PF6. Experimental data are from Maximo et al. [35] (optical microscopy (●), 

DSC (○)). 

 

Figure 6.5: Calculated [C3mpy]PF6 - [C3mpyrr]PF6 phase diagram, temperature versus mole 

fraction of [C3mpyrr]PF6. Experimental data are from Maximo et al. [35] (optical microscopy 

(●), DSC (○)). 
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Figure 6.6: Calculated [C3mpip]PF6 - [C3mpy]PF6 phase diagram, temperature versus mole 

fraction of [C3mpy]PF6. Experimental data are from Maximo et al. [35] (optical microscopy (●), 

DSC (○)). 

6.2.2 Phase diagram with complete solid solution 

The phase diagram of the [C3mpip]PF6 – [C3mpyrr]PF6 binary system has been measured by 

Maximo et al. [35] using optical microscopy, DSC and powder X-ray diffractometry of the solid 

phase. No intermediate compound has been observed. As shown in figure 6.7(a), the measured 

limiting slopes (thin red lines) of the [C3mpip]PF6 and [C3mpyrr]PF6 liquidus curves substantially 

disagree with Equation (36) in Chapter 4, and therefore this system exhibits at least some terminal 

solid solubility. Maximo et al. [35] reported an extensive solid solution over the entire composition 

range for the [C3mpip]PF6 – [C3mpyrr]PF6 binary system. Common-anion ionic liquid binary 

systems that exhibit full solid solutions are rather uncommon. More recently, Teles et al. [67] 

observed an extensive solid solution for the [C2mpyrr]N(C4F9SO2)2 - [C4mpyrr]N(C4F9SO2)2 

binary system. Maximo et al. [35] observed on their DSC thermograms a single endothermic 

transition upon heating, which suggests the presence of a continuous solid solution. These authors 

verified the formation of a monophasic solid phase by powder X-ray diffraction at 298.15K (solid 

solution C (s3-s3) in figure 6.7). They also determined the crystallographic structure of the 
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[C3mpip]PF6 pure compound by single crystal X-ray diffraction at 180K (allotrope (s1)). This 

compound is monoclinic (space group P21/c) with 8 formula units per unit cell and unit cell angles æ = 90°, é = 109.466°, � = 90°. Golding et al. [156] reported crystallographic data for the 

[C3mpyrr]PF6 pure compound at 123K (allotrope (s1)). This compound is monoclinic (space group 

C 2/c) with 36 formula units per unit cell and unit cell angles æ = 90°, é = 109.797°, � = 90°. 
Thus, the low-temperature allotropes (s1) of [C3mpip]PF6 and [C3mpyrr]PF6 have monoclinic unit 

cells with very similar crystallographic axes angles. Maximo et al. [35] suggested that the 

crystalline structure of [C3mpyrr]PF6, which corresponds to a bigger crystal volume, may act as a 

host-structure to accommodate the crystal structure of [C3mpip]PF6, thus leading to the formation 

of a continuous solid solution. It can thus be concluded that the high-temperature allotropes (s3) of 

[C3mpip]PF6 and [C3mpyrr]PF6 form an extensive solid solution over the entire composition range, 

and that the low-temperature allotropes (s1) most likely have the same behavior. Therefore, it is 

reasonable to assume that the intermediate-temperature allotropes (s2) are also fully miscible. In 

order to check this hypothesis, two different scenarios are considered in the present work to model 

the phase diagram of the [C3mpip]PF6 – [C3mpyrr]PF6 binary system. The first scenario assumes a 

negligible solid solubility between the low-temperature allotropes (s1-s1) and also between the 

intermediate-temperature allotropes (s2-s2) (figure 6.7(a)). The second scenario assumes a 

continuous solid solution between the low-temperature allotropes (s1-s1) and also between the 

intermediate-temperature allotropes (s2-s2) (figure 6.7(b)). As a first approximation, in the latter 

scenario, the same interaction parameter as for the high-temperature (s3-s3) solid solution (which 

was optimized based on the experimental data of Maximo et al. [35]) is used for both the low-

temperature (s1-s1) and the intermediate-temperature (s2-s2) solid solutions. The two pure 

compounds have very similar cation structures (only differing by one carbon atom) and also similar 

crystal structures. Thus, the binary liquid is assumed to be ideal. That is: 

∆g[&ýÕÀ À][&ýÕÀÃÁÁ]/(3È�)/ = 0 (71) 

The various solid solutions are modeled with the Compound Energy Formalism (CEF). Figure 6.7 

displays the calculated phase diagram along with the measurements from Maximo et al., according 

to the first scenario (figure 6.7(a)) and the second scenario (figure 6.7(b)). The calculated phase 

diagram for the first scenario displays the high-temperature (s3-s3) solid solution along with the 

eutectoid reaction {[C3mpip]PF6(s3) – [C3mpyrr]PF6(s3)}(ss) = [C3mpip]PF6(s1) + 

[C3mpyrr]PF6(s1) at -5°C and 56.6 mol% [C3mpyrr]PF6. On the other hand, there are three distinct 
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areas corresponding to the high-temperature (s3-s3), intermediate-temperature (s2-s2) and low-

temperature (s1-s1) solid solutions in the calculated phase diagram for the second scenario. As will 

be shown later, the second scenario allows to best reproduce the DSC measurements performed by 

Coutinho’s group in the [C3mim]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6 ternary system. The final 

optimized excess Gibbs free energy (GE) of each solid solution is given in table 6.3. These are 

small positive regular interaction parameters. The final calculated phase diagram of the 

[C3mpip]PF6 – [C3mpyrr]PF6 binary system with the interaction parameters from table 6.3 is shown 

in figure 6.8. There is an azeotrope at 95°C and 22 mol% [C3mpyrr]PF6. The temperature of the 

azeotrope is lower than the melting points of the pure compounds.   

Table 6.3: Optimized excess Gibbs free energies of the solid solutions in the [C3mpip]PF6 – 
[C3mpyrr]PF6 binary system (% & is the site fraction of species 
 on the cationic sublattice ') 

Solid solution Optimized GE (J.mol-1) 
High-temperature (s3-s3) 217.6×%[&ýªcOc]Î& ×%[&ýªcÝ__]Î&  

Intermediate-temperature (s2-s2) 83.7×%[&ýªcOc]Î& ×%[&ýªcÝ__]Î&  

Low-temperature (s1-s1) 502.1×%[&ýªcOc]Î& ×%[&ýªcÝ__]Î&  

 

 

Figure 6.7: Calculated [C3mpip]PF6 - [C3mpyrr]PF6 phase diagram, temperature versus mole 

fraction of [C3mpyrr]PF6: (a) first scenario, (b) second scenario. Experimental data are from 

Maximo et al. [35] (optical microscopy (●), DSC (○)). Notations: A={[C3mpip]PF6(s1) – 

[C3mpyrr]PF6(s1)}(ss); B={[C3mpip]PF6(s2) – [C3mpyrr]PF6(s2)}(ss); C={[C3mpip]PF6(s3) – 

[C3mpyrr]PF6(s3)}(ss). In figure (a), the limiting liquidus slopes calculated from Equation (36) 

(Chapter 4) are shown as thin red lines. 
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Figure 6.8: Final calculated [C3mpip]PF6 - [C3mpyrr]PF6 phase diagram, temperature versus 

mole fraction of [C3mpyrr]PF6. Experimental data are from Maximo et al. [35] (optical 

microscopy (●), DSC (○)). Notations: A={[C3mpip]PF6(s1) – [C3mpyrr]PF6(s1)}(ss); 

B={[C3mpip]PF6(s2) – [C3mpyrr]PF6(s2)}(ss); C={[C3mpip]PF6(s3) – [C3mpyrr]PF6(s3)}(ss). 

 

6.3 Ternary subsystems 

The quaternary system investigated consists of the four following ternary subsystems: (1) 

[C3mim]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6, (2) [C3mpy]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6, (3) 

[C3mpip]PF6 - [C3mpy]PF6 - [C3mim]PF6, and (4) [C3mpyrr]PF6 - [C3mpy]PF6 - [C3mim]PF6. 

Since systems (1) and (2) both include the [C3mpip]PF6 and [C3mpyrr]PF6 components, they will 

display at least a complete high temperature binary solid solution (s3-s3). On the other hand, 

systems (3) and (4) do not exhibit any solid solubility. Two isoplethal sections were measured in 

each of the ternary systems (1) and (3) by Coutinho’s group using DSC. Experimental details are 

given below. 

Experimental section: The [C3mim]PF6, [C3mpy]PF6, [C3mpyrr]PF6, and [C3mpip]PF6 pure 

compounds were purchased from Iolitec with a purity of 99%. Compounds were dried under 

vacuum at room temperature during at least three days and the purity of each sample was 
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additionally confirmed by 1H, 13C, 19F and 31P NMR spectra. A Metrohm 831 Karl Fischer 

coulometer using the analyte Hydranal® - Coulomat AG, from Riedel-de Haën, was used to 

determine the water content of the compounds, which was found to be less than 900 ppm. Ternary 

mixtures were prepared inside a dry argon glove-box, at room temperature using an analytical 

balance model ALS 220-4N from Kern with an accuracy of ±0.002 g. Vials with mixtures were 

heated under stirring until complete melting and then recrystallized at room temperature. Samples 

(2 – 5 mg) of mixtures of pure compounds were hermetically sealed in aluminum pans inside the 

glovebox and then weighed in a micro analytical balance AD6 (PerkinElmer, USA, 

precision=2×10-6g). The melting properties were determined using a Hitachi DSC7000X model 

working at atmospheric pressure. For most of the DSC measurements, one cooling run at 5K.min-

1 followed by one heating run at 2K.min-1 were performed (the minimum temperature reached upon 

cooling was -100°C for the {[C3mim], [C3mpip], [C3mpyrr]}PF6 ternary system and -180oC for the 

{[C3mim], [C3mpip], [C3mpy]}PF6 ternary system). For a few ternary mixtures, three consecutive 

heating/cooling cycles were used with rates of 2 K.min-1 (heating) and 5 K.min-1 (cooling), 

respectively. The equipment was previously calibrated with several standards with weight fraction 

purities higher than 99%. 

Liquidus projections of the various ternary subsystems are calculated. As discussed previously, 

[C3mpip]PF6 and [C3mpyrr]PF6 have very similar cation structures and also similar crystal 

structures. Thus, the thermodynamic properties of the ternary liquids (1) and (2) (which include 

both components) are calculated from the optimized model parameters for the three binary 

subsystems using a Kohler-Toop-like (asymmetric) interpolation method, with the third component 

as the asymmetric component. For the ternary liquids (3) and (4), a Kohler-like (symmetric) 

interpolation method is used. 

Figures 6.9 and 6.10 display the calculated liquidus projection of the [C3mim]PF6 - [C3mpip]PF6 - 

[C3mpyrr]PF6 system corresponding to the first and second scenarios, respectively. The calculated 

liquidus projection with the first scenario exhibits a ternary eutectic reaction at -9°C (see figure 

6.9), while the one with the second scenario displays no ternary invariant reaction (see figure 6.10). 

