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Summary
In this work, an alternative class of designer solvents has been studied: Deep Eutectic 

Solvents (DESs). A DES is a eutectic mixture consisting of two or more – typically solid – 

components that form a liquid at temperatures far below their individual melting 

temperatures. The melting temperature depression is the result of a combination of 

entropic effects and a wide variety of intermolecular interactions. The temperatures 

and compositions at which a DES can be applied as liquid solvent medium are 

determined by the solid-liquid (S-L) phase behaviour of the mixture. The composition 

of a DES can be altered over a range that is confined by the liquidus phase boundary of 

each component. This offers a degree of freedom to improve the DES’s performance, 

but it also introduces an additional control parameter for the liquid stability.

Numerous eutectic mixtures have been recently explored as potential solvents in 

various component ratios, but their liquid stability or phase behaviour have rarely 

been addressed. Thermal analysis of DESs is often complicated by strong supercooling 

behaviour, impeding crystallisation. Supercooled liquids typically exhibit crystallisation 

time-scales varying from minutes to weeks. Dynamic analysis techniques, such as 

differential scanning calorimetry (DSC), are not suitable for these time-scales. The 

centrifuge method overcomes this limitation and allows the quantification of the S-L 

phase behaviour of eutectic mixtures that have a strong supercooling tendency with 

sufficient accuracy. To the best of our knowledge, this novel analysis method was 

reported for the first time in this work.

Many DES components are hygroscopic and take up atmospheric water during 

preparation, which significantly influences the phase behaviour and physicochemical 

properties of the resulting DES (especially the viscosity). The comparison of 

physicochemical properties and S-L phase behaviour of DESs is hampered by the 

ambiguous preparation methods reported for DESs, with often not mentioned or 

varying water contents. To allow a fair comparison of DES properties, a systematic re-

evaluation of DES formation and stability was performed for over 250 binary mixtures 

at three different compositions. For many combinations esterification and thermal 

degradation were observed. Finally, only four of the screened combinations remained 

liquid at room temperature, were chemically stable, and had an acceptable viscosity. 
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Their physicochemical properties, e.g. viscosity and density, were thoroughly analysed 

and compared to literature values if available. These properties did not necessarily 

change continuously with composition, implying different liquid structures at 

different compositions.

From the re-evaluation study two proline-based DESs (glycolic acid-proline and malic 

acid-proline) were subjected to a comprehensive analysis of the esterification reaction 

occurring during preparation. Three different preparation methods were evaluated, 

but ester formation could not be prevented. Esterification was confirmed with various 

analysis techniques, and the resulting oligomers affected the (very high) viscosity 

and the glass transition temperature of the mixtures. The composition dependency 

of the physicochemical properties of the studied proline-based DESs was explored 

experimentally and by molecular dynamics (MD) simulations for five different molar 

ratios. The MD simulations provided additional insight on atomic scale, showing that 

the hydrogen bond (HB) formation between the acid and proline   was activated by 

proline via the disruption of the acid-acid interactions. This confirms the formation of 

the widely assumed HB network between the DES’s constituents in the liquid phase. 

However, the addition of proline also resulted in a higher viscosity and in lower self-

diffusivities.

Glutaric acid-tetraethylammonium chloride was the most stable mixture (chemically 

and thermally) included in the re-evaluation study mentioned earlier. Therefore, it 

was selected for an in-depth thermal analysis to elucidate its S-L phase behaviour. In 

order to study the influence of the salt’s anion on the eutectic phase diagram, mixtures 

of glutaric acid with tetraethylammonium bromide and iodide were also explored. To 

this end, a toolbox of experimental analysis techniques was compiled. A combination 

of DSC, the cloud-point method, the synthetic method, and the novel centrifuge 

method allowed the construction of the phase boundaries for the three mixtures 

over a suitable composition range. Wide-angle X-ray scattering (WAXS) allowed the 

identification and confirmation of the phase regions and solid-solid transitions. The 

liquidus phase boundaries were inter- and extrapolated using the non-random two-

liquid (NRTL) activity coefficient model. Other activity coefficient models (regular 

solutions/Margules, Flory-Huggins, and Wilson), performed poorly. The melting 

temperature depressions and eutectic compositions predicted by the NRTL model, 

showed a strong increase with decreasing ionic radius of the anion. Hence, the anion 
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is an important design parameter for DESs involving salts. 

In order to expand the application area of DESs, hydrophobic DESs were developed. 

A design strategy was adopted to acquire novel hydrophobic DESs for a specific 

application: volatile fatty acid (VFA) recovery from dilute aqueous solutions. The 

components of the potential DESs were selected from a chemical database, based on 

a set of criteria. These criteria include low water solubility, a melting temperature 

above 298 K, and the presence of at least one strong hydrogen bond accepting group 

to stimulate acid extraction. Various binary mixtures were screened. The S-L phase 

behaviour of mixtures being promising for VFA extraction was examined using DSC. 

Finally, a mixture of N,N’ dihexylthiourea (DHTU) and trioctylphosphine oxide 

(TOPO) was selected for the extraction experiments. VFA distribution coefficients 

were evaluated at different pH values, VFA concentrations, compositions of the 

eutectic mixture, and solvent-to-feed ratios. The extraction performance could be 

improved by increasing the TOPO content in the mixture. However, the extraction 

performance was less when compared to TOPO dissolved in hydrophobic molecular 

solvents, which was attributed to the competition between DHTU-TOPO and VFA-

TOPO interactions.

The design of novel, task-specific DESs has so far been hampered by a lack of 

fundamental knowledge. In this work, the molecular structure of the constituents 

of various eutectic mixtures was related to their S-L phase behaviour as well as to 

their physicochemical properties. Additionally, a toolbox of analysis techniques was 

compiled that might accelerate the acquisition of a strong basis of experimental 

data.  This allows for the development of predictive models for the physicochemical 

properties, phase behaviour, and inter-molecular interactions, paving the road 

towards the design of novel DESs: a new generation of designer solvents.
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Samenvatting
Om een goed alternatief te kunnen bieden voor conventionele oplosmiddelen, wordt 

in dit proefschrift het onderzoek beschreven naar een relatief nieuw type oplosmiddel: 

de diep eutectische oplosmiddelen (DESs). Een DES is een mengsel bestaande uit 

twee of meer - doorgaans vaste - stoffen die samen een vloeistof vormen bij een 

veel lagere temperatuur dan de smelttemperaturen van elke pure component. Deze 

smeltpuntverlaging is het resultaat van een entropisch effect in combinatie met een 

breed scala aan intermoleculaire interacties. De temperaturen en samenstellingen 

waarbij een DES kan worden toegepast als vloeibaar medium wordt bepaald door 

het fasegedrag van het mengsel. De samenstelling van een DES kan worden gekozen 

binnen het gebied dat wordt afgebakend door de liquidus faselijn van elke component. 

Dit biedt een extra vrijheidsgraad om de prestaties van de DES als oplosmiddel te 

verbeteren, maar introduceert ook een extra regelparameter om de stabiliteit van de 

vloeibare fase te kunnen garanderen.

In de literatuur worden verscheidene eutectische mengsels in diverse samenstellingen 

beschreven en gepresenteerd als potentiële alternatieve oplosmiddelen. Echter, 

de stabiliteit van de vloeibare fase en het fasegedrag van de DESs werden zelden 

onderzocht. Thermische analyse van DESs is vaak complex, mede doordat kristallisatie 

doorgaans wordt bemoeilijkt door onderkoeling. De tijdschaal waarop kristallisatie 

plaatsvindt, varieert van minuten tot weken voor een onderkoelde vloeistof. 

Dynamische analyse technieken, zoals dynamische differentiecalorimetrie (DSC), zijn 

niet geschikt voor deze tijdschalen. Om deze beperking te omzeilen werd gedurende 

dit onderzoek een nieuwe analytische procedure ontwikkeld: de centrifugemethode. 

De centrifugemethode maakt het mogelijk om het fasegedrag van eutectische 

systemen te kwantificeren met voldoende nauwkeurigheid, ook als deze gevoelig zijn 

voor onderkoeling.

Veel van de stoffen die worden gebruikt voor een DES zijn hygroscopisch en nemen 

water op uit de atmosfeer tijdens het mengen. Dit heeft een significante invloed op het 

fasegedrag en op de fysisch-chemische eigenschappen (de viscositeit in het bijzonder) 

van de resulterende DESs. Het watergehalte wordt echter veelal niet gerapporteerd, of 

er worden verschillende gehaltes gerapporteerd, wat de vergelijking van het fasegedrag 
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en de eigenschappen van verschillende DES bemoeilijkt. Om deze eigenschappen 

toch goed te kunnen vergelijken, werden meer dan 250 binaire mengsels met elk 

drie verschillende samenstellingen bereid en vervolgens getoetst op de vorming en 

stabiliteit van een DES. Een groot deel van de mengsels veresterde, degradeerde, 

of kristalliseerde tijdens of na de preparatie. Uiteindelijk bleken slechts vier van de 

onderzochte mengsels vloeibaar te blijven bij kamertemperatuur, een acceptabele 

viscositeit te hebben, en chemisch stabiel te zijn. Van deze vier mengsels werden de 

fysisch-chemische eigenschappen, bijvoorbeeld de dichtheid en viscositeit, grondig 

geanalyseerd en waar mogelijk vergeleken met literatuurwaarden. De verandering 

van de eigenschappen met de samenstelling was niet altijd continu, dit impliceert 

dat er verschillende vloeistofstructuren zouden kunnen bestaan afhankelijk van de 

samenstelling van de DES.

Van twee van de bestudeerde en op proline gebaseerde DES (glycolzuur-proline 

en appelzuur-proline) werd de verestering van de DES tijdens de bereiding nader 

onderzocht. Drie bereidingsmethoden werden vergeleken, maar geen enkele 

methode kon de verestering voorkomen. De reactie werd bevestigd met meerdere 

analysetechnieken. De veresterde oligomeren beïnvloedden de (toch al zeer hoge) 

viscositeit en de glasovergangstemperatuur van de mengsels. Het verband tussen 

de fysisch-chemische eigenschappen en de samenstelling van de DES met proline 

werd zowel experimenteel als met moleculaire dynamica (MD) bestudeerd voor 5 

samenstellingen. De MD simulaties gaven inzicht op atomaire schaal, namelijk dat 

de vorming van waterstofbruggen tussen de zuren en proline werd geactiveerd door 

proline door middel van het verbreken van zuur-zuur interacties. Dit bevestigt het 

alom aangenomen waterstofbrugnetwerk tussen de componenten van een DES in de 

vloeibare fase. Hogere proline gehaltes leiden echter ook tot hogere viscositeiten en 

lagere zelf-diffusie coëfficiënten.

Van de 250 onderzochte mengsels was het mengsel van glutaarzuur en 

tetraethylammonium chloride het stabielst, zowel chemisch als thermisch. Om die 

reden werd dit mengsel onderworpen aan een diepgravende thermische analyse met 

als doel het eutectische fasegedrag bloot te leggen. Om de invloed van het anion op 

het eutectische fasegedrag te bestuderen, werden ook mengsels van glutaarzuur met 

tetraethylammonium bromide en iodide meegenomen in de analyse. Verscheidene 

experimentele analysetechnieken werden gecombineerd om het fasegedrag zo goed 
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mogelijk in kaart te brengen, namelijk: DSC, de additiemethode (cloud-point), de 

synthetische methode, en de nieuwe centrifugemethode. Zo konden de faselijnen 

worden geconstrueerd voor een brede reeks van samenstellingen. De structuur van 

de vaste stof in de resulterende fasegebieden werd geïdentificeerd en bevestigd met 

grote-hoekverstrooiing van röntgenstraling (WAXS). Met WAXS werden ook de vaste 

stof-vaste stof overgangen bestudeerd. De liquidus faselijnen werden geïnter- en 

geëxtrapoleerd met het non-random two-liquid (NRTL) excess Gibbs energiemodel. 

Reguliere oplossingen/Margules, Flory-Huggins, en Wilson presteerden onvoldoende. 

De met NRTL berekende smeltpuntverlaging en eutectische samenstelling namen 

sterk toe naarmate de ionstraal van het anion afnam. Dus, het anion is een belangrijke 

ontwerpparameter voor DESs met zouten.

Om de toepasbaarheid van DESs te vergroten, werden hydrofobe DESs ontwikkeld. 

Er werd een ontwerpstrategie toegepast om nieuwe hydrofobe DESs te ontwerpen 

voor een specifieke applicatie, namelijk het extraheren van vluchtige vetzuren uit 

verdunde waterige oplossingen. De componenten van een te ontwerpen DES werden 

geselecteerd uit een chemische databank op basis van een set selectiecriteria. Deze 

criteria bestonden onder andere uit: een lage wateroplosbaarheid, een smeltpunt 

boven de 298 K, en de aanwezigheid van ten minste één sterke waterstofbrugacceptor 

groep om de extractie van vetzuren te stimuleren. Verscheidene binaire mengsels 

zijn onderzocht. Van de veelbelovende mengsels werd het fasegedrag bestudeerd 

met DSC. Uiteindelijk werd een mengsel van N,N’-dihexylthiourea (DHTU) en 

trioctylphosphine oxide (TOPO) geselecteerd voor de extractie-experimenten. De 

distributiecoëfficiënten van de vetzuren werden bestudeerd voor verschillende 

pH-waarden, vetzuurconcentraties, samenstellingen van het eutectische mengsel, en 

verschillende verhoudingen tussen de organische fase en de waterfase. Een hogere 

TOPO concentratie in de mengsels resulteerde in een betere extractie van de vetzuren. 

De extractie verliep echter minder goed vergeleken met TOPO opgelost in hydrofobe 

oplosmiddelen. Dit werd toegeschreven aan de competitie tussen de interacties van 

DHTU met TOPO en de interacties van vetzuren met TOPO.

Het ontwerpen van nieuwe DESs voor specifieke toepassingen werd tot nu toe 

bemoeilijkt door een gebrek aan fundamentele kennis. In dit proefschrift werd de 

moleculaire structuur van de stoffen in een eutectisch mengsel gekoppeld aan het 

eutectische fasegedrag en de fysisch-chemische eigenschappen van de resulterende 
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vloeistof. Bovendien werd hiervoor een set van analysetechnieken gebruikt die ook 

in de toekomst de acquisitie van een sterke experimentele dataset kan versnellen. 

Een goede experimentele basis is essentieel voor het ontwikkelen van voorspellende 

modellen voor fysisch-chemische eigenschappen, fasegedrag, en intermoleculaire 

interacties. Uiteindelijk wordt op die manier de weg vrijgemaakt voor het systematisch 

ontwerpen van DESs, om zo te verworden tot een nieuwe generatie oplosmiddelen.
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Glossary
Quantities

∅ diameter m
β heating rate K·min-1

distribution coefficient m3·m-3

η dynamic viscosity Pa·s
Φ heat flow rate J·s-1

γ activity coefficient
γ shear rate s-1

µ chemical potential J·mol-1

θ scattering angle °
ρ density g·m-3

σ standard deviation
τ relaxation time s
C heat capacity J·K-1

concentration g·dm-3

D diffusion coefficient m2·s-1

E activation energy J·mol-1

G Gibbs energy J
H enthalpy J
Ii NMR integral of i
m fragility index

mass g
M molar weight g·mol-1

n moles mol
q reciprocal lattice vector 

length
m

R ideal gas constant J·(mol·K)-1

S entropy J·K-1

t time s
T temperature K
ui uncertainty of i
V volume m-3

w weight fraction
x mole fraction

Superscripts and subscripts

∗ pure component
∞ at infinite temperature
η of viscous flow
AE after equilibration
Aq aqueous phase
b boiling
BE before equilibration
cen centrifuge
d decomposition
eut eutetic
fus fusion, melting
g glass transition
infl inflection
ini initial
K Kauzmann
liq liquidus
m molar
max maximum
min minimum
mix mixing
Org organic phase
p constant pressure
sol solidus
tr transition
x based on mole fractions
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Abbreviations

Av Avramov
DES deep eutetic solvent
DFT density functional theory
DSC differential scanning calorimetry
FTIR Fourrier transform infrared
HB hydrogen bonding
HBs hydrogen bonds
HPLC High performance/pressure liquid chromatography
IC ion chromatography
IL ionic liquids
L liquid
LLE liquid-liquid extraction
LNCS liquid nitrogen cooling stage
LTTM low transition temperature mixtures
MD molecular dynamics
MDSC modulated temperature DSC
NADES nature-based deep eutectic solvent
NMR nuclear magnetic resonance
PC-SAFT perturbed-chain statistical assoiciating fluid theory
S solid
S/F solvent-to-feed
TGA thermogravimetric analysis
TMS tetramethylsilane
V vapour
VFA volatile fatty acids
VTF Vogel-Tammann-Fulcher
XRD X-ray diffraction
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2 GeNerAl iNtroDuctioN

1.1	 Solvents

Solvents are widely applied in (chemical) industrial processes and range from water to 

volatile organic liquids, such as ethanol, toluene, and dimethyl sulfoxide.[1,2] Organic 

solvents are often flammable, toxic, or polluting.[1,3,4] Hence, solvent-free processes may 

reduce health risks and improve the sustainability of industrial operations.[2] However, 

solvents perform tasks that are generally rather difficult to realise in a solvent-free 

process. The application of solvents facilitates e.g. the liquefaction of solids, improved 

energy- and mass-transfer, as well as the separation of products from reaction 

media.[1,3]

Solvents are selected using procedures that optimise the balance between 

performance, cost, safety, health risks, and environmental impact. This optimisation 

is typically pursued via empirical screening studies[5–7] and/or solvent selection guides 

developed by industry.[4,8–11] Another strategy is to design novel alternative solvents 

with a similar or improved performance, with less health risks, and with less negative 

environmental impact as compared to conventional solvents.[12] Solvents tailored to 

specific applications or criteria are referred to as designer solvents.[13]

1.2	 Designer solvents

Most commonly available molecular liquids have been explored as potential solvents. 

Hence, designer solvents are generally prepared via the liquefaction of functionalities 

that are otherwise only available in the solid phase at ambient temperatures. Typical 

strategies for this liquefaction are the combination of specific ions (ionic liquids), or 

the mixing of two or more (non-)electrolytes (deep eutectic solvents).

1.2.1	 Ionic liquids
Ionic liquids (ILs) are molten salts, this term was introduced to emphasize that 

there is a large group of salts that melt under mild thermal conditions (e.g. room 

temperature).[14] ILs can be regarded as designer solvents because their properties 

(including their melting temperature) can be tailored by adapting the structure of 

the cation and/or anion.[13,14] It is estimated that over 1 million of unique ILs can be 

prepared via the combination of different (in)organic ion pairs.[15] The main advantage 
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of ILs over conventional solvents is that almost all ILs exhibit a negligible vapour 

pressure.[13] This reduces emissions to the environment, improves the recoverability 

of ILs, and allows a relatively easy separation of volatile components from ILs. ILs are 

covered by a vast amount of literature in diverse fields, including organic synthesis 

and catalysis,[15–18] separation technology,[19–21] electrochemistry,[15,22]  biomass 

processing,[23,24] and self-assembly.[25] Disadvantages of ILs are the large number of 

consecutive synthesis and purification steps and the large amount of energy involved 

with their production as compared to molecular solvents,[12] which also reflect on their 

synthesis costs.

1.2.2	 Deep eutectic solvents
Deep eutectic solvents (DESs) are commonly described as mixtures of two (or more) 

components of which the resulting melting temperature is considerably lower than 

that of its pure components.[26–29] This melting temperature depression is caused by 

eutectic solid-liquid (S-L) phase behaviour, i.e. the components of the mixture are 

miscible in the liquid phase and partially miscible or immiscible in the solid phase 

(see chapter 2). Since the components of most binary mixtures show complete 

immiscibility (or partial miscibility) in the solid phase, a large number of potential 

DESs can be hypothetically designed. DESs can be prepared by simple mixing, which 

is an advantage over ILs.[26–29] Moreover, the physicochemical properties of DESs can 

be tuned by varying both the nature of and the molar ratio of their components.[26–28] 

DESs are applied in wide variety of fields, including organic synthesis and catalysis,[28,30] 

separation technology,[27,31] electrochemistry,[28] and biomass processing.[24] Despite 

the large amount of possible eutectic mixtures, only a limited variety of DESs have 

been reported.[29,32] This illustrates that there is lack of insight regarding the relation 

between the molecular structure of the components forming a DES and the resulting 

S-L phase behaviour and physicochemical properties (e.g. density and viscosity). 

Hence, despite their promising potential as designer solvents, the development of 

novel DESs for specific applications is still limited.
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1.3	 Aim and thesis outline

The aim of the work reported in this thesis is to take the first steps towards a roadmap 

that enables the systematic design of novel, task-specific DESs by establishing a set 

of design criteria. These criteria should be based on the fundamental aspects of DES 

formation, such as the fusion properties of its components and their intermolecular 

interactions. The S-L phase behaviour and physicochemical properties that are relevant 

for the construction of these criteria were studied for various DESs. Additionally, 

the development of a toolbox containing experimental analysis techniques for the 

determination of the S-L phase behaviour of DESs was pursued, taking into account 

the significant supercooling often observed for DESs.

Chapter 2 provides a theoretical framework for the S-L phase behaviour of binary 

eutectic mixtures, as well as a brief overview of analysis techniques that can be used to 

study this S-L phase behaviour. Additionally, the definition of DESs is revisited and a 

classification is proposed that distinguishes DESs from other eutectic mixtures.

Chapter 3 presents the centrifuge method. The centrifuge method is a novel analysis 

method that allows the examination of the S-L phase behaviour of eutectic mixtures 

that show (strong) supercooling behaviour. 

Chapter 4 describes the systematic re-evaluation of the physicochemical properties, 

thermal stability, and chemical stability of a large set of known DESs. The DESs that 

showed significant thermal and chemical stability were subjected to an in-depth 

characterisation of their physicochemical properties. 

Chapter 5 presents a detailed study towards two of the mixtures evaluated in 

chapter 4. The physicochemical properties of proline-based DESs were determined 

both experimentally and via molecular dynamics simulations. Additionally, the 

influence of the preparation method and the occurrence of an esterification reaction 

on the physicochemical properties were investigated.

Chapter 6 presents a detailed analysis of the S-L phase behaviour of binary mixtures of 

glutaric acid and a series of tetraethylammonium halides, i.e. chloride, bromide, and 

iodide. The resulting liquidus phase boundaries were modelled thermodynamically 

using various activity coefficient models.
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In chapter 7 novel binary hydrophobic DESs were designed for a specific application: 

the extraction of volatile fatty acids (VFAs) from dilute aqueous solutions. The 

components for the DESs were selected systematically based on a set of criteria related 

to the application. The VFA extraction performance of two eutectic mixtures was 

evaluated and compared to a benchmark extractant.

Finally, the most important conclusions as well as an outlook for future research are 

presented in chapter 8.
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In order to provide a theoretical framework, this chapter discusses the 
most common solid-liquid (S-L) phase diagrams exhibited by binary 
mixtures, with a focus on eutectic phase behaviour. Additionally, an 
overview is presented of the essential thermodynamics involved in 
eutectic systems. Throughout this thesis, all systems are evaluated at 
normal (atmospheric) pressure. Hence, the S-L phase behaviour of 
binary mixtures is reviewed in terms of composition and temperature 
only. Deep eutectic solvents (DESs) are commonly defined as mixtures 
of two (or more) pure components that affect their mutual S-L phase 
behaviour, covering virtually any binary mixture. The applicability of 
this definition and the distinctions between eutectic mixtures and 
DESs are therefore discussed. Finally, the theoretical background 
is followed by a more technical section, focussed on the analysis 

techniques used for the acquisition of S-L equilibrium data. 

BACKGROUND
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2.1	 Solid-liquid phase behaviour of binary mixtures

The solid-liquid (S-L) phase behaviour of binary mixtures is governed by the 

equilibrium between the liquid phase and the solid phase. Only systems at normal 

pressure and below the vapour-liquid phase boundary are taken into account, unless 

stated otherwise. That said, the binary mixture can completely consist of solids (S), 

liquids (L), or contain both solids and liquids (L + S) at any given temperature and 

composition. When the binary system is solely comprised of solids, or only contains 

liquids, multiple phases can still be formed due to the immiscibility of the two 

components involved. For the studied deep eutectic solvents (DES) systems, no liquid-

liquid phase separation was observed. Hence, the liquid phase is considered miscible 

at all compositions for the remainder of this background chapter. However, the solid 

phase cannot be assumed to consist of only one phase. The S-L phase behaviour of 

binary mixtures is therefore discussed separately for systems showing a solid phase 

with unlimited miscibility, complete immiscibility, and partial miscibility.

The phase states of an isobaric binary mixture can be graphically represented in a 

two-dimensional T-x (temperature versus composition) phase diagram, where phase 

regions are confined by phase boundaries, at which the transition from one phase to 

another takes place. These phase boundaries are constructed in accordance to Gibbs’ 

phase rule (for derivation see textbook references[1,2]):

Eq. 2.1F C P� � � 2

where F is the variance of the system, C is the number of components in the system, 

and P is the number of phases at equilibrium. The temperature and pressure are the 

intensive variables giving rise to the + 2 term. However, the pressure is assumed to be 

constant at normal pressure; thus, the variance should be reduced, leading to the 

“condensed phase rule”:

Eq. 2.2F C P� � �1

Eq. 2.2 shows that a maximum of three phases can be in equilibrium for a binary 

mixture (C = 2). A three-phase equilibrium is restricted to a single composition and 

temperature; this is called an invariant point since F = 0. The equilibrium between two 
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phases has one degree of freedom (F = 1) and is therefore expressed by a line in the T-x 

diagrams.

2.1.1	 Unlimited miscibility in the solid phase
If both components are completely miscible, the phase region is referred to as solid 

or liquid solution. Fig. 2.1 shows the binary phase diagrams of hypothetical systems, 

where solid and liquid solutions are in equilibrium with an L + S region. The phase 

boundary between the S and L + S regions is called the solidus, the phase boundary 

between the L and L + S regions is called the liquidus. At equilibrium, the partial 

molar Gibbs energies (Gm,i, or chemical potentials, μi) are equal for each component, 

see Eq. 2.3.

Fig. 2.1 Three different types of solid (S) – liquid (L) T-x phase diagrams (top) and G-x diagrams 
showing the corresponding Gibbs energy curves (bottom). A liquid solution in equilibrium with a 
solid solution (left), a solid solution with a congruent maximum melting temperature (middle), 
and a solid solution with a congruent minimum melting temperature (right) are shown. The 
horizontal dashed lines represent the isotherms of the curves shown in the G-x diagram below, 
where T3 < T2 < T1. The equilibrium compositions are highlighted with a circle, in the G-x diagrams 
they are connected by a tangent representing dGS/dxi = dGL/dxi.
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where the superscripts denote the phase, and the subscripts the component. When 

normalising to the total amount of moles in the system (ntot) and substituting mole 

fractions xB with (1−xA), Eq. 2.3 takes the form:

Eq. 2.4
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The two equations in 2.4 are dependent, leading to one independent equation:

Eq. 2.5
�
�

�
�
�

G
x

G
xi i

� �

Hence, the tangents of the Gibbs-free energy in an isothermal G-x diagram should be 

the same for both phases, resulting in the compositions at which both phases are in 

equilibrium (see Fig. 2.1).

When the solid and liquid phase are in direct equilibrium, without an intermediate 

phase region, the phase transition is addressed as congruent freezing/melting, i.e. the 

compositions of the solid and the liquid phase remain the same before and after phase 

transition.[1] The middle and right phase diagrams of Fig. 2.1 show congruent melting 

at their maximum and minimum melting temperature, respectively.

2.1.2	 Simple eutectic phase behaviour – complete immiscibility
Typically, the two solids of an organic binary mixture are not completely miscible. 

Several factors determine the mutual solid solubility of organic components. These 

factors will be shortly discussed in section 2.1.3 about partial miscibility. Generally, 

the solid components of a binary system AB are mutually immiscible if there are strong 

non-directional intermolecular interactions between A and B.[3] These interactions 

can for example be hydrogen bonds. The disturbance of the original hydrogen 

bonding network and the construction of a new one upon mixing organic compounds 

is the commonly believed mechanism that results in a liquid, i.e. a DESs is formed.
[4–6] DESs are thus likely to show complete immiscibility in the solid phase, and they 
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probably form a simple eutectic system. An illustration of a model simple eutectic 

phase diagram is shown in Fig. 2.2.

For systems with immiscible solids, two separate liquidus phase boundaries can be 

distinguished, instead of a single continuous liquidus line. They coincide with each 

other and with the solidus phase boundary in the eutectic point. The part of the phase 

diagram with compositions below the eutectic point (left hand side) is called the 

hypotectic region and the part above (right hand side) the hypertectic region. This is 

independent of the component (A or B) of which the mole fraction is shown on the 

Fig. 2.2 T-x phase diagram of a simple eutectic (eut) binary phase diagram, where L is a liquid 
solution, Si is the solid of i, and Tfus,i is the melting temperature of pure i. At the top and right of the 
phase diagram, schematic representations of common microstructures in a eutectic system are 
shown, corresponding to the marked temperatures on the a-b and a’-d’ isopleths.
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x-axis. At and below the solidus temperature, both pure solids co-exist in equilibrium 

owing to their mutual immiscibility. Only at the eutectic point the solids are also in 

equilibrium with the liquid melt, and the tangent of the Gibbs-free energy curve of 

the liquid is the same as the line connecting the free energy of the pure components 

(see Fig. 2.3). Because three phases are in equilibrium, the eutectic point is invariant 

(F = 0). 

When a sample at the eutectic composition (a in Fig. 2.2) is heated to (above) 

the solidus temperature, all solids will melt congruently. If a liquid at the eutectic 

composition (b in Fig. 2.2) is cooled to (below) the solidus temperature, the driving 

force for nucleation is the same for solids A and B. Thus, when omitting supercooling 

and assuming small differences between the nucleation kinetics, crystals of A and 

B will be formed simultaneously. As crystals of A grow, the surrounding liquid will 

be richer in B, increasing the driving force for nucleation and growth of B-crystals. 

This, in turn, stimulates formation of A-crystals. The result is a microstructure in 

which crystals of pure A and B are dispersed homogeneously throughout the sample, 

clearly separated by many phase boundaries. A schematic representation of a lamellar 

microstructure is given in Fig. 2.2, but other types exist as well.[2]

At temperatures above the solidus temperature, but below liquidus phase boundary, 

the liquid is in equilibrium with one of the pure solids depending on the composition 

(see Fig. 2.3). Since the two pure solids are not in equilibrium, crystals of only one of 

the two solids will be formed upon cooling the liquid (Fig. 2.2, d´ to c´). As the sample 

is cooled along the dashed isopleth, the Gibbs energy of the liquid phase will increase 

and the B-crystals will grow, enriching the liquid in A. This continues until eutectic 

point, where the remaining liquid will solidify similarly as previously described for the 

eutectic composition. Upon heating, the steps are reversed, first all A melts together 

with B in the eutectic composition. When the temperature is further increased, the 

B-crystals will slowly melt/dissolve in the liquid, until the sample is heated to above 

the liquidus line.

Co-crystals
In some cases, the components of a binary mixture can form two-component 

ordered crystals with a different crystal structure than either of the pure solids. 

These are called complexes, molecular compounds, molecular crystals, intermetallic 
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compounds, pseudopolymorphs, or co-crystals, depending on the scientific field of 

interest.[2,7] In literature, there has been quite some debate on the definition of the 

term co-crystal.[7,8] Nevertheless, the term co-crystal will be maintained throughout 

this thesis as a concise synonym to “binary molecular crystal” or “binary molecular 

compound”. If the newly formed co-crystal is completely immiscible with the solids 

of its constituents, the binary phase diagram will exhibit an extra eutectic point (see 

Fig. 2.3). Often, co-crystals are formed at simple stoichiometric ratios of the two 

components, allowing for the combination of A and B in a regular crystal lattice.[2,7] 
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Fig. 2.3 Two solid (S) – liquid (L) T-x phase diagrams (top) with completely immiscible solid 
phases and G-x diagrams showing their corresponding Gibbs energy curves (bottom). A simple 
eutectic (left) and a binary system with co-crystal C, which forms eutectic mixtures with both pure 
components (right) are shown. The horizontal dashed lines represent the isotherms of the curves 
shown in the G-x diagram below, where T2 < T1. The equilibrium compositions are highlighted with 
a circle, in the G-x diagrams they are connected by a tangent for which dGS/dxi = dGL/dxi.

Fig. 2.3
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Fig. 2.3 shows a phase diagram for a co-crystal C at stoichiometric ratio A:B = 1:1. The 

co-crystal melts congruently and similarly to a pure component. 

The Gibbs-free energy curve of the liquid exhibits the typical wavy shape that allows 

the liquid phase to be in equilibrium with a solid at more than two compositions (see 

Fig. 2.3). The melting temperature of the co-crystal does not depend on the melting 

temperature of the pure components. In this particular example, Tm,A < Tm,C < Tm,B 

and the two eutectic temperatures are distinct from the melting temperatures. This 

is not always the case; the melting temperature of the co-crystal can for instance 

be lower than that of its pure constituents and very close to a eutectic point both 

in temperature and composition. A co-crystal can be distinguished from another 

crystalline solid through the analysis of its crystal structure by means of e.g. X-ray 

diffraction. The solids of the co-crystal and the pure components are immiscible, so 

their crystal structures can co-exist at compositions other than that of the co-crystal. 

Hence, the co-crystal should exhibit a diffraction pattern that is unique as compared 

to those pure components.

Limited solubility in the liquid phase
When the melting temperature of component B exceeds the boiling temperature 

(Tb) of component A, the liquidus phase boundary does not necessarily connect the 

eutectic point with the melting temperature of pure B. In Fig. 2.4 can be seen that 

the rather steep liquidus line in the hypertectic region is limited by the volatility of A. 

Depending on the volatility of B, pure solid B is in equilibrium with a gaseous mixture 

of A and B (V + SB), or with pure vapour of A (VA + SB). Examples of these systems 

are mixtures of CH4 and CO2,
[9,10] and mixtures of H2O and KI,[11] respectively. In a 

system where component B is not volatile at atmospheric pressure and where the 

decomposition temperature (Td) is close to its melting temperature, the liquefaction 

of B is limited by its solubility in A. Due to the steep liquidus line (also called solubility 

line for these systems), increasing the temperature does not significantly improve the 

liquid range. In this thesis, only S-L equilibria are studied. Hence, the temperature 

range of interest is limited to temperatures well below the boiling temperature of A for 

systems where B exhibits negligible volatility, i.e. Tb,A (or Td,A) < Tm,B, and Tm,A << Tm,B.
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2.1.3	 Partial miscibility in the solid phase
In the previous sections, either a completely miscible, or a completely immiscible 

solid phase was considered. However, the solubility of solid A in solid B – and vice 

versa – is often viable, but limited. As a result, a solid phase can consist of a mixture 

of solid solutions Sα + Sβ that do not mix with each other. Here Sα is a solid solution 

rich in A, and Sβ is a solid solution rich in B. Both solid solutions are stable over a wide 

composition range, and thus have their own Gibbs-free energy curves (see Fig. 2.5). 

Therefore, additional phase boundaries arise in the eutectic phase diagram from the 

pure component sides, forming two phase regions in which solids A and B are miscible. 

The solid solutions also give rise to the possibility of having a liquid phase + solid 

phase in equilibrium with a different solid phase. This is called a peritectic system; a 

resulting phase diagram is shown in Fig. 2.5. 

When a co-crystal is partially miscible with A, B, Sα, or Sβ, an additional phase Sγ is 
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Fig. 2.4 Two binary T-x phase diagrams with completely immiscible solids where the melting 
temperature (Tfus,i) of B exceeds the boiling temperature (Tb,i) of A. One system shows miscibility 
in the liquid and vapour phase (left), and another system shows no volatility of B and no solubility 
of A in its melt. Component B decomposes at a temperature (Td,B) just above Tfus,B. (right). S, L, and 
V represent the solid, liquid, and vapour phase, respectively.

Fig. 2.4
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formed rather than only solid C. The resulting phase diagram is then a combination of 

two eutectic systems with solid solutions. Illustrative phase diagrams can be found in 

chapter 2 of the book “Mixed crystals”.[2] Solid solutions also allow for the formation of 

solid-solid eutectics and peritectics, called eutectoids and peritectoids, but those are 

considered to be outside the scope of this thesis.

There are two main types of solid solutions: (i) substitutional and (ii) interstitial solid 

solutions. In a substitutional Sα, B takes the place (substitutes) of A in some points 

of the crystal lattice, while in interstitial Sα, solid B occupies a site that is normally 
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Fig. 2.5 Two solid (S) – liquid (L) T-x binary phase diagrams (top) with solid phases that show 
partial miscibility and G-x diagrams representing their corresponding molar Gibbs energy curves 
(bottom). A eutectic (left) and a peritectic system (right) are shown. The horizontal dashed lines 
represent the isotherms of the curves shown in the G-x below, where T2 < T1. The equilibrium 
compositions are highlighted with a circle, in the G-x diagrams they are connected by a tangent 
for which dGi,S/dx = dGL/dx.

Fig. 2.5
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empty within the crystal lattice of solid A.[2,12] Whether A and B are (partially) soluble 

depends on several factors, but this is only understood qualitatively. From the 

molecular structures of A and B, one can make an educated guess, but this always has 

to be verified with extensive experimental work or molecular simulations.

One of the factors strongly affecting the possibility of forming a solid solution is 

the similarity in the geometrical structure of A and B molecules. In order to obtain 

substitutional Sα, B should fit in the existing crystal structure and not distort it to 

such extent that the lattice will decompose. If A and B have very different geometries, 

they are therefore not likely to form a solid solution through substitution. However, 

for interstitial Sα it is necessary that B is small enough to fit in the empty sites of the 

crystal lattice of A. For metals and salts this is often the case, but for organic molecules 

this is very uncommon.[3,12] Even if the geometry of A and B allows substitutional or 

interstitial organisation, functional groups of B can disturb the molecular packing 

of A, especially if the packing of A is determined by hydrogen bonding and B is also 

capable to form hydrogen bonds.[3] As most DESs are currently composed of hydrogen 

bonding constituents, it is not expected that they exhibit significant solid solution 

formation.

2.1.4	 Thermodynamics of the liquidus phase boundary
When considering a simple eutectic system, e.g. a DES, the liquid phase is in equilibrium 

with pure solid A or B at the liquidus boundary. The liquidus boundary determines the 

composition range at which the mixture is a liquid solution. Since the aim is to apply 

DESs as solvents, the liquid range of the binary mixture is of great importance. the 

liquidus phase boundary can be described using thermodynamics, and the activity of 

each of the components can be determined. The activity is a qualitative measure for 

the total attractive and repulsive operating forces and therefore gives some insight in 

the molecular interactions between the components of a DES.

A binary mixture is considered as a heterogeneous closed system, i.e. the system 

consists of two or more phases, where each phase is considered an open system 

within an overall closed system.[13] The total composition of the system is therefore 

constant, but each component can move freely from one phase to another. In the L + Si 

region of the phase diagram, pure solid i is in equilibrium with the mixed liquid phase 

containing both i and j. Hence, the chemical potential of the solid and liquid phase 
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are equal for component i:

Eq. 2.6� �i
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For a binary mixture at constant pressure and at equilibrium, the chemical potential 

is the partial molar derivative of the Gibbs (free) energy, see Eq. 2.7.
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For each phase, the Gibbs energy can be written in terms of the pure component 

Gibbs energy (standard state) and the change in Gibbs energy upon mixing:
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In simple eutectic systems �mix
SG � 0 , because the solids are completely immiscible. 

The change in Gibbs energy upon mixing of the liquid phase can be written as the sum 

of an ideal mixing term and an excess Gibbs energy term:

Eq. 2.9� �mix
L

mix
id L E LG G G� �, ,

Substituting Eq. 2.9 in Eq. 2.8 yields:
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The mixing behaviour in the liquid phase can be expressed as a function of the molar 

Gibbs energy of melting of pure i by rearranging Eq. 2.10:
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At constant pressure and temperature T, ∆S
L

m iG , can be expressed as a combination of 

the enthalpy and entropy of the transition, see .

Fig. 2.6 shows the thermodynamic cycle that can then be used to express the enthalpy 
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and entropy at T as a function of measurable quantitie, the enthalpy of fusion at the 

melting temperature of pure i. First the solid is heated from T to Tfus i,
∗  leading to 

an enthalpy and entropy change owing to the heat capacity of i. Then the solid is 

melted at Tfus i,
∗ , the phase change also induces a change in enthalpy and entropy. 

Subsequently the liquid is supercooled back to T. The enthalpy (Eq. 2.13) and entropy 

(Eq. 2.14) can now be written corresponding to the thermodynamic cycle.
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The entropy of fusion can be written as:
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When Eq. 2.15 is substituted in Eq. 2.14, and Eq. 2.12-2.14 are substituted in Eq. 2.11, 

Eq. 2.16 is obtained:
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Isolating ln
,
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L

x i
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For ideal mixtures � x i
L
,
�1 applies for all ratios and temperatures. Hence, the ideal 

liquidus phase boundary can be constructed from Eq. 2.17, if � fus m iH ,
� , Tfus i,

∗ , and 

�S
L

p m iC T
, ,

( )
�  are determined experimentally for pure component i.

Using the same data of the pure component , the activity coefficient can be determined 

from the experimentally obtained liquidus phase boundary ( xi
L  and T are known):
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� is often assumed to be independent of temperature.[13] However, DESs 

often exhibit large melting temperature depressions, which could lead to large 

temperature differences between T and Tfus i,
∗ . Therefore, DESs could exhibit larger 

differences in �S
L

p m iC T
, ,

( )
�  than other binary mixtures. Moreover, these differences are 

expressed exponentially in the activity coefficient. The impact of the temperature 

dependence of the �S
L

p m iC T
, ,

( )
�  is best illustrated with an example: for a system with a 

typical �S
L

p m iC , ,
�  of 20 kJ·mol-1 and a melting temperature depression of 100 K (common 

for DESs), a difference in � �S
L

p m i T S
L

p m i T
C C

fus i
, , , ,

,

� �
� � �  1 J·mol-1·K-1 results in a ~7.5 % 

deviation of � x i
L
,
�1. Hence, �S

L
p m iC T

, ,
( )

�  should be evaluated experimentally at least at the 

lowest and highest temperatures of interest in order to verify this assumption. If the 

assumption appears to be over-simplified, the �S
L

p m iC T
, ,

( )
�  should be determined from 

a larger set of heat capacity data. If the assumption is verified, Eq. 2.18 would simplify 

to Eq. 2.19.
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This can be even further simplified if the terms containing �S
L

p m iC , ,
�  are insignificant 
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compared to � fus m iH ,
� . In this rather unlikely case Eq. 2.19 can be simplyfied to 

2.1.5	

Eq. 2.20
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Supercooling	and	vitrification
If a liquid is cooled sufficiently fast below its melting temperature, crystallisation can be 

avoided. This is caused by a continuous reduction in molecular motion upon cooling. 

If the cooling rate forces the molecules to move slower than the rate of relaxation 

necessary to rearrange themselves into a crystal lattice, crystallisation will not occur, 

even though the free energy of the crystalline phase is lower. This phenomenon is 

called supercooling and is regarded as a kinetic effect that retains the liquid state at 

temperatures below the melting temperature.[14,15] Liquids have a larger entropy than 

crystalline solids, but also a larger heat capacity. This means that as a substance in 

the liquid state is cooled, its entropy decreases faster than if it is in the solid state. 

At some temperature below the melting temperature the entropy of the liquid state 

would be equal or even lower than that of the solid state, which is in direct conflict 

with the third law of thermodynamics.[15,16] This phenomenon is shown in Fig. 2.7 and 

is called the Kauzmann paradox; the temperature at which both entropies are equal is 

the Kauzmann temperature.[16]

Before the realisation of the Kauzmann paradox, a glass is formed at temperatures 

close to, but well above the Kauzmann temperature. The heat capacity of a glass is 

still slightly higher than that of a solid, but decreases with temperature in the same 

manner, preventing faster entropy reduction on cooling for the glass than for the 

crystalline solid. The formation of a glass is believed to happen at temperatures 

where “the characteristic molecular relaxation time becomes of the order of 100 

seconds, and the rate of change of volume or enthalpy with respect to temperature 

decreases abruptly (but continuously) to a value comparable to that of a crystalline 

solid.”[15] The temperature at which the abrupt change takes place is called the glass 

transition temperature (Tg); this is graphically depicted in Fig. 2.7. The Tg is highest 

for liquids cooled at a higher cooling rate, since the molecules did get less time at each 

temperature for relaxation into a state closer to equilibrium. This emphasizes that the 
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vitreous state is not an equilibrium state, although the dependence of the Tg on the 

cooling rate is weak.[14] The connection between the kinetics and thermodynamics 

that would allow a quantitative description of vitrification is still a topic of ongoing 

research.[15,16] Nevertheless, the Tg can be determined experimentally, and together 

with Tfus the temperature window in which crystallisation is likely to happen can be 

obtained.

In eutectic systems, the nucleation rate of the crystalline phase decreases with 

composition towards the eutectic point, i.e. the relaxation time towards crystal 
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Fig. 2.7 Schematic representation of [A] the entropy (S), [B] the heat capacity at constant pressure 
(Cp), and [C] the molar volume (Vm) versus the temperature of the sample. The properties of the 
(supercooled) liquid are shown in blue, those of the glass in grey, and those of the crystalline solid 
phase in black. The most important thermal events are highlighted in red, being the Kauzmann 
temperature (TK), glass transition temperature (Tg), and the melting temperature (Tfus). In (C) 
the formation of a glass at different cooling rates a and b is shown where a < b. Figures are drawn 
along the lines of the schemes presented in literature.[14–16]

Fig. 2.7
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arrangement increases due to the higher degree of disorder in the system.[2] As a 

result, liquids near the eutectic point are supercooled more easily. For some DESs, 

crystallisation has been reported to happen at the time-scale of hours or days at 

ambient temperatures.[17] Hence, for many DESs glass transitions are observed, rather 

than crystallisation or melting transitions.[17,18]

2.2	 Deep	eutectic	solvents:	towards	a	definition

The term “deep eutectic solvents” was introduced in 2003 by Abbott et al. to present 

eutectic mixtures as designer solvent systems, and as an alternative solvent class to 

ionic liquids (ILs).[4,19] Despite the great number of publications that emerged on DESs 

afterwards, no clear and uniform definition was reported. The major review papers on 

DESs, so far, all have a (slightly) different definition, see Table 2.1.

The first differences are found in the restrictions of the components a DES can be 

composed of. These restrictions vary from components that are capable of hydrogen 

bonding, to Lewis or Brønsted acids and bases, to organic compounds. As shown in 

Table 2.1 An overview of definitions or descriptions of deep eutectic solvents (DESs) in the major 
review papers on DESs. A review was considered to be major if it was cited more than 100 times. 
Reviews that merely focused on a single application of DESs were not taken into account.

Authors[reference] Year Definition/description

Zhang et. al[5] 2012 “A DES is generally composed of two or three cheap and safe com-
ponents which are capable of associating with each other, through 
hydrogen bond interactions, to form a eutectic mixture. The resulting 
DES is characterized by a melting point lower than that of each individ-
ual component.”

Francisco et al.[20] 2013 “A DES would, in principle, be a result of the right combination of a 
hydrogen-bond donor and a hydrogen-bond acceptor. Self-association 
of the HBD and HBA then lowers the entropic difference of the phase 
transition.”

Smith et al.[21] 2014 “DESs are systems formed from a eutectic mixture of Lewis or Brønsted 
acids and bases which can contain a variety of anionic and/or cationic 
species”

Paiva et al.[22] 2014 “Deep eutectic solvents […] consist of a mixture of organic com-
pounds having a melting point significantly lower than that of 
either individual component.”

Table 2.1
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section 2.1.2, eutectics can in principle be formed between any set of components 

that are (partially) immiscible in the solid phase and miscible in the liquid phase. 

The interactions that are leading to solid immiscibility do not necessarily have to 

be hydrogen bonding interactions. Binary mixtures of salts or metals, for instance, 

also show eutectic behaviour with severe melting temperature depressions while all 

intermolecular interactions are metallic or ionic.[23,24] Hence, limiting the definition of 

DESs by restricting the nature of its components, limits the degrees of freedom when 

designing a novel solvent.

The second difference lies in the description of the observed eutectic behaviour. 

Francisco et al. do not mention melting temperatures, but attributes the liquefaction 

to an entropic difference induced by intermolecular hydrogen bonding. This is true 

for all eutectic mixtures; the reason that the melting temperature is not explicitly 

mentioned is that many DESs did not show a melting or freezing transition. Instead, 

supercooling behaviour was observed followed by vitrification, giving rise to a new 

term: Low Transition Temperature Mixtures (LTTMs). LTTMs include DESs, as the 

low transition of the latter is the eutectic or solidus temperature. It also includes 

liquids that only show a glass transition upon cooling. Vitrified eutectic mixtures are 

in fact metastable DESs; the equilibrium state – which requires crystallisation – is not 

necessarily achieved in common time scales of lab-analysis. However, since the DESs 

are utilised as solvents in the liquid state, it is important to know the equilibrium 

phase boundaries. As the term LTTMs might wrongly imply that super-cooled DESs 

are stable solvents by nature, this term is not used in this thesis. The other reviews 

speak about a eutectic mixture or a mixture that has a (significantly) lower melting 

temperature than its pure components. This definition is very broad and includes any 

mixture that has limited solubility in the solid phase.

When virtually all binary, ternary and n-ary mixtures and solutions are covered 

by the name DESs, it could be argued that the name replaces the words “liquid 

mixture” or “eutectic mixture”. Hence, the term DES will lose its impact, while it was 

introduced to differentiate an exciting new class of solvents from ILs. One way to 

overcome the broadness of the term DES is the definition of subdivisions. Various 

subdivisions can be recognised in literature, ranging from classes (e.g. nature-based 

DESs, NADESs[17,22]) and sub-classes (e.g. type I-IV DESs[21]) to separate names 

for specific mixtures (e.g. reline for a urea-choline chloride system[25]). The use of 
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separate names is quite misleading, as the eutectic mixture in question might be 

interpreted as a stable molecular liquid. However, unlike the ion pairs found in ILs, 

the ratio between the components of a DESs is not fixed stoichiometrically. If the 

ratio between its components is changed during application, the liquidus temperature 

changes, potentially leading to (partial) solidification. Another option to overcome 

the broadness would be the introduction of an alternative term that is stricter and 

more descriptive. However, DESs are widely accepted as a solvent class in literature. 

Hence, it would be undesirable or even impossible to retract or defy the term due to 

its broadness. Instead, restricting the coverage of DESs by stating a limiting definition 

seems more valuable.

The limiting definition needs to naturally follow from the term “deep eutectic solvent”, 

which consists of three words eligible for restriction. “Eutectic” is already fully defined 

and refers to a multi-component system with solid immiscibility and liquid miscibility 

(see sections 2.1.2 and 2.1.3). The word “solvent” reflects the use of the formed liquid 

phase as a solvent medium. It also implies the introduction of a new type of solvent, 

raising the question: how should DESs be distinguished from other solvents, what 

properties make it worthwhile to define DESs as a solvent class? By using eutectic 

mixtures, new functionalities can be included in the liquid phase – typically at high 

molar fractions – at the operating temperature of the aimed application. At this 

temperature, the eutectic mixture is liquid over a composition range determined by 

the liquidus phase boundary (see Fig. 2.8). The properties of the liquid can be fine-

tuned by selecting the most appropriate ratio of the DES’s components within this 

liquid range. Summarising, the real power and added value of DESs as compared to 

other solvents lies in the liquefaction of components that would otherwise be solid 

at the aimed operating temperature, and the tunability of their functionalities within 

the liquid range. It is therefore questionable whether a component (solid at room 

temperature) dissolved in a common molecular solvent (liquid at room temperature) 

– e.g. choline chloride in water, glycerol, or ethylene glycol – should be covered by 

the term DESs. This could be solved by defining a DES as a mixture of two solid 

components, but the phase state of a substance depends on the temperature. As 

temperature is not a property of the mixture or the pure components, a DES should 

not be defined relative to any temperature (e.g. room temperature or the aimed 

application temperature). The distinction of DESs from other solvents can therefore 
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only be limited to eutectic behaviour, which – at most – results in a temperature and 

composition window wherein the advantages of a DES are best exploited.

Contrary to the strictly defined “eutectic” and the application oriented “solvent”, “deep” 

is a very subjective and relative term, which offers an opportunity for the limitation of 

the DES definition. How “deep” does a eutectic need to be in order to be considered 

a DES? That question should be at the centre of the definition of a DESs. Eutectic 

mixtures are then classified into two separate categories: regular eutectic mixtures 

and DESs. A simple and efficient criterion to classify eutectic systems would be the 

introduction of a minimum melting temperature depression, which can be considered 

as the “depth” of the eutectic. The melting temperature depression is defined as the 

temperature difference between the melting temperature of the lowest melting 

component and the S-L transition temperature at the eutectic composition. In that 

way, very asymmetric eutectic systems – i.e. minor melting temperature depression 

of the lowest melting component, while dissolving the other component with a high 
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Fig. 2.8 Solid (S) – liquid (L) T-x phase diagram showing simple eutectic behaviour. If the mixture 
is used as a solvent at operating temperature Toperate, the liquid range of the mixture is determined 
by the compositions in between the intersections of the liquidus phase boundary and the lowest 
deviation δT from the regulated Toperate.

Fig. 2.8
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melting temperature, see Fig. 2.9 – are excluded.

Fixating the minimum melting temperature depression on an absolute value is rather 

arbitrary. Moreover, the nature of the mixture’s components influences the perception 

of the depth of the eutectic temperature: for most metallic components melting 

temperature depressions of ~100 K are common, while for organic components 

these are considered deep eutectics. A more universal criterion is obtained if the 

melting temperature depression is normalised by the melting temperature (in K) of 

the lowest melting component. The normalised melting temperature depressions are 

listed in Table 2.2 for some binary mixtures that are reported to exhibit deep eutectic 

behaviour. This table does not represent the general perception in literature, but 

helps showing the potential of the normalised melting temperature depression. From 

this limited dataset a criterion of 0 25. � �eut
fus,min

fus,minT T would be extracted, meaning 

that, as rule-of-thumb, the melting temperature depression should be at least 25 % 

of the melting temperature of the lowest melting component. If the table was to be 

extended and completed, a norm could be discussed in the scientific community for 

the classifications of deep and regular eutectics. The criterion requires the eutectic 

temperature to be known or estimated. Hence, careful evaluation of the phase 

behaviour of any potential eutectic mixture should be performed before it is classified 

as a DES.
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Fig. 2.9 An example of an asymmetric solid (S) – liquid (L) eutectic T,x phase diagram with a 
small melting temperature depression compared to the lowest melting component A.

Fig. 2.9
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The melting temperature depression offers a quick quantification of the “depth” at 

the eutectic composition. However, eutectic behaviour is thermodynamically not only 

governed by the melting temperature of the pure components. The ideal liquidus phase 

boundary is defined by two additional measurable thermodynamic properties of pure 

A and B: the enthalpy of the melting transition, and the heat capacity difference upon 

melting (see section 2.1.4). Non-ideal eutectic behaviour (including deep eutectic 

behaviour) requires the introduction of composition-dependent activity coefficients. 

It seems therefore more complete to classify the eutectic systems according to their 

deviation from ideality. The activity coefficient is a measure of (non-)ideality; a 

melting temperature depression that is deeper than the ideal depression results in an 

activity coefficient between 0 and 1. At the eutectic composition the non-ideality of 

the liquidus phase boundary is the largest.

The activity coefficient provides information relative to the ideal eutectic system. This 

contrasts the melting temperature depression discussed earlier, which compares the 

pure components and the eutectic point. It is therefore possible that two eutectic 

systems composed of components with similar properties yield very different activity 

coefficients, but similar melting temperature depressions and liquid ranges with 

similar widths. For example, in Fig. 2.10, the solid-liquid phase diagrams of two 

Table 2.2 Literature data for a selection of eutectic mixtures exhibiting “deep” eutectic behaviour. 
Listed are the melting temperatures (Tfus i,

∗ ) of each of the components (Comp) A and B, the 
eutectic temperature (Teut), the difference between the Tfus i,

∗  of the lowest melting component and 
the Teut ( ∆eut

fus,minT ), the ∆eut
fus,minT  relative to the Tfus,min, and the reference(s) from which the data 

were extracted ([ref]).

Comp A Comp B
Tfus A,

∗ Tfus B,
∗ Teut ∆eut

fus,minT ∆eut
fus,min

fus,min

T
T [ref]

K K K K

Au Si 1337 1687 636 701 0.52 [26,27]

Ni Zr 1728 2128 1223 505 0.29 [23,26]

3-nitrophenol camphor 370 451 267 103 0.28 [28,29]

oxalic acid ChCla 463 575b 307 156 0.34 [4]c

ZnCl2 ChCla 566 575b 297 269 0.48 [24]

glutaric acid TEACld 371 458b 224 147 0.40 Ch. 6

aCholine chloride; bDecomposes before melting; cSystem is likely to be prone to ester formation; 
dTetraethylammonium chloride.

Table 2.2
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illustrative eutectic systems are shown along with the activity coefficients of each of 

the components. In the first system, component A behaves ideally and can dissolve 

a significant amount of B. Therefore, only component B deviates strongly from ideal 

eutectic behaviour. The melting temperature depressions of components A and B are 

similar to those of components C and D of the second system. However, their activity 

coefficients are very different, because the ideal eutectic behaviour of C and D already 

results in a significant melting temperature depression.
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Fig. 2.10 Solid (S) – liquid (L) T-x phase diagrams (top) and the activity coefficient of the liquid 
phase ( � x i

L
,
�1) as a function of composition (bottom) for an illustrative mixture of A and B (left), 

and C and D (right). The ideal eutectic behaviour is outlined in grey for both mixtures. The actual 
eutectic behaviour is shown in blue (liquidus phase boundary) and red (solidus phase boundary. 
The eutectic (subscript eut) points and melting temperatures of the pure components (Tfus,i) are 
labelled.

Fig. 2.10
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The activity coefficient is a measure of non-ideality and gives extra insight in the 

interactions at play in the mixture (attractive/repulsive). Finding an expression for 

the activity coefficients allows for the inter- and extrapolation of the liquidus phase 

boundary. But, activity coefficients are not a measure for the melting temperature 

depression of the system compared to its pure components. The strong depression 

observed for DESs is probably the main reason that many eutectic systems are 

unexplored as solvent systems. It is counter-intuitive that two components with a 

considerable melting temperature would form a stable liquid medium upon mixing. 

The melting temperature depression normalised to the melting temperature of the 

lowest melting component offers a comprehensive tool to classify the depth of the 

eutectic, while the activity coefficient gives information about the intensity of the 

intermolecular interactions leading to this depression. Here it is therefore proposed 

to classify eutectic systems into DESs and (regular) eutectic mixtures based on the 

normalised melting temperature depression. What the minimum depth of this 

depression should be, could not be concluded from the limited dataset presented in 

Table 2.2, but should probably lay between 0.2 and 0.5. With the introduction of 

this new criterion, the final threshold value is recommended to be discussed by the 

scientific community.

2.3	 Construction of a binary eutectic phase diagram with 
differential	scanning	calorimetry

2.3.1	 Differential	scanning	calorimetry
Differential scanning calorimetry (DSC) means “the measurement of the change of 

the difference in the heat flow rate to a sample and reference sample while they are 

subjected to a controlled temperature program”.[30] The dynamic temperature program 

(scanning) distinguishes DSC from classical calorimetry. There are two main types of 

differential scanning calorimeters (DSCs; this abbreviation is used interchangeably 

for the analysis technique and the equipment), i.e. the heat-flux DSC, and the power-

compensated DSC (Fig. 2.11).

In a heat-flux DSC, the sample and the reference are connected to a single furnace. 

The furnace heats both the sample and the reference sample according to the set 
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temperature program. Owing to the heat capacity (Cp) of the sample, chemical 

reactions, or phase transitions taking place, the actual temperature of the sample 

is different from that of the reference. This temperature difference (ΔT) is obtained 

from two accurate thermocouples in direct contact with the sample holder and is 

proportional to the measured heat flow rate difference (Φm). After calibration, the Φm 

can be related to the actual heat flow rate difference, which - after integration - allows 

the acquisition of a measure of the heat involved with e.g. a melting transition.

A power-compensated DSC operates with two separate furnaces. The decoupling of 

the furnaces allows for a heat compensation of the sample compared to the reference 

via a control circuit, using the ΔT as input. In this way, the ΔT is minimised and the 

sample and reference virtually follow the same temperature profile. The compensated 

power is then a measure for the Φm. 

A heat-flux DSC was available for this work, and all thermograms were obtained at 

constant heating rate (β = dT/dt), i.e. isothermal (β = 0) or using a constant increase 

or decrease of the temperature (β = a). More detailed descriptions of the different 

DSC types and modes of operation can be found in the book “Differential Scanning 

Calorimetry”.[30]

Fig. 2.11 Schematic simplified representation of a heat-flux and power-compensated differential 
scanning calorimeter (DSC), where Φ is the heat flow rate, ΔT the measured temperature difference 
between the sample and reference, and P the power. Subscripts: (m) measured, (s) sample, and 
(r) reference.

Fig. 2.11
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2.3.2	 The solidus and liquidus transition in a DSC thermogram
An isobaric binary T-x phase diagram can be constructed by (a) keeping the sample 

temperature fixed and varying the composition, or (b) keeping the sample composition 

constant and changing the temperature. The latter is done during a DSC experiment, 

the composition is kept constant by hermetically sealing the sample pan, given that 

the sample is chemically and thermally stable over the temperature range of interest. 

Fig. 2.12 shows a model phase diagram with corresponding DSC thermograms. Each 

vertical dashed line represents the isopleth of a DSC sample that is subjected to a 

constant heating rate. When a sample is heated to just above the solidus temperature, 

a liquid melt with the eutectic composition is formed until one of the components 

is completely liquefied. In DSC thermograms, this solidus transition is typically 

expressed by a sharp endothermic peak (red, Fig. 2.12). The peak size changes are 

following the lever-rule, see also section 2.3.5. 

At temperatures above the solidus phase boundary, the excess component (relative 

to the eutectic composition) remains solid. It melts or dissolves gradually in 

the equilibrium melt when the sample’s temperature is increased, producing an 

SA + SB

L + SB

L

L + SA

ΦT

TxB

a

a

b

c

d

e

b c d e Endo 

Fig. 2.12 x-T binary phase diagram (molar fractions, left) with temperature programs (isopleths) 
for five DSC samples and the resulting DSC thermograms on heating (right, endotherms up). The 
colours highlight the solidus (red) and liquidus (blue) transition peaks.

Fig. 2.12
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endothermic signal. Melting and dissolving are kinetic processes, thus solids can 

accumulate if the sample’s temperature increases faster than solid-liquid equilibrium 

can be reached due to a high heating rate. When the sample is heated to its liquidus 

transition temperature, all remaining solids need to be liquefied in order to complete 

the phase transition, which results in a fronting peak (blue, Fig. 2.12) in the DSC 

thermogram. At near-eutectic compositions, the liquidus peak might be covered 

by the large solidus peak, hampering analysis of the liquidus temperature. Also, the 

liquidus peak becomes less pronounced when approaching the eutectic composition, 

because there is a relatively small amount solid present in the system. 

2.3.3	 Peak events: extracting a transition temperature from a DSC 
thermogram

A typical DSC thermogram for binary eutectic systems shows two endothermic peaks: 

a relatively sharp peak for the solidus transition, followed by a broad fronting peak 

for the liquidus. In order to construct the phase boundaries corresponding to these 

transitions, transition temperatures need to be extracted from the thermograms. The 

solidus and liquidus peaks are characterised by several peak events, an overview of the 

relevant peak events is given in Fig. 2.13.

Three peak events are taken into account for the solidus transition: the initial 

temperature, the temperature at which the heat flow rate signal shows the first 

deviation from the extrapolated baseline; the onset temperature, the temperature at 

which the linearly extrapolated baseline intersects with the auxiliary line following the 

peak inclination; and the peak maximum. In this particular example, the three peak 

events show significant variations in temperature. The solidus temperature is defined 

as the lowest temperature at which solid and liquid are in equilibrium. Practically 

this corresponds to the start of melting or the temperature at which the first liquid is 

formed. The peak event that corresponds to the initial temperature fits this definition 

the best, but is typically also very dependent on the applied heating rate, the quality 

of the baseline, and the selected threshold value for the minimum deviation from the 

baseline (see also section 6.7). The onset temperature is generally more stable with 

heating rates and is commonly taken as solidus temperature.[31–34] The peak maximum 

is easy to identify, but has hardly any physical meaning when constructing the solidus 

phase boundary, as it does not represent the start nor the end of the melting process.
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For the liquidus transition, four peak events are distinguished: the peak maximum; the 

inflection point, defined as the minimum of the derivative after the peak maximum; the 

offset temperature, the temperature at which the extrapolated baseline intersects with 

the auxiliary peak declination line; and the final temperature, the temperature where 

the heat flow rate signal first coincides with the baseline. There is no conventional 

peak event that represents the liquidus temperature; the peak maximum,[30,35] inflection 

point,[33,36] and offset temperature[32,34] are all reported as good estimates for the 

liquidus temperature. In the work described in this thesis, the different peak events 

were evaluated at multiple heating rates for each binary system that was studied in 

detail. Based on the results, the most appropriate peak event was selected to represent 

the liquidus transition temperature.

Fig. 2.13 A typical DSC thermogram with highlighted and named peak events for binary eutectic 
mixture 1,1’-biphenyl – 1,2-diphenylethane (biphenyl–bibenzyl, xbiphenyl = 0.15). Also part of the heat 
signal’s derivative (grey dashed line) is shown. The black dashed lines are extrapolations of the 
baseline or the peak’s inclination.

Fig. 2.13
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2.3.4	 Effect	of	heating	rate	on	the	transition	temperature	
DSC is a dynamic technique, and the applied heating rate determines the dynamics of 

the measurement. The higher the heating rate, the more pronounced “kinetic effects” 

(e.g. solid accumulation and limited thermal conductivity of the sample resulting from 

mass and heat transfer limitation) become in the thermograms.[30] The temperature 

differences between the peak events will then increase. When the heating rate 

approaches zero, the sample approaches thermal equilibrium and the peak events 

should converge to the equilibrium temperature of the solidus or liquidus transition 

temperature. In order to correct for the “kinetic effects” caused by the heating rate, 

the peak events of a (representative) sample can be evaluated at several heating rates 

and then extrapolated to the equilibrium condition (β = 0).

2.3.5	 Estimation of eutectic compositions with the Tammann-plot
When studying a novel binary mixture, the eutectic point is unknown. In 1903, 

Tammann first suggested that the eutectic composition could be derived from 

studying the solidus transition.[37] At the solidus temperature, the solids melt in the 

eutectic composition. The amount of liquid formed at the solidus phase boundary 

is determined by the lever-rule. Tammann initially related this amount to the time 

concerned with the solidus phase transition. Another measure is the enthalpy of 

fusion, which can be estimated from the integral of the solidus peak measured by 

DSC. When this enthalpy is plotted versus the composition of the sample, the so-

called “Tammann-plot” is constructed (see Fig. 2.14).

The amount of eutectic solids that melt at the solidus temperature increases linearly 

with the composition (lever-rule) from either pure A or B until both lines intersect 

and the eutectic composition is reached. The eutectic composition is then taken as 

the maximum of the typical pyramid-shaped figure, because at that composition 

all solids melt congruently, maximizing the enthalpy of fusion concerned with the 

solidus transition. Unfortunately, the integration of the solidus peak is not always 

straightforward. As is shown in Fig. 2.14, the solidus and liquidus peaks merge when 

approaching the eutectic composition, deforming the baseline and complicating 

the integration. This can be mostly overcome by decreasing the heating rate, and so 

separating the solidus and liquidus peak.[35,38] Comparing enthalpies determined from 

thermograms obtained at several heating rates is possible, but the applied heating rates 
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should always be clearly stated. In order to validate such a comparison, the impact of 

the heating rate on the thermograms should be carefully evaluated. It should also 

be kept in mind that the precision of integration is generally ±2 to ±5%. Therefore, 

enthalpy data obtained from DSC thermograms is often presented as an estimation.[30] 

Hence, the Tammann-plot is a powerful tool to estimate the eutectic composition, 

given that the solidus peak can be accurately integrated.

2.3.6	 Supercooling and determining the glass transition 
temperature

As discussed in section 2.1.5, a liquid can be supercooled when its temperature is 

reduced at sufficiently high cooling rates and DESs are more easily supercooled when 

their composition is close to the eutectic composition. As a result, many DESs do 
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Fig. 2.14 T-x solid (S) – liquid (L) phase diagram of a typical binary mixture A–B (left, top) with 
corresponding Tammann-plot (left, bottom) and DSC thermograms (right). The integrated area 
of the DSC thermograms is highlighted and translates into the enthalpy of fusion of the solidus 
transition (ΔfusHsol) used to construct the Tammann-plot.

Fig. 2.14
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not show any crystallisation upon cooling within the time-scale of a DSC experiment.
[6,17,18,39] Instead, the liquid vitrifies and a glass transition is observed. The Tg can 

be retrieved from DSC thermograms. However, it should be kept in mind that the 

properties of a glass depend on its thermal history. The Tg is generally extracted from 

the heating curves and depends on both the applied cooling and the heating rate.[30] 

A typical thermogram of a liquid exhibiting a glass transition is shown in Fig. 2.15. 

The Cp difference of the liquid and the glass is the property the least affected by the 

thermal history, therefore the Tg is typically determined based on this difference. In 

this thesis, the half-step temperature is taken as the Tg. The halfstep temperature is the 

temperature at which Cp is midway between the extrapolated heat capacity functions 

of the glassy and liquid state, see Fig. 2.15.[30] 

Upon cooling, the molecular relaxation time of the liquid increases. Upon heating it 

decreases again and, as a result, the molecules might rearrange from the supercooled 

to the crystalline equilibrium state at temperatures below the melting temperature. In 

DSC thermograms such a transition is called cold-crystallisation, and it is recognised 

by an exothermic peak in between the glass transition and the melting peak. Often, 

the cold-crystallisation and melting peaks overlap, hampering accurate determination 

of the onset temperature owing to the absence of a stable baseline. There are two main 

strategies to separate the peaks, both taking advantage of the fact that crystallisation 

is a kinetic process. The first strategy is to decrease the heating rate, so that it 
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Fig. 2.15 Typical DSC thermogram of a glass transition on heating (left) and of a cooling-heating 
cycle with supercooling and cold-crystallisation followed by a melting peak. The extrapolated heat 
capacity (Cp) functions are shown as grey dashed lines. The glass transition temperature (Tg) is 
taken at the half-step temperature.

Fig. 2.15
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approaches the relaxation rate at which molecules in the system reach equilibrium at 

each temperature. Hence, the nucleation will take place at lower temperatures, and 

because the temperature increases at a lower rate, the system has more time to fully 

crystallise before reaching the melting temperature. However, for some systems this 

requires the heating rate to be very low (< 0.5 K/min), increasing the acquisition time 

and potentially decreasing the peak size to the point that it is hard to distinguish from 

the baseline.[38] Another strategy is to keep the temperature constant at the beginning 

of the cold-crystallisation peak, since nucleation occurs at that temperature. The 

duration of the isothermal condition can be adjusted to cover the crystal growth and 

allow the complete sample to reach thermodynamic equilibrium. Subsequently, the 

heating rate is restored to its original value and the crystalline sample is heated through 

its melting transition in the same manner as if the liquid was never supercooled.

