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Abstract 

Deep eutectic solvents (DES) are a class of designer solvents that can be prepared by mixing 

two or more compounds to form a solution with a freezing temperature significantly lower than 

that of pure constituents. Because the DES physicochemical properties correlate with those of 

pure constituents, the solvent properties can be tuned by selecting the constituents and their 

molar ratio. Having a liquid solution at the desired operating temperature is of utmost importance 

to employing DESs as solvents in various applications. The melting temperature of the mixture 

at any molar ratio can be obtained from the solid–liquid equilibria (SLE) phase diagram. However, 

as DESs can be prepared from a large pool of substances, obtaining the SLE phase diagram 

experimentally becomes a demanding task that often accompanies many difficulties. Therefore, 

understanding DES formation is a vital goal to preselect the constituents and define the suitable 

molar ratio range to tune the solvent properties accordingly. 

This thesis aims to understand the reason for the formation of eutectic mixtures with a significant 

depression of the melting temperature at the eutectic point from a SLE perspective. To achieve 

this, SLE in binary eutectic mixtures was studied based on experimental and theoretical 

investigations. The SLE phase diagram of 11 eutectic systems of various complexity was 

measured and modeled. Moreover, seven cocrystals not reported before were identified in four 

different eutectic systems. The SLE phase diagrams reported in this thesis were obtained by 

combining rigorous thermal analysis using differential scanning calorimetry and solid phase 

characterization using X-ray diffraction, where the latter is often lacking in literature studies 

leading to incorrect interpretation of SLE phase diagrams. Furthermore, the capability of 

correlative and predictive activity coefficient models, namely, the non-random two-liquid (NRTL) 

model and conductor-like screening model for realistic solvation (COSMO-RS), in describing the 

nonideality in strongly nonideal eutectic systems with complex phase diagrams was evaluated. 

Based on the thesis results, DESs were found to form as a result of significant negative deviation 

from ideal behavior and very low melting enthalpy and entropy of constituents. The very low 

melting entropy is a unique character of substances with highly disordered and symmetrical 

crystal structures, i.e., plastic crystalline materials. Therefore, the selection of DES constituents 

is narrowed down from arbitrary salts and organic substances to plastic crystalline materials. 

The thesis findings will aid in selecting DES constituents to improve the design approaches and 

the utilization of DES in various applications. 
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Kurzzusammenfassung 

Tief eutektische Lösungsmittel (DES) stellen eine Klasse von Designerlösungsmitteln dar, die 

durch Mischen von zwei oder mehr Verbindungen hergestellt werden können. Dadurch entsteht 

eine Lösung, die eine Gefriertemperatur aufweist, welche deutlich unter der der reinen 

Bestandteile liegt. Da die physikochemischen Eigenschaften von DES mit denen der reinen 

Bestandteile zusammenhängen, können die Lösungsmitteleigenschaften durch Auswahl der 

entsprechenden Bestandteile und Molverhältnisse eingestellt werden. Um bei gewünschter 

Betriebstemperatur eine flüssige Lösung vorliegen zu haben, ist der Einsatz von DES als 

Lösungsmittel in verschiedenen Anwendungen von größter Bedeutung. Die Schmelztemperatur 

des Gemischs bei einem beliebigen Molverhältnis lässt sich anhand des Phasendiagramms des 

Fest-Flüssig-Gleichgewichts (SLE) ablesen. Da DESs jedoch aus einer Vielzahl an Substanzen 

hergestellt werden können, ist die experimentelle Vorgehensweise zur Ermittlung des SLE-

Phasendiagramms eine anspruchsvolle Aufgabe, die oft mit vielen Schwierigkeiten verbunden 

ist. Daher ist ein Verständnis der Bildung von DES für die Vorauswahl der Bestandteile und die 

Festlegung des geeigneten Molverhältnisses von entscheidender Bedeutung, um die 

Lösungsmitteleigenschaften entsprechend einstellen zu können. 

Ziel dieser Arbeit ist es, die Ursache für die Bildung eutektischer Gemische mit signifikant 

niedriger eutektischer Temperatur aus der Perspektive der SLE zu verstehen. Zu diesem Zweck 

wurden die SLE in binären eutektischen Mischungen auf der Grundlage von experimentellen und 

theoretischen Untersuchungen betrachtet. Das SLE-Phasendiagramm von 11 eutektischen 

Systemen mit unterschiedlicher Komplexität wurde erfasst und modelliert. Darüber hinaus 

wurden in vier verschiedenen eutektischen Systemen sieben bisher nicht angegebene Kokristalle 

identifiziert. Die in dieser Arbeit dargestellten SLE-Phasendiagramme konnten anhand einer 

Kombination einer strengen thermischer Analyse und einer Festphasencharakterisierung 

erhalten werden, wobei letztere in Literaturstudien oft fehlt, was zu einer falschen Interpretation 

der SLE-Phasendiagramme führt. Darüber hinaus wurde die Fähigkeit von korrelativen und 

prädiktiven thermodynamischen Modellen zur Beschreibung der Nichtidealität in stark nicht-

idealen eutektischen Systemen mit komplexen Phasendiagrammen bewertet. 

Ausgehend von den Ergebnissen der Dissertation konnte festgestellt werden, dass die Bildung 

von DES das Ergebnis einer signifikanten negativen Abweichung vom idealen Verhalten und einer 

sehr niedrigen Schmelzenthalpie und -entropie der Bestandteile ist. Die sehr niedrige 
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Schmelzentropie ist ein Alleiniges Merkmal von Stoffen mit einer hochgradig ungeordneten und 

symmetrischen Kristallstruktur, d. h. von plastischen kristallinen Materialien. Daher wird die 

Auswahl der DES-Bestandteile von beliebigen Salzen und organischen Substanzen auf 

plastisch-kristalline Materialien begegrenzt. Die Ergebnisse dieser Arbeit werden bei der Auswahl 

von DES-Bestandteilen helfen, um die Designansätze und die Nutzung von DES in 

verschiedenen Anwendungen zu verbessern. 
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1. Introduction 

The establishment of green and sustainable chemistry concepts in process applications calls for 

the utilization of green solvents.1 Green solvents should not only comply with the principles of 

green chemistry but also be potential alternatives to conventional solvents while being 

economically feasible.2 

One of the first classes of solvents that has been proposed to be green is Ionic liquids (ILs). 3-6  

ILs are salts with relatively low melting temperature–compared to conventional salts–that contain 

organic cations and organic or inorganic anions. 7 Being salts, ILs possess negligible vapor 

pressure and are nonflammable. 8 The variety of combinations of cations and anions that can 

form ILs suggests that the properties of ILs can be tailored for a specific task. 9 Although ILs 

fulfill some of the requirements for green solvents, they bring some concerns. First, each IL 

should be chemically synthesized,  necessitating the use of conventional organic solvents and 

producing wastes that may be potentially hazardous. 10 Second, from an economic point of view, 

ILs are still significantly more expensive than conventional solvents, which is undoubtedly the 

main drawback of using ILs in industrial-scale applications. 11  

In 2001, Abbott et al. 12 performed the first trials to liquefy quaternary ammonium halide salts 

with the formula [Me3NC2H4Y]Cl (Y = OH, Cl, OC(O)Me, OC(O)Ph) by mixing them with zinc or tin 

chlorides. Out of several quaternary ammonium halide salts investigated in the study, mixtures 

containing choline chloride (ChCl) had the lowest melting temperature. These mixtures were 

called deep eutectics due to the large depression in the melting temperature of the mixture at 

the eutectic point relative to pure constituents’ melting temperature. The significant depression 

in the melting temperature was attributed to the formation of complex zinc or tin chloride ions, 

e.g., [ZnCl3]–, [Zn2Cl5]–, and [Zn3Cl7]–. The deep eutectic mixtures resemble ILs in terms of 

properties however overcome some of their drawbacks, e.g., preparation by chemical synthesis 

and feasibility. 

The search for other so-called “complexing agents” continued by the same group. Abbott et al.13 

showed in 2003 that urea could replace zinc and tin chlorides to form deep eutectics. Further 

studies showed that various carboxylic acids could also be used, suggesting that any hydrogen 

bond donor (HBD) can form deep eutectics when mixed with ChCl. 14 Later, the term deep 

eutectic solvents (DES) was introduced and defined as a mixture of a hydrogen bond acceptor 
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(HBA) and HBD with a eutectic temperature significantly lower than the melting temperature of 

pure constituents. 15 

Soon after, the number of studies related to understanding the formation of DES and the search 

for new and improved DESs increased sharply. 16-28 The main hypothesis of these studies was 

that hydrogen bonding and complex formation are the reason for DES formation. Moreover, 

DESs have been postulated as a special type of liquids that are microscopically heterogeneous 

and complex. 29 Therefore, investigations relied on quantum mechanical, molecular simulation, 

and experimental methods to unravel the microscopic nature of DES and understand their 

formation. 16, 17, 20, 23-25, 30-46 However, it was impossible to quantify the eutectic ratio and 

temperature from theoretical and experimental microscopic studies. 18 

Later, after a series of papers investigating the solid–liquid equilibria (SLE) in DES, Coutinho and 

coworkers proposed another definition for DES. 47 First, they defined DES as physical mixtures 

from a thermodynamic point of view. Second, they noticed that the formation of DES could be 

due to strong hydrogen bonding and negative deviation of the system from ideal solution 

behavior. Third, DES is a term that describes the mixture at any composition and is not specific 

to the mixture at the eutectic composition, which probably might not be of a specific ratio, such 

as 1:1 or 1:2 molar ratios. Accordingly, Martins et al.47 suggested that only eutectic mixtures with 

negative deviation from ideal behavior should be called DES. 

The main feature of the proposed definition of Coutinho and coworkers, which was also adopted 

by other groups, 48, 49 is the rationalization of the understanding and designing of DES, i.e., the 

selection of the constituents and their ratio. SLE phase diagram provides information on the 

melting temperature of the mixture at any ratio between constituents–including the eutectic 

point–as well as on the intermolecular interactions between unlike molecules. However, due to 

the large number of substances that can form eutectic mixtures, it is impossible to measure the 

phase diagram of all possible DES. Therefore, the number of DES with available SLE data is 

significantly lower than the number of DES studied in the literature. 

Although the study of DES from the SLE perspective can provide direct interpretation for the 

melting temperature of the mixture, SLE studies are difficult to be comprehended and executed 

by nonexperts in thermodynamics. Consequently, the term DES is usually used arbitrarily for any 

eutectic mixtures forming a liquid at room temperature, though in some, one or both constituents 

are liquid at or near room temperature. Out of many DES constituents proposed in the literature, 
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ChCl and a few other quaternary ammonium halide salts are the only constituents that can form 

eutectic mixtures with a eutectic temperature significantly below the melting temperature of pure 

constituents. This might hint that the observed significant depression in the mixture melting 

temperature at the eutectic point in ChCl-based DES is due to the unique character of ChCl. 

Hence, it might be possible to obtain a DES by an appropriate selection of constituents without 

the need for SLE or microscopic structure studies. 

Regardless of their definition or nature, DES has been proved to outperform conventional 

solvents in various applications. DESs have been shown to efficiently extract bioactive 

compounds from various natural sources. 50-56 From a process application perspective, DESs 

have showen great potential as solvents for gas capture, 57-61 liquid chromatography, 62-67 and 

extractive distillation. 68-71 Besides using DES in their liquid states, the depression in the melting 

temperature of the DES has been employed to improve the solubility of active pharmaceutical 

compounds and modify their crystal structure. 72-79 Because a large pool of substances can form 

DESs, they can be utilized in a vast number of applications, of which only a part has been 

investigated so far. 

Although the physicochemical properties of eutectic mixtures may correlate with intermolecular 

interactions between molecules in the liquid solution, the reason why the eutectic mixtures could 

replace conventional solvents in various applications does not necessarily originate from a 

specific microscopic structure or strong intermolecular interactions in the liquid solution. Instead, 

understanding the physicochemical properties of eutectic mixtures and correlating them with the 

pure constituents’ physicochemical properties is required to form eutectic mixtures with tunable 

properties as alternative solvents for a specific application. However, the superiority of DESs 

over common eutectic mixtures is the large depression in the mixture melting temperature, which 

provides a wider selection of systems that can be liquid at or near room temperature to be used 

as solvents. 

This thesis aims to investigate the reason for the formation of eutectic mixtures with significantly 

low eutectic temperatures from a SLE perspective. A comprehensive and systematic 

experimental and theoretical study of SLE in various eutectic mixtures was performed to 

investigate why a DES can be formed. First, the proper experimental determination and modeling 

of SLE were carried out to obtain SLE data of eutectic mixtures of various complexity. Second, 

the parameters influencing the phase diagram and the position of the eutectic point of eutectic 
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mixtures, namely, melting properties, nonideality of the liquid phase, and solid complex 

formation, were examined. 

The thesis is organized into six sections. In Section 2, the pertinent theory is introduced, covering 

the basic definitions for eutectic mixtures, thermal characterization, and thermodynamic 

modeling. The results are presented in the form of six published papers in Section 3 along with 

a summary of each paper. A thorough discussion of the papers findings and comprehensive 

analysis of the thesis topic is given in Section 4. Section 5 contains the general conclusions. In 

Section 6, the outlook for the future work is presented. 
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2. Theory 

The current section covers the theory and the methods used to obtain the findings of the thesis. 

First, an overview of eutectic mixtures is presented in Section 2.1. Second, a brief description of 

the SLE phase diagram of different complexity is covered in Section 2.2. Third, the thermal 

characterization techniques used to measure SLE are presented in Section 2.3, including a 

throughout discussion about differential scanning calorimetry (DSC) analysis.  Fourth, models 

and approaches used to model SLE in eutectic mixtures of different complexity are presented in 

Section 2.4.  

2.1 Eutectic mixtures 

Eutectic mixtures are mixtures of two or more components that crystallize as immiscible or 

partially immiscible solids. 80 Figure 1 shows a schematic representation of the SLE phase 

diagram of a binary mixture in which the components crystallize as a miscible solid phase (Figure 

1A) or immiscible solid phases (Figure 1B). The liquidus lines (blue lines) represent the 

temperature at which the last solid disappears upon heating, i.e., the melting temperature of the 

mixture. The solidus lines (orange lines) depict the temperature at which the first drop of the 

liquid appears upon heating. The liquidus and solidus lines define the two-phase region in which 

a liquid phase and a solid phase are in equilibrium. As seen in Figure 1A, the liquidus temperature 

of the mixture at any composition lies between the melting temperature of the pure components. 

In contrast, as seen in Figure 1B, the melting temperature of the eutectic mixture can be lower 

than the melting temperature of the pure components. The lowest possible melting temperature 

of the eutectic mixture is observed at the eutectic point (marked with a red circle in Figure 1B). 

At the eutectic point, three phases are in equilibrium, solid A, solid B, and a liquid solution, 

according to the following reaction 

𝐴ሺ௦ሻ ൅ 𝐵ሺ௦ሻ ↔ 𝐿 (1) 

The reaction in Equation (1) is called the eutectic reaction, from which the name eutectic system 

was derived (means easily melted in ancient Greek). 80 
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Figure 1. Schematic representation of solid–liquid phase diagram of (A) binary mixture with miscibility 
in the solid state and (B) binary eutectic mixture. 

2.2 Types of phase diagram 

As described in Section 2.1, the melting temperature of the eutectic mixture at any composition, 

i.e., liquidus temperature, can be obtained from its SLE phase diagram. In the following, the 

possible shapes of the binary eutectic mixture phase diagram are presented. The complexity of 

measuring and modeling SLE is commonly attributed to the complexity of the solid rather than 

the liquid phase. 81 Figure 2 shows the probable types of the SLE phase diagram of eutectic 

mixtures. Figure 2A shows the simplest case possible for any binary eutectic mixture. Systems 

having this type of SLE phase diagram are called simple eutectic systems. In the simple eutectic 

type, the constituents crystallize as pure solids. Moreover, the system has only one eutectic 

point. The eutectic point position depends on the course of the two liquidus lines of pure 

constituents.   

The phase diagram shown in Figure 2B is also of the simple eutectic type. However, pure 

component A undergoes a solid–solid transition at 𝑇ௌಲ→ௌಲ
ᇲ

௧௥௔௡ . The melting properties of solid SA and 

solid S'A may be different, which leads to a different course of the liquidus line of component A 

at temperatures higher and lower than the solid–solid transition temperature. 
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Figure 2. Schematic representations of solid–liquid phase diagrams of different types, defining the 
crystallized solid phases in each binary eutectic system.  

Figure 2C shows the schematic representation for a binary eutectic mixture with partial miscibility 

in the solid phase. In the example shown in Figure 2C, the eutectic system has two solid solution 

regions. The α solid phase has the same crystal structure as pure component A. However, some 

of the molecules of component A are replaced by component B molecules in the α solid phase 

while preserving the same crystal structure of component A. The solubility of component B in 
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solid component A is temperature-dependent and has a maximum limit of xα. On the other hand, 

component A is also soluble in the solid component B forming the β solid phase. Similarly, the 

solubility limit of component A in solid component B is xβ. The formation of solid solution regions 

is excepted when the constituents have very similar molecular and crystal structures. Thus, solid 

solution regions in organic binary eutectic mixtures are quite uncommon. 82 

The phase diagrams presented in Figures 2D and 2E depict the formation of solid compounds, 

i.e., a cocrystal between components A and B. The cocrystal formed between components A 

and B in the phase diagram shown in Figure 2D is a congruently melting cocrystal, i.e., a 

cocrystal that melts to a binary liquid solution with the exact stoichiometry as that of the 

cocrystal. In contrast, the cocrystal formed between components A and B in the phase diagram 

shown in Figure 2E is an incongruently melting cocrystal, i.e., a cocrystal that melts to a solid A 

and a liquid solution with a different stoichiometry than that of the cocrystal. As seen in Figure 

2D, the eutectic system with a congruently melting cocrystal has two eutectic points. Principally, 

the number of eutectic points for a system with congruently melting cocrystals equals the 

number of cocrystals plus one. On the other hand, the number of incongruently melting cocrystal 

does not increase the number of eutectic points for the system. 

It is worth mentioning that combining any of the previously discussed cases is possible. For 

example, a eutectic system containing a component that undergoes a solid-solid transition might 

show the formation of several congruently and incongruently melting cocrystals in addition to 

solid solution regions. The complexity of measuring and modeling SLE in such eutectic systems 

is discussed in the following sections. 

2.3 Experimental determination of SLE 

2.3.1 Visual and centrifugation methods 

Thermal analysis methods can be used to obtain the SLE data of binary eutectic mixtures by 

determining the melting temperature of the mixture at various compositions. Several thermal 

analysis methods have been proposed in the literature to determine the SLE data of binary 

eutectic mixtures. 83, 84 The melting temperature of the mixture can be determined by visual 

methods, such as a melting point apparatus 85-90 or microscopy.91 The advantage of using visual 

methods is that the interpretation of the melting temperature of the mixture is straightforward. 

However, several important phase transitions, such as solid–solid transition or solidus 
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temperature, cannot be observed visually. Hence, visual methods might be only suitable for 

eutectic mixtures of the simple eutectic type. 

Van der Bruinhorst et al. 84 proposed a more sophisticated method to obtain the solid–liquid 

phase diagram of eutectic mixtures. The proposed method depends on equilibrating the eutectic 

mixture of a certain composition at a temperature in the two-phase region. The liquid and solid 

phases in equilibrium at a specific composition are separated by centrifugation, and the liquid 

phase composition is analyzed to determine the liquidus line. The method is advantageous for 

eutectic mixtures prone to supercooling and glass formation. However, homogenization of the 

liquid phase is critical before its analysis, which can complicate the sampling procedure. 

Moreover, the method requires an additional analytical method to determine the composition of 

the liquid phase. Thus, in contrast to visual methods, the determination of the liquidus line is not 

straightforward. On the other hand, analogous to visual methods, no information about the 

solidus temperature of the eutectic mixture can be obtained. Thus, the centrifugation method 

could be only used to determine the SLE in eutectic mixtures of the simple eutectic type. 

Nevertheless, the SLE phase diagram of the eutectic system might not be of the simple eutectic 

type, and hence, a more comprehensive method should be employed. In the following section, 

the DSC analysis technique used to determine the experimental SLE data for eutectic systems 

of various complexity is discussed in detail. 

2.3.2 DSC 

DSC is a robust thermal analysis method that can be used to obtain the phase diagram of 

eutectic mixtures. 83 Figure 3 shows a schematic representation of the DSC analysis principle. 

Two crucibles, one is empty, and the other contains the sample, are placed inside a furnace and 

subjected to cooling or heating. The temperature of the two crucibles is measured. When the 

sample undergoes a phase transition, such as melting, crystallization, or solid–solid transition, 

heat is absorbed by the sample as latent heat, so the temperature of the sample crucible remains 

constant. The DSC signal represents a measure of the difference between the temperature of 

the two crucibles, which is proportional to the heat flow. DSC provides information about any 

phase transition occurring in the mixture, such as melting and solid–solid transition 

temperatures. In addition to the transition temperature, DSC analysis can be used to determine 

the phase transition enthalpy.     
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Figure 3. Schematic structure of differential scanning calorimetry chamber.  

2.3.2.1 Interpretation of DSC curves 

In the following, the development of DSC curves of the samples covering the entire composition 

range of a hypothetical binary eutectic mixture with complex character is discussed. Figure 4 

shows a schematic representation of the phase diagram of a hypothetical binary eutectic mixture 

with the formation of various cocrystals and the observed DSC curve at each labeled point. The 

DSC curve of point a represents the melting temperature of pure component A. The peak 

corresponding to the melting of a pure substance is usually sharp and symmetrical. By increasing 

the amount of component B in the mixture, two peaks are observed in the DSC curve at point b. 

The first peak is sharp and symmetrical and corresponds to the decomposition temperature of 

the incongruently melting cocrystal, while the second peak is asymmetrical and corresponds to 

the liquidus temperature of the mixture at the composition of point b. At point c, the observed 

DSC curve shows three distinct peaks related to the eutectic melting, incongruent melting, and 

liquidus temperature. At the eutectic point (point d), only one sharp and symmetrical peak 

appears in the DSC curve. The DSC curve of point e corresponding to congruently melting 

cocrystal resembles the DSC curves observed for component A (point a) and eutectic melting 

(point e). As seen in Figure 4, component B undergoes a solid–solid transition. Accordingly, the 

solid–solid transition of component B is observed in the DSC curve at point f as a small peak 

followed by a liquidus peak. Eventually, the DSC curve of component B shows two peaks 

respective to a solid–solid transition and melting.      
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Figure 4. Schematic representation of a phase diagram of a hypothetical binary eutectic mixture and 
the observed differential scanning calorimetry curve at each labeled point. 

Despite the ability of DSC analysis to determine any phase transition temperature and enthalpy, 

the interpretation of the DSC signal is rather not straightforward. As seen in Figure 4, eutectic, 

incongruently, and congruently melting peaks are analogous in shape, which can be confusing 

to assign the peak to the corresponding phase transition. Thus, additional analysis methods, 

such as X-ray diffraction (XRD), are required to comprehend the crystallized solid phases in each 

composition region and, accordingly, assign the peaks observed in the DSC curve of the 

samples to the proper transition. 

Figure 5 shows DSC curves of a pure component and a sample in a eutectic system. The phase 

transition enthalpy Şhm is determined by the area of the corresponding peak. By definition, the 

solidus temperature is the temperature at which the first drop of liquid appears (See Section 2.1). 

Thus, the onset temperature of the corresponding peak well represents the eutectic, incongruent 

and congruent melting (Tm and Tsolidus in Figure 5). On the other hand, the liquidus temperature is 

the temperature at which the last solid disappears. Thus, the peak maximum temperature is 

commonly used for determining the liquidus temperature (see Figure 5B). 83 
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Figure 5. Determining the melting, solidus, and liquidus temperatures and phase transition enthalpy from 
a differential scanning calorimetry curve. 

Tammann’s plot can be used to determine the eutectic composition, solubility limit in the solid 

phase, and the cocrystal stoichiometry experimentally from the DSC analysis. Tammann’s 

diagram is constructed by plotting the eutectic phase transition enthalpy (the area of the solidus 

peak) as a function of the mole fraction of one of the components. 83 Figure 6 shows a schematic 

representation of the SLE phase diagram of the simple eutectic type (Figure 6A), a eutectic 

system with partial miscibility in the solid phase (Figure 6B), and a eutectic system with a 

cocrystal formation (Figure 6C) along with the corresponding Tammann’s plot obtained from the 

area of the solidus peak. As shown in Figure 6, the eutectic transition enthalpy depends linearly 

on the mole fraction of the component. For eutectic systems of the simple eutectic type (Figure 

6A), the eutectic point can be obtained from the intercept of the two lines regressed to eutectic 

transition enthalpy in the hypoeutectic (composition range on the left side of the eutectic point) 

and hypereutectic (composition range on the right side of the eutectic point) regions. For a 

eutectic system with partial miscibility in the solid phase (Figure 6B), the lines regressed to the 

eutectic transition enthalpy in the hypoeutectic and hypereutectic regions intercept the x-axis at 

the solubility limits in the solid phase of component A in B and vice versa. Thus, Tammann’s plot 

does not only provide the solubility limit but can also provide information about the phase 

diagram type. In the case of cocrystal formation (Figure 6C), the stoichiometry of the cocrystals 

and the eutectic points of the system can be determined from Tammann’s plot. Despite the 
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valuable information that can be obtained from Tammann’s plot, the reliability of the obtained 

information depends largely on the quality of the determined phase transition enthalpy. In many 

cases, the peaks corresponding to different phase transitions might overlap, limiting the 

possibility of constructing Tammann’s plot for the eutectic system. 83, 92 

 

 
  

Figure 6. Schematic representation of solid–liquid phase diagrams of different types and the obtained 
Tammann’s plot for each type.  

 

2.3.2.2 DSC analysis protocol 

The DSC analysis parameters are the heating and cooling rates, sample mass, and measurement 

temperature range. The heating and cooling rates used in DSC analysis can affect the shape of 

the solidus and liquidus peaks. Slower heating rates eliminate the effect of heat conductivity of 

the sample and provide more time for the sample to reach equilibrium. However, slower heating 

rates affect the sensitivity of the DSC analysis, which might leave out the detection of some 

transitions, especially those with low transition enthalpy, such as liquidus temperatures near the 

eutectic point. 93 The commonly used heating rates are between 1–10 K min–1. Cooling rates are 

usually selected based on the capacity of the cooling device as the transition temperature and 
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enthalpy are determined from the heating runs only. However, cooling rates can be critical for 

substances existing in different polymorphs. 94 Fast cooling might lead to supercooling, glass 

formation, and crystallization of metastable solid phases. 73, 95 

The DSC instrument is calibrated using standard calibration substances with known phase 

transition temperature and enthalpy before measurements. The transition enthalpy is used to 

calibrate the instrument sensitivity, i.e., the area of the observed peak in the DSC curve of the 

standard material. The onset temperature of the transition peak of the standard materials is used 

for temperature calibration. The calibration procedure is performed at the same heating rate 

planned for the measurement. Consequently, pure components, eutectic, incongruently, and 

congruently melting as well as transition enthalpies are less sensitive to the heating rate, as the 

heating rate is considered in the calibration procedure. In contrast, the heating rate can affect 

the measured liquidus temperature. Van den Bruinhorst et al. 96 analyzed the effect of the heating 

rate on the determined liquidus temperatures and concluded that the inflection point is more 

suitable for determining the liquidus temperature than the peak maximum temperature. 

Alternatively, the effect of the heating rate on the determined liquidus temperature can be ruled 

out by performing the DSC analysis at different heating rates and determining the liquidus 

temperature as the peak maximum temperature extrapolated to zero heating rate. 97, 98 

Nevertheless, the influence of the heating rate on the determined liquidus temperature might be 

within the uncertainty of the DSC data. Hence, selecting a convenient heating rate, such as 2 or 

5 K min–1, can be sufficient to determine the SLE phase diagram of most eutectic systems 

properly. 

Saeed et al. 93 showed that the influence of the sample mass is more pronounced on the 

transition enthalpy than on onset or peak maximum temperatures. Therefore, for SLE 

measurements, the effects of the sample mass might not be critical. The temperature range 

should be defined to detect all possible phase transitions occurring in the sample. Hence, the 

temperature range can be specifically tuned for each sample to ensure time efficiency and 

convenience only during the experimental analysis. 

Figure 7 shows a schematic representation of DSC curves of a sample analyzed by DSC using 

the typical DSC protocol. The typical DSC analysis protocol involves heating the sample to 10 K 

above melting temperature, an isothermal run at the final temperature for sufficient time to ensure 

sample homogeneity, and then a cooling run around 50 K below the crystallization temperature 
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of the sample. 99 The sample is then subjected to second heating run to 10 K above the melting 

temperature of the sample. The transition temperature and enthalpy are determined from the 

second run or further heating/cooling cycles. 96-98 This protocol is used to clear the sample history 

and ensure the homogeneity of the sample. However, in situ crystallization in the DSC (Figure 

7A) could lead to metastable polymorphs, metastable solid phases, or glass formation. 73, 95, 100 

Corvis et al. 94 overcame the formation of metastable polymorphs in the lidocaine/L-menthol 

eutectic system by annealing the DSC samples for several months prior to measurements. 

Moreover, supercooling could occur during the cooling run, and the sample is crystallized during 

the heating run instead, i.e.,  cold crystallization. 99, 101 Cold crystallization in the vicinity of the 

solidus temperature (Figure 7B) can limit the proper determination of the onset temperature of 

the corresponding peak. 91 In conclusion, the typical DSC protocol can be unsuitable for 

determining the SLE in eutectic systems showing kinetic limitations in crystallization or the 

formation of different polymorphs. Therefore, in such a case, methods to aid crystallization and 

overcome glass formation in eutectic systems should be sought to determine the SLE phase 

diagram. 

  

Figure 7. Schematic representation of a differential scanning calorimetry (DSC) curve of a sample 
analyzed using the typical DSC protocol: first heating, cooling, and second heating runs. In (A), the 
sample in situ crystallizes in the DSC during the cooling run, while in (B), the sample undergoes cold 
crystallization, i.e., crystallization during the heating run.    

 

T / K

(A)

first heating run

cooling run

endo

second heating run

in situ crystallization

T / K

(B)

first heating run

cooling run

endo

second heating run

cold crystallization



Theory 
 

21 
 

2.4 Thermodynamics of SLE 

As seen in the previous section, experimental determination of SLE is a tedious task, especially 

for eutectic systems with complex phase diagrams. Thus, the standard approach to obtaining 

the SLE phase diagram is to measure the SLE data of the mixture at selected compositions, 

usually with a mole fraction step of 0.1. The experimental SLE data are then correlated using a 

thermodynamic model to obtain the phase diagram over the whole composition range. 

The equilibrium condition for component 𝑖 between the solid (S superscript) and liquid (L 

superscript) phases is as follows 102 

𝑓௜ௌ ൌ 𝑓௜௅ (2) 

௜ௌ𝑓଴௜ௌߛ௜ௌݔ ൌ ௜௅𝑓଴௜௅ߛ௜௅ݔ  (3) 

where 𝑓௜ and is the fugacity, 𝑓଴௜ is the standard state fugacity, ݔ௜ is the mole fraction, and ߛ௜ is 

the activity coefficient of component 𝑖. The standard states are defined as the pure solid and 

pure liquid at the liquidus temperature. The ratio between the standard state fugacity of 

component 𝑖 in the liquid and solid phases can be calculated from the thermodynamic cycle 

shown in Figure 8. First, the pure solid phase is heated from the liquidus temperature T to its 

melting temperature Tm. Second, the pure solid is melted at Tm. Third, the pure liquid is cooled 

to the liquidus temperature T. The Gibbs energy change from point 1 to 4 ( 𝑔ଵ→ସ) is defined as 

follows  

 𝑔ଵ→ସ ൌ 𝑅𝑇 ln
𝑓଴௜௅

𝑓଴௜ௌ
ൌ   ଵ→ସ െ 𝑇  ݏଵ→ସ (4) 

where 𝑅 is the gas constant, 𝑇 is the liquidus temperature,   ଵ→ସ is the enthalpy change, and 

 .ଵ→ସ is the entropy changeݏ 
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Figure 8. Thermodynamic cycle used to derive the solid–liquid equilibrium equation. 

The enthalpy and entropy changes from point 1 to 4 is defined as the sum of the enthalpy and 

entropy changes along the path as follows  

  1→4 ൌ   1→2 ൅   2→3 ൅   3→4 (5) 

 𝑠1→4 ൌ  𝑠1→2 ൅  𝑠2→3 ൅  𝑠3→4 (6) 

The enthalpy change from point 1 to 4 is the summation of the enthalpy change upon heating 

the pure solid from T to Tm, the melting enthalpy    ,  of pure component 𝑖, and the enthalpy 

change upon cooling pure liquid from Tm to T. In equation form 

  1→4 ൌ න 𝑐𝑃, 𝑆
𝑇೘,𝑖

𝑇
𝑑𝑇 ൅    , ൅ න 𝑐𝑃, 𝐿

𝑇

𝑇೘,𝑖
𝑑𝑇 (7) 

 

where 𝑐𝑃𝑆 and 𝑐𝑃𝐿 are the constant pressure heat capacity of pure component 𝑖 in the solid and 

liquid states. Similarly, the change in entropy from point 1 to 4 is 

 𝑠1→4 ൌ න
𝑐𝑃, 𝑆

𝑇

𝑇೘,𝑖

𝑇
𝑑𝑇 ൅  𝑠 , ൅ න

𝑐𝑃, 𝐿

𝑇

𝑇

𝑇೘,𝑖
𝑑𝑇 (8) 

where  𝑠 ,  is the melting entropy of component 𝑖. Substituting equations (7) and (8) in (3) and 

(4) yields 

ln
𝑥 𝐿𝛾 𝐿

𝑥 𝑆𝛾 𝑆
ൌ ln

𝑓0 𝐿

𝑓0 𝑆
ൌ െ

   , 
𝑅𝑇 ቆ

1 െ
𝑇
𝑇 , 
ቇ ൅

1
𝑅𝑇
න  𝑐𝑃, 
𝑇

𝑇೘,𝑖
𝑑𝑇 െ 

1
𝑅
 න

 𝑐𝑃, 𝑖
𝑇

𝑇

𝑇೘,𝑖
 𝑑𝑇  (9) 
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where  𝑐௉ ൌ  𝑐௉௅ െ 𝑐௉ௌ. As seen, the ratio between standard state fugacities is determined by the 

melting properties of pure component 𝑖. Therefore, the activity coefficients of components in the 

liquid and solid phases are interrelated with the pure components melting properties. As seen in 

Equation (9), activity coefficients of the component in the liquid and solid phases and its pure 

melting properties–melting enthalpy, temperature, and the heat capacity of pure solid and liquid 

states–are the prerequisites for modeling SLE in eutectic systems. The following sections 

discuss the melting properties and the activity coefficients as well as the modeling procedure for 

SLE phase diagrams of different patterns (Figure 2). 

2.4.1 Melting properties of pure components 

The right-hand side of Equation (9) can be divided into terms, the first melting enthalpy term and 

the last two heat capacity terms. The melting enthalpy, entropy, and temperature of a pure 

component are interrelated by the following simple equation 

𝑇௠ ൌ
  ௠
௠ݏ 

 (10) 

Based on Equation (10), a high melting temperature of a substance results from high melting 

enthalpy or low melting entropy. The melting enthalpy of a pure substance is a function of the 

intermolecular interactions between molecules in the crystal lattice. 103 The intermolecular 

interactions depend on the type of the interacting groups, i.e., ionic or hydrogen bonding, and 

the distance between interacting groups. The latter is influenced by the lattice parameters and 

crystal packing, i.e., crystal structure. 104 High melting enthalpy values indicate strong 

intermolecular interactions and efficient crystal packing. In the case of unavailable melting 

enthalpy, the melting enthalpy of pure substances can be predicted using group contribution 

(GC) methods. 103-107 However, GC methods predictions for melting enthalpy are sometimes 

unreliable. Moreover, GC methods fail to differentiate between isomers, which can possess 

significantly different melting enthalpies. 108 The unsuitability of GC methods in predicting the 

melting enthalpy of pure substances is a direct consequence of the influence of the crystal 

structure on the melting enthalpy. 

In contrast to melting enthalpy, melting entropy is better correlated to the molecular structure. 
109 Yalkowsky, 110 Dannenfelser and Yalkowsky,111 and Jain et al. 112 proposed non-GC methods 

to estimate the melting entropy of pure substances. The methods are based on calculating the 
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melting entropy from the rotational  ݏ௠௥௢௧, conformational  ݏ௠
௖௢௡௙, and transitional 

௠ݏ 
௘௫௣௔௡entropies as follows 104  

௠ݏ  ൌ  W ൅  ݏ௠௥௢௧ ൅ ௠ݏ 
௖௢௡௙ ൅ ௠ݏ 

௘௫௣௔௡ (11) 

where W is Walden's rule constant which is equal to around 57 J mol–1 K–1. 113 The rotational 
entropy is estimated from the rotational symmetry number ߪ as follows 

௠௥௢௧ݏ  ൌ െ R ln(12) ߪ 

The rotational symmetry number is the number of similar structures that the molecule can 

produce when rotated. The conformational entropy is calculated using the flexibility number Φ 

as follows 103 

௠ݏ 
௖௢௡௙ ൌ  R lnΦ (13) 

Φ ൌ 2.435ఛ (14) 

߬ ൌ  𝑆𝑃ଷ ൅ 0.5𝑆𝑃ଶ ൅ 0.5𝑅𝑖𝑛𝑔 െ 1 (15) 

where 𝑆𝑃ଷ, 𝑆𝑃ଶ, and 𝑅𝑖𝑛𝑔 are the numbers of non-ring SP3 atoms, non-ring SP2 atoms, and 

single, fused, or conjugated ring systems, respectively. The transitional entropy is calculated 

from the eccentricity ߝ as follows  104, 105, 114 

௠ݏ 
௘௫௣௔௡ ൌ R ln  (16) ߝ

where ߝ is the number of atoms in aromatic and aliphatic rings. Despite the simplicity of these 

methods, good predictions have been obtained in many cases. 104 

Next, the two heat capacity difference terms are discussed. Several approaches exist to account 

for the heat capacity difference. 96, 115-117 The simplest case is to neglect the two heat capacity 

terms on the right-hand side of Equation (9). 115, 118 This approach is usually misunderstood to be 

based on neglecting the value of  𝑐௉. However, the approach is based on the fact that the two 

heat capacity terms in the right-hand side of Equation (9) have opposite signs, which tend to 

cancel each other in case T is not far from Tm. 102, 118 The heat capacity terms are commonly 

neglected in the absence of experimental data on the heat capacity of pure components. 
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The second approach is to assume a constant heat capacity difference estimated at the melting 

temperature  𝑐௉,௠, which reduces Equation (9) to the following Equation  

ln
௜௅ߛ௜௅ݔ

௜ௌߛ௜ௌݔ
ൌ െ

  ௠,௜

𝑅𝑇 ቆ1 െ
𝑇
𝑇௠,௜

ቇ െ
 𝑐௉,௠
𝑅

 ൬1 െ
𝑇௠,௜

𝑇
൅ ln

𝑇௠,௜

𝑇
൰ (17) 

The value of  𝑐௉,௠ can be determined from experimental heat capacity data. The pure liquid and 

solid heat capacities as a function of temperature are linearly extrapolated to the melting 

temperature of the pure component. However, experimental data on the heat capacity of pure 

components are scarce. In this case, several methods or approximations have been proposed 

to estimate the difference in the heat capacity at the melting temperature. 118-125 Hildebrand 

approximation states that the difference in the heat capacity value can be assumed equal to the 

melting entropy. 120 Pappa et al. 119, Růžička and Domalski 124, and Kolská et al.125  used GC 

methods to estimate the heat capacity difference. Wu and Yalkowsky 121 used a simple approach 

to calculate the heat capacity difference based on the molecular flexibility, molecular symmetry, 

and hydrogen bond numbers calculated from the molecular structure using simple empirical 

correlations. However, Mishra and Yalkowsky 115 found that neglecting or considering the heat 

capacity terms would rather lead to an error within the uncertainty of the solubility 

measurements. Moreover, unrealistic heat capacity difference values would lead to an 

unphysical course for the calculated liquidus line. 47 Therefore, in case of unavailable heat 

capacity data for pure solid and liquid states, it is preferable to assume the simplest approach, 

i.e., neglecting the two terms on the right-hand side of Equation (9). 

The third and most sophisticated approach considers the temperature dependence of the heat 

capacity of the pure solid and liquid. 96, 117 A linear temperature dependence is usually sufficient. 

However, this approach requires data on pure solid and liquid heat capacities over a wide range 

of temperatures, which are challenging to obtain experimentally. This approach could be justified 

in the case of a significant difference between the T and Tm and when experimental data for the 

heat capacity of pure liquid and solid are available. 

2.4.2 Activity coefficients 

The activity coefficients of components represent the intermolecular interactions between unlike 

molecules in the liquid phase. 102 Activity coefficient values of components equal to one indicate 

that the system behaves ideally, i.e., similar intermolecular interactions between like and unlike 
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molecules. On the other hand, activity coefficients smaller or larger than one indicate favored or 

unfavored intermolecular interactions between unlike molecules, respectively. The activity 

coefficients can be calculated using empirical, semi-empirical, or predictive activity coefficient 

models.  

