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ABSTRACT
SYNTHESIS, CHARACTERIZATION AND MOLECULAR DYNAMIC

SIMULATIONS OF AQUEOUS CHOLINE CHLORIDE DEEP EUTECTIC

SOLVENTS

SAMPSON ASARE

2018

Various forms of deep eutectic solvents have been synthesized
with advantages of 100% atom economy, low vapor pressure,
ease of preparation, cost efficiency, low toxicity, and
tunability. Though several DESs have been synthesized and
characterized, including binary and ternary solvents, none of
the binary DESs have been formulated with water as the sole
hydrogen bond donor (HBD). This is due to a couple of opinions.
First, water is disruptive to the eutectic bond in tertiary
DES. Secondly, the ubiquity and concentration of water even
in natural systems have led to the assertion that a solution

rather than a eutectic solvent will be formed.

The aims of the study were to explore the use of water as
the sole HBD in the formulation of type III DES and to exploit
the small size of water molecules to further probe the nature

of the eutectic bonding system in DESs. To achieve these aims,



XiX

a system of solvents made up of choline chloride and water at
varying molar ratios of water were formulated and
characterized. The solvents included ChCl:H,O (1:1) through

to ChCl:H,O0 (1:10) with the ratio of water increasing by one.

Spectroscopic analyses and physicochemical analyses were
carried out to ascertain intermolecular hydrogen bonding
between the choline chloride and water, as well as
characterize the solvents. Also, molecular dynamic simulation
(MDS) coupled with density functional theory were used to
probe the nature of the interactions within the solvents

formulated.

The results of the spectroscopic analyses indicated shifts
in peaks and bands associated with weak hydrogen bond
interactions. This was significant as it provides evidence of
DES formation from the choline chloride and water. The largest
shifts came in the ChCl:H,0 (1:3) followed by ChCl:H,O (1:4).
This suggested that the eutectic formulation is ChCl:H,0 1:3.
Freezing and melting point determinations confirmed the
eutectic composition to be ChCl:H,O (1:3) with eutectic point
of -84.7°C. The ChCl:H,O0 (1:4) followed with freezing point

of -82.9°C.

The thermal stability studies involving DSC and TGA were as

predicted, as the ChCl:H,O (1:3) and ChCl:H,O (1:4) solvents



XX

exhibited high decomposition temperatures and high
stabilities commensurate with the observed strengths of the

hydrogen bonds found in the spectroscopic analyses.

The molecular dynamic and DFT simulations affirmed the
formation of hydrogen bonding between the QAS and HBD in the
order of the strengths observed 1in the spectroscopic
analyses. Also, the simulated charge transfer analyses from
Hirshfeld partial charges and Voronoi’s deformation density
charges indicate charge spreading from the chloride anion
onto the organic backbone of the choline cation and HBD to
facilitate the formation of Hydrogen Dbonds between the
chloride ion and the HBD leading to DES formation. It 1is
important to mention that other weaker interactions may also

play a less significant role.



CHAPTER ONE

INTRODUCTION
The concept of sustainability and renewability of resources
has gained traction in recent decades in the field of science
and, specifically, chemistry!l=2. This push received impetus
through the work of Paul Anastas and John Warner when they
documented the concept of ‘green chemistry’ in 1998. Key to
their work was the development of the twelve principles of
green chemistry3-¢(see Table 1.0). These twelve principles
have been adopted by the American Chemical Society (ACS) and
have been the bedrock for the promotion of the use,
development, and design of chemical processes that have
enhanced economic benefits, protects the environment, and

promote sustainability.

The ©principles developed by Anastas and Warner have
stretched beyond the field of science and chemistry to
mainstream governance. Goal twelve of the United Nations
Sustainable Development Goals (SDGs), 2015, of the Agenda
2030 for sustainable development, adopted in September 2015,
engenders the promotion of sustainable consumption and
production patterns’. Targets four and five of goal twelve of
the SDGs seek to achieve an environmentally benign management

of chemicals and all wastes. It also seeks to ameliorate waste



generation through use of renewable resources, prevention,

recycling, and reuse of waste whenever possible.

Table 1.0. The Twelve Principles of Green Chemistry

Number Principle
1 Prevent waste
2 Maximize atom economy
3 Less hazardous chemical syntheses
4 Safer chemicals and products
5 Safer solvents and reaction conditions
6 Increase energy efficiency
7 Use renewable feedstocks
8 Avoid chemical derivatives
9 Use catalysts
Design chemicals and products to degrade
Ho after use
11 Realtime analyses to prevent pollution
12 Minimize potential for accidents

Data on the amount of chemical waste generated globally
suggest an annual waste of 1.3 billion metric tons at a cost
of $205 billion. This is expected to rise to 2.2 billion tons
by 2025 with an estimated cost of $375 billion®. It is,
therefore, not a coincidence that the number one concern and
item on the twelve principles of green chemistry 1is waste

prevention. It suffices to say that while the ideal chemical



process should generate no waste, maximize atom economy and

use less hazardous chemicals, this is often not achieved>.

A major source of waste is liquid waste from academic
laboratories and industrial chemical process; this is mostly
from extraction, separation, chemical syntheses, and pre-
treatment processes. These chemical processes consume large
amounts of solvents. Among the solvents include acids, bases,
petroleum-derived organic solvents, and other inorganic
solvents?19. Among these solvents, the petroleum-derived
solvents are the most often used and, thus, generate the most
waste in terms of volume. For instance, the mass allocation
in a typical pharmaceutical process 1is 51% solvent, 46%

process, 2% unreacted reagents, and only 1% product!!. These

statistics are similar in almost all chemical laboratories.

The safety profiles of most of these solvents are highly
detrimental and therefore undesirable. They pose severe
safety consequences to both humans and the environment. Acute
exposure could be fatal, bioaccumulation from long-term
exposure could lead to chronic diseases and fatality, and
usually have 1long half-life 1leading to prolonged adverse

effect on the environment.

The technology for the treatment of such hazardous wastes

continues to evolve. Among the methods employed in



neutralizing and disposing of hazardous wastes include
biological treatment (employing bacteria and fungi to act on
these compounds to degrade them or turn them into
environmentally innocuous compounds), incineration, and in
recent times, employing nanotechnologyl?. Associated with
these neutralization treatments and disposal is high cost.
The cost can be viewed in three ways. The first is transport
and treatment of the hazardous waste. The second involves the
cost in the development of such technologies needed to
effectively neutralize the waste before disposal. The third
component involves the cost to 1life and environment

reclamation.

Solvents serve an integral part of chemistry, 1in both
physical and chemical processes. Solvents have historically
served as reaction media, 1in extraction, and as reaction
templates!?. Generally, liquids are classified as solvents.
However, gases can also be described as solvents. Supercooled
gases have similar density ranges and viscosities as liquids

to warrant their classification as solventsl!3-14,

The role and choice of a solvent for a specific physical
or chemical process 1s based on the physical and chemical
properties of the solvent. Some of the physical properties

that affect choice of a solvent include density, viscosity,



boiling and melting points, thermal stability, polarity, and
volatility. The chemical ©properties include toxicity,
flammability, chemical stability, acidity, and basicity. The
large volumes of solvents wused and wastes generated in
chemical and physical processes pose significant human and
environmental concerns due to their toxicity. There is a
direct effect on soil nutrients and texture, affecting crop
productivity when these wastes are released 1into the
environment without appropriate treatment. Water bodies and
the lives within them suffer similar debilitating effects.
The cost of treating these toxic wastes is steadily
increasing, placing severe financial burden on academic,

industrial, and governmental institutions.

With the increasing environmental, financial, and social
impacts of conventional solvents, the advocates for
alternative solvents to these conventional solvents have
grown louder in recent decades. Human and environmental
impacts have not been the only driving factors toward the
development of alternative solvents. Chemical reactions and
processes have increasingly become complex. The syntheses and
extraction of novel chemical compounds with peculiar chemical
and physical properties have also driven the need for

alternative solvents to conventional solvents that are



increasingly unable to help in the synthesis and or extraction
of these novel compounds. It is important to stress that as
a matter of course and need, chemical processes are going to
be increasingly complex. It is trite, therefore, to suggest
that designer solvents would become increasingly relevant and

popular.

The concept of alternative solvents is not new.
Alternative solvents have often been discussed in the search
for alternative methods or chemical during the occurrence of
chemical disasters or routine method developments. However,
in the context of this project, alternative solvents refer to
less hazardous, environmentally friendly or Dbenign and
biodegradable solvents with similar or better efficiency than

the conventional petroleum solvents.



1.1 JUSTIFICATION

Challenges associated with conventional petroleum-based
solvents have led to the search for alternative greener
solvents. Among the challenges associated with petroleum-
based solvents include high vapor pressure that leads to easy
exposure through inhalation. Another challenge is their high
level of toxicity. Highly lipophilic solvents are easily
absorbed into fatty tissues and organs of the body to exert
their adverse events. They could also bioaccumulate over long
periods of time leading to chronic diseases and possible
fatality. Some of the adverse events include chronic liver
and kidney diseases, cancers, teratogenic mutations, and

mental retardation.

Furthermore, most of these conventional solvents due to
their high volatility are highly flammable, increasing the
risk of fire or explosion when working with them. Also, the
impact on the environment, cost of treatment, and disposal of
wastes generated from conventional organic solvents have

added to the need for the development of alternative solvents.

Many such green solvents have been developed. An example 1is
ionic liquids. Ionic liquids are, as their name suggests,
ions (cation and anion) which when combined form liquids. The

asymmetric nature of the constituent ions weakens the



intermolecular forces of attraction, hence, their low melting

temperature.

Several ionic liquids have been synthesized for numerous
applications in diverse fields. Among the areas of
application include pharmaceutical, as reaction media and
template, separation and extraction, and synthesis of
nanoparticles among others. The ionic 1liquids have the
advantages of design tunability, low vapor pressure, and
reusable. However, ionic liquids exhibit critical demerits

such as high toxicity and high cost of preparation.

Therefore, there is the need for greener, cheaper,
nontoxic, and low-vapor pressure solvents to be developed
that are benign to humans and the environment. Deep eutectic
solvents are the new area of attention in the quest for
greener alternative solvents. This is due to their ease of
preparation with 100% atom economy, cheaper cost of
constituents, low vapor pressure, and environmental
friendliness. Deep eutectic solvents are also known to be
nontoxic or less toxic compared to conventional organic
solvents and ionic 1liquids. Another advantage of deep
eutectic solvents 1is the ability to formulate Dbinary,
ternary, and potentially quaternary constituent solvent

systems.



There are four types of deep eutectic solvents:

i. Quaternary ammonium salt + metal chloride
ii. Quaternary ammonium salt + metal chloride hydrate
iidi. Quaternary ammonium salt + hydrogen bond donor

iv. Metal chloride hydrate + hydrogen bond donor

The third type of DES has been the most prominent solvents
formulated in recent times. The simple definition of a
quaternary ammonium salt (QAS) and a hydrogen bond donor (HBD)
suggests that a combination of compounds of these chemical
descriptions, in their right molar ratios, should produce a

deep eutectic solvent.

Thus far, 18 quaternary ammonium salts have been used for
the formulation of type III deep eutectic solvents. Also,
about 46 hydrogen bond donors have been employed in the
formulation of DESs. Of the 18 quaternary ammonium cations,
the most abundantly used is choline chloride, for its cost
and nontoxicity as it is wvitamin Bs. Again, in all the HBDs,
water, in a relatively few DES, is used as a component of
ternary DES systems. This begs the question, if water is the
most common and abundant HBD, and certainly nontoxic, why is
it not used as a sole HBD in the formulation of DESs with

QAS?
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Also, with over a decade of research in DESs, the molecular
basis underpinning the phenomenon and behavior of DESs is yet
to be fully understood. The conventional school of thought is
that the phenomenon is as a result of hydrogen bonding. This
school of thought is further entrenched by the idea or
requirement of a hydrogen bond donor. However, it is important
to examine critically the contributions of all forces of
interaction and the extent of the hydrogen bonding

contribution to this phenomenon.

What is more, we are unable as of now to predict precisely
the molar ratios of the constituent components that would
form DES. We still formulate DESs through the method of trial
and error. This leads to the use of large amounts of compounds
and waste. Quantum mechanics/quantum chemistry molecular
dynamic simulations through density function theory and force
field simulations studies have been helpful to the
understanding and prediction of chemical properties and

behavior. This work is meant to answer the above guestions.

Also, while water 1s the most abundant, nontoxic and
inexpensive HBD, its use in DES formulations have been limited
to ternary systems. This is because water has been suggested
to negatively modify the structure of the DES leading to

breaking of the electrostatic interactions among the
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components. Water as the sole HBD in the formulation of DES
is explored. The physical and chemical properties of the DES
formed are characterized. We also explore the small size of
the water molecule to explore the molecular basis for the
formation of DES through quantum chemistry molecular dynamic

simulations.

1.2 DEEP EUTECTIC SOLVENTS

1.2.1 Definition

Deep eutectic solvents(DES) are systems of solvents formed
from the eutectic mixture of Lewis or Bronsted-Lowry acids
and bases which can contain a variety of anionic and cationic
species. These DESs contain asymmetric ions that have low

lattice energy, hence low melting point!>-16,

Charge delocalization occurring through the Lewis base
(anion or hydrogen bond acceptor) and a hydrogen bond donor
moiety is believed to be the cause of the observed low melting
point of the solvent compared to the melting points of the
individual componentsl!’-18 (see Figure 1.0). The eutectic point
represents the composition at the lowest temperature of the
mixture. These DESs are distinct from ionic liquids (IL) which
are composed primarily of one type of discrete anion and

cation.
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Figure 1.0. Phase diagram of a eutectic system of two
components A and B with different melting points. The eutectic
point represents the composition at the lowest temperature of

the mixture.