2.3.7	 Other modes of operation
As mentioned before, DSC has solely been used to study phase transitions at constant 

heating rates throughout this thesis. However, if the heating rate is varied periodically, 

changes are added to the linear increase of temperature and other or extra information 

can be obtained from the thermograms. Operating at variable heating rates is called 

modulated temperature DSC (MDSC). Without going much into detail, the step-

scan mode is discussed here, since it has been applied to binary eutectic systems 

before.[33,40] Using the step-scan mode, the sample is heated at high heating rate to a 

temperature slightly higher (0.1-1 K) than its current temperature, to subsequently 

leave it isothermally for equilibration for a set time. Small fractions of the solid 

component will melt at each heating step, resulting in a small DSC signal. If all solids 

are just molten, no DSC signal is observed upon the next temperature increase; the 

liquidus temperature is reached. Since the system is brought to equilibrium after every 

temperature step, the β = 0 K/min condition is approached, and an accurate liquidus 

temperature is obtained. However, the method is very time-consuming, because the 

sample has to be equilibrated after every step.[33]

2.3.8	 Assigning phase regions
DSC is a powerful and relatively fast technique that allows detailed analysis of phase 

behaviour while using only small amounts of sample. However, a DSC thermogram 

merely represents the amount of heat involved in an endothermic or exothermic 
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transition. The kind of transition, solidus, liquidus, solid-solid, recrystallization, 

decomposition, etc. can only be derived indirectly. For instance, by recognising the 

peak shape in case of the liquidus transition, or the fact that the transition always 

reoccurs at the same temperature independent from the composition (solidus), or 

does decrease in size after multiple heating cycles (decomposition). In order to identify 

the molecular nature of the phases in a phase region constructed by DSC, auxiliary 

analysis techniques are required. Structural information is generally obtained by 

spectroscopic analysis, such as X-ray diffraction (XRD), Fourier-transform infrared 

(FT-IR) spectroscopy, and nuclear magnetic resonance (NMR) spectroscopy.[30] 

2.4	 Visual techniques to construct a binary eutectic phase 
diagram

2.4.1	 Synthetic method
The synthetic method[41] relies on the same principle as DSC: the construction of an 

isobaric binary T-x phase diagram by keeping the sample composition constant and 

changing the temperature. Instead of measuring the heat involved with the transitions 

of interest, the physical appearance (solid, liquid + solid, or liquid) is followed with 

temperature by visual inspection. The solidus and liquidus transition temperature are 

then defined as the first appearance of liquid and the disappearance of the last solid, 

respectively.

Commonly used instruments are a melting temperature apparatus and a hot-stage 

optical polarizing microscope, but custom-made setups are also applied. Using 

a melting temperature apparatus, a sample of known composition is brought into 

a glass capillary (typical diameter is 1 mm) and heated slowly (0.1-1 K/min) from 

below the solidus temperature until the melting temperature of the highest melting 

component. The temperature at which the first liquid is formed, is generally very hard 

to determine. The sample is relatively bulky and the transformation of opaque crystals 

to clear liquid is very gradual. The disappearance of the last solid is much clearer, 

hence a melting temperature apparatus is often used to construct the liquidus phase 

boundary only.

When using hot-stage optical polarizing microscopy, a thin layer of the sample is 
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supplied to the heated sample holder. The sample is then subjected to a temperature 

program similarly to the DSC and melting temperature apparatus. Due to the much 

smaller layer thickness of the sample, the solids and liquid are easier to distinguish 

than in the melting temperature apparatus. Additionally, the microstructure of the 

sample can be evaluated, which gives supplementary information about the eutectic 

behaviour. Nevertheless, in a homogeneously mixed sample, the contrast between 

liquid and solid is usually not sufficient to identify the first liquid formed.[38,42] The 

solidus temperature can be estimated by using a different sample preparation: 

the so-called method of contacting specimens developed by Kofler et al.[2,43] and 

comprehensively applied for the urea:erythritol system.[44] The preparation method 

as developed by Kofler et al. results in a unidirectional concentration gradient, which 

leads to the formation of a well distinguishable thin line of liquid at the eutectic 

temperature.

2.4.2	 Cloud point method
A phase diagram can also be constructed by evaluating the phase transitions while 

changing the composition of a sample isothermally. The experiments can be performed 

in two ways, either by establishing a saturated liquid in equilibrium with excess solids 

followed by composition analysis of the liquid, or by making small additions until 

saturation is achieved (detected visually as a cloudy suspension). In the former case, 

one of the two components is added in excess to a well-mixed liquid. The liquid + 

solids are kept isothermally for a time sufficient to reach equilibrium. Then the liquid 

is sampled and its composition is analysed with any appropriate analysis technique 

(e.g. liquid/gas-chromatography, NMR, etc.). The difficulty of this method arises 

from the L-S phase separation (e.g. filtration or sedimentation) necessary to sample 

the liquid only. Moreover, composition analysis is not straightforward for all organic 

binary mixtures. The second method that is based on visual inspection is relatively 

laborious, but relies on the same principle. Instead of supersaturating the liquid, 

small additions of solids are made to a liquid with known composition until they 

do not dissolve/melt anymore. The sum of the added weights is a measure for the 

compositional change imposed to the mixture. These two adaptations of the cloud 

point method can be combined. The last addition before supersaturation will lead to a 

very small amount of excess solids, often allowing the sampling of the saturated liquid 

for composition analysis.
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THE CENTRIFUGE 
METHOD

The centrifuge method is a novel analytical procedure that allows 
the construction of solid-liquid (S-L) phase diagrams of binary 
eutectic mixtures. In this chapter, the development, optimisation, and 
successful verification of the centrifuge method is described. Contrary 
to common dynamic analysis techniques - e.g. differential scanning 
calorimetry and hot-stage microscopy - the studied mixtures are 
equilibrated at constant temperature. Therefore, the mixtures do not 
need to be recrystallised from the melt during analysis. This offers 
great advantage for eutectic mixtures that show strong supercooling 
behaviour rather than direct crystallisation. Hence, the possibilities to 
explore the liquid range of deep eutectic solvents are extended by 

the centrifuge method. 
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3.1	 Introduction

Whether a deep eutectic solvent (DES) can be applied as stable liquid medium is 

determined by several factors. These factors include, but are not limited to, the DES’s 

density, viscosity, thermal/chemical stability, and liquid range. DESs generally exhibit 

high viscosities (>> 100 mPa·s at 298 K), leading to supercooling behaviour. In this 

chapter, an experimental procedure – hereafter called the centrifuge method – is 

presented that could help to determine one of the most important factors to the use 

of DESs as designer solvents: the liquid range of DESs.

The liquid range of a DES is determined by its S-L phase behaviour (see section 2.2), 

which is most commonly studied with differential scanning calorimetry (DSC). Other 

calorimetric and optical analysis techniques (e.g. hot-stage microscopy and heated 

capillary) can be used as well. Using these dynamic techniques, the temperature of a 

mixture with a known composition is changed at a constant rate, while following its 

phase behaviour. Phase transitions are recognised by a change in the required energy 

input to maintain the heating rate (calorimetry), or by a distinct visual change of 

the mixture’s physical appearance (optical analysis). For these dynamic techniques, 

it is important that the mixture is homogeneous. Inhomogeneous mixtures might 

show multiple S-L phase transitions due to the presence of regions with a different 

composition. As shown in Fig. 3.1, a homogeneous liquid is obtained by completely 

melting the mixture. The liquid mixture is subsequently cooled below the solidus 

temperature to induce crystallisation and to form a uniform solid phase composed of 

immiscible solids A and B, which is suitable for phase transition analysis. However, 

as demonstrated in chapters 4 and 5, many DESs do not crystallise within time-scales 

that are practical for the analysis described above. Instead, they are supercooled 

towards a metastable liquid phase. In this case, dynamic analysis techniques are not 

suitable to study the liquid range of DESs.

The crucial crystallisation step can be avoided when using the centrifuge method. The 

mixture is then only partially liquefied and kept at a constant temperature within the 

L + S region of the phase diagram (Fig. 3.1). After reaching thermodynamic equilibrium 

between the solid and liquid phase, the phases are separated through centrifugation. 

A point on the liquidus phase boundary is then obtained via composition analysis of 

the liquid top phase. In principle, any other S-L phase separation technique could be 



49iNtroDuctioN

applied, such as sedimentation and filtration. However, the often high viscosity of 

DESs leads to long sedimentation times (gravity only) and high filtration pressures 

or filter clogging. Hence, accelerated sedimentation by centrifugation was considered 

the best technique for S-L phase separation after equilibration.

The formed liquid can only be considered in equilibrium with the solid phase if the 

components are in full contact with each other. The solid mixture should therefore 

be homogenised prior to measurement, e.g. through grinding. The mixtures cannot 

be considered homogeneous on a molecular level when using a pestle and mortar. 

However, the liquid that is formed at the S-S interface between the two components is 

believed to facilitate further liquefaction[1] and allows the mixture to reach equilibrium.

Centrifuges have been used before to study eutectic systems. Metal alloys[2,3] and binary 

mixtures of molten salts[4–6] have been studied in tailor-made centrifugal setups that 

could operate at high temperature. The high temperature complicates sampling of the 

liquid phase; hence, the mixtures are typically quenched or (rapidly) cooled followed 

Fig. 3.1 Schematic representation of a two-component S-L eutectic phase diagram analysed with 
dynamic (red, right) and equilibrium-based (blue, left) techniques. Dynamic: mixture (xB) is (I) 
heated until all solid has melted; (II) cooled below solidus T for crystallisation; and (III) heated 
until all solid has melted while following phase transitions. Cooling/heating rates are fixed and 
steps (II) and (III) can be repeated. Equilibrium-based: mixture (xB) is (1) heated to a known T; (2) 
left at that T for sufficient time to reach equilibrium; and then (3) the liquid and solid phase are 
separated isothermally and their compositions are determined.

Liquidus

Tfus,A

1

I

II

III

2 33

Tfus,B

L + SA

L + SB

L

SA + SB

0 1xB

T

Solidus

Fig. 3.1
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by composition analysis of the resulting solid phases. For metals and high-melting 

temperature salts quenching is an option, because supercooling or vitrification occurs 

at high cooling rates only, except for some very specific multicomponent (4 to 5 

components) mixtures and alloys.[7]

The aim of this chapter is to verify whether the equilibrium-based centrifuge 

method can be used to study the liquidus phase boundary of binary eutectic systems. 

As a reference system, the binary mixture of 1,2-diphenylethane (bibenzyl) and 

1,1'-biphenyl (biphenyl) was selected. This binary system shows ideal eutectic 

behaviour between 302 and 342 K,[8] which is largely within the temperature range 

of the centrifuge equipment (263 – 333 K). Furthermore, the phase diagram of the 

bibenzyl-biphenyl system can be reconstructed and verified with DSC, since it is not 

sensitive to supercooling. Upon successful verification, the centrifuge method might 

offer a powerful alternative to construct the liquidus phase boundaries of DESs that 

are otherwise not measurable owing to strong supercooling behaviour.

3.2	 Materials and methods

3.2.1	 Chemicals
Biphenyl and bibenzyl (suppliers and purity in Table 3.1) showed a significantly lower 

melting point than reported in literature. They were therefore slowly recrystallised 

for several hours at ambient temperature from warm ethanol (318 K). Subsequently, 

the crystals were filtrated under vacuum and washed with cold ethanol (to prevent 

dissolution of the crystals). Residual ethanol was removed in 48 h using a rotary 

evaporator at ~175 mbar and 333 K for bibenzyl and 348 K for biphenyl, respectively. 

The pure molten bibenzyl and biphenyl were crystallised at room temperature and 

ground to a fine white powder using a mortar and pestle; its melting point was 

Table 3.1 Chemicals used for the reconstruction of the biphenyl-bibenzyl phase diagram.

Chemical Supplier Purity

Biphenyl Sigma-Aldrich > 99.5 wt%

Bibenzyl Sigma-Aldrich > 99 wt%

Ethanol (absolute, AR) Biosolve B.V. > 99.9 wt% 

Table 3.1
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evaluated with DSC. This procedure was repeated until the melting point was in 

agreement with previously reported values in literature (see Table 3.4).

3.2.2	 Sample preparation, equilibration and separation
Mixtures of bibenzyl and biphenyl with a total weight of 6 g were ground with a mortar 

and pestle at six different compositions on both sides of the eutectic composition (see 

Table 3.2). The solid mixture was added to a 10 mL centrifuge tube (l = 90 mm, Øinn = 14 

mm). The tubes were sealed with a cap equipped with integrated temperature logger 

(resolution 0.1 K, accuracy ±0.2 K, precision ±0.1 K) custom-made by Avular B.V. 

Eindhoven, The Netherlands. It was made sure that the sensor tip of the temperature 

logger was immersed at least 5 mm in the mixture throughout the experiment before 

sampling.

Equilibration was done outside the centrifuge in a thermostated aluminium heating 

block regulated by an IKA RCT basic hot plate equipped with an ETS D-5 controller 

(accuracy ±0.5 K, precision 0.1 K) for ≥ 30 min. The centrifuge (Sigma 2-16KHL, 

temperature range 263 – 333 K, resolution of 1 K) showed systematic over- and 

under-heating, see section 3.8 (appendix). The aimed temperatures were selected 

based on the temperature calibration of the centrifuge described in the same section. 

The samples were centrifuged for 30 min at 3500 rpm. The mixture’s temperature 

was logged during equilibration and centrifugation. After centrifugation, a sample 

(10-50 mg) of the liquid (top phase) was taken with a Finn-pipet with plastic tip 

for composition analysis with 1H-NMR. The insulating properties of the plastic tip 

Table 3.2 Overview of the initial molar biphenyl fractions (xbip,ini) used for the centrifuge method 
and their corresponding aimed separation temperatures (Taim) at equilibrium.

xbip,ini Taim xbip,ini Taim

K K

0.05 320.5 0.55 304.7
0.15 317.4 0.60 310.7
0.20 313.7 0.66 316.6
0.25 310.7 0.75 320.5
0.30 308.6 0.82 328.1
0.35 304.7 0.88 331.9

Table 3.2



52 tHe ceNtrifuGe metHoD

retarded the cooling of the sample and prevented crystallisation during sampling.

3.2.3	 DSC analysis
A TA instruments DSC Q2000 equipped with a standard cell, flushed with nitrogen 

(50 mL·min1), and a liquid nitrogen cooling system (LNCS) was used for DSC analysis. 

The cell constant calibration and validation were performed with high purity indium 

(> 99.95 %) as a reference standard. The temperature calibration was done with high 

purity indium and cyclohexane (> 99.9 %, melting and S-S transition). An empty 

aluminium hermetic Tzero pan was used as reference pan. The heat capacity calibration 

was performed with a 26.308 mg synthetic sapphire disk crimped into a hermetic Tzero 

pan with the same weight as the reference pan ±50 μg. Samples of 5-7 mg were added 

to a hermetic Tzero pan. All thermograms were analysed using the Universal Analysis 

software package (version 4.5A). The composition of the samples containing binary 

mixtures of biphenyl and bibenzyl was determined with 1H-NMR spectroscopy after 

DSC analysis. To this aid, the DSC pan was punctured and its contents were dissolved 

in deuterated chloroform (CDCl3). The accuracy of the temperature, enthalpy, and 

heat capacity were estimated at 0.05 K, 2 %, and 3%, respectively, determined from 

verification runs of the calibration standards. The precision of the onset and peak 

temperatures was 0.1 K and 0.5 K, respectively. The precision of the enthalpy and heat 

capacity were approximately 3 % and 5%, respectively.

Thermal properties of the pure components
In order to determine the melting temperature and melting enthalpy, the bibenzyl 

samples were heated with a rate of 1 K·min-1 from 303 to 333 K and cooled at the 

same rate for at least two cycles (see section 3.7 for selection of heating rate). The 

biphenyl samples were heated with a rate of 1 K·min-1 from 323 K to 353 K and cooled 

at the same rate for at least two cycles. For both components the onset temperature 

of the melting peak was taken as melting temperature. The enthalpy was taken as the 

integral of the melting peak obtained with the Integrate Peak Sig Horizontal tool.

The liquid- and solid-phase molar heat capacities of biphenyl and bibenzyl were 

measured using a modulated temperature program for the DSC. The sample was 

equilibrated at 253 K; then, the sample was heated to 373 K with an average heating 

rate of 1 K·min-1 and a temperature modulation of ±0.2 K per 120 s. The molar heat 

capacity was calculated from the specific reversing heat capacity and the molar mass 
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of the compound of interest.

Analysis of the solidus and liquidus temperature
The biphenyl-bibenzyl mixtures were subjected to the heating programs listed in 

Table 3.3. The onset of the first peak in the resulting thermograms was taken as 

solidus (eutectic) temperature, and the maximum of the second peak was taken as 

liquidus temperature (see sections 2.3.3, 2.3.4, 3.3.2, and 3.7 for the rationale behind 

the peak event selection). The Integrate Peak Sig Horizontal tool was used for the 

determination of the onset temperature and the enthalpy of the solidus transition. 

The peak maximum was determined as the maximum of the heat flow signal, and was 

analysed with the Signal Maximum tool. However, in case of a shoulder or a second 

peak in the liquidus peak, the last minimum of the second derivative of the heat flow 

was taken as peak maximum (see section 3.7).

3.2.4	 Composition analysis with 1H-NMR spectroscopy
The biphenyl-bibenzyl mixture of interest was dissolved in approximately 1 mL 

CDCl3 with 3 v/v% tetramethylsilane (TMS) as internal standard. The solution 

was then transferred to a 5 mm thin-walled economic Wilmad NMR tube. The 

tube was capped and sealed with Parafilm® to avoid solvent evaporation. A Bruker 

400 MHz spectrometer equipped with an autosampler carousel was used for 1H-NMR 

spectroscopy. The spectra were recorded in 16 scans with a relaxation time of 5 s 

between the RF pulses and the spectra were auto-shimmed and auto-phased by the 

Bruker TopSpin® software used to control the equipment. The peaks were manually 

integrated using MestReNova 10.0.2, after applying a Withaker Smoother baseline 

Table 3.3 Heating steps applied in the DSC heating program. β is the heating rate of interest, steps 
2-6 and 2-5 were repeated for heating rates 0.5 ≤ β ≤ 2 K∙min-1 and 5 ≤ β ≤ 10 K∙min-1, respectively.

Step 0.5 ≤ β ≤ 2 K∙min-1 5 ≤ β ≤ 10 K∙min-1

1 Heat to 373 K at 20 K∙min-1 Heat to 373 K at 20 K∙min-1

2 Equilibrate at 373 K for 10 min Equilibrate at 373 K for 10 min

3 Cool to 253 K at 20 K∙min-1 Cool to 253 K at 20 K∙min-1

4 Equilibrate at 253 K for 5 min Equilibrate at 253 K for 5 min

5 Heat to 293 K at 20 K∙min-1 Heat to 373 K at β K·min-1

6 Heat to 373 K at β K·min-1

Table 3.3
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correction and small phase corrections if necessary. 

The molar ratio of the two components was calculated from the integrals at 7.75-7.10 

ppm, 2.95-2.90 ppm (CH2 groups bibenzyl), and 0 ppm (TMS). The first range includes 

the aromatic protons of both bibenzyl and biphenyl, and the residual peak of CHCl3. 

The same batch of CDCl3 was used for all samples, so the contribution of CHCl3 to the 

integral could be determined from the integral of the TMS peak. All spectra were 

normalised to 4, representing the four protons of the CH2 groups (carbons 1 and 8 in 

Fig. 3.2) of bibenzyl. The mole fraction of biphenyl in the system (xbip) was determined 

using Eq. 3.1.

The normalised amount of moles of biphenyl (nbip) was determined from the integral 

Eq. 3.1x
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Fig. 3.2 Peak assignments for the 1H-NMR spectra of bibenzyl (bottom, black), and biphenyl 
(middle, red) in deuterated chloroform (top, CDCl3, blue, solvent only). At 0 ppm the peak of 
internal standard TMS can be distinguished; furthermore the two residual peaks of H2O (1.54-1.51 
ppm) and CHCl3 (7.25 ppm) from the solvent can be recognised, respectively.

Fig. 3.2
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between 7.75 and 7.10 ppm (Iar) and the integral of the residual solvent peak (ICHCl3):

Eq. 3.2n
I I I I

bip
ar CHCl ar CHCl�
� �

�
�

�3 3
10

10 10
1

The -10 represents the 10 protons of bibenzyl to which the integral was normalised. 

The residual solvent peak was calculated from ratio between ICHCl3 and the integral of 

the internal standard TMS (ITMS), which was determined to be 0.56 from spectra with 

solvent only, this is expressed in Eq. 3.3.

Eq. 3.3I ICHCl TMS3
0 56� �.

Substituting Eq. 3.3 and Eq. 3.2 into Eq. 3.1, yields Eq. 3.4.

Eq. 3.4x
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The standard deviation of the normalised integral of the CH2 groups of bibenzyl is 

reflected in the deviation of the total integral and thus impacts the molar fraction of 

biphenyl. For samples with a high bibenzyl content, the impact of the integration 

error is the largest; hence, the accuracy and precision of the composition analysis 

depends on the ratio (see also section 3.10). The maximum integration error for the 

normalised peak was determined to be approximately ±1 % by preparing and 

integrating three samples of pure bibenzyl and three mixtures of biphenyl-bibenzyl 

with known composition.
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3.3	 Results and discussion

3.3.1	 Pure components of the reference system
In order to verify the purity of the recrystallised bibenzyl and biphenyl, their melting 

temperature and enthalpy were compared to literature data. As shown in Table 3.4, 

the bibenzyl and biphenyl melting temperature and enthalpy of fusion agree with 

their corresponding literature values after recrystallisation. Two batches of bibenzyl 

were recrystallised, showing no significant differences in melting behaviour. 

Domalski and Hearing reviewed and summarised the literature on thermal properties 

and phase behaviour for many organic compounds. They also evaluated the general 

quality of the data per publication.[13] Only the publications with data rated as “good 

quality” were taken into account for the comparison presented in Table 3.4. The DSC 

study of Smith[12] was rated as good quality, but this melting temperature was omitted 

because it was taken as the peak maximum, not as peak onset. Two more recent stud-

ies not covered in the review were also omitted,[14,15] because it remained unclear how 

these data were extracted from the presented DSC thermograms.

With DSC, the reversing heat capacity could be recorded upon heating, providing 

a continuous Cp,m signal as a function of temperature. These traces were fitted to a 

second degree polynomial for both the solid and liquid phase using Eq. 3.5.

Table 3.4 Experimental melting temperatures (Tfus
∗ ) and enthalpies ( � fus mH

� ) of bibenzyl and 
biphenyl as supplied (commercial), after purification (recrystallised), and those reported in 
literature. Data of the second batch (b2) of recrystallised bibenzyl are presented separately.

Source

Bibenzyl Biphenyl

Tfus
∗ � fus mH

� Tfus
∗ � fus mH

�

K kJ∙mol-1 K kJ∙mol-1

Commercial 322.19 21.76 341.88 17.56

Recrystallised 324.48 22.75 342.41 18.57

Recrystallised (b2) 324.57 22.49

Literature 324.40[8] 22.73[9] 342.2[8] 18.576[10]

324.348[9] 342.10[10] 18.58[11]

342.20[11] 18.8[12]

Table 3.4
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Eq. 3.5C A T B T Cp m i
j
, ,

� � � � �2

Where Cp m ij
, ,  is the heat capacity of component i in phase j in J·(mol·K)-1 and T the 

temperature in K. In Table 3.9 and Table 3.10 (appendix 3.6) the fitting constants and 

the adjusted coefficients of determination are shown. In Table 3.5 and Table 3.6 the 

Table 3.5 A selection of the experimental molar heat capacities (Cp,m) at various temperatures of 
recrystallised biphenyl and those reported in literature.

This work O’Rourke et al.[11] Chirico et al.[10]a

T Cp,m δCp,m Cp,m δCp,m Cp,m 

K J∙(mol∙K)-1 J∙(mol∙K)-1 J∙(mol∙K)-1 J∙(mol∙K)-1 J∙(mol∙K)-1

solid
260 172.1 9.3 169.4 1.9 170.7
280 185.2 8.7 184.1 1.6 185.3
300 199.8 9.0 199.7 1.0 199.7
320 213.4 9.1 212.7 - b 215.1

liquid
350 268.1 8.9 271.0 - b 273.0
360 272.4 10.2 275.3 - b 277.3
370 276.2c 10.2 280.8 - b 281.5

aestimated uncertainty was 1 % for all values; bOne value reported; crecorded at 269.62 K

Table 3.5

Table 3.6 A selection of the experimental molar heat capacities (Cp,m) at various temperatures of 
recrystallised benzyl and those reported in literature.

This work Messerly et al.[9]a

T Cp,m δCp,m Cp,m

K J∙(mol∙K)-1 J∙(mol∙K)-1 J∙(mol∙K)-1

solid
260 220.2 13.6 218.3
270 228.4 13.7 227.3
280 236.8 13.5 236.4
290 245.1 14.5 245.8
300 255.9 13.4 255.5
310 264.9 13.8 265.0

liquid
335 323.4 14.3 318.4
340 325.8 14.2 321.4
345 328.3 14.8 324.3
350 331.9 14.9 327.1

aprecisions were 0.1 %.
Table 3.6
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molar heat capacities of biphenyl and bibenzyl are compared to the values available in 

literature at various temperatures. The values presented in this work are the averaged 

values of duplicate measurements. Considering their standard deviation, the heat 

capacities were in good agreement with the literature values.

3.3.2	 Reconstruction of the reference phase diagram with DSC
The phase diagram of the biphenyl-bibenzyl system was reconstructed using DSC. 

This was done in order to confirm the ideal phase behaviour presented in 1935 by Lee 

et al.[8] In Fig. 3.3, the DSC data and the literature data set are presented together with 

the two ideal liquidus boundaries ( � x i
L
,
�1). Both the liquidus and solidus temperatures 

obtained by DSC are in good agreement with those presented in 1935, and follow 

a trend that is ideal. The ideal phase boundaries were calculated for biphenyl and 

Fig. 3.3 T-x phase diagram (molar fractions) of the biphenyl-bibenzyl system, based on ideal 
eutectic behaviour, DSC measurements, and data presented by Lee et al.[8] (visual observations). 
Subscripts bip, liq, sol, infl, and max stand for biphenyl, liquidus, solidus, inflection, and maximum, 
respectively. The liquidus inflection point and peak maximum were extracted from thermograms 
recorded at β = 1 K∙min-1. The liquidus temperatures at β = 0 K∙min-1 are based on the extrapolation 
of the peak maximum from data at six different β.

Fig. 3.3
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bibenzyl from Eq. 2.18. As input for this equation, the data of the recrystallised pure 

components were used (see Table 3.4, Table 3.9, and Table 3.10). The intersection 

of the two liquidus lines was taken as the ideal eutectic point; the ideal solidus phase 

boundary was drawn as a horizontal line through this eutectic point. 

The polynomial fits of the experimental data obtained by DSC were used to determine 

the ∆S
L

p mC T
,

( )  term in Eq. 2.18, yielding a solidus and liquidus phase boundary that 

matches the literature data and DSC data very well. The impact of ∆S
L

p mC T
,

( ) on the 

ideal eutectic composition and temperature is shown in Table 3.7. It can be seen that 

∆S
L

p mC T
,

( ) has a significant effect on the position of the eutectic point and that the 

phase boundaries calculated from the experimental data match those calculated from 

literature data.

The liquidus and solidus phase boundaries were constructed using DSC. Two series 

of samples were studied. The first data series was measured at a heating rate (β) of 

1 K·min-1. In order to study the influence of the heating rate on the different peak 

events, a second series of thermograms was obtained at six heating rates (0.5, 1, 2, 

5, 10 and 20 K·min-1). Fig. 3.3 shows three different types of liquidus temperatures 

extracted from the two data series. All extracted liquidus temperatures can reproduce 

the ideal eutectic behaviour of the biphenyl-bibenzyl system. The set of liquidus 

temperatures obtained from the inflection point shows the highest deviation from the 

literature data and ideal phase behaviour. Those obtained from the peak maximum 

are in better agreement. However, the best results were obtained for the liquidus 

temperatures (peak maximum) that were extrapolated to the equilibrium condition 

of zero heating rate (β =0). A more detailed discussion on the extrapolation and the 

heating rate dependency of the thermograms is given in section 3.7 (appendix).

Table 3.7 The influence of the heat capacity difference between the solid and liquid phase of pure 

biphenyl and bibenzyl as a function of temperature ( ∆S
L

p mC T
,

( ) ) on the eutectic composition (mole 
fraction of biphenyl, xbip,eut) and temperature (Teut) calculated from ideal eutectic phase behaviour.

xbip,eut Teut / K

No ∆S
L

p mC T
,

( )  contribution 0.439 303.67

∆S
L

p mC T
,

( )  from DSC data 0.446 302.84

∆S
L

p mC T
,

( )  from literature data 0.447 302.80

Table 3.7
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Fig. 3.4 shows that the DSC thermograms exhibit typical eutectic behaviour. The 

first S-L phase transition - the eutectic peak - is sharp and reaches its maximum size 

at the eutectic composition, i.e. xbip = 0.446. The second peak is broad, showing an 

exothermic signal from the end of the eutectic peak until the liquidus phase boundary 

is reached. In between the solidus and liquidus transitions, other endothermic 

transitions could be recognised at some ratios. They can probably be attributed to 

solid-solid transitions. In order to assign those peaks to a specific change in the crystal 

structure of biphenyl or bibenzyl, auxiliary analysis techniques like X-ray diffraction 

(XRD) are needed. These measurements are considered outside the scope of this work, 

Fig. 3.4 Stacked DSC thermograms on heating (1 K∙min-1) for various biphenyl-bibenzyl mixtures 
with molar fraction xbip. The endothermic peaks (up) correspond to eutectic (first peak, onset 
marked with orange dashed line) and liquidus (second peak) melting. Only the last step of the DSC 
program is shown, as this step was used to construct the liquidus phase boundary. The grey lines 
are extrapolations from the baseline as those samples were run up to 333 K.

Fig. 3.4
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as the centrifuge method only provides the composition of the liquid and therefore 

only the last transition from solid to liquid has to be verified. 

In some cases multiple peak maxima could be recognised. In other cases the maximum 

of the extra peak caused the peak corresponding to the liquidus transition to be only 

expressed as a shoulder. In cases of a poorly expressed peak maximum or a very broad 

peak top, the last (i.e. at the highest temperature) minimum of the second derivative of 

the heat flow rate was taken as the peak maximum. In the same thermograms, multiple 

inflection points were observed. With the absence of a clear peak, the inflection point 

became even less expressed. Inflection points were typically more sensitive to the 

heating rate than peak maxima. Adding these observations to the correspondence of 

the peak maximum data with the literature values, the peak maximum was considered 

the most appropriate peak event for the liquidus temperature of the biphenyl-bibenzyl 

system.

For compositions approaching the pure components, the onset temperature of the 

solidus peak tends to be lower than the eutectic temperature. This could be attributed 

to the formation of a solid solution of small amounts of biphenyl in bibenzyl, and vice-

versa. For solid solutions, a second phase transition at higher temperature would be 

expected when the solid solution partially melts (see also section 2.1.3), but this was not 

observed. Alternatively, the observed lower solidus temperatures could be explained 

by the effect of the peak shape of the solidus transition at the onset temperature. The 

Fig. 3.5 The extraction of the onset temperature from the thermograms (endotherms up) of two 
samples with (left) a molar biphenyl fraction (xbip) of 0.03 and (right) of 0.25, using the intersection 
between the tangents in the inflection point of the peak front and the tangents of the baseline. The 
onset temperature was significantly lower for xbip = 0.03 than for xbip = 0.25.

Fig. 3.5
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solidus peak becomes very small in the regions near the pure components, resulting 

in a less steep signal increase, which leads to a possible underestimation of the onset 

temperature. This phenomenon is graphically depicted in Fig. 3.5.

From the integral of the solidus peak, the melting enthalpy of the eutectic mixture 

can be determined. The melting enthalpy of the solidus transition has its maximum 

at the eutectic composition and decreases linearly with composition towards the 

pure components (see section 2.3.5). The eutectic composition therefore lies at the 

intersection of the linear fits of the hypotectic and hypertectic data points in the 

Tammann-plot, see Fig. 3.6.

The eutectic composition obtained from the Tammann-plot (xbip = 0.459) is slightly 

higher than the ideal eutectic composition (xbip = 0.446) and the value reported in 

literature (xbip = 0.443). The most probable explanation is that the end point of the 

solidus peak generally overlaps with the start of the liquidus peak. Hence, the end 

of solidus peak does not return to its baseline, complicating the position of upper 

Fig. 3.6 Tammann-plot constructed from the enthalpies of the solidus peak ( ∆S
L

solH ) in the 
DSC thermograms obtained for the biphenyl-bibenzyl system. ∆S

L
solH  data was obtained from 

the solidus peak integral of thermograms that were recorded at a heating rate of 1 K∙min-1. The 
eutectic composition determined for an ideal biphenyl-bibenzyl system (black dashed line) and 
obtained from the Tammann-plot (orange dash-dotted line) are highlighted.

Fig. 3.6



63reSultS AND DiScuSSioN

integration limit. Especially in the hypotectic region and at compositions close to the 

pure components (small solidus peak), the integration was not always straightforward 

and the integration accuracy was hard to estimate. At the hypotectic side large 

variations (10-20%) were observed that tilted the linear fit, but those could not be 

labelled as outliers from the residual plots. The integration uncertainty was relatively 

low; it was estimated to be ±1 % from repeated integrals of various measurement 

cycles for samples over the whole composition range. Taking the unknown accuracy 

and the uncertainty into account, the deviation of the eutectic composition (~2.8 %) 

was considered acceptable.

In conclusion, the eutectic diagram of the biphenyl-bibenzyl system obtained from 

the DSC data matches that reported by Lee et al.[8] and shows ideal behaviour. Hence, 

the system was found to be very predictable and is therefore suitable as a reference 

system.

3.3.3	 The centrifuge method

Validation of the centrifuge method
The results collected in Fig. 3.7 clearly show that the centrifuge method data is in line 

with the liquidus phase boundary constructed in literature[8] and by DSC (this work). 

It should be noted that the data presented in Fig. 3.7 was obtained via an optimised 

experimental procedure for the equipment used in this study. The optimisation is 

reproduced in the next section in order to highlight common sources of systematic 

errors and approaches that can improve the repeatability, accuracy and precision of 

the experiment. Considering the very good agreement of the data shown in Fig. 3.7, 

the optimised centrifuge method can be considered a valid method for the analysis of 

phase boundaries.

Experimental optimisation
Within the centrifuge method, four main steps can be distinguished: 

(1) Mixing of the pure components and homogenisation of the mixture;

(2) Equilibration of the mixture at the aimed temperature;

(3) Phase separation through centrifugation at the aimed temperature;

(4) Composition and temperature analysis of the liquid top phase.

Following the first step, biphenyl and bibenzyl were ground together. The resulting 
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solid mixture was a fine and dry powder that was easy to handle. The solid mixture 

was then transferred into a centrifuge tube for the second step. The centrifuge 

manufacturer only guarantees a homogeneous temperature throughout the centrifuge 

when the rotor is spinning, but phase separation is only desirable after equilibration. 

Hence, the mixture was equilibrated outside the centrifuge to avoid temperature 

fluctuations. Meanwhile, the centrifuge was brought to the aimed temperature by 

spinning the rotor without samples. The third step comprises the separation of the 

phases through centrifugation. Pictures of the phase separated mixtures and those 

before and after equilibration are presented in Fig. 3.8.

After centrifugation, the fourth step was carried out: the measurement of temperature 

Fig. 3.7 Solidus and liquidus temperatures (Tsol and Tliq) of the bibenzyl-biphenyl (bip) system for 
an ideal mixture, samples measured with the centrifuge method (Centr.), samples measured by 
DSC, and data obtained from literature[8] (Lee et al). Subscripts cen, rep, and β=0 correspond to 
centrifuge samples, repetitions of the centrifuge method, and extrapolated to zero heating rate, 
respectively. In the upper-left corner the maximum error of the data caused by inaccuracy and 
standard deviation of the analysis methods is depicted. The error was always within the size of the 
symbol (see upper left corner) and therefore not shown at the data.

Fig. 3.7
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and composition of the liquid phase. Initially, a small sample was taken for composition 

analysis, followed by the immersion of a Pt100 temperature sensor. It took a long 

time for the sensors to be heated and the temperature to be stabilized (2-10 min). 

This allowed the mixtures to cool during analysis. Moreover, at high temperatures it 

took longer to measure a stable temperature than at low temperatures. The different 

stabilization times of the Pt100 sensor introduced a potential error between the 

measurements.

Fig. 3.9 shows how this method (Pt100) resulted in different compositions at seemingly 

similar temperatures. The fact that most liquidus temperatures in the hypotectic 

region are lower than the ideal liquidus phase boundary, probably originates from 

the formation of crystals on the temperature probe. The temperature probe, which is 

initially at room temperature, acts a cold sink for the bibenzyl in the liquid top phase 

and initiates crystallisation. An insulating layer of small crystals could be observed on 

the probe.

In order to avoid crystallisation upon sensor immersion and to shorten the sensor 

stabilisation times, the Pt100 sensors were pre-heated at the aimed temperature 

in an aluminium block. As shown in Fig. 3.9, this significantly improved the data. 

However, the set centrifuge temperature was generally not matching the measured 

temperature in the liquid top-phase after centrifugation. Therefore, custom-made 

temperature loggers were developed by Avular B.V., which allowed for the evaluation 

of the temperature during equilibration (second step) and centrifugation (third step). 

From the obtained temperature profiles (e.g. Fig. 3.10 A) can be concluded that the 

Fig. 3.8 Pictures of biphenyl-bibenzyl mixtures with molar biphenyl ratio of 0.20 (A) and 0.7 (B) 
after the different steps of the centrifuge method: (left) after mixing; (middle) after equilibration; 
and (right) after centrifugation.

Fig. 3.8
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temperature control of the centrifuge overheats the mixtures. Since the heating block 

did reach and maintain the set temperature, the mixtures needed time to acclimatise 

when switched to the higher temperature at the centrifuge. This might influence the 

results; therefore, the relation between the set temperature and the actual temperature 

of the mixture was determined over the temperature range of the centrifuge, see section 

3.8 (appendix). Fig. 3.10 B shows that temperature difference between equilibration 

and centrifugation is reduced and a constant temperature is reached and maintained 

at an earlier stage during centrifugation. However, after the transfer of the tubes to 

the centrifuge, the temperature shows a rise or drop. This could not be reduced by a 

quicker transfer (a few seconds vs. a minute) from the heating block to the centrifuge. 

It appeared that opening the lid of the centrifuge activates the temperature control of 

the centrifuge, causing an initial drop or even a rise in temperature. The temperature 

Fig. 3.9 T-x phase diagram of the biphenyl-bibenzyl system, based on ideal eutectic behaviour 
and the centrifuge method. The temperature of the liquid top phase was determined using three 
different procedures: (i) immersing a Pt100 sensor after centrifugation; (ii) same as (i) with 
preheated (ph) Pt100; (iii) logging the temperature throughout the whole experiment. Subscripts 
liq and sol stand for liquidus and solidus transition, respectively.

Fig. 3.9
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fluctuations can lead to extra crystal or liquid formation. The latter would lead to 

an over-estimation of the liquefaction of the solid component, since the solids that 

were liquefied during a temperature rise will not recrystallize when the system shows 

strong supercooling behaviour.

The temperature drop could not be avoided, since the lid needs to be opened to 

transfer the samples into the centrifuge. Therefore, an additional static equilibration 

step was introduced for the samples that were inserted to the centrifuge, which allows 

the mixture to reach a stable temperature prior to rotation. As mentioned before, the 

temperature of the centrifuge in the spinning state differs from that in the static state. 

Hence, an additional temperature calibration had to be performed that correlates the 

aimed temperature to the actual temperature in the centrifuge after keeping the rotor 

static for 1 h (see section 3.8). The set centrifuge temperature needed to be changed 

Fig. 3.10 Typical temperature profiles of mixtures in a centrifuge tube with temperature logger, 
where the centrifuge was (A) set at the aimed temperature and (B) set at Taim - Tcorr (see section 
3.8). Taim is visualised with a red dashed line. Each profile is divided in three time domains: (i) 
equilibration in the heating block; (ii) phase separation in the centrifuge; and (iii) sampling of the 
top phase.

Fig. 3.10
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after static equilibration in order to maintain the same temperature during rotation. 

Similarly to the moment of opening the centrifuge’s lid, the temperature control of the 

centrifuge would induce a drop in temperature if the rotation was started immediately 

after changing the set temperature. This effect was less pronounced when a little time 

period (~1 min) was added between setting the temperature for rotation and starting 

the rotor. Finally, temperature profiles were obtained that all converged to the aimed 

temperature with a difference of at most 1 K between the external heating block 

temperature and the end-point centrifuge temperature during rotation (see Fig. 3.11). 

After rotation and removal of the sensor, the centrifuge tubes were maintained in the 

warm centrifuge bucket for the sampling of the liquid phase. The sampling (fourth 

step) was done as soon as possible after centrifugation, and typically within 60 s after 

the temperature logger was removed from the sample. The average of the last 12 

recorded temperatures (2 min) before sampling was taken as liquidus temperature.

In literature it has been shown that centrifuged eutectic mixtures are not always 

homogeneous.[2,16] Hence, the sampling height could affect the measured composition. 

This introduces measurement errors, but also raises the question which sampling 

height would represent the liquid in equilibrium with the solid phase. For the eutectic 

Pb-Sn mixture, several solid structures have been obtained at different rotational 

Fig. 3.11 Temperature profile of the sample with initial molar biphenyl fraction 0.05 in a centrifuge 
tube with temperature logger. The profile is divided in three time domains: equilibration in the 
heating block; equilibration in the centrifuge (stat); and phase separation through rotation (rot) 
in the centrifuge. The centrifuge temperature was set according to the temperature calibration 
presented in section 3.8. 

Fig. 3.11
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speeds, including structures in which both pure components and the liquid phase 

coexist (SA + L + SB).
[2] Centrifugal forces have also caused density differences in 

the liquid phase of H2O-H3PO4 at its eutectic composition and above the eutectic 

temperature.[16] The closer the temperature of the liquid to the eutectic temperature, 

the larger the density differences. The Pb-Sn and H2O-H3PO4 systems were studied 

at the eutectic composition and at temperatures slightly below (SA + SB), and above 

the solidus temperature (L), respectively. They are therefore in another phase region 

than the systems studied with the centrifuge method (L + SA or L + SB); moreover, the 

nature of the components studied here and in literature is different. Nevertheless, the 

inhomogeneity of the mixtures was evaluated in order to check whether the sampling 

height affects the composition analysis.

An inhomogeneous liquid top phase after centrifugation is most likely to show 

a concentration gradient over the height of the tube, because that is the direction 

of the applied centrifugal force field. Therefore, the liquid phase was sampled after 

equilibration and centrifugation at the top of the liquid layer, as well as close to the 

liquid-solid interface for all mixtures. One sample (xbip,ini = 0.05) showed a deviation 

of xbip = 0.017. The liquid layer was very small in this sample, which impeded liquid 

sampling at different heights without including solids. For the other samples, the 

absolute difference in mole fraction between the two sampling heights did not exceed 

3 thousandth (Δxbip < 0.003). The difference was typically in the order of 0.001 without 

a clear dependency on the sampling height, see Table 3.12 in section 3.9 (appendix) for 

an overview of the data. The liquid phase of the biphenyl-bibenzyl system is therefore 

considered homogeneous.

Accuracy, precision, and repeatability
The accuracy and precision of the centrifuge method depend mostly on the 

temperature and composition analysis. The accuracy and precision of the temperature 

sensor is stated in section 3.2.2. The accuracy of the composition analysis by 1H-NMR 

was evaluated by preparing and measuring 3 samples with a known composition. The 

precision was evaluated by measuring and integrating each spectrum 3 times. The 

results are listed in Table 3.8, which shows that the precision as well as the accuracy 

of the composition improve with increasing biphenyl content. This is the result of the 

error propagation of the integration errors in Eq. 3.4. A more detailed discussion on 

the error propagation can be found in section 3.10 (appendix).
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The repeatability of the centrifuge method depends on the robustness of the method, 

which involves all four steps (sample preparation, equilibration, separation, and 

sampling/analysis). It can best be evaluated by re-preparing and repeating a mixture in 

a centrifuge tube while keeping the settings constant. Fig. 3.7 shows that the repeated 

experiments have composition and temperature deviations that exceed the previously 

discussed precision of the analysis methods. 

Most deviations are caused by fluctuations in the mixture’s composition. The 

composition differences do no originate from the liquid sampling, because multiple 

samples from the same centrifuge tubes resulted in standard deviations within 

the precisions presented in Table 3.8. As discussed previously, the liquid phase is 

homogeneous, so the sampling height does not affect the data either. A possible 

source of the deviations is the temperature control of the centrifuge, which was not 

very reliable. Deviations of ±0.8 K as compared to the calibration were observed for 

the static and the rotating centrifuge. For the repeated experiments, the liquidus 

temperatures shown in Fig. 3.7 do not seem to vary. However, those temperatures only 

represent the endpoint of the temperature program that the sample was subjected to. 

Table 3.8 Mole fraction of biphenyl of three 2 g batches with different biphenyl-bibenzyl ratios 
determined by preparation weight (xbip,w) and 1H-NMR (xbip,NMR,i). From each batch, three 1H-NMR 
samples were prepared (A-C), which were all measured and integrated three times (1-3). The 
absolute standard deviation for each 1H-NMR sample is shown (δxbip) as well as the difference 
between the average value obtained from 1H-NMR and that calculated from the added weights.

xbip,w Sample xbip,NMR,1 xbip,NMR,2 xbip,NMR,3 δxbip Δxbip
a

0.101 A 0.105 0.106 0.105 0.0044 0.0047

B 0.106 0.107 0.106 0.0075 0.0053

C 0.106 0.105 0.106 0.0044 0.0044

0.541 A 0.544 0.544 0.544 0.0010 0.0027

B 0.543 0.544 0.543 0.0004 0.0027

C 0.544 0.544 0.543 0.0008 0.0024

0.900 A 0.900 0.901 0.900 0.0001 0.0002

B 0.901 0.901 0.901 0.0000 0.0003

C 0.901 0.901 0.901 0.0001 0.0005
aΔxbip

 = xbip,NMR-xbip,w.

Table 3.8



71reSultS AND DiScuSSioN

Fig. 3.12 shows the temperature profiles of the repetition data with the lowest 

(B) and the highest (A) deviation in composition. The difference in equilibration 

temperatures at the heating block for the two samples with the largest composition 

deviation was 0.6 K. During centrifugation the temperatures converge, but the main 

fraction of the liquid is formed already in the heating block. As shown in Fig. 3.8, 

bibenzyl-rich mixtures generally exhibited partial phase separation by sedimentation. 

The temperature difference between equilibration and centrifugation was even larger, 

emphasizing the deviation of the actual temperature from the calibrated temperature. 

The sample that has the best repeatability shows very similar equilibration and 

centrifugation temperatures. The repeated sample has a large temperature drop after 

being inserted to the centrifuge, but the largest composition deviations arise from 

a different amount of liquid formed during equilibration. Especially in systems that 

Fig. 3.12 Temperature profile in time throughout the centrifuge method of biphenyl-bibenzyl 
mixtures with an initial biphenyl mole fraction of 0.25 (A) and 0.75 (B) at an aimed temperature 
of 310 and 320 K, respectively. The dashed profiles are repetitions of the solid lines. The vertical 
lines indicate the start of the three phases of the centrifuge method. The dashed horizontal lines 
represent the difference between the equilibration and separation temperature. 

Fig. 3.12
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are prone to supercooling, the liquid will not recrystallize rapidly and the highest 

equilibration temperature will determine the liquid composition.

3.4	 Conclusions and outlook

The ideal S-L phase behaviour of the biphenyl-bibenzyl system described in literature 

was confirmed with DSC. This system was used to validate the centrifuge method, 

an alternative equilibrium-based method to study the liquidus phase boundary of 

eutectic systems. Liquidus temperatures obtained with the centrifuge method match 

the literature data. For the biphenyl-bibenzyl system the largest deviations originated 

from the poor temperature control of the commercial centrifuge used in this study. 

Hence, the quality of the data could probably be further improved by using a centrifuge 

with a more accurate temperature control.

For the biphenyl-bibenzyl system, no concentration gradient was observed in the 

liquid phase after centrifugation. However, when measuring other systems, the 

homogeneity of the liquid phase should be verified again. The liquid composition 

should be evaluated at different heights for at least one sample on both the hypotectic 

and hypertectic region of the phase diagram. It is also recommended to monitor the 

temperature of the mixture throughout the whole experiment.

Using the centrifuge method, the solid-liquid phase behaviour can be mapped without 

the need to crystallise the mixture. This offers a great advantage to mixtures that 

exhibit severe supercooling behaviour, like most hydrophilic deep eutectic solvents. 

The centrifuge method therefore offers a way to rapidly explore the liquid range of 

eutectic systems at the operating temperature of interest, and therefore to determine 

the limits of the systems’ applicability.



73refereNceS

3.5	 References

[1]  Rothenberg, G.; Downie, A. P.; Raston, C. L.; Scott, J. L.; Understanding Solid/Solid 
Organic Reactions. J. Am. Chem. Soc., 2001, 123, 8701–8708.

[2]  Sokolowski, R. S.; Glicksman, M. E.; Gravitational Influence on Eutectic Solidification. 
J. Cryst. Growth, 1992, 119, 126–140.

[3]  Löffler, J. F.; Bossuyt, S.; Peker, A.; Johnson, W. L.; High-Temperature Centrifugation: 
A Tool for Finding Eutectic Compositions in Multicomponent Alloys. Appl. Phys. Lett., 
2002, 81, 4159–4161.

[4]  Wittenberg, L. J.; High-Temperature Centrifuge for Fused Salt Studies: The Invariant 
Point Between LiF and Li2BeF4. J. Am. Ceram. Soc., 1959, 42, 209–211.

[5]  Friedman, H. A.; High Temperature Centrifuge for Phase Equilibrium Studies in Molten 
Salts. J. Sci. Instrum., 1967, 44, 454–456.

[6]  Thoma, R. E.; Insley, H.; Friedman, H. A.; Hebert, G. M.; Equilibrium Phase Diagram 
of the Lithium Fluoride-Beryllium Fluoridezirconium Fluoride System. J. Nucl. Mater., 
1968, 27, 166–180.

[7]  Löffler, J. F.; Bossuyt, S.; Peker, A.; Johnson, W. L.; Eutectic Isolation in Mg-Al-Cu-
Li(-Y) Alloys by Centrifugal Processing. Philos. Mag., 2003, 83, 2797–2813.

[8]  Lee, H. H.; Warner, J. C.; The System Biphenyl-Bibenzyl-Naphthalene. Nearly Ideal 
Binary and Ternary Systems. J. Am. Chem. Soc., 1935, 57, 318–321.

[9]  Messerly, J. F.; Finke, H. L.; Good, W. D.; Gammon, B. E.; Condensed-Phase Heat 
Capacities and Derived Thermodynamic Properties for 1,4-Dimethylbenzene, 
1,2-Diphenylethane, and 2,3-Dimethylnaphthalene. J. Chem. Thermodyn., 1988, 20, 
485–501.

[10]  Chirico, R. D.; Knipmeyer, S. E.; Nguyen, A.; Steele, W. V.; The Thermodynamic 
Properties of Biphenyl. J. Chem. Thermodyn., 1989, 21, 1307–1331.

[11]  O’Rourke, D. F.; Mraw, S. C.; Heat Capacities and Enthalpies of Fusion of 
Dibenzothiophene (220 to 560 K) and of Biphenyl, Cyclohexylbenzene, and 
Cyclohexylcyclohexane (220 to 475 K) Enthalpies and Temperatures of Three 
Transitions in Solid Cyclohexylcyclohexane. J. Chem. Thermodyn., 1983, 15, 489–502.

[12]  Smith, G. W.; Phase Behavior of Some Linear Polyphenyls. Mol. Cryst. Liq. Cryst., 1979, 
49, 207–209.

[13]  Domalski, E. S.; Hearing, E. D.; Heat Capacities and Entropies of Organic Compounds 
in the Condensed Phase. Volume III. J. Phys. Chem. Ref. Data, 1996, 25, 1–525.

[14]  Benkhennouf, M.; Kamel, K.; Dahmani, A.; Solid-Liquid Phase Equilibria for Aromatic 
Compounds. J. Phys. IV, 2004, 113, 7–9.

[15]  Khimeche, K.; Dahmani, A.; Determination by DSC of Solid–liquid Diagrams for 
Polyaromatic – 4,4’diaminodiphenylmethane Binary Systems. J. Therm. Anal. Calorim., 
2006, 84, 47–52.

[16]  Steinberg, V.; Linsky, D.; Investigation of Liquid Eutectic near Its Crystallization Point 
in a Centrifuge. Phys. Chem. Liq., 1982, 12, 45–51.



74 tHe ceNtrifuGe metHoD

3.6	 Appendix	–	Polynomial	fit	heat	capacity	data

3.7	 Appendix – Dependency of DSC peak events on 
heating rate

The solidus peak was determined from the onset of the peak around 302-303 K. The 

onset temperature showed a very weak dependency on heating rate, if any. For a 

heating rate (β) of 1 K·min-1 the difference between the onset temperature and the 

extrapolated onset temperature for β =0 K·min-1 was 0.05 K at most. It was therefore 

decided that the onset temperature of the thermograms recorded at 1 K·min-1 is 

representative for the solidus temperature.

Contrary to the solidus temperature, the liquidus temperature depended significantly 

on the heating rate. The three peak events that are typically selected to represent 

the liquidus temperature are the peak maximum, the inflection point and the offset 

temperature (see also section 2.3.3). There is no convention that prescribes the best 

peak event for the liquidus transition. Hence, for every eutectic system the peak event 

Table 3.9 Fitting parameters of the second order polynomial (Eq. 3.5) used to fit the molar heat 
capacity of biphenyl to the DSC data. The adjusted coefficient of determination is also given.

Component A  
10-3∙J∙(mol∙K3)-1

B 
J∙(mol∙K2)-1

C 
J∙(mol∙K)-1 R2

Biphenyl (S) 0.1246 62.61 0.6895 0.9995

Biphenyl (L) -2.900 247.7 -242.8 0.9935

Bibenzyl (S) 1.670 -5.917 122.5 0.9987
Bibenzyl (L) -0.4239 78.62 107.5 0.9930

Table 3.10 Fitting parameters of the second order polynomial (Eq. 3.5) used to fit the molar heat 
capacity of bibenzyl to the literature data. The adjusted coefficient of determination is also given.

Component A 
10-3∙J∙(mol∙K3)-1

B 
J∙(mol∙K2)-1

C 
J∙(mol∙K)-1 R2

Biphenyl (S) 49.20 44.62 21.73 0.9999

Biphenyl (L) -07.136 48.77 111.3 0.9996

Bibenzyl (S) 48.05 66.29 13.20 0.9998
Bibenzyl (L) 19.04 45.05 146.1 0.9999
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should be selected that best reflects the disappearance of the last solids upon heating.

In section 3.3.2 it was shown that the data of the peak maximum matches best 

with the literature data. At lower heating rates, many samples exhibited an extra 

endothermic transition between the solidus and liquidus temperature. The peak of 

this transition deformed the thermograms and occasionally turned what would be 

the peak maximum of the liquidus transition into a shoulder. The peak maximum 

of the liquidus transition was then determined by the last minimum of the second 

derivative, as shown graphically in Fig. 3.13.

At high heating rates, the second transition (in between the solidus and liquidus 

transition) merges with the liquidus transition. The new phase that is formed during 

the second transition is immediately melted into the liquid phase. Additionally, 

owing to the increase of kinetic effects at high heating rates, the peak of the second 

transition moves to slightly higher temperatures. Therefore, the liquidus peak 

maximum shifts towards the peak maximum of the second transition, until they 

Fig. 3.13 Thermogram on heating recorded at a heating rate of 1 K∙min-1 of a biphenyl-bibenzyl 
sample with a biphenyl mole fraction of 0.34. The labelled peak events were extracted from the 
minima of the first (dashed, light grey) and second derivative (dashed, grey) of the heat flow rate 
signal. The offset temperature was determined from the intersection of extrapolations of the liquid 
baseline and the slope in the inflection point.

Fig. 3.13
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become indistinguishable. In Fig. 3.14 and Fig. 3.15 this merger is shown by plotting 

the thermograms of the same sample measured at several heating rates. 

If the peak events extracted from these thermograms are plotted against the heating 

rate, the impact of the second transition becomes clear. For all samples with a 

distinctive second transition, the peak events showed a different trend with heating 

rate at high heating rates (β ≥ 5 K·min-1) as compared to low heating rates. If both 

trends were extrapolated to the equilibrium condition, β = 0, the values were typically 

Fig. 3.14 Thermograms on heating recorded at the indicated heating rates of a biphenyl-bibenzyl 
sample with a biphenyl mole fraction of 0.67 (top) and the extracted peak events from these 
thermograms plotted versus the heating rate (β, bottom). The dashed lines indicate the trends 
used to extrapolate the peak maxima to the equilibrium condition β = 0 K∙min-1.

Fig. 3.14
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matching within a 1 K window for the peak maximum. The inflection and offset 

Fig. 3.15 Thermograms on heating recorded at the indicated heating rates of a biphenyl-bibenzyl 
sample with a biphenyl mole fraction of 0.30 (top). The plot contains an enlargement of the 
thermograms obtained at low heating rates for clarification. The extracted peak events from these 
thermograms plotted versus the heating rate (β, bottom). The dashed lines indicate the trends 
used to extrapolate the peak maxima to the equilibrium condition β = 0 K∙min-1.

Fig. 3.15
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temperatures were generally showing larger deviations. This is probably caused by the 

way the second transition affects the shape of the thermograms. The first derivative 

and offset temperature depend on the inclination of the heat flow rate signal after 

the peak maximum. The overlap of the two transitions distorts this inclination and 

renders the data derived from it to be less reliable. Therefore, and because of the 

good agreement with the literature data, the peak maximum extrapolated to β = 0 was 

taken as the liquidus temperature for the biphenyl-bibenzyl system.

When the peaks were not fully merged yet but also not separated, the peak maximum 

would also show deviations from either of the trends (see Fig. 3.14); therefore, these 

thermograms were omitted. Also the thermograms recorded at 20 K·min-1 would 

sometimes show a very weak shoulder, leading to a distorted peak maximum (see 

Fig. 3.15). 

3.8	 Appendix – Centrifuge overheating

As previously shown in Fig. 3.10, the centrifuge temperature tends to be higher than 

the set temperature during centrifugation. Also for mixtures that were kept static in 

Fig. 3.16 The relationship between the temperature that was set for the centrifuge (Tset) and the 
temperature it actually reached (Tact) during static equilibration (squares) or centrifugation 
(circles). The dashed lines represent the linear fit of both datasets, with an R2 of 0.9985 and 
0.9980, respectively. The residuals did not show a clear trend with Tact or Tset. The grey diagonal 
line represents Tact = Tset.

Fig. 3.16
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the centrifuge, a different temperature was observed than the set temperature. In 

order to correct for these differences, the temperature was followed for five samples 

containing water during equilibration and centrifugation. The equilibration samples 

were kept statically for at least one hour until the temperature reached a plateau. 

The samples that were centrifuged reached this plateau in 0.5 h. Fig. 3.16 shows 

the relationship between the actual temperatures reached in the centrifuge and the 

temperatures that were set.

The temperature control of the centrifuge has a resolution of 1 K. Table 3.11 lists 

the results from the linear fits of Fig. 3.16. Table 3.11 can be used to derive the 

temperatures that need to be set in order to obtain the same temperature during 

equilibration and centrifugation. This is done by finding pairs of actual temperatures, 

e.g. the actual temperature of 304.7 K can be reached both during equilibration and 

centrifugation if the temperature is set to 297 and 301 K, respectively.

Table 3.11 Overview of actual sample temperatures during static equilibration (Tact,static) and 
centrifugation (Tact,spin), as a result of the set temperatures (Tset) that can be set as integers only. 
All data was calculated from the linear fits presented in figure Fig. 3.16.

Tset Tact,static Tact,spin Tset Tact,static Tact,spin Tset Tact,static Tact,spin

K K K K K K K K K

291 295.0 300.2 306 309.6 311.5 321 324.2 322.8

292 296.0 300.9 307 310.6 312.3 322 325.2 323.6

293 296.9 301.7 308 311.6 313.0 323 326.2 324.3

294 297.9 302.4 309 312.5 313.8 324 327.1 325.1

295 298.9 303.2 310 313.5 314.5 325 328.1 325.8

296 299.9 303.9 311 314.5 315.3 326 329.1 326.6

297 300.8 304.7 312 315.4 316.0 327 330.1 327.4

298 301.8 305.5 313 316.4 316.8 328 331.0 328.1

299 302.8 306.2 314 317.4 317.5 329 332.0 328.9

300 303.8 307.0 315 318.4 318.3 330 333.0 329.6

301 304.7 307.7 316 319.3 319.0 331 333.9 330.4

302 305.7 308.5 317 320.3 319.8 332 334.9 331.1

303 306.7 309.2 318 321.3 320.6 333 335.9 331.9

304 307.7 310.0 319 322.3 321.3

305 308.6 310.7 320 323.2 322.1

Table 3.11
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3.9	 Appendix – Data table
Table 3.12 Overview of the data for all samples run with the centrifuge method. Presented are the 
initial molar fractions of biphenyl (xbip,ini), the aimed equilibrium temperature (Taim), the liquidus 
temperatures measured after centrifugation (Tliq,cen), the molar fractions of biphenyl in the liquid 
at the top of the sample and near the solid-liquid interface (xbip,cen,Top/Bot), and the absolute difference 
between the latter.

xbip,ini Taim / K Tliq,cen / K xbip,cen,Top xbip,cen,Bot Δxbip,cen

0.05 320.2 320.0 0.116 0.099 0.01713

0.15 316.6 316.5 0.189 0.191 0.00231

0.20 313.7 313.1 0.261 0.264 0.00250

0.25 310.7 310.1 0.327 0.328 0.00043

0.30 308.6 308.3 0.362 0.361 0.00085

0.35 305.2 304.7 0.415 0.416 0.00113

0.55 305.2 304.7 0.455 0.455 0.00023

0.60 310.7 310.2 0.511 0.510 0.00036

0.66 316.6 316.4 0.590 0.589 0.00077

0.75 320.2 320.2 0.641 0.641 0.00002

0.82 331.9 328.3 0.750 0.750 0.00005

0.88 331.9 331.7 0.810 0.810 0.00005

0.25 305.2 304.6 0.424 -a -a

0.25 310.7 310.3 0.332 -a -a

0.75 305.2 304.6 0.459 -a -a

0.75 310.7 310.2 0.517 -a -a

0.75 320.2 319.7 0.623 -a -a

0.05 320.2 319.3 0.109 -a -a

0.25 305.2 304.6 0.416 -a -a

0.25 310.7 310.2 0.322 -a -a

0.75 305.2 304.6 0.465 -a -a

0.75 310.7 310.3 0.521 -a -a

0.75 320.2 319.6 0.624 -a -a

0.20 313.7 - b 0.273 0.274 0.00071

0.25 310.7 - b 0.326 0.325 0.00122

0.30 308.6 - b 0.366 0.365 0.00130

0.60 310.7 - b 0.512 0.511 0.00054
aSamples prepared to determine the repeatability of the centrifuge method, no sample near the solid-
liquid interface was taken. bSamples were measured without temperature sensors, only the presence 
of a concentration gradient was evaluated.
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3.10	 Appendix – error propagation 1H-NMR

This appendix serves as an explainer that shows how the composition of a biphenyl-

bibenzyl mixture affects the uncertainty of the composition analysis with 1H-NMR. 

The NMR integrals were normalised to the integral of the CH2 group of bibenzyl and 

then multiplied by 4 to represent the four protons present in bibenzyl. The integrals 

presented in Eq. 3.4 are therefore normalised integrals. If the raw integrals (subscript r) 

were taken into account, the equation should include the integral of the CH2 group, 

resulting in Eq. 3.6.

Eq. 3.6
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The standard deviation of this equation is then written as a function of the standard 

deviations of the integrals and the partial derivatives of xbip:
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ach partial derivative in Eq. 3.7 can be written out seperately:
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When the system is very rich in bibenzyl, the ratio of the aromatic integral and the 

CH2 group approaches 2.5, equal to the ratio of aromatic and aliphatic protons. If this 

approximation is substituted into Eq. 3.8 to Eq. 3.10, it becomes clear that the 
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uncertainties of the aromatic protons and TMS are multiplied with a large fraction of 

the integrals of CH2.

Eq. 3.11
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Similarly, when the system is rich in biphenyl, the integral of the CH2 group approaches 

zero. This means that only equation Eq. 3.9 contributes considerably to Eq. 3.7, and 

– unlike equations Eq. 3.11 and Eq. 3.13 – only the reciprocal integrals of the aromatic 

protons and TMS are taken into account. Hence, even if the uncertainty of the integrals 

is similar for all three peaks (aromatic, alkyl, and TMS), the total uncertainty of the 

composition analysis will decrease with increasing biphenyl content. When the 

integration uncertainties are equal for all peaks (� � � �I I I Iar r CH r TMS r r, , ,
� � �

2

), the 

uncertainty of the composition will be determined mostly by the sum of the quadrated 

partial derivatives:
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n Fig. 3.17, a graphical representation can be found of the contribution of the partial 

derivatives to the uncertainty of xbip. The integrals were calculated based on the 

composition and a TMS peak that is 7.5% of the peak for the CH2 protons (constant 

dilution of the samples).
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Fig. 3.17 A graphical representation of the propagation of the integration error on the uncertainty 
of the composition for equal integration uncertainties for all 1H-NMR integrals. The top of the 
y-axis scales with the integral size, the bottom represents no or negligible contribution to the 
uncertainty of the partial derivatives. The integral sizes used in this figure were scaled to the 
uncertainty data presented in Table 3.8.

Fig. 3.17
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A SYSTEMATIC EVALUATION 

OF DEEP EUTECTIC SOLVENT 

FORMATION, STABILITY, AND 

PHYSICOCHEMICAL 

PROPERTIES

In order to design novel deep eutectic solvents, structure-property 
relationships are needed. This requires an accurate and consistent 
experimental dataset on deep eutecic solvent properties. Therefore, 
an experimental protocol was developed, which was used to evaluate 
the liquid formation and the chemical stability for over 250 binary 
mixtures at three compositions. Many combinations were prone to 
esterification or resulted in metastable liquid phases. Finally, only four 
of these mixtures were chemically stable, remained liquid at 298 K, 
and showed reasonable viscosities. The physicochemical properties 
of these mixtures were studied in more detail as a function of 
composition and temperature. The results implied that there might 
be a relation between the dominating intermolecular interactions in 
the liquid and the change of viscosity and density with composition.
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4.1	 Introduction

As discussed in chapter 1, DESs are studied as alternative solvents for many 

applications. The majority of these DESs contain choline chloride (ChCl) – or similar 

quaternary ammonium salts – combined with a component that is able to form 

hydrogen bonds such as amides, alcohols or acids.[1–3] However, the starting materials 

of DESs are not limited to those components. For instance, some metal salts are also 

capable of forming liquid mixtures, although the ability of alkali metal salts to form 

actual DESs with glycerol is still under debate.[4] Moreover, metal salts are regarded 

as less environmentally benign than organic compounds.[5] In that light, several salt-

free DESs have been developed; they typically consist of combinations of primary 

metabolites, such as organic acids, amino acids, carbohydrates, and similar polyols 

(e.g. sorbitol and xylitol).[6–8] The diversity in DES-forming components leads to a 

variety in physicochemical properties of the resulting liquid. Hence, DESs are often 

regarded as designer solvents.

In order to design a DES from scratch, the relationship between the desired 

physicochemical properties of a DES and the molecular structure or physicochemical 

properties of its pure components needs to be studied. In 2015, García et al. reviewed 

the physicochemical properties of DESs and some predictive models and structure–

property relationships.[9] The reviewed models were validated with experimental 

datasets that were considered too limited to evaluate the predictive ability for all 

types of DESs. This resulted in a call for physicochemical data on more diverse DESs, 

and additional studies towards the pressure and temperature dependence of their 

thermophysical properties. 

Several research groups have shifted their focus towards the development and 

characterisation of novel DESs.[10–13] However, García et al. showed that the reported 

physicochemical properties are not always constant throughout literature.[9] For 

example, an updated comparison of the viscosity and melting temperature of the most 

studied DES – urea-ChCl 2:1 – is given in Table 4.1 and Table 4.2. The significant 

differences in measured properties originate from three main sources: (1) DES 

preparation, (2) analysis methodology, and (3) impurities (mainly water).

A variety of DES preparation methods is available, each having its own impact on 
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the prepared DESs. Grinding the DES components at ambient temperatures (grinding 

method) instead of heating and stirring them at elevated temperatures (heating 

method) could prevent, or slow down unwanted reactions.[18] Freeze-drying or 

evaporating water from aqueous solutions of DES components is an alternative DES 

preparation method, mostly used to stabilize self-assembled aggregates in DESs.[19] The 

freeze-drying and evaporation methods are less applicable for property analysis, due 

to the almost inevitable water traces. Different DES preparation methods/conditions 

can thus indirectly lead to deviations in the DESs physicochemical properties. Note 

that these deviations originate from the modification of the (chemical) composition or 

physical state of the DES, induced by the applied conditions (pressure, temperature, 

composition) during preparation.

The physical nature of pure DESs also influences the accuracy and reproducibility of 

the measurements done with different analysis methodologies. Anhydrous DESs can 

for instance behave as non-Newtonian fluids,[9,14,20,21] i.e. the viscosity is shear rate 

dependent. Since the applied shear rates are seldomly reported, this might explain the 

disagreement between the data obtained with the different analysis methods presented 

Table 4.1 Viscosity data for the DES urea-ChCl 2:1 (Reline) at 303 K from different sources in 
literature, comparing the applied analysis method and water content.

η / Pa·s method wH2O / ppm ref

0.55a rotational < 200 [14]
0.53 falling ball n.a. [15]
0.45a rotational < 10000 [2]

aData was extracted from figures using ScanIt software

Table 4.2 Melting temperatures of the DES urea-ChCl 2:1 (Reline) from different sources in 
literature, comparing the applied analysis method and water content.

Tm / K method wH2O / ppm ref

285a Visually, first solidb < 10000 [2]
297.7 DSC, onset < 2000 [16]
301.7 Visually, last solid, hot-stage microscopy < 2000 [16]
290 DSC, onset n.a. [17]

aFreezing temperature; bmethod described in ref [3].

Table 4.1
Table 4.2
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in Table 4.1. The generally high viscosities of DESs lead to supercooling behaviour. 