In order to select the most probable scenario, two isoplethal sections were measured by Coutinho’s 

group using DSC: the isoplethal section at constant 40 mol% [C3mim]PF6 (red dashed line in 

figures 6.9 and 6.10) and the isoplethal section at constant molar ratio [C3mpyrr]PF6 / 

([C3mpyrr]PF6 + [C3mpip]PF6) of 0.60 (blue dashed line in figures 6.9 and 6.10). The liquidus lines 
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of both isoplethal sections according to the two scenarios are also calculated. For the isoplethal 

section at constant 40 mol% [C3mim]PF6 (see figure 6.11(a)), the first scenario gives two liquidus 

lines (in black), corresponding to the precipitation of [C3mpip]PF6(s1) or [C3mpyrr]PF6(s1), while 

there is an almost flat liquidus line corresponding to the precipitation of the [C3mpip]PF6(s1) - 

[C3mpyrr]PF6(s1) solid solution for the second scenario (blue line). For the isoplethal section at 

constant molar ratio [C3mpyrr]PF6 / ([C3mpyrr]PF6 + [C3mpip]PF6) of 0.60 (see figure 6.11(b)), 

the first scenario (in black) gives a liquidus line corresponding to the successive precipitation of 

{[C3mpip]PF6(s3) - [C3mpyrr]PF6(s3)}(ss), [C3mpip]PF6(s1) and [C3mim]PF6. For the second 

scenario (in blue), the solid phases precipitating are successively {[C3mpip]PF6(s3) - 

[C3mpyrr]PF6(s3)}(ss), {[C3mpip]PF6(s2) - [C3mpyrr]PF6(s2)}(ss), {[C3mpip]PF6(s1) - 

[C3mpyrr]PF6(s1)}(ss) and [C3mim]PF6. While investigating the isoplethal sections at constant 40 

mol% [C3mim]PF6 and at constant molar ratio [C3mpyrr]PF6 / ([C3mpyrr]PF6 + [C3mpip]PF6) of 

0.60, Coutinho’s group performed two series of DSC measurements (first series and second series) 

with the same samples but at different times, in order to check the reproducibility of their results. 

The experimental procedure was always the same: one cooling run followed by one heating run. 

Following our request, they studied again a few ternary mixtures (third series) using three 

consecutive heating / cooling cycles (i.e. an experimental procedure very similar to that of 

Smiglak’s group: see Chapter 4). Figures 6.12 and 6.13 display the measured and calculated 

isoplethal sections at constant 40 mol% [C3mim]PF6 and at constant molar ratio [C3mpyrr]PF6 / 

([C3mpyrr]PF6 + [C3mpip]PF6) of 0.60, respectively. These are the final calculated isoplethal 

sections. The second scenario has finally been favoured based on the available ternary experimental 

data. As seen in figure 6.12, the measured liquidus temperatures virtually do not change as a 

function of the mole fraction of [C3mpyrr]PF6 in the ternary mixture. This is consistent with the 

second scenario (see figure 6.11(a)). No ternary excess parameter was included for the liquid phase. 

That is, as explained previously, the thermodynamic properties of the ternary liquid [C3mim]PF6 - 

[C3mpip]PF6 -[C3mpyrr]PF6 are calculated solely from the optimized binary model parameters 

using an asymmetric interpolation method, with [C3mim]PF6 as the asymmetric component. Also, 

the excess Gibbs free energies of the low temperature (s1-s1) and intermediate-temperature (s2-s2) 

solid solutions were adjusted (see table 6.3) in order to best reproduce the ternary data. The 

interpretation of the measured isoplethal section at constant 40 mol% [C3mim]PF6 (figure 6.12) is 

not straightforward. This section has been divided into three different temperature zones (zones 1, 
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2 and 3). Zone 1 corresponds to the measured liquidus temperatures: in principle, for a given 

sample, the last thermal arrest upon heating should be the liquidus temperature. The only 

exceptions are the ternary mixtures at 50 mol% [C3mpyrr]PF6 (second series) and at 55 mol% 

[C3mpyrr]PF6 (second series). In the former case, the highest temperature measured is believed to 

belong to zone 2 (which will be discussed below). In the latter case, the highest temperature 

measured (56°C) should be discarded: as shown by the third series of data at 55 mol% 

[C3mpyrr]PF6, the intermediate thermal arrest (second series) is the true liquidus temperature. In 

figure 6.12, the binary data from Maximo et al. [35] at 0 and 60 mol% [C3mpyrr]PF6 are also 

shown. The shift between the calculated and measured (first series) liquidus temperatures is usually 

lower than 5°C, which is the corresponding shift for the binary mixture at 0 mol% [C3mpyrr]PF6. 

The shift between the calculated and measured (second series) liquidus temperatures is usually 

lower than 9°C. Note that the thermal arrests measured at 37.5 mol% [C3mim]PF6 (and at 37.5 

mol% [C3mpyrr]PF6) (see the isoplethal section at constant molar ratio [C3mpyrr]PF6 / 

([C3mpyrr]PF6 + [C3mpip]PF6) of 0.60 in figure 6.13) are also displayed in figure 6.12 along with 

the corresponding calculated liquidus line (shown as a dashed green line). The lens-shaped region 

calculated at low temperatures remains virtually unchanged at 37.5 mol% [C3mim]PF6.  

Zone 3 corresponds to the measured low-temperature thermal arrests. Depending on the ternary 

mixture studied, there may be zero, one or two thermal transitions measured in this zone. 

Agreement between these data points and the calculated lens-shaped region is satisfactory. 

 Zone 2 corresponds to the measured thermal arrests observed in the intermediate temperature range 

and possibly associated with metastable phase equilibria. These data points are not reproduced by 

the thermodynamic model. Such thermal arrests are present with certainty at 40 mol% 

[C3mpyrr]PF6 (second series), at 50 mol% [C3mpyrr]PF6 (first series), and at 55 mol% 

[C3mpyrr]PF6 (third series). These thermal arrests might be associated with [C3mpyrr]PF6 

polymorphism, with the existence of two preferred conformations of the pyrrolidinium cations. As 

reported in Chapter 4, for pure [C4mpyrr]Cl and most of the [C4mpyrr]Cl – [C4mpyrr]Br binary 

mixtures investigated, a thermal transition was observed by Stolarska et al. [34] in the range 97-

117°C and it was attributed to a possible polymorphism of [C4mpyrr]Cl. However, no such thermal 

transition had been observed in the [C4mpyrr]Cl – [C4mpyrr]BF4 system. Interestingly, the thermal 

transitions measured at 37.5 mol% [C3mim]PF6 (and at 37.5 mol% [C3mpyrr]PF6), and taken from 

the isoplethal section in figure 6.13, agree very satisfactorily with the model; no metastable phase 
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equilibria are observed at this particular composition. For the isoplethal section at constant molar 

ratio [C3mpyrr]PF6 / ([C3mpyrr]PF6 + [C3mpip]PF6) of 0.60 (see figure 6.13), the binary and unary 

experimental data from Maximo et al. [35] are also displayed at 0 and 100 mol% [C3mim]PF6, 

respectively. For each ternary mixture investigated, the number of thermal transitions observed for 

the first and second series is not always the same. However, when one thermal transition is 

observed in both cases, the temperature shift between the two measurements is always relatively 

small. A very high liquidus temperature of about 118°C is observed at 12.5 mol% [C3mim]PF6. 

While performing three consecutive heating / cooling cycles, Coutinho’s group measured a liquidus 

temperature of about 70°C, which agrees well with the model. Therefore, the previous 

measurement is not reliable and must be discarded. Agreement between the calculations and the 

ternary data is satisfactory (see figure 6.13). The final calculated liquidus projection of the 

[C3mim]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6 system is displayed in figure 6.14. The minimum 

liquidus temperature corresponds to the binary eutectic reaction liquid = [C3mim]PF6 + 

[C3mpyrr]PF6(s1) at 4°C. 

Figures 6.15 and 6.16 show the calculated liquidus projection of the [C3mpy]PF6 - [C3mpip]PF6 - 

[C3mpyrr]PF6 system according to the first scenario and second scenario, respectively. These two 

figures are very similar to the corresponding figures calculated for the [C3mim]PF6 - [C3mpip]PF6 

- [C3mpyrr]PF6 system (figures 6.9 and 6.10). No ternary DSC data are available for the 

[C3mpy]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6 system. Again, the second scenario was favoured, and 

the optimized excess Gibbs free energies of the low-temperature (s1-s1) and intermediate-

temperature (s2-s2) solid solutions remain unchanged (see table 6.3). By analogy with the 

[C3mim]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6 system, no ternary excess parameter was included for 

the liquid phase. That is, the thermodynamic properties of the ternary liquid [C3mpy]PF6 - 

[C3mpip]PF6 - [C3mpyrr]PF6 are calculated solely from the optimized binary model parameters 

using an asymmetric interpolation method, with [C3mpy]PF6 as the asymmetric component. The 

final calculated liquidus projection is shown in figure 6.17 and is expected to be reasonably 

accurate. The minimum liquidus temperature corresponds to the binary eutectic reaction liquid = 

[C3mpy]PF6 + [C3mpyrr]PF6(s1) at 6°C. 
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Figure 6.9: Calculated liquidus projection of the [C3mim]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6 
system with the first scenario. Notations: C={[C3mpip]PF6(s3) – [C3mpyrr]PF6(s3)}(ss). 

Isoplethal section at constant 40 mol% [C3mim]PF6 (red dashed line), isoplethal section at 
constant molar ratio [C3mpyrr]PF6 / ([C3mpyrr]PF6 + [C3mpip]PF6) of 0.60 (blue dashed line). 

 

Figure 6.10: Calculated liquidus projection of the [C3mim]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6 
system with the second scenario. Notations: A={[C3mpip]PF6(s1) – [C3mpyrr]PF6(s1)}(ss); 

B={[C3mpip]PF6(s2) – [C3mpyrr]PF6(s2)}(ss); C={[C3mpip]PF6(s3) – [C3mpyrr]PF6(s3)}(ss). 
Isoplethal section at constant 40 mol% [C3mim]PF6 (red dashed line), isoplethal section at 

constant molar ratio [C3mpyrr]PF6 / ([C3mpyrr]PF6 + [C3mpip]PF6) of 0.60 (blue dashed line). 

0
.1

0
.2

0
.3

0.
4

0
.5

0
.6

0
.7

0
.8

0
.9

0.10.20.30.40.50.60.70.80.9
0
.1

0.2

0
.3

0
.4

0
.5

0.6

0
.7

0
.8

0
.9

[C
3
mim]PF

6

[C
3
mpip]PF

6
[C

3
mpyrr]PF

6mole fraction

73

39

-5

-9

C

(96
o
C) (110

o
C)

(39
o
C)

4
o
C

12
o
C

40

30

20

10

50

60

90

0

10

20

30

2
0

3
0

5
0

6
0

4
0

1
0

2
0

6
0

5
0

7
0

>

<

>
<

>

>

79
o
C

39
o
C

86
o
C

[C3mpip]PF6(s1)1
0

73
o
C

100

4
0

3
0

70

[C3mim]PF6(s)

[C3mpip]PF6(s2)

[C3mpyrr]PF6(s1)

[C3mpyrr]PF6(s2)
80

<

0
.1

0.
2

0.
3

0.
4

0
.5

0
.6

0
.7

0
.8

0
.9

0.10.20.30.40.50.60.70.80.9

0
.1

0
.2

0
.3

0
.4

0
.5

0.6

0.7

0.8

0
.9

[C
3
mim]PF

6

[C
3
mpip]PF

6
[C

3
mpyrr]PF

6mole fraction

[C3mim]PF6(s)

(39
o
C)

(96
o
C) (110

o
C)

12
o
C

4
o
C

39
o
C

79
o
C

86
o
C

73
o
C

B

A

<

<

>

100C90

70

60

50

40

30

20

10

20

30

10

50

60

70

80



103 

 

 

Figure 6.11: Calculated liquidus lines for the two isoplethal sections in the [C3mim]PF6 - 

[C3mpip]PF6 - [C3mpyrr]PF6 ternary system with the first (black line) and second (blue line) 

scenarios: (a) constant 40 mol% [C3mim]PF6, (b) constant molar ratio [C3mpyrr]PF6 / 

([C3mpyrr]PF6 + [C3mpip]PF6) of 0.60. 

 

 

Figure 6.12: Calculated isoplethal section at 40 mol% [C3mim]PF6. The calculated 

liquidus line at 37.5 mol% [C3mim]PF6 is also shown as a dashed green line. Experimental data 

are from Coutinho’s group: first series ( ), second series (○), third series (●), and from Maximo 

et al. [35] (▲). The thermal transitions measured at 37.5 mol% [C3mim]PF6 and taken from 

figure 6.13 are also shown (▼). Notations: A={[C3mpip]PF6(s1) – [C3mpyrr]PF6(s1)}(ss). 
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Figure 6.13: Calculated isoplethal section at constant molar ratio [C3mpyrr]PF6 / ([C3mpyrr]PF6 + 

[C3mpip]PF6) of 0.60. Experimental data are from Coutinho’s group: first series ( ), second 
series (○), third series (●), and from Maximo et al. [35] ( , ). Notations: A={[C3mpip]PF6(s1) 
– [C3mpyrr]PF6(s1)}(ss); B={[C3mpip]PF6(s2) – [C3mpyrr]PF6(s2)}(ss); C={[C3mpip]PF6(s3) – 

[C3mpyrr]PF6(s3)}(ss). 

