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1.1  Introduction

At the beginning of this century, deep eutectic solvents (DESs) appeared as a new 
class of green solvents [1] and they are considered as a new class of ionic liquids 
(ILs) due to their similar characteristics and properties. However, they are two 
different types of solvents. An ionic liquid is an association of a cation and an 
anion. In contrast, DES is a combination of two or more solids that form, through 
hydrogen bond formation, a eutectic liquid mixture at a temperature lower than 
the melting point of each compound that is part of the DES [2]. The intersection 
of the eutectic temperature and the eutectic composition gives the eutectic point 
(E in Figure 1.1). E is the point where the eutectic mixture is a unique composi-
tion of two or more nonmiscible phases of solid components that after associa-
tion form a liquid at a defined temperature.
The interest in DESs increased considerably at industrial or academic level as 
shown by the number of publications dedicated to DESs. This is due to their 
great convenience of synthesis, their low production costs by using safe compo-
nents, and their unusual reactivities near the eutectic point [3]. Moreover, the 
possibility to tune their properties makes them ideal candidates to be used for a 
wide range of applications. They are usually composed of Lewis or Brønsted 
acids and bases, which can contain a variety of anionic and/or cationic species. 
One of the components most used to produce DESs is choline chloride (ChCl). It 
is a cheap, biodegradable and nontoxic salt that can be extracted from biomass 
or produced from fossil carbon. Some of these mixtures present rather a glass 
transition temperature point than a eutectic point, and are therefore also called 
low‐melting mixtures [4] or low‐transition‐temperature mixtures [5]. Just like 
ionic liquids, DESs often have a melting point close to RT, and exhibit low volatil-
ity and high thermal stability. However, DESs are biodegradable, cheap, and very 
easy to prepare. This chapter aims at a general presentation of the synthesis of 
these solvents and their physicochemical properties.
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1  Synthesis and Properties2

1.2  Synthesis

Generally, DESs can be prepared from two or more cheap and safe components 
through hydrogen bond interactions between the hydrogen bond donor (HBD) 
and the hydrogen bond acceptor (HBA) [6]. Practically, they are prepared by 
adding directly an appropriate amount of HBD and salt into a flask. After heating 
and stirring, a colorless liquid is formed. Obviously, the molar ratio correspond-
ing to the eutectic point is variable in composition and also in temperature 
according to the nature of each component. The synthesis procedure of DESs is 
very simple and produces no waste products. Therefore, the synthesis of DESs is 
green and environmentally benign because their reaction has zero emissions, 
zero E‐factor value. Moreover, the atom economy of the final formation of the 
DES is 100%, because all initial components are included in the final mixture. All 
of these factors make their ecological footprint minimal [7]. At an economic 
level, DESs are inexpensive and approximately 10‐fold less expensive than the 
components of ILs [8].
The number of DESs that can be synthesized from the available chemicals has no 
limitation owing to the large number of quaternary ammonium, phosphonium, 
or sulfonium salts and HBDs that can be used to synthesize the DESs (Figure 1.2). 
Therefore, it is almost impossible to study all the combinations.
DESs are composed of large, nonsymmetric ions with low lattice energy and thus 
low melting points owing to the charge delocalization occurring through hydro-
gen bonding between, for example, a halide ion and the hydrogen donor moiety. 
Typical DESs are composed of choline chloride, natural amino acids such as 
Lewis/Brønsted bases or urea, natural carboxylic acids, or polyalcohols such as 
Brønsted acids. One can note that they come from renewable sources. For exam-
ple, ChCl is an additive in chicken food for accelerating their growth, and is simply 
produced from trimethylamine, hydrochloric acid, and ethylene oxide in a con-
tinuous, single‐stream process. The toxicity of DESs is nonexistent or very low [9] 
and their biodegradability is extraordinarily high [10]. Moreover, the high solubil-
ity of DESs in water allows the separation of organic products that will precipitate 
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Figure 1.1  Representation of a eutectic point.
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1  Synthesis and Properties4

