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This chapter describes the preparation, characterization, and physical properties of various
types of deep eutectic solvents (DESs) including type-III DESs, ternary DESs, water-based
DESs, and hydrophobic DESs.

3.1. Introduction

The synthesis and purification of ionic liquids (ILs) and molecular solvents involve
complex and multiple steps [1]. Due to the complexity of these synthesis and purification
processes, ILs are expensive and difficult to prepare [2]. On the other hand, deep eutectic
solvents (DESs) can be prepared by simply mixing and heating each of their components in a
eutectic ratio, or by dissolving each component in an appropriate solvent and then letting the
solvent evaporate [3]. DESs can be efficiently produced by using cost-effective quaternary
ammonium (choline chloride, ChCl), phosphonium, or sulfonium cation salts (hydrogen bond
acceptor, HBA) and hydrogen bond donors (HBDs) through easy synthesis methods and

without any further purification which reduces the overall cost of these solvents [1,3].

The initial development or combination of a quaternary ammonium salt with a HBD
was conducted by Abbot et al. in 2002 [4]. Abbot discovered that a molar ratio of choline
chloride to urea of 1:2 gives a eutectic solvent with a melting point of 12 °C. DESs are formed
through the combination of appropriate HBDs and HBAs in eutectic ratio, without involving
any chemical processes. Consequently, it is more accurate to describe this procedure as
"preparation" rather than "synthesis" [5]. Numerous methods have been employed in the
literature for the preparation of DES, including the use of a mortar and pestle to combine the
components (griding) [5], stirring the components while gently heating them to make a
homogenous mixture [6,7], freeze-drying [8], ball milling [9], microwave radiation [10,11],

and rotary evaporation [12,13]. Scheme 3.1 gives various methods for the preparation of DES.

The thermal or heat-treatment method (heating and stirring approach) has been widely
employed as the predominant methodology for the preparation of DESs since the beginning.
Thermal treatment is frequently utilized in the process of formulating DESs with melting points
lower than 80 °C [1]. The development of the DES complex is dependent on the DES
components, the temperature at which the heating is done, the amount of time that the heating
is done, and/or stirring. The temperature is precisely determined by considering the melting
point, boiling point, and stability of constituents. The heating process is typically done within

the temperature range of 60 to 80 °C, with a gentle stirring in order to prevent the disruption of
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the hydrogen bonds that have been formed. In addition, non-thermal techniques have been
employed for the preparation of DESs. These methods of preparation frequently involve the
use of agitation at elevated velocities. These procedures are most effectively employed in the
synthesis or formulation of DESs that possess melting points equal to or lower than the
ambient temperature [14]. Nonthermal techniques involve several processes such as

sonication, vortex mixing, and freeze-drying [15].

Grinding

o

__{
= q
\\'! 5

Scheme 3.1: Preparation methods for DESs [16].

. and
o
<
/o % 4
Ball milling Freeze drying m

DES

To evaluate the potential of DESs as alternative solvents, to replace traditional
molecular solvents and ILs in diverse applications, it is essential to have a comprehensive
understanding of their physical, chemical, and thermal characteristics. The application of newly
developed compounds depends on their thermal and physicochemical characteristics [17-19].
The state of a compound is influenced by many thermal and physicochemical characteristics.
Therefore, understanding these characteristics influences the selection and approach
to implementation. For example, understanding viscosity can aid in the suitable choice of a
solvent and temperature appropriate for a specific application, thereby resulting in material and
energy conservation [20]. These physicochemical and thermal characteristics include density,

conductivity, pH, refractive index, viscosity, and surface tension.

The concept of pH is used to characterize the acidic or basic nature of the material. The
solvent characteristic in concern has significant importance as it exerts influence on extractions,
reactions, and design factors related to corrosion. The acidity or basicity of a solvent affects its
reactivity and effectiveness as a reaction medium [21,22]. The determination of density is an
essential factor in the development of chemical materials and the design of processes that

include fluid mechanics and mass transfer calculations [23,24]. The density of a solvent
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influences its mass flow and thus determines its suitability for various chemical processes or
separations. Surface tension is a fundamental characteristic that measures the cohesive forces
present at the interface of a liquid [25]. By determining this property, it can acquire insights
into the inherent energy interactions between molecules within the liquid. This physical
attribute holds significant importance in various practical contexts, including the assessment of
wettability, the efficiency of mass transfer in liquid-liquid or gas-liquid extraction processes,

and its relevance in multi-phasic homogeneous catalysis [26-28].

In the present study, various varieties of DESs are produced through the modification
of components and their molar ratios in order to investigate the association behaviour of
surfactants within them. The synthesized DESs were subjected to characterization using 'H
NMR and IR spectroscopic techniques. The physicochemical parameters of the synthetic DES
and the mixture of reline and water have been determined. These properties include zero shear
viscosity, relative viscosity, surface tension, conductivity, density, and refractive index. Among
the synthesized DESs, some of them are ternary while the others are binary. It is important to
highlight that there is a limited amount of research documented in the existing literature

regarding ternary eutectic systems [29-31].