2.4.2.1 Empirical models 

The activity coefficients of components in liquid mixtures can be described by a polynomial with 

empirical parameters that are characteristic of the studied system. Redlich-Kister (RK) 

polynomial is used to describe the excess Gibbs energy (gE) in any binary mixture as follows 102 

𝑔ா ൌ ଶሾ𝐴ݔଵݔ  ൅ 𝐵ሺݔଵ െ ଶሻݔ ൅ 𝐶ሺݔଵ െ ଶሻଶݔ ൅ 𝐷ሺݔଵ െ ଶሻଷݔ ൅ ⋯ . ሿ (18) 

Accordingly, the activity coefficient can be calculated as follows 

𝑅𝑇 ln ଵߛ ൌ 𝑎ሺଵሻݔଶଶ ൅ 𝑏ሺଵሻݔଶଷ ൅ 𝑐ሺଵሻݔଶସ ൅ 𝑑ሺଵሻݔଶହ ൅ ⋯ (19) 

𝑅𝑇 ln ଶߛ ൌ 𝑎ሺଶሻݔଵଶ ൅ 𝑏ሺଶሻݔଵଷ ൅ 𝑐ሺଶሻݔଵସ ൅ 𝑑ሺଶሻݔଵହ ൅ ⋯ (20) 

where the parameters in equations (19) and (20) are interrelated by the four empirical parameters 

in Equation (18) as follows 

𝑎ሺଵሻ ൌ 𝐴 ൅ 3𝐵 ൅ 5𝐶 ൅ 7𝐷 𝑎ሺଶሻ ൌ 𝐴 െ 3𝐵 െ 5𝐶 െ 7𝐷 

𝑏ሺଵሻ ൌ െ4ሺ𝐵 ൅ 4𝐶 ൅ 9𝐷ሻ 𝑏ሺଶሻ ൌ 4ሺ𝐵 െ 4𝐶 ൅ 9𝐷ሻ 

𝑐ሺଵሻ ൌ 12ሺ𝐶 ൅ 5𝐷ሻ 𝑐ሺଶሻ ൌ 12ሺ𝐶 െ 5𝐷ሻ 

𝑑ሺଵሻ ൌ െ32𝐷 𝑑ሺଶሻ ൌ 32𝐷 

The simplest empirical activity coefficient model is the two-suffix Margules equation 102 

ln ௜ߛ ൌ
A
𝑅𝑇

ሺ1 െ ݔ௜ሻଶ (21) 

Because Equation (21) is symmetrical, the two-suffix Margules equation is only suitable for 

modeling the nonideality in binary mixtures of components with similar size, shape, and chemical 

nature. Empirical models can describe any liquid mixture regardless of its complexity. However, 

the availability and quality of fitted experimental data determine the number of empirical 



Theory 
 

27 
 

parameters. For nonelectrolyte organic binary mixtures, two parameters are usually sufficient. 
102, 126 Empirical activity coefficient models have been successfully used to model SLE data in 

several nonideal eutectic mixtures. 96, 97 

2.4.2.2 NRTL 

In empirical models, the activity coefficients are expressed with a polynomial whose parameters 

can be obtained by fitting the experimental data. Wilson 127  derived an algebraic function to 

express the activity coefficients using the local composition concept. A few years later, Renon 

and Prausnitz 128 used the same concept of local composition to derive the nonrandom two-

liquid (NRTL) equations for calculating the activity coefficients of components as follows 

௜ߛ ൌ ௝ଶݔ  ൥ ௝߬௜  ቆ
𝐺௝௜

௜ݔ ൅ ݔ௝𝐺௝௜
ቇ
ଶ

൅
߬௜௝𝐺௜௝

൫ݔ௝ ൅ ݔ௜𝐺௜௝൯
ଶ൩  (22) 

𝐺௜௝ ൌ exp൫–߬ߙ௜௝൯ 𝐺௝௜ ൌ exp൫–ߙ ௝߬௜൯ (23) 

߬௜௝ ൌ  
𝑔௜௝ െ 𝑔௝௝

𝑅𝑇
 ௝߬௜ ൌ  

𝑔௝௜ െ 𝑔௜௜
𝑅𝑇

 (24) 

Unlike the Wilson model, the NRTL model can describe completely miscible and partially 

miscible liquid systems. The advantage of semi-empirical over empirical models is that the 

models can be extended to describe the nonideality in multicomponent systems. The binary 

interaction parameters can then be used to derive the interaction parameters of multicomponent 

systems. 102 The NRTL model has been shown to describe the SLE in strongly nonideal eutectic 

mixtures successfully. 87-89, 96, 126 

2.4.2.2 COSMO-RS 

Despite the ability of the RK-polynomial and NRTL model to describe the nonideality of the 

eutectic mixture constituents in the liquid phase, the models are correlative, in which 

experimental SLE data are needed to fit the model parameters. Therefore, it is desirable to 

employ predictive thermodynamic models to obtain the SLE phase diagram without the need for 

experimental SLE data. 

The conductor-like screening model for realistic solvation (COSMO-RS) 129-132 has been 

developed as an efficient tool to predict various thermodynamic properties. The model is based 
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on quantum mechanics and statistical thermodynamic calculations. Density functional theory 

(DFT) calculations are used to obtain the screening charge surface in an ideal conductor with an 

infinite dielectric constant. The screening charge surface is discretized into segments with known 

surface charge density (SCD) ߪ௜. The pairwise interactions between segments with SCD are used 

to derive the chemical potential of component 𝑖 in the liquid phase by statistical thermodynamics 

calculations. The calculated chemical potential of component 𝑖 is used to calculate various 

thermodynamic properties. 

In the COSMO-RS model, the liquid phase solution is considered an ensemble of packed 

screened molecules, where the two molecules interact in the contact region. The two types of 

interactions between segments in the contact regions are: (1) misfit interactions (𝑒௠௜௦௙௜௧ሺߪ,  (ᇱሻߪ

from the electrostatic interactions (2) hydrogen bonding interactions 𝑒௛௕ሺߪ,  ᇱሻ. The totalߪ

interaction energy function 𝑒ሺߪ,  ᇱሻ in COSMO-RS isߪ

𝑒ሺߪ, ᇱሻߪ ൌ 𝑒௠௜௦௙௜௧ሺߪ, ᇱሻߪ ൅ 𝑒௛௕ሺߪ,  ᇱሻ (25)ߪ

The chemical potential of segment ߪ in the liquid solution ߤௌሺߪሻ is calculated as follows  

ሻߪௌሺߤ ൌ െ
𝑅𝑇
𝑎௘௙௙

ln ൤න݌ሺߪᇱሻ 𝑒݌ݔ ቀ
𝑎௘௙௙
𝑅𝑇

ሺߤௌሺߪᇱሻ െ 𝑒ሺߪ, ᇱሻሻቁߪ 𝑑ߪᇱ൨ (26) 

where 𝑎௘௙௙ is the effective contact area and ݌ሺߪᇱሻ is the probability distribution. The probability 

distribution is the ʍ-profile obtained from the quantum mechanical calculations. ߤௌሺߪሻ is called 

the ʍ-potential, which is a measure of the affinity of the liquid solution to a surface segment of 

polarity ߪ. Figure 9 shows the ʍ-profile and ʍ-potential of oxalic acid calculated using Turbomole 

version 6.6 and COSMOtherm X19, respectively. 
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Figure 9. (A) ʍ-profile and (B) ʍ-potential of oxalic acid calculated using density functional theory and 
COSMO-RS, respectively. 

The pseudo chemical potential ߤ௜௉ௌ of component 𝑖 in the liquid solution is calculated from the 

 ሻ of its all segmentsߪௌሺߤ

௜௉ௌߤ ൌ ௜ߤ
஼,ௌ ൅ න݌௜ሺߪሻߤௌሺߪሻ 𝑑(27) ߪ 

where ߤ௜
஼,ௌ is the combinatorial contribution due to the differences in the molecular size and 

shape between component 𝑖 and the liquid solution molecules. The combinatorial contribution 

is calculated as follows 

௜ߤ
஼,ௌ ൌ  െ𝑅𝑇 ൛ߣ଴ 𝑙𝑛 𝐴ௌ஼ைௌெை ൅ ଵ𝐿ଵௌீߣ ൅  ଶ𝐿ଶௌீൟ (28)ߣ

𝐿ଵௌீ ൌ 1 െ
𝐴௜஼ைௌெை

𝐴ௌ஼ைௌெை ൅ 𝑙𝑛
𝐴௜஼ைௌெை

𝐴ௌ஼ைௌெை (29) 

𝐿ଶௌீ ൌ 1 െ
𝑉௜஼ைௌெை

𝑉ௌ஼ைௌெை
𝐴௜஼ைௌெை

𝐴ௌ஼ைௌெை ൅ ln
𝑉௜஼ைௌெை

𝑉ௌ஼ைௌெை
𝐴௜஼ைௌெை

𝐴ௌ஼ைௌெை (30) 

where ߣ଴, ߣଵand ߣଶ are adjustable internal model parameters; 𝐴஼ைௌெைand 𝑉஼ைௌெைare the COSMO 

molecular surface area and volume, and subscript 𝑖 and 𝑆 refer to component 𝑖 and the solvent, 

respectively. The liquid solution COSMO molecular surface area and volume are calculated from 

those of all components in the liquid solution as follows  

(A) (B)
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𝐴𝑆𝐶ை𝑆ெை ൌ෍𝑥 𝐴 𝐶ை𝑆ெை

 

 (31) 

𝑉𝑆𝐶ை𝑆ெை ൌ෍𝑥 𝑉 𝐶ை𝑆ெை

 

 (32) 

The pseudo-chemical potential in Equation (26) (𝜇 𝑃𝑆) is used to calculate the chemical potential 

(partial molar Gibbs energy) of component 𝑖 as follows 

𝜇 ൌ 𝜇 𝑃𝑆 ൅ 𝑅𝑇 𝑙𝑛 𝑥  (33) 

As seen, the only input required for COSMO-RS calculations, which allows for predicting many 

thermodynamic properties, is the molecular geometry obtained from DFT calculations. COSMO-

RS has been applied in several studies concerning DESs to predict SLE, 90, 133-136 liquid–liquid 

equilibria, 137, 138 partitioning and solubility of bioactive compounds, 66, 139, 140 and in gas capture 

applications. 141, 142  

2.4.3 Modeling SLE phase diagram 

2.4.3.1 Simple eutectic system 

In simple eutectic systems, the pure components crystallize in pure form, i.e., 𝑥 𝑆𝛾 𝑆 ൌ 1 (Figure 

2A). In the simple eutectic type, Equation (9) reduces to the following equation  

ln 𝑥 𝐿𝛾 𝐿 ൌ െ
   , 
𝑅𝑇 ቆ

1 െ
𝑇
𝑇 , 
ቇ ൅

1
𝑅𝑇
න  𝑐𝑃, 
𝑇

𝑇೘
𝑑𝑇 െ 

1
𝑅
 න

 𝑐𝑃, 
𝑇

𝑇

𝑇೘
 𝑑𝑇  (34) 

In case one of the constituents undergoes a solid–solid transition (Figure 2B), the liquidus line of 

the constituent below its solid–solid transition temperature, neglecting the difference between 

the heat capacities of the two solids, is calculated as follows 

ln 𝑥 𝐿𝛾 𝐿 ൌ െ
   , 
𝑅𝑇 ቆ

1 െ
𝑇
𝑇 , 
ቇ െ 

  ௧௥, 
𝑅𝑇 ቆ

1 െ
𝑇
𝑇௧௥, 
ቇ ൅

1
𝑅𝑇
න  𝑐𝑃, 
𝑇

𝑇೘
𝑑𝑇 െ 

1
𝑅
 න
 𝑐𝑃, 
𝑇

𝑇

𝑇೘
 𝑑𝑇  (35) 

where   ௧௥ and 𝑇௧௥ are the transition enthalpy and temperature, respectively. 

2.4.3.2 solid solution regions 

Miscibility in the solid phase is expected when two components of the same chemical nature 

possess similar molecular and crystal structures. 143 The SLE phase diagram of eutectic systems 
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with partial miscibility in the solid phase is modeled using Equation (9). In this case, the activity 

coefficients of components in the solid phase are needed. Empirical models such as the two-

suffix Margules or predictive models have been used in the literature to calculate the activity 

coefficients of alkanes and paraffines in the solid solution. 144-147 However, models for describing 

the nonideality in the solid solution of salts and substances forming hydrogen bonding networks 

are yet unavailable.  

2.4.3.3 cocrystal formation 

The formation of congruently (Figure 2D) or incongruently (Figure 2E) cocrystals with the 

stoichiometric coefficients ߴ஺ and ߴ஻ for components A and B, respectively, can be described 

via the following chemical reaction 

஺𝐴ሺ௅ሻߴ ൅ ஻𝐵ሺ௅ሻߴ  ↔  𝐴ణಲ𝐵ణಳሺௌሻ (36) 

The equilibrium constant 𝐾௔ of the chemical reaction in Equation (35) is described as follows 

𝐾௔ ൌ  ෑ𝑎௜
ణ೔

௜

ൌ
ሺݔ஺ߛ஺ሻణಲሺݔ஻ߛ஻ሻణಳ 

ሺݔ஺஻ߛ஺஻ሻ
 (37) 

As the cocrystal AB crystallizes in pure form, i.e., ݔ஺஻ߛ஺஻ ൌ 1, Equation (36) is simplified to 

𝐾௔ ൌ  ሺݔ஺ߛ஺ሻణಲሺݔ஻ߛ஻ሻణಳ (38) 

To determine the equilibrium constant at different temperatures, the following Gibbs-Helmholtz 

equation is used 

ln 𝐾௔ ൌ  ln𝐾௔
௥௘௙ ൅ 

  ௥௘௙

𝑅
 ൬

1
𝑇௥௘௙ െ

1
𝑇
൰ 

(39) 

where   ௥௘௙ and 𝑇௥௘௙ are the melting enthalpy and temperature of the cocrystal. 𝐾௔
௥௘௙is the 

equilibrium reaction constant determined at 𝑇௥௘௙ and cocrystal stoichiometry as follows 

𝐾௔
௥௘௙ ൌ  ൫ݔ஺௥௘௙ߛ஺௥௘௙൯

ణಲ൫ݔ஻௥௘௙ߛ஻௥௘௙൯
ణಳ (40) 

where ݔ and ߛ are calculated at the cocrystal stoichiometry. As seen, to model SLE in eutectic 

systems with cocrystal formation, the melting properties and stoichiometry of the cocrystal as 
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well as the activity coefficients of the components in the liquid phase are required. The melting 

properties of the cocrystals can be measured by DSC, similar to pure components. In contrast, 

determining the stoichiometry of the cocrystal is challenging. Powder XRD analysis over the 

whole composition range can hint at the stoichiometry of the cocrystal. However, the cocrystal 

stoichiometry can only be verified by single-crystal XRD (SC-XRD) or structure solution from 

powder XRD data. The latter requires high-quality XRD data and expertise. Moreover, the crystal 

structure obtained from powder XRD data is usually of poor quality. Thus, in many cases, the 

SC-XRD technique is inevitable for the proper determination of cocrystal stoichiometry.     
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3. Results 

The results of the thesis are presented in six published papers. In Paper I, a parameter study 

was performed to understand the influence of the melting properties of pure components and 

their activity coefficients in the liquid solution on the position of the eutectic point. Paper II reports 

SLE data for six different eutectic systems formed by mixing L-menthol with linear and cyclic 

monocarboxylic acids to study the influence of the molecular structure of constituents on the 

eutectic temperature. Paper III investigates glass formation and polymorphism in eutectic 

systems, which can lead to misinterpretations of the phase diagram and the eutectic 

temperatures of the eutectic systems. In Paper IV, an efficient sample preparation method was 

proposed, allowing for measuring the phase diagram of the L-menthol/thymol eutectic system. 

Paper V highlights cocrystal formation in ChCl-based DES and evaluates the melting properties 

of ChCl estimated in the literature. Finally, In Paper VI, cocrystal formation in the L-

menthol/phenol eutectic system was invistigated experimentally and modeld using correlative 

and predictive thermodynamic models.
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3.1 Paper I 

Modeling of Solid–Liquid Equilibria in Deep Eutectic Solvents: A Parameter Study 

A. Alhadid, L. Mokrushina and M. Minceva, Molecules, 2019, 24, 2334. 

Author contribution: The thesis author conceptualized the paper’s idea, performed the 

calculations, and interpreted the results. He wrote the manuscript draft and completed the 

editing of the manuscript. 

Summary: Paper I aims to investigate the parameters that affect the SLE in binary eutectic 

mixtures of the simple eutectic type, namely, the melting properties of pure components and the 

nonideality in the liquid solution, and their interrelation. The parameter study was performed on 

hypothetical and selected real binary eutectic systems. Although previous works have performed 

a similar parameter study, 47, 49, 74 Paper I was the first to quantify the influence and provide direct 

interpretation for each parameter value. The depression at the eutectic point was described as 

the normalized difference between the eutectic temperature and the melting temperature of the 

low melting component. 

The influence of the melting properties of pure components on the depression at the eutectic 

point was studied by screening different melting temperatures of components at constant 

melting entropy and assuming ideal solution behavior. It was found that the depression at the 

eutectic point decreases as the difference between the melting temperature of both components 

increases. Therefore, the largest depression at the eutectic point at constant melting entropy is 

observed when both components possess the same melting temperature. However, the 

influence of the difference between the melting temperature of both components is relatively 

insignificant compared to the absolute values of the melting enthalpy and entropy of pure 

components. Accordingly, ideal eutectic mixtures with large depression at the eutectic point can 

be formed by mixing constituents possessing low melting enthalpy and entropy values.   

Next, the influence of the activity coefficients of components in the liquid phase on the 

depression at the eutectic point was studied. The activity coefficients in the liquid phase were 

calculated using the two-suffix Margules equation by screening different binary interaction 

parameter values. It was found that a large depression at the eutectic temperature cannot result 

from the substantial negative deviation from ideal behavior only but rather from a combination 

of low melting enthalpy of components and negative deviation from ideality. The influence of the 
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melting enthalpy and nonideality of the high melting component on the depression at the eutectic 

point is more prominent than those of the low melting component. 

Further, the interrelation between pure components melting properties and their activity 

coefficients in the liquid phase was studied to evaluate the melting properties of thermally 

unstable substances estimated in the literature. It was found that any combination of melting 

enthalpy and the activity coefficient model parameters can describe the SLE data of the thermally 

unstable salt. However, the calculated activity coefficients of the thermally unstable salt in the 

liquid phase were different in each case, which lead to a different interpretation of the nonideality 

of the component in the same liquid solution. Therefore, it was concluded that due to the 

interrelation between the melting properties of pure components and their activity coefficients, 

the method for obtaining the melting properties of thermally unstable salts, such as ChCl, using 

the SLE data could be unreasonable. 
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Abstract: Deep eutectic solvents (DESs) are potential alternatives to many conventional solvents in
process applications. Knowledge and understanding of solid–liquid equilibria (SLE) are essential to
characterize, design, and select a DES for a specific application. The present study highlights the main
aspects that should be taken into account to yield better modeling, prediction, and understanding of
SLE in DESs. The work is a comprehensive study of the parameters required for thermodynamic
modeling of SLE—i.e., the melting properties of pure DES constituents and their activity coe�cients
in the liquid phase. The study is carried out for a hypothetical binary mixture as well as for selected
real DESs. It was found that the deepest eutectic temperature is possible for components with low
melting enthalpies and strong negative deviations from ideality in the liquid phase. In fact, changing
the melting enthalpy value of a component means a change in the di↵erence between solid and liquid
reference state chemical potentials which results in di↵erent values of activity coe�cients, leading to
di↵erent interpretations and even misinterpretations of interactions in the liquid phase. Therefore,
along with reliable modeling of liquid phase non-ideality in DESs, accurate estimation of the melting
properties of their pure constituents is of clear significance in understanding their SLE behavior and
for designing new DES systems.

Keywords: deep eutectic solvents; solid–liquid equilibria; modeling phase equilibria; melting
properties; activity coe�cient models

1. Introduction

Deep eutectic solvents (DESs) are a class of eutectic mixtures of two or more compounds
that have a eutectic point far below the melting temperatures of the individual components [1].
The large depression in the melting temperature of the mixture is commonly attributed to
strong hydrogen bonding interactions between DES constituents. The recent trend toward green
solvents has increased the potential of DESs in many applications [2–5]—e.g., as solvents for
active pharmaceutical ingredients [6–8], fuel production [9,10], solid–liquid and liquid–liquid
extraction [11–16], and solid–support free liquid–liquid chromatography [17–20].

Similar to ionic liquids (ILs), DESs are considered designer solvents because their properties
can be tailored by choosing di↵erent combinations of its constituents [2]. However, the ratio of
constituents—i.e., the eutectic composition—is not as easy to determine as it is for ILs, in which the
ratio of cations and anions is determined by mixture electroneutrality. Many molecular simulation
studies can be found in the literature; these aimed to understand DES systems at the molecular level
and determine their eutectic composition [21–35]. It should be noted, however, that these studies were
mainly performed using DESs of a fixed composition corresponding to a supposed hydrogen bond
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complex. Therefore, the studied compositions are not representative of the entire range of possible
compositions. Even with fixed ratios between DES constituents, no specific microstructure was found,
but rather a network of hydrogen bonding [35]. It has been postulated that the hydrogen bonding
network structure could be correlated to eutectic temperature [34]. Molecular simulation studies are
a helpful tool in modeling and understanding interactions between DES constituents at a molecular
level, but they are so far unable to provide su�cient macroscopic information required for process
applications. Although knowledge and understanding of solid–liquid equilibria (SLE) in DES systems
are essential to designing and selecting the appropriate system for a particular application, only a
small fraction of DES related literature contains information about their SLE [1,36–47].

Eutectic systems are mixtures of two or more components in which the components show complete
or partial immiscibility in the solid state at the mixture melting temperature [48]. Although eutectic
mixtures have been long studied, no agreement for strict criteria to distinguish between eutectic
mixtures and “deep” eutectic mixtures can be found in literature [49]. In recent publications, the term
DES or natural DES (NADES) is typically used for any mixture that forms a eutectic mixture with a low
freezing temperature. Smith et al. [4] defined DESs as systems that have a large di↵erence between
the melting temperature of the mixture at eutectic composition and the weighted sum of the melting
temperatures of the pure components. They assumed that the deep eutectic point is associated with the
formation of a new complex via hydrogen bonding between DES constituents; therefore, the eutectic
composition represents the stoichiometry of this complex. Based on this definition, the search for
eutectic compositions has been commonly performed by trial and error using a specific ratio between
constituents such as 1:1, 1:2, etc. Despite the fact that in some DES systems the eutectic composition
represents a specific molar ratio between the constituents—such as 1 choline chloride ([Ch]Cl):2 urea
or 1 [Ch]Cl:1 oxalic acid—the eutectic point of any phase diagram is determined by the intercept of the
liquidus lines of the components, even if the solution behaves ideally. Therefore, complex formation
might not be the only reason for deep eutectic formation and the eutectic composition may not accord
with a specific molar ratio between the constituents.

Martins et al. [49] proposed a more comprehensive definition for DES systems. According to
these authors, DES systems are mixtures of two or more components—i.e., not a new compound. At
the same time, DES systems should be di↵erentiated from other simple eutectic systems based on
their strong negative deviations from ideality—i.e., the eutectic temperature is lower than that of the
ideal eutectic. In addition, the term DES should not refer exclusively to eutectic composition but to
any composition at which the mixture is liquid at operating temperature. Based on this definition,
studying the non-ideality of the liquid phase is essential to determining whether or not a system is
a DES. Following this, most recent literature studies on modeling SLE in DESs have focused mainly
on modeling non-ideality in the liquid phase as a reason behind the formation of DESs [42–46,49,50].
From a thermodynamic perspective, SLE do not depend only on the intermolecular interactions in the
liquid phase but also on a correct estimate of the reference state—i.e., the ratio of the fugacities of the
pure components in the solid and subcooled liquid phases at system temperature. Although this was
clearly and explicitly stated many years ago in Prausnitz et al. [51], it continues to be overlooked in
the literature. Only consideration of the interplay of both pure component melting properties and
solution non-ideality can result in reliable modeling of SLE in DESs, which will help in understanding
their nature. Moreover, activity coe�cients and melting properties are not independent since the
value of the reference state chemical potential the activity coe�cients refer to is directly related to the
melting properties.

Although melting enthalpy and melting temperature can be measured using di↵erential scanning
calorimetry, it is still a di�cult issue because of polymorphism, possible metastable solid phases, kinetic
limitations due to high liquid viscosities close to the melting temperature, etc. For some substances, it
is impossible to measure them owing to their thermal instability. These issues result in limited and
inaccurate data, especially on the enthalpy of fusion. Despite the fact that the literature reports several
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theoretical methods for the estimation of melting properties, these methods usually su↵er from many
limitations and are hardly applicable to ionic compounds [52].

Recently, Kollau et al. [47] and Martins et al. [49] studied the e↵ect of melting properties and
non-ideality on SLE phase diagrams. Defining DES as mixtures with high negative deviation from
ideality, they demonstrated that the SLE phase diagram should be known to distinguish DES from
other eutectic mixtures and that the non-ideality in DESs can be quantitatively described by the
regular solution theory or the PC-SAFT equation of state. However, the focus of these studies was
to convince the community that only eutectic mixtures with high negative deviations from ideality
should be considered as DES. A number of issues covered in the present study were not discussed or,
if considered, then indirectly and not in detail.

The present work presents a systematic study of both melting properties and solution non-ideality,
with the goal of understanding DES formation. Consideration is first made based on a hypothetical
model eutectic system to find the link between eutectic point properties—eutectic temperature and
composition—with both the melting properties and activity coe�cients of the components. Then,
simplified modeling of [Ch]Cl/ILs eutectic systems is carried out to evaluate the e↵ect of small melting
enthalpies on the interpretation of the modeling results. Further, DES systems composed of quaternary
ammonium chlorides and fatty acids are modeled to evaluate the e↵ect of overestimation of melting
enthalpies of components and to support the initial findings. The only criteria for selecting the
activity coe�cient model used in this work—namely, Redlich–Kister polynomial—is its simplicity
and flexibility in describing curves of di↵erent shape and complexity. It should be pointed out that
this work does not propose or recommend this model to be used for SLE calculations in DES. The
calculations done in this work do not aim at improved modeling of published SLE data; instead, the
aim is to encourage discussion and further interpretation of these data.

The general objective of this work is to provide the deeper understanding essential to establishing
the basic steps required in defining and designing DES systems based on their SLE behavior. Similar to
molecular simulation approaches, thermodynamic modeling of SLE can be a valuable tool to assess the
behavior of components in the liquid phase—i.e., intermolecular interactions. Designing DES systems
based on their SLE estimated from activity coe�cient models or equation of state might have an
advantage over molecular simulation approaches owing to the direct estimation of eutectic temperature,
eutectic composition, and the composition range at which the DES is a liquid at operating temperature.

2. Theory

Most studied DESs have been considered as simple eutectic systems in which pure constituents
crystallize in the form of pure components at the mixture liquidus temperature. Figure 1 shows a
schematic of a solid–liquid phase diagram of a simple eutectic system. Curve (a’) and (a) are the liquidus
lines of Component 1 and 2, respectively. They intercept at the eutectic point, which corresponds to the
lowest melting temperature—the eutectic temperature (Te)—of a mixture of eutectic composition (xe).
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Figure 1. Schematic representation of a solid–liquid phase diagram of a simple eutectic system. 
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According to Equation (2), the position of the eutectic point, as well as the whole SLE phase diagram, 
depend on both the melting properties—melting enthalpy and melting temperature—of the pure 
components and their activity coefficients in solution. When the solution is assumed as ideal (ɀ୧୐ ൌ
ͳ), the SLE phase diagram can be modeled based on the melting properties of the pure components 
only. However, if the system deviates from ideal behavior, the activity coefficients of components in 
the liquid phase can be calculated using well-developed gE models or equations of state, which are 
available in the literature. 

3. Results and Discussion 

3.1. Parameter Study on a Hypothetical Binary System 

In the present section, a hypothetical binary DES system is considered. The high melting 
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where xL
i and �L

i are the mole fraction and activity coe�cient of component i in the liquid solution,
respectively; µL

0i and µS
0i are the reference chemical potentials of pure component i in the subcooled

liquid and solid states at liquidus temperature, respectively; f L
0i and f S

0i are the reference fugacities of
pure component i in the subcooled liquid and solid states at liquidus temperature, respectively; Dhm,i
and Tm,i are the melting enthalpy and the melting temperature of pure component i, respectively; T is
the liquidus temperature; DcP, i is the di↵erence in heat capacity of pure component i in the solid and
liquid states at constant pressure; R is the universal gas constant.

The DcP term on the right-hand side of Equation (1) is typically of low value in comparison
with the Dhm,i term. In addition, the DcP values are usually unavailable from previous experiments
and are di�cult to estimate with reasonable accuracy because no liquid exists at temperatures below
the melting temperature. As a result, the second term on the right-hand side of Equation (1) has
been commonly neglected in literature and the following simplified equation is used to calculate the
liquidus lines

ln xL
i �

L
i = �Dhm,i

RT

 
1� T

Tm,i

!
(2)

According to Equation (2), the position of the eutectic point, as well as the whole SLE phase diagram,
depend on both the melting properties—melting enthalpy and melting temperature—of the pure
components and their activity coe�cients in solution. When the solution is assumed as ideal (�L

i ),
the SLE phase diagram can be modeled based on the melting properties of the pure components
only. However, if the system deviates from ideal behavior, the activity coe�cients of components in
the liquid phase can be calculated using well-developed gE models or equations of state, which are
available in the literature.

3. Results and Discussion

3.1. Parameter Study on a Hypothetical Binary System

In the present section, a hypothetical binary DES system is considered. The high melting
component is labeled as 1 and the low melting component is labeled as 2.
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3.1.1. Melting Properties of Pure Components

The melting properties of the pure components—melting enthalpy and melting temperature—are
prerequisites for SLE diagram calculations even if the solution is assumed ideal. Melting enthalpy
and entropy depend on the molecular arrangement in the crystal lattice—i.e., molecular symmetry,
conformational diversity, and intermolecular forces [52]. The melting temperature is the ratio between
melting enthalpy and entropy of the component; therefore, a high melting temperature of a compound
corresponds to a high melting enthalpy, a low melting entropy, or both [53]. Highly ordered solid
structures usually have high melting temperatures as a result of a high melting enthalpy. However,
disordered solid structures may also have high melting temperatures as a result of low melting
entropy. In this case, the low melting entropy corresponds to association in the liquid phase—as a
result of strong hydrogen bonding [54]—or due to a symmetrical and rigid molecular structure [53].
Therefore, it is very di�cult to correlate the melting enthalpy values of compounds—or even to
obtain an estimate based on melting temperature only—without information relating to (i) their
crystal and molecular structures and (ii) interactions between like-molecules in the liquid phase.
However, according to Bondi’s observation, melting entropy of components can be better related to
the molecular structure [55], although it cannot be measured and is estimated from experimental
melting enthalpy and temperature of compounds. Therefore, two cases are considered in this section
to represent components of di↵erent crystal structures. In the first case, a high melting entropy is
assumed of 54.4 J mol�1K�1(Dsm/R ⇡ 7)—also known as the Walden rule (Equation (3))—to represent
compounds with ordered crystals of rigid molecules [53]. In the second case, a low melting entropy of
20.0 J mol�1K�1(Dsm/R ⇡ 2.4) is assumed to represent compounds with disordered crystals of rigid
molecules [53]. In this section, the e↵ect of melting properties on the eutectic point properties—eutectic
temperature (Te) and composition (xe)—of a hypothetical ideal binary system is studied, with the
results shown in Figures 2–4. In all cases, SLE are modeled using Equation (2) assuming �L

i = 1.
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Figure 4. E↵ect of (a) melting temperature (b) melting enthalpy of pure components on the eutectic
composition of Component 1.

Figure 2 represents the e↵ect of melting temperatures of pure components on the eutectic
temperature of the system. As seen from Figure 2a, the absolute value of the eutectic temperatures
changes as the melting temperature of the low and the high melting components changes. The higher
the values of the melting temperatures of both components, the higher the eutectic point of the system.
As the di↵erence between the components increases, the absolute eutectic temperature increases and
reaches a constant value that is close to the melting temperature of Component 2. The low value of
melting entropy of the components at constant melting temperatures further decreases the eutectic
temperature of the system—the blue curves in Figure 2a are always lower than the black curves. As
seen in Figure 2b, if the normalized di↵erence between the eutectic temperature and the melting
temperature of the low melting component is selected as a measure for the depression at eutectic point,
the absolute values of the melting temperatures of both components have no e↵ect on the depression
at eutectic point. This e↵ect is a result of fixing the melting entropy of components—increasing the
melting temperatures of components at constant melting entropy means an increase in the melting
enthalpy of components. Therefore, the e↵ect of melting temperatures of components is negligible if the
melting entropy and similarly the melting enthalpy of components is high. Therefore, at constant value
of melting entropy, the largest depression is observed if the melting temperatures of both components
are equal.
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In Figure 3, the e↵ect of the melting enthalpies of pure components on the normalized depression
at eutectic point is studied. The di↵erent curves correspond to di↵erent melting entropy values. In
contrast to melting temperatures of pure components, the absolute values of the melting enthalpies
of components a↵ect the normalized depression at eutectic point. The lower the values of melting
enthalpies, the higher the depression at eutectic point. As can be noticed from Figure 3, if the value of
the melting enthalpy of Component 1 is high no depression is observed. In addition, only the low value
of melting enthalpy (5 kJ mol�1) of both components can a↵ect the depression at eutectic point—this
can be seen by the shift between solid and dashed lines, while the dotted and the dashed lines are
the same. In conclusion, for ideal eutectic systems in which the components possess di↵erent melting
temperatures, only low value of melting enthalpies of components can lead to deep eutectics.

Figure 4 shows how the eutectic composition depends on melting properties for the systems shown
in Figures 2 and 3. As can be seen in Figure 4, an equimolar eutectic composition is possible if both the
melting enthalpies and melting temperatures of the components are equal. The eutectic composition
is located very close to the pure Component 2 side (x1,e = 0) if the di↵erence between components
melting temperatures or the melting enthalpy of Component 1 is of a high value. The low melting
enthalpy value of Component 1 shifts the eutectic composition to a higher content of Component 1
(toward higher x1,e values). The change in the absolute values of the melting enthalpies of components
shifts the eutectic composition to di↵erent values. However, the e↵ect of melting properties on the
eutectic composition is lower compared to that on the depression at eutectic point—compare the shift
between black and blues curves in Figures 2 and 3 to that in Figure 4.

3.1.2. Non-Ideality of Components in Liquid Phase

The e↵ect of both parameters—namely the activity coe�cients and melting properties—is
demonstrated here for a hypothetical binary system. As shown in the previous section, the absolute
values of the melting temperatures of components have no e↵ect on the normalized depression at
eutectic point at fixed melting entropies. Therefore, arbitrary melting temperatures of the high melting
Component 1 and the low melting Component 2 are set to 600 K and 300 K, respectively. The melting
enthalpy and entropy is used to investigate the e↵ect of melting properties. Four cases are present in
Figure 5. In the first case, the Walden rule (Equation (3)) is used to calculate the melting enthalpies.
In the second case, the melting enthalpy of Component 1 (12.0 kJ mol�1) is estimated assuming
a low value of melting entropy of 20 J mol�1 K�1, whereas the melting enthalpy of Component
2 (16.32 kJ mol�1) is calculated using the Walden rule. In the third case, the melting enthalpy of
Component 2 (6.0 kJ mol�1) is estimated using a low value of melting entropy of 20 J mol�1 K�1,
whereas the melting enthalpy of Component 1 (32.64 kJ mol�1) is calculated using the Walden rule.
In the fourth case, the melting enthalpies of both components are estimated using a low value of
melting entropy of 20 J mol�1 K�1. SLE are calculated using Equation (2) with activity coe�cients
screened using RK-polynomials (Equation (4)). The values of the parameters a(i) in Equation (4) for
each component are varied in the range �30–0 to account for the negative deviation from ideality
(ln

⇣
�L

i

⌘
< 0). It should be mentioned that these parameters have no significant physical meaning, and

they are serving just as a measure for the value of the activity coe�cients—i.e., the lower the value of
parameter a(i), the lower the value of �L

i at the eutectic point.
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Figure 5. E↵ect of non-ideality of components on the normalized depression at eutectic temperature
relative to the melting temperature of Component 2 assuming di↵erent melting enthalpy values
of components (a) Dhm,1 = 32.64 kJ mol�1 and Dhm,2 = 16.32 kJ mol�1 (b) Dhm,1 = 12.00 kJ mol�1

and Dhm,2 = 16.32 kJ mol�1 (c) Dhm,1 = 32.64 kJ mol�1 and Dhm,2 = 6.00 kJ mol�1

(d) Dhm,1 = 12.00 kJ mol�1 and Dhm,2 = 6.00 kJ mol�1. The melting temperatures of Components
1 and 2 are set to 600 K and 300 K, respectively. The parameter value is only a measure for non-ideality
with no physical significance. Legend:
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melting enthalpy of Component 1, the larger the normalized depression at eutectic temperature. 
When the melting enthalpy of Component 1 is of a low value—see Figure 5b,d—depression of the 
melting point occurs, even if Component 1 behaves ideally (a(1) = 0; orange curves in Figure 5b,d). 
However, when the melting enthalpy of Component 1 is of a high value—see Figure 5a,c—depression 
of the melting temperature is possible only if the activity coefficients of both components deviate 
considerably from unity—i.e., a(1) < 0. Despite the fact that a low melting enthalpy value of 
Component 2 leads to an even more pronounced decrease in the eutectic temperature—as shown in 
Figure 5c,d—this occurs only if the activity coefficients of Component 1 are significantly lower than 
unity. 

Generally, low component activity coefficients lead to a significant depression of the eutectic 
temperature of the mixture, independent of the melting enthalpy values. However, when the melting 
enthalpy of Component 1 is of a high value, only a small depression is observed when its activity 
coefficients are equal (or close) to unity (a(1) = 0, orange curves in Figure 5a,c). In contrast, when 
Component 1 significantly deviates from ideality, a larger effect can be seen even if Component 2 
behaves ideally (compare an orange curve with the lowest point of a blue curve at a(2) = 0). In addition, 
comparing the change in eutectic temperature depression when a(1) equals ƺ30 and 0 at a(2) = ƺ30(the 
y-axis intercepts of the blue and orange curves) and when a(2) equals ƺ30 and 0 at a(1) = ƺ30 (the sides 

a(1) = 0.

Figure 5 demonstrates how solution non-ideality a↵ects depression at the eutectic temperature
for di↵erent melting enthalpies of the components. As in the case of the ideal mixture, the lower the
melting enthalpy of Component 1, the larger the normalized depression at eutectic temperature. When
the melting enthalpy of Component 1 is of a low value—see Figure 5b,d—depression of the melting
point occurs, even if Component 1 behaves ideally (a(1) = 0; orange curves in Figure 5b,d). However,
when the melting enthalpy of Component 1 is of a high value—see Figure 5a,c—depression of the
melting temperature is possible only if the activity coe�cients of both components deviate considerably
from unity—i.e., a(1) < 0. Despite the fact that a low melting enthalpy value of Component 2 leads to
an even more pronounced decrease in the eutectic temperature—as shown in Figure 5c,d—this occurs
only if the activity coe�cients of Component 1 are significantly lower than unity.

Generally, low component activity coe�cients lead to a significant depression of the eutectic
temperature of the mixture, independent of the melting enthalpy values. However, when the melting
enthalpy of Component 1 is of a high value, only a small depression is observed when its activity
coe�cients are equal (or close) to unity (a(1) = 0, orange curves in Figure 5a,c). In contrast, when
Component 1 significantly deviates from ideality, a larger e↵ect can be seen even if Component 2
behaves ideally (compare an orange curve with the lowest point of a blue curve at a(2) = 0). In
addition, comparing the change in eutectic temperature depression when a(1) equals �30 and 0 at
a(2) = �30(the y-axis intercepts of the blue and orange curves) and when a(2) equals �30 and 0 at
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a(1) =�30 (the sides of the blue curves) indicates a weaker contribution of the non-ideality of Component
2 to decreasing the eutectic temperature (as compared with that of Component 1). This shows that
compared with Component 2, the non-ideality of Component 1 is more significant in the formation of
deeper eutectic mixtures.

Figure 6 shows the e↵ect of the non-ideality of the liquid phase on eutectic composition at di↵erent
melting enthalpies. The low activity coe�cients of Component 1 significantly shift the eutectic point to
a higher content of Component 1 (toward higher x1,e values), whereas an opposite e↵ect is observed
for the low activity coe�cients of Component 2 (toward lower x1,e values). However, the e↵ect of the
activity coe�cients of Component 1 is significantly larger than that of Component 2 (see Figure 5c).
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Figure 5 demonstrates how solution non-ideality affects depression at the eutectic temperature 
for different melting enthalpies of the components. As in the case of the ideal mixture, the lower the 
melting enthalpy of Component 1, the larger the normalized depression at eutectic temperature. 
When the melting enthalpy of Component 1 is of a low value—see Figure 5b,d—depression of the 
melting point occurs, even if Component 1 behaves ideally (a(1) = 0; orange curves in Figure 5b,d). 
However, when the melting enthalpy of Component 1 is of a high value—see Figure 5a,c—depression 
of the melting temperature is possible only if the activity coefficients of both components deviate 
considerably from unity—i.e., a(1) < 0. Despite the fact that a low melting enthalpy value of 
Component 2 leads to an even more pronounced decrease in the eutectic temperature—as shown in 
Figure 5c,d—this occurs only if the activity coefficients of Component 1 are significantly lower than 
unity. 