or appear as a water‐insoluble layer with the addition of water that dissolves the 
DES, avoiding the typical organic solvent extraction at the end of the reaction. 
DES can be recycled with the evaporation of water from the aqueous layer.
In 2007, Abbott et  al. provided the general formula R1R2R3R4N+X−Y− [11] for 
DESs. DESs are classified depending on the nature of the complexing agent used 
[2, 12] (Table 1.1). Four types of DESs exist. DESs of Type I are composed of qua-
ternary ammonium salt and metal chloride and can be considered as analogous 
to metal halide/imidazolium salt systems. Examples of Type I eutectics include 
chloroaluminate/imidazolium salt melts and DESs formed with imidazolium 
salts and various metal halides including FeCl2, AgCl, CuCl, LiCl, CdCl2, CuCl2, 
SnCl2, ZnCl2, LaCl3, YCl3, and SnCl4. DESs of Type II are composed of quater-
nary ammonium salt and metal chloride hydrate. The relatively low cost of many 
hydrated metal salts coupled with their inherent air/moisture insensitivity makes 
their use in industrial processes viable. DESs of Type III are composed of quater-
nary ammonium salt and HBD. In Type III, choline chloride and HBDs have been 
widely used for many applications such as metal extraction and organic synthesis 
[2, 6, 13]. Type IV DESs are composed of metal chloride and HBD.
These liquids are simple to prepare and relatively unreactive with water; many 
are biodegradable and have relatively low cost. The wide range of HBDs available 
indicates that this class of DESs is particularly adaptable. The physical properties 
of the liquid are dependent upon the HBD and can be easily tailored for specific 
applications.

1.3  Properties

Owing to their physicochemical and thermal properties (density, viscosity, sur-
face tension, conductivity, freezing temperature [Tf], miscibility, and polarity), 
which can be easily tuned by altering the components and their ratios, DESs have 
a big potential as solvents [2, 6]. Moreover, a high number of DESs can be 
obtained, making this new type of solvents even more designable.

1.3.1  Freezing Point (Tf)

As mentioned previously, DESs are formed by mixing two solids capable of gen-
erating a new liquid phase via hydrogen bonds formation. This liquid phase is 
characterized by a lower freezing point than that of the individual constituents. 

Table 1.1    The fourth type of DESs.

Types General formula Terms Example

I Cat+X− + zMClx M = Zn, In, Sn, Al, Fe ChCl + ZnCl2
II Cat+X− + zMClx M = Cr, Ni, Cu, Fe, Co ChCl + CoCl2·6H2O
III Cat+X− + zRZ Z = OH, COOH, CONH2 ChCl + urea
IV MClx + zRZ M = Zn, Al and Z = OH, CONH2 ZnCl2 + urea
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1.3  Properties 5

This decrease of the freezing point comes from an interaction between HBD and 
the salt. Table 1.2 reports the freezing points of various DESs described in the 
literature. Although for all DESs reported in the literature the freezing point is 
lower than 150 °C, it should be pointed out that the number of DESs that are 
liquid at room temperature (RT) is still quite limited. Among DESs that are liquid 
at room temperature, we can cite the combination of glycerol or urea with ChCl, 
presumably due to their stronger ability to form hydrogen bond interactions with 
ChCl. It means that depending on the halide salt, the choice of HBDs is a critical 
point in the formation of a DES with a low freezing point. For instance, with 
ChCl as a salt, HBDs such as carboxylic acids (levulinic acid, malonic acid, phe-
nylpropionic acid, etc.) or sugar‐derived polyols (e.g. xylitol, d‐isosorbide, and 
d‐sorbitol) lead to room temperature liquid DESs. In the same way, for a defined 
HBD the nature of the halide salts (e.g. ammonium or phosphonium salts) also 
affects the freezing points of the corresponding DESs. For example, when urea is 
selected as HBD and mixed with different salts in a molar ratio of 2 : 1 (urea:salt), 
the obtained DESs exhibit very different freezing points, from −38 to 113 °C 
(Table 1.2). For a similar salt, the nature of the anion is also of importance for the 
freezing point of DESs. For example, the freezing point of a choline‐salt‐derived 
DES in combination with urea decreases in the order F− > NO3

− > Cl− > BF4
−. 