Deep eutectic solvents can generally be described by the

formula Cat*X zY.l®

Where Cat* 1is the cation of the quaternary ammonium or

phosphonium or sulfonium.

X~ is the Lewis base, generally a halide anion.

Y is the Bronsted-Lowry or Lewis acid and z is the number of

Y molecules.
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1.2.2 Classification

Deep eutectic solvents are classified based on the complexing
agents used. There are four main classifications. A summary
of the four classifications and their corresponding formulas

is found 1n Table 1.1.

1.2.2.1 Type I: These include chloroaluminates imidazolium
salts mixtures and imidazolium salts with metal halides. They
are generally represented as Cat*X,MCly. MCly is the metal
halide and M includes Fe, Zn, Sn, Al, Ga, and In. Examples of
these imidazolium salts and metal halides include ethyl-3-
methylimidazolium chloride (EMIC) and AgCl, CuCl, LiCl, CdCl,,

SnCl;, ZnCl,, LaCls, YCl;, and SnCl,t6r 19,

1.2.2.2 Type II: The type II DES expands the definition of
DES to allow the incorporation of hydrated metal halides.
They are generally represented as Cat*X,"MCly.yH,O. Here M
include the following metals Cr, Co, Cu, Ni, and Fe. The
hydrated metals possess two main advantages. First, they are
cheap and easy to obtain. Secondly, they are less sensitive
to air and moisturel®. Examples include metal halides with

choline chloride.

1.2.2.3 Type III: This type of DES 1is by far the most
versatile in terms of variety due to the possible number of

hydrogen bond donors (HBD) available to prepare them. The
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HBDs include amides, carboxylic acids, and alcohols. They are
generally represented as Cat*X,”RZ where Z include -CONH,, -
COOH, and -OH!®é-17, 20 This type of DES reserve the advantages
of ease of preparation, lower cost, biodegradability, and
inertness to moisture. They are also adaptable or tunable for
wide range of applications due to the chemical and physical
properties of the various groups of HBDs available for their
preparation. The physical and chemical properties of the
solvents depend on the HBD. The cation is almost always
choline chloride. Though the electrochemical window of this
group of DES is narrow, it is enough for the electrodeposition
of metals such as zinc with high efficiencies!®. Type III DES
have also been applied in areas such as the removal of
glycerol from biodiesels?l-22, processing metal oxides?0, 23-24,

and synthesis of organic compounds25-26,

1.2.2.4 Type IV: This group of DESs 1is formed from metal
halides and hydrogen bond donors. The general formula for

this type of DESs is

MClx + RZ — MClx-17".RZ + MClx+1~

where an example of M are Al and Zn

An example of Z is CONH, and OH
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Though inorganic cations do not generally form low melting
point eutectics due to their high charge densities, Gambino
et al 1987 was the first to show that metal halides react
with urea to form eutectic system with a melting point below
150°C27. Abbot et al 2007 also confirmed the formation of
eutectic systems between metal halides and HBDs when they
successfully incorporated transition metal salts into DES by
reacting with urea, acetamide, ethylene glycol, and 1,6-

hexanediol?s,

Table 1.1. Categorization of deep eutectic solvents

Types General formula Terms Example

Type I Cat*X~ + zMCl, M = Zn, In, ChCl + zZnCl,
Sn, Al, Fe

Typell Cat*X~ +zMCl,.yH,0 M = Cr, Ni, ChCl +CoCl,.6H,0
Cu, Fe, Co

TypeIII Cat*X™ + zRZ Z = OH, ChCl + Urea
COOH, CONH;

Type IV MCly + zRZ M = Zn, Al ZznCl, + Urea
and Z = OH,
CONH,
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1.2.3 THE CASE OF NATURAL DEEP EUTECTICS SOLVENTS

Variations in climatic conditions have led to the development
of wvarious adaptive mechanisms for survival?®. This 1is
particularly true in extremophiles. An example of
extremophiles is cryogenic organisms3?. These organisms live
in extremely cold environment. Several studies have been
conducted on how cryogenic organisms avoid freezing and
maintain cellular viability at such extremely cold
temperatures3l. It has been suggested that deep eutectic
solvents formed from biomolecules such as amino acids and
sugars sustain biochemical reactions and hence life in these

organisms3l-32,

This 1s supported by the observation that cryogenic
organisms have several aquaporin channels across the cell
membranes that permit the flow of water, sugars, urea, and
glycerols33-34, The sugars include mannitol and sorbitol. The
unusually high level of these sugars and wurea, and the
expression of high thermal hysteria give credence to the
suggestion that deep eutectic solvents may be formed
intracellularly to aid survival3>. All these molecules, in
combination with amino acids and or water, are well known to

form deep eutectic solvents.
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Suffice to say that certain proteins, glycoproteins, and
lipoproteins have been found to be produced in usually high
levels or expressed ab initio in these organisms36-37. For
instance, DeVries discovered that fish in Antarctica produce
anti-freeze proteins (AFP)38. These AFPs bind to extracellular
and intracellular water to prevent them from freezing. AFPs
are known to prevent freezing, improve hemodynamics, and

reduce apoptosis in studies involving cardiomyocytes3?.

Again, =xylomannan, a biomolecule with f-mannopyranosyl-
(1-4) R-xylopyranose backbone, extracted from Upis
ceramboides 1s known to have antifreeze activity3°. Another
mechanism for survival at extremely cold environments involve
the production of heat shock proteins (small hsp, hsp 70, and
hsp 90) by the larvae of Belgica antartica‘l. Heat shock
proteins are thought to facilitate protein folding in

cryogenic organisms.

Another new but interesting area of DESs application that
supports the idea of intracellular natural deep eutectic
solvent is in DNA application. For instance, choline
chloride:urea(l:2) has been used to study human telomere
sequence DNA G-quadruplex folding with enhanced resultsil.
Also, He et al.(2017) found that deep eutectic solvent

facilitated information transfer from gene-length nucleic
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acid in a model prebiotic replication*?. This report was
particular interesting as it suggested that viscous
environment may have played a role in nucleic acid replication

during the prebiotic era.

It against this background that suggestion for the
existence of natural deep eutectic solvents (NADES) in
biological species have been made?3. The recent syntheses and
applications of DESs from several biomolecules such as
sugars, fatty acids, and amino acids provide impetus to the

idea of existence?4-49,

1.2.4 CHOLINE CHLORIDE

Sulfonium and phosphonium cations can be used for the
synthesis or formulation of DESs but quaternary ammonium
salts (QAS) are the most commonly usedl® 50, Choline [(2-
hydroxyethyl) -N,N,N-trimethyl ammonium cation] chloride is by
far the most widely wused QAS. It 1is considered as a
provitamin, By, and used as animal-food supplement. It is
considered nontoxic to both humans and the environment and
very cheap. It is a precursor to biologically active compounds
such as acetylcholine (a neurotransmitter) and
phosphatidylcholine (membrane component). It also serves as
a methyl donor in animal systems. It is synthesized via a

gas-phase reaction Dbetween HCI, ethylene oxide, and



19

trimethylamine with 1little or no waste®!=%2, Hence, an
industrial use of choline chloride for the formulation of

DESs ralses no concern.

_N/ i A Ho \w/
\ 0 T H_[.:| | — o \
Ethylene oxide Hydrochloric acid N

Trimethylamine Choline chloride

Figure 1.2. Gas phase synthesis of Choline Chloride

1.2.5 WATER

The most abundant molecule on earth is water covering about

75% of the earth’s surfaced?., It i1s estimated that the oceans

o°

and the earth’s crust contain about 1.4x102% g and 0.8x102% g
of water respectively. Water is well known to be nontoxic and
ubigquitous in biological systems. It is also by far the most

used and desirable solvent in the laboratory.

Water is polar. The constituents of water are two hydrogen
atoms and an atom of oxygen carrying a lone pair of electrons.
Though very small in size (2.75 A), it has two hydrogen bond
donors and one hydrogen bond acceptor. It acts both as an
acid and base. Water molecules are interconnected by strong

hydrogen bonds. This leads to water exhibiting unusual
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physical and chemical properties (the water anomalies). For
instance, water has an unusually high boiling and low freezing
points of 100°C and 0°C. Again, upon freezing, the volume of

water expands leading to a decrease in density.

1.3 ADVANTAGES OF DEEP EUTECTIC SOLVENTS

Deep eutectic solvents were developed as alternative green
solvents to room-temperature ionic ligquids (RTILs). Ionic
liquids are made up of discrete ions (cations and anions).
Though the major force interaction within the 1ILs 1is
electrostatic, it is weakened by the asymmetric structure of
the constituent ions which in turn weakens the lattice energy.
Hence, they form liquids. Room-temperature ionic liquids form

liquids at temperature 100°C or below?®3-3%4,

RTILs have clear advantages over conventional organic
solvents. RTILs are versatile and highly tunable. They can be
task-specific designed for specific applications. RTILs and
DESs have some similarities which include tunability, low
vapor pressure, wide liguid range, and nonflammabilitylér 55,
However, RTILs have shortcomings compared to DESs. Advantages
of DESs over RTILs include ease of preparation, cheap cost of
constituent compounds, less toxicity, and almost 100 percent

atom economylér 56,
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The formulation of DESs generally involves mixing and
moderate heating at about 60°C or below for about 2 hours?®>.
This however is not the case in RTILs. RTILs synthesis often
involve multiple steps and under harsh chemical conditions.
This is the major reason for the high cost of ionic liquids.
A life cycle analysis on the synthesis of ionic liquids and
DESs shows that ILs are less green than DESs®’. Again, recent
studies have shown that ILs are not nontoxic particularly to
the environment. Ionic 1liquids are now known to inhibit
enzymes and are cytotoxic, phytotoxic, and less
biodegradable®8-%0, This 1is contrary to DESs which involves
HBAs and HBDs that are generally 1less toxic. Also, DESs
generally have zero E-factor as often 100% atom economy or

mass efficiency is attained with no emissions.

1.3.1 NUMBER OF REFERENCES

There has been great interest in DESs since the first
publication by Abbot et al 200315, Data analytics from Web of
Science and indicate that the decade immediately after
Abbot’s publication showed fewer than 100 publications in the
DESs (see Figure 1.3). This was during the period of
tremendous interest in ionic liquids as a greener, viable
alternative to organic solvents. However, the turn of the
decade has seen a steady growth in the DESs with applications

in diverse fields of solvent chemistry.
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This steady interest can be attributed to two main reasons.
The first is the growing awareness of DESs and their vast
areas of applicability. The second, however, has to do with
a disinterest in ionic liquid borne from the realization their
toxicity and high cost. For instance, data from Web of Science
showed that in 2017, publications in the field of ionic
liquids declined by 22% from 8154. During the same period,
publications associated with DESs increased albeit at a low
rate. Relatively, DESs research is still at the nascent stage
but continuous to growth as more applications are reported

and need for alternatives grow.
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1.3.2 DISTRIBUTION OF RESEARCH FIELDS

Generally, DESs field of research and applications have been
similar to those of ILs. There are eight main scientific
areas that have drawn the most significant attention in both
DESs and ILs research. In both DESs and ILs, synthesis and
property characterization have received the most interest
according to data from Web of Science and Scifinder. The two

o

fields account for 53% and 48

o\°

in DESs and ILs

respectively(see figures 1.5 and 1.6).

Also, analysis and separation are the next significant
research fields to see application of both DESs and ILs.
Together, the two fields account for 26% and 30% of areas or
fields that have received attention in DESs and ILs
respectively. Other notable areas or fields that have seen
DESs and ILs research are sample preparations and
nanotechnology. In recent times, DESs and ILs have received
attention in the bioclogical sciences for different reasons.
In the case of ionic liquids, tags to biology have been more
to the study of their toxicity. However, ever since the
suggestion of possible formation and or existence of natural
deep eutectic solvents (NADES)in cells of extremophiles using
biomolecules, there have been growing studies of DESs from
the Dbiological sciences. This 1s accentuated Dby the

observation that certain enzymes show increased activity and
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selectivity 1in DESs than conventional media®!. It 1is
reasonable to expect high increase and expansion in the fields

of application of DESs and particularly with NADES.

DISTRIBUTION OF DES RESEARCH

*Nanotechnology
Biological 1% Preparation

2% 8‘7/_

Electrochemistry
2%
Separation
12%

Synthesis
27%

Property

Analysis
26%

14%
Nanoparticles
8%

Figure 1.5. A chart of the distribution of the scientific
fields that has observed possible application of deep
eutectic solvents. The highest interests have been the
synthesis and characterization of physical and chemical

properties of DES
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Figure 1.6. A chart of the distribution of the scientific
fields that has observed possible application of ionic
liquids. The fields of interest are the same in both ILs

and DESs
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1.4 APPLICATIONS OF DEEP EUTECTICS SOLVENTS

Several scientific fields have seen applications of deep
eutectic solvents. These fields of application are similar to
those of idionic 1liquids. This 1is expected as DESs were
developed as alternative to ILs. Deep eutectic solvents have
been applied as reaction media or template for organic
synthesis. These include the Knoevenagel condensation
synthesis of diphenyl amine®?, selective alkylation of

aromatic primary amines®3®, and synthesis of cinnamic acid®4.