 

 
Figure 6.14: Final calculated liquidus projection of the [C3mim]PF6 - [C3mpip]PF6 - 

[C3mpyrr]PF6 system. Notations: A={[C3mpip]PF6(s1) – [C3mpyrr]PF6(s1)}(ss); 
B={[C3mpip]PF6(s2) – [C3mpyrr]PF6(s2)}(ss); C={[C3mpip]PF6(s3) – [C3mpyrr]PF6(s3)}(ss). 
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Figure 6.15: Calculated liquidus projection of the [C3mpy]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6 

system with the first scenario. Notations: C={[C3mpip]PF6(s3) – [C3mpyrr]PF6(s3)}(ss). 

 

Figure 6.16: Calculated liquidus projection of the [C3mpy]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6 

system with the second scenario. Notations: A={[C3mpip]PF6(s1) – [C3mpyrr]PF6(s1)}(ss); 

B={[C3mpip]PF6(s2) – [C3mpyrr]PF6(s2)}(ss); C={[C3mpip]PF6(s3) – [C3mpyrr]PF6(s3)}(ss). 
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Figure 6.17: Final calculated liquidus projection of the [C3mpy]PF6 - [C3mpip]PF6 - 

[C3mpyrr]PF6 system. Notations: A={[C3mpip]PF6(s1) – [C3mpyrr]PF6(s1)}(ss); 

B={[C3mpip]PF6(s2) – [C3mpyrr]PF6(s2)}(ss); C={[C3mpip]PF6(s3) – [C3mpyrr]PF6(s3)}(ss). 

The calculated liquidus projection of the [C3mpip]PF6 - [C3mpy]PF6 - [C3mim]PF6 system is 

displayed in figure 6.18. No ternary excess parameter was introduced for the liquid. The 

thermodynamic properties of the ternary liquid are calculated solely from the optimized binary 

model parameters, using a symmetric interpolation method. The ternary eutectic reaction liquid = 

[C3mpip]PF6(s1) + [C3mpy]PF6 + [C3mim]PF6 is calculated at -8°C with a liquid composition of 

(22.6 mol% [C3mpip]PF6 + 41.5 mol% [C3mpy]PF6 + 35.9 mol% [C3mim]PF6). This corresponds 

to the minimum liquidus temperature in the ternary system. In order to test the accuracy of the 

developed thermodynamic model, two isoplethal sections were measured by Coutinho’s group 

using DSC: the isoplethal section at constant 40 mol% [C3mpy]PF6 (red dashed line in figure 6.18) 

and the isoplethal section at constant molar ratio [C3mpy]PF6 / ([C3mpy]PF6 + [C3mim]PF6) of 

0.60 (blue dashed line in figure 6.18). Figures 6.19 and 6.20 display the measured and calculated 

isoplethal sections. In each case, Coutinho’s group performed one series of DSC measurements, 

with one cooling run followed by one heating run. Following our request, they studied again two 

ternary mixtures (second series) using three consecutive heating / cooling cycles. In figure 6.19, 

the binary data from Maximo et al. [35] at 0 and 60 mol% [C3mpip]PF6 are also shown. Note that 
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the thermal arrests measured at 45.2 mol% [C3mpy]PF6 (and at 25.5 mol% [C3mpip]PF6) and at 

37.6 mol% [C3mpy]PF6 (and at 37.9 mol% [C3mpip]PF6), both taken from the isoplethal section at 

constant molar ratio [C3mpy]PF6 / ([C3mpy]PF6 + [C3mim]PF6) of 0.60 in figure 6.20, are also 

displayed in figure 6.19. The corresponding calculated liquidus temperatures are virtually identical 

to those calculated at 40 mol% [C3mpy]PF6 and displayed in figure 6.19. For the ternary mixture 

at 5 mol% [C3mpip]PF6, the very high liquidus temperature of about 47°C (first series) should be 

discarded: the three thermal arrests measured during the third heating run of the second series of 

data agree very well with the calculations; and the corresponding liquidus temperature is about 

10°C. For the ternary mixture at 27.7 mol% [C3mpip]PF6 (second series), two thermal arrests were 

measured during the first heating run, and no thermal arrests were observed during the second and 

third heating runs. Although the two thermal arrests from the first heating run (second series) occur 

at temperatures significantly lower than those from the first series of data, they are still substantially 

higher than the calculations. Apart from the results for the ternary mixture with 27.7 mol% 

[C3mpip]PF6, the shift between the calculated and measured temperatures is always lower than 

14°C. In figure 6.20, the binary and unary data from Maximo et al. [35] are also shown at 0 and 

100 mol% [C3mpip]PF6, respectively. The shift between the calculated and measured temperatures 

is always lower than 15°C. 

Overall, the experimental isoplethal sections at constant 40 mol% [C3mpy]PF6 and at constant 

molar ratio [C3mpy]PF6 / ([C3mpy]PF6 + [C3mim]PF6) of 0.60 are satisfactorily reproduced by the 

model. Therefore, the calculated liquidus projection of the [C3mpip]PF6 - [C3mpy]PF6 - 

[C3mim]PF6 system (figure 6.18) is expected to be reasonably accurate. 

No ternary DSC data are available for the [C3mpyrr]PF6 - [C3mpy]PF6 - [C3mim]PF6 system. By 

analogy with the [C3mpip]PF6 - [C3mpy]PF6 - [C3mim]PF6 system, no ternary excess parameter 

was introduced for the liquid and a symmetric interpolation method was used. The calculated 

liquidus projection is shown in figure 6.21 and is expected to be reasonably accurate. The ternary 

eutectic reaction liquid = [C3mpyrr]PF6(s1) + [C3mpy]PF6 + [C3mim]PF6 is calculated at -16°C 

with a liquid composition of (33.9 mol% [C3mpyrr]PF6 + 33.9 mol% [C3mpy]PF6 + 32.2 mol% 

[C3mim]PF6). This is the minimum liquidus temperature in the ternary system. 

Using the programme FactOptimal [36], which is a coupling of the FactSage thermochemical 

software with the powerful Mesh Adaptive Direct Search (MADS) algorithm, we identified the 
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global minimum liquidus temperature in the quaternary system [C3mim]PF6 - [C3mpyrr]PF6 - 

[C3mpy]PF6 - [C3mpip]PF6. This global minimum is very close to the ternary eutectic in the 

[C3mpyrr]PF6 - [C3mpy]PF6 - [C3mim]PF6 system (figure 6.21). This is a true minimum, where 

three solid phases coexist ([C3mpy]PF6, [C3mim]PF6, and a [C3mpyrr]PF6(s1) - [C3mpip]PF6(s1) 

solid solution which is almost pure [C3mpyrr]PF6(s1)); and the quaternary liquid contains only 

about 0.003 mol% [C3mpipPF6. 

 

 

 

Figure 6.18: Calculated liquidus projection of the [C3mpip]PF6 - [C3mpy]PF6 - [C3mim]PF6 

system. Isoplethal section at constant 40 mol% [C3mpy]PF6 (red dashed line), isoplethal section 

at constant molar ratio [C3mpy]PF6 / ([C3mpy]PF6 + [C3mim]PF6) of 0.60 (blue dashed line).  
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Figure 6.19: Calculated isoplethal section at constant 40 mol% [C3mpy]PF6. Experimental data 
are from Coutinho’s group: first series ( ), second series (●),  and from Maximo et al. [35] (▲). 
The thermal transitions measured at 45.2 mol% [C3mpy]PF6 (▼) and at 37.6 mol% [C3mpy]PF6 

(▲), and taken from figure 6.20, are also shown. 

 

Figure 6.20: Calculated isoplethal section at constant molar ratio [C3mpy]PF6 / ([C3mpy]PF6 + 
[C3mim]PF6) of 0.60. Experimental data are from Coutinho’s group (●) and Maximo et al. [35]    
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Figure 6.21: Calculated liquidus projection of the [C3mpyrr]PF6 - [C3mpy]PF6 - [C3mim]PF6 

system. 
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CHAPTER 7 DENSITY OF IONIC LIQUID SYSTEMS 

This chapter describes a density model for common-ion (common-cation and common-anion) ionic 

liquid ternary systems. Two common-cation ternary systems were studied in the present work: 

[C4mim]{Cl, NO3, CH3SO3} in collaboration with Seddon’s group (QUILL), and [C4mim]{BF4, 

PF6, NTf2} based on the published density data from Canongia Lopes et al. [38]. Two common-

anion ternary systems were also investigated: {[C2mim], [C8mim], [C10mim]}NTf2 and {[C4mim], 

[C8mim], [C10mim]}NTf2, again based on the published density data from Canongia Lopes et al. 

[38]. The densities of the pure liquids and of the binary liquids are modeled, based on the available 

data. For the three common-ion ternary systems based on the work of Canongia Lopes et al., the 

density is predicted from the optimized density model parameters for the binary liquids using a 

standard symmetric interpolation method. 

7.1 Common-cation ternary system [C4mim]{Cl, NO3, CH3SO3} 

In the present work, the density of the [C4mim]Cl, [C4mim]NO3 and [C4mim]CH3SO3 pure ionic 

liquids and of the corresponding binary liquids was investigated by Seddon’s group (QUILL). The 

density of the three pure liquids and of the [C4mim]CH3SO3 - [C4mim]Cl and [C4mim]NO3 - 

[C4mim]Cl binary liquids was measured with a U-tube density meter DM 40 from Mettler Toledo. 

The experimental error for the DM 40 density measurements is typically 0.1K for the temperature 

and 0.0001 g.cm-3 for the density. All samples were then sent by QUILL to a Portuguese group 

(Rebelo’s group), who has a more accurate equipment than that of QUILL. Rebelo’s group 

measured the density of the three pure liquids and of the three binary liquids using SVM 3000 or 

DMA 5000 densimeters. As will be shown later, for the [C4mim]CH3SO3 - [C4mim]Cl and 

[C4mim]NO3 - [C4mim]Cl binary liquids, the excess molar volumes (VE) measured by the two 

research groups show opposite trends (i.e. positive or negative values). Thus, the density of these 

two binary liquids is finally not modeled, and a prediction of the density of the [C4mim]Cl - 

[C4mim]NO3 - [C4mim]CH3SO3 ternary liquid is not possible. Only the density of the 

[C4mim]CH3SO3 - [C4mim]NO3 binary liquid is modeled. For the sake of consistency, the densities 

measured by Rebelo’s group for the three pure liquids are favoured in the present work. 
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7.1.1 Pure ionic liquids 

Table 7.1 presents the expressions for the optimized thermal expansion (Eq. (20) in Chapter 3) of 

the [C4mim]Cl, [C4mim]NO3 and [C4mim]CH3SO3 pure liquids. These expressions were derived 

from the density data of Rebelo’s group. In the present work, the reference temperature AÁ�. was 

arbitrarily set to 298.15K. Hence, the reference molar volume (�Õ� ØÓ Ù) is extrapolated at 298.15K 

from the optimized molar volume values at high temperatures, using the optimized thermal 

expansion expression. 

