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Resumen 

El desarrollo de la química verde ha sido considerado como una de las claves para lograr la 
conciencia económica y ambiental en la investigación tanto industrial como académica. La 
química verde se ha definido como “la invención, el diseño y la aplicación de productos y 
procesos químicos para reducir o eliminar el uso y la generación de materiales nocivos”. 
Además, la ingeniería verde se refiere al desarrollo de productos, procesos y sistemas que 
tienen en cuenta factores ambientales, sociales y económicos. Tanto la química verde como 
la ingeniería verde requieren la búsqueda de la máxima eficiencia y seguridad con un 
mínimo de aspectos nocivos para la salud y el medio ambiente en todas las etapas del 
análisis de ciclo de vida. 

En este contexto, el desarrollo y aplicación de medios sostenibles es un tema candente 
en diferentes áreas científicas y tecnológicas. En estas circunstancias, cualquier progreso 
significativo para la sustitución de disolventes orgánicos volátiles es cada vez más atractivo. 
Los líquidos iónicos (ILs) y los disolventes eutécticos (DESs) son dos sistemas líquidos que 
han recibido una creciente atención en los últimos años. Los ILs son sales iónicas, obtenidas 
por combinación de cationes generalmente orgánicos y de aniones orgánicos o inorgánicos, 
con puntos de fusión por debajo de 100 C, o incluso a temperatura ambiente. Mientras que 
los DESs son, en general, complejos con enlaces de hidrógeno formados mezclando dos (o 
más) componentes, actuando como aceptor de enlace de hidrógeno (HBA) y dador de 
enlace de hidrógeno (HBD), y con un punto de fusión más bajo que sus componentes 
individuales. Aunque los ILs y los DESs comparten muchas propiedades fisicoquímicas, como 
la estabilidad térmica, la baja presión de vapor y una amplia gama de potenciales 
composiciones, en términos de sostenibilidad, los DESs se han convertido en la opción 
preferida. Los DESs son disolventes respetuosos con el medio ambiente ya que sus 
componentes suelen ser compuestos biocompatibles, no peligrosos para el medio ambiente. 
En particular, los DES naturales (NADES) que contienen azúcares, ácidos orgánicos naturales 
y aminoácidos como HBDs y cloruro de colina como HBA han recibido gran atención. Además, 
los DESs presentan una excelente ventaja en síntesis. Mientras que la síntesis de ILs 
generalmente incluye varios pasos utilizando varios reactivos y disolventes orgánicos 
volátiles, lo que significa la producción de subproductos, el aumento del consumo de 
energía y el costo, los DESs se forman por la mezcla de sus componentes mediante 
calentamiento, liofilización o métodos de molienda con 100% de rendimiento y sin la 
producción de subproductos, excepto agua. 

Por otro lado, la relativamente alta viscosidad y la alta densidad de los ILs y DESs 
generalmente resultan las principales desventajas para sus aplicaciones prácticas en 
diferentes procesos industriales, especialmente en aquellos con tradicionales unidades de 
transferencia de masa. Sin embargo, la riqueza de los DES en HBs los hace extremadamente 
higroscópicos y este hecho permite para ciertos rangos de dilución, la capacidad de 
modificar las propiedades fisicoquímicas de los DES (por ejemplo, densidad, punto de fusión, 
viscosidad y conductividad) mientras se preservan las características de los DES. Entonces, 
la adición de H2O o disolventes podría disminuir la viscosidad de manera efectiva, rápida y 
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fácil hasta cierto punto, incluso en órdenes de magnitud. Aunque esta adición debe 
controlarse cuidadosamente porque un exceso de disolvente puede conducir a la 
descomposición completa del DES y, por lo tanto, a la pérdida de sus propiedades únicas. 
En base a lo anterior, esta tesis está centrada en la investigación de los DESs y sus mezclas 
con diferentes disolventes para la determinación de su composición eutéctica y el rango de 
dilución del régimen denominado “disolvente en DES”, es decir , la dilución de los DESs 
donde permanecen sus características intrínsecas pero se mitigan algunos de sus 
inconvenientes típicos (por ejemplo, la alta viscosidad, la baja conductividad eléctrica, etc.). 
Por lo tanto, el conocimiento de herramientas para la predicción (y eventualmente extensión) 
del rango de dilución del régimen de “disolvente en DES” es obviamente de interés. Para ello, 
estas mezclas se evaluaron mediante calorimetría diferencial de barrido (DSC), y 
espectroscopías de resonancia magnética nuclear 1H (RMN) de Brillouin, así como mediante 
el estudio del exceso de volumen molar y la desviación de la viscosidad (calculados a partir 
de las medidas de densidad y viscosidad de las diferentes mezclas). Además, se analiza una 
interesante pregunta que surge para las diluciones de DESs y que está relacionada con si los 
DESs deben considerarse como una mezcla de dos componentes o como un 
pseudocomponente. Los diferentes tratamientos conducen a diferentes resultados en la 
determinación de sus propiedades termodinámicas que se han utilizado para comprender 
su estructura a nivel microscópico y las interacciones soluto-disolvente entre los 
componentes del DES, y también para predecir el rango de dilución donde las diluciones de 
los DESs pueden funcionar mejor en diferentes aplicaciones. 
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Abstract 

The development of green chemistry has been considered as one of the keys to achieve 
economic and environmental awareness in both industrial and academic research. Green 
chemistry has been defined as “the invention, design and application of chemical products 
and processes to reduce or to eliminate the use and generation of hazardous substances”. 
Furthermore, green engineering refers to the development of products, processes, and 
systems having in consideration environmental, social, and economic factors. Both green 
chemistry and green engineering require the pursuit of maximum efficiency and safety with 
minimum health and environmental hazards at all stages of a chemical life cycle. 

In this context, the development and application of sustainable solvent media is a hot 
topic in different scientific and technological areas. Under this circumstance, significant 
progress towards the replacement of volatile organic solvents is becoming more and more 
attractive. Ionic liquids (ILs) and deep eutectic solvents (DESs) are two liquid systems that 
have received increased attention in the last few years. ILs are ionic salts, obtained by 
combination of usually organic cations and organic or inorganic cations, with melting points 
below 100 C, or even at room temperature. While DESs are, in general, hydrogen bonded 
complexes formed by mixing two (or more) components, acting as hydrogen bond acceptor 
(HBA) and hydrogen bond donor (HBD), and with a melting point lower than their individual 
components. Although ILs and DESs share many physicochemical properties such as thermal 
stability, low vapor pressure and wide range of potential compositions, in terms of 
sustainability, DESs have become the preferred choice. DESs are environmentally friendly 
solvents since their components are usually biocompatible compounds non-hazardous for 
the environment. In particular, natural DESs (NADESs) containing sugars, natural organic 
acids, and amino acids as HBDs and choline chloride as HBA have received great attention. 
Moreover, DESs display an excellent advantage in synthesis. While the synthesis of ILs usually 
includes several steps using various reagents and organic volatile solvents what it means the 
production of by-products, the increase of energy consumption and cost, DESs are formed 
by the mixture of their components by heating, freeze-drying or grinding methods with 100% 
of yield and without the production of any by-products except water.  

On the other hand, the relatively high viscosity and high density of ILs and DESs generally 
results in the main disadvantages for their practical applications in different industrial 
processes, especially in those with traditional mass transfer units. However, the richness of 
DESs in HBs makes them extremely hygroscopic and this fact allows for certain dilution 
ranges, the capability to modify physicochemical properties of DESs (e.g., density, melting 
point, viscosity, and conductivity) while preserving the characteristics of DESs. Then, the 
addition of H2O or solvents could decrease the viscosity effectively quickly and easily to 
some extent, even by orders of magnitude. Although this addition must be carefully 
controlled because an excess of solvent can result in the complete DES decomposition and, 
therefore, to the lack of their unique properties. 

On the basis of these reasons, in this thesis we focus on the research of DESs and its 
mixture with different solvents for the determination of its eutectic composition and the 
dilution range of the so-called “solvent-in-DES” regime, that is, the dilution of DESs where 
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their intriguing features remain but some of their typical drawbacks (e.g., high viscosity, low 
electrical conductivity, etc.) are mitigated. Therefore, the knowledge of tools for the 
prediction (and eventually extending) of the dilution range of the “solvent-in-DES” regime is 
obviously of interest. To this aim, differential scanning calorimetry (DSC), 1H nuclear 
magnetic resonance (NMR) and Brillouin spectroscopies of DES solutions as well as the 
excess molar volume and deviation in viscosity (calculated from density and viscosity 
measurements) of the different mixtures were evaluated. Besides, we analyzed an 
interesting question that arises for DES dilutions related to if DESs themselves should be 
considered as a mixture of two components or as a pseudo-component. The different 
treatment yields different results for the determination of their thermodynamic properties 
that have been used to understand microscopic structures and solute–solvent interactions 
between DES components and also to predict the dilution range where DES dilutions can 
better perform in different applications. 
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Foreword and Scope of the Thesis 

The initiation of the emerging area of green chemistry has been considered the key to 
achieve the economic and environmental awareness in both industrial and academic 
research. In this sense, the development and application of sustainable solvent media has 
been a hot topic in different scientific and technological areas. Under this circumstance, 
significant progress towards the replacement of volatile organic solvents has been achieved 
through a set of organic salts with melting points below 100 C, generally referred to as ionic 
liquids (ILs) or a combination of various hydrogen bond acceptors (HBAs) and hydrogen bond 
donors (HBDs) defined as deep eutectic solvents (DESs). Despite the many similarities 
between ILs and DESs, they are by their nature independent, different groups of substances. 
Due to their potential use as solvents, it is really important to study their physicochemical 
properties. 

This thesis is devoted to study physicochemical properties of different natural DESs 
(NADESs) based on choline chloride as HBA and different HBDs, as urea or water and their 
dilutions, since the intriguing features of DESs remain while some typical drawbacks are 
mitigated, for the dilution range where HBs between DES components are yet preserved. 
This thesis is divided in 5 parts: 

Part A, “Introduction and objectives of this thesis” contains Chapter 1 “Introduction” and 
Chapter 2, “Objectives and Methodology”. In Chapter 1, after the definition of ILs and DESs 
a clear analysis of their similarities and differences is presented before the description of 
the major properties of DESs interesting to the widest variety of their possible applications. 
Besides, the physicochemical properties of DES/co-solvent (mainly DES-H2O) binary systems 
(including density, viscosity, electrical conductivity, excess/mixing enthalpy, etc.) are 
described as well as the most frequent computational and experimental methodologies 
used to this aim. This chapter ends with a short description and analysis of the most 
interesting field of application for DESs. In Chapter 2, the objectives of this thesis are 
established and enumerated. 

Part B, “Analysis of dilution range of choline chloride-based DESs with water and co-
solvents” is dedicated to examine the properties of mixtures of DES and water or organic 
alcohols as cosolvents using different techniques aiming to obtain conclusions about the 
dilution range where inherent DES properties are preserved. This parts contains three 
different chapters, each one corresponding to a scientific paper (10.1021/acs.jpcb.0c01919, 
10.1016/j.molliq.2021.115573 and 10.1063/5.0049162 are their respective DOI numbers), 
that support the thesis work. Chapter 3 “Brillouin Spectroscopy as a Suitable Technique for 
the Determination of the Eutectic Composition in Mixtures of Choline Chloride and Water”, 
Chapter 4 “Tools for extending the dilution range of the “solvent-in-DES” regime” and 
Chapter 5 “Should deep eutectic solvents be treated as a mixture of two components or as 
a pseudo-component?. In Chapter 3, mixtures composed of water as the only HBD and 
choline chloride as the HBA using different techniques (Brillouin and NMR spectroscopies, 
or differential scanning calorimetry) are investigated for the determination of their eutectic 
composition. Results pointed Brillouin spectroscopy as the most suitable technique to this 
aim. Chapter 4 is focused on the study of the dilution range where HBs between DES 
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components are preserved and how it could be tuned in the different solvents by both the 
DES components solubility and the strength and/or number of the HBs established between 
DES components and solvent molecules. Studies of DES dilutions in H2O, MeOH and EtOH 
by Brillouin and NMR spectroscopies, differential scanning calorimetry, density and viscosity 
measurements and the calculations of excess molar volume and excess viscosity were 
accomplished to this purpose. Finally, Chapter 5 analyses aqueous dilutions the DES 
composed of choline chloride and urea in a 1:2 molar ratio (the most widely studied DES) 
with the aim of giving response to an interesting question emerged from the analysis of the 
physicochemical properties of the dilutions of DES and related the consideration of DESs 
themselves as a mixture of two components or a pseudo component. According to this study, 
the treatment of the DES as a pseudo-component showed better correspondence between 
the results of excess molar volume and deviation in viscosity that have been used to 
understand microscopic structures and solute–solvent interactions between DES 
components. 

Part C enumerates the conclusions extracted from this thesis. 
Part D includes the Appendices of the supporting information of Chapters 3, 4 and 5. 
Finally, Part E contains a copy of the corresponding original published papers of each of 

the previous Chapters 3, 4 and 5.  
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1. Introduction  

Recently, sustainability, the birth of green chemistry and engineering principles have always 
been the mainstay of industry and academia in achieving economic and environmental goals. 
The research is towards sustainable innovation and green processes, which are based on the 
development of innovation and renewable resources and balance environmental and 
economic impacts. The development and application of green solvents have been a target 
of sustainable science, especially the breakthrough and advancement of seeking non-toxic 
and non-volatile solvents. The ionic liquids and deep eutectic solvents come into being. 

11.1 Ionic liquids 

Ionic Liquids (ILs) were reported for the first time by Paul Walden in 1914.[1] At that time, no 
one knew that ILs would become a very hot topic of chemistry (Figure 1). Nowadays, some 
important fundamental points of view are different from the original concepts, as insights 
into the nature of ILs have become deeper. In their first definition an IL was a class of fluid 
which consisted of ions and was liquid at temperatures below 100 °C or even at room 
temperature. Therefore, the difference between ionic liquids and traditional molten salts is 
that the latter melts at higher temperatures. However, ILs are now generally referred to as 
solvents which consist solely of ions. They are combination of usually organic cations 
(derivatives of N, N’-substituted imidazolium, N-substituted pyridinium, tetra-alkylated 
ammonium, tetra-alkylated phosphonium, etc.), and organic or inorganic anions (CF3COO, 
HSO4, Cl, etc.) (Figure 2 and Figure 3). ILs are considered as good molecular and/or green 
solvents in replacement to commonly used volatile organic solvents.[2] They are associated 
with specific biological, chemical, physical and thermal properties. In the beginning, ILs were 
well-known because of the property of being non-volatile, non-flammable and stable on air 
and in water. However, recently, it is known that many of them are volatile, flammable, 
unstable and even toxic. This phenomenon is owing to large combinations of cations and 
anions fulfil the definition of ILs, causing a series of bad behaviors.[3, 4] 

 
 
Figure 1. Milestones in the development of knowledge in the field of ILs and DESs. 
(Reprodued with permission from ref. ChemSusChem 2014, 7, 1784 – 1800). 
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Figure 2. Cations used commonly in ILs synthesis. (Reprodued with permission from ref. 
Journal of Molecular Liquids, 2020, 297: 112038). 
 

 
Figure 3. Anions used commonly in ILs synthesis. (Reprodued with permission from ref. 
Journal of Molecular Liquids, 2020, 297: 112038). 

The ethyl ammonium nitrate [EtNH3][NO3] (m.p. 12 °C) is the first IL introduced in the 
literature in 1914.[5] Later, in 1940, Frank Hurley and Tom Weir invented salts that are liquid 
at room temperature. The warm powder of organic salt (alkyl pyridinium chloride) was 
added to aluminum chloride and formed a clear colourless liquid, later known as an IL.[6] 
Therefore, the traditional definition was first used to describe chloroaluminate based ionic 
fluids.[7] However, their inherent air and moisture sensitivity coming from rapid hydrolysis 
of AlCl3 upon contact with moisture has limited their use. The replacement of AlCl3 with 
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more stable metal halides such as ZnCl2 to form eutectic based ILs can reduce the moisture 
sensitivity of these systems. The first generation ILs are often termed as organic cations with 
AlCl3 and ZnCl2, they form a fluid at low temperatures owing to the formation of bulky 
chloroaluminate or chlorozincate ions at eutectic compositions of the mixture. (Figure 4) 
This reduces the charge density of the ions, which simultaneously reduces the lattice energy 
of the system, promoting the reduction of freezing point. 

The second generation of ILs are completely composed of discrete ions, rather than the 
eutectic mixture of complex ions in the first generation ILs. Wilkes and Zaworotko had 
worked with alkylimidazolium salts and discovered that by the replacement of AlCl3 used in 
the eutectic ILs with discrete anions such as the tetrafluoroborate and acetate moieties air 
and moisture stable liquids could be obtained.[8] Most of them are immiscible with water, 
largely inert solvents, presumably because strong interaction between the components 
reduces their reactivity. 

The third generation of ILs, named advanced ILs, retain the moderate polarity, stability, 
and distributed negative charge of the second generation, but contain biodegradable, 
readily available, and lower toxicity cations and/or anions, such as the choline cation, and 
sugars or sugar analogs, amino or organic acids, and alkylsulfates, or alkylphosphates as the 
anions.[9] These ILs tend to be more hydrophilic than second generation ILs and are often 
water-miscible. Kazlauskas and col. also included deep eutectic solvents in these advanced 
ionic liquids, defined as physical mixtures of salts such as choline chloride (ChCl) and 
uncharged hydrogen bond donors such as urea or glycerol (Gly).[10] 

 
Figure 4. Classification of ILs and DESs. (Reprodued with permission from ref. ChemSusChem 
2014, 7, 1784-1800). 

ILs have the potential to become solvents with a wide range of uses, and their properties 
can be easily adjusted for specific uses.[11-14] However, if ILs want to be successfully used as 
a substitute for aqueous electrolytes, the synthesis of ionic liquids must also be simple and 
economical. 

11.2 Deep eutectic solvents 

Deep eutectic solvents (DESs) are defined as a combination of various hydrogen bond 
acceptors (HBAs) and hydrogen bond donors (HBDs) (Figure 5). In general, DESs are obtained 
by the complexation of a quaternary ammonium salt with a metal salt or HBD. When a DES 
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is composed of components of natural origin, it is defined as a natural deep eutectic solvent 
(NADES).[15, 16] 

 
Figure 5: Structures of some hydrogen bond donors and hydrogen bond acceptors used in 
the formation of deep eutectic solvents (Reprodued with permission from ref. Chem. Rev. 
2021, 121, 3, 1232–1285.) 

Abbott et al. worked on a series of quaternary ammonium salts and ZnCl2 under heating 
in 2001, noting that the mixture prepared with choline chloride as the ammonium salt 
exhibited the lowest melting point, 23−25 °C.[17] The inspiration of this study has promoted 
amounts of liquids formed from salts and hydrogen bond donors. Figure 6 displays a typical 
binary phase diagram for eutectic mixture. Component A intercalated in B hinders the 
natural crystallization tendencies of the other component, the melting point of resulting 
mixture is significantly reduced.[18] The low melting points of DESs result from the charge 
delocalization between such as a halide ion and the hydrogen-donor moiety through 
hydrogen bonding, which contributes to melting point lower than that of each individual 
component and significantly lower than that of an ideal mixture of its components.[19] 

Deep eutectic solvents can be described by the general formula Cat+X−zY, where Cat+ is 
any ammonium, phosphonium, or sulfonium cation, and X is a Lewis base, commonly a 
halide anion. The complex anionic species are formed between X− and either a Lewis or 
Brønsted acid Y (z refers to the number of Y molecules that interact with the anion X).[20] 
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Figure 6: Prototypical binary phase diagram for eutectic mixtures. (Reprodued with 
permission from reference 9, ref. Chem. Rev. 2021, 121, 3, 1232–1285) 

In 2007, Abbott and his team classified DESs into three types using the general formula 
Cat+X−zY.[21] 
Type I:  Y = MClx, M = Zn[22, 23], Sn[24], Fe, Al, Ga[25], In[26] 
Type II:  Y = MClx·yH2O, M = Cr[27], Co, Cu, Ni, Fe 
Type III:  Y =RZ, Z =CONH2[28], COOH[29], OH[30] 

MClx and quaternary ammonium salts produced DESs type I, which is an analogous type 
to the well-known metal halide/imidazolium salt systems, such as 
chloroaluminate/imidazolium salt. Because of the range of non-hydrated metal halides with 
appropriate low melting point to form type I DESs is limited, the use of hydrated metal 
halides and choline chloride becomes an alternative strategy, which is type II DESs. The 
inherent air/moisture insensitivity of many hydrated metal and their comparatively low cost 
allow their use in large scale industrial processes. Type III eutectics are formed from choline 
chloride and hydrogen bond donors and their ability to solvate many transition metal 
species, including chlorides and oxides has attracted much interest.[31]  

Diverse researches have revealed that metal halides with urea can form eutectics with 
melting points of <150 °C. Abbott et al. have studied a range of transition metals to be 
incorporated into ambient temperature eutectics, and these have been named type IV DESs, 
which are composed of metal chlorides (e.g., ZnCl2) mixed with different HBDs such as urea, 
ethylene glycol(EG), acetamide or 1,6-hexanediol.  
Type IV:  MClx + RZ = MClx 1+·RZ +MClx+1, M = Al, Zn and Z = CONH2, OH 
These metal salts should be difficult to ionize in non-aqueous media; however, they can form 
eutectic mixtures. 

Recently, a new type is added to DES classification: Type V DESs, which are composed of 
only non-ionic, molecular HBAs and HBDs.[32] Hydrogen bonding is especially prevalent in 
these DESs since they lack an ionic contribution and yet still exhibit DES melting point 
characteristics. Furthermore, it is possible that other types of DESs have yet to be discovered 
since other kinds of mixtures do not fit easily into these five categories but are liquid at room 
temperature, in a large composition range, and have exhibited deep eutectic depressions 
from ideality.[33] Therefore, there are also other terms and denominations, which may or 
may not denote the substances we now consider to be DESs: Low Transition Temperature 
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Mixtures (LTTMs),[34] Low Melting Mixtures (LMMs)[35] or Deep Eutectic Ionic Liquids 
(DEILs).[36] 

As compared to traditional organic solvents, the properties of non-volatile, non-
flammable systems make storage of DESs much more convenient. In addition, some of them 
are biodegradable and compatible with enzymes, further increasing their attractive.[37] DESs 
are typically easy to prepare. The most commonly used preparation method involves heating 
and stirring the components of the DES together under an inert atmosphere until a 
homogeneous liquid is formed. No additional solvent is needed, and no reaction in the 
traditional sense occurs. Therefore, the process is 100% atom economic and easy to handle. 
Not any purification is required, which facilitates their widespread use. 

11.3 Deep eutectic solvents vs ionic liquids: similarities and 

differences 

Some authors underline that despite the many similarities between ILs and DESs, they are 
by their nature independent, different groups of substances. ILs and DESs have a lot in 
common, especially when it comes to physical properties or applications. However, from the 
chemical point of view, they are two separate groups of substances although some other 
authors consider DESs as a subclass of ILs,[6] or even consider that these terms could be 
interchangeable. 

1.3.1 Starting materials and mechanism of synthesis 

DESs differ from ILs in two basic issues, the nature of their starting materials and the 
methods of their preparation and formation. Ionic liquids are generally formed by organic 
heterocyclic cations and organic or inorganic anions (see Figures 2 and 3), while DESs are 
formed by a combination of different HBAs and HBDs (see Figures 5 and 6). Therefore, the 
number of potential mixtures that can generate ILs or DESs is practically unlimited. This 
aspect allows that both ILs and DESs can find wide use in various fields of science, research 
and technology since their properties can be tuned to meet the requirements of any specific 
application. However, DESs show a great advantage in comparison to ILs since, normally, 
HBAs and HBDs are non-toxic, non-flammable, cheap and easily to be acquired. Moreover, 
DESs are environmentally friendly solvents since their components are usually 
biocompatible compounds non-hazardous for the environment. This sustainable feature of 
DESs shows the advancement in green solvents, which provides more possibilities and 
applications for solvents used in industry and other important fields to promote the 
scientific revolution. 

On the other hand, ILs and DESs show important differences in their synthetic processes. 
Therefore, the synthesis of ILs usually includes several steps using various reagents, organic 
volatile solvents and, as it is well known for complex procedures of synthesis, it means the 
production of by-products and the increase of energy consumption and cost.[38-40] Normally, 
the reaction time of ILs could be up to 48 hours with temperature range from 25 to 100 C. 
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In general, the synthesis of ILs involves two main steps: (i) Formation of cations (by 
protonation of amines with an acid or quaternization reaction of amines with alkyl halides) 
and (ii) anion exchange (by treating halide salts with Lewis acids or by anion metathesis).[41] 
This illustrates the complex procedure of IL synthesis that doesn’t display the remarkable 
advantages of DES synthetic processes. Generally, DESs are formed by heating or grinding 
methods. In the heating method (the most used one), DES components are mixed and 
heated between 50 C to 100 C under constant stirring for some minutes or some hours, 
depending on the mixture, until a homogeneous liquid is formed. In the grinding method, 
DES components are mixed and grinded at room temperature in a mortar with a pestle. Both 
methods of synthesis show 100% of yield without the production of any by-product. Another 
popular method for preparing DESs is freeze-drying. The procedure consists of mixing the 
aqueous solutions of components, freezing and freeze-drying that mixture to form a 
homogeneous liquid.[42, 43] According to the above discussion, it is obvious that DESs and ILs 
are distinct in the nature of their components and in their formation methods. Thus, the 
preparation of DESs shows significant advantages being a relatively straightforward and 
inexpensive procedure that does not cause any purification problems.[44-47] 

1.3.2 Physicochemical properties 

Although ILs and DESs are different in the nature of their constituents and in the type or 
intermolecular forces responsible for their formation (ILs are dominated by ionic 
interactions (Coulomb forces) while hydrogen bonding determines DESs), they share many 
properties. However, because of the large numbers of possible combinations of components 
the number of possible ILs and DESs is also large, being very difficult to unequivocally 
characterize and generalize their physical properties. As a result, we can only define some 
general rules and conclusions, which is very meaningful and valuable. 

Both ILs and DESs show low melting points. In general, the melting points of ILs are below 
100 C, and the DESs show much lower melting points than that of their individual 
components. These solvents also have similar values of density and viscosity which are very 
dependent on their composition and temperature. Thus, it is very important the right 
selection of their components, because high viscosity and high density are the main 
disadvantages for the practical use of these mixtures. Preparation of DESs using water as an 
additional component could decrease the viscosity effectively quickly and easily in some 
extent, but an excess of water can result to the complete DES decomposition.[48] Generally, 
ILs and DESs have high polarity, what is an excellent advantage since a large number of 
organic and biologically active substances can be dissolve by both, ILs and DESs, and this 
expands their application in many industries. Another similarity is that both systems exhibit 
low vapor pressure and a wide liquid range, which also provide many opportunities for their 
application in many different areas. It is clear that the physical properties of ILs and DESs 
show many similarities, especially because the many possible combinations of their 
components allow their preparation according to the requirements of specific applications. 

On the other hand, this makes it difficult to generalize the chemical properties for both 
ILs and DESs, such as toxicity, stability, biodegradability, flammability, greenness, etc. The 
natural origin of many of DES components supports the lower toxicity and high 
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biodegradability of DESs in comparison to ILs, which use more toxic constituents. Besides, 
no by-products are produced in DES synthesis while IL production needs long reaction time 
at high temperatures, the use of volatile and non-renewable solvents, large quantities of 
chemicals and produce large quantities of by-products as waste. Furthermore, the high 
stability of ILs in water promotes their persistence as pollutants in wastewater. Therefore, 
DESs become a suitable choice.[49] In addition, these many excellent chemical properties of 
DESs encourage their application in biotechnology, where some enzymes have exhibited 
interesting activities and stabilities in different DESs. 

In any case, the potential of ILs and DESs opens interesting perspectives for further 
research in analytical chemistry as well as in industrial applications. The experimental work 
included in this thesis has been developed with DESs and their dilutions. Consequently, 
afterwards, this introduction chapter is focused on DESs. 

11.4 Properties of deep eutectic solvents 

The better understanding and description of DESs in order to utilize their immense potential 
as “designer” solvents drives the research work in the field. Therefore, the careful collection 
of fundamental physicochemical properties of DESs is fundamental for the development of 
new applications of DESs. In this sense, the following subsections discuss the major 
properties of interest for DESs. 

1.4.1 Phase behavior 

As mentioned above, DESs are not pure compounds but mixtures of two or more pure 
components. This system is performed by a solid-liquid phase diagram, which exhibits the 
melting temperature in function of the mixture composition. To date, there are few specific 
details about the eutectic composition of each DES and the accompanying binary phase 
diagram. This phenomenon further emphasizes the significance of studying the phase 
diagrams of all the DES investigated. A phase diagram is essential, and knowing the melting 
properties of the pure compounds is necessary to determine the ideal solubility curve since, 
ideally, the solubility of any solute in the mixture at a given temperature is dependent on 
the enthalpy of fusion and the melting point of solute.[50] 

The “eutectic point” of such a mixture (point E in Figure 6) is an isobaric invariant and 
represents the composition (χeut) at which a minimum melting temperature (Teut) is 
achieved.[51] The melting point at this composition is similar to a triple point which 
represents the point where all three phases of the solid−liquid system (consisting of the 
liquid melt of the two components, and the two different solid phases) coexist at 
equilibrium.[52] Table 1 shows the melting points of a number of DESs. When the 
temperature drop is slow enough, liquid mixtures at compositions such as point C have 
portions that begin to solidify out of solution at the liquidus line (point D) into the 
corresponding (B + saturated solution) region. Where the temperature is lower than the 
liquidus line for point C, the composition of the remaining liquid shifts closer toward the 
eutectic point, via the path following “CDE” in Figure 6. As the temperature approaches Teut, 
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any remaining liquid is forced toward the eutectic composition. By this process, the “last 
drops” of liquid will be of the eutectic composition, regardless of initial makeup.[53] Under 
Teut, the entire mixture solidifies into the Solid A + B area. Since this solid region can manifest 
various microstructures composed of discrete regions of A and B, eutectic alloys can display 
different mechanical properties. However, more research is needed to fully characterize this 
solid phase. 

The eutectic point is the principal defining characteristic of DESs, but the existence of a 
eutectic point on a mixture cannot be used to define a DES—essentially all mixtures of 
compounds that are completely or partly immiscible in the solid phase present a eutectic 
point. DESs are often described as hydrogen bond complexes but the presence of a hydrogen 
bond between two components of a mixture cannot be a sufficient condition to define a 
DES. A ‘deep eutectic solvent’ to be significantly different from any other eutectic mixture 
should be defined as a mixture of pure compounds for which the eutectic point temperature 
is below that of an ideal liquid mixture.[54] However, as mentioned above, details about 
eutectic compositions of DESs together with their binary phase diagrams are not very 
frequent. Most of the works show analysis of the mixtures at their supposed eutectic 
compositions without supplying any binary phase diagram to support their choice. 
Furthermore, having this information about the temperature and composition range at 
which the liquid mixture is expected would be very useful for the efficient design and 
selection of the best DES systems for a specific application. 

It is important to have in mind that, as it will be described in this section, physical 
properties and dynamics of these mixtures vary significantly with varying molar 
compositions.[55] In this sense, although the method of compiling physical property data for 
a DES at the suspected eutectic composition is widespread used in many studies, it could be 
really useful and interesting the analysis of more compositions than just the eutectic one for 
each mixture. Studies on the influence of the types of hydrogen bonds present in common 
DES have shown that studies conducted near the eutectic composition may produce some 
interesting results. Therefore, these analyses may prove essential in finding practical ways 
of utilizing DESs for industrial applications. 

As mentioned above, DESs are generally prepared by mixing HBA and HBD at an 
appropriate temperature and exhibit a melting point that is far below that of their individual 
constituents. The definition of the melting point of a DES is the lowest temperature at which 
it exhibits liquid state. The eutectic composition is a single value corresponding to the lowest 
melting temperature in the phase diagram. Abbott in 2003 studied that the solid 
components ChCl and urea were heated at 1:2 molar ratio to obtain a eutectic mixture that 
was liquid at room temperature, being the melting point of the DES 12 C, while the 
corresponding melting points of pure ChCl and urea are 302 and 134 C, respectively.[10] 
Since then many DESs have been prepared and investigated. 

The main elements that affect melting point behavior are the structure and the strength 
of the interactions between HBDs and HBAs. The choice of HBDs is a critical point in the 
formation of a DES with a low melting point. For example, mixtures ChCl:Urea 1:2 and 
ChCl:2,2,2-trifluoroacetamide form a liquid DES at room temperature, presumably due to 
their stronger ability to form hydrogen bond interactions with ChCl. Therefore, DESs based 
on ChCl involving HBDs belonging to nitrogenbased compounds, alcohols, and carboxylic 
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acids, and additional relevant DESs are centered in phosphonium- and alkylammonium-
based cations with melting points lower than 333.15 K are shown in Table 1.[56]  
Table 1. Melting temperature (Tm) of selected DESs. (Adapted from ref. Energy & Fuels, 2015, 
29(4): 2616-2644.) 

Salt HBD Salt : HBD molar ratio Tm/K 

ChCl urea 1:2 285.15 

Choline fluoride urea 1:2 274.15 

Choline nitrate urea 1:2 277.15 

ChCl 1-methylurea 1:2 302.15 

ChCl acetamide 1:2 324.15 

ChCl 2,2,2-trifluoroacetamide 1:2.5 228.15 

ChCl glycerol 1:2 233.15 

ChCl EG 1:2 207.15 

ChCl 1,4-butanediol 1:3 241.15 

ChCl imidazole 3:7 329.15 

ChCl malonic acid 1:1 283.15 

ChCl oxalic acid 1:1 307.15 

ChCl lactic acid 1:2 195.42a 

ChCl malic acid 1:1 216.67a 

ChCl oxalic acid dihydrate 1:1 232.98a 

ChCl phenylacetic acid 1:2 298.15 

ChCl phenylpropionic acid 1:2 293.15 

ChCl glutaric acid 1:1 256.37a 

ChCl glycolic acid 1:1 257.08a 

ChCl levulinic acid 1:2 –b 

ChCl itaconic acid 1:1 330.15 

ChCl L-(+)-tartaric acid 1:0.5 320.15 

ChCl xylitol 1:1 –b 

ChCl D-sorbitol 1:1 –b 

ChCl D-isosorbide 1:2 –b 

ChCl D-fructose 2:1 283.15 

ChCl D-glucose 2:1 288.15 

ChCl phenol 1:3 253.1 

ChCl o-cresol 1:3 249.4 

ChCl xylenol 1:3 290.8 

ChCl ZnBr2 1:2 311.15 

ChCl SnCl2 1:2 310.15 

choline acetate glycerol 1:1.5 286.15 

choline acetate urea 1:2 291.15 

choline acetate EG 1:2 296.15 

 
 

https://pubs.acs.org/doi/full/10.1021/ef5028873#t1fn1
https://pubs.acs.org/doi/full/10.1021/ef5028873#t1fn1
https://pubs.acs.org/doi/full/10.1021/ef5028873#t1fn1
https://pubs.acs.org/doi/full/10.1021/ef5028873#t1fn1
https://pubs.acs.org/doi/full/10.1021/ef5028873#t1fn1
https://pubs.acs.org/doi/full/10.1021/ef5028873#t1fn2
https://pubs.acs.org/doi/full/10.1021/ef5028873#t1fn2
https://pubs.acs.org/doi/full/10.1021/ef5028873#t1fn2
https://pubs.acs.org/doi/full/10.1021/ef5028873#t1fn2
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(Table 1 continued) 

Salt HBD 
Salt : HBD 

molar ratio 
Tm/K 

2-acetyloxy-N,N,N-trimethylethanaminium chloride ZnBr2 1:2 321.15 

2-acetyloxy-N,N,N-trimethylethanaminium chloride SnCl2 1:2 293.15 

N-(2-hydroxyethyl)-N,N-dimethylanilinium chloride SnCl2 1:2 290.15 

N-(2-hydroxyethyl)-N,N-dimethylanilinium chloride FeCl3 1:2 294.15 

N-ethyl-2-hydroxy-N,N-dimethylethanaminium chloride urea 1:2 235.15 

N-benzyl-2-hydroxy-N,N-dimethylethanaminium cloride urea 1:2 240.15 

N,N,N-trimethyl(phenyl)methanaminium chloride urea 1:2 299.15 

2-(acetyloxy)-N,N,N-trimethylethanaminium chloride urea 1:2 259.15 

2-chloro-N,N,N-trimethylethanaminium chloride urea 1:2 288.15 

N-benzyl-2-hydroxy-N-(2-hydroxyethyl)-N-

methylethanaminium chloride 

urea 1:2 267.15 

2-fluoro-N,N,N-trimethylethanaminium bromide urea 1:2 328.15 

ethylammonium chloride urea 1:1.5 302.15 

ethylammonium chloride methylurea 1:1.5 302.15 

ethylammonium chloride 1-(trifluoromethyl)urea 1:1.5 293.15 

tetrabutylammonium bromide imidazole 3:7 294.15 

1-ethyl-3-butylbenzotriazolium hexafluorophosphate imidazole 1:4 330.15 

tetrabutylammonium chloride glycerol 1:5 230.37 

tetrabutylammonium chloride EG 1:3 242.27 

tetrabutylammonium chloride triethylene glycol 3:1 260.46 

methyltriphenylphosphonium bromide glycerol 1:3 267.60 

methyltriphenylphosphonium bromide EG 1:4 223.80 

methyltriphenylphosphonium bromide triethylene glycol 1:5.25 251.60 

N,N-diethylethanolammonium chloride glycerol 1:2 271.82 

N,N-diethylethanolammonium chloride EG 1:2 242.15 

N,N-diethylethanolammonium chloride triethylene glycol 1:2 273.05 

methyltriphenylphosphonium bromide glycerol 1:3 267.6 

methyltriphenylphosphonium bromide EG 1:4 223.8 

methyltriphenylphosphonium bromide triethylene glycol 1:5 251.6 

methyltriphenylphosphonium bromide 2,2,2-trifluoroacetamide 1:8 203.86 

benzyltriphenylphosphonium chloride glycerol 1:5 323.51 

benzyltriphenylphosphonium chloride EG 1.3 321.06 

tetrapropylammonium bromide glycol 1:3 257.05 

tetrapropylammonium bromide EG 1:4 249.75 

tetrapropylammonium bromide triethylene glycol 1:3 253.95 

lithium bis[(trifluoromethyl)sulfonyl]imide N-methylacetamide 1:4 201.05a 

1-butyl-3-methylimidazolium chloride ZnCl2 1:1 223.05 
aGlass transition temperature. bLiquid at room temperature but Tm not available. 

https://pubs.acs.org/doi/full/10.1021/ef5028873#t1fn1
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1.4.3 Density 

The density is another pivotal physical properties for DESs to the design and operation of 
processes, which besides can provide information about intermolecular interactions in a DES. 
Generally, most of DESs exhibit higher density than water, with values ranging between 1.0 
and 1.35 g.cm−3 at 25 °C, but those DESs containing metallic salts have densities in the 
1.3−1.6 g·cm-3 range. For examples, ChClU, the density is 1.197 g·cm-3 at room temperature, 
and is 1.173 g·cm-3 at 70 C. Basaiahgari et al. studied the density of ethylene, diethylene, 
triethylene glycol, and Gly used as HBDs and benzylammonium chloride salts used as HBAs. 
The results demonstrated that EG-based DESs exhibit lower density than Gly-based DES. 
Furthermore, the increase of density in the order ethylene < diethylene < triethylene glycol 
< Gly- based-DESs was due to the increase of the number of hydroxyl groups at the HBD, 
which promotes the formation of more hydrogen bonding and, probably, causes the 
decrease of free volume.[57] Lower densities than water at the temperature of 298.15 K are 
reported for hydrophobic DESs in Table 2.  
Table 2. Density of different DESs at 298.15 K. (Adapted from ref. ACS Sustainable Chem. Eng. 
2020, 8, 10591−10612.) 

Component 1 Component 2 Ratio ρ (g·cm–3) 

Menthol Decanoic acid 1:1 0.910 

Menthol Octanoic acid 1:1 0.910 

Menthol Oleic acid 1:1 0.910 

Menthol Salol 1:1 1.070 

Menthol Acetic acid 1:1 0.931 

Menthol Pyruvic acid 1:2 0.995 

Menthol Lactic acid 1:2 1.033 

Menthol dodecanoic acid 2:1 0.894 

Menthol Decanoic acid 1:1 0.896 

Menthol Levulinic acid 1:1 0.985 

Menthol Lidocaine 2:1 0.939 

Dodecanoic acid Octanoic acid 1:3 0.901 

Dodecanoic acid Nonanoic acid 1:3 0.897 

Dodecanoic acid Decanoic acid 1:2 0.894 

Dodecanoic acid Lidocaine 2:1 0.950 

Dodecanoic acid Atropine 2:1 1.009 

Lidocaine Decanoic acid 1:2 0.958 

Lidocaine Decanoic acid 1:3 0.950 

Lidocaine Decanoic acid 1:4 0.942 

TBACl Decanoic acid 1:2 0.917 

TBABr Octanoic acid 1:2 0.974 

TBABr Decanoic acid 1:2 0.957 

TBABr Oleic acid 1:2 0.959 

Methyltrioctylammonium chloride Decanoic acid 1:2 0.896 

*TBACl: Tetramethylammonium chloride 



1.4 Properties of deep eutectic solvents  

15 
 

For DESs containing the same HBD (component 2) and the same molar ratio, the density 
of the hydrophobic DESs decreases with increasing the alkyl chain length at the HBA 
(component 1). Therefore, the density of ammonium-based DESs in a molar ratio of 
(component 1:component 2 = 1:2) follows the order tetrabutylammonium chloride : 
decanoic acid > tetraheptylammonium chloride : decanoic acid > tetraoctylammonium 
chloride : decanoic acid.[58]  

The main factors affecting density are temperature and the choice of the HBD. 
Density of DESs decreases with increasing temperature.[59-61] Temperature-dependent 

density measurements for DESs can be used to estimate their isobaric thermal expansion 
coefficients, allowing that the free volume of DES can be quantified. The calculation of 
isobaric thermal expansion coefficients is applied to understand the dynamics and viscosity 
of DESs. 

 
The isobaric thermal expansion coefficient, α, explains the volumetric changes with 

temperature, -ρ is the density in g·cm−3, T is the temperature in K, and p is the pressure in 
MPa. Yadav et al. measured densities of glyceline (a DES composed of ChCl and Gly in a 1:2 
molar ratio) from 283 to 363 K and the densities were fit with this equation at different 
temperatures.[62] On the other hand, Shahbaz et al., worked on nine different DES system 
with varying HBDs and HBAs combinations from 298 to 368 K. The results showed that 
temperature dependence for density is linear, not as the equation plays.[63] Some 
researchers also noticed that linear relationship of density with temperatures in various 
DESs, such as Ni (II) salt, choline chloride with different HBDs, and EG-based DESs.[64] Despite 
the controversy around the application of a linear or a second-order polynomial equation to 
describe the experimental density data, Florindo et al. found the use a linear function of 
temperature to be sufficient within the temperature range studied. This means that the 
isostatic thermal expansion coefficient α is constant at a given pressure.[65] 

On the other hand, the composition and molar ratio of HBA to HBD also modify the 
density of the mixtures. For example, the density of the ChCl-based DESs increases with the 
number of hydroxyl groups at the HBD and, on the contrary, decreases with the number of 
aromatic groups. Furthermore, density of DESs containing an acid as HBD decreases when 
the chain length increases.[66] The molar ratio between HBAs to HBDs also affects density. 
Shafie et al. studied the densities of ChCl/citric acid-based DESs at different molar ratios. It 
was reported that the increase of ChCl relative to citric acid contributes to the decrease of 
the density. Moreover, the increase of amount of citric acid leads to the increase of 
density.[67] 

1.4.4 Viscosity 

Viscosity is an important property to be discussed, especially for equipment design and fluid 
flow calculations. Viscosity represents the resistance of a fluid to deformation in response 
to a given shear rate, which means that fluids with low viscosities flow easily, while liquids 
with higher viscosities exhibit slower, syrupy flow characteristics.[18] Viscosity is an important 
transport property as it is directly related to the mass transfer rate.[68] 

Numbers of DESs exhibit a high viscosity at room temperature and even at higher 
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temperatures (Table 4). In practice, the high viscosity values of DESs make their use in 
commercial applications more difficult than other options. Therefore, the viscosity of 
ethaline (ChCl/ EG in a 1:2 molar ratio), for example, are 52 mPa·s at 20 °C and 37 mPa.s at 
25 °C, compared to 1 mPa·s for water at the same temperature, and in general, sugar-based 
DESs demonstrate very high viscosities, 12.73 Pa·s for ChCl/sorbitol (1:1 molar ratio) at 30 °C 
or 34.40 Pa·s for ChCl/glucose (1:1 molar ratio) at 50 °C. Some metal salt-based deep 
eutectic solvents also behave extremely higher viscosities (i.e., 85.00 Pa·s for ChCl/zinc 
chloride (1:2 molar ratio) at 25 °C). The presence of extensive hydrogen bonding interactions 
between each component of the DESs limit the mobility of the free species of the DESs which 
result in a high viscosity of DESs.[69] Moreover, the viscosity not only depends on the 
intermolecular forces between the HBD and HBA, but also on other forces such as 
electrostatic or van der Waals interactions and on the large ion size and very small void 
volume of most DESs which can be quantified by the hole theory.[70, 71] 

Viscosities of eutectic mixtures are mainly affected by the chemical properties of the DES 
components (type of the ammonium salts and HBDs, organic salt/HBD molar ratio, etc.), 
water content and the temperature. The temperature rise leads to an apparent decrease in 
viscosity following an Arrhenius-like behavior. The temperature of a substance is directly 
proportional to the average velocity of the molecules consisting of the substance, and the 
molecules require more free space around them when their velocities increase. As a result, 
the viscosity decreases, and the intermolecular interactions become weaker due to the 
increase of mutual distances between the molecules. 
Table 3. Viscosities of selected DESs at different temperatures. (Adapted from ref. Chemical 
Society Reviews, 2012, 41(21): 7108-7146.) 