Another parameter that can affect the freezing point of DESs is the salt/HBD 
molar ratio. Thus, for ethylene glycol and N,N‐diethylethanolammonium chlo-
ride, the freezing point of the DES obtained increases with increase of the salt/
HBD molar ratio from 1 : 2 to 1 : 4 (Table 1.2).
Taking into account the different types of eutectic liquids, we can highlight some 
trend. Globally, the Type I eutectics that are composed of interactions between 
different anhydrous metal halides (ZnCl2, ZnBr2, SnCl2, etc.) and the halide 
anion from quaternary ammonium salt (ChCl, 2‐acetoxy‐N,N,N‐trimethylethan-
aminium chloride, 2‐acetoxy‐N,N,N‐trimethylethanaminium chloride, N‐(2‐
hydroxyethyl)‐N,N‐dimethylanilinium chloride) will all produce similar 
halometallate species with similar enthalpies of formation. This suggests that 
ΔTf values should be between 200 and 300 °C. It has been observed that to pro-
duce a eutectic at ambient temperature the metal halide generally needs to have 
a melting point of approximately 300 °C or less.
That is the reason why metal halides such as FeCl3 (m.p. = 308 °C) [35], SnCl2 
(m.p. = 247 °C) [36], and ZnCl2 (m.p. = 290 °C) [36] produce ambient tempera-
ture eutectic liquids.
Type II eutectics are composed of hydrated metal halides and a HBD. Hydration 
of the metal salt leads to a lower melting point than that of the corresponding 
anhydrous salt due to decrease in the lattice energy. The freezing points of Type 
III DESs depend on the hydrogen bond interaction and the salt/HBD molar ratio. 
Type IV eutectic mixtures present a freezing point below 10 °C in all cases 
(Table 1.2).

1.3.2  Density

Density is a thermophysical property of interest (Table 1.3). The density of most 
of the DESs is between 1.0 and 1.35 g/cm3 at 298.15 K, which is higher than the 
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1.3  Properties 11

density of water. However, DESs containing metallic salts such as ZnCl2 have 
densities in the 1.3−1.6 g/cm3 range [16]. This difference in density may be 
explained by the hole theory since DESs are composed of holes or empty vacan-
cies. When ZnCl2 was mixed with urea, for instance, the average hole radius was 
decreased, resulting in a slight increase in the DES density as compared to that of 
neat urea [11]. The density of DES and its temperature variation is correlated to 
the molecular characteristics of the HBD. The density of DESs composed with a 
HBD that contains hydroxyl group increases with their number (higher values 
for glycerol than for ethylene glycol) and decreases with the introduction of aro-
matic groups (lower values for phenol and o‐cresol, Table 1.3). One can note that 
ChCl/phenol and ChCl/o‐cresol are the two DESs with lower densities among all 
the ones studied (1.092 g/cm3 for phenol and 1.07 g/cm3 for o‐cresol). Another 
parameter that can affect the density of DES is the chain length for the case of 
diacid DES. An increase in the chain length led to a decrease in the density. For 
example, for a C2‐diacid such as oxalic acid, the density is 1.259 g/cm3, whereas 
for C5‐diacid such as glutaric acid, it is 1.188 g/cm3 at 25 °C [37]. It was reported 
that for two C5‐diacids such as levulinic acid and glutaric acid, the density was 
higher for levulinic acid due to the higher amount of acid in the composition of 
DES than in the DES formed with glutaric acid. Indeed, a salt/HBD ratio of 1 : 2 
is required to obtain a DES from levulinic acid and ChCl, whereas this ratio is 
1 : 1 for glutaric acid‐based DES. If a comparison is made with a similar chain 
length for acid compound, we can note that the presence of a diacid group 
increases the density as observed for oxalic and glycolic acids (respectively 1.259 
and 1.195 g/cm3). The density of DESs is correlated to steric effects (the salt:HBD 
molar ratio) and the strength and extension of ions – HBD [26]. Based on the 
large number of possible salt–HBD combinations, it is required to develop pre-
dictive models to determine the relationships between the structure and prop-
erty of DESs. The group of Mjalli [26, 38] has carried out a systematic research 
effort to test the ability of several theoretical approaches for the prediction of the 
density of DESs at different temperatures [39]. It was shown that the average of 
absolute relative percentage errors for all the DESs tested was 1.9%.