Table 7.1: Molar volume at 298.15K and thermal expansion of the pure liquids 

Liquid �Õ� ØÓ Ù(298.15ß) 
(cm3.mol-1) 

Thermal expansion æ(A) 
(K-1) 

[C4mim]Cl 161.4 0.420×10�è + 2.959×10��A 
[C4mim]NO3 174.3 0.433×10�è + 3.245×10��A 
[C4mim]CH3SO3 200.1 0.437×10�è + 3.321×10��A 

 

Figures 7.1, 7.2 and 7.3 compare the calculated and measured densities from Rebelo’s group for 

the three pure ionic liquids. The experimental densities from Seddon’s group along with the data 

available from the literature are also shown. The shifts between the data of Seddon’s group and of 

Rebelo’s group are about +0.00066 g.cm-3 for liquid [C4mim]Cl, -0.00049 g.cm-3 for liquid 

[C4mim]NO3, and +0.00024 g.cm-3 for liquid [C4mim]CH3SO3. The densities of the [C4mim]Cl, 

[C4mim]NO3 and [C4mim]CH3SO3 pure liquids were calculated over the temperature range -60°C 

to 300°C, using the thermal expansions in table 7.1 extrapolated well below and well above the 

melting temperatures of the pure ionic liquids. The calculations are shown in figure 7.4. It can be 

seen that each calculated density exhibits a linear temperature dependence over a large temperature 

range. 
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Figure 7.1: Calculated density of pure liquid [C4mim]Cl. Experimental data are from Rebelo’s 

group (●), Seddon’s group ( ), Martins et al. [157] (■), Kavitha et al. [158] (▲), Govinda et al. 

[159] (▼), He et al. [160] ( ), and Dowell et al. [161] ( ). 

 

Figure 7.2: Calculated density of pure liquid [C4mim]NO3. Experimental data are from Rebelo’s 

group (●), Seddon’s group ( ), Moosavi et al. [162] (○), Mokhtarani et al. [163] (▽), Seddon et 

al. [164] (△), Bermejo et al. [165] ( ), and Blanchard et al. [166] (□). 
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Figure 7.3: Calculated density of pure liquid [C4mim]CH3SO3. Experimental data are from 

Rebelo’s group (●), Seddon’s group ( ), Stark et al. [149] (■), and Martins et al. [157] (▲). 

 

 

Figure 7.4: Calculated density of the [C4mim]Cl, [C4mim]NO3 and [C4mim]CH3SO3 pure liquids 
between -60°C and 300°C. 
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7.1.2 Binary subsystems 

7.1.2.1 The [C4mim]CH3SO3 – [C4mim]NO3 binary liquid 

The density of the [C4mim]CH3SO3 – [C4mim]NO3 binary liquid was measured by Rebelo’s group 

over the entire composition range and over the temperature range 50-90°C, using a DMA 5000 

densimeter. Canongia Lopes et al. [38] measured the density of various common-ion (common-

cation or common-anion) binary liquids of the methyl-imidazolium type. They reported a density 

precision lower than 0.001%, and an estimated uncertainty of about ±0.02 cm3.mol-1 for the excess 

molar volume (VE) values. The latter uncertainty is assumed to be valid for all density data obtained 

with the DMA 5000 densimeter. The excess molar volume (VE) is defined as follows: 

�Ñ = �Õ � − � Ù� � = �Õ � − ���� − ���� (72) 

where  �Õ �, � Ù� �, �� and �� are the molar volumes of the binary mixture, of the hypothetical 

ideal mixture, and of the two pure ionic liquids, respectively, and �  (
 = 1 �Ë 2) are the 

corresponding mole fractions.  

Figure 7.5 compares the calculated and measured VE values at 75°C and 90°C. There are very small 

negative deviations from ideality (maximum value of about -0.2 cm3.mol-1) over the entire 

composition range. The measured VE values are somewhat scattered and are almost identical at 

75°C and 90°C. 

As explained in Chapter 3, the density model is linked to the thermodynamic model. The optimized 

pressure-independent term of the Gibbs free energy of reaction (25) in Chapter 4 was given in 

Chapter 5. The optimized pressure-dependent term is: 

∆([&ÅÕ Õ]//(&õýþäý),äý3 /(�. �����) = −0.017(" − 1) (73) 
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Figure 7.5: Calculated excess molar volume (VE) of the [C4mim]CH3SO3 - [C4mim]NO3 binary 

liquid at 75°C (black line) and 90°C (red line). Experimental data are from Rebelo’s group: 75°C 

(●), 90°C (▼). 

7.1.2.2 The [C4mim]CH3SO3 – [C4mim]Cl binary liquid 

The density of the [C4mim]CH3SO3 – [C4mim]Cl binary liquid was measured by Seddon’s group 

over the entire composition range and over the temperature range 55-90°C, using a DM 40 

densimeter. Rebelo’s group performed their measurements over the temperature range 50-90°C, 

using a SVM 3000 densimeter. Figure 7.6 displays the measured VE values at 75°C and 90°C. 

There are zero or small positive deviations from ideality (maximum value of about 0.3 cm3.mol-1) 

for the VE values measured by Seddon’s group. On the other hand, there are small negative 

deviations from ideality (maximum value of about -0.4 cm3.mol-1) for the VE values measured by 

Rebelo’s group. Owing to these opposite trends displayed by the two series of VE values, the density 

of the [C4mim]CH3SO3 – [C4mim]Cl binary liquid was finally not modeled. 

At 75°C and for a given binary composition, the original densities measured by Rebelo’s group are 

always higher than those of Seddon’s group. The largest density shift ∆��)s = �� − �� is about 

0.00173 g.cm-3 and is observed at 70 mol% [C4mim]Cl. Pure liquid water is less dense than liquid 

[C4mim]CH3SO3 or liquid [C4mim]Cl (it has a density of 0.97468 g.cm-3 at 75°C). If we assume 
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that the decrease in density is only due to the presence of water, then the estimated weight fraction 

of water is about 
∆	
��.	�/
(	/)/ ≈ 1430 ppm. This is very close to the maximum water content of 

1400 ppm reported by Seddon’s group. Therefore, the shifts between the two series of density 

measurements are at least partly due to the presence of water.  

 

 

Figure 7.6: Measured excess molar volume (VE) values of the [C4mim]CH3SO3 - [C4mim]Cl 

binary liquid at 75°C and 90°C . Experimental data are from Seddon’s group (75°C ( ),        

90°C ( )) and Rebelo’s group (75°C (●), 90°C (▼)). 

 

7.1.2.3 The [C4mim]NO3 – [C4mim]Cl binary liquid 

The density of the [C4mim]NO3 – [C4mim]Cl binary liquid was measured by Seddon’s group 

(through two series of experiments) over the entire composition range and over the temperature 

range 40-85°C, using a DM 40 densimeter. Rebelo’s group conducted their measurements over the 

temperature range 40-90°C, using SVM 3000 or DMA 5000 densimeters. Figure 7.7 displays the 

measured VE values at 75°C and 85°C for Seddon’s group, and at 75°C and 90°C for Rebelo’s 

group. There are negative deviations from ideality (maximum value of about -0.5 cm3.mol-1) for 
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the VE values measured by Seddon’s group. (The second series of data at 20 mol% [C4mim]Cl are 

rather doubtful). On the other hand, except for the binary mixture with 40 mol% [C4mim]Cl which 

exhibits VE≈+0.2 cm3.mol-1, there are almost zero deviations from ideality for the VE values 

measured by Rebelo’s group. Again, due to these rather different trends displayed by the two series 

of VE values, the density of the [C4mim]NO3 – [C4mim]Cl binary liquid was finally not modeled. 

At 75°C and for a given binary composition, the original densities measured by Seddon’s group 

are always higher than those of Rebelo’s group, except for the binary liquid at 20 mol% [C4mim]Cl. 

The largest density shift is about 0.00235 g.cm-3 and is observed at 80 mol% [C4mim]Cl. Again, if 

we assume that the decrease in density is only due to the presence of water, then the estimated 

water content of this sample would be about 
∆	
��.	�/
(	/)/ ≈ 2000 ppm. This is significantly more 

than the maximum water content of 1400 ppm reported by Seddon’s group. Again, it seems very 

likely that the shifts between the two series of density measurements are at least partly due to the 

presence of water. 

 

Figure 7.7: Measured excess molar volume (VE) values of the [C4mim]NO3 - [C4mim]Cl binary 

liquid at 75°C, 85°C and 90°C . Experimental data are from Seddon’s group: first series of data 

(75°C (●), 85°C (▲)), second series of data (75°C (◐), 85°C (◭)), and from Rebelo’s group 

(75°C (◑), 90°C (▼)). 
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7.2 Common-cation ternary system [C4mim]{BF4, PF6, NTf2} 

Canongia Lopes et al. [38] measured the density of the common-cation ionic liquid system 

[C4mim]{BF4, PF6, NTf2}. (NTf2 is the notation used for N(CF3O2S)2.) These authors measured 

the density of the three pure liquids and of the three binary liquids at 298.15K, 303.15K and 

333.15K, using a DMA 5000 densimeter. As already mentioned, they reported a density precision 

lower than 0.001% and an estimated uncertainty of ±0.02 cm3.mol-1 for the VE values. 

7.2.1 Pure ionic liquids 

Table 7.2 presents the expressions for the optimized thermal expansion (Eq. (20) in Chapter 3) and 

the reference molar volume (�Õ� ØÓ Ù) extrapolated at 298.15K for the [C4mim]BF4, [C4mim]PF6 

and [C4mim]NTf2 pure ionic liquids. These expressions were derived from the density data of 

Canongia Lopes et al. [38]. 

 

Table 7.2: Molar volume at 298.15K and thermal expansion of the pure liquids 

Liquid �Õ� ØÓ Ù(298.15ß) 
(cm3.mol-1) 

Thermal expansion æ(A) 
(K-1) 

[C4mim]BF4 187.6 0.461×10�è + 3.911×10��A 
[C4mim]PF6 207.9 0.473×10�è + 4.256×10��A 
[C4mim]NTf2 292.3 0.504×10�è + 5.262×10��A 

 

Figures 7.8, 7.9 and 7.10 compare the calculated and measured densities from Canongia Lopes et 

al. [38] for the three pure ionic liquids. The available data from the literature are also shown. The 

densities of the [C4mim]BF4, [C4mim]PF6 and [C4mim]NTf2 pure liquids were calculated over the 

temperature range -60°C to 300°C, using the thermal expansions in table 7.2 extrapolated well 

below and well above the melting temperatures of the pure ionic liquids (see figure 7.11). Each 

calculated density has a linear temperature dependence over a large temperature range. 
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Figure 7.8: Calculated density of pure liquid [C4mim]BF4. Experimental data are from Canongia 

Lopes et al. [38] (●), Navia et al. [74] (○), Huo et al. [167] (□), Salgado et al. [168] ( ), Qi et al. 

[169] ( ), Tomida et al. [170] ( ), Soriano et al. [171] (+), Afzal et al. [172] (✝), Kumar et al. 

[173] (✳), Jacquemin et al. [174] (×), Montalbán et al. [175] ( ), Tokuda et al. [176] (■), Zhang 

et al. [177] ( ), Huo et al. [178] ( ), Tariq et al. [179] ( ), Song & Chen [180] ( ), Iglesias-

Otero et al. [181] ( ), Nikitina et al. [182] ( ), Ciocirlan et al. [183] ( ), Ge et al. [184] ( ), 

Taib & Murugesan [185] ( ), Zhou et al. [186] ( ), Pal & Kumar [187] ( ), Santos et al. [188] 

( ), Vercher et al. [189] ( ), Currás et al. [190] ( ), Rao et al. [191] ( ), Krishna et al. [192] (

), Harris et al. [193] ( ), Iglesias-Otero et al. [194] ( ), Zafarani-Moattar & Shekaari [195] (

), Wu et al. [196] ( ), Singh et al. [197] ( ), Zhao et al. [198] (○), Sanmamed et al. [199] (□), 

Neves et al. [200] (△), Vakili-Nezhaad et al. [201] (▽), Klomfar et al. [202] (◊), and Soriano et 

al. [171] (+). 
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Figure 7.9: Calculated density of pure liquid [C4mim]PF6. Experimental data are from Canongia 

Lopes et al. [38] (●), Fan et al. [203] (○), Navia et al. [74] (□), Qiao et al. [204] ( ), Geng et al. 

[205] ( ), Huo et al. [167] ( ),  Salgado et al.[168] (+), Vaid et al. [206] (✝), Yanfang et al. 

[207] (✳), Krishna et al. [208] (×), Zafarani-Moattar  et al. [209] ( ), Vaid et al. [210] (■), 

Kumar et al. [211] (▲), Singh & Kumar [212] (▼), Zhong et al. [213] ( ), Pereiro & Rodríguez 

[214] ( ), Qi & Wang [169] ( ), Tomida et al.[170] ( ), Soriano  et al. [171] ( ), Rocha et al. 