Organic Salts HBD Salt : HBD molar ratio Viscosities (cP) 

ChCl Urea 1 : 2 750 (25 °C) 

ChCl Urea 1 : 2 169 (40 °C) 

ChCl EG 1 : 2 36 (20 °C) 

ChCl Glycerol 1 : 2 376 (20 °C) 

ChCl 1,4-Butanediol 1 : 3 140 (20 °C) 

ChCl CF3CONH2 1 : 2 77 (40 °C) 

ChCl Imidazole 3 : 7 15 (70 °C) 

ChCl ZnCl2 1 : 2 85000 (25 °C) 

ChCl Xylitol 1 : 1 5230 (30 °C) 

ChCl Sorbitol 1 : 1 12730 (30 °C) 

ChCl Malonic acid 1 : 2 1124 (25 °C) 

ZnCl2 Urea 1 : 3.5 11340 (25 °C) 

Bu4NBr Imidazole 3 : 7 810 (20 °C) 

EtNH3Cl CF3CONH2 1 : 1.5 256 (40 °C) 

EtNH3Cl Acetamide 1 : 1.5 64 (40 °C) 

EtNH3Cl Urea 1 : 1.5 128 (40 °C) 

AcChCl Urea 1 : 2 2214 (40 °C) 

Bu4NBr Imidazole 3 : 7 810 (20 °C) 
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Therefore, experiments have tried to map the flow characteristics of DESs and determine 
the model that can best describe them, with various results. Arrhenius and the Vogel-
Fulcher-Tammann (VFT) model are the most commonly applied to describe the viscosity of 
DESs.[72] The Arrhenius model (see the equation expressed below) is only suitable for liquids 
at high temperatures or when the viscosity is measured over a narrow range of 
temperatures: 

 
where E [kJ·mol-1], A, and R denote the activation energy for viscous flow, a pre-factor, and 
the molar gas constant, respectively.[73] Aroso et al. studied using rheology to analyze 
amounts of DESs formed by mixture of ChCl and betaine with different sugar molecules. The 
results illustrated Newtonian behavior for all of the DESs studied and were easy to model by 
Arrhenius equation. The VFT model is often used to describe the temperature dependent 
viscosity of glass-forming liquids reflecting the contributions of intermolecular interactions 
such as van der Waals and hydrogen bonding.[74] The VFT equation is given by: 

 
where A’ [Pas] the “pre-exponential factor” that quantifies the viscosity at infinite 
temperature, B [K] the fitting parameter that accounts for the activation energy of viscous 
flow, and T0 [K] the ideal glass transition temperature.[75, 76] Cui et al. demonstrated that the 
viscosity measurements for ChCl based DESs containing acidic HBDs (i.e., p-toluenesulfonic 
acid, trichloroacetic acid, monochloroacetic acid, and propionic acid) were better suitable 
with the VFT model instead of the Arrhenius.[73] Sas et al. reported that both the Arrhenius 
and VFT models suit for ChCl and levulinic acid (1:2 molar ratio) in experimental viscosity 
measurements.[77] However, Altamash et al. researched rheological properties of DESs, 
displaying that the Bingham equation is best described the non-Newtonian behavior of 
these systems, instead of using the Arrhenius or VFT equations to model the data.[78] 

These studies demonstrate that the different viscosity fitting equations give different 
results in some aspects and it would be preferred that a certain and single model should be 
applied to describe the viscosity behavior of DESs. It can be expected that future studies will 
produce a clear comprehension of viscosity behavior in DESs, which could facilitate the study 
on new compounds. 

Since DESs are quite viscous fluids compared to organic solvents, they are generally used 
in solutions with water or other solvents.[74] Dilution with water promotes a large decrease 
in the viscosity of DESs as a result of the gradually weakened hydrogen-bonding interactions 
between the components.[79] This issue will be analyzed in depth in section 1.5. 

1.4.5 Conductivity 

Ionic conductivity quantifies how easily a material conducts the flow of ions or how easily 
the material permits a flow of current via the mechanism of ionic conduction. The ionic 
conductivities of DESs normally are lower than that of high-temperature molten salts, for 
example, 6.17 mS·cm-1 for ethaline at 20 C and 350 mS·cm-1 for BiCl3 at 200 C. This issue 
can be a problem for electrochemical applications, since most of DESs exhibit poor ionic 
conductivities, even lower than 2 mS·cm-1 at room temperature. This difference in 
conductivity is mainly ascribed to both viscosity and size of ions, which are both related to 
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the hole theory. Only DESs with low viscosity such as those containing EG or imidazole with 
ChCl show good conductivities. 

As expected, the increase of temperature results in a decrease in the viscosity and an 
increase in the conductivity.[37, 80] Moreover, the hole theory is used to describe the effect 
on conductivities of DESs. Abbott et al. studied that the decrease of cation size and 
replacement of HBD with fluorinated compounds could increase the free volume. The 
increase of free volume reduced the viscosity and induced the increase of the ionic 
conductivity of a DES.[81] Kityk et al. reported conductivities of NiCl2 salt dissolved in ethaline 
at multiple concentrations from 25 to 80 °C.[82] The dissolution of NiCl2 decreased of the 
conductivity of ethaline because of the larger nickel chloride ion. The size of the large ions 
decreases the size of holes in the solution, which obstructs ions transport and, consequently, 
leads to a viscosity increase. Besides, since changes of the organic salt/HBD molar ratio has 
significant impact on the viscosities of DESs, it is clear that this parameter also noticeably 
influences the conductivities of DESs. Therefore, when the molar fraction of ChCl was 
increased the conductivity of the ChCl/Gly DES also increased, conductivity (>1 mS cm-1) 
being comparable to those of an IL.[83] 

1.4.6 Polarity 

Polarity is an important property because it reflects the overall solvation capability of 
solvents.[84] However, the available information on polarity of DESs is scarce, which is a major 
issue considering that DESs have been proposed as an environmentally friendly alternative 
to common volatile organic solvents. Moreover, due to the fact that polarity can be 
considered as the key indicator of the solvent strength and most solvents are often classified 
based on their ability to dissolve polar and/or charged species, it is necessary to obtain this 
knowledge for DESs in an easy and effective manner. 

Normally, the method to measure solvent polarity is exploring the behavior of well-
established solvatochromic probes dissolved in any of the studied DESs. The displacement 
of the electronic spectrum for a specific solute in different solvents is known as a 
solvatochromic shift. There are two types of shift that can be observed in solvatochromism: 
(1) A positive shift with increasing solvent polarity is termed bathochromic shift, or red shift, 
and (2) a negative shift with increasing solvent polarity is termed hypsochromic shift, or blue 
shift. Measurements of solvatochromatic shifts have been used to determine the 
intermolecular interactions for DESs as well as giving information about the HBD and/or HBA 
abilities of the solvent.[85] The most widely accepted multiparametric polarity scale is the 
one proposed by Kamlet and Taft through a linear solvation energy relationship (LSER). The 
general form of the LSER is  

 
where K represents the equilibrium property to be modeled. The magnitude and the sign of 
the coefficients (a, b, c, d, e, ...) of the LSER provide insights into the important factors 
governing the modeled equilibrium property.[86] Others parameters are hydrogen bond 
donation ability (acidity), hydrogen bond acceptor ability  (basicity), dipolarity-
polarizability *, and a correction term δ.  

Abbott and co-workers determined the polarity parameters of a DES composed of ChCl 
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and Gly, in four mole fraction ratios (1:1; 1:1.5; 1:2; 1:3). The authors shown that * and  
parameters increase linearly with the ChCl concentration, while the  parameter was not 
affected by the addition of the salt.[87] Pandey et al. studied the effect of changing 
temperature and the addition of water on the solvatochromic probe behavior of three DESs 
formed by ChCl and 1,2-ethanediol, Gly, or urea, in a 1:2 molar ratio. They found that an 
increase in temperature results in reduced HBD ability of the DES, while the 
dipolarity/polarizability and the HBA basicity do not change, at least in the temperature 
range considered (303-363 K).[88] They also demonstrated that the chemical structure of the 
HBD of the DES controls its dipolarity, whereas the hydrogen-bonding and other specific 
solute-solvent interactions play an important role in the solvatochromic behavior.[89] The 
solvatochromic parameters of DESs formed by different ammonium-based salts and 
carboxylic acids were also determined by Coutinho and coworkers.[90] The DESs investigated 
displayed a high HB acidity, which is dominated by the organic acid present in the mixture 
while the HB basicity was dominated by the anion of the HBA species, with differences 
observed between the chloride- and bromide-based mixtures. It was also observed a slight 
increase of  parameter with the increase of the alkyl chain of both the HBA and the HBD - 
an opposite behavior to that found in the HB acidity. Furthermore, it was found that the 
dipolarity/polarizability of a DES were controlled by the ionic species present in the mixture, 
showing a decrease with the increase of the aliphatic moiety of the organic acid employed. 
Polarizability, HBD and HBA abilities of some hydrophobic DESs, such as levulinic acid : 
tetrabutylammonium chloride (2:1), octanoic acid : tetrabutylammonium chloride (2:1), 
decanoic acid : tetrabutylammonium chloride (2:1), dodecanoic acid : tetrabutylammonium 
chloride (2:1), levulinic acid : DL-Menthol (1:1), octanoic acid : DL-Menthol (1:1), dodecanoic 
acid : DL-Menthol (1:2), and acetic : DL-Menthol (1:1), were also studied by Marrucho and 
coworkers.[91] All the DESs investigated displayed high values of HB acidity ( ), probably due 
to the organic acids presented in all systems. On the other hand, the HB basicity ( ) in these 
compounds did not vary much within the same HBA family, but substantially differed from 
ChCl family to tetrabutylammonium chloride family and DL-menthol family. The HBA 
controlled the dipolarity/polarizability afforded by the DESs. Therefore, they concluded that 
DESs showed higher HB donating and accepting abilities compared with ILs and conventional 
solvents and their polarity could be designed by the convenient choice of their components.  

As for general DESs, the addition of water can affect the polarity of DESs.[92] Generally, the 
greater the intermolecular attractions, the larger the polarity. Water dilution of DESs 
similarly to viscosity displays a great effect on their polarity. Therefore, Pandey et al also 
showed that the addition of water resulted in an increased dipolarity/polarizability and in 
the decrease of the HB basicity of the DESs.[89] 

1.4.7 Surface tension 

Surface tension is applied together with density, viscosity, and ionic conductivity as a 
method to study the change in the molecular environment of a DES due to changes in 
composition and temperature. Surface Tension is a measure of the energy required to 
increase the surface area of a material and is related to the tendency of a material to have 
the smallest surface area possible. It can be measured by several techniques, including a 
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Wilhelmy plate, a Du Noüy ring, and pendant drop.[93, 94] The intermolecular attraction force 
in the liquid produces cohesive tension, which reduces the surface area of the interface 
between the liquid and other phases in contact with the liquid. To a certain extent, surface 
tension should follow a similar tendency as viscosity since it strictly depends on the intensity 
of intermolecular interactions that determines the formation of DESs.[95] That is, high 
viscosity liquids exhibit high surface tension. The values relative to the reported DESs 
normally vary in 35-75 mN·m-1 at 25 °C. All these values were larger than the surface 
tensions of most of molecular solvents and comparable to those of imidazolium-based ILs 
and high temperature molten salts. Gajardo-Parra et al., studied surface tension for ChCl 
based DESs with levulinic acid, phenol, and EG at 298.15K and 101.3 kPa.[64] In all the cases, 
it was observed a decrease of surface tension from the neat HBD to the formation of the 
DES and it was attributed to the addition of ChCl that decreases the cohesive forces affecting 
the strength of HBs. In this sense, the surface tension of the ChCl/Gly DES decreases as the 
ChCl concentration increases, because the addition of ChCl to Gly disturbs the HB network 
of Gly.[87] In addition, the surface tensions of various ChCl/Gly DESs showed a linear 
correlation with temperature.        

Therefore, DESs containing sugars (due to the large hydrogen-bonding networks in these 
fluids) produce a remarkable surface tension. Hayyan et al., researched the role of the molar 
ratio of ChCl in the surface tension of ChCl/D-fructose mixtures.[96] They showed that the 
increase of ChCl produces the increase of surface tension. At the 1:1 molar ratio of ChCl to 
D-fructose the surface tension measured was 70.4 mN·m-1, while at the molar ratio 2.5:1, 
the surface tension measured was 75.0 mN·m-1, being the molar ratio 2:1 the eutectic 
composition. The possible reason for that is due to high viscosity of D-fructose based DES as 
well as the higher number of hydrogen bonding for the higher molar ratios.  

Rublova et al. studied the dependence of surface tension of ethaline/water mixtures in a 
wide range of concentrations at different temperatures showing their decrease as 
temperature increases.[97] This tendency could be explained by the changes in 
intermolecular interactions reported by Hammond et al.[98] The slight decrease of surface 
tension of a DES at the addition of water can be explained by the weakening of relatively 
strong interaction between particles forming the DES when the introduced water molecules 
begin to partially solvate the components of the fluid (see section 1.5). 

1.4.8 Vapor pressure 

Vapor pressure is the pressure applied when the gas phase and the condensed phase are in 
thermodynamic equilibrium. However, until now few researches have been carried out in 
direct or indirect measurement of DES vapor pressure. The low total vapor pressure (LTVP) 
of DESs is a significant feature, especially for separation and purification processes. The LTVP 
of DESs facilitates the separation of adsorbed or captured toxic substances from DES bulk by 
distillation without contamination by the DES and any DES emissions into the 
environment.[99]  

There are various methods to perform the volatility of DESs, such as transpiration,[100, 101] 
high temperature absorbance UV spectroscopy,[102] quartz crystal microbalance (QCM) 
analysis, and thermogravimetric analysis (TGA).[103, 104] The TGA is the most common 
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technique used to determine vapor pressure of ILs and DESs because of the minimal sample 
size, simplicity, and reliability and a broad temperature window. The TGA method has been 
used to measure the vapor pressure of many ILs and a limited number of DESs, especially 
hydrophobic DESs. Ravula et al. utilized isothermogravimetry to rank the mixtures in order 
of decreasing vapor pressure. The order was triglyme, short-chain PEGs > long-chain PEGs > 
DESs > protic ILs > polymeric ILs > conventional, aprotic ILs (e.g., dialkylimidazolium bis 
(trifluoromethylsulfonyl) imides) > dicationic ILs. The results illustrated that ions and HBD 
species exhibit a critical play in the vapor pressure performance.[105]  

Dietz et al. applied headspace gas chromatography-mass spectrometry (HS-GC-MS) to 
test the vapor pressure of six hydrophobic DESs on the basis of various stoichiometric 
combinations of decanoic acid, thymol, (±)-menthol, and lidocaine. Because of the particular 
capacity of HS-GC-MS, the contribution of each component to the total vapor pressure of 
the DES could be identified.[99] The vapor pressure results at range from 55.5 Pa for 2:1 
decanoic acid/lidocaine to 540.9 Pa for 1:1 decanoic acid/menthol. This study reveals that 
while the vapor pressures of DESs are much lower than common volatile organic solvents, 
such as acetonitrile or toluene, they are indeed significantly higher than their IL counterparts. 
Moreover, Boisset et al. determined the vapor pressure for a DES formed by lithium bis 
[(trifluoromethyl) sulfonyl]-imide and N-methylacetamide in a 1:4 molar ratio. The resulting 
value was 0.2 mbar at 313 K being, thus, lower than that of water at the same temperature 
(74 mbar), but again much higher than values for typical aprotic ILs.[106] 

11.5 DES dilutions: behavior and characterization 

In order to better understand the nature of ILs and DESs and with the aim of expanding their 
application, a detailed knowledge of their thermodynamic behavior is essential. In particular, 
due to their potential use as solvents, it is really important to know the properties of ILs and 
DESs mixed with water or with organic solvents. Moreover, in general, the high viscosity of 
ILs and DESs (together with the high cost of ILs) is one of the most important limiting factors 
that impedes the development of emerging IL/DESs-based technologies that could be 
promising in many applications.[107, 108] Therefore, the addition of suitable co-solvents is 
proposed as one of the most promising options to developing IL/DES-based processes. 
Among the potential co-solvents, H2O is the preferred one since it is both cheap and 
environmentally friendly and also has low viscosity. 

In the particular case of DESs (in which we have focused this thesis), their richness in HBs 
makes them extremely hygroscopic. Although this was originally seen as a problem, then it 
was considered as an opportunity because, for a certain dilution range, physicochemical 
properties of DESs (e.g., density, melting point, viscosity, and conductivity) can be modified 
while preserving the unique characteristics of DESs. Therefore, the determination of such a 
dilution range was the goal of numerous works for aqueous or non-aqueous dilutions. The 
studies of thermophysical properties of DESs could help researchers to understand solute–
solvent interactions between components and to predict the dilution range where DES 
dilutions can better perform in different applications. 
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1.5.1 Physicochemical properties of DES-H2O or co-solvent 

binary mixtures 

The physicochemical properties of DES/co-solvent (mainly DES-H2O) binary systems 
(including density, viscosity, electrical conductivity, excess/mixing enthalpy, etc.) have been 
studied in a large amount of experimental investigations. Density and viscosity are the most 
widely studied properties. Volumetric properties of these mixtures are complex properties 
because they depend on the size, shape, chemical nature of the components of the mixture 
and the solute-solute, solute-solvent and solvent-solvent interactions. The excess molar 
volume and viscosity and the mixing enthalpy are often used as a measure of non-ideal 
behavior of DES/co-solvent binary systems that also depend on the physical conditions, i.e. 
temperature and pressure. Therefore, the properties of these mixtures are unique 
(compared with either organic solvent mixtures or aqueous electrolyte solutions) and at the 
same time largely unpredictable. In particular, the behavior of hydrogen-bonded-based 
systems (as DESs) is remarkably different from ideal solution behavior. The study of 
thermophysical properties, such as volumetric properties, dynamic viscosity, and phase 
equilibria, are needed to understand these systems. Moreover, Raessi and coworkers 
suggested to name these systems as ‘‘pseudo-binary mixture” because, in reality, the DES 
itself consists of two species and by adding a co-solvent the systems would contain three 
components.[109] 

11.5.1.1 Density 

Density is a variable of state for a thermodynamic system depending on its values at the 
initial and final pressure and temperature state. It is an intensive property indicating how 
tight the particles are packed inside the substance.[110] The density of an ideal solution is the 
sum of mass concentrations of the components of that solution.[111] It is one of the 
fundamental properties and often plays a key role in understanding the behavior of DESs in 
the presence of water or another co-solvent. Given the non-ideal nature of mixtures of DESs 
with co-solvents, the densities  and the excess molar volumes VE are typically reported to 
analyze the deviation from ideality of these mixtures. For this purpose, the difference 
between the real (experimentally measured) density and the ideal density id,  = - id, 
is calculated as follows. The ideal density is defined by 

 
The VE is calculated from the density according to the following equation: 

 
where  and  are the mole fraction,  and  are molar mass, and are the 
molar volumes of the pure liquids, and ,  and  are the densities of component 1, 
component 2 and their mixture, respectively.[112] The excess molar volume, VE is a critical 
thermodynamic property to represent the nonideality of a solution, which is defined as the 
difference of the molar volume between the real mixture and an ideal solution at the same 
temperature, pressure, and composition. The excess molar volume can be inferred based on 
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the following three factors: (i) physical effects comprised of non-specific interactions like 
dispersion forces; (ii) chemical effects comprised of specific interactions like hydrogen 
bonding, dipole-dipole interactions, etc.; and (iii) structural effects due to geometric fitting 
of molecules of unequal sizes.[113] 

Amounts of articles have been published in recent years reporting the density of DES-H2O 
binary systems. Some reported results cover the densities in a wide compositional range or 
even the whole compositional range of DES-H2O systems, and some other results focus on 
an infinitely dilute DES solution,[114, 115] or DES with a trace amount of water.[116-118] According 
to the reported results from literatures, the characteristic features of VE within the whole 
compositional range (i.e., from 0 to 1) can be very different for different DESs. The VE plotted 
against the mole fraction for DES-H2O binary mixture can be positive,[119] negative,[120] or 
both,[121] and the shapes of the curves (VE– ) (VE vs ) can display a single hump,[120, 122] 
positive double humps,[123] negative double humps[124] or be sinusoidal (S-shape)[121, 125]. The 
magnitude, sign and shape of VE depend on the anion, cation and other physical parameters 
such as temperature. In general, the values of VE increase with increasing temperature for 
the studied systems. Therefore, with the increase of temperature, the absolute value of VE 

decreases when VE is negative, whereas it increases when VE is positive.  
Table 4. Excess molar volumes VE of DES-H2O binary systems. (Adapted from ref. Chem. Soc. 
Rev., 2018, 47, 8685-8720.) 

At atmospheric pressuresure 

DESs T/K 
Shapea 

(VE-xDES) 

VE/cm3 mol−1 at xDES 

= extreme position 

(∂|VE|/∂T)P,x/ 

range (xDES) 

ChCl/urea (1 : 2) 298.15-333.15 u [−0.20, −0.12] at xDES  0.3 <0/(0–1) 

ChCl/urea (1 : 2) 293.15-363.15 u [−0.16, −0.11] at xDES  0.3 <0/(0–1) 

ChCl/urea (1 : 2) 303.15 — — (0–1) 

ChCl/urea (1 : 2) 293.15-323.15 u [−0.18, −0.15] at xDES  0.3 <0/(0–1) 

ChCl/TG (1 : 2) 303.15-353.15 u [−0.90, −0.70] at xDES  0.3 <0/(0–1) 

ChCl/Glucose (2 : 1) 303.15-353.15 w 
[−0.75, −0.70] at xDES  0.7; 

[−0.60, −0.58] at xDES  0.3 
<0/(0–1) 

ChCl/EG (1 : 2) 283.15-363.15 u [−0.33, −0.25] at xDES  0.4 <0/(0–1) 

ChCl/EG (1 : 2) 298.15-333.15 u [−0.33, −0.25] at xDES  0.4 <0/(0–1) 

ChCl/EG (1 : 2) 303.15-323.15 — — — 

ChCl/EG (1 : 2) 303.15-313.15 — — (0.17–1) 

ChCl/MA (1 : 1) 303.15-313.15 — — (0.13–1) 

ChCl/MA (1 : 2) 283.15-363.15 u — <0/(0–1) 

ChCl/MA (1 : 2) 303.15-323.15 — — — 

ChCl/Gly (1 : 2) 283.15-363.15 u [−0.35, −0.30] at xDES  0.35 <0/(0–1) 

ChCl/Gly (1 : 2) 298.15-333.15 u [−0.35, −0.30] at xDES  0.4 <0/(0–1) 

ChCl/Gly (1 : 2) 303.15-313.15 — — (0.19–1) 

ChCl/Gly (1 : 2) 283.15-343.15 u [−0.4, −0.30] at xDES  0.4 <0/(0–1) 

ChCl/LA (1 : 2) 298.15-363.15 — — (0.68–1) 

CrCl3/ChCl (1 : 2.5) 298.15-353.15 — — (0.053–0.143) 

CrCl3/ChCl (1 : 2) 298.15-353.15 — — (0.053–0.143) 

https://pubs.rsc.org/en/content/articlelanding/2018/CS/C8CS00325D#tab1fna


Introduction 

24 
 

(Table 4 contiuned) 

At elevated pressures 

DESs T/K, P/MPa 
Shapea 

(VE-xDES) 
xDES = extreme position 

(∂|VE|/∂P)T,x/ 

range (xDES) 

ChCl/EG (1:2) 298.15–323.15, 0.1–50 u [−0.34, −0.24] at xDES  0.4 <0/(0–1) 

ChCl/urea (1:2) 298.15–323.15, 0.1–50 u [−0.16, −0.08] at xDES  0.3 <0/(0–1) 

ChCl/Gly (1:2) 298.15–323.15, 0.1–50 u [−0.33, −0.24] at xDES  0.4 <0/(0–1) 

a‘u’: negative single hump, ‘n’: positive single hump, ‘m’: double hump, ‘w’: negative double hump, and ‘s’: 

sinusoidal or S-shape. 

*MA: malonic acid 

*LA: Lactic acid 

*TG: triethylene glycol 

Based on the results listed in Table 4, the extreme positions of VE– DES are almost the 
same. Their values of VE are always negative, and the absolute value decreases with 
increasing temperature ). Over the entire compositional range, it can be 
divided into two regions: the H2O-rich ( DES < 0.5) and DES-rich ( DES > 0.5) regions. Almost 
for all the studied DESs, there is an extreme point near the H2O-rich region.  

Excess molar volumes of the aqueous mixtures of reline (ChCl2U) are found to be negative 
at all temperatures and compositions.[126] The negative values of excess molar volumes, that 
is, the decrease of volume upon mixing the pure components, can be related to stronger 
solvation between the components in the mixture than in pure form, as well as the 
potentially greater interstitial accommodation of the smaller molecules.[127] In effect, the 
excess molar volume reflects the compromise between the molecular size of the specific 
mixture and various interactions, and depends on temperature and composition. The 
negative excess molar volume can be attributed to the dependence of the strength of 
hydrogen bonding in the liquid on temperature and the decrease in the molecular distance 
and the free-volume of the mixtures and the pure samples.  

These analyses show that most of the densities were measured at atmospheric pressure. 
Only a few research groups have investigated the volumetric properties of DESs (density or 
molar volume) at high pressures. Therefore, Leron et al.[128, 129] reported the volumetric 
properties of dry/aqueous DESs at pressures up to 50 MPa. They displayed that pressure has 
a more significant influence on the magnitude of VE than temperature for the studied DESs, 
and the magnitude of VE increases with increasing pressure. 

11.5.1.2 Viscosity 

Viscosity is a critical transport property as it is directly related to the mass transfer rate,[68] 
which helps to form a solubilizing milieu and plays a major role in chemical transformations 
in solution.[130, 131] The viscosity measurements provide us valuable information concerning 
solute-solute and solute-solvent interactions. The magnitude and sign of the excess viscosity 
depend on the fluid composition. The study of viscosity is a critical technique to determine 
the structural changes associated with binary mixtures. Temperature is an important factor 
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that affects the viscosity, and viscosity should be always given at the measured (or calculated) 
temperature to make any sense.  

In general, the viscosity of most fluids can vary nonlinearly many orders of magnitude 
with changes in temperature. The explanation on the molecular level to the decrease of 
viscosity with increasing temperature in a fluid is that: the temperature of a substance is 
directly proportional to the average velocity of the molecules consisting of the substance, 
and the molecules require more free space around them when their velocities increase. As 
a result, the fluid density decreases, and the intermolecular interactions become weaker 
due to the increase of mutual distances between the molecules.[132] 

For most DESs, the most serious problem is that they are hygroscopic and absorb moisture 
once they are exposed to the atmosphere in the experiments with a variety of viscometers. 
Diogo et al.[133] have recently highlighted this problem because significantly different 
experimental values for viscosities were reported for the same pure DES from different 
laboratories,[122, 134] deviating much more than the reported experimental uncertainties. 
These large discrepancies mean not only the difficulty in measuring the viscosity of DESs 
accurately but also the special nature of DESs. 

As mentioned before, the relatively high viscosity of DESs generally results in the difficulty 
in their practical applications for different industrial processes, especially in those with 
traditional mass transfer units. The addition of H2O can change the viscosity remarkably, 
sometimes, even with orders of magnitude.  

Given the non-ideality of the mixtures resulting from DES dilutions, excess viscosity  
(i.e. viscosity deviation ) or excess logarithm viscosity  can be calculated from the 
measured experimental data of viscosity.[62, 134]  and  are defined as follows: 

 
 

where  and  are the viscosity of the pure components, and  is the viscosity of the 
mixture. 

Similar to VE, the magnitude and sign of  or  can be positive, negative, or both, 
and the shape of the curve  (  and  (  can be single 
hump or sinusoidal (S-shape),[62, 134, 135] reflecting the non-ideal behavior of these binary 
systems. Many articles have been published reporting the viscosity of DESs with H2O. Most 
of them focus on the effect of water as a trace impurity[136, 137] or on the water-saturated 
DESs, and only a few articles studied the viscosity of DES-H2O systems over a wide 
compositional range even up to the entire compositional range. The reported results show 
that the presence of H2O in DESs can decrease the viscosity greatly.[122] In Table 5, we 
summarize available experimental data on the viscosity of DES-H2O systems over a wide 
compositional range, the values of  and , the extreme positions and the shapes of 
the curve   and , as well as the changes of  and  with 
temperature, i.e., . Since the viscosity of DES-H2O over a wide compositional 
range, even up to the entire compositional range, is the main focus in this thesis, the effects 
of possible impurities including a trace amount of water on the viscosity are not included. 
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Table 5. Excess viscosities  or  of DES-H2O at atmospheric pressure (Adapted from 
ref. Chem. Soc. Rev., 2018, 47, 8685-8720.) 

DESs T/K 
Range 

(xDES) 
Δη or ηE or (ln η)E (∂|YE|b/∂T)P,x 

Shapea (YE-xDES)/xDES = 

extreme position 

ChCl/urea (1 : 2) 293.15-323.15 0–1 Δη < 0/(∂|YE|/∂T)P,x < 0 u/xDES = 0.8 

ChCl/urea (1 : 2) 298.15-333.15 0–1 Δη < 0/(∂|YE|/∂T)P,x < 0 u/xDES = 0.8 

ChCl/urea (1 : 2) 293.15-363.15 0–1 
(ln η)E < 0/(∂|YE|/∂T)P,x < 0; 

(ln η)E > 0/(∂|YE|/∂T)P,x > 0 

u/xDES = 0.6 (T < 343.15); 

s/xDES = 0.3 and 0.7 (T = 343.15); 

n/xDES = 0.4 (T > 343.15) 

ChCl/Gly (1 : 2) 283.15-363.15 0–1 (ln η)E > 0/(∂|YE|/∂T)P,x < 0 n/xDES = 0.4 

DEAC/Gly (1 : 2) 298.15-343.15 0–1 — u/xDES = 0.5 

DEAC/EG (1 : 2) 298.15-343.15 0–1 — u/xDES = 0.3 

a‘u’: negative single hump, ‘n’: positive single hump, and ‘s’: sinusoidal. b Y: Δη or ηE or (ln η)E. 

*DEAC: N,N-Diethylethanol ammonium chloride 

All the available data was measured at atmospheric pressure, and no data was found 
available at the pressure higher than 1 bar. 

For most of the DES-H2O systems, the shapes of the curves  and  show 
a single hump (positive or negative). From the results listed in Table 5, the excess viscosity 
is negative for most of the studied DESs, and the corresponding extreme point is near the 
DES-rich region ( ). This phenomenon implies that the viscosity decreases rapidly 
in the DES-rich region and thus the presence of water expands the volume of the fluids and 
favors the diffusion of molecules. 

As discussed before, a trace amount of water for the hygroscopic DESs will significantly 
affect the viscosity of DESs. This is essential for determining a reliable viscosity of pure DESs 
or DESs with a trace amount of water accurately. However, such an effect is not so critical in 
order to study the viscosity of the DES-H2O system over their wide/entire compositional 
range. 

11.5.1.3 Mixing enthalpy 

Although the mixing enthalpy Hm is critical, the published data for DES-H2O binary systems 
is quite limited compared with other properties, such as density and viscosity. Table 6 
summarized the results about enthalpy of DES-H2O binary systems over the wide 
compositional range.[132]  
 
 
 
 
 
 
 
 
 

https://pubs.rsc.org/en/content/articlelanding/2018/CS/C8CS00325D#tab2fnb
https://pubs.rsc.org/en/content/articlelanding/2018/CS/C8CS00325D#tab2fna
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Table 6. Mixing enthalpies of DES-H2O binary systems. (Adapted from ref. Chem. Soc. Rev., 
2018, 47, 8685-8720.) 

DESs T/K xDES/Hm,mina xDES/Hm,maxa 
xDES, Hm 

= 0 
Shape/Hma (∂|Hm|/∂T)P,x 

ChCl/EG (1 : 2) 298.15-308.15 0.4/[−1.08, −1.06] — — u/<0 >0 

ChCl/MA (1 : 1) 298.15-308.15 0.4/ −0.6 0.05/ 0.1 0.1 s/(<0, >0) 
>0, Hm < 0; 

>0, Hm > 0 

ChCl/Gly (1 : 2) 298.15-308.15 0.4/ −0.9 — — u/<0 >0 

ChCl/urea (1 : 2) 308.15-318.15 0.7/ −0.07 0.14/ 0.2 0.3 s/(<0, >0) 
>0, Hm < 0; 

<0, Hm > 0 

ChCl/urea (1 : 1.5) 308.15-318.15 0.5/[−0.3, −0.2] 0.05/ 0.15 0.2 s/(<0, >0) 
>0, Hm < 0; 

<0, Hm > 0 

ChCl/urea (1 : 2.5) 308.15-318.15  0.16/ 0.28 — n/>0 <0 

a The unit for Hm is kJ mol-1. 

*MA: malonic acid. 

With the increase of DES content, both the magnitude and sign of Hm are changed. The 
Hm can be positive or negative, and the shapes of Hm- DES (Hm vs DES) for most of the DESs 
show a single hump. The Hm values of ChCl/MA (1 : 1), ChCl/urea (1 : 2) and ChCl/urea (1 : 
1.5) show an S-shaped curve as depicted in Figure 7.[132] For these binary systems, the Hm 
values are positive in the H2O-rich region (0 < DES < 0.5) and then change to negative with 
an increase of the mole fraction of DES. This illustrates that the mixing process is initially 
endothermic and then changes to exothermic with increasing the content of DES. The 
turnover point depends on every DES. 

 
Figure 7. The ILs/DESs–H2O systems with S-shaped curve of Hm– ILs/DESs. (Reproduced with 
permission from ref. Chem. Soc. Rev., 2018, 47, 8685-8720.) 

11.5.1.4 Conductivity 

Electrical conductivity is another important property which provides the information of 
mobility of ions or charged molecules in systems. Two kinds of electrical conductivity data is 
included for DES-H2O binary systems. One is over a wide compositional range, and the other 

https://pubs.rsc.org/en/content/articlelanding/2018/CS/C8CS00325D#tab4fna
https://pubs.rsc.org/en/content/articlelanding/2018/CS/C8CS00325D#tab4fna
https://pubs.rsc.org/en/content/articlelanding/2018/CS/C8CS00325D#tab4fna
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is for the dilute DES solution. Analyzing the electrical conductivity of the dilute DES solution 
can reflect the ionic association behavior in water, i.e., can obtain the ion association 
constants kA and provide insight on the specific microstructures. In general, the electrical 
conductivity of DES-H2O binary systems over a wide compositional range generally shows a 
maximum value at a relatively low DES concentration (Figure 8). From a physical point of 
view, increasing water content results in the DES molecules being free to move and hence 
the degree of fluidity and electrical conduction will increase. Therefore, Mjalli and col. show 
that the change in conductivity for aqueous Reline solution was strong and exponential.[138] 
The low value diffusion coefficient obtained for pure Reline supported its low ionic 
conductivity. However, in presence of water, the urea–anion interactions are weakened and 
thus the ions are relatively free to diffuse, which is also reflected in the change in transport 
properties like ionic conductivity.  

 
Figure 8. The electrical conductivity of aqueous Reline solutions. (Adapted from ref. Physical 
Chemistry Chemical Physics, 2014, 16(43): 23900-23907.) 

1.5.2 Computational and advanced experimental methods 

in DES-H2O binary systems 

To examine the molecular behavior of DES-H2O binary systems, much research work has 
been carried out using different computational methods and advanced experimental 
methods, including NMR, Brillouin spectroscopies or neutron scattering, among others. 

11.5.2.1 Computational methods 

Computational methods include molecular dynamics simulations, Monte Carlo simulations 
and quantum chemical calculations. 
1) Molecular dynamics or Monte Carlo simulations 
Molecular Dynamics (MD) or Monte Carlo (MC) simulations are commonly used to 
investigate the microscopic structure and behavior of molecules in condensed phases and 
interfaces. MC can provide structural and thermodynamic properties. On the other hand, 
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MD can be used to study the dynamical and time-dependent phenomena and transport 
properties. 

Shah et al.[138] utilized MD simulations to research the intermolecular interactions of DES 
ChCl2U with the addition of water. The results show that the anion [Cl]- becomes 
preferentially hydrated by water compared with urea or cation, and the effects of water can 
be classified into 3 regimes based on the mass fraction of H2O (wH2O): (i) In the low water 
fraction zone (wH2O < 5%), urea–urea and urea–cation hydrogen bonding show a 
nonmonotonic behavior and the number of H-bonds shows a maximum at wH2O 2.5%. 
(ii)At the intermediate water fraction (5% < wH2O < 25%), the components of ChCl2U are 
hydrated by H2O, with the anion being preferred over urea and the cation. Besides, the anion 
and urea show a low diffusivity and the physical properties change gradually. (iii)At the high 
water fraction (wH2O > 25%), both anion and urea show high diffusivities, which also 
manifests in the change of the transport properties such as viscosity and conductivity. The 
simulation also shows that there is a strong urea-H2O interaction, but the [Cl]- interacts 
strongly with H2O compared with urea. Both urea and [Cl]- can be hydrated by water.  

Zhekenov et al.[139] worked on the formation of DESs, ChCl2U, ChCl2Gly and ChCl2EG, and 
the effect of water on the intermolecular interactions by analyzing the number of H-bonds 
and the diffusion of the constituent species of DESs. When the addition of water is in a small 
amounts (wH2O < 5%), water gets absorbed in the structure of DES by forming H-bonds with 
the ions and HBDs; beyond that water amount (wH2O > 5%), water reduces the 
intramolecular interactions in the DES, resulting in drastic changes of properties. Fetisov et 
al.[140] studied the behavior of ChCl2U and its mixture with water ( H2O = 0.5 or wH2O = 17%) 
by performing first-principles MD simulation. Their results show that the addition of H2O 
breaks the strong H-bonds between the H atoms of urea and [Cl]- in the pure ChCl2U by 
preferentially hydrating [Cl]- and forming urea-water H-bonds. 

López-Salas et al. studied the high-dilution range of the “water in DES” system, of a 
ternary DES composed of resorcinol, urea and ChCl with water (RUChClnW, with n as the 
mole of water per mole of ternary DES).[141] The significant presence of HB interactions 
between water and all the DES components and the distorted tetrahedral structure of water 
observed in RUChCl11W suggested the incorporation of water into the HB complexes playing 
the role of an additional HBD or HBA. The plot of water clusters size probability and the 
snapshots of RUChClnW also revealed the formation of small water clusters in RUChCl11W 
(Figure 9). Therefore, water interferes in the hydrogen bonded microstructure of the DES 
and leads to the origination of a new eutectic mixture, with a melting point lower than that 
of the original DES and water. The formation of deeper eutectics was also found to be true 
for other DESs suggesting a remarkable structural tunability of these solvents with 
controlled aqueous dilution.  
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Figure 9. Snapshots of RUChCl11W, RUChCl32W, and RUChCl97W, representing DES 
components (R in red, U in yellow, Ch in green and Cl in purple) and water (in light blue) (a). 
Water clusters size probability as obtained from (b) MD simulations and (c) neutron 
scattering experiments in RUChCl11W (green line), RUChCl32W (blue line), and RUChCl97W 
(yellow line). (Reprodued with permission from ref. ACS Sustainable Chem. Eng, 7, 17565-
17573.) 

In a recent study, López-Salas et al. described the dilution of the RUChCl ternary DES using 
benzyl alcohol (BA). In this case, the “solvent-in-DES” regime was preserved at much higher 
solvent contents than for H2O. The molar ratio of solvent to DES in the “solvent-in-DES” 
regime was basically the same in aqueous and BA dilutions of RUChCl. Nonetheless, it is 
worth noting that the water content in RUChCl11W was only 18−20 wt % whereas the BA 
content in RUChCl11BA was ca. 60−67 wt %. Moreover, this extended dilution range of the 
“BA-in-DES” regime, where BA was yet successfully accommodated into the HB complex 
structure originally formed by R, U and ChCl, was not ascribed to the strength of HBs 
between BA and DES components. Instead, the solubility of the individual components of 
RUChCl in the respective solvents (BA in this case) seemed to be a more plausible 
explanation.[142] 

MD simulations aims to find the structural regimes with different amounts of cosolvents. 
Many investigations about MD and MC simulations have been conducted to figure out the 
molecular behavior of the DES-H2O binary systems. In general, the interaction between the 
anion and water is stronger than that between cation and water, the anion can be fully 
hydrated or partially hydrated depending on its size and basicity, and the structural regimes 
change with the water contents. 
2) Quantum chemical calculations 
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Quantum chemical (QC) calculations, including ab initio quantum chemistry and DFT, as 
well as semi-empirical methods, such as the conductor-like screening model for realistic 
solvents (COSMO-RS), have been used to give insight into the interactions between H2O and 
DES molecules. Besides, QC calculations are necessary for acquiring the information about 
the electronic structure or molecular properties such as dipole moments, polarizabilities, 
etc. QC can also be applied in obtaining interaction energies and new force field parameters 
often missing for the new IL/DES systems. 

11.5.2.2 Advanced experimental methods 

Experimental methods, such as FTIR, Raman, NMR, UV-Vis and Brillouin spectroscopies, X-
ray diffraction and neutron scattering experiments have been carried out to explore the 
molecular structure and behavior of DES-H2O binary systems. 

Vibrational spectroscopic techniques (FTIR or Raman spectroscopies) are known as 
significant and appropriate tools to provide information relating to H-bonding in aqueous 
solutions.[143] Then, Pandey et al.[88] studied the effects of temperature and the addition of 
H2O on the behavior of different solvatochromic probes dissolved in three ChCl-based DESs 
using two vibrational spectroscopic methods, the FTIR absorbance and Raman spectroscopy. 
The results reveal that important physicochemical properties of DESs can be effectively 
modulated by changing temperature or adding water to the DES. For pure DESs, a 3D 
intermolecular HB network has been confirmed.[144] The HB interactions between added 
water and DESs were more pertinent for ethaline and glyceline, and less for reline 
(interstitial accommodation of water within the HB network of reline appears to dominate 
within aqueous mixtures of this DES). Ahmadi et al.[145] investigated the character of the 
ChCl2Gly system in the presence of water also by combining FTIR and Raman spectroscopy. 
They found that for this DES, the association of water with DES reaches a maximum at 

water 0.9, proposing that the DES-H2O interaction is dominant over the DES-DES 
interaction. ChCl molecules prefer to form H-bonds much more strongly with water than 
with Gly. During the hydration process, the nature of DES is preserved instead of the nature 
of the constituent (i.e., Gly). 

Pulsed field gradient (PFG) NMR is a methodology mainly used to elucidate ionic dynamics 
and intermolecular interactions. It is most often used for diffusion studies of single 
component systems, but it is also a very powerful method to determine self-diffusion 
coefficients (D) even in multicomponent systems, as it is sensitive to a particular diffusing 
species. In principle, the diffusion coefficient of a molecular species under given conditions, 
for example, solvent and temperature, depends on its “effective” molecular weight, size and 
shape. Therefore, diffusion coefficients can be used to map intermolecular interactions.[146, 

147] D’Agostino et al.[148] used PFG NMR to probe self-diffusion of molecular and ionic species 
in aqueous mixtures of the ChCl-based DESs, in order to elucidate the effect of water on 
motion and intermolecular interactions between the different species in the mixtures, 
namely the Ch+ cation and HBD. The self-diffusion of water in the studied DES-H2O binary 
systems is considerably higher than that in the homogeneous bulk liquid water. This result 
strongly suggests that the studied DES-H2O solutions are not homogeneous but contain 
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distinct microscopic water-rich phases after a significant amount of water is added. In 
addition, it was also found that when water is added to the solutions, their viscosities 
decrease but a discontinuity is observed for all the studied systems at the point 
corresponding to 1 : 1 mole equivalent of H2O: chloride. This is the typical water content 
where changes in the behavior of DESs had been observed. 

On the other hand, quasielastic neutron scattering spectroscopy exploits the wavelength 
and energy of thermal neutrons to probe the diffusion mechanism of the system at lengths 
of few Angstroms and detect different relaxation processes in timescale of picoseconds to 
nanoseconds.[149-151] It is particularly suitable to obtain information about the geometrical 
and dynamical features of diffusion processes in hydrogenated systems. Hammond et al.[144] 
also studied the effect of water on the nanostructure of ChCl2U but with neutron scattering 
and empirical potential structure refinement (EPSR). As in previous works, the results show 
that the interactions in this DES are weakened by the addition of water, but the solution still 
remains the nature of pure-DES even at high wH2O (up to 40.95%). When wH2O reaches the 
overcrowding point (50.98%), i.e., water = 0.833, the DES components will be fully solvated 
by water, and the system changes to an aqueous solution. 

