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General Introduction

The rapid growth of human civilization and industry over the past century has resulted
in negative impacts on the environment due to excessive pollution and energy usage (Clarke
et al., 2018). Solutions to these undeniable impacts are of paramount importance as means to
reduce their effects on the planet. One of the leading origins of pollution is the excessive
consumption of solvents in the chemical industry that are harmful and hazardous, hence being
unsustainable (Clarke et al., 2018; Pollet et al., 2014). Conventionally, chemical processes
rely on a disproportionate amount of organic solvents for several applications, which include:
separation and purification, extraction, solvation, etc. (Clarke et al., 2018). Previous studies
have estimated that these conventional organic solvents account for approximately eighty
percent (80 %) of the total amount of chemicals utilized in generic processes (Anastas &
Kirchhoff, 2002). Even though organic solvents have numerous advantages, they still have
several unsustainable drawbacks that include high volatility, toxicity, flammability, and their
inherent non-biodegradable nature, which pose risks to both environment and human health
(Clarke et al., 2018; Francisco et al., 2013). In this sense, investigations and developments
focusing on the design of new green and sustainable solvents became a hot research topic
(Clarke et al., 2018; Pollet et al., 2014). They include the application of “designer solvents”
like ionic liquids (ILs) (Petkovic et al., 2011) and, more recently, deep eutectic solvents
(DESs) (Abbott et al., 2003; Smith et al., 2014).

ILs are generally defined as salts consisting of organic cations and anions having a
freezing point below 100 °C. In contrast, as with any relatively young field, a clear definition
of DESs has not been settled on in the literature as of yet (Martins et al., 2019; Van Osch et
al., 2020). According to MARTINS et al., “a ‘deep eutectic solvent’ is a mixture of two or more
pure compounds for which the eutectic point is below that of an ideal liquid mixture,
presenting significant negative deviations from ideality (Martins et al., 2019). Additionally,
the temperature depression should be such that the mixture is liquid at the operating
temperature for a specific molar composition. DESs are generally described as a mixture of a
hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD), and their formation
occurs via a combination of entropy of mixing, VAN DER WAALS’ interactions, and hydrogen
bonding (Abbott et al., 2003; Smith et al.,, 2014). DESs possess several advantageous
characteristics over conventional solvents, which have been extensively reported in the
literature that include their simple synthesis, biodegradability, low volatility, and high
tunability (Smith et al., 2014). In fact, their high tunability enables the preparation of natural
eutectic solvents (NADESS) (Liu et al., 2018; Vanda et al., 2018), which can be prepared by

simply mixing natural constituents together, such as sugars, organic acids, amino acids, or
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choline derivatives. It has been estimated that the cost of preparing a NADES is generally
about 80% lower than that of a typical IL (Gorke et al., 2010; Xu et al., 2016).

The characteristics of DESs which define their application field depend not only on the
choice of their constituents, but also on their synergetic mixing effects (Hayyan et al., 2013,
2015; Mbous et al., 2017). Since their inception in 2003, DESs have been effectively explored
in numerous fields that include separation (Hatab et al., 2020; Lemaoui et al., 2021; Warrag,
Darwish, Abuhatab, et al., 2020; Warrag, Darwish, Adeyemi, et al., 2020), catalysis (Sapir et
al., 2016), electrochemistry (Lemaoui et al., 2020), biochemistry (Patzold et al., 2019), and
polymer chemistry (Jablonsky et al., 2019). However, originally, DES studies were focused
only on hydrophilic DESs (Smith et al., 2014; Zhang et al., 2012). Nonetheless, a novel type
of DESs coined as Hydrophobic DESs (HESS) has recently been discovered by VAN OscH et
al. in 2015 enabling the use of these novel solvents in a variety of new applications (Van
Osch et al., 2015; Dwamena, 2019; van Osch et al., 2020).

There are many potential applications of DESs, for example, they can be used in the
electrochemical treatment of metals, as reaction media for various industrial processes,
biochemical processes, drug delivery, etc. Since DESs serve as an environmentally friendly
alternative to organic solvents, their field of applications can be potentially further enlarged in
the next years. Figure 1 bellow shows the publication numbers by a percentage in each
research field from Scopus.

Chemistry

[ Chemical Engineering
Materials Science
[ | Environmental Science
| |Energy
[ Biochemistry
I Pharmaceutics

5.7% l: Others

7.2% 6.8%

30.3%

Figure 1. The publication number by percentage in each research field (Roda et al., 2019).
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In polymer technology, the role of DESs can be summarized in two main ways: the DES
functions as an inert solvent without influencing the conversion of the monomer to a polymer,
but instead, affecting the kinetics of conversion, and one of the DES constituents can
polymerize with an external monomer, while the other constituent role is to act as an additive
enhancing a specific property of the resulting polymer. Hence, the use of DESs may provide
flexibility to the polymer as they can essentially be utilized as monomers (Mota-Morales et
al., 2018), additives/modifiers (Jablonsky et al., 2019), synthesis media (Stefanovic et al.,
2019), and synthesis initiators (Garcia-Arguelles et al., 2015).

Despite the recent birth of DESs, their application in green polymer chemistry is
developing at a fast pace (Jablonsky et al., 2019; Roda et al., 2019). Details on the utilization
of DESs in polymer technology are reported in the literature (Jablonsky et al., 2019).

In this framework, the present study attempts to numerically study the feasibility of
developing an antibacterial floor coating film for food trays made of benzalkonium salt-filled
biodegradable polyester. The synthesis modelled is supposed to occur in a DES that plays not
only the role of green medium and catalyst for the polymerization process, but also provides
the antibacterial filler through the HBA moiety, and the second monomer for the polyester
through the HBD part.

Since the use of DESs is recent in polymer technology, making them not well known,
the first chapter of the present manuscript was dedicated to fundamentals on DESs. Followed
by a second chapter in which polycondensation and DES-assisted polycondensation are

viewed to highlight the advantages gained by the polymerization process when using DESs.

In chapter three, the numerical approaches and methods governing the molecular
modeling applied for the geometry optimization of molecules are described. The energies
contributing at sub-atomic, atomic and molecular scale are determined, and the laws for
calculating of appropriate physicochemical properties of DESs, polymers and composites are

given to help understand their thermodynamic behavior.

In the fourth and last chapter, the numerical data and equations provided in chapter
three, are exploited applying continuum solvation models (CSMs) as a class of the Quantum
Chemical Methods (QCM), and the Density Functional Theory (DFT) on:

i) First, some DESs selected to make their knowledge easier (since the use of DESs in

polymer technology is recent);

i) Then, a (1:3) ratio (dodecyldimethylbenzyl ammonium chloride:1,10-decanediol
(DDBAC:D10D0Q)) DES, and poly(1,10-decanediol-citrate)/ DDBAC composite, specifically

3
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chosen as antibacterial biodegradable coating film for food trays, to understand the DES-
assisted green synthesis step mechanism. The modelling results have been exploited to
highlight the advantage of the use of DESs over conventional organic solvents.
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1.1. Introduction

Exposure to organic solvents leads to health hazards including nervous system toxicity,
respiratory impairment, reproductive damage, kidney and liver damage, cancer and dermatitis.
Nevertheless, they remain widely used due to their importance in almost all chemical
processes. Owing to these multiple disadvantages and the serious threat toward environment,
several approaches have been considered as replacement to these solvents for use in green
technology. These approaches include the use of: i) easy recyclable supercritical carbon
dioxide (scCO,) or fluorinated solvents, ii) solvent free processes, and iii) non-volatile

systems such as ionic liquids (ILs) and deep eutectic solvents (DESs) (Roda et al., 2019).

In the last approach, non-volatile systems covered first ILs. However, since most of
them were found toxic, their synthesis and use became less valued. This disadvantage gave
rise to DESs as novel greener analogs (Liu et al., 2019; Vanda et al., 2018). As substitutes to
ILs, DESs are much cheaper, non-toxic, most of them are biodegradable and biocompatible.
Also, unlike ILs, they need no purification since their individual components are pure, which

overpasses waste disposal encountered with ILs after purification (Mokhtary, 2019).

This chapter reports some literature works, including definitions and concepts related to

DESs and respective studies to date.

1.2. Fundamentals

Introducing the term “eutectic” dates back to 1884 (Guthrie, 1884). However, the first
article on deep eutectic solvents without a metal salt was only published in 2003 (Abbott et
al., 2003).

In general, at temperatures lower than 150 °C (often, at room temperature), DESs are at
liquid state. DESs exhibit physical properties similar to those of ILs with the difference that
they are much cheaper and environmentally friendlier. This introduces DESs as an alternative
for both conventional solvents and ILs in many applications (Zhang et al., 2012). Even though
DESs are well known as a new class of ILs and both share similar physical characteristics, it
is important to notice that they form two different types of solvents due to their different

chemical properties (Smith et al., 2014).
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ABBOTT et al. defined DESs as being mixtures of quaternary ammonium salts with
metal salts producing low lattice energy and freezing point systems (Abbott et al., 2003).
Eutectic complexes may also involve halide salts as hydrogen bond acceptors with hydrogen

bond donors such as acids, amines and alcohols.

SMITH et al. provided a more global definition describing them as eutectic mixtures of
LEwIs or BR@NSTED acids and bases containing anionic and/or cationic species (Smith et al.,
2014). The authors established a classification regarding the general formula of the DES as
seen in Table I.1. Type | DESs also include a large range of metal chloride ionic liquids, such
as imidazole chloroaluminates (Wilkes, 2002). Type Il and 11l are formed by a quaternary
ammonium salt with either a metal salt hydrate or a hydrogen-bond donor. While type 1V is a
metal salt-hydrogen bond donor complex (Smith et al., 2014). It is to be noted that the DESs

studied in the present work belong to type 111 of this classification.

Table 1.1. General formulae of the DES types (Smith et al., 2014).

Type Constituents General formula Terms
Type | Metal salt + Organic salt Cat"X'zMCl, M =Zn, Sn, Fe, Al, Ga, In
Type Il Metal salt hydrate + Organic salt Cat'XzMCl,.yH,0 M =Cr, Co, Cu, Ni, Fe
Type Il Hydrogen bond donor + Organic salt Cat'XzRZ Z = CONH,, COOH, OH
Type IV Metal salt + Hydrogen bond donor MCI+RZ M =Al, Zn & Z = CONH,, OH

DESs are liquid at ambient temperature (Sapir et al., 2016). They form through a non-
covalent mechanism involving hydrogen bonding, electrostatic and/or VAN DER WAALS’
interactions (Stefanovic et al., 2019; Zdanowicz et al., 2018). Some examples of HBAs and

HBDs as DES constituents are shown in Figure I.1.
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HBA

DMAPCHC?

MDEA?®

HO
HO
O

OH
OH

HO

D-Fructose
OH
HO™ ™

EG"

3 Choline chloride, ° : Benzyltriphenylphosphonium chloride, ¢ : Malonic acid, ¢: Methyltriphenylphosphonium
chloride, ¢ : N-Methyldiethanol-amine, ' : Tributylamine bromide, ¢ : 3-(Dimethylamino)propyl Chloride Hydrochloride, and

" Ethylene Glycol.

Figure 1.1. Some examples of HBAs and HBDs forming DESs (Jablonsky et al., 2019).

More recently, a class of DESs has been prepared from primary metabolites of plants,

which are called natural deep eutectic solvents (NADESSs) (Choi et al., 2011). These mixtures

intervene in the biosynthesis of water-insoluble molecules within cellular processes (Dai et

al., 2013). Since then, they have been extensively used in polymer processes. It is often

difficult to distinguish a NADES from a DES, since some of their components are both bio-

and petroleum-based (certain acids, alcohols, diols and polyols) (Gémez et al. 2019). Table

1.2 lists some NADES:s as follows:
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Table 1.2. Examples of NADESs (Choi et al., 2011).

NADES (HBA : HBD) Molar Ratio
Choline chloride : Maleic acid 1:1,2:1,3:1
Choline chloride : Aconitic acid 1:1
Malic acid : Glucose 1:1
Malic acid : Fructose 1:1
Malic acid : Sucrose 1:1
Citric acid : Trehalose 2:1
Citric acid : Sucrose 1:1
Maleic acid : Glucose 4:1

In polymer technology, GENIES and TSINTAVIS (Genies & Tsintavis, 1985) were the first
to prepare electrochemically polyaniline in NH4F-HF as low melting mixture (LMM) which
they compared to aqueous and organic media. They stated that the synthesis involving the
LMM gave an almost 100% yield polymer with a better nucleation, adherence and

electrochemical properties.

In 1996, DHANALAKSHMI et al. prepared semiconducting electroactive films of
polyaniline and polypyrrole by electrochemical synthesis in a ternary eutectic mixture. The
syntheses gave polymers whose structures were similar to those prepared in agueous and

organic media (Dhanalakshmi et al., 1996).

Upon the knowledge acquired on LMMs and ILs, PEREZ-GARCIA et al. (Pérez-Garcia et
al., 2016) used deep eutectic solvents of choline chloride (ChCI) with either acrylic or
methacrylic acid to prepare polyacrylic and polymethacrylic acids via frontal polymerization.
Interestingly, the results they reaped showed higher performance of ChCl-based eutectics than
both conventional solvents and ionic liquids. This demonstration was auspicious (promising)

and opened doors toward the use of DESs in polymer technology (Roda et al., 2019).

Despite their recent birth, harnessing deep eutectic solvents in polymer chemistry is
developing at a fast pace in green chemistry (Roda et al., 2019). They are used as solvents
(Sapir et al., 2016; Stefanovic et al., 2019), polymer modifiers or plasticizers (Wong et al.,
2017), media for electro-polymerization (Hosu et al., 2017; Prathish et al., 2016), functional
monomers for extraction and separation in polymer processes (Wang, Li, and Chen 2018;
Tang, Zhang, and Row 2015), and in syntheses such as frontal polymerization (Mota-Morales
et al., 2018), ring opening polymerization as monomers (Coulembier et al., 2012) and
initiators (Garcia-Arguelles et al., 2015), and emulsion polymerization and polycondensation
(Carriazo et al., 2012; Garcia-Arguelles et al., 2013).
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1.3. Environmental Aspect

Most organic solvents such as chlorofluorocarbons (CFCs) and volatile organic

compounds (VOCs) are regarded as toxic and threat for environment and human health. They

were banned many decades ago, since CFCs cause ozone depletion and VOCs produce

photochemical smog (Blusztajn, 1998; Clark & Tavener, 2007).

ANASTAS and KIRCHHOFF funded acceptance of solvents within green chemistry upon

twelve principles. The chemicals to be approved had to fulfill the following acquirements
(Anastas & Kirchhoff 2002):

a.

Availability: Solvents must be available on a large scale, so that there would be no need to

use the conventional chemicals.

. Price: Novel solvents have to be competitive in terms of price, and costs should ensure

sustainability of the chemical process. The probability of choosing the banned solvents must

be eliminated.

Recyclability: The solvents have to be fully recycled using eco-friendly procedures.

. Grade: In order to avoid energy-consuming purification, technical grade solvents are

preferred. DESs need no purification since their individual components are pure (Mokhtary,
2019).

Synthesis: Preparation of the solvents should be through an energy-saving process and the

synthesis reaction should be highly atom-efficient.

Toxicity: risk for human health and environment safety must be reduced; solvents have to
exhibit a negligible toxicity, especially when used for personal and home care products,

paints, etc.

Biodegradability: Green solvents must not produce toxic metabolites and should be

biodegradable.

. Performance: to be eligible, green solvents should show higher, or at least, similar

performances compared to conventional solvents.

Stability: During any chemical process, the solvent must be thermally and electrochemically

stable.

Flammability: Green solvents should be non-flammable to ensure a safe manipulation.

. Storage: The storage of the solvent should be easy and should fulfil all legislation for an

easy transportation.
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I. Renewability: Concerning the carbon footprint, the production of green solvents must use

renewable raw materials.

lonic liquids were first reported as alternative to conventional organic solvents till their
toxicity and low biodegradability became confirmed and thus contested. Interestingly, the
well understanding of their properties, fairly similar to those of deep eutectic solvents,
facilitated the tunability of the latter for specific applications (Deetlefs & Seddon, 2010; Ruf3
& Burkhard, 2012).

On the other hand, the low vapor pressure of DESs decreases considerably their
emission to the atmosphere. In the liquid state, most DESs are miscible with water except
hydrophobic eutectics (HESs) tailored for specific uses. Their components are non-toxic,
natural-based and environmentally benign substances. For instance, ChCI (which is often used
in DESs and LMMs) is a biocompatible quaternary ammonium salt known as former vitamin
B4, used in animal feed (Frauenkron et al., 2001). It has some important key functions in the
human body, such as a precursor for phospholipids and acetylcholine. Urea (which is another
important molecule in DESS) is not toxic, since it is produced and used by the body and can

be easily excreted in the urine (Leng et al., 2021).

Also, eco-friendly and biodegradable organic compounds, such as carboxylic acids
(citric acid, oxalic acid, malonic acid, succinic acid, etc.), amino acids or sugars (glucose,
sorbitol, fructose, etc.), can be part of DESs (Abbott et al., 2004; Choi et al., 2011; Francisco
etal., 2012).

In addition to the fact that deep eutectic solvents are green products, their use is
advantageous since they allow to reduce reagents for reaction (due to the multiple roles they
play), replace organic solvents showing improved performance in solvation capacity, improve
the yield of reaction reducing by-products, and enable recycling of remnant compounds
(Mota-Morales et al., 2011).

In polymer syntheses, DESs play several roles enhancing reaction yields, which avoids
chemical disposal and by-products. They may provide monomers through the hydrogen bond
donor moiety, while the hydrogen bond acceptor component is either recovered and thus may
be used more than once (Mota-Morales et al., 2011), or serves as additive (filler, reinforcing

agent, plasticizer, etc.) to the polymer (Roda et al., 2019).
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1.4. Properties of Deep Eutectic Solvents

The importance attached to DESs, reflected by the exponentially increasing reported
studies, is motivated by their unique characteristics such as negligible toxicity and volatility,
biodegradability, biocompatibility, non-flammability, ease of production, and purity (Roda et
al., 2019). DESs with unknown properties are difficult to tailor for a specific application. This

makes necessary the assessment of the most relevant parameters.

1.4.1. Freezing Point

The main particularity of the eutectic mixtures is their freezing point. The eutectic is
acquired at specific molar compositions of hydrogen bond donor and hydrogen bond acceptor.
In general, a eutectic mixture is a system that solidifies at very low temperatures (often liquid
at room temperature) and at specific compositions, showing a sharp depression of the melting

point, as shown in Figure 1.2 (Fischer, 2015).

r 3 a
mp (A)
=
2
«
b A + Liquid L
g. B + Liquid
Q.)
2 Eutectic point
Solid A + Solid B
A Composition weight % B

Figure 1.2. Phase diagram of a eutectic binary system mixture (Fischer, 2015).

The first study conducted on ChCl/urea mixtures with several molar fractions stated that
the eutectic occurs with 1:2 molar ratio for which the freezing point decreases to 12 °C, which
=133 °C).

is much lower than those of the separate components (T, ., = 302 °C and T, ,, .,

The results reported by the authors are gathered in Figure 1.3 (Abbott et al., 2003).
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Figure 1.3. Freezing point values for different compositions of urea mixed with choline chloride
(Abbott et al., 2003).