1.3.3  Viscosity

The viscosity of DESs is an important parameter that should be studied. It is 
known that the viscosity of DESs is often high (>100 cP) as reported in Table 1.4. 
However, DESs formed by the association of ChCl with ethylene glycol or 1,4‐
butanediol, or o‐cresol or phenol, for instance, possess a viscosity lower than 
100 cP at 20–30 °C. In general, viscosities of eutectic mixtures are mainly affected 
by the chemical nature of the DES components (nature of the salts and HBDs, 
salt/HBD molar ratio, etc.). For example, the viscosity of ChCl‐based DESs is 
closely dependent on the nature of the HBD. Thus, ChCl/ethylene glycol (1 : 4) 
DES exhibits the lowest viscosity (19 cP at 20 °C) whereas the viscosity of ChCl/
ZnCl2 is very high (8500 cP at 25 °C). As well, derived sugars (e.g. xylitol, sorbitol) 
or carboxylic acids (e.g. malonic acid) as HBDs led to DESs exhibiting high vis-
cosities (e.g. 12 730 cP at 20 °C for ChCl/sorbitol and 1124 cP at 25 °C for ChCl/
malonic acid). This can be ascribed to intermolecular hydrogen bond network.
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1  Synthesis and Properties12

Table 1.3    Densities of selected DESs at 25 °C.

Types HBD Salt

Salt/
HBD 
molar 
ratio

ρ  
(g/cm3) References

I AlCl3 1‐n‐Butyl‐3‐methylimidazolium 
chloride

1.33

III Urea ChCl 1 : 2 1.25 [18, 19]
Urea Choline acetate 1 : 2 1.206 [18]
Urea Ethylammonium chloride 1 : 1.5 1.140 [18]
1‐(Trifluoromethyl)
urea

Ethylammonium chloride 1 : 1.5 1.273 [18]

1‐(Trifluoromethyl)
urea

ChCl 1 : 1.5 1.324 [18]

Acetamide Ethylammonium chloride 1 : 1.5 1.041 [18]
2,2,2‐
Trifluoroacetamide

ChCl 1 : 2.5 1.342 [1]

2,2,2‐
Trifluoroacetamide

Methyltriphenylphosphonium 
bromide

1 : 8 1.39 [40]

Glycerol ChCl 1 : 1 1.16 [26]
Glycerol ChCl 1 : 2 1.18 [21, 41]
Glycerol ChCl 1 : 2 1.20 [41]
Glycerol N,N‐Diethylethanolammonium 

chloride
1 : 2 1.17 [26]

Glycerol N,N‐Diethylethanolammonium 
chloride

1 : 3 1.21 [26]

Glycerol N,N‐Diethylethanolammonium 
chloride

1 : 4 1.22 [26]

Glycerol Methyltriphenylphosphonium 
bromide

1 : 2 1.31 [26]

Glycerol Methyltriphenylphosphonium 
bromide

1 : 3 1.30 [26]

Glycerol Methyltriphenylphosphonium 
bromide

1 : 4 1.30 [26]

Ethylene glycol ChCl 1 : 2 1.12 [26, 41]
Ethylene glycol ChCl 1 : 3 1.12 [26, 41]
Ethylene glycol Methyltriphenylphosphonium 

bromide
1 : 3 1.25 [26]

Ethylene glycol Methyltriphenylphosphonium 
bromide

1 : 4 1.23 [26]

Ethylene glycol Methyltriphenylphosphonium 
bromide

1 : 6 1.22 [26]
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1.3  Properties 13

For the DESs composed with ChCl and glycerol, the viscosity decreases with 
increase in the ChCl/glycerol molar ratio. For example, at 20 °C, viscosities of 
ChCl–glycerol mixtures with a molar ratio of 1 : 4, 1 : 3, and 1 : 2 were 503, 450, 
and 376 cP, respectively, at 20 °C. Glycerol has an important intermolecular 
hydrogen bond network and the decrease in viscosity with increase of the ChCl/
glycerol molar ratio was attributed to the partial rupture of this hydrogen bond 
network [21]. A similar trend was observed with ChCl/1,4‐butanediol mixtures. 
Notably in the case of ChCl/ethylene glycol combination, no change in the vis-
cosity was observed between a salt/HBD molar ratio of 1 : 3 and one of 1 : 4 (19 cP 
at 20 °C). As a general summary, the high viscosity of DESs is often attributed to 
the presence of an extensive hydrogen bond interaction between components, 
leading to a lower mobility of free species within the DES. The high viscosity of 
DESs is also due to (i) the electrostatic or van der Waals interactions, (ii) the large 
ion size and very small void volume of most DESs, and (iii) the free volume. As 
was shown by Abbott et al. [18, 41], the hole theory shows that viscosity is cor-
related with the availability of holes in the fluid that allow suitable ionic motion, 
and thus, the viscosity is mainly controlled by volumetric factors in spite of the 
strong intermolecular interactions developed in these systems. Therefore, 
although ion–HBD interactions play an important role in the DES viscosity, 
steric effects should be taken into account. Based on the hole theory, DESs with 