Generally, low component activity coefficients lead to a significant depression of the eutectic 
temperature of the mixture, independent of the melting enthalpy values. However, when the melting 
enthalpy of Component 1 is of a high value, only a small depression is observed when its activity 
coefficients are equal (or close) to unity (a(1) = 0, orange curves in Figure 5a,c). In contrast, when 
Component 1 significantly deviates from ideality, a larger effect can be seen even if Component 2 
behaves ideally (compare an orange curve with the lowest point of a blue curve at a(2) = 0). In addition, 
comparing the change in eutectic temperature depression when a(1) equals ƺ30 and 0 at a(2) = ƺ30(the 
y-axis intercepts of the blue and orange curves) and when a(2) equals ƺ30 and 0 at a(1) = ƺ30 (the sides 
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When the melting enthalpy of Component 1 is of a low value—see Figure 5b,d—depression of the 
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Generally, low component activity coefficients lead to a significant depression of the eutectic 
temperature of the mixture, independent of the melting enthalpy values. However, when the melting 
enthalpy of Component 1 is of a high value, only a small depression is observed when its activity 
coefficients are equal (or close) to unity (a(1) = 0, orange curves in Figure 5a,c). In contrast, when 
Component 1 significantly deviates from ideality, a larger effect can be seen even if Component 2 
behaves ideally (compare an orange curve with the lowest point of a blue curve at a(2) = 0). In addition, 
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When the melting enthalpy of Component 1 is of a low value—see Figure 5b,d—depression of the 
melting point occurs, even if Component 1 behaves ideally (a(1) = 0; orange curves in Figure 5b,d). 
However, when the melting enthalpy of Component 1 is of a high value—see Figure 5a,c—depression 
of the melting temperature is possible only if the activity coefficients of both components deviate 
considerably from unity—i.e., a(1) < 0. Despite the fact that a low melting enthalpy value of 
Component 2 leads to an even more pronounced decrease in the eutectic temperature—as shown in 
Figure 5c,d—this occurs only if the activity coefficients of Component 1 are significantly lower than 
unity. 

Generally, low component activity coefficients lead to a significant depression of the eutectic 
temperature of the mixture, independent of the melting enthalpy values. However, when the melting 
enthalpy of Component 1 is of a high value, only a small depression is observed when its activity 
coefficients are equal (or close) to unity (a(1) = 0, orange curves in Figure 5a,c). In contrast, when 
Component 1 significantly deviates from ideality, a larger effect can be seen even if Component 2 
behaves ideally (compare an orange curve with the lowest point of a blue curve at a(2) = 0). In addition, 
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Component 2 leads to an even more pronounced decrease in the eutectic temperature—as shown in 
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temperature of the mixture, independent of the melting enthalpy values. However, when the melting 
enthalpy of Component 1 is of a high value, only a small depression is observed when its activity 
coefficients are equal (or close) to unity (a(1) = 0, orange curves in Figure 5a,c). In contrast, when 
Component 1 significantly deviates from ideality, a larger effect can be seen even if Component 2 
behaves ideally (compare an orange curve with the lowest point of a blue curve at a(2) = 0). In addition, 
comparing the change in eutectic temperature depression when a(1) equals ƺ30 and 0 at a(2) = ƺ30(the 
y-axis intercepts of the blue and orange curves) and when a(2) equals ƺ30 and 0 at a(1) = ƺ30 (the sides 
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To summarize, the melting properties as well as the activity coe�cients of the components can
a↵ect the position of the eutectic point. Eutectic composition shifts to the side of the component that
has lower activity coe�cients as well as a lower melting enthalpy. If both components have similar
activity coe�cients and melting enthalpies, the eutectic composition might occur at a molar ratio of 1:1.
Low melting enthalpies and activity coe�cients of both components lead to the greatest depression of
the eutectic temperature of the mixture. The melting properties and non-ideality of the high melting
component have a more pronounced e↵ect on eutectic temperature depression. Therefore, the search
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for new deep eutectic mixtures should likely be based on the identification of compounds with low
melting enthalpy, especially if they also possess a high melting temperature.

3.2. Parameter Study on Real Binary Systems

3.2.1. [Ch]Cl-Based Binary Systems

Choline chloride ([Ch]Cl) is a common constituent (HBA) of DESs. The melting properties of
[Ch]Cl are not available experimentally owing to its thermal instability. The decomposition temperature
of [Ch]Cl is around 575 K. Recently, Fernandez et al. [56] made an indirect assessment of the melting
properties of [Ch]Cl. Experimental SLE data in binary mixtures of [Ch]Cl with di↵erent ILs were fitted
to the ideal solution model, and the [Ch]Cl melting properties were calculated correspondingly. The
values obtained were melting enthalpy = 4.3 kJ mol�1 and melting temperature = 597 K.

According to Equation (2) applied to an ideal solution (�L
i = 1), the values of ln(x1) plotted

as a function of the reciprocal temperature (1/T) should fit a straight line with the y-axis intercept
equal to (Dhm,1/(RTm,1)) and the slope equal to (�Dhm,1/R). The corresponding plot for 10 [Ch]Cl/IL
systems used for fitting the melting properties of [Ch]Cl is shown in Figure 7a. The points represent
the experimental data for all 10 [Ch]Cl/IL systems, and the line is the fitted straight line used for the
calculation of the [Ch]Cl melting properties given above. As can be seen from Figure 7a, the value of
determination coe�cient (R2) indicates a rather good linear regression. However, the points for the
individual binaries are systematically distributed to the sides of the fit. For example, all points for
[C2OHmim]Cl lie above the fit, whereas those for [BzCh]Cl lie below the fit. It is worth noting that
the y-axis shows logarithmic values and the x-axis reciprocal values; therefore, a small shift from the
fitted line corresponds to a significant di↵erence in the calculated T and x. As shown in Figure 7b, the
lines fitted to five single binaries [Ch]Cl/IL systems have di↵erent slopes and intercepts; therefore, they
lead to di↵erent [Ch]Cl melting properties. The melting temperature is in the range 588.9–630.8 K and
melting enthalpy is in the range 3.85–5.63 kJ mol�1, being within around 7% and 40% from the mean
value, respectively. See Table S1 in supplementary material for detailed results.
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Figure 7. (a) Solubility of choline chloride ([Ch]Cl) in several ILs regressed to a linear function.
(b) Solubility of [Ch]Cl in selected ILs, each regressed to a linear function. Data are taken from [56].

The ideal solution model accounts for the melting properties of one component only, ignoring any
dissimilarity of the second components in the mixture, which can be described by activity coe�cients.
In order to analyze the possible non-ideality of [Ch]Cl in the liquid phase, SLE of binary mixtures
of [Ch]Cl and ILs have been modeled assuming di↵erent values of [Ch]Cl melting enthalpy using
the RK-polynomial with two parameters to estimate the activity coe�cients. The values of [Ch]Cl
melting temperature estimated from single [Ch]Cl/IL mixtures scatter within 7% only, and as shown in
Section 3.1.1 for the hypothetical ideal system, the absolute values of melting temperatures have on
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e↵ect on the eutectic point properties. Hence, the value of 597 K estimated by Fernandes et al. [56] has
been used in the present work. Figure 8a shows the obtained results for the [Ch]Cl liquidus line in the
[Ch]Cl/choline acetate [Ch][Ac] binary system as an example. Figure 8b represents the corresponding
data for activity coe�cients of [Ch]Cl, wherein the points correspond to the values calculated from
the experimental data using Equation (2) and the lines give the best fit using the RK-polynomial. As
shown in Figure 8a, it is possible to model the SLE data with rather good agreement assuming di↵erent
values of [Ch]Cl melting enthalpy, except in the cases of very low (1 kJ mol�1) values. However, as
seen from Figure 8b, the experimental activity coe�cients of [Ch]Cl in the liquid phase change as the
melting enthalpy of [Ch]Cl changes. This is because a variation in the melting enthalpy indicates a
change in the value of the reference state chemical potential to which the activity coe�cients refer.
[Ch]Cl shows ideal behavior when the melting enthalpy has a low value of 5 kJ mol�1, a value close to
that found by Fernandez et al. [56].
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Figure 8. (a) Liquidus line of [Ch]Cl in a [Ch]Cl/choline acetate binary mixture modeled using the
RK-polynomial assuming di↵erent melting enthalpy values. (b) Activity coe�cients of [Ch]Cl in the
liquid phase calculated using the RK-polynomial assuming di↵erent melting enthalpy values. Melting
temperature of [Ch]Cl is assumed to be 597 K. Experimental data are taken from [56].

Results for other studied [Ch]Cl/IL systems can be found in Figures S1–S3 in the supplementary
material. Figure 9 shows the absolute average deviation (AAD) obtained when screening the melting
enthalpy of [Ch]Cl in all studied [Ch]Cl/IL binary mixtures. The high error in modeling the solubility of
[Ch]Cl using a very low melting enthalpy (1 kJ mol�1) indicates that such a value might be unreasonable.
At the same time, experimental data can be modeled with low AAD when the value of Dhm,1 is in the
range 5–40 kJ mol�1.

To further explore [Ch]Cl behavior in the liquid phase, the value of the activity coe�cients of
[Ch]Cl at the experimental eutectic point can be analyzed (see Figure 10). As seen from the figure, at
low melting enthalpy values of [Ch]Cl (<5 kJ mol�1), the activity coe�cients are close to one in all
previously studied binary systems (as found by Fernandez et al. [56]). However, at higher [Ch]Cl
melting enthalpies (>20 kJ mol�1), the values of the activity coe�cients change (see Figure 10). As seen
in Figure 11, the molecular structures of ILs significantly di↵er from each other and from [Ch]Cl, that
would result in di↵erent hydrophobicities. Owing to the long alkyl chains in [P4444]+ and [N4444]+

cations, these cations are more hydrophobic than the [Ch]+ cation; hence, the interactions in solution
would di↵er from those of the pure components. At low values of [Ch]Cl melting enthalpy, the
di↵erence in the interactions is concealed, leading to quasi-ideal behavior. However, at higher values,
the di↵erence in molecular size and hydrophobicity appears obvious.
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Despite the fact that predicting [Ch]Cl solubility in ILs is possible by assuming an ideal solubility
model with a low melting enthalpy of [Ch]Cl, system-specific information such as the interactions of
[Ch]Cl with di↵erent ILs can be hidden by the system ideality assumption. Martins et al. [49] also
suggested that the deep depression of the eutectic temperature in [Ch]Cl-based mixtures is due to the
low value of its melting enthalpy. Assessing these important features of such systems is an advantage
of modeling the non-ideality in the liquid phase. An apparent changing of the melting enthalpies of
the components leads to di↵erent activity coe�cients in the liquid phase. This leads to a di↵erent
conclusion about the intermolecular interactions and the behavior of the components in the system,
which might be beneficial in decreasing the complexity of SLE modeling. However, a discussion of
SLE results might be impractical based on this empirical approach.

3.2.2. Quaternary Ammonium Chloride Salts/Fatty Acids DES

The SLE of binary mixtures of di↵erent quaternary ammonium chlorides and fatty acids have
been studied in detail [46]. These systems are considered DESs owing to strong negative deviation
from ideality in quaternary ammonium chloride liquidus lines. Pontes et al. [46] used PC-SAFT to
model liquid phase non-ideality. The modeling results are in good agreement with experimental data.
The melting properties of these salts reported in Pontes et al. [46] are summarized in supplementary
materials. Pontes et al. [46] confirmed the decomposition of [N1111]Cl, and its melting properties were
estimated using SLE data and activity coe�cients calculated using COSMO-RS. For the other two salts
namely, [N2222]Cl and [N3333]Cl, the melting properties were measured in Büchi apparatus and DSC.
However, in earlier literature, these salts were reported to decompose at temperatures below their
melting temperatures [57,58]. As a result of decomposition, the melting enthalpy measured by DSC for
the salts might represent the heat of decomposition and not the melting enthalpy of these salts.

In this work, the di↵erent melting enthalpy values of quaternary ammonium chloride are screened
and the activity coe�cients are modeled using the Redlich–Kister polynomial with three parameters.
The [N3333]Cl/palmitic acid system shows the strongest negative deviation from ideality compared
with the other systems studied in Pontes et al. [46]; therefore, its SLE data are analyzed here in detail
(see Figure 12). Results for the other systems can be found in Figures S5–S7 in supplementary material.Molecules 2019, 24, x FOR PEER REVIEW 14 of 20 
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Figure 12. (a) [N3333]Cl liquidus line for a [N3333]Cl/palmitic acid binary mixture modeled using
the Redlich–Kister polynomial with three parameters assuming di↵erent melting enthalpy values.
(b) Activity coe�cients of [N3333]Cl in the liquid phase calculated using the Redlich–Kister polynomial
assuming di↵erent melting enthalpy values. Experimental data taken from [46].

As can be seen in Figure 12a, the liquidus lines of [N3333]Cl estimated using the RK-polynomials
are in good agreement with experimental data for any melting enthalpy assumed, except for the very
low melting enthalpy (1 kJ mol�1). As for [Ch]Cl/IL systems, the melting enthalpy of 5 kJ mol�1 leads
to ideal solubility for [N3333]Cl (see the yellow curve in Figure 12b). However, the larger the value
of melting enthalpy, the stronger the negative deviations are from ideality required to reproduce
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the experimental data. Therefore, assuming a very high melting enthalpy would overestimate the
non-ideality, making it rather di�cult to account for using well-established and relatively simple-to-use
activity coe�cient models.

Table 1 shows the eutectic point properties for all quaternary ammonium chloride/fatty acid
binary mixtures studied in [46]. Along with the experimental eutectic composition and temperature
(xe,acid and Te), the table shows the normalized di↵erence between the eutectic temperature predicted
by PC-SAFT in [46] and the melting temperature of the acid (DTe). As can be seen from Table 1,
the largest depression in melting temperature of the mixture at the eutectic point relative to the
melting temperature of the acid is for [N3333]Cl/palmitic acid system (DTe = 0.1096). In addition, the
[N3333]Cl/palmitic acid system has the eutectic composition with the highest salt mole fraction, as
compared with any other quaternary ammonium chloride/fatty acid systems (xe,salt = 0.517). This
seems to be due to the strong interactions between [N3333]Cl and palmitic acid, as was shown in [46]
(see also the parameter study section for the link between activity coe�cients and eutectic composition).
As seen from Table 1, DTe values show that quaternary ammonium chlorides/ fatty acids DESs do not
show deep eutectic behavior based on the normalized depression at eutectic point. However, based
on the definition of Kollau et al. [47] and Martins et al. [49] for deep eutectic solvents, these systems
would be considered as deep eutectic systems. The small depression at eutectic temperature relative
to the acid melting temperature might be a result of the high melting enthalpies of the fatty acids.
As shown in the parameter study, melting properties of components a↵ect the depression at eutectic
point in a larger extent compared to the eutectic composition. In contrast, activity coe�cient values
significantly shift the eutectic composition to the side of the component with low activity coe�cients.
Therefore, the eutectic composition gives an indication for the component with the larger negative
deviation from ideality.

Table 1. Comparison of eutectic composition, eutectic temperature, and the normalized di↵erence
between the eutectic temperature estimated using PC-SAFT and the melting temperature of the acids.
Data are taken from [46].

[N1111]Cl [N2222]Cl [N3333]Cl

xe,acid Te DTe xe,acid Te DTe xe,acid Te DTe

Capric acid 0.808 299.91 0.0161 0.614 297.40 0.0247 0.710 288.46 0.0565
Lauric acid 0.630 303.01 0.0478 0.640 301.44 0.0532 0.644 297.05 0.0688

Myristic acid 0.712 321.65 0.0167 0.658 317.88 0.0288 0.571 304.54 0.0738
Palmitic acid 0.615 328.51 0.0254 0.607 318.78 0.0567 0.483 303.56 0.1096
Stearic acid 0.634 337.89 0.0171 0.556 317.02 0.0841 0.562 322.82 0.0646

To summarize, changing the melting enthalpy value of quaternary ammonium chloride changes
the activity coe�cient values and thus hides or increases the actual complexity of the systems.
Eutectic systems with a high deviation from ideality do not always have a large depression at eutectic
temperature; rather, they would have a large shift in the eutectic composition away from pure
components sides.

4. Method

To study the e↵ect of melting properties and intermolecular interactions on eutectic point
properties, a hypothetical binary system is assumed. The system is considered to be either ideal
(�L

i = 1) in order to only study the e↵ect of melting properties, or non-ideal (with negative deviations
from ideality; �L

i < 1) to consider the e↵ect of intermolecular interactions. Di↵erent values of melting
enthalpy and melting temperature are screened for each of the components. In some cases, the melting
enthalpy values have been estimated using the Walden rule. The Walden rule states that the melting
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entropy of rigid molecules is constant, with a value of 54.4 J mol�1K�1 [52]. The melting enthalpy can
thus be calculated as

Dhm = 54.4 Tm (3)

To model the non-ideality of components, the activity coe�cients of components in the liquid phase
are calculated using Redlich–Kister (RK) polynomial [51]

RT ln�i = a(i)x2
j + b(i)x3

j + c(i)x4
j . . . . (4)

When the activity coe�cients are screened (Section 3.1.2), only the first term with one parameter is
used. In this case, when parameter a(i) is equal to zero, the ideal case is described; whereas a(i) < 0
describes favored interactions between unlike molecules in the liquid phase—i.e., negative deviation
from ideality. Positive deviation from ideality leads to a higher liquidus temperature compared with
the ideal case; therefore, values of parameter a(i) > 0 are not considered in this work. The parameters
are empirical and do not provide any physical significance. They are just used as a measure of di↵erent
values of activity coe�cients of components.

For modeling the non-ideality in [Ch]Cl/ILs binary systems (Section 3.2.1), two terms with two
parameters are used. Binary mixtures of quaternary ammonium chlorides with fatty acids (Section 3.2.2)
are more complex; hence, three terms with three parameters are used. In the latter two cases, for a given
melting enthalpy value, the RK-parameters are fitted to the SLE experimental data by minimizing the
objective function

OF =
X⇣
�cal

1 � �
exp
1

⌘2
(5)

where �cal
1 is the calculated activity coe�cient of Component 1 in the liquid phase using the

RK-polynomial and �exp
1 is the activity coe�cient of Component 1 in the liquid phase estimated

using Equation (2) and measured SLE taken from the literature.
To evaluate the quality of the calculated SLE data, the AAD between the calculated (Tcal

i ) and
experimental (Texp

i ) liquidus temperatures is calculated as

AAD =
1
N

NX

i

���Tcal
i � Texp

i

��� (6)

5. Conclusions

The parameter study carried out in the present work shows that (i) obtaining the accurate melting
properties of pure constituents and (ii) adequate modeling of non-ideality in the liquid phase are
essential for prediction of the SLE in DESs. Deep eutectics can be a result of low melting enthalpies,
low activity coe�cients, or both. When analyzing the modeled SLE diagrams, the estimate of eutectic
composition can provide a better indication of system non-ideality. Components with lower activity
coe�cient values have a higher mole fraction at the eutectic point. In systems of two components
with similar melting enthalpies and similar activity coe�cients, the eutectic composition is observed
at around a 1:1 molar ratio of the two components. Therefore, designing DES systems should
simultaneously take into account melting properties as well as interactions between unlike molecules.
However, strong negative deviation from ideality is not the only reason for DES formation; substances
with low melting enthalpies could also form rather deep eutectics.

Recent work on the SLE of [Ch]Cl-based DES systems has reported that under an assumption of a
low melting enthalpy value (4.3 kJ mol�1), [Ch]Cl behaves quasi-ideally in most such systems. However,
molecular experiments and simulations in the recent literature have revealed that [Ch]Cl-based systems
behave in a complex manner. As demonstrated in the present study, the solubility of [Ch]Cl in di↵erent
ILs can be adequately modeled assuming di↵erent melting enthalpy values. Small values lead to a
nearly ideal behavior in the liquid phase, whereas it is necessary to account for activity coe�cients
at higher melting enthalpy values. Owing to the absence of any experimental data on the melting
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enthalpy of [Ch]Cl for comparison, it is not possible to determine which of the values is true. However,
owing to the di↵erences in size and hydrophobicity of the studied ILs, di↵erences in their interactions
with [Ch]Cl should be expected. Thus, the low melting enthalpy value may conceal the complexity
of interactions in the liquid phase and should be used with caution. Therefore, modeling the SLE of
[Ch]Cl-based DESs remains unclear; more research is necessary to fully understand the behavior of
these systems.

For DES systems with strong intermolecular interactions between unlike molecules, the depression
in melting temperature at the eutectic point is not related only to activity coe�cient values. The
studied quaternary ammonium chloride/fatty acid systems show strong negative deviation from
ideality with small depression at eutectic point relative to the acid melting temperature. At the same
time, the systems show a shift in the eutectic composition to the side of the salt. Therefore, the
eutectic composition can provide an indication of strong interactions—e.g., hydrogen bonds—between
DES components.

From the application viewpoint when designing a DES, no strict definition of a DES system is
necessary; rather, a better understanding of the system behavior and intermolecular interactions,
reliable data for the SLE of mixtures and pure components, and an assessment of system suitability
for an actual application are required. In fact, any simple eutectic mixture with a large depression in
eutectic temperature relative to the melting temperatures of the pure constituents su�cient to form
a liquid at operating temperature could be referred to as a DES (or NADES). In searching for new
DESs, high melting compounds with low melting enthalpies—which have strong interactions with
the second component in the liquid mixture but not in its pure solid state—should be sought. The
non-ideality of the liquid phase can thereby be directly estimated using well-developed and easy-to-use
thermodynamic tools such as activity coe�cient models and equations of state.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/12/2334/s1.
Figure S1: Liquidus line and activity coe�cients in the liquid phase of [Ch]Cl in a binary mixture of [Ch]Cl and
(a) [Ch][Ac], (b)[Ch][Prop], and (c)[Ch][Buta], modeled using Redlich–Kister polynomial. Figure S2: Liquidus
line and activity coe�cients in the liquid phase of [Ch]Cl in a binary mixture of [Ch]Cl and (a) [Ch][NTf2], (b)
[BzCh]Cl, (c) [C2 mim]Cl, and (d) [C2OHmim]Cl, modeled using Redlich–Kister polynomial. Figure S3: Liquidus
line and activity coe�cients in the liquid phase of [Ch]Cl in a binary mixture of [Ch]Cl and (a) [C4 mpyr]Cl, (b)
[N4444]Cl, and (c) [P4444]Cl, modeled using Redlich–Kister polynomial. Figure S4: Chemical names and structures
of [Ch]Cl and ILs studied. Figure S5: Liquidus line and activity coe�cients of [N1111]Cl in a binary mixture of
[N1111]Cl and (a) capric acid, (b) lauric acid, (c) myristic acid, (d) palmitic acid, and (e) stearic acid, modeled using
the Redlich–Kister polynomial with three parameters assuming di↵erent melting enthalpy values. Figure S6:
Liquidus line and activity coe�cients of [N2222]Cl in a binary mixture of [N2222]Cl and (a) capric acid, (b) lauric
acid, (c) myristic acid, (d) palmitic acid, and (e) stearic acid, modeled using the Redlich–Kister polynomial with
three parameters assuming di↵erent melting enthalpy values. Figure S7: Liquidus line and activity coe�cients
of [N3333]Cl in a binary mixture of [N3333]Cl and (a) capric acid, (b) lauric acid, (c) myristic acid, (d) palmitic
acid, and (e) stearic acid, modeled using the Redlich–Kister polynomial with three parameters assuming di↵erent
melting enthalpy values. Table S1: Melting properties of [Ch]Cl obtained from linear regression of the solubility of
[Ch]Cl in di↵erent ILs. Table S2: Empirical parameters of RK-polynomial for calculating activity coe�cients of
salts in binary mixtures of quaternary ammonium chloride salts and capric acid. Table S3: Empirical parameters of
RK-polynomial for calculating activity coe�cients of salts in binary mixtures of quaternary ammonium chloride
salts and lauric acid. Table S4: Empirical parameters of RK-polynomial for calculating activity coe�cients of salts
in binary mixtures of quaternary ammonium chloride salts and myristic acid. Table S5: Empirical parameters of
RK-polynomial for calculating activity coe�cients of salts in binary mixtures of quaternary ammonium chloride
salts and palmitic acid. Table S6: Empirical parameters of RK-polynomial for calculating activity coe�cients of
salts in binary mixtures of quaternary ammonium chloride salts and stearic acid. Table S7: Melting properties of
quaternary ammonium chloride and fatty acids.
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Figure S1. Liquidus line (left) and activity coefficients in liquid phase (right) of [Ch]Cl in binary mixture 

of [Ch]Cl and (a) [Ch][Ac] (b)[Ch][Prop] (c)[Ch][Buta] modeled using Redlich–Kister polynomial. 

Experimental data are taken from Fernandez et al. [1].  
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Figure S2. Liquidus line (left) and activity coefficients in liquid phase (right) of [Ch]Cl in binary mixture 

of [Ch]Cl and (a) [Ch][NTf2] (b) [BzCh]Cl (c) [C2mim]Cl (d) [C2OHmim]Cl modeled using Redlich–
Kister polynomial. Experimental data are taken from Fernandez et al. [1].  
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Figure S3. Liquidus line (left) and activity coefficients in liquid phase (right) of [Ch]Cl in binary mixture 

of [Ch]Cl and (a) [C4mpyr]Cl (b) [N4444]Cl (c) [P4444]Cl modeled using the Wilson equation. Experimental 

data are taken from Fernandez et al. [1]. 
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Figure S4. Chemical names and structures of [Ch]Cl and ILs studied. 

 

Table S1. Melting properties of [Ch]Cl obtained from linear regression of solubility of [Ch]Cl in different ILs. 

IL Tm / K ̇hm / kJ mol-1 
[Ch][Ac] 588.92 4.86 

[Ch][Prop] 594.39 3.90 
[Ch][Buta] 607.94 5.06 
[Ch][NTf2] 630.83 4.34 
[BzCh]Cl 628.26 4.41 

[C2mim]Cl 591.61 4.52 
[C2OHmim]Cl 589.51 3.95 

[C4mpyr]Cl 593.32 5.63 
[N4444]Cl 594.22 4.11 
[P4444]Cl 607.16 3.85 
Average 602.61 4.46 
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Figure S5. Liquidus line (left) and activity coefficients (right) of [N1111]Cl in binary mixture of [N1111]Cl 

and (a) capric acid (b) lauric acid (c) myristic acid (d) palmitic acid (e) stearic acid modeled using 

Redlich-Kister polynomial with three parameters assuming different melting enthalpy values.  

Experimental data are taken from [2].  
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Figure S6. Liquidus line (left) and activity coefficients (right) of [N2222]Cl in binary mixture of [N2222]Cl and (a) 
capric acid (b) lauric acid (c) myristic acid (d) palmitic acid (e) stearic acid modeled using Redlich-Kister 
polynomial with three parameters assuming different melting enthalpy values.  Experimental data are taken from 
[2]. 
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Figure S7. Liquidus line (left) and activity coefficients (right) of [N3333]Cl in binary mixture of [N3333]Cl and (a) 
capric acid (b) lauric acid (c) myristic acid (d) palmitic acid (e) stearic acid modeled using Redlich-Kister 
polynomial with three parameters assuming different melting enthalpy values.   Experimental data are taken from 
[2]. 
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Table S2. Empirical parameters of RK-polynomial for calculating activity coefficients of salts in binary 

mixtures of quaternary ammonium chloride salts and capric acid. 

̇hm / kJ mol−1 

 

[N1111]Cl [N2222]Cl [N3333]Cl 

a(1) b(1) c(1) a(1) b(1) c(1) a(1) b(1) c(1) 
1 12.23 -5.31 -3.97 10.97 -6.66 -2.63 14.91 -24.67 15.95 
5 7.93 -10.69 4.71 3.20 -7.56 7.66 3.40 -9.77 11.33 

10 -2.70 -0.75 2.88 -13.09 15.14 -0.36 -7.49 -2.29 14.09 
20 - - - -49.75 75.31 -29.38 -37.25 38.00 0.19 
30 -49.22 51.72 -14.25 -44.63 -16.63 75.13 -66.63 77.13 -12.84 
40 -46.00 -5.13 40.13 -98.31 105.69 -8.50 -47.75 -36.63 91.13 

Experimental -32.75 44.56 -19.59 -96.88 18.38 95.00 -170.38 208.75 -51.88 

Table S3. Empirical parameters of RK-polynomial for calculating activity coefficients of salts in binary 

mixtures of quaternary ammonium chloride salts and lauric acid. 

̇hm / kJ mol−1 

 

[N1111]Cl [N2222]Cl [N3333]Cl 

a(1) b(1) c(1) a(1) b(1) c(1) a(1) b(1) c(1) 
1 26.33 -48.76 20.49 10 -18 19.5 12.13 -5.17 -9.59 
5 8.63 -10.90 -9.88 0 0 4.5 2.68 1.91 -7.20 

10 -10.63 23.44 -33.81 0 0 -13.5 -10.48 16.09 -9.34 
20 - - - -35.5 62 -48.25 -42.06 65.38 -33.56 
30 -124.94 325.88 -305.63 -68.5 116 -76.75 -72.50 110.19 -53.63 
40 -108.25 153.25 -98.25 -110.5 205 -138.75 -104.75 161.63 -79.38 

Experimental -54.13 109.53 -99.13 -148.5 269 -173.75 -170.50 219.75 -73.50 

Table S4. Empirical parameters of RK-polynomial for calculating activity coefficients of salts in binary 

mixtures of quaternary ammonium chloride salts and myristic acid 

̇hm / kJ mol−1 

 

[N1111]Cl [N2222]Cl [N3333]Cl 

a(1) b(1) c(1) a(1) b(1) c(1) a(1) b(1) c(1) 
1 12.83 -3.81 -9.66 17.84 -28.73 14.94 19.55 -39.47 24.72 
5 8.74 -15.07 7.05 6.02 -14.03 12.09 1.45 -6.17 6.78 

10 -0.93 -12.67 13.61 -6.00 10.00 -10.00 -17.99 20.95 0.38 
20 - - - -41.50 72.00 -43.00 -66.80 120.27 -61.87 
30 -31.69 -32.06 65.25 -79.00 139.00 -78.50 -68.44 5.09 111.50 
40 -77.50 67.94 -4.25 -108.00 176.00 -88.00 -161.44 305.31 -171.47 

Experimental -30.09 24.00 0.08 -141.50 218.00 -96.50 -230.75 295.00 -35.88 
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Table S5. Empirical parameters of RK-polynomial for calculating activity coefficients of salts in binary 

mixtures of quaternary ammonium chloride salts and palmitic acid. 

̇hm / kJ mol−1 

 

[N1111]Cl [N2222]Cl [N3333]Cl 

a(1) b(1) c(1) a(1) b(1) c(1) a(1) b(1) c(1) 
1 20.54 -29.42 7.66 17.55 -33.27 22.19 14.81 -24.81 11.25 
5 6.47 -9.34 -0.71 0.29 -5.85 12.72 -11.00 23.20 -6.38 
10 -11.72 18.42 -13.98 -21.98 31.63 -2.62 -45.94 97.00 -45.47 
20 - - - -46.50 23.03 51.75 -116.00 245.31 -124.25 
30 -89.75 151.44 -89.13 -109.28 172.75 -53.94 -185.75 392.38 -202.00 
40 -126.50 208.69 -117.63 -158.56 267.22 -104.25 -257.00 545.88 -286.00 

Experimental -26.56 -20.25 55.63 -223.00 431.00 -235.25 -441.50 932.50 -488.00 

Table S6. Empirical parameters of RK-polynomial for calculating activity coefficients of salts in binary 

mixtures of quaternary ammonium chloride salts and stearic acid. 

̇hm / kJ mol−1 

 

[N1111]Cl [N2222]Cl [N3333]Cl 

a(1) b(1) c(1) a(1) b(1) c(1) a(1) b(1) c(1) 
1 18.97 -29.02 12.78 17.55 -33.27 22.19 19.63 -35.17 18.81 
5 1.98 -0.83 -0.48 0.29 -5.85 12.72 5.37 -12.75 10.11 

10 -11.47 3.36 12.94 -21.98 31.63 -2.62 -12.38 15.33 -1.19 
20 - - - -46.50 23.03 51.75 -32.39 0.12 55.52 
30 -101.56 165.25 -73.88 -109.28 172.75 -53.94 -90.22 157.97 -78.78 
40 -145.50 259.00 -141.75 -158.56 267.22 -104.25 -130.98 237.61 -126.69 

Experimental -61.25 98.13 -41.81 -196.75 301.19 -87.13 -239.94 452.41 -257.81 
 

Table S7. Melting properties of quaternary ammonium chloride and fatty acids. Data are taken from [2] 

Compound Tm / K ̇hm / kJ mol−1 ̇Sm / J mol−1 K−1 
[N1111]Cl 612.87 20.49 33.43 
[N2222]Cl 526.78 51.24 97.27 
[N3333]Cl 503.07 66.58 132.35 

Capric acid 304.75 27.5 90.24 
Lauric acid 317.48 37.83 119.16 

Myristic acid 327.03 41.29 126.26 
Palmitic acid 336.84 51.02 151.47 
Stearic acid 343.67 61.36 178.54 
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Summary: Paper II proposed a simple approach for preselecting eutectic mixture constituents 

from a pool of substances sharing the same chemical nature using their molecular structure. The 

approach is based on the conclusion of Paper I by selecting constituents with small melting 

entropy values. The melting entropy model proposed by Jain et al.112 was used to calculate the 

melting entropy of various compounds from their molecular structure. 

It was found that constituents with symmetrical and rigid molecular structures possess low 

melting entropy values. Accordingly, constituents with symmetrical and rigid molecular 

structures are expected to form eutectic mixtures with lower eutectic temperatures compared to 

constituents with flexible and asymmetric molecular structures. 

To confirm the proposed approach, the SLE phase diagrams of six eutectic systems containing 

L-menthol and monocarboxylic acids were measured. Pairwise comparison between the eutectic 

temperature of the studied systems was performed, wherein in each pair of systems, the two 

acids have the same melting temperature, but the structure of the hydrocarbon chain is either 

cyclic or linear. The comparison showed that the eutectic temperature of systems containing L-

menthol and cyclic acids is lower than that of systems with linear acids. Thus, it was concluded 

that when substances have the same chemical nature and melting temperature, those with more 

rigid and symmetrical molecular structures should be selected as constituents to form eutectic 

mixtures with lower eutectic temperatures. 
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Abstract: Eutectic systems o↵er a wide range of new (green) designer solvents for diverse applications.
However, due to the large pool of possible compounds, selecting compounds that form eutectic
systems is not straightforward. In this study, a simple approach for preselecting possible candidates
from a pool of substances sharing the same chemical functionality was presented. First, the melting
entropy of single compounds was correlated with their molecular structure to calculate their melting
enthalpy. Subsequently, the eutectic temperature of the screened binary systems was qualitatively
predicted, and the systems were ordered according to the depth of the eutectic temperature. The
approach was demonstrated for six hydrophobic eutectic systems composed of L-menthol and
monocarboxylic acids with linear and cyclic structures. It was found that the melting entropy of
compounds sharing the same functionality could be well correlated with their molecular structures.
As a result, when the two acids had a similar melting temperature, the melting enthalpy of a rigid
acid was found to be lower than that of a flexible acid. It was demonstrated that compounds with
more rigid molecular structures could form deeper eutectics. The proposed approach could decrease
the experimental e↵orts required to design deep eutectic solvents, particularly when the melting
enthalpy of pure components is not available.

Keywords: eutectic mixtures; deep eutectic solvents; solid–liquid equilibria; hydrophobic DESs;
melting properties

1. Introduction

Eutectic systems are mixtures of two or more compounds that exhibit partial immiscibility or
negligible mutual solubility in the solid phase [1]. Deep eutectic solvents (DESs) are eutectic mixtures
characterized by a large depression of the melting temperature of the mixture at the eutectic point
relative to the melting temperature of the pure components [2,3]. DESs are analogous to ionic liquids
(ILs) in terms of being designer solvents and possessing low vapor pressure. However, DESs are usually
less toxic, easier to prepare, and less expensive than ILs. These advantages have led to the recent
increase in applications of DESs, for example, as solvents in diverse separation methods [4–8], media for
chemical [9–14], electrochemical [15–19], and biological reactions [20,21], in polymer chemistry [22–24],
and for increasing the solubility of active pharmaceutical ingredients [25–28].

Although their preparation may be easier than that of ILs, DESs are more di�cult to design. The
ratio of the ions in ILs is defined by the electroneutrality of the solution. In contrast, the ratio of DES
components is not fixed and can be of any value. One of the first pieces of information required when
designing DESs for a specific application is the eutectic temperature and eutectic composition of the
system. Thus far, the design of DESs has been performed primarily using a trial and error approach. In
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most published works, preselected components are mixed at several fixed molar ratios, such as 1:1
or 1:2, and mixtures that remain liquid at room temperature are selected for further testing [29,30].
To determine the system composition and melting temperature at the eutectic point, the solid–liquid
equilibria (SLE) of the eutectic systems should be known. The SLE also provides information about the
melting temperature of the system at any specific composition.

The experimental determination of SLE phase diagrams of eutectic systems is non-trivial and is
often accompanied by di�culties and limitations. For example, the hygroscopic nature of some DES
components [31], the high viscosity and paste-like consistency of some DESs close to their melting
temperature [32], the decomposition of DES constituents before melting, and the chemical reaction
between DES constituents after storage [33]. Owing to the previously mentioned di�culties, predictive
methods are required. Abranches et al. [34] proposed Conductor like Screening Model for Real Solvents
(COSMO-RS) to predict the SLE of eutectic mixtures. Wolbert et al. [35] used UNIFAC (Do) to model
the activity coe�cient of constituents in binary eutectic mixtures.

The SLE of simple eutectic systems, whose components show negligible mutual solubility in the
solid phase, is commonly calculated in the literature using the following simplified equation:

ln x
L

i
�L

i
=

Dhm,i

R

 
1

Tm,i
� 1

T

!
(1)

where x
L

i
and �L

i
are the mole fraction and activity coe�cient of the component i in the liquid solution,

respectively; Dhm,i and Tm,i are the melting enthalpy and melting temperature of the pure component i,
respectively; T is the liquidus temperature (i.e., melting temperature of the mixture at the mole fraction
x

L

i
); and R is the universal gas constant. As seen in Equation (1), SLE calculations require information

about the pure components melting properties, namely, the melting enthalpy Dhm,i and temperature
Tm,i, as well as information about the behavior of the components in the liquid phase (i.e., activity
coe�cients �L

i
).

Strong intermolecular interactions between unlike molecules in the liquid phase—low activity
coe�cient values of components—and/or low melting enthalpy values of pure components lead to a
deep depression of the melting temperature of the mixture at the eutectic point [35–38]. The melting
enthalpy of components is not always easily measured because of polymorphism, kinetic limitations,
and/or thermal instability. As a result, the melting enthalpy of many components is unavailable. The
aim of this work was to demonstrate the correlation between the molecular structure and melting
enthalpy of a component to simplify the selection of components, especially when no experimental
data on melting enthalpy is available.

At the melting point of a pure component, the solid and liquid phases are in equilibrium. The
melting temperature Tm of a pure component is the ratio between the melting enthalpy Dhm and the
melting entropy Dsm:

Tm =
Dhm

Dsm

(2)

Melting enthalpy is the energy required to melt solid crystals [39] and depends on the type
of interactions between molecules in the lattice structure [39,40]. Melting entropy is the increase
in the disorder and randomness upon melting [41] and depends on the molecular symmetry and
conformational degrees of freedom of the molecule [41–44]. Despite several attempts to correlate the
melting properties of a component with its molecular structure, there is no generic model that can
predict the melting properties of pure components [45].

The melting temperature of pure components is di�cult to predict [43]; however, unlike the
melting enthalpy, experimental data on the melting temperature are, in many cases, available. However,
depending on the method of determination as well as the purity of the components, the reported
values may deviate by several degrees Celsius from the actual melting temperature. However, as
seen from Equation (1), an uncertainty of several degrees Celsius in the melting temperature of pure
components would have a small e↵ect on the SLE of the mixture. According to Bondi [46], the melting
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entropy of compounds can be better related to the molecular structure than the melting enthalpy. The
melting entropy calculated from the molecular structure with the available melting temperature can be
used to estimate the melting enthalpy of the components with Equation (2). Using this information,
the eutectic temperature can be approximately calculated using Equation (1) under the assumption of
ideal behavior (�L

i
= 1).

The objective of this study was to test a simple approach that could be used to select potential
eutectic system constituents based on their melting enthalpies. It is assumed that mixtures of
components with a lower melting enthalpy would result in eutectic mixtures with a larger melting
temperature depression, as previously demonstrated [35–38]. This approach aims to reduce the
experimental e↵orts required to measure pure components’ melting enthalpy, as well as the SLE
of eutectic mixtures. To evaluate the proposed approach, binary eutectic mixtures of L-menthol
with six di↵erent monocarboxylic acids were considered in this work. The goal was to predict the
eutectic temperature of each system relative to other systems. Although the eutectic temperatures
were calculated with the unitary activity coe�cient, it was not claimed that the components should
behave ideally. The proposed approach was based on the assumption that any component in its
binary solutions with other components sharing the same type and number of functional groups
behaves similarly (i.e., in any binary mixture with monocarboxylic acids, L-menthol behaves in a
similar manner). The latter assumption has been validated for many eutectic systems, for example, in
[Ch]Cl/sugar [32], [Ch]Cl/dicarboxylic acids [47], [Ch]Cl/fatty acids or alcohols [48], and thymol/fatty
acids [49].

2. Results and Discussion

2.1. Melting Properties of Pure Components

The melting entropy of acids was calculated using the model proposed by Jain et al. [44] (Equations
(4)–(6)). The model parameters and calculated melting entropies are presented in Table 1. Linear
acids possessed higher melting entropy than cyclic acids. This was a result of the higher flexibility
of a linear chain compared to a ring structure. The lowest predicted melting entropy was for
cyclohexanecarboxylic acid with a flexibility number F equal to zero. The model predicted the same
melting entropy for 3-phenylpropionic acid and 3-cyclohexylpropionic acid. This was because the
model did not di↵erentiate between phenyl and aliphatic ring and predicted the same flexibility
number F for both components. Due to the asymmetry of the carboxylic acid group, the symmetry
number � of all acids tested in this work was one.