This decrease observed in the melting point is caused by the hydrogen bonds formed
between the HBD molecule and the halide anion of the HBA, responsible of the charge
delocalization (Abbott et al., 2003; Rengstl et al., 2014). In other terms, when the hydrogen
bond donor interacts with the halide (anion) of the hydrogen-bond acceptor, it exerts an
attractive force causing a diminution of the attraction between the anion and cation of the
HBA.

1.4.2. Reactivity

As mentioned above, when mixing choline chloride and urea with a molar ratio of 1:2,
ABBOTT et al. (Abbott et al., 2003) noticed a depression in the melting point of the resulting
DES to 12 °C, whereas those of ChCl and urea are 302 and 133 °C, respectively. To provide a
plausible explanation, SUN et al. (Sun et al., 2013) compared the interaction energies of the
cation and anion present in the ChCl salt before and after mixing it with urea. They found that
the incorporation of hydrogen bond donor reduces the interaction energy between the cation
and anion of the salt and increases the interaction energy between the anion of ChCl and the

HBD, which lowers significantly the melting point of the mixture.

Considering the presence of polymers in DES media, interaction energy calculations
become more complex. Accordingly, the DES-polymer intermolecular interactions were
found to play an important role in the solvation capacity of the DES toward the polymer.
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Indeed, in a study carried out by SAPIR et al., 1:2 molar ratio choline chloride:urea DES
was compared to water in solvating polyvinylpyrrolidone (PVP). Although both solvents
showed good solvating capacity for PVP, FLORY-HUGGINS Solution Theory favored the DES.
The interactions within the DES were more comparable to those in DES-polymer than in

water-polymer systems (Sapir et al., 2016).
1.4.3. Vapor Pressure

The low volatility is the main property that makes DESs an excellent alternative to
organic solvents. The higher the volatility, the more toxic the solvent and more hazardous in

handling. This property is expressed in terms of vapor pressure.
1.4.4. Density

Most DESs are denser than water (Khandelwal et al., 2016). Many researchers reported
values of DES density ranging between 1.04 and 1.63 g cm™ (RuB & Burkhard, 2012). In
2012, ZHANG et al. reported that two DESs prepared from the same HBA and different HBDs
had different densities. According to the authors, this might be due to a different molecular
organization of the DESs. Besides, they noticed that these densities were higher than those of
pure HBDs. The authors attributed this phenomenon to the hole theory. When a HBA and a
HBD are mixed, the average hole radius decreases resulting in an obvious increase in the DES
density compared to that of neat HBD (Zhang et al., 2012).

1.4.5. Viscosity

The viscosity has a significant effect on the mass transport phenomena and ionic
conductivity of DESs (Aissaoui et al., 2017). In comparison with organic solvents, DESs
usually exhibit relatively high viscosities at room temperature (> 100 cP) due to the prevailing
hydrogen bond network between the components, which results in a limited mobility of free
species (HBA ion) within the DES (Abbott et al., 2004; Fischer, 2015). The large halide ion
size, electrostatic or VAN DER WAALS’ interactions may also contribute to the high viscosity
of DESs (Zhang et al., 2012). Therefore, DESs are used in solutions with water or other

solvents for specific needs.

DES viscosity was also reported to depend on the chemical structure of the HBD. For
example, di-acid-based DESs are much more viscous than monoacid-based ones. In addition,
the presence of one carboxylic or hydroxyl group leads to an increase of the viscosity.
Regarding the size of the alkyl chain, the longer the hydrocarbon chain, the higher the

viscosity.

16



Chapter | Deep Eutectic Solvents

As expected, it has also been found that the viscosity of DESs decreases with increasing
temperature according to a logarithmic equation based on ARRHENIUS model (Fischer, 2015).
The viscosity is the most important parameter considered in selecting DESs for extraction use.
Higher extraction yields are achieved by DESs with lower viscosities (Mulia, Fauzia, and
Krisanti 2019).

In polymer syntheses, highly viscous DESs are required to ensure high purity and
conversion of polymers. DESs with high viscosity are chosen as monomers for polymer
synthesis (Mota-Morales et al., 2011). Also, the rate of electro-polymerization which is the
synthesis of conductive polymers, was found to depend strongly on the viscosity and
conductivity of the DES. In this case, DESs with lower viscosities and higher conductivities
are suitable (Fischer, 2015).

1.4.6. Polarity

The polarity is the second parameter considered after the viscosity in determining the
extraction capacity of a DES. Both parameters are adjustable depending on the HBD
structure. Lower polarities of DESs allow higher yields in extraction process. In a study
conducted by MuULIA et al. on several ChCl:alcohol DESs used as solvents on the extraction
of xanthones from the pericarp of Garcinia mangostana L., the authors realized a yield of
3.27 % using ChCl on ethanol mole ratio of 1:1, which is the highest yield to date.
Accordingly, the polarity of ChCl:Ethanol DES was the lowest among all (Mulia, Fauzia, and
Krisanti 2019).

1.4.7. Conductivity

The conductivity is strongly related to the viscosity (Fischer, 2015), which depends on
the composition of the DES. At room temperature, DESs with high viscosity show

conductivities lower than 2 mS.cm™ (Zhang et al., 2012).

In polymer synthesis, Zou and HUANG (Zou & Huang, 2018) prepared anilinium
salt:glycol DESs with various ratios in search of the most appropriate medium for polyaniline
(PANI) electro-polymerization. The most fitting eutectic was that with the highest

conductivity and the lowest viscosity.

In a study conducted by FERNANDES et al. (Fernandes et al., 2012) the rates of PANI
electro-polymerization in DESs of choline chloride with either ethylene glycol, urea or

glycerol were shown to depend strongly on the viscosity and conductivity of the DESs.
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1.5. Applications of Deep Eutectic Solvents

The chemical properties of DESs dissimilar to those of ILs, suggest completely different
applications (Smith et al., 2014). Many recent works reported the importance of DESs in
various applications in green chemistry. Most DESs are excellent solvents for a wide variety
of materials including salts, proteins, drugs, amino acids, surfactants, sugars and
polysaccharides. Their ability to dissolve CO, makes them very attractive for gas purification,
catalysis, and chemical fixation of CO, (Li et al., 2008; Su et al., 2009). This can be attributed
to their strong ability of donating or accepting electrons. DESs can also dissolve various metal
oxides extending their use to electrochemical processes. In addition, DESs find an interesting
application in the purification of biodiesel (Durand et al., 2013). Some applications of DESs

are presented in this section.
1.5.1. Metal processing

The metal processes using DESs include electrochemical deposition, metal extraction,
catalyst aldol reactions and synthesis of zeolite analogues (Sapir et al., 2016). In a study on
the influence of ChCl-based DESs on the electroactivity of polyaniline-based films, a DES
with a dicarboxylic acid (oxalic acid) as HBD was found more efficient as electrolyte than
another with a diol (ethylene glycol) in the film longevity and charge storage stability after
successive redox cycles. The second DES needed the addition of a protic source (sulfuric

acid) to show comparable efficacy (Hillman et al., 2017).
1.5.2. Bioenergy

Several studies reported the use of DESs for the production of glycerol free biodiesel
fuel (Shahbaz et al. 2011). Glycerol present in the fuel is responsible of acrolein emission and
causes engine corrosion. Acrolein formed when glycerol loses two water molecules, is
hazardous for environment and human health. The DESs showed exceptional effectiveness in
glycerol separation from the biodiesel, which fulfills international standards (Hayyan et al.,
2014).

1.5.3. Polymer technology

Harnessing DESs for polymeric applications is recent, since the first article was
published in 2011 (Mota-Morales et al., 2011). The reported studies corresponding to the use
of DESs in polymer technology involve synthesis, solubilization, extraction and polymer
modification, and more recently DES incorporation in the polymer formulation (Roda et al.,
2019).
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1.5.3.1. As polymerization media

The first eutectic mixture-assisted polymerization was reported in 1985 (Genies &
Tsintavis, 1985). Polyaniline electrochemically synthesized in NH4F-HF was compared to
that prepared in aqueous and organic media. The authors stated that the synthesis involving
the eutectic mixture gave an almost 100% yield polymer with a better nucleation, adherence

and electrochemical properties.

In 1996, DHANALAKSHMI et al. (Dhanalakshmi et al., 1996) prepared semiconducting
electroactive films of polyaniline and polypyrrole by electropolymerization in acetamide-
urea-ammonium nitrate ternary mixture. The structures of the polymers were found similar to
those of their analogs prepared in aqueous solutions. Polyaniline films showed higher
electroactivity and electrochemical stability compared to polypyrrole in DES and their
analogs synthesized in aqueous solutions. The highly conducting polyaniline and polypyrrole
have found applications in rechargeable batteries, photovoltaic and electroluminescent

devices, microwave absorbers, temperature sensors and capacitors.

1.5.3.2. As solvents

Several investigations reported the high efficacy of DESs in solvating a wide range of
products, including insoluble or poorly soluble products in water and conventional solvents.
ABBOTT et al. (Abbott et al., 2003) showed an unusual solvation power of the eutectic formed
by 1:2 (molar ratio) hydroxyethyl trimethylammonium chloride (choline chloride or ChCl)
with urea. This DES has also been used by SAPIR et al. (Sapir et al., 2016) in a comparative
study to water as solvents for poly(vinyl pyrrolidone) (PVP). Although dissolved polymer
conformation showed that both were good solvents, the thermodynamic analysis based on
FLORY-HUGGINS Solution Theory has proved that the individual intermolecular interactions of
PVP were more comparable to those of the DES than water, which favors DES-PVP

interactions.

The solvation capacity of a DES also depends on its hydrogen networking. Higher
hydrogen bond densities per unit volume increase the DES solvation capacity (Stefanovic et
al., 2019).

The type of hydrogen bond donor also influences the solvation quality of a DES for
polymers. This has been demonstrated by CHEN and his coworkers (Chen et al., 2017) who
studied the solvating capacity of 1:2 (molar ratio) ethylammonium bromide (EAB):glycerol

and EAB:ethylene glycol toward polyethylene oxide (PEO). The conformation of the
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dissolved polymer studied by Small Angle Neutron Scattering showed higher solvation

efficacy of ethylene glycol-based DESs for PEO than that of glycerol-based ones.

Bal and et al. (Bai, Wei, and Ren 2017) and MAMMILLA et al. (Mamilla et al. 2019)
stated that the acidity, viscosity and free hydrogen proton content in the DES are the main

parameters influencing the polymer extraction efficacy of a DES.

It should be pointed out that DES-polymer systems are more complex than DESs (non-
combined to polymers), and must be regarded as reliant on more than one parameter. In a
study carried out by STEFANOVIC and co-authors (Stefanovic et al., 2019), the influence of the
polymer prone to solvation, the DES hydrogen bond density, and the type of HBD on
poly(ethylene oxide) (PEO) solvation conformation in choline chloride-based DESs was
investigated. The hydrogen bond donors they chose to compare were urea, ethylene glycol
and glycerol. The results revealed that (ChCl:urea) DES formed the strongest and densest
hydrogen network, whereas the weakest and less dense network was observed for
(ChCl:glycerol). Surprisingly, the PEO-(ChCl:urea) system was found to reinforce the
stronger hydrogen bonds, disrupting the weaker ones. This engendered a highly structured
solvation environment, where PEO was occluded in a static and coiled conformation. On the

other hand, in the ChCl:glycerol weak structure, the polymer took an extended conformation.

DESs have a plasticizing effect on polymers (Wang et al. 2015), decreasing
subsequently their glass transition temperature, which also facilitates their processability
(Qiao et al., 2012).

1.5.3.3. As catalysts

GARCIA-ARGUELLES et al. (Garcia-Argielles et al., 2015) have experienced the ring-
opening polymerization of e-caprolactone using a eutectic mixture of methane sulfonic acid
and the guanidine 1,5,7-triazabicyclo[4.4.0]dec-5-ene as catalyst. They noticed that the
eutectics fulfilled remarkably the roles of both solvent and initiator in carrying out the
polymerization of e-caprolactone. The resulting polymers exhibited a high crystallinity (more
than 87%) and an excellent capacity to support the growth of murine L929 fibroblasts. We
consider that the preparation of biocompatible PCLs at physiological temperatures, and in the
absence of reagents other than the monomer and the catalyst, offers an interesting alternative
to both self-crosslinked oligomers/macromers of acrylate-based PCL-derivatives and

pH/temperature-sensitive PCL copolymers used to date as injectable biomaterials.
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1.5.3.4. As functional monomers

a) In electropolymerization: Due to their ionic conductivity, ChCl-based DESs were
reported as polymerization media in electrochemical syntheses of conductive
polymers such as polyaniline (Fernandes et al., 2012; Zou & Huang, 2018),
polymethylene blue (Hosu et al., 2017), and poly(3,4-ethylenedioxythiophene)
(Prathish et al., 2014). Furthermore, the use of DESs resulted advantageously in high
conversion polymers. As already mentioned above, DESs with higher conductivity
and lower viscosity are the most recommended for higher electropolymerization
rates (Fischer, 2015).

b) In frontal polymerization: The first DES-assisted frontal polymerization was
successfully conducted by MOTA-MORALES et al. (Mota-Morales et al., 2011). DESs
of choline chloride and acrylic acid or methacrylic acid provided both reaction
media and functional monomers via the hydrogen bond donor component (acrylic
and methacrylic acids). Introducing DESs allowed to reduce reagents and provided
thermal stability to the reaction well known by its exothermic nature, which makes

difficult the control of the medium temperature.

c) In emulsion polymerization: Itaconic acid was polymerized by Xu et al. (Xu et al.,
2016) and filled with silica to prepare composites for solid-phase extraction of

trypsin. Itaconic acid monomer was the HBD component of a ChCl-based DES.

d) In polycondensation: Polyester elastomers compose a very important class of
polymers used in pharmacology and medicine as drug carriers, for encapsulation and
other applications. Due to their elasticity comparable to that of skin tissues,
incorporation of antibacterial molecules within the biodegradable polyester
crosslinks produces skin wound dressings with exceptional antibacterial activity.
These are the characteristics needed in the present study. Indeed, the following
sections (chapter 111 and IV) are dedicated to a detailed study of a biodegradable
polyester elastomer-based composite with antibacterial activity and high liquid

absorption capacity.

1.6. Conclusion

Although deep eutectic solvents (DESs) represent an excellent alternative to organic
solvents, they remain largely unknown to most researchers, especially in polymer technology.
Accordingly, this chapter was realized to introduce DESs providing clear definitions,
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properties and applications. As novel analogs, DESs are greener, much cheaper, non-volatile,
and more interestingly, DESs are capable of dissolving a wider range of products including
poorly water-soluble products.

In polymer technology, DESs do not replace only solvents, but catalysts as well. They
also may be used as monomers, plasticizers and fillers. In addition to the green aspect, they
allow reducing the number of reagents in the process. DES-assisted polymer syntheses reach
easily 100% vyields with very satisfactory resulting polymers such as good nucleation,

adherence and electrochemical properties required for conducting polymers.

Finally, and most importantly, the need for green polymers is opportunely fulfilled by

the green media and green monomers contained within DESs.
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I11.1. Introduction

Polyesters possess a large variety of structures and properties depending on the nature
of the radical bonded to the ester group. Polyesters are polymers owning numerous and very
interesting mechanical properties ranging from extreme hardness to high elasticity that
enlarges the range of their applications. Polyester elastomers which are of interest herein, may
be tailored based on their components to be biocompatible and biodegradable. Among the
most sensitive fields where biodegradable polyester elastomers find an increasing use are
pharmacology and medicine (Barrett & Yousaf, 2010). These polymers are harnessed as
active principal carriers, materials for drug encapsulation, dressings for wounded skins (Qin et
al., 2019), and artificial organs such as heart valves, bladder, muscles and collagen fibers
(Leong et al., 2008).

From this knowledge, we would study the synthesis and properties of a benzalkonium
salt-filled polyester. The resulting product is expected to be a liquid-absorbent stretchable film

with antibacterial activity.

In this framework, the present study pays a particular attention to a poly(diol-citrate)
biodegradable elastomer (namely, poly(1,10-decanediol-citrate)) (PD;oCA) filled with a
benzalkonium chloride well known by its highly efficient antibacterial activity, namely
dodecyl-dimethylbenzylammonium chloride, abbreviated (DDBAC).

The purpose herein is to combine the respective advantages of each component (i.e., the
high flexibility and hydrophilicity of the polymer matrix, and the bactericidal activity of the
filler) to tailor a flexible film as food tray coating. In contact with food, the film would slow
the decomposition of the latter by hindering the bacterial growth during storage, and

absorbing the liquids of packaged product (meat, chicken, fruits...).

This chapter tries to provide a detailed literature about the step process followed to
achieve the properties to be fulfilled by PD;,CA/DDBAC composite required for the purpose
cited above. Deep eutectic solvent-assisted polyesterification is also compared to the classical
process (without DES) to highlight the advantageous use of DESs in such processes.
Components involved in this study are also described in terms of structure, properties,

application fields, role and importance attached on respective use of each reagent.
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11.2. Polycondensation

Polycondensation occurs in a step reaction mechanism similar to condensation.
Condensation links an alcohol molecule with a carboxylic acid to form an ester in a process
called esterification, or an amine with a carboxylic acid to form an amide, in an amidation
process. In both processes, small molecules are eliminated as by-products such as H,O, NHj,
MeOH... (Figure 11.1).

R-00 + GO G- @O - ..

alcohol + aC|d water ester

R-NH— R‘—». ..

H_f H_f &w_} A

amine + acid water + amlde

Figure 11.1. Mechanisms of condensation reaction (formation of an ester and amide).

Accordingly, polycondensation involves a di- or a polyfunctional carboxylic acid with
either a di- or polyfunctional alcohol (mechanism 1 bellow) to produce a polyester (Képnick
et al., 2002), or a diamine to prepare a polyamide (mechanism 2) (Herzog et al., 2013).
Polyesterification also occurs by polycondensation of hydroxycarboxylic acids and
polymerization of cyclic esters. The reaction being reversible, water molecules must be

continuously removed to ensure the polymerization evolution (Képnick et al., 2002).

Mechanism 1:

nHO-R-OH + n HO,C-R-CO,H —= [0-R-0,C-R’-C(O)], + (2n-1) H,0

Mechanism 2:
O\\ O 1 1]

n C—R-— C +n HyN—R'-NHy; — +-C—R—C—N—R'-N-+ +(2n-1) H,O
HO OH H H
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The most typical products resulting from polyesterification and polyamidation processes
are polyethylene terephthalate (PET) and Nylon-6,6 respectively. Their representative
synthesis mechanisms are illustrated in Figure Il.2. Polycondensation is a polymerization

where monomers bond through covalent bonds (Zhang et al., 2014).

a) Polyester : Poly(ethyleneterephtalate) PET

nHo—(":—Q—-cuz—OH + nHO|-CH,—CH,{-OH
|

Two acid functions ff Two alcohol functions

HO+-C+ -C—O0-+CH,—CH,—+tO0+H| +|(»n-1) H,0
fslo ~cn,fo] :

b) Polyamide : Nylon-6,6

nHOOC{¢{CH,3ICOOH + nH,N|€CH,}NH,

&

Two acid functions gf Two amine functions
ff
/
6‘#{
¥
"4
1 [
Cdir LG CH
{"’f/ S A N b
é\H H n

Figure 11.2. Reaction mechanisms of polycondensation to produce PET and Nylon-6,6 (Zhang et al.,
2014).