Hence, freezing temperatures will give an overestimation of the melting temperature 

depression and liquid stability. But also the melting temperatures of urea-ChCl 2:1 

presented in Table 4.2 show significant deviations, ranging from having a stable liquid 

DES to a solid mixture at 293 K. The methodological differences between the DSC 

onset temperature (first liquid) and the hot-stage microscopy (last solid) are well 

explained.[16] Nevertheless, the discrepancies between the data found by Meng et al.[16] 

and Morrison et al.[17] cannot be completely attributed to methodological differences.

Many DESs are highly hygroscopic and absorb moisture from air up to water contents 

of 10-20 wt%.[16,18] Water has a big impact on the physicochemical properties of 

DESs and can be used to tune these for water-compatible applications.[22] Following 

the interpolation of the data of Yadav et al.,[15] a water content of 9000 ppm lowers 

the viscosity of urea-ChCl with approximately 0.19 Pa·s compared to the anhydrous 

DES at 303 K. The different reported maximum water contents might explain the 

viscosity differences of the presumably pure DESs showed in Table 4.1. Also, the 

melting temperature and density are lowered by an increase in water content.[15,23] 

Other impurities than water can impact the properties of DESs as well, although they 

are typically neither characterised nor quantified. In most studies the quaternary 

ammonium salts are used without purification, while some recrystallize them 

from ethanol or acetone prior to DES preparation.[2,24,25] Hence, to improve the 

reproducibility of property analysis of pure DESs, the impurities – water contents in 

particular – need to be quantified, preferably on a ppm level.

In this chapter, a standardized method is presented for DES preparation and 

physicochemical property evaluation. The formation and stability of approximately 

250 known DESs was revisited using this method. During the re-evaluation, the most 

important parameters – such as water content, preparation time and temperature, 

and physical and chemical stability – were controlled. The assessment comprises 

three stages: (i) a rough screening of DES formation and liquid stability, (ii) a selection 

of suitable DESs based on a more detailed evaluation of its physical and chemical 

stability, and (iii) a detailed evaluation of the physicochemical properties of the 

selected DESs. This experimental approach offers a structured and systematic means 

to classify new DESs and evaluate their stability and physicochemical properties.
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4.2	 Materials and methods

4.2.1	 Chemicals
During the first and the second stages (screening and selection) all chemicals were 

used without further purification. Prior to the last stage (physicochemical property 

analysis), the chemicals were dried under high vacuum at room temperature for > 48h. 

Afterwards they were stored and handled in a water-free environment (glovebox, 

< 2 ppm). An overview of the used chemicals, their purity, commercial source, and 

their abbreviation is given in Table 4.3.

Table 4.3 Overview of the chemicals used in this work. Their commercial source, purity (as stated 
by the supplier) in weight percentage (wt%), and abbreviation are also listed. The chemicals 
that were used as component A, component B, or both for the initial screening, are presented 
separately. SA stands for Sigma-Aldrich.

Chemical Source Purity  
(wt%) Abbr. Chemical Source Purity  

(wt%) Abbr.

Component A Component B

Oxalic acid SA ≥ 99 OxalA Tetramethylammonium 
chloride SA ≥ 99 Me4NCl

Malonic acid SA 99 MaloA Tetraethylammonium 
chloride SA ≥ 98 Et4NCl

Succinic acid SA ≥ 99 SuccA Betaine SA ≥ 99 Bet

Glutaric acid SA 99 GlutA L-Alanine SA ≥ 98 L-Ala

Adipic acid SA ≥ 99 AdipA β-Alanine SA 99 β-Ala

Glycolic Acid SA 99 GlycA Glycine SA ≥ 99 Gly

DL-Malic Acid SA 99 MaliA L-Histidine SA ≥ 99 His

DL-Tartaric Acid SA 99 TartA L-Proline SA ≥ 99 Pro

Citric Acid Merck ≥ 99.5 CitrA Glycerol VWR ≥ 98 Glyc

Urea SA ≥ 99.5 Urea Ethylene Glycol VWR ≥ 99 EtGly

Thiourea SA ≥ 99 ThUr

Component A or B Component A or B

D-(+)-Glucose SA ≥ 99.5 Gluc D-Sorbitol SA 99 Sorb

Fructose Merck ≥ 99 Fruc Xylitol Acros ≥ 99 Xyli
D-(+)-Xylose SA ≥ 99 Xylo Choline chloride SA ≥ 99 ChCl

Table 4.3



90
A SyStemAtic evAluAtioN of Deep eutectic SolveNt formAtioN, StABility, AND 

pHySicocHemicAl propertieS

4.2.2	 DES preparation and evaluation procedure
In this work, all studied DESs were binary mixtures. Not all chemicals were mixed 

interchangeably, e.g. mixtures of two dicarboxylic acids were not studied. In Table 4.3 

can be seen which chemicals were used as component A and component B of the 

mixture. The heating method was chosen for DES preparation, because of its industrial 

relevance compared to the grinding method, and because any thermal or chemical 

instability of the DES would be revealed more easily.

Stage i – Screening of DES formation and stability
All combinations of component A and B were prepared at three different molar A:B 

ratios; 2:1, 1:1, and 1:2. In literature, the eutectic composition generally appears 

at or near these ratios.[2,3,16] Each mixture was prepared at a small scale (5 g). The 

proper amounts of component A and B were added to a 10 mL headspace vial with a 

magnetic stirring bar using a Mettler AX205 balance (u = ±20·10-6 g). The contents of 

the vial were premixed with a vortex mixer, the vial was then placed in a custom-made 

aluminium heating block with 18 sample positions. The temperature and stirring 

speed (250 rpm) were monitored using a thermostatic heating plate (IKA RCT basic), 

and the temperature was controlled using a IKA ETS-D5 controller (u = ±0.1 K), which 

probe was inserted in a flask containing pure glycerol as a reference liquid.

The formation of a DES was screened following the same standard procedure for all 

samples. The samples were heated at 313 K for 2 h. Subsequently, their appearance 

was visually evaluated (solid, liquid + solid, clear liquid, bubbles, colour changes, 

etc.). If a clear liquid was formed, that sample was taken out of the heating block 

and left for 24 h at room temperature (293 – 298 K) to check the liquid stability. 

If some samples still contained solids after heating, the temperature was increased 

with 20 K and the samples were re-evaluated after being heated for another 2h. This 

was continued until the maximum temperature of 373 K was reached. Samples that 

did not liquefy completely at 373 K were not further investigated. The procedure is 

graphically summarised in Fig. 4.1.

Stage ii – Selection of suitable DES
The mixtures that remained liquid after being equilibrated at room temperature were 

prepared on a larger scale. Samples of approximately 25 g were weighed and premixed 

as previously stated, and added to a round bottom flask. The round bottom flask was 
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immersed and heated in an oil bath (same thermostatic heater) at the temperature 

of liquefaction that was determined during stage i, until a clear liquid was formed. 

The water content of the resulting liquid was evaluated, if it exceeded 1 wt%, the 

liquids were dried under vacuum while stirring at 150 rpm (or lower for highly viscous 

samples). The water content was measured daily until the water content was lower 

than 1 wt%.

Three criteria were used to make a final selection of DESs that would be subjected to 

the detailed evaluation of DES properties:

•	 The DES should be physically stable; the liquid should not crystallise upon dry-

ing or equilibration after 7 days (visual inspection).

•	 The DES should be chemically stable upon preparation; no reaction or decom-

position (1H-NMR spectroscopy).

•	 The viscosity should not exceed 1 Pa·s at 323 K, over a 1000 times the viscosity 

of water.

Fig. 4.1 Schematic representation of the initial screening (stage i) of DES formation and stability.
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Fig. 4.1
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Stage iii – Detailed evaluation of DES properties
The selected DESs were re-prepared (10 g) with dried components at the same 

temperature as in stage ii. The resulting liquids were stored at 298 K in a water-

free environment until the characterisation of their physicochemical properties was 

completed.

4.2.3	 DES characterisation

Water content 
The water content of a DES was measured using coulometric Karl Fischer titration 

(Metrohm 899 KFT Titrino, generator electrode without diaphragm, detection limit 

10 μg, u = ±1%). Hydranal Coulomat AG was used as titration medium. Samples of 

0.1-0.5 g were added to the titration medium (100-150 mL), each measurement was 

performed at least in triplicate. All samples were diluted with anhydrous ethanol prior 

the measurement, because it promotes rapid solubility of the often viscous samples. 

Approximately 1 g of sample was diluted in 4 g of ethanol. The water content of the 

mixture was corrected for the water content of pure ethanol by mass balance.

Carbohydrates are poorly soluble in alcohols, leading to errors during sample 

preparation and titration. Carbohydrate-based DESs were therefore diluted with a 

2:1 (v/v) EtOH-formamide mixture. The solubility in the medium was increased by 

adding approximately 20 mL of formamide to 80 mL of the titration medium.

Chemical stability
The chemical stability of the DESs was evaluated with Nuclear Magnetic Resonance 

(NMR) spectroscopy, by comparing the spectra of the pure components with the 

mixtures. 1H-NMR and 13C-NMR spectra were recorded on a Bruker BZH 400/52 

spectrometer, with 16 and 512 scans, respectively, and a relaxation time of 5 s and 1 s, 

respectively. The samples were prepared using deuterium oxide (D2O) as solvent. The 

spectra were phased, baseline corrected and manually integrated with MestreNova 

(version 9.1.0-14011). All 1H-NMR integrals were normalised to the integral of the 

smallest clear peak. 13C-NMR spectra were only recorded when 1H-NMR spectrum 

was not conclusive for the chemical stability of the DES. 

Thermal stability 
The thermal stability was investigated for the mixtures selected for stage iii using 
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thermogravimetric analysis (TGA). A PerkinElmer TGA 4000 was used (uT = ±1 K; 

uw = ±0.02 %); approximately 10 mg of sample was added to a ceramic crucible. 

The crucible + sample were sealed into glass vial in a water-free environment and 

transported to the instrument. Subsequently, the crucible was transferred from the 

vial to the TGA oven that was purged with 50 mL·min-1 of dry nitrogen at all times 

within 5 s in order to prevent uptake of atmospheric water. The samples were then 

heated at a rate of 10 K·min-1 from ambient temperature (293 – 303 K) to 873 K.

Density
The density was investigated for the mixtures selected for stage iii using an Anton 

Paar DMA 4500 M (uρ = ±50·10-6 g·cm-3; uT = ±0.05 K). The factory calibration yielded 

deviations of ± 0.00001 g·cm-3 from the certified values from several reference base 

oils. The sample of interest was added to a plastic disposable syringe in a water-free 

environment, carefully preventing bubble formation. The syringe tip was sealed with 

Parafilm® and a Luer stop, respectively. Then the sample was transported to the analysis 

equipment. Immediately after removing the syringe seal, the tip was connected to the 

Luer inlet of the density cell in order to prevent uptake of atmospheric water. The 

cell was filled by adding approximately 2 mL (slight excess). Seven temperatures were 

evaluated: 298.15 K, 303.15 K, 313.15 K, 323.15 K, 333.15 K, 343.15 K and 353.15 

K. For three samples the water content of the liquid was determined after density 

analysis. A fraction of the sample was retracted from the cell with the same syringe 

and sealed immediately after disconnection from the equipment. Then the water 

content was measured as previously described. The differences in water content were 

within the standard deviation of the measurement.

Viscosity
At stage ii, the viscosity was evaluated at 323 K with a Brookfield High Torque 

CAP-2000+ cone-and-plate viscometer (uη = ± 2 %, uT = ± 0.1 K), equipped with spindle 

CAP05 at several rotational speeds (10 – 750 rpm). The rotational speed was chosen 

such that the torque was above 10% and below 80 % of the equipment’s capacity. Each 

sample was measured at least in duplicate and at three rotational speeds. The sample 

was always in contact with the atmosphere during sample loading and during the 

measurement at the interface between the spindle and the plate, hence water uptake 

could be influencing the measurement. The results were therefore considered to be 
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indicative only.

At stage iii, the viscosity was determined using an Anton Paar Lovis 2000 ME rolling 

ball viscometer (uT = ± 0.05 K) equipped with a glass capillary (ø = 2.5 mm) and a 

gold-coated ball. The capillary and ball combination were calibrated using an N415 

synthetic base oil provided by Anton Paar, yielding values within ± 1 % of the certified 

values. The sample was loaded manually to a thoroughly dried capillary in a water-

free environment using a disposable syringe and a manual filling set provided with 

the equipment. The capillary was sealed using the appropriate capillary stop and a 

Teflon Luer cap. The sealed capillary was transported to the equipment and added 

to the heating block. The sample was equilibrated for 300 s after reaching the aimed 

temperature prior to each measurement. Seven temperatures were evaluated for each 

sample: 298.15 K, 303.15 K, 313.15 K, 323.15 K, 333.15 K, 343.15 K and 353.15 K. 

At 313.15 K, 333.15 K, or 353.15 K five capillary angles were evaluated for each 

sample: 30, 40, 50, 60, and 70°. The data was stored after 3 subsequent forward and 

backward cycles. The data showed a variation coefficient of at most ± 0.50 % and a 

forward-backward deviation of at most ± 2%. The temperature series were measured 

prior to the capillary angle series. The differences in viscosity between the 313.15 K 

measurements at an angle of 70° for both series were always below 1 %, indicating that 

no significant amount of water was absorbed over time. The viscosity is very sensitive 

to moisture content. Hence the viscosity would show a more significant decrease if 

water was absorbed during the measurement.

Thermal properties
At stage iii, the thermal behaviour was studied for the selected mixtures using a 

TA instruments Q2000 differential scanning calorimeter (DSC) equipped with a 

liquid nitrogen cooling system (LNCS). The cell was continuously flushed with 50 

mL·min-1 of dry nitrogen; an empty aluminium Tzero® pan was used as reference 

sample. The baseline calibration was performed with two sapphire disks, the 

enthalpy was calibrated using approximately 5 mg of a certified reference indium 

(Tfus = 429.75 K, ΔfusH = 28.71 J·g-1). The temperature calibration was based on the 

onset temperature of the following transitions: the melting temperature of indium, 

the melting temperature of approximately 5 mg cyclohexane (279.86 K), and the 

solid-solid (S-S) transition of the same cyclohexane sample (186.18 K). The validity 

of the calibration was verified periodically using the same calibration materials. The 
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temperature and enthalpy accuracy were found to be ± 0.05 K and ± 3 %, respectively. 

The liquid samples (4.5-5.5 mg) were added to Tzero® aluminium pans and crimped 

in a water-free environment. The samples were cooled from 298.15 K to 183.15 K 

and immediately heated back to 298.15 K, where they were kept isothermally for 5 

min. prior to repeating that cycle. Five heating rates (1, 2, 5, 10, and 20 K·min-1) were 

explored, the rate upon cooling and heating were kept the same for all experiments. 

The data was analysed using the TRIOS software package of TA instruments.

4.3	 Results and discussion

4.3.1	 Stage i – Screening of DES formation and stability
The components that were selected for the screening appear in many publications 

and reportedly form DESs or so-called nature-based DESs (NADES). The selection 

for component A includes dicarboxylic acids with aliphatic chains of various lengths 

between the acid groups, hydroxyl-acids, urea and thiourea, ChCl, and carbohydrates 

(monosaccharides and alditols). For component B, amino acids, quaternary 

ammonium salts, carbohydrates, and polyols were selected. In Table 4.4, the results of 

the formation and stability screening are shown. 

At high temperatures, many carbohydrate-based samples decomposed (black cells in 

Table 4.4), they typically formed a dark-brown or black liquid with solids and a distinct 

caramel smell. This strongly indicates decomposition, e.g. via Maillard reactions,[26] 

for the DESs prepared from carbohydrates and amino acids. Also MaloA-Et4NCl 

decomposed, a bubbling brown liquid was formed. Upon opening, a strong acetic acid 

smell was noticed. The smell was also recognised for other malonic acid-based DESs, 

often accompanied by the presence of small bubbles or hazy liquids. In combination 

with water, malonic acid can decompose into acetic acid and CO2, especially in acidic 

media.[27,28] For stage i, the components were not dried prior to DES preparation. 

Hence, it is likely that atmospheric moisture absorbed by the hygroscopic Et4NCl 

stimulated the decomposition.

Table 4.4 shows that several combinations formed a liquid upon heating (green and 

orange cells), although most of them recrystallised after cooling. Several factors should 

be considered regarding this behaviour. Some mixtures showed full recrystallisation, 
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probably because the eutectic temperature (Teut) is higher than room temperature. 

Some other systems showed partial recrystallisation, indicating that Teut ≤ 298 K, but 

that the liquidus temperature at that composition is higher than room temperature. 

Table 4.4 Results of the formation and stability screening for combinations of component A (left 
column) and B (top row) at the molar ratio shown in the second column. The results are presented 
using the following colour code: red, the sample did not form a clear liquid at any temperature; 
orange, the sample formed a clear liquid that crystallised after equilibration at room temperature 
for 24 h; green, the sample formed a clear liquid that remained liquid for more than 24h at room 
temperature; black, the sample decomposed; and white, combinations that are listed twice (A:B 
and B:A). The temperature indicated in each cell is the temperature at which a clear liquid was 
obtained.

Ratio L-Ala β-Ala Gly His Pro ChCl Me4NCl Et4NCl

OxalA

1:2 373 K

1:1 353 K 373 K

2:1 353K 373 K

MaloA

1:2 333 K

1:1 333 K

2:1 373 K 373 K 373 K 373 K 353 K 373 K

SuccA

1:2 373 K 373 K

1:1 373 K 373 K 353 K

2:1

GlutA

1:2 373 K 373 K

1:1 373 K 353 K 373 K 333 K

2:1 373 K 373 K 353 K 353 K 333 K

AdipA

1:2

1:1 373 K 353 K

2:1

GlycA

1:2 373 K 373 K

1:1 373 K 353 K 313 K 373 K

2:1 373 K 313 K 313 K 313 K 373 K

MaliA

1:2 373 K 353 K 373 K

1:1 373 K 373 K 353 K 373 K 353 K

2:1 373 K 373 K 373 K 373 K 353 K

Table 4.4
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Ratio L-Ala β-Ala Gly His Pro ChCl Me4NCl Et4NCl

TartA

1:2 373 K

1:1

2:1

CitrA

1:2 373 K

1:1 373 K 373 K

2:1

Urea

1:2

1:1 353 K

2:1 313 K 353 K

ThUr

1:2

1:1 353 K

2:1 373 K

ChCl

1:2

1:1

2:1

Gluc

1:2 373 K

1:1 373 K

2:1

Fruc

1:2 353 K 353 K

1:1 373 K 373 K 353 K

2:1 373 K 373 K 373 K

Xylo

1:2 353 K 373 K

1:1 373 K 353 K

2:1 373 K 373 K

Sorb

1:2 353 K 373 K

1:1 353 K 373 K 373 K

2:1 373 K 373 K 373 K 373 K

Xyli

1:2 373 K 373 K

1:1 353 K 373 K 373 K

2:1 373 K 353 K 353 K 373 K
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Table 4.4 continued for different component A:B combinations

Ratio Gluc Fruc Xylo Sorb Xyli Glyc EtGly Bet

OxalA

1:2 353 K 353 K 333 K 313 K

1:1 353 K 353 K 333 K 333 K

2:1 353 K 353 K 353 K 353 K 373 K

MaloA

1:2 373 K 353 K 333 K 313 K 313 K

1:1 373 K 373 K 353 K 353 K 333 K 333 K

2:1 373 K 373 K 353 K 353 K 353 K 353 K 333 K

SuccA

1:2 373 K

1:1

2:1

GlutA

1:2 353 K 373 K 373 K 333 K 313 K

1:1 353 K 373 K 353 K 353 K 333 K

2:1 353 K 373 K 373 K 373 K 353 K 353 K 353 K

AdipA

1:2 373 K 373 K

1:1

2:1

GlycA

1:2 353 K 373 K 373 K 373 K 313 K 313 K

1:1 353 K 373 K 353 K 353 K 313 K 313 K 373 K

2:1 333 K 353 K 353 K 353 K 333 K 333 K 353 K

MaliA

1:2 373 K 373 K 373 K 313 K 333 K

1:1 373 K 373 K 373 K 333 K 353 K

2:1 373 K 373 K 373 K 373 K 373 K

TartA

1:2 373 K 353 K 353 K

1:1 373 K 373 K 373 K

2:1

CitrA

1:2 353 K 353 K

1:1 373 K 373 K

2:1

Urea

1:2 373 K 313 K 313 K

1:1 373 K 353 K 353 K 353 K 333 K 353 K

2:1 373 K 353 K 353 K 353 K 353 K 353 K 373 K
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Although outside the scope of this work, a study towards the phase behaviour of all of 

these mixtures could yield a liquid range that suits the process conditions of certain 

applications. It should therefore be noted that the fact that some combinations lead 

to recrystallisation, is not a sufficient reason to fully discard their applicability. If a 

wider liquid range is desired, and the application is water compatible, recrystallisation 

can be inhibited by lowering the melting temperature of a DES by the addition of 

water.[16,29]

Ratio Gluc Fruc Xylo Sorb Xyli Glyc EtGly Bet

ThUr

1:2 373 K 373 K 353 K 353 K 353 K

1:1 373 K 373 K

2:1

ChCl

1:2 313 K 313 K

1:1 313 K 353 K

2:1

Gluc

1:2 373 K

1:1

2:1

Fruc

1:2 353 K 313 K

1:1 353 K 353 K

2:1 373 K 353 K 373 K

Xylo

1:2 373 K 373 K 373 K

1:1 373 K 373 K 373 K

2:1 373 K

Sorb

1:2 373 K 333 K

1:1 373 K 353 K

2:1 373 K 373 K

Xyli

1:2 373 K 373 K 353 K 333 K

1:1 373 K 373 K 353 K 353 K

2:1 373 K 373 K 373 K 373 K 373 K 373 K

Table 4.4
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4.3.2	 Stage ii – Selection of suitable DESs
In this work, only the systems that exhibited a liquidus temperature below room 

temperature for at least one of the three studied ratios were considered for selection. 

The samples that remained liquid after equilibration were re-prepared on a larger 

scale and subjected to the selection criteria described in section 4.2.2. 

It was found that some of the mixtures that were stable on a small scale, recrystallised 

when prepared at larger scales. There are several possible explanations for this 

behaviour. Firstly, the samples were equilibrated for at least 7 days instead of 24 h. If the 

sample is supercooled or having a high viscosity, the nucleation (and crystal growth) 

rate determine(s) the formation of solids over time. Hence, allowing the sample to 

solidify over a longer time period increases the chance of crystallisation. Secondly, 

nucleation is a stochastic process, thus increasing the sample size also increases 

Table 4.5 Mixtures of component A and B at molar ratio A:B that crystallised upon drying (dry) 
or equilibration (eq) at room temperature for at least 7 days. The preparation temperature (Tprep) 
is also listed.

Component A:B Tprep dry/eq
Component A:B Tprep dry/eq

A B ratio K A B ratio K

OxalA EtGly 1:2 313 dry Urea Xyli 1:1 353 eq
GlycA Me4NCl 2:1 313 dry Fruc Et4NCl 1:2 353 dry
Urea EtGly 1:2 313 dry Fruc Glyc 1:1 353 eq
ChCl EtGly 1:2 313 dry Fruc Glyc 1:2 353 eq
Fruc EtGly 1:2 313 dry Fruc EtGly 1:1 353 eq
Sorb EtGly 1:2 333 dry Xyli Me4NCl 2:1 353 eq
Xyli EtGly 1:2 333 dry Xyli Glyc 1:1 353 eq

GlycA Pro 1:1 353 dry Xyli Glyc 1:2 353 eq
Sorb ChCl 1:1 353 eq Xyli EtGly 1:1 353 eq
Xyli ChCl 2:1 353 dry MaliA Et4NCl 1:2 373 eq
Xyli ChCl 1:1 353 dry MaliA Bet 2:1 373 eq

OxalA ChCl 2:1 353 dry Sorb Et4NCl 2:1 373 eq
OxalA Sorb 1:2 353 dry Sorb Glyc 1:2 373 eq
SuccA Et4NCl 1:1 353 dry Xyli Et4NCl 1:2 373 eq
GlutA ChCl 1:1 353 dry Xyli EtGly 2:1 373 eq
AdipA Et4NCl 1:1 353 dry Xyli Bet 2:1 373 eq
Urea Sorb 1:1 353 eq

Table 4.5
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the chance of solid formation. Thirdly, larger samples are harder to homogenise, 

especially considering the high viscosities encountered for many of the mixtures. Very 

small inhomogeneous regions in the round bottom flask are good nucleation sites. 

Finally, the larger samples were dried after preparation while the small samples were 

not. Upon drying multiple mixtures (partially) solidified, emphasizing the impact of 

impurities (water) on the phase behaviour of DESs. In Table 4.5, an overview is given 

of the mixtures that solidified during equilibration or drying, after being prepared at 

larger scale. Mixtures that were prepared at 353 or 373 K often crystallised during 

equilibration, while mixtures prepared at 313 or 333 K crystallised after drying only. 

Since these systems have a liquidus boundary above room temperature at all studied 

ratios, they were excluded from the property evaluation.

Fig. 4.2  1H-NMR spectra of pure glycolic acid (GlyA, top), pure L-proline (Pro, middle), and 
GlycA-Pro 2:1 (bottom) prepared at 313 K for 2h. All samples were dissolved in D2O, showing a 
clear H2O peak at 4.78 ppm. Additional peaks can be observed for GlycA-Pro 2:1 as compared to 
its pure constituents as a result of the esters that were formed between glycolic acid and proline, 
and glycolic acid and glycolic acid.
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For some mixtures the water content did not decrease upon drying, despite that they 

were subjected to high vacuum under stirring for 7 days. Most of these systems were 

viscous. Hence, the water could be trapped in the liquid due to limited diffusion 

towards the liquid interface. In order to counteract this possible limitation, viscous 

samples were heated to their preparation temperatures. Another explanation for 

the relatively constant water content upon drying, is that water is released during 

preparation. This could be from crystalline hydrates releasing their water upon 

liquefaction, or from condensation reactions occurring during DES preparation. The 

latter was evaluated with NMR spectroscopy, and it was found that many of the tested 

combinations indeed show condensation through esterification. In Fig. 4.2 (previous 

page) an 1H-NMR spectrum is shown of an esterified system that will be discussed 

in more detail in chapter 5. In Table 4.6 an overview is given of the systems that 

exhibited esterification, their corresponding 1H-NMR or 13C-NMR spectra are shown 

in section 4.6 (appendix).

Up to 333 K, all combinations of hydroxyl and carboxylic acid groups showed some 

degree of esterification. It was therefore assumed that the systems that contained 

both functionalities, and that were prepared at 353 K or higher, would also exhibit 

esterification. These systems were considered chemically unstable; hence, they were 

omitted during the detailed property evaluation. This automatically excludes all 

mixtures based on hydroxyl-acids, since these components contain both an alcohol 

Table 4.6 Mixtures of component A and B at molar ratio A:B that reacted upon preparation. The 
preparation temperature (Tprep) is also listed. Corresponding NMR spectra are shown in section 4.6.

Component A:B Tprep Component A:B Tprep

A B ratio K A B ratio K

MaloA EtGly 1:2 313 MaloA ChCl 1:1 313

GlyA Pro 2:1 313 GlyA Fruc 2:1 313

GlyA ChCl 2:1 313 GlyA Glyc 2:1 313

GlyA Glyc 1:1 313 GlyA EtGly 2:1 313

GlyA Glyc 1:2 313 GlyA Xyli 2:1 313

GlyA EtGly 1:1 313 MaliA Glyc 1:2 313

GlyA EtGly 1:2 313 MaliA EtGly 1:2 313

OxalA Glyc 1:2 313

Table 4.6
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and acid group within the same molecule. A complete overview of the mixtures for 

which esterification was assumed is given in section 4.7.1 (appendix).

The systems based on monosaccharides that did not decompose towards a black liquid 

at temperatures above 353 K, typically did show some discolouration. In ionic liquids, 

a change in colour typically occurs after (partial) decomposition of the liquid or an 

impurity.[30] Therefore, some monosaccharide-based mixtures were also evaluated for 

their chemical stability with NMR. Due to the similarity in the chemical shift observed 

for the protons in monosaccharides, many overlapping peaks were observed. In those 

cases the components were evaluated using 13C-NMR instead of 1H-NMR. 

From the 13C-NMR spectra of the pure carbohydrates it was concluded that they 

were all mixtures of their cyclic α and β furanoses. The fructose-based mixtures with 

choline chloride that were prepared at 353 and 373 K showed some degree of reaction 

Fig. 4.3  13C-NMR spectra of pure fructose (top), pure choline chloride (second), and Fruc-ChCl 
1:1 prepared for 2h at 353 K (third) and 373 K (bottom). All samples were dissolved in D2O. Some 
characteristic peaks that could only be recognised for the mixture were labelled.
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or decomposition. In Fig. 4.3 the 13C-NMR spectra of Fruc-ChCl 1:1 and their pure 

components are shown at 353 and 373 K. Although the peaks of the pure components 

are still recognisable, various small additional peaks appear after heating the mixture. 

At 373 K, a characteristic ketone peak appears, implying the ring-opening of the 

cyclic carbohydrate. The ketone is then also available to form hemiketals with any 

available hydroxyl group. The CH2 connected to the hydroxyl group of ChCl exhibits 

a small extra peak. Hence, ChCl might have reacted with the fructose. Due to their 

instability, fructose-based mixtures prepared at 353 and 373 K were excluded for 

further characterisation in stage iii (see section 4.7.2, appendix).

Surprisingly, the other two monosaccharides – xylose and glucose – did not show 

similar behaviour. They were perfectly stable up to 373 K. Fig. 4.4 and Fig. 4.5 

show their 13C-NMR spectra. No additional peaks could be observed for either the 

carbohydrate or ChCl as compared to the pure components.

Fig. 4.4  13C-NMR spectra of pure xylose (top), pure choline chloride (second), and Xylo-ChCl 1:1 
prepared at 373 K (bottom) for 2h. All samples were dissolved in D2O.
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All remaining combinations that were both physically and chemically stable were 

screened for their viscosity. DESs with a viscosity of three orders of magnitude 

higher than that of water (η > 1 Pa·s) were considered to be inapplicable as a solvent. 

These were not taken into account during the detailed evaluation of DES properties. 

In Table 4.7, the results of the viscosity screening are shown. Most DESs were very 

viscous, the standard deviation of the measurements was large (2 to 10 %), especially 

for the samples with a viscosity in the order of 10 Pa·s. These samples were very hard 

to handle and bubbles in the samples could not always be avoided. Therefore, the 

shear rate dependency of the viscosity was not evaluated (shear rate is listed along 

with the data). However, the uncertainty of the measurements was still small enough 

to allow the evaluation of the viscosity of the DESs compared to the set criterion. For 

some of the carbohydrate-based DESs the viscosity and conductivity were studied 

recently by Aroso et al.[31] Their values measured at 323 K for Gluc-ChCl 1:1 (28 Pa·s) 

and Xylo-ChCl 1:1 (4.7 Pa·s) are in good agreement with the data presented here, 

Fig. 4.5  13C-NMR spectra of pure glucose (top), pure choline chloride (second), and Gluc-ChCl 1:1 
prepared at 373 K (bottom) for 2h. All samples were dissolved in D2O.
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considering the slightly different water contents and the extreme viscosities.[31]

An interesting phenomenon was observed for Sorb-ChCl 2:1 and Urea-Fruc 2:1, upon 

the application of shear stress, the liquid solidified into a white viscous paste. This 

Table 4.7 Viscosity (η) data of mixtures of component A and B at molar ratio A:B, measured at 
323 K. The mixtures are organised according to the preparation temperature at which a liquid was 
obtained (Tprep). They remained liquid for at least 7 days at room temperature. The shear rate ( γ ) 
at which the viscosity was determined and the water content (wH2O) of the mixtures prior to the 
measurement are also shown. The green highlighted cells fulfil the η < 1 Pa∙s criterion.

Comp. Comp. A:B Tprep η γ wH2O

A B ratio K Pa·s s-1 wt%

Urea Glyc 1:2 313 0.095 2500 0.15

ChCl Glyc 1:2 313 0.089 2500 0.11

GlutA Et4NCl 1:1 333 0.642 1667 0.38

Urea Fruc 2:1 353 16.7 167 0.72

Urea Fruc 1:1 353 96.5 33 0.51

Xylo ChCl 1:1 353 4.46 667 0.55

Xylo Et4NCl 1:1 353 13.9 167 1.89a

Sorb ChCl 2:1 353 6.9b 333 -c

Gluc ChCl 1:1 373 30.1 67 0.26

Gluc Glyc 1:2 373 3.89 333 0.26

Urea Sorb 1:2 373 44.1 33 0.42

Sorb Me4NCl 2:1 373 15.1 333 0.52

Sorb Me4NCl 1:1 373 11.7 333 0.49

Sorb Et4NCl 1:1 373 3.36 667 0.54

Sorb Et4NCl 1:2 373 3.53 667 0.64

Xyli Et4NCl 2:1 373 1.78 667 0.36

Xyli Et4NCl 1:1 373 0.740 1000 0.44

Xyli Sorb 2:1 373 65.0 33 -c

Xyli Sorb 1:1 373 70.7 33 0.51

Xyli Sorb 1:2 373 30.4 167 -c

Xyli Glyc 2:1 373 3.93 667 0.07

Xylo Et4NCl 2:1 373 31.3 67 3.27a

Xylo Glyc 1:2 373 1.33 1667 0.32
aDid not dry any further; bSolidified after shear was applied at 
higher rotational speeds; cnot determined.

Table 4.7
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behaviour was reproducible (experiments performed in triplicate), but observed only 

for the said two combinations. The values reported in Table 4.7 are the viscosity of the 

liquid before solidification. Finally, only 4 out of the 22 stable mixtures (highlighted 

in green in Table 4.7) exhibited viscosities below 1 Pa·s at 323 K and water contents 

below 1 wt%. Their physicochemical properties were studied into more detail in stage 

iii.

4.3.3	 Stage iii – Detailed evaluation of DES properties

Liquid range
The initial screening was performed at three stoichiometric compositions that are 

commonly included in the liquid region of the eutectic diagram at room temperature. 

However, the liquid range of a eutectic mixture at room temperature is not bound by 

stoichiometry. Therefore, the liquid range of the four selected mixtures was explored 

with the centrifuge method (see chapter 3). In order to explore both liquidus phase 

boundaries, two compositions need to be studied. One composition in the hypotectic 

region (L + SA) and another in the hypertectic region (L + SB). The studied temperature 

(298 K) was above the melting temperature of glycerol. Hence, only one composition 

was studied for the mixtures containing glycerol. All centrifuge experiments were at 

least performed in duplicate, the results are shown in Fig. 4.6. In order to facilitate 

comparison between the four studied systems, all salts were taken as component B. 

Glycerol was therefore taken as component A for the remainder of this section.

At 298 K, the broadest liquid range was obtained for Glyc-ChCl. The data points 

determined with the centrifuge method fall on the liquidus phase boundary. For 

Glyc-ChCl a phase diagram was published by Abbott et al.[32] The data presented 

here (xChCl = 0.394 ± 0.002, Tliq = 298.0 ± 0.5 K) are not matching with that phase 

diagram, where at a similar composition Tliq ≈ 241 K, and a composition of xChCl ≈ 0.58 

at Tliq ≈ 298 K were obtained. The differences probably originate from the fact that 

freezing temperatures rather than melting temperatures were measured by Abbott et 

al. Glycerol has a strong supercooling tendency. Therefore, the temperature at which 

the first crystals are formed during a dynamic cooling experiment can be significantly 

lower than the liquidus temperature. Additionally, no water contents were reported 

by Abbot et al., while even low water contents can have significant impact on the 

liquidus temperature of DESs.[16]
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Glyc-Urea has a slightly narrower liquid range than Glyc-ChCl. In 1968, Szczepanik 

et al. presented the liquidus phase boundary of the Glyc-Urea from 0.5 ≤ xurea ≤ 1.0.[60] 

Extrapolation of their data to 298 K results in a liquid range up to xurea ≈ 0.48, a 

composition significantly richer in urea than measured in this work (xurea = 0.335 

± 0.005). During the initial screening, a sample of xurea ≈ 0.50 was prepared. This 

sample did not become a clear liquid mixture at 313 K, only after heating to 333 K a 

homogeneous liquid phase was obtained. The sample readily recrystallised at ambient 

temperature, hence a liquidus temperature below 313 K – as presented by Szczepanik 

et al. – is not very likely. The liquid range data effectively represents the solubility of 

the other component (urea or ChCl) in glycerol as a molecular solvent. Within the 

time scale of a DSC run, no crystallisation could be observed. Therefore, the solidus 

transition could not be determined experimentally. The depth of the eutectic melting 

temperature depression is defined by the solidus (also eutectic) temperature, and 

could thus also not be explored with DSC.

Both Xyli-Et4NCl and GlutA-Et4NCl present a liquid range close to their equimolar 

ratios, the range is considerably narrower for Xyli-Et4NCl than for GlutA-Et4NCl. A 

detailed evaluation of the phase behaviour of GlutA-Et4NCl can be found in chapter 6. 

At the Et4NCl-rich side of the Xyli-Et4NCl liquid range, the centrifuge method exhibited 

Fig. 4.6 Liquid range at 298 K (highlighted) expressed in mole fraction of B for the four A-B 
mixtures that were studied in more detail, namely glycerol-urea (Glyc-Urea), glycerol-choline 
chloride (Glyc-ChCl), xylitol-tetraethylammonium chloride (Xyli-Et4NCl), and glutaric acid-
Et4NCl (GlutA-Et4NCl). Solid symbols were measured with the centrifuge method, open symbols 
are the compositions at which the density, viscosity, and glass transition were measured.

Fig. 4.6
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unexpected behaviour. The density of the liquid Xyli-Et4NCl mixture was found to be 

higher than solid Et4NCl (see section 4.8 for density determination of pure Et4NCl). 

After centrifuging, the clear liquid phase therefore appeared at the bottom of the 

centrifuge tube instead of at the top. Not much liquid was accumulated at the bottom, 

probably due to the small density differences. In order to facilitate reliable sampling 

of the liquid phase, the volume fraction of the liquid was increased by raising the 

temperature and by using an initial composition closer to the liquidus boundary, i.e. 

richer in xylitol. After centrifugation at 328.9 K, the liquid layer volume was sufficient 

to sample. Changing the initial composition from xEt4NCl ≈ 0.80 to xEt4NCl ≈ 0.63 also led 

to a liquid phase which could be sampled with reproducible results.

In order to study the effect of composition on the physicochemical properties of the 

selected mixtures, five samples of 10 g were prepared for each DES at compositions 

equally spaced within the liquid range (see Fig. 4.6). For Et4NCl-GutA the samples 

are shifted to the Et4NCl-rich side of the liquid range, because xGlutA was accidentally 

taken as xEt4NCl during sample preparation. Since all samples are within the liquid 

Table 4.8 Aimed mole fractions (xB,aim), actual compositions determined by 1H-NMR (xB,NMR), and 
water contents (wH20, weight based) of the studied samples for each of the selected mixtures of 
component A and B.

Comp. A Comp. B xB,aim xB,NMR
a wH2O / ppmb xB,aim xB,NMR

a wH2O / ppmb

Glyc Urea 0.056 0.055 653 (45) 0.224 0.222 635 (30)

0.112 0.110 628 (43) 0.279 0.278 675 (33)

0.168 0.165 707 (20)

Glyc ChCl 0.066 0.065 790 (20) 0.263 0.259 782 (48)

0.132 0.129 859 (11) 0.329 0.325 608 (18)

0.197 0.196 560 (13)

Xyli Et4NCl 0.484 0.482 898 (31) 0.527 0.520 1474 (107)

0.498 0.496 969 (24) 0.542 0.537 1386 (101)

0.513 0.511 1430 (52)

GlutA Et4NCl 0.444 0.441 918 (24) 0.547 0.544 1142 (54)

0.478 0.475 1102 (25) 0.581 0.576 717 (13)

0.512 0.509 1234 (27)
aUncertainty ±0.002; bStandard deviation from triplicates are shown between brackets

Table 4.8



110
A SyStemAtic evAluAtioN of Deep eutectic SolveNt formAtioN, StABility, AND 

pHySicocHemicAl propertieS

range nonetheless, it was decided to study those compositions instead. An overview 

of the compositions as determined by 1H-NMR is given in Table 4.8, as well as the 

water contents of the resulting mixtures. No clear trends could be observed for the 

water content with composition of the mixtures.

Thermal stability
In order to estimate the maximum temperature at which a liquid phase would 

be retained, the four studied systems were subjected to TGA. Fig. 4.7 shows the 

temperatures at which the weight loss was initiated. The onset temperatures and 

the temperatures at which the first deviation from the baseline was observed (first 

temperatures) are reported. Weight loss was initiated at very similar temperatures 

for the two studied glycerol-based mixtures, these temperatures did not vary strongly 

with composition. This could imply that mainly glycerol is lost before urea or ChCl are 

decomposed. The two Et4NCl-based mixtures also show comparable temperatures at 

which the weight loss is initiated. The first temperatures seem to slightly increase with 

Fig. 4.7 Temperatures at which weight loss was initiated during thermogravimetric analysis 
versus the mole fraction of component B (xB), for the systems (A-B) glycerol-urea (Glyc-Urea), 
glycerol-choline chloride (Glyc-ChCl), xylitol-tetraethylammonium chloride (Xyli-Et4NCl), and 
glutaric acid-Et4NCl (GlutA-Et4NCl). Both the temperature at which the first deviation from the 
baseline (Tfirst) and the onset temperature (Ton) of the weight loss peak (dm/dT) are shown.

Fig. 4.7
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increasing salt content, which could be related to boiling point elevation. However, it 

could as well be a kinetic effect considering that only one heating rate was investigated 

and that the onset temperatures do not vary much with composition.

Except for the GlutA-Et4NCl system, the mixtures showed a multi-step weight loss 

upon heating (see Fig. 4.8). For Glyc-Urea and Xyli-Et4NCl, this resulted in a shoulder 

of the derivative of the TGA-curves at 553 and 589 K, respectively. For Glyc-ChCl two 

extra peaks could be recognized, the weight fractions of the initial mixtures and those 

corresponding to each weight loss step during TGA are listed in Table 4.9. The first 

major weight loss step is attributed to the loss of glycerol (Tboil ≈ 562 K)[33], while the 

second and third steps together account for the loss in ChCl.

All temperatures of interest regarding the TGA of the studied mixtures are tabulated 

in Table 4.14 (section 4.9.1, appendix). The exact decomposition processes are still a 

subject for further investigation and out of the scope of this work, but the temperatures 

at which the first weight loss is observed is a good indicator for the upper temperature 

Fig. 4.8 Weight fraction (w, left) and the temperature derivative of the sample weight fraction 
(dw∙dT-1, right) versus the sample temperature (T) during thermogravimetric analysis of the systems 
(A-B) glycerol-urea (Glyc-Urea), glycerol-choline chloride (Glyc-ChCl), tetraethylammonium 
chloride (Et4NCl)-xylitol (Xyli-Et4NCl), and glutaric acid-Et4NCl (GlutA-Et4NCl). The studied 
compositions were xurea = 0.278, xChCl = 0.129, xEt4NCl = 0.511, and xEt4NCl = 0.509, respectively.

Fig. 4.8
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limit of the liquid range for the studied systems. As weight losses were observed at 

temperatures as low as 363 K, the maximum temperature for density and viscosity 

measurements was set to 353.2 K.

Density
The density was determined as a function of composition and temperature for the 

four studied systems. The results are shown as surface plots in Fig. 4.37-Fig. 4.40 in 

section 4.10.1 (appendix). All systems show a steady decrease of density with increasing 

temperature over the whole composition range. Fig. 4.9 shows that salt addition led 

to a decrease of density for all salt-containing systems. However, the addition of urea 

to glycerol resulted in an increase in density. For the two glycerol-based mixtures the 

relative density decrease of Glyc-ChCl is much stronger than the increase observed 

for Glyc-Urea, while the thermal expansion is similar for both systems, as will be 

discussed further. From this data only, it cannot be concluded whether the distinct 

trends originate mainly from the difference in inter-molecular interactions, or from 

the difference in molecular volume of the added component. The two Et4NCl-based 

mixtures respond differently to a change in composition, a stronger density decrease 

is observed for Xyli-Et4NCl than for GlutA-Et4NCl. It is surprising that the expansion 

upon heating of all liquids is similar, despite the large density differences between 

the various systems. These results show that the density of DESs can in principle be 

tuned by changing their composition. However, how these properties depend on the 

molecular structure of the DES’s components is still to be determined.

Table 4.9 Choline chloride (ChCl) mole fractions (xChCl) of the five studied glycerol-ChCl systems, 
their corresponding mass fractions (wChCl), and the mass fraction of the total weight loss for the 
first weight loss step (w1) and (the sum of) the second and third weight loss step (w2, w3, and w2+3) 
observed during thermogravimetric analysis.

xChCl wChCl / wt% w1 / wt% w2 / wt% w3 / wt% w2+3 / wt%

0.065 9.5 91.1 -a 8.9 8.9

0.129 18.3 79.8 4.4 15.8 20.2

0.196 27.0 72.1 7.5 20.3 27.9

0.263 34.7 65.4 10.9 23.7 34.6

0.329 42.2 58.1 12.5 29.4 41.9
athe second peak was too small to be integrated

Table 4.9
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In order to allow interpolation of the data over the measured temperature and 

composition range, the ρ–xi–T surface was fitted using polynomial surface fitting 

functions. The surface-fits were performed in Matlab using varying polynomial orders 

in xi and T. The fitted parameters were subjected to a T-test, in order to evaluate their 

statistical significance. The surface fits that were composed of significant fitting 

parameters, showed the most random residual plot, and had the lowest sum of 

residuals, were selected and parametrised. The resulting fitting parameters are 

presented in Table 4.20 (section 4.10.1, appendix). In all cases, both the temperature 

and composition dependence were represented by at most a second-order polynomial. 

Any higher order did not yield in significantly more random residuals, and third-order 

parameters showed very low dependence on the temperature and composition. The 

general fitting formula for the density as a function of temperature (in K) and mole 

fraction of component i can therefore be described with Eq. 4.1.

Eq. 4.1� x T A Bx CT DxT Ex FTi i i i,� � � � � � � �2 2

Fig. 4.9 Density (ρ) versus (left) the mole fraction of component B (xB) at T = 298.2 K and (right) 
the temperature (T) at xB = 0.165, 0.196, 0.511, and 0.509, for the systems (A-B) glycerol-urea (Glyc-
Urea), glycerol-choline chloride (Glyc-ChCl), xylitol-tetraethylammonium chloride (Xyli-Et4NCl), 
and glutaric acid-Et4NCl (GlutA-Et4NCl), respectively.

Fig. 4.9
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Only for the Glyc-ChCl system, Eq. 4.1 could not fit the data. The fitting parameters 

for first order approaches in temperature passed the T-test, but yielded non-random 

residuals. All other polynomial orders did not result in statistically significant 

parameters nor random residuals. A possible explanation is that the data shows some 

discontinuity that could not be described by the smooth polynomials. In order to 

find the discontinuity, the data was fitted to separate polynomials as a function of 

composition at each temperature and vice-versa. No discontinuity could be observed 

when the density was fitted to a first, second, or third-order polynomial as a function 

of composition at each temperature. However, fits of the density as a function 

of temperature for each composition did show discontinuities. Fig. 4.10 shows a 

discontinuity around xChCl = 0.2 for the temperature-independent fitting parameter (A) 

of a second-order polynomial. The two parameters describing the thermal expansion 

term, B and C, progress much smoother with the composition. This emphasizes that 

the discontinuity is depending on the ChCl content rather than the temperature. It 

was found that two surface fits – one for xChCl = 0, 0.065, 0.129, and 0.196, and another 

Fig. 4.10 Density fitting parameters A, B, and C versus the choline chloride (ChCl) mole fraction 
(xChCl) of five glycerol-ChCl mixtures. The density was fitted to the temperature using a second-
order polynomial: � T A BT CT� � � � � 2 . Dashed lines are added for clarity.

Fig. 4.10
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for xChCl = 0.196, 0.263, and 0.325 – would describe the data the best. In both cases the 

surface fit had a second order in both temperature and composition and described the 

data with significant fitting parameters and random residuals. The fitting parameters 

are tabulated in section 4.10.1. Hence, the density could be described as a function 

of temperature and composition, but before and after xChCl = 0.196 different fitting 

parameters had to be applied implying different liquid structures before and after 

xChCl = 0.196.

Fig. 4.11 shows that the data obtained of the Glyc-ChCl mixtures is in good agreement 

with those found in literature. Only the densities of Abbott et al. are slightly lower 

than those observed in this work, and the differences increase with ChCl content. The 

differences are probably caused by a higher moisture content, which will be discussed 

in more detail in the viscosity section. All studies that reported densities as a function 

of temperature showed a clear decrease with temperature at very similar rates as 

observed in this work.

Fig. 4.11 Density (ρ) of glycerol-choline chloride (ChCl) mixtures versus (left) the mole fraction of 
ChCl (xChCl, T = 298 K) and (right) the temperature (T, xChCl = 0.333 for the literature data and 
0.325 for this work). The data of this work is compared to those in literature: Leron et al.[34,35], 
Shahbaz et al.[36], Abbott et al.[37].

Fig. 4.11
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Viscosity
Viscosities were measured for all compositions listed in Table 4.8, following the same 

temperature series as for the density measurements. The effect of composition on the 

viscosity is discussed first, followed by the influence of temperature on viscosity and 

the properties that can be derived from it. Then, the data is compared to literature 

where possible, taking into account water impurities. Finally, the effect of shear rate 

on the viscosity (Newtonian behaviour or not) is discussed.

The composition of the DESs has a marked impact on the viscosity. The viscosity 

trends are shown in Fig. 4.12, they vary from system to system and change with the 

evaluated temperature. The two glycerol-based mixtures show very distinct behaviour 

compared to each other. Glyc-Urea shows a monotonic viscosity decrease with 

composition at all temperatures, while Glyc-ChCl shows a steep viscosity decrease up 

to approximately xChCl ≈ 0.2. Above this composition the viscosity decrease stagnates, 

and at high temperatures the viscosity even increases. 

The sudden change in physicochemical properties upon ChCl addition matches the 

discontinuity observed for the surface fits of the density. Abbott et al. previously 

recognised similar trends for the molar conductivity.[37] The change in properties was 

ascribed to a change in the source of transport limitation. Abbott et al. postulated 

that at low ChCl concentrations, mainly glycerol-glycerol interactions are involved 

in the resistance to shear stress, while at higher concentrations the ion transport 

starts to be the limiting factor (hole-theory).[37] This was supported by the molecular 

dynamics simulation results from Stefanovic et al.[38] At xChCl = 0.33, hydrogen bonding 

of ChCl was observed with glycerol for 2 of the 3 hydroxyl groups on average.[38] It 

was stated that, besides the major (choline and) chloride complexation, glycerol still 

oversaturated the liquid with hydrogen bonding groups simultaneously promoting 

self-association.[38] 

Abbott et al. suggested that the viscosity decrease is mainly caused by this complexation 

of the hydroxyl groups by the salt, disrupting the hydrogen bonding network of pure 

glycerol.[32,37,39] Probably, this is valid up to xChCl ≈ 0.2, where ChCl occasionally disrupts 

the glycerol-glycerol interaction, while at higher ChCl concentrations a more complex 

liquid is formed. This was recently recognised for ILs diluted in molecular solvents, at 

low concentrations the salt would be scattered throughout the solvent with prevailing 
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solvent-solvent interactions.[40] At higher salt concentrations, aggregates (containing 

salt and solvent molecules) would be formed, and upon further concentration a diluted 

ionic liquid with scattered solvent molecules and prevailing ion-ion interactions 

would be obtained.[40] In that light, it could be proposed that at xChCl ≈ 0.2 the mixture 

switches from predominant diluted ion pairs to (charged) aggregates. The aggregates 

are much larger, and therefore less mobile than free glycerol molecules, leading to 

an increase in viscosity. A similar option is proposed by Abbott et al., all glycerol 

molecules are coordinated to ions and cannot move freely through the bulk liquid.[37] 

Instead, mobility in the liquid is limited to the much more bulky ionic species. Whether 

the concentrated Glyc-ChCl mixtures should be viewed as a collection of aggregates 

with minimal free solvent, or as a more homogeneous system in which all glycerol is 

coordinated to ionic species, or as a completely different liquid cannot be concluded 

from the data presented here.

Fig. 4.12 Viscosity (η) versus the composition (mole fraction, xB) of the four studied deep 
eutectic solvents (A-B): glycerol-urea (Glyc-Urea), glycerol-choline chloride (Glyc-ChCl), xylitol-
tetraethylammonium chloride (Xyli-Et4NCl), and glutaric acid-Et4NCl (GlutA-Et4NCl). Four 
temperatures are shown, 303.2 K and 313.2 K (left), and 333.2 K and 353.2 K right.

Fig. 4.12
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As stated before, Glyc-Urea mixtures show an almost linear, monotonic viscosity 

decrease with increasing urea content (Fig. 4.12). Hence, the proposed clustering effect 

of concentrated ChCl solutions was not observed for neutral species. The viscosity 

decrease is less than for the ChCl-based mixtures with xChCl ≤ 0.2, which could be due 

to the more directional nature of the urea hydrogen bond. As a result, the hydrogen 

bonding network would be more flexible than for the much less directional hydroxyl-

ion interactions involved with the Glyc-ChCl mixtures.

The components of Xyli-Et4NCl are quite similar to those of Glyc-ChCl, xylitol is also 

a symmetric polyol and Et4NCl is also an ammonium salt with a large size difference 

between the cation and anion. Interestingly, a trend similar to that of Glyc-ChCl could 

be recognised at low temperatures. At increasing temperature, the composition with 

the lowest viscosity can be found at lower salt concentrations. However, it should 

be noted that the viscosity differences are rather small (~3 % and ~7 % at low and 

high temperatures, respectively). Additionally, a very narrow composition range was 

studied, so care should be taken not to over-interpret the data.

GlutA-Et4NCl mixtures show a viscosity increase with increasing salt-concentration 

at all temperatures. The increase becomes less steep with increasing temperature, 

such that the relative increase of the viscosity decreases linearly with temperature. 

When the increase in viscosity is interpreted as a structuring effect, this decay is 

consistent with the overall loss in structure with increasing temperature. Et4NCl 

explicitly increases the viscosity of GlutA-Et4NCl, but much less obvious so for Xyli-

Et4NCl. How this relates to the difference in nature and number of functional groups 

of glutaric acid and xylitol is out of the scope of this work, but a very interesting topic 

for further investigation.

The viscosity of liquids typically decreases exponentially with increasing temperature. 

The viscosity of DESs as a function of temperature has therefore often been fitted to 

an Arrhenius-like equation:[3,18,39,41,42]

Eq. 4.2� � ��
�

�
�

�

�
�� exp

E
RT

Where η (Pa·s) is the dynamic viscosity, T (K) is the temperature, η∞ (Pa·s) is the 

viscosity at infinite temperature, Eη (J·mol-1) is the activation energy of viscous flow 
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and R (J·(mol·K)1) is the gas constant. However, for the four studied mixtures, the 

residuals of the fit with Eq. 4.2 show a systematic deviation from Arrhenius-like 

behaviour that can be ascribed to the temperature dependency of the activation 

energy. In order to correct for this deviation, the Vogel-Tammann-Fulcher (VTF) 

equation[43–45] is considered:

Eq. 4.3� ��
�

�

�
�

�

�
��,

expVTF
VTFB

T T
0

where η∞,VTF (Pa·s), BVTF (K), and T0 (K) are fitting constants. All measured samples, 

including pure glycerol, fitted very well to the VTF equation showing high correlation 

and random residuals. The fitting parameters and adjusted R2 are presented in section 

4.10.2 (appendix). Classifying the investigated DESs based on their viscosity or 

deviation from Arrhenius-like behaviour is not very straightforward since their 

viscosities differ one order of magnitude. However, most molecular liquids exhibit 

viscosities of the same order of magnitude at infinite temperature (10-5-10-6 Pa·s) and 

at their glass transition temperature (1011-1012 Pa·s). Hence, an Arrhenius-plot where 

the logarithm of the viscosity is plotted against Tg/T, also known as the Angell-plot, 

would allow a useful comparison. The Angell-plot was previously applied to classify 

liquids very similar to DESs, protic ILs.[46] The plot then ranges from infinite 

temperature, Tg/T ≈ 0, to the glass transition temperature Tg/T = 1. 

Fig. 4.13 shows the Angell-plot for the studied DESs. Liquids that obey Arrhenius-like 

behaviour show linear lines in the Angell-plot, these are classified as “strong” glass-

forming liquids. For liquids that deviate from this linearity, the viscosity will decrease 

at a faster rate with decreasing temperature and are called “fragile” liquids. As a 

reference, an intermediately fragile liquid, molten ZnCl2, and two very fragile liquids, 

triethylammonium sulfonate and molten 0.6 KNO3 – 0.4 Ca(NO3)2, are included in 

the plot (data extracted from figure 13 Belieres et al.[46]). All DESs show fragilities in 

the zone between the intermediate and very fragile liquids. Only for Glyc-Urea, the 

composition clearly impacts the fragility; the fragility increases with urea content. An 

increase in fragility can be related to a decrease in intermediate-range order, which 

can be coupled to less structured hydrogen bonding.[46] A loss in structure is in line 

with the decrease in viscosity upon urea addition. As discussed later in this section, the 

hydrogen bonding strength derived from the activation energy of viscous flow does 
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Fig. 4.13 Angell-plot for the four studied systems, where η is the viscosity, T the temperature, and 
Tg the glass transition temperature (β = 10 K∙min-1). The highlighted area containing the data 
points is enahnced at the top. The mole fraction of A is specified after the symbol on the legend for 
each system (A-B) at the bottom figure. Component abreviations: glycerol (Glyc), choline chloride 
(ChCl), tetraethylammonium chloride (Et4NCl), xylitol (Xyli), glutaric acid (GlutA). The solid and 
dashed lines are fittings to the data with the Avramov (Eq. 4.5) and VTF (Eq. 4.3) equations, 
respectively. For clarity only one of the compositions of each system is shown. The solid diagonal 
line in the bottom figure represents an ideal strong liquid, the hexagons are literature values[46] for 
the intermediately fragile ZnCl2, and the triangles pointing right and left are literature values[46] for 
the very fragile 0.6 KNO3 – 0.4 Ca(NO3)2 and triethylammonium sulfonate (TEAMS), respectively.

Fig. 4.13
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not decrease with increasing urea content. Hence, the decrease in order most likely 

originates from a more random hydrogen bonding network, rather than a weaker one. 

How factors as the size difference between urea and glycerol and the directionality 

of urea hydrogen bonds contribute to the loss in structure as a function of the urea 

content is an interesting topic for additional fundamental research.

For the other DESs the fragilities are not very dependent on the composition. A 

very slight decrease in fragility with increasing salt content could be observed 

for Xyli-Et4NCl. The viscosity decrease effect becomes stronger with decreasing 

temperature for fragile liquids. Hence the differences between strong and fragile 

liquids are best distinguished at the lowest temperature that a glass-forming liquid 

can be regarded as a liquid, the Tg. The fragility index, m, was therefore introduced 

and is defined as the derivative of the Angell-plot at Tg:

Eq. 4.4m
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With the most right-hand side term, the fragility index can be derived from any 

expression used to fit the temperature dependency of the viscosity. Recently, the 

viscosity of glycerol has been extensively reviewed by Ferreira et al.[47] Several viscosity 

models were evaluated, and it appeared that the VTF equation is valid over only a 

limited temperature interval. At least two different parametrizations were needed to 

cover the temperature range from the melting temperature until Tg. Another three-

parameter expression, developed by Avramov et al. (Av),[48,49] could describe the 

viscosity over whole temperature range, see equation Eq. 4.5.

Eq. 4.5� �� �
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expAv
Av
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T

where η∞,Av (Pa·s), BAv (K), and CAv are fitting parameters. The fragility indices can be 

calculated from the fitting parameters by substituting Eq. 4.3 and Eq. 4.5 into equation 

Eq. 4.4, resulting in Eq. 4.6 and Eq. 4.7.

Eq. 4.6m
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Eq. 4.7m
CB

TAv
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C

g
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ln( )10

The extrapolations of the viscosity by the VTF and Av model plotted in Fig. 4.13 

strongly diverge at the glass transition temperature (Tg/T = 1), confirming the 

observations for glycerol by Ferreira et al.[47] The fragility indices are listed in Table 4.10, 

the fitting parameters can be found in section 4.10.3. The literature values for the 

fragility index of pure glycerol range from 43 to 51.[47] Hence, the VTF equation 

overestimates the fragility for the glycerol-based mixtures within the studied 

temperature range. 

Considering the trend observed in Fig. 4.13, the fragility indices of the Glyc-Urea 

mixtures were expected to increase with increasing urea content. Instead, scattered 

values were obtained, independent of the used model. This implied that the 

extrapolation at Tg based on the Av equation also does not represent the actual 

physical behaviour of the mixtures. As shown in Fig. 4.41 in section 4.11 (appendix), 

the viscosity data obtained for pure glycerol in this work matches that in literature 

and follows the same trend. The differences between the reported fragility index and 

that found from the extrapolations is therefore not likely to result from an analytical 

error. 

Presumably, the temperature range of the data was too narrow to allow extrapolation 

to Tg. This was verified for pure glycerol, since the literature data does cover a 

temperature range up to Tg. The fragility index was determined for the data obtained 

in this work, for all data in the glycerol database constructed by Ferreira et al. within 

the same temperature range (atmospheric pressure data only), and for the data over 

the whole temperature range covered by the database.[47] Large differences can be 

recognised, also for the Av equation, which confirms that the temperature range of 

the data has great impact on extrapolation and thus on the final value of the fragility 

index. The values in Table 4.10 are therefore considered indicative.

Within the temperature range of the viscosity dataset obtained in this work, both 

the VTF and Av equations show excellent agreement to the data. Hence, the fits 

are relevant for interpolation purposes and property analysis within the studied 

temperature range. The fragility index is very closely related to the activation energy 
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of viscous flow, the latter can be calculated with Eq. 4.8.

T

Eq. 4.8E R d
d T

RT d
dT�
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ln ln
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2

he activation energy as a function of composition is presented in Fig. 4.14. For Glyc-

ChCl, the activation energy decreases with increasing salt content. The activation 

energy clearly depends on the temperature, showing a decrease of 8.3-10.8 kJ·mol-1 for 

0.05 ≤ xChCl ≤ 0.33. The decrease became smaller with increasing temperature. Abbott 

et al. calculated a similar decrease of 9.6 kJ·mol-1 for 0.05 ≤ xChCl ≤ 0.33 assuming a 

temperature independent activation energy by fitting the data to Eq. 4.2.[39] At 

xChCl ≈ 0.2 the decrease becomes slightly less, but the effect is not strong enough to 

explain the previously discussed change in the viscosity trend with composition. In 

case the solvent would switch from prevailing hydrogen bonding interactions to ion-

ion interactions, the activation energy would increase, since ionic bonds are stronger 

hydrogen bonds. Instead, the activation energy kept decreasing with increasing salt 

Table 4.10 Fragility indices (m) for the four studied systems A-B at various mole fractions of B 
(xB), determined from extrapolations of the temperature-viscosity data (temperature range 
298.15 – 353.15 K) to the glass transition temperature using the Vogel-Tammann-Fulcher (VTF) 
and Avramov (Av) models. Component abbreviations: glycerol (Glyc), choline chloride (ChCl), 
tetraethylammonium chloride (Et4NCl), xylitol (Xyli), and glutaric acid (GlutA).

Mixture (A-B) xB mVTF mAv Mixture (A-B) xB mVTF mAv

Glyc-Urea 0a 266 51 Xyli-Et4NCl 0.482 84 44

0ab 492 54 0.496 82 43

0b 46c/55d 43d 0.511 86 43

0.055 368 53 0.520 86 44

0.110 604 58 0.537 83 43

0.165 486 56 GlutA-Et4NCl 0.441 98 39

0.222 274 51 0.475 71 36

0.278 362 54 0.509 66 36

Glyc-ChCl 0.065 395 51 0.544 65 36

0.129 238 44 0.576 58 34
aTemperature range: 298.15 – 343.15 K; bFits made to glycerol database viscosity data[47] + data this 
work; cTemperature range: 183 – 291 K; dTemperature range: 183 – 533 K.

Table 4.10
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content within the studied composition range. Hence, the strength of the 

intermolecular interactions decrease upon ChCl addition and the observed viscosity 

increase at xChCl > 0.2 most likely originates from size-limited transport limitations, as 

Abbot et al. suggested.[37] For Xyli-Et4NCl, a similar system as Glyc-ChCl, also a 

decrease in activation energy is observed with increasing salt content.

Exchanging xylitol with glutaric acid has a great impact on the intermolecular 

interactions. A clear increase of the activation energy upon salt addition can be 

observed for GlutA-Et4NCl. The increase in the energy barrier for viscous flow represent 

stronger intermolecular interactions that lead to the increase in viscosity. Glyc-

Urea also shows an increase of activation energy upon urea addition. The increase, 

however, is relatively small and diminishes at higher temperatures. This confirms that 

the effective strength of the hydrogen bonding interactions within the liquid are not 

Fig. 4.14 Activation energy of viscous flow (Eη) versus the mole fraction of B (xB) of the studied 
A-B mixtures at various temperatures. Eη was calculated for glycerol-urea (Glyc-Urea), glycerol-
choline chloride (Glyc-ChCl), xylitol-tetraethylammonium chloride (Xyli-Et4NCl), and glutaric 
acid-Et4NCl (GlutA-Et4NCl) at 298K , 313 K, 333 K, and 353 K by combining Eq. 4.8 and the VTF 
equation (Eq. 4.3).

Fig. 4.14
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significantly lowered by the addition of urea.

For one of the studied mixtures, Glyc-ChCl, literature data was available at several 

compositions up to 328 K.[37,39] Two more datasets with varying temperature are 

available for Glyc-ChCl with xChCl = 0.33.[38,50] Fig. 4.12 and Fig. 4.15 show that the 

viscosities presented in this work were generally higher than those in literature, 

approximately 8-10 % higher than Yadav et al.,[50] 20-30% higher than Stefanovic et 

al.[38] and 7-30 % higher than Abbott et al.[39]. The sample studied here (xChCl = 0.325) 

has a slightly lower composition compared to those studies, ΔxChCl ≈ 0.008, but taking 

the decrease of viscosity with composition into account (see Fig. 4.12) a maximum 

viscosity deviation of ~1 % is expected. The shear rates applied in literature are in 

the same orders of magnitude, and the differences in equipment (cone-and-plate vs. 

Fig. 4.15 Literature comparison of the viscosity (η) of glycerol-choline chloride (ChCl) versus the 
temperature (T). A mixture of xChCl = 0.333 was studied by Yadav et al.[50], Stefanovic et al.[38], 
and Abbot et al.[39]. The data obtained from this work (TW) were having a slightly different 
composition, namely xChCl = 0.325. The inset is an Arrhenius-plot representation of the same data.

Fig. 4.15
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rolling ball) should lead to a maximum deviation of ~2-5 %. 

Yadav et al. showed that water impurities strongly decrease the viscosity of Glyc-ChCl, 

by adding various amounts of water to neat Glyc-ChCl. However, they did not report 

the water content of the neat mixture (it was set to 0 wt%).[50] For both hydrophobic 

and hydrophilic ILs, viscosity deviations of several percent points were found between 

samples with water contents below 50 ppm and of ~1000 ppm.[51,52] Hence, slightly 

higher water contents in combination with the differences in composition and 

analysis techniques could explain the viscosity differences. Stefanovic et al. reported 

considerably higher water contents of approximately 1850 ppm (≈1.1 mol%).[38] 

The difference between the viscosity data presented here and by Stefanovic et al. 

increases with increasing temperature. If the samples studied by Stefanovic et al. 

were measured by incrementing the temperature over time, water might accumulate 

during the experiment owing to moisture uptake from the atmosphere. In that case, 

the water content explains the lower viscosities observed for the data of Stefanovic et 

al. as compared to the data presented here. Also the viscosities measured by Abbott 

et al. were lower than those presented here.[39] The viscosity differences increase with 

increasing ChCl content (see Fig. 4.12). Hence, water impurities originating from the 

highly hygroscopic ChCl seem to be responsible for the deviations. 

The water contents of the samples of the four studied DES presented here range from 

560 to 1474 ppm. Based on the impact of water on the viscosity of ILs,[51,52] the decrease 

in viscosity due to the water content of the DES can be estimated. Completely dried 

DESs are expected to exhibit viscosities of approximately 1-15 percent point higher 

than the reported values in this work.

The viscosity should be corrected for the shear rate in case of strong non-Newtonian 

behaviour. The shear rate is not an adjustable parameter using a rolling-ball viscometer, 

because the gravitational force exerted on the ball is constant. Instead, the capillary 

angle and the nature of the sample determine shear rate at a certain temperature. The 

degree of Newtonian behaviour of the DESs was evaluated by measuring the viscosities 

at various capillary angles under isothermal conditions, the results are shown in Fig. 

4.16 - Fig. 4.18. Pure glycerol is generally considered an (almost) perfect Newtonian 

fluid.[53] Fig. 4.16 clearly demonstrates that the mixtures Glyc-Urea and Glyc-ChCl 

also do not show significant shear-thinning or shear-thickening behaviour at any of 
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the compositions within the studied shear rate range. 

It should be noted that the capillary angles could be adjusted from 70° (steepest) to 

30° (flattest), strongly limiting the range of shear rates that could be explored. The 

observed shear rates in all experiments range from 0.6 to 248 s-1, with an average of 

26.8 s-1 and a median of 16.7 s-1. The vast majority (>88%) of the samples exhibited 

shear rates between 0 and 50 s-1, a range that is well-represented by the shear rate-

dependency tests shown in Fig. 4.16 - Fig. 4.18. Considering the random distribution 

of the relative deviations from the average viscosity it can be safely assumed that any 

degree of non-Newtonian behaviour did not significantly affect the viscosity data 

for the Glyc-Urea and Glyc-ChCl mixtures. This is in line with observations done for 

Glyc-ChCl at xChCl = 0.33 within a shear-rate range of 10-100 s-1.[38] In order to classify 

these DESs as true Newtonian fluids, a much wider range of shear rates should be 

studied. Preferably with shear rates differing several orders of magnitude, which can 

for instance be achieved with a cone-and-plate viscometer similar to the one that was 

used in section 4.3.2. Unfortunately, this particular setup was not suitable for accurate 

Fig. 4.16 Left: viscosity (η) versus the shear rate ( γ ) for glycerol-urea and glycerol-choline 
chloride (ChCl) at various mole fractions xi. Right: relative deviation from the average viscosity 
over all measured shear rates ( �� �av av ) versus the shear rate ( γ ) for glycerol-urea (top) and 
glycerol-ChCl (bottom) at various compositions. Data acquisition temperature was 313 K, lines 
are added as a guide to the eye.

Fig. 4.16
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measurements within the (relatively low) viscosity range studied here. For Glyc-ChCl 

at xChCl = 0.33, shear thinning behaviour was observed at high shear rates, although the 

specific data was not available.[38]

At temperatures lower or equal to 313 K, Xyli-Et4NCl behaved virtually Newtonian 

within the studied shear rate-range (see Fig. 4.17). However, at 353 K minor shear 

thickening behaviour could be recognised for all compositions. The relative deviations 

from the average viscosity due to non-Newtonian behaviour were ± 1 %, which is well 

within the accuracy and repeatability limits of the equipment. Larger non-Newtonian 

deviations were not expected, since the full shear-rate range of Xyli-Et4NCl (0.6 – 

33.5 s-1) is covered by Fig. 4.17. A viscosity correction based on the shear rate was 

therefore considered unnecessary.