Types HBD Salt

Salt/
HBD 
molar 
ratio

ρ  
(g/cm3) References

Ethylene glycol N,N‐Diethylethanolammonium 
chloride

1 : 2 1.10 [26]

Ethylene glycol N,N‐Diethylethanolammonium 
chloride

1 : 3 1.10 [26]

Ethylene glycol N,N‐Diethylethanolammonium 
chloride

1 : 4 1.10 [26]

Oxalic acid ChCl 1 : 1 1.259 [37]
Glycolic acid ChCl 1 : 1 1.195 [37]
Malonic acid ChCl 1 : 1 1.231 [37]
Glutaric acid ChCl 1 : 1 1.188 [37]
Levulinic acid ChCl 1 : 2 1.138 [37]
o‐Cresol ChCl 1 : 3 1.07 [31]
Phenol ChCl 1 : 3 1.092 [31]

IV Urea ZnCl2 1 : 3.5 1.63 [11]

Acetamide ZnCl2 1 : 4 1.36 [11]

Ethylene glycol ZnCl2 1 : 4 1.45 [11]

Hexanediol ZnCl2 1 : 3 1.38 [11]

Table 1.3  (Continued)
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low viscosities using small cations or fluorinated HBDs can be obtained [18]. As 
for other solvents, the viscosity changes with temperature; increase of the tem-
perature leads to a decrease of the viscosity. For example, the viscosity of a mix-
ture of ChCl/urea decreased from 750 to 169 cP with an increase of the 
temperature from 25 to 40 °C.
It can be pointed out that there exist many differences in the literature in the 
viscosity for the same DES probably due to the (i) experimental method, (ii) DES 
synthesis, and (iii) impurities such as water. For example, depending on the prep-
aration method of DESs (traditional heating and stirring method or grinding 
approach), 6.5% difference between viscosity data for DES was observed [37]. 
Another important parameter is the water content that can affect the viscosity of 
DESs since many types of DES are highly hygroscopic. Therefore, the water con-
tent should be provided to compare data reported in the literature, which is not 
common. Hence, Yadav and Pandey [39] demonstrated that the viscosity of 
ChCl/urea (1 : 2 molar ratio) decreases from 527.3 cP for pure DES to 200.6 cP for 
DES with 0.1 water mole fraction. Highly viscous DESs such as ChCl and oxalic 
acid (1 : 1 molar ratio) are capable of capturing water from atmospheric moisture 
up to 19.40 wt%, which decreases the viscosity from 53.63 to 44.49 cP. These 
results highlight that it is possible to decrease the viscosity of highly viscous 
DESs by adding controlled amounts of water. Nevertheless, this should be done 
with caution since it may affect the properties of DESs.
It is worthwhile mentioning that there is a lack of development of predictive vis-
cosity models for DESs using approaches such as quantitative structure–activity 
relationship (QSAR) or group contribution methods, and therefore, systematic 
experimental and theoretical studies should be carried out.

1.3.4  Ionic Conductivity

The ionic conductivities of DESs are relatively low and are correlated to the vis-
cosity of DESs. Thus, most of the DESs present an ionic conductivity lower than 
1 mS/cm at room temperature [6]. Only the DESs composed of ethylene glycol or 
imidazole and ChCl show high ionic conductivities (7.61 mS/cm at 20 °C and 
12 mS/cm at 60 °C respectively) owing to their low viscosities. The relationship 
between viscosity and conductivity can be determined by plotting molar conduc-
tivity and fluidity (inverse of the viscosity) on a log–log scale (Walden plot). This 
curve is compared with the ideal line obtained for 0.01 M KCl aqueous solution, 
which has a slope equal to 1 and goes through the origin of coordinates. Based on 
this, it was found that low‐viscosity DESs (e.g. those with ethylene glycol) show 
lower ionic conductivities, whereas very viscous ones lie closer to the ideal line. 
Ionic conductivities increase with increase of temperature as shown in Table 1.5. 
The effect of temperature on conductivity is commonly described according to 
Arrhenius‐type behavior [1, 20, 21, 23, 27, 46].
Ionic conductivity can be tuned also by varying the organic salt/HBD molar 
ratio [1].
The prediction of DES ionic conductivity was studied by Abbott et al. [41] and 
they have demonstrated that the availability of suitable holes and the type and 
strength of ion–HBD interactions determine the ion mobility and thus 