At the macroscopic scale, the polymer resulting from polycondensation of bifunctional
pairs shows the conformation schematized in Figure 1.3 bellow. This scheme describes a
linear polyester, but a three-dimensional configuration may be obtained when replacing the
diacid by either a triacid, a polyacid or a hydroxycarboxylic acid (Figure 11.4) (Yang et al.
2006). The functionality of the polymer formed is the average number of the reacting groups

per reacting molecules (Bhat & Kandagor, 2014).
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Figure 11.3. Scheme of a linear polyester formed by reacting a diol with a diacid (Yang et al. 2006)
(e=C,e=0,0=H, and e = OH).

Polyacid domain — —— Flexible segment

— Stiff segment

Long Rubber chains —

Figure 11.4. Crosslinked polyester formed by reacting a diol with a polyacid
11.3. General Properties of Polyesters

Polyesters display an extremely large variety of properties based on the components
used, the composition and the synthesis conditions such as temperature and crosslinking time.
Regarding the application needed, the main properties conferred to polyester-based materials
are linearity, branching and crosslinking degree of the chains, length of linear molecules
between crosslinks, flexibility, crystallinity, hydrophilicity, degradability and recyclability
(Kong et al., 2014).

11.3.1. Molecular Mass

Linear polyesters show high molecular mass (>10000) and are categorized as
thermoplastic polyesters (Kong et al., 2014). As seen before, these polymers are produced
from dicarboxylic acids with diols. Moderately high molecular weight polyesters are those
moderately branched. They are prepared from saturated aliphatic or aromatic diacids with di-
or triols. They may also be obtained by adding controlled amounts (moderate contents) of
polyacids to diols. Finally, low molecular weight polyesters are produced from di-, tri- or
polyols with aromatic polyacids, or saturated or unsaturated fatty acids (Duda & Penczek,
2005).
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11.3.2. Molecular Mass Distribution

In polyesterification, monomers are not the only reacting molecules. Dimers, oligomers
and all molecules, regardless of their length, may polymerize through the terminal hydroxy
and carboxy groups in a transesterification. This confers the final product a broad molecular
weight distribution (Yang et al. 2006).

The continuous elimination of H,O molecules during the polymerization reaction
propagation also allows the molecules to increase in length, which minimizes the presence of
short molecules within the polymer, and consequently narrows the molecular mass
distribution (Kopnick et al., 2002).

11.4. Poly (diol-citrates)

Citric acid (CA) with its three carboxylic groups and hydroxy function, is a perfect
monomer for the preparation of elastomeric polyesters (Yang et al. 2006). Poly(diol-citrates)
are tri-dimensional polyesters prepared based on diols with CA. Referring to Figure 1.5, CA
(or 2-hydroxypropane-1,2,3-tricarboxylic acid) is a small multi-functionalized molecule that
represents the stiff segments of the polymer and thus, the crosslinked network junctions.
While the linear diol molecules represent the flexible segment, if they are long enough (> C6)
to allow chain stretching (Barrett & Yousaf, 2010). The polyesters produced are inexpensive

non-toxic biomaterials (YYang et al. 2006).

32



Chapter Il Polycondensation in Deep Eutectic Solvents
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Figure 11.5. Structures of monomers and synthesis routes of poly(diol-citrates) (Yang et al. 2006).

The synthesis of poly(diol-citrate) (PDCA) polyesters as biopolymers was patented by
YANG et al. (Yang et al., 2004). The polycondensation process of CA with aliphatic diols
(CiH204+20,, with n = 6 to 12) as described by the authors, is available for the synthesis of
biocompatible polyesters whose elastomeric properties are tailored by several parameters such
as diol linear chain length, post-polymerization (crosslinking) temperature, and time
(Mokhtary, 2019; Yang et al., 2004, 2006).

The synthesis of poly (diol-citrate) polyesters follows two steps:

» Pre-polymerization: this stage is carried out by mixing equimolar amounts of CA with an
aliphatic diol (Cs-Cy2) in a three-neck round-bottomed flask. The mixture is melted at 160-
165 °C under nitrogen flow with a continuous stirring into an oil bath. Then, the

temperature is lowered to 140 °C for an hour to obtain the pre-polymer.
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» Post-polymerization: to prepare poly(diol-citrates) with various crosslinking degrees, the
post-polymerization is proceeded at various temperatures (37, 60, 80 and 120 °C), for
various times (1 day-2 weeks), under vacuum (2 Pa) or no vacuum (Yang, Webb, and
Ameer 2004).

The PDCAs are biocompatible, biodegradable and non-toxic elastomers that find
multiple applications such as cardiovascular and skin tissue scaffolds. The toxicity of PDCAs
has been studied with human aortic smooth muscle cells and human aortic endothelial cells,
and were found biocompatible with both. In vivo experiments on implanted PDCASs on rats

recorded non-inflammatory response (Yang, Webb, and Ameer 2004).

Other applications of PDCAs include gene-delivery systems (Zhang et al., 2009), bio-
imaging (Yang et al.,, 2009), shape-memory polymers for temperature-controlled drug

delivery (Concepcion et al., 2011), and advanced smart materials for biomedical applications.
11.4.1. Mechanical Behavior

The mechanical properties of PDCAs are tunable by the selected diol, and acid
monomer content. Long diol chains confer flexibility, and high CA contents increase the
crosslink density and biodegradability (Yang et al. 2006). Low crosslinking degree and
relatively high molecular weight of linear chains between crosslinks (long linear chains
between crosslinks) are obtained when polyesters are crosslinked at low temperatures. Such
properties confer the polyester high elongation and low modulus, which are specific to

elastomers (Yang et al., 2004).

Figure 11.6 bellow shows that the longer the diol linear chain, the more flexible the
polyester. This flexibility is evaluated by the tensile strain magnitude. For instance, a tensile
strain equal to 200 % means that under a given tensile stress, the elastomer length reaches two
times its initial length without rupture occurring. Besides, higher flexibility of the material

needs lower tensile stress to be applied (Y. Wang et al., 2002; Jian Yang et al., 2006).
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Figure 11.6. Mechanical tensile properties of poly(diol-citrates) with different diol linear chains (POC
= poly(1,8-octanediol-citrate), PDC = poly(1,10-decanediol-citrate) and PDDC = poly(1,12-
dodecanediol-citrate) (Jian Yang et al., 2004).

YOUNG’s modulus is calculated from the initial slope. The crosslink density (n) is

calculated using equation 11.1 from the rubber elasticity theory as follows:

o Lo _ P
3RT M,

(11.1)
Where:

n is the number of active network chain segments per unit volume (mol/m?);

Eo is YOUNG’s modulus (Pa);

R is the universal gas constant (8.3144 J/mol K);

T is the absolute temperature (K);

p is the elastomer density (g/m3);

and Mc is the molecular weight between crosslinks (g/mol) (Wang et al., 2002; Yang et
al., 2006).

Mechanical properties of synthesized poly(diol-citrate) polyesters reported values for
YOUNG’s modulus of 1.60-13.98 MPa, for tensile stress 2.93-11.15 MPa, and rupture strain
117-502 % (Barrett & Yousaf, 2010).
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11.4.2. Density

Referring to the results obtained by YANG et al., densities of some poly(diol-citrates)
based on linear diols with different chain lengths (1,6-hexanediol, 1,8-octanediol, 1,10-
decanediol and 1,12-dodecanediol) were found to decrease with the increasing chain length
(Yang et al. 2006) (see Table 11.1).

Table 11.1. Densities of Poly(1,6-hexanediol citrate) (PHC), Poly(1,8-octanediol citrate) (POC),
Poly(1,10-decanediol citrate) (PDC) and Poly(1,12-dodecanediol citrate) (PDDC) (Yang 2006).

Polymer PHC POC PDC PDDC
Density (g/cm®)  1.3022+0.0146 1.2429 +0.0121 1.1916 + 0.0094 1.1500 + 0.0062

11.4.3. Biodegradability

Elastomers and particularly PDCAs are highly amorphous polymers due to crosslinking
as well as the long linear chains between the crosslinks. This structure is characterized by the
voluminous holes (voids) within the polymer network. This structure confers to the polymer
low density so that the material floats. A more interesting property related to the low density
is the porosity of the material. This porosity is an important parameter that favors the
elastomer for gas and liquid adsorption applications. The degradation of PDCAs depends on
the composition and processing. Higher CA monomer contents increase the crosslinking
density and accelerates the degradability of the polymer.

The advantageous use of CA as polyfunctional molecule and metabolic product of the
body via KReB’s cycle, makes unnecessary the use of catalysts and crosslinking agents which
confers their polymers a non-controverted biodegradability and biocompatibility (Yang et al.
2006).

11.5. Deep eutectic solvent-assisted polyesterification

Poly(diol-citrates) are biodegradable and biocompatible elastomers very adequate for
human tissue engineering. As seen above, the use of CA is highly advantageous since it plays
multiple roles including biocompatible monomer, crosslinking agent and polymerization
catalyst. The use of DESs as polymerization medium, monomer and/or additive contributes
for further biocompatibility and mechanical performance (Serrano et al. 2012). Benzalkonium
chloride salts (BACs) have also been chosen as HBAs in the DES and polymer filler for their
biocide property. BACs could be simply added to the polyester. However, their incorporation
through DES overcomes inherent drawbacks of PDCASs such as short-lasting drug/bactericide

delivery.
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11.5.1. Benzalkonium chlorides (BACs)

Benzalkonium chlorides (BACs) (Figure 11.7) are quaternary ammonium compounds
(QACs) that show effective biocide activity against bacteria, fungi and viruses
(Mangalappalli-lllathu & Korber, 2006). They have been chosen for the present work due to
their high efficacy as disinfectants on some important foodborne pathogens (Fazlara &
Ekhtelat, 2012).

® C.H - Benzalkonium chlorides (BACs),
~~nt12n+1 . . .
- Alkyl dimethyl benzyl ammonium chlorides,
/N C|®
H;C CH; - Alkyl dimethyl (phenylmethyl) quaternary ammonium chlorides,

- Ammonium alkyl dimethyl (phenylmethyl) chlorides,
n=28, 10,12, 14, 16, 18 - Ammonium alkyl dimethyl benzyl chlorides.

Figure I11.7. General structure and different nomenclatures of Benzalkonium chlorides (Merchel &
Pereira, 2019).

In 1935, BACs were commercialized as antiseptics, disinfectants and sterilizers for
wounded and burned skins for clinical usage. Since then, they have been developed to acquire
domestic, agricultural and industrial applications (Merchel & Pereira, 2019). They are present
in fabric softeners (Tezel & Pavlostathis, 2012), personal care and cosmetic products
including shampoos, conditioners, and body lotions (Choi et al., 2018), ophthalmic solutions
and pharmaceutical substances by nasal administration (European Medicines Agency, 2017).
BACs are also used for pools, paper products, water tanks, humidifiers, conservation of wood
and in food line (Merchel & Pereira, 2019).

For controlled drug release, BACs, zinc oxide (ZnO) nanoparticles, silver-modified
fillers, and chlorhexidine were directly mixed with dental resin as bacterial growth inhibitors.
Among all, BACs showed better biocompatibility, more efficient antibacterial activity at
lower contents, superior mechanical properties, and a more lasting effect expressed by a
slower release. In a study conducted by WANG et al. in 2017, BACs have been incorporated
into the resin through DESs as HBA components to further enhance the above properties,
which gave promising results (Wang et al., 2017).

Toxicity of BACs present in food is a quite important criterion to be considered. In
other terms, the threshold amount of BACs permissible in food has been determined by the
European Food Safety Authority (EFSA) to be 14.4 mg/kg (European Food Safety Authority
(EFSA), 2013). In the present study, the BAC-filled poly(diol-citrate) chosen as tray-covering
antibacterial film directly contacts the packaged food in which BAC content must not exceed
the value cited above.
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11.5.2. Synthesis of PD1;CA-based composite

First, it is important to note that polyesterification occurs not necessarily in the presence
of a catalyst since the process may be catalyzed by the constituting hydroxylated acid
molecule (CA) (Garcia-Arguelles et al., 2013).

In the present work, the modeling procedure is conducted regarding the mechanism and
protocol of synthesis of PDCA-based composite. The description of the protocol adopted by
GARCIA-ARGUELLES et al. is detailed to help modeling program implementing data for

accurate results (Garcia-Arguelles et al., 2013).

The DES is first prepared, and then BAC-filled PDCA is synthesized. The DES forms
by mixing the diol (D;0DO) with BAC (DDBAC) in a 3:1 molar ratio and held at 90 °C, under
mixing for 24 h till a homogeneous transparent liquid is formed. DES-assisted synthesis of the
poly (1,10-decanediol citrate) (PD1oCA) prepolymer was initiated upon addition of citric acid
(1:1 molar ratio with respect to 1,10-decanediol), maintained for 6 h at 90 °C. The
polymerization is completed by crosslinking the prepolymer aged at 80 °C for 10 days to
obtain the final polymer. During the whole process, the temperature was controlled by using a

thermocouple.

Literature also describes the possibility of mixing first the quaternary ammonium salt
with the acid molecule to prepare the DES before the alcohol was added in the synthesis

protocol of polyesters.
11.5.3. Antibacterial activity and Related Properties of PD;,CA/DDBAC Composites

Alkyl chain length of BACs varies from Cg to Cyg, but only Cy, and Cy4 derivatives
show higher anti-bacterial, antimicrobial and antiviral activity (EU Reference Laboratories for
Residues of Pesticides, 2016). Hence, for the upcoming implementation (chapter 1V) Ci,

derivative is considered.

For controlled drug release, BACs, zinc oxide (ZnO) nanoparticles, silver-modified
fillers, and chlorhexidine were directly mixed with an active dental polymer-based composite
(also known as dental resin) as bacterial growth inhibitor. Although showing better
biocompatibility, antibacterial activity at lower contents, and mechanical properties, BACs

could show superior properties if mixing technique is considered (Wang et al., 2017).
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Since they are quaternary ammonium salts, BACs may advantageously be utilized as
HBA components for I1l-type DESs. In 2017, BACs have been incorporated through DESs as
HBA components into dental composite (Wang et al., 2017). BACs are also used for food

line and domestic cleaning.

In dentistry, damaged teeth are restored using dental resin, which is quickly surrounded
by bacteria causing secondary caries. Removing and replacing the resin becomes necessary,
but also provokes tissue loss. Several bactericide agents were added to polymers or dental
composites to overcome this drawback. Benzalkonium chloride was a more promising filler
compared to the rest of candidates such as zinc oxide (ZnO) nanoparticles, which showed a
short-term effect, silver-modified fillers, that provided required antibacterial efficacy only at
high contents, and chlorhexidine which alters significantly the mechanical strength of the
composite (Wang et al., 2017). Accordingly, the present work aims to enhance the
conservation of food, particularly meat by the use of bacterial growth inhibitor as a filler for

polyester-based film for trays. BACs being perfect candidates for this purpose.

Rate of bactericide release is another parameter to be considered. Fast releasing of
chlorhexidine by the dental composite has been noticed to achieve 50% of the initial content
within only 14 days (Leung et al., 2005). However, resin loaded with BAC powder showed an
antibacterial activity up to 260 days, and with 50% aqueous BAC solution the efficacy lasted
30 days (Othman et al., 2002).

It is to be noticed that high bactericide contents within the resin and fast release
decrease considerably the mechanical properties of the composite when the total amount of
BAC is consumed creating voids in the structure resulting in porous resin easily degradable
(Wang et al., 2017). Also, when benzalkonium chlorides are directly incorporated into the
dental resin, the mechanical performance of the composite is altered (Weng et al., 2011). This
led the researchers to incorporate BACs into the resin through DESs, which showed
bactericide effectiveness and maintained largely the mechanical performances of the

composite.

11.5.3.1. Mechanical Properties

Studies using DESs for the synthesis of polyester-based composites where the
quaternary ammonium or phosphonium salt was kept within the polymer crosslinks for its
antimicrobial effect, noticed that the presence of the HBA slowed the elastomer crosslinking

(decreasing the crosslinking degree), generating higher molecular weight of linear chains
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between crosslinks (Garcia-Arguelles et al., 2013; Serrano et al., 2012). This was explained
by GARCIA-ARGUELLES (Garcia-Argielles et al., 2013) by the important volume created
(needed) by the salt bulk molecule to position itself between the crosslinks. The authors also
noticed that the salt molecules with higher steric hindrance caused lower crosslinking, thus

longer linear molecule chains (Figure 11.8). Accordingly, polyesters with lower crosslink

density degrade faster.
a) Polyester synthesized by conventional b) Polyester/HBA system prepared by DES-assisted
polycondensation polycondensation

Figure 11.8. Effect of steric hindrance by HBA component on the molecular weight of the linear
chains between crosslinks of the polyester.

Literature reports that high loading of PDCAs with BACs impacts negatively the
mechanical performance of the composite (Mufioz-Bonilla & Fernandez-Garcia, 2012;
Othman et al., 2002). OTHMAN et al. (Othman et al., 2002) reported that directly incorporating
antibacterial agents including BACs into polymers reduces the mechanical strength of the
composites. The rapid release of the BACs leads to porous structures within the composite,
accelerating the polymer degradation (Wang et al. 2019). This is avoided when the BACs are
incorporated in the polymer through DES.

For the specific use as food tray coating, the film to be synthesized must foremost show
effective antibacterial activity. Several techniques were developed regarding this requirement
including the incorporation of either quaternary nitrogen atoms within the polymer chain, or
bactericidal molecules through chemical modification or blending (Mufioz-Bonilla &
Fernandez-Garcia, 2012).
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11.6. Conclusion

Although the use of DESs in polymer processes is recent, their development increases
exponentially due to the multiple and important roles they assume. This chapter dealt with
those roles played by DESs in polymer technology and specifically in the synthesis of
biodegradable polyester elastomer-based composites. Polycondensation process was detailed
without and with DESs. Type Il deep eutectic solvents in the classification of SMITH (Smith
et al., 2014) were chosen. These DESs consist of a quaternary ammonium salt as hydrogen
bond acceptor, and a diol as hydrogen bond donor. The contribution of the DES as monomer
through the HBD moiety, and as filler through the HBA one were described in detail.

Then, more specifically, the chapter describes benzalkonium/polydiol-citrate
biodegradable composites presenting a high liquid absorbing capacity and an interesting
antibacterial activity. This suggests their application as stretchable films for trays
demonstrating their capacity to ensure a long conservation of food.
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I11.1. Introduction

All developing scientific and industrial activities rely on computing techniques as
secure, economic and fast procedure through its non-controversy and accuracy. In chemistry,
molecular modeling is also a clean method that reduces the use and disposal of expensive,
hazardous, non-biodegradable and toxic chemicals. Computational techniques have become
more than useful tools in understanding chemical processes. Their most advantageous aspect
lies in the determining implements they provide in confirming or refuting experimental

findings.