Table 1. Symmetry number �, flexibility number F, and calculated melting entropy Dsm of components
using the model proposed by Jain et al. [44].

Compound � SP3 SP2 Ring ⌧ F Dsm (J mol–1 K–1)

3-cyclohexylpropionic acid 1 2 1 1 2 5.93 64.80
caprylic acid 1 6 1 0 5.5 133.58 90.69

cyclohexanecarboxylic acid 1 0 1 1 0 1 50
capric acid 1 8 1 0 7.5 792.03 105.49

3-phenylpropionic acid 1 2 1 1 2 5.93 64.80
lauric acid 1 10 1 0 9.5 4696.13 120.29

Table 2 presents the melting properties that were experimentally determined in this study using
DSC. The obtained values were in good agreement with those reported in the literature. To the best of
our knowledge, the melting properties of cyclohexylpropionic acid have not been measured before. As
seen in Table 2, the melting enthalpy of l-menthol had a low value, thus making l-menthol a good
candidate for designing deep eutectic systems. In general, linear acids have higher melting enthalpies
than cyclic acids. The melting enthalpy of linear acids increases by increasing the chain length; for
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example, lauric acid > capric acid > caprylic acid. The lowest melting enthalpy was observed for
cyclohexanecarboxylic acid, which is the component with the most rigid molecular structure.

Table 2. Comparison of melting enthalpies Dhm and temperatures Tm measured in this study and
reported in the literature.

Compound
Tm (K) Dhm (kJ mol–1)

This Work * Lit. This Work * Lit.

l-menthol 314.6 ± 0.1 315.68 [49] 13.74 ± 0.5 12.89 [49]
3-cyclohexylpropionic acid 291.3 ± 0.1 – 16.96 ± 0.5 –
caprylic acid 288.0 ± 0.7 288.20 [49] 21.43 ± 0.3 19.80 [49]
cyclohexanecarboxylic acid 299.4 ± 1.1 301.9 [50] 10.69 ± 0.2 9.20 [50]
capric acid 303.9 ± 0.1 304.75 [51] 28.39 ± 0.7 27.50 [51]
3-phenylpropionic acid 321.6 ± 0.1 321.2 [52] 15.11 ± 0.1 15.68 [52]
lauric acid 316.6 ± 0.1 317.48 [51] 35.81 ± 0.4 37.83 [51]

* Uncertainties are considered as the standard deviation of three measurements.

Table 3 presents a comparison between the melting entropies predicted by the model by
Jain et al. [44] (Equations (4)–(6)) and the experimental melting entropies calculated with Equation (2)
using the experimentally determined melting enthalpy and melting temperatures of acids. As seen in
Table 3, the predicted melting entropy of all acids was overestimated.

Table 3. Comparison of predicted Dsm
predicted and experimental Dsm

experimental melting entropy of
monocarboxylic acids.

Compound Dsm
predicted Dsm

experimental

3-cyclohexylpropionic acid 64.80 58.22
caprylic acid 90.69 74.41

cyclohexanecarboxylic acid 50 35.72
capric acid 105.49 93.44

3-phenylpropionic acid 64.80 46.97
lauric acid 120.29 113.12

Figure 1 depicts the predicted melting entropy values in comparison to the experimental values.
The linear correlation between the predicted melting entropies indicated that the model proposed
by Jain et al. [44] could provide a reasonably good estimation of the melting entropy of compounds
sharing the same chemical functionality.

Figure 1. Experimental melting entropies measured in this study in comparison with predicted
melting entropies.

2.2. Solid–Liquid Equilibria

To validate the proposed approach, the SLE of the six eutectic systems was measured using DSC.
Figure 2 presents the measured SLE data for l-menthol with six di↵erent monocarboxylic acids. To



Molecules 2020, 25, 1077 5 of 11

simplify the comparison between systems, the systems containing acids of similar melting temperatures
are presented next to each other (Figure 2A–F). The approximated melting temperature of acids in each
pair increased from Figure 2A,B (⇡ 15 �C) to Figure 2E,F (⇡ 45 �C). Martins et al. [49] measured the SLE
of binary eutectic mixtures of L-menthol with caprylic acid, capric acid, and lauric acid. As seen from
Figure 2A,C,E, the determined eutectic temperatures were in good agreement with the results reported
by Martins et al. [49]. The slightly higher liquidus temperatures measured in this study might be due to
the greater heating rate; in this study, a heating rate of 5 K min–1 was used, while in Martins et al. [49],
1 K min–1 was used.

Figure 2. Solid–liquid phase diagrams of binary eutectic mixtures consisting of l-menthol and (A)
caprylic acid, (B) cyclohexylpropionic acid, (C) capric acid, (D) cyclohexanecarboxylic acid, (E) lauric
acid, and (F) phenylpropionic acid. The melting properties presented are experimentally determined
values. Legend: � liquidus temperature measured in this study, • the experimental eutectic temperature
measured in this study, ⇥Martins et al. [49].

As demonstrated in previous studies [35–38], the lower the melting enthalpy of the pure
components, the higher the depression at the eutectic point. This could be confirmed by comparing
the eutectic temperatures of eutectic systems formed between l-menthol and acids presented in
Figure 2. The molecules with cyclic structures (Figure 2B,D,F) had lower flexibility than molecules
with linear structures (Figure 2A,C,E). Therefore, the cyclic compounds possessed lower melting
entropies. Because the melting temperatures of each pair of acids were similar (caprylic acid and
cyclohexylpropionic acid ⇡ 15 �C, capric acid and cyclohexanecarboxylic acid ⇡ 30 �C, and lauric acid
and phenylpropionic acid ⇡ 45 �C), the melting enthalpy of cyclic compounds was lower than that of
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linear ones. As a result, the eutectic temperature of a system formed by a cyclic acid was lower than
that of a system formed by a linear acid when both acids had the same melting temperature.

As seen in Figure 2, as the di↵erence in the melting entropy of acids increased, the di↵erence
in the eutectic temperature increased. For example, the melting entropy of capric acid was almost
three times higher than that of cyclohexanecarboxylic acid (see Figure 2C,D). This resulted in a eutectic
temperature for l-menthol/cyclohexanecarboxylic acid (Figure 2C), which was approximately 15 K
lower than that of l-menthol/capric acid (Figure 2D). For l-menthol/caprylic acid (Figure 2A) and
l-menthol/3-cyclohexylpropionic acid (Figure 2B), the di↵erence between their eutectic temperatures
was only 4.5 K. This might be the result of a small di↵erence between the melting entropies of caprylic
acid and 3-cyclohexylpropionic acid (see Figure 2A,B). In a previous study [38], it was demonstrated
that the eutectic composition was shifted toward the component that had a lower melting enthalpy.
Comparing the eutectic composition between the systems revealed that the lower the melting enthalpy
compared to that of l-menthol (13.74 kJ mol�1), the higher the mole fraction of the acid at the
eutectic point.

It could be concluded that a lower melting enthalpy of pure components led to a larger melting
temperature depression at the eutectic point of all l-menthol/monocarboxylic acid systems studied
in this work. The melting enthalpy of components could be correlated with the molecular structure
of acids possessing the same melting temperature. Therefore, the eutectic systems formed between
l-menthol and cyclic acids exhibited a deeper eutectic point than that of systems formed with linear
acids. Because the depression at the eutectic point was related to the di↵erence in the melting entropy
of the pure components, the relative depression at the eutectic point between the systems could also be
predicted. Thus, the approach of selecting components by assessing the flexibility of their molecular
structures could be used to design deeper eutectic systems.

3. Materials and Methods

3.1. Prediction of Melting Entropy

The melting entropy of the pure components was calculated as the sum of the rotational Ds
rot
m ,

conformational Ds
con f

m , and expansional entropies Ds
expan

m as follows [41]:

Dsm = W + Ds
rot
m + Ds

con f

m + Ds
expan

m (3)

where W is a constant. In this study, the model proposed by Jain et al. [44] was used to predict
the melting entropy of the pure components. The melting entropy in J mol–1 K–1 was calculated as
follows [44]:

Dsm = 50 + Ds
rot
m + Ds

con f

m (4)

Ds
rot
m = � R ln � (5)

Ds
con f

m = R ln F (6)

where � is the symmetry number, F is the flexibility number, and R is the universal gas constant.
Readers are directed to the original paper [44] for more information about the determination of the
symmetry number � of the components. The flexibility number F was calculated as follows [44]:

F = 2.435⌧ (7)

⌧ = SP
3 + 0.5SP

2 + 0.5Ring � 1 (8)

where SP3 is the number of non-ring SP3 atoms (CH2, CH, C, NH, N, O, S), SP2 is the number of SP2

atoms (=CH,=C,=N, C=O), and Ring is the number of independent single, fused, or conjugated ring
systems. If ⌧ is less than zero, the flexibility number F is set to 1.
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In the search for components with low melting enthalpy values, components with low melting
entropy were sought. According to Equations (4)–(6), components with symmetrical (large symmetry
number �) and/or more rigid molecular structures (small flexibility number F) should possess lower
melting entropy. According to Equations (7) and (8), components with ring systems and double bonds
should have a lower flexibility number F than single bond chains.

3.2. Eutectic Mixture Constituents

Binary eutectic mixtures of l-menthol with six di↵erent monocarboxylic acids were considered.
The acids were sorted into three pairs according to the melting temperatures reported by the suppliers.
The acids of each pair had close melting temperatures. The acids pairs were as follows:

(i) Caprylic acid and 3-cyclohexylpropionic acid with a melting temperature of approximately 15 �C,
(ii) Capric acid and cyclohexanecarboxylic acid with a melting temperature of approximately 30 �C,
(iii) Lauric acid and 3-phenylpropionic acid with a melting temperature of approximately 45 �C.

In each pair, the acid with a more rigid molecular structure was expected to have lower melting
entropy, and according to Equation (2), lower melting enthalpy. Therefore, the eutectic systems formed
between l-menthol and rigid acids were expected to have a deeper eutectic temperature as a result
of their lower melting enthalpy. Figure 3 illustrates the di↵erences in the molecular structures of the
acids, paired based on the melting temperatures obtained from the suppliers.

Figure 3. Molecular structures of monocarboxylic acids considered in this study. The melting
temperatures are approximate values reported by the suppliers used to select each pair of acids.

3.3. Eutectic Mixture Preparation

Table 4 lists the chemicals used in this study, along with their purity, as declared by the suppliers.
All chemicals were used as received without further purification. The binary eutectic mixtures were
prepared by weighing the pure components in a glass vessel. The mixture was heated to 45 �C while
stirring with a magnetic stirrer until a homogenous liquid was obtained.
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Table 4. Chemicals used in this study.

Name CAS Number Supplier Purity *

l-menthol 2216–51–5 Sigma Aldrich Chemie GmbH � 99 %
3-cyclohexylpropionic acid 701–97–3 ThermoFisher (Kandel) GmbH > 98 %

caprylic acid 124–07–2 Merck KGaA 99 %
cyclohexanecarboxylic acid 98–89–5 ThermoFisher (Kandel) GmbH 98 %

capric acid 334–48–5 Alfa Aesar GmbH 99 %
3-phenylpropionic acid 501–52–0 Alfa Aesar GmbH 99 %

lauric acid 143–07–7 Merck KGaA 99 %

* As declared by the supplier.

The liquid samples were weighed in aluminum DSC crucibles using a syringe and then sealed
by cold welding. Depending on the density of the eutectic mixture, the mass of the samples in the
crucibles ranged between 4 and 6 mg.

3.4. Di↵erential Scanning Calorimetry

SLE data and the pure components’ melting properties were measured using DSC (NETZSCH
DSC 200 F3). Temperature and sensitivity calibrations were performed prior to the measurements
using five calibration standards with a purity of over 99.999%. The calibration standards included
adamantane, bismuth, indium, zinc, and tin. The uncertainties after the temperature and sensitivity
calibration were < 0.1 K and < 3%, respectively.

The DSC measurements were performed in an inert nitrogen environment. First, a cooling cycle
with a rate of 10 K min�1 to a final temperature of �80 �C was performed. Then, the sample was heated
at a heating rate of 5 K min–1 up to approximately 10 K above the sample liquidus temperature. The
eutectic temperature, as well as the pure components’ melting temperature, were determined as the
onset temperature of the respective thermal event. The liquidus temperatures were determined as the
peak temperature, and the melting enthalpy of the pure components was determined as the peak area
of the respective thermal event. The DSC curves of the samples obtained during the heating cycle are
shown in Figures S2–S4 in Supplementary Materials.

4. Conclusions

In this study, a simple approach was proposed to select constituents for eutectic systems. This
approach could be used to select constituents from a pool of substances sharing the same functionality
and melting temperature based on their melting enthalpy. If the melting enthalpy is not available, it
can be estimated from the melting entropy, which is correlated with the molecular structure, using the
simple non-group contribution model proposed by Jain et al. [44].

The proposed approach was used to predict the relative depression of the melting temperature at
the eutectic point of l-menthol/monocarboxylic acid systems. It was demonstrated that components
with more rigid molecular structures possessed lower melting entropy. For linear and cyclic acids with
similar melting temperatures, the cyclic acids possessed lower melting enthalpy due to their lower
melting entropy. As a result, deeper eutectic systems could be formed by cyclic acids than by linear
acids sharing the same melting temperature. Furthermore, the larger the di↵erence in the melting
entropy between the acids in each pair, the higher the relative depression at the eutectic point between
the two eutectic systems.

From this study, it could be concluded that in the search for new DES systems, constituents with
more rigid and symmetrical structures should be pursued. This could narrow the pool of possible
components to be screened for a specific application based on eutectic temperature (i.e., when eutectic
mixtures that are liquid at room temperature are investigated). It should be mentioned, however,
that for quantitative predictions, experimental melting properties should be used along with activity
coe�cient modeling, using, for example, excess Gibbs energy models (gE) or equation of states.
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Supplementary Materials: The following are available online. Figure S1. Solid-liquid phase diagrams
of binary eutectic systems consisting of l-menthol and (A) cyclohexylpropionic acid (B) caprylic acid (C)
cyclohexanecarboxylic acid (D) capric acid (E) phenylpropionic acid (F) lauric acid. Dashed lines are ideal liquidus
lines of components modeled using the Schöder-van-Laar equation and using experimental melting properties.
Figure S2. DSC curves of l-menthol/3-cyclohexylpropionic acid and l-menthol/caprylic acid systems. Figure S3.
DSC curves of l-menthol/cyclohexanecarboxylic acid and l-menthol/capric acid systems. Figure S4. DSC curves
of l-menthol/3-phenylpropionic acid and l-menthol/lauric acid systems.
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Figure S1. Solid–liquid phase diagrams of binary eutectic systems consist of L-menthol and (A) 
cyclohexylpropionic acid (B) caprylic acid (C) cyclohexanecarboxylic acid (D) capric acid (E) phenylpropionic acid 
(F) lauric acid. Dashed lines are ideal liquidus lines of components modeled using the Schöder–van–Laar equation 
and using experimental melting properties.    

  

mailto:ahmad.alhadid@tum.de


 L-menthol/3-cyclohexylpropionic acid L-menthol/caprylic acid 

xacid= 0.1 

 

 

 

xacid= 0.2 

xacid= 0.3 

xacid= 0.4 

xacid= 0.5 

xacid= 0.6 

xacid= 0.7 

xacid= 0.8 

xacid= 0.9 

Figure S2. DSC curves of L-menthol/3-cyclohexylpropionic acid and L-menthol/caprylic acid systems 
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3.3 Paper III 

Formation of glassy phases and polymorphism in deep eutectic solvents 

A. Alhadid, L. Mokrushina and M. Minceva, J. Mol. Liq., 2020, 314, 113667. 

Author contribution: The thesis author conceptualized the paper’s idea, performed the 

investigations and formal analysis, interpreted the results, and wrote the manuscript. 

Summary: The goal of Paper III is to study and highlight the influence of glass formation and 

polymorphism on measuring and modeling SLE in binary eutectic systems. L-menthol-based 

eutectic systems was selected because L-menthol is known to have two main polymorphs, the 

stable α-polymorph and the metastable β-polymorph. Moreover, several studies on SLE in L-

menthol-based eutectic systems have not reported the eutectic temperature but rather only the 

glass transition temperature of the mixture. 

In Paper III, the SLE data for three eutectic systems containing L-menthol with linear 

monocarboxylic acids were measured using two different sample preparation methods: in-situ 

crystallization during the DSC run and annealing the DSC crucibles for one month prior to DSC 

analysis. A comparison between the experimental data reported in Paper III and the literature 

showed that in the letter, solidus peaks corresponding to the metastable polymorph were 

misinterpreted as solidus peaks for the stable polymorph. In Paper III, the observed solidus 

peaks were assigned to the corresponding polymorph by thermodynamic modeling of the SLE 

data using the two polymorphs’ melting properties. It was concluded that the set of activity 

coefficients model parameters fitted to the stable polymorph could be used to predict the phase 

diagram of the metastable polymorph. Next, the glass formation in L-menthol-based eutectic 

mixtures was studied. Annealing the samples for one month before DSC analysis aided the 

crystallization, allowing for detecting the solidus peak for the L-menthol/thymol and L-

menthol/carvacrol systems. It was found that the observed glass transition temperature of the 

mixture does not depict the eutectic temperature observed for the system. Moreover, glass 

formation is not always attributed to strong intermolecular interactions, as glass formation was 

observed in ideal eutectic mixtures. Further experimental investigations showed that glass 

transition is attributed to the influence of the cyclohexyl ring in L-menthol and cyclohexyl 

carboxylic acid as well as the nonideality in the liquid phase, which both contribute to the high 

viscosity of the mixture. 148 
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Deep eutectic solvents (DESs) are a class of eutectic mixtures that have very lowmelting temperature at the eu-
tectic point, which limits crystallization or lead to formation of metastable polymorphs. This can produce a false
estimate of the actual melting temperature of the mixture. The present work focuses on the formation of meta-
stable phases in eutectic systems containing L-menthol. Differential scanning calorimetry (DSC) was applied to
measure the solid–liquid equilibria (SLE) of the eutectic mixtures. Two sample-preparation methods were
employed, namely annealing and in situ crystallization during the DSC run. We found that the eutectic tempera-
ture of the stable mixture is much higher than the observed glass-transition temperature of the mixture. More-
over, the eutectic temperature of a mixture with a stable polymorph is different from that of a metastable
polymorph. The measured SLE data were correlated through non-ideality modeling using the non-random
two-liquid (NRTL) equation. Our results show that SLE modeling is a useful tool for predicting the melting tem-
peratures of stable mixtures without the need for time-consuming annealing methods. This work serves as a
guide for reporting stable mixture properties when dealing with eutectic mixtures that formmetastable phases.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Green solvents are sought to replace conventional solvents in chem-
ical and process applications in the modern environmental-protection
framework. Eutectic mixtures can be used as solvent systems that com-
ply with the twelve principles of green chemistry [1]. Deep eutectic sol-
vents (DESs) are mixtures of two or more compounds that are capable
to form a liquid mixture with a melting temperature considerably
lower than that of the pure compounds [2,3]. The DES compounds can
be biodegradable, nontoxic, inexpensive, and possess a very low vapor
pressure. Eutectic solvents have been used as solvents in separation
methods [4–8] and in chemical and biochemical reactions [9–16].

Knowledge of the solid–liquid equilibria (SLE) of eutecticmixtures is
essential in order to design DESs for specific applications [17–20]. SLE
data of eutectic mixtures are usually obtained through visual methods
such as a melting point device, or by thermal analysis methods such as
differential scanning calorimetry (DSC). Other techniques have been
proposed in the literature, such as the centrifuge method for determin-
ing the solid–liquid behavior in eutectic mixtures [21]. However, all
these methods are time consuming and/or require special equipment.
Therefore, the amount of available SLE data for eutectic systems is low
compared to the number of eutectic mixtures studied, proposed, or po-
tentially useful.

SLE measurements in eutectic systems are not always straightfor-
ward. In many cases, no crystallization but a glass transition is observed
on the DSC curve of a eutectic mixture near the eutectic point [22]. Such
eutectic mixtures are sometimes called Low-Transition Temperature
Mixtures (LTTM) [23,24]. However, the glass-transition temperature is
not a first-order transition that occurs at a specific temperature [25].
The glass transition is the transition of the amorphous solid to a
subcooled liquid with increasing temperature. Amorphous solids and
subcooled liquids are both metastable phases; upon further cooling or
heating, transformation to a stable crystalline solid or a stable liquid, re-
spectively, occurs.When a glass phase is formed near the eutectic point,
measuring the eutectic temperature of the mixture is not a
straightforward task.

Polymorphism refers to the existence of a pure component in differ-
ent solid forms under different conditions [26]. Different polymorphs
have different melting properties. Transformation from one polymorph
to another can occur under certain conditions. L-menthol, which has
been used to form eutectic mixtures, offers an interesting example in
this respect. L-menthol has four identified polymorphs: α, β, γ, and δ
[27,28]. Corvis et al. [29] showed that the metastable β-polymorph of
L-menthol can exist for sufficiently long time, so that its melting proper-
ties can be measured.

In this work, we investigate eutectic mixtures that show ki-
netic limitations in crystallization, polymorphism, and the forma-
tion of metastable phases. The goal is to show that proper sample
preparation and careful analysis of SLE data are essential in order
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to avoid reporting metastable mixture properties. We use DSC to
measure the SLE of selected eutectic mixtures using appropriate
methods of sample preparation. Furthermore, the non-ideality
of the mixture components in the liquid phase is modeled
using the non-random two-liquid (NRTL) equation on the mea-
sured SLE data.

2. Materials and method

2.1. Sample preparation

The chemicals used to prepare the eutectic mixtures in this work are
listed in Table 1. L-menthol (purity ≥ 99%) and carvacrol (purity 99%)
were purchased from Sigma Aldrich. Caprylic acid (purity 99%) and
lauric acid (purity 99%) were purchased from Merck. Thymol (pu-
rity N 99%) was purchased from VWR International. Capric acid (purity
99%) was purchased from Alfa Aesar. All chemicals were used as re-
ceived without further purification. The water content of pure compo-
nents was measured in triplicates using Karl-Fischer coulometric
titrator (Hanna instrument, USA). The results are listed in Table 1. In
the same table, the measured melting properties are compared with
data from the literature.

Each eutectic mixture was prepared by weighing the pure compo-
nents in a glass vessel using a balance with a precision of 1 × 10−4 g
(Sartorius, Germany). The vessel was closed directly after introducing
the components to avoid possible sublimation/evaporation and mois-
ture absorption. The sample was heated to 318.15 K under continuous
stirring until a homogenous clear liquidwas obtained. At least nine sam-
pleswere prepared for each eutecticmixture, covering themole fraction
range from 0.1 to 0.9. The liquidmixtureswere introduced into DSC alu-
minum crucibles using syringes. The DSC samples were prepared in
triplicates for eachmixture composition. The DSC samples of all eutectic
systemswere then transferred directly to 193.15 K and kept at this tem-
perature overnight. The DSC sampleswere stored for at least onemonth
at constant temperature, i.e., annealing. The annealing temperature for
the DSC samples of the acid-based eutectic mixtures, namely L-
menthol/caprylic acid, L-menthol/capric acid, and L-menthol/lauric
acid, was 253.15 K, whereas for the L-menthol/thymol and L-menthol/
carvacrol systems, it was 193.15 K.

2.2. Differential scanning calorimetry

Thermal characterization was carried out using DSC (NETZSCH
DSC 200 F3, Germany). The device was calibrated with five calibra-
tion standards: adamantane, bismuth, indium, zinc, and tin. The
measurements were done under a continuous nitrogen flow of
150 ml min−1.

The DSC chamber was precooled to around 50 K below the eutec-
tic temperature of the mixture. Then, the annealed samples were in-
troduced into the DSC chamber. A heating cycle with a rate of
5 K min−1 was conducted until we achieved a temperature of ap-
proximately 10 K higher than the liquidus temperature of the sam-
ple. Next, a cooling cycle with a cooling rate of 5 K min−1 was run
until 193.15 K on the same sample, followed by a second heating

cycle. The DSC curves of the annealed samples were obtained in the
first heating cycle. The DSC curves of the second heating cycle repre-
sented the in situ crystalized samples (common practice in DSC
measurements).

The DSC curves were analyzed using the NETZSCH Proteus soft-
ware, version 6.1. The pure components' melting temperatures and
the eutectic temperatures were determined as the onset tempera-
ture of the associated peak. The liquidus temperatures were taken
as the maximum temperature of the peak associated with the re-
spective liquidus thermal event. The reported values for each eutec-
tic mixture with a specific composition were the average values of
the three DSC samples. The standard uncertainties of the DSC were
0.1 K and 3% for the measured temperatures and the transition en-
thalpies, respectively.

2.3. Thermodynamic modeling

The SLE phase diagram of a simple eutectic system, i.e., whose com-
ponents show negligible mutual solubility in the solid phase, can be cal-
culated as follows [32].
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∆hm,i

RT
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T
Tm,i

! "
−
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where xiL andγi
L are themole fraction and the activity coefficient of com-

ponent i in the liquid solution, respectively;∆hm, i and Tm, i are themelt-
ing enthalpy and the melting temperature of pure component i,
respectively; R is the universal gas constant; T is the liquidus tempera-
ture; and∆cP, i is the difference in heat capacities of the pure component
i between the solid state and the liquid state at constant pressure. The
second term on the right-hand side of this equation is usually of a low
value compared to the first term, and it therefore is usually neglected
[33]. Hence, the following simplified equation is typically used to calcu-
late the SLE
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The activity coefficients can be calculated using excess Gibbs energy
(gE) models or the thermal equation of state. In this work, the NRTL
equation was used to calculate the activity coefficients of component i
in the liquid phase as follows [32].

lnγi ¼ x2j τji
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gij−gjj
RT
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ð5Þ

The value of the non-randomness parameterαwas set to 0.3. The bi-
nary interaction parameters (gij − gjj) and (gji − gii) were fitted to

Table 1
Chemicals used to prepare the eutectic mixtures, including their water content, and their melting temperatures and enthalpies measured in this work and available from the literature.

Name Water content/mg g−1 Tm/K Δhm/kJ mol−1

This work Lit. This work Lit.

L-Menthol 0.328 ± 0.035 – 314.6 [30] – 13.74 [30]
Thymol 0.0749 ± 0.0093 322.70 ± 0.10 323.9 [31] 20.64 ± 0.41 19.65 [31]
Carvacrol 4.158 ± 0.011 274.20 ± 0.20 – 11.49 ± 0.29 –
Caprylic acid 1.253 ± 0.019 – 288.0 [30] – 21.43 [30]
Capric acid 0.167 ± 0.028 – 303.9 [30] – 28.39 [30]
Lauric acid 0.084 ± 0.010 – 316.6 [30] – 35.81 [30]
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experimental liquidus temperatures byminimizing the following objec-
tive function

F Tð Þ ¼ ∑
Texp
i −Tcal
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% &2
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2

ð6Þ

where Tiexp and Tical are the experimental and calculated liquidus tem-
peratures, respectively; and n is the number of experimental points.
The model was used to calculate the eutectic composition as the inter-
cept of the two liquidus lines, since it is impossible to construct
Tammann plots for systems with metastable phases.

3. Results and discussion

We investigate the formation of metastable phases, either glassy
phases or metastable polymorphs, in several eutectic mixtures. Two
sample-preparation methods were applied: annealing for a long time
at a temperature below the eutectic temperature of the mixture, and
in situ crystallization in the DSC run. The measured DSC curves and eu-
tectic temperatures of annealed and in situ crystalized DSC samples
were compared in each case. Next, the non-ideality of the components
in the liquid phase was modeled using the NRTL equation, and the
liquidus curves of the components were calculated using Eq. (2). The
eutectic point was estimated from the intersection of the calculated
liquidus lines.

3.1. Glass formation

Several eutectic mixtures with very low glass-transition tempera-
tures have been reported in literature. Abranches et al. [22] reported
the glass-transition temperature of L-menthol/thymol near the eutectic
composition, which is between xthymol = 0.4 and 0.5, since no melting
transition could be observed as a result of kinetic limitations. In this
work, the L-menthol/thymol system was studied in detail. To measure
the melting temperature of the mixture near the eutectic point, the
samples were annealed before the DSC experiment. Fig. 1 shows the
DSC curves of the annealed (blue line) and the in situ crystalized
(dashed orange line) samples for the L-menthol/thymol system at
xthymol = 0.5000 (Fig. 1A) and xthymol = 0.4008 (Fig. 1B). The in situ
crystalized samples show only a glass transition at around 217 K. On
the other hand, an endothermic broad peak is observed in the annealed
samples, which indicates the transition of several metastable phases
[34]. The kinetic hindrance during the crystallization of L-menthol and
thymol near the eutectic point is the reason for the glassy phase forma-
tion. There have been reports in the literature on the kinetic hindrance
of other eutectic mixtures containing thymol [31,35]. In the L-

menthol/thymol system, the eutectic peak can only be observed if the
samples have been annealed before the DSC measurements. As seen in
Fig. 1, the difference between the glass-transition peak and the onset
of the eutectic peak is around 30 K. Moreover, the difference between
the onset temperature and the peak maximum temperature is around
22 K. Fig. 2 shows the SLE data of the annealed samples measured in
this work compared to the data reported in Abranches et al. [22]. The
liquidus temperatures measured in this work are in good agreement
with those reported by Abranches et al. [22].

The experimental eutectic composition can be determined from the
Tammann plot. However, it is impossible to make the Tammann plot if
metastable phases occur in the eutectic thermal event [34]. Alterna-
tively, the eutectic composition can be determined by modeling the ac-
tivity coefficients of the components in the liquid phase. In this work,
we used the NRTL model (Eqs. (3)–(5)) to model the activity coeffi-
cients of the components in the liquid phase, and the SLEwas calculated
according to Eq. (2). Fig. 3 shows the experimental and calculated SLE
data of the L-menthol/thymol eutectic system. The eutectic mixture
shows a strong negative deviation from the ideal behavior. The NRTL
model with two fitted parameters provides a good representation of
the measured SLE data of the L-menthol/thymol system. Moreover, the
eutectic temperature predicted by the NRTL model (241.46 K) is in
good agreement with the eutectic temperature determined from the
onset of the eutectic peak of the annealed samples (241.45 K). The eu-
tectic composition predicted by the NRTL model is xe, thymol

NRTL = 0.4326,
slightly shifted toward L-menthol that has the lower melting enthalpy
compared to thymol [18]. Abranches et al. [22] determined the eutectic

Fig. 1. Differential scanning calorimetry (DSC) curves of the L-menthol/thymol system at (A) xthymol = 0.5000 and (B) xthymol = 0.4008. The DSC curves are shifted for clarity. The DSC
curves of in situ samples are scaled by a factor of five for clarity. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 2. Measured solid–liquid equilibria (SLE) data the of L-menthol/thymol system in
comparison to SLE data reported in Abranches et al. [22]. The eutectic temperature
(Te = 241.45 K) presented is an average value of temperatures determined at different
composition.
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temperature by modeling the SLE data using the COSMO-RS model,
which predicted a very loweutectic temperature (226.90 K)with an eu-
tectic composition of xe, thymol

COSMO = 0.4654. Although the liquidus temper-
atures predicted by COSMO-RS were in good agreement with the
experimental data, themodel underestimated the eutectic temperature
of the system.

To investigate whether or not the kinetic limitation of the L-
menthol/thymol system depends only on its strong negative deviation
from the ideal behavior, we studied the SLE of the L-menthol/carvacrol
eutectic mixture. Fig. 4 shows the chemical structures and melting
properties of carvacrol and thymol, which were measured in this
work. Although carvacrol and thymol are isomers, their melting proper-
ties are very different. Carvacrol is liquid at room temperature with a
melting temperature of 274.20 K. Moreover, the melting enthalpy of
carvacrol is almost half that of thymol. The lower melting enthalpy
and melting entropy might indicate a disordered crystal structure of
carvacrol. To the best of our knowledge, no crystallographic information
is available on carvacrol in the literature to confirm this.

Fig. 5 shows the DSC curves of the annealed samples of L-menthol/
carvacrol systems with different molar compositions. The top five DSC
curves in the orange box correspond to themixtures that are rich in car-
vacrol, while the bottom two DSC curves correspond to mixtures that
are rich in L-menthol. As seen in Fig. 5, the eutectic peak is broad, similar
to that observed in the L-menthol/thymol system. Moreover, a glass
transition is observed at around Tg = 217.85 K. However, in mixtures
with amole fraction of carvacrol lower than 0.8, the liquidus peak of car-
vacrol cannot be properly distinguished because of its overlappingwith
the eutectic peak. In contrast, a melting peak corresponding to a crystal-
line phase of pure L-menthol is observed in the DSC curves of the mix-
tures rich in L-menthol (the DSC curves inside the green box in Fig. 5).

Fig. 6 shows themeasured SLE data for the annealed samples aswell
as the calculated liquidus lines using the ideal solution model and the

NRTL model. The NRTL model provides a good representation of the
measured SLE data of the L-menthol/carvacrol eutectic mixture. The eu-
tectic temperature predicted by the NRTL model (240.15 K) is in good
agreement with the onset of the eutectic peak in the annealed mixtures
(243.35 K). The eutectic composition predicted by the NRTLmodel is xe,
carvacol

NRTL =0.5804. This shows that the eutectic composition is shifted
toward the component that possesses the lowest melting enthalpy, i.e.,
carvacrol (∆hm=11.49 and13.74 kJmol−1 for carvacrol and L-menthol,
respectively).

The L-menthol/thymol and L-menthol/carvacrol systems have simi-
lar eutectic temperatures (Figs. 3 and 6). The deviation from the ideal

Fig. 3. Measured solid–liquid equilibria (SLE) data of the L-menthol/thymol eutectic
system modeled assuming the ideal solution model and using the NRTL equation.

Fig. 4. Chemical structures and melting properties of thymol and carvacrol measured in
this work.

Fig. 5.Differential scanning calorimetry (DSC) curves of the annealed L-menthol/carvacrol
mixtures with different mole fractions of carvacrol. The DSC curves in the orange and the
green boxes correspond tomixtures rich in carvacrol and L-menthol, respectively. TheDSC
curves are shifted for clarity. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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liquidus line of L-menthol in L-menthol/thymol (Fig. 3) is larger com-
pared to that in L-menthol/carvacrol (Fig. 6). The thymol liquidus line
in the L-menthol/thymol system shows a negative deviation from the
ideal behavior (Fig. 3). In contrast, the carvacrol liquidus line shows a
quasi-ideal behavior (Fig. 6). This emphasizes that eutectic mixtures
with very low eutectic temperatures can be formed when their compo-
nents possess lowmelting enthalpies, even if these components behave
ideally. As noticed from the DSC curves inside the orange box in Fig. 5, a
glass transition (Tg ≈ 215.50 K) is observed in the mixtures rich in car-
vacrol, even if the liquidus line deviates from the ideal liquidus line only
slightly.

Kinetic hindrance during crystallization has also been noticed in
other eutectic systems containing L-menthol [30]. Fig. 7 shows the DSC
curves of annealed samples (blue curves) and in situ crystalized samples
(orange dashed curves) of L-menthol/3–cyclohexylpropionic acid and L-
menthol/cyclohexanecarboxylic acid near the eutectic composition of
each eutectic system. Crystallization at the eutectic point is hindered
in both systems. Although the glass transition is observed at lower tem-
peratures (around 205 K) compared to those required in the L-menthol/
thymol and L-menthol/carvacrol systems (around 217 K), the eutectic
temperatures of L-menthol/3–cyclohexylpropionic acid (Te =
262.10 K) and L-menthol/cyclohexanecarboxylic acid (Te = 265.50 K)
are higher than those of L-menthol/thymol (Te = 241.45 K) and L-
menthol/carvacrol (Te = 243.35 K) systems. The SLE phase diagrams
for both eutectic systems are shown in Fig. S1 of the Supplementaryma-
terial. In L-menthol/3–cyclohexylpropionic acid, the L-menthol and 3–
cyclohexylpropionic acid liquidus lines deviate negatively from the
ideal liquidus line. In contrast, the cyclohexanecarboxylic acid liquidus
line deviate positively from the ideal behavior.

Strong negative deviations from the ideal behavior can surely lead to
a large temperature drop at the eutectic point and thus to kinetic hin-
drance at low temperatures. In L-menthol/thymol, the strong negative

deviation from ideality justifies the observed low glass-transition tem-
perature. On the other hand, crystallization at low temperatures can
lead to inefficient crystal packing in the crystalline phase of pure con-
stituents. In order to build the crystal lattice, molecules should adapt a
proper conformation that can be hindered at low temperatures. Sub-
stances with low melting enthalpies can also form deep eutectics.
Thus, the combined effect of the attraction between unlike molecules
and the inefficient crystal packing in the crystal structure of a pure com-
ponent can lead to the formation of glassy states. The latter case is ob-
served in the L-menthol/carvacrol, L-menthol/3–cyclohexylpropionic,
and L-menthol/cyclohexanecarboxylic acid systems. It can be concluded
that the formation of glassy phases at very low temperatures occurs not
only due to the strong negative deviations from the ideal behavior, i.e.,
strong attraction between unlike molecules, but also due to the crystal
structure and melting properties of the pure components. Besides, the
value of the glass transition temperature does not give a factual estimate
of the value of the eutectic temperature. However, in case of kinetic lim-
itation during crystallization near the eutectic point, the position of the
latter can be estimated by SLEmodeling usingwell-established thermo-
dynamic models.

3.2. Polymorphism

As previouslymentioned, L-menthol has four polymorphs. Themelt-
ing properties of L-menthol, which are reported in the literature and
measured using common DSC practice, are for stable α-polymorph
[28,36]. However, Corvis et al. [29] showed that crystallization of L-
menthol in the metastable β-polymorph is also possible, if the molten
L-menthol is quenched at temperatures below 288.15 K. The β-
polymorph was stable for more than 8 h at 193.15 K, and all the β-
polymorph transformed into the stable α-polymorph after 80 min at
288.15 K [29]. The melting properties measured by Corvis [29] were
∆hm = 14.1 and 11.0 kJ mol−1, and Tm = 316.05 and 308.45 K for the
α-polymorph and the β-polymorph, respectively. In eutectic mixtures,
themixture has a lowermelting temperature than its pure components.
Therefore, when in situ crystallization of the samples is performed in the
DSC run, and if the eutectic temperature of the mixture is lower than
288.15 K, L-menthol crystalizes at temperatures below its pure melting
temperature. As a result, part of the solid L-menthol may crystalize in
the form of the metastable β-polymorph.

The SLE of several binary eutectic mixtures based on L-menthol can
be found in the literature [36–38]. Corvis et al. [38] reported the phase
diagram of L-menthol/lidocaine, where L-menthol crystallized as the
β-polymorph. The eutectic temperatures of mixtures of L-menthol as
α-polymorph and β-polymorph differ by 12 K [38] due to different
melting properties of the two polymorphs.

In the L-menthol/thymol and L-menthol/carvacrol systems, the
metastable polymorphs cannot be observed explicitly in the in situ or

Fig. 6. Measured solid–liquid equilibria (SLE) data of the L-menthol/carvacrol eutectic
system modeled assuming an ideal solution and using the NRTL equation.

Fig. 7.Differential scanning calorimetry (DSC) curves of (A) the L-menthol/3–cyclohexylpropionic acid and (B) the L-menthol/cyclohexanecarboxylic acid at xacid=0.5000. TheDSC curves
are shifted for clarity. The DSC curves of the in situ samples are scaled by a factor of five for clarity.
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the annealed samples. In the in situ measurements, only the glass tran-
sition can be foundnear the eutectic point. Annealing leads to formation
of the stable polymorph mostly. Thus, to study polymorphism, eutectic
systemswithout kinetic limitations should be considered. In the present
study, we targeted the L-menthol eutectic systems with caprylic acid,
capric acid, and lauric acid. The DSC experiments were carried out for
the in situ crystallized samples aswell as for the samples annealed in ad-
vance for at least one month at 253.15 K.

Fig. 8 shows the DSC curves of the annealed (blue curve) and the in
situ crystalized (orange dashed curve) samples of L-menthol/caprylic
acid (Fig. 8A), L-menthol/capric acid (Fig. 8B), and L-menthol/lauric
acid (Fig. 8C) systems near their respective eutectic points (xacid,
e ≈ 0.5, 0.4, and 0.3 for L-menthol/caprylic acid, L-menthol/capric acid,
and L-menthol/lauric acid, respectively) [30]. The annealed and in situ
crystalized samples of the same mixture produce different DSC curves.
Annealed samples (blue curves) show one large peak (peak maximum
at T = 270.80 K, 283.15 K, and 292.84 K for L-menthol/caprylic acid, L-
menthol/capric acid and L-menthol/lauric acid, respectively), whereas
in situ crystalized samples (orange dashed curve) show two peaks
(peak maximum at T = 266.45 K and 269.80 K, 278.08 K and
282.30 K, 287.45 K and 292.22 K, for L-menthol/caprylic acid, L-
menthol/capric acid and L-menthol/lauric acid, respectively). Annealing
leads to almost complete disappearance of the first peak (Fig. 8), indi-
cating that the first peak is related to ametastable polymorph of L-men-
thol, supposedly the β-polymorph. Furthermore, the two peaks are
much closer in L-menthol/caprylic acid (Fig. 8A) compared to L-
menthol/capric acid (Fig. 8B) and L-menthol/lauric acid (Fig. 8C). In ad-
dition, the area of the first peak in Fig. 8A in L-menthol/caprylic acid is
larger compared to the second peak, whereas, the area of the two
peaks are almost the same in the L-menthol/capric acid (Fig. 8B) and
L-menthol/lauric acid (Fig. 8C) systems. This indicates that the amount
of the metastable polymorph related to the first peak is greater in L-
menthol/caprylic acid. Corvis et al. [29] showed that the ratio between
the stable and metastable polymorphs in L-menthol depends on the
quenching temperature. This justifies the relative position of the peaks
and the ratio between the peak areas observed in the present study, as
the eutectic temperature of L-menthol/caprylic acid (Te = 265.84 K) is
lower compared to L-menthol/capric acid (Te = 278.64 K) and L-

menthol/lauric acid (Te = 291.12 K) [30,37]. Therefore, we conclude
that, in eutectic systems containing L-menthol, L-menthol can crystalize
in themetastable β-polymorph if the samples are in situ crystalized in a
conventional DSC run.