[215] ( ), Afzal et al. [172] ( ), Harris et al. [216] ( ), Pereiro et al. [217] ( ), Jacquemin et al. 

[218] ( ), Kumar [173] ( ), Kumełan et al. [219] ( ), Kabo et al. [220] ( ), Li et al. [221] ( ), 

Jacquemin et al. [174] ( ), Troncoso et al. [53] ( ), AlTuwaim et al. [222] ( ), Seddon et al. 

[223] ( ), Chaudhary et al. [224] ( ), Reyes et al. [225] (○), Singh et al. [226] (□), Zech et al. 

[227] (△), Dzyuba et al. [228] (▽), Gu & Brennecke [229] (◊), Montalbán et al. [175] (+), 

Moosavi et al. [230] (✝), Tokuda et al. [176] (✳), Zhang et al. [177] (×), Tariq et al. [179] (°), 

and Huo et al. [178] (■). 
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Figure 7.10: Calculated density of pure liquid [C4mim]NTf2. Experimental data are from 

Canongia Lopes et al. [38] (●), Salgado et al. [168] (○), Jacquemin et al. [174] (□), Troncoso et 

al. [53] ( ), Dzyuba and Bartsch [228] ( ), Montalbán et al. [175] ( ), Zhang et al. [177] (+), 

Tariq et al. [179] (✝), Currás et al. [231] (✳), de Castro et al. [232] (×), Hamidova et al. [233] (

), De Azevedo et al. [234] ( ), Vraneš et al. [235] ( ), Malek and Ijardar [236] ( ), Geppert-

Rybczyńska et al. [237] ( ), Salinas et al. [238] ( ), Kanakubo et al. [239] ( ), Kanakubo & 

Harris [240] ( ), Batista et al. [241] ( ), Součková et al. [242] ( ), Tariq et al. [243] ( ), 

Rocha et al. [244] ( ), Katsuta et al. [245] ( ), Santos et al. [188] ( ), Krummen et al. [246] (

), Vranes et al. [247] ( ), Jacquemin et al. [248] ( ), Jacquemin et al. [249] ( ), Hiraga et al. 

[250] ( ), Vraneš et al. [251] ( ), Wandschneider et al. [252] ( ), Xue et al. [253] ( ), 

Fredlake et al. [44] ( ), Pal et al. [254] (○), Gomes et al. [255] (□), Bahadur et al. [256] (△), Liu 

et al. [257] (▽), and Palgunadi et al. [258] (◊). 
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Figure 7.11: Calculated density of the [C4mim]PF6, [C4mim]BF4 and [C4mim]NTf2 pure liquids 

between -60°C and 300°C. 

7.2.2 Binary liquids 

As already explained, the density model is linked to the thermodynamic model. The three binary 

liquids are assumed to be ideal (that is, ∆([&ÅÕ Õ]//st = 0 where D, F = K#É, "#$ ��� ôAì�). This 

is a reasonable assumption since the phase diagrams of the three binary subsystems of [C4mim]{Cl, 

NO3, CH3SO3} showed that the corresponding binary liquids are close to ideal (Chapter 5). 

Canongia Lopes et al. [38] measured the density of the [C4mim]BF4 – [C4mim]PF6, [C4mim]NTf2 

– [C4mim]PF6 and [C4mim]NTf2 – [C4mim]BF4 binary liquids at 298.15K, 303.15K and 333.15K. 

Navia et al. [74] measured the density of the [C4mim]BF4 - [C4mim]PF6 binary liquid at 298.15K 

and 308.15K.  The excess molar volume (VE) is calculated using Eq. (72). For each binary liquid, 

a small and constant positive parameter is introduced in the pressure-dependent term of the Gibbs 

free energy of reaction (25) in Chapter 4. Table 7.3 presents the optimized pressure-dependent 

terms for the three binary liquids. Figures 7.12 to 7.14 display the calculated and measured VE 

values. There is a symmetric behavior with small positive deviations from ideality for the three 

binary liquids. The density model reproduces well the density data within experimental error limits. 
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Figure 7.15 compares the calculated VE values of the three binary liquids. Canongia Lopes et al. 

[38] reported that VE increases as the size difference between the two anions in the common-cation 

binary system increases. The [C4mim]NTf2 - [C4mim]PF6 and [C4mim]BF4 - [C4mim]PF6 binary 

liquids exhibit VE values lower than about 0.14 cm3.mol-1, while the [C4mim]NTf2 - [C4mim]BF4 

binary liquid displays VE values lower than about 0.33 cm3.mol-1. This is consistent with the size 

difference between the anions, where NTf-
2 > PF-

6 > BF-
4 (e.g. 158.7, 73.7, and 53.4 cm3.mol-1, 

respectively [259]). 

Table 7.3: Optimized pressure-dependent term of the Gibbs free energy of reaction (25) (Chapter 

4) for the common-cation binary liquids 

Binary liquid Optimized ∆()//st3  (J.mol-1) 
[C4mim]BF4 - [C4mim]PF6 0.018(" − 1) 
[C4mim]NTf2 - [C4mim]PF6 0.018(" − 1) 
[C4mim]NTf2 - [C4mim]BF4 0.044(" − 1) 

 

 

Figure 7.12: Calculated excess molar volume (VE) of the [C4mim]BF4 - [C4mim]PF6 binary liquid 

at 298.15K (black line) and 333.15K (red line). Experimental data are from Canongia Lopes et al. 

[38] (298.15K (●), 333.15K (■)) and Navia et al. [74] (298.15K (◑), 308.15K (▼)). 
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Figure 7.13: Calculated excess molar volume (VE) of the [C4mim]NTf2 - [C4mim]PF6 binary 

liquid at 298.15K (black line) and 333.15K (red line). Experimental data are from Canongia 

Lopes et al. [38] (298.15K (●), 333.15K (■)). 

 

Figure 7.14: Calculated excess molar volume (VE) of the [C4mim]NTf2 - [C4mim]BF4 binary 

liquid at 303.15K (black line) and 333.15K (red line). Experimental data are from Canongia 

Lopes et al. [38] (303.15K (●), 333.15K (■)). 
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Figure 7.15: Calculated excess molar volume (VE) of the common-cation binary liquids at 

298.15K. 

7.2.3 The [C4mim]BF4 - [C4mim]PF6 - [C4mim]NTf2 ternary liquid 

To our knowledge, there are no density data available for the [C4mim]BF4 - [C4mim]PF6 - 

[C4mim]NTf2 ternary liquid. Figure 7.16 displays the calculated iso-excess molar volume lines at 

298.15K for the latter. The molar volume of the ternary liquid is predicted from the optimized 

temperature-dependent expansivities and molar volumes at 298.15K of the pure liquids (table 7.2), 

and from the optimized binary pressure-dependent parameters (table 7.3) using a standard 

symmetric interpolation method. As shown in figure 7.16, the VE values increase as the 

composition of the ternary liquid approaches the [C4mim]NTf2 - [C4mim]BF4 binary liquid, in 

which the greatest VE values were observed (see figure 7.15).    
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Figure 7.16: Calculated iso-VE lines in the [C4mim]BF4 - [C4mim]PF6 - [C4mim]NTf2 ternary 

liquid at 298.15K. 

7.3 Common-anion ternary systems {[C2mim], [C8mim], 

[C10mim]}NTf2 and {[C4mim], [C8mim], [C10mim]}NTf2 

Canongia Lopes et al. [38] measured the density of common-anion ionic liquid systems with NTf2
- 

as the common anion and a series of 1-alkyl-3-methylimidazolium cations ([Cnmim]+ with n = 2, 

4, 8, 10). They measured the density of the pure liquids and of five binary liquids at 298.15K and 

333.15K, using a DMA 5000 densimeter. Again, they reported a density precision lower than 

0.001% and an estimated uncertainty of ±0.02 cm3.mol-1 for the VE values. In the present work, the 

densities of the [C2mim]NTf2 - [C8mim]NTf2 - [C10mim]NTf2 and [C4mim]NTf2 - [C8mim]NTf2 - 

[C10mim]NTf2 ternary liquids are predicted. 

Based on the elemental mass balance, the following equilibrated reactions can occur 

thermodynamically: 

4['��
�]� = ['��
�]� + 3['�C�
�]� (74) 
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3['��
�]� = ['É�
�]� + 2['�C�
�]� (75) 

However, the cations [C2mim]+, [C4mim]+, [C8mim]+ and [C10mim]+ are all stable. In the FactSage 

thermochemical software, any reaction that is kinetically hindered cannot be prevented from 

occurring. Therefore, in order to inhibit reactions (74) and (75), the real chemical formula 

(C14H23N3S2O4F6) of the compound [C8mim]NTf2 was replaced with the "hypothetical" chemical 

formula C17H41N3OF3Na5. That is, S2O3F3 was replaced with C3H18Na5. These two groups of atoms 

have virtually the same molecular weight (169.123 g.mol-1), making it possible to perform correct 

density calculations for the {[C2mim], [C8mim], [C10mim]}NTf2 and {[C4mim], [C8mim], 

[C10mim]}NTf2 ternary liquids.   

7.3.1 Pure ionic liquids 

The density of pure liquid [C4mim]NTf2 was modeled previously (see section 7.2.1). Table 7.4 

presents the expressions for the optimized thermal expansion (Eq. (20) in Chapter 3) and the 

reference molar volume (�Õ� ØÓ Ù) extrapolated at 298.15K of the [C2mim]NTf2, [C8mim]NTf2 and 

[C10mim]NTf2 pure ionic liquids. These expressions were derived from the density data of 

Canongia Lopes et al. [38].  

Table 7.4: Molar volume at 298.15K and thermal expansion of the pure liquids 

Liquid �Õ� ØÓ Ù(298.15ß) 
(cm3.mol-1) 

Thermal expansion æ(A) 
(K-1) 

[C2mim]NTf2 257.9 0.501×10�è + 5.160×10��A 
[C8mim]NTf2 362.2 0.507×10�è + 5.359×10��A 
[C10mim]NTf2 404.1 0.505×10�è + 5.289×10��A 

 

Figures 7.17 to 7.19 compare the calculated and measured densities from Canongia Lopes et al. 

[38] for the pure ionic liquids. The densities of the [C2mim]NTf2, [C4mim]NTf2, [C8mim]NTf2 and 

[C10mim]NTf2 pure liquids were calculated over the temperature range -60°C to 300°C, using the 

thermal expansions in table 7.4 extrapolated well below and well above the melting temperatures 

of the pure ionic liquids (see figure 7.20). Each calculated density exhibits a linear temperature 

dependence over a large temperature range. 
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Figure 7.17: Calculated density of pure liquid [C2mim]NTf2. Experimental data are from 

Canongia Lopes et al. [38] (●). 

 

 

Figure 7.18: Calculated density of pure liquid [C8mim]NTf2. Experimental data are from 

Canongia Lopes et al. [38] (●). 
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Figure 7.19: Calculated density of pure liquid [C10mim]NTf2. Experimental data are from 

Canongia Lopes et al. [38] (●). 

 

 

Figure 7.20: Calculated density of the [C2mim]NTf2, [C4mim]NTf2, [C8mim]NTf2 and 

[C10mim]NTf2 pure liquids between -60°C and 300°C. 
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7.3.2 Binary liquids 

As already mentioned, the density model is linked to the thermodynamic model. Using Flory’s 

theory, Canongia Lopes et al. [38] calculated the enthalpy of mixing of the five binary liquids 

related to the {[C2mim], [C8mim], [C10mim]}NTf2 and {[C4mim], [C8mim], [C10mim]}NTf2 

ternary liquids at 298.15K and at the equimolar composition. Flory’s theory correlates the molar 

enthalpy of mixing with the excess molar volume, but it does not take into account hydrogen bonds 

and strong electrostatic interactions. This method has been used successfully to predict the excess 

properties of alcohol systems [260] and also of mixtures containing ionic liquids [261, 262].  