3.2 Experimental section
The materials and methods used are discussed in chapter 2.

3.3 Result and discussion
3.3.1 Preparation and characterization DESs

The DESs used in this study were synthesized and characterized using procedures

described in the literature [32,33].
3.3.1.1 Preparation of various DESs
a) Preparation of type-III DESs (reline, ethaline, and glyceline)

Reline was synthesized and characterized using a similar process as previously
documented [34,35]. In general, dehydrated ChCl and urea were combined in a 1:2 molar ratio
and subjected to heating at 353 K for about 2 h while being continuously stirred until a
transparent liquid was formed. The fluid was subjected to a 24 h equilibration process at 313
K in a vacuum oven. The schematic representation of the process and possible interactions in

reline is represented in Scheme 3.2.

Ph.D. Thesis of Darshna Hirpara 60| Page



(WIRAO Uy
) s,

Chapter 3: Preparation, Characterization, and Physical Properties of
Deep Eutectic Solvents

WE MAHAg,
@44
\
¥aoyyg 10

ii?

%»
1

~

+

N +
HO /\/ (jl\
Choline Chloride Urea

ChCLl:U | 353 K
(1:2) | (~2h)

0

!{2‘\:\(

N+-/-- ----- («17:‘_ ----------- 2
HOo N j&
Reline \.\ (0]

Scheme 3.2: Preparation of reline.

Ethaline is a DES composed of a single mole of choline chloride and two moles of
ethylene glycol and it was prepared by adopting a previously reported procedure [36]. The
appropriate proportions of dehydrated choline chloride and ethylene glycol were measured
using a highly accurate digital balance and placed in a sealed bottle. A bottle is subjected to
heating at 333 K for about 2 h with continuous stirring. After the formation of a homogenous
mixture, the vial was transferred to a vacuum oven and subjected to a temperature of 313 K for
24 h to evaporate any moisture present in the prepared Ethaline. The schematic representation

of the process and possible interactions in ethaline is represented in Scheme 3.3.

~+/ HO
o T g me " on
HO cl
Choline Chloride Ethylene glycol
ChCLE | 353 K
(1:2) | (-2h)
HOK\
=)
o
| = o

Ethaline g

Scheme 3.3: Preparation of ethaline
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Glyceline was synthesized and characterized using a similar process as
previously documented [1]. Dehydrated ChCl and glycerol were mixed in a 1:2 molar ratio
and were subjected to heating at 353 K for about 2 h with continuously stirred until a
homogenous liquid was formed. The fluid was subjected to a 24 h equilibration process at
313 K in a vacuum oven. The schematic representation of the process and possible

interactions in glyceline is represented in Scheme 3.4.

‘ P OH

- + \)\/
HO OH
Choline Chloride Glycerol

ChCl:G| 353 K
(1:2) (

HO l
N 4-Clstzr------ "
/\/ - (\l“ R
HO o4 =
Glyceline
- HO
) ™
1o~

Scheme 3.4: Preparation of glyceline

b) Preparation of water-based DESs (aquolines)

Aquoline was formed by following a reported procedure [37] in which anhydrous
choline chloride and water were mixed in ratios of 1:2 (DES I), 1:3 (DES II), 1:4 (DES III),
and 1:5 (DES IV). The mixture was placed in a closed bottle and stirred continuously at 600
rpm for 30 minutes at ambient temperature and pressure until a uniform liquid was formed.
The solvents were observed for one hour to verify the presence of any residual crystals in the
base of the bottle. Obtained transparent homogenous fluid was equilibrated for 1 h in a paraftin-
sealed bottle and was later stored in a desiccator. The schematic representation of the process

and possible interactions in aquolines is represented in Scheme 3.5.
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Scheme 3.5: Preparation of aquolines.
¢) Preparation of type-V DESs (hydrophobic DESs; HDES)

Hydrophobic DESs were synthesized using a similar process as previously
reported [38,39]. The preparation of HDES involved the mixing of eutectic-forming
components (camphor, menthol, and thymol) in eutectic ratios (T: M-1:1; TM11, T: M-1:2;
™12, T: M-2:1; TM21, C: T: M-1:1:1; CTM111) using a magnetic stirrer. A precisely
measured quantity of eutectic-forming components was placed in a screw-capped glass bottle.
Afterward, the glass bottle was subjected to heating at 308-313 K (if needed) for about 1 h with
continuous stirring until a homogenous liquid was formed. The schematic representation of the

process and possible interactions in HDES is represented in Scheme 3.6.
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Scheme 3.6: Preparation of hydrophobic DESs.

d) Preparation of ternary DESs (TDESs)

The TDES samples were produced using varying molar ratios of ChCl: urea: glycerol,
specifically 1:1:1 (CUG 1), and 1:1.5:0.5 (CUG II). TDES combinations were synthesized at
ambient pressure by combining previously dried ChCl, urea, and glycerol at a temperature of
333 K, using various molar ratios. The mixtures were agitated while being heated until uniform
colorless liquids were produced. The TDES samples were subjected to vacuum drying at a
temperature of 313 K overnight to remove any moisture before characterizations [40,41]. The

schematic representation of the process is represented in Scheme 3.7.
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Scheme 3.7: Preparation of ternary DESs (TDESs)

All DES samples were synthesized at atmospheric pressure and under tight control of

moisture content and were kept in airtight vials for storage in a moisture-controlled desiccator.