Brillouin spectroscopy focuses on the analysis of light inelastically scattered on the 
thermally induced sound waves-phonons that propagate through a medium at a sound 
propagation velocity that depends on the sample density and rigidity expressed in terms of 
the storage longitudinal modulus.[155, 156] Brillouin spectroscopy has been an experimental 
technique particularly suitable for detecting local structure rearrangements in liquid 
mixtures of HB co-solvents (e.g., methanol, ethanol, or tert-butanol, among others) and 
even polymers with either water or organic solvents.[152, 153] Therefore, del Monte and col. 
applied Brillouin spectroscopy in the study of aqueous dilutions of different DESs.[141, 154, 155] 

Besides, they correlated the experimental results coming from Brillouin spectroscopy with 
previous results from both simulations and 1H NMR experiments. In these works, two 
regions for sound propagation along with DES dilution were observed. DES/H2O binary 
mixtures with high DES contents could be visualized as a “water-in-DES” system composed 
of an extended DES network with isolated aqueous domains that evolved upon dilution into, 
first, a “DES-in-water” system and, ultimately, a simple dilution of DES components. This 
result certified the occurrence of inhomogeneities at the microscopic molecular level 
regardless of their fully miscible appearance in macroscopic terms. Linear fitting of 
hypersonic velocity data found in the high- and in the low-DES-content range provided an 
intersection point at a determined wt% for transitioning from the “water-in-DES” system to 
the “DES-in-water” one. In these works, 1H NMR experiments using D2O dilutions were also 
performed to study the self-diffusion coefficients of the different DES components as well 
as how labile protons of both solvents exchange. Interestingly, the dilution range where data 
coming from Brillouin spectroscopy deviated from linearity coincided with that where 
hydroxyl protons of choline cation were fully exchanged with D2O (i.e., ca. 85–80 wt% for 
reline, Figure 10).[154] For aqueous dilution of ternary RUChCl DES, Brillouin and NMR results 
agreed with MD studied and showed that transition from one to the other differentiated 
linear regime occurs at DES contents corresponding to RUChCl11W.[141] The excellent 
agreement between Brillouin and 1H NMR spectroscopy further confirms that local structure 
rearrangements and micro-segregation of DES dilution result in the formation of a co-
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continuous structure in the dilution range where the two regions for sound propagation 
intersect.     

  
Figure 10. Plots of sound propagation velocity versus the ChCl2U content in wt% (left) and 
molar fraction (right), as obtained from either Brillouin spectroscopy (green dots) or 
ultrasonic measurements (orange squares). (Adapted from reference Phys. Chem. Chem. 
Phys., 2017, 19, 17103—17110.) 

11.5.2.3 The general schematic mechanism for a typical DES-H2O system 

As indicated before, diverse investigations have been conducted both theoretically and 
experimentally to study the molecular behavior of DES-H2O systems. The mechanism for 
DESs is much more complicated than for conventional ILs due to the presence of a neutral 
compound (HBD) besides cation and anion for DES. Based on the results on typical DES-H2O 
systems, the general schematic mechanisms can be summarized in a simplified way as 
shown in Figure 11, which is to illustrate the mechanisms upon the addition of water. 

 

Figure 11. The general schematic mechanism for the typical DES-H2O systems. Note: the yellow, 
blue, red and purple ones represent cation, anion, H2O and HBD, respectively. (Reproduced with 
permission from ref. Chem. Soc. Rev., 2018, 47, 8685—8720.) 

The general formula of DES is C+A-·nY, where Y and n refer to the HBD and the number of 
Y molecules interacting with the anion (A-), respectively. As we can see from Figure 11, DES-
H2O system is complex due to the presence of a neutral compound (Y or HBD), besides cation 
and anion for DES itself. Each cation is represented as an asymmetric particle concerning the 
large size and asymmetry, but each anion is represented as a spherical particle. The 
framework to model the DES-H2O system includes 4 regions: pure DES (I), association 
domination (II), hydration domination (III) and fully hydration (IV). In region II, when the 
amount of H2O is low, the H2O molecules mix well with DES with strong interactions, and 
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H2O is embedded inside and at the periphery of the DES without any H2O clusters formed. 
There is either a neutral C+A- or C+A-·nY in the system, and some of the dissociated ions are 
hydrated. Both the association and hydration equilibria exist. However, association is 
dominating. In region III, with a further addition of H2O, the DES clusters start to dissociate 
into individual ions or ion-pairs and the dissociated ions are gradually hydrated. Both 
association and hydration equilibria exist. However, the hydration is dominating. In region 
IV, when the amount of H2O becomes very high, the DES structures are completely 
dissociated and almost all the cations and anions are hydrated. There are only hydration 
equilibria. 

11.6 Application of DESs and DES-water binary mixtures 

The vast array of very different compounds that can be selected for DES preparation allows 
the full tailoring of their relevant properties. This fact together with their easy preparation 
without the need of further purification opens different perspectives for their application in 
many different interesting fields. On the other hand, as discussed above, the presence of 
water clearly impacts the physicochemical properties of DESs allowing the circumvention of 
some of the shortcomings of DESs like their relative high viscosity while maintaining their 
unique and appealing properties. Then, binary mixtures of DESs and water have been 
commonly adopted in many applications already. Therefore, this section summarizes the 
potential and versatility offered by DESs in many different application fields paying attention 
to the uses of DES-water binary mixtures. 

1.6.1 Gas adsorption 

Global warming is always a serious problem that influences the environment and sustainable 
development. Thus, a large number of studies have focused on the adsorption and 
sequestering of CO2 to reduce the effect of global warming. In general, technologies such as 
absorption, adsorption, cryogenic capture processes and membrane separation can be 
applied to solve CO2 emissions. It is well known that ILs have an excellent ability for 
dissolving CO2,[156] and since DESs and ILs share many properties, DESs, thus, have a great 
potential capacity for CO2 dissolution. But besides, DESs have been used for the sustainable 
preparation of recyclable solid sorbents that exhibit an enhanced sorbent capability. 
Therefore, Bu and col. have described the use of DESs as effective solvents and structure-
directing agents (SDAs) in the synthesis of metal-organic frameworks (MOFs) for application 
in gas storage.[157-159] Here, DESs provided a unique route for the creation of porosity and 
coordinatively unsaturated metal centers, which had been shown to be desirable for 
enhancing gas-storage capacity and for promoting catalytic activity. On the other hand, 
Gutierrez et al. have also used resorcinol-based DESs as all-in-one solvent–template–
reactant systems being the liquid medium, SDA, and the source of carbon and nitrogen to 
produce nitrogen doped hierarchical carbons for CO2 capture.[160] Also, in a new strategy, 
Mecerreyes and col. prepared poly(ionic liquid)s (PILs) with applications as solid CO2 
sorbents by photopolymerization or polycondensation of deep eutectic monomers.[161] 
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CO2 capture in DESs depends on pressure, temperature, viscosity, and the molar ratio of 
HBD, and it increases with increasing pressure and decreasing temperature. The main 
drawback is the generally high viscosity of DESs, but it could be overcome by mixing them 
with common solvents (such as water or PEG200), even being CO2 solubilities of some DESs 
much better than those of conventional ILs.[162] On the other hand, considering the 
hygroscopic nature of ChCl, almost all ChCl-based DESs contain at least a small amount of 
water. However, water is an antisolvent that decreases the CO2 solubility.[163] However, Hsu 
et al. demonstrated that the low CO2 solubility in ChCl2U/water solutions could be greatly 
improved by the addition of monoethanolamine (MEA), although MEA exhibited some 
corrosive effects.[164] Nevertheless, the solubility of CO2 in DESs ChCl2U and ChCl2EG have 
shown impressive results compared with imidazolium-based DES systems.[165] Amine-based 
DESs have high CO2 solubilities, compared with aqueous amines under low-vapor pressure, 
showing sustainable performance even in the presence of water, decent tolerance against 
temperature rise, lower corrosiveness, and a relatively low heat of absorption which is 
attractive for regeneration.[166-168]. Besides, Han et al. reported ChCl2U DES supported on 
molecular sieves showed high catalytic efficiency for the chemical fixation of carbon dioxide 
to cyclic carbonates from epoxides[169].  

Besides the absorption of CO2, other gases such as SO2, H2, CO and methane are similarly 
studied for the capture in DESs.[170] Therefore, different caprolactam based eutectic solvents, 
such as acetamide, imidazole, furoic acid, benzoic acid, ο-toluic acid or tetrabutylammonium 
bromide, were tested for SO2 solubility. [171] which depended on the temperature and molar 
ratios.  

1.6.2 Ionothermal synthesis 

In 2004, Cooper et al. developed a novel method of preparing porous solids based on the 
use of DESs as both solvent and SDA (template). This new method was named “ionothermal 
synthesis”. It is defined as a new synthetic strategy involving predominantly ILs or DESs as 
both solvent and template (SDA) in the formation of solid materials and it has some 
interesting features and potential advantages over the traditional methods of molecular 
sieve synthesis. In comparison with hydrothermal synthesis: (1) it can be easily carried out 
in a low-pressure environment due to the low volatility of ILs or DESs; (2) It avoid the risks 
of using low boiling point solvents and make the process easy; (3) the possibility to tune the 
nature of DESs components provides the possibility to modulating reaction to produce the 
novel materials with excellent structures, surface properties and porosity. Nowadays, DESs 
are replacing ILs in the ionothermal synthesis of materials since DESs are cheaper, safer and 
less toxic. Moreover, the presence of neutral components with high boiling point such as 
urea, carbohydrates or carboxylic acids also provide new and complementary environments 
to ILs that are completely ionic.[172, 173] 

Generally, ionothermal synthesis is carried out in a relatively dry and ionic environment, 
but the presence of water cannot be ignored. Moreover, the strong interaction of trace 
amounts of water with the anion of the DES notably limits water reactivity. Therefore, new 
inorganic materials sensitive to water can be theoretically prepared by the ionothermal 
synthesis in DESs. 
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Many inorganic materials with valuable properties and structures have been synthesized 
using the ionothermal synthesis strategy: (1) Metal phosphates with open-framework 
structures as zeolite-type materials or Zinc phosphates. Therefore, [Zn(O3PCH2CO2)]·NH4 

structure was prepared in ChCl2U, where urea decomposition at high temperature produced 
NH4+ which promoted the formation of this material as described by Liao et al. [174] (2) 
Metal–organic frameworks (MOFs) very interesting due to their potential applications in 
many fields such as hydrogen storage, gas separation.[172, 173] Morris et al. applied 
ChCl/dimethylurea DES to produce a new lanthanide/organic derived MOFs using 
ionothermal synthesis. The strong binding of water from the hydrated mineral lanthanide 
precursors with DESs limited water reactivity, allowing the preparation of materials that are 
hardly obtained with common strategy. (3) Organic-inorganic Hybrid materials, as 
polyoxometalate (POM)-based hybrids[175] or vanadium (oxy)fluoride materials,[176] were 
also prepared by using DESs. They not only acted as the reaction solvent but also played a 
template role in the formation of the final structure due the establishment of an important 
hydrogen-bond network between organic cations and polyoxoanions in mild reaction 
temperature (110–150 C). (4) Nanomaterials as metal nanoparticles (i.e., Au, Pt) or 
nanostructured metal oxides (i.e., ZnO), were prepared being DESs involved in the 
replacement of solvents and the surfactants.[177] For example, star-shaped, snow flake-like, 
nanowires or nanorods Au nanoparticles were obtained from the reduction of HAuCl4 in 
different DESs being the property dependent on the morphology of nanoparticles.[178],[179] 
Nanomaterials shows unique properties and diverse application fields, such as catalysis, 
medicine, electronics energy production and optical devices. (5) Carbon materials, including 
N,P or S-doped-hierarchical porous carbon monoliths[160, 180] multiwall-carbon-nanotubes 
hierarchical porous carbon-composites,[181] here DESs could play different roles: as solvent 
for homogeneity of reactants, as SDA guiding the formation of the hierarchical pore 
structure, and at source of carbon or doped-composition.[182] Sustainability of the process is 
also remarkable since DESs or DES-compounds not acting as reagents in the reactions can 
be recovered and reused. (6) Polymers, obtained by acrylic frontal polymerizations[183] or 
polycondensations of citric acid with octanediol[184, 185] where DESs (composed of 1,8-
octanediol and lidocaine or different ammonium and phosphonium salts as, for example, 
ChCl or methyltriphenylphosphonium bromide) provided a noticeable enhancement of the 
green features of conventional polymerization processes by, for example, decreasing the 
energy input requirements (Figure 12). We could also include in this group ionic soft 
materials (ionic gels or eutectogels), in which the DES is the predominant component and 
the second component acts as a gelator forming a three-dimensional network, being a 
relatively recent research topic with applications in different fields as energy storage, 
bioelectronic or drug delivery, among others.[186] 
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Figure 12. Scheme representing the synthesis of poly (octanediol citrate) from a) 1,8-
octanediol dissolved in molten citric acid (at 160 C), and b) a eutectic mixture composed of 
1,8-octanediol and lidocaine, the low melting point of which allows the dissolution of citric 
acid and its subsequent polycondensation at temperatures as low as 90 C. (Adapted from 
ref. Chemical Communications 2012, 48:579-581.)   

1.6.3 Biocatalysis  

Biocatalysis is a branch of organic chemistry that uses enzymes or similar microbes as 
catalysts to promote chemical reactions, such as epoxidations, transesterifications, and C−C 
bond formation. It combines the study of the natural systems and the exploration of new 
reactions that can be promoted by biocatalysis. Although biocatalysis is typically performed 
in an aqueous solution, it is possible to utilize DESs as reaction media,[96][187] cosolvents,[188] 
or for the creation of suspensions to achieve the successful synthesis of desired products.[189] 
That is, DESs can be applied as co-solvents with water to promote substrates dissolve in 
aqueous systems, and also used as a nonvolatile solvent for the replacement of nonaqueous 
ones. Because of this, DESs can be a promising and economical alternative to organic 
solvents. 

In 2008, Kazlauskas and co-workers researched the first study of biocatalysis in various 
DESs.[9, 190] They reported the activity of enzymes in the transesterification of ethyl valerate 
with butanol. It was found that enzymes could be stable in ChCl2U DES since the HB network 
in DESs decreased the chemical reactivity of DES components towards enzymes. 
Furthermore, with a careful selection of constituents, DESs can serve as both the reaction 
medium and substrate, facilitating reactions that cannot be performed in fully aqueous 
solution.[191] 

The effects of the addition of water on enzymatic reactions in DESs are noticeable and 
were investigated by several groups. Durand and coworkers evaluated the effect of 
increasing concentrations of water for two lipase catalyzed reactions with phenolic acids in 
two DESs (ChCl2U and ChCl2Gly). Therefore, the substrate conversion could be drastically 
increased after the addition of water. The hydrolysis of the product started at a water 
concentration above 6% with an enzyme reaction rate 67 times higher than in the pure 

a 
1) 160-165 C/few min 

2) 140 C /60 min 

3) 80 C/several days Melting point: 153 C 

1) 160-165 C/few min 

2) 140 C /60 min

Melting point: 41 C 

Citric acid 
90 °C 

 

Lidocaine loaded 
polyoctanediol-citrate 
elastomer 

Lidocaine-
octanediol 
based DES  

b 



Introduction 

38 
 

DES.[192] In another study, the esterification of benzoic acid and Gly to -monobenzoate Gly 
by Novozyme 435 showed an increase of yield from 40% to 100% by adding between 8% 
and 20% of water (v/v) to the reaction mixture.[193] In both studies, one main reason for the 
increase of yields was the drastic reduction of the viscosity by adding water, leading to an 
improved mass transfer, which is especially important when using immobilized enzymes. 
When adding more water, the yield decreases drastically because of the loss of the 
nonconventional character of the DES and the hydrolysis of the product. Furthermore, the 
presence of water molecules affects the DES HB network and could maintain the catalytic 
activity of the enzyme. 

Biocatalytic reactions using DESs have included lipase-catalyzed processes such as 
transesterification, aminolysis, epoxide hydrolysis, N-alkylation of aromatic primary amines, 
and Knoevenagel condensation reactions. These displayed similar or higher rate than that 
of conventional organic solvents.[194-197] 

1.6.4 Electrochemistry  

Due to their unique properties, DESs possess a wide range of electrochemical applications. 
Although the traditional electrochemistry industry is performed in aqueous systems 
because of the high solubility of electrolytes and metal salts in water, which produces high 
conductivity solutions, it presents some limitations due to the relatively narrow potential 
window of water.[198] Besides, the passivation of substrates, electrodes, and deposits is 
another problem in aqueous solutions. However, the use of DESs as electrolytes instead of 
aqueous systems can provide important advantages: (1) that passivation effect is not 
observed in DESs due to the high solubility of metal oxides and hydroxides in them; (2) DESs 
show high conductivity in comparison with non-aqueous solvents; (3) their potential 
windows is wider in comparison to aqueous ones, although lower than in some ILs; (4) they 
shows tolerance to water, low price, biodegradability, and an easy methodology to be 
obtained a large scale. All these advantages make DESs an alternative medium to ILs or 
aqueous solutions in electrochemistry.[199, 200] 

In general, electrodeposition and wet-chemical reactions are the two most commonly 
used approaches to synthesize electrocatalysts in DES systems.[201, 202] Electrodeposition of 
metals, that is, the formation of solid materials by electrochemical reactions in a liquid phase, 
is normally limited by the redox potential windows of the considered solvents. Abbott et al. 
first reported the electrodeposition of copper and copper composites with solution of metal 
chloride salt in either ChCl2U or ChCl/EG at the early 2000s.[203] Promising results have 
recruited many other groups.[204] Here, DESs serve as ionically conductive media with a high 
resistance against electrochemical reduction and oxidation and high solubility of metal salts. 
Furthermore, electrodeposition from DESs could be the way to easily circumvent legislative 
restriction related to aqueous precursor toxicity used in current technological electroplating 
systems (Ni, Cr, Co) known to be carcinogenic and the related high disposal costs. 

In the wet-chemical method to synthesize electrocatalysts, DESs serve not only as a 
benign solvent but also a reactant or precursor. High-performance electrocatalysts have 
been prepared using DESs for various electrocatalytic reactions including hydrogen 
evolution reaction (HER), oxygen evolution reaction (OER), methanol/ethanol oxidation 
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reaction (MOR/EOR), oxygen reduction reaction (ORR), nitrogen reduction reaction (NRR), 
etc. In these electrocatalytic reactions, the conversion efficiency is critical to the 
performance of sustainable energy devices and is mainly determined by the 
electrocatalysts.[201] Therefore, benefiting from the multifunctional roles of DESs (solvents, 
soft template, SDA), they are becoming a versatile platform for the construction of high-
performance electrocatalysts with specific structures and morphologies. 

DESs also show many attractive properties for energy storage applications. DES-based 
electrolytes have gained increasing attention in various rechargeable batteries because they 
are nontoxic and inexpensive, show high ionic conductivity, good metal-salt solubility, 
excellent electrochemical stability, and non-flammability. Therefore, DESs prepared by 
mixing the Li salts with HBDs have been extensively studied as electrolytes for Li-ion and Li-
metal batteries.[205] Similar DES electrolytes have been further extended to Zn and Al 
batteries in recent years.[206-208] DES electrolytes are also being intensively investigated for 
safety- and energy-enhancing supercapacitors.[209] They can work over a wide temperature 
range suggesting the good thermal stability of the DESs arising from the intramolecular 
hydrogen bonds. Novel DES systems with optimized intermolecular interactions are highly 
desired to accelerate ion migration while maintaining the eutectic essence. Furthermore, 
the addition of cosolvents in DESs allows to overcome the limitations of high viscosity and 
low conductivity in DESs also improving their anti-freeze property and wettability.[210] 
Besides, “aqueous-eutectic-in-salt” (AEIS) electrolytes have been prepared by del Monte 
and col. by the dissolution of some Li salts at high molalities into the eutectic mixture of 
DMSO/H2O, obtaining an electrolyte capable of operating in supercapacitors in a wide range 
of temperatures (from −35 to 65 °C).[211] These electrolytes are based in the concept of 
water-in-salt (WIS) electrolytes, proposed as an alternative to aqueous and organic 
electrolytes because they can offer an interesting combination of extended electrochemical 
stability window (ESW) and safety.[212] The achievement of the wide ESW in WIS solutions is 
a consequence of the decreased activity of water molecules (i.e., in highly concentrated salt 
solutions, “free’’ water molecules are mostly absent because of their almost entire 
participation in ion solvation shells). Redox flow batteries (RFBs) are a large-scale energy 
storage option where DESs are also being studied as potential electrolytes.[213] The main 
advantage of this storage technique is that the energy capacity depends on the amount of 
anolyte and catholyte that can be stored in tanks, which makes for a convenient long-term 
energy storage solution. One of the major bottlenecks to this technology, however, is the 
difficulty in finding capable electrolyte candidates that are also (a) plentiful, (b) cheap, and 
(c) safe/environmentally friendly. Because DESs generally satisfy these desired 
characteristics, recent research has begun to investigate their use as electrolytes in RFB 
applications.[214]  

On the other hand, DESs can be used as solvents to synthesize energy storage materials 
through electrochemical methods because of their high ionic conductivity and low surface 
tension. For example, ethaline has been used as a solvent to prepare core–shell 
nanoparticles comprising an amorphous Ni–P core and a crystalline Ni3P shell as anode 
materials for Li-ion batteries (LIBs).[215] As mentioned before, electrodeposition is another 
approach to synthesize nanomaterials with DESs, as a porous Sn–Ni–Cu alloy anode for LIBs 
in reline DESs,[216] for energy storage applications.  
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1.6.6 Water filtration membranes 

The presence of pollutants of different nature in water urges to find a reliable and 
environmentally friendly wastewater purification solution since clean and safe water 
resources are essential for both humans and nature. Recently, DES-based membranes in 
water purification systems have attracted great interest due to its green synthetic route, 
high tunability, low cost, biodegradability and excellent performance. Permeability and high 
selectivity are the main factors for the performance of the membrane system.[217, 218] 

Tan et al. prepared the first membrane system using DESs. A protein denaturant-based 
DES composed of guanidine hydrochloride and urea promoted direct liquid exfoliation of 
natural silk fibers into nanofibrils with high efficiency. The resulting nanofibrils were easily 
processed into a free-standing membrane with nanoporous structure that could be used as 
a sustainable separator for supercapacitor or dye removal.[219] 

Shahabi et al. investigated a ChCl2U DES as additive to modify the polyamide layer of 
reverse osmosis membranes. The formation of HB between the moiety of ChCl2U DES and 
the membrane surface increased the surface roughness. The membrane containing 1 wt% 
of DES exhibits around 27% increment in permeation of pure water rather than an untreated 
polymeric membrane.[220]  

DES could be considered an effective modifying material to improve the performance of 
membranes, especially to enhance the compatibility between the filler and polymer in 
mixed matrix membranes. DES-supported membranes exhibit high potential applications in 
adsorbing various organic/inorganic-guest molecules from aqueous solutions. They showed 
higher mechanochemical stability, selectivity, adsorption capacity and permeability 
compared to the pristine membranes. Therefore, DES-supported membranes are 
considered as a promising complex for discarding different guest molecules (contaminations 
such as heavy metal ions and hazardous inorganic/organic molecules) from the aquatic 
system.[221] 

1.6.7 Extraction and separation of compounds 

DESs have also been relevant for their application in extraction processes: analytical method 
development, removal of environmental contaminants, isolation or fractionation of target 
compounds, purification of fuels, and separation of azeotropes.  

Different analytical methods involving extraction processes have been developed based 
on the physicochemical properties of DESs. Therefore, for example, several DESs obtained 
by combination of ChCl and different alcohol-based HBDs were applied for the extraction of 
two flavonoids (myricetin and amentofavone) from Chamaecyparis obtuse leaves and the 
extraction results were analyzed by HPLC–UV. The best performance was obtained using 
ChCl/1,4-butanediol at a 1:5 molar ratio as extractant.[222] The application of DESs for the 
removal of environmental pollutants from contaminated soils, liquid industrial wastes and 
vapor streams has been reported.[223] The physicochemical properties of DESs make them 
remarkable alternatives to volatile organic solvents for the removal of air pollutants from 
gas emissions as described before in section.  
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On the other hand, accordingly to the concept of green extraction (based on the discovery 
and design of extraction processes which will reduce energy consumption, allow use of 
alternative solvents and renewable natural products, and ensure a safe and high quality 
extract/product),[224] DESs have been employed as greener alternatives to commonly used 
petrochemical solvents for isolation, fractionation and/or recovery of target compounds 
from natural products, wastes and effluents, processes that are greatly significant in various 
industrial fields. Also many NADESs have been used to extract both polar and less polar 
phenolic metabolites from safflower, displaying greater extraction performance than 
conventional solvents.[225] Another greener alternative to the conventional method was 
reported for the recovery of phenols from model oils based on the in situ formation of a DES 
between the target compounds and a quaternary ammonium salt, taking advantage of the 
HBD capability of phenols.[226] DESs have also been employed as extraction solvents for 
azeotropic mixtures in liquid-liquid extraction processes. In particular, the application of a 
phosphonium-based DES was reported in aromatic hydrocarbons from aromatic/aliphatic 
mixtures.[227] Besides, thanks to the excellent solvation properties of DESs, they can be 
explored as leaching and reducing agents to recycle valuable metals like cobalt in the spent 
LIBs.[228] 

As mentioned before, the properties of DESs can be adjusted by changes of the type of 
HBA and/or HBD, the molar ratio between components and water content (Figure 13). Thus, 
the addition of water leads to a decrease in the viscosity of the reaction media, enhancing 
the mass transfer and improving the extraction efficiency. The addition of water can lead to 
a change in the polarity of a DES, which in turn can significantly affect their ability to dissolve 
target compounds. The extraction could be more efficient in a DES-water system than in a 
pure DES probably due to water's ability to form hydrogen bonds with a great variety of 
analytes. However, other interactions can also play an important role being difficult to 
predict which DES is most suitable for the extraction of a particular analyte or group of 
analytes. Consequently, experimental studies have to be conducted to find the appropriate 
DES and extraction conditions.[229] 

 
Figure 13. Impact of the DES composition on the DES solvent properties, (Reproduced with 
permission from reference Journal of Molecular Liquids 2020, 304, 112747.) 
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1.6.8 Biodiesel preparation or purification 

Purification of biodiesel (fatty acid alkyl esters) prior to its use usually involves the removal 
of unreacted components and unwanted products, namely, excess alcohol, water, residual 
catalyst, Gly, and soap when producing biodiesel by a catalyzed transesterification reaction. 
There are many benefits of producing biodiesel as an alternative fuel: (1) its synthesis from 
a natural product means that it is a carbon neutral fuel; (2) it produces significantly fewer 
particles compared with conventional diesel fuel without sulfurous emissions; and (3) it can 
be pure or mixed with mineral diesel use in most modern compression engines. However, 
Gly is an undesirable byproduct of its production and should be removed before its use as a 
fuel since the viscosity of the Gly present hinders the high pressure injection system of a 
modern diesel engine. To solve this problem, several research groups have been worked on 
DES to extract glycerol from biodiesel.[46] Compared to biodiesel, Gly is highly polar, thus, it 
is commonly separated from biodiesel by liquid–liquid phase decantation.[37] 

Abbott et al.[230] prepared various quaternary ammonium salts to form eutectic mixtures 
in the presence of Gly to extract Gly from biodiesel. Hayyan et al. researched the use of 
ChCl/Gly based DESs to extract Gly from palm oil-derived biodiesel,[231] being ChCl/Gly molar 
ratio of 1 : 1 the best composition for an efficient extraction of residual Gly. ChCl/EG and 
ChCl/2,2,2-trifluoracetamide DESs were also found to be efficient.[232] Best extraction 
efficiency was obtained using a molar ratio of DES to biodiesel of 2.5/1 and 3/1, respectively, 
for ChCl/EG (1 : 2.5) and ChCl/2,2,2-trifluoracetamide (1 : 1.75) eutectic mixtures.  

On the other hand, ChCl and choline acetate based DESs have been investigated as 
suitable solvents for lipase activation and enzymatic preparation of biodiesel.[233] ChCl/ Gly 
DES has also been used as a solvent for the enzymatic preparation of biodiesel from soybean 
oil.[234] or as the activator and solvent in the CaO-catalyzed transesterification of rapeseed 
oil to produce biodiesel.[235] 

1.6.9 DESs in organic reactions 

Many organic reactions are catalyzed by acids or bases and these components appear in 
DESs. Thus, DESs can be used not only as just a reaction medium but also as a catalytic active 
species for some reactions, as well as a part of the starting materials.[236] 

Therefore, the use of eutectic mixtures of carbohydrates (i.e. fructose, glucose, sucrose 
and inulin) with ChCl (carbohydrate-ChCl w/w ratio from 2:3 to 1:1) were effective in the 
transformation of the carbohydrate component into 5-hydroxymethylfurfural, in the 
presence of an acidic catalyst.[237] 

As catalyst, DESs have been used for Red-Ox, esterification-type and cyclization reactions, 
condensation-mediated processes and for multicomponent reactions, that is, playing the 
role of catalyst and reaction media simultaneously. In particular, a mixture of ChCl2ZnCl2 as 
catalyst and reaction media has been used in the synthesis of α-aminophosphonates. The 
reaction, which under conven-tional conditions requires toxic metal catalysts, long reaction 
times, and the foul-smelling triethyl phosphite as reagent, allows the preparation of the 
target compounds in good yields and very short reaction times at room temperature. 
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Interestly, the DES was easily recycled and reused for five cycles without any loss of 
activity.[238] 

In other reactions in which the role of DES medium is not clearly identified, it has been 
categorized as “innocent” DES medium. However, this only means that DES medium does 
not play a clear role as acid/base catalyst or reagent, since in many examples the chosen 
medium is of great importance in order to achieve a successful reaction.[236, 239] 

Therefore, a synthetic methodology using DESs as green solvents and inexpensive, 
biodegradable, recyclable catalysts and with its experimental simplicity and maximum 
synthetic efficiency will be attractive for both academic and industrial research. The 
replacement of volatile media by non-volatile DESs in this field will undoubtedly continue. 
Furthermore, DESs will provide new opportunities for green organic synthesis and support 
for a clean and efficient chemical life cycle. [240]
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2. Objectives and Methodology 

22.1 Objectives 

The aim of this thesis is to study the dilution range where the inherent DES properties are 
preserved in DES dilutions with water or organic alcohols as cosolvents. Moreover, 
discerning about the consideration of DESs themselves as a mixture of two components or 
a pseudo-component by the determination of the excess molar volume (VE) and/or excess 
viscosity ( E or ln ƞE) is also sought. 

 
To attain this general purpose, different specific objectives were pursued: 
 

1. Determine the validity of differential scanning calorimetry (DSC) and 1H nuclear 
magnetic resonance (NMR) and Brillouin spectroscopies to obtain the eutectic 
composition of aqueous dilutions of a NADES composed of water as the only HBD and 
ChCl as the HBA.  

 
2. Determine whether, in DES dilutions, there is a correlation between the dilution ranges 

where the solvent-in-DES regime exists with that where the maximum deviation from 
ideality occurs. The DES dilutions studied were (1) a DES composed of ChCl and urea 
and diluted in H2O, MeOH or EtOH and, (2) two DESs composed of ethylene glycol (EG) 
and either tetraethylammonium bromide (TEABr) or tetrabutylammonium bromide 
(TBABr) and diluted in H2O.  

 
3. Empirical determination of the suitable treatment of the DES composed of ChCl and 

urea in a 1:2 molar ratio as a binary mixture or as a pseudo-component by the analysis 
of the deviation from ideality of density and viscosity – these are, the excess molar 
volumes (VE) and the excess viscosities (ln ηE) – in DES-aqueous mixtures. 
 

2.2 Methodology 

To attain the above mentioned objectives, different specific methodologies were planned. 
 
In order to fulfill Objective 1, the following methodological route was followed: 
 
1. Study of ChCl/H2O solutions with different molar ratios by (DSC) and identification of 

the melting point (Tm) and crystallization temperature (Tc) in every dilution, if they 
were observed. 
 
2. Study of ChCl/H2O solutions with different molar ratios by 1H (NMR) spectroscopy 
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and identification of the dilution percentage where transition from the water-in-DES 
regime to the DES-in-water regime occurs as the first dilution showing the full 
exchange (e.g., full vanishing of the signal) of labile protons of DES components with 
D2O. 
 

3. Application of Brillouin spectroscopy to the study of the aqueous dilution of ChCl and 
also of ZnCl2·3H2O for the analysis of the deviation of the hypersonic sound 
propagation velocity versus the dilution range with respect to the linear pattern 
followed by the ultrasound velocity and also for the calculation of the excess adiabatic 
compressibility of any aqueous dilutions. 
 

4. Comparative analysis of results obtained from the different characterization 
techniques and selection of the most adequate one/s for the determination of the 
eutectic composition of both DES binary mixtures where water is one of the 
components and aqueous dilution of salt hydrates. 

 
In order to accomplish Objective 2, the following methodological route was followed: 

 

1. Study of the excess molar volume and excess viscosity from the experimental 
measurements of density and viscosity of the dilutions of ChCl2U in three different 
solvents such as H2O, MeOH and EtOH and of the dilutions of two DESs composed of 
EG and TEABr or TBABr in H2O, considering DESs (ChCl2U, TEABrEG and TBABrEG) as 
either a binary and a single compound. 
 

2. DSC analysis of the different dilutions of TEABrEG, TBABrEG and ChCl2U with H2O and 
also with MeOH and EtOH for ChCl2U to determine Tm and Tc in every dilution. 
 

3. Study of 1H NMR spectroscopy of the different dilutions of TEABrEG, TBABrEG and 
ChCl2U prepared with D2O and, besides, for ChCl2U DES with MeOD, EtOD-d1 and 
EtOD-d6 and determination of the dilutions were full exchange of labile protons in 
every DES (OH from ChCl or OH from EG) with deuterium from D2O or from OD group 
of deuterated alcohols occurs. 
 

4. Study of the different dilutions of TEABrEG, TBABrEG and ChCl2U with H2O and also 
with MeOH and EtOH for ChCl2U by Brillouin spectroscopy and determination in any 
case of the dilution where both the hypersonic velocity and the opto-acustic 
dispersion function deviated from their respective analogue linear parameters, the 
ultrasonic velocity and the refractive index. 
 

5. Comparative analysis of the results obtained from the different characterization 
techniques in any liquid binary mixture of DESs and the different solvents to define 
the dilution range of the “solvent in DES” regime. 

 
In order to accomplish Objective 3, the following methodological route was followed: 
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1. Study of the excess viscosity and the excess molar volume at different temperatures 
of dilutions of ChCl2U with either water, MeOH and EtOH calculated data from 
reported on diverse selected publications and considering this DES as both a binary 
mixture and a pseudo-component. 
 

2. Study of the excess viscosity and the excess molar volume at different temperatures 
of dilutions of ChCl2EG with either water or MeOH and of ChClGly with water 
calculated from data reported on diverse selected publications and considering these 
DESs as both a binary mixture and a pseudo-component. 

 
3. Comparative analysis of the sign and magnitude of the excess viscosity and the excess 

molar volume obtained for the dilutions of the different DESs (both as binary mixture 
and a pseudo-component) with either water, MeOH, EtOH or evaluation of the 
presence of urea as HBD in the evolution of the excess viscosity with temperature. 

 
4. Comparative analysis of the DES contents at which the excess viscosity and the excess 

molar volume displayed a maximum in their respective deviation from ideality with 
the DES contents observed by NMR where full exchange of labile protons occurred 
and by Brillouin spectroscopies where the hypersonic sound propagation velocity 
deviated respect to the linear pattern of the ultrasound velocity. 
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3. Brillouin Spectroscopy as a Suitable Technique for 

the Determination of the Eutectic Composition in 

Mixtures of Choline Chloride and Water 

Summary 
Deep eutectic solvents (DESs) resulting from the right combination between a hydrogen-
bond donor (HBD) and a hydrogen-bond acceptor (HBA) are becoming quite popular in 
number of applications. More recently, natural DESs (NADESs) containing sugars, natural 
organic acids, and amino acids as HBDs and ChCl as HBA has received great attention 
because of their further environmental sustainability as compared to regular DESs. Within 
this context, mixing water in controlled amounts has been widely accepted as a simple and 
practical way of altering DES chemical and thermodynamic properties, with viscosity and 
conductivity experiencing the most significant changes. However, the number of papers 
describing eutectic mixtures with water as the only HBD is scarce and basically none has 
been done in fundamental terms. Herein, we investigated mixtures composed of water as 
the only HBD and ChCl as the HBA using differential scanning calorimetry (DSC) as well as 1H 
nuclear magnetic resonance (NMR) and Brillouin spectroscopies. We found the aqueous 
dilution of ChCl/2H2O with a ChCl/2H2O content of ca. 80 wt % was an eutectic. Interestingly, 
dis mixture could be considered a NADES according to its eutectic distance (ΔTme), in range 
to eutectics obtained in aqueous dilutions of salt hydrates. 
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33.1 Introduction  

The quest for achieving solvents with enhanced green features is mandatory in order to 
improve the environmental sustainability of chemical processes. Within dis context, 
increasing attention has been focused on neoteric solvents, with ionic liquids (ILs)[1] and 
deep eutectic solvents (DESs)[2] being the most successful examples. Despite the exceptional 
properties exhibited by ILs—e.g., low flammability, stability against air and moisture, 
excellent solvation potential, chemical and thermal stability, high heat capacity, density and 
conductivity, and low vapor pressure—concerns about their impact on the environment 
made DESs gain particular relevance. 

DESs typically result from the right combination between a hydrogen-bond donor (HBD) 
and a hydrogen-bond acceptor (HBA).[3−5] The most commonly used HBA is (2-hydroxyethyl) 
trimethylammonium chloride (commonly non as choline chloride, ChCl) given its nontoxic 
and biodegradable features—e.g., it is applied as an essential nutrient, which can be 
extracted from biomass, and is often regarded as a part of the B-complex vitamins.[6] The 
quest for obtaining even less-toxic and more biodegradable DESs promoted the design of 
low melting eutectic mixtures using either sugars[7,8] or natural organic acids.[9, 10] More 
recently, Choi et al. described the so-called NADESs (natural DESs)[11] containing sugars, 
natural organic acids and amino acids as HBDs and ChCl as HBA. NADESs further improved 
the environmental sustainability of regular DESs, thus becoming quite popular in number of 
applications. [12] Nonetheless, high viscosity is yet a serious drawback that, in many cases, 
has limited their ultimate performance.[13, 14] 

Originally (and, most likely, for correspondence with ILs), the common belief was that 
DESs should be fully dried for application. Actually, it was determined an upper limit of 
hydration above which DESs become regular aqueous solutions of the individual 
components.[15−18] More recently, mixing water in controlled amounts—e.g., below those 
promoting DES rupture and within what was so-called the water-in-DES regime[19]—has 
been widely accepted as a simple and practical way of altering DES chemical and 
thermodynamic properties, with viscosity and conductivity experiencing the most 
significant changes—e.g., in an exponential fashion along with water content. 

Recent works using spectroscopic techniques—e.g., NMR, FTIR, fluorescence, Brillouin, or 
neutron scattering, among others[18,20−25]—as well as molecular simulations[26,27] revealed 
how DESs properties—e.g., not only the bulk/macroscopic properties like viscosity, ionic 
conductivity and density, but also the microscopic ones—changed upon water addition. 
Actually, it was recently described how water, when added in stoichiometric amounts, 
participated in the H-bond complexes of the original DES as an additional 
HBD.[28,29] Interestingly, water molecules behaving differently than “free” ones—i.e., 
because of their participation as an additional HBD—occurred within the whole water-in-
DES regime as revealed the successive decrease of the melting point experienced by these 
dilutions, being the composition of the mixture with the lowest melting point that of a new 
eutectic system formed between water and the neat DESs.[29] 

While the addition of water to binary, ternary, and even quaternary DESs has been widely 
explored, the number of papers describing eutectic mixtures with water as the only HBD is 
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scarce, with just some few examples using ILs—e.g., pyridinium-,[30] pyrrolidinium-[31] or 
imidazolium-based[32] ones—or salt hydrates[33] as HBAs. Unfortunately, this was not a valid 
approach to obtain low-viscosity NADESs because, as mentioned above, neither ILs nor salt 
hydrates could be considered as nontoxic and/or biodegradable. Interestingly, binary 
mixtures of ChCl and water have recently been described as low-viscosity electrolytes for 
supercapacitor cells (with a 1:11 molar ratio).[34] Moreover, binary mixtures of ChCl and 
water with a 1:2 molar ratio has also been used as a novel green media for organometallic 
synthesis.[35, 36] Unfortunately, the lack of a melting point at the DSC scans avoided the 
certain assignment of the eutectic composition of this mixture. 
Herein, we aimed to explore the suitability of different techniques for the uncertain 
determination of the eutectic composition of NADES composed of water as the only HBD 
and ChCl as the HBA. Thus, we investigated ChCl/H2O solutions with different molar ratios 
by not only differential scanning calorimetry (DSC) but also 1H nuclear magnetic resonance 
(NMR) and Brillouin spectroscopies. In particular, we studied the addition of further water 
to the ChCl/H2O liquid mixture with a 1:2 molar ratio—e.g., ChCl/2H2O. This 1:2 molar ratio 
was close to the solubility limit of ChCl in H2O at 25 °C—e.g., 1.8[37]—and at reduced pressure, 
it crystallizes in the form of the dihydrated salt.[38, 39] Finally, we also applied NMR and 
Brillouin spectroscopies to study the eutectic obtained upon addition of water to ZnCl2·3H2O, 
as described elsewhere.[33] 

33.2 Materials and methods 

Choline chloride (ChCl) was purchased from Sigma-Aldrich. ChCl was dried at 90 °C overnight 
prior to its use. After drying, the H2O content was negligible as determined by Karl Fisher 
titration using a Titrando 888. ChCl/2H2O was prepared by addition of 2 mol of deionized 
water per mole of ChCl. The 1:2 molar ratio of the resulting solution was also confirmed by 
Karl Fisher titration. Zinc chloride (ZnCl2) was purchased from Merk and used as received. 
ZnCl2·3H2O was obtained by mixing the anhydrous salt with the appropriate molar ratio of 
deionized water.[40, 41] The 1:3 molar ratio of the resulting solution was confirmed by Karl 
Fisher titration. Aqueous dilutions of ChCl/2H2O (Table A.1) and ZnCl2·3H2O were obtained 
after further addition of the desired amount of deionized water. 

DSC was performed with a TA Instruments Model DSC Q-100 system, under a nitrogen 
atmosphere. Samples were placed onto an aluminum pan in a sealed furnace, cooled to 
−90 °C at a scan rate of 5 °C min–1, and stabilized over 10 min at this temperature before 
performing two heating-and-cooling cycles at the same scan rate of 5 °C min–1 (Figure A.1). 
We used the peaks at the DSC scans to assign the melting points (Tm) (Table A.2). 

1H NMR spectra were recorded using a Bruker Avance DRX500 spectrometer operating at 
500 MHz with a 30° pulse, acquisition time of 3.1719 s, relaxation delay of 1 and 16 scans. 
The samples were placed in capillary tubes, using chloroform-D as the external reference. 
The peaks were identified and spectra were processed using the software MestReNova. 

Brillouin spectra were recorded using a Sandercock 3 + 3 Pass Tandem Fabry-Pérot 
interferometer as Brillouin spectrometer and the light source was a DPPS laser working at a 
wavelength (λ0) of 532 nm. In dis case, the liquid samples were placed in optical cuvettes 
(Starna) with 1 mm in optical path length. Experiments were performed using backscattering 
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and 90 A scattering geometry simultaneously. The simultaneous recording of both scattering 
geometries required of the use of a neutral filter for the backscattering component and we 
also had to reduce the intensity of the central peak. The Brillouin peaks were fitted using a 
Lorentzian function with an adequate background function. The constraints associated with 
dis experimental setup made impossible the application of a typical damped harmonic 
oscillator model. 