c01.indd   16 10-09-2019   17:15:56



Ta
bl

e 
1.

5 
 C

on
du

ct
iv

ity
 (χ

) o
f s

om
e 

D
ES

s.

Ty
pe

s
H

BD
Sa

lt
Sa

lt/
H

BD
 m

ol
ar

 ra
tio

χ 
(m

S/
cm

)
Re

fe
re

nc
es

I
Z

nC
2

C
hC

l
1 

: 2
0.

06
 (4

2 °
C

)
[1

4]
II

C
rC

l 3,
 6

H
2O

C
hC

l
0.

37
 (2

5 °
C

)
[2

]
II

I
U

re
a

C
hC

l
1 

: 2
0.

75
 (2

5 °
C

)
[1

]
U

re
a

C
hC

l
1 

: 2
0.

19
9 

(4
0 °

C
)

[1
8]

U
re

a
C

ho
lin

e 
ac

et
at

e
1 

: 2
0.

01
7 

(4
0 °

C
)

[1
8]

U
re

a
Et

hy
la

m
m

on
iu

m
 c

hl
or

id
e

1 
: 1

.5
0.

34
8 

(4
0 °

C
)

[1
8]

2,
2,

2‐
Tr

ifl
uo

ro
ac

et
am

id
e

C
hC

l
1 

: 2
0.

28
6 

(4
0 °

C
)

[1
8]

2,
2,

2‐
Tr

ifl
uo

ro
ac

et
am

id
e

Et
hy

la
m

m
on

iu
m

 c
hl

or
id

e
1 

: 1
.5

0.
39

 (4
0 °

C
)

[1
8]

2,
2,

2‐
Tr

ifl
uo

ro
ac

et
am

id
e

M
et

hy
ltr

ip
he

ny
lp

ho
sp

ho
ni

um
 b

ro
m

id
e

1 
: 8

0.
84

8 
(2

5 °
C

)
[4

0]
A

ce
ta

m
id

e
Et

hy
la

m
m

on
iu

m
 c

hl
or

id
e

1 
: 1

.5
0.

68
8 

(4
0 °

C
)

[1
8]

G
ly

ce
ro

l
C

hC
l

1 
: 2

1.
05

 (2
0 °

C
)

[4
1]

G
ly

ce
ro

l
C

hC
l

1 
: 2

1.
18

 (2
5 °

C
)

[1
]

G
ly

ce
ro

l
M

et
hy

ltr
ip

he
ny

lp
ho

sp
ho

ni
um

 b
ro

m
id

e
1 

: 1
.7

5
0.

16
5 

(2
5 °

C
)

[4
0]

G
ly

ce
ro

l
Be

nz
yl

tr
ip

he
ny

la
m

m
on

iu
m

 c
hl

or
id

e
1 

: 4
0.

16
3 

(5
5 °

C
)

[4
0]

Et
hy

le
ne

 g
ly

co
l

C
hC

l
1 

: 2
7.

61
 (2

0 °
C

)
[4

1] (C
on

tin
ue

d)

c01.indd   17 10-09-2019   17:15:56



Ty
pe

s
H

BD
Sa

lt
Sa

lt/
H

BD
 m

ol
ar

 ra
tio

χ 
(m

S/
cm

)
Re

fe
re

nc
es

Et
hy

le
ne

 g
ly

co
l

M
et

hy
ltr

ip
he

ny
lp

ho
sp

ho
ni

um
 b

ro
m

id
e

1 
: 4

0.
78

8 
(2

5 °
C

)
[4

0]
Et

hy
le

ne
 g

ly
co

l
Be

nz
yl

tr
ip

he
ny

la
m

m
on

iu
m

 c
hl

or
id

e
1 

: 3
0.