Fig. 9 shows the SLE data of the annealed and in situ crystallized sam-
ples measured in this work in comparison to the SLE data reported by
Martins et al. [37]. We observe that the eutectic temperature of the in
situ crystalized samples is lower than that of the annealed samples of
the same mixture. The liquidus temperatures on the acid side are not
expected to differ between the in situ crystalized samples and the
annealed samples, because the liquidus line of the acid depends on
the melting properties of the acid and the activity coefficient of the
acid in the liquid phase (see Eq. (2)). However, this should not be the
case for the liquidus temperatures on the L-menthol side, as themelting
properties of α- and β-polymorphs are different. The liquidus tempera-
tures of the in situ crystalized samples are different from that of the
annealed samples only for L-menthol/caprylic acid (Fig. 9A) and L-
menthol/capric acid (Fig. 9B) at around xacid = 0.1000. The metastable
polymorph can only be detected for the in situ crystalized samples at
the eutectic point or for the mixtures rich in L-menthol (Fig. 9). In Mar-
tins et al. [37], the samples were in situ crystalized, and the eutectic
points reported in Martins et al. [37] were closer to those of the in situ
crystalized samples measured in the present study (Fig. 9). The liquidus
temperatures measured in this work are in good agreement with those
reported in Martins et al. [37]. As can be seen in Fig. 9, the eutectic tem-
peratures of stable polymorph (annealed samples) are higher than
those of metastable polymorph (in situ crystalized samples). Thus, dif-
ferent sample preparation leads to different values of eutectic tempera-
tures related either to the metastable polymorph, in case of the in-situ
measurements, or to the stable polymorph, if the samples are annealed
prior to the DSC run.

To confirm that the first peaks in Fig. 8 are the transition peaks at the
eutectic point corresponding to metastable β-polymorph, x-ray diffrac-
tion measurements are needed. Alternatively, thermodynamic model-
ing can be used. The values of the activity coefficients depend on the
composition and temperature of the solution and the latter is different
for the stable andmetastable polymorphs at liquidus conditions. The bi-
nary interaction parameters of activity coefficientmodels, such as NRTL,

Fig. 8. Differential scanning calorimetry (DSC) curves of the (A) L-menthol/caprylic acid at xacid = 0.5058 (B) L-menthol/capric acid at xacid = 0.3939 (C) L-menthol/lauric acid xacid =
0.3002. The DSC curves are shifted for clarity.
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provide the values of activity coefficients of its components in the liquid
phase in the whole composition range and in the appropriate range of
temperatures (used for fitting the binary interaction parameters) [32],
independent of whether such a solution is or is not in equilibrium
with one or another phase. Therefore, the NRTL binary interactions
parameters (Eqs. (3)–(5)) fitted to the liquidus temperatures of the
α-polymorph, i.e., the liquidus temperatures of the annealed samples,
can be used to calculate the activity coefficients of L-menthol in the
liquid phase. Then, using Eq. (2) and the melting properties of the β-

polymorph, the metastable SLE phase diagram corresponding to the β-
polymorph can be calculated. Fig. 10 shows the calculated SLE of L-
menthol/caprylic acid (Fig. 10A), L-menthol/capric acid (Fig. 10B), and
L-menthol/lauric acid (Fig. 10C) eutectic systems modeled using the
NRTL equation and the melting properties of L-menthol in α- and β-
polymorphs, in comparison to the measured SLE data for the annealed
and in situ crystalized samples. We observe that the eutectic tempera-
ture measured for the in situ crystalized samples can be predicted
from the melting properties of the β-polymorph and the activity

Fig. 9. Solid–liquid equilibria (SLE) in of (A) L-menthol/caprylic acid, (B) L-menthol/capric acid, and (C) L-menthol/lauric acid measured in this work for annealed and in situ crystalized
samples in comparison with SLE data reported by Martins et al. [37]. The eutectic temperature of annealed samples (Teannealed) and in situ crystalized samples (Tein situ) presented are the
average values of temperatures determined at different compositions.

Fig. 10.Measured solid–liquid equilibria (SLE) in eutectic mixtures containing L-menthol with (A) caprylic acid, (B) capric acid, and (C) lauric acid compared to those modeled using the
NRTL equation.
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coefficients calculated using the binary interaction parameters fitted to
the α-polymorph liquidus temperatures. This confirms that the first
transition peakmeasured for the in situ crystalized samples corresponds
to the eutectic phase of the mixture with the metastable β-polymorph.
Moreover, the liquidus temperatures determined at around xacid = 0.1
in L-menthol/caprylic acid (Fig. 10A) and L-menthol/capric acid
(Fig. 10B) are predicted well. It can be concluded that SLE modeling is
a useful tool for predicting the SLE of components having different
polymorphs.

4. Conclusions

In this work, the formation of metastable phases in several eutectic
systems was studied in detail. SLE data were obtained using DSC with
two different samples preparation methods, annealing and in situ crys-
tallization in the DSC run. For the in situ crystallized samples, glass tran-
sition or formation of metastable polymorphs was observed. The SLE
data were correlated by modeling the non-ideality of the components
in the liquid phase using the NRTL equation.

The eutectic temperature peak was not detected in the L-menthol/
thymol and L-menthol/carvacrol systems by applying DSC on the in
situ crystallized samples. However, the samples annealed in advance
for a sufficient amount of time showed a eutectic peak. We propose
that a possible reason for the low glass-transition temperature of the
in situ crystalized samples may be the very low eutectic temperature
of the system or the inefficient crystal packing in the crystalline phase
of the pure constituents. The low eutectic temperature can be a result
of strong negative deviations from the ideal behavior or lowmelting en-
thalpy values. The latter can also indicate inefficient crystal packing of
the pure constituents.

Modeling of activity coefficients of components in the liquid phase
using NRTL equations provides good estimates of the eutectic tempera-
tures and compositions of eutectic systems that show glass-transition
temperatures near their eutectic points. Therefore, in case no crystalized
eutectic phase can be detected, thermodynamicmodeling offers an eas-
ier andmore time-efficient option for estimating the position of the eu-
tectic point compared to the time-consuming annealing method.

In case one of the eutectic system constituents possesses several
polymorphic phases, care should be taken when analyzing the DSC
curves. Eutectic peaks can bemisinterpreted as liquidus peaks.Metasta-
ble and stable polymorphs have different melting properties that result
in different phase diagrams. However, we demonstrated that the binary
interaction parameters of activity coefficient models fitted to the SLE
data measured for the stable polymorph can be used to predict the
SLE in the corresponding system with the metastable polymorph.

We showed here that prior to designing process applications using
DES, it is necessary to establish a better understanding of polymorphism
and the formation of metastable phases in DES systems. This is essential
to ensure the recyclability of the solvent as well as the reproducibility of
the reported properties of DES.
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Figure S1. Solid–liquid equilibria data for eutectic mixture containing L-menthol with (A) 3–cyclohexylpropionic acid and 
(B) cyclohexanecarboxylic acid. Data are taken from [1]. Legend:   liquidus temperature;  solidus temperature;      

  ideal liquidus line 
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Table S1. Experimental liquidus temperatures Tୣ୶୮, onset temperature of eutectic peak T୭୬ୱୣ୲ , and calculated liquidus 
temperatures Tୡୟ୪ using NRTL model for L-menthol/thymol eutectic system.  

xthymol Tୣ୶୮ / K T୭୬ୱୣ୲ / K Tୡୟ୪ / K 

0.8978 319.55 237.80 316.15 

0.8003 308.15 239.90 306.19 

0.7032 285.65 244.15 292.51 

0.6015 278.55 239.80 276.52 

0.5000 – 247.95 – 

0.4008 – 242.55 – 

0.3010 269.90 238.00 272.43 

0.2019 293.30 241.45 291.35 

0.1000 305.70 – 305.68 

0.9035 317.95 – 316.61 

0.8009 309.00 239.25 306.29 

0.7011 286.30 237.50 292.26 

0.6012 277.80 239.80 276.40 

0.3011 271.80 241.85 272.58 

0.0987 307.15 238.00 305.81 

                                    

  



Table S2. Experimental liquidus temperatures Tୣ୶୮, onset temperature of eutectic peak T୭୬ୱୣ୲ , and calculated liquidus 
temperatures Tୡୟ୪ using NRTL model for L-menthol/carvacrol eutectic system.  

xcarvacrol Tୣ୶୮ / K T୭୬ୱୣ୲ / K Tୡୟ୪ / K 

0.8997 270.05 – 267.66 

0.7996 263.05 245.25 260.51 

0.6943 – 243.55 – 

0.6019 – 244.25 – 

0.5038 – 244.05 – 

0.4013 266.25 244.95 267.88 

0.2979 285.58 241.08 283.67 

0.2030 296.35 242.70 295.80 

0.0998 305.85 240.95 306.82 

 

  



Table S3. Experimental liquidus temperatures Tୣ୶୮, onset temperature of eutectic peak T୭୬ୱୣ୲ , and calculated liquidus 
temperatures Tୡୟ୪ using NRTL model for L-menthol/caprylic acid eutectic system.  

xacid Tୣ୶୮ / K T୭୬ୱୣ୲ / K Tୡୟ୪ / K 

0.9000 287.70 263.35 286.64 

0.8021 283.55 264.15 284.90 

0.6974 279.55 266.65 280.55 

0.6013 275.00 265.55 274.29 

0.5058 – 266.75 – 

0.4019 276.40 266.65 278.55 

0.3025 286.90 265.60 290.07 

0.1996 298.75 267.65 300.02 

0.0997 308.50 266.20 307.99 

0.9002 286.65 266.65 286.65 

0.8001 284.35 265.60 284.84 

0.7012 279.65 267.65 280.75 

0.5999 275.60 266.20 274.22 

0.4989 – 266.45 – 

0.4035 277.15 263.90 278.39 

0.3030 287.75 264.85 290.04 

0.2001 299.40 263.95 299.98 

0.0998 308.20 260.65 307.99 



Table S4. Experimental liquidus temperatures Tୣ୶୮, onset temperature of eutectic peak T୭୬ୱୣ୲ , and calculated liquidus 
temperatures Tୡୟ୪ using NRTL model for L-menthol/capric acid eutectic system.  

xacid Tୣ୶୮ / K T୭୬ୱୣ୲ / K Tୡୟ୪ / K 

0.8990 302.85 276.95 302.14 

0.8007 299.55 277.25 300.35 

0.7039 296.10 278.55 297.35 

0.6066 292.65 279.20 292.86 

0.4937 287.20 279.55 285.76 

0.3939 – 279.75 – 

0.3003 289.55 279.25 290.88 

0.1997 298.60 278.65 300.21 

0.1015 307.10 – 307.91 

0.8995 303.95 276.35 302.14 

0.8025 300.15 276.50 300.40 

0.7014 296.60 277.00 297.26 

0.5995 292.30 277.50 292.47 

0.4998 287.85 277.70 286.22 

0.4037 – 278.10 – 

0.3023 288.40 275.90 290.88 

0.2016 298.85 275.85 300.06 

0.1082 307.65 – 307.42 



Table S5. Experimental liquidus temperatures Tୣ୶୮, onset temperature of eutectic peak T୭୬ୱୣ୲ , and calculated liquidus 
temperatures Tୡୟ୪ using NRTL model for L-menthol/lauric acid eutectic system.  

xacid Tୣ୶୮ / K T୭୬ୱୣ୲ / K Tୡୟ୪ / K 

0.8997 315.68 290.58 314.80 

0.8010 312.45 291.35 313.14 

0.6996 310.38 290.68 310.65 

0.6007 306.58 289.95 307.15 

0.4998 302.65 290.58 302.39 

0.4007 296.88 291.18 296.33 

0.3002 – 292.52 – 

0.1999 297.88 291.35 300.49 

0.1014 307.45 291.85 307.98 

 

  



Table S6. NRTL binary interaction parameters and root-mean-square deviation (RMSD) between experimental liquidus 
temperatures and calculated liquidus temperatures. 

Eutectic system 

NRTL binary interaction parameters 

RMSD* / K ሺgଵଶ െ gଶଶሻ ሺgଶଵ െ gଵଵሻ 

L-menthol/thymol െ4.3333 െ4.0648 3.5 

L-menthol/carvacrol 3.1532 െ4.5610 1.9 

L-menthol/caprylic acid െ4.3718 11.1196 1.5 

L-menthol/capric acid െ4.2923 9.7161 1.2 

L-menthol/lauric acid െ4.0097 8.5889 1.2 

                                   * 𝑅𝑀𝑆𝐷/ 𝐾 ൌ ට∑൫்೐ೣ೛−்೎ೌ೗൯
మ

௡−ଶ
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S7. Glass transition temperature Tg, average onset temperature of eutectic peak T୭୬ୱୣ୲, as well as eutectic temperature 
Tୣ୒ୖT୐ and eutectic composition xୣ,ଶ

୒ୖT୐ calculated by NRTL of studied systems. 

Eutectic system Tg / K T୭୬ୱୣ୲ / K Tୣ୒ୖT୐ / K xୣ,ଶ
୒ୖT୐ 

L-menthol/thymol 217.55 241.45 241.46 0.4326 

L-menthol/carvacrol 217.85 243.35 240.15 0.5804 

L-menthol/3–cyclohexylpropionic acid 205.35 262.10 [1] – – 

L-menthol/cyclohexanecarboxylic acid 204.65 265.00 [1] – – 

L-menthol/caprylic acid  α-polymorph 

– 

265.84 265.08 0.4992 

ȕ-polymorph 258.53 259.05 0.4431 

L-menthol/capric acid α-polymorph 

– 

278.64 278.82 0.4091 

ȕ-polymorph 272.67 273.53 0.3531 

L-menthol/lauric acid α-polymorph 

– 

291.12 289.91 0.3173 

ȕ-polymorph 285.93 285.02 0.2637 
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Experimental Investigation and Modeling of Cocrystal Formation in L‑Menthol/Thymol 

Eutectic System 

A. Alhadid, C. Jandl, L. Mokrushina and M. Minceva, Cryst. Growth Des., 2021, 21, 6083-

6091. 

Author contribution: The thesis author conceptualized the paper’s idea, performed the 

investigations and formal analysis (excluding powder and SC-XRD), interpreted the results, and 

wrote the manuscript. 

Summary: Paper IV objective is to investigate cocrystal formation in the L-menthol/thymol 

eutectic systems. The system was selected for two reasons. First, it is one of the most studied 

nonionic DES in the literature. Second, the observed solidus peaks for the system in Paper III 

were broad and asymmetric, hinting at the formation of several metastable phases. To overcome 

glass and metastable phases formation and allow for combined DSC and powder XRD analyses, 

an efficient sample preparation method was proposed. The liquid solutions obtained by mixing 

and heating pure constituents in different ratios were quenched at 193 K for several hours, and 

later stored at 253 K for several days until complete crystallization was observed. The obtained 

solid was ground to a fine powder within a cold room at 253 K using mortar and pestle. DSC and 

powder XRD analyses were performed on samples covering the entire composition range of the 

mixture to obtain the SLE phase diagram and investigate cocrystal formation. 

Paper IV showed that the phase diagram of the L-menthol/thymol eutectic system is more 

complicated than previously anticipated, whether in Paper III or the literature. 100 The formation 

of two cocrystals and two solid solution regions was observed. 

The heat capacity terms are usually neglected in the literature when modeling SLE in DES, mainly 

due to unavailable data for the heat capacity of pure liquid and solid. To test this assumption in 

the studied system, the three common approaches to account for the heat capacity terms were 

evaluated. It was found that assuming a constant difference between pure liquid and solid heat 

capacities calculated at the melting temperature provided the lowest deviation between 

calculated and experimental liquidus data of pure constituents. Nevertheless, the influence of 

the approach used to account for the heat capacity difference on the obtained NRTL interaction 

parameters was insignificant. Therefore, if no experimental data are available on the heat 
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capacity of pure components in the solid and liquid states, neglecting the heat capacity terms 

could be sufficient for modeling of SLE. 

The SLE data were correlated using the NRTL model and considering the two cocrystals and the 

partial miscibility in the solid phase. The two calculated eutectic temperatures using the NRTL 

model were in good agreement with the experimentally observed ones, which demonstrates the 

postulated stoichiometries and the melting properties of the two cocrystals as well as the ability 

of the NRTL model to describe the nonideality of the components in the liquid solution. 
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ABSTRACT: Solid−liquid equilibria (SLE) of the L-menthol/
thymol eutectic system were studied in detail using a combination
of differential scanning calorimetry (DSC) and powder X-ray
diffraction (XRD). The existence of two cocrystals with
stoichiometric ratios 1:3 and 3:2 for L-menthol:thymol was
monitored by performing XRD on samples of different
compositions. Moreover, the existence of two solid solution
regions of L-menthol in thymol and L-menthol in the 1:3 cocrystal
was observed. The nonrandom two-liquid (NRTL) and two-suffix
Margules models were applied to model the measured SLE data.
The two eutectic points of the system were determined at Te1

cal =
271.7 K, xthymol,e1

cal = 0.48 and Te2
cal = 273.1 K, xthymol,e2

cal = 0.33. The
complex character of the obtained phase diagram of the system
shows that not all deep eutectic systems can be assumed to be of a
simple eutectic type with immiscible solid phases. For the accurate
determination of the SLE of eutectic systems, a combination of several experimental techniques and thermodynamic modeling is
needed.

1. INTRODUCTION

Deep eutectic solvents (DES) have emerged as a new class of
designer solvents. Prepared from natural, nontoxic, and
sustainable components, they have been considered a greener
alternative to ionic liquids.1,2 Several studies have shown that
DES can be used in several applications such as drug
delivery,3,4 liquid chromatography,5,6 and reaction media.7 A
considerable amount of research has been dedicated to
studying intermolecular interactions in the liquid phase using
molecular simulation or thermodynamic models.8,9 The
motivation for exclusively studying the liquid phase in DES
is the assumption that strong hydrogen bonding in the liquid
phase is the reason for the depression of the mixture melting
temperature.10,11

A knowledge of solid−liquid equilibria (SLE) in DES is
essential to the design of eutectic mixtures.12,13 Studying SLE
in DES requires measuring the melting temperature of the
mixture at different compositions. The mixture melting
temperature can be measured by visual methods or by
differential scanning calorimetry (DSC). The main advantage
of DSC is the possibility to identify different phase transitions,
such as the solid−solid transition and the glass transition,
which is not possible with visual methods.14−16 To generate
the phase diagram over the full composition range, the
obtained SLE data are modeled using the equation17
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where xiL and γiL are the mole fraction and activity coefficient of
component i in the liquid solution, respectively, Δhm,i and Tm,i

are the melting enthalpy and melting temperature of pure
component i, respectively, R is the universal gas constant; T is
the liquidus temperature, and Δcp,i is the difference between
the liquid and solid state heat capacities of pure component i at
constant pressure. Several approaches can be found in the
literature considering the treatment of the heat capacity term.18

However, due to the opposite signs of the last two terms in eq
1, their contribution is insignificant if Tm/T < 1.4. Further, the
difference between the liquid and solid states heat capacities is
difficult to obtain experimentally and is only available for a
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limited number of substances. As a result, the heat capacity
term is usually neglected in modeling SLE.
In eq 1, the primary assumption is that the components

crystallize as pure solids in their most stable polymorph: i.e., a
simple eutectic mixture. Although this assumption might be
applicable to many DES, experimental investigations to prove
its validity are lacking. It has been shown that polymorphism
can be observed in many eutectic systems.19−22 Corvis et al.20

reported the formation of a 1:1 molar ratio cocrystal in the
lidocaine/L-menthol binary eutectic system. Recently, Hall et
al.23 used synchrotron X-ray powder diffraction (XRD) and
DSC to prove the formation of several metastable solid phases
in different eutectic systems. Polymorphism and the formation
of congruently or incongruently melting compounds will affect
the measured melting temperature of the mixture and thus the
phase diagram.
The L-menthol/thymol eutectic system has attracted much

attention in the literature because of its very low eutectic
temperature, low viscosity at room temperature, and poor
miscibility with water.24−28 The SLE data for this system are
available in the literature.19,24 In a previous work,19 it was
shown that the peaks observed in the DSC curves of the L-
menthol/thymol eutectic system, which were interpreted as
eutectic peaks, were broad, indicating a possibility of several
thermal events. The present study investigates the SLE of the
L-menthol/thymol eutectic system in detail to comprehend
these thermal events and characterize the formed solid phases.
For this purpose, DSC measurements were coupled with low-
temperature XRD experiments. The nonrandom two-liquid
(NRTL) and the two-suffix Margules equations were applied
to model the nonideality in the liquid and solid phases,
respectively, to generate the phase diagram in the whole
composition range and determine the eutectic points.

2. METHODS
2.1. Solid−Liquid Equilibria. L-menthol (purity ≥99%, Sigma-

Aldrich) and thymol (purity ≥99%, Sigma-Aldrich) were weighed
(precision 1 × 10−4 g, Sartorius, Germany) in various ratios in glass
vials. Then, the vials were tightly closed, and the mixtures were gently
heated with continuous stirring until a homogeneous clear liquid was
obtained.
Two sample preparation methods were used. The first sample

preparation methodlater referred to as slow crystallization because
the samples crystallized after long storagethe samples were
introduced in DSC crucible pans as a liquid. The DSC pans were
hermetically sealed and stored at a temperature below their freezing
temperature observed previously in the literature.19 For samples with
xthymol ≥ 0.70, crystallization was observed at 277 K after a few days or
weeks, depending on the sample composition. However, due to
kinetic limitations, no crystallization was observed in samples with
xthymol < 0.70 even at 253 K. The second preparation methodlater
referred to as rapid crystallization since the crystallization was
observed shortly after annealing at 253 Kincluded quenching the
liquid samples inside plastic tubes at 193 K and then keeping them at
this temperature for several hours. Then, the tubes were transferred to
a freezer at 253 K. Crystallization was observed after a few hours or
days, depending on the sample composition. Later, the solid was
ground inside a cold room at 253 K using a mortar and pestle. The
samples were introduced into DSC aluminum crucible pans as a fine
powder, and the DSC crucibles were hermetically sealed.
SLE data were measured using DSC (NETZSCH DSC 200 F3,

Germany). The instrument was calibrated before measurements using
the standard procedure based on the onset temperature of the
transition of six calibration standards at a heating rate of 5 K min−1:
adamantane, bismuth, cesium chloride, indium, tin, and zinc.
Measurements were performed under nitrogen with a flow rate of

150 mL min−1. The standard uncertainties of the temperature and
sensitivity measurements were 0.1 K and 0.3%, respectively.

The DSC chamber was precooled to 243 K before introducing the
sample. Then, a cooling run with a rate of 5 K min−1 down to 193 K
was performed. Finally, a heating run up to 323 K was conducted. The
solidus phase transition temperatures were determined as the onset
temperatures at a heating rate of 5 K min−1. To determine the
liquidus temperatures, the DSC measurements were performed at
three different heating rates: namely, 1, 2, and 5 K min−1. The
liquidus temperatures at zero heating rate were determined by
extrapolation of peak maximum temperature to the zero heating rate.
Figure S1 in the Supporting Information shows the extrapolation
procedure for selected samples. DSC experiments were performed in
duplicate for the same mixture. The difference in the determined
temperatures for different samples of the same mixture was less than 1
K (the average absolute deviation is 0.5 K).

2.2. X-ray Diffraction. Powder XRD experiments were performed
using a Stadi P diffractometer (Stoe & Cie, Germany) with Debye−
Scherrer geometry equipped with a Mo fine-focus sealed tube, a
curved Ge monochromator selecting Kα1 radiation (λ = 0.70930 Å),
and a Mythen2 R 1K detector (Dectris, Switzerland). The data were
collected with a step size of 0.015° 2θ per data point. For
measurements performed at 253 K, a cryostream (Oxford 800 series,
UK) was used. The samples were prepared by grinding using a mortar
and pestle in a cold room (at a temperature of 253 K) and then filled
into a glass capillary (Hilgenberg, Germany) with a 1.0 mm diameter.

For single-crystal XRD (SC-XRD) measurements, a single crystal
with the approximate dimensions 0.442 mm × 0.528 mm × 0.547 mm
was used for analysis. The X-ray intensity data were measured on a D8
Venture Duo IMS system (Bruker, USA) equipped with a Helios
optic monochromator and a Mo IMS microsource (λ = 0.71073 Å).
The measurements were performed at 100 K. Details of the structure
and refinement can be found in the Supporting Information.

2.3. Thermodynamic Modeling. In this work, SLE data were
modeled by considering the miscibility in the solid phase. Thus, the
activities of components in the solid phase should be considered. The
following equation was used to calculate the liquidus temperature at
different mole fractions of components17L
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where xi
S and γi

S are the composition and the activity coefficient of
component i in the solid phase, respectively. The activity coefficients
of components in the liquid phase γiL were calculated using the NRTL
model as follows:17c

e
ddddddddddddd

L
NMMMMMM

\]̂]]]]]
f
h
gggggggggggggγ τ

τ
= + +

+
x

G
x x G

G

x x G
ln

( )i j ji
ji

i j ji

ij ij

j i ij

L 2
2

2
(3)

ατ ατ= − = −G Gexp( ), exp( )ij ij ji ji (4)

τ τ=
−

=
−g g

RT

g g

RT
,ij

ij jj
ji

ji ii

(5)

The value of the nonrandomness parameter (α) was set to 0.3. The
activity coefficients of components in the solid phase γi

S were
calculated using the two-suffix Margules equation as follows:17

γ =
A
RT

xln ( )i
ij

j
S S 2

(6)

The binary interaction parameters Aij, gij − gjj, and gji − gii were fitted
to experimental liquidus data (Ti

exp) by minimizing the objective
function
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where Ti
cal is the calculated liquidus temperature and n is the number

of data points. The liquidus and solidus curves can be calculated
similarly to dew and bubble curve calculations.29

In a binary system with a cocrystal, the formation of a cocrystal
between component A and component B can be described using the
chemical reaction30,31

ϑ + ϑ ↔ ϑ ϑA B A BA (L) B (L) (S)A B (8)

where ϑA and ϑB are the stoichiometric coefficients of components A
and B in the cocrystal, respectively. The equilibrium constant (Ka) of
the chemical reaction in eq 2 is defined via activities (ai) as
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In the case where the melting temperature of the cocrystal is close to
the eutectic temperature, the effect of the temperature on the melting
enthalpy of the cocrystal can be neglected, and the equilibrium
constant of the chemical reaction at different temperatures can be
calculated using the Gibbs−Helmholtz equationLNMMM \̂]]]= + Δ −K K h

R T T
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where Tref is a reference temperature, Ka
ref is the equilibrium constant

at Tref, and Δhref is the melting enthalpy of the cocrystal at Tref. In this
work, Tref was considered to be the maximum temperature at which
the cocrystal is stable. Tref and Δhref were measured using DSC. The
equilibrium constant at Tref was calculated as
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where xref and γref are the mole fraction and the activity coefficient of
the component at which Tref and Δhref were measured, respectively.

3. RESULTS AND DISCUSSION
3.1. Experimental Solid−Liquid Equilibria. For the sake

of simplicity, the discussion of the measured phase diagram is
divided below into two parts: first, the thymol-rich region
(xthymol from 0.70 to 1.0) is considered, and then, the L-
menthol-rich region (xthymol ≤ 0.67).
Figure 1 shows the measured SLE data compared to those

found in the literature along with the DSC curves for samples
in the composition range xthymol from 0.70 to 1.0. In this
composition range, samples were prepared using two different
methods: (i) slow crystallization or (ii) rapid crystallization. As
shown in Figure 1, the liquidus temperatures of samples
prepared by slow crystallization (yellow circles) or rapid
crystallization (blue circles) are similar and are in good
agreement with data found in the literature (black star and
cross symbols). For samples prepared by slow or rapid
crystallization with xthymol < 0.80, the solidus temperatures do
not change with composition. In contrast, in samples with
xthymol > 0.80 prepared by rapid crystallization, the solidus
temperatures depend strongly on the composition. As can be
seen in Figure 1, the DSC curves of the sample with xthymol =
0.88 prepared by slow crystallization (yellow curve) and rapid
crystallization (blue curve) are similar. However, the DSC
curves of the sample with xthymol < 0.80 prepared by rapid
crystallization and slow crystallization are different. The solidus
temperature of the samples with xthymol < 0.80 prepared by
rapid crystallization is lower than that of samples prepared by

slow crystallization. It is worth mentioning that a glass
transition at 217 K was observed for samples with xthymol =
0.75 and 0.70 prepared by slow crystallization (the DSC curves
are shown in Figure S2 in the Supporting Information). This
can be attributed to incomplete crystallization in the samples
with a lower thymol content prepared by the slow
crystallization method due to their high viscosity.26

To better understand the DSC curves and the phase
diagram, powder XRD measurements are needed. For samples
with xthymol = 0.70 prepared by slow crystallization, it was
impossible to obtain a completely crystallized sample to
perform powder XRD. Therefore, single-crystal XRD (SC-
XRD) analysis was performed on crystals isolated from the
liquid phase during storage at 277 K. The obtained crystal
structure, shown in Figure S5 and Table S5 in the Supporting
Information, corresponds to the reported crystal structure for
thymol at room temperature, thus confirming that the solid
obtained by slow crystallization consists of pure thymol
crystals.32 Therefore, the solidus and liquidus temperatures
of slow crystallization samples correspond to thymol liquidus
and solidus lines.
Powder XRD was performed on several mixtures of different

compositions in the range xthymol > 0.67. The samples were
prepared by rapid crystallization. Figure 2 presents the SLE
data and the powder XRD pattern at 253 K of the samples
marked with circles in Figure 2A. As shown in Figure 2B, the
powder XRD pattern of pure thymol (point a) matches that of
the sample with xthymol = 0.83 (point b). The absence of the
pure L-menthol solid phase indicates that it is dissolved in the
solid phase of thymol, forming a solid solution (α solid phase).
Therefore, the solidus temperatures in Figure 2A for samples
with xthymol > 0.83 correspond to the α solid phase. When the
thymol mole fraction is decreased further, a different solid
phase appears at xthymol = 0.80 (point c). This solid phase does
not correspond to pure L-menthol, as seen in Figure 2B
(bottom black powder XRD pattern). On comparison of the
powder XRD patterns at xthymol = 0.75 (point d) and 0.80
(point c), it becomes clear that the solid phase at xthymol = 0.80
is a mixture of the α solid phase and the solid phase of the

Figure 1. Solid−liquid equilibria of the L-menthol/thymol system
measured in this work (filled symbols) for samples prepared using two
different methods compared to literature data (cross symbols), with
the corresponding differential scanning calorimetry curves for slow
crystallization (yellow curves) and rapid crystallization (blue curves)
samples. Literature data were taken from Abranches et al.24 and
Alhadid et al.19 Legend: slow crystallization liquidus (yellow circles);
rapid crystallization liquidus (blue circles); slow crystallization solidus
(yellow diamonds); rapid crystallization solidus (blue diamond);
Alhadid et al. (black star); Abranches et al. (black cross).
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sample xthymol = 0.75. As can be seen in Figure 2B, the same
powder XRD patterns are observed for samples with xthymol =
0.75, 0.70, and 0.67. The absence of pure L-menthol indicates
the formation of a second solid solution (β solid phase). The
solidus temperatures in the range 0.67 < xthymol < 0.80
correspond to the β solid phase.
Although the solid phases of samples with xthymol = 0.75,

0.70, and 0.67 are similar, a liquidus peak is only observed at
xthymol = 0.75, as seen in Figure 1. To further investigate which
solid phase the liquidus peak corresponds to, powder XRD was
performed on samples with xthymol = 0.75 at 253 K (below the
solidus temperature) and 298 K (above the solidus temper-
ature). As seen in Figure 2C, the powder XRD pattern of the
sample with xthymol = 0.75 at 298 K corresponds to pure
thymol: i.e., α solid phase. This indicates that the solid formed
in the composition range of 0.67 < xthymol < 0.80 is unstable,
and above the solidus temperature, it decomposes to an α solid
phase and a liquid phase. Indexing of powder data at xthymol =
0.75, 0.70, and 0.67 showed that the number of molecules per
unit cell is approximately 16 (results for xthymol = 0.67 are
shown in Table S4 in the Supporting Information). The
number matches a cocrystal with a stoichiometric ratio of 1:3
for L-menthol:thymol (1:3 cocrystal). As seen in Figure 2A, the
cocrystal melts incongruently at around 285 K. Moreover, the
β solid phase is a solid solution of L-menthol and the 1:3
cocrystal.
In the following, the second part of the phase diagram in the

L-menthol-rich region, i.e., xthymol ≤ 0.67, is discussed. As
already mentioned, it was impossible to crystallize the L-
menthol-rich samples by slow crystallization due to the high
viscosity of the mixture close to its melting temperature.26

Therefore, only the second preparation method, i.e., rapid
crystallization, was considered. Figure 3 shows SLE data

measured in this work compared to published literature data.
As can be noticed, a significant negative deviation from the
ideal behavior (dashed line) is observed in the part of the
phase diagram rich in L-menthol. The liquidus temperatures of
the L-menthol liquidus line measured in this work are in good
agreement with the data found in the literature.
As seen in Figure 3, in the region 0.33 < xthymol ≤ 0.50, only

solidus temperatures are observed. The DSC curves in this
region are discussed in the following to understand the phase
diagram better. Figure 4A shows the DSC curves of samples
with different thymol mole fractions. The DSC curve of the
sample with xthymol = 0.67 shows the liquidus peak of the 1:3
cocrystal and the solidus peak of the β solid phase as discussed
above. As the mole fraction of thymol decreases, the solidus
and liquidus peaks shift slightly to lower temperatures. At
xthymol = 0.50, only a solidus peak is observed. Although at

Figure 2. (A) Solid−liquid equilibria of the L-menthol/thymol system and (B) powder X-ray diffraction pattern obtained at 253 K for the solid
formed by rapid crystallization. (C) Powder X-ray diffraction patterns of the sample with xthymol = 0.75 obtained at 253 and 298 K in comparison to
that of pure thymol. The intensities are shifted for a better comparison.

Figure 3. Solid−liquid equilibria data of L-menthol/thymol for
samples prepared by rapid crystallization after quenching the liquid
mixture at 193 K (filled symbols) compared to literature data (cross
symbols). Literature data were taken from Abranches et al.24 and
Alhadid et al.19
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xthymol = 0.40 only a solidus peak is observed, it is different
from that observed at xthymol = 0.50. At a lower thymol mole
fraction, a solidus peak with a similar onset temperature is
observed with no obvious liquidus peaks. At xthymol = 0.30, a
small liquidus peak appears.
To help understand the different solidus peaks observed in

different samples in Figure 4A, powder XRD was performed on
samples showing only one solidus peak. Figure 4B shows the
powder XRD patterns of mixtures with xthymol = 0.67, 0.50,
0.40, and 0.33 and pure L-menthol. The powder XRD patterns
of samples with xthymol = 0.67 (black curve) and xthymol = 0.50
(red curve) have several similar peaks. However, additional
peaks (marked with crosses in Figure 4B) are observed for the
sample with xthymol = 0.50, indicating the presence of a different
solid phase. By a comparison of the powder XRD pattern of
the sample with xthymol = 0.50 (red curve) with those of xthymol
= 0.67 (black curve) and xthymol = 0.40 (yellow curve), it can be
seen that the solid phase of the sample with xthymol = 0.50 is a
mixture of the β solid phase and the solid phase of the sample
with xthymol = 0.40. At xthymol = 0.40, the β solid phase and pure
L-menthol are not observed.
By a comparison of the powder XRD pattern of the samples

with xthymol = 0.40 (yellow curve) and 0.33 (green curve),

additional peaks (marked with pentagons in Figure 4B) are
observed in the sample with xthymol = 0.33. As shown in Figure
4B, these additional peaks are related to pure L-menthol (blue
curve). This implies that the sample with xthymol = 0.33 is a
mixture of the solid phase observed at xthymol = 0.40 and pure L-
menthol.
In conclusion, the formation of a second solid phase was

observed in samples rich in L-menthol prepared by rapid
crystallization after quenching the liquid mixture at 193 K. The
XRD pattern of the sample with xthymol = 0.40 depicted the
absence of a β solid phase and of pure L-menthol. According to
the DSC curves shown in Figure 4A, it is highly probable that
the second solid is a cocrystal with a stoichiometric ratio of 3:2
for L-menthol:thymol (3:2 cocrystal). An analysis of the
powder XRD patterns and the DSC curves in Figure 4 shows
that the solidus peaks at xthymol = 0.50 and 0.33 with onset
temperatures of 271.6 and 272.7 K, respectively, represent the
two eutectic points of the system.33−35

The melting properties of the 3:2 cocrystal and the reference
temperature and enthalpy for the 1:3 cocrystal were measured
by DSC. Liquid mixtures with molar ratios of 3:7 and 3:2 L-
menthol:thymol were quenched at 193 K for 1 day and then
annealed at 253 K for 1 week. Then, the samples were ground

Figure 4. (A) DSC curves of samples with different thymol mole fractions. Powder X-ray diffraction was performed on samples shown by solid
curves. (B) Powder X-ray patterns of samples with different mole fractions and of pure L-menthol.

Table 1. Melting Properties Used to Model the Solid−Liquid Equilibria of the L-Menthol:Thymol System

Δcp = a + bT (J mol−1 K−1)

a b

substance Δhm (kJ mol−1) Tm (K) liquid solid liquid solid

L-menthol 13.7436 314.636 −195.2037 −68.037 1.79537 1.09237

thymol 20.6419 322.719 147.5038 12.73938 0.57138 0.76738

3:2 cocrystal 44.90 ± 1.50a,b 274.7 ± 0.10a

Δhref (kJ mol−1) Tref (K)

1:3 cocrystal 45.0 ± 0.20a 285.7 ± 0.10a

aMeasured in this work using DSC. bUncertainties are the standard deviation of three samples.
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using a mortar and pestle in a cold room at 253 K. The samples
were then filled in DSC crucibles in triplicate. The melting
temperatures and enthalpies of the 3:2 cocrystal were
determined as the onset temperatures and the areas of the
corresponding peaks, respectively. The reference temperature
and enthalpy of the 1:3 cocrystal were determined as the peak
maximum temperature and the area of the corresponding peak,
respectively. The melting properties of the 3:2 cocrystal, pure
thymol, and L-menthol, as well as the reference temperature
and enthalpy of the 1:3 cocrystal, are presented in Table 1.
3.2. Thermodynamic Modeling. The measured SLE data

were correlated to obtain the phase diagram of the mixture
over the whole composition range. eq 2 was used to calculate
the liquidus temperatures at different thymol mole fractions.
The activity coefficients of components in the liquid solution
were calculated using the NRTL model. The solid solution was
considered either ideal or nonideal, and in the latter case, the
two-suffix Margules equation was used to calculate the activity
coefficients of components in the solid phase. Thymol liquidus
temperatures (measured in the range xthymol = 0.75−1.0) and L-
menthol liquidus temperatures (measured in the range xthymol =
0.0−0.30) were used to obtain the binary interaction
parameters of the NRTL and two-suffix Margules equations.
Three approaches were applied on consideration of the heat

capacity term, namely, Δcp = 0, constant Δcp calculated at the
melting temperature of pure components, and linear temper-
ature dependence of Δcp using the coefficients in Table 1. The
binary interaction parameters and RMSDs obtained using the
three different approaches are shown in Table 2. Considering

or neglecting the heat capacity term leads to slightly different
binary interaction parameters. The small difference between

the binary interaction parameters in each case can be attributed
to the small value of Tm/T for the system. The obtained
RMSD was smaller when a constant heat capacity term was
considered. In contrast, the highest RMSD was obtained
assuming a temperature-dependent Δcp. Therefore, the
constant heat capacity term was considered for further
calculations.
The liquidus lines of thymol (xthymol > 0.67) and L-menthol

(xthymol < 0.33) were calculated using eq 2 and their melting
properties from Table 1. Because no solid solution region is
formed in the L-menthol-rich region, the liquidus line can be
calculated as a simple eutectic system: i.e., xiS γi

S = 1. In
contrast, calculating the thymol liquidus line should consider
the composition and activity coefficients of components in the
solid phase.
The liquidus and solidus lines in the middle range of

composition (0.33 < xthymol < 0.67), corresponding to the
crystallization of the two cocrystals, were calculated using eqs
8−11 and the measured melting properties from Table 1, and
the activity coefficients in the liquid phase were calculated
using eqs 3−5. The xthymol

ref values for the 1:3 cocrystal and 3:2
cocrystal are 0.70 and 0.40, respectively. The Ka

ref values for the
two cocrystals calculated using eq 11 are reported in Table S3
in the Supporting Information. In the case of 3:2 cocrystal
liquidus lines, xAB

S γAB
S = 1 because the 3:2 cocrystal is

immiscible with L-menthol and the 1:3 cocrystal in the solid
state. In contrast, the composition and the activity coefficients
of the 1:3 cocrystal in the solid phase should be considered in
calculating the liquidus and solidus lines. The β solid phase was
assumed to be ideal to avoid fitting additional experimental
data.
The results of the SLE modeling are discussed in the

following to depict the SLE behavior of the system and attain
the position of the eutectic points. Figure 5 shows the
complete phase diagram of the L-menthol/thymol eutectic
system modeled considering an ideal (Figure 5A) and nonideal
(Figure 5B) α solid solution. The points correspond to
experimental data from the present study obtained by rapid
crystallization, and the solid blue lines represent the results of
the SLE modeling. As seen, the calculated liquidus lines of pure
thymol and L-menthol are in good agreement with
experimental data. Moreover, the SLE data in the middle

Table 2. Binary Interaction Parameters and Root-Mean-
Square Deviation (RMSD) Obtained Using Different
Approaches Considering the Heat Capacity Term

g12 − g22
(kJ mol−1)

g21 − g11
(kJ mol−1)

Aij
α

(kJ mol−1)
RMSD
(K)

Δcp = 0 −4.7068 −2.4656 −3.9724 0.6
constant Δcp −4.6067 −1.5759 −2.3691 0.4
temperature-
dependent Δcp

−4.6548 −1.6443 −2.1716 2.7

Figure 5. Solid−liquid equilibria data of the L-menthol/thymol mixture modeled using the NRTL equation considering cocrystal formation and
(A) ideal solid solution and (B) nonideal solution. Legend: (yellow ●) liquidus temperatures; (red ◆) solidus temperatures; (yellow ■) 3:2
cocrystal melting temperature; (blue line) modeled lines; (blue dashed line) predicted eutectic temperature; (dotted blue line) extension of
modeled thymol liquidus and solidus lines; (gray line) expected liquidus and solidus lines.
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composition range corresponding to the liquidus lines of the
two cocrystals as well as the two eutectic points of the system
are well predicted. This further supports the stoichiometric
ratio of the cocrystals and the presence of a solid solution
region between L-menthol and the 1:3 cocrystal (β solid
phase).31,39 Additionally, this indicates the reliability of the
NRTL equation to capture the nonideality in the liquid phase.
The two eutectic temperatures estimated by SLE modeling are
Te1
cal = 271.7 K, xthymol,e1

cal = 0.48 and Te2
cal = 273.1 K, xthymol,e2

cal =
0.33.
The dotted blue lines are extrapolations of the thymol

liquidus and solidus lines wherein the formation of the 1:3
cocrystal is not considered. These liquidus and solidus lines do
not describe the system behavior in the middle range of
composition, and their use would lead to an incorrect
estimation of the eutectic point. The gray lines represent a
possible course of the liquidus and solidus lines if cocrystal
formation is considered. Obviously, because of the extreme
change in the liquidus temperature within a very narrow range
of system compositions corresponding to the gray lines, it is
hardly possible to verify the course of the gray lines by
measurements.
Due to the small solid solubility limit and similarity between

thymol and L-menthol, it is reasonable to assume the solid
solution (α solid phase) as an ideal solution, i.e., γthymol

S = 1.
Nevertheless, the phase diagram was modeled by assuming
ideal or nonideal solid phases. The obtained binary interaction
parameters and RMSDs are shown in Table S3 in the
Supporting Information. Although a significant difference was
observed in the binary interaction parameters when the
nonideality in the solid phase was considered, the RMSD
was similar in each case. As seen in Figure 5, the predictions for
the solidus lines of α and β solid phases could not be improved
by considering the nonideality in the solid phase.