For each binary liquid, a constant parameter is introduced in the Gibbs free energy of reaction (24) 

(Chapter 4) in order to reproduce the enthalpy of mixing value estimated by Canongia Lopes et al. 

[38]. The optimized pressure-independent terms are given in table 7.5. Figure 7.21 compares our 

calculated enthalpies of mixing at 298.15K with the estimated values from Canongia Lopes et al. 

[38]. Canongia Lopes et al. [38] measured the density of the five binary liquids at 303.15K and 

333.15K. The excess molar volume (VE) is calculated using Eq. (72). For each binary liquid, a 

small and constant positive parameter is introduced in the pressure-dependent term of the Gibbs 

free energy of reaction (24) in Chapter 4. Table 7.5 presents the optimized pressure-dependent 

terms for the various binary liquids. Figures 7.22 to 7.26 display the calculated and measured VE 

values. There is a symmetric behavior with small positive deviations from ideality for all binary 

liquids investigated. Figure 7.27 compares the calculated VE values at 298.15K for the five binary 

liquids. As seen in figures 7.21 and 7.27, both the enthalpy of mixing and the excess molar volume 

(VE) increase as the difference between the alkyl chain lengths of the two cations increases. 

Table 7.5: Optimized pressure-independent (∆()*/,-./01 ) and pressure-dependent (∆()*/,-./3 ) 

terms of the Gibbs free energy of reaction (24) (Chapter 4) for the common-anion binary liquids 

Binary liquid 
Optimized   ∆()*/,-./01 (J.mol-1) 

Optimized     ∆()*/,-./3 (J.mol-1) 

[C2mim]NTf2 – [C8mim]NTf2 432.2 0.020(" − 1) 
[C2mim]NTf2 – [C10mim]NTf2 813.2 0.035(" − 1) 
[C4mim]NTf2 – [C8mim]NTf2 403.0 0.018(" − 1) 
[C4mim]NTf2 – [C10mim]NTf2 718.7 0.032(" − 1) 
[C8mim]NTf2 – [C10mim]NTf2 246.1 0.011(" − 1) 
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Figure 7.21: Calculated enthalpy of mixing of the common-anion binary liquids at 298.15K along 

with the values (●) estimated by Canongia Lopes et al. [38] using Flory’s theory. 

 

Figure 7.22: Calculated excess molar volume (VE) of the [C2mim]NTf2 - [C8mim]NTf2 binary 

liquid at 298.15K (black line) and 333.15K (red line). Experimental data are from Canongia 

Lopes et al. [38] (298.15K (●), 333.15K (■)). 
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Figure 7.23: Calculated excess molar volume (VE) of the [C2mim]NTf2 - [C10mim]NTf2 binary 

liquid at 298.15K (black line) and 333.15K (red line). Experimental data are from Canongia 

Lopes et al. [38] (298.15K (●), 333.15K (■)). 

 

Figure 7.24: Calculated excess molar volume (VE) of the [C4mim]NTf2 - [C8mim]NTf2 binary 

liquid at 298.15K (black line) and 333.15K (red line). Experimental data are from Canongia 

Lopes et al. [38] (298.15K (●), 333.15K (■)). 
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Figure 7.25: Calculated excess molar volume (VE) of the [C4mim]NTf2 - [C10mim]NTf2 binary 

liquid at 298.15K (black line) and 333.15K (red line). Experimental data are from Canongia 

Lopes et al. [38] (298.15K (●), 333.15K (■)). 

 

Figure 7.26: Calculated excess molar volume (VE) of the [C8mim]NTf2 - [C10mim]NTf2 binary 

liquid at 298.15K (black line) and 333.15K (red line). Experimental data are from Canongia 

Lopes et al. [38] (298.15K (●), 333.15K (■)). 
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Figure 7.27: Calculated excess molar volume (VE) of the common-anion binary liquids at 

298.15K. 

7.3.3 The [C2mim]NTf2 – [C8mim]NTf2 – [C10mim]NTf2 and [C4mim]NTf2 – 

[C8mim]NTf2 – [C10mim]NTf2 ternary liquids 

To our knowledge, there are no density data available for the {[C2mim], [C8mim], [C10mim]}NTf2 

and {[C4mim], [C8mim], [C10mim]}NTf2 ternary liquids. Figures 7.28 and 7.29 display the 

calculated iso-excess molar volume lines at 298.15K for these two liquids. The molar volume of 

each ternary liquid is predicted from the optimized temperature-dependent expansivities and molar 

volumes at 298.15K of the pure liquids (tables 7.2 and 7.4), and from the optimized pressure-

dependent parameters (table 7.5) using a standard symmetric interpolation method. For each 

ternary liquid, the VE values increase as the composition of the liquid approaches the binary liquid 

in which the greatest VE values were observed ([C2mim]NTf2 - [C10mim]NTf2 in figure 7.28, and 

[C4mim]NTf2 - [C10mim]NTf2 in figure 7.29). 
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Figure 7.28: Calculated iso-VE lines in the [C2mim]NTf2 - [C8mim]NTf2 - [C10mim]NTf2 ternary 

liquid at 298.15K. 

 
Figure 7.29: Calculated iso-VE lines in the [C4mim]NTf2 - [C8mim]NTf2 - [C10mim]NTf2 ternary 

liquid at 298.15K. 
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CHAPTER 8 GENERAL DISCUSSION 

Water is an important source of impurity in ionic liquids. As a matter of fact, almost all ionic liquids 

are known to be hygroscopic and may absorb water from the atmosphere to some extent [263, 264]. 

It may arise from the water interactions with anions owing to the fact that strong hydrogen bonds 

can form between water and the anion of ionic liquids [265]. Efficient drying is necessary for 

moisture sensitive ionic liquids [266]. The presence of water in an ionic liquid may have a 

significant influence on its stability, thermal properties (melting point) and physicochemical 

properties (density, viscosity, etc.) [68-72]. For example, the thermal transitions measured by DSC 

for the [C2mim]NO3 - [C2mim]Cl common-cation binary ionic liquid system were found to be 

unreliable with a very poor reproducibility due to the highly hygroscopic character of this system 

[73]. Similarly, the thermal transitions measured by Seddon’s group for the [C4mim]NO3 - 

[C4mim]Cl common-cation binary system, using both DSC and visual observation, were rather 

scattered. Consequently, only a tentative calculated liquidus projection of the [C4mim]Cl – 

[C4mim]NO3 – [C4mim]CH3SO3 common-cation system was presented in the present work. 

In the existing literature, researchers have applied different methodologies and equipment to 

examine the thermal behavior (e.g. melting point, heat capacity) of ionic liquids (pure or mixtures). 

Factors such as the sample preparation method, the thermal history of the sample, the heating and 

cooling scan rates and the number of repeated heating and cooling cycles have a significant impact 

on the thermal transitions measured by DSC [267]. Smiglak’s group measured the thermal 

transitions of [C4mpyrr]{Cl, Br, BF4} common-cation ternary mixtures by DSC: each sample was 

initially heated from room temperature to the highest temperature at a scan rate of 10 K·min-1, prior 

to two cycles of cooling and heating at scan rates of 5 K·min-1. Seddon’s group measured the 

thermal transitions of the three binary subsystems of the [C4mim]{Cl, NO3, CH3SO3} common-

cation ternary system by DSC using three consecutive heating and cooling cycles with scan rates 

of 2.5 K.min-1 (heating) and 5 K.min-1 (cooling), respectively. Finally, Coutinho’s group measured 

by DSC the thermal transitions of {[C3mim], [C3mpip], [C3mpyrr]}PF6 and {[C3mpip], [C3mpy], 

[C3mim]}PF6 common-anion ternary mixtures by performing one cooling run at 5 K.min-1 

followed by one heating run at 2 K.min-1. For some selected ternary mixtures, the DSC 

measurements were repeated by using three consecutive heating / cooling cycles with scan rates of 

2 K.min-1 (heating) and 5 K.min-1 (cooling). Interestingly, the thermal transitions measured with 

this latter DSC protocol were in closer agreement with the calculations from the thermodynamic 
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model. It is thus essential to standardize the experimental DSC procedure in order to obtain high 

quality and reliable experimental data. The use of three consecutive heating / cooling cycles, 

usually applied by Smiglak’s group, seems to be desirable: the thermal transitions measured upon 

the second and third heating runs are favoured and should in principle be consistent with each other. 

The Modified Quasichemical Model (MQM) [12-14] has been applied successfully to various high 

temperature inorganic salt systems and it was applied for the first time in the present work to ternary 

ionic liquid systems. The MQM was used because it is suitable for liquids exhibiting either small 

or extensive short-range ordering, and also for liquids displaying positive deviations from ideality 

[24]. In the case of common-ion liquids, the Bragg-Williams model can also be used when the 

Gibbs free energy change of the quasichemical reaction is small. In this case, the degree of short-

range ordering is small, and the solution approximates a random mixture of ions on the 

corresponding sublattice. The MQM may have to be modified since the cations in ionic liquid 

systems are large and may involve long alkyl chains. The size difference between the cations in 

ionic liquid systems can have a significant influence on the degree of nonideality. For example, 

Maximo et al. [35] measured and modeled the phase diagrams of the [C3mim]PF6 – [C12mim]PF6, 

[C3mim]PF6 – [N4444]PF6 and [C3mim]PF6 – [P4444]PF6 common-anion binary systems and 

observed larger deviations from ideality of the liquid phase for these three systems than for those 

discussed in Chapter 6. As a matter of fact, the molecular structures of the [C3mim]PF6, 

[C3mpy]PF6, [C3mpyrr]PF6 and [C3mpip]PF6 compounds are very similar, considering the size of 

ring, differing by one carbon atom, and position of the radical. Maximo et al. [35] ascribed the 

ideal or almost ideal thermodynamic behavior of the binary liquids discussed in Chapter 6 to these 

structural similarities. On the other hand, in the case of the binary mixtures of [C12mim]PF6, 

[N4444]PF6 and [P4444]PF6 with [C3mim]PF6, the entropic contributions arising from the size 

differences between the cations of the two compounds led to marked deviations from ideality. 

Robelin [24] reported that the current thermodynamic model would fail to reproduce the 

experimental [C2mim]AlCl4 - NaAlCl4 section in the NaCl - [C2mim]Cl - AlCl3 phase diagram due 

to the large size difference between the inorganic Al3+ and organic [C2mim]+ cations. A large ion 

such as [C2mim]+ can occupy several sites on the cationic sublattice. However, in the current 

version of the MQM, each ion occupies exactly one site.  

Many studies existing in the literature have emphasized the influence of hydrogen bonding on the 

physicochemical properties of ionic liquids such as the melting point, density, viscosity, etc. [86]. 
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For example, Canongia Lopes et al. [78] observed a large degree of deviation from ideality for the 

excess molar volume (VE values up to 3 cm3.mol-1) of ammonium-based common-anion binary 

liquids with NO3
- as the common anion. These authors attributed this significant non-ideal behavior 

to the existence of hydrogen-bonding interactions in the system. It has also been reported that 

imidazolium-based compounds possess stronger hydrogen bonding interactions than other families 

of ionic liquids such as pyrrolidinium- and pyridinium-based compounds [92]. 

To our knowledge, this is the first time that a ternary reciprocal ionic liquid system was investigated 

experimentally and thermodynamically. In the present work, in order to model the phase diagram 

of the [C2py], [C4py] || Cl, Br ternary reciprocal system, the standard thermodynamic properties 

(ΔHo
298.15K, So

298.15K, and Cp(T)) of the four pure compounds had to be known with good accuracy. 