Deep eutectic solvents have also been used in polymer
synthesis. For instance, choline chloride (ChCl)-urea and
ChCl-acrylic acid DESs have been used as media for frontal
polymerization with superior yields than ILs and conventional
organic solvents®. Also, polyanilines have been synthesized
using ChCl-1,2-ethanediol (1:2)as media®®. Deep eutectic
solvents have been used to synthesize polyoctanediol-co-
citrate elastomers®’, thermoplastic starch®, and cellulose-

based polymers®?.

Another area that has seen the application of deep
eutectic solvents is electrochemistry. Here, the DESs have
served as electrolytes for mostly electrodeposition of
metals’0-73, Also, synthesis of nanomaterials including star-

shaped gold nanoparticles’¢, ZnO nanorods’®-7¢, Ag nanoporous
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films’’, carbon nanotubes’®, and CuCl nanoparticles’® have been

reported using DESs.

In the field of biochemistry, where DESs have recently
been applied, enzyme kinetics and activity have been the focus
areas. Deep eutectic solvents have served as media for the
study  of the activity of hydrolases?8? and lipase.
Additionally, DESs have served as solvents for biocatalysis®!-
82 and medium for storage of biologically active substancesss3-
84, Again, DESs have been used as templates to immobilize

complex polymersss,

Another significant area of application of DESs is
separation and analysis. For instance, ChCl-based and
triphenylphosphonium DESs have been successfully used to
remove glycerol from biodiesels and palm oils?2, 82, 8  Again,
DESs have been used to separate benzenes and phenols from
mixtures®’-20 and to absorb hyaluronic acid?!. Furthermore, Fe,
Cu, and Zn in fish have been successfully analyzed with 95%

recovery using ChCl-oxalic acid (1:2) as digestion medium®2Z.
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CHAPTER TWO

FORMULATION AND SPECTROSCOPIC ANALYSIS OF DEEP EUTECTIC
SOLVENT

2.0 INTRODUCTION

The most obvious advantages of DESs over ILs and conventional
liquids are the safety and ease of preparation. Ionic liquids
involve complex and multiple steps of synthesis. Also, the
final products often contain by-products that render the ILs
impure. Hence, purification is needed to achieve purities of
99% or higher. The combined effect is that ILs are expensive,

difficult to prepare, and time consuming compared to DESs.

The first formulation or synthesis involving a quaternary
ammonium salt and a hydrogen bond donor was by Abbot et al.
200215, Abbot and his colleagues found that a 1:2 molar ratio
of choline chloride and urea produced a eutectic solvent with
melting point of 12°C compared to their respective melting
points of 306°C (choline chloride) and 133°C (urea). The
synthesis was done by simply heating and stirring, to a
homogeneous liquid at 80°C, the choline chloride and urea in

a 1l:2 molar ratio.

Since Abbot’s report, several methods have been developed
for the formulation or synthesis of DESs. Most of these newly
developed methods fundamentally involve heating and stirring.

Methods that have been developed for synthesis of DESs include
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freeze-drying, microwave irradiation, sonication, and
vortexing. While most developed methods were for exploratory
reasons to Dbetter understand the molecular basis of DES
formation, others have Dbeen on the functionality or
application. Also, other methods have focused on recovery and
recyclability of the DESs. For instance, the freeze-drying
method was developed to explore incorporation of Dbacteria
into DESs for purposes of preservation. Ganesh Degam have
extensively studied these various formulation methods®3. The
synthesis of DESs can be categorized into two main methods,

thermal treatment and non-heat treatment.

2.1.0 THERMAL (HEAT) TREATMENT

The most common method of DESs preparation is the thermal or
heat-treatment method. The method was employed in the
synthesis of the first type III DES by Abbot et al. 2002. The
method involves heating and stirring of the DES components
together to homogeneity at a define temperature. Thermal
treatment is often used to formulate DESs with melting points
below 80°C. The formation of the DES complex depends on the
DES components, temperature at which heating done, the length

of heating, and/or stirring.

The heating is often carried out between 6-80°C with slow

stirring. This is to avoid breaking the hydrogen bonds so
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formed. Heating sources 1include hot ©plates, microwave

irradiation, and rotary evaporator.

2.1.1 NON-HEAT TREATMENT METHODS

Nonthermal methods have also been used to prepare DESs. These
modes of preparation often involve agitation at high speeds.
These methods are best used in the synthesis or formulation
of DESs with melting points at or below ambient temperature.
Nonthermal methods include sonication, vortex mixing, and

freeze-drying.

2.2 METHODOLOGY

2.2.1 MATERIALS

Choline chloride (ChCl) (99%) was purchased from Thermo-Fisher
Scientific (Dubuque, IA). Deuterium oxide (D,;0) (99.8 atom%

D) was purchased from Sigma-Aldrich (St Louis, MO). Dry ice
was purchased from Hy-Vee (Brookings, SD). Ultrapure water
was obtained from a Thermo-Fisher Scientific Barnstead E-Pure
ultrapure water purifier system (Waltham,MA) set at 18.2 QM

cm-1. D;0O and dry ice were used as received.
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2.2.2 SYNTHESIS OF AQUEOUS CHOLINE CHLORIDE DES

The solubility of choline chloride in water 1s very high
(620g/L) . Indeed, choline chloride 1is highly hygroscopic.
Therefore, aqueous choline <chloride DESs were readily
prepared by dissolving a defined molar amount in water with
100% atom economy. However, it must be stated that the
objective was to determine whether water (H,0) could be used
as HBD and that whether choline chloride could form DES.
Therefore, different molar ratios (1:1, 1:2, 1:3, 1:4, 1:6,
1:8) of choline chloride and water respectively were
prepared. The melting points of these solvents were measured

to determine the eutectic point.

2.2.3 DETERMINATION OF HYDROGEN BOND FORMATION

Central to the molecular description of deep eutectic systems
is the existence or formation of hydrogen bonds within the
solvent system. The energy-associated hydrogen bond varies
from 1-40kcal/mol depending on the HBA or HBD, the geometry
or orientation (distance and angle) of the H-bond, and the
chemical environment. Therefore, the first objective was to
establish the formation or otherwise of hydrogen bond in the
aqueous choline chloride DES. The other objective was to
establish which of the molar ratios or solvents had the

strongest hydrogen bond interactions. Formation of hydrogen
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bonds was studied using spectroscopic techniques wviz FTIR,

H1-NMR, and Raman spectroscopy.

2.2.4 FTIR SPECTROSCOPY

Thermo-Fisher Scientific Nicolet 380 FTIR spectrometer
(Waltham, MA) was used to obtain FTIR spectra of all the DESs
formulated. The resolution was set at 8 nm!. The measurement
spectrum range was 4000-400cm !. The spectra were produced and

processed with EZ OMNIC software by Thermo-Fisher Scientific.

2.2.5 RAMAN SPECTROSCOPY

Raman spectra of all the DESs were obtained using Horiba
Scientific LabRam HR Raman spectrometer (Edison, NJ) in a
totally dark room. An Euromex fiber optic light source EK-1
(Euromex Holland) laser under the following parameters was
used: x50 objective; 532 nm, DI filter; 1000 nm hole; grating:
1800; range: 300 nm - 1000 nm; and time = 5s. The spectra
were obtained with Horiba Yvon LabSpec and processed with

Originlab-Pro SR2 (Northampton, MA).
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2.2.6 PROTON (H!)-NMR

Proton NMR (H'-NMR) spectra were obtained for all the DESs and
the constituent compounds. A Bruker 400 MHz spectrometer
(Billerica, MA) equipped with QNP 5 mm probe at 400 MHz and
22°C was used to obtain the 'H-NMR spectra. Deuterated DMSO
(DMSO-dg) and deuterated water (D;0) were used as solvents for
the DESs. The D,0 were used directly. In the case of DMSO-dg,
5 pl of the DESs prepared with deionized water were added to
sufficient amounts of DMSO-dg. The H-NMR parameters were set
as follows: 90° pulse angle, 25 pulse rate, and 512 scans.

All DESs were kept in a desiccator prior to the H!-NMR scan.

2.2.7 FREEZING POINT

The freezing points of the agueous choline chloride DESs were
ascertained Dby transferring b5ml each into scintillation
vials. A thermocouple temperature probe connected to a
Vernier Labquest 2 (Beaverton, OR) was used for measuring the
freezing temperature. The freezing was instigated in a dry
ice bath insulated with polystyrene. The freezing points were

conducted in triplicate and the average reported.
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2.2.8 WATER CONTENT ANALYSIS

The available free water content in the DESs were determined
via Karl Fischer coulometric method. A Metrohm 831 Karl
Fischer coulometric titrator (Herisau, Switzerland) was used.
The accuracy of the Karl Fischer titrator was ascertained
using Hydranal CMR water standard 1.00 mg/g (St.Louis, MO).
The percent water contents were measured in triplicate and
the average reported. The DESs were prepared at 20 percent
equivalent mass to cut down on amounts of choline chloride

(0.200 mol) used.

Table 2.0. Molar ratios and mole fraction of aqueous
choline chloride deep eutectics solvents.

SAMPLE MOLAR RATIO MOLAR FRACTION OF CHC1-
Choline Cl1-:H;0O 1:1 0.50
Choline Cl-:H,0 1:2 0.33
Choline C1-:H,O 1:3 0.25
Choline Cl1-:H;O 1:4 0.20
Choline C1l-:HyO 1:5 0.17
Choline Cl1l-:H,0 1:6 0.14
Choline C1l-:HyO 1:8 0.11

Choline C1l-:H,0O 1:10 0.09
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2.3 RESULTS AND DISCUSSION

2.3.1 FTIR SPECTROSCOPY ANALYSIS
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Figure 2.0. The FTIR spectra of choline chloride (above) and
water (below). The -OH peak in the choline chloride and water

are at 3225 cm! and 3445 cm! respectively.

Hydrogen Dbonding 1leads to significant changes to the
frequency shifts in the infrared bands and the intensity of
the vibrational modes of the groups involved in the hydrogen
bond?. Hydrogen bonding also leads to band broadening. Free
-OH stretching appears as a sharp band at 23600 cm! but
reduces upon hydrogen bonding®>. Area under the -OH stretching
peak in solid ChCl at 3025 cm! as the water molecules increase

is indicative of hydrogen bonding. The -OH band area
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broadening at 3025 cm ! increased from 8567 in ChCl:H,O (1:1)
to 12920 in ChCl:H,O (1:10). However, the most significant
finding 1is the fact that the rate of increase in band
broadening from ChCl:H,O (1:1) to ChCl:H,O (1:4) compared to
the increase observed from ChCl:H,O (1:5) through ChCl:H,0

(1:10) .

Also, the band/peak observed at about 1380 cm! in solid
choline chloride is conspicuously absent in the DESs (Figures
2.0, 2.1, and 2.2). This coupled with the band broadening
observed in the peak at 1650 cm ! also indicates interaction

between the water molecules and choline chloride.

This shows that the strength of the hydrogen bond is higher
within the lower molar ratios of the ChCl and H,O with the
most seen within ChCl:H,O0 (1:3) and ChCl:H,O (1:4). Excess
water molecules account for the insignificant and weak
hydrogen bond observed in the DESs with higher molar ratio of

H,O0.
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Another indication of the formation of H-bonding is the
bathochromic shift observed at the same band peak compared to
the band in the solid ChCl. The pure water molecule (HBD)
expresses hypsochromic shift. This is due to changes in the
environment of both the HBD and HBA caused by change in dipole
moment as a result of hydrogen bonding. Also, the observation
of new peaks at 2106cm! and 2118cm ! in ChCl:H,O (1:3) and
ChC1l:H,O (1:4) due to increased band intensity suggest that
the observed hydrogen bonding is relatively stronger in the

two DESs compared to the other solvents.

2.3.2 PROTON (H!)-NMR SPECTROSCOPY

There are very few studies reported in literature involving
DESs using NMR. NMR studies suggest the protons around the
quaternary nitrogen of choline chloride express shifts in
frequency with the presence of an HBD?%. The chemical shifts

observed in the DESs are summarized in Table 2.1.
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Table 2.1.Frequency shifts of the NMR spectra of all DESs

DES 5/ppm
ChC1l:H,O (1:1) 3.16 3.48 4.00 4.7
ChC1l:H,O (1:2) 3.15 3.47 4.00 4.7
ChC1l:H,O (1:3) 3.13 3.44 3.98 4.7
ChC1:H,O (1:4) 3.12 3.44 3.97 4.7
ChC1l:H,O (1:5) 3.12 3.44 3.97 4.7
ChC1l:H,O (1:6) 3.11 3.43 3.97 4.7
ChC1:H,O (1:8) 3.11 3.43 3.97 4.7
ChC1:H,O (1:10) 3.10 3.43 3.97 4.7

Incidentally, the positive charge around the quaternary
nitrogen attracts the negative Cl- ions to that region. As a
result, hydrogen bonding is observed as shifts in frequency
of the protons of the trimethyl groups bonded to the
quaternary nitrogen. The shifts between 06=3.16-3.10 represent
the trimethyl groups. These shifts confirm the presence of
hydrogen bonding. The shifts for the native -OH group in the

ChCl is masked by the shift for the D;0 solvent at &=4.7.
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2.3.3 RAMAN

SPECTROSCOPY ANALYSIS
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Raman and infrared spectroscopies are both vibrational. An
excited electron by light of a particular energy moves between
vibrational energy levels or modes. The excitation and
relaxation of the electrons 1in a molecule produce a
fingerprint that is unique to the molecule, and hence could
be used to identify the molecule. The spectrum provides

information among others on noncovalent interactions.