During the last few years, molecular modeling has developed exponentially in several
application branches, namely electronic structure of atoms, molecules and organometallic
complexes, and the evaluation of their spectroscopic and magnetic properties. Molecular
modeling methods offer an alternative in studying chemical systems with an extreme accuracy

that is rarely realizable by experiments, besides the ease and zero-risk during proceeding.

In polymer science, modeling means are still under study due to more complex
calculations required regarding the size of macromolecules. This makes software programs

dedicated to polymer modeling few in number.

This chapter introduces the molecular modeling principle through the quantum methods,
equations and approximations that enabled simulation of electronic behavior within atoms,

small molecules and macromolecules.

The COnductor-like Screening MOdel for Real Solvents (COSMO-RS) program was
described since it has been used in predicting thermodynamic properties of mixtures such as
solubility and partial vapor pressure, through quantum mechanical calculations on molecules

forming these mixtures (Klamt, 2005).

Herein, theories and methods used for molecules, mixtures and polymer under study are

viewed.
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I11.2. Molecular modeling

Molecular modeling is the term used for methods that simulate the behavior of a particle
system. The size of the system studied can range from a diatomic molecule to

macromolecules of several hundred thousand of atoms.

Molecular modeling provides a description of the electronic behavior within atoms and
molecules with the aim to explain the reactivity modes, understand the processes involving
short and long molecules, and locate the active sites in the inter- and intramolecular

competitive reactivities.

Such a study imposes determining an expression of the interaction energy between the
atoms in the molecular system depending on their relative positions. In this purpose,
molecular modeling methods are developed upon two essential approaches to quantify this
interaction energy which are Quantum Mechanics and Molecular Mechanics (Bouchareb,
2011). Drawing the most stable conformation of a molecule consists in determining the
minimum value of the interaction energy corresponding to the global minimum energy (Boyd,
1983).

111.2.1. Quantum methods (QM)

Quantum mechanics is the extension of the theory of quanta, resulting from the work of
PLANCK, their interpretation by EINSTEIN and their application to atomic theory by BoHR and
SOMMERFELD. It describes the quantification of certain empirics such as energy and angular
momentum and emphasizes PAuLI exclusion principle. The new design of particles resulting
from the wave-particle duality, explained in the work of BROGLIE in 1923 leads to wave

mechanics.

The Quantum Mechanics methods (QMM), which use the distribution of electrons in
orbitals around the molecule, involve often long calculation times which limits their use to
small molecules or require the use of many approximations. They are particularly suitable for
calculating electrostatic charges and potentials, for approaching reaction mechanisms or for
polarizability. The main objective of QM is to determine energy and electronic distribution
(Bouchareb, 2011).

Quantum chemistry (QC) defines molecular structure as a nucleus around which
electrons rotate, which are described by their probability of presence at a point and

represented by orbitals (Boyd, 1983).
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111.2.1.1. Fundamentals on Quantum Chemistry

a. SCHRODINGER’S equation

The quantum chemistry equations are based on solving SCHRODINGER’S equation, which
Is written for stationary states (Schrodinger, 1926):

PYH=YE (11.1)

¥: is wave function of the molecule.

E: Eigen value of H

The total Hamiltonian H of a molecule comprising N, electrons with T, coordinates,

mass m, and charge e, and Ny nuclei with coordinates RN and atomic number Z, and mass
my, is defined by the sum of five terms (Kinetics of electrons, kinetics of nuclei, repulsion

between electrons, repulsion between nuclei and the term of electron-nucleus attraction).

2 Ne e NN
== 25 ZZ Y Y
2me i=1 2 mN N'>N ”RN_RN ” i=1 N= 1||RN_ ”

(In.2)

+§z :
L L || — 1|

. . h . . .
Where # is PLANK’s constant with A = pyl A% is the Laplacian of electron i

The first two terms of the equation are Kinetic energy operators of electrons T, and
nuclei T,; the other terms are Coulomb interaction terms for each pair of charged particles:
nucleus-nucleus repulsion term V,, , electron-nucleus attraction term V., and electron-

electron repulsion term V.
H=T,+ T, + Vo + Vep + Vee (111.3)
b. BORN-OPPENHEIMER’s approximation

The nucleus consists of protons and neutrons (the mass of the proton is close to that of
the neutron), the mass of the proton is 1836 times greater than that of the electron.

Consequently, in a first approximation the kinetic energy of the nuclei can be neglected in
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front of that of the electrons. It is called adiabatic approximation of BORN OPPENHEIMER. In

this case, the wave function may be expressed as follows: (Martin 2005).

Wa ({5} {Ra D) = g (51 X{Ra)) (111.4)

Where ¥, ({r;}) and X{RT{}) are respectively the electronic wave function and the wave

function of the frozen nuclei.

Replacing H in equation (111.1) by the value in equation (I11.2), leads to the following
expression:

ZxZye® Zne
{_— Z V +Z Z]<l ||—> ~” +ZN SN 2N ﬁ Z ZN L||Rn— r1”} Pry (111.5)

(T} =Ea Ry) Px- (T
Function Pre ({r;}) is a proper function of the Hamiltonian with an own value E

(Ry) for positions (Ry) of the frozen nuclei. BorN and OPPENHEIMER demonstrated that the

nuclei movement is governed by the following equation:
R & V2 I .
- zm—N + Eel (Ry)X({Rn}) = EnuaX({Rn)) (111.6)
K

Where E; (RTI) is the electronic energy, and E,,, is the nuclei energy.

However, to describe numerically the wave function, two points of MN order are needed
(where M is the number of decompositions of space, and N is the number of electrons). Thus,
the direct description for such a wave function is practically impossible, except by some static
methods (quantum Monte Carlo methods).

c. Linear Combinations of Atomic Orbitals (LCAQO) approximation

The analytical determination of orbitals is generally impossible. We then apply the
principle of variations to search for approximate orbitals whose mathematical form is easily
manipulated. The most widely used approximation is to consider that molecular orbitals can
be closely approximated by Linear Combinations of Atomic Orbitals of the atoms constituting
the molecule. It bears the name CLOA in French and LCAO in English. This is obviously an
approximation, but calculations show that it is reasonable and provides qualitatively correct
results (VVolatron, 1993).
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A molecular orbital (OM) ¢ ; is written as the sum of atomic orbitals (AO) weighted by

numerical coefficients:
$i= Xp CpiXp (11.7)

Where X,, are the atomic orbitals of the two atoms and Cp; are LCAO coefficients, so

that the electronic energy calculated is the less possible.
111.2.1.2. HARTREE-FOCK approximation

BORN-OPPENHEIMER approximation shows that the wave function of electrons
must satisfy the stationary equation of SCHRODINGER (Born and Oppenheimer 1927)

(equation 111.1). By replacing the Hamiltonian by its expression, the relation (I111.1) becomes:
h? 1
[Zi_mvi +5 21 Uij + Zia Uia]‘l’:Ell’ (111.8)

This last equation can be solved for a single particle. Interactions not existing between
electrons (U;,=0), we can decompose, under these conditions, equation (I1.8) into a system of
several equations. However, a mathematical way must be found which allows for electronic
interactions to be considered while keeping the electron system independent. For this purpose,
HARTREE introduced an external field in which each electron can move independently of the
others. Thus, the Hamiltonian can be put in the following form:

H=Y" . H; (1n.2)

Where the Hamiltonian corresponding to the electron (i) is:

hZ
Hi= = A+ V() + Qi(r) (111.3)

Q;(r;) represents the potential energy of an electron (i) subjected to the action of the
mean field produced by all the other electrons and V (r_i) represents the potential energy of
this electron in the mean field produced by all the nuclei. the Hamiltonian no longer contains
dulls representing the interaction energies of the electrons, the shape of the total wave
function is the product of the wave functions of each of the electrons. Therefore, the energy is
the sum of the energies of all the electrons:

Y(ry, 1y, 13 ..., ry) = [I1 Win; (111.4)
E=Y1E; (111.5)
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111.2.1.3. Semi-empirical methods

A semi-empirical method is a method in which part of the calculations necessary for
HARTREE-FOCK calculations is replaced by parameters adjusted to experimental values (the
Hamiltonian is always parameterized by comparison with reference compounds). In general,
all these methods are very precise for given families of products close to those used for
parameterization. The semi-empirical methods only consider the electrons of the valence

shell; the electrons of the inner layers are included in the nuclear core.

e NDDO method (Neglect of Diatomic Differential Overlap): proposed by PoPLE in 1965.
All bi-center bi-electronic integrals are retained.

e MNDO method (Modified Neglect of Diatomic Differential Overlap): proposed by
DEWAR in 1977.

e Method AM1 (Austin Model 1): proposed by DEWAR in 1985. It corrects the term heart-
heart repulsion.

e PM3 method (Parametric Method 3): proposed by STEWART in 1989. It uses an automatic

parameterization procedure during calculations.

11.2.1.4. Density Functional Theory (DFT)

The theory of the electronic density functional was developed in two stages, in 1964 and
in 1965, by HOHENBERG, KOHN and SHAM (Hohenberg and Kohn 1964; Kohn and Sham
1965). It consists in the reduction of the problem with several bodies in a problem with only

one body in an effective field taking into consideration all the interactions in the system.

The fundamental idea is that the exact properties of the ground state of a system formed
of nuclei and electrons are functional (function of a function) of the electron density alone.
The DFT is based on the following two theorems (Hohenberg and Kohn 1964; Kohn and
Sham 1965):

+ There is an exact correspondence between the electron density and the external
potential of a given physical system; the external potential is determined by a single
density up to a constant. The ground state energy of a multi-electron system in an

external potential V,,; may be written as follows:

E[p(r)]=/ Vext (r) p(r)dr + F(p(r)) (111.6)
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(r) is the electronic density; a universal function of p that contains the kinetic and
Coulomb contribution to the energy that depends not on the system. A unique relation exists
within a constant between V,,.(r) and (r). (r) is a universal functional in the sense that it does

not depend on the external potential which acts on the system.

The term [(r)p(r)dr represents the nuclei-electron interaction.

+ The electron density which minimizes the energy of the system is the exact density of
the ground state (demonstrated by the variational principle). It therefore remains F(p(r))

to be determined with:

Flp(r)=Tlp(r)]* Vee [p(r)] (1.7)

As the expressions of T and 1, are unknown for interacting electron system, KoHN and
SHAM suggested the following separations (Kohn and Sham 1965):
Tlp(M)]=Ts [p(M)]+(T[p(r)]—Ts [p(r)]) (11.8)

T, Kinetic energy of an electron gas without interactions and of the same electron

density as the real system, which can be calculated by introducing an orbital description.
T [o()]= Zif; [ &1 (52) i ()dr (111.9)
f; : Number of orbital occupations, where (r)=Y; f; [|d;|?

On the other hand,
Vee [0(1)]= En [p(1)]+( Vee [p(r)]—En [p(r)]) (111.10)
Ey; HARTREE’s energy which represents the CouLomB’s interaction energy of a
classical charge distribution (which does not take into consideration the discrete distribution

of electrons). It is written:

Eyq [p(r)]=§fmdr (111.12)

Ir—rv]
Finally, [(r)] separates in three parts:
Flp(m]=Ts [p(r)]+ Ex [p(r)]+ Exc[p()] (111.19)
Where:
Exlp(r)]={ Vee [o(M1-[p(")1}+(TTp(r]- Ts[p(r)]) (1.12)
E. is the exchange-correlation energy not considered in Ts and Ey, which represents
the only unknown of our problem. This term is not easy to calculate, but it has the advantage

of being much smaller than the other terms. However, several approximations and

parameterizations are proposed. SCHRODINGER’s equation to be solved then becomes:
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<—% V2 + Veff(l‘)) $i(r)=£;¢;(r) (11.13)

With Vege(r)= Vy [(r)]+ Eexe [0()]+ Vi [o(7)]
p(r)= XL, fildi(0)]? (111.14)

Where: ¢; are states for a single particle;
Vy [p(M)] = % ) %dr’; represents HARTREE’s potential;

e = % is the exchange-correlation unknown potential.

111.2.2. Molecular Mechanics (MM)

The expression "Molecular Mechanics” (MM) currently designates a method of
calculation which allows, a priori, to obtain results of molecular geometries and energies
based on classical mechanics. MM appeared in 1930 (Andrews, 1930), but developed from
the 1960s, when computers were more accessible and more efficient. MM is based on BORN-

OPPENHEIMER’s approximation which suggests that electrons are much faster than nuclei.

MM is a non-quantum method, but it has an interest for large systems; as in the case of
biological systems that cannot be approached with quantum methods. In these methods, a
potential energy function is associated with each degree of freedom of the molecule:
elongation of bonds, variation of valence angles, dihedral (rotation around a bond). These
functions are empirical. Optimization of all parameters by energy minimization provides the
equilibrium geometry of the various conformers and their relative energies. For molecules
with a large number of conformers, there are automatic procedures for finding local energy

minima (simulated annealing) (Bouchareb, 2011).

MM resembles “rod and ball” models. An MM calculation results in an arrangement of
the nuclei such that the sum of all the energy contributions is minimized; its results mainly
concern the geometry and energy of the system. The guiding idea of this method is to
establish, by the choice of the energy functions and the parameters they contain, a
mathematical model, the “force field", which represents as well as possible the variations of

the potential energy, with molecular geometry (Bouchareb, 2011).
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The purpose of MM is to calculate the potential energy of a molecule (or a system of
molecules) based on the coordinates of atoms:

Where 17 represents the vector of the atom 1 position; Molecular mechanics uses the

following approximations:

e Each atom constitutes a particle.
e The atom is considered a rigid sphere-like having given radius and charge.

e Energies are calculated using derivative formulae of classical mechanics.

111.2.2.1. Force field (FF)

A force field is the mathematical model representing the potential energy of a molecule
in molecular mechanics. The force field actually averages the electronic interactions between
atoms (Allinger, 1976). It allows access to the energetic hypersurface of a molecule by
establishing a link between the structural deformations of the system and its potential energy.
It designates both the mathematical equation (function of potential energy) and the parameters
that compose it (Allinger, 1977).

The potential energy function defines empirical energy, the total energy being broken
down into a sum of additive terms each representing interatomic interactions. It is expressed
as a sum of contributions from several types of interaction (Bouchareb, 2011). It can be

broken down into an intramolecular interaction term and an intermolecular interaction term.

Intramolecular interactions only depend on the internal coordinates of molecules, that is
to say bonds, valence angles, and torsions. In fact, to refine the expression of the term
potential is to make the description of the system more faithful, coupling terms between

different atoms have been introduced.

X Intramolecular potential may be expressed in general as:

Vintra. = ZBond Velongation + ZAngle chrvature + ZDiedral Angle Vtorsion + Z Vcrossed

Intermolecular interactions consider the interactions which do not interact by terms of
bond, angle of curvature and angle of torsion. Non-binding potential is expressed in two

terms: VAN DER WAALS’ term and an electrostatic energy term. Thus:

Vinter - Z VVam der Waals T Z Velectrostatic
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The expression "force field" covers all the functions as well as the parameters
associated with the different types of atoms they contain. The parameters are not force
constants and are characteristic of a force field and not of a molecule, so they verify the so-
called "transferability” principle on which the interest of this method is based. The goal is to
build a mathematical model that describes a set of molecules (Bouchareb, 2011). This
mathematical model is set up to represent as accurately as possible variations in potential

energy with molecular geometry.
a. Elongation energy

The bonds between atoms in a molecular structure often tend to elongate or contract
(Figure 111.1).

<> <>
1 2

Figure 111.1. Elongation between two atoms.
This deformation is governed in first approximation by HOOKE’s of spring elongation.
We can thus associate an energy of elongation of the form:

E(L) = 1/2[K; (L — Lg)?] (111.16)
Where K; is the elongation constant or HOOKE’s constant;
L, is the reference bond length;
L is the bond length in the model.

b. Bending energy

The fluctuation of the atoms around their equilibrium position generates a deformation

of the valence angles (Figure 111.2).

Figure 111.2. Valence angle deformation.
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This phenomenon is governed by a bending energy which can be expressed in the same

forms as above, namely, to put it simply:
E(0) =1/2[K¢(6 — 84)?] (111.17)
Where K¢ : Bending constant;
0,: Reference valence angle;
0: Valence angle in the molecule;
the couple { K¢, 8,} represents here also un sub-ensemble of the force field.
c. Torsional energy

It concerns the dihedral angle formed by atoms 1-2-3-4. In particular, it accounts for the
3D structure of the molecule (Figure 111.3).

Figure 111.3. Dihedral angle formed by atoms 1-2-3-4.
The evaluation of this energy E (¢) is done by a function developed in FOURIER’s series.
The dihedral angle (¢) defines the torsion around link 2-3.

E(d) = 1/2 [V, (1+cos ¢) + V, (1 - cos2 ¢) + V5 (1+cos3 ¢)] (111.18)
V,, V,, V5 are the constants of the torsional energy potential.
d. Addition of cross terms

All of the energy terms listed so far represent simple movements of atoms in the
molecule. To take into account the effects of couplings between two non-independent
movements, it is customary to add one or more additional interaction terms (Lipkowitz 1995).
The most commonly formulated are: The elongation-flexion term E (L, 0) (Figure 111.4) which

is expressed by:

E(L, 0) = Ky (L — Lo)( 0 — 8,) (111.19)
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Figure 111.4. Elongation-flexion coupling.

And the term flexion-torsion E(¢ ,0) is expressed as follows:

E(0,0) = K¢ (0 - 00)(¢ - do) (111.20)

e. VAN DER WAALS’ energy

This energy involves atoms that are not linked to each other and not linked to a common
atom (Meyer and Forrest, 1981). It consists of two parts, one repellent and the other attractive,

and can be expressed by the following equation:
E(vdw)= £*[- C,(r* /1) 6+C, exp(-C5 (r/r*)] (111.29)
€": energy parameter that characterizes the depth of the potential well at the distance;
r*: sum of VdW radii of interacting atoms;
r: interatomic distance
and C4, C,, C5: constants of the force field.

This energy can therefore be represented as a function of the interatomic distance "r" as
follows (Figure 111.5):
Energy A

r*|nteratomic
l Distance

Figure 111.5. VAN DER WAALS’ energy curve.
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f.  Electrostatic energy

The electrostatic interactions can, in certain cases, take on a considerable importance, in

particular in the case of molecules having two or more atoms (Figure 111.6).

Hi He

Figure 111.6. Electrostatic interactions between two atoms.

MEYER et al (Meyer and Forrest, 1981) proposed to introduce an electrostatic term even
for hydrocarbons. It can be expressed from the atomic charges or the dipole moments of each
bond.

%+ In the first case:
E(e) =X 192 /D.dy; (111.21)

D: local dielectric constant of the medium; g, g, atomic partial charges of atoms 1,2;

d,, interatomic distance.
+ In the second case:
E(e) = pyp, (cosX - 3cosa; .cosb,) / D. ry,3 (111.22)
r: distance between the middles of the two bonds;
Uy, Uy - represent respectively the dipolar moments of the two bonds;
X: angle between the two moment vectors;

ap, b,: angles formed respectively between p; and r, and p, andr.
111.2.2.2. Parameterization

It is important to note that force fields are a purely empirical approach. They are
parameterized so that all the different contributions can reproduce a series of experimental
results. A field must therefore always be considered as an indivisible entity and it is excluded
to combine the terms and / or parameters of two fields in the hope of obtaining a better set

(Brooks et al., 1983).
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In addition, the parameterization often aims so that the force field can realistically deal
with a particular category of compounds. We can thus find fields intended more especially for
the modeling of small organic molecules and macromolecules (Roterman et al., 1989),
nucleotides (Momany and Ronte, 1992) or even organometallic complexes (Roterman et al.,
1989). It is therefore first important to check if the chosen field is suitable for the system to be
studied.