Fig. 4.18 shows that for GlutA-Et4NCl non-Newtonian behaviour cannot be excluded, 

but no clear trend can be observed for any of the compositions and temperatures. For 

instance, where the sample with xEt4NCl = 0.576 shows an apparent shear-thickening 

effect at 353 K, random behaviour is observed at 313 K. This could be related to the 

Fig. 4.17 Left: viscosity (η) versus the shear rate ( γ ) for xylitol-tetraethylammonium chloride 
(Et4NCl) at 353 K at various Et4NCl mole fractions xEt4NCl. Right: relative deviation from the average 
viscosity over all measured shear rates ( �� �av av ) versus the shear rate ( γ ) for xylitol-Et4NCl at 
313 K (top) and 353 K (bottom) at various compositions. Lines are added as a guide to the eye.

Fig. 4.17
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very narrow shear rate-range at 313 K. Also for GlutA-Et4NCl, the deviations with shear 

rate are within the equipment’s accuracy and repeatability limits and are therefore 

not likely to influence the data within the presented dataset. Nevertheless, in order 

to allow comparison to viscosities acquired at higher shear-rates the shear rate is 

reported for all data points listed in the tables presented in section 4.9.3 (appendix).

Glass transition
The glass transition was analysed with DSC at several heating rates. Beside the glass 

transition, no other transitions were observed between 298 and 178 K at any of the 

applied heating rates. Although the glass transition is governed by a sudden change in 

Cp (see section 2.1.5), the DSC signal corresponding to the glass transition takes place 

over a temperature range. In order to assign a single temperature to the transition, 

the so-called “fictive” / “thermodynamic” / “enthalpic” glass transition temperature 

can be determined. For this temperature, any supercooling or superheating effect is 

taken into account by equalising the total enthalpy change involved with the glass 

Fig. 4.18  Left: viscosity (η) versus the shear rate ( γ ) for glutaric acid-tetraethylammonium 
chloride (Et4NCl) at 333 K and 353 K for various Et4NCl mole fractions xEt4NCl. Right: relative 
deviation from the average viscosity over all measured shear rates ( �� �av av ) versus the shear 
rate ( γ ) for glutaric acid-Et4NCl at 313 K (top) and 333/353 K (bottom) for various compositions. 
Lines are added as a guide to the eye.

Fig. 4.18
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transition (integration of the DSC heat flow signal) and the total enthalpy change 

that would be involved with a sudden step-change of the Cp.
[54] However, this would 

require accurate extrapolation of the Cp of both the glass and the liquid phase, 

demanding a DSC signal over a temperature range of 323 K before and after the glass 

transition.[54] Unfortunately, the lowest temperature limit of the DSC equipment used 

for this study was 178 K, while most observed glass transitions were well below 228 

K (see Fig. 4.19). Therefore, the glass transition temperature presented in this section 

was taken as the midpoint temperature, which is the temperature related to half the 

Cp change of the transition. Moreover, taking the midpoint temperature is the most 

common procedure to extract Tg data from DSC thermograms and would thus allow 

a fair comparison with literature data. In Fig. 4.19, the glass transition temperatures 

obtained at a heating/cooling rate of 10 K·min1 are presented for all studied mixtures. 

Fig. 4.19 Glass transition temperatures (Tg,mid) determined by DSC as the midpoint temperature 
on heating (Heat) and cooling (Cool) at a heating rate of 10 K/min for various mole fractions of 
component B (xB) of the four studied A-B mixtures: glycerol-urea (Glyc-Urea), glycerol-choline 
chloride (Glyc-ChCl), xylitol-teatraethylammonium chloride (Xyli-Et4NCl), and glutaric acid-
teatraethylammonium chloride (GlutA-Et4NCl)

Fig. 4.19
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The extrapolated onset Tg, as well as the lower and upper bounds used to determine 

the Tg, are tabulated for all heating/cooling rates in section 4.9.4 (appendix).

Glyc-Urea and GlutA-Et4NCl both show an increase of the Tg with increasing salt 

concentration, while Glyc-ChCl and Xyli-Et4NCl show the opposite trend. The rise 

in Tg upon urea addition for Glyc-Urea implies that a higher urea content hampers 

structural relaxation at lower temperatures. This behaviour is mainly responsible for 

the gain in fragility with increasing urea content. Abbott et al. explained a rise in Tg 

with increasing metal salt content in glycerol by a kosmotropic (i.e. structuring) effect 

of the salt on glycerol.[4] However, upon (neat) salt addition the viscosity increased as 

well,[4] while for Glyc-Urea a viscosity decrease was observed. This behaviour together 

with increase in fragility with urea content at 298-353 K suggests that the effect of 

urea addition on the liquid structure and mobility might be different at ambient and 

high temperatures as compared to temperatures close to the glass transition. It is 

inherent to fragile and intermediately fragile liquids that their dynamics and transport 

properties strongly depend on the temperature.[55] In this study, the dynamics at 

temperatures close to Tg have only been explored with DSC by applying various 

scanning rates. Those results are discussed at the end of this section.

Only three valid data points could be obtained for Glyc-ChCl at 10 K·min-1, because at 

higher ChCl compositions the glass transition approached the lowest temperature limit 

of the analysis equipment. Nevertheless, the limited dataset exhibits a clear decrease 

of the Glyc-ChCl Tg with ChCl content. This was expected, because the viscosity shows 

a similar trend within the same composition range.[32,37,39] The increased disorder 

owing to ChCl addition results in a higher mobility and also lowers the glass transition 

temperature. Whether the decrease in Tg also halts at compositions xChCl ≥ 0.2, as was 

observed for the viscosity, is open for further investigation.

Similarly to glycerol, xylitol is a symmetrically branched polyol, and the addition of 

salt (Et4NCl) lowered the Tg of Xyli-Et4NCl mixtures. This is in line with the decrease 

in activation energy for viscous flow, which implies a loss in hydrogen bonding and 

thus intermediate-range order.[46] The decrease of order with Et4NCl content allows 

structural relaxation at lower temperatures and therefore lowers the Tg. The opposite 

is observed for GlutA-Et4NCl. The simultaneous increase in viscosity and Tg upon 

Et4NCl addition explains the rather constant fragility shown in Fig. 4.13.
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All samples have been evaluated at five heating/cooling rates, namely 1, 2, 5, 10, and 

20 K·min-1. Typically, the glass transition temperature of materials shows Arrhenius-

like behaviour with the DSC heating rate.[56,57] From this behaviour, an apparent 

relaxation activation enthalpy can be calculated following Eq. 4.9[56]:

Eq. 4.9
d
dT

H
Rg

ln *�� �
� �

�

Where β is the DSC heating rate in K·min-1, Tg the glass transition temperature in K, 

�H �  the apparent activation enthalpy of relaxation in J·mol-1, and R the gas constant 

in J·(mol·K)-1. This expression allows the determination of �H �  from the slope of the 

Arrhenius plot, graphing ln(β) versus the inverse Tg. Fig. 4.20 shows the Arrhenius 

plots for the studied Glyc-Urea mixtures on cooling and heating. On cooling, no clear 

Arrhenius behaviour could be recognised. There seems to be a discontinuity between 

the high cooling rates (β ≥ 5 K·min-1) and low cooling rates (β < 5 K·min-1). In literature, 

deviations from Arrhenius behaviour at low cooling/heating rates were also observed 

for sorbitol and fructose.[57] However, a linearity on heating could be observed for the 

Glyc-Urea mixtures, the calculated �H � ’s are presented in Table 4.11.

The �H �  did not change significantly with composition, the differences between the 

ratios are well within their standard deviations. This implies that the physical nature 

of the relaxation processes involved with glass transition does not vary notably with 

the urea content of the mixtures. This can, however, only be concluded if the fits 

indeed represent this physical phenomenon. The adjusted R2 of the linear fits are not 

optimal, and for all compositions the same deviations from the fit can be observed. 

Hence, there could be a non-linear relationship between the β and the Tg, or the 

deviation from linearity is caused by a systematic inconsistency in the experimental 

data (processing). The temperature calibration of the DSC was verified for each heating 

rate before and after the experiments, using indium and cyclohexane to cover the high 

and at low temperatures, respectively. The standard’s transition temperatures could 

be reproduced with an accuracy of ± 0.02 K. The data was reprocessed manually, 

setting slightly different tangents for the heat capacities of the liquid and glass. This 

altered the Tg by maximally 0.5 K, not changing the observed deviations from linearity 

substantially. Considering the preceding, a systematic inconsistency is unlikely. 
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As on heating the relaxation effects are easily superheated, using Eq. 4.9 to derive �H �  is 

only valid for transition temperatures obtained on cooling, or for the “thermodynamic” 

temperatures on heating.[58] Fig. 4.20 shows that on cooling, no linear behaviour was 

observed. For the Glyc-Urea mixtures, the Tg data on cooling could be inconsistent 

owing to the proximity of the transition to the equipment’s lowest temperature limit. 

Fig. 4.42 (section 4.12, appendix) shows that a stable baseline corresponding to the 

Cp of the glass could not be reached before 178 K at all cooling rates. On heating, 

the slight superheating of the transition did provide a better baseline. Hence, despite 

the enthalpy relaxation peak and the slight superheating, the Tg determined from the 

heating curves was considered the most reliable and comparable.

Previously, the fragility index was expressed in terms of viscosity (Eq. 4.4). The 

fragility index can also be expressed in terms of structural relaxation time (τ),[59] which 

is a function of temperature. Although the relaxation time, similarly to the viscosity, 

cannot be completely described with Arrhenius-like behaviour, it is a convenient 

approximation that allows the determination of the fragility index from �H � , as 

shown in the derivation of Eq. 4.10.

Fig. 4.20 Natural logarithm of the DSC heating rate (β) versus the reciprocal glass transition 
temperature (Tg) of glycerol-urea for five mole fractions of urea (xUrea). The Tg was obtained on 
cooling (A) and heating (B) using the same β in a single run. Dashed lines are a linear fit of the 
data representing Arrhenius behaviour.

Fig. 4.20
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Eq. 4.10m
d
d T T

T
T
d
dT

E
RT

H
RTg T T

g g
g

�
� �

� � �
� �

�
� �

�

log log

ln ln

*

10

2

10

10 10

� � � �

gg

Despite the large standard deviations of the fragility indices, the values obtained for 

Glyc-Urea mixtures from DSC (Table 4.11) and viscosity (Table 4.10) measurements 

are in good agreement. Unfortunately, no further conclusions could be drawn 

regarding the dynamic properties as a function of urea content. With the viscosity and 

DSC-base fragility indices glycerol-based mixtures can be classified as intermediately 

fragile liquids. For the other systems, no linear relationship was observed between β 

and the reciprocal Tg. 

4.4	 Conclusions and outlook

An experimental protocol was developed to allow reproducible evaluation of DES 

formation and stability, the protocol comprised three stages. First, liquid formation 

up to 373 K and stability at 298 K were screened visually. The upper temperature 

limit and the temperatures of the stability tests are not fixed, they can be adjusted to 

the temperature range for the aimed application. From the 753 screened mixtures, 

256 combinations became a clear liquid mixture at temperatures up to 373 K. The 

second stage includes drying, extended liquid stability tests, chemical stability 

evaluation by NMR spectroscopy, and a viscosity screening. After preparation, 108 

of the screened mixtures remained liquid at 298 K, and 85 of these mixtures showed 

Table 4.11 Relaxation activation enthalpies ( �H � ) of the glass transition for glycerol-urea 
mixtures at five different urea mole fractions (xurea), calculated from Fig. 4.20 and Eq. 4.9. 
Adjusted R2 of the linear fits and the fragility indices calculated from Eq. 4.10 are also presented. 
The standard deviations are determined for a 95% confidence interval.

xurea
�H �

kJ∙mol-1
R2 m xurea

�H �

kJ∙mol-1
R2 m

0.055 212 ± 31 0.92 57 ± 8 0.222 218 ± 37 0.89 57 ± 10

0.110 196 ± 33 0.90 52 ± 9 0.278 225 ± 41 0.88 58 ± 11

0.165 209 ± 37 0.88 55 ± 10

Table 4.11
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(or were prone to) esterification. From the remaining 23 mixtures, only four systems 

showed viscosities below 1 Pa·s. The final stage comprises a detailed physicochemical 

property evaluation. In this work, the liquid range at 298 K, thermal stability, density, 

viscosity and glass transition temperatures were evaluated.

Only the four chemically stable mixtures that showed a reasonable viscosity and 

remained liquid at 298 K with a low water content were subjected to the final 

stage. These systems are glycerol-urea, glycerol-choline chloride (ChCl), xylitol-

tetraethylammonium chloride (Et4NCl), and glutaric acid-Et4NCl. For each of 

the mixtures, five compositions were prepared that were regularly spaced over 

the observed liquid range in order to study the influence of composition on the 

physicochemical properties. The density of the systems decreased with quaternary 

ammonium content, while that of glycerol-urea increased with urea content. More 

systems need to be evaluated to speak of a trend for ionic and molecular components. 

Particularly because the molecular volume of the studied salts was always larger than 

the other component, while urea has a smaller molecular volume than glycerol. 

From the viscosity data and the Angell-plot it could be concluded that urea and 

ChCl have a kosmotropic effect on glycerol, probably due to the interruption or re-

arrangement of the intermolecular glycerol-glycerol hydrogen bonds. For glycerol-

ChCl, a discontinuity in the viscosity decrease upon salt addition was observed. This 

was in line with observations in literature, the discontinuity can be ascribed to a 

shift in the physical interactions that dominate the dynamic properties of the liquid. 

Here it is hypothesised that up to a composition of xChCl ≈ 0.2, ChCl can be viewed 

upon as solvated ion pair. Hence, solvent (glycerol) dynamics are prevailing. At 

higher concentrations, most of the glycerol is complexed by ChCl limiting the overall 

mobility. Whether aggregates are formed, the liquid dynamics are controlled by ion/

hole mobility, or another liquid structure is attained should be elucidated by future 

computer simulations and (neutron) scattering studies of glycerol-ChCl mixtures with 

varying compositions. 

The liquid structure could also be studied for similar mixtures at analogous composition 

ranges (xB = 0-0.4). However, the liquid range at 298 K of eutectic mixtures is 

generally not sufficient to cover these compositions. The liquidus phase boundaries 

of the mixtures that are compared should be explored in order to determine the 
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temperatures at which those compositions lay within the liquid range. In chapter 6, 

the detailed S-L phase behaviour of glutaric acid-Et4NCl is determined. Exploring the 

S-L phase behaviour and physicochemical properties of more mixtures contribute to 

the description of structure-property relationships.
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4.6	 Appendix – NMR spectra of mixtures showing 
esterification	upon	preparation

In the figures below, the NMR spectra are shown of the systems that showed 

esterification upon preparation, as described in Table 4.6. The systems are presented 

in the same order as in Table 4.6.

Fig. 4.21 

1

2

3

4

5

6

7

8

9

10

11

12

13 14

15

16

17

18

19

20

21

 13C-NMR spectra of pure malonic acid (top), pure ethylene glycol (middle), and 
MaloA:EtGly 1:2 (bottom) prepared at 313 K for 2h. All samples were dissolved in D2O. The peak of 
ethylene glycol has a much higher intensity than those of malonic acid. Hence, for the ester only 
the peaks of atom 12 and 13 could be distinguished from the baseline.
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Fig. 4.22  1H-NMR spectra of pure glycolic acid (top), pure choline chloride (middle), and 
GlyA:ChCl 2:1 (bottom) prepared at 313 K for 2h. All samples were dissolved in D2O, showing a 
clear H2O peak at 4.79 ppm. The peaks of the protons on atoms 15, 20, 23, 24, 27-28, and 30 result 
from the formed esters. The peak at δ = 3.2 ppm could also be assigned to ethylchloride, a 
decomposition product of choline chloride. In case of decomposition, trimethylamine or 
dimethylamineethanol are also formed, which should give rise to a clear singlet at δ ≈ 2.2 ppm or 
δ ≈ 2.8 ppm. However, these peaks were not observed.
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Fig. 4.23 
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 1H-NMR spectra of pure glycolic acid (top), pure glycerol (middle), and GlyA:Glyc 1:1 
(bottom) prepared at 313 K for 2h. All samples were dissolved in D2O, showing a clear H2O peak at 
4.79 ppm. Three dimeric and even more oligomeric esters can be formed, the peak assignments are 
indicative.

Fig. 4.24  1H-NMR spectra of pure glycolic acid (top), pure glycerol (middle), and GlyA:Glyc 1:2 
(bottom) prepared at 313 K for 2h. All samples were dissolved in D2O, showing a clear H2O peak at 
4.79 ppm. Three dimeric and even more oligomeric esters can be formed, the peak assignments are 
indicative.
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Fig. 4.25  
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13C-NMR spectra of pure glycolic acid (top), pure ethylene glycol (middle), and 
GlyA:EtGly 1:1 (bottom) prepared at 313 K for 2h. All samples were dissolved in D2O. GlyA:EtGly 1:1 
shows clear additional peaks (atoms 10, 11, 15, and 16) that can be assigned to the ester between 
the two components.

Fig. 4.26  
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13C-NMR spectra of pure glycolic acid (top), pure ethylene glycol (middle), and 
GlyA:EtGly 1:2 (bottom) prepared at 313 K for 2h. All samples were dissolved in D2O. GlyA:EtGly 
1:2 shows clear additional peaks (atoms 10, 11, 15, and 16) that can be assigned to the ester between 
the two components.
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Fig. 4.27  13C-NMR spectra of pure oxalic acid (top), pure glycerol (middle), and OxalA:Glyc 1:2 
(bottom) prepared at 333 K for 2h. All samples were dissolved in D2O. OxalA:Glyc 1:2 shows clear 
additional peaks, apart from the assigned peaks other small peaks are present, probably owing to 
oligomer formation.

Fig. 4.28  13C-NMR spectra of pure choline chloride (top), pure malonic acid (middle), and 
MaloA:ChCl 1:1 (bottom) prepared at 333 K for 2h. All samples were dissolved in D2O. Only a small 
peak of the ester can be recognised (atom 23), the other peaks were indistinguishable from the 
baseline.
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Fig. 4.29 
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 13C-NMR spectra of pure glycolic acid (top), pure fructose (middle), and GlyA:Fruc 2:1 
(bottom) prepared at 333 K for 2h. All samples were dissolved in D2O. Due to the presence of both 
β-D-fructose (cyclic) and D-fructose, many peaks appear for pure fructose. Therefore, only the 
peaks of glycolic acid were assigned. GlyA:Fruc 2:1 shows clear additional peaks, the up-field shift 
of those next to the acid peak indicates ester formation.
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1H-NMR spectra of pure glycolic acid (top), pure glycerol (middle), and GlyA:Glyc 2:1 
(bottom) prepared at 333 K for 2h. All samples were dissolved in D2O, showing a clear H2O peak 
at 4.79 ppm. Three dimeric and even more oligomeric esters can be formed, the peak assignments 
are indicative.
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Fig. 4.31 
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 13C-NMR spectra of pure glycolic acid (top), pure ethylene glycol (middle), and GlyA:EtGly 
2:1 (bottom) prepared at 333 K for 2h. All samples were dissolved in D2O. GlyA:EtGly 2:1 shows 
clear additional peaks, that can be assigned to the ester between the two components or between 
the two acid molecules that are in excess in this system.

Fig. 4.32  
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13C-NMR spectra of pure glycolic acid (top), pure xylitol (middle), and GlyA:Xyli 2:1 
(bottom) prepared at 333 K for 2h. All samples were dissolved in D2O. GlyA:Xyli 2:1 shows clear 
additional peaks, that can be assigned to the ester between the two components or between two 
acid molecules, the acid is in excess in this system.
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Fig. 4.33  1H-NMR spectra of pure malic acid (top), pure glycerol (middle), and MalA:Glyc 1:2 
(bottom) prepared at 333 K for 2h. All samples were dissolved in D2O, showing a clear H2O peak 
at 4.79 ppm. The peaks of the protons on atoms 17, 25, 26 and 28 result from the glycerol + malic 
acid ester. Other esters than the one depicted can also be formed (e.g. at atoms 4 and 6 or at 9).

Fig. 4.34  1H-NMR spectra of pure ethylene glycol (top), pure malic acid (middle), and MalA:EtGly 
1:2 (bottom) prepared at 333 K for 2h. All samples were dissolved in D2O, showing a clear H2O 
peak at 4.79 ppm. The peaks of the protons on atoms 15, 23, and 24 result from the ethylene glycol 
+ malic acid ester. Other esters than the one depicted can also be formed (e.g. at atoms 12 and 3).
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4.7	 Appendix – Systems excluded from detailed 
property analysis

4.7.1	 Assumed	esterification

Table 4.12 Mixtures of component A and B at molar ratio A:B that formed a liquid at the 
preparation temperature (Tprep) and that remained liquid for at least 7 days at room temperature, 
but were excluded from the detailed property analysis because of assumed esterification.

Comp. Comp. A:B Tprep Comp. Comp. A:B Tprep

A B ratio K A B ratio K
OxalA Sorb 2:1 353 MaloA Xylo 1:1 373
OxalA Sorb 1:1 353 GlutA β-Ala 1:1 373
OxalA Xyli 1:1 353 GlyA β-Ala 2:1 373
OxalA Xyli 1:2 353 GlyA β-Ala 1:1 373
MaloA Sorb 1:1 353 GlyA Et4NCl 2:1 373
MaloA Sorb 1:2 353 GlyA Et4NCl 1:1 373
MaloA Xyli 1:2 353 GlyA Xylo 1:1 373
GlyA Fruc 1:1 353 GlyA Xylo 1:2 373
GlyA Fruc 1:2 353 GlyA Sorb 1:2 373
GlyA Xylo 2:1 353 MaliA β-Ala 2:1 373
GlyA Sorb 2:1 353 MaliA β-Ala 1:1 373
GlyA Sorb 1:1 353 MaliA Pro 2:1 373
GlyA Xyli 1:1 353 MaliA Et4NCl 2:1 373
GlyA Xyli 1:2 353 MaliA Et4NCl 1:1 373
GlyA Bet 2:1 353 MaliA Xylo 1:1 373

MaliA ChCl 1:1 353 MaliA Xylo 1:2 373
MaliA Et4NCl 2:1 353 MaliA Sorb 1:1 373
MaliA Et4NCl 1:1 353 MaliA Sorb 1:2 373
MaliA Glyc 1:1 353 MaliA Xyli 2:1 373
MaliA EtGly 1:1 353 MaliA Xyli 1:1 373
TartA Glyc 1:1 353 MaliA Xyli 1:2 373
TartA Glyc 1:2 353 MaliA Glyc 2:1 373
TartA EtGly 1:1 353 MaliA EtGly 2:1 373
TartA EtGly 1:2 353 TartA Xyli 1:1 373
CitrA Glyc 1:2 353 TartA Xyli 1:2 373
CitrA EtGly 1:2 353 CitrA Glyc 1:1 373

MaloA Pro 2:1 373 CitrA EtGly 1:1 373
MaloA Gluc 1:1 373 Sorb Pro 2:1 373
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4.7.2	 Decomposition cyclic carbohydrates

Table 4.13 Mixtures of component A and B at molar ratio A:B that formed a liquid at 373 K and 
that remained liquid for at least 7 days at room temperature, but were excluded from the detailed 
property analysis because of assumed decomposition of the monosaccharide.

Comp. Comp. A:B Comp. Comp. A:B

A B ratio A B ratio

Urea Gluc 2:1 Fruc Me4NCl 1:1

Urea Gluc 1:1 Fruc Et4NCl 2:1

ThUr Fruc 1:2 Fruc Glyc 2:1

Fruc Me4NCl 2:1 Fruc Bet 2:1

4.8	 Appendix – Density solid Et4NCl

The density of pure Et4NCl was measured with a helium pycnometer. The sample 

was loaded into an aluminium bucket and transferred to the pycnometer under dry 

nitrogen atmosphere. During loading the sample was shortly (1-4 seconds) exposed to 

the humid lab-atmosphere. Directly after loading, the sample was evacuated and filled 

with helium for 10 times. Initially, also 10 measuring cycles were done, but a clear 

trend could be observed in the data (see Fig. 4.35). Therefore, a second measurement 

Fig. 4.35

Fig. 4.35 Volume (V) of 4.8441 g of solid tetraethylammonium chloride over time (t), measured 
with a helium pycnometer.
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series of 99 cycles was performed showing the equilibration of the samples volume 

over time.

The volume increased over time, implying either expansion of the solids or sorption 

of another component. The temperature was monitored after each measurement 

cycle and it slowly increased from 294.1 to 295 K. The thermal expansion of solids is 

typically linear over small temperature differences. However, Fig. 4.36 shows a clear 

non-linear trend of the volume with increasing temperature. This implies that, apart 

from thermal expansion, water sorption might take place. 

Fig. 4.36 Volume (V) of 4.8441 g of solid tetraethylammonium chloride over temperature (T), 
measured with a helium pycnometer.

Fig. 4.36
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4.9	 Appendix – Raw data tables for the detailed 
evaluation of the selected DESs

4.9.1	 Thermal stability

Table 4.14 Temperatures extracted from thermogravimetric analysis for glycerol-urea (Glyc-
Urea), Glyc-choline chloride (ChCl), xylitol (Xyli)-tetraethylammonium chloride (Et4NCl), and 
glutaric acid (GlutA)-Et4NCl at the studied compositions (xB, mole fractions). The different 
temperatures are subscripted: the temperature at which the weight loss first deviated from the 
baseline (first), the onset temperature of the weight loss (on), shoulders or onsets of extra peaks 
(extra and extra,2), and the temperature at which all material was lost to the gas phase (last).

Comp. Comp. xB
a Tfirst

b Ton
b Textra

b Textra,2
b Tlast

b

A B K K K K K

Glyc Urea 0.055 369 491 557c 578

0.110 380 494 568c 669

0.165 368 478 565c 675

0.222 372 475 566c 678

0.278 363 459 506c 696

Glyc ChCl 0.065 365 466 547c 599

0.129 384 463 531d 550d 604

0.196 368 455 531d 552d 603

0.259 377 463 543d 557d 602

0.325 371 452 519d 553d 603

Xyli Et4NCl 0.482 411 510 581c 599

0.496 428 503 576c 594

0.511 435 502 589c 602

0.520 435 502 588c 597

0.537 426 502 599

GlutA Et4NCl 0.441 407 512 577

0.475 415 506 573

0.509 431 508 574

0.544 435 514 574

0.576 442 502 579
auncertainty ±0.002; buncertainty ± 5 K; cMaximum of shoulder of the main transition; dOnset 
temperature of second or third peak weight loss.
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4.9.2	 Density

Table 4.15 Raw density (ρ) data for glycerol-urea (Glyc-Urea), Glyc-choline chloride (ChCl), 
tetraethylammonium chloride (Et4NCl)-xylitol (Xyli), and glutaric acid (GlutA) -Et4NCl at the 
studied compositions (xB, mole fractions) and temperatures, presented between brackets at the 
top row.

Component xB
a ρb 

g·cm-3
ρb 

g·cm-3
ρb 

g·cm-3
ρb 

g·cm-3
ρb 

g·cm-3
ρb 

g·cm-3
ρb 

g·cm-3

A B (298.2 K)c (303.2 K)c (313.2 K)c (323.2 K)c (333.2 K)c (343.2 K)c (353.2 K)c

Glyc Urea 0.055 1.25971 1.25649 1.25030 1.24386 1.23736 1.23067 1.22395

0.110 1.26156 1.25839 1.25210 1.24566 1.23911 1.23247 1.22574

0.165 1.26339 1.26021 1.25390 1.24744 1.24085 1.23417 1.22739

0.222 1.26530 1.26212 1.25577 1.24927 1.24267 1.23598 1.22918

0.278 1.26711 1.26398 1.25760 1.25107 1.24445 1.23775 1.23095

Glyc ChCl 0.065 1.24255 1.23959 1.23355 1.22737 1.22111 1.21477 1.20835

0.129 1.22813 1.22523 1.21932 1.21332 1.20727 1.20117 1.19502

0.196 1.21503 1.21214 1.20637 1.20053 1.19467 1.18878 1.18286

0.259 1.20314 1.20035 1.19470 1.18900 1.18331 1.17761 1.17190

0.325 1.19255 1.18984 1.18430 1.17875 1.17320 1.16767 1.16214

Xyli Et4NCl 0.482 1.16734 1.16496 1.15929 1.15364 1.14794 1.14240 1.13688

0.496 1.16275 1.15994 1.15428 1.14866 1.14301 1.13750 1.13202

0.511 1.15765 1.15486 1.14924 1.14366 1.13803 1.13257 1.12713

0.520 1.15467 1.15188 1.14627 1.14071 1.13518 1.12966 1.12424

0.537 1.14825 1.14548 1.13992 1.13440 1.12892 1.12344 1.11808

GlutA Et4NCl 0.441 1.12004 1.11702 1.11103 1.10511 1.09921 1.09346 1.08773

0.475 1.11251 1.10958 1.10367 1.09783 1.09200 1.08633 1.08068

0.509 1.10548 1.10258 1.09675 1.09097 1.08519 1.07958 1.07400

0.544 1.09838 1.09549 1.08970 1.08399 1.07825 1.07268 1.06717

0.576 1.09206 1.08921 1.08347 1.07780 1.07218 1.06652 1.06104
auncertainty ±0.002; buncertainty ±0.00005 g∙cm-3; cuncertainty 0.05 K.
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4.9.3	 Viscosity

Table 4.16 Raw viscosity (η) data for A-B mixtures glycerol-urea (Glyc-Urea), Glyc-choline 
chloride (ChCl), tetraethylammonium chloride (Et4NCl)-xylitol (Xyli), and glutaric acid (GlutA)-
Et4NCl at the studied compositions (xB, mole fractions) and temperatures, presented between 
brackets at the top row. Standard deviations and shear rates are given in the next tables.

Comp. Comp. xB
a η 

Pa·s
η 

Pa·s
η 

Pa·s
η 

Pa·s
η 

Pa·s
η 

Pa·s
η 

Pa·s

A B (298.2 K)b (303.2 K)b (313.2 K)b (323.2 K)b (333.2 K)b (343.2 K)b (353.2 K)b

Glyc Urea 0.055 0.8863 0.5773 0.2696 0.1394 0.07809 0.04752 0.03050

0.110 0.8625 0.5577 0.2561 0.1302 0.07334 0.04447 0.02919

0.165 0.7999 0.5157 0.2374 0.1225 0.06836 0.04157 0.02671

0.222 0.7471 0.4830 0.2216 0.1135 0.06383 0.03881 0.02502

0.278 0.6950 0.4476 0.2029 0.1043 0.05904 0.03610 0.02352

Glyc ChCl 0.065 0.6661 0.4484 0.2197 0.1172 0.06933 0.04360 0.02867

0.129 0.4981 0.3460 0.1780 0.09943 0.06014 0.03873 0.02616

0.196 0.4874 0.2914 0.1552 0.09020 0.05601 0.03677 0.02527

0.259 0.3818 0.2688 0.1489 0.08777 0.05664c 0.03829c 0.02719c

0.325 0.3717 0.2690 0.1495 0.09053 0.05860c 0.04014c 0.02886c

Xyli Et4NCl 0.482 -d 9.914 3.421 1.368 0.6227 0.3148 0.1770

0.496 -d 9.612 3.357 1.355 0.6189 0.3177 0.1774

0.511 -d 9.509 3.345 1.357 0.6232 0.3204 0.1802

0.520 -d 9.478 3.353 1.347 0.6399 0.3300 0.1851

0.537 -d 9.804 3.476 1.418 0.6596 0.3382 0.1907

GlutA Et4NCl 0.441 4.402 2.841 1.321 0.6763 0.3773 0.2234 0.1414

0.475 5.691 3.642 1.644 0.8136 0.4448 0.2604 0.1624

0.509 7.362 4.637 2.033 0.9809 0.5203 0.2986 0.1836

0.544 9.759 6.046 2.541 1.206 0.6202 0.3474 0.2084

0.576 -d 7.552 3.095 1.413 0.7102 0.3886 0.2287
auncertainty ±0.002; buncertainty 0.05 K;cmeasuring angle was 45°, because 70° resulted in too short 
rolling times; dviscosity could not be determined because it was above the equipment’s upper limit of 
12 Pa∙s.
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Table 4.17 Shear rate ( γ ) data for A-B mixtures glycerol-urea (Glyc-Urea), Glyc-choline chloride 
(ChCl), tetraethylammonium chloride (Et4NCl)-xylitol (Xyli), and glutaric acid (GlutA)-Et4NCl at 
the studied compositions (xB, mole fractions) and temperatures, presented between brackets at 
the top row.

Comp. Comp. xB
a γ  

s-1
γ  

s-1
γ  

s-1
γ  

s-1
γ  

s-1
γ  

s-1
γ  

s-1

A B (298.2 K)b (303.2 K)b (313.2 K)b (323.2 K)b (333.2 K)b (343.2 K)b (353.2 K)b

Glyc Urea 0.055 6.58 10.11 21.64 41.88 74.78 123.0 191.6

0.110 6.73 10.41 22.59 44.45 78.95 130.2 198.5

0.165 7.29 11.31 24.56 47.63 85.38 140.5 218.7

0.222 7.80 12.07 26.31 51.41 91.42 150.4 233.4

0.278 8.38 13.02 28.73 55.89 98.82 161.7 248.3

Glyc ChCl 0.065 8.78 13.05 26.63 49.93 84.44 134.3 204.4

0.129 11.77 16.94 32.94 58.98 97.54 151.5 224.4

0.196 14.24 20.15 37.85 65.15 104.9 159.9 232.8

0.259 15.41 21.89 39.51 67.07 73.98c 109.5c 154.2c

0.325 15.85 21.91 39.41 65.11 71.62c 104.6c 145.5c

Xyli Et4NCl 0.482 -d 0.60 1.74 4.35 9.50 18.80 33.46

0.496 -d 0.62 1.77 4.40 9.57 18.65 33.40

0.511 -d 0.63 1.78 4.39 9.51 18.51 32.91

0.520 -d 0.63 1.77 4.41 9.30 18.03 32.16

0.537 -d 0.61 1.72 4.21 9.00 17.55 31.13

GlutA Et4NCl 0.441 1.36 2.11 4.54 8.81 15.80 26.70 42.18

0.475 1.05 1.65 3.65 7.33 13.42 22.93 36.76

0.509 0.82 1.29 2.95 6.09 11.48 20.01 32.55

0.544 0.62 0.99 2.37 4.99 9.64 17.22 28.70

0.576 -d 0.80 1.94 4.26 8.43 15.41 26.18
auncertainty ±0.002; buncertainty 0.05 K; cmeasuring angle was 45°, because 70° resulted in too short 
rolling times; dviscosity could not be determined because it was above the equipment’s upper limit of 
12 Pa∙s.
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Table 4.18 Standard deviation of the viscosity measurements determined from at least three 
forward/backward cycles (ση) for A-B mixtures glycerol-urea (Glyc-Urea), Glyc-choline chloride 
(ChCl), tetraethylammonium chloride (Et4NCl)-xylitol (Xyli), and glutaric acid (GlutA)-Et4NCl 
at the studied compositions (xB, mole fractions) and temperatures, presented between brackets 
at the top row.

Comp. Comp. xB
a ση 

%
ση 
%

ση 
%

ση 
%

ση 
%

ση 
%

ση 
%

A B (298.2 K)b (303.2 K)b (313.2 K)b (323.2 K)b (333.2 K)b (343.2 K)b (353.2 K)b

Glyc Urea 0.055 0.18 0.69 0.21 0.25 0.35 0.29 0.49

0.110 1.42 0.82 0.47 1.31 0.23 1.23 0.43

0.165 0.31 0.28 0.54 0.36 0.29 0.18 0.83

0.222 0.67 0.40 0.29 0.19 0.44 0.75 0.42

0.278 0.26 0.33 0.76 0.31 0.20 0.35 0.37

Glyc ChCl 0.065 0.28 0.27 0.38 1.00 0.61 0.52 0.66

0.129 0.35 0.40 0.12 0.46 0.53 0.38 0.91

0.196 0.34 0.37 0.47 0.25 0.34 0.64 0.69

0.259 0.25 1.82 0.54 0.13 0.40c 0.19c 0.27c

0.325 0.12 0.28 0.77 0.28 0.46c 0.26c 0.14c

Xyli Et4NCl 0.482 -d 0.16 0.31 0.69 0.49 0.33 0.29

0.496 -d 0.44 0.32 0.30 0.39 0.26 0.50

0.511 -d 0.48 0.39 0.26 0.25 0.30 0.22

0.520 -d 0.56 0.17 0.58c 0.29 0.40 0.35

0.537 -d 0.14 0.21 0.59 0.16 0.31 0.18

GlutA Et4NCl 0.441 0.48 1.11 0.75 0.52 0.11 0.34 0.57

0.475 0.45 0.38 0.30 0.64 0.50 0.48 0.10

0.509 0.40 0.33 0.21 0.35 0.50 0.66 0.16

0.544 0.51 0.34 0.73 0.19 0.44 0.45 0.44

0.576 -d 0.66 0.19 0.30 0.27 0.37 0.52
auncertainty ±0.002; buncertainty 0.05 K; cmeasuring angle was 45°, because 70° resulted in too short 
rolling times; dviscosity could not be determined because it was above the equipment’s upper limit of 
12 Pa∙s.
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4.9.4	 Glass transition temperature

Table 4.19 Raw glass transition temperature (Tg) data for A-B mixtures glycerol-urea (Glyc-
Urea), Glyc-choline chloride (ChCl), tetraethylammonium chloride (Et4NCl)-xylitol (Xyli), and 
glutaric acid (GlutA)-Et4NCl at the studied compositions (xB mole fractions) and heating rates 
(β). The data was recorded on heating (H) or cooling (C). Three different Tg were obtained from 
the thermograms each indicated with an extra subscript: the onset temperature (on), the midpoint 
temperature (mid), and the offset temperature (off). The temperature range over which the 
analysis was done is marked by Tstart and Tend. The heat capacity change upon the glass transition 
(ΔCp) is also listed.

Comp. Comp. xB β C/H Tstart Tg,on Tg,mid Tg,off Tend ΔCp

A B K·min-1 K K K K K J∙(g∙K)-1

Glyc ChCl 0.065 1 C 178.3 191.0 180.3 231.8 1.01

Glyc ChCl 0.129 1 C 177.8 187.5 179.0 227.3 0.88

GlutA Et4NCl 0.475 1 C 187.4 216.6 211.3 203.9 248.3 1.02

GlutA Et4NCl 0.544 1 C 187.4 219.7 214.8 207.2 256.8 0.81

GlutA Et4NCl 0.509 1 C 187.4 215.9 211.7 205.5 256.8 0.73

GlutA Et4NCl 0.576 1 C 187.4 223.1 217.8 209.2 254.3 1.08

Glyc Urea 0.055 1 C 178.5 196.7 192.2 184.8 237.1 1.15

Glyc Urea 0.110 1 C 178.5 199.0 193.7 186.0 232.9 1.11

Glyc Urea 0.165 1 C 176.7 200.6 195.1 187.9 232.3 1.31

Glyc Urea 0.222 1 C 178.4 202.7 197.3 190.3 233.1 1.30

Glyc Urea 0.278 1 C 177.9 204.5 199.1 192.7 233.4 1.27

Xyli Et4NCl 0.537 1 C 191.4 227.0 222.6 216.1 251.5 0.78

Xyli Et4NCl 0.520 1 C 191.4 227.7 223.1 216.4 250.4 0.76

Xyli Et4NCl 0.511 1 C 191.4 227.5 223.1 216.8 250.4 0.83

Xyli Et4NCl 0.496 1 C 182.8 217.7 211.8 203.3 252.1 0.78

Xyli Et4NCl 0.482 1 C 191.4 228.5 224.2 218.0 250.4 0.82

Glyc ChCl 0.065 2 C 177.2 190.7 180.5 227.3 0.78

Glyc ChCl 0.129 2 C 178.5 187.9 179.2 228.1 0.67

GlutA Et4NCl 0.441 2 C 180.1 214.3 208.2 200.1 256.8 0.96

GlutA Et4NCl 0.475 2 C 180.0 215.7 209.0 201.1 256.8 0.95

GlutA Et4NCl 0.544 2 C 178.1 219.3 211.8 203.0 257.8 0.95

GlutA Et4NCl 0.576 2 C 187.4 221.4 215.9 208.4 261.8 0.8

Glyc Urea 0.055 2 C 178.6 196.2 191.5 184.8 233.2 0.95

Glyc Urea 0.110 2 C 177.8 197.9 192.9 185.7 233.1 1.07
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Comp. Comp. xB β C/H Tstart Tg,on Tg,mid Tg,off Tend ΔCp

A B K·min-1 K K K K K J∙(g∙K)-1

Glyc Urea 0.165 2 C 178.9 200.6 195.1 188.0 240.7 1.10

Glyc Urea 0.222 2 C 178.9 202.8 196.9 189.8 240.6 1.17

Glyc Urea 0.278 2 C 178.5 204.6 198.5 191.8 233.2 1.14

Xyli Et4NCl 0.537 2 C 188.9 227.2 222.0 215.1 250.4 0.77

Xyli Et4NCl 0.520 2 C 183.3 227.5 221.8 214.6 250.4 1.23

Xyli Et4NCl 0.511 2 C 191.4 227.8 222.7 216.2 250.4 0.77

Xyli Et4NCl 0.496 2 C 186.4 222.6 216.9 208.9 251.6 0.81

Xyli Et4NCl 0.482 2 C 188.2 229.0 223.5 216.4 264.3 0.82

Glyc ChCl 0.065 5 C 179.0 190.6 181.1 227.3 0.55

Glyc ChCl 0.129 5 C 179.1 187.5 179.6 227.3 0.45

GlutA Et4NCl 0.441 5 C 180.2 214.3 206.5 196.7 256.8 0.87

GlutA Et4NCl 0.475 5 C 178.8 215.7 207.1 197.5 256.8 0.86

GlutA Et4NCl 0.544 5 C 179.3 218.9 210.3 199.9 256.8 0.82

GlutA Et4NCl 0.509 5 C 179.4 216.9 208.6 198.9 256.8 0.82

GlutA Et4NCl 0.576 5 C 179.6 220.7 211.6 201.6 256.8 0.83

Glyc Urea 0.055 5 C 179.3 196.5 192.4 184.4 243.2 0.77

Glyc Urea 0.110 5 C 179.1 198.9 193.6 185.0 243.2 0.93

Glyc Urea 0.165 5 C 179.1 200.7 194.9 186.8 243.9 0.95

Glyc Urea 0.222 5 C 179.1 203.1 196.6 188.2 243.2 1.03

Glyc Urea 0.278 5 C 179.1 205.0 198.2 190.1 248.1 1.05

Xyli Et4NCl 0.537 5 C 185.9 227.1 220.1 210.7 254.7 0.83

Xyli Et4NCl 0.520 5 C 186.1 227.7 220.5 211.4 251.6 0.79

Xyli Et4NCl 0.511 5 C 191.7 227.8 221.2 212.5 250.4 0.93

Xyli Et4NCl 0.496 5 C 187.5 225.9 218.9 209.6 252.6 0.79

Xyli Et4NCl 0.482 5 C 189.2 228.8 221.7 212.9 251.8 0.76

Glyc ChCl 0.065 10 C 181.0 191.7 188.1 184.0 227.3 0.62

Glyc ChCl 0.129 10 C 180.4 187.9 182.4 227.3 0.41

GlutA Et4NCl 0.441 10 C 181.1 214.2 208.9 202.4 256.8 0.67

GlutA Et4NCl 0.475 10 C 180.4 215.9 210.4 204.1 256.8 0.66

GlutA Et4NCl 0.544 10 C 182.3 219.3 214.1 207.4 256.8 0.58

GlutA Et4NCl 0.509 10 C 179.7 217.4 212.0 205.7 256.8 0.64

GlutA Et4NCl 0.576 10 C 181.0 221.1 215.6 208.9 256.8 0.60

Glyc Urea 0.055 10 C 180.2 197.8 193.8 189.1 243.2 0.74
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Comp. Comp. xB β C/H Tstart Tg,on Tg,mid Tg,off Tend ΔCp

A B K·min-1 K K K K K J∙(g∙K)-1

Glyc Urea 0.110 10 C 180.4 199.9 195.8 190.9 242.1 0.81

Glyc Urea 0.165 10 C 180.2 202.3 197.9 192.9 243.2 0.87

Glyc Urea 0.222 10 C 179.9 204.3 200.0 195.1 243.2 0.89

Glyc Urea 0.278 10 C 180.3 206.6 202.1 197.2 244.4 0.90

Xyli Et4NCl 0.537 10 C 188.4 228.1 223.7 218.3 260.9 0.80

Xyli Et4NCl 0.520 10 C 188.3 228.7 223.9 218.2 256.7 0.82

Xyli Et4NCl 0.511 10 C 189.5 229.1 224.6 218.8 267.9 0.73

Xyli Et4NCl 0.496 10 C 189.7 228.6 224.1 218.1 265.5 0.75

Xyli Et4NCl 0.482 10 C 190.3 229.7 225.5 220.5 255.9 0.71

Glyc ChCl 0.065 20 C 181.6 195.3 189.3 183.8 227.3 0.74

Glyc ChCl 0.129 20 C 180.2 191.3 189.9 183.6 227.3 0.50

GlutA Et4NCl 0.441 20 C 182.3 216.7 210.1 203.3 256.8 0.86

GlutA Et4NCl 0.475 20 C 182.2 217.7 211.6 205.4 256.8 0.76

GlutA Et4NCl 0.544 20 C 181.0 221.0 214.0 207.0 256.8 0.77

GlutA Et4NCl 0.509 20 C 181.0 219.1 212.7 206.3 256.8 0.75

GlutA Et4NCl 0.576 20 C 182.6 222.8 216.6 210.3 256.8 0.74

Glyc Urea 0.055 20 C 180.2 200.9 195.1 188.3 232.2 0.88

Glyc Urea 0.110 20 C 180.0 203.4 197.9 190.4 233.6 0.86

Glyc Urea 0.165 20 C 183.3 205.7 198.6 191.3 243.2 1.09

Glyc Urea 0.222 20 C 181.0 207.4 200.3 193.1 243.2 1.12

Glyc Urea 0.278 20 C 181.8 209.1 202.0 194.9 233.6 1.10

Xyli Et4NCl 0.537 20 C 188.5 229.2 224.0 217.5 256.0 0.80

Xyli Et4NCl 0.520 20 C 191.4 231.0 226.0 220.1 263.4 0.75

Xyli Et4NCl 0.511 20 C 187.2 230.9 225.4 219.2 261.7 0.83

Xyli Et4NCl 0.496 20 C 189.5 224.9 218.6 211.3 252.5 0.71

Xyli Et4NCl 0.482 20 C 191.4 231.6 226.0 219.6 255.3 0.76

Glyc ChCl 0.065 1 H 181.9 185.2 185.9 186.7 227.3 0.38

Glyc ChCl 0.129 1 H 180.3 182.6 188.7 182.4 245.6 0.06

Glyc ChCl 0.196 1 H 179.7 179.9 180.5 180.4 250.8 0.19

GlutA Et4NCl 0.475 1 H 187.4 210.0 210.9 212.5 256.8 0.47

GlutA Et4NCl 0.544 1 H 189.4 213.5 214.8 216.5 255.8 0.49

GlutA Et4NCl 0.509 1 H 189.3 211.6 212.8 214.5 256.8 0.53

GlutA Et4NCl 0.576 1 H 189.4 215.4 216.8 218.5 256.8 0.55
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Comp. Comp. xB β C/H Tstart Tg,on Tg,mid Tg,off Tend ΔCp

A B K·min-1 K K K K K J∙(g∙K)-1

Glyc Urea 0.055 1 H 182.5 190.1 191.1 192.6 232.6 0.67

Glyc Urea 0.110 1 H 182.5 191.8 192.9 194.6 225.0 0.53

Glyc Urea 0.165 1 H 182.5 194.2 195.1 197.0 244.6 0.73

Glyc Urea 0.222 1 H 182.5 196.5 197.5 199.4 243.2 0.77

Glyc Urea 0.278 1 H 182.5 198.9 200.0 202.0 243.2 0.87

Xyli Et4NCl 0.537 1 H 191.4 221.8 223.2 225.5 249.1 0.72

Xyli Et4NCl 0.520 1 H 191.4 222.1 223.6 225.9 250.4 0.80

Xyli Et4NCl 0.511 1 H 191.4 222.3 223.7 226.0 250.4 0.72

Xyli Et4NCl 0.496 1 H 191.4 210.9 212.6 214.6 247.3 0.75

Xyli Et4NCl 0.482 1 H 191.4 223.2 224.8 227.1 250.4 0.65

Glyc ChCl 0.065 2 H 181.9 186.5 187.7 188.7 227.3 0.46

Glyc ChCl 0.129 2 H 181.9 183.9 184.9 185.2 237.4 0.27

GlutA Et4NCl 0.441 2 H 187.4 209.7 211.0 212.9 256.8 0.54

GlutA Et4NCl 0.475 2 H 187.4 211.1 212.5 214.5 256.8 0.55

GlutA Et4NCl 0.544 2 H 189.3 214.7 216.2 218.2 257.9 0.52

GlutA Et4NCl 0.576 2 H 187.4 216.6 218.1 220.1 256.8 0.54

Glyc Urea 0.055 2 H 183.6 191.5 192.7 194.2 258.1 0.62

Glyc Urea 0.110 2 H 185.3 193.1 194.4 196.2 258.0 0.66

Glyc Urea 0.165 2 H 186.5 195.6 197.0 198.8 258.2 0.74

Glyc Urea 0.222 2 H 187.2 197.9 199.3 201.2 258.2 0.78

Glyc Urea 0.278 2 H 189.2 200.4 201.9 203.8 258.1 0.79

Xyli Et4NCl 0.537 2 H 191.4 223.1 225.0 227.3 250.4 0.80

Xyli Et4NCl 0.520 2 H 191.4 223.5 225.3 227.5 250.4 0.63

Xyli Et4NCl 0.511 2 H 191.1 223.3 224.9 227.7 252.7 0.62

Xyli Et4NCl 0.496 2 H 190.3 217.3 219.4 222.0 250.4 0.75

Xyli Et4NCl 0.482 2 H 189.0 224.5 226.3 228.7 250.4 0.63

Glyc ChCl 0.065 5 H 181.9 187.2 188.6 189.8 227.3 0.79

Glyc ChCl 0.129 5 H 180.7 184.2 185.7 186.8 227.3 0.75

Glyc ChCl 0.196 5 H 179.9 182.1 183.6 184.5 227.3 0.60

GlutA Et4NCl 0.441 5 H 187.4 211.3 212.9 214.4 256.8 0.61

GlutA Et4NCl 0.475 5 H 187.4 212.9 214.5 216.1 256.8 0.59

GlutA Et4NCl 0.544 5 H 190.2 216.6 218.4 220.0 256.8 0.54

GlutA Et4NCl 0.509 5 H 187.4 214.5 216.0 217.6 256.8 0.58
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Comp. Comp. xB β C/H Tstart Tg,on Tg,mid Tg,off Tend ΔCp

A B K·min-1 K K K K K J∙(g∙K)-1

GlutA Et4NCl 0.576 5 H 188.3 218.2 220.0 221.8 256.8 0.57

Glyc Urea 0.055 5 H 182.5 192.9 194.1 195.4 243.2 0.81

Glyc Urea 0.110 5 H 184.2 195.0 196.4 197.7 244.4 0.84

Glyc Urea 0.165 5 H 185.0 197.2 198.5 199.9 243.2 0.87

Glyc Urea 0.222 5 H 186.8 199.4 200.9 202.3 243.2 0.90

Glyc Urea 0.278 5 H 187.9 201.9 203.3 204.7 243.2 0.91

Xyli Et4NCl 0.537 5 H 191.4 225.4 227.2 229.0 256.6 0.76

Xyli Et4NCl 0.520 5 H 191.4 225.6 227.2 228.9 258.4 0.64

Xyli Et4NCl 0.511 5 H 191.4 225.7 227.5 229.2 257.6 0.77

Xyli Et4NCl 0.496 5 H 192.4 223.7 225.5 227.3 256.7 0.60

Xyli Et4NCl 0.482 5 H 191.4 226.6 228.1 229.7 266.6 0.73

Glyc ChCl 0.065 10 H 181.9 187.2 189.0 190.5 227.3 0.80

Glyc ChCl 0.129 10 H 181.9 184.6 186.2 187.3 227.3 0.65

GlutA Et4NCl 0.441 10 H 188.3 211.8 213.4 214.9 256.8 0.62

GlutA Et4NCl 0.475 10 H 187.4 212.7 214.3 215.9 256.8 0.66

GlutA Et4NCl 0.544 10 H 190.4 216.6 218.1 219.7 266.5 0.60

GlutA Et4NCl 0.509 10 H 188.8 214.3 216.0 217.6 256.8 0.63

GlutA Et4NCl 0.576 10 H 191.0 218.5 220.1 221.7 267.4 0.60

Glyc Urea 0.055 10 H 183.7 192.5 194.1 196.1 243.2 0.95

Glyc Urea 0.110 10 H 183.6 194.3 196.1 198.1 243.6 1.02

Glyc Urea 0.165 10 H 184.9 196.6 198.4 200.5 243.9 1.03

Glyc Urea 0.222 10 H 184.5 199.0 200.8 202.9 243.2 1.05

Glyc Urea 0.278 10 H 183.6 201.4 203.2 205.3 243.2 1.05

Xyli Et4NCl 0.537 10 H 191.4 225.0 226.9 228.8 273.3 0.72

Xyli Et4NCl 0.520 10 H 191.4 225.2 227.0 228.8 275.1 0.91

Xyli Et4NCl 0.511 10 H 191.4 225.7 227.5 229.4 275.6 0.75

Xyli Et4NCl 0.496 10 H 198.1 225.7 227.6 229.5 270.8 0.88

Xyli Et4NCl 0.482 10 H 199.6 226.2 228.1 230.1 275.1 0.85

Glyc ChCl 0.065 20 H 183.3 188.7 190.5 191.9 227.3 0.72

Glyc ChCl 0.129 20 H 181.9 187.1 188.7 189.2 227.3 0.45

GlutA Et4NCl 0.441 20 H 187.4 210.9 212.8 215.2 256.8 0.72

GlutA Et4NCl 0.475 20 H 187.4 212.3 214.4 217.0 256.8 0.74

GlutA Et4NCl 0.544 20 H 194.3 216.4 218.7 221.2 256.8 0.67
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Comp. Comp. xB β C/H Tstart Tg,on Tg,mid Tg,off Tend ΔCp

A B K·min-1 K K K K K J∙(g∙K)-1

GlutA Et4NCl 0.509 20 H 192.1 214.0 216.3 218.9 256.8 0.71

GlutA Et4NCl 0.576 20 H 191.7 217.7 220.0 222.7 267.2 0.69

Glyc Urea 0.055 20 H 185.7 193.9 195.6 197.5 243.6 0.87

Glyc Urea 0.110 20 H 187.5 195.9 197.7 199.4 245.9 0.70

Glyc Urea 0.165 20 H 186.8 197.8 199.7 201.8 243.2 0.94

Glyc Urea 0.222 20 H 187.1 199.9 202.0 204.3 244.7 1.01

Glyc Urea 0.278 20 H 187.5 202.4 204.5 206.9 245.9 1.05

Xyli Et4NCl 0.537 20 H 199.3 225.5 228.4 231.5 275.1 0.95

Xyli Et4NCl 0.520 20 H 192.9 224.6 227.1 230.1 265.9 0.74

Xyli Et4NCl 0.511 20 H 193.6 225.2 227.8 230.8 266.6 0.89

Xyli Et4NCl 0.496 20 H 191.4 217.6 220.3 223.3 260.0 0.65

Xyli Et4NCl 0.482 20 H 192.6 226.4 229.0 231.9 271.2 0.79
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4.10	 Appendix – Fitting parameters

4.10.1	Density

Table 4.20 Fitting parameters of the density (ρ) following a polynomial expansion for both the 
temperature (T) and mole fraction of urea (xB) – see Eq. 4.1 – for each mixture (A-B) glycerol-urea 
(Glyc-Urea), choline chloride glycerol (Glyc-ChCl), xylitol-tetraethylammonium chloride (Xyli-
Et4NCl), and glutaric acid-Et4NCl (GlutA-Et4NCl). The standard deviation (σi) for each fitting 
parameter are presented as well, based on a 95% probability interval. The sum of the residuals 
(Res) calculated from the residuals of all data points are shown in the last row.

A-B Glyc-Urea Glyc-ChCla Glyc-ChClb Xyli-Et4NCl GlutA-Et4NCl

A g·cm-3 1.3939 1.4161 1.4400 1.5614 1.4685

σA g·cm-3 3.3231∙10-3 8.4443∙10-3 4.8922∙10-3 2.4770∙10-2 7.2867∙10-3

B g·cm-3 4.5199∙10-2 -3.5624∙10-1 -3.4565∙10-1 -4.1921∙10-1 -3.7238∙10-1

σB g·cm-3 1.9741∙10-3 8.0109∙10-3 5.4643∙10-3 4.1459∙10-2 1.1006∙10-2

C g·cm-3·K-1 -2.9480∙10-4 -4.2918∙10-4 -5.7251∙10-4 -8.2652∙10-4 -8.5612∙10-4

σC g·cm-3·K-1 2.0425∙10-5 5.1827∙10-5 2.9480∙10-5 1.0357∙10-4 3.9281∙10-5

D g·cm-3·K-1 -3.9853∙10-5 2.8335∙10-4 2.4067∙10-4 2.4318∙10-4 1.6920∙10-4

σD g·cm-3·K-1 6.0850∙10-6 2.2881∙10-5 1.3053∙10-5 1.2617∙10-4 1.8759∙10-5

E g·cm-3 2.3058∙10-1 1.9244∙10-1 1.1335∙10-1

σE g·cm-3 1.1523∙10-2 6.6223∙10-3 9.0100∙10-3

F g·cm-3·K-2 -5.4113∙10-7 -3.2379∙10-7 -9.0740∙10-8 2.2411∙10-7 3.0010∙10-7

σF g·cm-3·K-2 3.1371∙10-8 7.9569∙10-8 4.5032∙10-8 1.2478∙10-7 5.8594∙10-8

Res g·cm-3 6.6843∙10-4 7.2164∙10-4 4.1642∙10-4 3.7545∙10-3 1.2536∙10-3

aComposition range of fit: xChCl = 0.065, 0.129, and 0.196; bComposition range of fit: xChCl = 0.196, 0.259, 
and 0.325;
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Fig. 4.37 Surface fit of the density (ρ) of glycerol-urea as a function of temperature (T) and mole 
fraction of urea (xUrea). Projections of the data on the ρ-T and ρ-xUrea faces are also shown, where 
high and low T/xUrea values are represented by dark and light symbols, respectively.
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Fig. 4.38 Surface fit of the density (ρ) of glycerol-choline chloride (ChCl) as a function of 
temperature (T) and mole fraction of ChCl (xChCl). Projections of the data on the ρ-T and ρ-xChCl 
faces are also shown, where high and low T/xChCl values are represented by dark and light symbols, 
respectively.
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Fig. 4.39 Surface fit of the density (ρ) of xylitol-tetraethylammonium chloride (Et4NCl) as a 
function of temperature (T) and mole fraction of Et4NCl (xEt4NCl). Projections of the data on the ρ-T 
and ρ-xEt4NCl faces are also shown, where high and low T/xEt4NCl values are represented by dark and 
light symbols, respectively.
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Fig. 4.40 Surface fit of the density (ρ) of glutaric acid tetraethylammonium chloride (Et4NCl as a 
function of temperature (T) and mole fraction of Et4NCl (xEt4NCl). Projections of the data on the ρ-T 
and ρ-xEt4NCl faces are also shown, where high and low T/xEt4NCl values are represented by dark and 
light symbols, respectively.
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4.10.2	Viscosity – VTF model

Table 4.21 Fitting parameters for the viscosity (η) of A-B mixtures glycerol-urea (Glyc-Urea), 
Glyc-choline chloride (ChCl), xylitol (Xyli)-tetraethylammonium chloride (Et4NCl) and glutaric 
acid (GlutA)-Et4NCl at various compositions (xB, mole fractions) as a function of temperature to 
the Vogel-Tammann-Fulcher (VTF) equation (Eq. 4.3). Also shown are the adjusted R2 and the 
standard deviation (σi) based on a 95% probability interval. The data was not linearized prior to 
the fitting process.

Comp. Comp. xB η0 ση0 B σB T0 σT0 R2

A B Pa·s Pa·s K K K K
Glyc Urea 0 1.027∙10-5 1.9∙10-6 1489 51 168 2.4 >0.99999

Glyc Urea 0.055 1.759∙10-5 1.2∙10-6 1314 17 176.8 0.8 >0.99999

Glyc Urea 0.110 2.299∙10-5 5.8∙10-6 1213 61 183.0 3.0 0.99998

Glyc Urea 0.165 2.266∙10-5 1.3∙10-6 1197 13 183.8 0.7 >0.99999

Glyc Urea 0.222 1.673∙10-5 2.3∙10-6 1256 34 180.8 1.7 >0.99999

Glyc Urea 0.278 2.216∙10-5 5.8∙10-6 1157 62 186.4 3.1 0.99998

Glyc ChCl 0.065 2.026∙10-5 5.2∙10-6 1307 68 172.5 3.5 0.99998

Glyc ChCl 0.129 1.914∙10-5 4.7∙10-6 1356 69 164.8 3.6 0.99999

Glyc ChCl 0.196 4.706∙10-5 2.4∙10-6 1124 14 174.4 0.9 >0.99999

Glyc ChCl 0.259 1.539∙10-4 4.6∙10-5 847.0 70 189.8 4.8 0.99994

Glyc ChCl 0.325 1.036∙10-4 1.8∙10-5 983.6 44 178.0 2.9 0.99998

Xyli Et4NCl 0.482 1.080∙10-5 2.3∙10-6 1633 51 184.2 1.9 >0.99999

Xyli Et4NCl 0.496 1.079∙10-5 2.4∙10-6 1646 55 183.0 2.1 >0.99999

Xyli Et4NCl 0.511 1.402∙10-5 3.3∙10-6 1588 58 184.9 2.2 >0.99999

Xyli Et4NCl 0.520 1.391∙10-5 8.6∙10-6 1597 149 184.3 5.7 0.99998

Xyli Et4NCl 0.537 1.344∙10-5 3.0∙10-6 1621 55 183.1 2.1 >0.99999

Glyc Et4NCl 0.441 8.408∙10-5 2.0∙10-5 1303 61 178.2 2.9 0.99999

Glyc Et4NCl 0.475 3.768∙10-5 5.7∙10-6 1536 40 169.4 1.8 >0.99999

GlutA Et4NCl 0.509 2.774∙10-5 4.3∙10-6 1627 42 167.9 1.7 >0.99999

GlutA Et4NCl 0.544 2.402∙10-5 4.9∙10-6 1670 54 168.9 2.2 >0.99999

GlutA Et4NCl 0.576 1.387∙10-5 2.5∙10-6 1821 51 165.3 2.0 >0.99999
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4.10.3	Viscosity – Avramov model

Table 4.22 Fitting parameters for the viscosity (η) of A-B mixtures glycerol-urea (Glyc-Urea), 
Glyc-choline chloride (ChCl), tetraethylammonium chloride (Et4NCl)-xylitol (Xyli) and glutaric 
acid (GlutA)-Et4NCl at various compositions (xB, mole fractions) as a function of temperature to 
the Avramov (Av) equation (Eq. 4.5). Also shown are the adjusted R2 and the standard deviation 
(σi) based on a 95% probability interval. The data was not linearized prior to the fitting process.

Comp. Comp. xB η0 ση0 B σB C σC R2

A B Pa·s Pa·s K K K K
Glyc Urea 0 3.712∙10-4 3.28E-05 554 6 3.32 0.04 >0.99999

Glyc Urea 0.055 5.458∙10-4 4.95∙10-5 521 6 3.58 0.05 >0.99999

Glyc Urea 0.110 6.909∙10-4 1.45∙10-4 500 12 3.81 0.14 0.99998

Glyc Urea 0.165 6.670∙10-4 6.85∙10-5 497 6 3.83 0.07 >0.99999

Glyc Urea 0.222 5.257∙10-4 2.12∙10-5 507 2 3.73 0.02 >0.99999

Glyc Urea 0.278 6.575∙10-4 1.01∙10-4 487 9 3.95 0.11 0.99999

Glyc ChCl 0.065 5.274∙10-4 8.57∙10-5 528 11 3.44 0.09 0.99999

Glyc ChCl 0.129 4.235∙10-4 6.27∙10-5 549 11 3.20 0.08 0.99999

Glyc ChCl 0.196 6.948∙10-4 6.75∙10-5 516 7 3.39 0.06 >0.99999

Glyc ChCl 0.259 1.850∙10-3 5.30∙10-4 453 18 4.00 0.27 0.99992

Glyc ChCl 0.325 1.350∙10-3 1.28∙10-4 482 7 3.59 0.07 0.99999

Xyli Et4NCl 0.482 9.502∙10-4 8.56∙10-5 547 5 3.77 0.04 >0.99999

Xyli Et4NCl 0.496 9.260∙10-4 9.76∙10-5 551 6 3.72 0.05 >0.99999

Xyli Et4NCl 0.511 9.537∙10-4 9.63∙10-5 551 6 3.71 0.05 >0.99999

Xyli Et4NCl 0.520 1.120∙10-3 5.02∙10-4 544 24 3.77 0.22 0.99998

Xyli Et4NCl 0.537 1.080∙10-3 1.18∙10-4 549 6 3.72 0.05 >0.99999

Glyc Et4NCl 0.441 2.630∙10-3 7.29∙10-4 519 17 3.62 0.16 0.99998

Glyc Et4NCl 0.475 1.560∙10-3 2.13∙10-4 558 9 3.35 0.06 >0.99999

GlutA Et4NCl 0.509 1.350∙10-3 2.04∙10-4 571 10 3.31 0.07 >0.99999

GlutA Et4NCl 0.544 1.200∙10-3 1.46∙10-4 582 8 3.29 0.05 >0.99999

GlutA Et4NCl 0.576 7.723∙10-4 6.40∙10-5 613 6 3.15 0.03 >0.99999
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4.11	 Appendix – Viscosity of glycerol

Fig. 4.41 Natural logarithm of the glycerol viscosity (η) data obtained in this work (open circles) 
as a function of the reciprocal temperature (T) compared to literature data. The inset shows the 
same data within the temperature range studied in this work, where the viscosity is plotted directly 
versus the temperature. All literature data was obtained from the glycerol viscosity database 
constructed by Ferreira et al., references and a more detailed data comparison can be found in 
their paper.[47]
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4.12	 Appendix – DSC thermograms glass transition 
temperature

Fig. 4.42 DSC thermograms (endotherms up) on heating and cooling of a glycerol-urea mixture 
(urea mole fraction 0.165) at the five different heating rates.
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EXPERIMENTAL AND MOLECULAR 
MODELLING EVALUATION OF THE 

PHYSICOCHEMICAL PROPERTIES 
OF PROLINE-BASED DEEP 

EUTECTIC SOLVENTS

in this chapter, the physicochemical properties of glycolic 
acid:proline and malic acid:proline were evaluated experimentally 
and with molecular dynamics (MD) simulations at five different 
ratios. Both DESs esterified partially upon preparation, which 
affected the viscosity in particular. Three experimental preparation 
methods were explored, but none could prevent esterification. 
the experimental and predicted properties were in agreement or 
showed similar trends. the mD simulations provided additional 
insight at the atomic level: upon the addition of proline, the 
interspecies interactions become predominant, confirming the 
formation of the widely assumed HB network between the DeSs 

constituents in the liquid phase.

All molecular dynamics simulations were performed by dr. theodora 
Spyriouni at Scienomics GmbH

this chapter has been accepted for publication in the Journal of 
Physical Chemistry B, 2018, 122, 369-379.[50]
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5.1	 Introduction

A large amount of distinct DESs has been explored, but the majority of the applied 

DESs are based on a combination of choline chloride (ChCl) and urea, glycerol or 

ethylene glycol.[1,2] These commercially available DESs are probably widely applied 

because they are cheap, easy to prepare, and well characterised.[3–6] Hence, established 

physicochemical properties are essential for the applicability of new solvents. As 

demonstrated in chapter 4, new combinations of DESs are screened experimentally, 

while the experimental characterization of multiple DESs is laborious and time-

consuming. Moreover, DESs typically show high viscosities (>0.1 Pa·s) at ambient 

temperatures, complicating their characterization and industrial applicability. It 

would be more efficient to predict the physicochemical properties of DESs based on 

their counterparts, prior to experimental analysis. 

In literature, various methods have been described for predicting DES properties. 

A Lydersen-Joback-Reid method, modified for ILs,[7] has been used in combination 

with Lee-Kessler mixing rules to predict the critical properties and normal boiling 

temperatures of several DESs.[8–10] These properties have not been evaluated 

experimentally, because most DESs start to decompose before critical or boiling 

conditions are met.[8–10] Based on the calculated properties, the density of the studied 

DESs has been predicted using a modified Rackett equation.[8–10] Similarly, the 

refractive index,[11] speed of sound[12] and surface tension[13] have been estimated.

Density functional theory (DFT) has been used to roughly estimate the melting 

temperature of DESs.[14] A relationship has been found between the DES’s melting 

point and the total charge densities of its so-called cage critical points (CCP). These 

CCPs have been determined through the optimization of minimal clusters of the DES 

components. It should be noted that different types of DESs yield slightly different 

relationships.

Molecular dynamics (MD) simulations are an alternative route to predict the properties 

of DESs. MD can provide valuable insight into the atomic structure and interactions, 

guiding the selection of appropriate DES constituents. Although ILs have been 

extensively studied with MD,[15] publications on DES only emerged recently.[16–21] The 

main properties that have been studied are volumetric properties, radial distribution 
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functions and other structural distributions, hydrogen bonding (HB) analysis, and 

diffusivities. These studies focus on ChCl-based DESs, but many DESs described in 

literature do not contain halide or ammonium ions.[22] Hence, it would be interesting 

to probe the properties and interactions of other types of DESs, such as amino-acid-

based DESs. These DESs showed high solubility of natural colorants and polymers 

and enhanced their stability as compared to common solvents.[23,24] Also, they might 

play a role in the defence mechanism of plants against drought-stress.[25,26] Recently, 

L-proline-based DESs were applied to the oxidative desulfurization of diesel, showing 

that these mixtures can be of industrial and biological interest.[27]

In this work, the physicochemical properties of L-proline-based DESs were evaluated, 

both experimentally and computationally. Malic acid : proline (MalA:Pro) and 

glycolic acid : proline (GlyA:Pro) mixtures were studied at several ratios to explore the 

tunability of their properties by varying the composition. The chemical structure and 

abbreviation of the components are shown in Fig. 5.1. The used DESs are referred to 

by their abbreviated counterparts followed by the molar ratio e.g. GlyA:Pro 3:1. 