Hydrogen bonding in Raman is often observed as relatively
small shifts at low frequency regions. The HBD, water, is not
Raman active since it 1is nonpolarizable. The Raman
spectroscopy analysis of the DESs were compared to the Raman
spectrum of the pure dried choline chloride. The results
indicate a significant peak shift to the left of the peak at
897 cm ! of between 6-11 cm!. This shift is attributable to
hydrogen bonding. Also, the largest shift was observed in
ChC1l:H,O (1:3) with the lowest shift in ChC1:H,O (1:1). Again,
a shift of 5 cm™! observed at peak 720 cm! in all the DESs is
attributable to hydrogen bonding. A new peak was observed at
771 cm! which was nonexistent in the choline chloride
spectrum. This peak may be as a result of stretching of the
-OH group on the second carbon of the choline chloride, a

consequence of weak hydrogen bonding.
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2.3.4 FREEZING POINT AND WATER CONTENT ANALYSIS

Central to the definition of DES is their very low freezing
or melting point compared to melting or freezing points of
the individual components. 1Indeed, in the formulation of
DESs, the eutectic composition is the molar ratio of the
constituent compounds that yields the lowest freezing point.
Therefore, to find the eutectic point is to find the lowest
freezing point. Cryogenic, vitrification, and biocatalytic
studies have driven the quest for wvery low freezing
temperature solvents. Table 4 gives a summary of the freezing
points and percent free water content of the agqueous choline

chlorides DESs.

Table 2.2. Summary of the freezing points of the aqgueous
choline chloride DESs

DES SAMPLE FREEZING POINT (°C) WATER CONTENT (%)
ChCl:H,O (1:1) -61.6 17.2 £ 2.4
ChCl:H,O (1:2) -65.2 22.3 £ 1.8
ChCl:H;O (1:3) -84.7 27.9 £ 1.4
ChCl:H;O (1:4) -82.9 35.5 £ 2.7
ChC1l:H;O (1:5) -71.7 41.1 £ 2.1
ChCl:H,O (1:6) -68.9 46.5 £ 3.0
ChCl:H,O (1:8) -63.3 49.3 £ 2.6

ChCl:H,O (1:10) -62.2 51.8

I+
NN
O
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Figure 2.8. The eutectic point, eutectic composition and
eutectic temperature of ChCl:H,0 DESs.

The eutectic point is with ChCl:H,O (1:3) with a freezing
temperature of -84.7°C. This was closely followed by ChC1:H,0O
(1:4) with freezing temperature of -82.9°C. The formulations
with the highest freezing point is ChCl:H,0 (1:1) and ChCl:H,O
(1:10) . The data confirms the earlier findings that indicated
that ChC1l:H,O0 (1:3) and ChCl:H,O (1:4) have relatively
stronger hydrogen bonding than the other formulations.
Compared to other DESs found in literature, the ChCl:H,0 DESs
account for some of the lowest freezing temperatures for

DESs16/55,
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A cursory look at the percent water content indicate an
expected increase in the water content with increasing molar
ratio of water in the DES. However, this increase appears
nonlinear (see Figure 2.9). The water contents measured

constitute the available free water in the DES.
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Figure 2.9. Water content of the ChCl:H,O DESs. The DESs are

represented as mole fraction of choline chloride.
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2.4 CONCLUSION

Eight different solvent systems were successfully formulated
using quaternary ammonium salt, choline chloride, as the HBA
and water as solely the HBD with 100% atom economy. The
eutectic temperature were found within the ratios of ChC1:H;0
(1:3) and ChCl:H,O (1:4). From the freezing point analysis,
ChCl:H,O (1:3) was found to have the lowest freezing point of
-84 .7°C. Spectroscopic analyses involving FTIR, NMR, and Raman
established interaction between the HBD and HBA, suggesting
hydrogen bond formation. This was determined through band
broadening and frequency shifts with equivalent energies
within the range of hydrogen bonding. The band broadening and
frequency shifts were significantly prominent within the
ChCl:H,O (1:3) and ChCl:H,O (1:4). Later studies through

molecular dynamic simulations would confirm this observation.
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CHAPTER THREE
CHARACTERIZATION CHOLINE CHLORIDE:WATER DES

3.0 INTRODUCTION

The applications of novel compounds depend on their thermal
and physicochemical properties. These properties are both
intrinsic and extrinsic. There are several thermal and
physicochemical parameters that depend on the state of the
compound. Therefore, the knowledge of these properties

informs the choice and manner of application.

Among these physicochemical and thermal properties include
density, conductivity, pH, refractive index, surface tension,
viscosity, water content, partition coefficient, melting
point, boiling point, solvatochromism, and decomposition

temperature.

3.1.0 DENSITY

The density of a compound is an intrinsic property that
permits the determination of other important derived
thermophysical parameters such as isobaric thermal
expansivity, isothermal compressibility, isentropic
compressibility, and isochoric molar heat capacity. The
density of a solvent affects the mass flow and hence
suitability of the solvent for specific chemical reactions or

separations.
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The densities of the aqueous choline chloride DESs were
determined via the direct method at 22.1°C. A 1.00 ml sample
of the DESs were slowly pipetted wusing a calibrated
micropipette (margin of error x0.002) into a pre-weighed vial
and the mass measured using Mettler Toledo analytical balance
(Columbus, OH). The densities were determined in triplicate

at room temperature and atmospheric pressure.

3.1.1 CONDUCTIVITY

The polarity of solvents permits electrical conductivity for
applications in electrochemistry, separations, and chemical
synthesis. The conductivities of the DESs were determined
using Vernier Labquest 2 (Beaverton, OR) connected to a
conductivity probe. A 0.5M NaCl solution was used as the
reference. The measurements were conducted in triplicate at
room temperature. The conductivity maximum range of the

instrument was 20,000 pS/cm.
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3.1.2 pH

The concentrations of proton ions in a solvent (acidity or
basicity) affect reactivity and may affect the suitability of
a solvent as a reaction media. Again, the pH of a solvent can
affect its effectiveness during extraction and separation.
The pH of the DESs were determined using a Mettler Toledo
FEP20 pH meter (Columbus, OH) at room temperature. The pH
meter was calibrated using standard buffers of pH 4, 7, and
10. The average uncertainty associated with the measurements

was calculated to be +0.03.

3.1.3 REFRACTIVE INDEX

The refractive index, the measure of the relative speed of
light in a medium compared to the speed of light in a vacuum,
is an intrinsic property of a substance that allows the
penetration of light. It is important in confirming purity,
measuring concentration, and building materials with photo
applications. The refractive indices of all the DESs were
determined in triplicate using a Bausch and Lamb Abbe-3L
refractometer (Rochester, NY) at room temperature. Deionized
water was used as a calibrator. The average uncertainty

associated with the measurements was z0.001.
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3.1.4 SURFACE TENSION

A Fisher Scientific tensiomat 21 (Dubuque, Iowa) was used in
measuring the surface tensions of all the DESs using the
DuNouy ring method 151. A flame-dried platinum-iridinium ring
was employed. Also, all glassware was washed and dried with
acetone after each measurement. Deionized water was used to
calibrate the tensiometer. The standard uncertainty after
triplicate measurements was 0.5 dynes/cm. All measurements

were done at room temperature (23 * 1°C).

3.1.5 VISCOSITY

The viscosity of all the DESs were measured as a function of
temperature. A Brookfield DV-III Ultra rheometer (Toronto,
Canada) was used to determine the viscosities between 25°C-
60°C at 5°C increments. The temperature variation was obtained
by employing an external water Dbath containing 50/50
antifreeze and water with a TC Brookfield TC-502 circulator
(Toronto, Canada). Also, the measurements were conducted with
a CP40 spindle at a speed of 0.2 rpm. The standard uncertainty
after triplicate measurements was £0.001 Pa.s and *0.01°C for

the viscosity and temperature respectively.
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3.1.6 DECOMPOSITION TEMPERATURE

The heat tolerance of the DESs were analyzed through
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). The TGA was conducted using a Seiko 220
TG/DTA (Tokyo, Japan). A sample size of 5-10 mg was placed in
an aluminum pan and heated. The samples (DESs) were heated
from 30°C to 300°C at a temperature ramp of 10°C/min under

nitrogen.

The DSC was conducted using a TA instrument DSC Q200 (New
Castle, DE). TA instruments Tzero aluminum pans with Tzero
hermetic aluminum 1lids were used to collect 5-10 mg samples
of DESs for analysis. The thermal analyses were conducted
between the temperatures of -40°C and 300°C with a ramp of
10°C/min under nitrogen. The data was analyzed wusing TA
Advantage Universal Analysis 2000 software ver4.5A build

4.5.0.5.

3.1.7 FREEZING TEMPERATURE

The freezing temperatures of the DESs were analyzed via two
methods. The first method is as described in Chapter 2. The
second method was via DSC analysis. The DSC method was under
the same conditions as described above (section 2.2.7) with

the temperature range from -80°C and 40°C. Again, the data was
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analyzed or evaluated using TA Advantage Universal Analysis

2000 software ver4.5A build 4.5.0.5.

3.1.8 BOILING POINT

The boiling points of the DESs were determined using DSC. The
data obtained from the decomposition analysis of the DESs via

DSC were used for the boiling point determination.

3.2 RESULTS AND DISCUSSION
3.2.1 DENSITY

The density distributions of deep eutectics are affected by
the HBD and the HBA. Relatively 1little information on
densities of DESs are available in literature compared with
organic solvents or ionic liquids?’. Types I and II DESs have
relatively higher densities compared to type III DESs due to
the use of metals in their formulations?®. Figure 3.0 shows
the relative distribution of the densities of DES (1.04-1.38
g/ml) and ILs (1.04-1.65g/ml) obtained from literature to the

formulated ChCl:H,O DESs.

The densities of the ChCl:H,O DESs were as expected. The
densities decreased linearly with increasing water molar
ratio (see Figure 3.1). This is because there is a greater

increase in the molar volumes of the DESs as more water was
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added relative to the mass. Also, the addition of more water
increases the void volume which in turn reduces the density.

The densities ranged between 1.05627 g/cm3-1.13427 g/cm3 .
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Figure 3.0. A comparison of the density distributions in
DES?7 and ionic solvents?® obtained from literature to

ChC1:H,O DESs.
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Figure 3.1. The relationship Dbetween the density and

refractive index of the ChCl:H,O DESs. A strong linear

correlation exists between the two physical properties.
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3.2.2 REFRACTIVE INDEX (RI)

The refractive indices of the ChCl:H,O0 DES ranges from 1.4041
in ChC1l:H0(1:10) to 1.4752 in ChCl:H,O0(1:1). The RI decreased
with increasing water content. This is expected as the denser
a medium, the greater the difficulty of light penetration.
The RI and density are directly and linearly related (see
Figure 3.1). The RI data obtained for ChCl:H,O DESs are
comparable to literature values of DESs!00-101 and higher than

the RI of water.

3.2.3 VISCOSITY

Viscosity affects mass flow. High-density solvents are
expected to have high viscosities. The viscosities of the
ChCl:H,O DESs were directly related to the density (Figure
3.2b). Strong hydrogen bonding and other intermolecular
forces of attraction, such Van der Waals, reduce mobility of
the DESs by causing compactness as a result reduced void
volumelf2-103  This increases the viscosity of the solvents.
The effect of these forces lead to reduction in the linearity
of density and wviscosity as seen 1in Figure 3.2b. The
viscosities of ChCl:H,O0 DESs decreased with increasing
water (see Figure 3.2a). This 1is expected as net hydrogen
bonding between the water molecules and the choline chloride

ions reduces with increasing water. The viscosities
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determined for the ChCl:H,0 DESs were comparable to literature

values of DESs.
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Figure 3.2a. Viscosity of the ChCl:H,0 DES. Hydrogen bonding

is the cause of elevated viscosities in 0.25 and 0.20.
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Figure 3.2b. The relationship between the density and
viscosity of the ChCl:H,0 DESs. The effect of relative high
hydrogen bonding in ChCl:H,0 1:3 and ChCl:H,O 1:4 reduces the

linearity of the two physical properties.
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3.2.4 FREEZING AND BOILING POINTS
The freezing and boiling points analyses determined through

differential scanning calorimetry (DSC) is summarized in Table

3.
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Figure 3.3a. Differential thermograms of freezing(red) and
thawing (green) processes for ChCl:H,O (1:1).The thawing
temperature range was -90°C-20°C. The freezing temperature

range was 20°C— -90°C.
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Figure 3.3f. Freezing(red) and thawing(green) processes for

ChCl:H,O (1l:06).
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Figure 3.3g. Freezing(red) and thawing(green) processes for
ChCl:H,O (1:8).

Freeze-thaw processes of all the DESs were studied to

understand the thermal behavior of the solvents under the
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stresses of reduced temperature and melting. The study was
also used to determine the freezing points and boiling points
using differential scanning calorimetry. Freeze-thaw process
is particularly important in wvitrification. Desirable
vitrification solvents produce no crystalline amorphous
solids during freezing. The freezing and thawing were done at

a rate of 10°C/min.

The thermograms of freezing and thawing are dissimilar
though reversible. During freezing, the kinetic energy of the
atoms and molecule reduces, the molecules become more
constricted and intermolecular forces of attraction dominate.
Ice formation, interfacial transitions, and changes 1in
chemical and electrostatic interactions are the causes of the

freeze-thaw variations or instability.