3.3.1.2 Characterization of prepared DESs

All the prepared DESs were characterized by FTIR and 'H-NMR using a similar

process as previously documented [42—44]. The characterization data was also compared with
previous studies.

a) Characterization of type-III DESs (reline, ethaline, and glyceline)

The initial characterization of reline, ethaline, and glyceline along with its starting

components was conducted using FTIR spectroscopy, and the resulting spectrum is depicted in
Figure 3.1 (a-c).
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The FTIR spectroscopy of ChCl, urea, and reline is represented in Figure 3.1 (a). The
IR spectrum of reline is a mixture of frequencies from the IR spectra of ChCl and urea, with
minor frequency changes. The frequencies at 3258 cm™' in ChCl are attributed to the -CH3
stretching vibrations. The frequencies at 3442 cm ™' and 3340 cm ™' in Urea correspond to the
coupled vibrations of -NH2 symmetric vibration of stretching and antisymmetric stretching
vibration, correspondingly. The band at 3235 cm™! is associated with bending vibrations of the
—~NH2 group. The ranges of frequencies at 1684 cm ™! and 1603 cm™! are the distinctive vibration
frequencies of -CONHoa. In reline, the bands move to a lower frequency and become broader.
The observation shows the development of hydrogen bonds among ChCl and Urea. Hydrogen
bonds decrease the force constants of the initial bonds, leading to a decrease and widening of
its absorption frequency. The system can have hydrogen bonds in the form of -NH-OH—, -NH-
NH-, -OH-OH—, —OH-NH-. The IR spectrum indicates the existence of hydrogen bonding,

which accounts for the existence of reline in a liquid state at ambient temperature.

(a) [—chel Reline] (b) |——CchCl—— EG —— Ethaline

Urea

3730 2305 1802

1482 1095
3258

1653 1457 1321

Transmittance (%)

3545 3173 29512873

Transmittance (%)

1202
1321 1087
1653 1461

287
3580 3558 3172 29512873

J j T T T
ol 2000 1000 4000 3000 2000
Wavenumber (cm™) Wavenumber (cm™)

(c) |—— ChCl—— Glycerol

Glyceline|

3570 3110 2957

Transmittance (%)

9

2957
3586 3146

T T T T T
3000 2000 1000
Wavenumber (cm™")

Figure 3.1: FTIR spectra of a) reline b) ethaline and c) glyceline.
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Ethaline has a broad and intense band, characteristic of intramolecular —OH bonds,
suggesting the development of additional hydrogen bonds at 3568-3569 cm™!. The production
of new hydrogen bonds is significantly characterized by an absorption band at 3172 cm™,
peculiar to OH-NH or NH-O type bonds, which is also associated with the vibration band at
1653 cm™'. Bands specific to the CCO- group could be seen at 1087 cm™ (Figure 3.1 (b)).

Figure 3.1 (c) displays peaks in the range of 3570-3110 cm ™! in glycerol, which can be
attributed to the stretching vibration of the O—H functional group. The peaks at 3146 cm™! in
the glyceline indicate the stretching vibration of the O— H functional group following the
creation of the glyceline. The N—H stretching of ChCl overlaps with the O—H stretching
between 3110 and 3259 cm™!. Figure 3.1 (c) shows that the FTIR absorption peaks of glycerol's
O—H functional group shift to lower wavenumbers and exhibit a noticeable red shift after
forming glyceline. This indicates that the O—H functional group of glycerol takes part in the
formation of hydrogen bonding interactions among ChCl anions. The degree of red-shifting in
FTIR absorption peaks of the O—H functional group of glycerol as a hydrogen bond donor is
inconsistent, suggesting that the strength of hydrogen bonding contact between ChCl and the
O—H functional group of the hydrogen bond donor is different.

The DESs (reline, ethaline, and glyceline) were subjected to further characterization
using '"H-NMR spectroscopy, as depicted in Figure 3.2. Signals (8 ppm) are observed
corresponding with the literature data [44-46]. Figure 3.2 (a) displays the '"H NMR spectra of
reline. The wide line widths seen in the '"H NMR spectrum of reline suggest that reline has a
higher viscosity. The signals for different interactions for reline are shown as: 'H NMR (400
MHz, DMSO) & 5.57 (t, J = 4.8 Hz, 8H), 3.91 — 3.74 (m, 2H), 3.47 — 3.41 (m, 2H), 3.14 (s,
9H).

Figure 3.2 (b) displays the 'H NMR spectrum of ethaline. The small broadening of the
peaks at the bottom is primarily caused by the characteristics of the samples. Consequently,
inter and intra-dipolar interactions are likely to induce a broadening effect on the NMR
spectrum's line shapes. The signals for different interactions for ethaline are shown as: '"H NMR
(400 MHz, DMSO) 8 5.54 (t, J = 5.1 Hz, 1H), 4.55 (t, J = 5.3 Hz, 4H), 3.87 — 3.80 (m, 2H),
3.47-3.33 (m, 11H), 3.16 (d, ] = 19.4 Hz, 9H).