The influence of the preparation method and water content on the chemical stability 

and physicochemical properties of the studied DESs were evaluated. The DESs were 

prepared at various water contents with the heating,[28] freeze-drying,[29] and grinding 

methods[30]. Additionally, MD simulations were conducted to calculate volumetric 

(density), structural (radial distribution function, HB), thermal (glass transition 

temperature, Tg), and transport (diffusion) properties. The experimental data obtained 

using the most common preparation method, the heating method, were compared to 

the properties calculated from MD simulations.

HO

O

OH

Glycolic acid

OH

O

OH

O

HO

Malic acid

NH

O

OH

Proline

Fig. 5.1 Structural formulas and abbreviations of the deep eutectic solvents constituents used in 
this work.

Fig. 5.1
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5.2	 Materials and methods

5.2.1	 Chemicals
Glycolic acid (purity, 99%), DL-Malic acid (purity, ≥99%) and L-Proline (purity, 

≥98.5%) were purchased from Sigma-Aldrich. All chemicals were dried under vacuum 

in a desiccator with dry silica gel for at least 12 h prior to DES preparation.

5.2.2	 DES preparation
Three different methods were used for DES preparation; typically, batches of 15 g 

DES were prepared. The first method is the heating method. The components of the 

DES were weighed at the desired molar ratio using an analytical balance and then 

added to a round-bottom flask with a magnetic stirring bar. Subsequently the flask 

was immersed in an oil bath and heated while being stirred at 50 rpm using a heating 

plate (accuracy ±0.5 K, precision ±0.1 K). Malic acid-based DESs were prepared at 

373 K, glycolic acid-based DESs at 323 K. The solid mixtures were heated until a clear 

liquid was obtained. Afterwards the DESs were submitted to a vacuum line for 15 to 

60 min, in order to remove excess water or any gas introduced to the liquid during 

stirring.

The freeze drying method was adapted from Gutiérrez et al.[29] 125 g of 5 wt% aqueous 

solution of the DES’s components was divided over five round bottom flasks. The 

bottom of each flask was submersed in liquid nitrogen to freeze its content. Then, each 

flask was packed with aluminium foil and immediately connected to a freeze-drier 

setup (Salmenkipp Christ Alpha 1-4 LD+ with Edwards RV8 vacuum pump). When 

the samples were defrosted (typically overnight), one of the round bottom flasks was 

removed for analysis. The remaining flasks were subjected to another freeze-drying 

step, following the procedure described above.

The grinding method was applied following Florindo et al.[30] The DESs and samples 

for DES characterization were prepared in a glove-box with water and oxygen contents 

below 2 and 10 ppm, respectively. The DES’s components were added to a mortar at 

the aimed ratio and ground with a pestle until a liquid or a white/colourless paste was 

obtained (~30 min). To remove the gas introduced in the DESs during grinding, the 

samples were centrifuged using a Sigma 2-16KHL at 293 K (accuracy ±3 K, precision 
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±1 K) and 3500 rpm for 30 min.

5.2.3	 DES characterisation
All samples were prepared at least in duplicate, any variation in sample preparation 

is expressed in the standard deviation of analysis, since systematic errors were 

minimised.

Water content
The water content of the DESs was determined by means of Karl-Fischer (KF) titration 

(Metrohm 899 Coulometer, 10 μg detection limit, u = ± 1 %). Before titration, the 

DESs were diluted with ethanol in a 1:4 mass ratio to decrease their viscosity and 

by that decreasing the dissolution time in the titration medium. Each titration was 

performed in triplicate. 

NMR spectroscopy
1H Nuclear Magnetic Resonance (NMR) and 13C-NMR spectra were recorded on a 

Bruker BZH 400/52 spectrometer, with 16 and 512 scans, respectively, and a relaxation 

time of 5 s and 1 s, respectively. The samples were prepared using deuterium oxide 

(D2O) as solvent. The spectra were phased, baseline corrected and manually integrated 

with MestreNova (version 9.1.0-14011). All integrals were normalised to the integral 

of the CH2 group next to the NH group in proline.

Thermal analysis
Thermal behaviour was reviewed using a TA instruments Q100 Differential Scanning 

Calorimeter (DSC) with autosampler. Aluminium Tzero hermetic pans were filled 

with 4-10 mg of DES, sealed, and scanned in 3 cycles from 303 to 193 K and back 

at 5 K·min-1. The Tg was taken as the midpoint of the transition upon heating. The 

equipment was calibrated and verified with a high purity (>99.99 %) indium standard 

(accuracy ±0.5 K, precision ±0.1 K).

Viscosity and density measurements
The density was determined using an AccuPyc II 1340 gas (helium) pycnometer with 

a 35 cm3 chamber and a glass sample cup. The temperature was not actively controlled 

and varied between 293 and 296 K. Each sample was purged 10 times followed by 

5 equilibrium cycles. A Brookfield CAP-2000+ cone-and-plate viscometer equipped 
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with spindle CAP05 was used to analyse the viscosity at 323, 348 or 353 K at several 

rotational speeds. The Anton Paar SVM Stabinger 3000/G2 was used for determining 

the viscosity and density of samples with viscosities lower than approximately 2 Pa·s 

at 273 K. All viscosity and density measurements were performed in duplicate. The 

water content of the samples was determined before each measurement, following the 

previously described method. The calibration of the instruments was verified with a 

high viscosity reference liquid (S2000) from Anton Paar.

5.3	 Computational section

5.3.1	 Systems
The mixtures MalA:Pro and GlyA:Pro were studied with MD simulations at molar ratios 

3:1, 2:1, 1:1, 1:2 and 1:3 to cover the composition range from acid-rich to proline-

rich mixtures. For MalA:Pro these are the stoichiometric ratios previously reported 

to form a liquid that is stable at room temperature.[24] In order to compare the two 

systems, the same ratios were applied for GlyA:Pro. The typical box size was around 

30 Å and the number of molecules approx. 160. It was assumed that protonation 

takes place in these acid-base systems: a proton is transferred from the acid groups to 

proline. Hence, the deprotonated acid becomes an anion (COO-) and the protonated 

proline a cation (NH2
+). In the present work, the minority component is modelled 

as fully (de)protonated. Other options, such as to model partial deprotonation 

or the zwitterionic form of proline, known to be predominant in solutions, were 

not considered in this work. Partial deprotonation has been reported for other 

DESs.[31] Additionally, models using the zwitterionic form of proline can be found in 

the literature.[32,33] However, without supporting spectroscopic data, any choice for 

partial (de)protonation or zwitterion formation would be arbitrary.

Malic acid, which has two acid groups, was modelled with either one (MalA:Pro 3:1, 

2:1, and 1:1) or both (MalA:Pro 1:2 and 1:3) acid groups deprotonated. The formed 

anions and cations have a net charge of 1e (or -2e for malic acid) and +1e, respectively. 

The excess component was modelled in its neutral form to maintain the mixture 

neutral. For example, for GlyA:Pro and MalA:Pro 3:1, the composition was 1 anion : 1 

cation : 2 neutral acid molecules, while for MalA:Pro 1:3, the mixture was composed 

of 1 anion (with charge -2e), 2 cations and 1 neutral proline.
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5.3.2	 Force	field
Judicious force field selection is of primary importance for the reliability of the 

simulations. Typically, several force fields or force field parameters are screened 

against experimental densities and, sometimes, transport properties. The estimation 

of charges plays a central role for systems like ILs and DES. Charges for ILs have been 

calculated with DFT.[34] However, the selection of the functional is not straightforward. 

Another common approach is to use charges that fit the electrostatic potential of a 

compound.[35]

In this work, the Amber-Cornell force field[36] was used and the partial atomic 

charges were calculated according to the Generalised Amber Force-Field (GAFF)[37] 

procedure in order to be consistent with the force field. The following calculations 

were executed within the MAPS platform of Scienomics (Materials and Processes 

Simulations Platform, Version 4.0, Scienomics SARL, Paris, France). The geometry of 

the isolated molecules was optimised using MAPS. Α post-Hartree–Fock method, the 

Møller–Plesset perturbation theory, was used with the 6-31G* basis set. Subsequently, 

a single-point energy calculation was performed using the Hartree-Fock method 

and the 6-31G* basis set for calculating the charges with the Mertz-Singh-Kollman 

scheme.[38,39] The partial charges are presented in section 5.7 (appendix).

The initial configurations were built by using the Theodorou and Suter approach[40] 

implemented in MAPS. This is a modification of the rotational isomeric state theory 

that uses conditional probabilities for the non-bonded interactions between the 

atom to be placed and the rest of the system, and subsequently minimizes the energy 

progressively. 

Four to six different initial configurations were created for each mixture at each 

composition. The amorphous systems were prepared at a low initial density of 1 g/cm3 

at 450 K. Then, they were minimised by initially applying steepest descent, followed 

by conjugate gradient minimization. The minimised configurations were subjected to 

short NVT MD runs for 200 ps at 293 K, followed by NPT simulations at 293 K and 

ambient pressure for 1 ns. Since these systems carry a net charge on some atoms, 

they have low mobility and cannot relax holes, created initially, during simulation 

runs of some ns. Thus, they tend to converge to lower density. For this reason, a 

compression/decompression cycle was implemented to reach equilibrium density. In 
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literature, several variations of this procedure are described.[17] In the present work, 

the configurations were compressed to high pressure at 1000 bar for 1 ns to eliminate 

the holes. Then, they were subjected to short NVT runs for 200 ps, and, finally, to 

productive NPT runs at ambient pressure and 293 K for 4 ns. The densities resulting 

from the final NPT simulations were typically higher than those from the initial NPT 

runs (before the compression/ decompression cycle), indicating that holes were 

destroyed following this procedure. Visual inspection confirmed that the molecules 

occupied the volume uniformly.

Other settings
The Coulomb interactions were treated with the particle-mesh Ewald method.[41] A 

cut-off distance of 12 Å was used for the van der Waals interactions and tail corrections 

were taken beyond that distance. The MD calculations were carried out using 

LAMMPS[28] through the MAPS interface.

5.3.3	 Glass transition temperature
Tg was derived from the average volume as a function of temperature; generally, the 

volume decreases linearly with temperature and changes slope at Tg.
[42] Therefore, 

the average volume was calculated at a series of temperatures ranging from 293 to 

203 K with steps of 15 K. At each temperature, the equilibrium configuration was 

subjected to an NVT simulation for 200 ps. The resulting configuration was run in the 

NPT ensemble for 4 ns for the system to reach the equilibrium average density. At the 

end of each NPT simulation, the average volume was calculated from the equilibrated 

part of the trajectory, usually the last 2 ns. The average volume was plotted versus 

temperature and Tg was estimated as the intersection point of two linear fits above 

and below Tg.

5.3.4	 Self-diffusion	coefficient
The calculation of the self-diffusion coefficient of the ions and neutral species in the 

mixtures was performed using the Einstein relationship:

w

Eq. 5.1D d
dt
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here r t ri i� � � � �0  is the displacement of the position of species’ centre-of-mass over 
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time t and the brackets denote an average over all species along the trajectory. The 

diffusion coefficients were calculated in the Fickian regime as the slope of the linear 

part of the average mean-square displacement plot over time. Two different initial 

configurations equilibrated at 323 K for GlyA:Pro and 353 K for MalA:Pro were run in 

the NVT ensemble for 8 ns. The temperatures were chosen such that they match the 

temperatures of the viscosity results to permit comparison and cross-interpretation of 

the observations.

5.3.5	 Hydrogen bonding
Hydrogen bonds (HBs) were defined to be all hydrogen atoms bonded to two N or O 

atoms (N-H-N, O-H-O, N-H-O) at a distance smaller than 2 Å. Angle criteria between 

the three atoms were not considered.

5.4	 Results and discussion

5.4.1	 Influence	of	preparation	method	on	properties	and	DES	
stability

Three preparation methods were explored in this work, because Florindo et al. previously 

showed that the method used to prepare a DES can be vital for its chemical stability 

and might affect its physicochemical properties.[30] The DESs were first prepared with 

the most common method, the heating method. Directly after preparation with the 

heating method, the malic-acid-based DESs showed water contents between 2 and 

5 wt%. Water influences the properties of DESs considerably, e.g. the Tg of MalA:Pro 

1:1 decreases with 55 K if the water content is increased from 2.1 wt% (this study) to 

17.8 wt%.[22,43] Thus, water should either be incorporated in the MD simulations, or 

eliminated from the DES samples to make a legitimate comparison between predicted 

and experimentally determined properties.

Aiming for water elimination, all studied DESs were re-prepared using the heating 

method in a water-free environment with dried constituents. Most DESs exhibited 

water contents above 1 wt%. Hence, water had to be released during DES preparation. 

It is likely that ester formation occurred through the condensation of the hydroxyl and 

carboxyl groups of the DESs components. This esterification reaction was confirmed 
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by 1H-NMR spectroscopy, see section 5.8 (appendix). Typical spectra and the peak 

assignments can be found in Fig. 5.16 - Fig. 5.20 in section 5.8.1 (appendix). Glycolic 

acid was esterified with both glycolic acid and proline after preparation of GlyA:Pro 

3:1. The esterification was also confirmed with Liquid Chromatography Mass 

Spectrometry (LC-MS), see section 5.9 (appendix). Oligomers with various chain 

lengths could be distinguished (see Fig. 5.22). The reaction could be suppressed by 

adding water to the mixture before DES preparation, the excess of water forces the 

equilibrium to its reactants (Fig. 5.24, section 5.10). However, high water contents 

lead to the disintegration of a DES into its water-solvated counterparts.23,29 Taking 

this into account, other preparation methods were explored to prevent esterification 

and water formation.

The freeze-drying method combines the addition of water with a lower preparation 

temperature, potentially further suppressing the esterification reaction. Using this 

method, a DES is prepared through the sublimation of water from a frozen aqueous 

solution of its components.[26] Fig. 5.2 shows that the water content was drastically 

decreased upon freeze-drying. However, in order to obtain a DES with a low water 

content (< 0.5 wt%) many more sublimation steps would be required. Moreover, 

esterification was observed after the first freeze-drying step, although to a lesser extent 

than for the heating method (Fig. 5.25, section 5.10). The reaction occurs despite 

the low temperatures and low drying rates. Hence, the freeze-drying method was not 

Fig. 5.2

Fig. 5.2 Water content (wH2O) of the glycolic acid : proline 3:1 mixture at each freeze-drying cycle 
during deep eutectic solvent preparation with the freeze-drying method.
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further investigated.

The grinding method[27] is the third preparation method that was tested to reduce 

the initial water content and to prevent esterification. The two dried components of 

a DES were ground together at ambient temperature in a water-free environment, 

resulting in a white liquid paste for GlyA:Pro 3:1 and 2:1. Both pastes were added to 

a centrifuge tube and their water contents were lower than 0.1 wt%. After leaving 

them for 72 h, their appearance was less pasty and more liquid. Both liquids were 

centrifuged in order to remove the (dry nitrogen) bubbles introduced into the sample 

during grinding. This resulted in a clear liquid for GlyA:Pro 2:1 and a clear liquid with 

small crystals at the bottom for GlyA:Pro 3:1 (see Fig. 5.3). The water contents of both 

clear liquid phases were significantly higher than 0.1 wt%, i.e. 1.2 wt% and 2.5 wt% 

for GlyA:Pro 2:1 and 3:1, respectively.

GlyA:Pro 2:1 was selected to study the production of water over time, because it 

yielded a clear liquid after centrifugation. Samples were taken periodically from a 

batch of DES to monitor the water content and to follow the reaction with 1H-NMR 

spectroscopy, using the equation described in section 5.8.2. Fig. 5.4 shows that the 

calculated water content virtually follows the same trend as the measured water 

content with KF-titration, confirming that esterification takes place at ambient 

conditions. Although some outliers are present, a clear linear increase of the water 

Fig. 5.3

Fig. 5.3 GlyA:Pro 2:1 (left) and 3:1 (right) 72 h after being prepared using the grinding method, 
before (top) and after (bottom) centrifugation.
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content with time can be observed. Both the esterification reaction of glycolic acid 

with proline and the self-esterification reaction of glycolic acid contribute linearly to 

the total increase in water content. A water content of approximately 1 wt% (~85 h) 

corresponds to a conversion of approximately 11 mol% monomeric glycolic acid and 

5.5 mol% proline. Since esterification is an equilibrium reaction, it is expected that the 

water production would gradually suppress the reaction rate, and that the equilibrium 

limit would be reached over time.

The water released by esterification affects the DES’s properties, but so might the 

resulting oligomers. The impact of the oligomers on the density, viscosity and Tg was 

therefore evaluated at various water contents and molar ratios of GlyA:Pro mixtures. 

Mixtures of the same composition were prepared with the heating as well as the 

grinding method. Water was added directly after grinding in order to approximate 

the water released by esterification when using the heating method, while avoiding 

Fig. 5.4

Fig. 5.4 Water content (wH2O) of GlyA:Pro 2:1 in a water-free environment over time, determined 
with two methods: Karl-Fischer (KF) titration, calculation from 1H-NMR integrals of esterified 
groups, corrected for the initial water content (NMR total). The water contents calculated from 
the 1H-NMR integrals of the GlyA dimer (NMR GG) and the GlyA–Pro (NMR GP) ester are also 
presented.
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oligomer formation. The densities of the resulting mixtures were very similar, and 

no clear trend with water content could be identified (Fig. 5.26, section 5.11). The 

high viscosity at ambient temperature (~298 K) led to difficulties in sample handling, 

potentially increasing the experimental error of the density measurements. These 

difficulties could not be overcome by heating the sample, since that would induce 

esterification.

Contrary to the density, the viscosity was clearly affected by the oligomer formation. 

Fig. 5.5 shows that the viscosity of the heating method samples increases with 

increasing water content, while for most mixtures the viscosity is decreased upon 

water addition.[19] For samples prepared with the heating method a higher water 

content represents a higher oligomer content, which results in a higher viscosity. 

The opposite trend was exhibited by samples that were prepared with the grinding 

method: the viscosity decreased with increasing water content for all compositions 

(see also Fig. 5.27, section 5.11). Hence, the viscosity increase owing to oligomer 

Fig. 5.5

Fig. 5.5 Influence of water content and preparation method/oligomerization on viscosity at 323 
K, water content is depicted above each column in percentage (wt%). The DESs were prepared in 
duplicate at three different molar ratios using the heating and grinding method. The final mole 
fractions of the DESs prepared with the grinding method are given in Table 5.11 in section 5.12 
(appendix), as they differ slightly from the aimed molar ratios.
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formation is stronger than the viscosity decrease caused by the released water during 

esterification.

Fig. 5.6 shows that no obvious effect of the esterification reaction on the Tg could be 

identified. The Tg values of the grinding method samples were generally slightly lower 

than those of the heating method samples. A higher water content led to a significant 

decrease in Tg for all samples, also for those with oligomers, although the decrease in 

Tg was more pronounced for the samples where water was added.

Apart from hampering esterification and lowering the DES’s viscosity and Tg, the 

addition of water seems to strongly promote liquid formation. A clear liquid phase was 

obtained when small amounts (~0.5-2 wt%) of water were added to the GlyA:Pro DES 

prepared with the grinding method (see Fig. 5.7). This is in line with results published 

Fig. 5.6 Glass transition temperatures (T) of GlyA:Pro based DESs at several molar ratios of Pro 
(xpro) and measured water contents. The DESs were prepared with the heating method (green), 
grinding method (blue), and heating method with water added prior to preparation (white).

Fig. 5.6
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for the urea : choline chloride 2:1 DES, which shows a strong melting temperature 

depression upon water addition.[44] For the DESs studied here, no melting transition 

could be observed with DSC. High viscosities as well as high water contents can inhibit 

direct crystal formation, making it challenging to detect first order phase transitions 

of DESs on the time-scale of a DSC measurement. It can take hours, or days, before 

crystallization can be observed.[22] Hence, only glass transitions could be recognised.

For all measurements, bubble-free samples are required. With the grinding method 

this was impossible to achieve without lowering the viscosity of the samples by adding 

water (see Fig. 5.7). Adding water allowed for easier removal of the gas introduced in 

the DESs during grinding and promoted the settling of any particles. Without added 

water, the liquid phase would either contain bubbles, or would be indistinguishable 

from the opaque bottom phase. The bottom phase resembles a liquid saturated with 

crystals. 1H-NMR analysis of both phases after water addition shows that the glycolic 

acid content in the bottom phase is significantly higher than in the top phase (Table 

Fig. 5.7

Fig. 5.7 GlyA:Pro DESs prepared with the grinding method before centrifugation (left), after 
centrifugation (centre), and after water addition and second centrifugation (right). The DESs 
at the top, middle and bottom row were prepared with an initial molar ratio of 1:1, 2:1, and 3:1, 
respectively.
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5.11). This is in line with the centrifuge method described in chapter 3. Hence, the 

clear liquid top phase obtained after grinding and centrifugation would not have the 

aimed composition, complicating comparison with the MD simulation data. The 

heating method induces oligomer formation, but the oligomers only strongly affect 

the viscosity. The density and Tg were much less affected, and those are the properties 

that were directly calculated from the MD simulations. Therefore, the MD simulation 

results were compared to experimental data of DESs prepared with the heating 

method, omitting that water and oligomers are present after preparation.

5.4.2	 Physical properties: experiment and simulation

Density 
Fig. 5.8 shows the density of the studied DESs, the tabulated values can be found 

in section 5.13 (appendix). The density decreases with increasing molar content of 

proline. Good agreement was obtained between the experimental and calculated 

Fig. 5.8 Density of malic acid-proline (MalA:Pro) and glycolic acid-proline (GlyA:Pro) mixtures 
versus the mole fraction of proline (xPro, ratios are shown at top) determined experimentally (Exp) 
and by molecular dynamics (MD) simulations. The error bars of the experimental data represent 
the standard deviation for multiple samples.

Fig. 5.8
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values for both mixtures. GlyA:Pro 1:2 and 1:3 did not form a clear and homogeneous 

liquid upon preparation and, therefore, could not be characterised experimentally. 

Hence, the liquid range of GlyA:Pro DESs was narrower than that of MalA:Pro DESs.

For MalA:Pro, the calculated densities are 0.77 to 2.2% lower than the experimentally 

obtained values, with the exception of MalA:Pro 1:1 which lies below the linear trend 

observed for the other ratios. For GlyA:Pro, the deviations are smaller (0.25 to 1.14 %) 

and the calculated densities are slightly higher than the experimental densities. The 

good agreement of the experimental and simulation data indicates that the proposed 

simulation model can reliably reproduce the cohesion of the mixtures giving rise to 

high densities. Preliminary calculations of neutral MalA:Pro and GlyA:Pro systems 

resulted into much lower densities, as much as -15% or more. This illustrates the 

significance of the charges for the simulation model.

Fig. 5.9 Viscosity (η) versus the mole fraction of proline (xPro, ratios are shown at top) for 
malic acid-proline (MalA:Pro) and glycolic acid-proline (GlyA:Pro) mixtures at 348 and 323 K, 
respectively. MalA:Pro 1:3 was determined at 353 K due to measuring scope limitations.

Fig. 5.9
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Transport properties

The experimental viscosities of MalA:Pro at 348 K and GlyA:Pro at 323 K are presented 

in Fig. 5.9, Table 5.12 and Table 5.13. Τhe viscosity increases with the proline content. 

Especially the glycolic acid-based DESs show a strong increase; the ratios 3:1 and 1:1 

differ by more than an order of magnitude. 

It should be noted, however, that for similar water contents, the viscosity of GlyA:Pro 

1:1 obtained by the grinding method was a factor 2 lower than the viscosity obtained 

with the heating method (Fig. 5.5). The viscosities of the malic acid-based DESs were 

all extremely high. At ambient temperature, these DESs were glassy and immobile; at 

348 K (or 353 for MalA:Pro 1:3), they would flow but exhibit viscosities higher than 

10 Pa·s.

Self-diffusivities were calculated at the same temperatures as the viscosity 

measurements to permit comparison with the viscosity data, namely at 353 K for 

MalA:Pro and 323 K for GlyA:Pro. Additionally, higher temperatures enhance mobility 

and give more reliable estimates. The results are shown in Fig. 5.10, and listed in 

Table 5.15 and Table 5.16 in section 5.13 (appendix). 

The neutral acids have higher mobility than their corresponding ions due to weaker 

intermolecular interactions. For the MalA:Pro mixtures, the proline cation has a 

slightly higher mobility than the malic acid for the 3:1 ratio and approximately the 

same mobility for the other ratios. Proline has a cyclic structure that makes it difficult 

to diffuse, and malic acid has two acid groups that develop polar interactions especially 

through the modelled anions hampering diffusion.

The diffusion coefficients of MalA:Pro mostly corroborate the viscosity results. At 

ratios 3:1 and 2:1, only small differences can be observed for the measured viscosities, 

as well as for the diffusivities of the proline cation and malic acid anion. However, 

at both ratios also neutral malic acid is present in the modelled system, showing 

a clear decrease in mobility with increasing proline content. This is not expressed 

in an increase of the viscosity or experimental Tg (Fig. 5.11, and tables in section 

5.13, appendix). As proline is added, the diffusion coefficients drop and the viscosity 

increases until ratio 1:2. The slower diffusion and increased viscosity can be attributed 

to the increasing strength of the modelled cation/anion interactions as proline is 
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added. This is especially evident for the MalA:Pro 1:2 ratio, where all proline can be 

complexed by fully deprotonated malic anions (charge -2e). For the 1:3 ratio, neutral 

proline is present in the mixture and this results in a slight increase of self-diffusion 

and a slight decrease of viscosity and Tg (Fig. 5.11).

For the GlyA:Pro mixtures, it is observed that the glycolic anions diffuse faster than 

the proline cations due to their smaller size. The difference decreases as the amount 

of proline in the mixture increases and more species are present as ions than neutral 

species. The difference is the smallest for the 1:1 ratio, where the system contains 

Fig. 5.10 Simulation results for the self-diffusion coefficients (D) of ions and neutral species 
in malic acid-proline (MalA:Pro) mixtures at 353 K (top) and glycolic acid-proline (GlyA:Pro) 
mixtures at 323 K (bottom) versus the proline mole fraction (xPro, ratios are shown at top).

Fig. 5.10
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only anions and cations. The results are consistent with the viscosity observations, 

especially considering the impact the esterification reaction has on the viscosity 

results. With the addition of proline the diffusion coefficients decrease, and the 

restrained mobility is expressed in an increase in viscosity and Tg.

The self-diffusion coefficients of the GlyA:Pro and MalA:Pro mixtures were generally 

lower than those reported in literature for other DESs.[45–47] This is best explained by 

the high viscosities of the DESs studied here, which were typically more than one 

order of magnitude higher. The malonic acid-ChCl 1:1 DES has a lower viscosity than 

the studied GlyA:Pro and MalA:Pro, but has similar functionalities. Its self-diffusion 

coefficients are in the same order of magnitude as those of the mixtures studied 

here.[45] Only one mixture has been reported with similar viscosities (η > 10 Pa·s), 

namely a concentrated mixture of glycerol and sodium acetate.[47] The reported self-

diffusivities for this system (~2-4·10-12 m2·s-1 at 322 K) are in the same range as those 

obtained from the MD simulation results for the GlyA:Pro and MalA:Pro mixtures, 

confirming the reliability of the force-field parameters.

All prepared DESs showed a glass transition; as previously discussed, melting or 

crystallization could not be observed with DSC. The experimental and simulated Tg 

are shown in Fig. 5.11. The calculated values are averages over approximately four 

different initial configurations. The large error bars of the simulation results reflect 

the big fluctuations of the volume in these systems due to polar and charged species. 

For MalA:Pro, no clear overall trend of Tg with composition could be observed for 

either the experimental or simulation results. The experimental Tg’s reflect the relative 

differences in viscosity and self-diffusivities. The MalA:Pro DESs show significantly 

higher Tg than the GlyA:Pro mixtures, which is in accordance with the viscosity and 

diffusivity results. The simulated Tg values are lower than the measured values, and 

the absolute deviation varies from 6 to 15 K. The underestimation of Tg for MalA:Pro 

might be partly attributed to the lower density of the simulation or the presence of 

oligomers in the DSC samples.

The Tg values of GlyA:Pro increase with proline content, following the same trend as 

for the viscosity. This could be ascribed to the increasing intermolecular interactions 

between the acid and proline that results in restricted motion, and therefore a 

higher Tg and viscosity. The calculated Tg’s show the same trend, but lie above the 
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experimental values. The absolute deviation is 15 K for GlyA:Pro 3:1 and decreases to 

6 K for GlyA:Pro 1:1. The density deviations between experiment and simulation are 

small for these systems and could not explain the observed differences for Tg. Also, 

the water content and esterification did not have a significant effect on Tg. Instead, 

these differences could originate from the large fluctuations of the calculated volume, 

resulting into large error bars.

5.4.3	 Structure and hydrogen bonding 
To further investigate the intermolecular interactions at the atomic level, the 

intermolecular HB was calculated at 293 K at all ratios for both mixtures. HBs formed 

between the acid (neutral or anion) and proline (neutral or cation) are hereafter 

called inter-species HBs. The HBs between all species are shown in Fig. 5.12. The 

total amount of HBs shows a continuous decrease up to the 1:2 ratio for MalA:Pro 

where it seems to reach a plateau. For GlyA:Pro, a weak minimum is observed at the 

Fig. 5.11 Glass transition temperature Tg of malic acid-proline (MalA:Pro) and glycolic acid-
proline (GlyA:Pro) mixtures versus the mole fraction of proline (xPro, ratios are shown at top) 
determined experimentally (Exp) and by molecular dynamics (MD) simulations. The error bars of 
the experimental data represent the standard deviation for multiple samples.

Fig. 5.11
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1:1 ratio. Both trends are the combination of increasing inter-species interactions and 

decreasing inter-acid interactions. Although the inter-species HBs are very similar for 

the two types of mixtures, the inter-acid HBs start from significantly higher values for 

MalA:Pro, since it has two acid groups. For all ratios, the inter-acid HB of malic acid 

Fig. 5.12 Hydrogen bonds (HB) between the neutral or ionic acid and proline (inter-species), the 
neutral or ionic acid with itself (acid-acid), neutral or ionic proline with itself (Pro-Pro), and all 
molecules (total), normalised by the amount of molecules in the malic acid-proline (A) and glycolic 
acid-proline (B) mixtures versus the mole fraction of proline (xPro, ratios are shown at top).

Fig. 5.12
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is 2 to 3 times larger than that of glycolic acid, and the inter-species HB per molecule 

increases as proline is added. For GlyA:Pro it seems to reach a plateau at 1:2, while for 

MalA:Pro it continues to increase since malic acid possesses an extra site to form HBs 

as compared to glycolic acid. As proline is added, the amount of inter-acid HB drops 

significantly for both acids, because the intermolecular HB with proline becomes 

prominent. The proline-proline HB interactions are negligible, except for GlyA:Pro 

1:2 and 1:3. These are also the mixtures for which no clear liquid could be obtained. If 

the solubility of solid proline in the liquid at the eutectic composition is low, stronger 

proline-proline interactions might be an explanation for the observed precipitation.

Fig. 5.13 shows that the inter-species HB per proline (neutral or cation) molecule is 

approximately 1 for all MalA:Pro and GlyA:Pro ratios. This means that each proline 

engages with approximately one acid molecule at each ratio, even at high proline 

ratios like 1:3. As proline is added, the inter-acid HB decreases and the HB between 

the acids and proline increases, maintaining the ratio of inter-species HBs around 1. 

Proline is therefore the molecule that activates the inter-species HB. Since the inter-

species HB is supposed to liquefy the solids upon mixing,[3,28,48] it is important to know 

the HB at different ratios for each mixture. From Fig. 5.12 can be deduced that having 

Fig. 5.13 Hydrogen bonds (HB) between the neutral or ionic acid and proline molecules (inter-
species) normalised by the number of neutral or ionic proline molecules in the malic acid-proline 
(MalA:Pro) and glycolic acid-proline (GlyA:Pro) mixtures versus the molar fraction of proline 
(xPro, ratios are shown at top).

Fig. 5.13
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malic acid instead of the weaker glycolic acid, has no significant impact on the inter-

species HB. Moreover, malic acid engages in more acid-acid HBs than glycolic acid. 

These extra short-distance interactions might result in a tighter cohesion for MalA:Pro 

than for GlyA:Pro mixtures and explain the higher densities observed. The stronger 

acid-acid interactions probably also contribute to the extremely high viscosities of 

the MalA:Pro systems. As proline is added, the inter-species interactions become 

predominant compared to the inter-acid interactions. This was also observed in an 

experimental study towards the nanostructure of a DES based on malic acid and ChCl. 

The acid-acid dimers typically observed for liquefied dicarboxylic acids contributed 

to the liquid structure to a lesser extent than the inter-species interactions.[49] The 

increased network of inter-species HB could be at the origin of increased viscosity and 

hampered diffusion at higher proline contents.

The inter-species HB as well as the strong acid-acid interactions are reflected in the 

radial distribution functions g(r) of the centres of mass of the molecules. The g(r)’s 

are shown in Fig. 5.14 for mixtures at ratios 3:1, 1:1 and 1:3, at 293 K. The g(r)’s of the 

neutral molecules and ions have been averaged together for the same species (acid or 

Fig. 5.14 Pair distribution functions g(r) at 293 K between the centres of mass of neutral or ionic 
acid-proline (MalA-Pro/GlyA-Pro), neutral or ionic acid with itself (MalA-MalA/GlyA-GlyA) 
and neutral or ionic proline with itself (Pro-Pro) for the MalA:Pro (top) and GlyA:Pro (bottom) 
mixtures at ratios 3:1, 1:1, and 1:3 (from left to right). The results are averages over 4 trajectories 
from different initial configurations.

Fig. 5.14
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proline). Long range order is observed. The highest peak represents the interactions 

between the acid (neutral or anion) and proline (neutral or cation) for both mixtures 

in all ratios, stressing out that the most important interactions are the intermolecular 

ones between different species. The second highest peak is between the acid molecules 

for compositions rich in acid. This was also observed in literature for an equimolar 

mixture of malic acid and ChCl, where the acid-acid interactions show a lower peak at 

a larger distance than the inter-species interactions.[49]

When two distinct humps appear in the position of the first peak, the second hump is 

due to the neutral molecules. If the two mixtures for the 3:1 ratio are compared, it can 

be seen that the acid-acid peak is stronger for malic acid than for glycolic acid. This 

difference is even more pronounced for the 1:1 ratio. The first acid-acid peak appears 

at shorter distances for the GlyA:Pro mixtures than for the Mala:Pro mixtures, due 

to the smaller size of glycolic acid as compared to malic acid. For the high proline 

ratio 1:3, the peak of the acids is low and appears at larger distances. The first peak 

between the acids and proline becomes broader. The first acid-acid peak generally 

appears at smaller distances than the first peak of the proline molecules. For ratios 

rich in acid, this can be explained by the composition of the mixtures. For ratios richer 

in proline, the explanation should lie in the bulkier proline molecule.

5.5	 Conclusions

Two DESs, GlyA:Pro and MalA:Pro, were evaluated experimentally and with MD 

simulations at five different ratios. The mixtures were prepared with three methods, 

namely the heating, freeze-drying, and grinding method. The grinding method 

initially resulted in negligible esterification, but even at room temperature the 

esterification reaction proceeds slowly. Since esterification is an equilibrium reaction, 

the same final degree of esterification is expected for all preparation methods. Hence, 

although esterification itself could not be prevented, the reaction rate was affected by 

the conditions (temperature, water content, time) under which the DES was prepared 

and stored. 

The oligomers resulting from the condensation reaction increased the DES’s viscosity 

stronger than it was lowered by the released water. Tg and density were less affected. 

Experimental and modelled densities showed satisfactory agreement. Calculated 
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diffusivities were qualitatively compared to the experimental viscosity data and 

exhibited similar trends. For both mixtures, the viscosity increased with the proline 

content. It must be pointed out that the viscosities were very high for both DESs; 

MalA:Pro was glassy and immobile at ambient temperatures. The chemical instability 

owing to esterification and the high viscosity of the studied mixtures strongly limit 

their practical applications. No crystallization or melting temperatures could be 

observed for any of the mixtures due to their high viscosity. Instead, all mixtures 

exhibited a glass transition. The measured and modelled Tg showed similar trends, 

with deviations up to 15 K. GlyA:Pro mixtures showed a clear increase of Tg with the 

addition of proline up to the 1:1 ratio, matching the strong increase in viscosity. 

At the atomic level, the HB interactions were calculated from the MD simulations. 

Proline was found to activate the inter-species HB by disrupting the acid-acid 

interactions. The inter-species HB was calculated to increase with the proline content. 

Glycolic acid was found to be equally efficient as malic acid to engage proline, 

having weaker acid-acid interactions compared to malic acid, probably leading to its 

advantageous physicochemical properties. The above was also confirmed by the radial 

distribution functions. 

Taking into account the chemical stability and high viscosity of the studied DESs, MD 

simulations successfully predicted their physicochemical properties and gave further 

insight in the intermolecular interactions at the atomic level. 
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5.7	 Appendix – Partial atom charges and non-bonded 
force-field	parameters	for	the	molecular	modelling	
simulations

Fig. 5.15 Structures of (a) malic acid, (b) glycolic acid, (c) proline, (d) malicate anion with one 
acid group deprotonated, (e) malicate anion with both acid groups deprotonated, (f) glycolate 
anion, (g) proline cation. The labels shown on the atoms refer to the tabulated partial charges on 
the atoms shown in Table 5.1-Table 5.7.

Table 5.1 Force field parameters for malic acid (Fig. 5.15a).

Atom name Atom type Partial charge / e σ / Å ε / kcal∙mol-1

O1 OH -0.6792 3.0665 0.2104

O2 OH -0.5742 3.0665 0.2104

O3 O -0.4834 2.9599 0.2100

O4 O -0.5140 2.9599 0.2100

O5 OH -0.5909 3.0665 0.2104

C6 CT -0.0230 3.3997 0.1094

C7 C 0.6825 3.3997 0.0860

C8 CT -0.1335 3.3997 0.1094

C9 C 0.6430 3.3997 0.0860

H10 HO 0.4743 1.0691 0.0157

H11 HO 0.4585 1.0691 0.0157

H12 HO 0.4475 1.0691 0.0157

H13 HC 0.0914 2.6495 0.0157

H14 HC 0.1119 2.6495 0.0157

H15 HC 0.0893 2.6495 0.0157
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Table 5.2 Force field parameters for glycolic acid (Fig. 5.15b).

Atom name Atom type Partial charge / e σ / Å ε / kcal∙mol-1

O1 OH -0.6434 3.0665 0.2104

O2 OH -0.5845 3.0665 0.2104

O3 O -0.5282 2.9599 0.2100

C4 CT 0.2421 3.3997 0.1094

C5 C 0.6815 3.3997 0.0860

H6 HC 0.0196 2.6495 0.0157

H7 HC 0.0200 2.6495 0.0157

H8 HO 0.3960 1.0691 0.0157

H9 HO 0.3969 1.0691 0.0157

Table 5.3 Force field parameters for proline (Fig. 5.15c).

Atom name Atom type Partial charge / e σ / Å ε / kcal∙mol-1

C1 CT 0.2508 3.3997 0.1094

C2 C 0.6196 3.3997 0.0860

C3 CT -0.0318 3.3997 0.1094

N4 N3 -0.7600 3.2500 0.1700

O5 OH -0.5806 3.0665 0.2104

O6 O -0.5779 2.9599 0.2100

C7 CT -0.0644 3.3997 0.1094

C8 CT 0.0770 3.3997 0.1094

H9 HC 0.0234 2.6495 0.0157

H10 HC 0.0424 2.6495 0.0157

H11 HC 0.0061 2.6495 0.0157

H12 H 0.3703 1.0691 0.0157

H13 HC 0.0244 2.6495 0.0157

H14 HC 0.0384 2.6495 0.0157

H15 HC 0.0519 2.6495 0.0157

H16 HC 0.0672 2.6495 0.0157

H17 HO 0.4430 1.0691 0.0157
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Table 5.4 Force field parameters for malicate anion (-1e) (Fig. 5.15d).

Atom name Atom type Partial charge / e σ / Å ε / kcal∙mol-1

O1 OH -0.7982 3.0665 0.2104

O2 OH -0.6367 3.0665 0.2104

O3 O -0.6467 2.9599 0.2100

O4 O -0.8542 2.9599 0.2100

O5 O -0.7767 2.9599 0.2100

C6 CT 0.2173 3.3997 0.1094

C7 C 0.7926 3.3997 0.0860

C8 CT -0.3997 3.3997 0.1094

C9 C 0.9581 3.3997 0.0860

H10 HO 0.5180 1.0691 0.0157

H11 HO 0.4255 1.0691 0.0157

H12 HC 0.0282 2.6495 0.0157

H13 HC 0.0947 2.6495 0.0157

H14 HC 0.0777 2.6495 0.0157

Table 5.5 Force field parameters for malicate anion (-2e) (Fig. 5.15e).

Atom name Atom type Partial charge / e σ / Å ε / kcal∙mol-1

O1 OH -0.8247 3.0665 0.2104

O2 O -0.8337 2.9599 0.2100

O3 O -0.8908 2.9599 0.2100

O4 O -0.8794 2.9599 0.2100

O5 O -0.8586 2.9599 0.2100

C6 CT 0.4487 3.3997 0.1094

C7 C 0.8237 3.3997 0.0860

C8 CT -0.3978 3.3997 0.1094

C9 C 0.9466 3.3997 0.0860

H10 HO 0.4507 1.0691 0.0157

H11 HC -0.0969 2.6495 0.0157

H12 HC 0.0635 2.6495 0.0157

H13 HC 0.0487 2.6495 0.0157
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Table 5.6 Force field parameters for glycolate anion (Fig. 5.15f).

Atom name Atom type Partial charge / e σ / Å ε / kcal∙mol-1

O1 OH -0.5856 3.0665 0.2104

O2 O -0.7046 2.9599 0.2100

O3 O -0.6785 2.9599 0.2100

C4 CT 0.3449 3.3997 0.1094

C5 C 0.9319 3.3997 0.0860

H6 HC 0.0956 2.6495 0.0157

H7 HC 0.0957 2.6495 0.0157

H8 HO 0.5007 1.0691 0.0157

Table 5.7 Force field parameters for proline cation (Fig. 5.15g).

Atom name Atom type Partial charge / e σ / Å ε / kcal∙mol-1

C1 CT 0.1100 3.3997 0.1094

C2 C 0.6161 3.3997 0.0860

C3 CT -0.1191 3.3997 0.1094

N4 N3 -0.2217 3.2500 0.1700

O5 OH -0.6174 3.0665 0.2104

O6 O -0.4891 2.9599 0.2100

C7 CT -0.0535 3.3997 0.1094

C8 CT -0.0007 3.3997 0.1094

H9 HC 0.1029 2.6495 0.0157

H10 HC 0.1080 2.6495 0.0157

H11 HC 0.0974 2.6495 0.0157

H12 H3 0.2820 2.1150 0.0157

H13 HC 0.0883 2.6495 0.0157

H14 HC 0.0738 2.6495 0.0157

H15 HC 0.0968 2.6495 0.0157

H16 HC 0.1156 2.6495 0.0157

H17 HO 0.4955 1.0691 0.0157

H18 H3 0.3151 2.1150 0.0157
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5.8	 Appendix	–	Verification	of	esterification	using	NMR

5.8.1	 NMR Peak assignments
All 1H-NMR spectra are recorded according to the method described in section 5.2.3. 

Peak assignments are made based on the 1H-NMR spectra of the pure components 

and the predictions of PerkinElmer ChemBioDraw Ultra 14.0.0.117. The integrals of 

all spectra are normalised to the smallest, non-overlapping peak. In this case, the peak 

of the CH2 next to the NH group of proline, numbered C6 in Fig. 5.16. The NH and 

OH groups contain protons that are exchangeable with D2O and are therefore not 

visible in the spectra.

Fig. 5.16 shows that the integral for CH (no. C3) is not exactly 1. Various spectra 

at different concentrations were recorded and an integral of 0.87 ± 0.01 was always 

obtained. Protons with neighbouring heteroatoms (like the NH group) are known to 

show this behaviour. The spectra did not show any impurities, neither on 1H-NMR, 

nor on 13C-NMR (Fig. 5.16 and Fig. 5.17).

No discrepancies were found for the 1H-NMR spectra of pure glycolic acid (Fig. 5.18). 

In order to identify the ester peaks, an 1H-NMR spectrum was recorded of glycolic 

acid that was heated at 353 K for 30 minutes. Fig. 5.19 clearly demonstrates that 

the protons of the glycolic acid CH2 (no. C2) shift and the new peaks have the same 
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Fig. 5.16  1H-NMR spectrum of pure L-proline in D2O with peak assignment and integrals for the 
visible protons.
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integral. 

For the GlyA:Pro DESs, the peak assignments of the pure components and glycolic 

esters were combined. Additionally, the peak assignments concerning the proline end 

group were added in Fig. 5.20.

Fig. 5.17  13C-NMR spectrum of L-proline in D2O with peak assignments

Fig. 5.18  1H-NMR spectrum of pure glycolic acid in D2O with peak assignment for the visible 
protons. In the highlighted window, the same spectrum is shown enlarged to ensure no reaction 
peaks are visible.
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From the peak integrals of the protons, the ratio between glycolic acid and proline in 

the DESs can be determined. For instance, for Fig. 5.20 the ratio would be determined 

by correcting the overlapping peaks of CH2 (no. C23) and CH (no. C30) for the proline 

contribution of one mole (0.87):

T

5 94 0 87

2
2 54

. .
.

�
�

his represents 2.54 moles of unreacted glycolic acid per unreacted mole of proline. If 

one would add the integrals of the reacted glycolic acid, the total amount of added 

glycolic acid per mole of proline would be:

w
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hich is virtually the 3:1 ratio aimed for during the preparation, confirming the 
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Fig. 5.19  1H-NMR spectrum of glycolic acid that was heated at 353 K for 30 min and then 
dissolved in D2O with peak assignment for the visible protons. In the highlighted window, the 
same spectrum is shown enlarged to show the reaction peaks.

Fig. 5.19
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previously made peak assignments.

5.8.2	 Derivation of water content equation
The water content of GlyA:Pro can be calculated from the initial water content and the 

water produced by esterification. The general water content of a sample is calculated 

as:

Eq. 5.2w
m
mH O
H O

total
2

2100� �

where
2H Ow is the water content in wt%, 

2H Om the mass of water in the DES and totalm  

the total mass of the sample. The water content is not affected by sampling or the ratio 

of the DES when a homogeneous sample is assumed. Rewriting Eq. 5.2 in terms of 

initial water content and water from esterification, yields Eq. 5.3.

Fig. 5.20  1H-NMR spectrum of GlyA:Pro 3:1 prepared with the heating method in D2O. The peak 
assignments for a glycolic acid oligomer with proline end group were added.
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, 2react H Om  

Eq. 5.3w
m m

m w
m

H O
ini H O react H O

total
ini H O

react H O
2

2 2

2

2100 100� �
�

� � �, ,

,

,

mmtotal

is produced by both the esterification of glycolic acid with glycolic acid 

(GG) and the reaction of glycolic acid with proline (GP). The total mixture will thus 

consist of:

•	 Initial water, accounted for in   , 2ini H Ow  

•	 Water produced by esterification  , 2GP H Om and , 2GG H Om

•	 Esterified glycolic acid   GGm

•	 Esterified glycolic acid + proline  GPm

•	 Unreacted glycolic acid   GlyAm

•	 Unreacted proline   Prom

Inserting these into Eq. 5.3, yields Eq. 5.4:

Eq. 5.4w w
m m

m m m m mH O ini H O
GP H O GG H O

Pro GG GP GP HGlyA
2 2

2 2

2

100� � �
�

� � � �,

, ,

, OO GG H Om�
,

2

where the mass of each component can be replaced by the amount of moles multiplied 

with the molar weight ( ,i w ii n Mm = ⋅ ), yielding Eq. 5.5.

I

w w

M n n

M n M

H O ini H O

w H O GP H O GG H O

w Pro Pro w Gly

2 2

2 2 2
100

� �

� �

�

� �
,

, , ,

, , AA GlyA w GG GG w GP GP w H O GP H O GG H On M n M n M n n� � � �� �, , , , ,
2 2 2

Eq. 5.5

f then all moles are normalised to proline by multiplying the second part of the right-

hand term with 1 1
Pro Pron n

 , all in can be expressed by NMR integrals iI  that are also 

normalised to the protons of proline. The integrals however, are expressed in amount 

of protons, so each integral has to be divided by the number of protons involved with 

the peak to obtain the normalised moles. The integral of glycolic acid is overlapped by 

the integral of the CH-group of non-esterified proline, this is corrected by the standard 
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integral of one mole proline (0.87) corrected for the amount of esterified moles of 

proline: ( )1 30.87 GPI− . The integrals of the proline protons – except for the CH – are 

not shifted by the esterification, hence these have to be corrected for the amount of 

esterified proline, leading to Eq. 5.6. 

Eq. 5.6
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Per mole dimer that is formed, one mole of water is produced, thus GP GP,H O2
I I=  and

GG GG,H O2
I I= . After isolation of each integral and taking 2 1ProI = , because the spectra 

are normalised to proline, Eq. 5.7 is obtained.

Eq. 5.7
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5.9	 Appendix	–	Verification	of	esterification	with	LC-MS

5.9.1	 Materials and methods
2.5 g of GlyA:Pro 2:1 was prepared and heated for 2h at 353 K while stirring at 250 rpm. 

Then, part of the sample was diluted to a concentration of 0.73 mg·cm-3 in MilliQ water 

(18.2 MΩ·cm). The molecular masses of the oligomers in the sample were analysed 

using a LCQ Fleet (Thermo Finnigan) ion-trap mass spectrometer, equipped with a 

Surveyor autosampler and Surveyor PDA detector (Thermo Finnigan). Solvents were 

pumped with a flow of 0.2 mL min-1 using a high-pressure gradient system equipped 

with two LC-10AD pumps (Shimadzu). Before mass analysis, the sample was ran over 

a reversed phase C18 column (Kinetex EVO, 5 µm, 2.1 x 50 mm, Phenomenex) using 

a 2-90% acetonitrile linear gradient in water with 0.1 % formic acid (FA). The m/z 

spectra were deconvoluted using the MaxEnt software.

5.9.2	 Chromatograms

Both the positively and negatively ionised oligomers were analysed qualitatively by 

monitoring the expected molar mass (see Table 5.8) over time. Oligomers with a 

proline as well as a glycolic acid end group can be analysed with negative ionisation, 

Table 5.8 Overview of the expected molar weights of the oligomers that can be analysed by LC-
MS, a chain length of 0 represents the end group only.

Chain length
Ionised negatively Ionised positively

Proline end-group Glycolic acid end-group Proline end-group
g∙mol-1 g∙mol-1 g∙mol-1

0 114 75 116

1 172 133 174

2 230 191 232

3 288 249 290

4 346 307 348

5 404 365 406

6 462 423 464

7 520 481 522

8 578 539 580

Table 5.8
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while only the proline end group can be protonated (see molecular structures in Fig. 

5.21). 

Over the course of 6 minutes, the chain length was monitored (Fig. 5.22). Monomers 

and dimers show the strongest signals. For the negatively ionised oligomers peaks can 

be recognised for chains containing up to 8 monomer units with proline end-group. 

This test was performed to qualitatively confirm oligomer formation with various 

chain lengths. These chromatograms are not representative for the average chain 

length distribution of the esterification reaction.
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Fig. 5.21 Ionised oligomers: negatively ionised oligomers with glycolic acid or proline end group 
(top), positively ionised oligomers with proline end group (bottom). 

Fig. 5.21
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Fig. 5.22 Liquid chromatography mass spectrometry chromatographs of diluted glycolic acid-
proline 2:1 prepared with the heating method: negatively ionised oligomers with proline end-
group, top-left; negatively ionised oligomers with glycolic acid end-group, top-right; positively 
ionised oligomers with proline end-group, bottom.

Fig. 5.22

Fig. 5.23 Structural formulas of unreacted proline, unreacted glycolic acid, and their esterified 
oligomers. The carbons relevant to 1H-NMR integrals are numbered.
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5.10	 Appendix	–	Influence	of	preparation	method	on	
esterification	reaction

From Fig. 5.25 can be concluded that for GlyA:Pro 3:1 the heating method and the 

freeze drying method (2nd step) both give rise to esterification during preparation. The 

grinding method also shows reaction peaks, confirming that esterification is as good 

as inevitable in this system. 

The numbered structural formulas of the unreacted and esterified proline and gly-

colic acid are shown in Fig. 5.23. Their corresponding 1H-NMR integrals are listed in 

Table 5.8.

Fig. 5.24 Summed 1H-NMR integrals of the CH2 and CH protons next to the carbonyl groups 
of both glycolic acid and proline in non-esterified mixtures (DES), glycolic acid esterified with 
glycolic acid (GlyA-GlyA) and proline esterified with glycolic acid (GlyA-Pro) against the added 
water before the preparation of glycolic acid-proline 3:1 using the heating method. The 1H-NMR 
integrals are normalised to the integral of the CH2 group next to the N-H group in proline.

Fig. 5.24
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Fig. 5.25

Fig. 5.25 NMR spectra of glycolic acid-proline 3:1 prepared with three different methods: Heating 
method, freeze drying method, and grinding method. All methods are described in section 5.2.3. 
The sample of the freeze drying method was analysed in DMSO-D6 instead of D2O, because the 
water peak was showing overlap with the esterification peaks. 
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Table 5.9 1H-NMR integrals (Ii) are shown for glycolic acid-proline 3:1 prepared with three 
different preparation methods. For numbering see Fig. 5.23, spectra are normalised on I3.

Method I1 + I2 I3 I4 + I5 I6 I7 I8 I9

Heating 4.05 2 6.27 0.04 0.08 0.30 0.29
Freeze drying 4.01 2 5.64 0.40 0.58

Grinding 4.05 2 5.80 < 0.01 < 0.01 0.01 0.01

Table 5.9
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5.11	 Appendix	–	Influence	of	oligomer	formation	on	
physicochemical properties

Fig. 5.26 Densities (ρ) of glycolic acid-proline mixtures at various proline mole fractions (xpro) and 
water contents. The DESs were prepared with the heating method, grinding method. A projection 
of the data is given on the XZ (xpro, ρ) and YZ (water, ρ) plane.

Fig. 5.27 Viscosities (η) of glycolic acid-proline mixtures at various proline mole fractions (xpro) 
and measured water contents. The DESs are prepared with the heating method, grinding method. 
A projection of the data is given on the XZ (xpro, η) and YZ (water, η) plane.
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Table 5.10 Tabulated raw data for glycolic acid-proline mixtures prepared with the grinding 
method. xpro is the proline mole fraction of the clear liquid sample after centrifugation, wH2O is 
the water content (Karl-Fischer titration), ρ is the density, Tρ is the temperature at which the 
density was measured, η is the dynamic viscosity, Tη is the temperature at which the viscosity was 
measured, γ  is the shear rate at which the viscosity measurements were performed, and Ii are the 
1H-NMR integrals (for numbering see Fig. 5.23), spectra are normalised on I3 = 2. I1 and I2 were 4 
± 0.05 for all samples.

Sample xpro

wH2O
ρ Tρ Tg

η
γ I4 + I5 IGP IGG

wt% g·cm-3 K K Pa·s s-1 (I6 + I7) (I8 + I9)
GlyA:Pro 1:1 A 0.50 2.66 -a -a 235.9a 3240a 833 2.88 >0.01 0.01
GlyA:Pro 1:1 B 0.50 1.88 -a -a 238.8a 3865a 833 2.9 >0.01 0.01
GlyA:Pro 1:1 C 0.41 12.6b 1.335 21.1 226.2 1145 2500 3.71 0.04 0.02
GlyA:Pro 1:1 D 0.41 14.5b 1.358 21.3 226.4 754 2500 3.79 0.04 0.02
GlyA:Pro 2:1 A 0.34 0.34 1.386 20.9 223.9 1360 2500 4.71 >0.01 0.02
GlyA:Pro 2:1 B 0.36 0.79 1.320 21.0 234.0 1460 2500 4.36 >0.01 0.02
GlyA:Pro 2:1 C 0.34 0.70 1.345 21.2 234.3 1290 2500 4.74 0.01 0.04
GlyA:Pro 2:1 D 0.34 1.04 1.346 21.4 233.3 1165 2500 4.71 0.02 0.04
GlyA:Pro 3:1 A 0.30 1.93 1.335 20.9 224.3 596 2500 5.43 >0.01 0.02
GlyA:Pro 3:1 B 0.31 1.10 1.326 21.0 228.8 598 2500 5.3 0.01 0.04
GlyA:Pro 3:1 C 0.30 2.33 1.348 21.0 224.3 445 2500 5.53 >0.01 0.04
GlyA:Pro 3:1 D 0.32 1.02 1.345 21.1 228.1 705 2500 5.21 >0.01 0.03
GlyA:Pro 3:1 E 0.36 0.35 1.355 21.0 232.0 1067 2500 4.43 0.02 0.08
GlyA:Pro 3:1 F 0.33 0.37 1.349 21.1 233.0 1068 2500 4.91 0.03 0.12

aAfter centrifugation, no bubble-free liquid could be obtained; bWater content was too high to be 
measured accurately.
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5.12	 Appendix – Composition of the bottom and top 
phase after centrifugation

Table 5.11 The aimed and actual ratios between glycolic acid and proline (GlyA:Pro) - normalised 
to proline - for the different phases of the mixtures shown in Fig. 5.5 and Fig. 5.7, before and after 
addition of water.

Aimed ratio
Before addition After addition

ratio top wH2O / wt% ratio top ratio bottom wH2O / wt%

GlyA:Pro 1:1 1.0:1 0.02 1.0:1 n.d.* 1.88
GlyA:Pro 2:1 1.5:1 0.03 1.9:1 5.0:1 0.34
GlyA:Pro 3:1 2.1:1 0.03 2.2:1 5.6:1 1.10

*The bottom phase was too small to sample without mixing it with the top phase

5.13	 Appendix – Comparison between experiment and 
simulation: tabulated data

Table 5.12 Tabulated raw data for glycolic acid-proline mixtures prepared with the heating 
method. wH2O is the water content (Karl-Fischer titration), ρ is the density, Tρ is the temperature at 
which the density was measured, η is the dynamic viscosity at 323 K, γ  is the shear rate at which 
the viscosity measurements were performed, and Ii are the 1H-NMR integrals (for numbering see 
Fig. 5.23), spectra are normalised on I3 = 2. I1 and I2 were 4 ± 0.05 for all samples.

Sample
wH2O

ρ Tρ Tg
η

γ I4 + I5 IGP IGG

wt% g·cm-3 K K Pa·s s-1 (I6 + I7) (I8 + I9)
GlyA:Pro 3:1 A 1.54 1.3415 296 226.0 0.53 2500 5.94 0.12 0.78
GlyA:Pro 3:1 B 0.63 1.3400 295 227.1 0.52 2500 6.29 0.12 0.58
GlyA:Pro 2:1 A 1.05 1.3220 296 232.6 1.38 2500 4.34 0.09 0.43
GlyA:Pro 2:1 B 0.41 1.3337 295 232.8 1.25 2500 4.55 0.09 0.32
GlyA:Pro 1:1 A 2.04 1.3190 295 241.8 8.16 2500 2.27 0.07 0.48
GlyA:Pro 1:1 B 1.68 1.3387 295 243.1 8.00 2500 2.33 0.08 0.42
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Table 5.13 Tabulated raw data for malic acid-proline mixtures prepared with the heating method. 
wH2O is the water content (Karl-Fischer titration), ρ is the density, Tρ is the temperature at which 
the density was measured, η is the dynamic viscosity, Tη is the temperature at which the viscosity 
was measured, γ  is the shear rate at which the viscosity measurements were performed.

Sample
wH2O

wt%

ρ

g·cm-3

Tρ

K

Tg

K

η

Pa·s

Tη

K

γ
s-1

MaliA:Pro 3:1 A 2.97 1.4672 296 264.3 14.16 348 167
MaliA:Pro 3:1 B 5.37 1.4553 295 265.6 16.11 348 167
MaliA:Pro 2:1 A 3.02 1.4544 296 263.5 16.44 348 167
MaliA:Pro 2:1 B 2.93 1.4339 296 260.0 11.88 348 167
MaliA:Pro 1:1 A 2.06 1.3683 295 271.3 31.22 348 167
MaliA:Pro 1:1 B 2.93 1.3677 295 265.6 31.44 348 167
MaliA:Pro 1:2 A 3.87 1.3611 295 267.4 36.52 348 167
MaliA:Pro 1:2 B 4.17 1.3531 295 270.2 40.77 348 167
MaliA:Pro 1:3 A 4.90 1.3326 294 267.3 31.02 353 167
MaliA:Pro 1:3 B 5.81 1.3287 295 262.4 43.08 353 167

Table 5.14 Tabulated data for glycolic acid : proline (GlyA:Pro) and malic acid : proline (MalA:Pro) 
mixtures calculated from molecular dynamics simulations. ρ is the density, Tg is the glass 
transition temperature and σ is the standard deviation.

Mixture
ρ σ Tg

σ

g·cm-3 g·cm-3 K K

GlyA:Pro 3:1 1.3407 0.0070 241 7

GlyA:Pro 2:1 1.3279 0.0077 244 8

GlyA:Pro 1:1 1.3190 0.0089 248 4

MalA:Pro 3:1 1.3490 0.0043 260 8

MalA:Pro 2:1 1.3430 0.0066 257 8

MalA:Pro 1:1 1.3223 0.0032 255 6

MalA:Pro 1:2 1.2693 0.0051 254 7

MalA:Pro 1:3 1.2451 0.0039 254 5
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Table 5.15 Tabulated self-diffusion coefficients ( iD ) for glycolic acid : proline (GlyA:Pro) mixtures 
calculated from molecular dynamics simulations, where σ is the standard deviation.

Mixture
GlyA

D
[ ]− σ Pro

D
[ ]+ σ GlyAD σ

10-12·m2·s-1 10-12·m2·s-1 10-12·m2·s-1 10-12·m2·s-1 10-12·m2·s-1 10-12·m2·s-1

GlyA:Pro 3:1 4.50 0.30 3.30 0.31 5.90 0.30

GlyA:Pro 2:1 2.30 0.66 1.80 0.58 2.60 0.55

GlyA:Pro 1:1 1.55 0.30 1.38 0.27

Table 5.16 Tabulated self-diffusion coefficients ( iD ) for malic acid : proline (MalA:Pro) mixtures 
calculated from molecular dynamics simulations, where σ is the standard deviation.

Mixture
MalA

D
[ ]− σ MalA

D 2[ ] − σ Pro
D

[ ]+ σ

10-12·m2·s-1 10-12·m2·s-1 10-12·m2·s-1 10-12·m2·s-1 10-12·m2·s-1 10-12·m2·s-1

MalA:Pro 3:1 1.70 0.80 1.90 1.00

MalA:Pro 2:1 1.71 0.80 1.69 1.00

MalA:Pro 1:1 0.67 0.35 0.79 0.60

MalA:Pro 1:2 0.40 0.30 0.38 0.30

MalA:Pro 1:3 0.60 0.30 0.53 0.40

Table 5.16 (continued) Tabulated self-diffusion coefficients ( iD ) for malic acid : proline 
(MalA:Pro) mixtures calculated from molecular dynamics simulations, where σ is the standard 
deviation.

Mixture
MalAD σ ProD σ

10-12·m2·s-1 10-12·m2·s-1 10-12·m2·s-1 10-12·m2·s-1

MalA:Pro 3:1 2.70 0.80

MalA:Pro 2:1 1.87 0.80

MalA:Pro 1:1

MalA:Pro 1:2

MalA:Pro 1:3 0.90 0.40
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DEEP EUTECTIC SOLVENTS 
BASED ON GLUTARIC 

ACID AND TETRAETHYL-
AMMONIUM HALIDES: 

INFLUENCE OF THE HALIDE ANION ON 

THE SOLID-LIQUID PHASE BEHAVIOUR

In the pursuit of structure-property relationships for the melting 
temperature depression of binary eutectic mixtures, the influence of 
the anion on the solid-liquid (S-L) phase behaviour was explored. 
Iodide, bromide, and chloride were the halide anions of interest. A 
detailed experimental evaluation of the S-L phase behaviour of binary 
mixtures of glutaric acid and tetraethylammonium halides revealed a 
stronger melting temperature depression and a higher salt solubulity 
at the eutectic composition with decreasing ionic radius. The data was 
inter- and extrapolated using various Gibbs excess energy models, of 
which the non-random two-liquid (NRTL) model performed the best. 
This allowed the extraction of a eutectic point for all studied systems. 
The fitting parameters could not be related directly to the physical 
properties of the pure components, or be translated into interaction 
energies. However, the observed trend might be used to predict the 
melting temperature depression for other acid-salt eutectic mixtures. 
Hence, the anion size is an important design parameter for new deep 

eutectic solvents
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iNflueNce of tHe HAliDe ANioN oN tHe SoliD-liquiD pHASe BeHAviour

6.1	 Introduction

From the screening presented in chapter 4, only one deep eutectic solvent (DES) 

could be qualified as chemically and thermally stable from 298 to 393 K. This is the 

glutaric acid (GluA) – tetraethylammonium chloride (Et4NCl) system at an equimolar 

ratio of its components, their structural formulas are presented in Fig. 6.1. GluA 

is a naturally occurring dicarboxylic acid known to form liquid miscibility gaps,[1,2] 

eutectic mixtures,[1–6] and co-crystals[7–12] with other organic components. The flexible 

alkyl chain between the two carboxylic acid groups allows GluA to participate in 

many hydrogen bonding configurations. Hence, GluA is applied as additive to 

active pharmaceutical ingredients (API) to form crystal structures with improved 

physicochemical properties,[8,12] but also as DES in combination with choline 

chloride.[3,5]

Similarly to most DESs described in literature, GluA–Et4NCl consists of a quaternary 

ammonium salt and an organic molecule capable to form hydrogen bonds.[13–16] 

Quaternary ammonium salts can be composed of various cations and anions. The 

structure of the cation can be adapted by changing the symmetry, alkyl chain length, and 

functional groups at the ammonium side chains. This offers a great variety of degrees 

of freedom in their structural behaviour. Hence, the different crystal structures and 

mesophases of these salts were extensively studied, pursuing a universal understanding 

of the relationship between molecular structure and molecular motion.[17–20] Changes 

in cation structure can also greatly influence their interaction with other molecules. 

Therefore, quaternary ammonium salts were also studied as probing molecules for ion 

hydration in aqueous solutions and other solute-solvent interactions.[21–26]

O

OH

O

HO

glutaric acid
(GluA)

tetraethylammonium halide
(Et4NX, X- = Cl-, Br-,I-)

X-

N

Fig. 6.1 Structural formula and abbreviations of the studied components.

Fig. 6.1
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Recently, the solid-liquid (S-L) phase behaviour was studied for systems comprised of 

a homologous series of nonfunctionalised, symmetric tetraalkylammonium chlorides 

([C1-C3]4NCl) and medium/long-chain (C10-C18) fatty acids.[27] It was shown that the 

melting points of the fatty acids are only slightly suppressed (approximately 5 to 33 K), 

while the mixtures exhibit a very large negative deviation from ideal mixing behaviour 

at the salt-rich side. From the results of perturbed-chain statistical associating fluid 

theory (PC-SAFT) modelling, it was concluded that with increasing chain length of 

the salt’s cation, the cross-component hydrogen bonding interactions become more 

dominant than the dispersion forces.[27] This counter-intuitive behaviour was ascribed 

to the weakening of the coulombic forces between the ammonium cation and chloride 

anion, indirectly giving rise to a stronger hydrogen bonding complex.[27]

The cationic nitrogen polarises the hydrogen atoms of the alkyl sidechains such that 

they can participate in electrostatic interactions.[22] However, in the presence of a 

stronger hydrogen bond donor (fatty acid), the cation seems to only indirectly affect 

the salt-acid interactions. Likewise, the ammonium cation does not interact directly 

with carboxylic anions in aqueous solutions.[28] A study towards the liquid structure 

and interactions between urea and choline chloride also confirms minimal interaction 

between the non-functionalised side-chains of the ammonium cation and the acceptor 

site of urea.[29] Hence, in the presence of a hydrogen bond donor (e.g. urea or GluA), 

it is unlikely that the non-functionalised cation would significantly contribute to the 

intermolecular interactions as a hydrogen bond donor. The halide anion, however, 

often acts as a hydrogen bond acceptor (i.e. ion-dipole interaction).[30–33] Therefore, in 

this study, the impact of the halide anion on the S-L phase behaviour of GluA–Et4NX 

systems was investigated rather than that of the ammonium cation’s nature.

When the term “deep eutectic solvent” was introduced, the choline salt’s anion showed 

to have a remarkable effect on the freezing temperature depression of urea.[13] It has 

to be noted that the freezing temperature was only evaluated at one molar ratio (2:1, 

urea:choline salt). For urea–choline chloride this ratio was determined as the eutectic 

composition, but not for the other ammonium salts. The eutectic composition can 

change with the nature of the anion. Therefore, an S-L phase diagram should be 

constructed for each anion. From these phase diagrams the eutectic composition and 

temperature can be determined, and with that the anion’s influence on the melting 

temperature depression. Even though this was not done, and the reported transition 
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temperatures were obtained upon cooling, a clear trend could be recognised: the higher 

the charge density of the anion, the stronger the freezing temperature depression.

In order to confirm the trend with charge density/ionic radius, and to gain deeper 

insight in the role of the ammonium salt’s anion during DES formation, the chloride 

anion in GluA–Et4NCl was exchanged with the bulkier bromide and iodide anions. 

The S-L phase behaviour of these systems was analysed with differential scanning 

calorimetry (DSC, discussed in section 2.3.1), the centrifuge method (discussed in 

chapter 3), and the cloud-point method (see section 2.4.2). The cloud-point method 

was used to verify and extend the data obtained by DSC and the centrifuge method. It 

is based on the isothermal addition of solid to a homogenous, liquid binary mixture. 

The composition at which the solid does not dissolve anymore in the liquid is then 

taken as the liquidus composition at the chosen temperature. Because both GluA and 

the Et4NX salts are polymorphic materials and can form co-crystals with other organic 

compounds,[34] the crystal structure of each observed phase was evaluated with wide 

angle X-ray scattering (WAXS).

Similarly to the previously discussed fatty acid–Et4NCl systems, a large negative 

deviation from ideal-mixture behaviour is expected for GluA–Et4NCl, because this 

system shows a significant melting temperature depression at an equimolar ratio 

of its components (see chapter 4). Probably, a homologous series of halide anions 

with increasing ionic radius would lead to phase behaviour more similar to that of 

an ideal mixture. Hence, by studying the S-L phase behaviour of the GluA–Et4NCl, 

GluA–Et4NBr, and GluA–Et4NI systems, the range between ideal and deep eutectic 

behaviour can be explored. This study therefore offers important insights in how 

changing the anion of ammonium salts can be used as a tool for designing novel DESs, 

bringing rationally designable DESs one step closer.
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6.2	 Materials and methods

6.2.1	 Chemicals
GluA (>99 %), Et4NI (>98 %), Et4NBr (>98 %), and Et4NCl (>98 %), were purchased 

from Sigma-Aldrich and dried for more than 48 h under high vacuum at 293-298 

K before usage. The water contents after drying were determined with Karl-Fischer 

titration and found to be approximately 800, 185, and 70 ppm for GluA, Et4NBr, and 

Et4NCl, respectively. Anhydrous ethanol (>99.5 %, wH2O ≈ 100 ppm) was also acquired 

from Sigma-Aldrich, all chemicals were stored in a dry nitrogen atmosphere (wH2O < 

2 ppm, typically < 0.1 ppm). Cyclohexane (100.0 %, determined for specific batch by 

supplier with gas-chromatography) was obtained from TCI chemicals.