For this system, the extent of first-nearest-neighbor (cation-anion) short-range ordering is related 

to the exchange Gibbs free energy ∆g[&/ÀÃ][&ÅÀÃ]/ÛÜÞ_³�o�eap³  for the reaction [C2py]Br (liquid) + [C4py]Cl 

(liquid) = [C2py]Cl (liquid) + [C4py]Br (liquid), which only depends on the Gibbs free energies of 

the [C2py]Cl, [C2py]Br, [C4py]Cl and [C4py]Br pure liquids. Currently, there are no compilation 

tables for the standard thermodynamic properties of pure ionic liquid compounds. The Volume-

based Thermodynamics (VBT) estimation technique from Glasser and Jenkins [28-33] was used in 

conjunction with the available data from the literature to assess the thermodynamic properties of 

the four pyridinium-based pure compounds. The values estimated from the VBT may be in 

significant error. For instance, for the pyridinium-based pure liquids, the shifts between the 

ΔHo
298.15K measured by Verevkin et al. [129] using DSC and the values estimated from the VBT 

lie between -43.8 and +1.7 kJ.mol-1. For solid [C2mim]NO3, Robelin [24] reported a shift of about 

46 kJ.mol-1 between the ΔHo
298.15K value estimated from the VBT and the experimental value from 

Emel’yanenko et al. [139]. As highlighted by this author, this shift arises at least partly from the 

uncertainty on the ΔHo
298.15K value of the organic cation in the gaseous state, derived from ab initio 

calculations. The VBT assumes that the Coulombic forces are the dominant long-range interactions 

between the ions, and does not yet consider short-range interactions such as van der Waals and 

hydrogen bonding [33]. It is an estimation technique easy to apply, which mainly requires a 

knowledge of the molecular volume νm. However, it is not accurate enough to model successfully 

the phase diagrams of reciprocal systems. 
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The capability of the MQM to predict the phase diagrams of ternary ionic liquid systems solely 

from the optimized parameters for the common-ion binary subsystems was also tested in the present 

work. No ternary reciprocal parameter was required to reproduce the experimental diagonal 

sections in the [C2py], [C4py] || Cl, Br ternary reciprocal system. No ternary excess parameter was 

introduced for the liquid phase of the {[C3mim], [C3mpip], [C3mpyrr]}PF6 and {[C3mpip], 

[C3mpy], [C3mim]}PF6 common-anion ternary systems, and the two isoplethal sections measured 

in each of them were reasonably well reproduced. In the former case, the excess Gibbs free energies 

of the low-temperature (s1-s1) and intermediate-temperature (s2-s2) binary solid solutions between 

[C3mpyrr]PF6 and [C3mpip]PF6 had to be adjusted. Finally, for the [C4mpyrr]{Cl, Br, BF4} 

common-cation ternary system, a small ternary excess parameter was introduced in the liquid 

model in order to best reproduce the ternary data. 

The good capability of prediction of the MQM is most likely due to the fact that all ionic liquid 

systems considered in the present work do not display large deviations from ideality. For each 

ternary ionic liquid system investigated, the deviation from ideality was quantified by calculating 

the activity coefficients (relative to liquid standard state) of the components along the isoplethal 

sections measured by DSC. A temperature of 100°C was selected since it corresponds to the 

average of the melting temperatures of the various pure ionic liquids. Let us first consider the case 

of a common-cation ternary liquid ED − EF − Ew, where E is the common cation and D, F, and w 

are the anions. The activity coefficient of ED in the ternary liquid can be defined as: 

�)s = �)s(�)s) Ù� �                                  (
. í. �)s = 1 
� Úℎí 
�í�� ��áí) (76) 

  (�)s) Ù� � is the activity of ED in the ideal case, when the anions are randomly distributed on the 

anionic sublattice. Thus: 

(�)s) Ù� � = F). Fs = Fs = �s = ���������� = �������������� = �)s   (77) 

(F) = 1 since there is only one type of cation on the cationic sublattice.) 

Finally: �)s =  ����� (where �)s is the mole fraction of ED in the common-cation ternary liquid). 

An identical expression is obtained for a common-anion ternary liquid ED − KD − 'D. 
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Let us now consider a ternary reciprocal liquid ED − KD − EF − KF, where E and K are two 

cations, and D and F are two anions. Let us consider for instance the ED − KF diagonal section. 

Thus: 

(�)s) Ù� � = F). Fs = �)�s = q ������òr . q �������r = q ��������ò�r� = (�)s)�   (78) 

Finally: �)s =  ��(���)/. 

(i) For the [C4mpyrr]{Cl, Br, BF4} common-cation ternary liquid, the activity coefficients were 

calculated at 100°C along the isoplethal sections at constant 50 mol% [C4mpyrr]BF4 and at constant 

molar ratio [C4mpyrr]Cl / ([C4mpyrr]Cl + [C4mpyrr]Br) of 0.85 (figure 8.1). Along the former 

section (see figure 8.1(a)), very small positive and negative deviations from ideality are observed 

for [C4mpyrr]BF4 and [C4mpyrr]Cl, respectively, while [C4mpyrr]Br exhibits a significant positive 

deviation with activity coefficient values of up to 3.2. Along the latter isoplethal section (see figure 

8.1(b)), a marked positive deviation from ideality is again observed for [C4mpyrr]Br with activity 

coefficient values of up to 6.3, whereas [C4mpyrr]BF4 and [C4mpyrr]Cl behave almost ideally. At 

0 mol% [C4mpyrr]BF4, the activity coefficients of [C4mpyrr]Cl and [C4mpyrr]Br are both equal to 

1 since the corresponding binary liquid was assumed to be ideal at all compositions. 

 

Figure 8.1: Calculated activity coefficients at 100°C of the components (liquid standard state) in 

the [C4mpyrr]Cl - [C4mpyrr]Br - [C4mpyrr]BF4 ternary liquid along the isoplethal sections at: (a) 

constant 50 mol% [C4mpyrr]BF4, and (b) constant molar ratio [C4mpyrr]Cl / ([C4mpyrr]Cl + 

[C4mpyrr]Br) of 0.85. 
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(ii) For the [C2py], [C4py] || Cl, Br ternary reciprocal liquid, the activity coefficients were calculated 

at 100°C along the diagonal sections [C4py]Cl – [C2py]Br and [C4py]Br – [C2py]Cl (figure 8.2). 

Along the former diagonal section, [C4py]Cl and [C2py]Br display both small positive deviations 

and negative deviations from ideality, depending on the composition. Along the latter diagonal 

section, again there are positive and negative deviations from ideality for [C4py]Br and [C2py]Cl 

with activity coefficient values of up to 2.1 (for [C2py]Cl). 

 

 

Figure 8.2: Calculated activity coefficients at 100°C of the components (liquid standard state) in 

the [C2py], [C4py] || Cl, Br ternary reciprocal liquid along the diagonal sections: (a) [C4py]Cl – 

[C2py]Br, and (b) [C4py]Br – [C2py]Cl. 

(iii) For the {[C3mim], [C3mpip], [C3mpyrr]}PF6 common-anion ternary liquid, the activity 

coefficients were calculated at 100°C along the isoplethal sections at constant 40 mol% 

[C3mim]PF6 and at constant molar ratio [C3mpyrr]PF6 / ([C3mpyrr]PF6 + [C3mpip]PF6) of 0.60 

(figure 8.3). Along the former isoplethal section, [C3mpip]PF6 exhibits very small positive 

deviations from ideality, while there are small negative deviations for both [C3mpyrr]PF6 and 

[C3mim]PF6. Along the latter isoplethal section, the three components display both very small 

positive and negative deviations from ideality depending on the composition. At 0 mol% 

[C3mim]PF6, the activity coefficients of [C3mpip]PF6 and [C3mpyrr]PF6 are both equal to 1 since 

the corresponding binary liquid was assumed to be ideal at all compositions. 
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Figure 8.3: Calculated activity coefficients at 100°C of the components (liquid standard state) in 

the [C3mim]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6 ternary liquid along the isoplethal sections at: (a) 

constant 40 mol% [C3mim]PF6, and (b) constant molar ratio [C3mpyrr]PF6 / ([C3mpyrr]PF6 + 

[C3mpip]PF6) of 0.60. 

(iv) For the {[C3mpip], [C3mpy], [C3mim]}PF6 common-anion ternary liquid, the activity 

coefficients were calculated at 100°C along the isoplethal sections at constant 40 mol% 

[C3mpy]PF6 and at constant molar ratio [C3mpy]PF6 / ([C3mpy]PF6 + [C3mim]PF6) of 0.60 (figure 

8.4). Along the former isoplethal section, the three components exhibit an almost ideal behavior. 

Along the latter isoplethal section, there are slight deviations from ideality for [C3mim]PF6 and 

[C3mpip]PF6, while [C3mpy]PF6 displays positive deviations with activity coefficient values of up 

to 1.95. Overall, small deviations from ideality are observed in the two common-anion ternary 

systems investigated by Coutinho’s group using DSC. As discussed previously, this is most 

probably due to the very similar molecular structures of the [C3mim]PF6, [C3mpy]PF6, 

[C3mpyrr]PF6 and [C3mpip]PF6 compounds. 
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Figure 8.4: Calculated activity coefficients at 100°C of the components (liquid standard state) in 
the [C3mpip]PF6 - [C3mpy]PF6 - [C3mim]PF6 ternary liquid along the isoplethal sections at: (a) 

constant 40 mol% [C3mpy]PF6, and (b) constant molar ratio [C3mpy]PF6 / ([C3mpy]PF6 + 
[C3mim]PF6) of 0.60. 

(v) For the [C4mim]{Cl, NO3, CH3SO3} common-cation ternary liquid, the activity coefficients 

were calculated at 100°C along the isoplethal sections at constant 50 mol% [C4mim]CH3SO3 and 

at constant molar ratio [C4mim]Cl / ([C4mim]Cl + [C4mim]NO3) of 0.85 (figure 8.5). Along the 

former isoplethal section, the three components exhibit positive deviations from ideality with 

activity coefficient values of up to 1.8 (for [C4mim]Cl). Along the latter isoplethal section, there 

are again positive deviations for all components with activity coefficient values of up to 2.1 (for 

[C4mim]NO3).

 

Figure 8.5: Calculated activity coefficients at 100°C of the components (liquid standard state) in 
the [C4mim]Cl - [C4mim]NO3 - [C4mim]CH3SO3 ternary liquid along the isoplethal sections at: 
(a) constant 50 mol% [C4mim]CH3SO3, and (b) constant molar ratio [C4mim]Cl / ([C4mim]Cl + 

[C4mim]NO3) of 0.85. 
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Some of the investigated common-ion ternary ionic liquid systems display a global minimum of 

the liquidus temperature lower than the melting temperatures of the three pure compounds. For the 

[C4mpyrr]Cl – [C4mpyrr]Br – [C4mpyrr]BF4, [C3mpip]PF6 – [C3mpy]PF6 – [C3mim]PF6 and 

[C3mpyrr]PF6 – [C3mpy]PF6 – [C3mim]PF6 ternary systems, a ternary eutectic reaction is 

calculated at 91, -8 and -16°C, respectively. Moreover, the calculated (tentative) liquidus projection 

of the [C4mim]Cl – [C4mim]NO3 – [C4mim]CH3SO3 system displays a ternary eutectic at 18°C. 

The present work was limited to ionic liquid systems in which the cations have short alkyl chains 

(ethyl, propyl or butyl). The compounds involving long alkyl chains have low melting 

temperatures, often below room temperature. Modeling the phase diagrams of systems involving 

such compounds would not be of great interest. Also, the current thermodynamic model may fail 

to reproduce the phase diagram of a system involving organic cations with a large size difference. 

Although pure ionic liquids are stable compounds at room temperature, they may not be stable 

from the thermodynamic viewpoint. Using our selected thermodynamic properties estimated by 

the VBT in conjunction with the available data from the literature, it was found that the pyridinium-

based (discussed in Chapter 4) and imidazolium-based (discussed in Chapter 5) pure compounds 

are calculated to decompose into C(graphite, s) and gaseous products, both in the solid (at 25°C) 

and liquid (slightly above the melting temperature) states. These reactions of decomposition are 

highly thermodynamically favoured (i.e. they have a very negative Gibbs free energy change) but 

are kinetically hindered. The same phenomenon occurs for some common organic compounds such 

as benzene, acetone, naphthalene and phenol. 

For the {[C2mim], [C8mim], [C10mim]}NTf2 and {[C4mim], [C8mim], [C10mim]}NTf2 common-

anion ternary liquids, two equilibrated reactions involving the decomposition of the cation 

[C8mim]+ occur thermodynamically. However, the four imidazolium-based cations are all stable. 