Figure 3.2 (c) displays the "H NMR spectra for the glyceline. In the glyceline, the
characteristic signals of both ChCl and glycerol protons were shifted to higher frequencies

compared to when they were in separate solutions in D20. The downfield chemical changes
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are a result of the ion—hydrogen bond donor complex development that defines the formation
of glyceline. The signals for different interactions for glyceline are shown as: 'H NMR (400
MHz, DMSO) & 5.49 (t,J = 5.1 Hz, 1H), 4.57 (t, J = 9.4 Hz, 2H), 4.61 — 4.46 (m, 4H), 3.87 —
3.76 (m, 2H), 3.52 — 3.40 (m, 4H), 3.31 (ddt, J =21.7, 10.9, 5.4 Hz, 8H), 3.14 (s, 9H).

(c) Boss a
F3
d e,h b,g,f
c
i JLA A_,M_JL
(b) “wo a
S~ b.f |
Ethalin Sf e r
I
A A ._JL_ A

T T T T T T T T
45 4,0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
1 (ppm)

Figure 3.2: '"H-NMR spectra of a) reline b) ethaline and c) glyceline.
b) Characterization of water-based DESs (aquolines)

Figures 3.3 and 3.4 show typical FTIR and NMR spectra for various aquolines,
respectively. DES I to IV are formed by mixing ChCI with different molar ratios of water as
mentioned earlier. Figure 3.3 shows FTIR spectra of pure ChCl and various synthesized
aquolines (DES I to DES IV). The presence of water molecules in the network of ChCl (in a
typical DES) leads to distinct changes in the frequency shift in the IR bands owing to hydrogen
bonding interactions. In pure ChCl, the -OH peak (at 3020 cm™!) gradually broadens as water
molecules increase with a concomitant indication of hydrogen bonding. A similar type of peak
broadening has been observed in a well-known DES (reline) on the addition of water and
corroborates present results [42]. Another feature of IR spectra is the peak broadening at 1646
cm’! which is indicative of interaction between water molecules and ChCl. However, in DES
IV (with the highest water molecules, ChCl: H20, 1:5) the peak broadening is checked (3020
cm™') and matched with the IR spectrum of pure ChCl. This is an indication of the gradual
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transition of DESs (with higher water molecules) into a molecular solution of ChCl in water.

This has been further confirmed by other physicochemical measurements.

[—— chal 12 13 14 15
1648
1797 1009,
3418 871
3020 qans 1094 g\
3255 1008
9 2077 -
)
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Figure 3.3: FTIR spectra of aquolines.

The synthesized aquolines were further characterized by '"H NMR. Figure 3.4 shows
the 'TH NMR of ChCl: H20 (aquoline) with a ratio of 1:2 (DES I), 1:3 (DES II), 1:4 (DES III),
and 1:5 (DES 1V) from the bottom. As hydrogen bonding increases, the 'H NMR signal shows
displacement toward the downfield. The relative comparison of peak intensity leads to
information regarding the number of hydrogen molecules that take part in hydrogen bonding.
The signals for different interactions for DES I are shown as: 'H NMR (400 MHz, DMSO) §
5.68 (t, ] = 5.2 Hz, 1H), 3.81 (s, 2H), 3.52 (s, 4H), 3.49 — 3.42 (m, 2H), 3.16 (s, 9H), for DES
II: '"H NMR (400 MHz, DMSO) § 5.64 (t, ] = 5.2 Hz, 1H), 3.85 — 3.76 (m, 2H), 3.51 (s, 6H),
3.47 —3.41 (m, 2H), 3.15 (s, 9H), for DES III: '"H NMR (400 MHz, DMSO) § 5.62 (t, ] = 5.2
Hz, 1H), 3.92 —3.72 (m, 2H), 3.48 (s, 8H), 3.44 (d, J = 5.2 Hz, 2H), 3.15 (s, 9H), and for DES
IV: '"H NMR (400 MHz, DMSO) & 5.59 (t, J = 5.1 Hz, 1H), 3.80 (d, J = 4.6 Hz, 2H), 3.74 (s,
10H), 3.48 — 3.41 (m, 2H), 3.14 (s, 9H).

Choline chloride contains one quaternary nitrogen that is attached to a chloride ion and
that chloride ion works as a junction between cholinium ion (Ch*) and H2O molecules (due to
H-bonding(s)) that show the overall effect on chemical shift () of trimethyl group bounded to
quaternary nitrogen on moving from DES I to DES III. A small variation in & was observed

(3.16 ppm to 3.14 ppm) for 9 hydrogens that belong to the trimethyl group attached to

Ph.D. Thesis of Darshna Hirpara 69| Page



(IR0 Uy,
) s,

Chapter 3: Preparation, Characterization, and Physical Properties of
Deep Eutectic Solvents

<WE MAH4p,
@44
\
¥aoyyg 10

ii?