6.2.2	 Sample preparation
All samples were prepared in a dry and inert nitrogen atmosphere in a glovebox. The 

pure components were weighed separately on an analytical balance with a resolution 

of 0.1 mg before being mixed at the desired composition. Samples of the GluA–Et4NI 

and GluA–Et4NBr were typically mixed by grinding the weighed solids with a mortar 

and pestle at ambient temperature (291 to 295 K). The solid mixtures were either used 

directly, or stored in glass vials and added to the appropriate sample holders when 

needed for analysis. Depending on the ratio of its constituents, GluA–Et4NCl would 

(partially) liquefy upon mixing at ambient temperatures. This resulted in a sticky 

paste, a viscous liquid with solids, or a clear liquid. Samples that could be liquefied at 

temperatures at or below 333 K were handled as a liquid. Liquid samples were added 

to the appropriate sample holder directly or with a syringe and needle. The partially 

solid samples were harder to handle. They were generally rubbed into their sample 

holders with small spoons, other appropriate metal objects, and a lot of patience.

6.2.3	 Thermal analysis with TGA
The thermal stability of the samples was evaluated with thermogravimetric analysis 

(TGA) using a TA instruments Q500 TGA, the furnace was continuously flushed 

with 40 mL·min-1 dry nitrogen. The temperature was calibrated with the Curie 

temperatures of three high purity magnetic standards, i.e. Alumel, Nickel, and a NiCo 

alloy. The balance was calibrated with a reference weight of 10 mg. The temperature 
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and weight accuracies were found to be 0.1 K and 0.002 mg. The sample holder was 

tared, then the sample (10 to 20 mg) was prepared and transported to the equipment 

in a concealed vial with dry nitrogen atmosphere. While loading the sample into the 

furnace, it could not be prevented that the sample was shortly (< 2 min) exposed to 

the lab atmosphere. The TGA data were acquired at a heating rate of 1 K·min-1 and 

evaluated with TA Instruments Universal analysis software version 4.5A. 

6.2.4	 Thermal analysis with DSC
For thermal analysis, a TA Instruments Q2000 differential scanning calorimeter 

(DSC) was used, equipped with a liquid nitrogen cooling system (LNCS). The cell was 

continuously flushed with 50 mL·min-1 dry nitrogen. An empty aluminium hermetic 

Tzero pan was used as reference pan. 

Instrument calibration
The baseline calibration was performed with two sapphire disks, the enthalpy was 

calibrated using 4.684 mg of a high purity certified reference sample of indium, 

Tfus = 429.75 K, ΔfusH = 28.71 J·g-1). The temperature calibration was based on the 

onset temperature of the following transitions: the melting temperature of indium, 

the melting temperature of cyclohexane (279.86 K, sample mass 7.276 mg), and the 

solid-solid (S-S) transition of the same cyclohexane sample (186.18 K). The validity 

of the calibration was verified periodically using the same calibration materials. The 

temperature and enthalpy accuracy were found to be 0.05 K and 3 %, respectively.

Sample preparation and data acquisition
Empty sample pans were pre-weighed in triplicate on Sartorius CPA2P microbalance 

with a resolution of 1 µg. Samples of 5-7 mg were prepared, crimped into a hermetic 

Tzero pan, weighed again in triplicate on the same balance, loaded into the DSC, and 

subsequently subjected to a sample-specific heating program. The establishment of 

the individual heating programs is further elaborated in the results and discussion 

sections. The DSC was calibrated at seven heating rates (0.25, 0.5, 1, 2, 5, 10, and 

20 K·min-1). For most samples, multiple heating rates were applied per run, but only 

the calibration settings of one heating rate could be loaded for each run. The DSC 

data were always retrieved from the heating or cooling cycle with a heating rate 

corresponding to the calibration settings. After data acquisition, the DSC pan was cut 

open and its contents were dissolved in ~1 mL of D2O for composition analysis with 
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1H-NMR. The phase diagrams are all constructed based on the compositions following 

this procedure.

Data processing
TA Instruments Universal Analysis software (version 4.5A) was used to analyse the 

transition enthalpies, onset temperatures, peak maxima, inflection points, and offset 

temperatures. For integration, the linear peak integration was used, typically also 

resulting in an onset temperature and peak maximum. If analysed separately, the 

onset and offset temperatures were obtained with the onset tool, setting the limits at 

the inflection point and its corresponding baseline. The peak inflection points were 

determined from the maximum or minimum of the first derivative of the heat flow 

rate (dΦ∙dT-1), before or after the peak maximum, respectively. If a clear shoulder was 

observed without a clear peak maximum, the peak maximum of that peak was taken 

as the minimum of the second derivative of the heat flowrate (d2Φ∙dT-2).

The first and last deviation from the baseline could not be obtained with the TA 

Instruments Universal Analysis software. To this end, the data were exported as ASCII 

text-file, loaded into Matlab® (R2017a) and treated with a script specifically written to 

extract these first and last deviation from the baseline temperatures. The baseline was 

fitted linearly over a temperature range manually picked from the plotted data. The 

linearity of the fits was evaluated (data should not show clear curvatures within fitting 

range) and with the coefficient of determination (R2 > 0.995). Subsequently, the first 

deviation of the data from this linear baseline fit was determined based on a threshold 

value. The threshold value was set by the relative standard deviation of the linear fit 

multiplied with a multiplier. E.g. if the multiplier would be set at 2 and the fit would 

have a relative standard deviation of 0.02 %, the first deviation from the baseline 

would be the temperature at which Tdata > 1.0004·Tfit. With a well-defined baseline, 

the first and last deviation from the baseline could be determined with a precision of 

±0.2 K. The script is available upon request. 

Temperature programs
For the GluA-Et4NI and GluA-Et4NBr systems, fixed temperature programs were used 

to study the S-L phase behaviour by DSC. The general temperature program of GluA-

Et4NI is listed on the next page.
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- Heating to 393 K at 10 K·min-1, isotherm for 10 min for homogenisation;

- Cooling to 263 K at 10 K·min-1;

- Heating to 393 K at the desired heating rate for analysis.

The general temperature program of GluA-Et4NBr:

- Heating to 403 K at 10 K·min-1, isotherm for 10 min for homogenisation;

- Cooling to 193 K or 233 K (above Tg) at 10 K·min-1;

- Heating to 278 K at 10 K·min-1, isotherm for 30 min to allow crystallisation;

- Heating to 403 K at the desired heating rate for analysis.

Initially, another isotherm was implemented in the cooling step, this isotherm was 

set at ~20 K below the liquidus temperature in order to promote crystal nucleation. 

However, this isotherm did not lead to significant extra crystallisation, and was left 

out eventually. For the GluA-Et4NCl system several programs had to be applied to 

cover all transitions.

6.2.5	 Other methods to construct the liquidus phase boundary

Centrifuge method
For some samples the centrifuge method was applied, a detailed description of the 

method can be found in section 3.2. Two changes were made regaring the described 

method, (1) the samples were prepared in dry and inert atmosphere in which and the 

centrifuge tubes were sealed, and (2) the temperature was corrected according to a 

calibration line constructed with a calibrated Pt100 temperature sensor. Details can 

be found in appendix 6.8.3.

Cloud-point method
Firstly, a liquid sample of 5 g with known composition was brought up to temperature 

in an open, 10 mL, glass headspace vial equipped with a magnetic stirring bar, 

embedded in an aluminium heating block. The samples in the heating block were kept 

at constant temperature while stirring at 250 rpm by an IKA RCT basic hot plate with 

ETS D-5 controller (accuracy ±0.5 K, precision 0.1 K). The controller was immersed in 

a stirred headspace vial with glycerol. 

Secondly, an addition of a small amount (0.01-0.1 g) of one of the pure solids was 

made to the liquid. The resulting mixture was left to equilibrate for some time. Then 

the mixture was visually inspected; smaller additions and longer equilibration times 
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were applied if the solids did not readily dissolve anymore. Finally, if the necessary 

equilibration time exceeded 3 h, the sample was left overnight. If the sample just 

remained liquid, the composition was taken as the liquidus composition. During the 

cloud-point method the composition was followed by correcting the initial composition 

with the sum of the additions. The final liquidus composition was determined from 
1H-NMR spectroscopy of a small liquid sample (without solids).

6.2.6	 Crystal structure analysis
Crystal structures of the pure components and binary mixtures were analysed with 

WAXS. WAXS data were collected using a SAXSLAB GANESHA vacuum system 

with a Pilatus 300K solid-state photon-counting 2D detector using a high brilliance 

Microfocus Cu Source, Xenocs Genix3D, wavelength 1.54184 Å

Measurements were performed in the transmission mode using a sample to detector 

distance of approximately 80 mm and an exposure time of 15 min. Prior to each 

measurement series, a silver behenate standard was used to correct for deviations in 

the sample to detector distance. The scattering intensity was measured as a function 

of the momentum transfer vector, see Eq. 6.1.

Eq. 6.1q �
� �4� �

�
sin

where λ is the radiation wavelength and θ is the scattering angle. Samples were 

transferred into a 1 mm, thin-walled (0.01 mm thickness), glass capillary. The 

capillaries were sealed with a dot of glue from a heated glue-gun before being 

transferred to atmospheric conditions. The capillaries were loaded horizontally into a 

Linkam temperature controlled stage connected to a Dewar vessel with liquid nitrogen 

as coolant. A temperature program was set for each sample, using a heating rate of 

1 K·min-1 and a cooling rate of 10 K·min-1. The measured temperatures are shown in 

the figures with diffraction patterns, the samples were equilibrated for 10 min at each 

temperature.

6.2.7	 Composition analysis with 1H-NMR spectroscopy
The composition of the samples was evaluated with proton nuclear magnetic resonance 

spectroscopy (1H-NMR). The sample was dissolved in approximately 1 mL D2O. The 
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solution was then transferred to a 5 mm thin-walled economic Wilmad NMR tube. 

A Bruker BZH 400/52 spectrometer equipped with an autosampler carousel was 

used, the spectra were recorded in 16 scans with a relaxation time of 5 s. The spectra 

were auto-shimmed and auto-phased by the TopSpin software used to control the 

equipment and the peaks were integrated using MestReNova 10.0.2 software, after 

applying a Withaker Smoother baseline correction and small phase corrections if 

necessary.

In Fig. 6.2, the peak assignments are shown for a representative sample. The integrals 

were normalised to the protons of the central carbon of glutaric acid (labelled 4 in 

Fig. 6.2). The ratio between the components was calculated from integrals following 

N+

2
1

2 1
2

1

21 Br- 3
4

3

O

OH

O

HO

2

3

4

1

4.27 4.00 2.00 6.42

H
O

H

Fig. 6.2  1H-NMR spectrum of the glutaric acid – tetraethylammonium bromide system with 
xEt₄NBr = 0.35. At a chemical shift (δ) of ~4.7 the water peak emerges. In the insert, the peaks 
corresponding to the protons of the molecules of interest are enhanced and labelled with their 
equivalent carbon number. The integrals of the peaks are shown below the baseline of the insert.

Fig. 6.2
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Eq. 6.2 to Eq. 6.4:

Eq. 6.2x
n

n nEt NX
Et NX

Et NX GluA
4

4

4

�
�

Eq. 6.3n I I
Et NX4

1 4

20
�

�

Eq. 6.4n
I I

GluA �
�

2 3

6

where x Et NX4
 

is the salt content, ni is the amount of relative moles of i, and Ij is the 

integral of the peak number as assigned in Fig. 6.2.

6.2.8	 Water content determination
A Metrohm 899 Coulometer equipped with a generator electrode without diaphragm 

was used to determine the water content with Coulometric Karl-Fischer titration. 

Merck CombiCoulomat fritless was used as titration medium. 1 g of solids were 

dissolved in 4 g anhydrous ethanol prior to measurement. Approximately 1 g of the 

solution was used for each injection. For each sample, the average value of at least 

three measurements was taken into account. The water content of the solids was 

calculated from the mass balance after correction for the water content of the ethanol 

(typically ~90 ppm). 

6.2.9	 Thermodynamic modelling

General procedure
The experimental S-L phase data was fitted to and extrapolated with several excess 

Gibbs energy models. The liquidus temperature was expressed implicitly by Eq. 6.5. 

All terms are included for a component i with two S-S transitions, pn are the n fitting 

parameters of the excess Gibbs energy model. The excess Gibbs energy models are 

described in the sections below. In case of less S-S transitions, columns are removed 

starting from the right (first c, than b) and the upper integration limits for the heat 

capacity terms of the last column are replaced by T . For example, glutaric acid has 

one S-S transition, so only colums (a) and (b) are taken into account with the proper 

integration boundaries. For the derivation of Eq. 6.5 see section 2.1.4 and section 6.6 

(appendix).
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Eq. 6.5
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For the Et4NX salts the melting temperature and enthalpy of fusion could not be 

determined experimentally, because the melting transition occurs above the 

decomposition temperature. The melting temperature and the entropy of fusion of 

Et4NX were treated as additional fitting parameters in the salt-rich side of the phase 

diagram. Both properties are included in Eq. 6.5 and therefore required to 

thermodynamically describe the liquidus phase boundary.

The fitting parameters were optimised in a two-step process. The first step comprised 

the identification of the (local) minima of the implicit objective function shown in 

Eq. 6.6. This was done by optimising the fitting parameters and the fusion properties 

of the salt for 200 randomly generated initial parameter sets.

Eq. 6.6obj ,
exp exp� � � �� �� T T x Ti

2

Here T T xi
exp exp

,� � is Eq. 6.5 with the liquidus phase boundary data as input, where 

T exp  are the measured liquidus temperatures at compositions xi
exp . For the second 

step, the solutions with the lowest residuals were used as initial guess for final objective 

function:

Eq. 6.7obj
exp exp� � � �� �� T x Ti

2

Where temperature T was obtained by finding the root of Eq. 6.5 at each data point, 

see Eq. 6.8.
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Eq. 6.8T x p T S Ti n fus salt fus salt
exp

,
, , ,

� �� � � �� 0

All optimisations were performed with Matlab® R2017a, using the optimisation 

toolbox. The scripts are available upon request. In the sections below, the excess Gibbs 

energy models are described. All models only take the liquid phase into consideration 

(the solid is assumed to be completely immiscible). Hence, the superscript L denoting 

the liquid phase was omitted for clarity reasons.

Regular solutions
The regular solution theory is based on assuming ideal entropy of mixing and a non-

ideal mixing enthalpy (ideal is ΔmixHm = 0). This is also referred to as the two-suffix 

Margules model.[35] The expression for the molar Gibbs free energy of mixing in the 

liquid is:

�mix mG RT x x x x x x� �� � �1 1 2 2 1 2
ln ln � Eq. 6.9

where ω is the interaction parameter describing the non-ideality. From Eq. 6.9, the 

activity coefficients can be derived:

F

Eq. 6.10ln �
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Eq. 6.11ln �
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2

�
x
RT

lory-Huggins
The theory of Flory-Huggins is commonly applied to polymer solutions, but can in 

principle be applied to any binary system. The system is described by an expansion 

of the regular solution theory, via the addition of extra parameter M that accounts 

for the difference in size of the components. The molar Gibbs energy of mixing in the 

liquid is expressed as:

Eq. 6.12�mix mG RT x x� � �� �1 1 2 2 1 2
ln ln� � �� �

where χ is defined by Eq. 6.13.
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Eq. 6.13

φ1 and φ2  are the volume fractions of each component, see Eq. 6.14 and Eq. 6.15.
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This results in the activity coefficients described in Eq. 6.16 and Eq. 6.17.
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For M=1, the Flory-Huggins theory reduces to the regular solution theory.

Wilson
Contrary to the regular solution and Flory-Huggins models, Wilson introduced the 

concept of a non-random distribution of molecules around a central molecule.[36] 

This local difference was described with an expression for the so-called “local mole-

fraction”. When these local mole fractions were transformed to local volume fractions 

and expanded analogous to the Flory-Huggins expression without interaction 

parameter, i.e. ΔmixHm = 0, the following expression for the molar Gibbs energy of 

mixing in the liquid is derived:[36]
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here Λ12 and Λ21 are defined as shown in Eq. 6.19 and Eq. 6.20.
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Vm,1 and Vm,2 are 
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the molar volumes (m3·mol-1) of component 1 and 2, respectively. The 

fitting parameters in this model are the two interaction energy terms, Δg12 and Δg21.

From the derivative of the molar Gibbs energy of mixing in the liquid, the activity 

coefficients can be determined as:
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NRTL
An extension of the Wilson model was made by Renon and Prausnitz, the non-

random two-liquid (NRTL) model. They introduced an additional parameter, the non-

randomness parameter α.[37] The expression for the molar Gibbs energy of mixing is:
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where the α parameter is included in G12 and G21.

G
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τ12 and τ21 are defined as:
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where Δg12 and Δg21 are the two adjustable parameters besides α. From the derivation 
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of Eq. 6.23, the activity coefficients are obtained:
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Results and discussion

6.3.1	 Pure components
The melting temperatures and enthalpies obtained by DSC were verified with the 

available literature data for each of the pure components. Any S-S phase transitions 

are also presented and compared. The results are discussed per component in the 

following sections.

Glutaric acid
Glutaric acid shows two clear endothermic phase transitions upon heating (see 

Fig. 6.3), the first is the S-S transition from the β-phase to the α-phase, and the second 

is the melting of the α-phase into an isotropic liquid. In order to study the effect of the 

heating rate on the thermograms, glutaric acid was evaluated at heating rates 1, 5, 10, 

and 20 K·min-1. The resulting thermograms and transition temperatures versus the 

heating rate are shown in Fig. 6.3. The melting temperature is not strongly affected by 

the DSC heating rate. The observed β–α transition temperature, however, increased 

significantly with the scanning rate, because at higher heating rates the system is 

more dynamic. Restructuring the crystal lattice is governed by kinetics. Therefore, if 

the crystal is heated slowly, it will restructure at lower temperatures than if it is (over)

heated at high rates. At temperatures far above the transition temperature, the driving 

force towards the α-phase becomes limiting. At high heating rates these temperatures 

are easily reached, and the increase with heating rate becomes smaller. This behaviour 

can be recognised in the insert of Fig. 6.3.

The β–α transition was confirmed with WAXS (see Fig. 6.4), the diffraction patterns 

are similar to those published before,[38,39] and a clear change in diffraction peaks can be 
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observed below and above the transition temperature. The peaks of the β-phase shift 

to slightly lower q (reciprocal lattice vector length) or 2θ (scattering angle) at higher 

temperatures, because of thermal expansion. As expected, a completely amorphous 

state can be recognised above the melting temperature of glutaric acid.

Applying numerous heating and cooling cycles with DSC did not affect the transition 

temperatures or enthalpy of phase transition (hereafter transition enthalpy) upon 

heating significantly (see Fig. 6.41, appendix 6.9.1). But, upon cooling a thermal lag 

was observed; this was accompanied with very rapid crystallisation. The heat released 

during crystallisation deformed the crystallisation peak; hence, a reliable enthalpy 

could not be derived from the peak integral. Upon cooling, the α–β transition 

Fig. 6.3 DSC thermograms – heat flow rate (Φ) vs. temperature (T) – of glutaric acid at different 
heating rates (endotherms up). The type of transition is labelled near their corresponding peaks. 
The insert at the upper left corner shows the onset temperatures of both phase transitions as a 
function of the DSC heating rate (β).

Fig. 6.3
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temperature showed significant supercooling and the peak shape was not uniform. 

This did not reflect on the transition enthalpy, which remained constant, implying 

that the transition from α to β was complete.

As shown in Table 6.1, the determined transition enthalpy is in good agreement with 

the values reported in literature. The transition temperature is within the range of the 

published values, the rough peak shape and the kinetic character of the β–α transition 

might explain the variety of transition temperatures reported in literature. The 

literature data on the melting temperature of the α-phase is not completely consistent, 

but the most commonly reported melting temperature is 370.9-371.0 K (see Table 6.1).

It should be mentioned, however, that Cingolani et al. obtained their data from the 

peak maximum, so the onset temperature can be easily 1-2 K lower.[1] Other deviating 

Fig. 6.4 Wide angle X-ray scattering patterns for glutaric acid at different temperatures (left), the 
phase is given at the right in the same colour as the patterns.

Fig. 6.4
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values are the reported onset temperatures of 363.9 K[40] and 364.1 K[38]. The former 

temperature is taken from a very broad peak; the authors attribute the peak shape to 

a possible overlap of the S-L phase transition with vaporisation and sublimation.[40] 

However, when hermetically closed DSC pans are used, sublimation and vaporisation 

are most likely to have a negligible contribution to the melting endotherm. For the 

latter temperature (364.1 K),[38] both the melting temperature and enthalpy are lower 

than the other reported values, implying the presence of impurities. This is emphasised 

by the fact that the glutaric acid was used as received and that the melting trajectory 

stops at ~369 K, while the other published thermograms[39] and those presented in 

Fig. 6.3 show trajectories ending around 372-383 K. A positive deviation is found in 

the work of Ha et al.,[39] but re-evaluation of the published thermogram shows that 

the onset might be overestimated and an onset of ~371 K could be more appropriate.

When 371.0 K is taken as the melting temperature reference, the acquired melting 

temperature in this work is slightly lower than expected. This could be explained by 

small impurities, since the glutaric acid was extensively dried, but not recrystallised 

prior to analysis.

Table 6.1 Transition temperatures and enthalpies of pure glutaric acid (GluA). Super- and 
subscripts α, β, and fus correspond to the S-S and S-L phase transition, respectively. When 
available, the DSC heating rate (β) and whether the components are purified or used as received 
(y/n) are reported.

Tβ-α ����
��Hm

Tfus ∆∆ fus mH β
Pur Ref

K kJ∙mol-1 K kJ∙mol-1 K·min-1

343.4 (343.9a) 2.34 369.8 (371.3a) 19.6 1 nc this work

346.3 (346.9a) 2.34 369.3 (371.6a) 19.8 5 nc this work

338.0 2.4 371.0 23 5 y [41]

340.5 2.3 363.9 21.1 5 y [40]

348.5 ± 0.5a 2.464 ± 0.025 371.0a 20.90 ± 0.21 2 y [1]

349.2a 2.34 ± 0.06 372.2 (371.2b) 21.3 ± 0.6 5 n [39]

341.2 ± 0.4 2.37 ± 0.03 364.1 ± 0.4 19.8 ± 0.3 5 n [38]

370.9 20.7 10 n [42]
aPeak maximum was taken instead of onset temperature; bOnset estimated from figure 2 of reference 
[39] using ScanIt software; cSamples were dried prior to analysis.

Table 6.1
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Tetraethylammonium iodide
The DSC thermograms of Et4NI did not show any phase transition within the 

temperature window in which glutaric acid was measured (298 – 413 K). In order to 

maximise the temperature range over which DSC measurements could be performed, 

TGA was used to determine the decomposition temperature for all halide salts (see 

Fig. 6.5). Et4NI started decomposing at approximately 493 K when heated at 1 K·min-1, 

which is in line with a previously published decomposition study.[43] Above 453 K, 

the decomposition traces of all three studied salts followed the same trends as in 

literature.[43] Before complete decomposition, a step-wise weight loss was observed 

between 472.7 and 474.7 K. Since the weight loss of this step was relatively small 

(~ 0.4 wt%), DSC thermograms were obtained until 493 K.

In Fig. 6.6 a clear endothermic transition can be observed at approximately 466 K. 

This is subscribed to a S-S transition, based on similar observations in literature[17,18,44] 

and the visual observation that the salt remained solid up to 473 K. The transition 

is called the II-I transition, because the I-phase is the solid phase at the highest 

temperature by convention.[45] The transition was reversible upon cooling, but the 

released energy deformed the exothermic peak and hampered the comparison of the 

transition enthalpies upon heating and cooling.

Fig. 6.5 Thermogravimetric analysis of tetraethylammonium iodide (Et4NI), bromide (Et4NBr), 
and chloride (Et4NCl); where w is the weight of the sample. The region above the grey dashed line 
in (A) is enhanced at the bottom in (B).

Fig. 6.5
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The peak of the endothermic transition became less sharp after the first heating-

cooling cycle; additionally, the transition temperature and enthalpy were slightly 

lower after each run. These phenomena could be the result of minor decomposition, 

considering the small weight losses observed with TGA. The reported values in Table 

6.2 are therefore extracted from the first heating cycle, rather than the second or third 

cycle. Another explanation could be the release of impurities (e.g. water trapped in the 

crystal) upon the change in crystal structure, although a stabilisation of the transition 

enthalpy upon heating in the second and third cycle would then be expected. If 

impurities are indeed incorporated in the crystal structure and not adsorbed on the 

surface, these impurities could also be released upon liquid formation with glutaric 

acid. However, note that the enthalpy differences are on the verge of the precision of 

Fig. 6.6 DSC thermograms – heat flow rate (Φ) vs. temperature (T) – of tetraethylammonium 
iodide (Et4NI) at 1 K/min (endotherms up). Three heating (black) and two cooling (blue) traces are 
shown, the onset temperature and enthalpy of every transition are placed near their corresponding 
peaks. At the top, three photographs are shown of capillaries with Et4NI at different temperatures. 
Enthalpies between brackets are estimates from approximate integrations.

363 K 453 K 473 K

Fig. 6.6
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the experiments and are not conclusive.

WAXS analysis showed clear structural changes after the transition observed with 

DSC, confirming that the endothermic peak belongs to a S-S transition (see Fig. 6.7). 

No clear amorphous peaks appeared and only minor effects of thermal expansion could 

be recognised. In literature, structural changes were also observed with infrared[17] 

and solid-state 1H-NMR[19,44] spectroscopy. The structure-change is believed to be 

non-conformational, because the entropy change was not big enough compared to 

the conformational transitions of the larger tetraalkylammonium cations.[18,44] That 

means the crystal will instead change its configuration or orientation, leading to the 

formation of a stable plastic crystal before decomposition.[18] Plastic crystals are a 

mesophase in between the fully amorphous liquid state and fully crystalline solid state. 

The material exhibits long-range ordering, but some degree of short-range disorder, 

generally originating from rotational motions.[18,45] The transition occurs close to the 

boiling temperature of pure glutaric acid; hence, it is unlikely that it will affect the 

phase behaviour of GluAEt4NI at atmospheric conditions.

Fig. 6.7 Wide angle X-ray scattering patterns for tetraethylammonium iodide at various 
temperatures.

Fig. 6.7
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In this work, no melting transition was observed before decomposition, but some 

authors reported a melting temperature far above the decomposition temperature, 

without presenting any analysis method.[46–48] Other authors found S-S transition 

temperatures and enthalpies in line with the DSC data presented in this work, they 

are shown in Table 6.2. 

Tetraethylammonium bromide
At a heating rate of 1 K·min-1, Et4NBr showed similar decomposition behaviour as 

Et4NI (see Fig. 6.5). Firstly, a weight loss of approximately 0.4 wt% was observed, 

which started at ~373 K and can probably be attributed to water release. The uptake of 

water was avoided as much as possible, but when the TGA sample cup is loaded to the 

furnace, the sample is shortly (< 2 min) exposed to humid air. The hygroscopicity of 

ammonium salts increases with decreasing anion size;[49] Et4NI < Et4NBr < Et4NCl. At 

~443 K, the weight loss was accelerated; just before this acceleration, an endothermic 

phase transition was observed with DSC (see Fig. 6.8). Similarly to Et4NI, this 

acceleration could be the result of a sudden release of small amounts of impurities 

that were trapped into the initial crystal structure. Thermograms were obtained until 

468 K, which is the temperature at which Et4NBr starts to decompose, slightly below 

Et4NI and in line with the literature values.[43]

Table 6.2 Transition temperature and enthalpy of transition for tetraethylammonium iodide 
(Et4NI). Super- and subscripts I/II correspond to the S-S transition from crystal structure II to I. 
When available, the DSC heating rate (β) and whether the components are purified (pur) or used 
as received (y/n) are reported.

TII-I ∆∆ II
I

mH  β
Pur Ref

K kJ∙mol-1 K·min-1

466.5a 
(467.0b) 23.0 1 nc this work

467.0b 20.57 5 y [17]

465.0 21.34 n [44]

471.3 20.88 10 n [18]
aTransition temperature and enthalpy of the first DSC 
heating cycle was taken into account, because of possible 
degradation; bPeak maximum was taken instead of onset 
temperature; cSamples were dried prior to analysis.

Table 6.2
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Two S-S phase transitions (the III-II and II-I transition) were observed upon heating 

with DSC. The thermograms are presented in Fig. 6.8. Visual observations confirmed 

that until the decomposition temperature, no liquid was formed. Upon cooling, 

three, instead of two, transitions appeared; the sum of the enthalpy of the two lowest 

transitions was equal to the enthalpy of the III-II transition upon heating. This is 

possible if upon heating two structural changes of the crystal occur in conjunction, 

while upon cooling the restructuring is split in several steps.[44] The lowest transition 

was very irregular and probably involved crystal perfection. For instance, the merger 

of two crystals with a slightly different orientation or the rearrangement to correct for 

dislocations or other crystallographic defects can result in exothermic spikes. Upon 

363 K 433 K 543 K

Fig. 6.8 DSC thermograms – heat flow (Q) vs. temperature (T) – of tetraethylammonium bromide 
(Et4NBr) (endotherms up). Three heating and two cooling traces are shown, the onset temperature 
and enthalpy of every transition are placed near their corresponding peaks. The first cooling cycle 
(grey) was done at 10 K∙min-1, all other thermograms were obtained at 1 K/min. At the top, three 
photographs are shown of capillaries with Et4NBr at different temperatures. Enthalpies between 
brackets are estimates from approximate integrations.

Fig. 6.8
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heating, the II-I transition appears at the brink of decomposition, so the enthalpy 

could not be determined reliably. Upon cooling the transition was supercooled and 

resulted in a neat peak that gave a better integral.

With WAXS, only the III-II transition was studied, because after the II-I transition 

the stability of the sample could not be guaranteed throughout the measurements in 

vacuum. Fig. 6.9 shows that up to the III-II transition, only thermal expansion occurs. 

The intensity of some peaks strongly decrease while that of others increase, but no 

new peaks appear. Above the III-II transition temperature, the appearance of extra 

peaks verified the formation of another crystal structure. 

Both transition temperatures obtained with DSC were reported in literature. Burns 

et al. interpreted the first transition as a melting transition,[50] but the other authors 

attributed both peaks to a S-S transition matching the observations done in this 

work.[17,18] The transition temperatures and enthalpies from literature and this work 

are collected in Table 6.3. Both the temperature and enthalpy of the II-I transition 

Fig. 6.9 Wide angle X-ray scattering patterns for tetraethylammonium bromide at various 
temperatures.

Fig. 6.9
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were lower than those determined in literature for the purified compounds. Et4NBr 

was only dried for this study and not recrystallised, because that would not necessarily 

result in better crystals;[18] the impact of the purity on the phase behaviour of the 

binary mixtures is further discussed in 6.3.3.

Both S-S phase transitions occur at temperatures relatively close to the boiling 

temperature of pure glutaric acid. Hence, it is unlikely that the phase behaviour of 

GluA-Et4NBr will be affected by these S-S transitions at atmospheric conditions, unless 

the transition temperatures Et4NBr are significantly depressed upon the addition of 

glutaric acid. 

Tetraethylammonium chloride
Instead of one, Et4NCl displayed two significant weight loss steps before complete 

degradation (see Fig. 6.5). Firstly, approximately 1.6 wt% was lost at a low temperature. 

Probably, this can be ascribed to water that was adsorbed at the highly hygroscopic 

salt from the atmosphere during sample loading. Secondly, starting from ~353 K, a 

weight loss of approximately 1.7 wt% was observed. Similarly to Et4NI and Et4NBr, 

this weight loss coincided with the endothermic events detected with DSC shown in 

Fig. 6.10. 

At the first heating cycle, Et4NCl showed four endothermic transitions (data in 

Table 6.11, appendix 6.9.1) of which only one reoccurred on the second and third 

heating cycle (see Fig. 6.10). In all cooling steps, only one crystallisation peak could 

Table 6.3 Transition temperatures and enthalpies of transition for tetraethylammonium bromide 
(Et4NBr). Super- and subscripts III, II and I correspond to the S-S transition from crystal structure 
III to II and II to I. When available, the DSC heating rate (β) and whether the components are 
purified (pur) or used as received (y/n) are reported.

TIII-II ∆∆ III
II

mH TII-I ∆∆ II
I

mH β
Pur Ref

K kJ∙mol-1 K kJ∙mol-1 K·min-1

440.0 19.1 463.3 1.5a 1 nb this work

437.2 17.6 460.2 1.4 5 y [17] 

448.4 19.9 462.7 1.48 10 n [18]

446-448 20.3 y [50]
aDetermined upon cooling; bSamples were dried prior to analysis.
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be recognised, the crystallisation enthalpy was higher than that of the last and only 

reoccurring endothermic transition. No other transitions upon heating could explain 

this difference.

With WAXS, the crystal structures of the initial heating cycle were studied. The 

resulting diffraction patterns are shown in Fig. 6.11. Three major crystal structures 

can be recognised. The first structure occurs at the temperatures before the first 

transition observed with DSC (T < 353 K). A different structure was observed after 

that transition, hence the DSC peak was ascribed to a S-S transition. Between the first 

and the last endothermic transition, two minor transitions were recognised with DSC. 

To study those transitions in more detail, the WAXS sample was measured at several 

343 K 363 K 370 K 385 K 393 K 403 K

Fig. 6.10 DSC thermograms – heat flow rate (Φ) vs. temperature (T) – of tetraethylammonium 
chloride (Et4NCl) (endotherms up). Three heating (black) and two cooling (blue) traces are shown, 
the onset temperature and enthalpy of every transition are placed near their corresponding 
peaks. All thermograms were obtained at 1 K/min. At the top, six photographs are shown of 
capillaries with Et4NCl at different temperatures. Enthalpies between brackets are estimates from 
approximate integrations.

Fig. 6.10
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temperatures increasing with steps of approximately 2.5 K up to 403 K. From 395.5 K 

on, the peaks of the II-phase start to deform and new peaks start to appear. It is not 

entirely clear when the transitions are complete, but at T > 403 K no new peaks seem 

to emerge. The two minor DSC peaks around 373 and 388 K can therefore probably be 

assigned to small re-configurations towards the I-phase at high temperatures and do 

not correspond to the transition of separate well-defined crystal structures.

After the Et4NCl was heated, it was cooled down to 233 K – similarly to the temperature 

program of the DSC – and heated again. The III-phase was not formed anymore, instead 

only the II-phase could be recognised. To exclude a kinetic effect, the samples of both 

the DSC and WAXS were kept (sealed) at room temperature for more than 72 h and 

re-measured, the results remained the same. A possible explanation for the absence of 

Fig. 6.11 Wide angle X-ray scattering patterns for tetraethylammonium chloride at various 
temperatures.

Fig. 6.11
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the III-phase after heating could be that, during production, the salt was crystallised 

into a crystal structure that can only be formed in the presence of a solvent.

Literature data is very scarce for Et4NCl, its transition temperatures were compared 

with the known values in Table 6.4. The temperatures obtained in this work are 

significantly higher than those reported in literature. The disposition of the first peak 

could be due to a different recrystallization medium, which was ethanol in the case of 

both Szafrańska and Sawicka et al., but unknown for the Et4NCl used in this work.[17,43] 

The transition temperature of the second peak obtained in this work remained 

constant after several heating/cooling cycles and matches with that of Sawicka et al. 

Thermal analysis was not the main focus of the publication of Szafrańska et al., which 

might explain the differences between the data.

A recent study from Pontes et al. presented a melting temperature and transition 

enthalpy of Et4NCl measured with DSC above the decomposition temperature.[27] The 

authors were contacted to elucidate on how the values were obtained. They confirmed 

that melting and decomposition/sublimation were observed simultaneously upon 

visual inspection. Instead of measuring one sample multiple times, various DSC samples 

were prepared and subjected to a single run. The transition peak was integrated and 

that value was presented. Upon request, Sawicka et al. provided the DSC thermograms 

of decomposition.[43] The onsets of their decomposition peaks coincided with the peak 

that was ascribed to the melting transition by Pontes et al. Probably, their enthalpy 

of fusion includes heat of sublimation and/or decomposition, although it is a factor 3 

Table 6.4 Transition temperatures and enthalpies of transition for tetraethylammonium chloride 
(Et4NCl). Super- and subscripts III, II and I correspond to the S-S transition from crystal structure 
III to II and II to I. The DSC heating rate (β) and whether the components are purified (pur) or 
used as received (y/n) are also reported.

TIII-II ∆∆ III
II

mH TII-I ∆∆ II
I

mH β
Pur Ref

K kJ∙mol-1 K kJ∙mol-1 K·min-1

354.7a 5.3a 395.1 7.2 1 n this work
346.2 2.6 368.2 6.0 5 y [17]

349.2b,c n.r. 396.2b n.r. 2 or 5 y [43]
aOnly observed on first heating; bPeak maxima, data extracted with ScanIt software from thermograms 
provided by corresponding author of the reference; cFirst maximum in peak with clear shoulder (peak 
maximum at 359.2 K).
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smaller than the enthalpy of decomposition found by Sawicka et al. In another work, it 

was suggested that the melting of tetraethylammonium halide salts only occurs above 

its decomposition or sublimation temperature.[19] A risk of running a DSC experiment 

above the decomposition or sublimation temperature of the materials of interest, is 

that pan deformations or even leakages might occur due to the pressure build-up. To 

explore the possibilities of extending the temperature range of the DSC experiments 

to the transition temperatures recently reported,[27] a DSC pan was prepared with 5 mg 

of each Et4N
+–halide salt and heated to 523 K outside of the DSC cell. All pans showed 

clear pan-deformations or leakage (see Fig. 6.42, appendix 6.9.1) and the initial DSC 

temperature ranges confined by the decomposition temperatures were maintained. 

Since the fusion properties could not be measured directly, the estimations of the 

hypothetical fusion properties of all ammonium salts are presented in section 6.10 

(appendix).

6.3.2	 S-L phase behaviour of the GluA-Et4NI system
Of the three binary systems that were studied, GluA-Et4NI resulted in the most 

straightforward phase diagram (see Fig. 6.12). The phase diagram was constructed 

using DSC data and data obtained with the cloud-point method. Three major 

transitions can be recognised in the phase diagram; the β–α transition (onset ~343 K) 

of glutaric acid, a second transition that resembles the α–L transition (onset ~365 K) 

of glutaric acid, and the variable liquidus transition. The β–α transition appears at a 

constant temperature over almost the whole composition range of the GluA-Et4NI 

system. The transition enthalpy decreases with increasing Et4NI content, see Fig. 6.13. 

Only for compositions xEt₄NI > 0.9, the peak cannot be distinguished from the baseline 

anymore, which can be explained by the low transition enthalpy. The β–α transition 

temperature of the mixtures is similar to that of pure glutaric acid. A Tammann plot, 

where the transition enthalpy is plotted versus the composition, is shown in Fig. 6.13 

for both transitions. Especially for high glutaric acid contents, the β–α transition 

enthalpy declines almost linearly with increasing Et4NI content. For xEt₄NI > 0.2, the 

enthalpies are not declining perfectly linear anymore, probably because the β–α peak 

becomes bulky and harder to integrate (see Fig. 6.14). Nevertheless, a downward 

trend can be recognised. Considering the constant β–α transition temperature, the 

linearly declining enthalpy, and the absence of new peaks in the WAXS diffraction 

patterns (see Fig. 6.16), glutaric acid is unlikely to form co-crystals or solid solutions 
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with Et4NI.

The second (solidus) transition appears at significantly lower temperatures than the 

α–L transition (see Fig. 6.12). A more detailed examination (samples with compositions 

varying xEt₄NI ≈ 0.025) of the glutaric-acid rich side of the phase diagram showed that 

the melting temperature of glutaric acid was depressed by Et4NI. Up to xEt₄NI ≈ 0.15, 

the DSC thermograms exhibited the characteristic solidus and liquidus peaks (see 

Fig. 6.14). With increasing Et4NI content, the liquidus peak merged with the solidus 

peak, after which the solidus peak diminished gradually. The shape of the liquidus 

peak became less defined and broader as it moved towards the solidus peak. As a result, 

the difference between the liquidus peak events (e.g. peak maximum and inflection 

point) becomes larger. For the remainder of this chapter, all temperatures referred to 

as liquidus temperature are derived from the inflection point of the liquidus peak after 

the peak maximum. The justification for this decision is that the inflection point of 

the studied systems is the least influenced by the DSC heating rate and approximately 

Fig. 6.12 Phase diagram of the temperature (T) versus mole fraction of tetraethylammonium 
iodide (Et4NI, xEt₄NI) of the glutaric acid–Et4NI system. Three transitions can be recognised; the 
solid-solid transition of glutaric acid (β→α, triangles), the solidus transition (sol, squares), and 
the liquidus transition (liq, circles) constructed with DSC (solid and open symbols) and the cloud-
point method (half-open symbols). For clarity, the highlighted area is enlarged on the right side. 
The melting point depression of GluA in an ideal mixture is shown with a dashed line.

Fig. 6.12
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represents the average value of the other possible peak events. A detailed explanation 

and experimental verification for taking the inflection point as liquidus temperature 

is given in section 6.7 (appendix).

Unfortunately, the solidus and liquidus peak overlapped too much to determine the 

enthalpy of each transition separately. This hampered the construction of a typical 

Tammann plot, where the enthalpy of the solidus transition exhibits a maximum at the 

eutectic composition (see section 2.3.5). The enthalpy of both transitions combined 

is still presented in Fig. 6.13 and a declining trend without clear optima becomes 

apparent. In the hypertectic region no liquidus was observed with DSC, hence only 

the solidus transition enthalpy was presented.

Using the cloud-point method, liquidus temperatures could be observed in the 

hypertectic region. The data suggest that the two liquidus phase boundaries coincide 

in the eutectic point at a composition of xEt₄NI ≈ 0.15. The absence of hypertectic 

liquidus peaks during DSC analysis probably originates from the slow dissolution 

rate of the Et4NI in the eutectic liquid. As discussed in section 6.3.1, Et4NI does not 

melt before it decomposes. Hence, the liquidus transition in the hypertectic region is 

not determined by the melting temperature depression of Et4NI, but by its solubility, 

Fig. 6.13 Transition enthalpies of the glutaric acid–Et4NI (tetraethylammonium iodide) system 
presented in Fig. 6.12. Dashed lines represent the linear declination of the β→α and α→L transition 
enthalpies from the values of pure glutaric acid at xEt₄NI = 0 to xEt₄NI = 1 (no glutaric acid). 
Abbreviations: transition (tr), solidus (sol), liquidus (liq).

Fig. 6.13
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visual observations confirm this. Fig. 6.15 shows how GluA–Et4NI becomes completely 

liquefied in the hypotectic region, while the mixtures in the hypertectic region still 

contain solids when they are heated to 383 K at a heating rate of 0.1 K·min-1. Increasing 

the temperature above the liquidus boundary found with the cloud-point method did 

not decrease the amount of solids significantly for the sample with xEt₄NI = 0.175. In 

order to dissolve all solids at the bottom of the capillary, the solids need to liquefy 

at the solid-liquid interface and need to diffuse into the bulk liquid at the top. The 

rate of this process is limited by mass-transport and is therefore very slow. This was 

confirmed by the high dissolution times necessary to liquefy each small salt addition 

using the cloud-point method, which were longer than 1 h for the last few additions 

Fig. 6.14 DSC thermograms, heat flow (Φ) vs. temperature (T), of the glutaric acid–Et4NI 
(tetraethylammonium iodide) system at various molar compositions (endotherms up). The type 
of transition temperature is identified at the top of the figure each transition peak, heating rate 
was 1 K∙min-1. Note that the composition increment in the bottom half of the figure is smaller than 
in the top half.

Fig. 6.14
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of ~ 0.01 g to a ~ 5 g sample. Note that the bulk was actively mixed, contrary to the 

content of a DSC pan and the melting capillary. If the dissolution rate is very low, 

the heat flow rate corresponding to the continuous dissolution of the salt is hard to 

distinguish from the signal corresponding to the heat capacity of the sample. Hence, 

a
383 K

373 K

370 K

368 K

366 K

364 K

347 K

341 K

b c d e f g h i

Fig. 6.15 Photographs of heated capillaries with glutaric acid– tetraethylammonium iodide (Et4NI) 
mixtures at different temperatures (left) and molar compositions; xEt₄NI = (a) 0.025, (b) 0.05, (c) 
0.075, (d) 0.1, (e) 0.125, (f) 0.15, (g) 0.175, (h) 0.27, and (i) 0.7. At the bottom, the compositions 
and temperature are highlighted in the phase diagram determined by DSC.

Fig. 6.15
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no liquidus peak can be detected from the thermograms.

The liquidus phase boundary at the hypertectic side of the phase diagram is much 

steeper than that of the hypotectic side. Probably, the apparent melting temperature 

(as Et4NI decomposes before melting) of the salt exceeds the boiling or decomposition 

temperature of glutaric acid. Hence, glutaric acid will evaporate or decompose at high 

temperatures and the system should be pressurised in order to maintain a binary 

mixture. In this study the pressure is not regulated. Considering the long equilibration 

times using the cloud-point method, 398 K was the maximum temperature at which 

the liquidus temperature was evaluated. At higher temperatures evaporation of 

glutaric acid, or decomposition of the salt were anticipated.

In order to assign the phases to the phase diagram shown in Fig. 6.12, the solid phases 

were analysed with WAXS. Above the solidus temperature, the WAXS diffraction 

pattern at xEt₄NI = 0.5 only shows the peaks of Et4NI, hence all glutaric acid is liquefied 

in the eutectic composition (see Fig. 6.16). The opposite can be seen at xEt₄NI = 0.05 

(see Fig. 6.17), there the intensity of the Et4NI peaks decreases and the signals of 

glutaric acid remain. The diffraction patterns are additive, which is typical for eutectic 

Fig. 6.16 Wide angle X-ray scattering patterns of pure glutaric acid (GluA; β- and α-phase), 
tetraethylammonium iodide (Et4NI), and their mixtures (GluA:Et4NI xEt₄NI) at different 
temperatures.

Fig. 6.16
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systems. Specifically, no other peaks than those of Et4NI and glutaric acid in the β or α 

phase were observed, eliminating co-crystal formation. The peaks of the plastic crystal 

phase of Et4NI (see Fig. 6.7) were not found either. Hence, the S-S transition of Et4NI 

was not depressed nor affected the binary phase behaviour at atmospheric conditions, 

as expected. The melting temperature of glutaric acid, however, was depressed upon 

addition of Et4NI and a eutectic point was found, but the low salt solubility did not 

allow for the formation of a deep eutectic.

Fig. 6.17 Wide angle X-ray scattering patterns of pure glutaric acid (GluA; β- and α-phase), 
tetraethylammonium iodide (Et4NI), and their mixtures (GluA:Et4NI xEt₄NI = 0.05) at different 
temperatures.

Fig. 6.17
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6.3.3	 S-L phase behaviour of the GluA–Et4NBr system
GluA–Et4NBr mixtures did not crystallise readily from the liquid phase below the 

solidus temperature, hampering the analysis with DSC within practical time-scales. 

Instead, the samples became supercooled upon cooling, also at low heating rates, 

i.e. 0.25 or 1 K·min-1. At approximately 215 K the supercooled liquid was vitrified 

(Tg, determined as midpoint upon heating). Crystallisation typically occurred only 

upon heating (cold-crystallisation) above the glass transition temperature. Extensive 

method optimisation resulted in a DSC heating/cooling program that allowed analysis 

of the solidus as well as the liquidus temperature.

Constructing the phase boundaries with differential scanning calorimetry
The phase diagram of the GluA–Et4NBr system was constructed using several 

analysis techniques and is presented in Fig. 6.18. Firstly, the data obtained with the 

optimised DSC method (see section 6.2.4 - temperature programs) are discussed. 

The melting temperature of glutaric acid is significantly depressed by Et4NBr; the 

solidus temperature appears just above 298 K. The β–α transition remains at constant 

temperature (~343 K) until it merges with the liquidus phase boundary at xEt₄NBr ≈ 0.28. 

This is clearly expressed by the DSC thermograms (see Fig. 6.19); a relatively sharp 

third peak can be distinguished in between the solidus and liquidus peaks. The 

intensity of this peak decreases with increasing Et4NBr content, which is expected, 

since the solid glutaric acid fraction decreases in the same manner. 

Just after the solidus peak, an exothermic crystallisation peak can be recognised for 

xEt₄NBr < 0.28. This peak can be attributed to the α–β crystal rearrangement upon 

heating. A previous study has shown that even for pure glutaric acid, the α-phase 

can be supercooled within the time-scale of a DSC experiment.[38] Moreover, it is 

likely that the liquefaction of all Et4NBr at Tsol < T accelerated the rearrangement of 

α-phase to the thermodynamically more stable β-phase. Accurate integration of the 

α–β (exothermic) and β–α peaks (endothermic) upon heating was limited by overlap 

with the solidus peak and/or liquidus peak. Nevertheless, if the peak integrals are 

approximated from the most optimal baseline, the enthalpies of the two transitions 

are in the same order of magnitude (see Table 6.12, section 6.9.2), confirming the 

nature of the transitions.

Confirmation of crystal rearrangement was obtained with WAXS for a sample with 
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xEt₄NBr ≈ 0.1. The diffraction patterns are shown in Fig. 6.20. Prior to heating, the sample 

showed clear peaks of the pure components with glutaric acid in the β-phase. After 

heating to 403 K, the sample became completely amorphous; a consequent cooling 

step to 233 K at a cooling rate of 10 K/min led to the crystallisation and supercooling 

of the α-phase. The α-phase was maintained after heating to 288 K, just before the 

solidus temperature. Heating the sample through the solidus transition (288-308 K 

at 1 K·min-1, similarly to a DSC measurement) resulted in a clear transition to the 

β-phase. This is matching with the exothermic crystal rearrangement seen in DSC for 

the xEt₄NBr = 0.098. A second heating and cooling cycle also resulted in the supercooled 

α-phase, the temperatures were varied (253 and 283 K) to verify the supercooling 

behaviour under slightly different conditions.

Fig. 6.18 T-x phase diagram of the glutaric acid–tetraethylammonium bromide (GluA–Et4NBr) 
system (mole fractions). Three transitions can be recognised; the solidus transition (sol), the solid-
solid transition of glutaric acid (β→α), and the liquidus transition (liq) constructed with DSC, the 
centrifuge method (Centr.), and the cloud-point method (Cloud p.). Each phase is marked with 
either L (liquid mixture); α or β (solid GluA in the α-, or β-phase); and Et4NBr (III-phase). The 
melting point depression of GluA in an ideal mixture is shown with a dashed line.

Fig. 6.18
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The supercooling of the α-phase impacts the shape and position of the solidus peak. 

It seems that the metastable α-phase of glutaric acid forms a eutectic with Et4NBr 

at a slightly lower temperature than the β-phase. This might be the result of a 

different crystal packing, owing to the slightly larger molar volume of the α-phase, 

or to another crystal layer spacing compared to the β-phase. At compositions close to 

the intersection of the liquidus phase boundary and the β–α transition temperature, 

solidus peaks based on the α-phase and β-phase can be distinguished simultaneously. 

One of the two solidus transitions is expressed as a shoulder of the main solidus 

peak. The liquidus temperature was derived from the inflection point after the peak 

maximum of the last peak in the DSC thermograms. A detailed justification for taking 

the inflection point as liquidus temperature is given in section 6.7 (appendix). 

Fig. 6.19 DSC thermograms, heat flow rate (Φ) vs. temperature (T), of the glutaric acid–Et4NBr 
(tetraethylammonium bromide) system at different molar compositions (endotherms up). These 
thermograms represent the second heating cycle of the sample acquired at 1 K∙min-1; the full 
temperature program can be found in section 6.2.4.

Fig. 6.19
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Up to xEt₄NBr ≈ 0.19, the liquidus phase boundary follows ideal behaviour (see Fig. 

6.18). At higher salt contents, the melting point depression is more severe than in 

the ideal case. It seems that there is a discontinuity in the liquidus phase boundary. 

This presumed disruption occurs well before the β–α transition temperature and is 

therefore not likely to be related to the morphology of glutaric acid. It is peculiar 

that the discontinuity in the melting temperature depression appears at a similar 

salt concentration as for which the discontinuities in the physicochemical properties 

of glycerol-choline chloride (ChCl) were observed (xChCl ≈ 0.20, see 4.3.3). Whether 

a similar change in liquid structure of glycerol-ChCl (prevailing diluted ion-pairs 

to a more aggregated/complex system) can be proposed for GluA-Et4NBr, and how 

this would affect the melting point depression is an interesting topic for further 

Fig. 6.20 Wide angle X-ray diffraction patterns of the glutaric acid (GluA) – tetraethylammonium 
bromide (Et4NBr) system with xEt₄NBr=0.1. Temperatures are given above each pattern, some 
characteristic peaks of the α- and β-phase are highlighted with vertical dashed lines.

Fig. 6.20
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investigation, although outside of the scope of this work.

Exploring the solubility-limited liquidus phase boundary
After the eutectic composition at xEt₄NBr ≈ 0.44, no clear salt-related liquidus peak could 

be recognised. In the hypotectic region, the solidus enthalpy showed a linear increase 

with the Et4NBr content (see Fig. 6.44 in appendix 6.9.2) typical for a Tammann-

plot of eutectics. At higher Et4NBr contents the solidus enthalpy was not showing 

a clear trend. Hence, the phase behaviour of the GluA–Et4NBr system is likely to be 

limited by the solution kinetics of Et4NBr, similarly to the GluA–Et4NI system. For 

the GluA–Et4NBr system, the solubility line could be studied with equilibrium-based 

techniques. The centrifuge method was applied since the eutectic temperature lies 

within the temperature range of the equipment. Above the temperature range of the 

centrifuge, the solubility line was further constructed with the cloud-point method. 

The slight differences in liquidus temperatures between the data obtained with the 

various methods applied are discussed in appendix 6.8.

The results are presented in Fig. 6.18; as expected, a steep phase boundary emerges 

from the composition where the DSC liquidus and solidus merge. At higher salt 

content, the liquidus phase boundary becomes less steep. The centrifuge method and 

cloud point method are complementary. The system was evaluated up to 413 K, to 

prevent pressure build-up in the samples due to the evaporation of glutaric acid. Pure 

Et4NBr did not exhibit a melting transition before degradation, therefore the melting 

point depression based on ideal mixing behaviour could not be determined directly. 

In section 6.3.5, the phase diagram is described by several excess Gibbs energy models 

and the salt’s fusion properties will be further discussed. 

Assignment of the phase regions
Finally, after construction of the phase boundaries, the phase regions in Fig. 6.18 were 

assigned to their corresponding components based on the data from DSC and WAXS. 

With WAXS, the crystal structures of the solid fractions were studied as a function 

of temperature at several key-compositions. Composition xEt₄NBr = 0.1 was chosen 

because it involves the solidus transition, the β–α transition, as well as the liquidus 

transition. The diffraction patterns shown in Fig. 6.21 were recorded from mixtures 

that were given enough time to recrystallise glutaric acid in the β-phase, contrary to 

the diffraction patterns of supercooled samples used to construct Fig. 6.20. Directly 
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after sample preparation, the components were not well mixed yet and only the 

signals of glutaric acid could be distinguished. This emphasises the need to pre-heat 

the mixed solids prior to analysis. An amorphous liquid was formed after heating the 

sample to 403 K (above the liquidus temperature), and from the liquid a crystalline 

phase was formed in which both glutaric acid and Et4NBr are present. No clearly new 

and deviating peaks were observed, ruling out the formation of a co-crystal or a solid 

solution under these conditions.

When the sample was heated above the solidus temperature (~305 K), the Et4NBr 

Fig. 6.21 Wide angle X-ray diffraction patterns of the glutaric acid (GluA) – tetraethylammonium 
bromide (Et4NBr) system with xEt₄NBr=0.1. The order at which the patterns were recorded is from 
bottom to top (see arrow), temperatures are given above each pattern. As a reference, the patterns 
of pure GluA and Et4NBr are given and labelled accordingly.

Fig. 6.21
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peaks disappeared and the sample became more amorphous (curved). This confirms 

that xEt₄NBr = 0.1 is a hypotectic composition, since all salt was liquefied. Above the β–α 

transition temperature (~345 K), the sample only showed peaks associated with the 

α-phase. The region confined between the β–α transition temperature (bottom) and 

the liquidus boundary (top), was therefore assigned to liquid + solid glutaric acid in 

the α-phase (labelled L + α).

Fig. 6.22 Wide angle X-ray diffraction patterns of the glutaric acid (GluA) – tetraethylammonium 
bromide (Et4NBr) system with xEt₄NBr=0.6. The order at which the patterns were recorded is from 
bottom to top (see arrow), temperatures are given above each pattern. Vertical reference lines 
were added to the most distinctive peaks of GluA in the α-phase (grey solid line), GluA in the 
β-phase (red dashes), and Et4NBr (green dash-dot).

Fig. 6.22
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The region enclosed between the β–α transition temperature (top), the liquidus 

boundary (right), and the solidus temperature (bottom) was assigned to liquid + solid 

glutaric acid in the β-phase (labelled L + β). This assignment was reinforced by the 

WAXS diffraction patterns of a xEt₄NBr = 0.3 sample (see Fig. 6.43, appendix 6.9.2); the 

solidus (disappearance of Et4NBr) and liquidus (disappearance of β-phase) transitions 

could be recognised at the expected temperatures.

Composition xEt₄NBr = 0.6 was selected as last key-composition, because it is in the 

hypertectic region and contains a considerable amount of glutaric acid, allowing the 

detection of its peaks. The resulting diffraction patterns are presented in Fig. 6.22. The 

presented peaks of glutaric acid are weak compared to those of Et4NBr. After the pre-

heating step, small glutaric acid (only β-phase) peaks can be recognised. These peaks 

disappeared when the sample was heated from 288 to 318 K, which was expected 

since all glutaric acid has to be liquefied above the solidus temperature. The phase 

region above the solidus temperature and at the right hand side of the solubility line 

was therefore labelled as L + Et4NBr (see Fig. 6.18), where Et4NBr represents the solid 

salt in the III-phase.

6.3.4	 S-L phase behaviour of the GluA–Et4NCl system
The phase diagram of the GluA–Et4NCl system is presented in Fig. 6.23. GluA–

Et4NCl showed a strong melting point depression along with other thermal events. 

Similar to the GluA–Et4NBr system, crystallisation of the liquid GluA–Et4NCl phase 

into a complete solid phase was challenging. The liquidus phase boundaries, the S-S 

transition temperatures, the remarkable absence of data points at the centre of the 

phase diagram, as well as the variety of transition temperatures that were observed 

before the liquidus phase boundary or S-S transactions of the pure components, will 

be discussed hereafter.

The hypotectic region
The hypotectic region of the GluA–Et4NCl phase diagram (Fig. 6.23) resembles that 

observed for the other two halide salts. The melting temperature of glutaric acid is 

significantly depressed, while the β–α transition remains unaffected at constant 

temperature. Fig. 6.24 shows the DSC thermograms upon heating. Over the range 

of 293-303 K an exothermic transition could be recognised. Similarly to the GluA–

Et4NBr system, this transition was ascribed to the supercooling of α-glutaric acid and 
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the subsequent crystal rearrangement from α to β. At xEt₄NCl ≈ 0.24, the liquidus and 

β–α peaks merge, and at higher salt contents the liquidus transition is expressed by a 

single peak. A few points on the liquidus phase boundary were determined with the 

cloud-point method and the centrifuge method, these are in good agreement with the 

trend exhibited by the DSC samples.

At low salt contents, the melting temperature of glutaric acid is depressed ideally. 

Somewhere between xEt₄NCl = 0.17 and 0.19, the liquidus phase boundary starts to 

deviate from ideality. This is the same range as observed before for GluA-Et4NBr 

(section 6.3.3) and glycerol-ChCl (see section 4.3.3), the β–α transition is probably 

Fig. 6.23 T-x (molar fractions) phase diagram of the glutaric acid–tetraethylammonium chloride 
(Et4NCl) system, constructed with DSC, the centrifuge method (Centr., diamonds), and the 
cloud-point method (Cloud p., triangles down). Various transitions can be recognised; the first 
transition (1st trs, squares), the second transition (2nd trs, half-open circles), the S-S transition of 
glutaric acid (β→α, solid triangles), the liquidus transition (liq, solid circles), and the two solid-
solid transitions of Et4NCl (III→II and II→I, half-open and open triangles up, respectively). The 
melting point depression of GluA in an ideal mixture is shown with a dashed line. Each phase is 
marked with either L (liquid mixture); α or β (solid glutaric acid in the α-, or β-phase); and Et4NCli 
(solid Et4NCl in the i-phase).

Fig. 6.23
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not related to this deviation from ideality since the discontinuity is initiated before 

xEt₄NCl ≈ 0.24. Whether this behaviour can be ascribed to a change in liquid structure, 

is open for further investigation and not pursued in this work.

For xEt₄NCl > 0.36, no liquidus peak could be observed with DSC. Crystallisation 

occurred neither upon cooling nor upon heating. Hence, the sample remained liquid 

in a metastable supercooled state. With the centrifuge method, the liquidus boundary 

could be extended to xEt₄NCl = 0.385 (298 K). Higher mole fractions could not be 

explored with the equipment at hand, as this would require mixing, equilibration, 

and centrifugation at temperatures below ambient temperature. Cooling was not a 

reliable option for all of these steps or the transitions between the steps. Therefore, 

no liquidus temperature could be observed in the hypotectic region for compositions 

Fig. 6.24 DSC thermograms (endotherms up): heat flow rate (Φ) versus temperature (T), 
of the glutaric acid–Et4NCl (tetraethylammonium chloride) system at molar fractions up to 
xEt₄NCl = 0.425. These thermograms represent the second heating cycle of the sample acquired at 1 
K∙min-1; the first steps, heating to 403.2 K and cooling to 233.2 or 193.2 K (both 1 K∙min-1), are not 
shown here. Vertical exothermic discontinuities are isotherms to ensure complete crystallisation, 
e.g. the isotherm at 263.2 K for xEt₄NCl = 0.361.

Fig. 6.24
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xEt₄NCl > 0.385.

No clear solidus peak was observed upon heating for any of the samples measured 

with DSC. Fig. 6.25 shows the DSC thermograms upon cooling. In all traces only 

a single exothermic event could be identified. The exothermic transition is most 

likely the crystallisation of glutaric acid to the α-phase, as the intensity of the peak 

decreases with increasing Et4NCl content. The crystallisation peak is supercooled 

stronger at higher salt contents and completely disappears for xEt₄NCl > 0.27. With the 

disappearance of the crystallisation upon cooling, a cold-crystallisation peak emerged 

upon heating at temperatures below 273 K (see Fig. 6.24). This peak moved to slightly 

higher temperatures with increasing Et4NCl content. Since the liquidus peak is still 

visible for the systems showing cold-crystallisation around 273 K, and considering 

Fig. 6.25 DSC thermograms (endotherms up): heat flow rate (Φ) vs. temperature (T), for the 
glutaric acid–tetraethylammonium chloride (Et4NCl) system at different molar fractions up to 
xEt₄NCl = 0.425. These thermograms represent the first cooling cycle of the sample acquired at 1 
K∙min-1; the first heating to 403.15 K is not shown here.

Fig. 6.25
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the disappearance of the second cold-crystallisation peak ascribed to the crystal 

rearrangement from α to β, the supercooled liquid probably crystallised directly into 

the β-phase. This is supported by the WAXS diffraction patterns (see Fig. 6.27) for 

xEt₄NCl = 0.3, where initially the β-phase was crystallised.

A sample with xEt₄NCl = 0.321 showed a clear cold-crystallisation peak upon heating 

(see Fig. 6.26). Initially, two isotherms were set; one at 263 K to ensure complete 

crystallisation and another at 293 K to allow the complete rearrangement of glutaric acid 

from α to β. For the Et4NBr system, an isotherm at the start of the cold-crystallisation 

led to the separation of the endothermic solidus and the exothermic crystallisation 

peak. However, as demonstrated in Fig. 6.26, lowering first the isotherm to 253 K and 

omitting the second, led to appearance of a thermal event that might be associated to 

the solidus transition. 

Repetitions of the DSC program for the same and a second sample prepared from 

the same batch yielded virtually the same thermograms. Rough extrapolation – more 

sophisticated extrapolation through thermodynamic modelling is presented in section 

6.3.5 – of the liquidus phase boundary data implies that the observed transition occurs 

at a temperature that is too high to be the solidus transition. The WAXS patterns of 

a sample with xEt₄NCl = 0.3 (see Fig. 6.27) did not show any crystal peaks of Et4NCl. 

Fig. 6.26 DSC thermograms (endotherms up): heat flow rate (Φ) versus temperature (T), of the 
glutaric acid–Et4NCl (tetraethylammonium chloride) with xEt₄NCl = 0.321 acquired with different 
heating programs, the heating rate was 1 K∙min-1. An enlargement of the highlighted area is 
presented on the right. The tangents and depicted onset temperature are illustrative. Vertical 
exothermic discontinuities are caused by isotherms that ensure complete crystallisation.

Fig. 6.26
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Also not after the mixture was kept well below the transition observed in Fig. 6.26. 

At 233 K the sample was still quite amorphous and exhibited only peaks of β-phase 

glutaric acid. At 298 K the peaks changed in intensity, but could still be attributed to 

glutaric acid only. At 359 K, above the liquidus phase boundary, the sample liquefied 

completely and a fully amorphous signal was recorded. Whether the lack of salt peaks 

originate from supercooling, or from a solidus temperature below 233 K (liquidus 

temperature extrapolations cannot rule out either of the explanations), is a topic for 

further investigation.

Fig. 6.27 Wide angle X-ray scattering patterns of pure tetraethylammonium chloride (Et4NCl, 
top), glutaric acid (GluA, middle), and their mixture with mole fraction 0.3 (xEt₄NCl = 0.3, bottom). 
Temperatures or solid state are given above each pattern.

Fig. 6.27
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The hypertectic region
At the hypertectic side of the phase diagram, the liquidus temperature could not 

easily be analysed by DSC. Similarly to GluA-Et4NI and GluA-Et4NBr, slow dissolution 

kinetics lead to a restricted heat flow signal resulting in a negligible or very small 

liquidus peak. Fig. 6.23 shows that the liquidus phase boundary could be constructed 

with data obtained from the complementary centrifuge and cloud-point methods. 

With DSC, also a few liquidus temperatures could be reproduced. In all cases, the 

intensity of the DSC signal was very low and therefore hard to distinguish from the 

Fig. 6.28 DSC thermograms (endotherms up): heat flow rate (Φ) vs. temperature (T), for the 
glutaric acid–tetraethylammonium chloride (Et4NCl) system at different molar fractions from 
xEt₄NCl = 0.425 to xEt₄NCl = 0.947. These thermograms represent the second heating cycle of the 
sample acquired at 1 K∙min-1; the first heating to 403.15 K and cooling to 233 K are not shown 
here. The dashed rectangle displays the part of the traces that are enlarged in Fig. 6.29. Vertical 
exothermic discontinuities are caused by isotherms that ensure complete crystallisation.

Fig. 6.28
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baseline. Fig. 6.29 shows a strongly enhanced region of the thermograms presented 

inFig. 6.28. From the heat flow derivative it can be concluded that the peaks are more 

significant than the baseline noise, albeit the signals remain very weak. 

Additional endothermic transitions can be recognised in the hypertectic region of 

the DSC thermograms (Fig. 6.28). For samples with compositions between xEt₄NCl = 

0.621 and xEt₄NCl = 0.673 endothermic peaks appear below the liquidus temperature. 

In some cases two peaks can be distinguished, showing peak shapes similar to those 

of eutectic systems. The first peak did not appear on all compositions, and sometimes 

(dis)appeared during additional runs of the same sample. When it was present, the 

onset temperatures were similar for mixtures with different compositions. The second 

peak appeared for all mixtures within xEt₄NCl = 0.621-0.673. The peak was highly 

Fig. 6.29 DSC thermograms (endotherms up): heat flow rate (Φ) vs. temperature (T), for the 
glutaric acid–tetraethylammonium chloride (Et4NCl) system at different molar salt fractions 
(xEt₄NCl). The traces shown here are an enlargement of the highlighted area in Fig. 6.28. Additionally, 
their derivatives are shown to emphasize the determination of the position of the inflection point 
(minimum).

Fig. 6.29
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asymmetric with a tail towards lower temperatures, resembling a liquidus peak. 

Therefore, the inflection point was taken as the transition temperature for this peak.

At higher compositions (xEt₄NCl = 0.720 to 0.947) only one peak can be observed. 

The onset temperature of this peak does not change significantly with composition: 

it ranges between 294.8 and 295.4 K. The intensity of the peak decreases with 

increasing salt content, indicating that glutaric acid is involved with the transition. 

WAXS analysis indicates an additional crystal structure besides that of Et4NCl at 

Fig. 6.30 Wide angle X-ray scattering patterns of pure tetraethylammonium chloride (Et4NCl, 
top 3), glutaric acid (GluA), and their mixture with mole fraction 0.75 (xEt₄NCl = 0.75, bottom 7). 
Temperatures or solid state are given at the right of each trace, the arrow indicates the sample 
was heated incrementally. The two dashed lines highlight the two clearest peaks that disappear 
at 309 K.

Fig. 6.30
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temperatures below ~295 K, the diffraction patterns are shown in Fig. 6.30. The peaks 

do not clearly correspond to pure glutaric acid or one of the mesophases of Et4NCl. 

Hence, a co-crystal with a lower melting temperature than the liquidus temperature 

might have formed. For temperatures above 295 K, the solids show the two S-S 

transitions characteristic to pure Et4NCl.

Co-crystals are typically formed at a stoichiometric ratio, hence a 1:2 GluA-Et4NCl 

ratio (or xEt₄NCl ≈ 0.667) would be the most probable co-crystal forming composition. A 

hypothetical phase diagram following the data obtained by DSC is shown in Fig. 6.31. 

Based on the current dataset, one could conclude that the co-crystal has a lower 

melting/decomposition temperature than the liquidus temperature of GluA-Et4NCl at 

the same composition. This means that the glutaric acid molecules involved with the 

co-crystal are completely liquefied and that the Et4NCl crystals restructure to the most 

Fig. 6.31 x-T (molar fractions) phase diagram of the glutaric acid–tetraethylammonium chloride 
(Et4NCl) system, constructed with DSC, the centrifuge method (Centr.), and the cloud-point 
method (Cloud p.). For other abbreviations, see caption of Fig. 6.23. The black solid lines drawn 
underneath the data are hypothetical phase boundaries taking co-crystal (C) formation into 
account.

Fig. 6.31
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stable mesophase. The melting temperature of the co-crystal would be depressed by 

both glutaric acid and Et4NCl. The peak at ~295 K can then be attributed to the solidus 

temperature between the co-crystal and pure Et4NCl. The transition at the glutaric 

acid-rich side of the co-crystal (xEt₄NCl = 0.624 and 0.650) cannot be ascribed to the 

solidus transition of co-crystal and glutaric acid, because the liquidus phase boundary 

at the hypotectic region is separated too far from the composition at which the solidus 

and liquidus phase boundaries would coincide in the hypertectic region. Instead, the 

DSC-peaks could be attributed to the S-S transition of the co-crystal.