The freezing and thawing processes profiles (thermograms
of ChCl:H,O (1:1) and ChCl:H,O (1:2)) were very similar with
the onset of freezing, -59.4°C and -59.5°C respectively. The
initial smooth profile curve suggests that the ChCl:H,0
eutectic undergoes a consistent molecular rearrangement and
further relaxation during the freezing process. There is no
formation of non-crystalline amorphous states. Again, the
thawing thermograms of the two DESs were similar but different

from the freezing thermograms. At the onset temperatures of
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-48°C and -44.5°C in ChCl:H,0 (1:1) and ChCl:H,O (1:2)
respectively, the intermolecular forces weaken causing
expansion of the DESs and melting begins at -38°C and -33°C
respectively. The change in enthalpy of melting were 17.87

J/g and 11.51 J/g respectively.

The DESs ChCl:H,O (1:3), ChCl:H,O (1:4), and ChCl:H,O
(l1:5)have similar freezing and thawing profiles. All three
solvents show no initial formation of glass transition and no
amorphous states prior to total freezing and throughout
thawing. The significant difference pertains to the onset
temperatures of freezing which were -78.3°C, -78.4°C, and -
59.4°C respectively. Again, this is attributed to the nature
of the intermolecular forces of attraction between the
molecules. The relatively weaker hydrogen bonding and Van der
Waals forces cause a further depression in the freezing points

of these solvents.

The ChCl:H,O (l:6)and ChCl:H,O (1:8) DESs thermograms
provide a typical profile. Multiple phase transitions are
observed including crystallization, freezing, and melting.
The effect of free water molecules 1is also observed. 1In
ChCl:H,O (1:6), the melting temperature of ice(Tice) 1S
observed at about 1.5°C with a latent heat of melting of 0.26

J/g. Also, a slushy nonhomogeneous amorphous crystal of ice
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and DES molecules is observed between -64°C and -41°C. This
is typical of very weak interactions between the choline
chloride ions and water molecules. This phenomenon of weak
interaction between the choline chloride ions and water
molecules is also observed in ChCl:H,O0 (1:8) at temperatures
between -81°C and -39°C. It is worth noting that the freezing

temperature (T¢) falls within this phase.
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Figure 3.3h. Comparison of the freezing points determined
obtained through DSC (blue) and conventional (orange)
methods. Though the profiles look similar the DSC data are

slightly elevated.



66

3.2.5 DECOMPOSITION ANALYSIS

The thermal stabilities and decomposition of the DESs were
analyzed wusing DSC and TGA. The thermal stability 1is a
function of the strength of the interactive forces within the
solvent molecules. Strong electrostatic interactions,
hydrogen bonding, and Van der Waals forces imposes high
thermal stability to molecules or compounds. Figures 3.3a and
3.3b represent the DSC thermogram of H,O and ChCl
respectively. The major physical transitions in the water
molecules are observed as endothermic freezing (-3.5°C-4.5°C)
and evaporation at 145°C. The results are expected. The high
pressure within the capped Al pan and surrounding enclosure
of the pans is the cause of the elevated evaporation in water
molecules. The DSC thermogram of the ChCl conspicuously shows
the glass transition of ChCl at onset temperature of 66°C
caused by molecular rearrangement within the ChCl crystal
lattice. The only other transition expressed Dby choline
chloride is decomposition at 302-312°C. Table 3.0 provides
the summary of the physical and chemical transitions of all

studied solvents.

The results of the DSC analysis indicate that thermal
stability of the solvents is directly related to the water
content. This is clearly observed in the ChCl:H,O (1l:1)and

ChCl:H,O (1:2) which decompose at 216°C and 221°C respectively
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compared to the ChCl:H,O (1:8) and ChCl:H,O (1:10) which
dissociate at 107°C and 104°C respectively. The higher the
water content, the weaker the interactions within and between
the water molecules and choline chloride molecules. However,
ChCl:H,O (1:3), ChCl:H,O (1:4), and ChCl:H;O (1l:5) exhibited
relatively high thermal stability due to the already
established strong hydrogen bonding and other intermolecular
forces decomposing at 215°C, 231°C, and 189°C respectively. By
this, the ChCl:H;O (1:4) shows the largest capacity to absorb

heat.

The DSC data 1is supported by the TGA studies (see Figure
3.5). The percent weight loss at a specific temperature was

calculated using the formula below:

i Weightinitiqi—Weight i Fi ,
% Welght loss = INlinitial INlspecific temperature x 100 Equation 3. 1

Weightinitial

The most thermally stable solvents with the least weight loss
as temperature increased were ChCl:H,O (1:3) and ChCl:H,O
(1:4). At 294°C, only 33% of the weight of ChCl:H,O (1:4) was
lost. Also at 234°C, only 26% of the weight of ChCl:H,O (1:3)
was lost. This observation is similar to those made in the
DSC analysis. This confirms spectroscopic analyses that
indicated that the ChCl:H,O0 (1:3) and ChCl:H,O (1:4) solvents
had relatively stronger hydrogen bonding compared to the

other solvents.
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Again, confirming the observations in the DSC analysis,
the higher the water content, the less thermally stable the
solvent was. ChCl:H,O0 (1:6), ChCl:H,O (1:8), and ChCl:H,O
(1:10) solvents are typified by 1large weight loss at
relatively similar or even lower temperatures compared to
ChCl:H,O (1:3) and ChCl:H,O (1:4) solvents. For instance, at
240°C, ChCl:H,O (1:6) 1lost 90% of its weight. Similarly,
ChCl:H,O0 (1:8) and ChCl:H,O (1:10) at 102°C and 107°C
respectively, had already lost 41% and 49% of their total
weight. The loss of weight is as a result of loss of water.
The profile of water loss indicates that free unbonded water
and weakly bound water molecules are first lost followed by

tightly held water molecules (see Figure 3.5).
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Figure 3.4.0. DSC thermogram of pure water determined from
-40°C to 300°C. Onset freezing temperature is ~4.5°C. High
pressure causes liquid-gas phase transition to occur at

higher temperature.
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Figure 3.4.1. DSC thermogram of choline chloride indicating

the glass transition(Tg)at 66°C.



Table 3.0. Summary of TGA decomposition analysis of
ChCl:water DES

Sample Temperature (°C) Weight Loss (%)
Choline C1- 111 3.4

234 19
ChCl:H,O0(1:1)

235 95

221 12.5
ChCl:H,O0(1:2)

224 74

234 26
ChCl:H,O0(1:3)

236 91

107 25
ChCl:H,O (1:4)

294 33

104 29
ChCl:H,O0(1:5)

247 99

107 32
ChC1l:H,O0 (1:6)

240 98

102 41
ChCl:H,O0(1:8)

232 96

107 49

ChCl:H,O0(1:10)
245 99
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Table 3.1. Summary of DSC decomposition analysis of ChCl:Water DES.
Sample Onset DES Freezing  Free Hz0 Ty Choline C1
P dissociation (°C) (°C) loss (°C) (°C) decomposition (°C)
Choline C1- 66 308
H,O 0 145

ChCl:H,O0(1:1) 216 155 312
-59.4

ChC1l:H,0(1:2) 221 172 303
-59.5

ChC1l:H,0(1:3) 215 155 313
-78.3

ChC1l:H,O(1:4) 231 151 289
-78.4

ChC1l:H,0(1:5) 189 148 313
-59.4

ChC1l:H,O(1:0) 172 142 226
-58.9

ChC1:H,0(1:8) 107 66 314
-59

ChC1l:H,0(1:10) 104 78 314
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Figure 3.5. TGA thermogram of all ChCl:H,O DESs. All DESs lost

over 90% of their mass at 250°C except the 1:4 molar ratio.
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Table 3.2. Summary of physicochemical properties of the
Solvents
Sample Conductivity Surface Water Density pH
Tension Content
(mS/cm) (g/cm?)
(dynes/cm) (%)
(1:1) 21.837 81.0 17.2 1.134 6.
(1:2) 25.336 78.8 22.3 1.120 6.
(1:3) 33.485 83.9 27.9 1.107 7.
(1:4) 31.570 83.7 35.5 1.092 7.
(1:5) 31.857 74.6 41.1 1.085 7.
(1:6) 31.799 70.7 46.5 1.082 7.
(1:8) 32.104 70.8 49.3 1.071 7.
(1:10) 31.641 70.4 51.8 1.056 6.
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3.3 SOLVATOCHROMIC ANALYSES

3.3.1 INTRODUCTION

Solvents applications are generally based on the solubility
of the compound of interest in the solvent or the polarity of
the solvent. This is dictated by the chemical properties of
the solvent. Deep eutectic solvents have gained attention in
solvent chemistry due to their unique advantages that have
led them to be considered greener alternative to organic

solvents and ionic liquids.

Solvent-solvent, and solute-solvent interactions are the
underlying principles for solvent activity and functionality.
These interactions are dictated by the intermolecular forces
of attraction including Van der Waals, hydrogen bonding, and
dispersion as well as physical properties such as polarity

and dipole moment104-105,

Solvent selection for chemical processes 1is often
challenging. However, solvent characterization with defined
descriptors greatly aids in overcoming this challenge.
Solvent polarity descriptors are estimated in two major ways,
spectrometric and chromatographicl® ., Abraham et al first
reported the chromatographic method using retention times of
gas-liquid chromatographic datal®’-108 However, the most

common polarity descriptors employ spectrometryl09,
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3.3.2 SOLVATOCHROMISM

Chemical substances respond to various stresses by changing
color. For 1instance, chemical substances can respond to
pressure by color change (piezochromism)!10, temperature by
color change (thermochromism) 11!, pH Dby color change
(halochromism) 112, and polarity by color change

(solvatochromism) 113,

Solvatochromic analysis is a method for studying both bulk
and localized polarity in chemical and biological solventstis.
It is also effective for studying the effects of hydrogen
bonding. The change in polarity leads to a shift in wavelength
of maximum absorbance (Apax) of the chemical probe. Negative
solvatochromism (hypsochromism) corresponds to a blue shift
and positive solvatochromism (bathochromism) corresponds to

a red shift.

Electromagnetic waves within the UV/Vis and near-IR are
often used to explore the interactions of chemically active
probes with solvent molecules. The chemical interactions or
forces exerted on these probes as they interact with solvent
molecules cause changes in polarity of the probes. This change
is observed as either bathochromic or hypsochromic shifts in
the Apax 0f the chemical probes and it is dependant on the

solvent environment around the chemical probe. For instance,
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the solvolysis rate of 2-chloro-2-methylpropane increases by
1x10!1! fold from benzene to waterll?. Also, the IR absorption
band of C=0 stretching shifts by Av=29cm ! from n-heptane to

hexafluoro-2-propanollis-116,

The energy change as a result of the shift in the Apax 1is
calculated and used for the empirical calculation of the

polarity.

3.3.3 SOLVENT DESCRIPTORS

Descriptors characterizing solvents are an important tool for
effective selection of solvents for purposes of chemical
reactions, separations, extractions, and enzyme activation.
These descriptors are used in isolation or in combination.
Examples of solvent descriptors include Hildebrand solubility
parameter, Kovat’s index, Abraham parameters, Hansen

parameters, and Kamlet-Taft parameters.
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3.3.4 HILDEBRAND SOLUBILITY PARAMETER (3x)

According to the Hildebrand solubility parameter, three main

dynamics are involved in the performance of solvent activity.

These are solvent-solvent interactions, solvent-solute
interactions, and solute-solute interactions. These
interactions involve both intra- and intermolecular

attractive forces which must be overcome or formed. The
Hildebrand solubility parameter describes the internal
cohesive energy density between solvent molecules that must
be broken by the solute as it interacts with the solvent. It
is a solvent-solvent descriptor and does not involve the

solute.
The Hildebrand solubility parameter is defined as:

On :/AH_RT Equation 3. 2
Vm

Oy = Hildebrand solubility

AH = Molar heat of vaporization
Vo, = Molar volume

T = Temperature

s}
Il

Ideal gas constant
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3.4 SOLVENT POLARITY AND KAMLET-TAFT PARAMETERS

Electric charge distortion or separation 1in a molecule
induces dipole or multipole moment on the molecule or part of
the molecule. This dipole or multipole induction in a molecule
as a result of charge separation 1s called polarity.
Differences in electronegativity and asymmetry of bonds are
required for molecules to be polar. The main intermolecular
forces of interaction within polar molecules are dipole-

dipole and hydrogen bonding.

Polarity can be studied spectroscopically using organic
compounds called probes that change polarity depending on
their environment. These probes can be used for solvent
polarity studies when irradiated using UV/Vis, IR, or NIR
radiations. The probes provide detailed information on the
chemical nature of the solvation system of a solute, and hence
the solvent. The change in polarity of these probes in
solvents have led to the development of polarity solvent

scales for solvents.

Brooker et al. 1951, first suggested the probable use of
probes for solvent polarity studies!!’”. Thereafter, Kosower
(1958) developed the first extensive solvent polarity

scalell®, Dimroth and Reichardt (1963) developed the E;(30)
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polarity scale using betaine dye as probe. The E¢(30) is
defined as the molar transition energy of the Reichardt’s

dye, measured with a UV/Vigl09, 119-120

ET(30): CVv

0
|

—
||+

N

Figure 3.6.0. 2,6-Diphenyl-4-(2,4,6-triphenylpyridin-1-ium-
1-y1l) phenolate (Reichardt’s dye/betaine 30) used by Dimroth
and Reichardt to develop the E:(30) polarity scale. Er(30)
measures the difference in solvation energies between the

zwitterions.