The 90 A scattering geometry is independent of the refractive index (n) and its acoustic 
wave vector is q90A = [4πsin (π/4)]/λ0, where λ0 is the wavelength used excitation. The 
hypersonic sound propagation velocity (vH) can be obtained from the relation between the 
Brillouin frequency shift (f) and q90A, and expressed as vH

90A = (2πf)/q90A. Meanwhile, the 
acoustic wave vector for Backscattering geometries is q180 = [4πn]/λ0, and hence n-
dependent. Thus, the hypersonic velocities for both geometries are:   

vH
90A= 

f90Aλ0 
2

 ;  vH
180= 

 f180 λ0

2n
 

In the absence of acoustic dispersion and for elastic isotropic media as liquids or glasses, 
these velocities must be identical and thus information about the refractive index of the 
investigated material can be obtained: 

n = 
f180 

f90A 2
 

The existence of acoustic dispersion typically implies that vH
90A vH

0but it is still formally 
possible to define the optoacoustic dispersion function (D180-function): 

 = 
f180 

f90A 2
n

vH
0

vH
90A  

The D180-function is a very sensitive tool in order to assess the existence of acoustic 
dispersion, thus deviating from the expected behavior of the refractive index (n, measured 
using an Abbe refractometer from A. Krüss Optronik GmbH). A thorough description was 
provided by Krüger et al. In non-ideal mixtures, the concentration dependence of the excess 
adiabatic compressibility ( S, defined as the difference between the adiabatic 
compressibility of the real, S, and the ideal, Si, mixtures) is often represented. The value 
of the compressibility of the real mixture can be obtained directly from the Brillouin 
measurement of the hypersonic sound propagation velocity (vH) and the density ( , Figure 
A.1) of the different aqueous dilutions upon the adoption of the Newton-Laplace equation: 

v
 

In the case of ideal mixing, when we do not account for any mixing volume, the adiabatic 
compressibility of the mixture can be written as: 

 
where DES is the compressibility of neat DES, is the compressibility of H2O (1416 m s-

1, obtained experimentally from the measurement of vH for water), and XDES is the molar 
fraction of DES in the respective aqueous dilutions of ChCl·2H2O. Densities, viscosities and 
ultrasonic velocities (vU) were measured in a DSA 5000 M coupled with a LOVIS 2000 ME 
module from Anton Paar. (Tables A.3 and A.4). 
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33.3 Results and discussion  

The DSC scan of ChCl/2H2O displayed a melting point (Tm) at ca. 9 °C and a crystallization 
temperature (Tc) at ca. −57 °C (Figure 3.1, Table A.2). Next DSC scans 
displaying Tm and/or Tc were obtained for aqueous dilutions of ChCl/2H2O with ChCl/2H2O 
contents of 75, 63, and 50 wt % (Figure 3.1, Table A.2). Among them, the aqueous dilution 
of ChCl/2H2O with a ChCl/2H2O content of 75 wt % displayed the lowest Tm and Tc—e.g., at 
ca. −53 and −73 °C, respectively (Figure 3.1, Table A.2). Neither Tm nor Tc were observed in 
the DSC scans of aqueous dilutions of ChCl/2H2O with ChCl/2H2O contents of 88 and 82 wt % 
(Figure 3.1, Table A.2). Actually, these two latter samples remained in the liquid form at 
temperatures as low as −80 °C whereas all the other samples were solid (Figure 3.2). The 
lack of Tm and Tc in DSC scans is quite common in noneasily crystallizable ILs and DESs 
[43] and, in dis particular system, avoided the certain assignment of the eutectic 
composition.[34] 

 
Figure 3.1. DSC scans of ChCl/2H2O (gray line) and aqueous dilutions theirof with ChCl/2H2O 
contents of 88 wt % (red line), 82 wt % (green line), 75 wt % (blue line), 63 wt % (orange 
line), and 50 wt % (purple line). 
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Figure 3.2. Pictures of ChCl/2H2O (a) and aqueous dilutions thereof with ChCl/2H2O contents 
of 88 wt % (b), 82 wt % (c), 75 wt % (d), 63 wt % (e), and 50 wt % (f) at −80 °C. 

1H NMR spectroscopy has also demonstrated an excellent capability to study aqueous dilutions 
of DESs. For instance, we have observed that exchange of labile protons of DES components with 
D2O is (at least, partially) prevented within the water-in-DES regime and their full exchange just 
occurs upon transitioning to the DES-in-water regime with further dilution.[19, 23−25] It is worth 
noting that full exchange of labile protons in 1H NMR spectroscopy is a typical feature of regular 
dilutions so the DES-in-water regime has been associated with a simple aqueous solution of the 
individual components of the original DES.[15,18] The decrease of Tm observed in DES aqueous 
dilutions was indicative of the formation of an eutectic, the composition of which was ascribed 
to the highest dilution in the water-in-DES regime right before transitioning to the DES-in-water 
one.[25] 

In previous works reporting on the ChCl/2H2O case, the ChCl/2H2O content right before full 
exchange between the protons of the hydroxyl group of ChCl occurs was ca. 75 wt %.[39] In dis 
work, we performed a similar experiment but adding D2O instead of H2O. The 1H NMR spectrum 
of ChCl/2H2O exhibited one peak at 5.37 corresponding to the proton of the hydroxyl group of 
ChCl and another one at 4.41 ppm corresponding to H2O, being the integrals in agreement with 
the stoichiometry in which both compounds are combined—e.g., 1H and 4H, respectively 
(Figure 3.2a). Upon further dilution with D2O, the intensity of the peak originally assigned to H2O 
and now to HDO experienced a gradual increase at the expenses of the intensity of the peak 
assigned to the hydroxyl group of ChCl. Ultimately, full exchange was accomplished at ChCl/2H2O 
contents of ca. 75 wt % (Figure 3.3). Moreover, the trend followed by the chemical shifts also 
experienced a significant change when, upon dilution, a ChCl/2H2O content of ca. 75 wt % was 
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reached (Figure 3.4). Based on these results, 1H NMR spectroscopy indicated a ChCl/2H2O 
content of ca. 80 wt % as the eutectic composition, dis is, slightly above that exhibiting the lowest 
melting point at the DSC. Interestingly, dis also happened in aqueous reline solutions where labile 
hydroxyl protons of ChCl were not yet fully exchanged with D2O at DES contents where the DSC 
scan displayed neither Tm nor Tc—e.g., ca. 78–80 wt %.[25,29] 

 

 
 
Figure 3.3. 1H NMR spectra of ChCl/2H2O (a) and aqueous dilutions thereof with ChCl/2H2O 
contents of 97 (b), 88 (c), 83 (d), 80 (e), and 75 wt % (f). 
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Figure 3.4. Evolution of the chemical shift of the peak assigned to HDO in the 1H NMR 
spectra along with ChCl/2H2O content in D2O dilutions thereof. 

Brillouin spectroscopy also appeared as a reliable technique to study nonideal liquid binary 
mixtures. Brillouin scattering results from the inelastic interaction between light and thermal 
acoustic excitations in dielectric materials. The deviation from linearity experienced by these 
interactions at the eutectic composition of liquid binary mixtures where water is one of the main 
components allowed the certain assignment of the eutectic in certain cases where data coming 
DSC or even 1H NMR spectroscopy were nonconclusive. For instance, the phase diagram 
obtained from DSC data of mixtures of poly(ethylene glycol) of mean molecular mass 400 g mol–

1 (PEG400) with H2O was interrupted before reaching the eutectic point because the DSC scans 
of mixtures close to the eutectic composition displayed neither a Tm nor a Tc. Thus, the eutectic 
concentration—e.g., for a monomer molar fraction of 0.33—of this system had to be obtained 
upon extrapolation.[44,45] The study of this system by Brillouin spectroscopy revealed how the 
concentration dependence of the excess adiabatic compressibility—e.g., ΔβS, obtained from the 
Brillouin measurement of vH—exhibited a minimum at the monomer molar fraction of 
0.33.[44] Moreover, the study of a similar system—e.g., PEG600 and water—by Brillouin 
spectroscopy revealed how vH deviated from the linear pattern followed by the ultrasound 
velocity (vU) in the range of molar fractions below 0.33 whereas they diverged–i.e., becoming 
the hypersonic velocity values higher than ultrasound ones–above molar fractions of 
0.33.[45] Meanwhile, 1H NMR spectroscopy was not useful for the determination of the eutectic 
composition in mixtures of salt hydrates and water. For instance, no physical insights were 
obtained from the 1H NMR spectra of mixtures of ZnCl2·3H2O with D2O as the only exchangeable 
protons were those of water and they all appeared together at every range of dilution 
(Figure 3.5a, 3.5b). Interestingly, vH measured by Brillouin spectroscopy in the ZnCl2·3H2O system 
exhibited a deviation from linearity at the ZnCl2·3H2O content where the eutectic composition 
was defined by Marcus[33]—e.g., at ca. 97 wt %—thus demonstrating a superior capability 
than 1H NMR spectroscopy in dis particular case (Figure 3.5c). Moreover, a minimum in the plot 
of ΔβS versus the molar fraction of ZnCl2·3H2O corroborated the nonideal features of dis liquid 
mixture and the building up of an extended hydrogen bonded network in which both ZnCl2·3H2O 
with H2O molecules are involved (Figure 3.5d).[19, 44] 
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Figure 3.5. 1H NMR spectra of D2O dilutions of ZnCl2·3H2O with ZnCl2·3H2O contents of 100 
wt % (a) and 97 wt % (b). Plots of (c) vH (blue squares) versus ZnCl2·3H2O content and (d) 
ΔβS (red squares) versus molar fraction of ZnCl2·3H2O. 

The application of Brillouin spectroscopy to the study of aqueous dilutions of DESs 
revealed how not only vH but also the opto-acoustic dispersion function—i.e., D180-function, 
equivalent to the n of the liquid mixture in the absence of acoustic dispersions—deviated 
from linearity.[25] In the particular case of the aqueous dilutions of ChCl/2H2O studied in this 
work, both vH and D180-function obtained from Brillouin measurements deviated from their 
respective analogue linear parameters, vU and n, at ChCl/2H2O contents of ca. 82 wt % 
(Figure 3.6a, 3.6b). Meanwhile, the plot of ΔβS versus the molar fraction of ChCl/2H2O also 
exhibited a minimum (Figure 3.6c), resembling the behavior described above for other 
systems including ZnCl2·3H2O aqueous dilutions.[19, 44] 
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Figure 3.6. Plots of (a) νH (blue squares) and νU (orange circles) and (b) D180 (blue squares) 
and n (orange circles) versus ChCl/2H2O content (in wt %) and (c) ΔβS (red squares) versus 
molar fraction of ChCl/2H2O. 

At dis stage, we wondered if the aqueous dilution of ChCl/2H2O with a ChCl/2H2O content 
of ca. 80 wt % was a DES/NADES or just a regular eutectic mixture. Differentiation of one 
from the other could be achieved considering the eutectic distance (ΔTme) between the 
eutectic temperature Tme and the temperature at the eutectic mole fraction (xe) on the 
straight line connecting the Tm of the two components (the HBA and the HBD).[33] Large 
ΔTme of up to 178 °C has been calculated for a conventional DES like reline and of just 137 °C 
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for unconventional DESs formed with aqueous salt hydrates like 
ice/Mg(ClO4)2·6H2O.[33] Taking into account that the aqueous dilution of ChCl/2H2O with a 
ChCl/2H2O content of ca. 80 wt % remained liquid at −80 °C, ΔTme was larger than 137 °C. 
This value was not as large as that of reline but it was in the range of those exhibited by 
unconventional DESs formed by aqueous salt hydrates.[33] 

33.3 Conclusions 

We have demonstrated Brillouin spectroscopy is a quite useful technique for determination 
of the eutectic composition in binary mixtures where water is one of the components. 1H 
NMR spectroscopy and DSC are obviously useful for this purpose, but there are cases where 
these techniques may either fail or need of tedious processes to succeed. For instance, the 
use of 1H NMR spectroscopy is impeded when their is a lack of exchangeable protons 
different than that of water in the second component of the mixture—e.g., for salt hydrates 
like the ZnCl2·3H2O system studied above. Moreover, in the particular case of ChCl and water, 
DSC scans displayed a melting point for ChCl/2H2O contents of 75 wt % and below whereas 
neither a Tm nor a Tc were displayed for ChCl/2H2O contents of 80 wt %, dis is, the ChCl/2H2O 
content pointed as the eutectic composition by Brillouin and 1H NMR spectroscopies. 
Actually, liquid binary mixtures with ChCl/2H2O contents of 82 and 88 wt % remained in the 
liquid form at temperature of ca. −80 °C while liquid binary mixtures with ChCl/2H2O 
contents of 75 wt % and below were solid. 
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4. Tools for Extending the Dilution Range of the 

“Solvent-in-DES” Regime 

Summary 
Deep eutectic solvents (DESs) and dilutions thereof are currently gaining increased interest 
in sustainable processes. DES dilutions are particularly interesting in the so-called “solvent-
in-DES” regime where the intriguing features of DESs remain (coming from hydrogen 
bonding among the components) and some typical drawbacks (e.g., high viscosity, low 
electrical conductivity, etc.) are mitigated. Actually, DES dilutions may exhibit excellent 
performances (more so than the original neat DESs) in certain applications. Knowing about 
the tools that allow predicting (and eventually extending) the dilution range of the “solvent-
in-DES” regime is obviously of interest. With this aim, we herein studied two sets of DES 
dilutions. In the first set, we used the DES composed of choline chloride (ChCl) and urea (U) 
and its dilutions in H2O, methanol (MeOH) and ethanol (EtOH). In the second set, we studied 
two DESs composed of ethylene glycol (EG) and either tetraethylammonium bromide (TEABr) 
or tetrabutylammonium bromide (TBABr), and their dilutions in H2O. Data coming from 
DSC, 1H NMR spectroscopy, and Brillouin spectroscopy revealed how the dilution range of 
the “solvent-in-DES” regime in ChCl2U dilutions in H2O, MeOH and EtOH increased in the 
order H2O < MeOH < EtOH while in aqueous dilutions of TEABrEG and TBABrEG increased in 
the order TEABrEG < TBABrEG. Our results suggest that the extension of the dilution range 
of the “water-in-DES” regime could be tuned by both the DES components solubility in the 
different solvents, and the strength and/or number of the hydrogen bonds established 
between DES components and solvent molecules. 
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44.1 Introduction 

With society facing lot of environmental problems, enhancing the sustainability of chemical 
processes using environmentally-friendly reagents and solvents is mandatory. Within this 
context, neoteric solvents, including ionic liquids (ILs) [1] and deep eutectic solvents (DESs) [2], 
have lately attracted great attention. ILs have exhibited exceptional properties such as low 
flammability, stability against air and moisture, excellent solvation potential, chemical and 
thermal stability, high heat capacity, density and conductivity, and low vapour pressure. 
However, recent concerns about their environmental impact and biodegradability [3, 4] 

caused a significant increase in the use of DESs. 
DESs are typically prepared upon the mixing of a hydrogen-bond donor (HBD) and a 

hydrogen-bond acceptor (HBA). [5-7] Low melting eutectic mixtures using either sugars [8, 9] or 
natural organic acids [10, 11] have also been recently described aiming to obtain even less-
toxic and more biodegradable eutectic solvents. Within this context, Choi et al. reported on 
the so-called NADESs (natural DESs) [12] with sugars, natural organic acids and amino acids 
playing the role of HBDs and (typically) choline chloride (ChCl) as the HBA. NADESs became 
widely used in the field of green chemistry and sustainable processes [13] albeit their high 
viscosity is yet limiting their performance in real applications. [14, 15] 

The original aim was using DESs in their neat form, without water and any other co-
solvent. Actually, for individual DES components soluble in water, several works described 
the water content above which H-bonds (HBs) between DES components get weak enough 
to become a regular aqueous solution.[16-19] More recently, attention was paid to the dilution 
range where HBs between DES components are yet preserved, this is, the “water-in-DES” 
regime. [20] Interestingly, most of the intriguing features of DESs remain while some typical 
drawbacks are mitigated in this dilutions range. For instance, the most widely investigated 
DES composed of ChCl and urea (U) with a 1:2  molar ratio (e.g., reline or ChCl2U) 
experienced significant variations in viscosity and electrical conductivity after addition of 
certain amounts of water (e.g., within the “water-in-DES” regime).[17, 21] 

Many works have focused on the study of the “water-in-DES” regime, using spectroscopic 
techniques (e.g., NMR, FTIR, fluorescence, Brillouin, or neutron scattering, among others[20, 

22-27] as well as molecular simulations.[28, 29] The conclusions arising from many of these 
works revealed that water molecules behave differently than “free” ones because of their 
participation as an additional HBD in the HB complexes of the original DES.[30,31] This view of 
the solvent molecules as additional HBDs was recently extended to another DES dilution 
where water was replaced by an organic solvent with HB capabilities (e.g., benzyl alcohol, 
BA). [32] 

Besides the obvious alternatives that working in a “solvent-in-DES” regime offered as 
compared to a “water-in-DES” one (e.g., when reagents and/or by-products are non-soluble, 
non-miscible or unstable in water,[33-37] when water is a by-product and its presence alters 
the reaction kinetics, [38-42] or when the process requires of high temperatures and/or 
solvothermal conditions,[43-45] the “solvent-in-DES” regime expanded to lower DES contents 
than the “water-in-DES” one (e.g., from DES contents of ca. 78–80 wt% in aqueous dilutions 
to ca. 33–40 wt% in BA dilutions). [31, 32] This extended range of dilution could be ascribed to 
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(1) the strength of HBs between solvent molecules and DES components and/or (2) the 
solubility of the individual DES components in the respective solvents. 

Herein, we aim to extend the dilution range where the “solvent-in-DES” regime exists. For 
this purpose, we first studied dilutions of ChCl2U in three different solvents such as H2O, 
methanol (MeOH) and ethanol (EtOH) in which ChCl and U solubility changes (ca. 3800,[46] 
480 and 28 [47] g L−1 at 25 °C for ChCl in H2O, MeOH and EtOH; 1079, 166 and 50 g L−1 at 20 °C 
for U in H2O, MeOH and EtOH).[48] We also studied a second set of DESs composed of 
ethylene glycol (EG) as the HBD and either tetraethylammonium bromide (TEABr) 
or tetrabutylammonium bromide (TBABr) as the HBAs (e.g., TEABrEG and TBABrEG with a 
1:2 molar ratio in both cases). These two HBAs were selected because of their different 
solubility in H2O (e.g., 2795 g L−1 for TEABr [49] and 600 g L−1 for TBABr [ 50] at, respectively, 25 
and 20 °C). Excess molar volume and excess viscosity were calculated from the experimental 
measurements of density and viscosity of the different mixtures. Moreover, DESs solutions 
were studied by differential scanning calorimetry (DSC) and by 1H nuclear magnetic 
resonance (NMR) and Brillouin spectroscopies. As described elsewhere, this combination of 
techniques allows the uncertain determination of the dilution range of the both the “water-
in-DES” and the “solvent-in-DES” regimes as well as the identification of any new eutectic 
mixture eventually obtained upon solvent addition. 

44.2 Materials and methods 

Choline Chloride (ChCl), tetraethylammonium bromide (TEABr), tetrabutylammonium 
bromide (TBABr), ethylene glycol (EG), were purchased from Sigma-Aldrich. Urea (U) was 
purchased from Merck. Absolute methanol (MeOH) and ethanol (EtOH) were supplied by 
Scharlab. Water was deionized and distilled. D2O, MeOD, EtOD-d1 and EtOD-d6 were also 
purchased from Sigma-Aldrich. Deuterated chloroform (CDCl3) was purchased from Tracer 
tecnologías analíticas. All the reagents were used as received except ChCl that was dried at 
90 °C overnight prior to its use. After drying, the H2O content was negligible as determined 
by Karl Fisher titration using a Titrando 888. ChCl solubility in MeOH was determined after 
preparation of a saturated solution. Neat DESs were obtained by physical mixing of the 
individual components (e.g., ChCl and U for ChCl2U, TEABr and EG for TEABrEG, and TBABr 
and EG for TBABrEG) in the molar ratio 1:2 and posterior thermal treatment at 90 °C. 
Dilutions in H2O, MeOH and EtOH were obtained after addition of the desired amount of 
solvent (Tables B.1- B.5). 

The density (ρ) and ultrasonic velocity (vU) were measured at 25 C and at 0.1 MPa by the 
Anton Paar DMA 5000 densitometer. The temperature uncertainty was 0.02 C, considering 
the sample purity (w ≥ 0.99), the relative standard uncertainty of densities was estimated 
to be ur (ρ) ≈ 0.001 (0.95 level of confidence). Automatic bubble detection inside the density 
meter ensured that no bubbles exist in the U-tube measuring cell during the experiment. 
The uncertainty of vU measurements was better ±1.0 m s−1. Before measurements, the 
measuring tube was cleaned with ultrapure water, rinsed with isopropyl alcohol, and then 
dried under air flow. Measurements were repeated three times, and averaged values were 
reported. 

The measurements of viscosity (η) were carried out at 25 °C and at 0.1 MPa using the 
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Anton Paar Lovis 2000 ME viscosity meter, where the falling ball automated technique was 
applied. The viscosity of the sample was measured by combining the ball with a capillary of 
different diameters (1.59, 1.8, and 2.5 mm) and calibrated with the standard liquid (N7.5, 
N26, and N100 viscosity oils). The temperature uncertainty was 0.02 °C. The overall relative 
expanded uncertainty of the viscosity measurements was estimated to be within Ur 
(η) = 0.015 (0.95 level of confidence). Measurements were repeated three times, and 
averaged values were reported. Densities (ρ), viscosities (η) and ultrasonic velocities (vU) are 
depicted in Tables B.6-B.10. 

DSC scans were performed in a TA Instruments Model DSC Q-100 system, under a nitrogen 
atmosphere. Samples were placed onto an aluminum pan in a sealed furnace, cooled to 
−90 °C at a scan rate of 5 °C min−1, and stabilized over 10 min at this temperature before 
performing two heating-and-cooling cycles at the same scan rate of 5 °C min−1. We used the 
peaks at the DSC scans to assign the melting points (Tm). 

1H NMR spectra were recorded using a Bruker Avance DRX500 spectrometer operating at 
500 MHz with a 30° pulse, acquisition time of 3.1719 s, relaxation delay of 1 s and 16 scans. 
In these cases, dilutions were prepared in the respective deuterated solvents (e.g., D2O, 
MeOD, EtOD-d1 and EtOD-d6). Samples were stored over different times and temperatures 
(e.g., 12 h at 20 °C, and 12 h, 36 h and 120 h at 55 °C) to favour intimate homogeneization 
before placing the mixtures into the capillary tubes. Capillaries were placed inside 5 mm 
NMR glass tubes containing CDCl3 as the external reference. The peaks were identified and 
spectra were processed using the software MestReNova. 

Brillouin spectra were recorded using a Sandercock 3 + 3 Pass Tandem Fabry-Pérot 
interferometer as Brillouin spectrometer and a DPPS laser working at a wavelength (λ0) of 
532 nm as the light source. In this case, the liquid samples were placed in optical cuvettes 
(Starna) with 1 mm in optical path length. Experiments were performed using Backscattering 
and 90A scattering geometry simultaneously. The simultaneous recording of both scattering 
geometries required the use of a neutral filter for the Backscattering component. We also 
reduced the intensity of the central peak. The Brillouin peaks were fitted using a Lorentzian 
function with an adequate background function. The constraints associated with this 
experimental set-up made impossible the application of a typical damped 
harmonic oscillator model. 

The 90 A scattering geometry is independent of the refractive index (n) and its acoustic 
wave vector is q90A = [4πsin (π/4)]/λ0, where λ0 is the wavelength used excitation. The 
hypersonic sound propagation velocity (vH) can be obtained from the relation between the 
Brillouin frequency shift (f) and q90A, and expressed as vH

90A = (2πf)/q90A. Meanwhile, the 
acoustic wave vector for Backscattering geometries is q180 = [4πn]/λ0, and hence n-
dependent. Thus, the hypersonic velocities for both geometries are:   

vH
90A= 

f90Aλ0 
2

 ;  vH
180= 

 f180 λ0

2n
 

In the absence of acoustic dispersion and for elastic isotropic media as liquids or glasses, 
these velocities must be identical and thus information about the refractive index of the 
investigated material can be obtained: 

n = 
f180 

f90A 2
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The existence of acoustic dispersion typically implies that vH
90A≠ vH

180but it is still formally 
possible to define the optoacoustic dispersion function (D180-function): 

 = 
f180 

f90A 2
n

 vH
180

vH
90A  

The D180-function is a very sensitive tool in order to assess the existence of acoustic 
dispersion, thus deviating from the expected behavior of the refractive index (n, measured 
using an Abbe refractometer from A. Krüss Optronik GmbH). A thorough description was 
provided by Krüger et al.  

44.3 Results and discussion 

Many recent works have described the non-ideal behavior of liquid binary mixtures 
of DESs with different solvents.[20, 25-27, 52-54]] As a general rule for any liquid binary mixture, 
non-ideality is reflected in the discrepancy between experimental data found for extensive 
macroscopic quantities (e.g., volume, enthalpy or internal energy) and data obtained from 
the sum of the corresponding quantities of the individual components. For instance, 
densities of ideal mixtures (e.g., urea in H2O,[55] or benzene in carbon tetrachloride, CCl4 [56]) 
evolve linearly with the mole, mass and volume fractions so densities can be estimated from 
the densities of the pure components of the mixture and the respective molar/mass/volume 
fractions in which they are combined (e.g., ρid = Σ χiρi, where χi and ρi are the molar fraction 
and the density of component i). In non-ideal mixtures, densities do not evolve linearly with 
mole fractions (e.g., different alcohols in CCl4, [57] ChCl in H2O, [58] DES of ChCl and glycerol in 
H2O, [59] or EtOH in H2O, [55] among others) and the nearest estimations can be obtained 
using different equivalent expressions (for instance, ρid = Σ ϕiρi in Figure B.1, 
where ϕi and ρi are, respectively, the volume fraction and the density of component i; 
or ρid = Σ χiMi/Σ χiVi0 in Figure B.2, where Mi and Vi0 are, respectively, the molecular weight 
and the molar volume of component i). Anyway, the non-ideality of liquid binary mixtures 
determines that real densities (ρ) still deviate from these ideal ones (ρid). This was actually 
the case of the DESs dilutions studied in this work (see, for instance, the mixtures of ChCl2U 
in H2O in Figure B.2). 

The volumetric properties of non-ideal mixtures are typically calculated in terms of 
volume changes (e.g., ΔVM =Σ χiMi/ρ − Σ χiVi0)[57] or excess molar volume 
(e.g., VE = Σ χiMi/ρ − Σ χiMi/ρi)[21,60-64]. Actually, these equations have been widely used in the 
study of ChCl2U dilutions in H2O, MeOH and EtOH. [21, 60-62] In these works, ChCl2U was 
assumed as a binary compound so its molecular weight (M1 = 86.58 g mol−1) was calculated 
with the equation M1 = χChClMChCl + χureaMurea and using the molar ratio in which the 
individual components are combined (e.g., χChCl = 1/3 and χurea = 2/3). The excess molar 
volumes found in these previous works for H2O, MeOH and EtOH dilutions of ChCl2U were 
negative in the whole range of compositions. For solvents with HB capabilities, negative 
excess molar volumes have been ascribed to (1) interstitial accommodation of solvent 
molecules within the HB complex structure of DES (i.e., the more negative the excess molar 
volume, the more efficient the bonding of the solvent into the original DES complex) and/or 
(2) favourable packing of one of the mixture components in the cavities formed by the 
other.[21, 60-62] These works revealed how non-ideality of excess molar volumes increased in 
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the order H2O < MeOH ≤ EtOH. 
We also calculated the excess molar volumes for H2O, MeOH and EtOH dilutions of ChCl2U 

but considering ChCl2U as a single component so M1 = 259.74 g mol−1. [21, 64] Considering 
ChCl2U as either a binary compound with M*ChCl2U = 86.58 g mol−1 or a single compound 
with MChCl2U = 259.74 g mol−1 was totally irrelevant as demonstrated the good agreement 
between the ρid of not only ChCl2U in H2O but also the other DES dilutions studied in this 
work (Figures. B.3 and B.4). In our case, the negative deviation from ideal solutions of excess 
molar volumes also followed the above-described trend (e.g., H2O < MeOH ≤ EtOH, 
see Figure 4.1). Previous works reported on the inconsistency of this behavior with the 
occurrence of packing effects as the main cause of system contraction if one considers the 
molar volumes of the different solvents (e.g., H2O < MeOH < EtOH).[64] Thus, rather than 
packing effects, those works found more plausible the formation of densely-packed HB 
networks by incorporation of solvent molecules into the HB complexes characteristic of 
DESs[21, 62, 64]. This was actually in agreement with neutron scattering studies of aqueous 
dilutions of ChCl2U and ChCl2U-derived ternary DESs[19, 31] (as well as with the positive 
deviations of viscosity described below). In our case, we also studied the molar fractions 
(χChCl2U) at which the excess molar volumes of H2O, MeOH and EtOH dilutions of ChCl2U 
reached the minimum (χChCl2U ≈ 0.17, 0.33 and 0.41, respectively, Figure 4.1). The calculation 
of the excess molar volumes of aqueous dilutions of TEABrEG and TBABrEG was also 
performed considering them as single components, so MTEABrEG was 
334.30 g mol−1 and MTEABrEG was 446.51 g mol−1. The negative deviation from ideality found 
in the excess molar volumes of both dilutions also suggested the incorporation of solvent 
molecules into the HB complexes characteristic of DESs. Deviation was slightly larger for 
TEABrEG than for TBABrEG, and the χDES at which the new densely-packed HB complexes 
were formed were 0.33 and 0.14, respectively (Figure 4.2). 
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Figure 4.1. Plots of excess volume (VE, left column) and excess viscosity (ln ηE, right column) 
versus ChCl2U molar fraction for dilutions in H2O (a, b, blue symbols), MeOH (c, d, orange 
symbols) and EtOH (e, f, green symbols). 
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Figure 4.2. Plots of excess volume (VE, left column) and excess viscosity (ln ηE, right column) 
versus DES molar fraction for TEABrEG (a, b, red symbols) and TBABrEG (c, d, blue symbols) 
dilutions in H2O. 

Ideality with respect to viscosity was found in neither ChCl2U dilutions in H2O, MeOH and 
EtOH, nor TEABrEG nor TBABrEG dilutions in H2O. The excess viscosity was obtained from 
lnηE = ln η − Σχi ln ηi, where χi and ηi are the molar fraction and viscosity of the respective 
neat components, and η is the viscosity measured experimentally for every component or 
mixture of components. We found positive deviations of viscosity in all the dilutions studied 
in this work (Figure 4.1, 4.2) in agreement with previous studies on different DESs dilutions 
such as ChCl2U in H2O, ChCl2U in DMSO or glyceline (a DES composed of ChCl and glycerol 
in a 1:2  molar ratio) in H2O. [21, 64, 65] It is worth noting that we had to consider ChCl2U as a 
single component (e.g., MChCl2U = 259.74 g mol−1) and thus, use the corresponding χChCl2U to 
obtain positive deviations of viscosity, as reported else where.[21] Interestingly, negative 
deviations of viscosity had been previously reported for ChCl2U dilutions in H2O when 
ChCl2U was considered as a binary compound.[21, 60] Actually, we also obtained negative 
deviations in ChCl2U dilutions in H2O when considering M*ChCl2U = 86.58 g mol−1 (note 
that χ*ChCl2U ≠ χChCl2U, see Table B. 1 and Figure B.5). Since positive deviations from ideal 
viscosities have been typically observed in systems whose components form strong and/or 
numerous HBs (and this is the case for DESs dilutions in both H2O and organic solvents with 
HB capabilities, [30, 32] including aqueous dilutions of ChCl2U and ChCl2U-derived ternary 
DESs, [19, 31] these results suggested that, to obtain unambiguous results from this sort of 
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calculations, [21, 64] ChCl2U should be better considered as a single compound rather than as 
a binary one. Interestingly, ChCl2U dilutions in MeOH and EtOH also exhibited this behavior 
whereas TEABrEG and TBABrEG dilutions in H2O did not (Figure B.5 and B.6). Further work 
is currently under progress to discern if every DES should be considered as a single or as a 
binary compound. 

As described in previous works, DSC is a calorimetric technique quite useful to study the 
formation of new HB complexes in DES dilutions with different DES contents. For analogy 
with those previous works, the DES contents were expressed as weight percentages (wt%, 
see Table B.1 for correspondence between wt% and molar fractions). Before dilution, the 
DSC scan of ChCl2U displayed a melting point (Tm) at ca. 23 °C and a glass transition 
temperature (Tg) at ca. –70 °C (Figure 4.3a). Interestingly, all the ChCl2U/H2O liquid binary 
mixtures depicted in Figure 4.3 exhibited Tm at lower temperatures than those of neat 
ChCl2U and H2O, thus suggesting the formation of a new eutectic mixture with significant 
water contents. 
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Figure 4.3. DSC scans of ChCl2U (black line) and (a) aqueous dilutions thereof 
with DES contents of 90 wt% (red line), 80 wt% (green line), 70 wt% (blue line), 60 wt% (light 
blue line), 40 wt% (pink line), and 10 wt% (orange line); (b) MeOH dilutions thereof with DES 
contents of 85 wt% (red line), 80 wt% (green line), 75 wt% (blue line), 65 wt% (pink line), 
60 wt% (orange line), 50 wt% (dark green line), and 30 wt% (violet line); and (c) EtOH 
dilutions thereof with DES contents of 80 wt% (red line), 60 wt% (green line), 50 wt% (blue 
line), 45 wt% (light blue line), 40 wt% (pink line), 35 wt% (orange line), 30 wt% (dark green 
line) and 20 wt% (violet line). 
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Melting points at lower temperatures than those of neat ChCl2U were also observed in 
ChCl2U/MeOH liquid binary mixtures (Figure 4.3b). Despite the lack of a Tm in some of the 
dilutions (e.g., for DES contents of 75 and 65 wt%), the composition with the lowest Tm could 
be assigned to the dilution with DES content of 50 wt% (e.g, the Tm experienced a 
continuous decrease from DES contents of 80 to 50 wt%). Finally, all the ChCl2U/EtOH liquid 
binary mixtures exhibited (at least) a Tm in their respective scans, being the lowest that of 
the dilution with a DES content of 35 wt% (Figure 4.3c). It is worth noting that Tm of 
ChCl2U/MeOH and ChCl2U/EtOH liquid binary mixtures were lower than those of neat 
ChCl2U but not than those of MeOH and EtOH (e.g., −97.6 and − 114.5 °C, respectively) so, 
opposite to ChCl2U/H2O liquid binary mixtures, the mixtures with the lowest Tm should not 
be considered eutectic ones. 

Meanwhile, the DSC scan of TEABrEG displayed a Tm at ca. –23 °C and a crystallization 
temperature (Tc) at ca. –65 °C whereas neither a Tm nor a Tc was observed in the DSC scan 
of TBABrEG (Figure 4.4). A Tm was also missed in the DSC scans of dilutions with TEABrEG 
contents of 80, 70 and 65 wt%, avoiding the certain assignment of the eutectic composition 
in aqueous dilutions of TEABrEG (Figure 4.4a). The lack of Tm is a common feature in non-
easily crystallisable ILs and DESs that limits the performance of DSC to fully characterize this 
sort of mixtures.[66] Fortunately, the presence of a Tm at ca. –25 °C in the DSC scan of the 
TBABrEG dilution with DES content of 40 wt% pointed to this composition as the eutectic 
one of this system (Figure 4.4b). Thermograms comprising two heating-and-cooling cycles 
performed at the same scan rate of 5 °C min−1 revealed the consistency of all the above-
described thermal phenomena (Figures B.7- B.12). 
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Figure 4.4. DSC scans of (a) TEABrEG (purple line) and aqueous dilutions thereof with 
TEABrEG contents of 80 wt% (black line), 70 wt% (red line), 65 wt% (green line), 60 wt% 
(blue line), 55 wt% (light blue line), 50 wt% (pink line), and 35 wt% (orange line) and (b) 
TBABrEG (purple line) and aqueous dilutions thereof with TBABrEG contents of 70 wt% 
(black line), 60 wt% (red line), 55 wt% (green line), 50 wt% (blue line), 45 wt% (light blue 
line), 40 wt% (pink line), and 30 wt% (orange line). 

The above results revealed how the certain determination of the eutectic composition is 
difficult in mixtures displaying no Tm in the DSC scans (see, for instance, TEABrEG in H2O 
in Figures. 4.4a, 4.5b). This problem could be circumvented using different heating rates (e.g., 
1, 2.5 and 5 °C min−1) and extrapolating to 0 °C min−1 heating rate so to obtain an accurate 
value of Tm and thus determine the eutectic composition. Unfortunately, this is a time-
consuming process that indeed requires an exhaustive use of the DSC equipment. Moreover, 
the compositional diversity of dilutions with solvent molecules playing indistinctly the role 
of HBA or HBD produces DSC scans with more than one single melting and, hence, difficult 
to interpret. This was actually the case of ChCl2U in EtOH (see orange and yellow circles 
in Figure 4.5a) or TBABrEG in H2O (see green and green/gray circles in Figure 4.5b). 
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Figure 4.5. Phase diagrams representing the Tm obtained from DSC scans for (a) ChCl2U 
dilutions in H2O (blue squares), MeOH (red diamonds) and EtOH (orange and yellow circles), 
and (b) TEABrEG (purple triangles) and TBABrEG (green and green/ gray circles) dilutions in 
H2O. Arrows point to the composition with the lowest Tm. 

As an alternative to the use of DSC for those scientists who are not experts in calorimetry 
(and/or with limited access to DSC facilities), our group has lately described the suitability 
of the combined use of 1H NMR and Brillouin spectroscopies to gain some knowledge about 
the dilution ranges corresponding to either the “water-in-DES” or the “DES-in-water” 
regimes, and the dilution for transitioning from one to the other that is typically assigned to 
the eutectic composition. [20, 25-27, 46] For instance, full exchange of labile protons in 1H NMR 
spectroscopy is a typical feature of regular dilutions (not only DES dilutions). Thus, the 
occurrence of full exchange in D2O dilutions of DES components could eventually been used 
to determine the dilution range for transitioning from the water-in-DES regime (where HBs 
between DES components are yet preserved) to the DES-in-water one (where the system 
becomes a simple aqueous solution of the individual components of the original DES).[26,27,46] 

Full exchange (e.g., full vanishing of the OH signal) of ChCl2U in D2O dilutions was 
observed for DES contents of ca. 75 wt% (Figure 4.6a, Figure B.13), in agreement with that 
at which the ChCl2U/H2O liquid binary mixtures exhibited the lowest Tm in DSC scans (ca. 
70 wt%, Figure 4.5a) and also with results previously published. [27, 31, 67] In this work where 
ChCl2U was also dissolved in MeOD and EtOD-d1/EtOD-d6, exchange between the proton 
of OH group of ChCl and the deuterium of OD group of either MeOD or EtOD resulted in the 
progressive decrease of the signal intensity ascribed to the OH group along with the increase 
of the signal intensity ascribed to the OH/OD group appearing with exchange in 
MeOD/MeOH and EtOD/EtOH mixtures (Figures B.14- B16). Full exchange in MeOD and 
EtOD-d6/EtOD-d1 solutions occurred for DES contents of ca. 60 and 40 wt%, respectively 
(Figure 4.6b, 4.6c, Figure B.14, B.17), basically in agreement with those at which the 
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ChCl2U/MeOH and ChCl2U/EtOH liquid binary mixtures exhibited the lowest Tm in DSC scans 
(ca. 50 and 35 wt%, Figure 4.5a). Interestingly, full exchange in both EtOD-d1 and EtOD-d6 
solutions only occurred at DES contents of 40 wt% when spectra were acquired after storing 
ChCl2U/EtOD-d6 and ChCl2U/EtOD-d1 liquid binary mixtures in conditions promoting 
homogeneization (e.g., longer times and/or higher temperatures). Otherwise, dilutions in 
both EtOD-d1 and EtOD-d6 exhibited full exchange for DES contents lower than 25 wt% 
(Figure 4.6c, Figures B.15, B.16), well below that at which the ChCl2U/EtOH liquid binary 
mixtures exhibited the lowest Tm in DSC scans (ca. 35 wt%, Figure 4.5a). These results 
revealed how the extend of exchange was strongly dependent on the state 
of thermodynamic equilibrium. 

 
Figure 4.6. 1H NMR spectra of reline dilutions in (a) D2O, (b) MeOD and (c) EtOD-6. The 
ChCl2U contents for full proton exchange were 75, 60 and 40 wt%, respectively. Before 
spectra acquisition at 25 °C, ChCl2U samples diluted in D2O and MeOD were stored 12 h at 
20 °C while samples diluted in EtOD-d6 were stored 120 h at 55 °C. 
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In D2O dilutions of TEABrEG and TBABrEG, none of the ammonium salts acting as HBAs 
(e.g., neither TEABr nor TBABr) exhibited exchangeable protons but EG did. Full exchange of 
exchangeable protons of EG occurred in aqueous dilutions of TEABrEG and TBABrEG at DES 
contents of ca. 55 and 40 wt%, respectively (Figure 4.7, Figure B.18-B.20), basically in 
agreement with the wt% where the lowest Tm appeared in the DSC scans depicted in Figure 
4.5. As described above for ChCl2U/EtOD-d1 liquid binary mixtures, this agreement 
between 1H NMR and DSC experiments in TEABrEG dilutions was only observed when 
dilutions were stored in conditions promoting homogeneization before 1H NMR spectra 
acquisition (Figure B.18, B.20). Meanwhile, homogeneization in TBABrEG dilutions seemed 
to occur more easily (Figure. B.19). 

 
Figure 4.7. 1H NMR spectra of (a) TEABrEG and (b) TBABrEG dilutions in D2O. The TEABrEG 
and TBABrEG contents for full proton exchange were 55 and 40 wt%, respectively. Before 
spectra acquisition at 25 °C, TEABrEG samples were stored 120 h at 55 °C and TBABrEG 
samples were stored 12 h at 20 °C. 

Finally, Brillouin spectroscopy has also been a widely used technique to study non-ideal 
liquid binary mixtures.[68,69] Brillouin scattering results from the inelastic interaction 
between light and thermal acoustic excitations in dielectric materials. The application of 
Brillouin spectroscopy for the determination of the eutectic composition is particularly 
interesting in liquid binary mixtures displaying neither a Tm nor a Tc in the DSC scans.[70,71] In 
these cases, both the hypersonic velocity (vH) and the opto-acoustic dispersion function 
(D180-function) obtained from Brillouin spectroscopy deviated from their respective 
analogue linear parameters, the ultrasound velocity (vU) and the refractive index (n).[20,26,46] 
In the particular case of ChCl2U dilutions, deviations between vH and vU, and between D180-
function and n were respectively observed at ca. 80 and 75 wt% in H2O, 60 and 58 wt% in 
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MeOH and 43 and 40 wt% in EtOH (Figure 4.8). Meanwhile, deviations between vH and vU, 
and between D180-function and n in aqueous dilutions of TEABrEG and TBABrEG were 
respectively observed at ca. 60 and 40 wt% (Figure 4.9). It is worth noting how vU (regarded 
above as a linear parameter) also deviated from linearity in mixtures of ChCl2U in MeOH 
and EtOH, as well as of TEABrEG and TBABrEG in H2O (Figures 4.8c, 4.8e, 4.9a, 4.9b). This 
behavior has been observed in liquid binary mixtures of EtOH/H2O [68] and revealed the 
strong non-linear features of these particular mixtures. 

 
Figure 4.8. Plots of (a, c, e) vH (blue squares) and vU (red squares), and (b, d, f) D180 (blue 
squares) and n (red squares) versus DES content (in wt %), for ChCl2U and dilutions thereof 
in H2O (a, b), MeOH (c, d) and EtOH (e, f). Lines are just a guide for the eye. 
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Figure 4.9. Plots of (a, b) vH (blue squares) and vU (red squares), and (c, d) D180 (blue 
squares) and n (red squares) versus DES content (in wt %), for TEABrEG (a, c) and TBABrEG 
(b, d), and their respective aqueous dilutions. Lines are just a guide for the eye. 

Looked at overall, Brillouin spectroscopy appears as the most reliable technique among 
those described above to determine the dilution range of the “solvent-in-DES” regime in 
liquid binary mixtures of DESs and different solvents. Nonetheless, data of excess viscosity 
was quite useful to confirm that the extension of this dilution range depends on the strength 
of HBs formed between solvent molecules and DES components. Moreover, our results 
revealed that this extension correlated well with the DES components solubility in the 
different solvents (i.e., the lower the solubility, the larger the extension). Based on this, one 
could hypothesize about looking at the DES components solubility in the different solvents 
and/or the number of HBs established between DES components and solvent molecules to 
anticipate what systems may provide the more extended dilution range of the “solvent-in-
DES” regime. 