111.2.2.3. Different force Fields in molecular mechanics

Different force fields are proposed in the literature, they are distinguished from each
other by the terms in the development of the energy expression of the molecule. Each has a
specific field of application, so the choice of a force field depends on the properties and

application of the system to be studied.
a. MM2/MM3/MM4

MM2 is the first force field developed by TRISTRAM and VERGOTEN (Tristram and
Vergoten, 1996). It was originally designed for simple molecules (alkanes, alkenes, non-
conjugated alkynes, amines, etc.), but its improved versions MM3 (1989) and MM4 (1996)

allow it to process increasingly complex organic molecules.
b. Optimized Potentials for Liquid Simulations (OPLS)

The Optimized Potentials for Liquid Simulations (OPLS) program, as its name suggests,
has been designed in 1988 by JORGENSEN and RIVES (Jorgensen and Rives, 1988) to optimize
the potential that enables the description of solvation properties. In our study, the solvation

characteristics of the DES studied toward the acid are needed and their calculation is required.
¢. Universal Force Field (UFF)

RAPPE and coworkers (Rappé et al., 1992) designed a Universal Force Field (UFF)
capable of simulating molecules containing any combination of atoms in the periodic table.
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111.3. Properties Implemented by Conductor-like Screening Model for Real
Solvents (COSMO-RS) model

The three-dimensional structures of the individual molecules DDBAC, D;oDO, CA, and
PD;oCA were first constructed utilizing the Materials Studio™ software by importing the

“Standard Database Format” (SDF) file of each molecule.

As for the DDBAC:D1yDO (1:3) mixture, DESs have previously been modeled through
three main methods, which are the electroneutral method, the metafile method, and the
molecular pair method. Here, we utilized the third method “molecular pair”, which is a robust
method that is capable of accurately capturing the correct three-dimensional geometry
between the HBA and the HBD. The method also enables identifying how the HBA and the
HBD are physically bonded together, and how the HES interacts with a certain substance as a

whole.

After the structures are loaded into the Materials Studio™ software, the geometries
were optimized at the Density Functional Theory (DFT) level using “Perdew-Burke-
Ernzerhof” (PBE) as the generalized gradient approximation, “Becke, 3-parameter, Lee—
Yang—Parr” (B3LYP) as the exchange-correlation potential, and “double numerical
polarization” (DNP) as the numerical basis set for determining the total energy of the system
and solving the Self-Consistent Field (SCF). The SCF margin was fixed to 1x10° HARTREE
with 500 cycles (Alareeqi et al., 2021).

111.3.1. Surface Charge Densities (SCD)

The quantum chemical COSMO-RS model is a fast and insightful method for modeling
the interactions of molecules (or a mixture of molecules) that combines statistical
thermodynamics and quantum chemistry in order to predict numerous physical, chemical, and
thermodynamic properties and behaviors of classical organic solvents, and ILs from a

molecular perspective (Klamt, 2005).

Also, despite their recent discovery, these models have also been utilized extensively for
modeling DESs and their interactions with other types of molecules (classical organic
solvents and ILs) (Warrag et al., 2020). A complete summary of details on the quantum
chemical modeling and the molecular modeling of DESs in general is reported in the literature
(Alkhatib et al., 2020).
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In order to determine the surface charge densities (SCDs) of the molecules, the
geometrically optimized structures from Materials Studio™ were exported as “COSMO” files
and then imported into the COSMO-RS software “COSMOThermX”. COSMO-RS
calculations were then done on the imported surfaces where the surface is considered as a sum
of i segment areas (a;), with each segment having a screening charge density of (o;). Based
on the polarities of the surfaces (a;), (o;) is calculated, and a colored virtual conductor cloud
forms around the molecules on the basis of the calculated (o;). For instance, Figure 111.7
illustrates an example of the surface charge density distribution of D;oDO showing its HBA,
HBD, and neutral regions. The red color is assigned to the HBA region, the blue to HBD, and

the green to the non-polar area.

¥ £3 8 2 4 ( A
Region / \

“negative charges” Non-Polar HBD
Region Region
“neutral charges” “positive charges”

Figure 111.7. Surface charge density distribution and its meaning shown for 1,10-decanediol (D;,DO)

as an example.
111.3.2. Sigma-Profiles and Sigma-Potentials

The molecular polarity, which is a polarization charge density of a molecule, allows to
determine the ability of a molecule to interact in the presence of another molecule (Fischer,
2015). This is available for the HBA and HBD molecules when mixed to form a eutectic
solvent. It is possible to describe and schematize the screening charge or polarization charge
density (o) by means of COSMO-RS, which is a quantum chemical model with statistical

thermodynamics (Klamt, 1995).

HizaDDIN et al. defined the o-profile as being a distribution function giving the relative

surface value with polarity ¢ in the molecule (Hizaddin et al., 2016).
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For basic quantum chemical COSMO calculations, the molecule is supposed to be
surrounded by a discrete surface embedded in a virtual conductor. Each surface segment has a
characteristic area and a screening charge density noted (SCD). COSMOtherm proceeds to the
compound information reading from the COSMO files and transforms the screening charge
surface into o-profile which is a probability histogram P (o), by applying a local averaging
algorithm over i segment areas a; (Hammoudi et al., 2020). After determining the o-profile of
each molecule, the a-profile of a mixture based on these molecules is calculated as follows
(Hizaddin et al., 2016; Warrag et al., 2020):

P(o) = Z x; P*'(a) (111.23)

L
where x; is the molar fraction of i;
P~ is the o-profile of i,
and i represents a specific component in the mixture.

Afterwards, the o -potentials, u(o) of the molecules are calculated based on their
previously calculated o-profiles utilizing KLAMT’s equation as follows (Klamt, 1995; Warrag
et al., 2020):

Ly (0""0")2 _#’(U’)>

u(o) = —RTIn de"P(O') . e( 2 RT (111.243)

Where:

a' is a general interaction fitting parameter to describe the energy of the geometrically

optimized structure of the molecule;

and u (o) is the chemical potential.
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Figure 111.8: Representative schemes of surface charge densities and s-profile of a molecule (Abbott
et al., 2003)

For mixtures, molecular interactions are considered by COSMO-RS as local pair

interactions of segments within molecular COSMO-surfaces (Durand et al., 2013).

Negative sigma-profiles correspond to positive polarities, while positive ps values
correspond to negative polarities. Also, narrow peaks indicate low polarities, while broad
peaks indicate high polarities (Aissaoui et al., 2017). The sigma profile for each DES is
divided into three regions: the HBD region, the nonpolar region, and the HBA region. The
three regions are separated by the threshold value for hydrogen bonding oy, = +0.0084 e A2,
Peaks at o < -ap, prove the presence of compounds exhibiting affinity towards hydrogen bond
donors, whereas peaks at ¢ > +oy, are specific to compounds exhibiting affinity towards

hydrogen bond acceptors.
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111.3.3. Density

The density of DESs is higher than that of water (Khandelwal et al., 2015). The density
values reported in the literature vary from 1.04 to 1.63 g cm™ (Hizaddin et al., 2016; RuR and
Burkhard, 2012). In a study conducted by ZHANG et al., the results attested that DESs based
on the same HBA show densities that vary depending on the HBD moiety (Zhang et al.,
2012). According to the authors, this might be due to a different molecular organization of the
DESs. Besides, they noticed that these densities were higher than those of pure HBDs. The
authors attributed this phenomenon to the hole theory. When a HBA and a HBD are mixed,
the average hole radius decreases resulting in an obvious increase in the DES density
compared to that of neat HBD (Zhang et al., 2012).

RACKETT’s equation (Rackett, 1970) was not the only mathematical form to calculate
density. SPENCER and DANNER used all the available methods predicting densities and finally
concluded that the more accurate estimation was the equation they modified for saturated
liquids as a function of temperature (Spencer and Danner, 1972) as a function of temperature:

Ve = vz T/ (111.25)

Where Vs is saturated molar volume of liquid at reduced temperature,
V" is a characteristic volume usually close to the critical volume;

and Zga IS RACKETT’s compressibility factor.

_ (RTC\ ,(1+(1-T/T)?/7
Vs = (52) 25, c (111.26)

where P. and T, are the critical pressure and critical temperature, respectively.

111.3.4. Viscosity

The viscosity has a significant effect on the mass transport phenomena and ionic
conductivity of DESs (Aissaoui et al., 2017). DESs usually exhibit high viscosities at room
temperature due to the prevailing hydrogen bond network between the components, which
results in a limited mobility of free species within the DES (Durand et al., 2013). The large
ion size, electrostatic or VAN DER WAALS’ interactions may also contribute to the high
viscosity of DESs (Zhang et al., 2012). Therefore, DESs are usually used in solutions with

water or other solvents for specific needs.
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The viscosity of the DES was reported to depend on the chemical structure of the HBD
(Durand et al., 2013). For example, di-acid-based DESs are much more viscous than those
based on monoacids. In addition, the presence of one extra carboxylic or hydroxyl group leads
to an increase in the viscosity. It was reported that the longer the alkyl chain on the HBA or
HBD, the higher the viscosity (Tomé et al., 2018). As expected, it was also found that the
viscosity of DESs decreases with increasing the temperature according to a logarithmic
equation based on ARRHENIUS” model (Fischer, 2015).

In this work GRUNBERG-NISSAN’s equation was used to calculate the viscosity of the

liquid mixture using the following mixing rule (Fischer, 2015):

N
InNpmix = Z x; Inny; (11.27)

i=1
Where nmix is the viscosity of the liquid mixture, #; is the viscosity of the pure
component i, and x; is the mole fraction of component i in the mixture. #; was computed using
COSMOthermX software and then, the GRUNBERG-NISSAN’s equation was used to calculate
the viscosity of the mixture. It should be noted that computational estimation of viscosity
becomes less reliable for DESs with long hydrocarbon chains (Aissaoui et al., 2017).

111.3.5. Vapor Pressure

The low volatility is the main property that makes DESs the best alternative to organic
solvents. The higher the volatility, the more toxic the solvent and hazardous in handling. The

volatility is expressed in terms of vapor pressure.

Two possibilities are available in calculating the vapor pressure, expressed in bar units.
The first possibility experimental vapor pressures of individual pure compounds as input data
for the calculation. This method may provide further accuracy to the calculated vapor
pressures in mixtures. The second method, which has been used in our study consists in using
the difference of the free energies between the chemical potential of the gas phase, assuming
perfect gas with a reference state pressure of 1 bar, and the chemical potential of the liquid

phase according to equation 111.28:

pi = exp(u]""* — u{*)/RT (11.28)

Vapor pressures of some DESs calculated at 25.15 °C by SHAHBAZ et al. (Shahbaz et
al., 2016), were found between 0.02 x 10-3 and 3.4 x 10-3 mbar. These values are negligible

and thus, indicative of extremely low volatility.

64



Chapter Il Theory and methods

111.3.6. Activity Coefficient at Infinite Dilution

The activity coefficient y; of compound i depends on the molar fraction of this
compound in the mixture. The activity coefficient at infinite dilution (y;) is a crucial
parameter in assessing solvent-solute systems that provides information about the solvent
affinity for the solute. Using the previously calculated chemical potentials of the molecules

u(o), the activity coefficient can be calculated as follows (Diedenhofen et al., 2003):

128 =exr)(—“i - i) (111.29)

RT

Where:

uPES is potential of the solute in the DES;

u; is the potential of the pure solute;

R is the gas constant with a value of 8.3145 J-mol~1-K™1;

and i denotes a particular component, which in our case is the solute in the DES.

111.3.7. Interaction Energies and Reactivity

As seen in chapter I, the melting point of a DES is much lower than those of its pure
constituents (HBA and HBD) (Abbott et al., 2003). The explanation provided by SuN et al.,
attributed the phenomenon to the fact that the already existing interaction energies between
the halide moiety (anionic fraction) and the ammonium (cation) within the salt, are weakened
when the HBD molecule is introduced to form the eutectic solvent (Sun et al., 2013). Indeed,
due to its higher electro-positivity, the HBD molecule attracts strongly the halide of the salt to
allow formation of the DES. A strong intensity interaction establishes between the HBD and
the HBA anion, which reduces the interaction between the cation and anion of the HBA. This

lowers significantly the melting point of the mixture as schematized in Figure 111.9 as follows.
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Figure 111.9. Influence of HBD on the HBA cation and anion interaction energy during the formation
of the DES.

Within a deep eutectic solvent, the interactions between the HBA and HBD are week.
The energies of these interactions as estimated by the following equations and calculated
using the COSMOThermX software, include the electrostatic-misfit energy (Ewmg), the
hydrogen bonding energy (Eung) and VAN DER WAALS’ energy (Evqaw). The total interaction
energy of the mixture (Emix) is given by the summation of the three energies (Warrag et al.,
2020).

With:
EMF( O-) OJ) = aeff a’/z (O' + O")Z (”|31)
Eyp = Qefr Cup min(0; min (0, 6aonor + oyp) max(0; Oacceptor — Oug)) (111.30)

Evaw = aeps(tyaw + T'vaw) (11.31)

where ¢ and o are the surface charge densities;

acfr IS the effective contact area between two surface segments;
a’ is an interaction parameter;

cyg IS the hydrogen—bond strength;

oyg IS the threshold for hydrogen—bonding;

Tyqw and t'yqw are adjustable VAN DER WAALS’ interaction parameters.
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Furthermore, two quantities, derived from density functional theory are used to
characterize any chemical system: the electronic chemical potential “x” and the chemical
hardness “z” (Pearson, 1992).

DESs result from hard interactions between HBAs and HBDs and thus, own high
cohesion energies, unlike substances resulting from covalent bonding. The hardness of DESs
IS a parameter that corresponds to its resistance to charge transfer, calculated from the
molecular frontier energies. The terms assigned to frontier orbitals are the Higher Occupied
Molecular Orbital and Lower Unoccupied Molecular Orbital, noted “HOMO-LUMO”
(Durand et al., 2013).

HOMO and LUMO are essential in determining the amount of energy necessary to
electron exchange in a molecule. HOMO is associated with the tendency of a species to
donate electrons, while LUMO is associated with the tendency to receive electrons. Molecules
with a large HOMO-LUMO energy gap are hard molecules, which means highly stable and
not likely to charge transfer because they resist changes in their electron number and
distribution. This stability results in preventing crystallization of DESs at room temperature.

Softness (S) is defined as the reciprocal of the hardness (Hammond et al., 2016).

DFT calculations with the DMol3 module were further carried out to evaluate the
chemical reactivity using the Higher Occupied Molecular Orbital energy (Egomo) and the
Lower Unoccupied Molecular Orbital energy (ELymo), Which are crucial parameters in
assessing the amount of energy required for an electron exchange to occur within a molecule
(Aissaoui et al., 2017). The HOMO energy is related to the ability of a molecule to donate a
pair of electrons, while the LUMO energy is related to the ability of a molecule to accept a
pair of electrons. These energies can then be utilized to calculate several characteristic
quantum chemical parameters such as: the energy band gap (AEg,p), the chemical hardness
(n), the electronic chemical potential (), and the electrophilicity index (w), which can be

calculated as follows (Hizaddin et al., 2016):

AEgap = ELumo — Enomo (111.34)
_ Erymo — Enomo (111.35)
2
Erumo + Enomo
w, = - (111.36)
2
w="r (111.37)
2n
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111.3.8. Blend Binding Energy Distributions

In addition to the COSMOThermX calculations, further calculations using DFT with the
DMol3 module were conducted to assess the blend binding energy (Epjend)- The Epjeng 1S @
crucial parameter in determining the suitability of a polymer-additive combination by
evaluating the change in free energy between the mixture energy and the sum of free energies

of the pure constituents. The parameter can be calculated as follows (Abdoune et al., 2019):
1
Eplena = EZ(Ebs + Egp — Epp — Ess) (111.38)

Where Z represents the coordination number;

E;; is the binding energy between constituents i and j;

the subscript b represents the continuous base phase (polymer matrix);
and the subscript s represents the discontinuous screen phase (additive).

The blend energy also enables calculating FLORY-HUGGINS’ interaction parameter (x).
The quantum chemical x parameter describes the mutual interactions between the PD;,CA

and DDBAC compounds of the composite, and can be calculated as follows (Abdoune et al.,

2019):

Eblend
= 111.32
X = RT (-32)

Where R is the gas constant with a value of 8.3145 J-mol~*-K™1;
and T is the temperature in Kelvins, which was set to 298.15 K.

111.3.9. Fukui Function Indices

Using the DMol3 module, the Fukui function, f(r), at a certain site k of the molecule can be
calculated as a Maxwell relation defined as the derivative of electronic density of a molecule,
p(r), with respect to the number of electrons (N) at constant electronic potential, V (r), which

is mathematically expressed as follows (Geerlings et al. 2003):
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ap(r))
ON Vv

f@r) = ( (111.40)

Utilizing a finite difference approximation on the Fukui function, f(r), two Fukui expressions

for cationic and anionic atoms can be obtained as follows (Delley 2006):

a +

fr@) = ( 51(\:)>V(r) = pn+1(1) — pn (1) (111.41)
N

= gﬁp)m — o (1) = pua () (I1.42)

Where f*(r) and f~(r) are the Fukui functions for cationic and anionic atoms,
respectively, and py.1(r), py (1), and py_,(r) are the electronic density values at distance

(r) in the system consisting of (N + 1), (N), and (N — 1) electrons, respectively.
111.3.10. Solubility

The solubility is an important parameter to determine or predict in a mixture. It
measures the ability of a solvent to dissolve a certain amount of solute (Maleki, 2017). It is
expressed in unit g/L solution if mass fraction is considered in parameterization, or mol/L

solution if molar fraction is considered.

The solubility of compound i in a solvent is predicted by COSMO-RS based on the
intermediate results from Quantum Mechanical (QM) calculations already performed on each
molecule taken individually.

To enable calculation of the solubility of solid compounds, AHy,, Ty, and optionally AC,,
are inserted as input data in the COSMO-RS program. This method is not valid in case of a
solubility of a liquid in a solvent. FLORY-HUGGINS’ model is also used to deduce solubility of

a polymer in a solvent.

In polymer synthesis, the solubility of the monomer in the solvent is one of the critical
key parameters that determines the feasibility of the process. Based on its fundamental
importance, the solubility of CA in the HES, which is based on a solid-liquid equilibrium
(SLE) calculation, was determined using the COSMOThermX software at 25.15 °C and
atmospheric pressure. The high solubility is presumably a result of the high hydrogen bonding
energy.
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111.4. Conclusion

This chapter introduced molecular modeling descriptors of the electronic behavior of
atoms and molecules to explain their reactivities, understand the folding processes of
molecules of various sizes, and explain the reasons of favoring a specific route between

competitive possibilities in terms of interactive sites.