Several organic compounds have served as probes for
solvent polarity studies. These 1include 1l-alkylpyridinium
saltstls, l-methyl-4-carbomethoxy iodide, l-ethyl-4-
carbomethoxy iodide, 1-methyl-4-cyano iodide, 1l-ethyl-4-

cyano iodide, merocyanines!?!, and ketocyanines!??,
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Kamlet-Taft parameters are solvent-solute interaction
parameters that define solvent systems on three scales of
solvent properties Dbased on hydrogen bond donors and
acceptors. These are the hydrogen-bond donor (HBD)
acidity(a), hydrogen-bond acceptor (HBA) basicity(f), and
dipolarity/polarizability (m*)123-124, The HBD acidity (o)
provides a measure of the potential of the HBD to donate a
proton to a solute. Whiles the HBA basicity (f) measures the
potential to receive a proton from an HBD solutel?5-126  The
polarity/polarizability parameter (m*) indicates the ability
of the solvent to hold a charge due to its dielectric
effectl?®. It is attributable to p-m* and m-o* transitions. It
is worth mentioning, 1in single dominant dipole Dbonds of
nonchlorinated nonprotic solvents, the wvalue of n* 1is
approximately the same as the molecular dipole moment of the

solventlz4, 127,

3.5 METHODOLOGY

Four highly solvatochromic dyes were prepared for the
solvatochromic analysis of all DESs. These were 9-
diethylamino-5-benzo[a] phenoxazinone (Nile red) which has Apax
of 520nm, 4-nitroaniline with Apix of 370 nm, N,N-diethyl-4-
nitroaniline with Apsx 0of 410 nm, and, 2,6-diphenyl-4-(2,4, 6-

triphenylpyridin-1-ium-1-yl) phenolate (Reichardt’s dye)
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with Apax of 580 nm . A 1.25x10%4 M solution each of 4-
nitroaniline and N,N-diethyl-4-nitroaniline were prepared in
methanol. A 4.0x10°32 each of Reichardt’s dye and Nile red were
also prepared in methanol. To each DES in separate wells of
a 96 well plate was pipetted 200 pL of each probe in
triplicates. The solvatochromic shifts were obtained using
Biotek Synergy H1 UV/Vis microplate reader (Winooski, VT).
The samples were scanned between 180 and 720 nm over the

temperature range of 25°C and 50°C at 5°C increments.

CH,
(CH3 NH, kN/\CH:;
O§ 0 Nw
N CH,

N

+ +

_Nx N
0O O 0 §o

A B C

Figure 3.6.1. The three dyes used for the solvatochromic
studies of the solvents. Nile red(A), 4-nitroaniline(B), and

N,N-diethyl-4-nitroaniline (C) .
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3.6 RESULTS AND DISCUSSION
3.6.1 NILE RED Er(NR) AND NORMALIZED E.V

The Nile red molar electronic transition energies (Er (NR)) were

calculated from Plank’s law as modified by Kosower!l® and

Reichardt??®

heVaxNa

= (2.8591 X 1073V, g, (cm™) Equation 3. 3
E;(30)/(kcalmol™t) = — 2221 Equation 3. 4

/1(3)max(nm)

h = Plank’s constant

c = Speed of light

Vinax = Wavenumber

Na = Avogadro’s constant

A(3)nax = Wavelength of maximum absorbance of Reichardt’s dye

The E7(NR) developed by Reichardt and co-authors assumed
trimethylsilane (TMS) as the least polar solvent and water as
the most polar solvent. Consequently, Er(NR) wvalues range
between 30.7 kcal/mol for TMS and 63.1 kcal/mol for water. To
avoid the use of the non-SI unit kcal/mol and use SI units,
normalized E¢(NR) was developed with the same assumptions of
TMS as least polar and water as most polar solvents!?®. The

normalized E;:(NR), E¢N , 1is calculated as follows:
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EN — Er(solvent)—ET(TMS)
T Er(water)—Er(TMS)

Equation 3. 5

__ Er(solvent)—-30.7

Equation 3. 6
32.4

Unlike the Er(NR)scale, E:N scale ranges between 0.00 for TMS

to 1.00 for waterl??,

3.6.2 KAMLET-TAFT PARAMETERS

The Kamlet-Taft parameters o, (3, and n* of the solvents were

calculated through the following equations:

a =0.0649E; — 2.03 — 0.72n* Equation 3. 7

ﬁ _ (1.035v(3)+2.64-V(q)) Equation 3. 8
2.80

m* = 0.314(27.52 — V(2ymax) Equation 3. 9

Where,

o= hydrogen-bond donor acidity

= hydrogen-bond acceptor basicity

n*= dipolarity/polarizability parameter

v(1)= frequency or wavenumber of 4-nitrocaniline

V()= frequency or wavenumber of N,N-diethyl-4-nitroaniline

The o parameter ranges from 0.00 for non-HBD solvents
such as aliphatic and aromatic solvents to 1.96 for

hexafluoro-isopropyl alcohol. The [ parameter ranges from
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0.00 for cyclohexane to 1.00 for hexamethylphosphoric acid
triamide. The dipolarity/polarizability parameter, m*, ranges

from 0.00 for cyclohexane to 1.00 for dimethyl sulfoxidel??.

Figure 3.6.2. Solvents with the dye probes. Violet, light
yellow, yellow, and magenta colors of Nile Red, 4-
nitroaniline, N,N-diethyl-4-nitroaniline, and Reichardt’s

dyes respectively.
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Table 3.3. Summary of the Solvatochromic parameters
determined for all the solvents at 25°C.

SAMPLES Er (NR) EolN o B Im*
ChCl:H,O(1:1) 58.92 0.87 0.93 0.44 0.71
ChCl:H;0(1:2) 59.35 0.88 0.94 0.41 0.72
ChCl:H,O (1:3) 59.78 0.9 0.96 0.39 0.73
ChCl:H,O(1:4) 58.09 0.85 0.84 0.36 0.75
ChCl:H,0(1:5) 60.19 0.91 0.98 0.36 0.75
ChC1l:H,O0(1:6) 58.05 0.84 0.83 0.35 0.75
ChC1l:H,0 (1:8) 59.01 0.87 0.9 0.35 0.75
ChCl:H,0(1:10) 58.89 0.87 0.89 0.36 0.75

The E¢(NR) for all the solvents confirmed the high
polarity of the solvents as expected. The polarity, however,
was lower than that of water. Generally, no significant
difference exists between the solvents in terms of E¢(NR). A
statistical evaluation of the E;(NR) for all solvents at five
different temperatures yielded p-value greater than 0.05. The
Er (NR)values decrease minimally with temperature from 25°C to
40°C. The minimal changes in Er(NR) observed suggests that

choline cations and the chloride anions dominate the
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interactions between solvent and the organic probe. Water
content levels contribute little or no significant effect.
See Figure 3.6.3 for effect of temperature on the

Er (NR)values.

0.89

0.88
—(1:1)
0.87 a2
0.86 (1:3)
0.85 —_—(1:4)
0.84 ——(1:5)
(1:6)

0.83
— (1:8)
0.82 —(1:10)

25 30 35 40 45
TEMPERATURE (°C)
Figure 3.6.3. The effect of temperature on the Er(NR)values
of the solvents. The E;(NR)values decrease minimally with

temperature until at 40°C.

The hydrogen-bond donor acidity (o) values fall halfway within
the o scale of 0.00-1.96. The reported o values range from
0.83 to 0.96. Also, the B and m* values ranged from 0.35-0.44
and 0.71-0.75 respectively. Statistically, the Kamlet-Taft
parameters were not significantly affected by temperature in
all the solvents studied (Figure 3.6.4). However, the B values

decrease with increasing water content while the inverse 1is
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observed in wn*. The measured Kamlet-Taft parameters are

within reported literature range of DESs.
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Figure 3.6.4. The Kamlet-Taft parameters of various ChCl:H,0
solvents. Temperature effect in insignificant in all the

parameters but water content levels affect p and no*
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Figure 3.6.5. Comparison of the Kamlet-Taft parameters of
DESs (red), ionic 1liquids (black), and organic solvents

(green) .

3.7 CONCLUSION

The physicochemical, thermal, and solvatochromic properties
of the ChCl:water solvents were successfully characterized.
The densities of the ChCl:water solvents were higher than
that of water but the higher the water content, the closer
the density was to that of water. Again, the densities of the

solvents directly correlated with their refractive index
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(R2=0.99) but less so with the viscosities (R2= 0.88). The
relatively strong H-bonding in ChCl:water (1:3) and
ChCl:water (1:4) caused them to have elevated viscosities

compared to the other solvents except ChCl:water (1:1).

A freeze-thaw ©process analysis showed that the
thermograms correlated with the measured freezing points of
the solvents. The freeze-thaw profiles of ChCl:water (1:1)
and ChCl:water (1:2) were similar whiles ChCl:water (1:3),
ChCl:water (1:4), and ChCl:water (1:5) had similar profiles.
But ChCl:water (1:6) and ChCl:water (1:8) profiles were

different.

The thermal stability profiles studied through DSC and
TGA indicated that ChCl:water (1l:3)and ChCl:water (1:4) were
the most thermally stable. The two solvents had decomposition
temperatures of 215°C and 231°C respectively. It is worthy to
mention that these two solvents have relatively strong H-
bonding compared to the other solvents. These findings were
also supported by the TGA analysis. The ChCl:water (1:3) and
ChCl:water(1:4) had the lowest weight loss per temperature of

26% at 234°C and 33% at 294°C respectively.

All the solvents are highly polar as indicated by the
Er (NR) and EN results as a result of H-bondingl30-132 and ionic

interaction. The Er(NR) values ranged from 58.05 in
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ChCl:water (1:6) to 60.19 in ChCl:water (1:5). The E{N values
range from 0.87-0.91. The Kamlet-Taft parameters do not
significantly differ among the solvents. However, the
hydrogen bond acceptor basicity (B) and the
dipolarity/polarizability parameter (m*) are affected by
percent water content and temperature, while E¢Y and o are
not. The solvatochromic data for all the solvents are
comparable to literature DESs values as shown in the ternary
plot of o, m, and B for organic solvents, ionic ligquids, and

DES (Figure 3.6.5).
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CHAPTER FOUR
MOLECULAR DYNAMICS SIMULATIONS

4.0 INTRODUCTION

Molecular dynamics simulations (MDS)involve the wuse of
quantum chemistry to study the molecular dynamics and intra-
and intermolecular conformational rearrangements of atoms
within a molecule as the molecule interacts with the
environmentl!33., MDS provide a cheaper, effective, time-saving,
and accurate mode for atomic and molecular studies to inquire
and predict behavior of molecules!33. MDS employing quantum
chemistry provide better understanding of the nature of
bonding, forces involved, and electron density shifts in a
molecular reaction system!34-135, MDS have been applied to
various fields including drug discovery, theorical chemistry,
solute-solvent systems, protein studies, and membrane

studiesgl3®e-139,

An important component for the development of a green
solvent alternative to conventional organic solvents and
ionic liquids is the elimination of waste by-products or
attainment of 100% atom economy3/®. More importantly, the
underlying molecular basis for such solvents should be
properly understood. Despite increased interest, the

fundamental molecular basis of their formation and
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interactions of DESs are yet to be fully understood. The
general assertion of hydrogen bonding being solely the main

cause of formation of DESs have come under scrutiny?i34, 140,

Charge transfer analyses have called into question the source
of the H-bonding and nature of the interactions or forces
within DESs systems!4®. Indeed, Kempter et al. cautions the
oversimplification, generalization, and attribution of the
interactive forces within imidazolium ionic 1liquids and

DESst4t.

Force field studies and density functional theory (DFT)
are powerful tools that have provided better understanding
and insight into several chemical phenomenon such as ionic
liquid formation and interactions between proteins. The
application to DESs 1is still in the nascent stage with the
first report occurring in 2014142-143  Garcia et al. (2015), in
a study employing DFT and AIM and involving ChCl:urea (1:2),
ChCl:glycerol (1:2), ChCl:glycerol (1:3), and ChCl:malonic
acid (1:1) suggested that charge delocalization due to
hydrogen bonding causes low electron density which in turn
leads to low melting points observed in DESs!44., However, Zahn
et al. (2016) raise gquestions about this suggestion!4®. Again,
in a recent study by Ashworth et al. (2016), the choline

chloride and wurea are said to form multiple complexes
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involving choline and urea and wurea and chloride. This
challenges the commonly held assertion that chloride anion
and urea form the H-bonds that is known to be the major force
of interaction underpinning DES formation. There is therefore
a need for further studies into the molecular basis of DES

formation.

Aqueous choline chloride DES is a very good model for
studying the molecular mechanisms of DES formation. The small
size of the HBD, water, has strong intermolecular hydrogen
bonds. The small size of the HBD should amplify the hydrogen
bonds between the HBD and HBA due to the short distance
between them, 1if any existed. Also, the strength of the H-
bond should follow a predictable pattern as the HBD ratio
increases. Again, this pattern should confirm other measured
properties such as thermal analyses. The pattern, if
established, could lead to the predictability of the molar
ratios of HBD and HBA needed to form the DES. This avoids the
current trial-and-error method used in DESs discovery and
formulation which consumes more chemicals. The aim of this
part of the research was to understand and predict the effect

of hydrogen bonding in the formation of agqueous choline chloride

deep eutectic solvents using molecular dynamic simulations.
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4.1 DENSITY FUNCTIONAL THEORY (DFT)

Density functional theory provides computational description
of the ground state properties or electronic structure using
electron density. DFT is used for the description of spin
polarized systems, multicomponent systems such as nuclei and
electron hole droplets, free energy at finite temperature,
time-dependent phenomena and excited states, bosons, and

molecular dynamicsl35, 145-146

The central basis of DFT is to describe a system based on the
electron density (p) rather than the wavefunction (¢). This
reduces the load of calculations that have to be done and
therefore time. The solution to the Schrodinger equation,
whether time-dependent or time-independent, for a system with
N electrons calculated via wavefunctions have 3N variables
while DFT has only 3 variables. The other advantage of DFT is
that 1t provides information on other chemical properties
such as electronegativity (chemical potential), hardness or
softness, and Fukui function (describes p in frontier orbital

with small change in total electrons)l46-147,
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4.1.1 DEFINITIONS IN DFT
In a simple time-independent Hamiltonian, the Schrodinger

equation for the wavefunctions is given as;

W N o2 N N .
o 2i-1 Vi X V() + Zi—12j<iU(ri'7}')]¢ =Ey Equation 4. 1

m= mass of electron

h= Reduced Planck’s constant
N= Number of electrons

r= Position vector

i and j= imaginary units

V= Potential energy

The first term is the kinetic energy. The second term
refers to interaction energy between each electron and the
collection of nuclei. The third term refers to interaction

energy between different electrons.