%»
1

quaternary nitrogen. However, the side peak belongs to the water proton observed in the range
of 3.48-3.52 ppm for 4H, 6H, and 8H for DES I to DES III, respectively. This implies that for
DES I, each choline chloride has internal interaction with two water molecules, for DES II with
three water molecules, and for DES III with four water molecules as inferred by a gradual

increase in the intensity of Ha peak.

Aquolines
a
b
-4
e c
A
O—n
P, .
a » " P
b § o Ha
a ,l“/ 'cr'_-i'-:.,_",.o
fno/\\‘/ ~w» o -3
| .
e = 2
d c DES III \".
g T
0,
a b » _H/ \Hl
y A
a I_/ cr -----'“"'O\
m/\/"\h s 2
- 3 "W—o0,
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§ H Ha
b
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e d c ¢
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Figure 3.4: 'H-NMR spectra of aquolines.

Contrary to this, chemical shift changes (for Ha and Hc) on moving from DES I to DES
IIT reflect a change in internal interaction due to additional water molecules. However, DES IV
shows different changes in chemical shift which may be due to less or absence of H-bonding.
Further, by combining FTIR and '"H NMR data for DES IV, one can draw the inference that the

state of water in the DES skeleton has now changed and reflected spectroscopically.
¢) Characterization of type-V DESs (hydrophobic DESs; HDES)

Figures 3.5 (a-b) show typical FTIR spectra for HDES. The composition of the reactants can
affect the development of various interactions between molecules in mixtures [47]. Hydrogen
bonds between two compounds, HBD and HBA lead to the development of eutectic mixtures.
The sensitivity of FTIR to microstructural changes makes it ideal for studying hydrogen bonds.
FTIR was used to identify the key functional groups and detect the creation of hydrogen bonds
between components of DESs. Figure 3.5 (a) represents the FTIR spectra of TM-based DESs
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at different eutectic compositions. The spectra of all TM-based DESs seem similar because
they include the same HBA group, which was derived from menthol during the synthesis
process. The menthol exhibited absorption bands at 3257 cm ™! due to -OH stretching. The FTIR
spectra of LTTMs exhibited a prominent peak at 29592865 cm™! attributed to the stretching
of the -CH3 group. The peaks at 1024 cm ™! correspond to the C=0 bond, while the peak at 1375
cm ! can be attributed to the stretching vibration of the isopropyl group. The FTIR spectra of
all HDESs displayed an absorption peak at 1620 cm ™! attributed to the C-C stretching of the
benzene ring of thymol. All functional groups in both components were detected, and the OH

stretching band changed to a higher bandwidth in the spectra, confirming the development of

HDESs.
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Figures 3.5: FTIR spectra of a) TM-based HDESs; b) CTMI111.

The FTIR spectroscopy of thymol, menthol, camphor, and CTM111 is represented in Figure
3.5 (b). In CTM111, the bandwidth is shifted towards a higher wavelength as compared to their
starting components. The peak at 3623 cm! is attributed to the formation of hydrogen bonding
among the camphor, menthol, and thymol. The prominent peak at 29059-2865 cm™' is attributed
to the stretching of the -CH3 group which is shifted to 2946-2874 cm™! in CTM111.

Figures 3.6 show typical 'H NMR spectra for HDES. NMR spectroscopy was used to
analyze the structure of molecules of the synthesized HDES. This will improve understanding
of the connection between menthol, thymol, and camphor. The different chemical shifts
experienced by the majority of protons in HDESs, including the paired OH groups of thymol
and menthol exhibit the most significant shift as shown in Figure 3.6. As expected, the higher
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thymol content results in a more pronounced chemical change of the OH—protons. When
thymol is added slowly to menthol, their chemical shifts change in opposite directions
compared to the pure molecules. The increase in the standard enthalpy changes of formation
of thymol when menthol is present suggests that thymol protons are in a less shielded
environment, making them more acidic as the amount of menthol increases. Conversely, the

acidity of menthol decreases as the amount of thymol increases.
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Figure 3.6: 'H-NMR spectra of HDESs.