4. CONCLUSION
In this work, detailed SLE data of the L-menthol/thymol
eutectic system were obtained using DSC. Different sample
preparation methods were applied to comprehend the SLE
behavior of the studied system. Due to kinetic limitations, the
complete phase diagram of the system could only be obtained
if samples were prepared by quenching the liquid mixture at
193 K, followed by annealing at 253 K. DSC measurements
were coupled with XRD measurements to characterize the
formed solid phases. The SLE diagram was found to have a
character more complex than that previously reported.
The formations of an incongruently melting cocrystal of 1:3

menthol:thymol and a congruently melting cocrystal of 3:2 L-
menthol:thymol were observed. The melting properties of the
two cocrystsals were measured in this work using DSC.
Additionally, the presence of two solid solution regions was
confirmed by DSC analysis and powder XRD measurements.
The obtained SLE data were modeled by considering the

formation of the two cocrystals and the solid solution regions.
The activity coefficients of the components in the solid and
liquid phases were calculated by the two-suffix Margules and
NRTL models, respectively. The data obtained on the liquidus
and solidus lines of the pure components and the two
cocrystals are in good agreement with the measured data.
Further, the two eutectic points of the system are in good
agreement with the solidus temperatures measured in the
middle composition range. This supports the stoichiometric
ratio of the cocrystals and the formation of the solid solution

regions and indicates the reliability of the NRTL equation to
capture the nonideality in the liquid phase. The two eutectic
points of the system obtained by SLE modeling are Te1

cal =
271.7 K, xthymol,e1

cal = 0.48 and Te2
cal = 273.1 K, xthymol,e2

cal = 0.33.
In general, this study shows that immiscibility in the solid

phase cannot always be assumed in measuring and modeling
SLE in DES. The actual behavior of the system can be
obtained from detailed studies of samples prepared by different
methods. DSC measurements should be coupled with XRD
when possible to acquire information regarding the solid
phases formed. Thermodynamic modeling is a useful tool to
generate and understand the solid−liquid phase diagram in the
whole range of compositions and can provide the position of
eutectic points that can often be difficult to obtain
experimentally.
To determine the exact type of crystalline phases and their

stoichiometry, more specific techniques such as 3D electron
diffraction and SC-XRD are recommended. Nevertheless, the
sample preparation methods required to form the cocrystals of
the L-menthol/thymol system, i.e., quenching and annealing,
are not suitable for obtaining samples for SC-XRD.
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Table S1. Solid±liquid equilibria data of L-menthol/thymol mixture for samples prepared by rapid crystallization. 

xthymol Te / K T / K 

0.94 ± 319.6 

0.91 306.1 317.7 

0.88 299.0 315.8 

0.85 292.1 312.9 

0.83 291.2 312.2 

0.80 282.9 310.2 

0.75 284.4 306.1 

0.70 285.7 ± 

0.67 272.7 285.2 

0.65 271.7 284.7 

0.60 272.3 282.9 

0.59 272.3 282.9 

0.55 271.7 280.1 

0.51 272.1 ± 

0.50 271.6 ± 

0.46 271.2 ± 

0.44 272.7 ± 

0.40 274.8 ± 

0.35 274.6 ± 

mailto:ahmad.alhadid@tum.de
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xthymol Te / K T / K 

0.33 273.7 ± 

0.32 273.3 ± 

0.30 273.5 280.0 

0.25 273.1 288.9 

0.20 271.7 296.2 

0.15 271.5 303.1 

0.10 271.1 307.0 
 
 
Table S2. Solid±liquid equilibria data of L-menthol/thymol mixture for samples prepared by slow crystallization. 

xthymol Te / K T / K 

0.88 297.2 317.4 

0.80 295.7 309.9 

0.75 293.2 307.5 

0.70 295.4 ± 
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Table S3. Binary interaction parameters, calculated eutectic point properties,  and root-mean-square deviation 
(RMSD) between experimental and calculated liquidus temperatures obtained in this work compared to data reported 
in the literature. 

 
 Non-ideal solid Ideal solid Alhadid et al. 1 

ሺ𝑔12 െ 𝑔22ሻ / kJ molି1 െ4.6067 െ3.8712 െ4.3333 

ሺ𝑔21 െ 𝑔11ሻ / kJ molି1 െ1.5759 െ1.7768 െ4.0648 

𝐴௜௝ఈ / kJ molି1 െ2.3691 0 – 

𝐾௔
௥௘௙ (1:3 cocrystal) 8.60 ൈ 10ି3 1.27 ൈ 10ି2 – 

𝐾௔
௥௘௙ (3:2 cocrystal) 7.06 ൈ 10ିସ 1.10 ൈ 10ି3 – 

xe 0.50 
0.34 

0.48 
0.33 0.43 

Te  / K 270.4 
272.9 

271.7 
273.0 241.5 

RMSD / K 0.4 0.5 3.5 

 
 
 

 
Figure S1. Determination of the liquidus temperature by extrapolating the peak maximum to zero heating rate. 

 

y = 0.3154x + 317.74

y = 0.1808x + 310.23
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Figure S2. Differential scanning calorimetry curves of samples with (a) xthymol = 0.75 and (b) xthymol = 0.70 prepared 
by slow crystallization (yellow curve) and rapid crystallization (blue curve). The circles mark the glass transition 
temperature. Curves are shifted and scaled for clarity.  

 

 
Figure S3. Differential scanning calorimetry curve of samples with 1:1  L-menthol:thymol molar ratio obtained by 
different conditions. Curves are shifted and scaled for clarity. Legend: (orange dashed line) in-situ crystalized at 
the DSC; (orange line) samples stored at 193 K for more than one month; (blue line) samples quenched at 193 K 
and annealed at 253 K. 
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 ୭୬ୱୣ୲ ൌ 293.7 K
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(B)

 ୭୬ୱୣ୲ ൌ 294.9 K

 ୭୬ୱୣ୲ ൌ 284.2 K

xthymol = 0.70
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Figure S4. Differential scanning calorimetry curves of samples with different thymol mole fractions. 

 

 
 

Table S4. Cell parameters from indexing and Pawley refinement of a powder X-ray diffraction pattern of a sample 
with xthymol = 0.67 
Monoclinic P  
a 11.9451 Å  
b 19.1600 Å  
c 16.7199 Å  
ȕ 99.428°  
V 3774.96 Å3 

Z ca. 16 
 

 
 
 
X-ray Crystallographic Details 
 
Data were collected on a Bruker D8 Venture single crystal x-ray diffractometer equipped with a CPAD 
detector (Bruker Photon II), an IMS micro source with MoKĮ radiation (λ = 0.71073 Å) and a Helios optic 
using the APEX3 software package.2 Measurements were performed on single crystals coated with 
perfluorinated ether. The crystals were fixed on top of a Kapton micro sampler and frozen under a stream 
of cold nitrogen. A matrix scan was used to determine the initial lattice parameters. Reflections were 
corrected for Lorentz and polarisation effects, scan speed, and background using SAINT.3 Absorption 
correction, including odd and even ordered spherical harmonics, was performed using SADABS.3 Space 

250 260 270 280 290 300 310 320 330

T / K

endo

xthymol = 0.67

xthymol = 0.60

xthymol = 0.50

xthymol = 0.40

xthymol = 0.33
xthymol = 0.30

xthymol = 0.20

xthymol = 0.10

xthymol = 0.75

xthymol = 0.83

xthymol = 0.85

xthymol = 0.88
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group assignments were based upon systematic absences, E statistics, and successful refinement of the 
structures. The structures were solved using SHELXT with the aid of successive difference Fourier maps 
and were refined against all data using SHELXL in conjunction with SHELXLE.4,5,6 Hydrogen atoms 
except on heteroatoms were calculated in ideal positions as follows: Methyl H atoms were refined as part 
of rigid rotating groups, with a C±H distance of 0.98 Å and Uiso(H) = 1.5·Ueq(C). Non-methyl H atoms were 
placed in calculated positions and refined using a riding model, with methylene, aromatic, and other C±H 
distances of 0.99 Å, 0.95 Å and 1.00 Å, respectively, and Uiso(H) = 1.2·Ueq(C). Non-hydrogen atoms were 
refined with anisotropic displacement parameters. Full-matrix least-squares refinements were carried out 
by minimizing Ȉw(Fo

2 - Fc
2)2 with the SHELXL weighting scheme.4 Neutral atom scattering factors for all 

atoms and anomalous dispersion corrections for the non-hydrogen atoms were taken from International 
Tables for Crystallography.7 Images of the crystal structure were generated with PLATON.8 
CCDC 2069355 contains the supplementary crystallographic data for this paper. These data are provided 
free of charge by The Cambridge Crystallographic Data Centre. 
 
 
 

 
Figure S5. Molecular structure of thymol in the solid state at 100 K as obtained from single-crystal x-ray diffraction 
data with ellipsoids at the 50% probability level (disorder of the C10-methyl group is omitted). The structure is 
analogous to a previously published structure at room temperature.9  
 

 
 
Table S5. Structure and refinement data 
Deposition number CCDC 2069355 
Chemical formula C10H14O 
Crystal description colourless fragment 
Formula weight 150.21 
Temperature 100 ± 2 K 
Wavelength 0.71073 Å 
Crystal size 0.442 × 0.528 × 0.547 mm 
Crystal system trigonal 
Space group R í3 
Unit cell dimensions a = 14.4552 ± 4 Å a = 90° 
 b = 14.4552 ± 4 Å b = 90° 
 c = 23.0330 ± 10 Å c = 120° 
Volume 4168.0 ± 3 Å3 
Z 18 
Density (calculated) 1.077 g cmí3 
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Absorption coefficient 0.067 mmí1 

F(000) 1476 
ș UaQge 2.4-26.7° 
Absorption correction multi-scan (SADABS) 
Tmin, Tmax 0.712, 0.745 
Reflections measured 41260 
Independent reflections 1971 
RefOecWLRQV I > 2ı(I) 1909 
Rint 0.021 
Refinement method full matrix least squares on F2 

Data, restraints, parameters 1971, 0, 108 
R1 [I > 2ı(I)] 0.045 
wR2 (all data) 0.112 
Goodness of fit 1.06 
Weighting scheme W = 1/[Ȉ2(FO

2) + (0.0449P)2 + 5.2473P] where 
P = (FO

2 + 2FC
2)/3 

Largest difference peak and hole 0.27 and -0.21 eÅ-3 
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3.5 Paper V 

Cocrystal Formation in Choline Chloride Deep Eutectic Solvents 

A. Alhadid, C. Jandl, L. Mokrushina, and M. Minceva, Cryst. Growth Des., 2022, 22, 3, 1933–

1942. 

Author contribution: The thesis author conceptualized the paper’s idea, performed the 

investigations and formal analysis (excluding powder and SC-XRD), interpreted the results, and 

wrote the manuscript. 

Summary: ChCl is one of the most studied HBA in the DES literature. Because ChCl is thermally 

unstable, its melting properties are unavailable. As shown in Paper I, modeling of the nonideality 

of thermally unstable salts is implausible. The objectives of Paper V are to highlight cocrystal 

formation in ChCl-based DES and examine the melting properties and nonideality of ChCl. ChCl 

was mixed with two coformers (dihydroxybenzenes) to form ChCl-based cocrystals. DSC and 

powder XRD analyses were employed to obtain the SLE data of the two systems. The 

investigations revealed the formation of two cocrystals in ChCl/catechol and one cocrystal in 

ChCl/hydroquinone. The cocrystals' stoichiometry and structure were obtained by the SC-XRD 

technique. It was concluded that not all ChCl-based eutectic systems could be assumed to be 

of the simple eutectic type, and extensive experimental investigations are needed to detect 

cocrystal formation. 

Next, the SLE data of the coformers and cocrystals liquidus lines were used to obtain the NRTL 

binary interaction parameters. The activity coefficients of ChCl in the liquid phase and the SLE 

data of its liquidus line were used to assess the melting properties of ChCl. Surprisingly, no 

liquidus temperature could be observed in the DSC curves of the samples in the ChCl-rich region 

above the solid–solid transition temperature up to the decomposition temperature of the mixture. 

The presence of the ChCl solid phase in the samples above the solid–solid transition temperature 

was confirmed by variable temperature XRD (VT-XRD). Without liquidus data for pure ChCl above 

the solid–solid transition temperature, no distinctive melting properties could be determined for 

ChCl. However, the estimated ChCl melting properties estimated in the literature are not within 

the range of possible values estimated in this work, indicating that those found in the literature 

could be unreasonable.  
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Paper V confirmed that the unique character of ChCl to form nonideal eutectic mixtures with a 

large depression at the eutectic point is its small melting entropy. The small melting entropy of 

ChCl is attributed to the symmetrical and disordered crystal structure of the high-temperature 

polymorph of ChCl. Therefore, Paper V provided evidence for the conclusions drawn in Paper I 

that DES are nonideal eutectic mixtures formed by mixing constituents with low melting enthalpy 

and entropy values. 
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ABSTRACT: Deep eutectic solvents (DESs) are eutectic mixtures representing a new generation of tunable solvents. The majority
of the DESs studied in the literature contains choline chloride (ChCl). The knowledge of solid−liquid equilibria (SLE) in the DESs
is crucial for the identification of the composition range in which the mixture is liquid below process-relevant temperatures. ChCl-
based DES phase diagrams are usually assumed to be simple eutectics with no cocrystal formation. However, the simple eutectic
assumption is questionable without a detailed characterization of the crystallized solid phases. This study investigates the formation
of cocrystals in ChCl-based DESs. The SLE in ChCl/catechol and ChCl/hydroquinone eutectic mixtures were studied using powder
X-ray diffraction (XRD) and differential scanning calorimetry (DSC). The research demonstrated the formation of two cocrystals in
the ChCl/catechol system and one cocrystal in the ChCl/hydroquinone system; the crystal structures were obtained using single-
crystal XRD. The solid−solid transition of ChCl in the mixture was observed by DSC and variable-temperature XRD. The SLE data
were correlated using the nonrandom two-liquid (NRTL) model and the melting properties of the pure components and cocrystals.
Modeling the SLE data enabled one to evaluate the melting properties of ChCl estimated in the literature.

1. INTRODUCTION
Recently, eutectic mixtures have been used to form tunable and
green solvents, often called deep eutectic solvents (DESs).1,2

DESs are prepared by mixing hydrogen bond acceptors (HBAs)
with hydrogen bond donors (HBDs).3 The eutectic temperature
of the mixture is considerably lower than the melting
temperature of the pure constituents. The reasons for the low
eutectic temperature of the DESs are the negative deviation from
the ideality in the liquid phase and the low melting enthalpy
value of the constituents.4

A prerequisite for using a DES as a solvent is that the melting
temperature of the mixture is below the process temperature.
The melting temperature of the mixture at any composition is
obtained from the solid−liquid equilibria (SLE) phase diagram.4

Hence, the knowledge of SLE is essential for the selection of the
DES constituents and their molar ratios. Recently, the SLE
phase diagram of numerous binary eutectic mixtures has become
available in the literature to aid in the design of the DES for a
certain application.5−12 However, experimental determination
of SLE data over the entire composition range is not a
straightforward task. The most commonly used approach for the
determination of the complete SLE phase diagram is to measure

the melting temperature for a few mixture compositions and
then correlate the SLE data assuming that the system is of the
simple eutectic type, i.e., the components crystallize as pure
solids.13,14 However, the simple eutectic assumption should be
verified. In various eutectic systems, polymorphism, the
formation of metastable solid phases, and cocrystal formation
have been identified by the characterization of the crystallized
solid phases.15−19 Therefore, the crystallized solid phases should
be analyzed to determine and model the SLE phase diagram
properly.
Choline chloride (ChCl) was the first HBA used in DESs and

the one present in over half of the DESs reported in the
literature.1,20−23 The distinctive character of ChCl in forming
DESs with a considerably low eutectic temperature has not been
well-explored so far. ChCl has been shown to undergo a solid−
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solid transition at around 352 K.24 However, the solid−solid
transition of ChCl in its eutectic mixtures was indirectly
observed only in a few cases as the change in the slope of the
ChCl liquidus line.10,25 Accordingly, it was argued that the ChCl
low-temperature polymorph is stabilized, and thus, the solid−
solid transition cannot be observed in most ChCl-based DESs,
relying only on the measurements of the liquidus temperature of
ChCl.5 However, it is hardly probable that the liquid phase could
stabilize ChCl low- or high-temperature polymorphs because
the liquid phase is only in contact with the surface but not with
the bulk of the solid ChCl. Therefore, it is required to directly
examine the solid−solid transition of ChCl in ChCl-based DESs
by analysis methods such as X-ray diffraction (XRD).
The formation of cocrystals in ChCl-based DESs has not been

thoroughly disclosed.26−30 Various HBDs used in ChCl-based
DESs, such as urea, thiourea, catechol, and hydroquinone, are
known to be cocrystal formers.31 However, without systematical
characterization of the crystallized solid phases in ChCl-based
DES, the formation of cocrystals can be ruled out. This study
presents a detailed investigation of SLE in two ChCl-based
DESs, namely, ChCl/catechol andChCl/hydroquinone, with an
extensive analysis of the crystallized solid phases. The crystal-
lized solids were characterized by performing powder XRD on
samples of different compositions. The SLE data of the two
eutectic systems were measured using differential scanning
calorimetry (DSC) over the entire composition range. The
obtained SLE data were modeled using the nonrandom two-
liquid (NRTL) equation.

2. METHODS
2.1. Sample Preparation. Figure 1 shows the molecular structure

of the pure substances. Before the eutectic mixtures were prepared,

ChCl (Alfa Aesar, <98%) was dried overnight under vacuum at 343 K,
and its water content after drying was measured using a Karl Fischer
Coulometer (Hanna Instrument, USA) and found to be <1000 ppm.
The eutectic mixtures were prepared by mixing ChCl with catechol
(Acros Organics, <99%, water content ∼ 500 ppm) or hydroquinone
(Merck, <98%, water content ∼ 700 ppm) in different ratios. The pure
components were weighed (Sartorius, Germany, precision 1 × 10−4 g)
and introduced into glass vials. The vials were directly sealed, and the
mixture was gently heated under continuous stirring until a clear liquid
was formed. To aid sample crystallization, the liquid solutions were
quenched at 193 K and annealed for 1 day at 253 K. Using a mortar and
pestle, the solid was ground to a fine powder inside a cold room at 253
K. The water content of the powder was measured after grinding and
found to be less than 500 ppm.
2.2. XRD. Powder XRDwas used to characterize the crystalline solid

phases across the entire composition range. The powder XRD samples
were prepared by grinding the powder at 253 K and directly adding it
into a glass capillary (Hilgenberg, Germany) with a 1.0 mm diameter.
The powder XRD experiments were performed using a Stadi P
diffractometer (Stoe & Cie, Germany) with Debye−Scherrer geometry
equipped with a Mo fine-focus sealed tube, curved Ge monochromator
selecting for Kα1 radiation (λ = 0.70930 Å), and a Mythen2 R 1K
detector (Dectris, Switzerland). The data were collected with a step size

of 0.015° 2θ per data point. Due to ChCl radiation sensitivity, the
measurements were performed at 253 K to avoid the decomposition of
ChCl. A cryostream (Oxford 800 series, UK) was used to perform
measurements at various temperatures.

The cocrystal’s stoichiometry and structure were determined by
single-crystal XRD (SC-XRD) analysis. Single crystals with sufficient
size and quality for SC-XRD were obtained by dissolving the cocrystal
powder in acetonitrile at 318 K in a 1:1 mass ratio, and the solution was
stored at 253 K for around 1 week until suitable crystals appeared.
Details regarding the SC-XRD method can be found in the Supporting
Information.

2.3. DSC. DSC analysis was used to get the SLE data for the two
eutectic systems. Before measurement, the DSC instrument
(NETZSCH DSC 200 F3, Germany) was calibrated using six
calibration standards, namely, adamantane, bismuth, cesium chloride,
indium, tin, and zinc, at a heating rate of 5 Kmin−1. Measurements were
performed in an inert environment using nitrogen with a flow rate of
150 mL min−1. The standard uncertainties of the temperature and
sensitivity measurements were 0.3 K and 0.4%, respectively.

After filling the DSC crucible pans with the ground powder in
triplicates, they were hermetically sealed. Before adding the sample, the
DSC chamber was precooled to 253 K. Then, a heating run with a
heating rate of 5 K min−1 was conducted until 373 K for ChCl/catechol
and 443 K for ChCl/hydroquinone systems. The solidus phase
transition and the liquidus temperatures were determined as the onset
and peak maximum temperatures. DSC experiments were performed in
triplicate for each mixture composition being studied. The average
standard deviation of the obtained liquidus and solidus temperatures
was found to be 0.5 K.

2.4. ThermodynamicModeling.The SLE data obtained from the
DSC analysis were modeled to obtain the complete solid−liquid phase
diagram and the eutectic points. The pure constituent liquidus line was
modeled using the following equation32

γ = −
Δ
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L
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where xiL and γiL are the mole fraction and the activity coefficient of the
component i in the liquid phase,Δhm,i and Tm,i are the melting enthalpy
and temperature of pure component i, R is the gas constant, and T is the
liquidus temperature. Since ChCl undergoes a solid−solid transition,24
the ChCl liquidus line below the solid−solid transition temperature was
calculated as follows33
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where Δhtr,i and Ttr,i are the solid−solid transition enthalpy and
temperature, respectively. The formation of a cocrystal containing
component A with a stoichiometric coefficient of ϑA and component B
with a stoichiometric coefficient of ϑB in a binary eutectic mixture was
described as a chemical reaction.34

ϑ + ϑ ↔ ϑ ϑA B A BA (L) B (L) A B(S) (3)

The equilibrium constant of the chemical reaction (Ka) in eq 3 was
defined as

∏ γ γ
γ

= =ϑ
ϑ ϑ

K a
x x

x
( ) ( )

( )i
ia

A
L

A
L

B
L

B
L

AB
S

AB
S

i
A B

(4)

The solid phase is a pure cocrystal; hence, xABS γAB
S = 1. The

temperature effect on the melting enthalpy of the cocrystal was
neglected in a narrow temperature range, and Ka at different
temperatures was calculated using the Gibbs−Helmholtz equation

= + Δ −LNMMM \̂]]]K K h
R T T

ln ln 1 1
a a

ref
ref

ref (5)

where Tref is a reference temperature, Ka
ref is the equilibrium constant at

Tref, and Δhref is the melting enthalpy of the cocrystal at Tref. Tref and

Figure 1. Molecular structure of the studied pure substances.
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Δhref are the melting temperature and enthalpy of the cocrystals
measured in this work using DSC. The equilibrium constant at Tref was
calculated as follows

γ γ= ϑ ϑK x x( ) ( )a
ref

A
ref

A
ref

B
ref

B
refA B (6)

where xref and γref are the mole fraction and the activity coefficient of the
component at which Tref and Δhref were measured, i.e., at the cocrystal
stoichiometry. Equations 4−6 were solved simultaneously to obtain the
liquidus lines of the cocrystal.
The activity coefficients of the components in the liquid phase (γi

L)
are prerequisites in calculating the pure components (eqs 1 and 2) and
cocrystal (eqs 4−6) liquidus lines. The activity coefficients of the
components in the liquid phase were calculated using the NRTLmodel
as follows32
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The nonrandom parameter α was set to 0.3, and the binary
interaction parameters (gij − gjj) and (gji − gii) were fitted to the
experimental liquidus data (Ti

exp) by minimizing the following objective
function
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=

L
NMMMMM

\]̂]]]]F T
T T

n
( )

( )

i

n
i i

1

exp cal 2 1/2

(10)

where Ti
cal is the calculated liquidus temperature by the NRTL model

and n is the number of experimental data points.
The SLE data on the mixtures rich in ChCl were used to determine

the melting properties of thermally unstable ChCl. For this, eq 2 was
rearranged as follows33
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Given that the NRTL model is available for the calculation of the
activity coefficients of ChCl in the liquid phase, experimental ln xi

Lγi
L

values were plotted as a function of 1/T. Accordingly, the melting
enthalpy and temperature of ChCl were determined from the slope

− −Δ Δ( )h
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h
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i

i
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tr,
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3. RESULTS
3.1. XRD. The formation of cocrystals was monitored by

powder XRD analysis. Figure 2 shows the powder XRD pattern
obtained at 253 K for pure catechol, ChCl, and a ChCl/catechol
mixture of different ratios. Starting with the bottom curves,
which depict catechol-rich samples, the XRD pattern of the 1:3
ratio sample shows the main peaks of the catechol XRD pattern
(blue dotted lines) with additional peaks that do not correspond
to the peaks of the pure ChCl XRD pattern. When the XRD
patterns of the 1:3 and 1:2 ratio samples were compared, the
additional peaks observed in the 1:3 ratio sample match with
those in the 1:2 ratio sample XRD pattern (orange dotted lines),
indicating that the crystallized solid of the 1:3 ratio sample
consists of pure catechol and the solid phase of the 1:2 ratio
sample. The absence of pure catechol peaks in the XRD pattern
of the 1:2 ratio sample indicates the formation of a cocrystal with
a 1:2 ratio. SC-XRD analysis was performed on a single crystal
obtained from the 1:2 ratio sample to confirm the formation of a
1:2 cocrystal according to the procedure described in Section
2.2. The cocrystal formation with a stoichiometric ratio of 1:2 for
ChCl/catechol was confirmed by SC-XRD analysis; the crystal
structure details are shown in Figures S1 and S2 and Table S3.
When one moves toward the middle composition range, a

comparison between the XRD patterns of the 1:2 and 2:3 ratio
samples reveals additional peaks in the 2:3 ratio sample XRD
pattern (green dotted lines), which again do not match with the
peaks of pure catechol or ChCl. These additional peaks
correspond to the 1:1 ratio sample XRD pattern (green dotted
lines). Thus, the crystallized solid of the 2:3 ratio sample consists
of the 1:2 cocrystal and the solid phase of the 1:1 ratio sample.
The powder XRD pattern of the 1:1 ratio does not match or
contain any peaks corresponding to pure catechol, ChCl, or the
1:2 cocrystal, which may indicate the formation of a second
cocrystalline phase at the 1:1 ratio. Accordingly, SC-XRD
analysis was performed on a single crystal obtained from the 1:1
ratio sample. The results confirmed the formation of a cocrystal
with a stoichiometric ratio of 1:1 for ChCl/catechol; the crystal
structure details are shown in Figures S3 and S4 and Table S4.
Finally, the peaks of the pure ChCl XRD pattern (red dotted
lines) can be seen in the 2:1 ratio sample XRD pattern, showing
that the crystallized solid of the 2:1 ratio sample consists of pure
ChCl and the 1:1 cocrystal. We could perform quantitative

Figure 2. X-ray diffraction patterns of choline chloride (ChCl) and catechol (cat) binary eutectic mixtures for samples of different ratios. The
measurements were performed at 253 K. Characteristic peaks are marked as follows: catechol (blue dotted lines), 1:2 cocrystal (orange dotted lines),
1:1 cocrystal (green dotted lines), and ChCl (red dotted lines).
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phase analysis via Rietveld refinement of the powder XRD data
for the samples shown in Figure 2 within the ChCl/catechol
system (see Tables S6 and S7) because we had determined the
crystal structures of the 1:2 and 1:1 cocrystals, which confirmed
the above assignments.
Next, powder XRD investigations were performed on the

ChCl/hydroquinone eutectic system samples covering the
entire composition range. Figure 3 shows the powder XRD
pattern obtained at 253 K for pure hydroquinone, ChCl, and
ChCl/hydroquinone samples of varying ratios showing distinct
powder XRD patterns. Starting with hydroquinone-rich
samples, the XRD pattern of the 1:2 ratio sample shows the
peaks corresponding to the pure hydroquinone XRD pattern
(blue dotted lines). Conversely, the additional peaks in the 1:2
ratio sample XRDpattern do not correspond to the peaks seen in
the pure ChCl XRD pattern. These peaks correspond to the
XRD pattern of the 1:1 ratio sample (green dotted lines). Thus,
the crystallized solid phase of the 1:2 ratio sample consists of
pure hydroquinone and the solid phase of the 1:1 ratio sample.
As seen, no hydroquinone or ChCl peaks were observed in the
1:1 ratio sample XRD pattern, hinting at the possibility of a
cocrystal formation at the 1:1 ratio. Thus, SC-XRD analysis was
performed on a single crystal obtained from the 1:1 ratio sample.
The formation of a cocrystal with a stoichiometric ratio of 1:1 for
ChCl/hydroquinone (Figure S5 and Table S5) was confirmed
by the SC-XRD results. When one refers to Figure 3, the 2:1
sample ratio XRD pattern contains the peaks of pure ChCl and
the 1:1 cocrystal, which indicates that the crystallized solid phase
of the 2:1 ratio sample consists of pure ChCl and the 1:1
cocrystal. Consequently, one cocrystal can be identified in the
ChCl/hydroquinone eutectic system. Finally, quantitative phase
analysis by Rietveld refinement of the powder XRD data of the
samples shown in Figure 3 within the ChCl/hydroquinone
system confirmed the above assignments (see Tables S6 and
S8).
3.2. DSC. The powder XRD analysis revealed the formation

of two cocrystals in the ChCl/catechol (1:2 and 1:1 cocrystals)
and one cocrystal in the ChCl/hydroquinone (1:1 cocrystal)
eutectic systems. Thus, the phase diagram is not of a simple
eutectic type, and the melting properties of the cocrystals are
needed for adequate modeling of the SLE in the two eutectic

systems. The melting properties of catechol, hydroquinone, and
the three cocrystals as well as the solid−solid transition enthalpy
and temperature of ChCl were measured using DSC. The
corresponding DSC curves can be found in Figure S7. Table 1

shows the measured melting properties compared to those
reported in the literature. As seen, the melting temperatures of
the pure components measured in the present work agree with
the literature values. Abbott et al.35 reported the melting
temperatures of the 1:1 molar ratio mixture in the two eutectic
systems as eutectic temperatures. The reported values match
well with themelting temperatures of the 1:1 cocrystals obtained
in the present work but were misinterpreted as eutectic points.
Figure 4 shows SLE data of the two eutectic systems over the

whole composition range measured using DSC in this work
compared to the data found in the literature (indicated by
crosses). As seen in Figure 4A, the ChCl/catechol eutectic
system shows three solidus temperatures (∼314, 319, and 323
K) attributed to the formation of two cocrystals. As shown in
Figure 4B, the ChCl/hydroquinone eutectic system shows the
formation of one cocrystal and two different solidus temper-
atures (∼318 and 326 K).
For mixtures rich in ChCl, no liquidus temperature could be

observed above a certain temperature value. This temperature

Figure 3. X-ray diffraction pattern of choline chloride (ChCl) and hydroquinone (hyd) binary eutectic mixture for samples of different ratios. The
measurements were performed at 253 K. Characteristic peaks are marked as follows: hydroquinone (blue dotted lines), 1:1 cocrystal (green dotted
lines), and ChCl (red dotted lines).

Table 1. Pure Constituents and Cocrystal Melting Properties
Measured in This Work Compared to the Data Found in the
Literature

Δhm/kJ mol−1 Tm/K

solid phase this work literature this work literature

catechol 21.99 ± 0.61 22.8736 377.1 ± 0.1 377.636

1:2 ChCl:cat 39.54 ± 0.61 325.7 ± 0.1
1:1 ChCl:cat 34.15 ± 0.11 327.4 ± 0.4 325.235

hydroquinone 28.73 ± 0.15 27.2336 445.7 ± 0.1 445.1
1:1 ChCl:hyd 31.97 ± 0.38 332.7 ± 0.1 332.235

solid−solid transition

Δhtr/kJ mol−1 Ttr/K

this work literature this work literature

choline chloride 16.35 ± 0.67 16.5337 352.3 ± 0.1 35137
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(T = 352.3 K) corresponds to the solid−solid transition of ChCl.
The DSC curves of the samples with xcat = 0.38 and 0.34 are
shown in Figure 4C. Although the liquidus temperature of the
sample with xcat = 0.38 is 342.3 K, no liquidus temperature at xcat
= 0.34 could be measured above the solid−solid transition
temperature of ChCl up to the decomposition temperature of

the mixture (T > 550 K). The same behavior was observed for all
samples with xChCl > 0.66 in the ChCl/catechol and ChCl/
hydroquinone eutectic systems. The data found in the literature
for the ChCl/hydroquinone eutectic system (cross symbols in
Figure 4B) hint at the observed behavior, but the solid−solid
transition temperature of ChCl has been misinterpreted as

Figure 4.Measured solid−liquid equilibria data for (A) choline chloride (ChCl)/catechol (cat) and (B) ChCl/hydroquinone (hyd). Literature data
were taken from Abbott et al.35 (C) Differential scanning calorimetry curves of samples from the ChCl/catechol eutectic system with xcat = 0.38 and
0.34. The curves were shifted for clarity.

Figure 5.Variable temperature powder X-ray diffraction for the sample with xcat = 0.34 from choline chloride (ChCl)/catechol. The solid−solid (S−S)
transition and eutectic temperature (Te) in the ChCl-rich region are shown.
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liquidus temperatures. The variable temperature XRD (VT-
XRD) experiment carried out on pure ChCl (Figure S8)
confirmed the fact of the solid−solid transition.
Further investigations were performed to validate the DSC

observations. VT-XRD was performed on a sample from the
ChCl/catechol eutectic system with xcat = 0.34 in the
temperature range from 263 to 403 K; the results are shown
in Figure 5. As seen in Figure 5, the XRD pattern remains the
same from 263 to around 323 K. At 323 K, several peaks in the
XRD pattern disappear while the remaining peaks fade slightly.
The vanishing and fading of the XRD pattern peaks indicate
partial melting of the solid phase of the sample. Thus, this
temperature corresponds to the eutectic temperature observed
in the ChCl-rich region, i.e., the melting of the 1:1 cocrystal and
part of pure ChCl. At temperatures higher than 323 K, only the
XRD peaks corresponding to pure ChCl are observed. The
solid−solid transition of ChCl can be observed as a change in the
XRD pattern at around 353 K. Above the solid−solid transition
temperature, no vanishing of the peaks of the high-temperature
polymorph of ChCl is observed, indicating that pure ChCl
remains as a solid in the sample.
Nevertheless, liquidus temperatures for ChCl above its solid−

solid transition temperature were reported for other ChCl-based
DESs.5,7−10,38 However, the reported data were obtained by a
melting-point device and not by DSC. This method relies on
visual determination of the mixture melting temperature, and
thus, some of the phase transitions, such as solid−solid solidus
(eutectic) transitions, cannot be captured or can be misinter-
preted. We recommend the detailed reinvestigation of the
crystallized solid phases in ChCl-based DESs to confirm that
ChCl undergoes the solid−solid transition and does not melt
above its solid−solid transition temperature regardless of the
HBD.
3.3. Thermodynamic Modeling. The correlation of

experimental SLE data is a valuable tool to obtain the complete
solid−liquid phase diagram and determine the position of the
eutectic points. As the melting properties of ChCl are unknown,
the correlation of the liquidus line SLE data (xChCl > 0.6) to
obtain the NRTL binary interaction parameters is not possible.
Thus, for each system being studied, the experimental data
obtained for the liquidus lines of catechol, hydroquinone, and
the cocrystals were correlated using the NRTL model and based
on the melting properties of the pure components and the
cocrystals from Table1. Table 2 displays the obtained binary
interaction parameters, the RMSD between experimental and
estimated liquidus temperatures, and the calculated eutectic

compositions and temperatures for the two eutectic systems.
The binary interaction parameters with negative values indicate
a significant negative deviation from the ideal behavior, i.e.,
strong intermolecular interactions between unlike molecules in
the liquid phase (γi < 1). Figure 6 shows the calculated liquidus
(solid blue lines) and solidus lines (dashed blue lines) compared
to the measured data (points). The calculated liquidus and
solidus lines are in good agreement with the experimental data,
as seen in Figure 6. The model can adequately describe the
formation of the cocrystals and determine the position of the
eutectic points.
As shown in the previous section, the liquidus temperatures of

ChCl above its solid−solid transition temperature could not be
measured. Nevertheless, the activity coefficients of ChCl in the
ChCl-rich liquid phase can be calculated by the NRTL model
using the binary interaction parameters from Table 2. Thus, the
ChCl liquidus line above the solid−solid transition could be, in
principle, modeled if the melting properties of ChCl were
known. However, the melting properties of ChCl are not
available experimentally due to its thermal instability. Fernandez
et al.38 estimated the melting properties of ChCl as Tm = 597 K
and Δhm = 4.3 kJ mol−1. The estimation was made based on the
SLE data of ten binary eutectic mixtures containing ChCl with
various ionic salts and assuming an ideal solution behavior of
ChCl in the liquid solutions, i.e., γChCl = 1. Vilas-Boas et al.39

used ChCl water solubility data and the PC-SAFT or COSMO-
RS models to estimate the melting enthalpy of ChCl as Δhm =
7.67 kJ mol−1, assuming the melting temperature estimated in
Fernandez et al.38 In both studies, the systems were assumed to
be of the simple eutectic type without accounting for the solid−
solid transition of ChCl.
Figure 7 shows the ChCl-rich region (xChCl > 0.5) in the phase

diagram of ChCl/catechol (Figure 7A) and ChCl/hydro-
quinone (Figure 7B) eutectic mixtures. The blue lines in the
figure represent the liquidus lines of the 1:1 cocrystals as
correlated with the NRTL model. The red and orange lines
indicate the liquidus lines of ChCl calculated using the literature
values of the melting properties of ChCl found in Fernandez et
al.38 (Δhm = 4.30 kJ mol−1, Tm = 597 K) and Vilas-Boas et al.
(Δhm = 7.67 kJmol−1,Tm = 597 K),

39 respectively. As seen, none
of the published melting properties of ChCl can adequately
describe the measured data in the composition range of xChCl >
0.60. Therefore, the reported ChCl melting properties seem
inadequate for modeling its liquidus line accurately in the ChCl/
catechol and ChCl/hydroquinone eutectic systems.
Although the melting properties of ChCl are unknown, its

crystal structure may provide a premise about its melting
properties. ChCl has a highly disordered crystal structure above
the solid−solid transition.24 The solid−solid transition entropy

of ChCl Δ = =Δ − −( )s 46.41 J mol Kh
Ttr

1 1tr

tr
resembles the

melting entropy of many other solids, indicating the high
entropy of the high-temperature ChCl solid phase. Thus, the
entropy values of the solid and the liquid phases at the melting
temperature should be similar, and therefore, the melting
entropy should be of a low value. The melting entropy of
substances with highly disordered crystal structure ranges
between 0.5 and 2 R (4.16 to 16.63 J mol−1 K−1).40 The
melting temperature is the ratio between the melting enthalpy
and entropy of the component, and thus, the melting properties
are interrelated.
To estimate the melting properties of ChCl, the experimental

SLE data on the ChCl liquidus line below the solid−solid

Table 2. NRTL Binary Interaction Parameters, RMSD,
Estimated Eutectic Point from Solid−Liquid Equilibria
Correlation, and the Absolute Difference between Measured
and Calculated Eutectic Temperatures

ChCl/catechol ChCl/hydroquinone

(gij − gjj)/kJ mol−1 −9.8501 −11.4683
(gji − gii)/kJ mol−1 −9.3442 −10.8958
RMSD/K 2.0 9.6
xe 0.74

0.59
0.60

Te/K 312.1
315.5

316.0
|Te

exp − Te
cal|/K 3.0

1.7
2.9
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transition in each eutectic system were fitted by eq 11 at various
melting entropy values in the range from 0.5 to 2 R; the results
are shown in Figure 8. Each value of the predicted melting
entropy yields a pair of melting temperature and enthalpy values
due to a lack of experimental evidence regarding the liquidus
temperatures of the high-temperature polymorph of ChCl. As
shown in Figure 8A,B, any of these pairs adequately describe the
liquidus lines of the low-temperature polymorph of ChCl, but as
expected, they lead to distinct courses of a high-temperature
polymorph’s liquidus line. Thus, the estimation of any definite
values of the ChCl melting properties without the experimental
SLE data for the high-temperature polymorph seems unattain-
able. However, the obtained data allow one to analyze the
melting properties of the high-temperature polymorph.
As seen in Figure 8C,D, the obtained melting enthalpy

increases with an increase in the melting entropy, while the
melting temperature, on the contrary, decreases. As shown in
Figure 8C, the minimum feasible value of melting enthalpy of
ChCl, i.e., at Δsm → 0, is about 6.26 or 5.58 kJ mol−1, which is
still higher than that estimated by Fernandez et al.38

Simultaneously, these values would correspond to high values
of melting temperatures. Furthermore, the melting temperature
of ChCl at the highest possible value for the melting entropy of
substances with a disordered crystal structure like ChCl (2 R) is
675.1 and 717.9 K, which are higher than the melting
temperature reported by Fernandez et al.38 (Tm = 597 K) and
correspond to the melting enthalpy of 11.22 and 11.94 kJ mol−1.
Thus, the reported values of the melting properties of ChCl
seem unreasonable. Hence, it is necessary to find another
approach to estimate the melting properties of ChCl.