In order to inhibit these reactions of decomposition, the real chemical formula C14H23N3S2O4F6 of 

the [C8mim]NTf2 compound was replaced with the "hypothetical" chemical formula 

C17H41N3OF3Na5 with the same molecular weight, thus permitting correct density calculations for 

the two ternary liquids. This trick had to be used owing to a current limitation of the FactSage 

thermochemical software: any reaction that is in reality kinetically hindered cannot be prevented 

from occurring. 
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The deviations from ideality of the experimental excess molar volumes (VE) of Seddon’s group 

and Rebelo’s group for the [C4mim]Cl – [C4mim]CH3SO3 and [C4mim]Cl – [C4mim]NO3 binary 

liquids show opposite trends. The density measurements were conducted on the same samples. The 

discrepancies between the VE values measured by the two research groups may be due to the 

different apparatuses used and also to the different water contents of the samples. (The presence of 

water decreases the density of the ionic liquid binary mixture owing to the lower density of water.) 
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS 

The main goal of this work was to develop thermodynamic models for the phase diagrams of 

various ternary ionic liquid systems (common-cation, common-anion, and ternary reciprocal with 

two cations and two anions). Density models were also developed for a few ternary ionic liquid 

systems (common-cation and common-anion). The experimental data necessary to calibrate and 

validate the models were both taken from the literature and obtained through a scientific 

collaboration with the following research groups: Seddons’s group at Queen’s University Ionic 

Liquid Laboratories (QUILL) in Belfast (UK); Smiglak’s group at Poznań Science and Technology 

Park, Adam Mickiewicz University Foundation in Poznań (Poland); and Coutinho’s group at 

University of Aveiro in Aveiro (Portugal). The new data obtained by these three groups were the 

thermal transitions measured for some binary and ternary ionic liquid mixtures using DSC, and the 

densities of a few binary ionic liquid systems (including the pure liquids).  

Thermodynamic models were developed for the phase diagrams of the following ionic liquid 

systems: the [C4mpyrr]{Cl, Br, BF4} and [C4mim]{Cl, NO3, CH3SO3} common-cation ternary 

systems, the {[C3mim], [C3mpy], [C3mpyrr], [C3mpip]}PF6 common-anion quaternary system, and 

the [C2py]Cl – [C2py]Br – [C4py]Cl – [C4py]Br ternary reciprocal system. 

Density models were developed for the following ionic liquid systems: the [C4mim]{Cl, NO3, 

CH3SO3} (still in progress) and [C4mim]{BF4, PF6, NTf2} common-cation ternary liquids, and the 

{[C2mim], [C8mim], [C10mim]}NTf2 and {[C4mim], [C8mim], [C10mim]}NTf2 common-anion 

ternary liquids. 

The MQMQA [13], which considers coupled 1st- and 2nd-nearest-neighbor short-range ordering, 

was used to model the liquid phase of the [C2py], [C4py] || Cl, Br ternary reciprocal system. This 

liquid displays relatively little first-nearest-neighbor (cation-anion) short-range ordering. For 

example, ∆g[Û/cÝ][ÛÅcÝ]/ÛÜÞ_³�o�eap³  for the exchange reaction [C2py]Br (liquid) + [C4py]Cl (liquid) = 

[C2py]Cl (liquid) + [C4py]Br (liquid) was estimated as -2.4 kJ.mol-1 at 150°C. The liquid also 

exhibits relatively little second-nearest-neighbor (cation-cation and anion-anion) short-range 

ordering, based on the small optimized binary common-ion model parameters (∆ggÞ/h/ and 

∆gg//hi). It was thus concluded that the studied ternary reciprocal liquid displays small deviations 

from ideality owing to the similarity of the two cations and of the two anions. While [C2py]Cl – 
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[C4py]Cl and [C2py]Br – [C4py]Br are simple eutectic systems, [C2py]Cl – [C2py]Br and [C4py]Cl 

– [C4py]Br both exhibit an extensive solid solution over the entire composition range. The 

thermodynamic properties of the ternary reciprocal liquid were calculated solely from the 

optimized parameters for the four common-ion binary subsystems. The experimental diagonal 

sections [C4py]Br – [C2py]Cl and [C4py]Cl – [C2py]Br are very satisfactorily reproduced by the 

model. No ternary reciprocal parameter was required. 

The MQMPA [12, 13], which takes into account only 2nd-nearest-neighbor short-range ordering,  

was used to model the phase diagrams of the common-ion ternary ionic liquid systems. In the 

[C4mpyrr]{Cl, Br, BF4} common-cation system, [C4mpyrr]Br - [C4mpyrr]BF4 and [C4mpyrr]Cl - 

[C4mpyrr]BF4 are simple eutectic systems, while [C4mpyrr]Cl - [C4mpyrr]Br displays two terminal 

solid solutions. The thermodynamic properties of the ternary liquid were calculated solely from the 

optimized binary model parameters along with an asymmetric interpolation method, with 

[C4mpyrr]BF4 as the "asymmetric" component. A small ternary parameter was included for the 

liquid in order to best reproduce the experimental isoplethal sections at constant 50 mol% 

[C4mpyrr]BF4 and at constant molar ratio [C4mpyrr]Cl / ([C4mpyrr]Cl + [C4mpyrr]Br) of 0.85. The 

calculated minimum liquidus temperature in the ternary system corresponds to a ternary eutectic at 

91°C, very close to the binary eutectic in the [C4mpyrr]Cl - [C4mpyrr]BF4 system. 

The three binary subsystems of the [C4mim]{Cl, NO3, CH3SO3} common-cation system are all 

simple eutectic systems. Very scattered data were obtained for the [C4mim]NO3 - [C4mim]Cl 

binary subsystem using both DSC and visual observation. This was attributed to the very 

hygroscopic nature of this particular binary system. A tentative liquidus projection of the ternary 

system was calculated using a symmetric interpolation method. The predicted minimum liquidus 

temperature corresponds to a ternary eutectic reaction at 18°C. 

The phase diagrams of the six binary subsystems and four ternary subsystems of the {[C3mim], 

[C3mpy], [C3mpyrr], [C3mpip]}PF6 common-anion quaternary system were modeled. The binary 

phase diagrams were modeled based on the experimental data of Maximo et al. [35]. All binary 

subsystems display a simple eutectic behaviour, except for the [C3mpip]PF6 - [C3mpyrr]PF6 binary 

system. The latter exhibits an extensive high-temperature (s3-s3) solid solution over the entire 

composition range. Two different scenarios were considered in the present work: the first scenario 

assumed a negligible solid solubility between the low-temperature allotropes (s1-s1) and also 
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between the intermediate-temperature allotropes (s2-s2) of [C3mpip]PF6 and [C3mpyrr]PF6; the 

second scenario assumed a continuous solid solution between the low-temperature allotropes (s1-

s1) and also between the intermediate-temperature allotropes (s2-s2). The second scenario was 

finally favoured in order to best reproduce the experimental isoplethal sections at constant 40 mol% 

[C3mim]PF6 and at constant molar ratio [C3mpyrr]PF6 / ([C3mpyrr]PF6 + [C3mpip]PF6) of 0.60 in 

the [C3mim]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6 ternary system. The thermodynamic properties of 

the ternary liquid were calculated solely from the binary optimized parameters using an asymmetric 

interpolation method, with [C3mim]PF6 as the asymmetric component. No ternary excess 

parameter was included for the liquid phase, and the excess Gibbs free energies of the low-

temperature (s1-s1) and intermediate-temperature (s2-s2) binary solid solutions were adjusted.  The 

model does not reproduce the measured thermal arrests observed in the intermediate temperature 

range, in the isoplethal section at 40 mol% [C3mim]PF6. These thermal arrests might be associated 

with [C3mpyrr]PF6 polymorphism, with the existence of two preferred conformations of the 

pyrrolidinium cations. Similarly, for the [C3mpy]PF6 - [C3mpip]PF6 - [C3mpyrr]PF6 ternary 

system, an asymmetric interpolation method was used, with [C3mpy]PF6 as the asymmetric 

component. Again, no ternary excess parameter was introduced in the liquid model. 

For the [C3mpip]PF6 - [C3mpy]PF6 - [C3mim]PF6 ternary system, the experimental sections at 

constant 40 mol% [C3mpy]PF6 and at constant molar ratio [C3mpy]PF6 / ([C3mpy]PF6 + 

[C3mim]PF6) of 0.60 were satisfactorily reproduced. A symmetric interpolation method was used, 

and no ternary excess parameter was required for the liquid. The calculated minimum liquidus 

temperature in the ternary system corresponds to a ternary eutectic at -8°C. Similarly, for the 

[C3mpyrr]PF6 - [C3mpy]PF6 - [C3mim]PF6 ternary system, a symmetric interpolation method was 

used, and no ternary excess parameter was introduced in the liquid model. A ternary eutectic 

reaction was calculated at -16°C. This is the global minimum liquidus temperature in the entire 

common-anion quaternary system. 

All ternary ionic liquid systems studied in the present work display small deviations from ideality, 

owing to the similarities in size (and sometimes also in the molecular structure) of the ionic species 

distributing on the same sublattice.   

The Volume-based Thermodynamics (VBT) from Glasser and Jenkins [28-33] was used in 

conjunction with the available data from the literature to assess the thermodynamic properties 
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(ΔHo
298.15K, So

298.15K, and Cp(T)) of the pyridinium- and imidazolium-based pure ionic liquids 

considered in the present work. The VBT is not accurate enough to model the phase diagrams of 

reciprocal systems. 

The densities of some common-ion ternary ionic liquid systems were also modeled in the present 

work. For the [C4mim]{Cl, NO3, CH3SO3} common-cation ternary liquid, only densities of the 

three pure liquids and of the [C4mim]CH3SO3 – [C4mim]NO3 binary liquid were modeled. The 

calculated excess molar volume (VE) values for this binary liquid exhibit very small negative 

deviations from ideality. For the [C4mim]Cl – [C4mim]CH3SO3 and [C4mim]Cl – [C4mim]NO3 

binary liquids, the deviations from ideality of the experimental VE values from two different 

research groups display opposite trends. Therefore, new density measurements need to be 

conducted. The densities of the [C4mim]{BF4, PF6, NTf2} common-cation ternary liquid, and 

{[C2mim], [C8mim], [C10mim]}NTf2 and {[C4mim], [C8mim], [C10mim]}NTf2 common-anion 

ternary liquids were modeled based on the experimental data from Canongia Lopes et al. [38]. In 

each case, the molar volume of the ternary liquid was predicted from the optimized temperature-

dependent expansivities and molar volumes at 298.15K of the pure liquids, and from the optimized 

binary pressure-dependent parameters using a standard symmetric interpolation method. Iso-excess 

molar volume (VE) lines were predicted. For each ternary liquid, the calculated VE values increase 

as the composition of the liquid approaches the binary liquid in which the greatest VE values were 

observed.   

Here are some recommendations and suggestions for future work: 

1) Complete the density measurements and the density model for the [C4mim]{Cl, NO3, 

CH3SO3} common-cation ternary liquid, 

2) Develop a density model that considers both the short-range hydrogen-bonding interactions 

and the long-range Coulombic interactions for ionic liquid systems with a high level of 

hydrogen-bonding, such as the ammonium-based common-anion binary systems recently 

studied by Canongia Lopes et al. [78], 

3) Model the viscosity of ionic liquid systems by trying to apply the viscosity model 

previously developed for inorganic salt systems [268] (this model depends on both the 

thermodynamic model and the density model) or by developing a new viscosity model, 



151 

 

4) Study the phase diagrams of ternary reciprocal systems of ionic liquids with two very 

different organic cations and two different anions. (The exchange Gibbs free energy 

∆ggÞ/hi³�o�eap³ for the exchange reaction AX + BY = AY + BX  would then be higher in 

amplitude and the system would be more difficult to model.), 

5) Perform further research on the VBT method in order to test its applicability to a wide range 

of families of ionic liquids, 

6) Model the phase diagrams of "mixed" ternary systems, consisting of one or two quaternary 

ammonium salts and one or two polyols, and which may serve as Deep Eutectic Solvents 

(DES). 
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