48
5 

(5
5 °

C
)

[4
0]

Im
id

az
ol

e
C

hC
l

3 
: 7

12
 (6

0 °
C

)
[2

1]
Im

id
az

ol
e

Te
tr

ab
ut

yl
am

m
on

iu
m

 b
ro

m
id

e
3 

: 7
0.

24
 (2

0 °
C

)
[2

1]
Im

id
az

ol
e

Te
tr

ab
ut

yl
am

m
on

iu
m

 b
ro

m
id

e
3 

: 7
0.

24
 (6

0 °
C

)
[2

1]
1,

4‐
Bu

ta
ne

di
ol

C
hC

l
1 

: 3
1.

64
 (2

0 °
C

)
[4

1]
M

al
on

ic
 a

ci
d

C
hC

l
1 

: 1
0.

55
 (2

5 °
C

)
[1

]
o‐

C
re

so
l

C
hC

l
1 

: 3
1.

21
 (2

5 °
C

)
[3

1]
Ph

en
ol

C
hC

l
1 

: 3
3.

14
 (2

5 °
C

)
[3

1]
IV

U
re

a
Z

nC
l 2

1 
: 3

.5
0.

18
 (4

2 °
C

)
[1

4]

Ta
bl

e 
1.

5 
(C

on
tin

ue
d)

c01.indd   18 10-09-2019   17:15:56



1.3  Properties 19

conductivity. Moreover, the variation of the conductivity with salt concentration 
is dependent on both the type of salt and the HBD. This leads to systems in which 
the conductivity decreases with increasing salt concentration or systems in 
which the conductivity–salt concentration trend evolves through a maximum.

1.3.5  Polarity

Although DESs are considered as environmentally friendly alternative solvents 
to common volatile organic solvents, information on the polarity of DESs is 
scarcely reported in the literature. However, Abbott et al. [21] characterized the 
solvent polarity of a mixture of ChCl and glycerol at different salt/HBD molar 
ratios (1 : 1, 1 : 1 : 5, 1 : 2, and 1 : 3) using Reichardt’s dye scale (ET(30) parameter) 
[47] and the Kamlet–Taft scale (π*, α, and β parameters) [48]. ChCl and glycerol 
DESs are polar fluids with polarities in the range of those for primary and sec-
ondary alkylammonium ionic liquids [49].
Other authors Pandey et al. [50] carried out a large experimental study on ChCl‐
based DESs using several solvatochromic probes. They used betaine dye 33 to 
calculate the ET(30) parameter. They confirmed that ChCl/urea (1  :  2), ChCl/
glycerol (1 : 2), and ChCl/ethylene glycol are highly polar fluids and their polarity 
is even higher than those of short‐chain alcohols and most common ionic liquids. 
Glycerol DESs have the largest ET(30) values followed by ethylene glycol and urea 
DESs. This was ascribed to the number of hydroxyl groups in HBDs.

1.3.6  Surface Tension

The surface tension of DES is remarkably high and is strongly dependent on the 
strength of intermolecular forces between the HBDs and the corresponding salt. 
As shown in Table  1.6, ChCl/ethylene glycol and tetraalkylammonium‐based 
DESs possess a high surface tension. Moreover, ChCl/malonic acid and ChCl/
fructose or glucose present a high surface tension (65.7, 74.01, and 71.7 mN/m 
respectively) due to large hydrogen bonding. The nature of the cation impacts 
also the surface tension. A cation containing a hydroxyl group leads to a DES 
with high surface tension as is the case with ChCl/glycerol for instance (56 mN/m). 
In the case of tetraalkylammonium‐based DES, the increase in the chain length 
leads to an increase in the surface tension. For instance, tetrapropylammonium 
bromide/glycerol DES has a surface tension of 46 mN/m whereas the surface ten-
sion of tetrabutylammonium chloride/glycerol is 52.7 mN/m. The temperature 
and the salt molar fraction have an impact on the surface tension. In all the stud-
ied DESs, the surface tension increases with a decrease in the temperature [21, 
23, 27, 28, 38] and the salt molar fraction due to the weakening of the HBD 
hydrogen bonding [21]. Some data were provided by Abbott et al. on the surface 
tension of ChCl‐based and ZnCl2‐based DESs [1]. They have shown that all these 
values were higher than the surface tensions of most of the molecular solvents 
and comparable to those of imidazolium‐based ILs and high‐temperature 
molten salts, e.g. 1‐butyl‐3‐methylimidazolium tetrafluoroborate ([BMIM]BF4, 
38.4 mN/m at 63 °C) and KBr (77.3 mN/m at 900 °C). They have also demon-
strated that there is a relationship between the viscosity and the surface tension. 
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Thus, the surface tension of the ChCl/glycerol DES decreases with increase in 
ChCl concentration, due to the disturbance of the hydrogen bond network of 
glycerol, as previously discussed for viscosity. Moreover, the surface tensions of 
various ChCl/glycerol DESs showed a linear correlation with temperature [21].