The signals for different interactions for TM11 are shown as: 'H NMR (400 MHz,
CDCI3) 8 7.11 (d,J=7.8 Hz, 1H), 6.76 (dd, J=7.8, 0.5 Hz, 1H), 6.61 (d, J = 0.8 Hz, 1H), 3.48
(td, J=10.5, 4.3 Hz, 1H), 3.27 - 3.15 (m, 2H), 2.30 (s, 3H), 2.27 - 2.14 (m, 2H), 1.27(d,J=
6.9 Hz, 6H), 0.96 (t, ] = 6.9 Hz, 3H), 0.85 (d, J = 7.0 Hz, 6H); TM12 : '"H NMR (400 MHz,
CDCI3)06 7.11 (d,J=7.8 Hz, 1H), 6.76 (dd, J = 7.8, 0.5 Hz, 1H), 6.61 (d, J = 0.8 Hz, 1H), 3.48
(td, J=10.5, 4.3 Hz, 2H), 3.27 - 3.15 (m, 2H), 2.30 (s, 3H), 2.27 - 2.14 (m, 2H), 1.27(d,J=
6.9 Hz, 6H), 0.96 (t, J = 6.9 Hz, 6H), 0.85 (d, J = 7.0 Hz, 12H); TM21 : '"H NMR (400 MHz,
CDCI3) 8 7.11 (d,J=7.8 Hz, 1H), 6.76 (dd, J = 7.8, 0.5 Hz, 1H), 6.61 (d, J = 0.8 Hz, 1H), 3.48
(td, J=10.5,4.3 Hz, 1H), 3.27 - 3.15 (m, 2H), 2.30 (s, 3H), 2.27 - 2.14 (m, 2H), 1.27(d,J=
6.9 Hz, 12H), 0.96 (t, J = 6.9 Hz, 3H), 0.85 (d, J = 7.0 Hz, 6H); and CTM111: '"H NMR (400
MHz, DMSO) 6 9.04 (s, 1H), 6.95 (d, J =7.7 Hz, 1H), 6.71 — 6.31 (m, 2H), 4.64 (d, ] = 4.1 Hz,
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1H), 4.30 (d, J = 5.6 Hz, 1H), 3.44 (dd, J = 11.3, 7.1 Hz, 3H), 3.35 — 3.12 (m, 2H), 2.30 — 1.98
(m, 3H), 1.78 — 1.43 (m, 6H).

d) Characterization of ternary DESs (CUG I and CUG II)

The FTIR spectra of ChCl, urea, glycerol, and ternary DESs (CUG I and CUG II) show
characteristic peaks representing various functional groups. Figure 3.7 shows typical FTIR
spectra for ternary DESs. ChCl exhibits peaks at 3259 cm™! for O—H stretching, 2906 cm™! for
C-H stretching, 1477 cm™! for C-N stretching, and 1136 cm™ for C-O stretching. Urea exhibits
peaks at 3442 cm ™! and 3343 cm ™! for asymmetrical and symmetrical stretching of N-H, 1684
cm ! and 1615 cm™! for C = O stretching, and 1464 cm™! for C-N stretching. Glycerol exhibits
peaks at 3570 cm™! for O—H stretching, 1446 cm™' for C-OH bending, and 1115 cm™! for C-O
stretching of primary alcohol. In the spectrum of CUG I and CUG II, shifts are observed. The
OH stretching of ChCl shifts to 3614 cm™! for CUG I and 3476 cm™! for CUG 1II. These shifts
are indicative of interactions (hydrogen bonding) between the components in the TDES

structure.

[——ChClI
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2404 2204 1985
3726 v 26592466
1650 1136
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3016 2908 1797 14774343
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E= 477
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Figure 3.7: FTIR spectra of ternary DESs (CUG I and CUG II).

Figure 3.8 represents '"H NMR spectra for CUG I and CUG II. The signals for different
interactions are shown for CUG I as: '"H NMR (400 MHz, DMSO) & 5.51 (s, 4H), 4.64 — 4.39
(m, 2H), 3.83 (s,2H), 3.46 — 3.23 (m, 11H), 3.13 (s, 9H); and for CUG II as: '"H NMR (400
MHz, DMSO) 6 5.58 (s, 8H), 4.67 — 4.50 (m, 2H), 3.82 (s, 2H), 3.42 (ddd, J = 15.7, 11.0, 6.6
Hz, 4H), 3.39 — 3.22 (m, 3H), 3.14 (s, 9H).
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Figure 3.8: 'H-NMR spectra of TDES:s.
3.3.2 Physical properties of prepared DESs and DES-water mixture

Various physical properties of DESs and DESs-water mixtures are compiled in Table

3.1, Table 3.2, and Table 3.3.
3.3.2.1 Physical properties of water-based DESs (aquolines)

Table 3.1 compiles various physicochemical properties/parameters such as relative
viscosities (1), zero shear viscosities (1o), surface tensions (y), contact angle (0), specific
conductance (k), pH, densities (p), average composition molecular weight (Mac), molar volume
(Vm), calculated Gordon parameters (G), micro polarity (I1/I3) and apparent dielectric constant
(g, experienced by the probe in pure aquoline medium). The related data for water have also
been provided for comparison purposes. Mac, Vm, and G were obtained by the method reported
in the literature [48—50]. Shear viscosity (1)s) has been measured for aquoline having different
molar ratios of water (ChCl: H20: 1:2 (DESI), 1:3 (DES II), 1:4 (DES III), and 1:5 (DES IV))
at various shear rates (s!) (Figure 3.9). Data show that all aquoline samples behave as a
Newtonian liquid. However, samples show Newtonian behaviour after certain stress. shear

viscosity data are used to compute zero shear viscosities (o) which are compiled in Table 3.1.
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Figure 3.9: Variation of shear viscosity (ns) against shear rate for aquolines.