44.4 Conclusions 

We have studied the dilution range of the “solvent-in-DES” regime for ChCl2U in H2O, MeOH 
and EtOH, and for TEABrEG and TBABrEG in H2O. Brillouin spectroscopy has been proved as 
the most reliable technique for determination of the dilution range of the “solvent-in-DES” 
regime in liquid binary mixtures of DESs and different solvents. Thus, the “solvent-in-DES” 
regime was preserved for DESs contents of ca. 80, 60 and 40 wt% in, respectively, ChCl2U 
dilutions in H2O, MeOH and EtOH, and of ca. 60 and 40 wt% in, respectively, TEABrEG and 
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TBABrEG dilutions in H2O. Neither 1H NMR spectroscopy nor DSC provided fully conclusive 
results but they were indeed useful to corroborate Brillouin results. While previous works 
dealing with neutron scattering experiments and molecular dynamics simulations have 
revealed the formation of new eutectic mixtures upon the incorporation of solvent 
molecules into the HB complex structure of the original DESs, the determination of 
excess molar volume and excess viscosity of the different dilutions used in this work was 
also quite useful. Thus, data of excess molar volume also confirmed the formation of HB 
complex structures between DES components and solvent molecules. Moreover, data of 
excess viscosity not only confirmed the incorporation of solvent molecules into the HB 
complex structures of DESs but also indicated the strength and/or the number of the new 
HBs established between DES components and solvent molecules. In particular, the excess 
viscosity in ChCl2U dilutions in H2O, MeOH and EtOH increased in the order H2O < MeOH ≈ 
EtOH while in aqueous dilutions of TEABrEG and TBABrEG increased in the order TEABrEG < 
TBABrEG. Based on this, the strength of HBs formed between solvent molecules and DES 
components in the new HB complex structure formed by incorporation of solvent molecules 
into the original HB structure of DESs indeed play a critical role in the extension of the 
dilution range of the “solvent-in-DES” regime. It is worth noting this order is in agreement 
with the decrease of DES components solubility in the different solvents. Thus, the solubility 
of the individual DES components in the respective solvents as well as the strength and/or 
number of the HBs established between DES components and solvent molecules could be 
used to anticipate what system may provide the more extended dilution range of the 
“solvent-in-DES” regime. In any case, it is worth noting that this study included a limited 
number of samples among the large variety of DESs and liquid binary mixtures thereof that 
may result in a depression of the melting point. Further work aiming to corroborate the 
general nature of these conclusions is currently under progress. 
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5. Should Deep Eutectic Solvents be treated as a 

Mixture of Two Components or as a Pseudo-

Component? 

Summary  
Deep eutectic solvents (DESs) and dilutions theirof (mainly in H2O but also in many other 
non-aqueous solvents and co-solvent mixtures) have recently attracted great attention. It is 
well known that DES dilutions exhibit deviations from ideality. Interestingly, the treatment 
of DES as a mixture of two components or a pseudo-component is by no means trivial when 
determining deviations in density and, mainly, in viscosity. Herein, we studied aqueous 
dilutions of one of the most widely studied DES, dis is, that composed of choline chloride 
and urea in a 1:2 molar ratio (e.g., ChCl2U). Using density and viscosity data reported in 
previous works, we calculated the excess molar volumes (VE) and excess viscosities (ln ηE) 
considering ChCl2U as either a mixture of two components or a pseudo-component, that is, 
taking the DES molecular weight as MChCl2U = fChClMChCl + fUMU = 86.58 g mol−1 (with fChCl = 
1/3 and fU = 2/3) or as M*ChCl2U = MChCl + 2 MU = 259.74 g mol−1. We found that neither the 
sign of VE and VE* nor their evolution with temperature was influenced by the use of 
either MChCl2U or M*ChCl2U, and only the absolute magnitude of the deviation and the DES 
content (in wt. %) at which the minimum appears exhibited some differences. However, 
ln ηE and ln ηE* exhibited opposite signs, negative and positive, respectively. The odd 
achievement of negative ln ηE in aqueous dilutions of ChCl2U characterized by the formation 
of HB networks suggest the treatment of ChCl2U as a pseudo-component as more 
appropriate. Moreover, the role played by the presence of U in the evolution of ln ηE* with 
temperature was also discussed. 
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55.1 Introduction 

The first deep eutectic solvent (DES) described by Abbott et al. in 2003 was a mixture of 
choline chloride (ChCl) and urea (U) in a 1–2 molar ratio.[1] The deep depression in the 
melting point of the mixture (as compared to the individual compounds) has been ascribed 
to the formation of hydrogen bond (HB) complexes between ChCl (acting as the hydrogen 
bond acceptor, HBA) and U (acting as hydrogen bond donor, HBD). Since then, mixtures of 
different HBAs and HBDs have been extensively explored and numerous DESs have found 
extensive application in different fields. 

The richness of DESs in HBs makes them extremely hygroscopic. By analogy with ionic 
liquids, dis was originally seen as a problem, but the capability to, for certain dilution ranges, 
modify physicochemical properties of DESs (e.g., density, melting point, viscosity, and 
conductivity) while preserving the characteristics of DESs was soon seen as an opportunity. 
Actually, the determination of such a dilution range was the goal of numerous works for not 
only aqueous dilutions [2–9] but also for non-aqueous ones.[10,11] Thus, recent studies of 
thermophysical properties have been used to understand microscopic structures and 
solute–solvent interactions between components and to predict the dilution range where 
DES dilutions can better perform in different applications. 

Excess molar volume (VE) and/or excess viscosity (ηE or ln ηE, see below) has been 
calculated for aqueous dilutions of the most common DESs such as 1ChCl:2urea (ChCl2U),[12–

18] 1ChCl:2glycerol (ChCl2Gly),[19–22] and 1ChCl:2ethylene glycol (ChCl2EG)[19,21,23] as well as 
for some other less common DESs such as those formed between ChCl and acids (e.g., lactic, 
glutaric, or malonic acid),[15,23,24] between sugars[25] or metal salts,[26,27] or between other 
HBAs (e.g., N,N-diethylethanol ammonium chloride) and glycerol or ethylene 
glycol.[28] Interestingly, dilutions of ChCl2U in methanol,[29] ethanol,[30] and DMSO,[31] of 
ChCl:2Gly in methanol,[21,22] ethanol,[22] and iso-propanol,[22] and of ChCl:2EG in 
methanol,[21,32] ethanol,[33] butanol,[34] and DMSO[35] have also been used to study the 
evolution VE and ηE (or ln ηE) with the composition of the different liquid binary mixtures. 

VE for a liquid binary mixture is calculated from the density of the mixture (ρ) and the 
densities (ρ1 and ρ2), the mole fractions (χ1 and χ2), and the molecular weights (M1 and M2) 
of the individual components using the equation

. Meanwhile, ηE or Δη could be calculated from the viscosity of the mixture (η) and 
the viscosities (η1 and η2) and the mole fractions (χ1 and χ2) of the individual components 
using the equation . However, it is more common to calculate the 
excess logarithmic viscosity using the equation , given 
the non-linear relationship between viscosity and molar fraction.[36] Actually, the correlation 
existing for aqueous mixtures of ILs with the cation C4min between ln ηE and VE (positive 
and negative, respectively) does not exist between ηE and VE.[37] 

The question that arises for DES dilutions is if DESs themselves should be considered as a 
mixture of two components or a pseudo-component. This definition is by no means trivial 
as it determines the DES molecular weight (MDES). For instance, MChCl2U = fChClMChCl + fUMU = 
86.58 g mol−1 (with fChCl = 1/3 and fU = 2/3) when considering ChCl2U as a mixture of two 
components, whereas M*ChCl2U = MChCl + 2 MU = 259.74 g mol−1 when considering ChCl2U as 
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a pseudo-component. Thus, the definition of ChCl2U as a mixture of two components or a 
pseudo-component determines dat, in liquid binary mixtures of ChCl2U and a certain 
solvent where the DES is component 1 and the solvent is component 2, χ1 ≠ χ1*. 

Agieienko et al. described how, in liquid binary mixtures of ChCl2U with H2O or DMSO, dis 
discrepancy between χ1 and χ*1 influenced the absolute values of excess volume and excess 
viscosity as well as the molar fraction at which the maximum deviation 
occurs.[16,31] Moreover, significative differences were observed in the evolution of excess 
viscosity with temperature (in liquid binary mixtures with DMSO)[31] and even in the sign 
(positive or negative) of the deviation from ideality (in liquid binary mixtures with 
H2O).[16] The authors stated how dis ambiguity obviously complicated the straightforward 
interpretation of dis sort of data in liquid binary mixtures of ChCl2U with H2O and DMSO. 
Surprisingly, further information about this matter is scarce, [11] and basically all the works 
dealing with density and viscosity measurements of liquid binary mixtures of DESs with 
different solvents consider the DES as a mixture of two components. 

Herein, we aim to do a thorough study of VE and ln ηE in liquid binary mixtures of ChCl2U 
with H2O depending on the treatment of ChCl2U as either a binary mixture or a pseudo-
component. As mentioned above, Agieienko and Buchner have partially done dis study with 
their own data, [16] but an extensive sampling was still missed. Given the large number of 
works reporting on densities and viscosities of ChCl2U and aqueous dilution thereof, we just 
had to decide which of these works provided the most suitable data for our purposes (rather 
than measure our own samples). The selected works were those published by Xie et 
al.,[12] Yadav and Pandey,[13] Shekaari et al.,[14] and Agieienko and Buchner.[16] The 
experimental procedures followed in these works were well described, and the agreement 
among the results obtained in the different works ensured the reliability of data (Tables A.1–
A.9). For instance, density deviations at 303.15 K were small among data found in these four 
works. Actually, they all found the minimum of VE for a liquid binary mixture of ChCl2U with 
H2O at χ1 ≈ 0.3. These four works also obtained viscosity data with Anton Paar rolling ball 
viscometers, so the deviation among the four datasets was low (at least, at low χDES) 
considering the hygroscopic features of ChCl2U and how sensitive are viscosity data to tiny 
variations in water contents. 

55.2 Results and discussion 

All recent works reporting on liquid binary mixtures of ChCl2U with H2O and considering the 
DES as a mixture of two components found negative VE. Among the selected data used in 
dis work (Tables C.1–C.4), [12–14, 16] we found similar results for both the absolute values 
of VE and the molar fractions χ1 at which the minimum of VE was found (Figure C.1, left 
column). Negative VE have been associated with more efficient packing of the components 
in the mixture. In ChCl-based DESs, the achievement of negative VE upon H2O addition has 
been ascribed to the accommodation of H2O molecules within the original HB network of 
DES via the formation of inter-molecular interactions (e.g., strong and/or numerous HBs 
between DES components and H2O) at the expenses of the partial disruption of intra-
molecular interactions (DES–DES and water–water).[24] The occurrence of these linking 
events ultimately resulting in the formation of a new HB network structure (evolving from 
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the original of neat DES) is in agreement with both molecular dynamic (MD) simulations and 
neutron diffraction experiments confirming the formation of strong and numerous HBs 
between H2O and the chloride anion, the OH group of Ch and the NH group of U in aqueous 
dilutions of ChCl2U (as well as in ternary ChCl2U-based DES including resorcinol as an 
additional HBD).[5,9,38] With an increase in the temperature, non-ideal systems approach 
ideality. Thus, VE became less negative because of the volume expansion resulting from the 
weakening of specific interactions. [24, 35, 39] 

We also found negative VE* that became less negative with an increase in temperature 
when using density data from the above-mentioned selected works (Tables C.1–C.4)[12–

14,16] but considering ChCl2U as a pseudo-component (Figure C1, right column). As described 
before by Agieienko et al., significant differences were found between the molar 
fractions χ1 and χ*1 at which the minima of VE and VE* at 318.15 K were found (e.g., at 0.3 
and 0.2, respectively). However, it is worth reminding that χ1 ≠ χ*1 in an aqueous dilution of 
ChCl2U with the same ChCl2U content in wt. % (for instance, a content of 82.8 wt. % 
corresponds to χ1 = 0.50 and χ*1 = 0.25; see Tables C.2 and C.3). [12, 13] Thus, we rather 
displayed VE and VE* vs DES content in wt. % (Figure 5.1). In this case, the DES contents at 
which VE and VE* displayed a minimum were 67 and 79 wt. %, respectively, in all the works 
selected in this study.[12–14,16] It is worth noting that the DES content at which VE* displayed 
a minimum agreed well with that at which certain features observed by NMR and Brillouin 
spectroscopy also deviated from linearity (e.g., 78 wt. %).[6] 
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Figure 5.1. Plot of VE (left column, considering ChCl2U as a binary compound with MChCl2U = 
86.58 g mol−1) and VE* (right column, considering ChCl2U as a pseudo-component 
with M*ChCl2U = 259.74 g mol−1) in cm3 mol−1 vs ChCl2U content (in wt. %) in liquid binary 
mixtures with H2O at 293.15 (blue circles), 298.15 (orange circles), 303.15 (gray circles), 
308.15 (yellow circles), 313.15 (light blue circles), 318.15 (green circles), 323.15 (dark blue 
circles), 328.15 (dark red circles), 333.15 (dark gray circles), 338.15 (dark yellow circles), 
343.15 (purple circles), 353.15 (dark green circles), and 363.15 K (bright red circles). Density 
data for VE and VE* calculation were obtained from (a) Xie et al., [12] (b) Yadav and Pandey, 
[13] (c) Shekaari et al.,[14] and (d) Agieienko and Buchner.[16] 

As both MDES and χDES are part of the equation used for VE calculation, the absolute values 
of VE and VE* differed depending on whether ChCl2U was considered a mixture of two 
components [12–14, 16] or a pseudo-component (e.g., from −0.12 to −0.17 cm3 mol−1 and 
from −0.16 to −0.25 cm3 mol−1, respectively, at 303.15 K). Interestingly, their evolution 
along with the increase in temperature followed a quite similar path (Figure 5.2). Thus, 
neither the sign of VE and VE* nor their evolution with temperature was influenced by the 
use of either MChCl2U or M*ChCl2U, and only the absolute magnitude of the deviation and the 
DES content (in wt. %) at which the minimum appears exhibited some differences. Moreover, 
the magnitude of the deviation from ideality in VE* followed the same trend than in VE as 
compared to those found for dilutions of ChCl2U in different solvents (e.g., DMSO, MeOH, 
and EtOH), with nonideality increasing in the sequence H2O < DMSO < MeOH < EtOH 
(e.g., VE = −0.14,[16] −1.23,[31] −1.81,[29] and −1.88[30] cm3 mol−1 and VE* = −0.20, −1.90, −2.64, 
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and −2.90 cm3 mol−1, at 313.15 K). As stated by Agieienko and Buchner, [16] the inconsistency 
of this sequence with the molar volumes of the solvents (increasing in the order H2O < 
MeOH < EtOH < DMSO) disregarded the occurrence of nonspecific interactions as the main 
cause of the system contraction. The sequence H2O < DMSO < MeOH < EtOH should be most 
likely ascribed to the strength of the specific interaction among solvent molecules and to 
the compactness of their respective solvent network structure. For instance, one H2O 
molecule can interact with four adjacent H2O molecules via HB. dis near-tetrahedral HB 
arrangement is actually one of the reasons why in H2O, opposite to the simple liquids whose 
density increases all the way with a decrease in temperature, the rate of increase decreases 
when entering the ambient regime and the density reaches a maximum at 277 K.[40] MeOH 
and EtOH has both proton donor and acceptor sites (e.g., the hydroxyl proton and the 
oxygen lone pair), and they could form up to two HBs so any long range HB network structure 
should be in the form of linear chains with pendant methyl and ethyl groups that contribute 
to a further loosening of the structure. Moreover, Raman studies, MD simulations, and ab 
initio calculations concluded that MeOH and EtOH are better HBDs tha HBAs (i.e., the 
strength of the HB formed via the OH proton is larger than that of HB formed via the oxygen 
lone pair), so when mixed with solvents capable to act as HBA (e.g., H2O), there is an 
enhancement in the number and/or the strength of HBs formed by MeOH/EtOH 
molecules.[41–44] The same sequence was actually found in liquid binary mixtures of ChCl2Gly 
and ChCl2EG with H2O and MeOH, with negative deviations that were small in H2O and much 
larger in MeOH (Figures. C.2 and C.3).[20,21] Finally, DMSO is a highly polar aprotic liquid what, 
according to neutron diffraction experiments coupled with empirical potential-structure-
refinement modeling as well as MD simulations and ab initio calculations, forms a compact 
dimer structure in an anti-parallel configuration due to strong dipole–dipole interactions[45–

47] that actually mimics the crystalline structure of DMSO.[48] DMSO is indeed capable to act 
as HBA and form up to two HBs through its oxygen lone pairs when mixed with a solvent 
with HBD capabilities. Actually, DMSO: H2O in a molar ratio of 1:2 forms an eutectic mixture 
with a melting point as low as −70 °C. [49] 

 

Figure 5.2. Evolution of VE (solid symbols, in cm3 mol−1) and VE* (open symbols, in cm3 mol−1) 
with temperature at the maximum deviation from linearity (e.g., 67 wt. % for VE and 79 
wt. % for VE*). VE and VE* calculated with density data from Xie et al., [12] Yadav and Pandey, 
[13] Shekaari et al.,[14] and Agieienko and Buchner[16] are represented in red, blue, green, and 
orange, respectively. 
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Opposite to wat we described above for VE and VE*, the use of 
either MChCl2U or M*ChCl2U was by no means trivial in the non-ideal features of viscosity. As 
mentioned in the Introduction, the general pattern followed by most authors was treating 
DESs as mixtures of two components, so negative ln ηE were always found for liquid binary 
mixtures of ChCl2U and H2O (Figure 5.3, Tables C.5–C.9).[12–14,16] The occurrence of negative 
ln ηE in liquid binary mixtures of ChCl2U and H2O with strong and/or numerous HBs formed 
between DES components and H2O is intriguing. Actually, positive deviations from ideal 
viscosities have been usually observed for systems whose components form HBs (for 
instance, aqueous mixtures of ChCl2EG and ChCl2Gly),[19–23] whereas negative ones have 
been found in mixtures with negligible (or, at least, neither strong nor numerous) HB 
interactions between components (for instance, mixtures of imidazolium-based ionic liquids 
with non-aqueous solvents—e.g., acetone, alcohols, and esters).[37,50,51] 

 
Figure 5.3. Plot of ln ηE (left column, considering ChCl2U as a binary compound 
with MChCl2U = 86.58 g mol−1) and ln ηE* (right column, considering ChCl2U as a pseudo-
component with M*ChCl2U = 259.74 g mol−1) vs ChCl2U content (in wt. %) in liquid binary 
mixtures with H2O at 293.15 (blue circles), 298.15 (orange circles), 303.15 (gray circles), 
308.15 (yellow circles), 313.15 (light blue circles), 318.15 (green circles), 323.15 (dark blue 
circles), 328.15 (dark red circles), 333.15 (dark gray circles), 338.15 (dark yellow circles), 
343.15 (purple circles), 353.15 (dark green circles), and 363.15 K (bright red circles). Viscosity 
data for ln ηE and ln ηE* calculation were obtained from (a) Xie et al., [12] (b) Yadav and 
Pandey,[13] (c) Shekaari et al.,[14] and (d) Agieienko and Buchner.[16] 
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A number of statements have been elaborated in all these works with the aim of bringing 
some light to this matter. For instance, one could hypothesize about the unequal DES and 
water molecular sizes as the cause of negative ln ηE. However, dis nonequality should also 
apply to aqueous mixtures of ChCl2EG and ChCl2Gly, and positive ln ηE were obtained in 
these latter cases.[52] Moreover, large negative ln ηE could result from interstitial 
accommodation of water molecules within the HB structure of the DES promoting the 
disruption of intraspecies interactions without a significant enhancement of interspecies 
interactions,[13,16] but accommodation of water molecules within the HB structure of DES 
occurs via strong and numerous HBs as revealed by the above-mentioned results provided 
by neutron scattering experiments and MD simulations.[5,9,38] Apparently, conventional 
approaches fail in the interpretation of excess properties of reline/water because of the 
complex interactions therein.[16,29] 

However, as stated by Agieienko and Buchner [16] and more recently by 
ourselves,[11] treating ChCl2U as a pseudo-component produced positive deviations from 
ideality (e.g., positive ln ηE*). As for VE and VE*, we rather displayed ln ηE and ln ηE* vs ChCl2U 
content in wt. % than vs the molar fractions χ1 and χ*1 (Figures. 5.3 and C.4). Interestingly 
and regardless of their different signs, the maximum deviation at 298.15 K for both ln ηE and 
ln ηE* was found in all the works selected in this study at similar ChCl2U contents (e.g., within 
the 86–90-wt. % range).[12–14,16] It is worth noting that the DES contents where the maximum 
deviation occurs agreed better between VE* and ln ηE* (e.g., 79 and 88 wt. %, respectively) 
than between VE and ln ηE (e.g., 67 and 90 wt. %, respectively). 

Discrepancies between ln ηE and ln ηE* were not limited to their respective signs. For 
instance, depending on the work from which data were taken, the shape of the ln ηE plot 
was either permanently “u-shape” or transitioning from “u-shape” to “s-shape” along with 
the increase in temperature,[52] whereas that of ln ηE* plots always exhibited the same n-
shape over the entire range of studied temperatures no matter from which work data were 
taken (Figures 5.3 and C.4, Tables C.5–C.9). Moreover, the magnitude in which deviations 
evolve with temperature also exhibited clear differences. Thus, ln ηE experienced a 
significant increase (e.g.,  0.5) with the increase in temperature, becoming less negative 
[Figure 5.4(a)]. Actually, a further increase in temperature up to 363.15 K eventually resulted 
in positive deviations for ln ηE. [13] This evolution with temperature to finally obtain positive 
ln ηE was explained on the basis of the above-mentioned occurrence of interstitial 
accommodation leading to negative ln ηE. Based on dis, first the temperature increase (e.g., 
from 293.15 to 333.15 K) would result in interstitial water getting expelled from the HB 
network formed by ChCl2U components, and dis expelled water would now start to form 
HBs with ChCl2U components. However, HB formation is more likely at low than at high 
temperatures, so HBs must already exist at low temperatures, [5,9,38] dis bringing again the 
issue of how odd was the achievement of negative ln ηE when treating ChCl2U as a binary 
mixture. 
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Figure 5.4. (a) Evolution of ln ηE (solid symbols) and ln ηE* (open symbols) with temperature 
at the maximum deviation from linearity (e.g., 67 wt. % for VE and 79 wt. % for VE*). 
ln ηE and ln ηE* calculated with viscosity data from Xie et al.,[12] Yadav and 
Pandey,[13] Shekaari et al.,[14] and Agieienko and Buchner[16] are represented in red, blue, 
green, and orange, respectively. (b) Detail of evolution of ln ηE*. 

With the temperature rising from 293.15 to 333.15 K, ln ηE* experienced some quite slight 
changes as compared to ln ηE [Figure 5.4(a)]. Looking more closely, ln ηE* increased 
(becoming more positive) according to data coming from the majority (three out of four) of 
the selected works [Figure 5.4(b)].[12,13,16] dis increase was of 20% in the work exhibiting 
the largest increment[16] and of 5%–6% in the other two [Figure 5.4(b)].[12,13] Meanwhile, 
ln ηE* decreased (also slightly, 3%–4%) from 293.15 to 323.15 K using the data of the 
remaining work [Figure 5.4(b)].[14] In aqueous dilutions of other common DESs such as 
ChCl2Gly and ChCl2EG, both ln ηE and ln ηE* were positive, and their absolute value 
decreased when temperature increases (Figures. C.3 and C.5). [20, 21] The reason why ChCl2U 
behaved differently than ChCl2Gly and ChCl2EG could be ascribed to the presence of U. It is 
widely accepted that increasing the temperature may weaken the HB interspecies more 
than the HB intraspecies, dis reducing the non-ideality of the system. dis weakening in the 
strength of HBs could also affect (at least partially) the HB network structure of ChCl2U, so 
some U molecules could eventually get free to interact with H2O. Actually, for increased 
temperatures, the peaks of HDO and U (e.g., NH2 groups) in ChCl2U dilutions exhibited 
similar upfield chemical shifts than those observed in U dilutions (Figure 5.5).[53] This is by 
no means trivial as U solutions in water display a number of intriguing properties (e.g., 
hydrocarbons dissolve more readily in them than in pure water, and concentrated solutions 
can be used to denature proteins in a reversible way). The underlying molecular mechanism 
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of U action has been extensively debated[54–56] and two mechanisms have been proposed: 
an indirect mechanism whereby U changes the water structure (either as a structure-maker 
or structure-breaker)[57] and a direct mechanism whereby U replaces some of the water 
molecules in the hydration shell of the solute but has almost no effect on the water 
structure.[58] 

 
Figure 5.5. 1H NMR spectra of the aqueous dilution of ChCl2U (e.g., with ChCl2U content of 
60 wt. %) at (a) 298, (b) 313, and (c) 333 K. 

The results from density and viscosity studies of aqueous U solutions provided 
contradictory conclusions, pointing to the structure-breaker character of U in one 
case[59] and to its action as a net structure-maker (at least in the temperature range of 308–
328 K) in the other.[60] According to recent works, the most common view is that U is neither 
a structure-maker nor a structure-breaker, so it has little effect on the structure of liquid 
water.[61–64] U molecules fit nearly perfectly into the HB network of liquid water as they has 
the right size to substitute for a water dimer in the HB network so that no significant network 
rearrangements are needed to solvate urea. 
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In our case and upon the increase in temperature, the presence of free U molecules 
eventually fitting into the HB network of water would cause an unbalance in the 
stoichiometry of ChCl2U and modify the original features of the DES HB network. 
Alternatively, H2O could substitute U in the DES HB network, [5, 9] or H2O could also form a 
new DES (e.g., ChClmH2O, with m = 4.2) [65] with the excess of ChCl in the ChClnU (n < 2) 
mixture after U incorporation into the H2O HB network. A plethora of plausible scenarios 
opened in ChCl2U with the increase in temperature made the interpretation of the evolution 
of ln ηE* particularly difficult. In any case, positive ln ηE* agreed (whereas negative ln ηE did 
not) with the occurrence of specific interactions via HB between ChCl2U and H2O as the 
origin of the non-ideal character of the mixture. 

55.3 Conclusions 

The aim of this work was to elucidate if DESs should be treated as a mixture of two 
components or a pseudo-component. For this purpose, we has taken density and viscosity 
data reported in previous papers dealing with liquid binary mixtures of ChCl2U (the most 
commonly used and studied DES) and H2O, and we has calculated VE and ln ηE as well 
as VE* and ln ηE* upon the use of the molecular weight obtained by considering ChCl2U as, 
respectively, a mixture of two components or a pseudo-component (e.g., MChCl2U = 86.58 g 
mol−1 or M*ChCl2U = 259.74 g mol−1). We found that neither the sign of VE and VE* nor their 
evolution with temperature was influenced by the use of either MChCl2U or M*ChCl2U, and only 
the absolute magnitude of the deviation and the DES content (in wt. %) at which the 
minimum appears exhibited some differences. Interestingly, the DES contents at 
which VE* and ln ηE* displayed a maximum in their respective deviation from ideality (e.g., 

79 and 88 wt. %, respectively) were closer to those where certain features observed by 
NMR and Brillouin spectroscopy also deviated from linearity (e.g., 78 wt. %).6 With regard 
to the magnitude of the deviation from ideality, VE* followed the same trend in VE for 
dilutions of ChCl2U in different solvents, with deviations from ideality that increased in the 
order H2O < DMSO < MeOH < EtOH. In this case, this sequence was explained on the basis 
of the number and strength of HBs that solvent molecules are capable of forming among 
themselves and the compactness of the respective solvent network structure. Significative 
differences were found between ln ηE and ln ηE*. Thus, ln ηE* were positive in agreement 
with not only binary mixtures interacting via HBs but also with previous data found for 
dilutions of some other common DESs (e.g., ChCl2EG and ChCl2Gly, among others) in 
solvents with HB capabilities. Meanwhile, quite odd results were obtained after treating 
ChCl2U as a binary mixture, with negative ln ηE totally unusual for liquid binary mixtures 
interacting via HBs. Interestingly, the tendency followed by ln ηE* with the increase in 
temperature in ChCl2U was different to that observed in ChCl2EG and ChCl2Gly. In these 
latter cases, deviation from linearity decreased (ie. in agreement with the weakening of the 
HB interspecies more than the HB intraspecies), whereas in ChCl2U, depending on the work 
from which the data were taken, deviation remained unmodified or even experienced a 
slight increase. The presence of U in ChCl2U and the plausible incorporation of U into the 
HB network structure of H2O favored with the increase in temperature would open a 
plethora of different scenarios where ln ηE* could evolve in either way. The better 

https://aip.scitation.org/doi/10.1063/5.0049162
https://aip.scitation.org/doi/10.1063/5.0049162
https://aip.scitation.org/doi/10.1063/5.0049162


Should Deep Eutectic Solvents be treated as a Mixture of Two Components or as a Pseudo-
Component? 

118 
 

correspondence between VE* and ln ηE* with the sort of specific interactions established in 
aqueous dilutions of ChCl2U (e.g., HBs) points to the treatment of DESs as a pseudo-
component as the most suitable one. 
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Conclusions 

 
Since each chapter included its own specific conclusions, the intention of this epigraph is to 
emphasize the general conclusions that can be extracted from the thesis, which are: 
 
1. Brillouin spectroscopy is the most suitable technique of characterization for the 

uncertain determination of the eutectic composition (and hence, for the determination 
of the dilution range of “solvent in DES” regime) of DES dilutions. 

2. 1H NMR spectroscopy and DSC studies did not provide conclusive results about the 
determination of the dilution range of “solvent in DES” regime, but they corroborated 
Brillouin results. 

3. Data of excess molar volume and data of excess viscosity confirmed the formation of HB 
complex structures between DES components and solvent molecules. 

4. In all the DES dilutions studied, the dilution range for transitioning from the “solvent in 
DES” regime to the “DES in solvent” one obtained from Brillouin and 1H NMR 
spectroscopies and from DSC studies coincides with that where the deviation from 
ideality is maximum (excess molar volume exhibits a minimum, and excess viscosity 
exhibits a maximum). 

5. The solubility of the individual DES components in the respective solvents as well as the 
strength and/or number of the HBs established between DES components and solvent 
molecules could be used to anticipate the extension of the dilution range of the 
“solvent-in-DES” regime. 

6. The deviations from ideality of the excess molar volume for dilutions of ChCl2U in H2O 
< DMSO < MeOH < EtOH increased with the number and strength of HBs that solvent 
molecules are capable of forming among themselves and the compactness of the 
respective solvent network structure. 

7. DESs (or, at least, ChCl2U) should be considered as a pseudo-component on the basis of 
the positive sign of the deviation from ideality found for viscosity in ChCl2U aqueous 
dilutions.  

8. The study of deviation from ideality of density and viscosity for ChCl2U aqueous 
dilutions is complex (more so than that of aqueous dilutions of ChCl2EG or ChCl2Gly) 
given the large capability of U to modify the HB network structure of H2O. 
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Table A.1: Compositions of ChCl/2H2O and aqueous dilutions thereof expressed as molar 
ratio of ChCl versus H2O, wt% of ChCl, and wt% of ChCl/2H2O. 
 

Molar ratio ChCl vs H2O ChCl (wt %) ChCl·2H2O (wt %) 

1:2 80 100 

1:2.3 77 97 

1:2.6 75 94 

1:3.3 70 88 

1:3.8 67 84 

1:4.2 65 82 
1:5 60 75 

1:6.3 55 69 
1:8 50 63 

1:12 40 50 
1:18 30 38 
1:31 20 25 

 
  
 
 
 
 
 
 
 
Table A.2: Melting points of ChCl/2H2O and aqueous dilutions thereof. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

ChCl/2H2O (wt%) molar ratio Melting point ( C) 

100 1:2 9.5 

88 1:3.3 -- 

82 1:4.2 -- 
75 1:5 –53.2 

63 1:8 –30.1 

50 1:12 –20.2 



 

134 
 

Table A.3: Data of density, sound velocity and viscosity obtained for ChCl/2H2O and aqueous 
dilutions thereof measured at 25 C. 

 
 
 
 
 
 
Table A.4: Data of density, sound velocity and viscosity obtained for ZnCl2/3H2O and 
aqueous dilutions thereof measured at 25 C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ChCl/2H2O (wt%) T ( C) Density (g/cm3) Sound velocity (m/s) Viscosity (cP) 

100 25 1.103984 2146.53 37.760 

94 25 1.099641 2128.99 25.060 

88 25 1.088818 2078.06 12.230 

75 25 1.076602 2009.84 6.376 

63 25 1.059724 1904.75 3.269 

38 25 1.034194 1734.86 1.610 
12 25 1.009000 1569.22 1.036 

ZnCl2/3H2O (wt%) T ( C) Density (g/cm3) Sound velocity (m/s) Viscosity (cP) 

100 25 1.959711 1536.76 38.260 

90 25 1.809395 1561.03 13.000 

80 25 1.738977 1566.53 8.750 

65 25 1.498808 1553.14 3.229 
50 25 1.354562 1526.75 2.118 
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Figure A.1: DSC scans (first run in black, second run in red) of ChCl/2H2O (a) and aqueous 
dilutions thereof with ChCl/2H2O contents of 88 wt% (b), 82 wt% (c), 75 wt% (d), 63 wt% (e), 
and 50 wt% (f). 
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Table B.1: Correspondence between DES contents in wt%, volume fractions, and molar 
fractions for ChCl2U dilutions in H2O. Molar fractions were included considering ChCl2U as 
either a single (MChCl2U = 259.74 g mol-1) or a binary compound (M*ChCl2U = 86.58 g mol-1). 

 
 
 
 
Table B.2: Correspondence between DES contents in wt%, volume fractions, and molar 
fractions for ChCl2U dilutions in MeOH. Molar fractions were included considering ChCl2U 
as either a single (MChCl2U = 259.74 g mol-1) or a binary compound (M*ChCl2U = 86.58 gmol-1). 

 
 
 

Content in wt%  
Volume fraction for 

MChCl2U =  
259.74 g mol-1 

Molar fraction for 
MChCl2U =  

259.74 g mol-1 

Molar fraction for 
M*ChCl2U =  

86.58 g mol-1 
100 1 1 1 

90 0.8826 0.3842 0.6517 

80 0.7697 0.2171 0.4540 

75 0.7149 0.1722 0.3841 

70 0.6610 0.1393 0.3266 

60 0.5562 0.0942 0.2377 

43 0.3867 0.0497 0.1356 

20 0.1728 0.0170 0.0494 

0 0 0 0 

Content in wt%  
Volume fraction for 

MChCl2U =  
259.74 g mol-1 

Molar fraction for 
MChCl2U =  

259.74 g mol-1 

Molar fraction for 
M*ChCl2U =  

86.58 g mol-1 
100 1 1 1 

90 0.8563 0.5259 0.7689 

80 0.7259 0.3302 0.5965 

75 0.6650 0.2700 0.5258 

70 0.6070 0.2234 0.4631 

65 0.5514 0.1863 0.4070 

60 0.4982 0.1560 0.3567 

50 0.3983 0.1097 0.2269 

40 0.3061 0.0759 0.1977 

30 0.2210 0.0502 0.1367 

10 0.0685 0.0135 0.0394 

0 0 0 0 
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Table B.3: Correspondence between DES contents in wt%, volume fractions, and molar 
fractions for ChCl2U dilutions in EtOH. Molar fractions were included considering ChCl2U as 
either a single (MChCl2U = 259.74 g mol-1) or a binary compound (M*ChCl2U = 86.58 g mol-1). 

 
 
 
Table B.4: Correspondence between DES contents in wt%, volume fractions, and molar 
fractions for TEABrEG dilutions in H2O. Molar fractions were included considering TEABrEG 
as either a single (MTEABrEG=334.3 g mol-1) or a binary compound (M*TEABrEG=111.43 g mol-1). 

 
 
 
 

Content in wt% 
Volume fraction for 

MChCl2U =  
259.74 g mol-1 

Molar fraction for 
MChCl2U = 

 259.74 g mol-1 

Molar fraction for 
M*ChCl2U =  

86.58 g mol-1 
100 1 1 1 

90 0.8558 0.6150 0.8273 

80 0.7251 0.4151 0.6804 

75 0.6642 0.3474 0.6148 

70 0.6061 0.2928 0.5539 

65 0.5505 0.2479 0.4970 

60 0.4972 0.2102 0.4439 

40 0.3054 0.1058 0.2119 

20 0.1415 0.0425 0.1174 

0 0 0 0 

Content in wt%  
Volume fraction for 

MTEABrEG =  
334.3 g mol-1 

Molar fraction for 
MTEABrEG =  

334.3 g mol-1 

Molar fraction for 
MTEABrEG* =  

111.43 g mol-1 
100 1 1 1 

90 0.8841 0.3266 0.5146 

80 0.7722 0.1773 0.3202 

75 0.7177 0.1392 0.2611 

70 0.6641 0.1117 0.2156 

60 0.5597 0.0748 0.1502 

50 0.4587 0.0511 0.1054 

40 0.3610 0.0357 0.0728 

30 0.2664 0.0226 0.0481 

10 0.0861 0.0059 0.0129 

0 0 0 0 
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Table B.5: Correspondence between DES contents in wt%, volume fractions, and molar 
fractions for TBABrEG dilutions in H2O. Molar fractions were included considering TBABrEG 
as either a single (MTBABrEG=446.5 g mol-1) or a binary compound (M*TBABrEG=148.84 g mol-1). 

 
 
 
 
Table B.6: Density (g cm-3), viscosity (cP) and sound velocity (m s-1) measured at 25 °C in 
ChCl2U and ChCl2U dilutions in H2O. The relative standard uncertainty of densities was 
estimated to be ur (ρ) ≈ 0.001 (0.95 level of confidence). The overall relative expanded 
uncertainty of the viscosity measurements was estimated to be within Ur (η) = 0.015 (0.95 
level of confidence). The uncertainty of vU measurements was better ±1.0 m s−1. 

 
 
 

Content in wt%  
Volume fraction for 

MTBABrEG =  
446.5 g mol-1 

Molar fraction for 
MTBABrEG =  

446.5 g mol-1 

Molar fraction for 
M*TBABrEG =   

148.84 mol-1 
100 1 1 1 

90 0.8938 0.2665 0.4599 

80 0.7890 0.1389 0.2746 

75 0.7371 0.1080 0.2211 

70 0.6856 0.0860 0.1809 

60 0.5837 0.0571 0.1243 

50 0.4831 0.0388 0.0864 

40 0.3839 0.0262 0.0593 

30 0.2860 0.0170 0.0390 

10 0.0941 0.0045 0.0104 

0 0 0 0 

Content in wt% T ( C) Density (g cm-3) 
Sound velocity 

(m s-1) 
Viscosity 

(cP) 
100 25 1.1967 2065.9 1264 
95 25 1.1867 2045.0 169.6 
90 25 1.1753 2027.0 43.30 
85 25 1.1652 2005.3 20.60 
80 25 1.1549 1979.5 11.58 
75 25 1.1450 1971.4 10.15 
60 25 1.1142 1866.1 3.319 
40 25 1.0773 1750.4 1.781 
20 25 1.0351 1678.4 1.375 
0 25 1 1498 0.883 
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Table B.7: Density (g cm-3), viscosity (cP) and sound velocity (m s-1) measured at 25 °C in 
ChCl2U and ChCl2U dilutions in MeOH. The relative standard uncertainty of densities was 
estimated to be ur(ρ) ≈ 0.001 (0.95 level of confidence). The overall relative expanded 
uncertainty of the viscosity measurements was estimated to be within Ur(η) = 0.015 (0.95 
level of confidence). The uncertainty of vU measurements was better ±1.0 m s−1. 

 
 
 
 
Table B.8: Density (g cm-3), viscosity (cP) and sound velocity (m s-1) measured at 25 °C in 
ChCl2U and ChCl2U dilutions in EtOH. The relative standard uncertainty of densities was 
estimated to be ur(ρ) ≈ 0.001 (0.95 level of confidence). The overall relative expanded 
uncertainty of the viscosity measurements was estimated to be within Ur(η) = 0.015 (0.95 
level of confidence). The uncertainty of vU measurements was better ±1.0 m s−1. 

 
 
 
 

Content in wt% T ( C) Density (g cm-3) 
Sound velocity  

(m s-1) 
Viscosity  

(cP) 
100 25 1.1967 2065.9 1264 
90 25 1.1519 1947.3 116.9 

80 25 1.1079 1845.7 29.31 

70 25 1.0638 1697.4 10.88 

60 25 1.0214 1580.3 5.49 

50 25 0.9799 1475.2 3.26 

40 25 0.9395 1383.1 2.056 
30 25 0.8995 1302.4 1.409 

20 25 0.8617 1231.8 1.004 

10 25 0.8243 1167.5 0.750 

0 25 0.7921 1104 0.570 

Content in wt% T ( C) Density (g cm-3) 
Sound velocity  

(m s-1) 
Viscosity  

(cP) 
100 25 1.1967 2065.9 1264 

90 25 1.1503 1956.8 262.8 

80 25 1.1042 1804.3 78.64 

70 25 1.0581 1651.7 32.67 

60 25 1.0118 1523.5 16.02 

40 25 0.9298 1355.8 5.208 

20 25 0.8544 1242.5 2.171 

0 25 0.7889 1144 1.109 
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Table B.9: Density (g cm-3), viscosity (cP) and sound velocity (m s-1) measured at 25 °C in 
TEABrEG and TEABrEG dilutions in H2O. The relative standard uncertainty of densities was 
estimated to be ur(ρ) ≈ 0.001 (0.95 level of confidence). The overall relative expanded 
uncertainty of the viscosity measurements was estimated to be within Ur(η) = 0.015 (0.95 
level of confidence). The uncertainty of vU measurements was better ±1.0 m s−1. 

 
  
 
 
 
Table B.10: Density (g cm-3), viscosity (cP) and sound velocity (m s-1) measured at 25 °C in 
TBABrEG and TBABrEG dilutions in H2O. The relative standard uncertainty of densities was 
estimated to be ur(ρ) ≈ 0.001 (0.95 level of confidence). The overall relative expanded 
uncertainty of the viscosity measurements was estimated to be within Ur(η) = 0.015 (0.95 
level of confidence). The uncertainty of vU measurements was better ±1.0 m s−1. 