Interaction energy of atoms in a molecular system is expressed based on their relative
positions by quantitative empirics. Molecular modeling methods are used to evaluate the
interaction energy defined above by means of two approaches namely, Quantum Mechanics

and Molecular Mechanics.

The methods of quantum mechanics use the distribution of electrons in orbitals around
the molecule and require the use of approximations suitable for calculating electrostatic
charges and potentials, for approaching reaction mechanisms or for polarizability. The main

objective of quantum mechanics is to determine energy and electronic distribution.

The three-dimensional structures of the individual molecules DDBAC, D;oDO, CA, and
PD;oCA may be constructed utilizing the Materials Studio™ software. The HES may be
modeled through a method capable of accurately capturing the correct three-dimensional
geometry between the HBA and the HBD. The method also enables identifying how the HBA
and the HBD are physically bonded together, and how the HES interacts with a substance.

After the geometries are loaded into the Materials Studio™ software, the geometries
may be optimized at the DFT level using B3LYP “Becke, 3-parameter, Lee—Yang—Parr”, and
DNP “double numerical polarization” as the numerical basis set for determining the total

energy of the system.

The quantum chemical COSMO-RS “Conductor-like Screening Model for Real
Solvents” method serves to model the interactions and behaviors of molecules and mixtures
that predict numerous physical, chemical, and thermodynamic properties such as the surface
charge densities (SCDs) of the molecules, showing the HBA, HBD, and neutral regions. The

DMol3 module allows to calculate Fukui functions for cationic and anionic atoms.
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Chapter IV Results and discussion

1VV.1. Introduction

The use of DESs being recent in polymer technology, it was necessary to perform a
theoretical study on a series of DESs to gain knowledge on this new class of green solvents
before commencing modeling polymer synthesis and composite preparation using a DES as

reaction medium, monomer and filler in part two of the chapter.

In a first step, binary deep eutectic solvents (DESs) are computationally (in-silico)
designed by combining three quaternary ammonium salts, namely tetramethylammonium
chloride (TMAC), choline chlorine (ChCI) and betaine (Bet.) as HBAs with sorbitol (Sor.),
glycerol (Gly.), urea (Ur), ethylene glycol (EG), glucose (Glu.), acetic acid (AA), caffeic acid
(Caf. A) and 1,2-butanediol (1,2-But.) as (HBDs). The chosen components are among the
most that were reported in the literature. Preparation of DESs with high stability relies on the
interaction mechanisms between the HBAs and HBDs within the DES. In the present work,
interaction energies are calculated by means of COnductor-like Screening MOdel for Real
Solvents (COSMO-RS) theory, which is also used to calculate o—profiles and o—potentials.
The charge density, Fukui indices, reactivity and combination mechanisms are predicted using
Dmol3 module (Materials Studio) for each component and the resulting DESs.
COSMOthermX functions are utilized to calculate the physicochemical properties of the
designed DESs. Comparison of the calculated properties is expected to provide satisfactory
information about the stability and performance of the chosen deep eutectic solvents. Most of
the DESs studied here have been experimentally investigated and results are reported by the
literature. The present chapter being a computational investigation, is expected to provide
theoretical results that match mostly with the results found in the literature.

In the second part of this chapter, we suggest utilizing a benzalkonium chloride-based
hydrophobic eutectic solvent (HES) as reaction medium, monomer and filler for the synthesis
of a poly(diol citrate) (PDCA). Spotting the light on the molecular-level interactions and
mechanisms, a theoretical computational study is conducted to evaluate the feasibility of the
process by exploiting a combination of geometrical optimizations, COSMO-RS quantum
chemical calculations, density functional theory (DFT) calculations, reactivity calculations,
and a blend compatibility study. The studied HES is comprised of dodecyldimethylbenzyl
ammonium chloride (DDBAC) as HBA and 1,10-decanediol (D1,DO) as the diol HBD at a
1:3 M ratio. The results to be obtained, are expected to demonstrate that DDBAC-based HESs
can be considered as potential solvents for antimicrobial PDCA composites. Additionally, the

modeling framework reported in this work can be utilized for screening new types of DESs
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promoting an efficient design approach of new PDCA composites with tailored properties
based on the choice of the DES.

IV.2. Physicochemical properties of selected ammonium salt-based DESs

IV.2.1. Computational details

Unlike conventional solvents, the physicochemical and thermodynamic properties of
DESs are scarce and not easy to predict. Experimental methods alone cannot be relied on in
designing and selecting appropriate DESs for specific processes. Thus, COSMO-RS
(thermodynamic model based on quantum chemical calculations) was utilized as an
advantageous tool for fast, accurate and reliable tool for modelling and predicting the

properties of the chosen DESs.

COSMO-RS theory involves interacting molecular surfaces computed by means of
quantum chemical methods (QCM). COSMO-RS associates an electrostatic theory of
descriptors of locally interacting molecular surfaces with a statistical thermodynamics
approach. COSMO-RS theory considers a liquid as an ensemble of molecules closely packed
and ideally partitioned. Statistical averaging thermodynamic properties of compounds within
the ensemble of interacting surface pieces. COSMOtherm being a program based on
COSMO-RS, is utilized to compute thermophysical data of liquids. All current
parameterization sets of versions C30_1501 include the Quantitative Structure Property
Relationships (QSPR) parameters for prediction at room temperature (Klamt et al., 2010). The
calculated parameters include HBA type (cation substructure, alkyl chain length, choice of
anion), HBD type, HBA: HBD molar ratio, electronic and molecular structure, and
physicochemical properties. The computational procedure is adequate for choosing the

appropriate component pairing for forming DESs and predicting their behavior.

Table IV.1 bellow lists the components used as HBAs and HBDs in this work with their
melting points before mixing. The molar surfaces and volumes were computed using
COSMO-RS.
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Table 1V.1. Structure, melting point, molar volume and molar surface of HBAs and HBDs of DESs.
Chemical Twm Volume Surface
Nomenclature Formula 5 , [Ref.]
Structure (°C) (A% (A?
Hydrogen bond acceptors (HBAS)
302 (Aissaoui et al.,
chcl 1171.116 647.237 2017)
TMAC C,HNCI 425 976.468 557.425 (Lietal., 2018)
293 .
Bet CsH1NO, 958.912 534.842 (Lide, 2007)
Hydrogen bond donors (HBDs)
88-102
Sor CeH1406 1266.759 690.046
Gl CsHaO 18 718048 444912
y 3MgUs 1l ¢ : : (Zhang et al., 2012)
ur CH.N;0 %&f&)” 13271385 468193 318.474
¢
EG CoHe0 L}j?i 129 525036 348271
5 ©
Gl CaHuOs oY 146 DG: 1239.154  661.405
Y el G: 1212.646 650.169 (Lide, 2007)
: 16.6
AA CH3COOH ﬁ 486.501 327.194
a AT
Caf. A CoHgOy4 ¥ X 1305.753 726.206 (Zhang et al., 2012)
(%] . W€ ‘
1,2-but C4H10; &;Si){. -0 777963 472196 (Lide, 2007)
o
Key: @ Carbon Chlorine @  Oxygen () Nitrogen Hydrogen

While Table V.2 shows the possible combinations obtained from a series of HBAs and

HBDs chosen with the corresponding molar ratios and DES melting points. It is worth noting

that melting points of DESs are lower than those of pure components (Table 1V.1).
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Table 1V.2. HBA, HBD, molar ratios and freezing temperatures of the corresponding DESs.

DES HBA HBD Molar ratio T¢[°C] [Ref.]
DES1 Sor 1:1 23 (Garcia et al., 2015)
DES2 Gly 1:2 -40 (Klamt et al., 2010)
DES3 Ur 1:2 12 (Li et al., 2016)
DES4 cnel EG 1:2 -66 (Zhang et al., 2012)
DES5 Glu 1:1 - (Klamt et al., 2010)
DES6 AA 1:2 - (Li et al., 2016)
DES7 Caf.A 1:05 673 (Tang et al., 2015)
DESS8 1,2-but 1:2 (Durand et al., 2013)
DES9 Sor 1:05 -
(Hizaddin, 2016)
DES10 Gly 1:2 -
DES11 Ur 1:2 - (Li et al., 2016)
DES12  TMAC EG 1:2 - (Hizaddin, 2016)
DES13 Glu 1:1 -
DES14 AA 1:2 LRT
(Lietal., 2016)
DES15 Caf. A 1:(05, 1,15, 2)* -
DES16 1,2-but 1:(1,2,3,4)* -
DES17 Sor 3:1 - (Dai et al., 2013)
DES18 Gly 1:2 - (Li & Row, 2017)
DES19 Ur 1:2 - (Lietal., 2016)
DES20 Bet. EG 1:1 -
DES21 Glu 1:2 -
DES22 AA 1:2 L.R.T. (Li & Row, 2017)
DES23 Caf. A 1:(05,1,15,2)* -
DES24 1,2-but 1:(1,2,3,4)* -

L. R. T.: Liquid at room temperature, *: Experienced Molar ratios gave liquid mixtures (in our lab)

Some DESs that are listed in Table 1V.2 were not reported in the literature, e.g.
TMAC/Caf.A (DES15), TMAC/1,2-But (DES16), Bet/CA (DES23), Bet/1,2-But (DES24).

The properties of these DESs were computed (in silico).

The interaction study between the HBAs and HBDs was carried out using the COSMO-
RS theory. The two main steps required to perform COSMO-RS calculations can be

summarized as follows:

1) Geometry optimization of each species involved in forming the DES using Dmol3
module (Delley, 2000) from the modeling package Materials Studio 2017™ developed
by Accelrys Incorporation (Cambridge, UK) (Pirhadi et al.,, 2016) using B3LYP
functional and DNP basis set (4.4 basis file). COSMO files were then produced for each
HBD and HBA to be used in the second step. In addition, Fukui indices were calculated;
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2) Preparation of DESs by means of COSMOthermX software by importing the COSMO
files obtained after geometry optimization. The "mixture™ function was used for a
combination of an HBD with an HBA to obtain the desired DES. COSMOthermX
functions were then used to calculate the physicochemical properties such as density,
activity coefficient and vapor pressure of the obtained DESs. COSMOthermX was also
used to calculate o—profiles (polarities), c—potentials (affinities) and interaction energies
(Eckert and Klamt, 2002).

IV.2.2. Results and discussion
IV.2.2.1. Sigma-profiles and sigma-potentials

HizADDIN et al. (Hizaddin, 2016) defined the o-profile as being a distribution function

giving the relative surface value with polarity in the molecule.

For basically quantum chemical COSMO calculations, the molecule is supposed to be
surrounded by a discrete surface embedded in a virtual conductor. Each surface segment has a
characteristic area and a screening charge density (SCD) noted (o). COSMOtherm uses the
compound information from COSMO files and transforms the screening charge surface into a
screening charge distribution. o-profiles give a detailed and reliable description of the polarity

of molecules.

For mixtures, molecular interactions are considered by COSMO-RS as local pair
interactions of segments within molecular COSMO-surfaces. Consider a mixture system S of
Xi compounds with mole fraction x;. The o-profile of the system noted pyg, is the weighted sum

of the o-profiles of the components.

Negative sigma-profile values (ps) correspond to positive polarities, while positive
ps values correspond to negative polarities. Also, narrow peaks indicate low polarities, while
broad peaks indicate high polarities (Aissaoui et al., 2017). The sigma profile for each DES is
divided into three regions: the HBD region, the nonpolar region, and the HBA region as
shown in Figure 1V.1 The three regions are separated by the threshold value for hydrogen
bonding oy, = +0.0084 e A Peaks at ¢ <—ay;, show the presence of compounds with
affinity towards hydrogen bond donors, whereas peaks at > +ay,, are specific to compounds

exhibiting affinity towards hydrogen bond acceptors.
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Figure 1V.1. Sigma-profiles of HBAs and HBDs constituting the DESs as a function of polarity.

Sigma profile graphs for each species are shown in Figure 1V.1. The recorded peaks

range between -0.025 and +0.025 e.A?, and their interpretation is detailed below :

a.

In HBA region: Two positive peaks appear at 0.015 to 0.02 e.A for ChCl and TMAC
molecules showing the strong electronegativity of CI” anion. Two broad peaks located at
0.012-0.018 e.A belong to the oxygen atom of glycerol and ethylene glycol. While a
weak oxygen atom peak appears for ChCI. It is clear that for ChClI, the chlorine peak is
broader than that of oxygen atom. This is indicative of a higher electronegativity and
thus, a higher ability of attracting hydrogen atom from the second component of the
DES.

To confirm this, Figure IV.2 comparatively highlights the most favorable interaction
sites by a representation of charge densities for TMAC and betaine compared to that of
ChCI. Indeed, this figure shows clearly the high polarity of Cl atom in TMAC, and O
atoms in betaine. This polarity, represented by a dark red color, can also be seen for Cl
atom in ChCI. However, the oxygen atom charge density shows a very weak polarity in
ChCl which is represented by a light red “non-accentuated” COSMO-region surrounding

the oxygen atom.
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\+/\/0\H
N

cl
ChCl TMAC Bet

Figure 1V.2. Charge densities and chemical structures of ChCl, TMAC and Betaine.

D-sorbitol molecule shows two wide peaks attributed to H- and C-bonded oxygen atom

representing the negative polarities of the molecule.

b. In the non-polar region: Among all components containing nitrogen atom, only urea
molecule reveals a N peak in this region. Also, peaks specific to CHz and CH; groups of
ChCIl, TMAC and betaine are observed in the non-polar region. Narrow peaks were
recorded at the negative o value of (-0.004 e.A) for EG and glycerol, indicating the
presence of CH3 group in this region.

c. In HBD region: Sorbitol molecule shows two broad peaks attributable to H atoms. The
broad peaks noticed at the negative values of ¢ between -0.01 and - 0.008 e.A  indicate

the positive charge of H atom in glycerol molecule.

While O atom is present in all components except TMAC, the corresponding peaks are
close to the non-polar region within the HBA area. Oxygen peak becomes much closer to the
non-polar region in the presence of CI" anion such as for ChCl molecule.

The o-potential is the chemical potential of a surface segment with screening charge density o
characteristic to a given system, which describes the affinity of the solvent for a molecular

surface of polarity o (Hizaddin, 2016).

Figure 1V.3 representing sigma-potential curves shows clearly the strong affinity of
betaine towards HBDs by the tendency of the corresponding curve to less negative values of
chemical potential in the HBD region. Then, comes ChCl in second place followed by
TMAC. In the opposite side, the best affinity towards HBAs was for caffeic acid, acetic acid
and glucose, respectively. These results show that the preferential HBA:HBD pairing is

betaine:caffeic acid.
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Figure 1V.3. Sigma-potentials of HBAs and HBDs composing the DESs as a function of density
distribution.

1VV.2.2.2. Physicochemical properties

1) Infinite Dilution Activity Coefficient

Activity coefficients of DESs were investigated to gain comprehensive view on defining
the most appropriate component to serve as solvent and the one to serve as solute. A reliable
quantitative method based on COSMO-RS for solvent screening allows predicting the value
of the infinite activity coefficient (y*). Prediction of y* values can also be used for DES

screening and tailoring for different applications (eg. separation processes).

For each DES, activity coefficient at infinite dilution of HBD (y,°) was calculated at
room temperature assuming that the HBD is extremely diluted into the HBA (HBD amount
infinitely negligible within the DES). Similarly, activity coefficient at infinite dilution of
HBA (yp’) was calculated assuming the HBA extremely diluted into the HBD (HBA amount
infinitely negligible within the DES). (Iny®) for the solutes in the potential solvents are

summarized in Table I1V.3.
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Table 1V.3. Values of (In y;°) and (In yp’) for HBAs and HBDs within the studied DESs.

DES Activity coefficient DES Activity coefficient

Inyz Inyp Inyy Inyp
DES1 -5.410 -3.161 DES13 - 18.894 - 13.045
DES2 -9.130 - 3.806 DES14  -24.919 - 5.686
DES3 -6.911 - 3.297 DES15 - 34.110 -18.787
DES4 -6.519 -2.179 DES16 -4.325 -2.416
DES5 -17.327 -11.416 DES17 -12.761 -10.429
DES6 -23.185 -4.815 DES18 -15.298 - 8.066
DES7 - 32.307 - 16.260 DES19 -10.701 -6.154
DES8 -2.838 -1.370 DES20 -12.521 -5.159
DES9 - 6.549 -4.271 DES21 - 24.485 -22.149
DES10 -11.287 -4.945 DES22 -29.810 -8.614
DES11 -9.008 -4.149 DES23  -38.906 - 26.570
DES12 - 8.401 - 2.995 DES24 - 8.866 -5.024

In terms of activity coefficient, the most interesting mixtures are those containing
Caffeic acid extremely diluted in HBDs in the following decreasing order: Caf.A in bet for
DES,3, followed by Caf.A in TMAC for DES;s, then Caf.A in ChCI for DES;, where In yg.;
= -38.906, In yryac = -34.110, and In y g, = -32.307, respectively. Then come successively
also in decreasing order: Acetic acid extremely diluted in betaine (In yg,.= -29.810) for
DES;, > bet into Caf.A (In ycgra= -26.570) for DES3 > AA in TMAC (In yrayac =-24.919)

for DES14> Glu in bet (In yg,, = -24.485) for DES,; > AA in ChCl (In y g}, =-23.185) for
DESg > Bet in Glu (Inyg;, =-22.149) for DES,; > EG in TMAC (In yrpyac =-18.894) for
DES:3> Glu in TMAC (Iny&,s 4 =-18.787) for DES;s.

2) Vapor pressure.

The main particularity of DESs is their low volatility compared to those of organic
solvents used in industry. Vapor pressures of the considered DESs were calculated at 25.15
°C and represented in Table IV.4. Shahbaz et al. (Kaveh Shahbaz et al., 2016) reported the
experimental vapor pressure of selected DESs at different temperatures. The reported values
for DES, and DES; at 70 °C are 0.02 and 3.4 x 10" mbar, respectively. The large difference
between the measured and predicted values was also reported by Aissaoui et al. (Aissaoui et
al., 2016). It is worth noting that the calculated and measured values of the vapor pressure of
DES; and DES3 have the same trend.
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Table 1V.4. Calculated vapor pressures for the DESs at 25°C.

DES Vapor Pressure (mbar) DES Vapor Pressure (mbar)

DES1 6.424 x 10 DES13 1.636 x 10

DES2 5.662 x 10™ DES14 3.370x 10*

DES3 6.765 x 10°° DES15 [1.21x107°-1.832x 107
DES4 8.582 x 102 DES16 [7.668 x 10 - 2.020 x 107
DES5 3.468 x 10" DES17 6.656 x 10°®

DES6 4.295 x 10" DES18 2.265x 10™

DES7 4.148 x 10 DES19 1.139x 10™

DES8 1.600 x 107 DES20 8.819 x 10°

DES9 3.356 x 10° DES21 6.507 x 10
DES10 4340 x 10 DES22 10
DES11 1.385x 10 DES23 [1.072 x 10™° - 1.237 x 108
DES12 6.888 x 10 DES24 [2.194 x 10™* - 1.568 x 107%]

The lowest calculated vapor pressure value was for DESs (3.468 x 10" mbar) making it
the least volatile DES. Arranging the DESs according to their vapor pressure in increasing
order leads to: PlI)/ESS < P[I)/E51< P[I)/ESH < PLI>/1557 < PgESm < PgE.Sls < PgESg < PLI)/ESB < PLI)/ESU <
PlI)/ES3 < PL‘;ES19 < Pz‘)/)zs11 < P[[)/Eslg < PLI)/Esw < P[[)/ESZ < PLI)/ESM < PgESg < PLI)/ESM < PgESZO <

v V V v 14
PDE512 < PDES4 < PDESZZ < PDE514 < PDESG'

Calculations show vapor pressure values ranging between 3.468 x 10™** mbar, for
DESs, and 0.4295 mbar, for DESg. Which represents an insignificant volatility of the DESs.