However, in DFT, two fundamental principles underpin the
equations. First, the ground-state energy from the
Schrodinger equation is a unique functional of the electron
density. Secondly, the electron density that minimizes the
energy of the overall functional is the true electron density
corresponding to the full solution of the Schrodinger

equation. It is worth noting that the wavefunction is not
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real but complex, unlike the electron density which 1is

observable. The electron density is described as

n(r) =2y (MY;(r) Equation 4. 2

The DFT expression or Kohn-Sham (K-S) equation is given as

[L72 V() + V@) + V@] () = ey () Equation 4. 3

The three variables describing the electron density are V,

VH, and VXC .

V= the potential energy that describes the interaction

between an electron and the collection of atomic nuclei

Vy (Hartree potential)= describes the coulomb repulsion
between the electron under consideration in the K-S equation
and 1itself, and the total electron density defined by all

electrons in the problem.

Vg 1s mathematically expressed as

_ 200" 43, ,
Vy(r) =e fﬂ;ﬁd T Equation 4. 4
Vxc= exchange and correlation contribution to the single

electron equation. It is a functional derivative of the

exchange correlation energy.
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V}COO::§§§%2 Equation 4. 5

4.1.2 THE HYDROGEN BOND

The hydrogen bond is an intermolecular force of attraction
lesser 1in strength to ionic and covalent bonds and yet
stronger than Van der Waals and London forces. In quantum
chemistry, the hydrogen bond is described to be an inherent
property of matter itself resulting from nonlinear coupling
of quantified energy levels and electromagnetic fieldl!4s.
However, the IUPAC defines the hydrogen bond as an attractive
interaction between the hydrogen atom from a molecule or a
fragment of it in which the hydrogen is attached to a more
electronegative atom, and an atom or group of atoms in a
molecule in which evidence of a bond formation is observed!“?.
Representatively, the hydrogen Dbond can be described as
X—H---Y—7 where X—H 1is the hydrogen bond donor and Y is the

hydrogen bond acceptor.

The hydrogen bond may include electrostatic forces,
charge transfer between the HBD and HBA, as well as dispersion
forces!s0. The H---Y bond strength increases with
electronegativity of X. The interaction energy correlates

with the extent of charge transfer. Therefore, charge
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transfer analyses via DFT can be used to determine the

formation and strength of hydrogen bonds.

4.1.3 CHARGE TRANSFER ANALYSIS (CTA)

Charge transfer analysis in DFT involves arbitrary assignment
of charges to nuclei or bond orders by partitioning their
wavefunctions or electron density. The assigned charges
provide a better understanding of the electron density
distribution as they relate to the proximity of the electrons
to the nucleus at a particular timel®l. For instance, the
charges provide an effective way of predicting molecular
interactions such as sites that are amenable to nucleophilic
or electrophilic attack!®?. More importantly, these partial
charges correspond very well with the nature and direction of
bonds (ionic, covalent or hydrogen bonds) as well as their

polarityl?3.

The proximity of atoms, group of atoms, or a molecule to
another during bond formation or breaking distorts the
electron cloud density around the atom or group of atoms thus
affecting the partial charges assigned to them. These changes
in charges 1is what is analyzed via population analysis to

predict the nature of bonds, bond type, polarity, etcldl.
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The distortion in the electron density distribution is
quantified in energy terms as the interaction energy. The
interaction energy provides useful information on the nature
of the interaction or bond. In this research, the CTA and
population analysis conducted are Hirschfeld and Voronoi’s
deformation density and are used to better understand the
nature and directions of interactions within the choline
Cl:water DES. These two methods have the advantage of being

independent of the basis set.

4.2 COSMO-RS

The chemical potentials, free energies, dominant forces,
solubility, and other thermodynamic parameters of fluids are
very relevant to solvent characterization and applications.
Conductor-like screening model for realistic solvents (COSMO-
RS) is a thermodynamic computation method for fluid
systems!®¥., COSMO-RS forms part of the dielectric continuum
solvation models but employs both DFT and statistical

thermodynamics and considers solvent effectsl®s.

COSMO-RS works by applying statistical thermodynamics to
the interacting surfaces of the solvent molecules calculated
from their screening charge densities to develop a sigma (o) -
profile of the solvent!®. The o-profile indicates the amount

of surface area p(o) as a function of the polarization charge
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density (o). The molecular interactions account for in COSMO-
RS computations include Van der Waals forces, electrostatic
interactions, and hydrogen bonding. Therefore, the
contributions or effects of each of these interactions can be

isoclated and evaluated!5s,

COSMO-RS computations lead to an accurate estimation of
solubility parameters such as LogP or K.,, pKa, solvation free
energies, Henry’s law constant, vapor pressures, boiling
points, vapor-liquid phase diagrams, and binary and ternary

mixture (VLE/LLE and SLE) 156,

4.2.1 METHODOLOGY

The quantum mechanics/quantum chemistry software was used for
the molecular dynamic simulations. These were Amsterdam
density  function (ADF) by SCM (Amsterdam, Holland),
CosmothermX and TmoleX by COSMOlogic Predicting Solutions

(Leverkusen, Germany) .

All calculations were ab initio. Structural
optimizations using ADF were obtained with MOPAC2012.12.237
with PM7-TS method. The basis function applied was XC-GGA
Becke-Pardew with ZORA relativistic scalar. The nuclear
charge densities were calculated wusing the point-charge
nuclei model. The optimized structures were used to develop

Cosmo files wusing Klamt 2005 model. All hydrogen-bond
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profiles were obtained from the Cosmo files calculated using
ADF. Hirschfeld and Voronoi deformation charge transfer
analyses were calculated using ADF under the above

conditions.

CosmothermX version 17.0.2 was used for o-profile and o-
potentials calculations under BP-TzVP C30 1701
parameterization. TmoleX version 4.2.1 was used for
structural optimization using MOPAC2012 prior to generation
of COSMO-RS files. All calculations were done at room

temperature.

4.3 RESULTS AND DISCUSSIONS
4.3.1 EQUATIONS AND CALCULATIONS

Van der Waals forces were computed using the expression;

E;de =Y Tel(a) A or
Evaw = aeff(Tvdw + T{;dw) Equation 4. 6
where,

o= general constant
Az ora,pr = effective contact area
1= element-specific coefficient for dispersion

For unlike segment pairs, the electrostatic energy is given

by;
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— 2 .
AEmisfit - acontactcmisfit(a + OJ) Equation 4. 7

Where,
(60 + ¢') = net charge
Qcontact = Surface segment contact area
Cmisfit = coefficient from electrostatics
The hydrogen-bond interaction energy is computed as;

AEyp = acontactCapmin(0,00’ — 0133) Equation 4. 8

AEyp = Hydrogen bond interaction energy
Acontact = Surface segment contact area

oyg= Polarization charge density threshold for hydrogen

bond

oco'= correction for hydrogen bond (it ensures that

hydrogen bond term increases with polarity of the HBD and

HBA)

cyp= 1interaction strength coefficient

* Only contributions from sufficiently polar segments pairs

contribute to the H-bond
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For a solute X in solvents, the chemical potential of solute

X in solvent S is calculated as

p¥ = [ dop*(0)us(0) + RTIN(xYEmp.s) Equation 4. 9

where,

u¥ = Chemical potential of solute X

Us(0)= polarization charge density of solvent
Ylomps = combinatorial activity coefficient

x = molar fraction of solute X

p*(c) = o-profile of X

The sigma(c)- profile of a mixture is given as the additive

of the pure mixtures;

i
I%(U)::ZiﬁBLEQ Equation 4. 10

xiAxi

Activity coefficient of a segment is given as;

_ !
M}] Equation 4. 11

RT

tnyy(0) = ~In | o py (@)s(") x exp |

The combined activity coefficient is given by:

Inyiss =0 B, Pi (@) [In¥5(0) = Iy (03)] + Viomp.s Equation 4. 12
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Iny,(0,,) = segment activity coefficient of s

Iny;(0,,) = segment activity coefficient of i
V&mms = combinatorial activity coefficient
p(o,,) = sigma profile of the mixture

4.3.2 STRUCTURAL OPTIMIZATION

The structures of choline chloride, water, and all the
solvents were optimized using MOPAC2012. The hydrogen-bonding
distance were automatically generated ab initio for
equivalency. The red-colored surface charge densities
indicate high electronegativity whiles the Dblue color
represents electropositive atoms or groups. The neutral

groups are depicted in the green shade.
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Figure 4.0. The optimized structures and o-surface potentials
of choline chloride (Al and A2)and water molecule (Bl and B2).
The dashed lines represent hydrogen bonding occurring between
the chloride anion and adjacent hydrogen atoms within choline
chloride. [C (green), H (white), O (red), N (blue) and Cl-

(yellow) ].
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Figure 4.1. The optimized structures and o-surface potentials
of ChCl:H,0(1:3) (Cl and C2)and ChCl:H,O(1:4) (D1 and D2). The
dashed lines represent hydrogen bonding occurring between the

chloride anion and hydrogen atoms of water.
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4.3.3 o-PROFILES AND o-POTENTIALS
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Figure 4.2. o-Profile of ChCl and ChCl:water solvents

The o-profile represents the probability distribution of
the surface charges, or screening charge densities of all the
components of the solvent mixture or molecule. The
electronegative groups represent the positive side of the
plot as they serve as counter ions or charges for the
electropositive groups which are represented as negative

charges on the plot.

The o-profile of all the solvents and choline chloride
ranges between -0.02 to +0.02 (see Figure 4.2). The
asymmetrical choline <chloride o-profile has four maxima

corresponding to, from right, the gaussian chloride ion at
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+0.017 e/Nm?, the almost neutral hydrogen atoms on carbons 1
and 2, the partially positive nine hydrogen atoms of the three
methyls on the nitrogen, and the positive charge of the
nitrogen at -0.017 e/Nm?. Also, the o-profile shows that the
positive charge on the nitrogen is spread around the methyl
groups. The maxima for the lone pair of electrons on the

oxygen in the hydroxyl group is seen at +0.011 e/Nm2.

As the ratio of water molecules increase, the screening
charge on the chloride ion reduces and 1t becomes more
positive. This 1s significant Dbecause reduction in the
surface charges of the chloride ion is spread towards the
neutral region. This should lead to increase in the affinity
of the solvent molecules for each other, and hence increase
in surface tension. Also, increased surface tension should
enhance hydrogen bonding in between the molecules. This
explains why ChCl:H,O0(1:3) and ChCl:H,O(1:4) have the highest
surface tension (see Table 3.1). It also suggests that the

polarity minimally decreases as the water ratio increases.

The o-potential describes the affinity of a solvent for
a molecular surface of o polarity!®’. Again, the hydrogen bond
threshold (ous) is 0.008 e/Al57-158_, As seen in Figure 4.3, the
room temperature o-potentials of the solvents and choline

chloride are parabolic and indicate significant affinity for
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hydrogen-bonding interaction. Thus, the o-potentials confirm
the polarity of the solvents as polar. Both the HBA (positive
region) and HBD (negative region) profiles show affinity for
HBD and HBA molecular-surface charges. However, the hydrogen-
bond affinity of ChCl:H,O (l:1)and ChCl:H,O (1:2) indicate a
strong effect of the electronegative chloride anion and
similarities in the hydrogen bonding profiles as their
surface screening charges profiles overlap. This is indicated
by the overlapping of their screening charge profiles,
cutting the positive and negative scales at 0.017 e/A and
-0.013 e/A respectively. Similarly, the o-potentials of
ChCl:H,O (1:3) and ChCl:H,O (1:4) are almost the same but with
reduced effect of the chloride anion. The two solvents
intercept the positive scale at 0.015 e/A and on the negative

scale at -0.012 e/A.
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4.3.4 FORCES OF INTERACTIONS WITHIN DES SOLVENTS
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Figure 4.4. The hydrogen bonding profile within H,O0, ChCl and
the ChCl:H;0 solvents. This is representative of the strength

of hydrogen bonds.



111

The forces of interaction contributed by hydrogen bonding is
seen 1in Figure 4.4. Figure 4.4 indicates that, except in
choline chloride and water molecules, hydrogen bonding
constitutes about a third of the forces of interactions within
each solvent. Comparison of Figures 4.2, 4.4, and 4.5 shows
that the contribution of the HBD and HBA to hydrogen bonding
differs in the ChCl:H,O (1:3) and ChCl:H,O (1:4) solvents than
the other solvents. This may be due to greater charge
delocalization around the hydrogen atoms of the water
molecules (HBD) from the chloride anion (HBA). If this is so,
then the partial charges of hydrogen atoms in the HBD within
the ChCl:H,O (1:3) and ChCl:H,O (1:4) solvent systems should
be more positive. Charge transfer analysis should confirm

this suggestion.