It cannot be stressed enough that the representation discussed before is one of the 

possible explanations matching the current dataset. Other options – such as peritectics 

or kinetic effects – were not taken into account, and further crystallographic and 

spectroscopic studies should be performed to give conclusive information about the 

exact phase behaviour in the hypertectic region between the eutectic temperature and 

ambient temperature. The aim of this work is to compare the effect of the salt on the 

extent of the melting temperature depression during the formation of a DES. Hence, 

the main solidus and liquidus phase boundaries are the transitions of most importance. 

Considering the rather limited impact of the observed transitions (here attributed to 

co-crystal formation) on the liquidus phase boundary, the exact mechanisms were not 

further investigated.

6.3.5	 Thermodynamic modelling of the phase diagrams
The phase diagrams discussed in the previous sections show that the halide anion 

has a major impact on the phase behaviour of the GluA–Et4NX systems. In order 

to estimate the eutectic composition and temperature of each system, the liquidus 

phase boundaries were fitted using the four excess Gibbs energy models described in 

section 6.2.9. The heat capacity terms in Eq. 6.5 were omitted for the salts, since the 

error introduced in the liquidus phase boundary by fitting their fusion properties was 

believed to be larger than the effect of their heat capacities. Moreover, heat capacities 

of the pure liquid salt would be required and all studied Et4NX salts decompose before/

during liquefaction or fusion. The heat capacity terms of glutaric acid were also not 

taken into account in the results presented hereafter. A more detailed discussion on 

the impact of the heat capacity on the modelled liquidus phase boundaries is given in 

section 6.12 (appendix).
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The S-S transitions at the salt-rich side show relatively large transition enthalpies 

at temperatures that are close to the estimated fictive melting temperatures (see 

Table 6.13 in section 6.10, appendix). These transitions are therefore likely to 

influence the fitted melting temperature and entropy of fusion and were initially 

included in Eq. 6.5. However, the excess Gibbs energy models could not describe a 

smooth liquidus phase boundary in most cases. For the most ideal system, GluA–

Et4NI, the results were acceptable, but for GluA–Et4NBr and GluA–Et4NCl fusion 

temperatures above 900 K were obtained. These high temperatures generally led 

to a clear discontinuity in the liquidus phase boundaries. Additionally, the errors of 

the fitting parameters, estimated from their correlation matrix, were typically more 

than 50% of the fitted value. The fitting parameters and resulting phase diagrams are 

included in section 6.11 (appendix).

The main goal of the thermodynamic modelling was to obtain estimations of the 

eutectic composition and temperatures. The fictive melting temperature and entropy 

of fusion of the salts do not have an actual physical meaning. Hence, they were 

determined while omitting the S-S transitions of the salts, which allowed the fitting of 

much smoother liquidus phase boundaries to the data (see Fig. 6.32 to Fig. 6.34). The 

S-S transition of glutaric acid was taken into account, because its fusion and transition 

properties are known. Each of the fitted phase diagrams is discussed hereafter.

GluA-Et4NI
Except for the regular solution theory, all excess Gibbs energy models were able to 

reproduce the experimental liquidus phase boundary of the GluA-Et4NI on both sides 

of the eutectic composition. The single interaction parameter of the regular solution 

theory did not allow for a positive deviation from ideality for glutaric acid and a negative 

deviation from ideality for Et4NI. This forced the excess Gibbs energy of mixing to be 

positive for all compositions and resulted in very high standard deviations of the fitting 

parameters, and a very low fictive entropy of fusion (see Table 6.5). Interestingly, the 

regular solution theory did give the best approximation of the experimental solidus 

temperature. 

The liquidus phase boundaries optimised with the Flory-Huggins model resulted in 

an M of 0.1158. This implies that Et4NI occupies 8.6 times the number of lattice sites 

of glutaric acid, which is not very realistic. The NRTL model showed large deviations 
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Fig. 6.32 T-x phase diagram (top + inset), activities (ai, bottom-left), and total molar Gibbs-free 
energy of mixing (ΔmixGm, bottom-right) of the glutaric acid–tetraethylammonium iodide (Et4NI) 
system. Symbols represent the liquidus (circles) and solidus (squares) phase boundary data 
discussed in section 6.3.2. The lines are the output of two optimised excess Gibbs energy models: 
the Wilson and the non-random two-liquid model with α=0.3 (NRTL α=0.3). The light-grey lines 
represent ideal mixing behaviour. The excess Gibbs-free energy of mixing is shown for the Wilson 
model (dash-dot) and for NRTL α=0.3 (dash-dot-dot-dash).
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of the fitting parameters when the α was not fixed. The α parameter is supposed to be 

fixed, and typically set to a value of 0.20, 0.30 or 0.47, based on the character of the 

mixtures studied.[37] These values were empirically determined by comparing various 

systems, S-L phase behaviour data is underrepresented among those systems. Since 

the GluA-Et4NX systems are polar and the components are not likely to show a very 

high degree of self-association, NRTL with α = 0.30 was selected.

For GluA-Et4NI, the best results were obtained by the Wilson model and by NRTL 

with α = 0.30. The results are shown in Fig. 6.32. Both models describe a positive 

deviation from ideality for glutaric acid and a negative deviation for Et4NI. The 

negative deviation of Et4NI is much smaller for the Wilson model than for the NRTL 

model. The NRTL model approaches the experimental solidus temperatures the best 

(see inset Fig. 6.32).

Table 6.5 Fitting parameters (FP) of the liquidus phase boundaries of the glutaric acid – 
tetraethylammonium iodide (Et4NI) system, optimised using various excess Gibbs energy models. 
The melting temperature (Tfus

∗ ) and entropy of fusion ( � fus mS
� ) of Et4NI were also included as 

fitting parameters. The resulting eutectic composition and temperature are listed, as well as 
the difference between the melting temperature of glutaric acid and the eutectic temperature 
( ∆eut

fus
minT ). The absolute average deviation of the modelled liquidus temperatures is compared 

to the experimental ones. Model abbreviations: regular solution theory (RegSol); Flory-Huggins 
(FH); non-random two-liquid (NRTL).

FP1
a FP2

b FP3
c Tfus

∗∗ �� fus mS
�� xeut Teut ∆∆eut

fus
minT AADd

J∙mol1 J∙mol1 K J∙(mol∙K)1 K K K

RegSol 5939 
(1839)

1 516.5 
(68.7)

8.84 
(12.55)

0.161 364.1 7.2 1.49

FH 21657 
(1945)

0.1158 
(0.0097)

482.7  
(6.0)

61.42  
(5.83)

0.157 365.6 5.8 0.26

Wilson 11414 
(1332)

-1161 
(273)

494.3  
(7.8)

42.84 
(5.00)

0.161 366.1 5.3 0.25

NRTL -7482 
(510)

17441 
(1105)

0.3 467.3  
(6.4)

93.50 
(14.67)

0.159 365.5 5.9 0.33

NRTL -1267 
(4590)

8176 
(4024)

0.9999 
(0.8474)

482.3 
(36.1)

52.84 
(49.37)

0.161 365.8 5.8 0.29

aFP1 is ω for RegSol and FH, and Δg12 for Wilson and NRTL;bFP2 is Δg21 for Wilson and NRTL; cFP3 is M for 

FH, and α for NRTL;d AAD
N

T T
k

k

N

� �
�
�1

1

exp mod .

Table 6.5
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Fig. 6.33 T-x phase diagram, activities (ai, bottom-left), and total molar Gibbs-free energy of 
mixing (ΔmixGm, bottom-right) of the glutaric acid–tetraethylammonium bromide (Et4NBr) system. 
Symbols represent the liquidus (circles) and solidus (squares) phase boundary data discussed in 
section 6.3.3. The lines are the output of two optimised excess Gibbs energy models: the regular 
solutions theory (RegSol) and the Non-random two-liquid model with α=0.3 (NRTL α=0.3). The 
light-grey lines represent ideal mixing behaviour. The excess Gibbs-free energy of mixing is shown 
for the RegSol model (dash-dot) and for NRTL α=0.3 (dash-dot-dot-dash).
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The fitted melting temperatures of Et4NI are well within the temperature range 

(430 K-510 K) estimated in section 6.10. The fitted value for the entropy of fusion 

strongly depends on the applied model and should be compared to the total transition 

entropy (49.3 J·(mol·K)-1) of the salt, because the S-S transitions were not taken into 

account separately.

GluA-Et4NBr
The data of the GluA-Et4NBr system was also fitted with excess Gibbs energy models. 

The data obtained with the centrifuge method were not reproducible enough to allow 

a reliable fit and were omitted. Fig. 6.33 shows the results of the thermodynamic 

modelling for the GluA-Et4NBr system with the regular solutions theory and the NRTL 

model. The Flory-Huggins and Wilson models did not converge to appropriate fitting 

parameter values. Only the NRTL model could describe the slight positive deviation 

from) ideality at the hypotectic side of the phase diagram up to
 
xEt NBr4

≈ 0.2. 

Since the NRTL with freeα converged to α = 0.32, the two NRTL fits are very similar 

and only that of α = 0.3 is shown in Fig. 6.33. In Table 6.6 the fitting parameters 

are listed for the GluA-Et4NBr mixture. Parameter M of the Flory-Huggins model 

converged to its upper boundary of 10. This represents the very unlikely case where 

glutaric acid occupies ten times the number of lattice sites of Et4NBr. The runaway 

of M also lead to a much higher estimation of the Et4NBr melting temperature and 

entropy of fusion. The Wilson model does not perform well for systems that show 

strong non-ideality, which was the motivation to develop the NRTL model.[37] The 

Wilson model indeed underestimates the deviation from ideality for GluA-Et4NBr. 

This is also expressed in the singularity of the Jacobian matrix and the relatively high 

absolute average deviation.

The melting temperatures of the regular solution and NRTL models are above the 

estimated temperature range (400-480 K) and their enthalpies of fusion are well 

below the sum of the S-S transition entropies (46.6 J·(mol·K)-1). The latter emphasizes 

that simultaneous fitting of the liquidus phase boundary and the fusion properties of 

the salt - while omitting the present S-S transitions - provides a way to estimate the 

eutectic, but does not necessarily provide an appropriate description of the physics 

involved in the system.



282
Deep eutectic SolveNtS BASeD oN GlutAric AciD AND tetrAetHylAmmoNium HAliDeS: 

iNflueNce of tHe HAliDe ANioN oN tHe SoliD-liquiD pHASe BeHAviour

GluA-Et4NCl
Fig. 6.34 shows the fits of the NRTL model to the liquidus phase boundary of the 

GluA-Et4NCl system. At the hypotectic side, the centrifuge method data was not 

taken into account because the liquidus phase boundary constructed with DSC and 

the cloud point method could not be fully reproduced (see section 6.8.3 for possible 

explanations). An estimation of the eutectic via thermodynamic modelling is of extra 

interest for this mixture, because of the absence of data around the eutectic. However, 

this also requires the models to extrapolate the data over a much wider composition 

interval than for the previous two systems. As a result, a wide variety of sets of eutectic 

composition and temperature were obtained by the various investigated models (see 

Table 6.7).

The Wilson and regular solution theory models produce eutectics that are too rich 

Table 6.6 Fitting parameters (FP) of the liquidus phase boundaries of the glutaric acid – 
tetraethylammonium bromide (Et4NBr) system, optimised using various excess Gibbs energy 
models. The melting temperature (Tfus

∗ ) and entropy of fusion ( � fus mS
� ) of Et4NBr were also 

included as fitting parameters. The resulting eutectic composition and temperature are listed, 
as well as the difference between the melting temperature of glutaric acid and the eutectic 
temperature ( ∆eut

fus
minT ). The absolute average deviation of the modelled liquidus temperatures is 

compared to the experimental ones. Model abbreviations: regular solution theory (RegSol); Flory-
Huggins (FH); non-random two-liquid (NRTL).

FP1
a FP2

b FP3
c Tfus

∗∗ �� fus mS
�� xeut Teut ∆∆eut

fus
minT AADd

J∙mol1 J∙mol1 K J∙(mol∙K)1 K K K

RegSol -9553 
(525.9)

1 570.8 
(9.3)

19.77 
(1.71)

0.440 311.8 59.6 2.15

FH -35552 
(34268)

10.00e 
(11.79)

1165 
(875)

41.51 
(2.28)

0.426 309.6 61.8 1.49

Wilson 181067f -3977f 637.3f 8.767f 0.449 317.4 54.0 2.49

NRTL -8397 
(50)

18088 
(702)

0.3 546.4 
(4.4)

17.40 
(0.43)

0.436 306.5 64.9 1.32

NRTL -7996 
(1240)

17686 
(1310)

0.3192 
(0.062)

549.9 
(11.7)

16.87 
(1.65)

0.436 306.8 64.6 1.32

aFP1 is ω for RegSol and FH, and Δg12 for Wilson and NRTL;bFP2 is Δg21 for Wilson and NRTL; cFP3 is M for 

FH, and α for NRTL;d AAD
N

T T
k

k

N

� �
�
�1

1

exp mod ; eUpper boundary applied during fitting; fErrors could 

not be estimated because Jacobian matrix was singular.

Table 6.6



283reSultS AND DiScuSSioN

in Et4NCl and appear at a temperature that is higher than one would expect from the 

shape of the liquidus phase boundary (see Table 6.7). The value of the M parameter 

of the Flory-Huggins model is again higher than one would expect. Additionally, the 

error of the fitting parameter is large. Hence, these models did not result in satisfactory 

inter- and extrapolation of the data.

Fig. 6.34 shows that the inclination of the liquidus phase boundary at the hypertectic 

side is well described for all values of α, mainly due to the omission of the S-S 

transitions. The inclination of the liquidus phase boundary at the hypotectic side 

was harder to reproduce, also without taking the S-S transition of glutaric acid into 

account (not shown here). In the inset of Fig. 6.34 can be seen that for α = 0.3 the 

Table 6.7 Fitting parameters (FP) of the liquidus phase boundaries of the glutaric acid – 
tetraethylammonium chloride (Et4NCl) system, optimised using various excess Gibbs energy 
models. The melting temperature (Tfus

∗ ) and entropy of fusion ( � fus mS
� ) of Et4NCl were also 

included as fitting parameters. The resulting eutectic composition and temperature are listed, 
as well as the difference between the melting temperature of glutaric acid and the eutectic 
temperature ( ∆eut

fus
minT ). The absolute average deviation of the modelled liquidus temperatures is 

compared to the experimental ones. Model abbreviations: regular solution theory (RegSol); Flory-
Huggins (FH); non-random two-liquid (NRTL).

FP1
a FP2

b FP3
c Tfus

∗∗ �� fus mS
�� xeut Teut ∆∆eut

fus
minT AADd

J∙mol1 J∙mol1 K J∙(mol∙K)1 K K K

RegSol -16171 
(921)

1 625.3 
(11.2)

12.63 
(0.81)

0.546 258.6 112.8 3.13

FH -33898 
(18079)

3.717 
(2.743)

741.7 
(174.6)

41.68 
(22.16)

0.510 238.8 132.6 2.90

Wilson 204788f -4855f 1001f 2.407f 0.571 289.9 81.5 3.80

NRTL -9367 
(161)

22059 
(2324)

0.3 732.5 
(16.9)

5.340 
(0.227)

0.531 252.5 118.9 2.47

NRTL -12901 
(99)

25894 
(1670)

0.2 660.3 
(10.8)

7.309 
(0.265)

0.514 232.0 139.4 2.33

NRTL -17116 
(5120)

30922 
(6463)

0.1370 
(0.0560)

613.1 
(43.6)

9.482 
(2.522)

0.493 203.3 168.1 2.30

aFP1 is ω for RegSol and FH, and Δg12 for Wilson and NRTL;bFP2 is Δg21 for Wilson and NRTL; cFP3 is M for 

FH, and α for NRTL;d AAD
N

T T
k

k

N

� �
�
�1

1

exp mod ; eUpper boundary applied during fitting; fErrors could 

not be estimated because Jacobian matrix was singular.

Table 6.7
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Fig. 6.34 T-x phase diagram, activities (ai, bottom-left), and total molar Gibbs-free energy of 
mixing (ΔmixGm, bottom-right) of the glutaric acid–tetraethylammonium chloride (Et4NCl) 
system. Symbols represent the liquidus (circles) and solidus (squares) phase boundary data 
discussed in section 6.3.4. The lines are the output for Non-random two-liquid (NRTL) model 
with α=0.3, α=0.2, and α=0.14 (NRTL). The light-grey lines represent ideal mixing behaviour. The 
excess Gibbs-free energy of mixing is shown for α=0.3 (dash-dot), α=0.2 (dash-dot-dot-dash), and 
α=0.14 (short dot).
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inclination exhibited by the data cannot be fully reproduced. For α = 0.2 the fitting 

improved and when the NRTL α parameter was fitted along with the two interaction 

parameters, the slope of the liquidus phase boundary was followed. 

However, theα parameter of the NRTL model was not meant to be used as fitting 

parameter,[37] instead a fixed value should be chosen based on the studied system. The 

lower non-randomness parameter (α) obtained from the fitting of the GluA-Et4NCl 

system as compared to the GluA-Et4NBr system implies that GluA-Et4NCl shows more 

inter-component interactions than GluA-Et4NBr. The shape of the Gibbs-free energy 

of mixing in the liquid is peculiar. 

Hence, using the fusion properties of the salt as fitting parameters while omitting 

the S-S transitions could yield liquidus phase boundaries that are in good agreement 

with the data. However, it is unlikely that the fits are of physical significance besides 

providing the coordinates of the eutectic. The NRTL model merely approximates 

the physical reality of the systems studied. The regular solutions theory, the Wilson 

model, and the Flory-Huggins theory could not describe GluA-Et4NCl satisfactory.

The thermodynamic fitting resulted in a set of melting temperatures for the Et4NX 

salts. For the models that fit the data well, the melting temperature of the salts 

increases in the order Et4NI < Et4NBr < Et4NCl. This is in accordance with other halide 

salts and is typically explained by dependency of the lattice energy of the crystalline 

salt on the ionic radius of the anion. Larger anions have a weaker ionic interaction 

with the cation and thus have a lower lattice energy.[51]

6.3.6	 Effect	of	the	halide	anions	on	the	depth	of	the	eutectic
As discussed in chapter 2 (section 2.2) the categorisation of eutectic mixtures into 

DESs and common eutectic mixtures can be based on the melting point depression of 

the lowest melting component normalised by its pure melting temperature. The lowest 

melting component in the three systems studied in this work is glutaric acid. Fig. 6.35 

shows the normalised melting temperature depression of GluA-Et4NX systems as a 

function of the ionic radius of the halide anion.

The anion size of the Et4NX salts strongly affects the melting temperature depression 

of glutaric acid. From iodide to chloride the melting temperature depression increased 

with more than an order of magnitude. This is in line with a recent study towards 
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eutectic mixtures of tetraalkylammonium halides and saturated fatty acids. It was 

shown that the hydrogen bonding interactions in those systems were dominated by 

the acid groups (hydrogen bond acidity) and the halide ions (hydrogen bond basicity). 

The alkyl chain-length of the ammonium cation, and therefore the cation size, did 

not have a very significant impact on either the hydrogen bonding interactions or the 

melting point depressions.[27,52] Their data was added to Fig. 6.35 as a reference. The 

medium-chain fatty acids combined with Et4NCl studied by Pontes et al. show much 

smaller melting temperature depressions than the shorter di-functionalised glutaric 

acid. Hence, the number of functional groups and the size of the acid also influences 

the melting temperature depression.

The eutectic composition is also affected by the anion (see Fig. 6.36), the solubility 

of the Et4NX salts in glutaric acid increases with decreasing ionic radius. This shows 

that the liquid range is influenced in both composition and temperature by changing 

Fig. 6.35 The melting temperature depression at the eutectic composition of glutaric acid in 
glutaric acid-tetraethylammonium halide (GluA-Et4NX) and saturated fatty acids in fatty acid-
R4NCl mixtures (data from Pontes et al.[27], open symbols) normalised by the melting temperature 
of the acid ( ∆eut

fus
min fusT T ) versus the anion or cation radius (rion

[53]) of the corresponding halide 
salt. The ions are marked with a dashed line and labelled above the graph. The ∆eut

fus
minT was 

determined from thermodynamic modelling of the phase diagrams using the average values of the 
non-random two-liquid (NRTL) model. The data can be found in section 6.3.5.

Fig. 6.35
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the anion. Hence, the anion is an important design parameter when developing acid-

salt based DESs. Although outside of the scope of this work, it would be interesting 

to investigate other small anions – e.g. OH- and NO3
- – to see whether the phase 

behaviour of non-halide anions complements the observed trends.

6.4	 Conclusions and outlook

The S-L phase behaviour of three binary glutaric acid-Et4NX systems was studied in 

order to investigate the effect of halide anions on the eutectic temperature (depth) 

and composition. Iodide, bromide, and chloride were the halide anions of interest. 

The phase diagrams were carefully constructed with three experimental methods: 

DSC, the cloud-point method, and the centrifuge method. Subsequently, the phase 

regions in the phase diagrams were assigned based on the DSC data and WAXS 

diffraction patterns.

The different halide anions clearly impacted the shape of the phase diagrams, showing 

a deeper melting point depression and higher salt solubility at the eutectic in the 

Fig. 6.36 The eutectic composition in glutaric acid-tetraethylammonium halide (GluA-Et4NX) in 
mole fraction of Et4NX ( xEt NX

eut
4

) versus the anion or cation radius (rion
[53]) of the corresponding 

halide salt. The ions are marked with a dashed line and labelled above the graph. The xEt NX
eut

4
was 

determined from thermodynamic modelling of the phase diagrams using the average values of the 
non-random two-liquid (NRTL) model. The data can be found in section 6.3.5.

Fig. 6.36
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order of I- < Br- < Cl-. As a consequence, the liquid range in both temperature and 

composition increases with the same trend. In order to further quantify this effect, the 

phase diagrams were fitted using various thermodynamic models. Since the Et4NX salts 

decompose before melting, their fusion properties were included as fitting parameters 

for the thermodynamic models. The regular solutions theory, the Wilson model, and 

the Flory-Huggins theory could not satisfactory describe the phase behaviour of the 

three studied systems. 

The NRTL model could fit the data and make reasonable extrapolations resulting 

in the following eutectic temperatures and compositions are 365.7±0.2 K at
 

xEt NI4
 = 0.160±0.001, 306.6±0.2 K at xEt NBr4

 = 0.436±0.001, and 218±20 K at
 

xEt NCl4
 = 0.504±0.015 for GluA-Et4NI, GluA-Et4NBr, and GluA-Et4NCl (α = 0.2, and 

α = 0.14), respectively. Their normalised melting temperature depressions are 0.015, 

0.172, and 0.395, respectively. Based on the latter, GluA-Et4NI certainly does not 

qualify as a DES, while GluA-Et4NCl certainly does. Whether GluA-Et4NBr qualifies as 

a DES, depends on the threshold value for normalised melting temperature depression 

that is still to be determined. 

In order to determine how each ion/compound contributes to the depth of the eutectic 

of acid-salt mixtures, more systematic S-L phase behaviour studies are needed. For 

instance, acids with different sizes and a varying number of acid groups, or salts with 

other or differently sized anions or cations could be combined. Components of which 

the fusion properties are known are preferred, to allow an appropriate thermodynamic 

description of the systems and the inclusion of the thermodynamically relevant S-S 

transitions. In this work, the three studied systems behaved too differently to be 

adequately described by any of the selected thermodynamic models. If one model 

could appropriately describe all systems, correlations of the fitting parameters with 

pure component properties (e.g. the anion radius) could be obtained. This would 

allow the prediction of the melting temperature depression based on the fusion 

properties (melting temperature and enthalpy of fusion) and the pure component 

properties (e.g. ionic radius) correlated to the fitting parameters. Additionally, the 

liquid structure could be explored as a function of composition and temperature with 

spectroscopic and (neutron) diffraction studies. This would provide more insight in 

the main interactions at play and give physical background to observations such as 

made in this study. 
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The anion size is an important parameter for the design of acid-salt eutectic mixtures. 

Via the quantification of more of these design parameters, a toolbox could be 

assembled that allows the design of a solvent from two solids.
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6.6	 Appendix – Include solid-solid transitions in the 
liquidus phase boundary thermodynamics

The thermodynamic cycle used to describe the liquidus phase boundary adjusted for 

S-S transitions between the solidus and liquidus temperature is shown in Fig. 6.37. 

The additional S-S transition should only be taken into account for compositions at 

which the liquidus temperature is equal to or below the transition temperature.

In that case, the transition enthalpy and entropy should be taken into account, as well 

as an extra heat capacity term. The equation for the molar enthalpy of component 

then becomes as described in Eq. 6.30.

Eq. 6.30
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,  the 

left cycle should be applied.

Fig. 6.37
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obtains Eq. 6.31.

Eq. 6.31
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The expression for the entropy is adapted similarly, see Eq. 6.32.

Eq. 6.32
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Finally, when substituting Eq. 6.33 in Eq. 6.32, and Eq. 6.30 and Eq. 6.32 into Eq. 2.12, 

Eq. 6.34 is obtained:
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Eq. 6.34

For Et4NCl, Eq. 6.34 can be expanded similarly to take the extra S-S transition into 

account:
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6.7	

Eq. 6.35
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Appendix – Selection of DSC peak events for the 
construction of the phase diagram

When the liquidus temperature is depressed towards the solidus temperature, the 

liquidus peak becomes less pronounced. As a consequence, the difference between the 

liquidus peak maximum, inflection point, offset temperature, and final temperature 

increases. Theoretically, this divergence should diminish with decreasing heating rate 

as discussed in section 2.3.4. To validate this for the GluA–Et4NBr system, a sample 

with a less pronounced liquidus peak (xEt₄NBr = 0.349) was evaluated at 7 heating rates. 

The resulting thermograms and the evolution of the transition temperatures with 

DSC heating rates are presented in Fig. 6.38 and Fig. 6.39, respectively.

As expected, the separation between the solidus and liquidus transition decreases with 

increasing heating rates. Nevertheless, the sample with xEt₄NBr = 0.349 clearly showed 

both transitions over the whole range of heating rates. All peak events could thus be 

evaluated at different heating rates (see Fig. 6.39); for the solidus peak these are: the 

initial temperature, the onset temperature, and the peak maximum. For the liquidus 

peak the peak maximum, inflection point, offset temperature, and final temperature 

are taken into account; for more details on these events, see section 2.3.3.

With decreasing heating rate, the liquidus temperatures derived from the separate 

peak events indeed show a converging trend. A temperature difference of 3 to 4 K was 

observed between the lowest (peak maximum) and the highest (final temperature) 

peak event after extrapolation to β = 0 K·min-1. That difference is rather small compared 

to β = 2 K·min-1, where this difference is ~12 K; or compared to β = 10 K·min-1, where 

it is ~40 K. The large variation with heating rate can mainly be ascribed to the strong 

heating rate dependency of the final temperature. This peak event comes the closest 
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to the definition of the liquidus phase boundary, i.e. the temperature at which the 

last solid disappears. However, that is assuming that the liquid and solid phase are 

in equilibrium; an assumption that is not valid at high heating rates. Then, dynamic 

processes such as thermal conductivity of the sample, diffusion, and dissolution of 

the solids into the liquid start to play a role. As a result, the disappearance of the last 

solid can be significantly stretched to higher temperatures. Until β = 5 K·min-1, the 

final temperature increases linearly with the heating rate. At β = 10 and 20 K·min-1 the 

peak event is not following the same trend, but is still found at higher temperatures. 

Probably, the driving force for liquefaction (ΔT) becomes dominant over the dynamic 

melting retardation at higher heating rates.

Fig. 6.38 DSC thermograms (endotherms up), heat flow rate (Φ) vs. temperature (T), at various 
heating rates of glutaric acid– tetraethylammonium bromide (Et4NBr) with xEt₄NBr = 0.349. Heating 
rates of the second heating cycle are, from bottom to top, 0.25, 0.5, 1, 2, 5, 10 and 20 K∙min-1. The 
lower heating rates are highlighted in the insert in the upper right corner. The full temperature 
program can be found in section 6.2.4 - Temperature programs.

Fig. 6.38
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The other peak events (offset, inflection and peak maximum temperatures) are less 

influenced by the heating rate, but all show a remarkable contrast between low 

(β ≤ 2 K·min-1) and high heating rates (β ≥ 5 K·min-1). This has to do with the liquidus 

peak shape, which is largely defined by the heating rate. At low heating rates, the 

sample gets more relaxation time. This causes the peak maximum (the maximum heat 

flow needed to liquefy the sample) to shift to lower temperatures. When that happens, 

the inclination from the peak maximum towards the baseline is less steep. The 

inflection point and onset temperature depend on that inclination. With a less steep 

inclination, they will appear at higher temperatures. At high heating rates, however, 

the sample is heated faster than the solids can initially liquefy. Near the liquidus 

boundary, all solids need to be melted and a steep increase in heat flow is observed. 

This is followed by a steep decrease in heat flow when all solids have been liquefied, 

Fig. 6.39 Influence of the DSC heating rate (β) on the different solidus (left) and liquidus 
(right) transition temperatures that could be extracted from the thermograms of glutaric acid–
tetraethylammonium bromide (Et4NBr) with xEt₄NBr = 0.349. Symbols represent data points, while 
the solid lines are linear approximations to these data (outliers excluded, see text). The initial 
temperature of the solidus transition is presented for two threshold values: 2 and 10, shown in light 
grey and black, respectively. The final temperature of the liquidus transition was calculated with 
a threshold value of 2. For more information on the threshold see section 6.2.4 - Data processing.

Fig. 6.39
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resulting in the peak maximum. This is why the peak maximum could be taken as the 

liquidus temperature. The peak maximum occurs at relatively high temperatures, so 

the inclination to the baseline will be steep and the offset and inflection point will be 

closer to the peak temperature. 

The liquidus peak maximum slightly decreases with increasing heating rates for 

β ≥ 5 K·min-1. This seems contradictory, but actually leads to convergence of all peak 

events at lower heating rates. At β ≤ 2 K·min-1 the opposite trend is observed, at those 

heating rates the peak maximum is not fully representing the liquidus boundary 

owing to too much relaxation. It is expected that at the intersection of the two linear 

approximations, around 4 K·min-1, the two phenomena meet. Of all peak events, the 

inflection point is the least influenced by the heating rate. Also, it approximately falls 

together with the average of all peak events at equilibrium (β = 0 K·min-1). Therefore,	

for	the	construction	of	all	phase	diagrams,	the	inflection	point	was	taken	as	

liquidus	temperature.

Each of the solidus peak events has a very distinct temperature. Particularly, the initial 

temperature contrasts from the onset and peak maximum, with temperature variations 

of ~7 to ~17 K. The initial temperature shows a steep decrease with increasing heating 

rate, with some outliers. At most heating rates, the baseline is poorly defined, which 

has two main reasons. Firstly, the isotherm (30 min, 278 K) necessary to achieve 

complete crystallisation of the system lies relatively close to the temperature at which 

the solidus peak arises. The isotherm could not be set at lower temperatures, because 

considerable cold-crystallisation would still occur around 278 K, deforming the 

baseline even more. Especially at high heating rate (20 K·min-1), the sudden increase 

in heat flow after isothermal conditions disturbs the baseline. Shortly after a stable 

heat flow increment is achieved (corresponding to the heat capacity increase of the 

sample), the solidus peak starts to emerge. This leaves a small temperature interval 

that can be defined as baseline. At this interval the linearity is arguable, hence the 

strong deviation at this particular heating rate. Secondly, the baseline is disturbed 

by small cold-crystallisation peaks at lower heating rates (see inset Fig. 6.38), for this 

reason the linearity was also contentious for β = 0.5 K·min-1. These small crystallisation 

peaks could not be avoided with longer isotherms at 278 K, and setting the isotherm at 

higher temperatures would result in similar baseline deformations as observed for the 

high heating rates. Moreover, for ill-defined baselines, the threshold value and chosen 
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interval to fit the baseline strongly affect the resulting initial temperature event. This 

is illustrated in Fig. 6.39, the data obtained with a threshold value of 2 exhibits a high 

degree of randomness, while clear trends can be observed for a threshold value of 10. 

Hence, even though one could argue that the initial temperature suits the definition 

of the solidus temperature best (i.e. the temperature at which the first liquid appears), 

the onset temperature taken as solidus temperature.

Although it is partially constructed with the same baseline, the onset temperature is 

largely determined by the tangent of the peak. Hence, where the initial temperature 

exhibits a clear outlier due to the ill-defined baseline at β = 0.5 K·min-1, this is not the 

case for the onset temperature. While the onset temperature is less sensitive to the 

baseline, it overestimates temperature at which the first liquid appears. If the solidus 

peak is sharp (e.g. for most pure metals), all peak events occur very closely.[54] If the 

peak is broad, the inclination of the peak is less steep and thus the onset event occurs 

at lower temperatures. Simultaneously, the difference between the initial temperature 

and the onset temperature increases. At lower heating rates, the onset temperature 

is considerably higher in combination with a cold-crystallisation step (see inset 

Fig. 6.38). At higher heating rates, a bump or shoulder is visible in the solidus peak, 

similar to those observed at lower Et4NBr content: the solidus of the α-phase. It is 

likely that at low heating rates, the last remainders of the supercooled α-phase are 

allowed to re-crystallise to the β-phase, while at higher heating rates the α-phase 

melts together with Et4NBr before recrystallization. The peak maximum is not much 

affected by this phenomenon, since the fraction of α-phase is small, judging from 

the cold-crystallisation peak and shoulder size. Nevertheless, the onset temperature 

was taken as solidus temperature. The peak maximum deviates significantly from the 

definition of the solidus temperature, the onset temperature less. For that matter, 

the initial temperature would be the best. The initial temperature, however, is not 

very reliable for this particular system and the onset temperature is less heating rate 

dependent than the initial temperature. Moreover, the onset temperature matches 

convention allowing for better comparison with literature data. Additionally, the 

equipment was calibrated on the onset temperatures of reference materials.
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6.8	 Appendix – Sensitivity analysis of the various 
analysis methods used to study the liquidus phase 
boundary

The liquidus phase boundaries constructed with the cloud point method, centrifuge 

method and DSC are slightly different from each other. It is unlikely that the 

discrepancy can be explained by overlapping uncertainty intervals. In that case, a more 

scattered dataset would be expected. Instead, the dissimilarities could originate from 

a systematic difference in the composition or temperature analysis. The precision of 

the composition analysis (xEt₄NBr ± 0.0006, see section 6.8.1) is significantly smaller 

than the differences between the methods. Depending on the analysis method, the 

temperature of the samples was determined with different procedures. The liquidus 

temperature extracted from DSC thermograms has an increased uncertainty compared 

to the melting temperature of the reference materials. The standard deviation of the 

DSC liquidus temperature was ±1.1 K (see section 6.8.2) and that for the centrifuge 

method is ±0.5 K. Even in combination with the error on composition analysis, this 

is not enough to explain the deviations between the DSC data and the centrifuge 

method. The error bars are not depicted in the phase diagram because they are smaller 

than the depicted symbols. The differences between the analysis methods could also 

be explained by method-specific phenomena. In the sections below the most likely 

sources for the differences among the analysis methods are discussed. 

6.8.1	 Composition analysis
The molar compositions of DSC, cloud point method, and centrifuge method samples 

were evaluated following the same procedure based on 1H-NMR spectroscopy. 

The 1H-NMR analysis was evaluated for the GluA–Et4NBr system and repeated five 

times for five DSC samples prepared from the same batch. One of those samples 

Table 6.8 Absolute (abs) and relative (rel) standard deviations of the composition after running 
and integrating the same NMR tube for five times (sample no. 5 in Table 6.9).

No. 1 2 3 4 5 Average σabs σrel / %

xEt₄NBr 0.349 0.350 0.348 0.349 0.348 0.349 0.0006 0.17

Table 6.8



301AppeNDiceS

was measured five times to investigate whether the acquisition and peak integration 

would be the source of the biggest error. In all cases, the composition was aimed at 

xEt₄NBr = 0.35; the obtained value was 0.349 with a maximum standard deviation of 

0.0006 (see Table 6.8 and Table 6.9).

Indeed, the standard deviation of 5 repetitions of the same sample was similar to 

that of 5 different samples. The biggest source of the relatively small error is thus the 

integration of the 1H-NMR peaks.

6.8.2	 Temperature analysis
The temperature signal of the DSC was calibrated and verified using ultrapure 

components (>99.9 %), showing an accuracy (deviation from literature values) and 

precision (determined from repeated validation runs) of 0.05 K. The centrifuge 

method temperature loggers were calibrated to the signal of a calibrated pt100 sensor 

(accuracy 0.1 K).

Standard deviation DSC peak events
The liquidus temperature extracted from DSC thermograms has an increased 

Table 6.9 Absolute (abs) and relative (rel) standard deviations of the composition, transition 
temperatures, and transition enthalpies of the glutaric acid-tetraethylammonium bromide 
(Et4NBr) system analysed by DSC at a heating rate of 1 K∙min-1 and determined from five samples. 
Subscripts: solidus (sol), liquidus (liq), and transition (tr), the reported peak events are the initial 
temperature, the onset temperature, the peak maximum (peak), the inflection point (infl.), the 
offset temperature and the final temperature.

No. xEt₄NBr

Tsol 
initial 

K

Tsol 
onset 

K

Tsol 
peak 

K

Tliq 
peak 

K

Tliq 
infl. 

K

Tliq 
offset 

K

Tsol 
final 

K

ΔtrHsol 
 

kJ∙mol-1

ΔtrHtot 
 

kJ∙mol-1

1 0.349 290.7a 302.5 304.5 326.7 329.0 331.4 334.5 86.78 118.2

2 0.347 294.2 302.6 304.4 325.6 330.2 332.9 335.1 85.46 116.6

3 0.348 295.3 302.6 304.3 327.1 331.4 333.7 335.7 85.14 116.6

4 0.348 294.5 302.6 304.5 326.6 329.0 331.4 336.1 87.5 119.4

5 0.349 294.9 302.7 304.4 326.1 329.0 332.0 334.6 86.77 118.6

Average 0.348 294.7 302.6 304.4 326.4 329.7 332.3 335.2 86.3 117.9

σabs 0.0005 0.5 0.1 0.1 0.6 1.1 1.0 0.7 1.0 1.2

σrel / % 0.15 2.1 0.2 0.3 1.1 1.9 1.7 1.1 1.1 1.1
aClear outlier, omitted in average and standard deviation calculations.

Table 6.9
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uncertainty compared to the melting temperature of the reference materials. 

Therefore the uncertainty of the solidus and liquidus peak events were determined 

for five xEt₄NBr = 0.349 samples. The liquid samples were taken from the same stirred 

vial with 2 g DES that was equilibrated under nitrogen atmosphere for 2 h at 180 K. 

The absolute standard deviation did not exceed 0.5 K and 1.1 K for the solidus (initial 

temperature) and liquidus (inflection point) transition, respectively. This is in line 

with uncertainties commonly observed for DSC experiments,[55] all deviations are 

summarised in Table 6.8. 

Verification temperature loggers centrifuge method
The custom made temperature sensors used for the centrifuge method were verified 

by logging the temperature of a vial with 10 ml of glycerol simultaneously with a 

calibrated Pt100 sensor at various temperatures. In Fig. 6.40 can be seen that the 

differences between the two sensors were small, ranging from 0.3 to 0.9 K over a 

temperature interval from 298-373 K.

The error on temperature analysis for the centrifuge method was estimated at 0.5 K, 

derived from the sensor precision and accuracy, and assuming there is no temperature 

gradient over the samples.

Fig. 6.40 Temperatures acquired with the centrifuge method temperature loggers (Tcen) versus 
those obtained with a calibrated pt100 sensor. Circles are the data points, the dashed line 
represents the linear fit through the data points.

Fig. 6.40
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6.8.3	 Method-specific	systematic	deviations

Centrifuge method
One of the sources of systematic errors for the centrifuge method is a concentration 

gradient from the top to the bottom of the centrifuge tube. For the components used 

for method validation (bibenzyl and biphenyl) this was not observed (see chapter 3), 

but the viscosity of the resulting liquid was lower than that of the liquefied GluA–Et4NX 

mixtures. Therefore, the formation of a concentration gradient was re-evaluated for 

the GluA–Et4NBr system. Table 6.10 lists the compositions at the top of the centrifuge 

tube and just above the liquid-solid interface (bottom). In order to emphasize gradient 

formation a sample was prepared that completely fills the centrifuge tube. For this 

sample, a clear composition gradient was observed. The liquid at the top of centrifuge 

is richer in salt than the bottom liquid. This was expected, because the sample is 

prepared at the hypotectic side. However, for the sample size applied in this work, no 

significant gradient was observed.

Another source of errors is the first step, the grinding of the solids. It is very important 

that one of the solids is completely liquefied. At the hypotectic side this solid is the 

salt and at the hypertectic side it is the glutaric acid. Since the dissolution of the 

salt into the glutaric acid/mixed liquid and vice versa is slow, it is expected that it 

will take very thorough mixing to completely liquefy the samples. If non-dissolved 

solid particles are present during centrifugation, they will precipitate together with 

the aimed excess solid. This could lead to an overestimation of the excess component 

in the liquid. Alternatively, the excess component could be not fully dissolved after 

grinding, leading to an underestimation of the excess in the liquid. Especially in 

viscous systems, such as those studied here, this could lead to significant deviations 

Table 6.10 Compositions of glutaric acid-tetraethylammonium bromide (Et4NBr) mixtures after 

centrifugation in mole fraction of Et4NBr (
4Et NBrx ). Samples were taken from the top of the liquid 

phase (top) and just above the solid phase (bottom). No temperature sensor was applied.

Sample xEt NBr
initial

4
xEt NBr
top

4
xEt NBr
bottom

4
∆∆ top
bottom

Et NBrx
4

Completely filled 0.35 0.416 0.406 0.010

Standard 6 g sample 0.35 0.432 0.431 0.001

Table 6.10
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from other techniques.

Cloud-point method
The cloud-point method is based on the addition of small quantities of solid to a 

clear liquid mixture, until the solid does not dissolve anymore and some excess solid 

appears. Although in general the method is very straightforward, the estimation of 

the equilibrium depends on visual inspection. The size of the solids is not always the 

same and sometimes very small crystals result in a hazy liquid rather than a clear 

suspension. This also complicated the sampling of liquid only for 1H-NMR analysis. 

Hence, the cloud-point method may result in an equilibrium concentration that is too 

rich in the excess solid phase. This is glutaric acid in the hypotectic region and salt in 

the hypertectic region.

6.9	 Appendix – Supporting data

6.9.1	 Pure components

Fig. 6.41 DSC thermograms – heat flow rate (Φ) vs. temperature (T) – of glutaric acid, two 
consecutive heating and cooling cycles (see arrows) are shown. The sample was analysed at 1 K/
min; the type of transition is labelled near their corresponding peaks.
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Fig. 6.42 

Et4NI Et4NBr Et4NCl
T = 523 K

DSC pans with 5 mg (from left to right) tetraethylammonium iodide (Et4NI), bromide 
(Et4NBr), and chloride (Et4NCl), heated on a heating plate at 523 K outside of the DSC measuring 
cell. A beaker was placed on top, the beaker was clear and clean before heating the samples. In the 
enhancement on the right, a leakage site is highlighted for the Et4NI.

Table 6.11 Transition temperatures and enthalpies of tetraethylammonium chloride on the first 
heating cycle for three separate samples analysed with DSC from 293 to 443 K at a heating rate of 
1 K∙min-1. Last column contains enthalpy resulting from the integral from baseline to baseline of 
the three transitions with the highest transition temperature.

TV-IV
∆∆V
IV

mH TIV-III
∆∆ IV
III

mH TIII-II
∆∆ III
II

mH TII-I
∆∆ II
I

mH ∆∆ tot mH

K kJ∙mol-1 K kJ∙mol-1 K kJ∙mol-1 K kJ∙mol-1 kJ∙mol-1

Sample 1 354.7 5.3 375.4 1.5 388.4 0.3 393.9 7.6 10.0

Sample 2 353.3 4.7 374.3 1.3 388.6 0.4 394.0 7.2 9.6

Sample 3 353.3 4.7 374.5 1.3 388.7 0.5 393.9 7.2 9.8
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6.9.2	 S-L phase behaviour of the GluA-Et4NBr system

Table 6.12 Estimated S–S transition enthalpies of glutaric acid in the glutaric acid-tetraethyl-
ammonium bromide (Et4NBr) system at different mole fractions xEt₄NBr. Enthalpies were estimated 
from DSC thermograms as described in the main text; α→β (subscript, superscript) is the 
exothermic, and β→α (subscript, superscript) the endothermic crystal rearrangement.

xEt₄NBr
����

��Hm ����
��Hm xEt₄NBr

����
��Hm ����

��Hm

kJ∙mol-1 kJ∙mol-1 kJ∙mol-1 kJ∙mol-1

0.053 12.1 12.6 0.141 10.8 8.5

0.098 10.6 9.5 0.211 0.8 2.4

Fig. 6.43 Wide angle X-ray scattering patterns of the glutaric acid (GluA) – tetraethylammonium 
bromide (Et4NBr) system with xEt₄NBr=0.3. The order at which the patterns were recorded is from 
bottom to top (see arrow), temperatures are given above each pattern.
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Fig. 6.44 Transition enthalpies (ΔtrsH) versus the molar composition of the glutaric acid–
tetraethylammonium bromide (Et4NBr) system presented in Fig. 6.18. Abbreviations: transition 
(trs) and solidus (sol).

6.10	 Appendix – Estimation of the fusion properties of 
the tetraethylammonium halides

In order to describe the phase behaviour of binary mixtures of glutaric acid and 

tetraethylammonium halides (Et4NX), the melting temperatures as well as the 

enthalpies and entropies of fusion are needed for all pure components. Since all three 

studied salts decompose before melting, their fusion properties cannot be determined 

experimentally. In order to estimate the fusion properties for the Et4NX salts, the 

thermal properties of symmetric tetraalkylammonium halide salts with longer alkyl-

chain lengths were plotted against the carbon-number of an individual chain (see 

Fig. 6.45). 

From these figures rough extrapolations were obtained for the fusion properties of 

the Et4NX salts, their values are presented in Table 6.13. The sum of the entropy of all 

transitions was used for the extrapolation, because longer alkyl chains can undergo 

many conformational S-S transitions. These often have entropies that are high relative 

to the final transition from a solid to an isotropic liquid. For the Et4NX salts, the sum 

of the entropies of the S-S transitions before decomposition can be derived from Table 

6.2 to Table 6.4. The entropy of fusion can then be determined by subtracting these 
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values from the difference between the extrapolated sums of all transitions.

Fig. 6.45 Fusion properties of various tetraalkylammonium halides ((CnH2n+1)4NX) plotted versus 
the carbon number of a single alkyl chain (n). The dashed lines and highlighted areas represent the 
rough extrapolations of the fusion temperature (Tfus, left) and total entropy of transitions (ΔtrStot, 
right). The latter is the sum of all reported solid-solid and fusion transitions. The literature data 
and specific references are presented in Table 6.14 to Table 6.16.

Fig. 6.45

Table 6.13 The upper (u) and lower (l) values from the extrapolation of the melting temperatures 
(Tfus) and total entropy of transitions (ΔtrSm,i,tot) shown in Fig. 6.45. Also shown are the sum of 
the entropies regarding the solid-solid transitions taken into account during the thermodynamic 
modelling of the glutaric acid-Et4NX phase diagrams (ΔtrSm,i), and the estimated entropies of 
fusion (ΔfusSm,i). Where ΔfusHm,i = Tfus,i∙ΔfusSm,i.

Salt u/l
Tfus Ttr ΔtrSm,i,tot ΔtrSm,i ΔfusSm,i

K K J∙(mol∙K)-1 J∙(mol∙K)-1 J∙(mol∙K)-1

Et4NCl u 590 374.4 / 394.0 60 3.5 / 18.3 38.2
l 510 374.4 / 394.0 5 3.5 / 18.3 0

Et4NBr u 480 440.0 / 463.4 60 43.4 / 3.2 13.4
l 400 440.0 / 463.4 5 43.4 / 3.2 0

Et4NI u 510 466.5 60 49.3 10.7
l 430 466.5 5 49.3 0

Table 6.13
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Table 6.14 Literature data for tetraalkylammonium chloride salts used in Fig. 6.45.

R4NCla Ttr ΔtrS ΔtrStot [ref]
n K J∙(mol∙K)-1 J∙(mol∙K)-1

3 503 [56]
3 503.07 [57]
4 314.2 65.3 65.3 [58]
4 248.4 22.9 73.8 [59]

297.9 4.2
313.0 46.7

4 353 [60]
4 344.34 [57]
4 349 [61]
4 348 [56]
4 342.6 [62]
4 358 [63]
5 281 9.8 14.4 [59]

295 4.5
5 413 [63]
5 414 [64]
6 385 [64]

aR = CnH2n+1



310
Deep eutectic SolveNtS BASeD oN GlutAric AciD AND tetrAetHylAmmoNium HAliDeS: 

iNflueNce of tHe HAliDe ANioN oN tHe SoliD-liquiD pHASe BeHAviour

Table 6.15 Literature data for tetraalkylammonium bromide salts used in Fig. 6.45.

R4NBra Ttr ΔtrS ΔtrStot [ref]
n K J∙(mol∙K)-1 J∙(mol∙K)-1

4 366 4.5 46.3 [50]
382 0.9

394.5 40.9
4 367 41.2 80.2 [18]

379.2 1.4
393.9 37.6

4 367.15 94.9 [58]
372.15 38.2
395.15 56.7

5 374 97.9 97.9 [18]
5 376 110.2 110.2 [58]
6 148 8.1 129.4 [18]

167 1.2
196 17.5
305 22.0
315 38.0

374.9 42.6
6 305 21.9 102.6 [58]

315 38.5
377.2 42.2

6 310 83.2 -b [65]

7 339.5 13.5 112.8 [18]
366.5 99.3

7 343.2 15.8 113.3 [58]
369.2 97.5

7 340 13.8 -b [65]

8 323.2 11 129.0 [18]
374.1 118

8 323 9.6 -b [65]

10 348.6 160.8 263.4 [18]
363.4 102.6

12 225.4 6.4 341.2 [18]
362.6 334.8

12 363 [66]
aR = CnH2n+1; 

bOnly the solid-solid transition was studied.
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Table 6.16 Literature data for tetraalkylammonium iodide salts used in Fig. 6.45.

R4NIa Ttr ΔtrS ΔtrStot [ref]
n K J∙(mol∙K)-1 J∙(mol∙K)-1

4 394 71.2 92.5 [18]
420.6 21.3

4 392.2 71.5 94.4 [58]
419.2 23.0

4 392 71.5 93.5 [44]
418 22.0

5 404.6 41.2 135.2 [18]
412.6 94.0

5 405.2 42.3 137.7 [58]
412.2 95.4

5 403 34.3 126.1 [44]
410 91.8

6 345.1 83.3 143.4 [18]
352.3 16.2
378.7 43.9

6 344 70.5 132.6 [44]
352 16.6
378 45.4

7 355.4 26.1 130.2 [18]
391 6.2

398.7 97.9
7 356.2 27.0 128.9 [58]

391.2 7.9
396.2 94.0

7 358 25.7 124.0 [44]
392 6.4
396 91.9

12 284.1 12.3 271.3 [18]
343.4 12.6
351.2 109.1
364.6 15.1
388.7 122.2

12 388.7 [66]
16 385.9 [66]
18 355.3 34.3 332.9 [67]

386.9 298.6
aR = CnH2n+1
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6.11	 Appendix – Results of thermodynamic modelling 
taking the solid-solid transition of the Et4NX salts 
into account

For pure Et4NCl, four S-S transitions were observed during the first heating cycle. Two 

SS transitions were also observed at the hypertectic side of the GluA–Et4NCl phase 

diagram. Therefore, both transitions (Ttrs = 374.3 and 394.0 K) were included for the 

calculation of the ideal S-L phase behaviour, even though only one S-S transition 

persisted for pure Et4NCl (see section 6.3.1). The other transitions found for the 

GluA-Et4NCl system were not taken into account. For Et4NBr and Et4NI the transitions 

described in section 6.3.1 were incorporated.

Table 6.17 Fitting parameters (FP) of the liquidus phase boundaries of the glutaric acid – 
tetraethylammonium iodide (Et4NI) system, optimised using various excess Gibbs energy models 
including the S-S transition of Et4NI. The melting temperature (Tfus

∗ ) and entropy of fusion 
( � fus mS

� ) of Et4NI were also included as fitting parameters. The resulting eutectic composition and 
temperature are listed, as well as the difference between the melting temperature of glutaric acid 
and the eutectic temperature ( ∆eut

fus
minT ). The absolute average deviation of the modelled liquidus 

temperatures is compared to the experimental ones. Model abbreviations: regular solution theory 
(RegSol); Flory-Huggins (FH); non-random two-liquid (NRTL).

FP1
a FP2

b FP3
c Tfus

∗∗ �� fus mS
�� xeut Teut ∆∆eut

fus
minT AADd

J∙mol1 J∙mol1 K J∙(mol∙K)1 K K K

RegSol 4941 
(2713)

1 1460 
(41298)

0.45 
(18.64)

0.158 363.8 7.6 1.46

FH 21657 
(1945)

0.1158 
(0.0097)

488.2 
(8.7)

45.99 
(5.83)

0.157 365.6 5.8 0.26

Wilson 11414 
(1332)

-1161 
(273)

509.9 
(15.0)

27.40 
(5.00)

0.161 366.1 5.3 0.25

NRTL -7481 
(510)

17440 
(1105)

0.3 467.3 
(7.7)

78.06 
(14.67)

0.159 365.5 5.9 0.33

NRTL -1278 
(4496)

8204 
(3947)

0.9999 
(0.8312)

488.3 
(58.0)

37.69 
(48.69)

0.160 365.7 6.1 0.29

aFP1 is ω for RegSol and FH, and Δg12 for Wilson and NRTL;bFP2 is Δg21 for Wilson and NRTL; cFP3 is M for 

FH, and α for NRTL;d AAD
N

T T
k

k

N

� �
�
�1

1

exp mod .

Table 6.17
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Fig. 6.46 T-x phase diagram (top + inset), activities (ai, bottom-left), and molar Gibbs-free energy 
of mixing (ΔmixGm, bottom-right) of the glutaric acid–tetraethylammonium iodide (Et4NI) system 
including its solid-solid transitions (horizontal dashed line). Symbols represent the liquidus 
(circles) and solidus (squares) phase boundary data discussed in section 6.3.2. The lines are output 
of the five optimised excess Gibbs energy models: regular solutions (RegSol); Flory Huggins (FH); 
Wilson; non-random two-liquid model with α=0.3 (NRTL α=0.3); and NRTL without constraints 
(NRTL). The light-grey lines represent ideal mixing behaviour. For ΔmixGm, the thick lines represent 
the total and the thin lines the excess Gibbs-free energy of mixing.
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Table 6.18 Fitting parameters (FP) of the liquidus phase boundaries of the glutaric acid – 
tetraethylammonium bromide (Et4NBr) system, optimised using various excess Gibbs energy 
models including the S-S transition of Et4NBr. The melting temperature (Tfus

∗ ) and entropy 
of fusion ( � fus mS

� ) of Et4NBr were also included as fitting parameters. The resulting eutectic 
composition and temperature are listed, as well as the difference between the melting temperature 
of glutaric acid and the eutectic temperature ( ∆eut

fus
minT ). The absolute average deviation of the 

modelled liquidus temperatures is compared to the experimental ones. Model abbreviations: 
regular solution theory (RegSol); Flory-Huggins (FH); non-random two-liquid (NRTL).

FP1
a FP2

b FP3
c Tfus

∗∗ �� fus mS
�� xeut Teut ∆∆eut

fus
minT AADd

J∙mol1 J∙mol1 K J∙(mol∙K)1 K K K

RegSol -12889 
(1319)

1 1500e 
(10782)

0.853 
(8.142)

0.398 311.9 59.5 6.41

FH -23879 
(19412)

4.29 
(5.21)

1500e 
(425)

12.51 
(18.01)

0.409 308.9 62.5 3.57

Wilson -13592 
(44851)

-1492 
(522)

1500e 
(899)

6.1 
(37.3)

0.440f 305.0f 66.4 5.18

NRTL -2961 
(543)

-17918 
(4772)

0.3 1500e 

(230)
10.21 
(6.39)

0.440f 305.0f 66.4 2.08

NRTL -65283 
(45870)

89517 
(53346)

0.017 
(0.018)

1500e 
(8766)

1.03 
(8.14)

0.433 294.6 76.7 2.59

aFP1 is ω for RegSol and FH, and Δg12 for Wilson and NRTL;bFP2 is Δg21 for Wilson and NRTL; cFP3 is M for 

FH, and α for NRTL;d AAD
N

T T
k

k

N

� �
�
�1

1

exp mod

 

eUpper boundary applied during fitting; fErrors could 

not be estimated because Jacobian matrix was singular.
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Fig. 6.47 T-x phase diagram (top + inset), activities (ai, bottom-left), and molar Gibbs-free energy 
of mixing (ΔmixGm, bottom-right) of the glutaric acid–tetraethylammonium bromide (Et4NBr) 
system including its solid-solid transitions (horizontal dashed lines). Symbols represent the 
liquidus (circles) and solidus (squares) phase boundary data discussed in section 6.3.3. The lines are 
output of three optimised excess Gibbs energy models: regular solutions (RegSol); Flory Huggins 
(FH); and the non-random two-liquid model without constraints (NRTL). The Wilson and NRTL 
model with α=0.3 did not converge. The light-grey lines represent ideal mixing behaviour. For 
ΔmixGm, the thick lines represent the total and the thin lines the excess Gibbs-free energy of mixing.
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Table 6.19 Fitting parameters (FP) of the liquidus phase boundaries of the glutaric acid – 
tetraethylammonium chloride (Et4NCl) system, optimised using various excess Gibbs energy 
models including the S-S transition of Et4NCl. The melting temperature (Tfus

∗ ) and entropy 
of fusion ( � fus mS

� ) of Et4NCl were also included as fitting parameters. The resulting eutectic 
composition and temperature are listed, as well as the difference between the melting temperature 
of glutaric acid and the eutectic temperature ( ∆eut

fus
minT ). The absolute average deviation of the 

modelled liquidus temperatures is compared to the experimental ones. Model abbreviations: 
regular solution theory (RegSol); Flory-Huggins (FH); non-random two-liquid (NRTL).

FP1
a FP2

b FP3
c Tfus

∗∗ �� fus mS
�� xeut Teut ∆∆eut

fus
minT AADd

J∙mol1 J∙mol1 K J∙(mol∙K)1 K K K

RegSol -22758 
(1672)

1 1500e 
(888)

2.989 
(2.428)

0.507 245.5 125.9 6.39

FH -39979 
(30673)

4.586 
(4.597)

1050 
(239)

31.66 
(30.65)

0.503 239.3 132.1 3.13

Wilson -19010 
(269)

-3018 
(225)

1500e 
(106)

11.78 
(0.85)

0.520f 213.2f 158.2 4.30

NRTL -5163 
(283)

-11683 
(8506)

0.3 935 
(1005)

10.29 
(29.09)

0.546 259.2 112.1 3.46

NRTL -62456 
(6589)

87261 
(6097)

0.021 
(0.004)

1500e 
(102)

2.43 
(0.22)

0.520f 213.2f 158.2 2.61

aFP1 is ω for RegSol and FH, and Δg12 for Wilson and NRTL;bFP2 is Δg21 for Wilson and NRTL; cFP3 is M for 

FH, and α for NRTL;d AAD
N

T T
k

k

N

� �
�
�1

1

exp mod ; eUpper boundary applied during fitting; fErrors could 

not be estimated because Jacobian matrix was singular.
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Fig. 6.48 T-x phase diagram (top + inset), activities (ai, bottom-left), and molar Gibbs-free 
energy of mixing (ΔmixGm, bottom-right) of the glutaric acid–tetraethylammonium chloride 
(Et4NCl) system including its solid-solid transitions (horizontal dashed lines). Symbols represent 
the liquidus (circles) and solidus (squares) phase boundary data discussed in section 6.3.4. The 
lines are output of three optimised excess Gibbs energy models: regular solutions (RegSol); Flory 
Huggins (FH); and the non-random two-liquid model with α=0.3 (NRTL α=0.3). The Wilson and 
NRTL model without constraints did not converge. The light-grey lines represent ideal mixing 
behaviour. For ΔmixGm, the thick lines represent the total and the thin lines the excess Gibbs-free 
energy of mixing.
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6.12	 Appendix – Impact of heat capacity on the 
thermodynamic modelling

The heat capacity terms of glutaric acid were not taken into account in section 6.3.5. 

However, the heat capacity of glutaric acid was studied as a function of temperature 

by Steele and Chirico[41] and Espeau et al.[38]. The heat capacities of glutaric acid were 

described as a function of temperature using a simple first-order polynomial. If these 

are integrated, they can be included in Eq. 6.5 to yield Eq. 6.36 and Eq. 6.37.

Eq. 6.36
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The heat capacities of the β-phase are integrated similarly and for liquidus temperatures 

above the β-α transition the integration boundary is replaced T i� ��
�

, by T. The values of 

the polynomial parameters are given in the Table 6.20. Fig. 6.49 and Fig. 6.50 show 

the modelled T-x phase diagrams of GluA-Et4NI and GluA-Et4NCl with and without 

taking the Cp,m terms into account.

Table 6.20 First-order polynomial regression coefficients from literature for the heat capacity of 
glutaric acid as a function of temperature (C A T Bp m

j j j
, � � ). j denotes the phase of glutaric acid, 

which is either the liquid (L), solid α, or solid β.

j
Aj Bj

[ref]
J∙mol-1·K-2 J∙(mol∙K)-1

L 0.299 
0.5530

190 
239.5

[41] 
[38]

α 0.640 
2.8734

-19.4 
154.2

[41] 
[38]

β 0.640 
0.8001

-19.4 
15.9

[41] 
[38]

Table 6.20
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Eq. 6.37
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Large differences can be observed between the GluA-Et4NI and GluA-Et4NCl systems. 

The heat capacity terms have much less impact on the modelled phase behaviour of 

Fig. 6.49  T-x phase diagram of the glutaric acid–tetraethylammonium iodide (GluA-Et4NI) 
system modelled with the non-random two-liquid model with α=0.3. Symbols represent the 
liquidus (circles) and solidus (squares) phase boundary data discussed in section 6.3.2. The lines 
represent the model without Cp,m contribution for GluA (No Cp,m), including Cp,m data based on 
Steele and Chirico[41] (S&C), and including Cp,m data based on Espeau et al.[38]. The light-grey lines 
represent ideal mixing behaviour.

Fig. 6.49
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GluA-Et4NI than on that of GluA-Et4NCl. This can be explained by the temperature 

range at which the heat capacity functions are valid. The fitting parameters for the 

heat capacity function of the liquid obtained by Steele and Chirico[41] and Espeau et 

al.[38] were obtained from data that was measured at temperatures above the melting 

temperature only. However, these parameters are used to extrapolate the heat capacity 

of the liquid to supercooled conditions. Hence, when the melting temperature 

depression becomes larger, the extrapolation from becomes less reliable. The 

differences between the two sets of heat capacity parameters (and no heat capacity 

terms) therefore become larger towards the eutectic temperature. The differences 

Fig. 6.50 T-x phase diagram of the glutaric acid–tetraethylammonium chloride (GluA-Et4NCl) 
system modelled with the non-random two-liquid model with α=0.2. Symbols represent the 
liquidus (circles) and solidus (squares) phase boundary data discussed in section 6.3.4. The lines 
represent the model without Cp,m contribution for GluA (No Cp,m), including Cp,m data based on 
Steele and Chirico[41] (S&C), and including Cp,m data based on Espeau et al.[38]. The light-grey lines 
represent ideal mixing behaviour.

Fig. 6.50
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were so large for the fitting parameters of Steele and Chirico et al., that the NRTL 

model with α = 0.2 did not converge for the GluA-Et4NCl mixtures.

Accurate incorporation of heat capacity terms would require the measurement of 

the heat capacity of glutaric acid under strongly supercooled conditions. However, 

as shown in sections 6.3.1 and 6.9.1, glutaric acid readily crystallises at temperatures 

less than 20 K below its melting temperature. Any heat capacity function derived from 

heat capacity data of liquid glutaric acid would probably introduce more errors than 

it would correct for its contribution to the transition enthalpy and entropy. Therefore, 

the heat capacity terms were not taken into account during the thermodynamic 

modelling.
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HYDROPHOBIC 
EUTECTIC MIXTURES 
AS VOLATILE FATTY 

ACID EXTRACTANTS

Micro-organisms can convert various carbon sources into platform 
chemicals, such as volatile fatty acids (VFAs). The highest VFA 
concentration that can be obtained is limited by micro-organism 
self-intoxication. Hence, continuous VFA extraction from the water 
phase would enable higher yields. The aim of this chapter is to 
design solvents that extract VFAs from dilute aqueous solutions. The 
eutectic behaviour was screened for more than 100 combinations 
of 16 carefully selected hydrophobic components, based on a 
pre-determined set of criteria. The screening yielded two eutectic 
mixtures with promising extraction performance, of which one was 
stable over a wide pH range. The extraction performance could be 
tuned by changing the ratio between the components of the mixture. 
However, the overall extraction performance was limited. This was 
attributed to the competition between the VFAs and the components 

of the DES to form similar intermolecular hydrogen bonds.
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7.1	 Introduction

The previous chapters focussed on the development of hydrophilic deep eutectic 

solvents (DESs). However, these DESs are not suitable for the recovery of solutes from 

dilute aqueous solutions. These separations can be performed via affinity separation 

techniques such as liquid-liquid extraction (LLE). This requires hydrophobic 

solvents, therefore hydrophobic DESs have been developed.[1] In a proof-of-

principle study, hydrophobic DESs have been successfully applied as volatile fatty 

acid (VFA) extractants.[1] Similar eutectic mixtures were studied for the recovery of 

hydroxymethylfurfural[2] and various alkali and transition metal salts from aqueous 

solutions,[3,4] CO2 capture,[5] and the extraction of bioactive components from plant 

leaves.[6,7] Additionally, various hydrophobic eutectic mixtures based on menthol have 

been explored for LLE.[8,9] DESs are typically considered designer solvents. However, 

most studies focus on applying known or similar DESs to the application of interest, 

instead of systematically designing novel hydrophobic eutectic mixtures based on 

specific requirements of the application.

In an endeavour to systematically design eutectic mixtures for a specific purpose, 

a common LLE application was selected: extraction of VFAs from diluted aqueous 

solutions. VFAs are produced e.g. via the fermentation of waste-water streams or by 

chain elongation of CO2.
[10] Owing to the self-inhibiting nature of the micro-organisms, 

the VFAs are produced at low concentrations. Continuous in-situ LLE of the VFAs 

improves the productivity of the micro-organisms and concentrates the product 

stream. Conventional extractants are based on hydrophobic low-functionalised 

organic solvents mixed with an active component that can form complexes with the 

VFAs.[11,12] The solvent capacity and extraction performance is limited by the solubility 

of the active component and/or its complex with the extracted VFAs.[11,13] Since 

eutectic mixtures generally contain high mole fractions of strongly functionalised 

components, they might overcome these limitations. Therefore, various hydrophobic 

binary mixtures were explored as potential DES formers for the extraction of VFAs. The 

component selection of these mixtures was rationalised via the functional groups and 

physical properties of its pure components. Mixtures of the selected components were 

subjected to an experimental screening for DES formation similar to that described 

in chapter 3. The resulting eutectic mixtures were evaluated as extractant for the 
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recovery of VFAs from buffered dilute aqueous solutions. Their performance was 

compared to trioctylamine (TOA) dissolved in octanol as a benchmark solvent. With 

this preliminary screening and VFA extraction studies, the possibility to systematically 

design eutectic mixtures for specific applications was explored.

7.2	 Materials and methods

7.2.1	 Chemicals
All chemicals were used as received from the supplier without further purification. In 

Table 7.1, the supplier and purity are listed for each chemical. Chemicals that were 

used for analysis purposes are specified in the description of their corresponding 

analysis techniques.

7.2.2	 DES component selection
The components that were included in the hydrophobic DES screening were selected 

from the chemical abstracts database via SciFinder, based on the following criteria:

1. Component 1 should contain a hydroxyl, carboxylic acid, or a secondary amine 
functionality;

2. Component 2 should contain a sulfoxide, phosphine oxide, or a tertiary amine 
functionality;

3. Each of the components should have a (predicted) water solubility below 1 kg·m-3;

4. Each of the components should have a (predicted) logarithm water-octanol par-
tition coefficient above 4, i.e. P C Coct i

oct
i
Aq� �10

4 ;

5. Each of the components should be solid at 298 K, i.e. Tfus > 298 K;

6. None of the components should be salts;

7. The components should be commercially available.

The first criterion introduces a functional group with basicity into the DES. Similar 

basic components could extract VFAs from aqueous dilutions when dissolved in 

volatile organic solvents.[11,12] The second criterion was introduced to ensure some 

interaction with component 1, which would promote liquid miscibility as well as solid 

immiscibility. The third criterion reduces the selection to hydrophobic components. 
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The fourth criterion also ensures hydrophobicity, and additionally reduces the 

probability of selecting components that are toxic for micro-organisms.[14–17] Toxicity 

towards micro-organisms hampers in-situ microbial production and the separation 

Table 7.1 List of the chemicals used for the DESs and the VFA extraction experiments.

Component name CAS  Supplier Product no. Puritya

wt%

acetic acid 64-19-7 Merck 1.01.30 100

potassium acetate 127-08-2 Sigma-Aldrich 23649-7 ≥ 99

propionic acid 79-09-4 Sigma-Aldrich 81910 ≥ 99.5

potassium propionate 327-62-8 TCI Chemicals P5010 ≥ 98

butyric acid 107-92-6 Sigma-Aldrich B103500 ≥ 99

sodium butyrate 156-54-7 Sigma-Aldrich 303410 ≥ 98

phosphoric acid 7664-38-2 Sigma-Aldrich P6560 ≥ 85

monopotassium phosphate 7778-77-0 Sigma-Aldrich P5655 ≥ 99

dipotassium phosphate 7758-11-4 Sigma-Aldrich P8281 ≥ 98

1-octanol 111-87-5 Sigma-Aldrich 472328 ≥ 99

trioctylamine 1116-76-3 Sigma-Aldrich T81000 ≥ 98

decanoic acid 334-48-5 Sigma-Aldrich C1875 ≥ 98

N,N’-dihexylthiourea 21071-28-3 Frinton labs FR-136 ≥ 97

1-tetradecanol 112-72-1 Sigma-Aldrich 185388 ≥ 97

dodecanoic acid 143-07-7 Sigma-Aldrich L4250 ≥ 99

1-hexadecanol 36653-82-4 Sigma-Aldrich 258741 ≥ 99

1,2-decanediol 1119-86-4 Sigma-Aldrich 260320 ≥ 98

di-n-dodecylamine 3007-31-6 ABCR GmbH AB 135291 ≥ 95

3,5-di-tertbutylcatechol 1020-31-1 Sigma-Aldrich D45800 ≥ 98

cholesterol 57-88-5 Sigma-Aldrich C8667 ≥ 99

bisphenol Z 843-55-0 Sigma-Aldrich 450421 ≥ 98

N-benzyl-N-ethylaniline 92-59-1 Sigma-Aldrich 102547 ≥ 99

trioctylphosphine oxide 78-50-2 Sigma-Aldrich 223301 ≥ 99

dodecyl-methyl-sulfoxide 3079-30-9 Sigma-Aldrich 641588 ≥ 98

diphenylsulfoxide 945-51-7 Sigma-Aldrich P35405 ≥ 96

tribenzylamine 620-40-6 Sigma-Aldrich 90660 ≥ 99

leucomalachite green 129-73-7 Sigma-Aldrich 125660 n.r.
aas stated by the supplier.