Table 1.6    Surface tension (γ) of some DESs.

HBD Salt

Salt/
HBD 
molar 
ratio γ (mN/m) References

Urea ChCl 1 : 2 52 (25 °C) [43]
2,2,2‐
Trifluoroacetamide

N,N‐Diethylethanolammonium 
chloride

1 : 2 40.27 (25 °C) [28]

Glycerol ChCl 1 : 2 56 (25 °C) [43]
Glycerol ChCl 1 : 3 50.8 (20 °C) [43]
Glycerol Tetrapropylammonium bromide 1 : 3 46 (30 °C) [23]
Glycerol Tetrabutylammonium chloride 1 : 3 52.7 (30 °C) [27]
Glycerol N,N‐Diethylethanolammonium 

chloride
1 : 4 59.35 (25 °C) [28]

Glycerol Methyltriphenylphosphonium 
bromide

1 : 3 58.94 (25 °C) [28]

Ethylene glycol ChCl 1 : 2 48 (25 °C) [43]
Ethylene glycol ChCl 1 : 3 45.4 (20 °C) [41]
Ethylene glycol Tetrapropylammonium bromide 1 : 3 40.1 (30 °C) [23]
Ethylene glycol Tetrabutylammonium chloride 1 : 3 46.2 (30 °C) [27]
Ethylene glycol Methyltriphenylphosphonium 

bromide
1 : 4 51.29 (25 °C) [28]

Ethylene glycol N,N‐Diethylethanolammonium 
chloride

1 : 3 47.51 (25 °C) [28]

Triethylene glycol Methyltriphenylphosphonium 
bromide

1 : 5 49.85 (25 °C) [28]

Triethylene glycol Tetrabutylammonium chloride 3 : 1 46.2 (30 °C) [27]
Triethylene glycol Tetrapropylammonium bromide 1 : 3 39.3 (30 °C) [23]
1,4‐Butanediol ChCl 1 : 3 47.17 (25 °C) [28]
Malonic acid ChCl 1 : 1 65.7 (25 °C) [43]
Phenylacetic acid ChCl 1 : 1 41.86 (25 °C) [1]
d‐Fructose ChCl 2 : 1 74.01 (25 °C) [38]
d‐Glucose ChCl 2 : 1 71.7 (25 °C) [33]
Urea ZnCl2 1 : 3.5 72 (25 °C) [1]
Acetamide ZnCl2 1 : 4 53 (25 °C) [1]
Ethylene glycol ZnCl2 1 : 4 56.9 (25 °C) [1]
1,6‐Hexanediol ZnCl2 1 : 3 19 (25 °C) [1]
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1.4  Summary and Conclusions

DESs are easily prepared and their properties are directly correlated to the nature 
of the HBD and salt interaction and to the temperature. The method of DES 
synthesis has an impact on the DES thermophysical properties and to a larger 
extent on viscosity than on density. It can be pointed out that there are differ-
ences among the data reported in the literature due to impurities such as the 
water content of each component of the DES and the preparation method. 
However, the physicochemical properties of DESs can be tuned by changing the 
nature of the salt and the HBD. DESs offer many advantages such as their easy 
preparation, which is 100% atom economic, and their low price due to the salt 
and HBD used for their synthesis. Moreover, they are quite nontoxic, especially 
ChCl‐based DESs. All these advantages open alternative routes for the emer-
gence of DESs in a wide range of industrial applications. It should also be noted 
that although components of DESs are potentially reactive chemicals, their auto‐
association by a hydrogen bond limits their reactivity, allowing their use in many 
fields of research as reported in the following chapters.
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