3) Density

The Rackett equation modified by Spencer and Danner was employed with COSMO-RS
to predict the density of DESs as described by Shahbaz et al. (Shahbaz et al., 2011).

Values of calculated densities using COSMOtherm are listed in Table IV.5. In
agreement with what was mentioned above, the calculated values range between 1.04 (DES;¢)
and 1.433 g cm™ (DES;;) making the results reliable.

ZHANG et al. reported experimental densities of 1.25 and 1.12 g.cm™ for ChCI:Ur (1:2)
and ChCL:EG (1:2), respectively (Zhang et al., 2012). These values are very close to the
calculated values of 1.286 and 1.1 g.cm™, for DES; and DES,, respectively (Table IV.5). For
ChCI:Gly (1:2), the calculated density found equal to 1.202 g.cm™ (DES,), is in agreement

with both experimental values reported in the literature of 1.18 g.cm™ (Zhang et al., 2012) and
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1.19 g.cm™ (Aissaoui, Benguerba, et al., 2017). It is also considered in good agreement with
the calculated value of 1.227 g.cm™ using the COSMO-RS theory and Amsterdam Density
Functional (ADF) package (Aissaoui, Benguerba, et al., 2017).

DURAND et al. (Durand et al., 2013) reported an experimental value of density for
ChCI:Glu (1:1) DES of 1.24 g.cm™, whereas the predicted value was 1.362 g.cm™. The
difference is slightly higher than for ChCl:Gly, but remains acceptable.

In addition, the calculated value of density for TMAC:Gly (1:2) DES of 1.175 g.cm™is
in good agreement with the experimental value of 1.155 g.cm™ reported by Rodriguez et al.
(Rodriguez et al., 2016). These examples confirm the reliability of COSMOtherm for the
calculation of the density of DESs.

4) Viscosity

The discrepancies between the experimental and theoretical viscosity values are due to
the adoption of the classic GRUNBERG-NISSAN mixture rule (Eq 111.36) instead of its modified
form that accounts for the binary interaction coefficients. Although the GRUNBERG-NISSAN
correlation usually gives poor results for polar mixtures (Marczak et al., 2012), it was used
here for its simplicity (Table IV.5).

Table 1V.5. Predicted densities and viscosities of DESs.

DES Density Viscosity DES Density Viscosity
(g/cm®) (cP) (glcm®) (cP)
DES1 1.264 1.288 x 10° DES13 1.322 4.962 x 10°
DES? 1.202 3.952 x 10° DES14 1.073 2.057 x 10*
DES3 1.286 3.877x 10° DES15  1.165-1.278  [7.373 x 10°-1.423 x 10°]
DES4 1.099 3.870 x 10° DES16  1.040-1.045  [8.215 x 10'-9.949 x 10']
DES5 1.362 5.019 x 10° DES17 1.183 6.157 x 10*
DES6 1.100 3.860 x 10° DES18 1.196 1.131 x 102
DES7 1.218 8.427 x 10° DES19 1.279 3.834 x 10!
DESS8 1.069 3.931x 10° DES20 1.098 3.758 x 10*
DES9 1.166 8.198 x 10* DES21 1.433 6.619 x 10°
DES10 1.175 1.124 x 10? DES22 1.093 2.132 x 10*
DES11 1.259 3.760 x 10! DES23  1.205-1.298  7.387 x 10%-1.424 x 10°
DES12 1.073 3.086 x 10! DES24  1.052-1.075  8.326 x 10%-9.993 x 10!
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According to Table IV.5, DESs seem to show viscosities of various orders:

I. Mpgs,, > Npese™> Npes,,> Npes, (order of viscosities: 10° cP)

ii. Mpes,> Npes,, (order of viscosities: 10* cP)

Hi. Mpgs,> NpEs,™ NpEs, > Npess™ Npes, > Npes, > Npes,, (order of viscosities: 10° cP)

IV. Mpgs,.> Npes,, > Npes,, (order of viscosities: 10° cP)

V. Mpes,,™ MpEs,e > NDES,s> NDES,,™ NpES,, > NpES,,> NbEs,, (1€ss than 100 cP)

The predicted viscosity for ChCI:Glycerol (1:2) DES of 3952 cP is an order of
magnitude higher than the experimental values of 365.7 cP (Rodriguez et al., 2016), 259 cP
(Zhang et al., 2012) and 350 cP (Aissaoui et al., 2017).The predicted viscosity of ChCl:Urea
(1:2) DES, 3877 cP, is much higher than the experimental value of 750 cP reported in the
literature (Zhang et al., 2012).

The experimental value of 37 cP for ChCI:EG (1:2) reported by ZHANG et al. (Zhang et
al., 2012) is much lower than the value calculated in this work, 3870 cP. Surprisingly, the
experimental viscosity of TMAC: Glycerol (1:2) reported equal to 406.9 cP (Rodriguez et al.,
2016), is higher than value found by calculation which is 112.4 cP. Based on the above, more
work is needed to understand the reason for the difference between the experimental values

and those calculated here using COSMO-RS program.
5) Reactivity

HOMO and LUMO are the terms assigned to frontier orbitals (Higher Occupied
Molecular Orbital and Lower Unoccupied Molecular Orbital, respectively), and essential in
determining the amount of energy necessary to electron exchange in a molecule. HOMO is
associated with the tendency of a species to donate electron while LUMO is associated with
the tendency to receive electron. Molecules with a large HOMO-LUMO energy gap are hard
molecules, which means highly stable and not likely to charge transfer because they resist
changes in their electron number and distribution. This stability results in preventing
crystallization of DESs at room temperature (Hammond et al., 2016). Softness (S) is defined

as the reciprocal of the hardness (Table 1V.6).
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Table 1V.6. Energies of Highest Occupied Molecular Orbital (Exomo) and Lowest Unoccupied
Molecular Orbital (E,ymo), Hardness (n), Electronic chemical potential (i) and electrophilicity index
(n) for HBAs and HBDs expressed in eV.

HBAs HBDs
omp ChCl TMAC Bet Sorb Gly Ur EG Glu AA CA 1,2-But
Ehomo -6.18 -6.23  -6.32 -1.35 74 -719 -738 -732 -7.71 592 -7.46
E.umo 132 1.48 0.65 1.04 1.63 131 1.78 1.06 007 -189 171
n 3.75 3.86 3.49 4.19 451 4.25 4.58 4.19 3.89 2.02 4.59
n -243  -237 -2.83 -316 -289 -294 -280 -3.13 -382 -390 -2.87
w 0.79 0.73 1.15 1.19 0.92 1.02 0.85 1.17 1.87 3.78 0.90

Hardness, as well as electronic chemical potential and related electrophilicity, are
crucial in pairing the appropriate HBA/HBD systems. In the analysis of the chemical
reactivity of a molecule, electrophilicity is generally used as a structural depictor. A molecule
with low chemical potential is a good electrophile, while a hard molecule has a low electron
acceptability. Consequently, a measure of molecular electrophilicity depends on both the
chemical potential and the chemical hardness. In addition, the higher the electrophilicity (thus
lower “p” and "n"), the higher the ability of the molecule to attract electrons.

In terms of increasing electrophilicity (Table IV.6), results give the following order:

» HBDs:  wgs < W12-puta < Wgly < Wyrea < Wgry < Wsorp < Waa < Wca

> HBAs:  wrmac < Wenet < Wpetaine

These results show that betaine is the strongest electron acceptor and CA is the strongest
electron donor (possessing the lowest ionization potential, 1, = -Exomo and thus the higher
HBD (w), which indicates that Betaine/CA is the most energetically stable DES.

For each component, Fukui indices (according to MULLIKEN) listed in Table V.7, show
the atoms presenting the prevailing polarities (f * for anion attractive atoms, and f ~ for cation
attractive atoms). These dominant polarities make the corresponding atoms the favorable sites
to either hydrogen, electrostatic or VAN DER WAALS’ bonding with each other (HBAs with
HBDs).
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Table 1V.7. Fukui indices (MULLIKEN) for HBAs and HBDs.

Comp  Molecule + Fukui Indices i
ChCl H22 — 0411 Cl17 — 0.748
H7 — 0.177
TMAC H6 — 0.156 Cl18 — 0.727
HBAS H7 — 0.155
Bet Cl17—0.177 018 — 0.380
019 —0.160 019 — 0.373
Sor H23 — 0.416 08 — 0.194
H16 — 0.176 09 — 0.105
Gly H12 — 0.458 04 —0.216
H13 — 0.332 05— 0.176
Ur Cl — 0.282 02 — 0.445
N3 — 0.123
EG H10 — 0.636 03 — 0.308
H9 — 0.283 04 — 0.201
HBDs Glu H17 —0.232 020 — 0.095
H21 — 0.207 HI19 — 0.089
AA C2—0.310 03 — 0.487
04 — 0.131
Caf. A C5—0.132 010 — 0.900
03 —0.190 C9 — 0.086
1,2-But  HI5 — 0.380 05— 0.293
H16 — 0.255 06 — 0.202

From these values, it can be observed that:

v" Chlorine atoms of ChCl and TMAC are more electronegative than oxygen atoms of

betaine

v" Within caffeic acid molecule, oxygen atom exhibits the highest electronegativity,

followed by C, which also presents a polarity in the molecule.

v' H10 atom of EG presents the higher positive polarity among all HBDs then H12 of

glycerol, followed by H23 atom of sorbitol.

v'1,2-Butanediol followed by acetic acid present H atoms with moderate electro-positivity

v Caffeic acid exhibits the weakest polarity among the HBDs. Which is expressed by the

lowest f+ value. Followed by urea and then glucose showing slightly higher values.
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As mentioned above, COSMO-RS is a two-step approach proceeding by COSMO (as an
extension of the Continuum Solvation Model (CSM) of quantum mechanics) calculation of
molecules using Density Functional Theory (DFT), and statistical thermodynamics (as an
extension to Real Solvents (RS) part) of the molecular interactions. COSMO-RS computes the
interaction energy of interacting components in terms of polarization charge densities, ¢ and
o’ (Hizaddin, 2016). Interaction energies including the electrostatic-misfit energy Ewmr,
hydrogen-bond energy Ens, VAN DER WAALS’ energy Evqw, and (DES) mixture energies are

calculated using equations 1.1-1.4 (see chapter I).

Table 1V.8 summarizes the values of the interaction energies contributing in
maintaining the stability of the DESs. Regardless of the sign, the higher the value, the more
important the contribution of the energy type. It is clear that hydrogen-bond energy is the
most contributing energy for most DESs. Results reported in the literature (Durand et al.,
2013; Fischer, 2015) agree with the results of this work, indicating that DESs have
specifically a strong and complex hydrogen-bonding network between the DES components.

Higher values of mixture energies are indicative of more stable DESs.
Using the calculated Enix values, the stability of DESs in decreasing order is as follows:

DESs > DES,; > DES¢ > DES, > DES; > DES; > DES,3> DES,; > DESg > DES3> DES;3
> DES;5 > DES 3> DES;o > DES;, > DES;9 > DES;, > DES;; > DES,4 > DES,o > DESy4 >
DES6> DESg > DES;5.
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Table 1V.8. Interaction Misfit, H-Bond and VAN DER WAALS’ energies, and mixture energy of
considered DESs in Kcal/mol.

DES Ewvr Ens Evaw Emix

DES1 5. 039 -19.329 - 8.807 - 23.098
DES2 4.303 - 21.636 - 8.750 - 26.083
DES3 4.646 - 16.769 - 8.810 - 20.933
DES4 4.962 -19.118 -8.842 - 22.998
DES5 4.054 - 25.663 -8.719 - 30.327
DES6 4571 -22.534 -8.789 -26.751
DES7 4.700 -19.572 -8.929 -23.801
DES8 5.110 -18.794 - 8.887 -22.572
DES9 6.141 -7.049 -7.851 -8.759
DES10 4.452 -12.314 -7.641 - 15.503
DES11 4.845 -7.992 - 7.686 -10.833
DES12 5.196 -9.702 -7.746 -12.252
DES13 4.260 - 16.188 -7.619 -19.548
DES14 5.829 - 7.985 - 7.863 -10.019
DES15 3.796 - 15.527 -7.725 - 19.456
DES16 5.905 - 6.940 -7.894 -8.929
DES17 6.435 - 8.266 - 6.868 - 8.699
DES18 4.167 -16.101 -6.814 -18.747
DES19 4.647 - 9.588 -6.891 -11.832
DES20 5.899 -9.086 -6.870 - 10.057
DES21 2.520 - 23.050 - 8.133 - 28.662
DES22 5.659 - 10.557 - 6.830 -11.728
DES23 3.509 -19.728 - 6.861 - 23.080
DES24 5.734 -9.674 - 6.889 -10.829

IV.3. Synthesizing Polydecanediol-Citrate Composite Using Benzalkonium

Chloride-based Hydrophobic Eutectic Solvent

IVV.3.1. Selection Criteria and Synthesis Procedure

We have selected dodecyldimethylbenzyl ammonium chloride (DDBAC) as the salt

molecule because it is already commercialized as active bactericide commonly utilized in

wounded skins and wastewater treatment. DDBAC is also a common ingredient in various

domestic products (Lee et al., 2018). As for the diol monomer, we have selected 1,10-

decanediol (D1oDO) constituent as Garcia-Arguelles et al. reported that molecules with higher

steric hindrance caused lower crosslinking (Garcia-Arguelles et al., 2013), and thus, since

polyesters with lower crosslink density degrade faster, a diol with a longer linear chain was

chosen. Another advantage of utilizing DESs in polycondensation is that the presence of a

DES has been previously reported to reduce the elastomer crosslinking, generating a higher

molecular weight of linear chains between crosslinks (Garcia-Arguelles et al., 2013; Serrano
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et al., 2012). This is due to the additional volume created by the salt bulk molecule as a result
of its position between the crosslinks. Additionally, it has been previously reported that DESs
have a plasticizing effect on polymers (Wang et al., 2015), decreasing their glass transition
temperature (Martins et al., 2014) and facilitating their processability (Mano et al., 2015).
Introducing DESs in polymerization process also reduces the total number of reagents and
provides additional thermal stability to exothermic reactions, making it easier to control the
medium temperature (Mota-Morales et al., 2011). The polycondensation reaction of D1,DO
and CA is illustrated in Figure 1V.4 where D1;DO represents the n = 10 diol.

H
(‘) o R—O o
oM S M [¢] W o M
o o o] " o o o
p \
R R
n-diol citric acid poly(n-diol-co-citrate)
(CA) (PD,CA)

Figure 1V.4. Polycondensation synthesis scheme of poly(diol-citrate). R represents hydrogen or a
crosslinked polymer chain, i represents the degree of polymerization, and n and represents the diol
chain length.

The process of preparing the DDBAC-filled poly(1,10-decanediol-citric acid) (PD1,CA)
occurs through three major steps: i) the formation of the HES (polymerization medium,
monomer, and filler), ii) the pre-polymer preparation (initiation of polymerization step till
pre-polymer is formed), and finally, iii) crosslinking stage and the composite formation via
DDBAC-filled PDCA. The first step consists in mixing DDBAC as HBA and D1,DO as HBD
at a 1:3 molar ratio by stirring the mixture at a temperature of 90°C until a clear homogeneous
liquid is obtained (Jablonsky et al., 2019). The second step occurs when CA is added to the
HES at the same molar ratio regarding D;oDO (mixture molar ratio of 1:3:3 for DDBAC,
D10DO, and CA, respectively) to initiate the polycondensation process. The mixture is then
left for crosslinking to occur during 10 days under stirring at about 90 °C. The final product is
DDBAC-filled PD;oCA elastomer. A summary of the methodology scheme is shown in
Figure IV.5.

The resulting elastomer-based composite film can find use in various applications such
as food tray coating which is the purpose of the present study. The DDBAC-filled PD;oCA
film is expected to be used as tray-coating to absorb the liquids of packaged food and inhibit

bacterial growth to ensure longer conservation time of meat, and fruits (see Figure 1V.6).
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Figure IVV.5. Summary of the methodology scheme to synthesize DDBAC-filled poly(1,10-
decanediol-co-citric acid). (Garcia-Arguelles et al., 2013)

Tray Polystyrene base layer

DDBAC-Filled PDAC layer

Figure 1V.6. Bactericide-filled Polyester layer in the food tray.
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1V.3.2. Geometry Optimization and Fukui Function Indices

All the calculations were made through the “DMOL3 PBE C30 1501.ctd”
parameterization file. A visual representation of the optimized geometry of the
DDBAC:D;oDO (1:3) HES mixture with its hydrogen bonding interactions (dashed black
lines) is shown in Figure 1V.7, as detected by the software.

Key:
e carbon Hydrogen e Oxygen
e nitrogen Chloride ---hydrogen bonding

Figure IV.7. Geometrically optimized three dimensional structure of the DDBAC:D;,DO (1:3)
mixture. The black lines represent the hydrogen bonding interactions detected by the software.

Figure IV.8 bellow, shows the labelled Fukui function indices of each atom in CA,

D,0DO, DDBAC, and the DDBAC:D1,DO (1:3) mixture.
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Citric acid (CA) 1,10-decanediol (D1,DO)

H20
/
012 Hie6 15H 20H 24H 28H H32

DDBAC:D,,DO (1:3)

334—-011 H30 A2

QD86
85
‘2‘ H(»J.

W81

45
0

/
H’:T

Figure 1V.8. Local atomic Fukui function indices of each atom in the modeled molecules.
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IVV.3.3. Results and Discussion
I1VV.3.3.1. Surface Charge Densities (SCD) and o-Profiles

Figure 1V.9 bellow shows the SCD distribution of the geometrically optimized molecular
structures of DDBAC, D;,DO, CA, DDBAC:D;,DO (1:3) HES mixture, and PD;,CA
elastomer. The green segments denote the non-polar “neutral” parts of the molecules. The red
segments symbolize the negatively charged “hydrogen-accepting” fragments of the
molecules. Conversely, the blue segments represent the positively charged “hydrogen-

donating” portions.

Dodecyldimethylbenzyl 1,10-decanediol Citric acid
ammonium chloride (DDBAC) (D10DO) (ca)

DDBAC:D10DO Poly(1,10-decanediol-citrate)
(1:3) (PD10CA)

Key:
Atoms: @ Carbon O Hydrogen @ Oxygen @ Nitrogen © Chloride
Colors: ] Highly positive [ Slightly positive [l neutral slightly negative ] Highly negative

Figure 1V.9. Surface charge density distributions of DDBAC, D,;,DO, CA, the DDBAC:D,DO (1:3)
HES mixture, and PD1oCA.
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The SCD data were used to determine the o-profiles of each molecule, which helped to
obtain the results shown in Figure 1V.10. The o-profile of a molecule is a distribution of
atomic charges within the molecule, or more appropriately at the surface of the latter that
describes the relative probability of a molecular surface segment to have a particular
screening charge density noted o (Adeyemi et al., 2020; Warrag et al., 2018). These profiles
also provide the “chemical information” necessary in predicting a possible interaction

between two molecules.