Table 7.1
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of VFAs with the resulting DESs. The fifth criterion was included to ensure that 

the liquid phase was formed owing to a melting temperature depression of both 

components. The sixth criterion was introduced after a pH-drop of the water phase 

was observed for hydrophobic DESs that contain both acids and salts. In section 7.6 

(appendix) a more detailed explanation is given for this behaviour. VFA producing 

micro-organisms cannot survive under strong acidic conditions, hampering in-situ 

microbial production and simultaneous separation of VFAs. The last criterion is a 

practical consideration.

7.2.3	 DES screening and preparation
Hydrophobic DES formation was screened using the same approach as described in 

section 4.2.2. The resulting DESs were prepared on a 10 g scale for the initial VFA 

extraction experiments. The DESs were prepared by weighing their components into 

a glass flask at the aimed molar ratios using a Sartorius analytical precision balance 

(precision 0.1 mg). The flask was heated to the liquefaction temperature obtainedfrom 

the screening, and stirred at 250 rpm until a clear liquid was obtained (typically < 30 

min). The flasks were stored after being sealed with Parafilm®.

7.2.4	 S-L phase behaviour
The S-L phase behaviour of a eutectic mixture was studied by differential scanning 

calorimetry (DSC) on a TA Instruments Q100 equipped with a refrigerated cooling 

stage (lowest limit was 183 K). The enthalpy and temperature were calibrated using 

high purity indium (TA Instruments, > 99.99 wt%) and cyclohexane (TCI, 100 wt% 

batch checked by GC). Prior to analysis, the components were dried under vacuum 

for more than 24 h. The samples were prepared in a dry nitrogen atmosphere by 

transferring the two components of interest to a glass vial at the aimed molar ratio 

with a total mass of 0.5 g, using an analytical balance. The mixtures were subsequently 

stirred and heated to 5 K above the melting temperature of the highest melting 

component. A liquid sample of 65 μL was transferred to an aluminium Tzero pan 

and subsequently crimped. The sample masses typically varied between 4.0 and 5.5 

mg, depending on the mixture’s density. The samples were cooled to 193 K, kept 

isothermally for 5 min, heated to 328 or 343 K and kept isothermally for 5 minutes 

again. The heating and cooling rate was 1 K·min-1. The cooling and heating cycle were 

repeated twice. The second heating cycle was used for data analysis. The thermograms 
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were analysed and integrated using the manufacturer software Universal Analysis 

(version 4.5A). The solidus temperature was taken as the peak maximum of the solidus 

peak, the liquidus temperature as the inflection point (minimum of first derivative) 

after the peak maximum of the liquidus peak. Other transitions temperatures, as well 

as the pure component melting temperatures were taken as the onset temperature.

7.2.5	 Sample preparation for VFA extraction

Water phase
In order to maintain the desired pH for all acid concentrations, potassium phosphate 

based stock buffers with a phosphate concentration of approximately 0.2 M (19-20 g·L-1) 

were prepared for each pH. Since the buffer capacity may be exceeded when pure VFA 

is added, a mixture of the VFA and its potassium or sodium carboxylate salt was added 

corresponding to the acid/salt ratio at the desired pH (derived from the pKa of the 

VFA). Typically, 100 mL of VFA solution was prepared by the addition of the VFA and 

its potassium/sodium salt to a 100 mL volumetric flask, which was then filled with the 

the appropiate phosphate buffer. For a VFA concentration series, a stock solution of 

50 g·L-1 was prepared and this solution was then further diluted with the appropiate 

phosphate buffer. All stocks and buffers were stored in the fridge and acclimatised to 

ambient temperature (293-295 K) before use.

Solvent phase
The DESs were prepared as described in section 7.2.3 at the desired ratios. 1-Octanol 

with 20 % V/V of trioctylamine (TOA) was prepared in a 250 mL measuring cylinder, 

by adding TOA to 198 mL 1-octanol, up to a total volume of 250 mL.

7.2.6	 VFA extraction procedure
For the extraction experiments, 2.5 mL of the applicable water phase was added 

to a 12 mL (h = 90 mm, Øinner = 14 mm) glass centrifuge tube with a Finn-pipette. 

Consecutively, 2.5, 1.25, 1, 0.75, 0.5, or 0.25 mL of solvent (extractant) was added 

with a Finn-pipette to achieve a volumetric solvent-to-feed (S/F) ratio of 1, 0.5, 0.4, 

0.3, 0.2, or 0.1, respectively. The masses of the added water (bottom) and solvent (top) 

phase were recorded. The tubes were inserted in an insulated aluminium block on top 

of a stirring/heating plate. Both phases were contacted and equilibrated overnight at 

298 ± 1 K by vigorous stirring at 1200 rpm, using a cylindrical magnetic stirring bar 
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with a cross at both ends. After equilibration, the stirrer was removed and the mixture 

was centrifuged at 3500 rpm and 298 ± 1 K for 10 or 30 min using a Sigma 2-16 KHL 

centrifuge. The losses of solvent/water adherent to the stirrer were negligible (< 0.1 

wt%). Approximately 1.5 mL of the water phase was sampled by the perforation of 

the solvent phase with a long and thin needle (length = 120 mm, Ø = 0.7 mm) for pH 

measurements and acid and salt quantification. The solvent phase was sampled for 

water content analysis.

7.2.7	 pH
The pH of the water phase was determined with a Mettler Toledo SevenCompact S220 

analyser equipped with a Mettler Toledo Inlab Micro pH sensor. The equipment was 

calibrated before each series of measurements using a 5-point calibration with the 

following certified buffers: pH 2.00 citrate buffer (VWR, 1.09442); pH 4.00 and 5.00 

phthalate buffers (Fischer Chemical, SB98 and SB102, respectively); and pH 6.00 and 

7.00 phosphate buffers (Fischer Chemical, SB104 and SB108, respectively). Aqueous 

samples of approximately 0.5 mL were added to a GC-vial. Subsequently, the pH 

sensor was immersed until a constant pH was obtained. This was repeated two times 

for each sample and the average value was recorded.

7.2.8	 Water content
Before and after extraction, the water content of the solvent phase was determined 

using a coulometric Karl-Fischer titration. A Metrohm 899 Coulometer equipped 

with a generator electrode without diaphragm was used for most measurements. 20 

% V/V of chloroform was added to the titration medium (Hydranal coulomat AG) in 

order to improve the solubility of the hydrophobic extractants. The pure extractants 

were injected directly (~0.1-0.2 g). Due to their relatively high water contents, solvent 

phases that were sampled after extraction were diluted 10 times with a 20/80 % V/V 

chloroform/methanol mixture prior to injection (~0.3-0.5 g). The water contents of 

the diluted samples were corrected for the water content of the diluent. For each 

sample, the average value of a triplicate measurement was used.

N,N’-dihexylthiourea (DHTU) is not compatible with the Karl-Fischer medium because 

it reacts with the iodine. As a consequence, the water content would be overestimated 

or no endpoint would be reached when DHTU was added to the setup described in the 
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previous paragraph. To prevent this, DHTU-based samples were crimped into a vial 

and heated to 378 K in a Metrohm 832 KF Thermoprep sample oven to evaporate their 

water while preserving the extractant. The headspace of the vials was continuously 

purged with dry nitrogen (50 mL·min-1) and the gas phase with water vapour was then 

bubbled through the titration medium of a Metrohm 831 Coulometer equipped with 

a generator electrode without diaphragm. During preparation of the samples before 

(~0.2 g) and after (~0.05 g) extraction, an empty vial was capped to serve as a blank 

measurement by which the water contents of the samples were corrected.

7.2.9	 Acid	quantification
The acids were quantified on an Agilent 1260 Infinite HPLC equipped with a UV-Vis 

detector, a refractive index (RI) detector, and a Bio-Rad HPX-87H column connected 

to a Bio-Rad Cation-H microguard pre-column. A 5 mM aqueous H2SO4 solution was 

used as eluent at a flow rate of 0.6 mL·min-1 (~70 bar). The injection volume was set at 

10 µL. The column temperature was set at 338 K. The UV-Vis detector was operated at 

a wavelength of 210 nm and the temperature of the RI detector was set at 308 K. The 

run-time was 30 min per injection. The retention time, detector, the calibration range, 

as well as the linearity are given in Table 7.2 for each acid. The calibration samples were 

prepared from the same chemicals used during the extraction experiments, taking 

their purity into account. No significant differences in phosphate content could be 

detected between standards prepared from phosphoric acid or potassium phosphate 

salts. Before and after each set of samples, the calibration lines were validated with 

a calibration sample of 1000 mg·L-1. All samples were injected in triplicate, always 

showing relative standard deviations < 1 % between the injections for concentrations 

within the calibration range.

Table 7.2 .Detection and calibration details of each acid for HPLC analysis, RI = refractive index 
and UV = ultraviolet absorption at 210 nm.

Component Detector Retention  
time

Calibration
Clower Cupper R2

min  mg·L-1  mg·L-1

Phosphate RI 9.0 100 100000 > 0.999
Acetic acid UV 14.9 20 20000 > 0.999
Propionic acid UV 17.5 20 20000 > 0.999
Butyric acid UV 21.3 20 20000 > 0.999

Table 7.2
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7.2.10	Cation	quantification
The potassium and sodium contents of the water phase were evaluated before and 

after extraction with ion chromatography (IC). A Dionex 1100 IC equipped with 

ion exchange column CS12A (2 x 250 mm) was operated isocratically with 20 mM 

methanesulfonic acid at a flow-rate of 0.25 mL·min-1. Detection of the ions was done 

with a Dionex CSRS 500 2 mm suppressed conductivity detector. The injection volume 

and runtime of each injection were set to 10 µL and 10 min, respectively. The system 

was calibrated for Na+ and K+ using seven dilutions from a 1000 mg·L-1 IC standard 

from Sigma-Aldrich (product no. 43492 and 53337 for Na+ and K+, respectively). The 

calibration details are listed in Table 7.3. Prior to analysis, the water phase was diluted 

100 times with MilliQ grade water in a plastic 1.5 mL vial to a total volume of 1 mL. 

All samples were injected in triplicate, always showing relative standard deviations 

< 1 % between the injections for concentrations within the calibration range.

7.2.11	Extraction evaluation
The extraction performance was evaluated via the distribution coefficient, which is 

defined as:

Eq. 7.1�i
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Where βi is the distribution coefficient of component. Ci AE
Org
,  and Ci AE

Aq
,  stand for the 

concentration of i after equilibration (subscript AE) in the organic phase and aqueous 

phase, respectively. The concentration of acid and salt could not be analysed directly 

for the organic phase. Therefore, these concentrations were derived from mass 

balances. Fig. 7.1 shows a schematic representation of a single stage extraction after 

equilibration, extraction, and phase separation.

Table 7.3 .Detection and calibration details of each cation for IC analysis.

Component Retention 
time

Calibration
Clower Cupper R2

min mg·L-1 mg·L-1

Na+ 3.9-4.0 0.1 50 > 0.999
K+ 5.4-5.5 10 250 > 0.999

Table 7.3



332 HyDropHoBic eutectic mixtureS AS volAtile fAtty AciD extrActANtS

Considering the low solubility of the solvent components, it was assumed that the 

solvent does not migrate to the aqueous phase after extraction. Water does migrate to 

the organic phase. The water content in the solvent phase is therefore needed to close 

the mass balance. The general mass balance for component i is:

Eq. 7.2C V C V C Vi BE
Aq

BE
Aq

i AE
Aq

AE
Aq

i AE
Org

AE
Org

, , ,� �

where V Aq  and V Org  are the volumes of the aqueous and organic phase, respectively. 

Subscript BE denotes the situation before equilibration. Before equilibration, the 

aqueous phase contained all VFAs and buffer salts and the solvent phase contained 

(minimal amounts of) water. Samples of both initial phases were analysed prior to 

each extraction experiment. Hence, there are three unknowns in the mass balance, 

the volumes of both phases after extraction and the concentration of i in the organic 

phase. The volumes could be estimated from the water that was transferred from the 

aqueous phase to the organic phase. It was assumed that the extraction of dissolved 

components did not significantly impact either phase volume. Additionally, isometric 

mixing of the organic phase and transferred water was assumed:

Phase contents

Water
VFA

Na+/K+

HPO4
2-/H2PO4

-/H3PO4

VFA
Na+/K+

PO4
3-

Water

Solvent
Water

VFA
Na+/K+

HPO4
2-/H2PO4

-/H3PO4

Analysis

Fig. 7.1 Schematic overview of the contents of the organic (top) and aqueous (bottom) phase after 
equilibration. On the right hand side is listed which of these components can be analysed directly 
for each phase.

Fig. 7.1
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Eq. 7.3V V VAE
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where ∆Aq
Org

H OV
2

 is the volume that was transferred from the aqueous to the organic 

phase. The volume fraction of water in the organic phase cannot be obtained directly 

from Karl-Fischer titration, which is based on mass fractions. Hence, ∆Aq
Org

H OV
2

 should 

be written in terms of measurable quantities:
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where wH O
Org

2
 is the mass fraction of water in the organic phase, mBE

Org  is the mass of the 

organic phase before equilibration, and ρH O2
 is the density of water. See section 7.7 

(appendix) for a more detailed derivation of the expression for ∆Aq
Org

H Om
2

. The 

concentration of component i can be isolated from Eq. 7.2. Eq. 7.6 is obtained when 

the phase volumes after extraction are substituted by Eq. 7.3 and Eq. 7.4, and ∆Aq
Org

H OV
2

 

is replaced by Eq. 7.5.

7.3	

Eq. 7.6C
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Results and discussion

7.3.1	 Solvent screening and initial VFA extraction performance

Selection of the DES components
Based on the criteria described in section 7.2.2 a set of components was selected for 

the hydrophobic DES formation screening. The components and the properties on 

which the selection were based are listed in Table 7.4. The structural formulas of the 

components are shown in Fig. 7.15 in section 7.8 (appendix).

From the tested mixtures of component 1 and component 2, eight combinations 

remained liquid within the temperature range 293-298 K for more than 24 h. These 
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mixtures are listed in Table 7.5.

Most of the combinations involved trioctylphosphine oxide (TOPO), two involved 

dodecyl-methyl-sulfoxide. The counterparts of the latter were components with 

log Poct < 4. Therefore, only mixtures based on TOPO were taken into account for the 

first extraction screening.

Initial evaluation of the extraction performance
For the first VFA extraction screening, unbuffered solutions of 10 g·L-1 lactic, acetic, 

propionic, and butyric acid were prepared. These solutions were contacted with the 

Table 7.4 Selected components for the hydrophobic DES screening. Their molecular weight (M), 
experimental melting temperature Tfus

∗ , predicted (by chemical abstracts) un-buffered water 
solubility ( sH O2 ) and logarithmic water-octanol partition coefficient (log Poct), and the references 
for the melting temperatures [ref].

Component name
M Tfus

∗∗ sH O2 log Poct [ref]

g∙mol-1 K g·kg-1

Component 1

decanoic acid 172.26 304.6-305.7 0.48 3.75b [18–20]

N,N’-dihexylthiourea 244.44 307-311 64∙10-3 4.81 [21,22]

tetradecanol 214.39 310.6-311.2 0.58∙10-3 5.93 [23–25]

dodecanoic acid 200.32 317-317.5 0.12 4.77 [26]

hexadecanol 242.45 321.6-323.3 27∙10-6 6.95 [23,25]

1,2-decanediol 174.28 320.0-322.1 0.33 2.56b [27]

di-n-dodecylamine 353.68 325.0 17∙10-3 10.85 [28]

3,5-di-tertbutylcatechol 222.32 372.8 0.33 3.72 [29]

cholesterol 386.65 422-422.3 3.3∙10-6 9.62 [30,31]

bisphenol Z 268.35 457-459 14∙10-3 4.87 [32,33]

Component 2

N-benzyl-N-ethylaniline 211.30 307-309a 20∙10-3 4.07 [34]

trioctylphosphine oxide 386.63 321-325 58∙10-6 10.25 [35,36]

dodecyl-methyl-sulfoxide 232.43 336-338 0.35 4.19 [37]

diphenylsulfoxide 202.27 342.6 47∙10-3 2.66b [38]

tribenzylamine 287.40 366-367.8 19∙10-3 4.31 [39,40]

leucomalachite green 330.47 372-373 0.13∙10-3 6.41 [41,42]
aChemical was supplied as a liquid at 293-298 K. bIncluded owing to availability in the lab.

Table 7.4
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TOPO-based mixtures. After mixing and equilibration the water phase was analysed 

in order to obtain an indication of the mixtures’ performance. In case multiple ratios 

of mixtures component 1 and 2 resulted in a stable liquid, the 1:1 ratio was selected. 

The volumetric DES to water ratio (i.e. S/F ratio) was taken 1 in these experiments. 

During HPLC analysis, it appeared that significant amounts of 1,2-decanediol leached 

to the water phase. The 1,2-decanediol-TOPO 1:1 mixture was therefore disregarded 

during remainder of this study. Fig. 7.2 presents the distribution coefficients of each 

acid for the investigated solvents. The solvents based on bisphenol Z and 3,5-di-tert-

butylcatechol showed distribution coefficients close to or below 1. Therefore, these 

mixtures were not included during the more detailed evaluation of the extraction 

performance. Considering the very similar performance of the two medium-chain 

fatty acid-based mixtures and the low logPoct of decanoic acid, only the dodecanoic 

acid-TOPO (DodA-TOPO) system was studied in more detail.

For all DESs, the partition coefficient increases with the chain length of the extracted 

VFA, in the order acetic acid < propionic acid < butyric acid. The N,N’-dihexylthiourea-

TOPO (DHTU-TOPO) system was not included in this initial evaluation of the 

extraction performance due to a delay in the delivery of the DHTU. Instead the 

Table 7.5 Combinations of component 1 and 2 that resulted in a liquid after being heated to the 
liquefaction temperature Tliq at a molar ratio C1:C2, where C stands for component.

Component 1 Component 2
Molar ratio Tliq

C1:C2 K

decanoic acid trioctylphosphine oxide 2:1 313

decanoic acid trioctylphosphine oxide 1:1 313

decanoic acid dodecyl-methyl-sulfoxide 2:1 313

N,N’-dihexylthiourea trioctylphosphine oxide 1:1 313

N,N’-dihexylthiourea trioctylphosphine oxide 1:2 333

dodecanoic acid trioctylphosphine oxide 1:1 313

1,2-decanediol trioctylphosphine oxide 1:1 313

3,5-di-tertbutylcatechol trioctylphosphine oxide 2:1 333

3,5-di-tertbutylcatechol trioctylphosphine oxide 1:1 313

3,5-di-tertbutylcatechol dodecyl-methyl-sulfoxide 1:1 313

bisphenol Z trioctylphosphine oxide 1:2 333

Table 7.5
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solvent performance was evaluated simultaneously with the first buffered extraction 

experiments of the DodA-TOPO system. As is discussed in section 7.3.3, the DHTU-

TOPO system performed well enough to be included in the more detailed evaluation 

of the extraction performance under various conditions.

7.3.2	 Liquid range of the novel HPDES
The solid-liquid (S-L) phase behaviour of the binary DodA-TOPO and DHTU-TOPO 

mixtures was studied in order to determine the liquid range around 298 K (the 

extraction temperature) of both systems. The liquidus phase boundaries confine the 

compositions at which the mixtures can be applied during LLE of the VFAs. The S-L 

phase behaviour was studied with DSC, the thermograms are shown in Fig. 7.18 and 

Fig. 7.19 in section 7.9 (appendix). The resulting phase diagrams are shown in Fig. 7.3 

and Fig. 7.4. The melting temperature (Tfus
∗ ) and enthalpy of fusion ( � fus mH

� ) of pure 

components are collected in Table 7.6. The values of Tfus
∗ and � fus mH

�  are in good 

Fig. 7.2 Equilibrium distribution coefficients (βi) in various unbuffered DES/water 
systems for lactic acid, acetic acid, propionic acid, and butyric acid. Solvent abbreviations 
are bisphenol Z (BisZ), trioctylphosphine oxide (TOPO), 3,5-di-tert-butylcatechol 
(DTBC), dodecanoic acid (DodA), and decanoic acid (DecA). Solvent ratios are molar 
ratios. Initial concentration of all acids was 10 g∙dm-3, DES/water volume ratio was 1. 
βi = 1 is highlighted with a dashed line.

Fig. 7.2
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agreement with literature values, with the exception of the DHTU melting temperature. 

The literature on DHTU focusses on the synthesis, resulting in a wide variety of 

melting temperatures. Considering the relatively low purity (~97 wt%) of DHTU used 

in this work, the melting temperature was considered to be in fair agreement with the 

values reported in literature. The ideal S-L phase behaviour was derived from the pure 

component data using Eq. 2.17 at γx,i = 1, not taking into account the heat-capacity 

contribution. The ideal liquidus phase boundaries were added to Fig. 7.3 and Fig. 7.4.

The solidus peaks were not very sharp in either of the two studied systems and showed 

considerable fronting. The onset temperatures could therefore not be extracted 

reliably, while the temperatures of the peak maxima were relatively constant over 

the composition range studied. Hence, the peak maximum was taken as the solidus 

transition temperature. This probably leads to a slight overestimation of the solidus 

temperature. Based on the thermograms the difference between the onset and peak 

temperatures is estimated to be 2-8 K.

The DodA-TOPO system shows clear eutectic behaviour, with negative deviations 

from ideality for both components. The eutectic temperature is estimated at 272 ± 2 K, 

the eutectic composition (xTOPO = 0.43 ± 0.02) was derived from the Tammann-plot, 

Table 7.6 Experimental and literature values of melting temperatures (Tfus
∗ ) and enthalpies of 

fusion (� fus m iH ,
�) of the pure components for which the S-L phase behaviour was studied.

Component Tfus
∗∗ �� fus m iH ,

�� [ref]

K kJ∙mol-1

dodecanoic acid 316.8 ± 0.1 36.3 ± 0.7 this work

316.9 -b [26]

317.5 36.3 [43]

N,N’-dihexylthiourea 318.7 ± 0.3 20.0 ± 0.7a this work

329-331 -b [44]

308-312 -b [22]

trioctylphosphine oxide 326.4 ± 0.2 53.5 ± 0.6 this work

326.7 -b [35]

321-323 -b [36]
apeak overlapped with the S-S transition peak, total integral of both 
peaks is 27 ± 1.7 kJ∙mol-1; bnot reported. 

Table 7.6
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see Fig. 7.16 in section 7.9 (appendix). From the liquidus phase boundaries, a eutectic 

composition slightly richer in TOPO would be expected. This could still be within 

the uncertainty of the value presented. The uncertainty of the eutectic composition 

is relatively large because the solidus peaks were not very sharp and uniform, see 

Fig. 7.18 in section 7.9 (appendix), hampering a reliable integration to estimate 

∆tr solH . Additionally, the deviations on the linear fitting parameters propagate in the 

eutectic composition.

The existence of solid solutions at the hypertectic side of the phase diagram is 

indicated by the slightly lower solidus temperature at xTOPO = 0.9, the extrapolated 

zero solidus enthalpy at xTOPO > 0.878 (Fig. 7.16, in section 7.9), and the positive 

deviation from ideality. However, the S-L phase behaviour was not further explored, 

Fig. 7.3 T-x (mole fractions) solid-liquid phase diagram of the dodecanoic acid-trioctylphosphine 
oxide (DodA-TOPO) mixture, showing the liquidus and solidus transitions, and the eutectic 
derived from the Tammann-plot (Fig. 7.16, section 7.9). The ideal liquidus phase boundary is 
shown as a solid line. The operating temperature of the extraction experiments is highlighted with 
a dashed line, five compositions were selected within the liquid range at 298 K.

Fig. 7.3
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because this study focusses on the exploitation of the liquid phase. The liquidus 

temperatures shown in Fig. 7.3 are sufficient to estimate the liquidus phase boundary, 

and to ensure stable liquid formation at temperatures above the liquidus transition. 

Five compositions equally spaced over the liquid range at 298 K were selected for the 

extraction experiments, namely xTOPO = 0.38; 0.41; 0.44; 0.47; and 0.50.

Fig. 7.4 shows the phase diagram of the DHTU-TOPO system, exhibiting eutectic 

behaviour with a negative deviation from ideality for both components as well. The 

melting temperature depression of TOPO is very similar to that of the DodA-TOPO 

system, although the melting temperature of DHTU is slightly more depressed than 

Fig. 7.4 T-x (mole fractions) solid-liquid phase diagram of the N,N’-dihexylthiourea-
trioctylphosphine oxide (DHTU-TOPO) mixture. Two additional transitions to the solidus (sol) 
and liquidus (liq) transitions were observed: a transition ascribed to the solid-solid transition 
of DHTU (S-S), and an extra transition in the hypertectic region slightly above the solidus 
temperature (trs). The eutectic (eut) was derived from the Tammann-plot (Fig. 7.17, section 7.9), 
the ideal liquidus phase boundary is shown as a solid line. The operating temperature of the 
extraction experiments is highlighted with a dashed line, five compositions were selected (sel) 
within the liquid range at 298 K.

Fig. 7.4
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DodA. The eutectic temperature is estimated at 267 ± 2 K, the eutectic composition 

(xTOPO = 0.44 ± 0.05) was derived from the Tammann-plot, see Fig. 7.17 in section 7.9 

(appendix). The solidus peaks of the DHTU-TOPO system (see Fig. 7.19) were less 

defined than those of the DodA-TOPO system, resulting in a larger uncertainty for 

the eutectic composition. Also, the peak splitting, owing to solid solution formation, 

limited the integration of the solidus peak. DHTU shows a transition at 307.2 K that 

can probably be ascribed to a S-S transition, this transition is also recognised in the 

mixture with xTOPO = 0.10. The slightly stronger melting point depression of DHTU 

resulted in a wider liquid range at 298 K as compared to the DodA-TOPO system. The 

five selected compositions are xTOPO = 0.34; 0.38; 0.42; 0.46; and 0.50.

Concluding, the studied eutectic mixtures DodA-TOPO and DHTU-TOPO form 

stable liquids at 298 K around the eutectic composition. Their normalised melting 

temperature depressions, ∆eut
fus,min

fus,minT T  as introduced and defined in section 2.2, 

are 0.14 and 0.17, respectively. Hence, they are not necessarily classified as DESs 

according to the definition. Throughout the remainder of this chapter the studied 

systems will therefore be referred to as eutectic mixtures rather than DESs.

7.3.3	 Single stage VFA extraction
Each VFA is studied separately to simplify the system and avoid matrix effects or acid-

acid coupling. Three acids (acetic, propionic, and butyric acid) were studied, and all 

buffer ingredients (phosphate salts, phosphoric acid, and VFA salts) were monitored. 

TOA:Octanol 20:80 V/V (TOA-OCT 0.80) was analysed simultaneously with the 

eutectic mixtures as benchmark for all extraction experiments. For each VFA, four 

parameters were examined that affect the VFA extraction: the pH of the water phase, 

the initial VFA concentration, the S/F ratio, and the ratio of the components of the 

binary eutectic mixture (see Fig. 7.5).

When studying the influence of one parameter on the extraction performance, all 

others were kept constant. The base case for the extraction experiments was: pH ≈ 4.2, 

CVFA BE
Aq

, ≈ 10 g·L-1, S/F ≈ 1 (equal volumes), and the default ratio of the eutectic mixture 

was taken as the middle value of those selected in section 7.3.2.

Effect of pH in the water phase
Fig. 7.6 shows the preliminary results of the VFA extraction performance of the 
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two studied eutectic mixtures and the benchmark. TOA-OCT 0.80 showed higher 

distribution coefficients than the eutectic mixtures. The two eutectic mixtures 

exhibited a similar performance. All solvents studied show an increasing affinity 

with increasing hydrophobicity of the VFA. The pH of the aqueous phase strongly 

affects the distribution coefficients of the VFAs. The extraction performance of the 

studied solvents increases with decreasing initial pH of the aqueous phase. Under 

basic conditions, no extraction could be observed for any of the studied systems. This 

strongly implies that only undissociated (protonated) VFAs are extracted, and that 

the carboxylates remain in the water phase. In literature, similar extraction results 

were observed for ionic liquids (ILs) and other solvent systems containing TOA and 

TOPO.[45–49]

The pH of the aqueous phase increased after extraction as a result of the selective 

removal of protonated acids. Hence, if more acid was transferred to the solvent phase, 

the pH of the aqueous phase shows a larger increase. Fig. 7.7 demonstrates that for 

similar distribution coefficients the increase in pH is less for the eutectic mixtures 

than for the benchmark, TOA-Oct 0.80. It was found that TOA-Oct 0.80 co-extracts 

pH water phase

Solvent/Feed ratio Ratio eutectic mixture

initial CVFA,BE
Aq

Fig. 7.5 Schematic representation of the four parameters examined for the single stage extraction 
of volatile fatty acids (VFA), where CVFA BE

Aq
, is the VFA concentration in the aqueous phase before 

extraction.

Fig. 7.5
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considerable amounts of the buffer’s phosphate, probably as phosphoric acid.

In order to verify the affinity of the solvents towards phosphoric acid, a single stage 

extraction was performed using a buffer solution without VFAs as aqueous phase. 

The results are listed in Table 7.7 and confirm that phosphoric acid was extracted by 

TOA-Oct 0.80, increasing the pH of the aqueous phase. DodA-TOPO 0.44 extracted 

phosphoric acid to a significantly lower extent, and no extraction was observed using 

DHTU-TOPO 0.42.

The studied solvents showed a significant difference in water uptake after equilibration. 

The water contents after equilibration were typically in the range of 1.5-3.5 wt% for 

TOA-Oct 0.80, 0.8-1.6 wt% for DodA-TOPO 0.44, and 0.3-0.5 wt% for DHTU-TOPO 

0.42. The water content in the organic phase after equilibration did not show a clear 

relationship with the amount extracted acids (see Fig. 7.20 in section 7.10, appendix). 

Fig. 7.6 Distribution coefficient of acid i (βi) after a single stage extraction versus the pH of 
the water phase before extraction. The studied acids are: acetic acid (AA); propionic acid (PA); 
and butyric acid (BA). The studied extraction solvents are: trioctylamine – 1-octanol 20/80 V/V 
(TOA-Oct); dodecanoic acid – trioctylphosphine oxide (DodA-TOPO) xTOPO = 0.44; and N,N’-
dihexylthiourea – trioctylphosphine oxide (DHTU-TOPO) xTOPO = 0.42. The dashed line highlights 
βi = 1.

Fig. 7.6
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Hence, water was not co-extracted with the VFAs. Also, no clear pH dependency could 

be found for the water uptake. The observed differences in water uptake among the 

studied solvents are probably related with their hydrophobic nature. Similarly to ILs, 

the eutectic mixtures and the benchmark solvent did not extract significant amounts 

of sodium or potassium cations. The water contents and concentrations of the metal 

cations before and after equilibration are presented in the data tables of section 7.11 

(appendix).

The pH of the water phase affected the phase behaviour of DodA-TOPO 0.44. Fig. 7.8 

shows additional phase separation at the liquid-liquid interface of the sample that was 

contacted to a basic aqueous phase. The phase separation became more pronounced 

after sampling the aqueous phase and leaving the remaining sample overnight. The 

Fig. 7.7 Difference in pH of the aqueous phase before and after equilibrium ( ∆BE
AE

pH ), versus the 
distribution coefficient (βi) of the studied volatile fatty acids. The studied acids are: acetic acid 
(AA); propionic acid (PA); and butyric acid (BA). The extraction solvents studied are: trioctylamine 
– 1-octanol 20/80 V/V (TOA-Oct); dodecanoic acid – trioctylphosphine oxide (DodA-TOPO) 
xTOPO = 0.44; and N,N’-dihexylthiourea – trioctylphosphine oxide (DHTU-TOPO) xTOPO = 0.42.

Fig. 7.7
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samples that were mixed with acidic VFA solutions did not show this behaviour. At the 

interface, DodA might dissolve in the aqueous phase with the carboxylic acid head-

group. In that case, the acid group could be deprotonated inducing phase separation 

via e.g. emulsion or solid formation. During extraction the pH increases, hence the 

A

A

B

B

C

C

D

D

E

Fig. 7.8 Photos of the single extraction experiments after equilibration and centrifugation 
for dodecanoic acid – trioctylphosphine oxide xTOPO = 0.44 (top) and N,N’-dihexylthiourea – 
trioctylphosphine oxide xTOPO = 0.42 (bottom). The extractions were performed at various initial 
pH of the aqueous phase: 2.9 (A); 4.1 (B); 5.6 (C); and 7.7 (D). Photo E was taken after sampling of 
the water phase and leaving the sample at ambient temperature overnight.

Fig. 7.8

Table 7.7 pH and aqueous phosphate (all degrees of protonation) concentration (Cphos
Aq ) before 

and after equilibrium (BE, AE) for the different studied solvents: trioctylamine – 1-octanol 20/80 
V/V (TOA-Oct 0.80); dodecanoic acid – trioctylphosphine oxide xTOPO = 0.44 (DodA-TOPO 0.44); 
and N,N’dihexylthiourea – trioctylphosphine oxide xTOPO = 0.42 (DHTU-TOPO 0.42).

Solvent pH Cphos BE
Aq

, pH Cphos AE
Aq

, ββ phos

BE g·L-1 AE g·L-1 m m
Aq

3

Org
� �3

TOA-Oct 0.80 4.29 20.15 5.98 18.91 0.17
DodA-TOPO 0.44 4.29 20.15 4.34 20.34 0.05
DHTU-TOPO 0.42 4.29 20.15 4.30 20.15 0.00

Table 7.7
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stability of the DodA-TOPO mixtures cannot be guaranteed throughout the process. 

Moreover, the recovery of the VFAs and/or the regeneration of the solvent phase can 

be performed via the back-extraction with an alkaline solution. DodA-TOPO was not 

further investigated.

Effect of VFA concentration
The extraction performance of TOA-Oct 0.80 and DHTU-TOPO 0.42 was evaluated 

for various aqueous VFA concentrations. The results presented in Fig. 7.9 show a clear 

decrease of the distribution coefficient with increasing butyric acid concentration at 

equilibrium for TOA-Oct 0.80. The results of these preliminary tests are not conclusive 

for DHTU-TOPO, but a weaker, similar trend could be recognised. For acetic acid and 

propionic acid no significant influence of the VFA concentration on the distribution 

Fig. 7.9

Fig. 7.9 Distribution coefficient of acid i (βi) after a single stage extraction versus the acid 
concentration in the water phase after extraction (Ci AE

Aq
, ). The studied acids are: acetic acid (AA); 

propionic acid (PA); and butyric acid (BA). The studied extraction solvents are: trioctylamine 
– 1-octanol 20/80 V/V (TOA-Oct) and N,N’-dihexylthiourea – trioctylphosphine oxide 
(DHTU-TOPO) xTOPO = 0.42. The dashed line highlights βi = 1, initial pH of the water phase was 
approximately 4.2.
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coefficient was observed. The concentration effect is significantly weaker for the 

solvents studied in this work than for phosphonium ILs described in literature.[47,50]

The hydrophobicity of butyric acid could explain why its distribution coefficient 

depends strongly on its concentration in the aqueous phase. If the main solute-solvent 

interactions are hydrophobic in nature, the activity coefficient of butyric acid might be 

more concentration dependent than those of acetic and propionic acid. However, this 

preliminary study does not provide data that allows reliable thermodynamic modelling 

of the extraction process. Additionally, other phenomena – such as (inverse) micelle 

formation – were considered outside the scope of this study and were not taken into 

account. However, these other phenomena could greatly affect the partitioning of 

VFAs over the phases involved.

The maximum solvent loading at a certain feed concentration for a counter-current 

extraction process with infinite stages and a minimum solvent flow rate could be 

Fig. 7.10 Acid concentration after extraction in the organic phase (Ci AE
Org
, ) versus that in the aqueous 

phase (Ci AE
Aq
, ). The studied extraction solvents are: N,N’-dihexylthiourea – trioctylphosphine oxide 

xTOPO = 0.42 (left) and trioctylamine – 1-octanol 20/80 V/V (right). The maximum solvent loadings 
at a feed acid concentration of 10 g∙L-1 are highlighted.

Fig. 7.10
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derived from the results of single-stage extraction experiments. In this specific case, 

the fully loaded solvent at the first extraction stage is then at equilibrium with the 

feed. Fig. 7.10 highlights the maximum solvent loadings at a feed concentration of 

10 g·L-1.

Although the benchmark can achieve higher VFA loadings for all acids studied, 

DHTU-TOPO can probably extract butyric acid more selectively. As this is a 

preliminary study, only solutions of single VFAs were explored. Similar single-stage 

extraction experiments on a (synthetic) fermentation broth should be performed to 

give conclusive insight in the solvent’s performance in terms of extraction capacity 

and selectivity.

Fig. 7.11 Distribution coefficient of acid i (βi) after a single stage extraction versus the solvent-to-
feed ratio (S/F). The studied acids are: acetic acid (AA); propionic acid (PA); and butyric acid (BA). 
The studied extraction solvents are: trioctylamine – 1-octanol 20/80 V/V (TOA-Oct) and N,N’-
dihexylthiourea – trioctylphosphine oxide (DHTU-TOPO) xTOPO = 0.42. The dashed line highlights 
βi = 1.

Fig. 7.11
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Effect of S/F ratio
The influence of the S/F ratio on the VFA extraction performance was also evaluated. 

Because the aim of the extraction is to concentrate the VFAs, only S/F ratios below 1 

were considered. Higher ratios would result in a more diluted organic phase. The 

results shown in Fig. 7.11 demonstrate that TOA-Oct 0.80 as well as DHTU-TOPO 0.42 

show an increase in the distribution coefficients upon decreasing the S/F ratio. This 

effect was most pronounced for butyric acid, followed by propionic acid. Only a minor 

effect of S/F ratio has been observed for acetic acid. The extraction performance of 

the benchmark, TOA-Oct 0.80, showed a stronger S/F ratio dependency than DHTU-

TOPO 0.42. Low S/F ratios are more effective for the extraction of VFAs from dilute 

aqueous solutions using the solvents studied, which is economically advantageous.

Effect of the ratio of the eutectic mixtures
One of the advantages of DESs and eutectic mixtures, is that their properties can be 

Fig. 7.12 Distribution coefficient of acid i (βi) after a single stage extraction versus the mole 
fraction of trioctylphosphine oxide (xTOPO) in N,N’-dihexylthiourea – trioctylphosphine oxide 
mixtures (solvent). The studied acids are: acetic acid (AA); propionic acid (PA); and butyric acid 
(BA). Arrows serve as a guide to the eye.

Fig. 7.12
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tuned by varying the molar ratio of their components, i.e. their composition. Within 

the liquid range of DHTU-TOPO (section 7.3.2), five molar ratios were selected 

and applied as VFA extractant. The resulting distribution coefficients are shown in 

Fig. 7.12. The extraction performance improved with increasing TOPO content for all 

studied VFAs. This improvement is more pronounced with increasing hydrophobicity 

of the VFA, in the order acetic acid < propionic acid < butyric acid.

In literature, a similar behaviour is reported for the extraction of propionic acid with 

TOPO dissolved in various aprotic hydrophobic solvents such as hexane, kerosene, and 

methyl isobutyl ketone.[13,51] It was found that TOPO was the main active component 

and that the solvent contribution was negligible. In DHTU-TOPO, DHTU could in 

principle also act as an active component, since it is capable to form hydrogen bonds 

with the VFAs. However, with decreasing DHTU content the extraction performance 

increases, also indicating that TOPO is the major active component. 

The propionic acid distribution coefficients exhibited for TOPO-based extractants in 

literature are generally higher than those presented in Fig. 7.12. Several groups studied 

Fig. 7.13 Distribution coefficient of propionic acid (βPA) versus the trioctylphosphine oxide (TOPO) 
concentration (CTOPO) in the extractant with four different counterparts: N,N’-dihexylthiourea 
(DHTU); hexane (Keshav et al.[13]); kerosene (Bilgin et al.[51]); and methyl isobutyl ketone (MIBK, 
Bilgin et al.[51]). Dashed lines are second order polynomial extrapolations of the literature data.

Fig. 7.13
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the VFA distribution coefficient as a function of the molar concentration of TOPO in 

the solvent.[13,51] The results collected in Fig. 7.13 show that distribution coefficients 

between 4 and 25 would be expected when these trends are extrapolated to the TOPO 

concentrations in the eutectic mixture. A possible explanation for the much lower 

distribution coefficients could be the competition between DHTU and VFAs for 

interaction with TOPO. Additionally, the aprotic diluents studied in literature hardly 

interact with the VFAs, possibly increasing the activity of TOPO strongly as compared 

to DHTU-TOPO mixtures.

7.4	 Conclusions and outlook

DESs are often referred to as designer solvents. However, most studies focus on the 

application of preciously reported eutectic mixtures. In this work, a set of novel eutectic 

mixtures was explored for a specific application: the extraction of VFAs from dilute 

aqueous solutions. These mixtures were selected from a chemical database, based on 

predefined selection criteria. The mixtures that formed stable liquid mixtures at 298 K 

were subjected to a VFA extraction screening. The S-L phase behaviour was mapped 

for the two combinations that performed well, dodecanoic acid with trioctylphosphine 

oxide (DodA-TOPO) and dihexylthiourea with trioctylphosphine oxide (DHTU-

TOPO). The eutectic temperature and the composition expressed in the mole fraction 

of TOPO are 272 ± 2 K and 0.43 ± 0.02 for DodA-TOPO, and 267 ± 2 K and 0.44 ± 0.05 

for DHTU-TOPO. The normalised melting temperature depressions are 0.14 and 

0.17 for DodA-TOPO and DHTU-TOPO, normalised to the melting temperature of 

DodA and DHTU, respectively. Hence, the mixtures would not qualify as deep eutectic 

solvents, but were still considered suitable as potential VFA extractants.

The results of preliminary single stage VFA extraction experiments showed that the 

studied eutectic mixtures exhibit lower distribution coefficients than the benchmark 

solution of 20 % V/V trioctylamine in n-octanol. However, their extraction selectivities 

are higher owing to a low water uptake and a minor extraction of phosphoric acid 

originating from the pH buffer. The eutectic mixtures show a much stronger affinity 

towards butyric acid than to less hydrophobic acetic and propionic acid. Exclusively 

undissociated acids were extracted. Under basic conditions, extraction was negligible. 

Moreover, phase separations were observed in the organic phase for DodA-TOPO 
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mixtures that were contacted with alkaline aqueous solutions. The recovery of the 

VFAs from the extractant was not explored in this preliminary extraction study. Typical 

recovery processes include distillation, temperature swing, and back-extraction. 

Complete solvent regeneration is often performed via a base wash, disqualifying 

DodA-TOPO. Hence, the subsequent preliminary extraction experiments focussed 

on DHTU-TOPO. Its extraction performance increased at low acid concentrations 

and low S/F ratios, which emphasizes its potential for extraction from e.g. diluted 

fermentation broths.

The extraction performance could be tuned by changing the ratio between the 

components of the eutectic mixtures. However, the addition of TOPO led to 

significantly smaller increases of the distribution coefficient as expected from TOPO 

solutions in aprotic solvents with similar concentrations. This was ascribed to the 

competition between the VFA and DHTU to form intermolecular hydrogen bonds 

with TOPO, which partially hampers complexation of the VFAs with TOPO. Whether 

the hydrogen bonding nature of DHTU leads to competition of VFAs with DHTU for 

the accepting oxide group of TOPO might be verified by studying similar eutectic 

mixtures. The secondary amine groups could for instance be replaced with a non-

hydrogen bond donating tertiary amine functionality, e.g. replacing DHTU with 

N,N’dimethyldihexylthiourea. It would also be interesting to study the intermolecular 

interactions in more detail – e.g. 15N and 31P-NMR, or neutron scattering – to obtain 

insight in the molecular structure of the eutectic mixture and the complexation of the 

VFA within this structure.

In the present work it is demonstrated that the solubility limitation at 298 K of the 

active extractant in hydrophobic solvents, TOPO, could be overcome by systematically 

designing eutectic mixtures. Additionally, it was demonstrated that the functional 

groups of the second component has a considerable impact on the extraction 

performance. Future design studied on eutectic mixtures and DESs for VFA extraction 

processes best focus on the combination of a strong hydrogen bonding acceptor (e.g. 

phosphine oxides) and a hydrophobic component that is not a hydrogen bond donor. 

The enthalpy of melting could be included as a selection criterion, since low melting 

enthalpies lead to large melting temperature depressions. Ultimately, these design 

parameters will result in the development of a high performance VFA extractant with 

a high (molar) concentration of the base functionality and a high hydrophobicity.



352 HyDropHoBic eutectic mixtureS AS volAtile fAtty AciD extrActANtS

7.5	 References

[1]  van Osch, D. J. G. P.; Zubeir, L. F.; van den Bruinhorst, A.; Rocha, M. A. A.; Kroon, M. C.; 
Hydrophobic Deep Eutectic Solvents as Water-Immiscible Extractants. Green Chem., 
2015, 17, 4518–4521.

[2]  Dietz, C. H. J. T.; Kroon, M. C.; Di Stefano, M.; van Sint Annaland, M.; Gallucci, F.; 
Selective Separation of Furfural and Hydroxymethylfurfural from an Aqueous Solution 
Using a Supported Hydrophobic Deep Eutectic Solvent Liquid Membrane. Faraday 
Discuss., 2018, 0, 1–16.

[3]  van Osch, D. J. G. P.; Parmentier, D.; Dietz, C. H. J. T.; van den Bruinhorst, A.; Tuinier, 
R.; et al.; Removal of Alkali and Transition Metal Ions from Water with Hydrophobic 
Deep Eutectic Solvents. Chem. Commun., 2016, 52, 11987–11990.

[4]  Tereshatov, E. E.; Boltoeva, M. Y.; Folden, C. M.; First Evidence of Metal Transfer 
into Hydrophobic Deep Eutectic and Low-Transition-Temperature Mixtures: Indium 
Extraction from Hydrochloric and Oxalic Acids. Green Chem., 2016, 18, 4616–4622.

[5]  Dietz, C. H. J. T.; van Osch, D. J. G. P.; Kroon, M. C.; Sadowski, G.; van Sint Annaland, M.; 
et al.; PC-SAFT Modeling of CO2 Solubilities in Hydrophobic Deep Eutectic Solvents. 
Fluid Phase Equilib., 2017, 448, 94–98.

[6]  Cao, J.; Yang, M.; Cao, F.; Wang, J.; Su, E.; Tailor-Made Hydrophobic Deep Eutectic 
Solvents for Cleaner Extraction of Polyprenyl Acetates from Ginkgo Biloba Leaves. J. 
Clean. Prod., 2017, 152, 399–405.

[7]  Cao, J.; Yang, M.; Cao, F.; Wang, J.; Su, E.; Well-Designed Hydrophobic Deep Eutectic 
Solvents As Green and Efficient Media for the Extraction of Artemisinin from Artemisia 
Annua Leaves. ACS Sustain. Chem. Eng., 2017, 5, 3270–3278.

[8]  Ribeiro, B. D.; Florindo, C.; Iff, L. C.; Coelho, M. A. Z.; Marrucho, I. M.; Menthol-Based 
Eutectic Mixtures: Hydrophobic Low Viscosity Solvents. ACS Sustain. Chem. Eng., 
2015, 3, 2469–2477.

[9]  Florindo, C.; Branco, L. C.; Marrucho, I. M.; Development of Hydrophobic Deep Eutectic 
Solvents for Extraction of Pesticides from Aqueous Environments. Fluid Phase Equilib., 
2017, 448, 135–142.

[10]  Raes, S. M. T.; Jourdin, L.; Buisman, C. J. N.; Strik, D. P. B. T. B.; Continuous Long-
Term Bioelectrochemical Chain Elongation to Butyrate. ChemElectroChem, 2017, 4, 
386–395.

[11]  López-Garzón, C. S.; Straathof, A. J. J.; Recovery of Carboxylic Acids Produced by 
Fermentation. Biotechnol. Adv., 2014, 32, 873–904.

[12]  Kertes, A. S.; King, C. J.; Extraction Chemistry of Fermentation Product Carboxylic 
Acids*. Biotechnol. Bioeng., 1986, 28, 269–282.

[13]  Keshav, A.; Wasewar, K. L.; Chand, S.; Equilibrium and Kinetics of the Extraction of 
Propionic Acid Using Tri-N-Octylphosphineoxide. Chem. Eng. Technol., 2008, 31, 
1290–1295.

[14]  Playne, M. J.; Smith, B. R.; Toxicity of Organic Extraction Reagents to Anaerobic 
Bacteria. Biotechnol. Bioeng., 1983, 25, 1251–1265.

[15]  Vermuë, M.; Sikkema, J.; Verheul, A.; Bakker, R.; Tramper, J.; Toxicity of Homologous 
Series of Organic Solvents for the Gram-Positive Bacteria Arthrobacter and Nocardia 
Sp. and the Gram-Negative Bacteria Acinetobacter and Pseudomonas Sp. Biotechnol. 
Bioeng., 1993, 42, 747–758.



353refereNceS

[16]  Sikkema, J.; de Bont, J. A.; Poolman, B.; Mechanisms of Membrane Toxicity of 
Hydrocarbons. Microbiol Rev, 1995, 59, 201–222.

[17]  Heipieper, H. J.; Neumann, G.; Cornelissen, S.; Meinhardt, F.; Solvent-Tolerant 
Bacteria for Biotransformations in Two-Phase Fermentation Systems. Appl. Microbiol. 
Biotechnol., 2007, 74, 961–973.

[18]  Bica, K.; Shamshina, J.; Hough, W. L.; MacFarlane, D. R.; Rogers, R. D.; Liquid Forms 
of Pharmaceutical Co-Crystals: Exploring the Boundaries of Salt Formation. Chem. 
Commun., 2011, 47, 2267–2269.

[19]  Ramos Riesco, M.; Martínez-Casado, F. J.; Cheda, J. A. R.; Redondo Yélamos, M. I.; 
Fernández-Martínez, A.; et al.; Study of the Polymorphism in Copper(II) Decanoate 
through Its Phase Diagram with Decanoic Acid, and Texture of the Columnar 
Thermotropic Liquid Crystal Developable Domains in This and Similar Systems. Cryst. 
Growth Des., 2015, 15, 497–509.

[20]  Cai, Y.; Liu, M.; Song, X.; Zhang, J.; Wei, Q.; et al.; A Form-Stable Phase Change Material 
Made with a Cellulose Acetate Nanofibrous Mat from Bicomponent Electrospinning 
and Incorporated Capric–myristic–stearic Acid Ternary Eutectic Mixture for Thermal 
Energy Storage/retrieval. RSC Adv., 2015, 5, 84245–84251.

[21]  Sambrook, M. R.; Beer, P. D.; Wisner, J. A.; Paul, R. L.; Cowley, A. R.; et al.; Anion-
Templated Assembly of Pseudorotaxanes: Importance of Anion Template, Strength of 
Ion-Pair Thread Association, and Macrocycle Ring Size. J. Am. Chem. Soc., 2005, 127, 
2292–2302.

[22]  Maddani, M. R.; Prabhu, K. R.; A Concise Synthesis of Substituted Thiourea Derivatives 
in Aqueous Medium. J. Org. Chem., 2010, 75, 2327–2332.

[23]  Mosselman, C.; Mourik, J.; Dekker, H.; Enthalpies of Phase Change and Heat Capacities 
of Some Long-Chain Alcohols. Adiabatic Semi-Microcalorimeter for Studies of 
Polymorphism. J. Chem. Thermodyn., 1974, 6, 477–487.

[24]  Carareto, N. D. D.; Dos Santos, A. O.; Rolemberg, M. P.; Cardoso, L. P.; Costa, M. C.; 
et al.; On the Solid-Liquid Phase Diagrams of Binary Mixtures of Even Saturated Fatty 
Alcohols: Systems Exhibiting Peritectic Reaction. Thermochim. Acta, 2014, 589, 137–
147.

[25]  Dorighello Carareto, N. D.; Costa, M. C.; Meirelles, A. J. A.; Pauly, J.; High Pressure 
Solid-Liquid Equilibrium of Fatty Alcohols Binary Systems from 1-Dodecanol, 
1-Tetradecanol, 1-Hexadecanol, and 1-Octadecanol. J. Chem. Eng. Data, 2015, 60, 
2966–2973.

[26]  Costa, M. C.; Rolemberg, M. P.; Boros, L. a D.; Kra, M. a; Solid - Liquid Equilibrium of 
Binary Fatty Acid Mixtures. J. Chem. Eng. data, 2007, 52, 30–36.

[27]  Kwan, C.-C.; Rosen, M. J.; Relationship of Structure to Properties in Surfactants. 9. 
Syntheses and Properties of 1,2- and 1,3-Alkanediols. J. Phys. Chem., 1980, 84, 547–
551.

[28]  Hoerr, C. W.; Harwood, H. J.; Ralston, A. W.; Solubilities Of High Molecular Weight 
Symmetrical Normal Aliphatic Secondary Amines. J. Org. Chem., 1944, 9, 201–210.

[29]  Verevkin, S. P.; Schick, C.; Substituent Effects on the Benzene Ring. Determination of 
the Intramolecular Interactions of Substituents in Tert -Alkyl-Substituted Catechols 
from Thermochemical Measurements. J. Chem. Eng. Data, 2000, 45, 946–952.

[30]  Miltenburg, J. C. va.; Genderen, A. C. G. va.; den Berg, G. J. K. va.; Design Improvements 
in Adiabatic Calorimetry. Thermochim. Acta, 1998, 319, 151–162.

[31]  Kaloustian, J.; Pauli, A.-M.; Lechene de la Porte, P.; Lafont, H.; Portugal, H.; Thermal 



354 HyDropHoBic eutectic mixtureS AS volAtile fAtty AciD extrActANtS

Analysis of Anhydrous and Hydrated Cholesterol. J. Therm. Anal. Calorim., 2003, 71, 
341–351.

[32]  Dannels, B.; Shepard, A. F.; Reductive Coupling of Aromatic Compounds. J. Catal., 
1969, 15, 106–110.

[33]  McGreal, M. E.; Niederl, V.; Niederl, J. B.; Condensations of Ketones with Phenols. J. 
Am. Chem. Soc., 1939, 61, 345–348.

[34]  Trapani, G.; Reho, A.; Latrofa, A.; Trimethylamine-Borane as Useful Reagent in the 
N-Acylation or N-Alkylation of Amines by Carboxylic Acids. Synthesis (Stuttg)., 1983, 
No. 12, 1013–1014.

[35]  Castells, R. C.; Nardillo, A. M.; Thermodynamics of the Molecular Association of Tri-N-
Octylphosphine Oxide and Haloalkanes Using Gas-Liquid Chromatography. J. Solution 
Chem., 1985, 14, 87–100.

[36]  Hilliard, C. R.; Bhuvanesh, N.; Gladysz, J. A.; Blümel, J.; Synthesis, Purification, and 
Characterization of Phosphine Oxides and Their Hydrogen Peroxide Adducts. Dalt. 
Trans., 2012, 41, 1742–1754.

[37]  Choudary, B. M.; Bharathi, B.; Reddy, C. V.; Kantam, M. L.; Tungstate-Exchanged Mg-
Al-LDH Catalyst: An Eco-Compatible Route for the Oxidation of Sulfides in Aqueous 
mediumIICT Communication No: 020222. J. Chem. Soc. Perkin Trans. 1, 2002, No. 18, 
2069–2074.

[38]  Smith, R. H.; Andrews, D. H.; Thermal Energy Studies. II. Phenyl Derivatives of Metals. 
J. Am. Chem. Soc., 1931, 53, 3661–3667.

[39]  Kreevoy, M. M.; Wang, Y.; Kinetic and Equilibrium Acid-Base Behavior of Tertiary 
Amines in Anhydrous and Moist Dimethyl Sulfoxide. J. Phys. Chem., 1977, 81, 1924–
1928.

[40]  Dudek, G. O.; Westheimer, F. H.; The Solvolysis of Tetrabenzylpyrophosphate. J. Am. 
Chem. Soc., 1959, 81, 2641–2646.

[41]  Ritchie, C. D.; Sager, W. F.; Lewis, E. S.; Application of Linear Free Energy Relationships 
to Some Reactions of Triarylmethane Derivatives. J. Am. Chem. Soc., 1962, 84, 2349–
2356.

[42]  Barbero, M.; Cadamuro, S.; Dughera, S.; Rucci, M.; Spano, G.; et al.; Solvent-Free 
Brønsted Acid Catalysed Alkylation of Arenes and Heteroarenes with Benzylic Alcohols. 
Tetrahedron, 2014, 70, 1818–1826.

[43]  Inoue, T.; Hisatsugu, Y.; Ishikawa, R.; Suzuki, M.; Solid-Liquid Phase Behavior of Binary 
Fatty Acid Mixtures: 2. Mixtures of Oleic Acid with Lauric Acid, Myristic Acid, and 
Palmitic Acid. Chem. Phys. Lipids, 2004, 127, 161–173.

[44]  Azizi, N.; Farhadi, E.; Rapid and Highly Efficient Synthesis of Thioureas in Biocompatible 
Basic Choline Hydroxide. J. Sulfur Chem., 2017, 38, 548–554.

[45]  Yang, S. T.; White, S. A.; Hsu, S. T.; Extraction of Carboxylic Acids with Tertiary and 
Quaternary Amines: Effect of pH. Ind. Eng. Chem. Res., 1991, 30, 1335–1342.

[46]  Canari, R.; Eyal, A. M.; Selectivity in Monocarboxylic Acids Extraction from Their 
Mixture Solutions Using an Amine-Based Extractant: Effect of pH. Ind. Eng. Chem. Res., 
2003, 42, 1301–1307.

[47]  Reyhanitash, E.; Zaalberg, B.; Kersten, S. R. A.; Schuur, B.; Extraction of Volatile Fatty 
Acids from Fermented Wastewater. Sep. Purif. Technol., 2016, 161, 61–68.

[48]  Alkaya, E.; Kaptan, S.; Ozkan, L.; Uludag-Demirer, S.; Demirer, G. N.; Recovery of Acids 
from Anaerobic Acidification Broth by Liquid-Liquid Extraction. Chemosphere, 2009, 
77, 1137–1142.



355refereNceS

[49]  Um, B.-H.; Friedman, B.; van Walsum, G. P.; Conditioning Hardwood-Derived Pre-
Pulping Extracts for Use in Fermentation through Removal and Recovery of Acetic Acid 
Using Trioctylphosphine Oxide (TOPO). Holzforschung, 2011, 65, 51–58.

[50]  Marták, J.; Schlosser, Š.; Extraction of Lactic Acid by Phosphonium Ionic Liquids. Sep. 
Purif. Technol., 2007, 57, 483–494.
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7.6	 Appendix – pH drop of acid-quaternary ammonium 
halide salt-based DESs

Considering the high extraction efficiencies reported for HPDESs in a previous 

study, DES based on quaternary ammonium salts with medium/long alkyl-chains 

seem appropriate extraction agents for the removal of VFAs from dilute waste 

water streams.[1] However, at that time the pH of the water phase was not evaluated 

throughout the extraction experiments, nor during the leaching tests. When a DES 

based on decanoic acid and methyltrioctylammonium chloride was contacted with 

water, the pH of the water phase dropped to pH= 2.2. In such acidic conditions most 

VFA producing micro-organisms are not viable, eliminating the option of in-situ VFA 

production and extraction.

Decanoic acid is the most likely proton source of the DES. Considering its low 

solubility in water (0.015 wt%) and its pKa (approximately 4.9), the pH drop is 

unlikely to be caused by the dissociation of aqueous decanoic acid. The proton is 

probably transferred to the water phase together with the Cl- anion of the ammonium 

salt, forming an HCl solution. The maximum deprotonation of decanoic acid can be 

estimated from the pH based on two assumptions: all protons in the water phase are 

assumed to originate from fully dissociated HCl; and all HCl is assumed to migrate to 

the water phase (HCl is strongly hydrophilic). The H+ concentration then represents 

the amount deprotonated DecA. A pH of 2.2 corresponds to 0.006 mol·L-1 of H+, 

which would result in a 0.24 mol% deprotonation of the acid for a system with equal 

weights of DecA:N8881Cl 2:1 and water. This low amount explains the absence of the 

carboxylate peak in the Fourrier-transformed infrared (FTIR) spectra of the DES after 

equilibration with the water phase shown in Fig. 7.14.
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Fig. 7.14 FTIR spectra (transmission T versus wavenumber ν) of the N8881Cl ammonium salt, 
the pure DecA:N8881Cl 2:1 DES, and the same DES after mixing, equilibration, and settling with 
water (eq). The C=O stretch peak of the carboxyl group, the deformation peak of water, and the 
assymmetric C=O stretch peak of the carboxylate group are highlighted.

Fig. 7.14
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7.7	 Appendix – Water transfer based on Karl-Fischer 
titration

After extraction the water content of the solvent is determined. If the mass of the 

extracted species (acid/salt) is considered negligible, the total mass after extraction 

is the sum of: the solvent mass, the initial water in the solvent, and the water that 

was transferred to the solvent phase during equilibration. The water mass fraction as 

determined by Karl-Fischer titration can then be described as:

Eq. 7.7w
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2 ,
 is the mass of water in the organic phase before equilibration. The total 

mass of the organic phase before equilibration (mBE
Org ) was determined gravimetrically.
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Combining Eq. 7.7, Eq. 7.8, and Eq. 7.9 results in Eq. 7.10, which is written in terms 

of measurable quantities only:
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7.8	 Appendix – Structural formulas of screened 
components

Fig. 7.15 
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Structural formulas of the selected components for the screening of hydrophobic deep 
eutectic solvents for volatile fatty acid extraction.
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7.9	 Appendix – Tammann-plots and DSC thermograms

Fig. 7.16 Enthalpy of the solidus transition ( ∆tr solH ) versus composition (mole fraction, xTOPO) – 
also Tammann-plot – of the dodecanoic acid-trioctylphosphine oxide (DodA-TOPO) mixture. 
Enthalpies were obtained via integration of the solidus peak in the DSC thermograms, the 
composition at which the linear fits of the hypotectic and hypertectic intersect is highlighted and 
represents the eutectic composition.

Fig. 7.17 Enthalpy of the solidus transition ( ∆tr solH ) versus composition (mole fraction xTOPO) – 
also Tammann-plot – of the N,N’-dihexylthiourea-trioctylphosphine oxide (DHTU-TOPO) 
mixture. Enthalpies were obtained via integration of the solidus peak in the DSC thermograms, 
the composition at which the linear fits of the hypotectic and hypertectic intersect is highlighted 
and represents the eutectic composition.
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Fig. 7.18 DSC thermograms (endotherms up), i.e. heat flow rate (Φ) versus temperature (T), used 
to construct the phase diagram of the dodecanoic acid-trioctylphosphine oxide system (DodA-
TOPO, Fig. 7.3). Only the second heating cycles from 193 to 343 K at 1 K∙min-1

 are shown since the 
data was extracted from those traces. The composition of each sample is shown above the trace.
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Fig. 7.19 DSC thermograms (endotherms up), i.e. heat flow rate (Φ) versus temperature (T), used 
to construct the phase diagram of the N,N’-dihexylthiourea-trioctylphosphine oxide system 
(DHTU-TOPO, Fig. 7.4). Only the second heating cycles from 193 to 323 K at 1 K∙min-1

 are shown 
since the data was extracted from those traces. The composition of each sample is shown above 
the trace.
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7.10	 Appendix – Water uptake solvents

Fig. 7.20 Water content of the organic phase after equilibration ( wH O2
) versus the mass of volatile 

fatty acid (VFA) after equilibration in the organic phase (mi AE
Org
, ). The studied VFAs are: acetic acid 

(AA); propionic acid (PA); and butyric acid (BA). The studied extraction solvents are: trioctylamine 
– 1-octanol 20/80 V/V (TOA-Oct); dodecanoic acid – trioctylphosphine oxide (DodA-TOPO) 
xTOPO = 0.44; and N,N’-dihexylthiourea – trioctylphosphine oxide (DHTU-TOPO) xTOPO = 0.42.
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8.1	 Conclusions

The main objective of this work was to initiate the development of a roadmap towards a 

systematic design of novel, task-specific deep eutectic solvents (DESs). The formation 

of DESs is determined by the solid-liquid (S-L) phase behaviour of their components 

(see chapter 2). A toolbox of analysis techniques was applied to elucidate the S-L 

phase behaviour of DESs experimentally. This toolbox includes differential scanning 

calorimetry (DSC), wide angle X-ray spectroscopy (WAXS), the cloud-point method, 

the synthetic method, and the centrifuge method. In many cases, the combination 

of DSC and WAXS provides a proper and detailed identification of the S-L phase 

behaviour of eutectic mixtures. However, some eutectic mixtures exhibit supercooling 

behaviour that hampers the analysis with dynamic analysis techniques such as DSC. 

The centrifuge method is a novel analysis method that could overcome this limitation. 

It allows the quantification of the S-L phase behaviour of eutectic mixtures that exhibit 

strong supercooling tendency with sufficient accuracy (see chapter 3). To the best of 

our knowledge, it was reported for the first time in this work.

Even with the appropriate toolbox, the analysis of the S-L phase behaviour of DESs 

is far from trivial. Impurities (e.g. water) of the DES constituents have a strong 

influence on their phase behaviour. Water is introduced by the uptake of atmospheric 

moisture, or by undesired reactions between the DES’s components. A re-evaluation 

of the thermal and chemical stability of a large number of DESs reported in literature 

revealed esterification reactions in all studied DESs containing a hydroxyl as well as 

a carboxylic acid functionality (see chapters 4 and 5). The resulting water production 

and oligomer formation affected the physicochemical properties of the DESs.

For dry and inert eutectic mixtures composed of tetraethylammonium halide salts 

and glutaric acid, the eutectic temperature and composition could be adjusted by 

varying the halide anion. The liquidus phase boundaries were inter- and extrapolated 

using the non-random two-liquid (NRTL) excess Gibbs energy model. The regular 

solutions / Margules, Flory-Huggins, and Wilson models did not perform satisfactory. 

The melting temperature depressions resulting from the fits with the NRTL model 

showed a strong increase with decreasing ionic radius of the anion (see chapter 6).

The composition range between the two liquidus phase boundaries at a certain 
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temperature is the liquid range of a DES, and it can be exploited to tune its 

physicochemical properties. In chapter 4 it was shown that these properties do not 

necessarily change continuously with composition. Also the performance of the DES 

can be tuned by changing its composition. This was clearly demonstrated with a 

hydrophobic eutectic mixture of N,N’dihexylthiourea (DHTU) and trioctylphosphine 

oxide (TOPO), which was used to extract volatile fatty acids (VFAs) from dilute aqueous 

solutions. With increasing TOPO content, the VFA extraction of DHTU-TOPO 

improved (see chapter 7). The extraction performance was less when compared to 

TOPO dissolved in hydrophobic molecular solvents, which was attributed to the 

competition between DHTU-TOPO and VFA-TOPO interactions.

Finally, a set of criteria and considerations for the design of novel DES were extracted 

from the results of this work:

- The components of the DES should not react with each other;

- A lower pure component enthalpy of fusion leads to a steeper liquidus phase 

boundary and a larger melting temperature depression of that component;

- A large difference between the melting temperatures of the DES’s pure 

components generally leads to a relatively small melting temperature 

depression of the component with the lowest melting temperature;

- If one or more of the components of the DES are salts, smaller ionic radii of 

the anion probably result in a larger melting temperature depression;

- In eutectic mixtures, highly functionalised components can form strong 

intermolecular interactions, this generally results in a high viscosity;

- The intermolecular interactions between the constituents of the eutectic 

mixture (typically responsible for a deep eutectic) should not compete with 

those governing the (task-specific) solvent functionality.
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8.2	 Outlook

With the criteria presented in section 8.1, the roadmap towards a systematic design of 

novel, task-specific DESs is not yet complete. Analogous to the relationship between 

the ionic radius and the melting temperature depression, other structure-property 

relationships should be explored. To this end, future experimental studies on DESs 

should focus on the acquisition of S-L phase behaviour, as well as physicochemical 

property data, for sets of binary (or ternary) mixtures where one of the components is 

consistently varied. For screening purposes, the S-L phase behaviour can be estimated 

from the extrapolation of liquidus temperatures determined at a few compositions 

(e.g. three samples rich in each component) using easily accessible activity coefficient 

models such as NRTL[1]. Within the estimated liquid range, the physicochemical 

properties can be determined at various compositions to explore the tunability of the 

DES. These compositions should not be limited to stoichiometric ratios of the DES’s 

counterparts.

The use and development of novel DESs can be accelerated by collecting these datasets 

and combining them with currently available data in an (open access) DES property 

database. This database can be similar to (or merged with) that for ILs (ILThermo[2]), 

or to other chemical compounds (NIST webbook,[3] Dortmund databank[4]). In order 

to allow the comparison of data acquired at different laboratories, it should be clearly 

stated which experimental methods and conditions were applied. Also the purity of 

the materials and the resulting mixtures should be incorporated, in particular the 

water content. The (estimated) eutectic composition, eutectic temperature, and 

melting temperature depression normalised by the melting temperature of the lowest 

melting component could be included to enable a quick comparison of the S-L phase 

behaviour and the “depth” of the eutectic.

This proposed database can be the basis for the development of models that predict 

the S-L phase behaviour of DESs as well as their physicochemical properties. The S-L 

phase behaviour of simple eutectic mixtures is determined by the fusion properties 

of its constituents and their specific inter-species molecular interactions (activity). 

Hence, cross-correlations of the parameters from equations of state and advanced 

thermodynamic models (e.g. perturbed-chain statistical associating fluid theory, PC-

SAFT[5]) for various DESs might be predictive for analogous mixtures. Interactions on 
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the molecular scale can be probed experimentally via neutron scattering or (2D) NMR 

spectroscopy. Together with the evaluation of the macroscopic properties of DESs, 

this can lead to the improvement of force-field parameters required for molecular 

dynamics (MD) simulations. MD and ab initio (quantum chemical) simulations can 

predict the S-L phase behaviour and the physicochemical properties of DESs. However, 

developing a parameter set that is applicable to all intermolecular interactions 

associated with DESs is a major challenge.

DESs, including those presented in this work, typically involve hydrogen bonding 

networks or ionic interactions. It would be interesting to explore binary eutectic 

mixtures involving alternative interactions, e.g. aprotic pi-interactions and aprotic 

dipole interactions. The wide variety of functional groups that can be incorporated 

in eutectic mixtures make DESs applicable in many fields. The roadmap towards the 

design of novel DESs (section 8.1) will be extended and provided with a stronger basis 

via the systematic evaluation of the S-L phase behaviour, physicochemical properties 

(e.g. viscosity, density, conductivity), as well as molecular interactions of DESs. With 

this roadmap, the application of a wide variety of task-specific DESs in chemical 

engineering will be within reach.
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