Content in wt% T ( C) Density (g cm-3) 
Sound velocity  

(m s-1) 
Viscosity  

(cP) 
100 25 1.1800 1772 37.50 

90 25 1.1660 1814 22.13 

80 25 1.1490 1834 13.22 
70 25 1.1295 1830 7.895 

60 25 1.1092 1804 5.042 

50 25 1.0879 1761 3.376 

30 25 1.0482 1655 1.792 

10 25 1.0128 1548 1.112 

0 25 1 1498 0.883 

Content in wt% T ( C) Density (g cm-3) 
Sound velocity  

(m s-1) 
Viscosity  

(cP) 
100 25 1.0698 1584 188.0 

90 25 1.0674 1634 57.62 
80 25 1.0645 1674 27.81 

70 25 1.0599 1703 15.34 

50 25 1.0457 1722 6.229 

40 25 1.0371 1708 4.056 

30 25 1.0261 1675 2.691 

10 25 1.0062 1563 1.278 
0 25 1 1498 0.883 
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Figure B.1: Plots of density ( ) of mixtures of ChCl2U in H2O versus (a) ChCl2U molar fraction, 
(b) ChCl2U volume fractions and (c) ChCl2U mass content (in wt%) obtained from densities 
of the pure components of the mixture and the respective molar fractions ( , 
where i and i are, respectively, the molar fraction and the density of component i, green 
squares), volume fractions ( , where i and i are, respectively, the volume 
fraction and the density of component i, red triangles) or mass contents (orange triangles) 
in which they are combined. Densities measured experimentally (blue diamonds) are also 
included for comparison. The relative standard uncertainty of densities was estimated to be 
ur(ρ) ≈ 0.001 (0.95 level of confidence). 
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Figure B.2: (a) Plots of density of mixtures of ChCl2U in H2O versus ChCl2U volume fractions, 
for densities measured experimentally (blue diamonds) and obtained from ChCl2U volume 
fractions (red triangles, , where i and i are, respectively, the volume fraction 
and the density of component i) or from  (blue crosses, where  
and  are, respectively, the molecular weight and the molar volume of component i). (b) 
Plot of deviation of real densities ( ) from ideal ones ( id) versus ChCl2U volume fractions. 
The relative standard uncertainty of densities was estimated to be ur (ρ) ≈ 0.001 (0.95 level 
of confidence). 
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Figure B.3: Plot of ideal density ( id) versus DES content (in wt%) of mixtures of ChCl2U in 
H2O, MeOH and EtOH. Ideal densities were obtained from , where Mi and Vi0 
are, respectively, the molecular weight and the molar volume of component i, and using 
either M*ChCl2U = 86.58 (red crosses) or MChCl2U = 259.74 (blue circles) g mol-1. The relative 
standard uncertainty of densities was estimated to be ur (ρ) ≈ 0.001 (0.95 level of 
confidence). 
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Figure B.4: Plot of ideal density (rid) versus DES content (in wt%) of mixtures of TEABrEG 
and TBABrEG in H2O. Ideal densities were obtained from , where Mi and Vi0 
are, respectively, the molecular weight and the molar volume of component i, using 
M*TEABrEG = 111.4 (red crosses) or MTEABrEG = 334.3 (blue circles) g mol-1, and M*TBABrEG = 
148.8 (red crosses) or MTBABrEG = 446.5 (blue circles) g mol-1. The relative standard 
uncertainty of densities was estimated to be ur (ρ) ≈ 0.001 (0.95 level of confidence). 
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Figure B.5: Plot of excess viscosity (ln E) versus DES content (in wt%) for dilutions in H2O, 
MeOH and EtOH considering ChCl2U as a binary compound (right column, M*ChCl2U = 86.58 
g mol-1) or as a single compound (left column, MChCl2U = 259.74 g mol-1). It is worth noting 
that, in dilutions, the definition of ChCl2U as either a binary or a single compound also 
influences the absolute value of molar fractions so *ChCl2U ChCl2U. This is why we rather 
represented versus DES content to avoid any discrepancy in this regard. The overall relative 
expanded uncertainty of the viscosity measurements was estimated to be within Ur (η) = 
0.015 (0.95 level of confidence). 
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Figure B.6: Plot of excess viscosity (ln ƞE) versus DES content (wt%) for TEABrEG and TBABrEG 
dilutions in H2O, considering TEABrEG and TBABrEG as single compounds (left column, 
MTEABrEG = 334.3 g mol-1 and MTBABrEG = 446.5 g mol-1) or as binary compounds (right column, 
M*TEABrEG = 111.4 g mol-1 and M*TBABrEG = 148.8 g mol-1). It is worth noting that the definition 
of DES as either a single or a binary compound also influences the absolute value of molar 
fractions of the different dilutions, so *DES DES. This is why we rather represented data 
versus DES content in wt% to avoid any discrepancy in this regard. The overall relative 
expanded uncertainty of the viscosity measurements was estimated to be within Ur(η) = 
0.015 (0.95 level of confidence) 
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Figure B.7: DSC scans (first run in orange, second run in green) of neat DESs; (a) ChCl2U, (b) 
TEABrEG and (c) TBABrEG. 
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Figure B.8: DSC scans (first run in orange, second run in green) of aqueous dilutions of 
ChCl2U with DES contents of 90 wt% (a), 80 wt% (b), 70 wt% (c), 60 wt% (d), 40 wt% (e), and 
10 wt% (f). 
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Figure B.9: DSC scans (first run in orange, second run in green) of MeOH dilutions of ChCl2U 
with DES contents of 85 wt% (a), 80 wt% (b), 75 wt% (c), 65 wt% (d), 60 wt% (e), 50 wt% (f), 
and 30 wt% (g).  
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Figure B.10: DSC scans (first run in orange, second run in green) of EtOH dilutions of ChCl2U 
with DES contents of 80 wt% (a), 60 wt% (b), 50 wt% (c), 45 wt% (d), 40 wt% (e), 35 wt% (f), 
30 wt% (g) and 20 wt% (h). 
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Figure B.11: DSC scans (first run in orange, second run in green) of aqueous dilutions of 
TEABrEG with DES contents of 70 wt% (a), 65 wt% (b), 60 wt% (c), 55 wt% (d), 50 wt% (e), 
and 35 wt% (f).  
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Figure B.12: DSC scans (first run in orange, second run in green) of aqueous dilutions of 
TBABrEG with DES contents of 70 wt% (a), 60 wt% (b), 55 wt% (c), 50 wt% (d), 50 wt% (e), 
35 wt% (f), and 30 wt% (g). 
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Figure B.13: 1H NMR spectra of (a) reline and D2O dilutions thereof with DES contents of (b) 
95, (c) 85, (d) 80, (e) 75, and (f) 70 wt%. Samples were stored 12 h at 20 °C before spectra 
acquisition at 25 °C. 
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Figure B.14: 1H NMR spectra of (a) reline and MeOD dilutions thereof with DES contents of 
(b) 80, (c) 75, (d) 70, (e) 65, and (f) 60 wt%. Samples were stored 12 h at 20 °C before spectra 
acquisition at 25 °C. 
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Figure B.15: 1H NMR spectra of (a) reline and EtOD-d6 dilutions thereof with DES contents 
of (b) 65, (c) 50, (d) 45, (e) 40, (f) 35, (g) 30, and (h) 25 wt%. Samples were stored 12 h at 
55 °C before spectra acquisition at 25 °C. 
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Figure B.16: 1H NMR spectra of EtOD-d1 dilutions of reline with DES contents of (a) 50, (b) 
45, (c) 40, (d) 35, (e) 30, and (f) 25 wt%. Samples were stored 12 h at 55 °C before spectra 
acquisition at 25 °C. 
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Figure B.17: 1H NMR spectra of EtOD-d1 dilutions of reline with a DES content of 40 wt% for 
samples stored (a) 12 h at 20 °C, (b) 12 h at 55 °C, (c) 36 h at 55 °C, or (d) 120 h at 55 C, 
before spectra acquisition at 25 °C. 
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Figure B.18: 1H NMR spectra of (a) TEABrEG and D2O dilutions thereof with DES contents of 
(b) 80, (c) 70, (d) 65, (e) 60, (f) 55, (g) 50, and (h) 35 wt%. Samples were stored 12 h at 20 °C 
before spectra acquisition at 25 °C. 
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Figure B.19: 1H NMR spectra of (a) TBABrEG and D2O dilutions thereof with DES contents of 
(b) 70, (c) 60, (d) 55, (e) 50, (f) 45, (g) 40, and (h) 30 wt%. Samples were stored 12 h at 20 °C 
before spectra acquisition at 25 °C. 
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Figure B.20: 1H NMR spectra of D2O dilutions of TEABrEG with a DES content of 55 wt% for 
samples stored (a) 12 h at 20 °C, (b) 12 h at 55 °C, (c) 36 h at 55 °C or (d) 120 h at 55 C, 
before spectra acquisition at 25 °C. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

 

 

Appendices C 

Should deep eutectic solvents be treated 

as a mixture of two components or as a 

pseudo-component? 
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Materials and Methods 
Choline Chloride (ChCl) was purchased from Sigma-Aldrich. Urea was purchased from Merck. 
Deuterated chloroform (CDCl3) was purchased from Tracer tecnologías analíticas. All the 
reagents were used as received except ChCl that was dried at 90 °C overnight prior to its use. 
After drying, the H2O content was negligible as determined by Karl Fisher titration using a 
Titrando 888. Neat DESs were obtained by physical mixing of the individual components (e.g., 
ChCl and U) in the ratio 1:2 and posterior thermal treatment at 90 °C. Dilutions in H2O were 
obtained after addition of the desired amount of solvent. 

1H NMR spectra were recorded using a Bruker Avance DRX500 spectrometer operating at 
500 MHz with a 30° pulse, acquisition time of 3.1719 s, relaxation delay of 1 s and 16 scans. 
In these cases, dilutions were prepared in D2O. Capillaries were placed inside 5 mm NMR 
glass tubes containing CDCl3 as the external reference. The peaks were identified and 
spectra were processed using the software MestReNova. 

 
 

Table C.1: Densities (ρ) of aqueous dilutions of ChCl2U (e.g., ChCl2U is component 1 and 
H2O is component 2 in the mixture) at different temperatures and p = 0.1 MPa, as a function 
of the mole fractions of ChCl2U (e.g., 1 and 1) or ChCl2U content (in wt%). Data were 
obtained from (a) Xie et al.12 
 

Mole fractions/ 

DES content 
Densities (ρ, in g cm–3) at different temperature (K) 

1 1 wt% 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15 

1 1 100 1.1979 1.1952 1.1927 1.1901 1.1875 1.1849 1.1823 1.1797 

0.8475 0.6494 96.39 1.1907 1.188 1.1854 1.1827 1.1801 1.1774 1.1748 1.1721 

0.7434 0.4913 93.30 1.1841 1.1815 1.1788 1.1761 1.1735 1.1708 1.1681 1.1655 

0.6353 0.3674 89.34 1.1759 1.1733 1.1707 1.168 1.1653 1.1626 1.16 1.157 

0.533 0.2756 84.59 1.1659 1.1632 1.1606 1.1579 1.1552 1.1525 1.1498 1.1471 

0.4258 0.1982 78.10 1.1527 1.15 1.1475 1.1448 1.1421 1.1394 1.1367 1.1337 

0.312 0.1313 68.57 1.133 1.1304 1.1277 1.1251 1.1224 1.1196 1.1169 1.1141 

0.1731 0.0652 50.17 1.0951 1.0927 1.0901 1.0875 1.0848 1.0822 1.0794 1.0766 

0 0 0 0.9971 0.9957 0.9941 0.9922 0.9898 0.9881 0.9857 0.9832 
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Table C.2: Densities (ρ) of aqueous dilutions of ChCl2U (e.g., ChCl2U is component 1 and 
H2O is component 2 in the mixture) at different temperatures and p = 0.1 MPa, as a function 
of the mole fractions of ChCl2U (e.g., 1 and 1) or ChCl2U content (in wt%). Data were 
obtained from Yadav et al.13 
 

Mole fractions/ 

DES content 
Densities (ρ, in g cm–3) at different temperature (K) 

1 1 wt% 293.15 303.15 313.15 323.15 333.15 343.15 353.15 363.15 

1 1 100 1.2001 1.1945 1.1887 1.1831 1.1773 1.1708 1.1635 1.1554 

0.8976 0.7507 97.75 1.1948 1.1891 1.1834 1.1779 1.1722 1.1657 1.1584 1.1504 

0.8001 0.5720 95.07 1.1889 1.1832 1.1777 1.1723 1.1666 1.1601 1.1529 1.1449 

0.698 0.4382 91.84 1.1817 1.1762 1.1707 1.1654 1.1597 1.1533 1.1461 1.1381 

0.5996 0.3332 87.82 1.1732 1.1678 1.1624 1.1570 1.1514 1.145 1.1379 1.1300 

0.4945 0.2503 82.81 1.1621 1.1568 1.1514 1.1460 1.1404 1.1341 1.1270 1.1192 

0.4 0.1821 76.26 1.1492 1.1439 1.1385 1.1331 1.1276 1.1213 1.1144 1.1066 

0.2992 0.1252 67.37 1.1307 1.1254 1.1201 1.1147 1.1093 1.1031 1.0963 1.0887 

0.2 0.0770 54.63 1.1047 1.0996 1.0944 1.0891 1.0838 1.0778 1.0711 1.0637 

0.1 0.0358 34.86 1.0652 1.0608 1.056 1.0509 1.0458 1.0400 1.0335 1.0263 

0 0 0 0.9982 0.9957 0.9922 0.9881 0.9833 0.9778 0.9717 0.9650 
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Table C.3: Densities (ρ) of aqueous dilutions of ChCl2U (e.g., ChCl2U is component 1 and 
H2O is component 2 in the mixture) at different temperatures and p = 0.1 MPa, as a function 
of the mole fractions of ChCl2U (e.g., 1 and 1) or ChCl2U content (in wt%). Data were 
obtained from Shekaari et al.14 

 
 
  

Mole fractions/ 

DES content 
Densities (ρ, in g cm–3) at different temperature (K) 

1 1 wt% 293.15 298.15 303.15 308.15 313.15 318.15 323.15 

1 1 100 1.2003 1.1974 1.1946 1.1918 1.1891 1.1863 1.1835 

0.8997 0.7493 97.73 1.1953 1.1923 1.1896 1.1868 1.1840 1.1813 1.1785 

0.8002 0.5718 95.07 1.1894 1.1865 1.1838 1.1811 1.1783 1.1756 1.1728 

0.6962 0.4330 91.68 1.1821 1.1792 1.1765 1.1739 1.1712 1.1685 1.1657 

0.5996 0.3329 87.81 1.1739 1.1711 1.1683 1.1659 1.1632 1.1605 1.1577 

0.5000 0.2500 82.79 1.1634 1.1607 1.1580 1.1555 1.1529 1.1502 1.1474 

0.3999 0.1817 76.22 1.1500 1.1472 1.1447 1.1421 1.1396 1.1370 1.1343 

0.2974 0.1237 67.07 1.1313 1.1287 1.1261 1.1235 1.1210 1.1185 1.1159 

0.1969 0.0756 54.11 1.1049 1.1023 1.0998 1.0973 1.0949 1.0923 1.0898 

0.1002 0.0358 34.88 1.0650 1.0630 1.0608 1.0584 1.0561 1.0536 1.0509 

0.0182 0.0062 8.20 1.0137 1.0123 1.0108 1.0090 1.0071 1.0049 1.0027 

0 0 0 0.9982 0.9970 0.9957 0.9940 0.9922 0.9902 0.9881 
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Table C.4: Densities (ρ) of aqueous dilutions of ChCl2U (e.g., ChCl2U is component 1 and 
H2O is component 2 in the mixture) at different temperatures and p = 0.1 MPa, as a function 
of the mole fractions of ChCl2U (e.g., 1 and 1) or ChCl2U content (in wt%). Data were 
obtained from Agieienko et al.16 

 

 

 
  

Mole fractions/ 

DES content 
Densities (ρ, in g cm–3) at different temperature (K) 

1 1 wt% 293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15 338.15 

1 1 100 1.1993 1.1966 1.1938 1.1911 1.1884 1.1857 1.1831 1.1804 1.1777 1.1751 

0.9639 0.8991 99.23 1.1977 1.1949 1.1921 1.1894 1.1867 1.1841 1.1814 1.1787 1.1761 1.1734 

0.9211 0.7956 98.25 1.1956 1.1928 1.1901 1.1874 1.1847 1.1820 1.1794 1.1767 1.1740 1.1714 

0.8727 0.6956 97.057 1.1932 1.1906 1.1879 1.1852 1.1825 1.1798 1.1771 1.1744 1.1718 1.1691 

0.8154 0.5956 95.50 1.1900 1.1873 1.1846 1.1819 1.1792 1.1765 1.1738 1.1712 1.1685 1.1659 

0.7491 0.4988 93.49 1.1857 1.1830 1.1803 1.1776 1.1749 1.1723 1.1696 1.1669 1.1643 1.1616 

0.6656 0.3989 90.54 1.1795 1.1768 1.1741 1.1715 1.1688 1.1661 1.1634 1.1607 1.1581 1.1554 

0.5626 0.3001 86.09 1.1702 1.1675 1.1648 1.1621 1.1595 1.1568 1.1541 1.1514 1.1488 1.1461 

0.4276 0.1994 78.23 1.1538 1.1512 1.1485 1.1459 1.1432 1.1405 1.1378 1.1351 1.1324 1.1297 

0.2499 0.1000 61.58 1.1195 1.1170 1.1144 1.1118 1.1092 1.1065 1.1038 1.1010 1.0983 1.0955 

0.1764 0.0666 50.74 1.0974 1.0950 1.0925 1.0899 1.0873 1.0847 1.0820 1.0793 1.0765 1.0737 

0.0928 0.0330 32.98 1.0618 1.0597 1.0574 1.0551 1.0527 1.0502 1.0476 1.0450 1.0422 1.0387 

0 0 0 0.9982 0.9971 0.9957 0.9941 0.9923 0.9902 0.9881 0.9857 0.9832 0.9806 
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Table C.5: Viscosities (η) of aqueous dilutions of ChCl2U (e.g., ChCl2U is component 1 and 
H2O is component 2 in the mixture) at different temperatures and p = 0.1 MPa, as a function 
of the mole fractions of ChCl2U (e.g., 1 and 1) or ChCl2U content (in wt%). Data were 
obtained from (a) Xie et al.12 

 
 
 
 
 
 
 
Table C.6: Viscosities (η) of aqueous dilutions of ChCl2U (e.g., ChCl2U is component 1 and 
H2O is component 2 in the mixture) at different temperatures and p = 0.1 MPa, as a function 
of the mole fractions of ChCl2U (e.g., 1 and 1) or ChCl2U content (in wt%). Data were 
obtained from Yadav et al.13  

 

Mole fractions/ 

DES content 
Viscosities (η, in mPa s) at different temperatures (K) 

1 1 wt% 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15 

1 1 100 1571 953.7 608.4 403.2 277.2 195.9 143.6 107.7 

0.8475 0.6494 96.39 323.9 222.5 152.8 112.7 83.68 66.36 52.13 42.54 

0.7434 0.4913 93.30 113.8 83.87 64.34 50.38 40.31 32.84 27.03 22.72 

0.6353 0.3674 89.34 45.06 35.51 28.57 23.37 19.38 16.32 13.94 12.03 

0.533 0.2756 84.59 21.1 17.37 14.54 12.36 10.6 9.191 8.03 7.078 

0.4258 0.1982 78.10 10.22 8.743 7.578 6.62 5.845 5.221 4.699 4.165 

0.312 0.1313 68.57 5.076 4.448 3.951 3.521 3.226 2.897 2.645 2.389 

0.1731 0.0652 50.17 2.261 2.027 1.843 1.621 1.513 1.388 1.277 1.182 

0 0 0 0.894 0.801 0.723 0.656 0.599 0.549 0.506 0.469 

Mole fractions/ 

DES content 
Viscosities (η, in mPa s) at different temperatures (K) 

1 1 wt% 293.15 303.15 313.15 323.15 333.15 343.15 353.15 363.15 

1 1 100 1.371.9700 527.2786 238.0763 119.8049 68.6478 41.9612 28.1053 19.949 

0.8976 0.7507 97.75 436.1138 200.6193 104.0292 61.1854 38.2495 25.8876 18.4986 13.705 

0.8001 0.5720 95.07 169.4133 89.4403 52.3574 33.2125 22.5795 16.2228 12.1228 9.2950 

0.698 0.4382 91.84 73.3357 43.4958 28.0056 19.2941 13.9586 10.3230 7.7420 6.1852 

0.5996 0.3332 87.82 34.5047 22.6048 15.8076 11.6217 8.2652 6.4745 5.2030 4.2758 

0.4945 0.2503 82.81 17.5890 12.2515 8.9032 6.5254 5.1376 4.1560 3.4372 2.8964 

0.4 0.1821 76.26 9.1829 6.7782 5.1982 4.1152 3.3415 2.7739 2.3461 2.0167 

0.2992 0.1252 67.37 5.0645 3.9093 3.1117 2.5381 2.1172 1.7978 1.5515 1.3576 

0.2 0.0770 54.63 2.8436 2.2654 1.8509 1.5403 1.3049 1.1287 0.9911 0.8788 

0.1 0.0358 34.86 1.6178 1.3125 1.0858 0.9234 0.7980 0.7010 0.6265 0.5735 

0 0 0 0.9968 0.8012 0.6650 0.5518 0.4791 0.4246 0.4042 0.3821 
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Table C.7: Viscosities (η) of aqueous dilutions of ChCl2U (e.g., ChCl2U is component 1 and 
H2O is component 2 in the mixture) at different temperatures and p = 0.1 MPa, as a function 
of the mole fractions of ChCl2U (e.g., 1 and 1) or ChCl2U content (in wt%). Data were 
obtained from Shekaari et al.14 

 
 

 

 
  

Mole fractions/ 

DES content 
Viscosities (η, in mPa s) at different temperatures (K) 

1 1 wt% 293.15 298.15 303.15 308.15 313.15 318.15 323.15 

1 1 100 1371.653 859.454 527.09 348.248 237.931 175.067 119.721 

0.8997 0.7493 97.73 436.394 309.271 206.345 141.133 104.15 82.152 60.248 

0.8002 0.5718 95.07 159.487 120.732 87.272 64.616 49.403 40.212 30.819 

0.6962 0.4330 91.68 68.709 53.296 40.483 31.5 24.971 20.817 16.535 

0.5996 0.3329 87.81 34.005 27.259 21.632 17.577 14.223 12.161 9.784 

0.5000 0.2500 82.79 17.432 14.582 11.864 9.856 8.226 7.13 5.909 

0.3999 0.1817 76.22 9.177 7.885 6.674 5.628 4.795 4.251 3.621 

0.2974 0.1237 67.07 4.952 4.345 3.752 3.251 2.823 2.54 2.177 

0.1969 0.0756 54.11 2.754 2.481 2.177 1.914 1.701 1.526 1.332 

0.1002 0.0358 34.88 1.619 1.46 1.304 1.174 1.057 0.949 0.847 

0.0182 0.0062 8.20 1.07 0.959 0.867 0.784 0.71 0.655 0.597 

0 0 0 0.994 0.894 0.799 0.729 0.662 0.605 0.549 
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Table C.8: ln ηE of aqueous dilutions of ChCl2U (e.g., ChCl2U is component 1 and H2O is 
component 2 in the mixture) at different temperatures and p = 0.1 MPa, as a function of the 
mole fractions of ChCl2U (e.g., 1 and 1) or ChCl2U content (in wt%). Data were obtained 
from Agieienko et al.16 

 
 
 
 
 
  

Mole fractions/ 

DES content 
ln ηE at temperature (K) 

1 1 wt% 293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15 338.15 

1 1 100 0 0 0 0 0 0 0 0 0 0 

0.9639 0.8991 99.23 -0.213 -0.186 -0.157 -0.129 -0.1 -0.085 -0.062 -0.068 -0.049 -0.038 

0.9211 0.7956 98.25 -0.403 -0.357 -0.304 -0.259 -0.213 -0.188 -0.147 -0.119 -0.087 -0.064 

0.8727 0.6956 97.057 -0.659 -0.564 -0.493 -0.415 -0.343 -0.295 -0.277 -0.22 -0.17 -0.132 

0.8154 0.5956 95.50 -0.782 -0.681 -0.578 -0.484 -0.397 -0.324 -0.302 -0.232 -0.175 -0.128 

0.7491 0.4988 93.49 -0.902 -0.774 -0.668 -0.583 -0.491 -0.408 -0.32 -0.263 -0.195 -0.147 

0.6656 0.3989 90.54 -0.991 -0.839 -0.721 -0.621 -0.517 -0.423 -0.327 -0.26 -0.185 -0.129 

0.5626 0.3001 86.09 -0.983 -0.823 -0.695 -0.588 -0.481 -0.384 -0.285 -0.216 -0.14 -0.084 

0.4276 0.1994 78.23 -0.84 -0.693 -0.574 -0.477 -0.382 -0.295 -0.209 -0.146 -0.076 -0.027 

0.2499 0.1000 61.58 -0.565 -0.467 -0.36 -0.314 -0.247 -0.19 -0.139 -0.103 -0.067 -0.04 

0.1764 0.0666 50.74 -0.424 -0.348 -0.284 -0.229 -0.178 -0.134 -0.096 -0.069 -0.044 -0.024 

0.0928 0.0330 32.98 -0.247 -0.201 -0.163 -0.13 -0.101 -0.076 -0.056 -0.042 -0.028 -0.02 

0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table C.9: ln ηE* of aqueous dilutions of ChCl2U (e.g., ChCl2U is component 1 and H2O is 
component 2 in the mixture) at different temperatures and p = 0.1 MPa, as a function of the 
mole fractions of ChCl2U (e.g., 1 and 1) or ChCl2U content (in wt%). Data were obtained 
from Agieienko et al.16 
 

 
 
 
 
 
 

 

 
  

Mole fractions/ 

DES content 
ln ηE* at temperature (K) 

1 1 wt% 293.15 298.15 303.15 308.15 313.15 318.15 323.15 328.15 333.15 338.15 

1 1 100 0 0 0 0 0 0 0 0 0 0 

0.9639 0.8991 99.23 0.293 0.291 0.296 0.301 0.309 0.305 0.31 0.29 0.294 0.293 

0.9211 0.7956 98.25 0.577 0.567 0.572 0.573 0.578 0.567 0.574 0.574 0.579 0.557 

0.8727 0.6956 97.057 0.733 0.739 0.742 0.76 0.774 0.77 0.739 0.757 0.769 0.772 

0.8154 0.5956 95.50 0.934 0.937 0.956 0.974 0.989 0.998 0.96 0.982 0.99 0.994 

0.7491 0.4988 93.49 1.052 1.068 1.079 1.077 1.088 1.097 1.117 1.118 1.132 1.131 

0.6656 0.3989 90.54 1.091 1.124 1.141 1.148 1.165 1.181 1.204 1.212 1.229 1.233 

0.5626 0.3001 86.09 1.067 1.109 1.137 1.153 1.174 1.195 1.221 1.233 1.251 1.256 

0.4276 0.1994 78.23 0.941 0.987 1.019 1.036 1.057 1.077 1.1 1.114 1.133 1.138 

0.2499 0.1000 61.58 0.606 0.636 0.661 0.681 0.699 0.712 0.721 0.724 0.727 0.726 

0.1764 0.0666 50.74 0.433 0.46 0.482 0.499 0.514 0.526 0.534 0.537 0.538 0.537 

0.0928 0.0330 32.98 0.22 0.239 0.254 0.267 0.276 0.284 0.287 0.288 0.289 0.286 

0 0 0 0 0 0 0 0 0 0 0 0 0 
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Figure C.1: Plot of VE (left column, considering ChCl2U as a binary compound with MChCl2U = 
86.58 g mol-1) and VE* (right column, considering ChCl2U as a pseudo-component with 
M*ChCl2U = 259.74 g mol-1) in cm3 mol−1 versus molar fraction of ChCl2U ( 1 and 1, 
respectively) in liquid binary mixtures with H2O at 293.15 (blue circles), 298.15 (orange 
circles), 303.15 (grey circles), 308.15 (yellow circles), 313.15 (light blue circles), 318.15 
(green circles), 323.15 (dark blue circles), 328.15 (dark red circles), 333.15 (dark grey circles), 
338.15 (dark yellow circles), 343.15 (purple circles), 353.15 (dark green circles), and 363.15 
K (bright red circles). Density data for VE and VE* calculation were obtained from (a) Xie et 
al.,12 (b) Yadav et al.,13 (c) Shekaari et al.,14 and (d) Agieienko et al.16 
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Figure C.2: Plot of VE (circles) and VE* (squares) (in cm3 mol−1) versus DES content (in wt%) 
at 283.15 (blue symbols) and 313.15 K (grey symbols) for dilutions of ChCl2EG (upper row) 
and ChCl2Gly (bottom row) in H2O (left column) and MeOH (right column). MChCl2EG was 
87.92 g mol-1 and MChCl2Gly was 107.94 g mol-1 when DESs were treated as a binary compound, 
whereas M*ChCl2EG was 263.73 g mol-1 and M*ChCl2Gly was 323.81 g mol-1 when DESs were 
treated as a pseudo-component. Density data for VE and VE* calculation were obtained from 
Wang et al.21 
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Figure C.3: Plot of VE (in cm3 mol−1) and ln ηE (circles), and of VE* (in cm3 mol−1) and ln ηE* 
(squares) versus ChCl2Gly content (in wt%) at 283.15 (blue symbols) and 313.15 K (grey 
symbols) for dilutions of ChCl2Gly in H2O. MChCl2Gly was 107.94 g mol-1 when ChCl2Gly was 
treated as a binary compound, whereas M*ChCl2Gly was 323.81 g mol-1 when ChCl2Gly was 
treated as a pseudo-component. Density data for VE and VE* calculation and viscosity data 
for ln ηE and ln ηE* calculation were obtained from Yadav et al.20 
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Figure C.4: Plot of ln ηE (left column, considering ChCl2U as a binary compound with MChCl2U 
= 86.58 g mol-1) and ln ηE* (right column, considering ChCl2U as a pseudo-component with 
M*ChCl2U = 259.74 g mol-1) versus molar fraction of ChCl2U ( 1 and 1, respectively) in liquid 
binary mixtures with H2O at 293.15 (blue circles), 298.15 (orange circles), 303.15 (grey 
circles), 308.15 (yellow circles), 313.15 (light blue circles), 318.15 (green circles), 323.15 
(dark blue circles), 328.15 (dark red circles), 333.15 (dark grey circles) and 338.15 K (dark 
yellow circles). Density data for VE and VE* calculation were obtained from (a) Xie et al.,12 (b) 
Yadav et al.,13 (c) Shekaari et al.,14 and (d) Agieienko et al.16 
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Figure C.5: Plot of ln ηE (circles) and ln ηE* (squares) versus DES content (in wt%) at 283.15 
(blue symbols) and 313.15 K (grey symbols) for dilutions of ChCl2EG (upper row) and 
ChCl2Gly (bottom row) in H2O (left column) and MeOH (right column). MChCl2EG = 87.92 g 
mol-1 and MChCl2Gly = 107.94 g mol-1 when DESs were treated as a binary compound, whereas 
M*ChCl2EG = 263.73 g mol-1 and M*ChCl2Gly = 323.81 g mol-1 when DESs were treated as a 
pseudo-component. Viscosity data for ln ηE and ln ηE* calculation were obtained from Wang 
et al.21 
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ABSTRACT: Deep eutectic solvents (DESs) resulting from the right combination
between a hydrogen-bond donor (HBD) and a hydrogen-bond acceptor (HBA) are
becoming quite popular in number of applications. More recently, natural DESs
(NADESs) containing sugars, natural organic acids, and amino acids as HBDs and
ChCl as HBA have received great attention because of their further environmental
sustainability as compared to regular DESs. Within this context, mixing water in con-
trolled amounts has been widely accepted as a simple and practical way of altering
DES chemical and thermodynamic properties, with viscosity and conductivity experiencing
the most significant changes. However, the number of papers describing eutectic
mixtures with water as the only HBD is scarce and basically none has been done in
fundamental terms. Herein, we investigated mixtures composed of water as the only
HBD and ChCl as the HBA using differential scanning calorimetry (DSC) as well as
1H nuclear magnetic resonance (NMR) and Brillouin spectroscopies. We found the
aqueous dilution of ChCl/2H2O with a ChCl/2H2O content of ca. 80 wt % was an eutectic. Interestingly, this mixture could be
considered a NADES according to its eutectic distance (ΔTme), in range to eutectics obtained in aqueous dilutions of salt hydrates.

■ INTRODUCTION

The quest for achieving solvents with enhanced green features
is mandatory in order to improve the environmental sustain-
ability of chemical processes. Within this context, increasing
attention has been focused on neoteric solvents, with ionic
liquids (ILs)1 and deep eutectic solvents (DESs)2 being the
most successful examples. Despite the exceptional properties
exhibited by ILse.g., low flammability, stability against air
and moisture, excellent solvation potential, chemical and thermal
stability, high heat capacity, density and conductivity, and low
vapor pressureconcerns about their impact on the environ-
ment made DESs gain particular relevance.
DESs typically result from the right combination between a

hydrogen-bond donor (HBD) and a hydrogen-bond acceptor
(HBA).3−5 The most commonly used HBA is (2-hydroxyethyl)-
trimethylammonium chloride (commonly known as choline
chloride, ChCl) given its nontoxic and biodegradable features
e.g., it is applied as an essential nutrient, which can be extracted
from biomass, and is often regarded as a part of the B-complex
vitamins.6 The quest for obtaining even less-toxic and more
biodegradable DESs promoted the design of low melting eutectic
mixtures using either sugars7,8 or natural organic acids.9,10 More
recently, Choi et al. described the so-called NADESs (natural
DESs)11 containing sugars, natural organic acids and amino acids

as HBDs and ChCl as HBA. NADESs further improved the
environmental sustainability of regular DESs, thus becoming
quite popular in number of applications.12 Nonetheless, high
viscosity is yet a serious drawback that, in many cases, has
limited their ultimate performance.13,14

Originally (and, most likely, for correspondence with ILs),
the common belief was that DESs should be fully dried for
application. Actually, it was determined an upper limit of hydration
above which DESs become regular aqueous solutions of the
individual components.15−18 More recently, mixing water in
controlled amountse.g., below those promoting DES rupture
and within what was so-called the water-in-DES regime19has
been widely accepted as a simple and practical way of altering
DES chemical and thermodynamic properties, with viscosity
and conductivity experiencing the most significant changes
e.g., in an exponential fashion along with water content.
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Recent works using spectroscopic techniquese.g., NMR,
FTIR, fluorescence, Brillouin, or neutron scattering, among
others18,20−25as well as molecular simulations26,27 revealed
how DESs propertiese.g., not only the bulk/macroscopic
properties like viscosity, ionic conductivity and density, but
also the microscopic oneschanged upon water addition.
Actually, it was recently described how water, when added in
stoichiometric amounts, participated in the H-bond complexes
of the original DES as an additional HBD.28,29 Interestingly,
water molecules behaving differently than “free” onesi.e.,
because of their participation as an additional HBDoccurred
within the whole water-in-DES regime as revealed the successive
decrease of the melting point experienced by these dilutions,
being the composition of the mixture with the lowest melting
point that of a new eutectic system formed between water and
the neat DESs.29

While the addition of water to binary, ternary, and even
quaternary DESs has been widely explored, the number of
papers describing eutectic mixtures with water as the only HBD
is scarce, with just some few examples using ILse.g., pyri-
dinium-,30 pyrrolidinium-31 or imidazolium-based32 onesor
salt hydrates33 as HBAs. Unfortunately, this was not a valid
approach to obtain low-viscosity NADESs because, as mentioned
above, neither ILs nor salt hydrates could be considered as
nontoxic and/or biodegradable. Interestingly, binary mixtures
of ChCl and water have recently been described as low-viscosity
electrolytes for supercapacitor cells (with a 1:11 molar ratio).34

Moreover, binary mixtures of ChCl and water with a 1:2 molar
ratio have also been used as a novel green media for organo-
metallic synthesis.35,36 Unfortunately, the lack of a melting
point at the DSC scans avoided the certain assignment of the
eutectic composition of this mixture.
Herein, we aimed to explore the suitability of different

techniques for the uncertain determination of the eutectic
composition of NADES composed of water as the only HBD
and ChCl as the HBA. Thus, we investigated ChCl/H2O solu-
tions with different molar ratios by not only differential scanning
calorimetry (DSC) but also 1H nuclear magnetic resonance
(NMR) and Brillouin spectroscopies. In particular, we stud-
ied the addition of further water to the ChCl/H2O liquid
mixture with a 1:2 molar ratioe.g., ChCl/2H2O. This 1:2
molar ratio was close to the solubility limit of ChCl in H2O at
25 °Ce.g., 1.837and at reduced pressure, it crystallizes in
the form of the dihydrated salt.38,39 Finally, we also applied
NMR and Brillouin spectroscopies to study the eutectic
obtained upon addition of water to ZnCl2·3H2O, as described
elsewhere.33

■ MATERIALS AND METHODS

Choline chloride (ChCl) was purchased from Sigma-Aldrich.
ChCl was dried at 90 °C overnight prior to its use. After drying,
the H2O content was negligible as determined by Karl Fisher
titration using a Titrando 888. ChCl/2H2O was prepared by
addition of 2 mol of deionized water per mole of ChCl. The 1:2
molar ratio of the resulting solution was also confirmed by Karl
Fisher titration. Zinc chloride (ZnCl2) was purchased from
Merk and used as received. ZnCl2·3H2O was obtained by mixing
the anhydrous salt with the appropriate molar ratio of deionized
water.40,41 The 1:3 molar ratio of the resulting solution was
confirmed by Karl Fisher titration. Aqueous dilutions of ChCl/
2H2O (Table S1) and ZnCl2·3H2O were obtained after further
addition of the desired amount of deionized water.

DSC was performed with a TA Instruments Model DSC
Q-100 system, under a nitrogen atmosphere. Samples were
placed onto an aluminum pan in a sealed furnace, cooled to
−90 °C at a scan rate of 5 °C min−1, and stabilized over 10 min
at this temperature before performing two heating-and-cooling
cycles at the same scan rate of 5 °C min−1 (Figure S1). We used
the peaks at the DSC scans to assign the melting points (Tm)
(Table S2).

1H NMR spectra were recorded using a Bruker Avance
DRX500 spectrometer operating at 500 MHz with a 30° pulse,
acquisition time of 3.1719 s, relaxation delay of 1 and 16 scans.
The samples were placed in capillary tubes, using chloroform-D
as the external reference. The peaks were identified and spectra
were processed using the software MestReNova.
Brillouin spectra were recorded using a Sandercock 3 + 3

Pass Tandem Fabry-Peŕot interferometer as Brillouin spec-
trometer and the light source was a DPPS laser working at a
wavelength (λ0) of 532 nm. In this case, the liquid samples
were placed in optical cuvettes (Starna) with 1 mm in optical
path length. Experiments were performed using backscattering
and 90 A scattering geometry simultaneously. The simulta-
neous recording of both scattering geometries required of the
use of a neutral filter for the backscattering component and we
also had to reduce the intensity of the central peak. The
Brillouin peaks were fitted using a Lorentzian function with an
adequate background function. The constraints associated with
this experimental setup made impossible the application of a
typical damped harmonic oscillator model.
The 90 A scattering geometry is independent of the refrac-

tive index (n) and its acoustic wave vector is q90A = [4π sin
(π/4)]/λ0, where λ0 is the wavelength used excitation. The
hypersonic sound propagation velocity (vH) can be obtained
from the relation between the Brillouin frequency shift ( f)
and q90A, and expressed as vH

90A = (2πf)/q90A. Meanwhile, the
acoustic wave vector for backscattering geometries is q180 =
[4πn]/λ0, and hence n-dependent. Thus, the hypersonic velocities
for both geometries are

λ λ= =v
f

v
f

n2
;

2H
90A

90A
0

H
180

180
0

In the absence of acoustic dispersion and for elastic isotropic
media as liquids or glasses, these velocities must be identical
and thus information about the refractive index of the inves-
tigated material can be obtained:

=n
f

f 2

180

90A

The existence of acoustic dispersion typically implies that
vH
90A ≠ vH

180 but it is still formally possible to define the opto-
acoustic dispersion function (D180-function):

= =D
f

f
n
v
v2

180
180

90A
H
180

H
90A

The D180-function is a very sensitive tool in order to assess
the existence of acoustic dispersion, thus deviating from the
expected behavior of the refractive index (n, measured using an
Abbe refractometer from A. Krüss Optronik GmbH). A thorough
description was provided by Krüger et al.42

In nonideal mixtures, the concentration dependence of the
excess adiabatic compressibility (ΔβS, defined as the difference
between the adiabatic compressibility of the real, βS, and the
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ideal, βSi, mixtures) is often represented. The value of the com-
pressibility of the real mixture can be obtained directly from

the Brillouin measurement of vH and the density (ρ, Tables S1
and S2) of the different aqueous dilutions upon the adoption
of the Newton−Laplace equation:

β
ρ

=
v
1

S
H
2

In the case of ideal mixing, when we do not account for any
mixing volume, the adiabatic compressibility of the mixture can
be written as

β β β β= + − X( )Si H O DES H O DES2 2

where βDES is the compressibility of the neat DES (obtained
experimentally from the measurement of vH for ChCl/2H2O
and ZnCl2·3H2O, these are, 2373 and 1716 m s−1, respectively),
βH2O is the compressibility of H2O (obtained experimentally from
the measurement of vH for water, this is 1516 m s−1), and XDES
is the molar fraction of DES in the respective aqueous dilutions
of ChCl/2H2O. Densities, viscosities and ultrasonic velocities

Figure 1. DSC scans of ChCl/2H2O (gray line) and aqueous
dilutions thereof with ChCl/2H2O contents of 88 wt % (red line),
82 wt % (green line), 75 wt % (blue line), 63 wt % (orange line), and
50 wt % (purple line).

Figure 2. Pictures of ChCl/2H2O (a) and aqueous dilutions thereof with ChCl/2H2O contents of 88 wt % (b), 82 wt % (c), 75 wt % (d), 63 wt % (e),
and 50 wt % (f) at −80 °C.
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(vU) were measured in a DSA 5000 M coupled with a LOVIS
2000 ME module from Anton Paar (Tables S3 and S4).

■ RESULTS AND DISCUSSION

The DSC scan of ChCl/2H2O displayed a melting point (Tm)
at ca. 9 °C and a crystallization temperature (Tc) at ca. −57 °C
(Figure 1, Table S2). Next DSC scans displaying Tm and/or
Tc were obtained for aqueous dilutions of ChCl/2H2O with
ChCl/2H2O contents of 75, 63, and 50 wt % (Figure 1, Table S2).
Among them, the aqueous dilution of ChCl/2H2O with a

ChCl/2H2O content of 75 wt % displayed the lowest Tm and
Tce.g., at ca. −53 and −73 °C, respectively (Figure 1, Table S2).
Neither Tm nor Tc were observed in the DSC scans of aqueous
dilutions of ChCl/2H2O with ChCl/2H2O contents of 88 and
82 wt % (Figure 1, Table S2). Actually, these two latter samples
remained in the liquid form at temperatures as low as −80 °C
whereas all the other samples were solid (Figure 2). The lack of
Tm and Tc in DSC scans is quite common in noneasily crys-
tallizable ILs and DESs43 and, in this particular system, avoided
the certain assignment of the eutectic composition.34

Figure 3. 1H NMR spectra of ChCl/2H2O (a) and aqueous dilutions thereof with ChCl/2H2O contents of 97 (b), 88 (c), 83 (d), 80 (e), and
75 wt % (f).
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1H NMR spectroscopy has also demonstrated an excellent
capability to study aqueous dilutions of DESs. For instance,
we have observed that exchange of labile protons of DES
components with D2O is (at least, partially) prevented within
the water-in-DES regime and their full exchange just occurs

upon transitioning to the DES-in-water regime with further
dilution.19,23−25 It is worth noting that full exchange of labile
protons in 1H NMR spectroscopy is a typical feature of regular
dilutions so the DES-in-water regime has been associated with a
simple aqueous solution of the individual components of the
original DES.15,18 The decrease of Tm observed in DES aqueous
dilutions was indicative of the formation of an eutectic, the compo-
sition of which was ascribed to the highest dilution in the water-in-
DES regime right before transitioning to the DES-in-water one.25

In previous works reporting on the ChCl/2H2O case, the
ChCl/2H2O content right before full exchange between the
proton of the hydroxyl group of ChCl occurs was ca. 75 wt %.39

In this work, we performed a similar experiment but adding
D2O instead of H2O. The

1H NMR spectrum of ChCl/2H2O
exhibited one peak at 5.37 corresponding to the proton of the
hydroxyl group of ChCl and another one at 4.41 ppm corre-
sponding to H2O, being the integrals in agreement with the
stoichiometry in which both compounds are combinede.g.,
1H and 4H, respectively (Figure 2a). Upon further dilution
with D2O, the intensity of the peak originally assigned to H2O
and now to HDO experienced a gradual increase at the expenses
of the intensity of the peak assigned to the hydroxyl group
of ChCl. Ultimately, full exchange was accomplished at

Figure 4. Evolution of the chemical shift of the peak assigned to
HDO in the 1H NMR spectra along with ChCl/2H2O content in D2O
dilutions thereof.

Figure 5. 1H NMR spectra of D2O dilutions of ZnCl2·3H2O with ZnCl2·3H2O contents of 100 wt % (a) and 97 wt % (b). Plots of (c) vH
(blue squares) versus ZnCl2·3H2O content and (d) ΔβS (red squares) versus molar fraction of ZnCl2·3H2O.
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ChCl/2H2O contents of ca. 75 wt % (Figure 3). Moreover, the
trend followed by the chemical shifts also experienced a
significant change when, upon dilution, a ChCl/2H2O content
of ca. 75 wt % was reached (Figure 4). Based on these results,
1H NMR spectroscopy indicated a ChCl/2H2O content of ca.
80 wt % as the eutectic composition, this is, slightly above that
exhibiting the lowest melting point at the DSC. Interestingly,
this also happened in aqueous reline solutions where labile
hydroxyl protons of ChCl were not yet fully exchanged with
D2O at DES contents where the DSC scan displayed neither
Tm nor Tce.g., ca. 78−80 wt %.25,29

Brillouin spectroscopy also appeared as a reliable technique
to study nonideal liquid binary mixtures. Brillouin scattering
results from the inelastic interaction between light and thermal
acoustic excitations in dielectric materials. The deviation from
linearity experienced by these interactions at the eutectic com-
position of liquid binary mixtures where water is one of the
main components allowed the certain assignment of the eutectic
in certain cases where data coming DSC or even 1H NMR
spectroscopy were nonconclusive. For instance, the phase
diagram obtained from DSC data of mixtures of poly(ethylene
glycol) of mean molecular mass 400 g mol−1 (PEG400) with
H2O was interrupted before reaching the eutectic point because
the DSC scans of mixtures close to the eutectic composition
displayed neither a Tm nor a Tc. Thus, the eutectic concen-
tratione.g., for a monomer molar fraction of 0.33of this
system had to be obtained upon extrapolation.44,45 The study
of this system by Brillouin spectroscopy revealed how the
concentration dependence of the excess adiabatic compressi-
bilitye.g., ΔβS, obtained from the Brillouin measurement
of vHexhibited a minimum at the monomer molar fraction of
0.33.44 Moreover, the study of a similar systeme.g., PEG600
and waterby Brillouin spectroscopy revealed how vH
deviated from the linear pattern followed by the ultrasound
velocity (vU) in the range of molar fractions below 0.33
whereas they diverged−i.e., becoming the hypersonic velocity
values higher than ultrasound ones−above molar fractions of
0.33.45 Meanwhile, 1H NMR spectroscopy was not useful for
the determination of the eutectic composition in mixtures of
salt hydrates and water. For instance, no physical insights were
obtained from the 1H NMR spectra of mixtures of ZnCl2·
3H2O with D2O as the only exchangeable protons were those
of water and they all appeared together at every range of
dilution (Figure 5a, 5b). Interestingly, vH measured by
Brillouin spectroscopy in the ZnCl2·3H2O system exhibited a
deviation from linearity at the ZnCl2·3H2O content where the
eutectic composition was defined by Marcus33e.g., at ca.
97 wt %thus demonstrating a superior capability than 1H
NMR spectroscopy in this particular case (Figure 5c). More-
over, a minimum in the plot of ΔβS versus the molar fraction of
ZnCl2·3H2O corroborated the nonideal features of this liquid
mixture and the building up of an extended hydrogen bonded
network in which both ZnCl2·3H2O with H2O molecules are
involved (Figure 5d).19,44

The application of Brillouin spectroscopy to the study of
aqueous dilutions of DESs revealed how not only vH but also
the opto-acoustic dispersion functioni.e., D180-function,
equivalent to the n of the liquid mixture in the absence of
acoustic dispersionsdeviated from linearity.25 In the parti-
cular case of the aqueous dilutions of ChCl/2H2O studied in
this work, both vH and D180-function obtained from Brillouin
measurements deviated from their respective analogue linear
parameters, vU and n, at ChCl/2H2O contents of ca. 82 wt %

(Figure 6a, 6b). Meanwhile, the plot of ΔβS versus the molar
fraction of ChCl/2H2O also exhibited a minimum (Figure 6c),
resembling the behavior described above for other systems
including ZnCl2·3H2O aqueous dilutions.19,44

At this stage, we wondered if the aqueous dilution of ChCl/
2H2O with a ChCl/2H2O content of ca. 80 wt % was a DES/
NADES or just a regular eutectic mixture. Differentiation of
one from the other could be achieved considering the eutectic
distance (ΔTme) between the eutectic temperature Tme and the
temperature at the eutectic mole fraction (xe) on the straight
line connecting the Tm of the two components (the HBA and the
HBD).33 Large ΔTme of up to 178 °C have been calculated for a
conventional DES like reline and of just 137 °C for unconventional
DESs formed with aqueous salt hydrates like ice/Mg(ClO4)2·
6H2O.