4. CONCLUSION
This work presents a detailed study of the SLE in ChCl/catechol
and ChCl/hydroquinone eutectic systems. The SLE data of the
two binary eutectic systems were measured over the whole
composition range by DSC analysis. Two cocrystals with
stoichiometric ratios of 1:2 and 1:1 in the ChCl/catechol
eutectic system and one cocrystal with a stoichiometric ratio of
1:1 in the ChCl/hydroquinone eutectic system were observed.

Figure 6. Solid−liquid phase diagram of (A) choline chloride (ChCl)/catechol (cat) and (B) ChCl/hydroquinone (hyd) eutectic systems in the
hydrogen bond donor-rich region. The liquidus and solidus lines were calculated using the NRTL model.

Figure 7. Solid−liquid phase diagram of (A) choline chloride (ChCl)/catechol and (B) ChCl/hydroquinone. The ChCl liquidus line was calculated
using the nonrandom two-liquid (NRTL) model and the melting properties determined in Fernandez et al.38 (Δhm = 4.30 kJ mol−1, Tm = 597 K) or
Vilas-Boas et al.39 (Δhm = 7.67 kJ mol−1, Tm = 597 K).
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Solid ChCl was shown to undergo the solid−solid transition at
352 K in the two studied systems. The formation and structure
of the cocrystals and the ChCl solid−solid transition were
confirmed by SC-XRD and VT-XRD analysis, respectively.
The experimental data were correlated with the NRTL model

for both studied systems. Substantial negative deviation from the
ideal behavior was observed for both constituents in both
systems. Due to the lack of experimental data on the liquidus
lines of the ChCl high-temperature polymorph, the melting
properties of ChCl could not be estimated on the basis of the
measured SLE data. However, the close analysis of the ChCl
crystal structure could show that the values of its melting
properties estimated in the literature could not be considered
reasonable.
It was found in this study that the prevalent assumption that

all ChCl-based DESs are of the simple eutectic type should be
examined. The quest to model the phase diagram of DESs
should be based on reliable melting properties of pure
constituents and on verified SLE data of the system. The latter
could be obtained by a combination of DSC analysis with a
rigorous XRD characterization of the formed solid phases. To
conclude, we encourage the reinvestigation of the SLE data of
ChCl-based DESs available in the literature guided by the
procedure of the present study.
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Single-crystal X-ray diffraction 

Crystals suitable for SC-XRD were prepared by dissolving the cocrystal powder in hot acetonitrile 
in a 1:1 mass ratio. The solution was stored at 253 K until suitable crystals appeared. The average 
time to obtain suitable crystals was around one week. 
Data were collected on a Bruker D8 Venture single crystal x-ray diffractometer equipped with a CMOS 
detector (Bruker Photon-100), a TXS rotating anode with MoKĮ radiation (λ = 0.71073 Å) and a Helios 
optic using the APEX3 software package.1 Measurements were performed on single crystals coated with 
perfluorinated ether. The crystals were fixed on top of a Kapton micro sampler and frozen under a stream 
of cold nitrogen. A matrix scan was used to determine the initial lattice parameters. Reflections were 
corrected for Lorentz and polarisation effects, scan speed, and background using SAINT.2 Absorption 
correction, including odd and even ordered spherical harmonics, was performed using SADABS.2 Space 
group assignments were based upon systematic absences, E statistics, and successful refinement of the 
structures. The structures were solved using SHELXT with the aid of successive difference Fourier maps 
and were refined against all data using SHELXL in conjunction with SHELXLE.3,4,5 Hydrogen atoms 
except on heteroatoms were calculated in ideal positions as follows: Methyl H atoms were refined as part 
of rigid rotating groups, with a C±H distance of 0.98 Å and Uiso(H) = 1.5·Ueq(C). Non-methyl H atoms were 
placed in calculated positions and refined using a riding model, with methylene, aromatic, and other C±H 
distances of 0.99 Å, 0.95 Å and 1.00 Å, respectively, and Uiso(H) = 1.2·Ueq(C). Non-hydrogen atoms were 
refined with anisotropic displacement parameters. Full-matrix least-squares refinements were carried out 
by minimizing Ȉw(Fo

2 - Fc
2)2 with the SHELXL weighting scheme.4 Neutral atom scattering factors for all 

atoms and anomalous dispersion corrections for the non-hydrogen atoms were taken from International 
Tables for Crystallography.6 Images of the crystal structures were generated with PLATON and Mercury.7,8 
CCDC 2125060-2125062 contains the supplementary crystallographic data for this paper. These data are 
provided free of charge by The Cambridge Crystallographic Data Centre. 
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Table S1 Solid±liquid equilibria data of choline chloride/catechol eutectic system. 

catechol mole fraction Tliq / K Te / K 

0.89 362.7 ± 0.1 314.6 

0.85 353.6 ± 0.9 315.6 

0.83 345.0 ± 1.1 315.5 

0.81 331.8 ± 0.1 315.3 

0.79 328.4 ± 0.1 315.7 

0.75 ± 315.1 

0.71 322.5 ± 0.1 314.7 

0.69 323.5 ± 0.1 314.3 

0.68 324.3 ± 0.3 314.7 

0.65 323.8 ± 0.3 317.9 

0.60 ± 319.5 

0.55 325.5 ± 0.3 319.1 

0.47 352.2 ± 0.3 ± 

0.44 ± 322.3 

0.40 336.5 ± 0.3 323.8 

0.38 342.3 ± 0.9 323.0 

0.34 350.5 ± 0.1* 320.5 

0.30 351.3 ± 0.1* 324.9 
*solid-solid transition 
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Table S2 Solid±liquid equilibria data of choline chloride/hydroquinone eutectic system. 

Hydroquinone mole fraction Tliq / K Te / K 

0.89 434.2 ± 0.9 317.8 

0.81 418.9 ± 0.2 318.5 

0.75 386.8 ± 1.6 318.6 

0.71 358.3 ± 0.1 318.9 

0.70 ± 315.3 

0.67 341.2 ± 0.9 318.7 

0.63 ± 317.4 

0.60 ± 315.3 

0.57 324.3 ± 0.1 313.3 

0.46 ± 324.5 

0.45 ± 325.7 

0.41 ± 326.2 

0.40 ± 327.1 

0.37 340.9 ± 0.2 326.5 

0.32 351.3 ± 0.1* 326.7 

0.30 352.1 ± 0.2* 326.4 
*solid-solid transition 
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Figure S1: Asymmetric unit of the crystal structure of the choline chloride/catechol cocrystal with a ratio of 1:2. Ellipsoids are 
displayed at the 50% probability level. 

 
Figure S2: Packing diagram of the choline chloride/catechol cocrystal with a ratio of 1:2 viewed along the b-axis. 
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Table S3: Structure and refinement details for the choline chloride/catechol cocrystal with a ratio of 1:2. 
Deposition number CCDC 2125062 
Chemical formula C17H26ClNO5 
Crystal description colourless fragment 
Formula weight 359.84 
Temperature 100 K 
Wavelength 0.71073 Å 
Crystal size 0.39 × 0.34 × 0.17 mm 
Crystal system monoclinic 
Space group P21/c 
Unit cell dimensions a = 10.7901(14) Å a = 90° 
 b = 9.9623(13) Å b = 99.194(4)° 
 c = 17.303(3) Å c = 90° 
Volume 1836.1(5) Å3 
Z 4 
Density (calculated) 1.302 g cmí3 

Absorption coefficient 0.23 mmí1 

F(000) 768 
ș UaQge 2.4-27.5° 
Absorption correction multi-scan (SADABS) 
Tmin, Tmax 0.681, 0.746 
Reflections measured 58129 
Independent reflections 4196 
RefOecWiRQV I > 2ı(I) 3949 
Rint 0.030 
Refinement method full matrix least squares on F2 

Data, restraints, parameters 4196, 0, 240 
R1 [I > 2ı(I)] 0.029 
wR2 (all data) 0.073 
Goodness of fit 1.05 
Weighting scheme W = 1/[Ȉ2(FO

2) + (0.0312P)2 + 0.8905P] where 
P = (FO

2 + 2FC
2)/3 

Largest difference peak and hole 0.31 and -0.25 eÅ-3 
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Figure S3: Asymmetric unit of the crystal structure of the choline chloride/catechol cocrystal with a ratio of 1:1. Ellipsoids are 
displayed at the 50% probability level. 

 
Figure S4: Packing diagram of the choline chloride/catechol cocrystal with a ratio of 1:1 viewed along the a-axis. 
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Table S4: Structure and refinement details for the choline chloride/catechol cocrystal with a ratio of 1:1. 
Deposition number CCDC 2125061 
Chemical formula C11H20ClNO3 
Crystal description colourless fragment 
Formula weight 249.73 
Temperature 123 K 
Wavelength 0.71073 Å 
Crystal size 0.40 × 0.19 × 0.04 mm 
Crystal system orthorhombic 
Space group P212121 
Unit cell dimensions a = 6.9117(4) Å a = 90° 
 b = 10.7352(7)Å b = 90° 
 c = 17.5585(10) Å c = 90° 
Volume 1302.81(14) Å3 
Z 4 
Density (calculated) 1.273 g cmí3 

Absorption coefficient 0.29 mmí1 

F(000) 536 
ș UaQge 3.2-26.0° 
Absorption correction multi-scan (SADABS) 
Tmin, Tmax 0.678, 0.745 
Reflections measured 22895 
Independent reflections 2569 
RefOecWiRQV I > 2ı(I) 2387 
Rint 0.044 
Refinement method full matrix least squares on F2 

Data, restraints, parameters 2569, 0, 160 
Absolute structure parameter (Flack, Parsons)9 0.01(2)  
R1 [I > 2ı(I)] 0.025 
wR2 (all data) 0.061 
Goodness of fit 1.07 
Weighting scheme W = 1/[Ȉ2(FO

2) + (0.0301P)2 + 0.3073P] where 
P = (FO

2 + 2FC
2)/3 

Largest difference peak and hole 0.16 and -0.21 eÅ-3 
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Figure S5: Asymmetric unit (with completed fragments) of the crystal structure of the choline chloride/hydroquinone cocrystal 
with a ratio of 1:1. Ellipsoids are displayed at the 50% probability level. Symmetry code to create equivalent position: a) 1 - x, -y, 
1 ± z; b) 2 - x, 2 - y, 1 - z. 

 
Figure S6: Packing diagram of the choline chloride/hydroquinone cocrystal with a ratio of 1:1 viewed along the b-axis. 
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Table S5: Structure and refinement details for the choline chloride/hydroquinone cocrystal with a ratio of 1:1. 
Deposition number CCDC 2125060 
Chemical formula C11H20ClNO3 
Crystal description colourless fragment 
Formula weight 249.73 
Temperature 123 K 
Wavelength 0.71073 Å 
Crystal size 0.56 × 0.42 × 0.24 mm 
Crystal system monoclinic 
Space group P21/c  
Unit cell dimensions a = 10.7084(10) Å a = 90° 
 b = 6.9493(6) Å b = 94.833(3)° 
 c = 17.8691(16) Å c = 90° 
Volume 1325.0(2) Å3 
Z 4 
Density (calculated) 1.252 g cmí3 

Absorption coefficient 0.28 mmí1 

F(000) 536 
ș UaQge 2.3-26.4° 
Absorption correction multi-scan (SADABS) 
Tmin, Tmax 0.701, 0.745 
Reflections measured 21818 
Independent reflections 2678 
RefOecWiRQV I > 2ı(I) 2534 
Rint 0.025 
Refinement method full matrix least squares on F2 

Data, restraints, parameters 2534, 0, 160 
R1 [I > 2ı(I)] 0.027 
wR2 (all data) 0.072 
Goodness of fit 1.07 
Weighting scheme W = 1/[Ȉ2(FO

2) + (0.0335P)2 + 0.5679P] where 
P = (FO

2 + 2FC
2)/3 

Largest difference peak and hole 0.26 and -0.19 eÅ-3 
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Rietveld refinements 
 
Rietveld refinements were performed using TOPAS.10 Refinements of the single phases with fixed atomic 
sites were used to determine the cell parameters at the measurement temperature of 253 K. Then, 
quantitative phase analysis was performed with fixed unit cell parameters of these phases.  
 
Table S6: Resulting unit cell parameters at 253 K of the relevant single phases from Rietveld refinement. 

 a [Å] b [Å] c [Å] Į [°] ȕ [°] Ȗ [°] Rwp 

choline chloride (ChCl) 5.8835(4) 11.1249(8) 11.5895(8) 90 90 90 10.919 

catechol (cat) 10.0107(9) 5.5331(5) 10.9268(8) 90 118.840(6) 90 11.358 

hydroquinone (hyd) 38.462(2) 38.462(2) 5.6424(5) 90 90 120 12.117 

ChCl/cat 1:1 cocrystal 6.9641(5) 10.8219(8) 17.669(1) 90 90 90 9.299 

ChCl/cat 1:2 cocrystal 10.8770(8) 10.0382(7) 17.394(1) 90 99.202(7) 90 8.123 

ChCl/hyd 1:1 cocrystal 10.7953(8) 6.9764(6) 17.989(2) 90 94.991(5) 90 11.260 

 
Table S7: Results of quantitative phase analysis via Rietveld refinement in the cholin chloride/catechol system. 

 
% weight 

Rwp 
ChCl ChCl/cat 1:1 cocr. ChCl/cat 1:2 cocr. cat 

choline chloride (ChCl) 99.5(6) 0.0(2) 0.5(4) 0.0(3) 11.472 

catechol (cat) 0.0(2) 0.4(4) 0.3(4) 99.3(6) 11.698 

ChCl/cat 1:1 mixture 0.5(2) 94.6(4) 4.3(3) 0.6(2) 8.103 

ChCl/cat 1:2 mixture 0.4(2) 0.1(2) 99.0(4) 0.5(2) 9.126 

ChCl/cat 2:3 mixture 0.2(1) 42.2(3) 57.3(3) 0.2(1) 6.849 

ChCl/cat 1:3 mixture 0.5(2) 0.2(2) 69.8(4) 29.6(4) 8.747 

ChCl/cat 2:1 mixture 45.7(3) 51.3(4) 2.6(2) 0.4(1) 7.018 

 
Table S8: Results of quantitative phase analysis via Rietveld refinement in the cholin chloride/hydroquinone system. 

 
% weight 

Rwp 
ChCl ChCl/hyd 1:1 cocr. hyd 

choline chloride 
(ChCl) 

97.5(7) 0.8(4) 1.7(6) 11.408 

hydroquinone (hyd) 0.5(2) 0.0(3) 99.5(4) 12.057 

ChCl/hyd 1:1 0.8(3) 97.1(5) 2.1(5) 11.400 

ChCl/hyd 1:2 0.0(1) 77.8(4) 22.1(3) 8.369 

ChCl/hyd 1:3 0.0(1) 53.0(3) 47.0(3) 6.675 

ChCl/hyd 2:1 30.0(3) 69.9(4) 0.1(3) 8.027 

xhyd = 0.85 0.2(1) 67.4(3) 32.5(3) 6.372 
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Figure S7. Differential scanning calorimetry curve of cocrystals and pure components of (A) choline chloride (ChCl)/catechol 
and (B) ChCl/hydroquinone eutectic systems.    

 

 

 
Figure S8: Variable-temperature X-ray powder diffraction study of choline chloride. 
 

 

 

 

 

 

 

 

300 340 380 420T / K

(A)

catechol

1:2 cocrystal

1:1 cocrystal
endo

300 360 420 480T / K

(B)

hydroquinone

1:1 cocrystal

endo

choline chloride solid-solid transition
T ≈ 78 °C



12 
 

References 

1. APEX suite of crystallographic software, APEX 3, Version 2019-1.0, Bruker AXS Inc., Madison, 
Wisconsin, USA, 2019. 
2. SAINT, Version 8.40A and SADABS, Version 2016/2, Bruker AXS Inc., Madison, Wisconsin, USA, 
2016/2019. 
3. Sheldrick, G. M. Acta Crystallogr. Sect. A 2015, 71, 3±8. 
4. Sheldrick, G. M. Acta Crystallogr. Sect. C 2015, 71, 3±8. 
5. Hübschle, C. B.; Sheldrick, G. M.; Dittrich, B.  J. Appl. Cryst.  2011, 44, 1281±1284. 
6. International Tables for Crystallography, Vol. C (Ed.: A. J. Wilson), Kluwer Academic Publishers, 
Dordrecht, The Netherlands, 1992. 
7. Spek, A. L. Acta Crystallogr. Sect. D 2009, 65, 148±155. 
8. C. F. Macrae, I. J. Bruno, J. A. Chisholm, P. R. Edgington, P. McCabe, E. Pidcock, L. Rodriguez-Monge, 
R. Taylor, J. van de Streek, P. A. Wood, J. Appl. Cryst. 2008, 41, 466±470. 
9. Flack, H. D. Acta Crystallogr. Sect A 1983, 39, 876±881; Parsons, S.; Flack, H. D.; Wagner, T. Acta 
Crystallogr. Sect B 2013, 69, 249±259. 
10. TOPAS, Version 6, Bruker AXS Inc., Madison, Wisconsin, USA, 2016. 
 

 
 

 



3.6 Paper VI 

143 
 

3.6 Paper VI 

Cocrystal Formation in L-Menthol/Phenol Eutectic System: Experimental Study and 

Thermodynamic Modeling 

A. Alhadid, C. Jandl, L. Mokrushina, and M. Minceva, Cryst. Growth Des. 2022, 22, 6, 3973–

3980. 

Author contribution: The thesis author conceptualized the paper’s idea, performed the 

investigations and formal analysis (excluding powder and SC-XRD), interpreted the results, and 

wrote the manuscript. 

Summary: Paper VI demonstrates the potential of predictive and correlative thermodynamic 

models to describe SLE in eutectic systems with cocrystal formation. The SLE data of the L-

menthol/phenol eutectic system were obtained by a combination of DSC and XRD 

measurements.  Two cocrystals were identified in the L-menthol/phenol eutectic system. The 

crystal structure of the two cocrystals was solved by the SC-XRD technique and from powder 

XRD data. The obtained crystal structures showed that hydrogen bonds are the main feature in 

the cocrystal forming helical chains between the OH groups of the molecules. 

This study is the first to use COSMO-RS to model SLE in eutectic systems with cocrystal 

formation. COSMO-RS calculations were performed using TZVP and TZVPD_FINE 

parameterization. It was found that COSMO-RS calculations at the TZVPD_FINE level provides 

better predictions for the liquidus lines of pure constituents and cocrystals compared to the 

TZVP level. The two eutectic points predicted by the NRTL and COSMO-RS models were in 

good agreement with the experimentally determined eutectic temperatures. 

Paper VI emphasizes the importance of experimental investigation of cocrystal formation for SLE 

modeling, whether using correlative or predictive thermodynamics models. The proper 

evaluation of the performance of thermodynamic models in predicting the eutectic temperature 

of eutectic mixtures with cocrystal formation should rely on SLE data obtained by a combination 

of DSC and XRD analyses. 

Despite the significant negative deviation from ideal behavior, the measured eutectic 

temperature of the system was not far from the eutectic temperature calculated using the ideal 

solution model. This was attributed to the formation of the two cocrystals. If no cocrystals are 

formed, the eutectic temperature determined by NRTL and COSMO-RS was significantly lower 
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than the experimentally observed one. Therefore, cocrystal formation could revoke the influence 

of nonideality on the depression of the melting temperature at the eutectic point. 

  



3.6 Paper VI 

145 
 

Reprinted with permission from Alhadid et al., Cryst. Growth Des., 2022, 22 (6), 3973-3980. DOI: 

10.1021/acs.cgd.2c00362. Copyright 2022 American Chemical Society. 

Article full text: http://pubs.acs.org/articlesonrequest/AOR-3FTJ2S7WIHUD5KXIKNZ2 

 



Cocrystal Formation in L‑Menthol/Phenol Eutectic System:
Experimental Study and Thermodynamic Modeling
Ahmad Alhadid, Christian Jandl, Liudmila Mokrushina, and Mirjana Minceva*

Cite This: https://doi.org/10.1021/acs.cgd.2c00362 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Deep eutectic solvents (DESs) are eutectic mixtures containing a hydrogen-bond acceptor and donor, forming a
mixture with a significantly lower melting temperature than those of its pure constituents. DESs containing cyclohexyl and phenolic
alcohols draw particular attention due to the observed large depression in the melting temperature of the mixture. The present study
investigates in detail the solid−liquid equilibria (SLE) in the L-menthol/phenol eutectic system. Differential scanning calorimetry
and powder X-ray diffraction (XRD) analysis were employed to obtain the phase diagram. Two cocrystals were identified with 1:2
and 2:1 ratios. The crystal structures were determined by single-crystal and powder XRD techniques. The SLE data were correlated
using the nonrandom two-liquid (NRTL) model and the conductor-like screening model for realistic solvation (COSMO-RS). The
two eutectic points determined by the NRTL and COSMO-RS models are xe,1NRTL = 0.69, Te,1

NRTL = 273.1 K, xe,2NRTL = 0.47 Te,2
NRTL =

261.3 K, xe,1COSMO = 0.70, Te,1
COSMO = 272.8 K, and xe,2COSMO = 0.48 Te,2

COSMO = 261.5 K, which are in good agreement with the
experimental eutectic temperatures.

1. INTRODUCTION
Deep eutectic solvents (DESs) are eutectic mixtures formed by
mixing two or more inexpensive and widely available
substances to produce a novel solvent with unique properties.
Soon after the term DES was introduced, the interest and
research on using them as a new class of green and tunable
solvents in various applications increased significantly.1

Majority of studied DESs contain ionic constituents, which
possess some advantages of ionic liquids (ILs), such as
negligible volatility and nonflammability.1−6 However, ionic
DESs possess a significant drawback of being hygroscopic.7

The hygroscopic nature of ionic DESs affects their
physicochemical properties and limits their applicability. On
the other hand, nonionic DESsusually referred to as type V
DEScould be formed by mixing simple organic substan-
ces.8−13 Nonionic DESs have several advantages over ionic
DESs, such as lower cost, melting temperature, and
viscosity.14−16

The knowledge of solid−liquid equilibria (SLE) in DESs
provides information about the melting temperature of the
mixture at any molar ratio between constituents, which is

essential to select the constituents, determine the DES eutectic
point, or select the mixture composition for a certain
application.17 So far, the SLE data available for nonionic
DESs show that they follow ideal solution behavior,18−21 with
an exception for DESs formed by mixing cyclohexyl and
phenolic alcohols, such as L-menthol/thymol and L-menthol/
carvacrol.22,23 Due to substantial negative deviation from
ideality, DESs formed by mixing cyclohexyl and phenolic
alcohols are suspected of glass formation.14 Moreover, some
phenolic alcohols are known coformers that have been shown
to form cocrystals with several substances.22,24−27 Glass and
cocrystal formations complicate measuring the SLE phase
diagram of eutectic mixtures containing cyclohexyl and
phenolic alcohols, which limited the number of SLE studies
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available in the literature for this distinctive type of eutectic
mixtures.22,23,28

Modeling SLE allows for the determination of the eutectic
point of the system, which is difficult to determine
experimentally. Prerequisites for modeling SLE are activity
coefficients, which are a measure of intermolecular interactions
between molecules in the liquid phase. The activity coefficients
can be calculated using thermodynamic models. Correlative
models, such as regular solution theory or the nonrandom two-
liquid (NRTL) model, have been successfully used in the
literature to model SLE in nonideal eutectic systems.29−33

However, predictive models are preferable to prevent the need
for experimental data to model SLE. The conductor-like
screening model for realistic solvation (COSMO-RS) was
proposed to calculate the activity coefficients and thus predict
the eutectic point and the phase diagram of ionic and nonionic
DESs.20,34,35 SLE calculations using COSMO-RS have been
exclusively performed assuming that the constituents crystallize
in pure form, i.e., the simple eutectic behavior.20,34,35 However,
cocrystal formation has been identified in some DESs.22,25

Cocrystal, hydrate, and solvate formations in binary eutectic
mixtures have been successfully modeled using the perturbed-
chain statistical associating fluid theory (PC-SAFT).36−39 To
the best of our knowledge, no study has evaluated the
performance of COSMO-RS in predicting the phase diagram
of binary eutectic systems with cocrystal formation, as
COSMO-RS has been only used in several studies to screen
and select suitable coformers apriori.40−46 Loschen and
Klamt47 used COSMO-RS to predict the SLE phase diagram
of several ternary systems containing an active ingredient,
coformer, and solvent. However, due to the strong association
in the liquid phase, an additional binary interaction parameter
was introduced and fitted to experimental data, which
withdrew COSMO-RS predictive ability.
The present study investigates the SLE in the binary eutectic

system L-menthol/phenol. The SLE data were measured using
differential scanning calorimetry (DSC). Powder X-ray
diffraction (XRD) analysis was performed on samples covering
the whole composition range of the mixture to evaluate the
formation of cocrystals. The melting properties of the
cocrystals were measured by DSC. The SLE data were
modeled considering the cocrystal formation using the
correlative (NRTL) and predictive (COSMO-RS) thermody-
namic models to obtain the solid−liquid phase diagram of the
eutectic system.

2. MATERIALS AND METHODS
2.1. Experimental SLE. L-Menthol (water content 107.5 ± 9.0

ppm, purity ≥99%, Sigma-Aldrich) was mixed with phenol (water
content 82.4 ± 5.0 ppm, purity ≥99%, Alfa Aeser) in different ratios.
The pure constituents’ water content was analyzed using Karl−
Fischer Coulometer (Hanna Instrument) in triplicate. The eutectic

mixtures were heated gently to 315 K under continuous stirring inside
closed glass vials to obtain clear homogeneous liquids.

Because the eutectic system is suspected of glass formation,14,23 the
samples were prepared by quenching and annealing as previously
described.22 In short, liquid mixtures were quenched at 193 K for
several hours and then annealed at 253 K for several days to aid the
crystallization. Generally, the annealing time to observe the complete
solidification of the sample is between 1 and 5 days. The obtained
solid was ground to a fine powder using a mortar and pestle within a
cold room at 253 K and then directly introduced into DSC crucibles
in triplicate. The DSC crucibles were immediately hermetically sealed.

The DSC (NETZSCH DSC 200 F3, Germany) was calibrated
prior to measurements using adamantane, bismuth, cesium chloride,
indium, tin, and zinc with a mass fraction purity of 99.999%. The DSC
chamber was precooled to 253 K before introducing the samples. A
cooling step to 193 K with a cooling rate of 10 K min−1 was
performed first. Then, a heating run to 320 K was performed with a
heating rate of 5 K min−1. Measurements were performed under a
nitrogen atmosphere. The melting temperatures of pure components
and the solidus temperatures were determined as the onset
temperatures and the liquidus temperatures as the peak maximum
temperatures. The average standard uncertainty of the measured
liquidus temperatures was 0.4 K.

2.2. XRD. Powder XRD analysis was performed to identify the
crystallized solid phases. The crystallized samples with different
compositions were finely ground within a cold room at 253 K and
directly filled into 0.70 or 1.5 mm diameter glass capillaries
(Hilgenberg, Germany). Powder XRD patterns were recorded in
Debye−Scherrer geometry on a Stadi P diffractometer (Stoe & Cie,
Germany) equipped with a Mo fine-focus sealed tube, a curved Ge
monochromator selecting Kα1 radiation (λ = 0.7093 Å), and a
Mythen2 R 1K detector (Dectris, Switzerland). All data were
collected with a step size of 2θ = 0.015° per data point. The
measurements were performed at 253 K using an 800 series
cryostream (Oxford, UK) unless stated otherwise.

The crystal structures of the observed cocrystals were solved by
single-crystal (SC)-XRD analysis and from powder XRD data. An SC
with sufficient size and quality for SC-XRD analysis was obtained by
mixing 1 g of the liquid 2:1 mixture with 1 mL of acetonitrile. The
liquid mixture was stored at 253 K until suitable crystals appeared.
Details on sample preparation and structure solution are provided in
the Supporting Information (SI).

2.3. Thermodynamic Modeling. The phase diagram and the
eutectic points of the eutectic mixture can be obtained by modeling
experimental SLE data. For the regions where pure L-menthol and
phenol crystallize, the liquidus lines were calculated as follows48L
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where xi
L and γi

L are the mole fraction and activity coefficient of
component i in the liquid solution, respectively; Δhm,i and Tm,i are the
melting enthalpy and melting temperature of pure component i,
respectively; R and T are the universal gas constant and the
temperature, respectively; and ΔcP,i is the difference between the

Table 1. Melting Properties of Pure Components Used to Model the Solid−Liquid Equilibria of the L-Menthol/Phenol
Eutectic System

Δcp = a + bT/J mol−1 K−1

a b

substance Δhm/kJ mol−1 Tm/K liquid solid liquid solid

L-menthol 13.7423 314.623 −195.2050 −68.050 1.79550 1.09250

phenol 12.36 ± 0.07a,b 313.9 ± 0.10a 100.86c 10.038c 0.3203c 0.392c

aMeasured in this work using DSC. bUncertainties are the standard deviation of three samples. cCalculated using the experimental data from
Andon et al.49 (see Figure S1 in the SI).
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constant pressure heat capacities of component i in the liquid and
solid states. Three approaches were used for considering the last two
terms on the right-hand side of eq 1, namely, neglecting ΔcP,
assuming constant ΔcP value calculated at the melting temperature, or
temperature-dependent ΔcP. Experimental data on the heat capacity
of pure L-menthol and phenol in the solid and liquid states were taken
from the literature.49,50 The pure components’ melting properties
used to model the SLE data using eq 1 are shown in Table 1.
To model the cocrystal liquidus lines, the formation of a cocrystal

was considered via the following chemical reaction22,38

A B A BA L B L S( ) ( ) ( )A B
ϑ + ϑ ↔ ϑ ϑ (2)

where ϑA and ϑB are the stoichiometric coefficients of components A
and B in the cocrystal, respectively. The equilibrium constant (Ka) of
the chemical reaction was defined as follows

K a x x( ) ( )a
i

i A
L

A
L

B
L

B
Li A B∏ γ γ= =ϑ ϑ ϑ

(3)

The equilibrium constant of the chemical reaction at different
temperatures was calculated using the Gibbs−Helmholtz equationLNMMM \̂]]]K K h

R T T
ln ln 1 1

a a
ref

ref

ref= + Δ −
(4)

where Tref is a reference temperature, Ka
ref is the equilibrium constant

at Tref, and Δhref is the melting enthalpy of the cocrystal at Tref. The
equilibrium constant at Tref was calculated as follows

K x x( ) ( )a A A B B
ref ref ref ref refA Bγ γ= ϑ ϑ

(5)

where xref and γref are the mole fraction and the activity coefficient of
the component at the cocrystal stoichiometry, respectively.
The activity coefficients of components γi

L for modeling the
liquidus lines of pure constituents (eq 1) and cocrystals (eqs 3−5)
were calculated using the NRTL and COSMO-RS models. The
NRTL equation was used to calculate the activity coefficients as
follows48 c
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The NRTL binary interaction parameters (gij−gjj) and (gji−gii) were
fitted to the experimental data on pure components’ liquidus lines
(Ti

exp) by minimizing the following objective function

L
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where Ti
cal is the liquidus temperature of pure constituents calculated

using the NRTL model and n is the number of experimental data
points. The value of the nonrandomness parameter (α) in eq 7 was
set to 0.3.

To predict the phase diagram of the eutectic system using
COSMO-RS, the activity coefficients of components were calculated
from the molecular structure.51−53 The molecular geometry and the
screening surface charge density were obtained by DFT calculations
using the BP86 functional and the def-TZVP and def-TZVPD basis
sets for TZVP and TZVPD_FINE levels, respectively, employing
Turbomole54 (TURBOMOLE GmbH, version 6.6). The activity
coefficients of components were calculated by COSMOtherm55

(Dassault System̀es, version 19) with the BP_TZVP_19.ctd and
BP_TZVPD_FINE_19.ctd parameter sets for TZVP and
TZVPD_FINE levels. The obtained activity coefficients were used
to calculate the liquidus lines of pure constituents (eq 1) and
cocrystals (eqs 3−5).

3. RESULTS
3.1. Experimental SLE. DSC analysis was used to measure

the solidus and liquidus temperatures of the L-menthol/phenol
binary eutectic system. The obtained experimental data and
the DSC curves are found in Table S1 and Figure S2 in the SI,
respectively. Figure 1A shows the experimental liquidus and
solidus temperatures (points). As seen in Figure 1A, the system
shows three different solidus temperatures. The solidus
temperatures in the ranges xphenol = 0.67−1.0, 0.33−0.67,
and 0−0.33 are ∼273, 262, and 268 K, respectively.
The three different solidus temperatures observed for the

system hint at cocrystal formation. Figure 1B shows the
powder XRD patterns of pure components (points a and f)
and samples with 1:3 (point b), 1:2 (point c), 1:1 (point d),
and 2:1 (point e) for L-menthol:phenol ratios (marked with
circles in Figure 1A). Dotted lines connect the matching peaks
observed in the XRD patterns of samples. Starting from
samples in the phenol-rich composition range, it is clear from
Figure 1B that the 1:3 ratio sample XRD pattern is the sum of
the XRD patterns of pure phenol (red dotted lines) and the 1:2
ratio sample (green dotted lines), indicating that the solid
phase of the 1:3 ratio sample consists of both pure phenol and
the solid phase of the 1:2 ratio sample. The 1:2 ratio sample
XRD pattern does not contain the XRD pattern peaks of pure

Figure 1. (A) Solid−liquid equilibria data for L-menthol/phenol eutectic system. (B) Powder X-ray diffraction (XRD) patterns of pure L-menthol
(men), phenol (ph), and mixtures of different ratios marked with circles in (A). XRD measurements were performed at 253 K. The characteristic
peaks are marked as follows: phenol (red dotted line), 1:2 cocrystal (green dotted lines), 2:1 cocrystal (blue dotted lines).
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phenol or L-menthol. Thus, it is postulated that a cocrystal with
a ratio of 1:2 is formed.
For the 1:2 cocrystal, it was not possible to obtain SCs

suitable for SC-XRD analysis. As an alternative, powder XRD
data were used for the structure determination. During a long-
term measurement of the sample divided into eight identical
runs of approximately 90 min duration, distinct changes over
the first three runs in the powder XRD pattern were observed,
indicating a phase transition (see Figures S3 and S4 in the SI).
Thus, it can be concluded that the primary cocrystal formed at
1:2 and 1:3 ratios (Figure 1B) is metastable and transforms
into the more stable structure that is observed in further runs.
This could also justify the difficulty in obtaining an SC suitable
for SC-XRD analysis. However, powder XRD data of the stable
polymorph were sufficient for structure determination and
confirmed the 1:2 ratio of L-menthol and phenol (see Table 2).

Based on powder XRD analysis, the solidus temperatures
observed at 1:3 (point b, ∼272 K) and 1:2 (point c, ∼273 K)
ratio samples represent the eutectic temperature in the phenol-
rich region (xphenol > 0.67) and the 1:2 cocrystal melting
temperature, respectively.
Examining the 1:1 ratio sample XRD pattern, it can be seen

that the solid phase of the 1:1 ratio sample consists of the 1:2
cocrystal and the solid phase of the 2:1 ratio sample. The 2:1
ratio sample XRD pattern does not contain the peaks of pure
phenol, L-menthol, or the 1:2 cocrystal. This hints at the
formation of a second cocrystal at a 2:1 ratio. The structure of
the 2:1 L-menthol:phenol cocrystal was obtained from powder
XRD data and was confirmed by single-crystal XRD (see Table
2 and Table S2 in the SI). Figure 2 shows the overlay of the
asymmetric units of the structures of the 2:1 cocrystal obtained
by SC-XRD and powder XRD data. As seen, a good agreement
between the two obtained crystal structures is observed, which
proves the reliability of our structure solutions from powder
XRD data. The slight difference in unit cell dimensions is due
to the temperature at which the measurements were
performed, i.e., SC-XRD at 100 K and powder XRD at 253
K. Moreover, the small variation in the molecular geometries of
constituents observed in Figure 2 is attributed to the input
geometries of the molecular fragments used for the powder
structure solution and rigid-body refinement. Figures 3 and 4
show the packing diagrams of the structures of the 1:2 and 2:1

cocrystals. As seen, hydrogen bonds are the dominant feature
forming helical chains between the OH groups of the

Table 2. Unit Cell Data of the Crystal Structures of the 2:1
and 1:2 L-Menthol:Phenol Cocrystals Solved from Powder
Diffraction Dataa

L-menthol/phenol 2:1 L-menthol/phenol 1:2

formula 2(C10H20O), C6H6O C10H20O, 2(C6H6O)
molecular weight
(g mol−1)

406.63 344.48

Bravais lattice monoclinic P orthorhombic P
space group P21 P212121
a (Å) 6.099 20.3936
b (Å) 21.7903 16.8032
c (Å) 10.4267 6.2151
α (°) 90 90
β (°) 100.9126 90
γ (°) 90 90
volume (Å3) 1360.649 2129.77
Z 2 4
aSee Table S3 in the SI for more details.

Figure 2. Overlay of the asymmetric units of the structures of the 2:1
L-menthol:phenol cocrystal from single-crystal (red) and powder
(blue) X-ray diffraction data. Unit cells are shifted for better
comparison.

Figure 3. Packing diagram of the structure of the 1:2 L-
menthol:phenol cocrystal viewed along the c axis. The structure was
obtained from powder X-ray diffraction data.

Figure 4. Packing diagram of the structure of the 2:1 L-
menthol:phenol cocrystal viewed along the a-axis. The structure was
obtained from single-crystal X-ray diffraction data.
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molecules along the c- and a-axes in the 1:2 and 2:1 cocrystals,
respectively. The hydrophobic parts of the molecules are then
facing outwards, and these strains of molecules are arranged in
parallel along the respective axis.
As seen in Figure 1A, at the 2:1 ratio (point e), along with

the observed solidus temperature, a liquidus temperature is
observed, which indicates that the 2:1 cocrystal melts
incongruently (peritectic transition). To confirm the peritectic
transition, powder XRD analysis was performed on the 2:1
ratio sample at two temperatures, lower and higher than the
solidus temperature observed in the L-menthol-rich region
(268 K). Figure 5 shows the powder XRD pattern of pure L-

menthol at 253 K, 2:1 cocrystal at 253 K, and 2:1 cocrystal at
273 K; blue dotted lines extended the characteristic peaks of
the L-menthol XRD pattern. As seen in Figure 5, it is clear that
no peaks corresponding to pure L-menthol are observed in the
2:1 cocrystal XRD pattern at 253 K. In contrast, the
characteristic peaks of pure L-menthol can be observed in
the 2:1 ratio sample XRD pattern at 273 K. Thus, the 2:1
cocrystal decomposes at the solidus temperature observed in
the L-menthol-rich region (∼268 K) to a liquid phase and solid
L-menthol. Accordingly, the solidus temperatures observed in
Figure 1A at 1:1 (point d, ∼262 K) and 2:1 (point e, ∼268 K)
ratio samples correspond to the eutectic temperature in the
middle composition range and the decomposition temperature
of the 2:1 cocrystal.
In conclusion, the DSC and powder XRD analyses

performed on samples of the L-menthol/phenol eutectic
system covering the complete composition range showed
that the system is not of the simple eutectic type. Two
cocrystals with melting temperatures of 273.3 and 269.4 K
were observed at 1:2 and 2:1 ratios. The system has two
eutectic temperatures: the first is around 272 K in the phenol-
rich composition range, and the second is around 263 K in the
middle composition range.
3.2. Thermodynamic Modeling. The experimental

liquidus data and the information about the formed cocrystals
acquired by DSC and XRD analyses were used to model the
phase diagram of the L-menthol/phenol system. The
correlative thermodynamic model NRTL was shown to be
successful in describing the SLE in eutectic mixtures with
cocrystal formation.22,25 In this work, the predictive
thermodynamic model COSMO-RS performance was eval-
uated in describing cocrystal formation in eutectic mixtures.
The NRTL parameters were obtained by fitting the

experimental liquidus data of pure components and assuming
three approaches regarding the heat capacity terms in eq 1,
namely, neglecting the heat capacity terms, assuming constant
ΔcP calculated at the melting temperature of the pure

component, and temperature-dependent ΔcP. Table 3 shows
the obtained NRTL binary interaction parameters and RMSD

between calculated and experimental liquidus temperatures of
pure components. As seen in Table 3, the smallest RMSD is
observed when considering constant or temperature-depend-
ent ΔcP. Moreover, the obtained binary interaction parameters
are quite similar in both cases. On the other hand, the largest
RMSD is observed when neglecting the ΔcP term. Therefore,
the binary interaction parameters obtained assuming constant
Δcp valuesbest fitwere used further to obtain the phase
diagram in the middle composition range.
The phase diagram in the middle composition range

representing the crystallization of the two cocrystalswas
modeled using eqs 3−5. The melting properties of the
cocrystals were measured using DSC, and the results are
shown in Table 4. The activity coefficients were calculated

using the NRTL model with binary interaction parameters
obtained when assuming constant Δcp (Table 3). Figure 6
shows the phase diagram of the L-menthol/phenol eutectic
system modeled considering cocrystal formation. As seen in
Figure 6A, the NRTL model provides an adequate description
of the liquidus temperatures (circles) of pure components and
cocrystals. Moreover, the eutectic points determined by the
NRTL model (xe,1NRTL = 0.69 Te,1

NRTL = 273.1 K and xe,2NRTL = 0.47
Te,2
NRTL = 261.3 K) are in good agreement with the measured

solidus temperatures (triangles) in the phenol-rich and middle
composition regions (Te,1

exp = 272.3 K and Te,2
exp = 262.5 K).