Confirming the observation 1in the o-potentials, the
hydrogen bonding and the nonhydrogen bonding forces within
the ChCl:H,O (1:3) and ChCl:H,O (1:4) are almost the same. The
hydrogen bonding profiles of ChCl:H,0 (1:1) and H,O are the
same. Therefore, at 1:1 ChCl:H,O ratio, the group contribution
of the H,O HBD appears to be negligible in respect to hydrogen
bonding donation. Weak van der Waals and electrostatic forces
are the dominant interactive forces within the solvent

systems.
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Figure 4.5. The o-profile of all other forces within ChCl,
H,O and the ChCl:H,0 solvent systems. The profile suggests
that electrostatic forces, Van der Waals, and other weak

forces are the dominant forces with the solvents formulated.

4.3.5 CHARGE TRANSFER ANALYSIS

Charge delocalization has been suggested to be the
underpinning cause of DES formation and their
characteristically low melting points?®®. Abbot et al. (2003),
first suggested charge spreading of negative charges from
halides to the HBD in a study involving choline fluoride and
ureald. Abbot observed a strong cross-correlation between the
fluoride anion and the amino (-NH;) group of urea in a HOESY-

NMR spectrum. Similar cross-correlation was observed when the
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F~ was substituted with Cl-. As a result, charge spreading and
charge transfer analysis continue to be used as one of the
basis for explaining DES formation and their associated

physical and chemical properties.

4.3.5.1 HIRSHFELD PARTIAL CHARGE ANALYSIS

Figure 4.6. Optimized structure of Choline chloride with
the carbons numbered

Ga =24 — fPA(T)dr Equation 4. 13
gds = Charge of atom A
Z, = Atomic number of atom A

pa(r) = Electron density of atom A



Table 4.1. Hirshfeld partial charges for
the ChCl:H,O solvents.

The five carbon

chloride, and oxygen are presented.
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choline chloride and
atoms and nitrogen,

SOLVENTS
ATOM ChCl 1:1 1:2 1:3 1:4
Cl -0.6044 -0.525 -0.514 -0.42 -0.437
N 0.096 0.097 0.097 0.098 0.097
) -0.219 -0.214 -0.219 -0.224 -0.218
C5 0.01 0.005 0.012 0.005 0.012
c4 -0.015 -0.008 -0.01 -0.008 -0.01
C3 -0.034 -0.034 -0.033 -0.032 -0.033
c2 -0.042 -0.04 -0.046 -0.046 -0.047
Cl1 -0.041 -0.038 -0.043 -0.036 -0.044
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Table 4.2. Hirshfeld partial charges of the water molecules
in the ChCl:H,O solvents.

SOLVENTS
ATOM 1:1 1:2 1:3 1:4
o -0.332 -0.27 -0.333 -0.226
H 0.054 0.063 0.066 0.098
H 0.144 0.166 0.148 0.18
o -0.311 -0.269 -0.336
H 0.085 0.067 0.068
H 0.151 0.168 0.096
o) -0.306 -0.307
H 0.086 0.091
H 0.152 0.155
o -0.258
H 0.173
H 0.066

The Hirshfeld population charge analysis indicates that
the charge on the Cl- anion reduces from -0.644 in choline
chloride to -0.42 (see Table 4.1). More importantly, charge
spreading from the Cl- anion 1is greatest in ChCl:H,O (1:3)
followed by ChCl:H,O (1:4). This charge spreading from the
Cl- supports delocalization but more onto the choline backbone

than the HBD hydrogen atoms. Therefore, this enforces or
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supports the suggestion by Zahn et al. (2016) that charge
delocalization between the halide anions and HBD may not
solely be the reason for the characteristic low melting points

in DESs.

The central positive charge on the quaternary nitrogen
suffers no effect from the charge spreading from the Cl- ion.
Indeed, the charge wvariation on the N*f is minimal and
insignificant between +0.096 and +0.098, though the largest
charge was observed in ChC1l:H,O (1:3). Again, the carbons
closer to the Cl- observe the largest charge spreading in
ChCl:H,O (1:3) than the rest of the solvents (see Table 4.1).
In Cl, C2 and C3 of the solvents, the Cl and C3 appears to be
proximally closer to the Cl- than the C2. Thus, these two
carbons express more variation in their charge. A similar
trend is seen in the hydroxyl oxygen in choline chloride. The
most significant charge spreading is observed in ChC1l:H,0

(1:3).

Also, analysis of the charge spreading in HBD indicates
that, when equivalent HBD hydrogen atoms are observed, the
ChC1l:H,0(1:3) again expresses the largest charge spreading.
Based on the above observations, it can be confirmed that the

deep eutectic composition is the ChCl:H,O0(1:3).



117

4.3.5.2 VORONOI DEFORMATION DENSITY (VDD) ANALYSIS

Qa =~ Jyoronoi cetrof AP) = X pp(r)) dr Equation 4.14
Q4 = VDD charge

p(r) = electron density of molecule

pp(r) = atomic density of atom B of promolecule

The Voronoi deformation density redistributions (AQ) of
the wvarious solvents were calculated using VDD of choline
chloride as base reference (see Tables 4.3 and 4.4). VDD
provides information on the direction of flow of charge and
hence bond formation. A positive AQ (AQ>0)indicates charge
flow out of the atom/bond whiles AQ<O indicates charge flow

into atom/bond.
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Table 4.3. Voronoi deformation density charges for choline
chloride and the ChCl:H,O solvents. The five carbon atoms
and nitrogen, chloride, and oxygen are presented.

SOLVENTS
ATOM
ChC1l 1:1 1:2 1:3 1:4
Cl -0.674 -0.564 -0.554 -0.472 -0.483
N 0.054 0.054 0.056 0.056 0.055
) -0.252 -0.246 -0.252 -0.255 -0.251
C5 0.001 0 0 -0.004 0.001
c4 -0.031 -0.024 -0.03 -0.028 -0.03
C3 -0.036 -0.037 -0.036 -0.033 -0.035
c2 -0.037 -0.036 -0.038 -0.036 -0.039
Cl -0.034 -0.035 -0.037 -0.033 -0.036

From Table 4.4, the main direction and flow of charge is from
the Cl- ion. All other atoms express insignificant AQ out of
or into the atom. This finding supports the findings of Abbot
et al. (2003) that charge flow from the halide ion induces

charge delocalization leading to hydrogen bonding.
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Table 4.4. Voronoi deformation density electronic
redistribution (AQ)in millielectrons of ChCl:H,0O solvents

VDD ELECTRONIC REDISTRIBUTION (AQ) /me

ATOM 1:1 1:2 1:3 1:4
Cl 110 120 202 191
N 0 2 2 1
) 6 0 -3 1
C5 -1 -1 -5 0
c4 7 1 3 1
C3 -1 0 3 1
c2 1 -1 1 -2
Cl -1 -3 1 -2

4.4 CONCLUSION

The main aims of the molecular dynamic simulation using
density functional theory (DFT) were to establish the
possibility of predicting the ratio of constituent compounds
that would form DES and to understand the molecular basis of
DES formation. When successful, it will do away with the
laborious and wasteful way of preparing DES. Also, the
objective was to optimize the structures of ChCl:H,0 solvents,
develop Cosmo files for each solvent, and carrying out charge
transfer analysis to establish whether the simulation results

would confirm the experimental results.
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Based on the data obtained, the structures of all the
solvents were successfully optimized and Cosmo files
successfully developed for each solvent. The charge transfer
analysis confirmed that the eutectic ratio of choline
chloride and water is 1:3 as determined experimentally. The
results also showed that charge spreading or charge
delocalization occurs during the formation of DESs. This
charge transfer predominantly emanates from the Cl- ion and
that the spreading is bidirectional. However, most of the
charge 1s spread over the choline cation backbone and a

minority onto the HRBD.

The mechanism of the formation of DES per the molecular

dynamic simulations appears as follows:

i. Upon contact with the water HBD molecules, charge from

the Cl- counter anions spreads onto the choline cation

backbone.

ii. The charge spreading weakens the charge density on the
Cl- ions.

iii. This causes the Cl- ions to form weak interactions with

the hydrogen atoms of the HBD
iv. These interactions between the Cl- ions and the H atoms
of the HBD lead to the formation of weak hydrogen

bonding.
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V. The sum of these interactions are, however, stronger
than the sum of hydrogen bonding within water molecules.
Hence, the solvent(DES) so formed exhibit very low

freezing and melting points.

It 1is dimportant to add that other weaker interactions,
especially, Van der Waals forces may also be contributing to

the interactions between the HBA and HBD in DESs.

The above information obtained from the simulation, it
suggests that molecular dynamic simulations and DFT is a good

predictive tool for the formulation of DESs.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
The main aim of this work was to explore the use water
molecules as the sole hydrogen bond donor (HBD) in the
formulation of DES and to investigate the molecular basis of
DES formation via molecular dynamic simulation. A set of eight
solvents were prepared/formulated using choline chloride as
quaternary ammonium salt (QAS) and water as HBD at varying

molar ratio of water.

The solvents were subjected to physical and chemical
characterization to define the eutectic point, as well as
confirm the eutectic composition. The eutectic composition
was defined as the solvent or formulation with the lowest
melting or freezing point (eutectic point). All solvents
recorded steep depression in their freezing point relative to
the individual constituents. However, the ChCl:H,O (1:3)
reported the lowest freezing point. Hence, ChCl:H,O (1:3)
formulation was identified as the eutectic composition with

eutectic point of -84.7°C.

The characteristic low freezing and melting points
observed in DES is suggestively attributed to hydrogen bond
formation between the constituent groups. If this suggestion

is true, then the eutectic composition should exhibit high
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thermal stability characterized by high boiling and
decomposition temperatures. Again, the strength of the
hydrogen bonds within the eutectic composition should be
relatively stronger compared to the other solvents. Thus,
thermal stability studies were conducted via DSC and TGA on
all the solvents. Also, the hydrogen bonding was studied

spectroscopically via NMR, FTIR, and Raman.

The spectroscopic analysis indicated a weak downfield
shift in the NMR spectra characteristic of hydrogen bond
formation. Also, X-H stretching associated with hydrogen bond
was observed in the lower energy regions of the FTIR spectra.
Similar observation was made in the Raman spectra. Therefore,
spectroscopic analyses of the solvents indicated the
formation of hydrogen bonding other than the intramolecular
hydrogen bonding within water molecules. The DFT simulation
confirmed that the hydrogen bonding formed in the solvents,
though weaker, were stronger than the hydrogen-bonding
profile observed within water molecules. Again, the ChCl:H;0
1:3 and ChCl:H;O 1:4 were observed to possess relatively

stronger hydrogen bonding than the other solvents.

The thermal stability studies involving DSC and TGA
supported the earlier physicochemical observations in that

the solvents thermal stability correlated with the observed
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trend in hydrogen-bond strength. Thus, the ChCl:H,O0 1:3 and
ChCl:H,O 1:4 were found to be more thermally stable, high
boiling points, and decomposition temperatures compared to

the other solvents.

Viscosity and surface tension analyses also conformed to
the effect of hydrogen bonding. As the hydrogen bond strength
increased, the viscosity and surface tension also increased.
Thus, the solvents with relatively strong hydrogen bond had
relatively high viscosity and surface tension compared to the

other solvents.

DFT simulation were performed via COSMO-RS to probe the
underlying molecular basis of the behavior of DESs. This 1is
particularly important as debate continues on the molecular
basis for the behavior of DESs. Sigma profiles, chemical
potentials and hydrogen-bond profiles as well as nonhydrogen
bond profiles were simulated. Also, to explore further the
nature of the interactions, charge transfer analyses were
also conducted. Hirshfeld partial charges and Voronoi’s
deformation density charges formed the basis of the charge

transfer analyses.

The Sigma, chemical potentials and hydrogen bond profiles
of ChCl:H,O 1:3 and ChCl:H,O0 1:4 were significantly higher

than the rest of the solvents with their profiles almost
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overlapping. The profiles confirm ChCl:H,O 1:3 and ChC1l:H,O
1:4 to have relatively stronger hydrogen bonds. Again, the
results from the charge transfer analyses suggested charge
spreading across the entire organic backbone of choline
cation. Also, the charge transfer across the HBD was
insignificant compared to that across the organic backbone of

choline cation. This is irrespective of the ratio of the HBD.

However, and probably more significant, charge flow
analysis from the Voronoi’s deformation density indicates
that the charge spreading emanates from the chloride anion in
the choline chloride. Also, the strength of the charge from
the chloride anion is akin to weak hydrogen bonds and probably
Van der Waals forces. Therefore, it is apparent that charge
transfer or spreading occurs in the DESs formation, that the
charge emanates from the halide ion, and the strength of the
charge spreading i1is akin to hydrogen bonding. Therefore,
hydrogen bonding plays a significant role in DES formation
but other weaker interactions such as VDW forces may be
involved. DFT, wvia COSMO-RS, could be used to initially
predict the eutectic composition of binary DES solvents or
possibly ternary DES solvents. Further studies will ascertain

this.
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Further work 1is required in the application of aqueous
choline chloride DESs especially 1in the areas of cryo-
reactions, sample preservation, pharmaceutical formulations,
and biocatalysis. The quest to understand the fundamental
basis of the interactions between HBDs and HBDs during DES

formation require further studies.
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