33 Taking into account that the aqueous dilution of ChCl/
2H2O with a ChCl/2H2O content of ca. 80 wt % remained liquid
at −80 °C, ΔTme was larger than 137 °C. This value was not as
large as that of reline but it was in the range of those exhibited
by unconventional DESs formed by aqueous salt hydrates.33

■ CONCLUSIONS
We have demonstrated Brillouin spectroscopy is a quite useful
technique for determination of the eutectic composition in

Figure 6. Plots of (a) νH (blue squares) and νU (orange circles) and
(b) D180 (blue squares) and n (orange circles) versus ChCl/2H2O
content (in wt %) and (c) ΔβS (red squares) versus molar fraction of
ChCl/2H2O.
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binary mixtures where water is one of the components. 1H NMR
spectroscopy and DSC are obviously useful for this purpose, but
there are cases where these techniques may either fail or need of
tedious processes to succeed. For instance, the use of 1H NMR
spectroscopy is impeded when there is a lack of exchangeable
protons different than that of water in the second component of
the mixturee.g., for salt hydrates like the ZnCl2·3H2O system
studied above. Moreover, in the particular case of ChCl and
water, DSC scans displayed a melting point for ChCl/2H2O
contents of 75 wt % and below whereas neither a Tm nor a Tc
were displayed for ChCl/2H2O contents of 80 wt %, this is, the
ChCl/2H2O content pointed as the eutectic composition by
Brillouin and 1H NMR spectroscopies. Actually, liquid binary
mixtures with ChCl/2H2O contents of 82 and 88 wt % remained
in the liquid form at temperature of ca. −80 °C while liquid
binary mixtures with ChCl/2H2O contents of 75 wt % and
below were solid.
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Cientifícas-CSIC, Instituto de Ciencia de Materiales de Madrid-
ICMM, 28049 Madrid, Spain
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Deep eutectic solvents (DESs) and dilutions thereof are currently gaining increased interest in sustainable pro-
cesses. DES dilutions are particularly interesting in the so-called “solvent-in-DES” regime where the intriguing
features of DESs remain (coming from hydrogen bonding among the components) and some typical drawbacks
(e.g., high viscosity, low electrical conductivity, etc.) are mitigated. Actually, DES dilutions may exhibit excellent
performances (more so than the original neat DESs) in certain applications. Knowing about the tools that allow
predicting (and eventually extending) the dilution range of the “solvent-in-DES” regime is obviously of interest.
With this aim, we herein studied two sets of DES dilutions. In the first set, we used the DES composed of choline
chloride (ChCl) and urea (U) and its dilutions in H2O, methanol (MeOH) and ethanol (EtOH). In the second set,
we studied two DESs composed of ethylene glycol (EG) and either tetraethylammonium bromide (TEABr) or
tetrabutylammoniumbromide (TBABr), and their dilutions inH2O.Data coming fromDSC, 1HNMR spectroscopy,
and Brillouin spectroscopy revealed how the dilution range of the “solvent-in-DES” regime in ChClU dilutions in
H2O, MeOH and EtOH increased in the order H2O < MeOH < EtOH while in aqueous dilutions of TEABrEG and
TBABrEG increased in the order TEABrEG < TBABrEG. Our results suggest that the extension of the dilution
range of the “water-in-DES” regime could be tuned by both the DES components solubility in the different sol-
vents, and the strength and/or number of the hydrogen bonds established betweenDES components and solvent
molecules.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

With society facing lot of environmental problems, enhancing the
sustainability of chemical processes using environmentally-friendly
reagents and solvents is mandatory. Within this context, neoteric sol-
vents, including ionic liquids (ILs) [1] and deep eutectic solvents
(DESs) [2], have lately attracted great attention. ILs have exhibited ex-
ceptional properties such as low flammability, stability against air and
moisture, excellent solvation potential, chemical and thermal stability,
high heat capacity, density and conductivity, and low vapour pressure.
However, recent concerns about their environmental impact and biode-
gradability [3,4] caused a significant increase in the use of DESs.

DESs are typically prepared upon the mixing of a hydrogen-bond
donor (HBD) and a hydrogen-bond acceptor (HBA) [5–7]. Low melting
eutectic mixtures using either sugars [8,9] or natural organic acids
[10,11] have also been recently described aiming to obtain even less-
toxic and more biodegradable eutectic solvents. Within this context,
Choi et al. reported on the so-called NADESs (natural DESs) [12] with
sugars, natural organic acids and amino acids playing the role of HBDs
and (typically) choline chloride (ChCl) as the HBA. NADESs became
te), mcgutierrez@icmm.csic.es
widely used in the field of green chemistry and sustainable processes
[13] albeit their high viscosity is yet limiting their performance in real
applications [14,15].

The original aim was using DESs in their neat form, without water
and any other co-solvent. Actually, for individual DES components solu-
ble in water, several works described the water content above which
H-bonds (HBs) between DES components get weak enough to become
a regular aqueous solution [ 16–19]. More recently, attention was paid
to the dilution range where HBs between DES components are yet pre-
served, this is, the “water-in-DES” regime [20]. Interestingly, most of the
intriguing features of DESs remain while some typical drawbacks are
mitigated in this dilutions range. For instance, the most widely investi-
gated DES composed of ChCl and urea (U) with a 1:2 molar ratio
(e.g., reline or ChClU) experienced significant variations in viscosity
and electrical conductivity after addition of certain amounts of water
(e.g., within the “water-in-DES” regime) [17,21].

Many works have focused on the study of the “water-in-DES” re-
gime, using spectroscopic techniques (e.g., NMR, FTIR, fluorescence,
Brillouin, or neutron scattering, among others [20,22–27]) as well as
molecular simulations [28,29]. The conclusions arising from many of
these works revealed that water molecules behave differently than
“free” ones because of their participation as an additional HBD in the
HB complexes of the original DES [30,31]. This view of the solvent mol-
ecules as additional HBDs was recently extended to another DES

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2021.115573&domain=pdf
https://doi.org/10.1016/j.molliq.2021.115573
mailto:delmonte@icmm.csic.es
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http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/molliq
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dilution where water was replaced by an organic solvent with HB capa-
bilities (e.g., benzyl alcohol, BA) [32].

Besides the obvious alternatives that working in a “solvent-in-DES”
regime offered as compared to a “water-in-DES” one (e.g., when re-
agents and/or by-products are non-soluble, non-miscible or unstable
in water [33–37], when water is a by-product and its presence alters
the reaction kinetics [38–42], or when the process requires of high tem-
peratures and/or solvothermal conditions [43–45]), the “solvent-in-
DES” regime expanded to lower DES contents than the “water-in-DES”
one (e.g., from DES contents of ca. 78–80 wt% in aqueous dilutions to
ca. 33–40 wt% in BA dilutions) [31,32]. This extended range of dilution
Fig. 1. Plots of excess volume (VE, left column) and excess viscosity (lnηE, right column) versus C
and EtOH (e, f, green symbols).

2

could be ascribed to (1) the strength of HBs between solvent molecules
and DES components and/or (2) the solubility of the individual DES
components in the respective solvents.

Herein, we aim to extend the dilution range where the “solvent-in-
DES” regime exists. For this purpose, we first studied dilutions of
ChClU in three different solvents such as H2O, methanol (MeOH) and
ethanol (EtOH) in which ChCl and U solubility changes (ca. 3800 [46],
480 and 28 [47] g L−1 at 25 °C for ChCl in H2O, MeOH and EtOH; 1079,
166 and 50 g L−1 at 20 °C for U in H2O, MeOH and EtOH) [48]. We
also studied a second set of DESs composed of ethylene glycol (EG) as
the HBD and either tetraethylammonium bromide (TEABr) or
hClUmolar fraction for dilutions in H2O (a, b, blue symbols), MeOH (c, d, orange symbols)
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tetrabutylammonium bromide (TBABr) as the HBAs (e.g., TEABrEG and
TBABrEGwith a 1:2 molar ratio in both cases). These twoHBAswere se-
lected because of their different solubility in H2O (e.g., 2795 g L−1 for
TEABr [49] and 600 g L−1 for TBABr [50] at, respectively, 25 and
20 °C). Excess of molar volume and excess of viscosity were calculated
from the experimentalmeasurements of density and viscosity of the dif-
ferent mixtures. Moreover, DESs solutions were studied by differential
scanning calorimetry (DSC) and by 1H nuclear magnetic resonance
(NMR) and Brillouin spectroscopies. As described elsewhere, this com-
bination of techniques allows the uncertain determination of the dilu-
tion range of the both the “water-in-DES” and the “solvent-in-DES”
regimes as well as the identification of any new eutectic mixture even-
tually obtained upon solvent addition.

2. Materials and methods

Choline Chloride (ChCl), tetraethylammonium bromide (TEABr),
tetrabutylammoniumbromide (TBABr), ethylene glycol (EG),were pur-
chased from Sigma-Aldrich. Urea (U) was purchased fromMerck. Abso-
lute methanol (MeOH) and ethanol (EtOH) were supplied by Scharlab.
Water was deionized and distilled. D2O, MeOD, EtOD-d1 and EtOD-d6
were also purchased from Sigma-Aldrich. Deuterated chloroform
(CDCl3) was purchased from Tracer tecnologías analíticas. All the re-
agents were used as received except ChCl that was dried at 90 °C over-
night prior to its use. After drying, the H2O content was negligible as
determined by Karl Fisher titration using a Titrando 888. ChCl solubility
inMeOHwas determined after preparation of a saturated solution. Neat
Fig. 2. Plots of excess volume (VE, left column) and excess viscosity (lnηE, right column) vers
dilutions in H2O.

3

DESs were obtained by physical mixing of the individual components
(e.g., ChCl and U for ChClU, TEABr and EG for TEABrEG, and TBABr and
EG for TBABrEG) in themolar ratio 1:2 and posterior thermal treatment
at 90 °C. Dilutions in H2O,MeOH and EtOHwere obtained after addition
of the desired amount of solvent (Tables S1-S5).

The density (ρ) and ultrasonic velocity (vU) were measured at 25 °C
and at 0.1MPa by the Anton Paar DMA5000 densitometer. The temper-
ature uncertaintywas 0.02 °C. Considering the sample purity (w ≥ 0.99),
the relative standard uncertainty of densities was estimated to be ur
(ρ) ≈ 0.001 (0.95 level of confidence). Automatic bubble detection in-
side the densitymeter ensured that no bubbles exist in the U-tubemea-
suring cell during the experiment. The uncertainty of vU measurements
was better ±1.0 m s−1. Before measurements, the measuring tube was
cleaned with ultrapure water, rinsed with isopropyl alcohol, and then
dried under air flow. Measurements were repeated three times, and av-
eraged values were reported.

The measurements of viscosity (η) were carried out at 25 °C and at
0.1 MPa using the Anton Paar Lovis 2000 ME viscosity meter, where
the falling ball automated technique was applied. The viscosity of the
samplewasmeasured by combining the ball with a capillary of different
diameters (1.59, 1.8, and 2.5 mm) and calibrated with the standard liq-
uid (N7.5, N26, and N100 viscosity oils). The temperature uncertainty
was 0.02 °C. The overall relative expanded uncertainty of the viscosity
measurements was estimated to be within Ur(η) = 0.015 (0.95 level
of confidence). Measurementswere repeated three times, and averaged
values were reported. Densities (ρ), viscosities (η) and ultrasonic veloc-
ities (vU) are depicted in Tables S6-S10.
us DES molar fraction for TEABrEG (a, b, red symbols) and TBABrEG (c, d, blue symbols)



Fig. 3.DSC scans of ChClU (black line) and (a) aqueous dilutions thereofwith DES contents
of 90wt% (red line), 80wt% (green line), 70wt% (blue line), 60wt% (light blue line), 40wt
% (pink line), and 10 wt% (orange line); (b) MeOH dilutions thereof with DES contents of
85 wt% (red line), 80 wt% (green line), 75 wt% (blue line), 65 wt% (pink line), 60 wt%
(orange line), 50 wt% (dark green line), and 30 wt% (violet line); and (c) EtOH dilutions
thereof with DES contents of 80 wt% (red line), 60 wt% (green line), 50 wt% (blue line),
45 wt% (light blue line), 40 wt% (pink line), 35 wt% (orange line), 30 wt% (dark green
line) and 20 wt% (violet line).
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DSC scans were performed in a TA Instruments Model DSC Q-100
system, under a nitrogen atmosphere. Sampleswere placed onto an alu-
minum pan in a sealed furnace, cooled to −90 °C at a scan rate of
5 °C min−1, and stabilized over 10 min at this temperature before
performing two heating-and-cooling cycles at the same scan rate of
5 °C min−1. We used the peaks at the DSC scans to assign the melting
points (Tm).

1H NMR spectra were recorded using a Bruker Avance DRX500 spec-
trometer operating at 500 MHz with a 30° pulse, acquisition time of
3.1719 s, relaxation delay of 1 s and 16 scans. In these cases, dilutions
were prepared in the respective deuterated solvents (e.g., D2O, MeOD,
EtOD-d1 and EtOD-d6). Samples were stored over different times and
temperatures (e.g., 12 h at 20 °C, and 12 h, 36 h and 120 h at 55 °C) to
favour intimate homogeneization before placing the mixtures into the
capillary tubes. Capillaries were placed inside 5 mm NMR glass tubes
containing CDCl3 as the external reference. The peaks were identified
and spectra were processed using the software MestReNova.

Brillouin spectra were recorded using a Sandercock 3 + 3 Pass
Tandem Fabry-Pérot interferometer as Brillouin spectrometer and a
DPPS laser working at a wavelength (λ0) of 532 nm as the light
source. In this case, the liquid samples were placed in optical cu-
vettes (Starna) with 1 mm in optical path length. Experiments
were performed using Backscattering and 90A scattering geometry
simultaneously. The simultaneous recording of both scattering ge-
ometries required the use of a neutral filter for the Backscattering
component. We also reduced the intensity of the central peak. The
Brillouin peaks were fitted using a Lorentzian function with an ade-
quate background function. The constraints associated with this ex-
perimental set-up made impossible the application of a typical
damped harmonic oscillator model.

The 90 A scattering geometry is independent of the refractive index
(n) and its acoustic wave vector is q90A = [4πsin (π/4)]/λ0, where λ0 is
the wavelength used excitation. The hypersonic sound propagation
velocity (vH) can be obtained from the relation between the Brillouin
frequency shift (f) and q90A, and expressed as v90AH = (2πf)/q90A. Mean-
while, the acoustic wave vector for Backscattering geometries is q180 =
[4πn]/λ0, and hence n-dependent. Thus, the hypersonic velocities for
both geometries are:

v90AH ¼ f90Aλ0
ffiffiffi

2
p ;v180H ¼ f180 λ0

2n

In the absence of acoustic dispersion and for elastic isotropic media
as liquids or glasses, these velocitiesmust be identical and thus informa-
tion about the refractive index of the investigated material can be ob-
tained:

n ¼ f180

f90A
ffiffiffi

2
p

The existence of acoustic dispersion typically implies that v90AH ≠v180H

but it is still formally possible to define the optoacoustic dispersion
function (D180-function):

D180 ¼ f180

f90A
ffiffiffi

2
p ¼ n

v180H

v90AH

The D180-function is a very sensitive tool in order to assess the exis-
tence of acoustic dispersion, thus deviating from the expected behav-
iour of the refractive index (n, measured using an Abbe refractometer
4
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from A. Krüss Optronik GmbH). A thorough description on scattering
geometries was provided by Krüger et al. [51]
Fig. 4.DSC scans of (a) TEABrEG (purple line) and aqueous dilutions thereof with TEABrEG
contents of 80wt% (black line), 70 wt% (red line), 65 wt% (green line), 60 wt% (blue line),
55 wt% (light blue line), 50 wt% (pink line), and 35 wt% (orange line) and (b) TBABrEG
(purple line) and aqueous dilutions thereof with TBABrEG contents of 70 wt% (black
line), 60 wt% (red line), 55 wt% (green line), 50 wt% (blue line), 45 wt% (light blue line),
40 wt% (pink line), and 30 wt% (orange line).
3. Results and discussion

Many recentworks have described the non-ideal behaviour of liquid
binary mixtures of DESs with different solvents [20,25–27,52–54]. As a
general rule for any liquid binary mixture, non-ideality is reflected in
the discrepancy between experimental data found for extensivemacro-
scopic quantities (e.g., volume, enthalpy or internal energy) and data
obtained from the sum of the corresponding quantities of the individual
components. For instance, densities of ideal mixtures (e.g., urea in H2O
[55], or benzene in carbon tetrachloride, CCl4 [56]) evolve linearly
with themole, mass and volume fractions so densities can be estimated
from the densities of the pure components of the mixture and the re-
spective molar/mass/volume fractions in which they are combined
(e.g., ρid= Σχiρi, whereχi and ρi are themolar fraction and the density
of component i). In non-ideal mixtures, densities do not evolve linearly
withmole fractions (e.g., different alcohols in CCl4 [57], ChCl inH2O [58],
DES of ChCl and glycerol inH2O [59], or EtOH inH2O [55], amongothers)
and the nearest estimations can be obtained using different equivalent
expressions (for instance, ρid = Σ ϕiρi in Fig. S1, where ϕi and ρi are,
respectively, the volume fraction and the density of component i; or
ρid=ΣχiMi/ΣχiVi

0 in Fig. S2,whereMi and Vi
0 are, respectively, themo-

lecular weight and the molar volume of component i). Anyway, the
non-ideality of liquid binary mixtures determines that real densities
(ρ) still deviate from these ideal ones (ρid). This was actually the case
of theDESs dilutions studied in thiswork (see, for instance, themixtures
of ChClU in H2O in Fig. S2).

The volumetric properties of non-ideal mixtures are typically calcu-
lated in terms of volume changes (e.g.,ΔVM=ΣχiMi/ρ−ΣχiVi

0)[57] or
excess molar volume (e.g., VE = Σ χiMi/ρ − Σ χiMi/ρi) [21,60–64].
Actually, these equations have been widely used in the study of
ChClU dilutions in H2O, MeOH and EtOH [21,60–62]. In these works,
ChClU was assumed as a binary compound so its molecular weight
(M1 = 86.58 g mol−1) was calculated with the equation M1 =
χChClMChCl + χureaMurea and using the molar ratio in which the individ-
ual components are combined (e.g., χChCl = 1/3 and χurea = 2/3). The
excess molar volumes found in these previous works for H2O, MeOH
and EtOH dilutions of ChClU were negative in the whole range of com-
positions. For solvents with HB capabilities, negative excess molar vol-
umes have been ascribed to (1) interstitial accommodation of solvent
molecules within the HB complex structure of DES (i.e., the more nega-
tive the excess molar volume, themore efficient the bonding of the sol-
vent into the original DES complex) and/or (2) favourable packing of
one of the mixture components in the cavities formed by the other
[21,60–62]. Theseworks revealed hownon-ideality of excessmolar vol-
umes increased in the order H2O < MeOH ≤ EtOH.

We also calculated the excess molar volumes for H2O, MeOH and
EtOH dilutions of ChClU but considering ChClU as a single component
soM1 = 259.74 g mol−1 [21,64]. Considering ChClU as either a binary
compound with M⁎

ChClU = 86.58 g mol−1 or a single compound with
MChClU = 259.74 g mol−1 was totally irrelevant as demonstrated the
good agreement between the ρid of not only ChClU in H2O but also the
other DES dilutions studied in this work (Figs. S3 and S4). In our case,
the negative deviation from ideal solutions of excess molar volumes
also followed the above-described trend (e.g., H2O < MeOH ≤ EtOH,
see Fig. 1). Previous works reported on the inconsistency of this behav-
iour with the occurrence of packing effects as the main cause of system
contraction if one considers themolar volumes of the different solvents
(e.g., H2O<MeOH<EtOH) [64]. Thus, rather than packing effects, those
works found more plausible the formation of densely-packed HB net-
works by incorporation of solvent molecules into the HB complexes
characteristic of DESs [21,62,64]. This was actually in agreement
with neutron scattering studies of aqueous dilutions of ChClU and
5

ChClU-derived ternary DESs [19,31] (as well as with the positive devia-
tions of viscosity described below). In our case, we also studied the
molar fractions (χChClU) at which the excess molar volumes of H2O,
MeOH and EtOH dilutions of ChClU reached the minimum
(χChClU ≈ 0.17, 0.33 and 0.41, respectively, Fig. 1). The calculation of
the excessmolar volumes of aqueous dilutions of TEABrEGand TBABrEG
was also performed considering themas single components, soMTEABrEG

was 334,30 gmol−1 andMTEABrEG was 446,51 gmol−1. The negative de-
viation from ideality found in the excess molar volumes of both dilu-
tions also suggested the incorporation of solvent molecules into the
HB complexes characteristic of DESs. Deviation was slightly larger for
TEABrEG than for TBABrEG, and the χDES at which the new densely-
packed HB complexes were formed were 0.33 and 0.14, respectively
(Fig. 2).

Ideality with respect to viscosity was found in neither ChClU dilu-
tions in H2O, MeOH and EtOH, nor TEABrEG and TBABrEG dilutions in
H2O. The excess of viscosity was obtained from lnηE = ln η− Σ χi ln ηi,
where χi and ηi are the molar fraction and viscosity of the respective
neat components, and η is the viscosity measured experimentally for
every component or mixture of components. We found positive



Fig. 5. Phase diagrams representing the Tm obtained from DSC scans for (a) ChClU
dilutions in H2O (blue squares), MeOH (red diamonds) and EtOH (orange and yellow
circles), and (b) TEABrEG (purple triangles) and TBABrEG (green and green/ gray
circles) dilutions in H2O. Arrows point to the composition with the lowest Tm.
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deviations of viscosity in all the dilutions studied in this work (Figs. 1
and 2) in agreement with previous studies on different DESs dilutions
such as ChClU in H2O, ChClU in DMSO or glyceline (a DES composed of
ChCl and glycerol in a 1:2 molar ratio) in H2O [21,64,65]. It isworth not-
ing that we had to consider ChClU as a single component (e.g.,MChClU=
259.74 g mol−1) and thus, use the corresponding χChClU to obtain posi-
tive deviations of viscosity, as reported elsewhere [21]. Interestingly,
negative deviations of viscosity had been previously reported for
ChClU dilutions in H2O when ChClU was considered as a binary com-
pound [21,60]. Actually, we also obtained negative deviations in ChClU
dilutions in H2O when consideringM*ChClU = 86.58 g mol−1 (note that
χ*ChClU ≠ χChClU, see Table S1 and Fig. S5). Since positive deviations
from ideal viscosities have been typically observed in systems whose
components form strong and/or numerous HBs (and this is the case for
DESs dilutions in both H2O and organic solvents with HB capabilities
[30,32], includingaqueousdilutionsof ChClUandChClU-derived ternary
DESs [19,31]), these results suggested that, to obtain unambiguous
results from this sort of calculations [21,64], ChClU should be better con-
sidered as a single compound rather than as a binary one. Interestingly,
ChClUdilutionsinMeOHandEtOHalsoexhibitedthisbehaviourwhereas
TEABrEG and TBABrEGdilutions inH2Odid not (Figs. S5 and S6). Further
work is currently under progress to discern if every DES should be con-
sidered as a single or as a binary compound.

As described in previousworks, DSC is a calorimetric technique quite
useful to study the formation of new HB complexes in DES dilutions
with different DES contents. For analogy with those previous works,
the DES contents were expressed as weight percentages (wt%, see
Table S1 for correspondence between wt% and molar fractions). Before
dilution, the DSC scan of ChClU displayed a melting point (Tm) at ca.
23 °C and a glass transition temperature (Tg) at ca. –70 °C (Fig. 3a). Inter-
estingly, all the ChClU/H2O liquid binary mixtures depicted in Fig. 3 ex-
hibited Tm at lower temperatures than those of neat ChClU and H2O,
thus suggesting the formation of a new eutecticmixturewith significant
water contents.

Melting points at lower temperatures than those of neat ChClUwere
also observed in ChClU/MeOH liquid binary mixtures (Fig. 3b). Despite
the lack of a Tm in some of the dilutions (e.g., for DES contents of 75
and 65 wt%), the composition with the lowest Tm could be assigned to
the dilution with DES content of 50 wt% (e.g, the Tm experienced a con-
tinuous decrease from DES contents of 80 to 50 wt%). Finally, all the
ChClU/EtOH liquid binary mixtures exhibited (at least) a Tm in their re-
spective scans, being the lowest that of the dilution with a DES content
of 35wt% (Fig. 3c). It isworth noting that Tmof ChClU/MeOH andChClU/
EtOH liquid binary mixtures were lower than those of neat ChClU
but not than those of MeOH and EtOH (e.g.,−97.6 and − 114.5 °C, re-
spectively) so, opposite to ChClU/H2O liquid binary mixtures, the mix-
tures with the lowest Tm should not be considered eutectic ones.

Meanwhile, theDSC scan of TEABrEG displayed a Tm at ca. –23 °C and
a crystallization temperature (Tc) at ca. –65 °C whereas neither a Tm nor
a Tc was observed in the DSC scan of TBABrEG (Fig. 4). A Tm was also
missed in the DSC scans of dilutions with TEABrEG contents of 80, 70
and65wt%, avoiding the certain assignment of the eutectic composition
in aqueous dilutions of TEABrEG (Fig. 4a). The lack of Tm is a common
feature in non-easily crystallisable ILs and DESs that limits the perfor-
mance of DSC to fully characterize this sort ofmixtures [66]. Fortunately,
thepresence of a Tmat ca. –25 °C in theDSC scan of the TBABrEGdilution
with DES content of 40 wt% pointed to this composition as the eutectic
one of this system (Fig. 4b). Thermograms comprising two heating-and-
cooling cycles performed at the same scan rate of 5 °C min−1 revealed
the consistency of all the above-described thermal phenomena
(Figs. S7-S12).

The above results revealed how the certain determination of the eu-
tectic composition is difficult in mixtures displaying no Tm in the DSC
scans (see, for instance, TEABrEG in H2O in Figs. 4a and 5b). This prob-
lem could be circumvented using different heating rates (e.g., 1, 2.5
and 5 °C min−1) and extrapolating to 0 °C min−1 heating rate so to
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obtain an accurate value of Tm and thus determine the eutectic compo-
sition. Unfortunately, this is a time-consuming process that indeed re-
quires an exhaustive use of the DSC equipment. Moreover, the
compositional diversity of dilutions with solvent molecules playing in-
distinctly the role of HBA or HBD produces DSC scans with more than
one single melting and, hence, difficult to interpret. This was actually
the case of ChClU in EtOH (see orange and yellow circles in Fig. 5a) or
TBABrEG in H2O (see green and green/gray circles in Fig. 5b).

As an alternative to the use of DSC for those scientists who are not
experts in calorimetry (and/or with limited access to DSC facilities),
our group has lately described the suitability of the combined use of
1H NMR and Brillouin spectroscopies to gain some knowledge about
the dilution ranges corresponding to either the “water-in-DES” or the
“DES-in-water” regimes, and the dilution for transitioning from one to
the other that is typically assigned to the eutectic composition
[20,25–27,46]. For instance, full exchange of labile protons in 1H NMR
spectroscopy is a typical feature of regular dilutions (not only DES dilu-
tions). Thus, the occurrence of full exchange in D2O dilutions of DES
components could eventually been used to determine the dilution
range for transitioning from the water-in-DES regime (where HBs be-
tween DES components are yet preserved) to the DES-in-water one
(where the system becomes a simple aqueous solution of the individual
components of the original DES) [26,27,46].

Full exchange (e.g., full vanishing of the OH signal) of ChClU in D2O
dilutions was observed for DES contents of ca. 75 wt% (Fig. 6a,
Fig. S13), in agreement with that at which the ChClU/H2O liquid binary
mixtures exhibited the lowest Tm in DSC scans (ca. 70 wt%, Fig. 5a) and
also with results previously published [27,31,67]. In this work where
ChClUwas also dissolved inMeOD and EtOD-d1/EtOD-d6, exchange be-
tween the proton of OH group of ChCl and the deuteriumof OD group of
either MeOD or EtOD resulted in the progressive decrease of the signal
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intensity ascribed to the OH group along with the increase of the signal
intensity ascribed to the OH/OD group appearing with exchange in
MeOD/MeOH and EtOD/EtOH mixtures (Figs. S14-S16). Full exchange
in MeOD and EtOD-d6/EtOD-d1 solutions occurred for DES contents of
ca. 60 and 40 wt%, respectively (Fig. 6b-6c, Fig. S14, S17), basically in
agreement with those at which the ChClU/MeOH and ChClU/EtOH
Fig. 6. 1HNMR spectra of reline dilutions in (a) D2O, (b)MeODand (c) EtOD-6. . The ChClU
contents for full proton exchange were 75, 60 and 40 wt%, respectively. Before spectra
acquisition at 25 °C, ChClU samples diluted in D2O and MeOD were stored 12 h at 20 °C
while samples diluted in EtOD-d6 were stored 120 h at 55 °C.
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liquid binary mixtures exhibited the lowest Tm in DSC scans (ca. 50
and 35 wt%, Fig. 5a). Interestingly, full exchange in both EtOD-d1 and
EtOD-d6 solutions only occurred at DES contents of 40 wt% when spec-
tra were acquired after storing ChClU/EtOD-d6 and ChClU/EtOD-d1 liq-
uid binary mixtures in conditions promoting homogeneization
(e.g., longer times and/or higher temperatures). Otherwise, dilutions
in both EtOD-d1 and EtOD-d6 exhibited full exchange for DES contents
lower than 25 wt% (Fig. 6c, Figs. S15, S16), well below that at which the
ChClU/EtOH liquid binary mixtures exhibited the lowest Tm in DSC
scans (ca. 35 wt%, Fig. 5a). These results revealed how the extend of
exchange was strongly dependent on the state of thermodynamic
equilibrium.

In D2O dilutions of TEABrEG and TBABrEG, none of the ammonium
salts acting asHBAs (e.g., neither TEABr nor TBABr) exhibited exchange-
able protons but EG did. Full exchange of exchangeable protons of EG
occurred in aqueous dilutions of TEABrEG and TBABrEG at DES contents
of ca. 55 and 40wt%, respectively (Fig. 7, Fig. S18-S20), basically in agre-
ement with the wt% where the lowest Tm appeared in the DSC scans
depicted in Fig. 5. As described above for ChClU/EtOD-d1 liquid binary
mixtures, this agreement between 1H NMR and DSC experiments in
TEABrEG dilutions was only observed when dilutions were stored in
conditions promoting homogeneization before 1HNMR spectra acquisi-
tion (Fig. S18, S20). Meanwhile, homogeneization in TBABrEG dilutions
seemed to occur more easily (Fig. S19).

Finally, Brillouin spectroscopy has also been awidely used technique
to study non-ideal liquid binary mixtures [68,69]. Brillouin scattering
Fig. 7. 1HNMR spectra of (a) TEABrEG and (b) TBABrEGdilutions inD2O. The TEABrEG and
TBABrEG contents for full proton exchange were 55 and 40 wt%, respectively. Before
spectra acquisition at 25 °C, TEABrEG samples were stored 120 h at 55 °C and TBABrEG
samples were stored 12 h at 20 °C.
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results from the inelastic interaction between light and thermal acoustic
excitations in dielectric materials. The application of Brillouin spectros-
copy for the determination of the eutectic composition is particularly in-
teresting in liquid binarymixtures displaying neither a Tm nor a Tc in the
DSC scans [70,71]. In these cases, both the hypersonic velocity (vH) and
the opto-acoustic dispersion function (D180-function) obtained from
Brillouin spectroscopy deviated from their respective analogue linear
Fig. 8. Plots of (a, c, e) vH (blue squares) and vU (red squares), and (b, d, f) D180 (blue squares
(a, b), MeOH (c, d) and EtOH (e, f). Lines are just a guide for the eye.
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parameters, the ultrasound velocity (vU) and the refractive index
(n) [20,26,46]. In the particular case of ChClU dilutions, deviations be-
tween vH and vU, and between D180-function and n were respectively
observed at ca. 80 and 75 wt% in H2O, 60 and 58 wt% in MeOH and 43
and 40 wt% in EtOH (Fig. 8). Meanwhile, deviations between vH and
vU, and between D180-function and n in aqueous dilutions of TEABrEG
and TBABrEG were respectively observed at ca. 60 and 40 wt% (Fig. 9).
) and n (red squares) versus DES content (in wt%), for ChClU and dilutions thereof in H2O



Fig. 9. Plots of (a, b) vH (blue squares) and vU (red squares), and (c, d)D180 (blue squares) andn (red squares) versusDES content (inwt%), for TEABrEG (a, c) and TBABrEG (b, d), and their
respective aqueous dilutions. Lines are just a guide for the eye.
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It is worth noting how vU (regarded above as a linear parameter) also
deviated from linearity in mixtures of ChClU in MeOH and EtOH, as
well as of TEABrEG and TBABrEG in H2O (Figs. 8c, e, 9a, and b). This be-
haviour has been observed in liquid binary mixtures of EtOH/H2O [68]
and revealed the strongnon-linear features of these particularmixtures.

Looked at overall, Brillouin spectroscopy appears as themost reliable
technique among those described above to determine the dilution
range of the “solvent-in-DES” regime in liquid binary mixtures of DESs
and different solvents. Nonetheless, data of excess of viscosity was
quite useful to confirm that the extension of this dilution range depends
on the strength of HBs formed between solvent molecules and DES
components. Moreover, our results revealed that this extension corre-
lated well with the DES components solubility in the different solvents
(i.e., the lower the solubility, the larger the extension). Based on this,
one could hypothesize about looking at the DES components solubility
in the different solvents and/or the number of HBs established between
DES components and solventmolecules to anticipatewhat systemsmay
provide the more extended dilution range of the “solvent-in-DES”
regime.

4. Conclusions

We have studied the dilution range of the “solvent-in-DES” regime
for ChClU in H2O, MeOH and EtOH, and for TEABrEG and TBABrEG in
9

H2O. Brillouin spectroscopy has been proved as the most reliable tech-
nique for determination of the dilution range of the “solvent-in-DES”
regime in liquid binary mixtures of DESs and different solvents.
Thus, the “solvent-in-DES” regime was preserved for DESs contents
of ca. 80, 60 and 40 wt% in, respectively, ChClU dilutions in H2O,
MeOH and EtOH, and of ca. 60 and 40 wt% in, respectively, TEABrEG
and TBABrEG dilutions in H2O. Neither 1H NMR spectroscopy nor
DSC provided fully conclusive results but they were indeed useful to
corroborate Brillouin results. While previous works dealing with neu-
tron scattering experiments and molecular dynamics simulations have
revealed the formation of new eutectic mixtures upon the incorpora-
tion of solvent molecules into the HB complex structure of the original
DESs, the determination of excess of molar volume and excess of vis-
cosity of the different dilutions used in this work was also quite useful.
Thus, data of excess of molar volume also confirmed the formation of
HB complex structures between DES components and solvent mole-
cules. Moreover, data of excess of viscosity not only confirmed the in-
corporation of solvent molecules into the HB complex structures of
DESs but also indicated the strength and/or the number of the new
HBs established between DES components and solvent molecules. In
particular, the excess of viscosity in ChClU dilutions in H2O, MeOH
and EtOH increased in the order H2O < MeOH ≈ EtOH while in
aqueous dilutions of TEABrEG and TBABrEG increased in the order
TEABrEG < TBABrEG. Based on this, the strength of HBs formed
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between solvent molecules and DES components in the new HB com-
plex structure formed by incorporation of solvent molecules into the
original HB structure of DESs indeed play a critical role in the exten-
sion of the dilution range of the “solvent-in-DES” regime. It is worth
noting this order is in agreement with the decrease of DES compo-
nents solubility in the different solvents. Thus, the solubility of the in-
dividual DES components in the respective solvents as well as the
strength and/or number of the HBs established between DES compo-
nents and solvent molecules could be used to anticipate what system
may provide the more extended dilution range of the “solvent-in-DES”
regime. In any case, it is worth noting that this study included a lim-
ited number of samples among the large variety of DESs and liquid bi-
nary mixtures thereof that may result in a depression of the melting
point. Further work aiming to corroborate the general nature of
these conclusions is currently under progress.

CRediT authorship contribution statement

Huan Zhang: Investigation, Methodology, Writing - review &
editing.M. Luisa Ferrer: Supervision,Writing - review & editing. Rafael
J. Jiménez-Riobóo: Investigation, Methodology. Francisco del Monte:
Supervision, Conceptualization, Writing - original draft, Writing - re-
view & editing. María C. Gutiérrez: Supervision, Investigation, Writing
- original draft, Writing - review & editing.

Declaration of Competing Interest

The authors declare no competing financial interest.

Acknowledgements

This work was supported by MINECO/FEDER (Project Numbers
RTI2018-097728-B-I00 and RTI2018-096918-B-C41). H. Zhang ac-
knowledges the Chinese Scholarship Council for a PhD research fel-
lowship (CSC No. 201706460015). The Servicio Interdepartamental
de Investigación (SIdI) of the Universidad Autónoma de Madrid is
acknowledged for helpful assistance with NMR and DSC studies.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molliq.2021.115573.

References

[1] T. Welton, Room-temperature ionic liquids. Solvents for synthesis and catalysis,
Chem. Rev. 99 (1999) 2071–2083.

[2] A.P. Abbott, G. Capper, D.L. Davies, R.K. Rasheed, V. Tambyrajah, Novel solvent prop-
erties of choline chloride/urea mixtures, Chem. Commun. (2003) 70–71.

[3] D. Coleman, N. Gathergood, Biodegradation studies of ionic liquids, Chem. Soc. Rev.
39 (2010) 600–637.

[4] M. Petkovic, K.R. Seddon, L.P.N. Rebelo, C.S. Pereira, Ionic liquids: a pathway to envi-
ronmental acceptability, Chem. Soc. Rev. 40 (2011) 1383–1403.

[5] C. Florindo, F. Lima, B.D. Ribeiro, I.M. Marrucho, Deep eutectic solvents: overcoming
21st century challenges, Curr. Opin. Green Sustain. Chem. 18 (2019) 31–36.

[6] D.A. Alonso, A. Baeza, R. Chinchilla, G. Guillena, I.M. Pastor, D.J. Ramón, Deep eutectic
solvents: the organic reaction medium of the century, Eur. J. Org. Chem. 4 (2016)
612–632.

[7] J.D. Mota-Morales, R.J. Sánchez-Leija, A. Carranza, J.A. Pojman, F. del Monte, G. Luna-
Bárcenas, Free-radical polymerizations of and in deep eutectic solvents: green syn-
thesis of functional materials, Prog. Polym. Sci. 78 (2018) 139–153.

[8] G. Imperato, E. Eibler, J. Niedermaier, B. König, Low-melting sugar-urea-salt mix-
tures as solvents for Diels-Alder reactions, Chem. Commun. 9 (2005) 1170–1172.

[9] F. Ilgen, D. Ott, D. Kralisch, C. Reil, A. Palmberger, B. König, Conversion of carbohy-
drates into 5-hydroxymethylfurfural in highly concentrated low melting mixtures,
Green Chem. 11 (2009) 1948–1954.

[10] M. Francisco, A. van den Bruinhorst, M.C. Kroon, New natural and renewable low
transition temperature mixtures (LTTMs): screening as solvents for lignocellulosic
biomass processing, Green Chem. 14 (2012) 2153–2157.

[11] M. Francisco, A. van den Bruinhorst, M.C. Kroon, Low-transition-temperature mix-
tures (LTTMs): a new generation of designer solvents, Angew. Chem. 52 (2013)
3074–3085.
10
[12] Y.H. Choi, J. van Spronsen, Y. Dai, M. Verberne, F. Hollmann, I.W.C.E. Arends, G.J.
Witkamp, R. Verpoorte, Are natural deep eutectic solvents the missing link in un-
derstanding cellular metabolism and physiology? Plant Physiol. 156 (2011)
1701–1705.

[13] A. Paiva, R. Craveiro, I. Aroso, M. Martins, R.L. Reis, A.R.C. Duarte, Natural deep eutec-
tic solvents - solvents for the 21st century, ACS Sustain. Chem. Eng. 2 (2014)
1063–1071.

[14] G.C. Dugoni, M.E. Di Pietro, M. Ferro, F. Castiglione, S. Ruellan, T. Moufawad, L.
Moura, M.F. Costa Gomes, S. Fourmentin, A. Mele, Effect of water on deep eutectic
solvent/β-cyclodextrin systems, ACS Sustain. Chem. Eng. 7 (2019) 7277–7285.

[15] R. Esquembre, J.M. Sanz, J.G. Wall, F. del Monte, C.R. Mateo, M.L. Ferrer, Thermal
unfolding and refolding of lysozyme in deep eutectic solvents and their aqueous di-
lutions, Phys. Chem. Chem. Phys. 15 (2013) 11248–11256.

[16] M.C. Gutiérrez, M.L. Ferrer, C.R. Mateo, F. del Monte, Freeze-drying of aqueous solu-
tions of deep eutectic solvents: a suitable approach to deep eutectic suspensions of
self-assembled structures, Langmuir 25 (2009) 5509–5515.

[17] D. Shah, F.S. Mjalli, Effect of water on the thermo-physical properties of reline: an
experimental and molecular simulation based approach, Phys. Chem. Chem. Phys.
16 (2014) 23900–23907.

[18] H. Passos, D.J.P. Tavares, A.M. Ferreira, M.G. Freire, J.A.P. Coutinho, Are aqueous bi-
phasic systems composed of deep eutectic solvents ternary or quaternary systems?
ACS Sustain. Chem. Eng. 4 (2016) 2881–2886.

[19] O.S. Hammond, D.T. Bowron, K.J. Edler, The effect of water upon deep eutectic sol-
vent nanostructure: an unusual transition from ionic mixture to aqueous solution,
Angew. Chem. Int. Ed. 56 (2017) 9782–9785.

[20] M.J. Roldán-Ruiz, R.J. Jiménez-Riobóo, M.C. Gutiérrez, M.L. Ferrer, F. del Monte,
Brillouin and NMR spectroscopic studies of aqueous dilutions of malicine: deter-
mining the dilution range for transition from a “water-in-DES” system to a “DES-
in-water” one, J. Mol. Liq. 284 (2019) 175–181.

[21] V. Agieienko, R. Buchner, Densities, viscosities, and electrical conductivities of pure
anhydrous reline and its mixtures with water in the temperature range (293.15 to
338.15) K, J. Chem. Eng. Data 64 (2019) 4763–4774.

[22] C. D’Agostino, L.F. Gladden, M.D. Mantle, A.P. Abbott, E.I. Ahmed, A.Y.M. Al-
Murshedi, R.C. Harris, Molecular and ionic diffusion in aqueous – deep eutectic sol-
vent mixtures: probing inter-molecular interactions using PFG NMR, Phys. Chem.
Chem. Phys. 17 (2015) 15297–15304.

[23] Y. Dai, G.-J. Witkamp, R. Verpoorte, Y.H. Choi, Tailoring properties of natural deep
eutectic solvents with water to facilitate their applications, Food Chem. 187
(2015) 14–19.

[24] A. Pandey, S. Pandey, Solvatochromic probe behavior within choline chloride-based
deep eutectic solvents: effect of temperature and water, J. Phys. Chem. B 118 (2014)
14652–14661.

[25] E. Posada, N. López-Salas, D. Carriazo, C. Ania, R.J. Jiménez-Riobóo, M.C. Gutiérrez,
M.L. Ferrer, F. del Monte, Predicting the suitability of aqueous solutions of deep eu-
tectic solvents for preparation of bicontinuous porous carbons via spinodal decom-
position processes, Carbon 123 (2017) 536–547.

[26] E. Posada, M.J. Roldán-Ruiz, R.J. Jiménez-Riobóo, M.C. Gutiérrez, M.L. Ferrer, F. del
Monte, Nanophase separation in aqueous dilutions of a ternary DES as revealed by
Brillouin and NMR spectroscopy, J. Mol. Liq. 276 (2019) 196–203.

[27] E. Posada, N. López-Salas, R.J. Jiménez-Riobóo, M.C. Gutiérrez, M.L. Ferrer, F. del
Monte, Reline aqueous solutions behaving as liquid mixtures of H-bond cosolvents:
microphase segregation and formation of co-continuous structures as indicated by
Brillouin and 1H NMR spectroscopies, Phys. Chem. Chem. Phys. 19 (2017)
17103–17110.