Figure 6B shows the COSMO-RS predictions at the TZVP
(blue lines) and TZVPD_FINE (red lines) levels for the SLE
phase diagram of the L-menthol/phenol eutectic system
considering the formation of the two cocrystals. COSMO-RS
satisfactorily predicts the course of the phenol liquidus line at
the TZVPD_FINE (red lines) level, while at the TZVP level
(blue lines), COSMO-RS underestimates the nonideality of
phenol in the liquid phase. In contrast, the COSMO-RS model
at the TZVP level well describes the nonideality of the L-
menthol in the liquid phase, while at the TZVPD_FINE level,
COSMO-RS underestimates the nonideality of L-menthol.
Accordingly, COSMO-RS better describes the peritectic point
of the 2:1 cocrystal at the TZVP level compared to the
TZVPD_FINE level. However, the COSMO-RS predictions
for SLE in the middle composition range corresponding to the

Figure 5. Powder X-ray diffraction pattern for pure L-menthol at 253
K and 2:1 cocrystal at 253 and 273 K.

Table 3. Obtained Binary Interaction Parameters and
RMSD from Modeling the Pure Components Liquidus
Lines Using Different Approaches Considering the Heat
Capacity Term

(g12−g22)/kJ mol−1 (g21−g11)/kJ mol−1 RMSD/K

Δcp = 0 −3.1628 −2.3630 2.3
constant Δcp −2.9026 −1.4834 1.9
temperature-
dependent Δcp

−2.8372 −1.5449 2.0

Table 4. Melting Properties of the 1:2 and 2:1 for L-
Menthol:Phenol Cocrystals Used in Modeling their
Liquidus Lines

cocrystal Δhm/kJ mol−1 Tm/K

1:2 cocrystal 27.48 ± 0.24 273.3 ± 0.1
2:1 cocrystal 20.35 ± 0.25 269.4 ± 0.1
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crystallization of the cocrystals are significantly improved at the
TZVPD_FINE level compared to the TZVP level. The two
eutectic points predicted by COSMO-RS at the
TZVPD_FINE level are xe,1COSMO = 0.70, Te,1

COSMO = 272.8 K,
and xe,2COSMO = 0.48 Te,2

COSMO = 261.5 K. Bearing in mind that the
model is purely predictive, COSMO-RS predictions at the
TZVPD_FINE level for the two eutectic points are quite
reasonable, comparable with the correlative thermodynamic
model predictions, and agree well with those observed
experimentally.
Nevertheless, a good estimation for the eutectic points of the

system using the NRTL and COSMO-RS models was obtained
when considering the formation of the two cocrystals. Figure 7
shows COSMO-RS predictions neglecting cocrystal formation.
As seen in Figure 7, the estimated eutectic temperature by the
COSMO-RS model at the TZVPD_FINE level is xeCOSMO =
0.55 and Te

COSMO = 228.0 K, while COSMO-RS calculations at
the TZVP level fail to estimate the eutectic temperature within

a reasonable temperature range. Therefore, it is evident that for
a proper determination of the eutectic point of eutectic
systems, cocrystal formation should be investigated before-
hand. Moreover, the unreliable COSMO-RS predictions for
the eutectic point of some DESs observed in previous studies
found in the literature might result from ruling out cocrystal
formation.34,35 Furthermore, as seen in Figure 7, the observed
eutectic temperature of the system in the middle composition
region (Te,2

exp = 262.5 K) is not far from the eutectic
temperature calculated by the ideal solution model (Te

ideal =
270.8 K). The small difference between the ideal and observed
eutectic temperatures of the system despite the observed
significant negative deviation from ideal behavior is attributed
to the formation of the two cocrystals.

4. CONCLUSIONS
This study reports the phase diagram of the L-menthol/phenol
eutectic system. The SLE data were measured using DSC, and
the solid phases were characterized by powder XRD. The
formation of two cocrystals with the ratios 1:2 and 2:1 for L-
menthol:phenol was observed. The crystal structure of the two
cocrystals was solved by SC-XRD analysis and the structure
solution from powder XRD data. It was found that the 1:2
cocrystal melts congruently while the 2:1 cocrystal melts
incongruently.
The phase diagram was obtained by modeling the measured

SLE data using the NRTL and COSMO-RS models. It was
found that assuming simple eutectic behavior, the estimated
eutectic temperatures by both models are significantly lower
than the experimentally observed eutectic temperatures.
However, both models can satisfactorily describe the SLE in
the L-menthol/phenol eutectic system when considering the
formation of the two cocrystals.
This work shows that a reasonable estimation for the

eutectic point of DES systems could be obtained by predictive
thermodynamic models. However, possible cocrystal formation
should always be experimentally investigated beforehand and
accounted for while modeling the SLE.
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Figure 6. Solid−liquid phase diagram of L-menthol/phenol eutectic system modeled using the (A) NRTL and (B) COSMO-RS models.

Figure 7. Solid−liquid phase diagram of L-menthol/phenol eutectic
system modeled using the COSMO-RS models assuming the simple
eutectic type.
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Table S1. Solid±liquid equilibria data for L-menthol/phenol eutectic system. 

Phenol mole fraction Tliq / K Te / K Solid phase * 

0.90 306.1 ± 0.4 272.1 Phenol 

0.85 300.3 ± 0.5 271.5 Phenol 

0.80 291.7 ± 1.1 272.2 Phenol 

0.75 284.9 ± 1.0 272.3 Phenol 

0.70 ± 272.3 Phenol + 1:2 cocrystal 

0.67 ± 273.3 1:2 cocrystal 

0.65 273.7 ± 0.2 262.6 1:2 cocrystal 

0.60 272.8 ± 0.9 262.8 1:2 cocrystal 

0.55 270.7 ± 0.3 262.9 1:2 cocrystal 

0.51 ± 263.0 1:2 cocrystal + 2:1 cocrystal 

0.46 ± 262.6 1:2 cocrystal + 2:1 cocrystal 

0.39 266.7 ± 0.9 261.7 2:1 cocrystal 

0.35 269.7 ± 0.1 262.3 2:1 cocrystal 

0.33 280.0 ± 0.2 269.4 L-menthol 

0.30 284.0 ± 0.3 269.4 L-menthol 

mailto:mirjana.minceva@tum.de
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0.23 294.1 ± 0.1 268.8 L-menthol 

0.20 299.2 ± 0.4 268.4 L-menthol 

0.16 302.9 ± 0.3 267.9 L-menthol 

0.12 307.2 ± 0.4 267.3 L-menthol 
* the crystallized solid phase at the liquidus temperature. Standard uncertainties are u (T) = 0.4 K and ur(x) = 0.005  

 

  
Figure S1. Heat capacity of pure phenol in the (A) solid and (B) liquid states. Data were taken from Andon et al. 1 
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Figure S2. Differential scanning calorimetry curves for L-menthol/phenol eutectic system at different phenol mole 
fractions. 
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Figure S3. The variation in the powder X-ray diffraction pattern of the 1:2 L-menthol:phenol cocrystal with 
measuring time.   
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Figure S4. Powder X-ray diffractions pattern of the 1:2 L-menthol:phenol cocrystal at different runs (range). 
The changing peaks were magnified for clarity.   

 

 

 

SC-XRD 

Data were collected on a single crystal X-ray diffractometer equipped with a CMOS detector 

(Bruker Photon-100), a TXS rotating anode with MoKĮ radiation (λ = 0.71073 Å) and a Helios 

optic using the APEX3 software package.2 The measurements were performed on single crystals 

coated with perfluorinated ether. The crystals were fixed on top of a kapton micro sampler and 

frozen under a stream of cold nitrogen. A matrix scan was used to determine the initial lattice 

parameters. Reflections were corrected for Lorentz and polarisation effects, scan speed, and 

background using SAINT.3 Absorption correction, including odd and even ordered spherical 

harmonics was performed using SADABS.3 Space group assignment was based upon systematic 

absences, E statistics, and successful refinement of the structure. The structures were solved using 

SHELXT with the aid of successive difference Fourier maps, and were refined against all data 

using SHELXL in conjunction with SHELXLE.4±6 Hydrogen atoms (except on heteroatoms) were 

calculated in ideal positions as follows: Methyl hydrogen atoms were refined as part of rigid 

rotating groups, with a C±H distance of 0.98 Å and Uiso(H) = 1.5·Ueq(C). Non-methyl H atoms were 

placed in calculated positions and refined using a riding model with methylene, aromatic, and other 

C±H distances of 0.99 Å, 0.95 Å, and 1.00 Å, respectively, and Uiso(H) = 1.2·Ueq(C).  Non-
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hydrogen atoms were refined with anisotropic displacement parameters. Full-matrix least-squares 

UefiQemeQWV ZeUe caUUied RXW b\ miQimi]iQg ȈZ(Fo
2 Fc

2)2 with the SHELXL weighting scheme.4 

Neutral atom scattering factors for all atoms and anomalous dispersion corrections for the non-

hydrogen atoms were taken from International Tables for Crystallography.7 Images of the crystal 

structure were generated with Mercury and PLATON.8±10 Deposition Number 2153853 contains 

the supplementary crystallographic data for this paper. These data are provided free of charge by 

the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access 

Structures service www.ccdc.cam.ac.uk/structures. 

2:1 Cocrystal L-Menthol/Phenol (CCDC 2153853) 

 
Figure S5: Asymmetric unit of the structure of the 2:1 L-menthol:phenol cocrystal from single-crystal XRD data 
with ellipsoids at the 50% probability level.  

 

Table S2. Structure and refinement details for the 2:1 L-menthol:phenol cocrystal. 
Deposition number CCDC 2153853 
Chemical formula C26H46O3 
Crystal description colourless block 
Formula weight 406.63 
Temperature 100 K 
Wavelength 0.71073 Å 
Crystal size 0.24 × 0.27 × 0.45 mm 
Crystal system monoclinic 
Space group P 21 
Unit cell dimensions a = 6.0315(4) Å α = 90° 
 b = 21.5189(14) Å β = 100.277(2)° 

file:///C:/Users/iwc229.PCTVT10/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/FP93T0Q0/alhah7_0ma%20_cell_measurement_temperature
file:///C:/Users/iwc229.PCTVT10/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/FP93T0Q0/alhah7_0ma%20_symmetry_space_group_name_H-M
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 c = 10.3083(7) Å Ȗ = 90° 
Volume 1316.46(15) Å3 
Z 2 
Density (calculated) 1.026 g cmí3 

Absorption coefficient 0.065 mmí1 

F(000) 452 
ș UaQge 2.76-26.73° 
Absorption correction multi-scan (SADABS) 
Tmin, Tmax 0.985, 0.972 
Reflections measured 38249 
Independent reflections 5579 
ReflecWiRQV I > 2ı(I) 5440 
Rint 0.02 
Refinement method full matrix least squares on F2 

Data, restraints, parameters 5579, 1, 280 
R1 [I > 2ı(I)] 0.029 
wR2 (all data) 0.076 
Goodness of fit 1.02 
Weighting scheme W = 1/[σ2(FO

2) + (0.0475P)2 + 0.1413P] where 
P = (FO

2 + 2FC
2)/3 

Largest difference peak and hole 0.17 and -0.14 eÅ-3 

 

P-XRD 

Samples were finely ground within a cold room at 253 K and directly filled into 0.70 or 1.5 mm 

diameter glass capillaries (Hilgenberg, Germany). Powder XRD patterns were recorded in 

Debye-Scherrer geometry on a Stadi P diffractometer (Stoe & Cie, Germany) equipped with a Mo 

fine-fRcXV Vealed WXbe, a cXUYed Ge mRQRchURmaWRU VelecWiQg KĮ1 UadiaWiRQ (Ȝ = 0.7093 Å), and a 

Mythen2 R 1K detector (Dectris, Switzerland) using the WinXPOW software package.12 All data 

were collected as overlapping step scans so that every data point is measured 4 times during one 

run with a data point resolution of 0.015° 2θ. Multiple consecutive runs were performed and the 

step duration as well as the number of runs (3-8) were adjusted to the diffraction intensity of the 

sample. The measurements were performed at 253 K using an 800 series cryostream (Oxford, UK), 

unless stated otherwise. Pattern fitting and indexing for cell determination was performed using 

WinXPOW. Pawley fitting, space group determination and cell refinement were performed using 

DASH.13 Structure solution via simulated annealing was performed with DASH using molecular 

geometries from the Cambridege Structural Database (L-menthol from ZEGDIA [CCDC 832350], 

phenol from PHENOL03 [CCDC 1232404]) and a fixed torsion angle for the isopropyl-group on 

menthol.12±16 Initial rigid body Rietveld refinement was performed with DASH and the hydroxy-

groups were oriented in the direction of likely hydrogen bonds.13 Final rigid body Rietveld 

file:///C:/Users/iwc229.PCTVT10/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/FP93T0Q0/alhah7_0ma%20_refine_ls_number_parameters
file:///C:/Users/iwc229.PCTVT10/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/FP93T0Q0/alhah7_0ma%20_refine_ls_R_factor_gt
file:///C:/Users/BT-HAD/Ahmad_Alhadid/MTH_stable/mo_alhah1_0m%20_refine_ls_weighting_details
file:///C:/Users/BT-HAD/Ahmad_Alhadid/MTH_stable/mo_alhah1_0m%20_refine_ls_weighting_details
file:///C:/Users/BT-HAD/Ahmad_Alhadid/MTH_stable/mo_alhah1_0m%20_refine_ls_weighting_details
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refinement was performed using Jana2006 with global isotropic displacement parameters for C 

and O atoms and riding isotropic displacement parameters for H atoms Uiso(H) = 1.2·Uiso(C/O).17 

Deposition Numbers 2153851-2153852 contain the supplementary crystallographic data for this 

paper. These data are provided free of charge by the joint Cambridge Crystallographic Data Centre 

and Fachinformationszentrum Karlsruhe Access Structures service 

www.ccdc.cam.ac.uk/structures. 

  

http://www.ccdc.cam.ac.uk/structures
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Table S3. Structure and refinement details of the crystal structures of the 2:1 and 1:2 L-menthol:phenol cocrystals 
solved from powder diffraction data. 

 L-Menthol/Phenol 2:1 L-Menthol/Phenol 1:2 

Deposition number 2153851 2153852 

Formula 2(C10H20O), C6H6O C10H20O, 2(C6H6O) 

Molecular weight /g mol±1 406.63 344.48 

Bravais lattice monoclinic P orthorhombic P 

Spacegroup P21 P212121 

a /Å 6.099 20.3936 

b /Å 21.7903 16.8032 

c /Å 10.4267 6.2151 

Į /� 90 90 

ȕ /° 100.9126 90 

Ȗ /° 90 90 

Volume /Å3 1360.649 2129.77 

Z 2 4 

Density (calc.) /g cm±3 0.992 1.074 

F(000) 452 752 

2ș UaQge /� 1.5±26.0 1.5±27.0 

Background 30 Legendre polynomials 30 Legendre polynomials 

Profile function Pseudo-Voigt Pseudo-Voigt 

Rp 0.0436 0.0252 

Rwp 0.0580 0.0336 

Rexp 0.0148 0.0125 

R(all) 0.0796 0.0342 

wR(all) 0.0734 0.0373 

R 0.0700 0.0322 

wR 0.0727 0.0372 

GOF 3.93 2.69 
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4. Discussion 

The results of Papers I–VI are discussed in two sections, one with the focus on measuring and 

modeling methods to obtain SLE data for eutectic mixtures of various complexity (Section 4.1), 

and the other on the characteristics of the pure constituents and the mixture leading to the 

formation of eutectic mixtures with deep depression at the eutectic point (Section 4.2).  

4.1 Measuring and modeling SLE   

Since the term DES was introduced, considerable efforts have been made to understand DES 

formation. Despite the numerous approaches employed to unravel the unique DES characters, 

SLE studies have provided the most valuable insights. The SLE phase diagram is used to 

determine the melting temperature of the DES at any ratio between constituents. Moreover, 

modeling SLE data provides information about intermolecular interactions between unlike 

molecules. Nevertheless, as depicted in Papers III–VI, measuring and modeling SLE is not a 

straightforward task and often accompanies many difficulties. These difficulties are usually 

attributed to the solid rather than the liquid phase. For eutectic systems with a large depression 

in the melting temperature, the high viscosity of the liquid solution in the vicinity of its melting 

temperature might hinder the crystallization, preventing the determination of the solidus or the 

liquidus temperatures of the eutectic system. Furthermore, crystallization of constituents at low 

temperatures might lead to the formation of metastable polymorphs. For modeling SLE data, the 

melting properties of pure constituents are required, which can be unavailable due to their 

thermal instability or polymorphism–the pure constituent can exist in different crystal structures. 

Moreover, information on the solid phases crystallized from the liquid solution is a prerequisite 

for adequate modeling of SLE. Nevertheless, obtaining such information becomes very 

complicated in the case of glass or cocrystal formations or if the melting temperature of the 

mixture is significantly lower than room temperature, which consequently requires special 

handling and preparation for the samples. Therefore, it is evident that measuring and modeling 

SLE in many DES are rather complicated and nontrivial tasks. 

This thesis provides several advancements in measuring and modeling SLE in binary eutectic 

mixtures. In the literature, SLE data of DES were commonly measured by visual methods or DSC. 

Nevertheless, these measurements were obtained assuming that the system is of the simple 

eutectic type without carefully analyzing the formed solid phases. The conventional DSC 

protocol–in situ crystallization of the liquid solution at the DSC (see Section 2.3.2.2)–was found 
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unsuitable for determining the SLE phase diagram of eutectic systems prone to glass formation. 

As shown in Paper III, annealing the DSC samples prior to measurements allows for determining 

the solidus temperature of the mixture. Nevertheless, the samples only partially crystallized even 

after annealing for one month. To overcome long annealing times, an efficient sample preparation 

method was proposed in Paper IV and applied in Papers V and VI, which allowed for fully 

crystallizing the samples within days instead of months. Compared to the conventional DSC 

protocol, the method used in Papers IV–VI allows for overcoming glass and metastable phases 

formation, enabling the proper determination of SLE data for the systems. By obtaining the 

solidus temperature and SLE data over the entire composition range of the system, cocrystal 

formation can be adequately investigated. Moreover, the method allows for combined DSC and 

powder XRD analyses, which aid in accurately interpreting DSC curves by assigning the 

observed peaks to the corresponding solid observed in the XRD pattern. 

The eutectic composition can be obtained experimentally from the DSC analysis by constructing 

Tammann’s plot. Tammann’s plot can be constructed by plotting the area of the solidus peak as 

a function of the mole fraction of one constituent. The determined solidus peak area at each 

composition is fitted linearly in the hypereutectic and hypoeutectic regions, and the eutectic 

composition corresponds to the intercept of the two lines, i.e., supposedly, the composition at 

which the sample contains only pure eutectic phase. Nevertheless, determining the eutectic 

point composition experimentally using Tammann’s plot is quite tedious, especially in the case 

of glass formation or polymorphism. The components might crystallize partially or in two different 

polymorphs, and the determined eutectic transition area might not correspond to the actual mole 

fraction of the eutectic phase in the sample. Moreover, for eutectic systems with cocrystal 

formation in which the cocrystal melting temperature is not far from the eutectic temperature, 

the solidus and liquidus peaks might overlap. Hence, the area of the solidus peak cannot be 

determined correctly. As an alternative to Tammann’s plot, Papers III–VI show that correlative 

thermodynamic models (NRTL) can reasonably predict the eutectic composition. 

Thermodynamic models are used for describing the nonideality of the liquid phase to obtain the 

SLE phase diagram and the eutectic point of the eutectic system. However, as shown in Papers 

IV–VI, not all eutectic systems are of the simple eutectic type. Therefore, experimental 

investigation for cocrystal formation is needed to model the SLE phase diagram. For modeling 

SLE in eutectic systems with cocrystal formation, the melting properties and stoichiometry of the 

cocrystal are required. The melting properties can be obtained by DSC, and a combination of 
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powder XRD and DSC analyses can hint at the cocrystal stoichiometry. Nevertheless, confirming 

the postulated stoichiometry of the cocrystal from powder XRD and DSC is not straightforward. 

SC-XRD technique provides definite proof for the cocrystal stoichiometry. However, obtaining a 

single-crystal suitable for SC-XRD analysis can be impossible in many cases, mainly due to 

kinetic limitations in crystallization. In the L-menthol/thymol eutectic system, no single crystals 

could be obtained for the observed cocrystals, and the crystal structure could not be solved 

from the powder XRD data. In contrast, the crystal structure of four never reported before 

cocrystals was solved by SC-XRD, namely, ChCl:catechol 1:2 and 1:1 ratios, ChCl:hydroquinone 

1:1 ratio, and L-menthol:phenol 2:1 ratio. The crystal structure of the L-menthol:phenol 1:2 and 

2:1 cocrystals was obtained from powder XRD data. 

COSMO-RS has been used in the literature to predict the SLE phase diagram of eutectic 

systems. However, as COSMOtherm software was used to perform the SLE calculations, the 

calculations were limited to eutectic systems of the simple eutectic type. Moreover, the solid–

solid transition of pure constituents was neglected in many cases due to the limitations of the 

implemented SLE calculations algorithm in COSMOtherm software for considering the solid–

solid transition. Paper VI was the first to employ COSMO-RS to calculate SLE in eutectic systems 

with cocrystal formation, and satisfactory predictions were obtained using the TZVPD_FINE 

parameterization. Besides showing that COSMO-RS can be a valuable tool to predict the SLE 

phase diagram of nonideal eutectic systems with cocrystal formation, the study highlights two 

important outcomes. First, COSMOtherm SLE calculations limitations and assumptions should 

not restrict using the model for predicting the SLE phase diagram of eutectic systems with a 

complex character or to justify the simplification of SLE calculations by assuming simple eutectic 

behavior and neglecting the solid–solid transition. Second, both TZVP and TZVPD_FINE 

parameterizations should be used, as COSMO-RS predictions might differ significantly at the 

two levels.  

Eventually, SLE studies are challenging, particularly for eutectic systems with a significant 

depression in the melting temperature besides solid complex formation. To obtain the SLE phase 

diagram of eutectic systems with a complex character, rigorous thermal and solid 

characterization analyses and advanced thermodynamic modeling should be combined. 

However, the sample preparation method is the crucial factor that would allow or hinder the 

experimental determination of SLE data. Without experimental SLE data over the entire 

composition range and information about the formed solid phases, the efforts for modeling the 
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liquid phase nonideality could be unavailing. Therefore, in SLE studies, experimental 

investigations and thermodynamic modeling are complementary and should be carried out 

jointly. 

4.2 DES formation  

Two different definitions for DES have been proposed in the literature. The first definition states 

that DESs are a unique type of solvents formed by mixing HBA and HBD at a specific ratio. In 

contrast, the second definition states that DES are common nonideal eutectic mixtures with a 

significant difference between the eutectic temperature and the ideal eutectic temperature. 

In Paper I, the influence of the melting enthalpy and entropy as well as the nonideality of the 

liquid phase on the eutectic temperature of the eutectic mixture was studied. It was 

demonstrated that both the activity coefficients and the melting entropy and enthalpy of 

components influence the depression at the eutectic point similarly. As an example, the 

depression at the eutectic point in the ideal eutectic system L-menthol/cyclohexanecarboxylic 

acid ( ୫,୫ୣ୬ െ  ୣ ൌ 49.6 K, Paper II) is similar to that observed in L-menthol/thymol ( ୫,୫ୣ୬ െ  ୣ ൌ

41.5 K, Paper IV) and L-menthol/phenol ( ୫,୫ୣ୬ െ  ୣ ൌ 41.8 K, Paper VI), though the latter two 

systems show significant negative deviation from ideality. This is attributed to the lower melting 

enthalpy of cyclohexanecarboxylic acid ( h୫ ൌ 10.69 kJ molିଵ) than thymol ( h୫ ൌ

20.64 kJ molିଵ) and phenol ( h୫ ൌ 12.36 kJ molିଵ) and cocrystal formation in L-menthol/thymol 

and L-menthol/phenol. However, in none of these systems, the depression at the eutectic point 

was significant, i.e., < 100K, as that observed in ChCl-based DES. Based on Paper I, significant 

depression at the eutectic point, as depicted in ChCl-based DES, can only be realized in nonideal 

eutectic mixtures formed by constituents with low melting enthalpy and entropy. Therefore, it is 

evident that neither the nonideality of the mixture nor the melting properties of pure constituents 

alone aid in the formation of DES but rather a combination of both. 

A simple approach was proposed in Paper II based on Paper I conclusions to select the eutectic 

system constituents with low melting entropy from a pool of chemical substances sharing the 

same chemical nature and melting temperature. It was shown in Paper II that constituents with 

a more rigid and symmetrical molecular structure could form eutectic mixtures with larger 

depression at the eutectic point compared to constituents with flexible and asymmetrical 

molecular structures. However, as shown in Section 2.4.1, substances with low melting entropy 

would have higher melting temperatures. Moreover, molecules that are rotationally symmetrical 
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are packed more efficiently in the crystal lattice, leading to a more ordered crystal structure and 

higher melting enthalpy. The interrelation between rotational symmetry and melting temperature 

and enthalpy can justify the odd-even effect in alkanes and dicarboxylic acids 149 and the 

difference in the melting properties of sugar alcohol stereoisomers. 108 For example, sorbitol and 

mannitol are stereoisomers, but their melting properties are quite different. The melting 

temperatures, enthalpies, and entropies are  ୫ ൌ 372.0 and 441.0 K,  h୫ ൌ 35.9 and 59.5 kJ 

mol–1, and  s୫ ൌ 96.5 and 134.9 J mol–1 K–1 for sorbitol and mannitol, respectively. Despite the 

mannitol being rotationally symmetrical and sorbitol being asymmetrical, mannitol has a higher 

melting entropy than sorbitol, which could be attributed to the more ordered crystal structure of 

mannitol, depicted by its higher melting enthalpy. The entropy gain due to the transition from the 

more ordered crystal of mannitol to a liquid is expected to be higher than the transition from the 

less ordered crystal structure of sorbitol to a liquid. The approach proposed in Paper II does not 

take into account the influence of the crystal structure of constituents on their melting enthalpy, 

which can largely affect the eutectic temperature of their mixtures. Hence, the low melting 

entropy might not result from the rotational symmetry and rigidity of the molecular structure but 

from the disorder of the crystal structure.   

As mentioned previously, the majority of DES reported in the literature are ChCl-based. To 

understand the unique character of ChCl as a HBA forming DES, it is necessary to assess its 

melting properties and activity coefficients in the liquid solution. However, ChCl decomposes 

before melting; hence its melting properties are unavailable. Without the melting properties of 

ChCl, the activity coefficients cannot be calculated from experimental SLE data. In Paper V, an 

alternative method to calculate the activity coefficients of ChCl was proposed by mixing ChCl 

with known coformers to form eutectic mixtures with cocrystal formation. The liquidus data of 

the formed cocrystals were used to fit the binary interaction parameters of the correlative 

thermodynamic model (NRTL) to describe the nonideality of ChCl in the liquid phase. 

Accordingly, ChCl nonideality was evaluated in two eutectic systems, namely, ChCl/catechol 

and ChCl/hydroquinone. The calculated activity coefficients of ChCl showed that ChCl shows a 

negative deviation from ideal behavior in the liquid solution, contrary to the ideal or near-ideal 

solution behavior observed in the literature studies. This contradictory observation is attributed 

to the approach used in the literature to estimate the melting properties of ChCl. In the literature 

approach, ChCl melting properties were estimated assuming the ideal solution model, which, as 

shown in Paper I, can reasonably predict the SLE data of the ChCl liquidus line. However, the 
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estimated melting enthalpy assuming the ideal solution model may conceal the nonideality of 

ChCl in the liquid solution. 

As widely known and explicitly shown in Paper V, ChCl undergoes solid–solid transition at around 

352 K, which was disregarded in most SLE studies of ChCl-based DES in the literature, mainly 

due to the lack of proper solid phase characterization and measuring SLE visually. To estimate 

ChCl melting properties, SLE data above the solid–solid transition are needed. However, no 

experimental liquidus temperatures for ChCl above its solid–solid transition temperature could 

be measured. Accordingly, no distinct melting properties of ChCl could be estimated in Paper V. 

Instead, the melting entropy range of substances with a highly disordered crystal structure like 

ChCl high-temperature form was screened to obtain a pair of melting enthalpy and temperature 

values at each melting entropy. The SLE of the ChCl liquidus line below the solid–solid transition 

temperature can be well described using any combination of melting enthalpy, entropy, and 

temperature. It was shown that the lowest possible melting temperature of ChCl, estimated at 

the highest possible melting entropy of a substance with a disordered crystal structure, is still 

higher than the estimated melting temperature of ChCl found in the literature. In addition, the 

lowest possible melting enthalpy of ChCl, estimated at the lowest possible melting entropy of a 

substance with a disordered crystal structure, is higher than the estimated melting enthalpy of 

ChCl found in the literature. Thus, it was concluded that the melting properties of ChCl found in 

the literature could be unreasonable. 

Although the same argument about the interrelation between melting properties and activity 

coefficients can be used to question the range of melting properties of ChCl estimated in Paper 

V, various evidence can support the outcomes of Paper V regarding the nonideality and melting 

properties of ChCl over the ones in the literature. First, ChCl solid–solid transition was not 

considered in the literature for modeling SLE data of the ChCl liquidus line. Second, liquidus 

temperatures above ChCl solid–solid transition were used to estimate the melting properties of 

ChCl in the literature, which, as shown in Paper V, could not be measured. Therefore, the 

estimated melting properties of ChCl could be more reasonable than those of the literature 

studies. Accordingly, the evaluation of the liquid phase nonideality of ChCl-based DES in Paper 

V could be more realistic than that found in the literature. Given the melting properties and activity 

coefficients of ChCl found in Paper V, it is clear that the reason why ChCl can form DES is its 

estimated low melting entropy and enthalpy and the negative deviation from ideality in the liquid 

phase. These findings well confirm those of Paper I.  
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Substances with symmetrical and disordered crystal structures are called plastic crystalline 

materials. Plastic crystalline materials have very low melting entropy and enthalpy but high 

melting temperature compared to their chemical isomers with ordered crystal structures. 150, 151 

The melting entropy of plastic crystalline materials is between 0.5–2 R. 152 Various plastic 

crystalline materials have been used in the literature as DES constituents besides ChCl. 

However, the influence of the solid phase plasticity on the observed depression at the eutectic 

point has not been addressed. Martins et al. 143 studied the eutectic mixtures containing L-

menthol or thymol with camphor, borneol, and sobrerol. Camphor and borneol are known plastic 

crystalline materials. Although all the eutectic systems show ideal solution behavior and the 

melting temperature of camphor and borneol is higher than sobrerol, the eutectic temperatures 

observed for eutectic systems containing either camphor or borneol are significantly lower than 

those containing sobrerol. The eutectic temperatures are: L-menthol/camphor (Te ~ 283 K), L-

menthol/borneol (Te ~ 283 K), and L-menthol/sorbrerol (Te ~ 331 K). Therefore, it is evident that 

plastic crystalline materials can form eutectic mixtures with a large depression at the eutectic 

point.  

Eventually, for the purpose of forming eutectic mixtures with a large depression in the melting 

temperature of the mixture, constituents with low melting entropy should be selected. The low 

melting entropy can result from the rigidity and rotational symmetry of molecular structures 

(Paper II) or the disorder and symmetry of the crystal structure (Paper V). The large depression 

in the melting temperature of the mixture might aid in extending the number of constituents that 

can be used or the ratio at which the mixture is liquid below the desired application temperature. 
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5. Conclusion 

The work done in this thesis aims to understand the formation of eutectic mixtures with 

significant depression in the melting temperature of the mixture at the eutectic point. To achieve 

this goal, SLE in eutectic systems of different complexity was studied based on various 

theoretical and experimental methods. The SLE phase diagram of 11 binary eutectic systems 

was reported in the six published papers. The SLE phase diagrams were acquired by rigorous 

thermal analysis by DSC, solid characterization by powder XRD and SC-XRD, and 

thermodynamic modeling using correlative and predictive thermodynamic models. In addition to 

the reported SLE phase diagrams, seven cocrystals in four eutectic systems were identified, five 

of which were deposited at the Cambridge Crystallographic Data Centre (CCDC). 

This thesis shows that the typical DSC protocol used to estimate the SLE data in binary eutectic 

systems, i.e., in situ crystallization within the DSC run, is unsuitable for measuring the SLE data 

of eutectic systems prone to glass or cocrystal formation or in the case of polymorphism. In 

contrast, the proposed sample preparation method in this thesis allowed for measuring the SLE 

in eutectic systems with large depression at the eutectic point and with significantly low liquidus 

and solidus temperatures. Moreover, the proposed method allows for combined DSC and XRD 

analyses, unraveling polymorphism, solid–solid transition, solid solution region, and cocrystal 

formation. 

Correlative and thermodynamic models were found to be capable of well predicting the eutectic 

point and the SLE phase diagram of eutectic systems of various complexity. However, for 

modeling SLE in eutectic systems with cocrystal formation, the melting properties and the 

stoichiometry of the cocrystals are needed, which can be acquired by powder and SC-XRD. 

Therefore, solid characterization techniques complement SLE modeling to obtain good 

predictions for the SLE phase diagram and eutectic point of eutectic systems.  

By combining the obtained experimental results with the performed theoretical studies, the 

thesis shows that the reason for DES formation is a combination of strong negative deviation 

from ideality as well as small melting entropy of pure constituents. The eutectic mixture 

constituents selection can be based on their molecular structure (rigid and rotationally 

symmetrical) or crystal structure (plastic crystalline materials).  
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6. Outlook 

The majority of DES studied in the literature are ChCl-based eutectic systems. In this thesis, the 

SLE phase diagram of two ChCl-based DES was reported. Two cocrystals were identified in 

ChCl/catechol, and one cocrystal was identified in ChCl/hydroquinone. The SLE data of the 

coformer and cocrystals liquidus lines were used to evaluate the liquid phase nonideality in the 

two eutectic systems. It was shown that ChCl-based eutectic mixtures show a deep depression 

at the eutectic point due to strong negative deviation from ideality and low melting enthalpy and 

entropy of ChCl. However, ChCl is hygroscopic and thermally unstable. Moreover, ChCl-based 

eutectic mixtures are highly viscous. Therefore, other plastic crystalline materials that can be 

used as DES constituents while overcoming the drawbacks of ChCl should be sought.  

Based on the findings of this thesis, exploring eutectic mixtures containing plastic crystalline 

materials is encouraged. The complex phase behavior of plastic crystalline materials and their 

eutectic mixtures, i.e., multiple solid–solid transitions, require expertise in thermal and solid 

characterization techniques. The measuring and modeling methods presented in this thesis 

facilitate further research on the phase behavior of eutectic mixture containing plastic crystalline 

materials. Plastic crystalline materials have already been used in several applications, for 

example, as phase-change and conducting materials. 153, 154  Therefore, as the melting 

temperature and physicochemical properties of eutectic mixtures or cocrystals containing plastic 

crystalline materials could be tuned, further potential applications for eutectic mixtures 

containing plastic crystalline materials could be found. 

So far, there is no robust method to predict the melting properties of thermally unstable 

substances. In the literature, the melting properties of a thermally unstable substance can be 

estimated from binary SLE or solubility data. However, estimating the melting properties of 

thermally unstable substances from solubility or SLE data requires a robust thermodynamic 

model to predict the nonideality of the liquid solution. The proposed method in Paper V applied 

to ChCl can be used to indirectly assess the melting properties and activity coefficients of 

thermally unstable substances. A cocrystal of the thermally unstable substance with a coformer 

can be prepared, and the liquidus or solubility data of the cocrystal can be used to obtain the 

correlative thermodynamic model parameters. Then, the SLE or solubility data and the calculated 

activity coefficients of the thermally unstable substance can be used to estimate the melting 
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properties of the thermally unstable substance indirectly. The method can be further applied to 

bioactive thermally unstable substances, such as vitamins and amino acids. 

Cocrystal stoichiometry and melting properties are needed to use correlative or predictive 

thermodynamic models to model SLE in eutectic systems with cocrystal formation. In the case 

of unavailable melting enthalpy of cocrystals, two approaches have been proposed in the 

literature for their estimation. 155 In the first approach, the melting enthalpy of the cocrystal is 

calculated using the melting enthalpy and temperature of pure components and the 

stoichiometry of the cocrystal. However, it was shown that this approach provides unreliable 

estimates in many cases. In the second approach, the cocrystal melting properties are estimated 

by regressing the experimental liquidus data. Obviously, the second approach restricts the 

advantage of using predictive models for SLE calculations. Therefore, methods for predicting 

the melting enthalpy of cocrystals are needed to allow for fully predictive modeling of SLE in 

eutectic systems with cocrystal formation. 

In the literature, PC-SAFT was used to successfully model cocrystal solubility in various solvents 

by calculating the ternary phase diagram of a compound, a coformer, and a solvent 155-158 

COSMO-RS was also used in the literature to predict the ternary SLE phase diagram with 

cocrystal formation. 159 Loschen and Klamt 159 employed COSMO-DARE 160 method, which 

includes two additional model parameters. The COSMO-DARE parameters were obtained by 

fitting experimental cocrystal solubility data, which ultimately eliminated the predictive ability of 

COSMO-RS. Nevertheless, as the work of Loschen and Klamt 159 is the only study employing 

COSMO-RS for predicting ternary SLE phase diagrams with cocrystal formation, further studies 

are encouraged to assess COSMO-RS ability to predict binary and ternary SLE phase diagrams 

with cocrystal formation. 
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Abbreviations 

CCDC Cambridge Crystallographic Data Centre 

ChCl choline chloride 

COSMO-RS conductor-like screening model for realistic solvation 

DES deep eutectic solvent 

DSC differential scanning calorimetry 

GC group contribution 

HBA hydrogen bond acceptor 

HBD hydrogen bond donor 

IL ionic liquid 

NRTL non-random two-liquid 

RK Redlich-Kister 

SLE solid–liquid equilibria 

SC-XRD single-crystal X-ray diffraction 

XRD X-ray diffraction 
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Symbols 

𝐴஼ைௌெை  COSMO molecular surface area 

𝑎௘௙௙  Effective contact area 

 ߙ Solid  ߙ

 ߚ Solid  ߚ

𝐶𝑜  Cocrystal 

𝑐௣  Constant pressure heat capacity 

 Activity coefficient  ߛ

 𝑐௉,௠  Heat capacity difference at the melting temperature 

 𝑔  Gibbs energy 

    enthalpy 

  ௠  Melting enthalpy 

  ௥௘௙  Cocrystal melting enthalpy 

 Entropy  ݏ 

 ௠  Melting entropyݏ 

 ௠௥௢௧  Rotational entropyݏ 

௠ݏ 
௖௢௡௙  Conformational entropy 

௠ݏ 
௘௫௣௔௡  Transitional entropy 

𝑒ሺߪ,  ᇱሻ  Total interaction energy in COSMO-RSߪ

𝑒௛௕ሺߪ,  ᇱሻ  Hydrogen bonding interaction energyߪ

𝑒௠௜௦௙௜௧ሺߪ,  ᇱሻ  Misfit interaction energyߪ

 Eccentricity  ߝ
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𝑓  Fugacity 

𝑓଴  Standard state fugacity 

𝑔ா  Excess Gibbs energy 

𝐾௔  Equilibrium constant 

𝐿  Liquid 

 ௌ  Pseudo-chemical potentialߤ

 Chemical potential  ߤ

 Stoichiometric coefficient  ߴ

 ሺσሻ  Probability distribution݌

 Rotational symmetry number  ߪ

𝑅  Universal gas constant 

𝑆  solid 

𝑇  Temperature 

𝑇௠  Melting temperature 

𝑇௥௘௙  Cocrytal melting temperature 

𝑉஼ைௌெை  COSMO molecular volume 

Φ  Flexibility number 

 Mole fraction  ݔ
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