no decreases as the molar ratio of water to ChCl increases in typical aquoline samples.
This may be due to variations in interactions (Ch-Ch, Ch-H:0, CI- H20, and H20 - H20, etc.)
between aquoline components. However, noshows weak dependence (ranging from 176 to 155
for the molar ratio of H20 from 2 -5) on the molar ratio of water to ChCI. The rheology
experiment was also performed for aquoline with surfactant and salt. Figure 3.10 (a-c) shows
the variation of shear stress vs. shear rate for various pure DESs or DES I + K-salt or DES I +
K-salt + DTAB at 303+0.1 K. The data shows a linear variation of shear stress with shear rate
indicating the Newtonian behaviour of all the DESs and this behaviour persists even with salt
(KCl, KBr, or KNO3) with or without surfactant. This Newtonian behaviour is similar to
various conventional solvents like water, ethanol, glycerol, and dilute surfactant
solutions [51,52]. Other DES-salt combinations (data not shown) show a similar nature of the

resulting medium.
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Figure 3.10: Variation of shear stress vs. shear rate for a) aquolines; b) K-salt + DES [; ¢)
DTAB + K-salt + DES T at 303 + 0.1K.

Contact angle data (Figure 3.11 and Table 3.1) for various aquolines (DES I to DES
IV) have been compared with water to get information about the wettability of aquolines. DES
I to DES III show a higher contact angle (though less than 90°) than water, indicating they are
less wettable than pure water. However, DES IV shows a contact angle nearly the same as water
reflecting that the wettability pattern changes for this sample and meets the wetting property
of water. This observation dictates that DES IV shows similar solvent properties to water and
corroborates FTIR data (Figure 3.3) in which this sample of aquoline was a molecular solution
of choline chloride in water and responsible for a similar contact angle of water and DES IV.

Therefore, DES IV has not been used for further studies.
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Figure 3.11: Contact angles of water and aquolines (DES I to DES 1V).

pH values indicate that no significant change is observed with a varying molar ratio of
water in aquoline (6.9-7.1). Therefore, such DES can be used in applications where acidity is
an undesirable factor and shows superiority over hydrophobic DES (which shows an
undesirable acidic nature) [53]. Moreover, k increases with an increase in the molar ratio of
water in a typical aquoline sample as observed with other DES systems [53—55]. This may be
due to the weakening of electrostatic interaction and the contribution of individual ions of
aquoline components. The micropolarity of aquoline system gradually decreases with a molar
ratio of water in the sample. Further, micro polarity values are similar to those reported for
other DES systems based on urea, glycerol, malonic acid, and ethylene glycol as hydrogen
bond donors (HBD) to ChCl (hydrogen bond acceptor, HBA) [56,57]. However, polarity
seems toward the higher side and matches nearly with reline.

A perusal of physical data for various aquolines suggests that they have both
similarities and differences with pure water. G values have been found in the range (though
lower) reported for pure water and can be used for the association investigation of a typical
surfactant (DTAB, in the present case). The low G value may be due to different values of Vi
associated with aquolines. However, the G value suggests that enough H-bonding interactions

are present in a typical aquoline.
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Table 3.1: Compilation of various physical properties of aquolines at 303+0.1 K.
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3.3.2.2 Physical properties of type-V DESs (hydrophobic DESs; HDES)

All the physical properties of HDESs are given in Table 3.2. The zero-shear viscosity

(ns) of all HDESs has been determined at different shear rates (s™') within the temperature range

of 303K-323K. The rheology data for HDES samples, namely the viscosity as a function of

shear rate and the shear stress as a function of shear rate, are presented in Figure 3.12 (a-c) for

different temperatures. Data indicates that all samples exhibit the characteristics of Newtonian

fluids.
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Figure 3.12: Newtonian behaviour in measured viscosity (left axis) and stress (right axis) as

a function of shear rate for the HDESs at: a) 303 K; b) 313 K; and c) 323 K.

It is observed that pH and density values decrease with increases in temperature as

observed for pure water.

It was noted that maintaining a constant content of thymol and

increasing the concentration of menthol resulted in an increase in the pH of the HDES. The
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conductance of HDESs was found almost equal for all compositions, showing that HDESs are

:

Deep Eutectic Solvents

non-conducting.

Table 3.2: Compilation of physical properties of HDESs.
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3.3.2.3 Physical properties of reline-water mixture

All the physicochemical properties of the reline-water mixture are compiled in Table
3.3. Zero shear viscosity (1s) has been measured for pure reline, water in reline, and reline in
water (10-90%) at various shear rates (s™!) at 303K-323K. Rheology data (ns vs. shear rate and
stress vs. shear rate) of some of reline-water samples are shown in Figure 3.13. Data show that
all samples behave as Newtonian fluids as observed for reline and other DES in earlier
studies [58,59]. novalues were obtained from ns vs shear rate and plotted (Figure 3.14) against

the weight % of water in the mixture (water in reline to reline in water).
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Figure 3.13: Newtonian behaviour in measured viscosity (left axis) and stress (right axis) as
a function of shear rate for the reline + water mixture: o pure reline; o 10% water and
o 55%water.