[28] E.O. Fetisov, D.B. Harwood, I.-F.W. Kuo, S.E.E. Warrag, M.C. Kroon, C.J. Peters, J.I.
Siepmann, First-principles molecular dynamics study of a deep eutectic solvent:
choline chloride/urea and its mixture with water, J. Phys. Chem. B 122 (2018)
1245–1254.

[29] T. Zhekenov, N. Toksanbayev, Z. Kazakbayeva, D. Shah, F.S. Mjalli, Formation of type
III deep eutectic solvents and effect of water on their intermolecular interactions,
Fluid Phase Equilib. 441 (2017) 43–48.

[30] O.S. Hammond, D.T. Bowron, A.J. Jackson, T. Arnold, A. Sanchez-Fernandez, N.
Tsapatsaris, V. García Sakai, K.J. Edler, Resilience of malic acid natural deep eutectic
solvent nanostructure to solidification and hydration, J. Phys. Chem. B 121 (2017)
7473–7483.

[31] N. López-Salas, J.M. Vicent-Luna, S. Imberti, E. Posada, M.J. Roldán-Ruiz, J.A. Anta,
S.R.G. Ballesta, R.M. Madero, S. Calero, R.J. Jiménez-Riobóo, M.C. Gutiérrez, M.L.
Ferrer, F. del Monte, Looking at the “water-in-deep-eutectic-solvent” system: a dilu-
tion range for high performance eutectics, ACS Sustain. Chem. Eng. 7 (2019)
17565–17573.

[32] N. López-Salas, J.M. Vicent-Luna, E. Posada, S. Imberti, R.M. Madero, S. Calero, C.O.
Ania, R.J. Jiménez-Riobóo, M.C. Gutiérrez, M.L. Ferrer, F. del Monte, Further extend-
ing the dilution range of the “solvent-in-DES” regime upon the replacement of
water by an organic solvent with hydrogen bond capabilities, ACS Sustain. Chem.
Eng. 8 (2020) 12120–12131.

[33] M. Ferreira, F. Jérôme, H. Bricout, S. Menuel, D. Landy, S. Fourmentin, S. Tilloy, E.
Monflier, Rhodium catalyzed hydroformylation of 1-decene in low melting mix-
tures based on various cyclodextrins and N,N′-dimethylurea, Catal. Lett. 63 (2015)
62–65, https://doi.org/10.1016/j.catcom.2014.11.001.

[34] C. Vidal, J. García-Alvarez, A. Hernán-Gómez, A.R. Kennedy, E. Hevia, Exploiting deep
eutectic solvents and Organolithium reagent partnerships: chemoselective ultrafast
addition to imines and quinolines under aerobic ambient temperature conditions,
Angew. Chem. Int. Ed. 55 (2016) 16145–16148, https://doi.org/10.1002/anie.
201609929.

[35] A. Sánchez-Condado, G. Carriedo, A. Presa Soto, M.J. Rodríguez-Álvarez, J. García-
Alvarez, E. Hevia, Organolithium initiated polymerization of olefins in deep eutectic

https://doi.org/10.1016/j.molliq.2021.115573
https://doi.org/10.1016/j.molliq.2021.115573
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0005
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0005
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0010
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0010
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0015
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0015
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0020
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0020
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0025
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0025
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0030
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0030
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0030
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0035
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0035
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0035
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0040
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0040
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0045
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0045
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0045
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0050
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0050
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0050
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0055
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0055
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0055
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0060
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0060
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0060
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0060
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0065
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0065
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0065
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0070
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0070
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0070
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0075
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0075
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0075
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0080
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0080
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0080
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0085
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0085
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0085
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0090
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0090
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0090
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0095
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0095
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0095
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0100
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0100
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0100
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0100
http://refhub.elsevier.com/S0167-7322(21)00299-3/or0005
http://refhub.elsevier.com/S0167-7322(21)00299-3/or0005
http://refhub.elsevier.com/S0167-7322(21)00299-3/or0005
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0105
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0105
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0105
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0105
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0110
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0110
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0110
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0115
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0115
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0115
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0120
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0120
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0120
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0120
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0125
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0125
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0125
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0130
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0130
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0130
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0130
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0130
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0130
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0135
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0135
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0135
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0135
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0140
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0140
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0140
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0145
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0145
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0145
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0145
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0150
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0150
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0150
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0150
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0150
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0155
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0155
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0155
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0155
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0155
https://doi.org/10.1016/j.catcom.2014.11.001
https://doi.org/10.1002/anie.201609929
https://doi.org/10.1002/anie.201609929


H. Zhang, M.L. Ferrer, R.J. Jiménez-Riobóo et al. Journal of Molecular Liquids 329 (2021) 115573
solvents under aerobic conditions. Sustainable route to homopolymers, random co-
polymers and block copolymers, ChemSusChem 12 (2019) 3134–3143, https://doi.
org/10.1002/cssc.201900533.

[36] C. Florindo, L. Romero, I. Rintoul, L.C. Branco, I.M. Marrucho, From phase changema-
terials to green solvents: hydrophobic low viscous fatty acid−based deep eutectic
solvents, ACS Sustain. Chem. Eng. 6 (2018) 3888–3895, https://doi.org/10.1021/
acssuschemeng.7b04235.

[37] L.F. Zubeir, D.J.G.P. van Osch, M.A.A. Rocha, F. Banat, M.C. Kroon, Carbon dioxide sol-
ubilities in decanoic acid-based hydrophobic deep eutectic solvents, J. Chem. Eng.
Data 63 (2018) 913–919, https://doi.org/10.1021/acs.jced.7b00534.

[38] M.G. Pérez-García, M.C. Gutiérrez, J.D. Mota-Morales, G. Luna-Bárcenas, F. del
Monte, Synthesis of biodegradable macroporous poly(L-lactide)/poly(ε-
caprolactone) blend using oil-in-eutectic-mixture high-internal- phase emulsions
as template, ACS Appl. Mater. Interfaces 8 (2016) 16939–16949, https://doi.org/
10.1021/acsami.6b04830.

[39] S. García-Argüelles, C. García, M.C. Serrano, M.C. Gutiérrez, M.L. Ferrer, F. del Monte,
Near-to-eutectic mixtures as bifunctional catalysts in the low-temperature-ring-
opening-polymerization of ε-caprolactone, Green Chem. 17 (2015) 3632–3643,
https://doi.org/10.1039/c5gc00348b.

[40] S. García-Argüelles, M.C. Serrano, M.C. Gutiérrez, M.L. Ferrer, L. Yuste, F. Rojo, F. del
Monte, Deep eutectic solvent-assisted synthesis of biodegradable polyesters with
antibacterial properties, Langmuir 29 (2013) 9525–9534, https://doi.org/10.1021/
la401353r.

[41] F. del Monte, D. Carriazo, M.C. Serrano, M.C. Gutiérrez, M.L. Ferrer, Deep eutectic sol-
vents in polymerizations: a greener alternative to conventional syntheses,
ChemSusChem 7 (2014) 999–1009, https://doi.org/10.1002/cssc.201300864.

[42] X. Marset, J.M. Pérez, D.J. Ramón, Cross-dehydrogenative coupling reaction using
copper oxide impregnated on magnetite in deep eutectic solvents, Green Chem.
18 (2016) 826–833, https://doi.org/10.1002/cssc.201300864.

[43] R.C. Morales, V. Tambyrajah, P.R. Jenkins, D.L. Davies, A.P. Abbott, The regiospecific
Fischer indole reaction in choline chloride·2ZnCl2 with product isolation by direct
sublimation from the ionic liquid, Chem. Commun. (2004) 158–159, https://doi.
org/10.1039/B313655H.

[44] O.S. Hammond, K.J. Edler, D.T. Bowron, L. Torrente-Murciano, Deep eutectic-
solvothermal synthesis of nanostructured ceria, Nat. Commun. 8 (2017)https://
doi.org/10.1038/ncomms14150 Article number: 14150.

[45] T. Moufawad, L. Moura, M. Ferreira, H. Bricout, S. Tilloy, E. Monflier, M. Costa Gomes,
D. Landy, S. Fourmentin, First evidence of cyclodextrin inclusion complexes in a
deep eutectic solvent, ACS Sustain. Chem. Eng. 7 (2019) 6345–6351, https://doi.
org/10.1021/acssuschemeng.9b00044.

[46] H. Zhang, M.L. Ferrer, M.J. Roldán-Ruiz, R.J. Jiménez-Riobóo, M.C. Gutiérrez, F. del
Monte, Brillouin spectroscopy as a suitable technique for the determination of the
eutectic composition in mixtures of choline chloride and water, J. Phys. Chem. B
124 (2020) 4002–4009.

[47] https://www.scbt.com/p/choline-chloride-67-48-1.
[48] http://www.sciencemadness.org/smwiki/index.php/Urea.
[49] https://www.chemicalbook.com/ChemicalProductProperty_EN_cb2214159.htm.
[50] https://www.scbt.com/es/p/tetrabutylammonium-bromide-1643-19-2.
[51] J.K. Krüger, Brillouin spectroscopy and its application to polymers, in: B. Heinz (Ed.),

Optical Techniques to Characterize Polymer Systems, Elsevier, Amsterdam, 1989.
[52] R. Haghbakhsh, S. Raeissi, Excess volumes of mixtures consisting of deep eutectic

solvents by the Prigogine–Flory–Patterson theory, J. Mol. Liq. 272 (2018) 731–737.
[53] K.-S. Kim, B.H. Park, Volumetric properties of solutions of choline chloride + glyc-

erol deep eutectic solvent with water, methanol, ethanol, or iso-propanol, J. Mol.
Liq. 254 (2018) 272–279.
11
[54] M.A.R. Martins, S.P. Pinho, J.A.P. Coutinho, Insights into the nature of eutectic and
deep eutectic mixtures, J. Solut. Chem. 48 (2019) 962–982.

[55] M.A. Motin, T.K. Biswas, E.M. Huque, Volumetric and viscometric studies on an
aqueous urea solution, Phys. Chem. Liq. 40 (2002) 593–605.

[56] M.I. Khalil, R.A.H. Al-Yami,M.H. Al-Khabbas, Introducingmole fraction in the density
calculations of liquid-liquid solutions, Int. J. Phys. Sci. 8 (2013) 27–30.

[57] G.C. Paraskevopoulos, R.W. Missen, Thermodynamic properties of solutions of alco-
hols and carbon tetrachloride, Part 1. Free energies and volumes of mixing, Trans.
Faraday Soc. 58 (1962) 869–878.

[58] S. Shaukat, R. Buchner, Densities, viscosities (from 278.15 to 318.15 K) and electrical
conductivities (at 298.15 K) of aqueous solutions of choline chloride and chloro-
choline chloride, J. Chem. Eng. Data 56 (2011) 4944–4949.

[59] A. Yadav, S. Trivedi, R. Rai, S. Pandey, Densities and dynamic viscosities of (choline
chloride + glycerol) deep eutectic solvent and its aqueous mixtures in the temper-
ature range (283.15−363.15) K, Fluid Phase Equilib. 367 (2014) 135–142.

[60] A. Yadav, S. Pandey, Densities and viscosities of (choline chloride + urea) deep eu-
tectic solvent and its aqueousmixtures in the temperature range 293.15 K to 363.15
K, J. Chem. Eng. Data 59 (2014) 2221–2229.

[61] R. Haghbakhsh, S. Raeissi, Densities and volumetric properties of (choline chloride
+ urea) deep eutectic solvent and methanol mixtures in the temperature range of
293.15–323.15 K, J. Chem. Thermodynamics 124 (2018) 10–20.

[62] R. Haghbakhsh, S. Raeissi, Investigation of solutions of ethyl alcohol and the deep
eutectic solvent of reline for their volumetric properties, Fluid Phase Equilib. 472
(2018) 39–47.

[63] N.F. Gajardo-Parra, M.J. LubbenJoshua, M. Winnert, A. Leiva, J.F. Brennecke, R.I.
Canales, Physicochemical properties of choline chloride-based deep eutectic sol-
vents and excess properties of their pseudo-binary mixtures with1-butanol, J.
Chem. Thermodynamics 133 (2019) 272–284.

[64] V. Agieienko, R. Buchner, Variation of density, viscosity, and electrical conductivity
of the deep eutectic solvent reline, composed of choline chloride and urea at a
molar ratio of 1:2, mixed with dimethylsulfoxide as a cosolvent, J. Chem. Eng.
Data 65 (2020) 1900–1910.

[65] A. Yadav, S. Trivedi, R. Rai, S. Pandey, Densities and dynamic viscosities of (choline
chloride + glycerol) deep eutectic solvent and its aqueous mixtures in the temper-
ature range 283.15−363.15 K, Fluid Phase Equilib. 367 (2014) 135–142.

[66] W. Xu, E.I. Cooper, C.A. Angell, Ionic liquids: ion mobilities, glass temperatures, and
fragilities, J. Phys. Chem. B 107 (2003) 6170–6178.

[67] G. Carrasco-Huertas, R.J. Jiménez-Riobóo, M.C. Gutiérrez, M.L. Ferrer, F. del Monte,
Carbon and carbon composites obtained using deep eutectic solvents and aqueous
dilutions thereof, Chem. Commun. 56 (2020) 3592–3604.

[68] A. Asenbaum, C. Pruner, E. Wilhelm, M. Mijakovic, L. Zoranic, F. Sokolic, B. Kezic, A.
Perera, Structural changes in ethanolewater mixtures: ultrasonics, Brillouin scatter-
ing and molecular dynamics studies, Vib. Spectrosc. 60 (2012) 102–106.

[69] L. Lupi, L. Comez, C. Masciovecchio, A. Morresi, M. Paolantoni, P. Sassi, F. Scarponi, D.
Fioretto, Hydrophobic hydration of tert-butyl alcohol studied by Brillouin light and
inelastic ultraviolet scattering, J. Chem. Phys. 134 (2011), 055104, .

[70] M. Pochylski, J. Gapinski, Brillouin scattering study of polyethylene glycol/water sys-
tem below crystallization temperature, J. Phys. Chem. B 114 (2010) 2644–2649.

[71] M. Pochylski, F. Aliotta, Z. Blaszczak, J. Gapinski, Structuring effects and hydration
phenomena in poly(ethylene glycol)/water mixtures investigated by Brillouin scat-
tering, J. Phys. Chem. B 110 (2006) 20533–20539.

https://doi.org/10.1002/cssc.201900533
https://doi.org/10.1002/cssc.201900533
https://doi.org/10.1021/acssuschemeng.7b04235
https://doi.org/10.1021/acssuschemeng.7b04235
https://doi.org/10.1021/acs.jced.7b00534
https://doi.org/10.1021/acsami.6b04830
https://doi.org/10.1021/acsami.6b04830
https://doi.org/10.1039/c5gc00348b
https://doi.org/10.1021/la401353r
https://doi.org/10.1021/la401353r
https://doi.org/10.1002/cssc.201300864
https://doi.org/10.1002/cssc.201300864
https://doi.org/10.1039/B313655H
https://doi.org/10.1039/B313655H
https://doi.org/10.1038/ncomms14150
https://doi.org/10.1038/ncomms14150
https://doi.org/10.1021/acssuschemeng.9b00044
https://doi.org/10.1021/acssuschemeng.9b00044
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0225
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0225
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0225
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0225
https://www.scbt.com/p/choline-chloride-67-48-1
http://www.sciencemadness.org/smwiki/index.php/Urea
https://www.chemicalbook.com/ChemicalProductProperty_EN_cb2214159.htm
https://www.scbt.com/es/p/tetrabutylammonium-bromide-1643-19-2
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0250
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0250
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0255
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0255
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0260
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0260
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0260
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0265
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0265
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0270
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0270
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0275
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0275
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0280
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0280
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0280
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0285
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0285
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0285
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0290
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0290
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0290
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0295
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0295
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0295
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0300
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0300
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0300
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0305
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0305
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0305
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0310
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0310
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0310
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0310
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0315
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0315
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0315
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0315
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0320
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0320
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0320
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0325
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0325
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0330
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0330
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0330
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0335
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0335
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0335
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0340
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0340
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0340
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0345
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0345
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0350
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0350
http://refhub.elsevier.com/S0167-7322(21)00299-3/rf0350


https://images.scitation.org/redirect.spark?MID=176720&plid=1401534&setID=378408&channelID=0&CID=496958&banID=520310234&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=ed5dd4029e63a2f75704dfd96619305ac85f9c8d&location=
https://doi.org/10.1063/5.0049162
https://doi.org/10.1063/5.0049162
https://aip.scitation.org/author/Zhang%2C+Huan
https://aip.scitation.org/author/Lu%2C+Xuejun
https://aip.scitation.org/author/Gonz%C3%A1lez-Aguilera%2C+Laura
https://aip.scitation.org/author/Ferrer%2C+M+Luisa
http://orcid.org/0000-0002-2868-0023
https://aip.scitation.org/author/del+Monte%2C+Francisco
https://aip.scitation.org/author/Guti%C3%A9rrez%2C+Mar%C3%ADa+C
/topic/special-collections/des2021?SeriesKey=jcp
https://doi.org/10.1063/5.0049162
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0049162
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0049162&domain=aip.scitation.org&date_stamp=2021-05-10
https://aip.scitation.org/doi/10.1063/5.0048369
https://doi.org/10.1063/5.0048369
https://aip.scitation.org/doi/10.1063/5.0049064
https://aip.scitation.org/doi/10.1063/5.0049064
https://doi.org/10.1063/5.0049064
https://aip.scitation.org/doi/10.1063/5.0045448
https://doi.org/10.1063/5.0045448


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Should deep eutectic solvents be treated
as a mixture of two components
or as a pseudo-component?

Cite as: J. Chem. Phys. 154, 184501 (2021); doi: 10.1063/5.0049162
Submitted: 2 March 2021 • Accepted: 16 April 2021 •
Published Online: 10 May 2021

Huan Zhang, Xuejun Lu, Laura González-Aguilera, M. Luisa Ferrer, Francisco del Monte,a)
and María C. Gutiérreza)

AFFILIATIONS
Instituto de Ciencia de Materiales de Madrid-ICMM, Consejo Superior de Investigaciones Científicas-CSIC,
Campus de Cantoblanco, 28049 Madrid, Spain

Note: This paper is part of the JCP Special Topic on Chemical Physics of Deep Eutectic Solvents.
a)Authors to whom correspondence should be addressed: delmonte@icmm.csic.es and mcgutierrez@icmm.csic.es

ABSTRACT
Deep eutectic solvents (DESs) and dilutions thereof (mainly in H2O but also in many other non-aqueous solvents and co-solvent mixtures)
have recently attracted great attention. It is well known that DES dilutions exhibit deviations from ideality. Interestingly, the treatment of
DES as a mixture of two components or a pseudo-component is by no means trivial when determining deviations in density and, mainly, in
viscosity. Herein, we studied aqueous dilutions of one of the most widely studied DES, this is, that composed of choline chloride and urea in
a 1:2 molar ratio (e.g., ChCl2U). Using density and viscosity data reported in previous works, we calculated the excess molar volumes (VE)
and excess viscosities (ln ηE) considering ChCl2U as either a mixture of two components or a pseudo-component, that is, taking the DES
molecular weight asMChCl2U = f ChClMChCl + f UMU = 86.58 g mol−1 (with f ChCl = 1/3 and f U = 2/3) or asM∗

ChCl2U =MChCl + 2MU = 259.74
g mol−1. We found that neither the sign of VE and VE∗ nor their evolution with temperature was influenced by the use of either MChCl2U or
M∗

ChCl2U, and only the absolute magnitude of the deviation and the DES content (in wt. %) at which the minimum appears exhibited some
differences. However, ln ηE and ln ηE

∗

exhibited opposite signs, negative and positive, respectively. The odd achievement of negative ln ηE in
aqueous dilutions of ChCl2U characterized by the formation of HB networks suggest the treatment of ChCl2U as a pseudo-component as
more appropriate. Moreover, the role played by the presence of U in the evolution of ln ηE

∗

with temperature was also discussed.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0049162., s

I. INTRODUCTION

The first deep eutectic solvent (DES) described by Abbott
et al. in 2003 was a mixture of choline chloride (ChCl) and urea
(U) in a 1–2 molar ratio.1 The deep depression in the melting
point of the mixture (as compared to the individual compounds)
has been ascribed to the formation of hydrogen bond (HB) com-
plexes between ChCl (acting as the hydrogen bond acceptor, HBA)
and U (acting as hydrogen bond donor, HBD). Since then, mix-
tures of different HBAs and HBDs have been extensively explored
and numerous DESs have found extensive application in different
fields.

The richness of DESs in HBs makes them extremely hygro-
scopic. By analogy with ionic liquids, this was originally seen as

a problem, but the capability to, for certain dilution ranges, mod-
ify physicochemical properties of DESs (e.g., density, melting point,
viscosity, and conductivity) while preserving the characteristics of
DESs was soon seen as an opportunity. Actually, the determina-
tion of such a dilution range was the goal of numerous works for
not only aqueous dilutions2–9 but also for non-aqueous ones.10,11
Thus, recent studies of thermophysical properties have been used to
understand microscopic structures and solute–solvent interactions
between components and to predict the dilution range where DES
dilutions can better perform in different applications.

Excess molar volume (VE) and/or excess viscosity (ηE or ln ηE,
see below) have been calculated for aqueous dilutions of the most
common DESs such as 1ChCl:2urea (ChCl2U),12–18 1ChCl:2glycerol
(ChCl2Gly),19–22 and 1ChCl:2ethylene glycol (ChCl2EG)19,21,23 as
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well as for some other less common DESs such as those formed
between ChCl and acids (e.g., lactic, glutaric, or malonic acid),15,23,24
between sugars25 or metal salts,26,27 or between other HBAs (e.g.,
N,N-diethylethanol ammonium chloride) and glycerol or ethylene
glycol.28 Interestingly, dilutions of ChCl2U inmethanol,29 ethanol,30
and DMSO,31 of ChCl:2Gly in methanol,21,22 ethanol,22 and iso-
propanol,22 and of ChCl:2EG in methanol,21,32 ethanol,33 butanol,34
and DMSO35 have also been used to study the evolution VE and
ηE (or ln ηE) with the composition of the different liquid binary
mixtures.

VE for a liquid binary mixture is calculated from the density
of the mixture (ρ) and the densities (ρ1 and ρ2), the mole frac-
tions (χ1 and χ2), and the molecular weights (M1 and M2) of the
individual components using the equation VE = χ1M1/ρ + χ2M2/ρ
−χ1M1/ρ1−χ2M2/ρ2. Meanwhile, ηE or Δη could be calculated from
the viscosity of the mixture (η) and the viscosities (η1 and η2) and
the mole fractions (χ1 and χ2) of the individual components using
the equation ηE = η − χ1η1 − χ2η2. However, it is more common
to calculate the excess logarithmic viscosity using the equation lnηE
= lnη − χ1 lnη1 − χ2 lnη2, given the non-linear relationship between
viscosity and molar fraction.36 Actually, the correlation existing for
aqueous mixtures of ILs with the cation C4min between ln ηE and
VE (positive and negative, respectively) does not exist between ηE
and VE.37

The question that arises for DES dilutions is if DESs them-
selves should be considered as a mixture of two components or
a pseudo-component. This definition is by no means trivial as it
determines the DESmolecular weight (MDES). For instance,MChCl2U
= f ChClMChCl + f UMU = 86.58 g mol−1 (with f ChCl = 1/3 and f U
= 2/3) when considering ChCl2U as a mixture of two components,
whereas M∗

ChCl2U = MChCl + 2 MU = 259.74 g mol−1 when con-
sidering ChCl2U as a pseudo-component. Thus, the definition of
ChCl2U as a mixture of two components or a pseudo-component
determines that, in liquid binary mixtures of ChCl2U and a certain
solvent where the DES is component 1 and the solvent is component
2, χ1 ≠ χ∗1.

Agieienko et al. described how, in liquid binary mixtures of
ChCl2U with H2O or DMSO, this discrepancy between χ1 and χ∗1
influenced the absolute values of excess volume and excess viscos-
ity as well as the molar fraction at which the maximum deviation
occurs.16,31 Moreover, significative differences were observed in the
evolution of excess viscosity with temperature (in liquid binary mix-
tures with DMSO)31 and even in the sign (positive or negative) of
the deviation from ideality (in liquid binary mixtures with H2O).16
The authors stated how this ambiguity obviously complicated the
straightforward interpretation of this sort of data in liquid binary
mixtures of ChCl2U with H2O and DMSO. Surprisingly, further
information about this matter is scarce,11 and basically all the works
dealing with density and viscosity measurements of liquid binary
mixtures of DESs with different solvents consider the DES as a
mixture of two components.

Herein, we aim to do a thorough study of VE and ln ηE in
liquid binary mixtures of ChCl2U with H2O depending on the treat-
ment of ChCl2U as either a binary mixture or a pseudo-component.
As mentioned above, Agieienko and Buchner have partially done
this study with their own data,16 but an extensive sampling was still
missed. Given the large number of works reporting on densities and
viscosities of ChCl2U and aqueous dilution thereof, we just had to

decide which of these works provided the most suitable data for
our purposes (rather than measure our own samples). The selected
works were those published by Xie et al.,12 Yadav and Pandey,13
Shekaari et al.,14 and Agieienko and Buchner.16 The experimen-
tal procedures followed in these works were well described, and
the agreement among the results obtained in the different works
ensured the reliability of data (Tables S1–S9). For instance, den-
sity deviations at 303.15 K were small among data found in these
four works. Actually, they all found the minimum of VE for a liq-
uid binary mixture of ChCl2U with H2O at χ1 ≈ 0.3. These four
works also obtained viscosity data with Anton Paar rolling ball vis-
cometers, so the deviation among the four datasets was low (at
least, at low χDES) considering the hygroscopic features of ChCl2U
and how sensitive are viscosity data to tiny variations in water
contents.

II. RESULTS AND DISCUSSION
All recent works reporting on liquid binarymixtures of ChCl2U

with H2O and considering the DES as a mixture of two compo-
nents found negative VE. Among the selected data used in this work
(Tables S1–S4),12–14,16 we found similar results for both the abso-
lute values of VE and the molar fractions χ1 at which the mini-
mum of VE was found (Fig. S1, left column). Negative VE have
been associated with more efficient packing of the components in
the mixture. In ChCl-based DESs, the achievement of negative VE

upon H2O addition has been ascribed to the accommodation of
H2O molecules within the original HB network of DES via the for-
mation of inter-molecular interactions (e.g., strong and/or numer-
ous HBs between DES components and H2O) at the expenses of
the partial disruption of intra-molecular interactions (DES–DES
and water–water).24 The occurrence of these linking events ulti-
mately resulting in the formation of a new HB network struc-
ture (evolving from the original of neat DES) is in agreement with
both molecular dynamic (MD) simulations and neutron diffrac-
tion experiments confirming the formation of strong and numerous
HBs between H2O and the chloride anion, the OH group of Ch
and the NH group of U in aqueous dilutions of ChCl2U (as well
as in ternary ChCl2U-based DES including resorcinol as an addi-
tional HBD).5,9,38 With an increase in the temperature, non-ideal
systems approach ideality. Thus, VE became less negative because
of the volume expansion resulting from the weakening of specific
interactions.24,35,39

We also found negative VE∗ that became less negative with
an increase in temperature when using density data from the
above-mentioned selected works (Tables S1–S4)12–14,16 but consid-
ering ChCl2U as a pseudo-component (Fig. S1, right column). As
described before by Agieienko et al., significant differences were
found between the molar fractions χ1 and χ∗1 at which the min-
ima of VE and VE∗ at 318.15 K were found (e.g., at ∼0.3 and 0.2,
respectively). However, it is worth reminding that χ1 ≠ χ∗1 in an
aqueous dilution of ChCl2U with the same ChCl2U content in wt. %
(for instance, a content of ∼82.8 wt. % corresponds to χ1 = 0.50 and
χ∗1 = 0.25; see Tables S2 and S3).12,13 Thus, we rather displayed
VE and VE∗ vs DES content in wt. % (Fig. 1). In this case, the DES
contents at which VE and VE∗ displayed a minimum were ∼67 and
79 wt. %, respectively, in all the works selected in this study.12–14,16
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FIG. 1. Plot of VE (left column, considering ChCl2U as a binary compound with MChCl2U = 86.58 g mol−1) and VE∗ (right column, considering ChCl2U as a pseudo-component
with M∗ChCl2U = 259.74 g mol−1) in cm3 mol−1 vs ChCl2U content (in wt. %) in liquid binary mixtures with H2O at 293.15 (blue circles), 298.15 (orange circles), 303.15 (gray
circles), 308.15 (yellow circles), 313.15 (light blue circles), 318.15 (green circles), 323.15 (dark blue circles), 328.15 (dark red circles), 333.15 (dark gray circles), 338.15 (dark
yellow circles), 343.15 (purple circles), 353.15 (dark green circles), and 363.15 K (bright red circles). Density data for VE and VE∗ calculation were obtained from (a) Xie
et al.,12 (b) Yadav and Pandey,13 (c) Shekaari et al.,14 and (d) Agieienko and Buchner.16

It is worth noting that the DES content at which VE∗ displayed a
minimum agreed well with that at which certain features observed by
NMR and Brillouin spectroscopy also deviated from linearity (e.g.,
∼78 wt. %).6

As both MDES and χDES are part of the equation used for VE

calculation, the absolute values of VE and VE∗ differed depend-
ing on whether ChCl2U was considered a mixture of two compo-
nents12–14,16 or a pseudo-component (e.g., from ∼−0.12 to ∼−0.17
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cm3 mol−1 and from ∼−0.16 to ∼−0.25 cm3 mol−1, respectively, at
303.15 K). Interestingly, their evolution along with the increase in
temperature followed a quite similar path (Fig. 2). Thus, neither
the sign of VE and VE∗ nor their evolution with temperature was
influenced by the use of either MChCl2U or M∗

ChCl2U, and only the
absolute magnitude of the deviation and the DES content (in wt. %)
at which the minimum appears exhibited some differences. More-
over, the magnitude of the deviation from ideality in VE∗ followed
the same trend than in VE as compared to those found for dilutions
of ChCl2U in different solvents (e.g., DMSO, MeOH, and EtOH),
with nonideality increasing in the sequence H2O < DMSO <MeOH
< EtOH (e.g.,VE = −0.14,16 −1.23,31 −1.81,29 and −1.8830 cm3 mol−1

and VE∗ = −0.20, −1.90, −2.64, and −2.90 cm3 mol−1, at 313.15
K). As stated by Agieienko and Buchner,16 the inconsistency of this
sequence with the molar volumes of the solvents (increasing in the
order H2O <MeOH < EtOH < DMSO) disregarded the occurrence
of nonspecific interactions as the main cause of the system con-
traction. The sequence H2O < DMSO < MeOH < EtOH should be
most likely ascribed to the strength of the specific interaction among
solvent molecules and to the compactness of their respective sol-
vent network structure. For instance, one H2Omolecule can interact
with four adjacent H2O molecules via HB. This near-tetrahedral
HB arrangement is actually one of the reasons why in H2O, oppo-
site to the simple liquids whose density increases all the way with a
decrease in temperature, the rate of increase decreases when enter-
ing the ambient regime and the density reaches a maximum at 277
K.40 MeOH and EtOH have both proton donor and acceptor sites
(e.g., the hydroxyl proton and the oxygen lone pair), and they could
form up to two HBs so any long range HB network structure should
be in the form of linear chains with pendant methyl and ethyl groups
that contribute to a further loosening of the structure. Moreover,
Raman studies, MD simulations, and ab initio calculations con-
cluded that MeOH and EtOH are better HBDs than HBAs (i.e., the
strength of the HB formed via the OH proton is larger than that
of HB formed via the oxygen lone pair), so when mixed with sol-
vents capable to act as HBA (e.g., H2O), there is an enhancement

FIG. 2. Evolution of VE (solid symbols, in cm3 mol−1) and VE∗ (open symbols, in
cm3 mol−1) with temperature at the maximum deviation from linearity (e.g., ∼67
wt. % for VE and 79 wt. % for VE∗ ). VE and VE∗ calculated with density data from
Xie et al.,12 Yadav and Pandey,13 Shekaari et al.,14 and Agieienko and Buchner16

are represented in red, blue, green, and orange, respectively.

in the number and/or the strength of HBs formed by MeOH/EtOH
molecules.41–44 The same sequence was actually found in liquid
binary mixtures of ChCl2Gly and ChCl2EG with H2O and MeOH,
with negative deviations that were small in H2O and much larger
in MeOH (Figs. S2 and S3).20,21 Finally, DMSO is a highly polar
aprotic liquid that, according to neutron diffraction experiments
coupled with empirical potential-structure-refinement modeling as
well as MD simulations and ab initio calculations, forms a com-
pact dimer structure in an anti-parallel configuration due to strong
dipole–dipole interactions45–47 that actually mimics the crystalline
structure of DMSO.48 DMSO is indeed capable to act as HBA and
form up to two HBs through its oxygen lone pairs when mixed with
a solvent with HBD capabilities. Actually, DMSO:H2O in a molar
ratio of 1:2 forms an eutectic mixture with a melting point as low
as −70 ○C.49

Opposite to what we described above for VE and VE∗ , the
use of either MChCl2U or M∗

ChCl2U was by no means trivial in the
non-ideal features of viscosity. As mentioned in the Introduction,
the general pattern followed by most authors was treating DESs as
mixtures of two components, so negative ln ηE were always found
for liquid binary mixtures of ChCl2U and H2O (Fig. 3, Tables S5–
S9).12–14,16 The occurrence of negative ln ηE in liquid binarymixtures
of ChCl2U and H2O with strong and/or numerous HBs formed
between DES components and H2O is intriguing. Actually, pos-
itive deviations from ideal viscosities have been usually observed
for systems whose components form HBs (for instance, aqueous
mixtures of ChCl2EG and ChCl2Gly),19–23 whereas negative ones
have been found in mixtures with negligible (or, at least, neither
strong nor numerous) HB interactions between components (for
instance, mixtures of imidazolium-based ionic liquids with non-
aqueous solvents—e.g., acetone, alcohols, and esters).37,50,51

A number of statements have been elaborated in all these works
with the aim of bringing some light to this matter. For instance,
one could hypothesize about the unequal DES and water molecu-
lar sizes as the cause of negative ln ηE. However, this nonequality
should also apply to aqueous mixtures of ChCl2EG and ChCl2Gly,
and positive ln ηE were obtained in these latter cases.52 Moreover,
large negative ln ηE could result from interstitial accommodation
of water molecules within the HB structure of the DES promot-
ing the disruption of intraspecies interactions without a significant
enhancement of interspecies interactions,13,16 but accommodation
of water molecules within the HB structure of DES occurs via strong
and numerous HBs as revealed by the above-mentioned results pro-
vided by neutron scattering experiments and MD simulations.5,9,38
Apparently, conventional approaches fail in the interpretation of
excess properties of reline/water because of the complex interactions
therein.16,29

However, as stated by Agieienko and Buchner16 and more
recently by ourselves,11 treating ChCl2U as a pseudo-component
produced positive deviations from ideality (e.g., positive ln ηE

∗

). As
forVE andVE∗ , we rather displayed ln ηE and ln ηE

∗

vs ChCl2U con-
tent in wt. % than vs the molar fractions χ1 and χ∗1 (Figs. 3 and S4).
Interestingly and regardless of their different signs, the maximum
deviation at 298.15 K for both ln ηE and ln ηE

∗

was found in all the
works selected in this study at similar ChCl2U contents (e.g., within
the 86–90-wt. % range).12–14,16 It is worth noting that the DES con-
tents where the maximum deviation occurs agreed better between
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FIG. 3. Plot of ln ηE (left column, considering ChCl2U as a binary compound with MChCl2U = 86.58 g mol−1) and ln ηE∗ (right column, considering ChCl2U as a pseudo-
component with M∗ChCl2U = 259.74 g mol−1) vs ChCl2U content (in wt. %) in liquid binary mixtures with H2O at 293.15 (blue circles), 298.15 (orange circles), 303.15 (gray
circles), 308.15 (yellow circles), 313.15 (light blue circles), 318.15 (green circles), 323.15 (dark blue circles), 328.15 (dark red circles), 333.15 (dark gray circles), 338.15 (dark
yellow circles), 343.15 (purple circles), 353.15 (dark green circles), and 363.15 K (bright red circles). Viscosity data for ln ηE and ln ηE∗ calculation were obtained from (a) Xie
et al.,12 (b) Yadav and Pandey,13 (c) Shekaari et al.,14 and (d) Agieienko and Buchner.16

VE∗ and ln ηE
∗

(e.g., ∼79 and 88 wt. %, respectively) than between
VE and ln ηE (e.g., ∼67 and 90 wt. %, respectively).

Discrepancies between ln ηE and ln ηE
∗

were not limited to
their respective signs. For instance, depending on the work from

which data were taken, the shape of the ln ηE plot was either per-
manently “u-shape” or transitioning from “u-shape” to “s-shape”
along with the increase in temperature,52 whereas that of ln ηE

∗

plots
always exhibited the same n-shape over the entire range of studied
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temperatures no matter from which work data were taken (Figs. 3
and S4, Tables S5–S9). Moreover, the magnitude in which devia-
tions evolve with temperature also exhibited clear differences. Thus,
ln ηE experienced a significant increase (e.g., ∼ 0.5) with the increase
in temperature, becoming less negative [Fig. 4(a)]. Actually, a fur-
ther increase in temperature up to 363.15 K eventually resulted
in positive deviations for ln ηE.13 This evolution with temperature
to finally obtain positive ln ηE was explained on the basis of the
above-mentioned occurrence of interstitial accommodation lead-
ing to negative ln ηE. Based on this, first the temperature increase
(e.g., from 293.15 to 333.15 K) would result in interstitial water
getting expelled from the HB network formed by ChCl2U compo-
nents, and this expelled water would now start to form HBs with
ChCl2U components. However, HB formation is more likely at low
than at high temperatures, so HBs must already exist at low tem-
peratures,5,9,38 this bringing again the issue of how odd was the
achievement of negative ln ηE when treating ChCl2U as a binary
mixture.

FIG. 4. (a) Evolution of ln ηE (solid symbols) and ln ηE∗ (open symbols) with tem-
perature at the maximum deviation from linearity (e.g., ∼67 wt. % for VE and 79
wt. % for VE∗ ). ln ηE and ln ηE∗ calculated with viscosity data from Xie et al.,12

Yadav and Pandey,13 Shekaari et al.,14 and Agieienko and Buchner16 are rep-
resented in red, blue, green, and orange, respectively. (b) Detail of evolution
of ln ηE∗ .

With the temperature rising from 293.15 to 333.15 K, ln ηE
∗

experienced some quite slight changes as compared to ln ηE

[Fig. 4(a)]. Looking more closely, ln ηE
∗

increased (becoming more
positive) according to data coming from the majority (three out of
four) of the selected works [Fig. 4(b)].12,13,16 This increase was of
∼20% in the work exhibiting the largest increment16 and of ∼5%–6%
in the other two [Fig. 4(b)].12,13 Meanwhile, ln ηE

∗

decreased (also
slightly, ∼3%–4%) from 293.15 to 323.15 K using the data of the
remaining work [Fig. 4(b)].14 In aqueous dilutions of other com-
mon DESs such as ChCl2Gly and ChCl2EG, both ln ηE and ln ηE

∗

were positive, and their absolute value decreased when temperature
increases (Figs. S3 and S5).20,21 The reason why ChCl2U behaved
differently than ChCl2Gly and ChCl2EG could be ascribed to the
presence of U. It is widely accepted that increasing the tempera-
ture may weaken the HB interspecies more than the HB intraspecies,
this reducing the non-ideality of the system. This weakening in the
strength of HBs could also affect (at least partially) the HB net-
work structure of ChCl2U, so some U molecules could eventually
get free to interact with H2O. Actually, for increased temperatures,
the peaks of HDO and U (e.g., NH2 groups) in ChCl2U dilutions
exhibited similar upfield chemical shifts than those observed in U
dilutions (Fig. 5).53 This is by no means trivial as U solutions in
water display a number of intriguing properties (e.g., hydrocarbons
dissolve more readily in them than in pure water, and concentrated
solutions can be used to denature proteins in a reversible way).
The underlying molecular mechanism of U action has been exten-
sively debated54–56 and two mechanisms have been proposed: an
indirect mechanism whereby U changes the water structure (either
as a structure-maker or structure-breaker)57 and a direct mech-
anism whereby U replaces some of the water molecules in the
hydration shell of the solute but has almost no effect on the water
structure.58

The results from density and viscosity studies of aqueous
U solutions provided contradictory conclusions, pointing to the
structure-breaker character of U in one case59 and to its action as
a net structure-maker (at least in the temperature range of 308–328
K) in the other.60 According to recent works, themost common view
is that U is neither a structure-maker nor a structure-breaker, so it
has little effect on the structure of liquid water.61–64 U molecules fit
nearly perfectly into the HB network of liquid water as they have
the right size to substitute for a water dimer in the HB network so
that no significant network rearrangements are needed to solvate
urea.

In our case and upon the increase in temperature, the pres-
ence of free U molecules eventually fitting into the HB network of
water would cause an unbalance in the stoichiometry of ChCl2U
and modify the original features of the DES HB network. Alter-
natively, H2O could substitute U in the DES HB network,5,9 or
H2O could also form a new DES (e.g., ChClmH2O, with m = 4.2)65
with the excess of ChCl in the ChClnU (n < 2) mixture after U
incorporation into the H2O HB network. A plethora of plausi-
ble scenarios opened in ChCl2U with the increase in temperature
made the interpretation of the evolution of ln ηE

∗

particularly diffi-
cult. In any case, positive ln ηE

∗

agreed (whereas negative ln ηE did
not) with the occurrence of specific interactions via HB between
ChCl2U and H2O as the origin of the non-ideal character of the
mixture.
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FIG. 5. 1H NMR spectra of the aqueous dilution of ChCl2U (e.g., with ChCl2U
content of 60 wt. %) at (a) 298, (b) 313, and (c) 333 K.

III. CONCLUSIONS
The aim of this work was to elucidate if DESs should be treated

as a mixture of two components or a pseudo-component. For this
purpose, we have taken density and viscosity data reported in pre-
vious papers dealing with liquid binary mixtures of ChCl2U (the
most commonly used and studied DES) and H2O, and we have

calculated VE and ln ηE as well as VE∗ and ln ηE
∗

upon the use of the
molecular weight obtained by considering ChCl2U as, respectively,
a mixture of two components or a pseudo-component (e.g.,MChCl2U
= 86.58 g mol−1 orM∗

ChCl2U = 259.74 g mol−1). We found that nei-
ther the sign of VE and VE∗ nor their evolution with temperature
was influenced by the use of either MChCl2U or M∗

ChCl2U, and only
the absolute magnitude of the deviation and the DES content (in
wt. %) at which the minimum appears exhibited some differences.
Interestingly, the DES contents at which VE∗ and ln ηE

∗

displayed a
maximum in their respective deviation from ideality (e.g., ∼79 and
88 wt. %, respectively) were closer to those where certain features
observed by NMR and Brillouin spectroscopy also deviated from
linearity (e.g., ∼78 wt. %).6 With regard to the magnitude of the devi-
ation from ideality, VE∗ followed the same trend in VE for dilutions
of ChCl2U in different solvents, with deviations from ideality that
increased in the order H2O < DMSO <MeOH < EtOH. In this case,
this sequence was explained on the basis of the number and strength
of HBs that solvent molecules are capable of forming among them-
selves and the compactness of the respective solvent network struc-
ture. Significative differences were found between ln ηE and ln ηE

∗

.
Thus, ln ηE

∗

were positive in agreement with not only binary mix-
tures interacting via HBs but also with previous data found for dilu-
tions of some other common DESs (e.g., ChCl2EG and ChCl2Gly,
among others) in solvents with HB capabilities. Meanwhile, quite
odd results were obtained after treating ChCl2U as a binary mixture,
with negative ln ηE totally unusual for liquid binary mixtures inter-
acting via HBs. Interestingly, the tendency followed by ln ηE

∗

with
the increase in temperature in ChCl2Uwas different to that observed
in ChCl2EG and ChCl2Gly. In these latter cases, deviation from lin-
earity decreased (i.e., in agreement with the weakening of the HB
interspecies more than the HB intraspecies), whereas in ChCl2U,
depending on the work from which the data were taken, deviation
remained unmodified or even experienced a slight increase. The
presence of U in ChCl2U and the plausible incorporation of U into
the HB network structure of H2O favored with the increase in tem-
perature would open a plethora of different scenarios where ln ηE

∗

could evolve in either way. The better correspondence between VE∗

and ln ηE
∗

with the sort of specific interactions established in aque-
ous dilutions of ChCl2U (e.g., HBs) points to the treatment of DESs
as a pseudo-component as the most suitable one.

SUPPLEMENTARY MATERIAL

The supplementary material includes (1) a brief description of
materials and processes used for 1HNMRmeasurements of ChCl2U
dilutions in H2O; (2) tables with density and viscosity (or ln ηE and
ln ηE

∗

) data of ChCl2U dilutions in H2O from the work of Xie et al.,12
Yadav and Pandey,13 Shekaari et al.,14 and Agieienko and Buchner;16

and (3) plots of VE, VE∗ , ln ηE, and ln ηE
∗

vs χ1 and χ∗1 and vs
wt% for ChCl2U dilutions in H2O, ChCl2EG dilutions in H2O and
MeOH, and ChCl2Gly dilutions in H2O and MeOH.
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