Figure 3.14 shows three regions in which viscosity decreases sharply (region 1) and
then shows an increase (region 2) followed by a gradual decrease (region 3). It seems that water
in reline converts into reline in water in region 2, which may be due to the conversion of DES
to molecular component(s) solution. no has been found 279 mPa.s (at 308K) and 453 mPa.s (at
303K) for pure reline. However, the reported value of mo for pure reline is 632 mPa.s (at
298K) [57]. This difference in no values may be due to temperature differences (higher in the
present study). It was noticed that an increase in temperature is responsible for the decrease in
no [49,60]. Therefore, our no values are in order (Table 3.3) as reported in the literature [2, 7].
The relative viscosity (1) of reline-water mixture is also given in Table 3.3. It was observed

that nr increases with a decrease in water content and decreases with temperature increases.
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Specific conductance (k) data show an increase with an increase of water content and in

accordance (~ 6%) with reported data for pure reline [57].
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Figure 3.14: Variation of zero shear viscosity (o) against wt.% of water at 303 K.

The nature of type-III DESs has recently been distinguished in terms of their
hydrophobicity/hydrophilicity or acidic /basic [53,61]. It has been known that a small addition
of water (or increasing the temperature), to a typical DES, causes substantial changes in the
physical properties of the anhydrous form [62-65]. Table 3.3 also shows the variation of pH
with mole fraction of water at different temperatures (303K-323K). pH of pure reline decreases
with added water as well as by increasing temperature. The reline pH is matches with the
reported value in the literature and validates the study [61]. Simulation studies have shown
that a small amount of water disturbs H-bonding among CI ions (of ChCl) and the urea
molecules due to the strong solvation of Cl” by the action of water as a second HBD [66]. Since
water renders an acidic aqueous subphase with a [67—69] high halide ion concentration which
may reduce the overall pH of the reline-water mixture [53]. However, heating may cause an
increase in the kinetic energy of DES network responsible for the depletion of intermolecular
hydrogen bonding with a concomitant shifting of the chemical equilibrium towards

dissociation of more H" ions with an overall pH decrease with an increase in temperature [70].
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Compilation of physical properties of reline-water mixture in water in reline and

Table 3.3

reline in water region.
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Densities (at 303K-323K) of pure reline, water, and its mixture with water (at different
temperatures) are compiled in Table 3.3. Data show that the densities are in good agreement
with the values reported in the literature [49,71] and further validate the purity and procedure.
Contrasting trends of density decrease with temperature have been reported in the last
decades [49,67—69,72]. Density values are used to determine molar volumes of binary

mixtures using the following well-known equation

Ximy+X,m .
M, = % (Equation 1)

Where, Xi=mole fraction of water
mi= molecular weight of water
X2=mole fraction of reline
m2= molecular weight of reline
psol = density of solution

The value of surface tension for reline-water mixture shows an irregular trend may be
due to complex structure of reline and the change in the structure of reline while adding water.
The micro polarity of reline-water mixture gradually increases with a decrease in water content.
However, the micro polarity of pure reline is in between the mixture with 33.3 % and 30 %
water content. It may be due to the transition of DES to molecular solution. To determine the
potential application of DESs in industrial and chemical processes, understanding their
physical qualities such as refractive index is essential. These could also offer crucial insights
into the purity of the samples and the molecular interactions in the liquid [73]. It is observed
that the refractive index increases with a decrease in water content in reline-water mixture and
decreases with an increase in temperature.

3.4 Conclusion

Various types of DESs were synthesized, including Type-III (reline, ethaline,
glyceline), water-based DESs (aquolines), hydrophobic DESs (HDES), and ternary DESs
(TDESs). The synthesis involved mixing specific components in precise molar ratios and
subjecting them to controlled heating and stirring conditions. The DESs were characterized
using Fourier Transform Infrared (FTIR) spectroscopy and Nuclear Magnetic Resonance
(NMR) spectroscopy. FTIR spectra provided insights into the chemical interactions and
bonding within the DESs. NMR spectra revealed structural information about the DES
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components and their interactions. The characterization confirmed the formation of DESs and
provided details about their molecular structure and composition. FTIR and '"H NMR data show
the transition of aquolines into a molecular solution of ChCl at a definite number of water
molecules (1:5) in a typical ChCl-water system. Various physical properties of DESs were
measured, including viscosity, surface tension, contact angle, specific conductance, pH,
densities, molecular weight, molar volume, polarity, and dielectric constant. The rheology data
shows that all DESs behave as Newtonian fluids. Different DESs exhibited distinct physical
and chemical properties based on their composition and molecular interactions.
Physicochemical data suggest that aquolines have some similarities (density, surface tension,
or Newtonian behaviour) with water and some differences in other physical properties (relative
viscosity or Gordon parameter). Aquoline has been found Newtonian, nearly neutral (pH ~7),
electrically conducting, and highly polar fluids. pH, density, and viscosity values decrease with
an increase in temperature. The study provided valuable data for understanding the behavior of
DESs in various applications, such as solvent systems, electrolytes, and reaction media. The
characterization and physical property measurements contribute to the ongoing research and

development of DESs for diverse industrial and scientific purposes.
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