The location of each peak in the o-profile provides an indication about its polarity and
thus, the tendency to attract or repulse another molecule. In this sense, the o-profiles of the

molecules under study show three main regions:

- The HBD region: Negative values of ¢ (¢ < 0 e-A~2) denote the positively charged
segments of the molecules within the HBD region.

- The neutral region: The ¢ values around zero charge density (o = 0 e-A~2) represent the
non-polar segments of the molecules within the neutral region.

- The HBA region: While the positive o values (o > 0 e-A~2) refer to the negatively

charged segments of the molecules within the HBA region.

Such a zonal repartition occurs based on the hydrogen bonding threshold value, which is
set at oz = +0.008 e-A=2. Accordingly, molecules possessing peaks at ¢ < oy are defined
as exhibiting hydrogen bond donating tendencies (HBDs), while molecules possessing peaks
at ¢ > oyp are considered owing tendencies as hydrogen bond acceptor molecules (HBAS)
(Adeyemi et al., 2020; Warrag et al., 2018).
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Figure 1V.10. (a) o-Profile distributions of DDBAC, D,,DO, CA, the DDBAC:D,DO (1:3)
HES mixture and PD1qCA, and (b) the a-Profile with each major peak labeled.
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The peaks in Figure 1V.10 (a) located within the HBD region (—0.0200 < 0 <
—0.0080 e-A~2) represent H* protons in a molecule as seen for CA and D3oDO. The peaks
near the black dashed line within —0.0080 < o < —0.0050 e-A~2 denote the N*, H%*, and
C%* atoms in a molecule (e.g. DDBAC). The peaks in the neutral region around zero at
—0.0050 < ¢ < 4+0.0050 e-A~2 belong to the non-polar —CH;, —CH,,and — CH groups in a
molecule (DDBAC, D1yDO). The peaks near the black dashed line at the limit of the neutral
region toward the HBA region, within +0.0050 < ¢ < +0.0080 e-A~2 refer to the w-bond
containing parts of C = €%~ and €%~ = 0 atoms in a molecule (e.g. CA). Finally, the peaks
in the HBA region (+0.0080 < ¢ < +0.0200 e-A~?) represent the 0%~ and €I~ atoms in a
molecule (e.g. DDBAC, D1oDO, CA). The a-profiles were reproduced with detailed labels of
the atoms and groups responsible for the peaks apparition to allow better understanding of the
polarity of the molecules as shown in Figure 1VV.10 (b). lllustrations from Figure 1V.9 and

Figure 1V.10 are explained in details for each molecule in Table IV.9 bellow:

Table 1V.9. Summary of the observations made from the surface charge distributions and the o-
profiles of DDBAC, D;,DO, CA, the DDBAC:D;,DO (1:3) HES, and PD;,CA.

Abbreviation Observations and Tendencies
Components

DDBAC The molecule is primarily considered as a HBA. Its high polarity is evident by

the deep red segment of the Cl~ atom (= 0.0150 e-A~2). Although the
molecule is large, the polarity is concentrated at a single area, which helps
predict the molecule interaction tendencies. N* atom shows some weak
hydrogen donating capacity (light blue segment). However, its peak in the o-
profile is not quite within the donating region (nearby the vertical dashed line
in the neutral region). The molecule is also mostly green with large peaks in
the neutral region corresponding to the high concentration of —CH, groups.
This suggests that the molecule could be considered highly hydrophobic with
the only hydrophilic parts being N* and €1~ atoms within the molecule.

DD . - . .
1000 The diol exhibits both HBD and HBA tendencies stemming from H* and 0%~

respectively, located at the ends of the molecule, which are represented by the
blue (—0.0170 < o < —0.0100 e-A~2 peaks) and red segments (+0.0100 <
o < —0.0170 e-A=2 peaks). As for DDBAC, Dy,DO is mostly non-polar
indicating that the molecule is highly hydrophobic, except for the hydrophilic
portions due to the presence of H* and 0%~ atoms.

CA This acid also shows both HBD and HBA tendencies stemming from H* and

0%~, respectively, that are positioned around the molecule. However, unlike
DDBAC and D,,DO, this molecule is entirely hydrophobic, which is
evidenced by the lack of green segments on the molecule, and the small peaks
located in the neutral region (—0.0050 < ¢ < +0.0050 e-A=2).
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Eutectic Mixture and Polymer

DDBAC:D;,DO
(1:3)

The geometrical optimization of the molecule indicates that the eutectic
solvent forms a fairly tetrahedral geometry with the Cl~ atom of the DDBAC
molecule being the center and the H™ donating segments of the D;,DO
molecule are physically bonded with Cl~ atom through hydrogen bonding.
Also, by examining the o-profile of the eutectic solvent, it can be observed
that the peak contained within the HBA region is quite larger than that of the
DDBAC molecule. This is due to the fact that the peak in the HBA region of
the HES actually contains two peaks: peak of CI~ for DDBAC, and that of
0%~ for Dy,DO, leading to a more pronounced amount of accepting segments.
It can also be seen from that the eutectic mixture of DDBAC:D(DO (1:3)
could be considered highly hydrophobic due to the molecule being mostly
green with large peaks in the neutral region corresponding to the high
concentration of —CH, groups.

PDwCA As for the HES, the polymer is also considered highly hydrophobic due to the

molecule mostly green with large peaks in the neutral region corresponding to
the high concentration in —CH, groups. However, the o -profile of the
polymer reveals that the peaks contained within the HBA region are larger
than those of DDBAC, D;,DO, and CA. This is due to the fact that the peaks
in the HBA region of the polymer contain a large number of 0%~ atoms that
stem from the D,,DO and citrate groups, which form after the polymerization
reaction leading to a very large amount of hydrogen bond accepting segments
positioned in the center of the molecule and surrounding the molecule. Some
HBD activity in the extremities can be observed from the remaining H™* parts
of the constituent molecules that were not polymerized.

1VV.3.3.2. o-Potentials

Affinities of molecules toward either polar or non-polar species were also determined
by means of the corresponding o-potential distributions, as illustrated in Figure 1V. The o-
potential of a molecule may be defined as the tendency of a surface segment carrying a given
polarity o to be attracted to a particular type of solvent (i.e., HBA, HBD, and non-polar
solvents) (Warrag et al., 2020). Examining the o-potential distributions of the components
(DDBAC, D1oDO, and CA) in Figure IV. enables to observe the high affinity of DDBAC
toward HBDs, followed by D3,DO, and lastly CA. Regarding the HBA affinities, CA was
observed to exhibit the highest affinity, followed by D,DO. DDBAC showed no affinity
towards HBAs, and in fact, based on its a-potential distribution, it can be said that the
DDBAC molecule would mainly repel HBA solvents due to its very highly electron-
withdrawing nature. These distributions confirm that DDBAC and D;oDO molecules interact
with each other through hydrogen bonding networks with DDBAC as the HBA and D1,DO as
the HBD. It can also be observed that DDBAC molecule is more compatible with the CA
molecule. Nonetheless, CA is not present during the HES formation step, and thus would not
inhibit the interactions between DDBAC and D;,DO. The affinity between DDBAC and
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D1oDO is sufficient enough to establish various types of interactions including VAN DER

WaAALs’ interactions, hydrogen bonding, and entropy of mixing.

—— DDBAC:D,,DO (1:3) —— PD,,CA —— DDBAC —— D,;,DO —— CA
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Figure 1V.11. o-Potential distributions of DDBAC, D,,DO, CA, DDBAC:D,,DO (1:3) HES,
and PD,,CA.

Results showed that DDBAC:D;oDO (1:3) exhibited affinity toward both HBAs and
HBDs, with a higher affinity toward HBDs. This finding is of great significance since it
demonstrates that the HES may show sufficient interactions with the CA molecule leading to
efficient solvation of the CA monomer into the HES. Also, the ternary interactions between
the negatively charged DDBAC with both CA and D1,DO provide a strong network that helps
contain the DDBAC additive within the polymer crosslinks. As for the polymer, it can be seen
that the polymer showed a fairly similar behavior to the HES, where it exhibits affinity toward
both HBAs and HBDs, with a higher affinity to HBAs.
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1V.3.3.3. Fukui Function Indices

The reactivity of a certain molecular site k to a nucleophilic attack (i.e., by anionic
species) or an electrophilic attack (i.e., by cationic species) can be determined using the Fukui
function (Geerlings et al. 2003). The Fukui function results provide important information
about the most appropriate sites for donating electrons (least affected by migration of
electrons), or accepting new electrons (most stabilized by addition of electrons). The Fukui
results in this work were determined using DFT calculations in the DMol3 module. The
comprehensive lists of data for each atom constituting the DDBAC, D1,DO, HES, and CA
molecules are available in Tables A.1 to A.4 of the Appendices. Table IV.10 lists the most
significant results obtained from the Fukui function indicating the most suitable sites for
nucleophilic and electrophilic attacks. These sites are identifiable by their greatest values of
f~ and f* corresponding to nucliophiles (anionic atoms) and electrophiles (cationic atoms),
respectively. It is worth noting that the location indices of each component listed in Table

IV.10 are shown in the chemical structures of Figure IV.

Table 1V.10. Most significant Fukui anionic and cationic atoms in CA, DDBAC, D,,DO, and the

HES".
Anionic Atoms, f~  Cationic Atoms, f*
(HOMO) (LUMO)
CA O(#13) — 0209 C@#6) —0.169

O(#9) —0202 O#9) — 0.141
O#7) —0.100 O@#1ll) —0.123
c#s) —0.117

DDBAC Cl(#l) —0.727 C(#20) —0.148

D1,DO O#11) —0210 H#34) — 0.833
O#12) —0210 HE#)  —0.155

H(#16) — 0.146

H@#14) — 0.129

DDBAC:D;;DO  Cl(#103) — 0.276  C(#122) —0.126
(1:3) O#45) — 0.131
O(#80) — 0.121

®The indices of each component are labeled in Figure IV.
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The results shown in Table IV.10 are also visually plotted as Fukui anionic and cationic
charge distributions in Figure IV. First, it can be observed that the carbon atoms in the
position numbers #5 and #6, and the oxygen atoms in the position numbers #9 and #11
calculated were cationic, while the oxygen atoms in the position numbers #13, #9, and #7
were anionic. The most suitable location for nucleophilic attack would be on the oxygen #13,
which is the only oxygen not belonging to an acid group, while the most suitable location for
an electrophilic attack would be on carbon #6 (most suitable to be a ‘carbocation’) as it is the
closest carbon to both a carboxylic acid group (O#9) and the hydroxy group (O#13).
Regarding the DDBAC molecule, it can be seen that the most electronegative atom in the
molecule is the chloride atom with a very high Fukui value of f~ = 0.727 making the
DDBAC molecule an excellent HBA with a strong nucleophilic attack site. Conversely, the
most suitable location for an electrophilic attack would be the aromatic carbon #20 (could act
as a carbocation). This group is contained within the benzyl group and is the furthest aromatic
carbon from the geometrically optimized chloride anion and ammonium cation locations.
However, its f(r) value is still much lower than the chloride atom, and thus, the molecule can
be considered as mostly a nucleophile (as observed by the less accumulated regions in yellow
in Figure IV.).

Based on the f(r) values of D;1oDO, it can be concluded that the diol molecule is most
prominently considered as an electrophile with a Fukui value of f~ = 0.833 on hydrogen #34.
On the other hand, the molecule can also act as a nucleophile using the oxygens located on the
two ends of the molecule (#11 and #12). Lastly, the geometrically optimized structure of the
DDBAC:D;oDO (1:3) HES mixture can be considered as having both nucleophilic and
electrophilic tendencies. The most pronounced suitable site for a nucleophilic attack would be
the chloride atom (#103) with a f~ = 0.276. Note that the value is much lower than that of
pure DDBAC due to the fact that it is being stabilized by three hydroxyl groups from the
D10DO molecule. Additionally, the HES mixture contains two other suitable sites for a
nucleophilic attack, which are the electronegative oxygen atoms in the hydroxyl groups of the
D10DO molecule with positions of #45 and #80. On the contrary, the most suitable site for an
electrophilic attack would be the aromatic carbon #122 (carbocation tendency), which
represents the same carbon atom within the benzyl group that is furthest away from the
chloride anion and ammonium cation locations. It should be noted that these Fukui results
agree with those obtained from the SCDs, a-profiles and o-potentials, however, they still add

more detailed insights from an atomic perspective.
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Anionic Atoms, f~ Cationic Atoms, f*
Nucleophilic Sites Electrophilic Sites
Citric acid (CA)

Dodecyldimethylbenzyl ammonium chloride (DDBAC)

Key:
Atoms: @ carbon O hydrogen @ oxygen @ nitrogen O chloride
Clouds: M blue clouds represent the high accumulated areas, while the * yellow clouds represent less accumulated ones.

Figure 1V.12. Fukui anionic and cationic charge distributions of CA, DDBAC, D,,DO, and the HES.
1V.3.3.4. Interaction Energies and Volatility of HES

The results of the interaction energies allowed to determine the most dominant type of
interactions within the HES mixture. Figure IV. show that the primary interactions within the
DDBAC:D;oDO (1:3) HES mixture are VAN DER WAALS’ interactions with an energy value of
—21.6 kcal/mol. This result was expected because, unlike hydrophilic DESs that generally
depend on hydrogen bonding primarily, HESs consist of largely non-polar
—CH;,—CH,,and — CH groups that primarily interact with each other through VAN DER

WAALS’ interactions.
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Figure 1V.13. The misfits, hydrogen bonding, VAN DER WAALS, and mixture energies in kcal/mol of
the DDBAC:D,DO (1:3) HES mixture.

Furthermore, as a demonstration of the green character of HESs, the vapor pressure of
DDBAC:D;oDO (1:3) (at 25.15 °C and atmospheric pressure) was found negligible
(2.0x10737 mbar) using COSMOThermX. For the sake of comparison, the same calculation
method was utilized with a widely known and commercialized organic solvent “toluene”, and
the vapor pressure was found to 36.6 mbar. These results were expected as the

DDBAC:D;oDO (1:3) eutectic is a mixture of two solids at room temperature, which further

demonstrates the greenness and sustainability of these novel eutectics (Dietz et al., 2019).
1VV.3.3.5. Properties of the HES and CA mixture
a) Interaction Energies

The interaction energies and the total mixture energy (E,,;) of the HES and CA
mixture are illustrated in Figure V.. The primary interactions observed between the HES and
CA are hydrogen bonding with an energy value of —16.2 kcal/mol. This result agrees with
the findings obtained from the SCDs, a-profiles, o-potentials, and the Fukui function, where
it was also found that the primary mode of interactions between the HES and the CA are
through hydrogen bonds.
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Figure 1V.14. The misfits, hydrogen bonding, VAN DER WAALS, and mixture energies in kcal/mol of
the HES and CA mixture.

b) Activity Coefficient at Infinite Dilution

The parameter y;° describes the behavior of a solute molecule when completely
surrounded by the molecules of the solvent (i.e., a negligible concentration of solute within
the solvent). The lower the infinite dilution activity coefficient, the more appropriate the
solvent-solute combination. Accordingly, the infinite dilution activity coefficient (In(yz,) of
CA in the HES was determined using the COSMOThermX software. The result obtained at
25.15 °C and atmospheric pressure was found to be In(y%,) = 8.0x10712, The low value of
In(y2y) suggests that the DDBAC:D1,DO (1:3) solvent has a remarkably high affinity
towards CA.

c) Solubility

The solubility of a monomer in a solvent as synthesis medium is one of the critical
parameters that determines the feasibility of the synthesis process. The solubility is a
measurement of the ability of a solvent to dissolve a certain amount of solute (Maleki et al.,
2017). Thus, based on its fundamental importance, the solubility of CA in the DES, which is
based on a solid-liquid equilibrium (SLE) calculation, was determined using the
COSMOThermX software at 25.15 °C and atmospheric pressure. From the results listed in
Table IV.11, it can be concluded that the selected BAC-based HES is an efficient solvent for
CA as the solubility of x5; = 0.543 was obtained. The high solubility is presumably a result
of the high hydrogen bonding energy.
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Table 1V.11. Solubility of CA in the HES reported in weight fraction and mole fraction °.

Parameter Value
Wca-SLE 0.209
XCA-SLE 0.543

2The density of the solvent was calculated (875.924 kg/m?).

d) Reactivity

The calculated quantum chemical parameters are listed in Table 1V.12. From the results,
it can be observed that CA has the highest tendency to react by accepting a pair of electrons
(very high w values). On the other hand, the D1,DO is the most stable molecule in terms of its
electron cloud, and thus, it would be the most probable candidate to react and donate a pair of
electrons to CA in order to form the most energetically favored system. It can also be
observed that the PD;oCA molecule and the DDBAC molecule are relatively non-stable
molecules, and from the findings in the previous sections it was found that the PD;oCA has
high affinity towards HBA molecules, while the DDBAC molecule has a high affinity
towards HBD molecules. These are promising and facilitates their compatibility as a polymer

matrix and an additive combination.

Table 1V.12. The quantum chemical density functional theory parameters of DDBAC, D,,DO, CA,
DDBAC:D,DO (1:3) HES mixture, and PD,,CA.

Parameter  DDBAC D1,DO CA HES PDy,CA
Enomo (eV) -5.197 -6.036 -5.398 -5.550 -6.039
ELymo (€V) -1.512 1.793 -3.741 -1.411 -1.534
AE,,, (eV) 3.685 7.829 1.657 4.148 4505
1 (eV) 1.843 3.915 0.829 2.074 2.253
1 (eV) -3.355 -2.122 -4.57 -3.485 -3.787
w (eV) 3.054 0575 12.601 2.928 3.183
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1VV.3.3.6. Compatibility of PD;oCA Elastomer with DDBAC Additive

a) Interaction Energies

The interaction energies and the total mixture energy (E,,;,) of the PD;,CA-DDBAC
composite were determined using the same COSMOThermX procedure applied earlier for the
HES and the HES-CA mixture. The primary interactions observed between PD;oCA (polymer
matrix) and DDBAC (filler) are VAN DER WAALS’ interaction energies with a value of
Eyaw = —52.7 kcal /mol.

The total mixture energy was also observed to be much lower than that of the HES and
the HES-CA mixtures with a value of E,,,;, = —62.2 kcal/mol, which further confirms the

compatibility between the polymer matrix and the filler (Figure 1V.15).
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Figure 1V.15. The misfits, hydrogen bonding, VAN DER WAALS, and mixture energies in kcal/mol of
the PD;,CA-DDBAC composite.

b) Blend Binding Energy Distributions

The blend binding energy distribution for the polymer, the salt and the composite
material are shown in Figure 1V.16, and the calculated blend parameters are listed in Table
IV.13 bellow. First, it can be observed from the that the combination of base-screen energies
representing the PD;oCA-DDBAC composite show a more favorable distribution than the
individual constituents (i.e., higher peak). Additionally, from the low calculated values of y
and Epjena, it can be concluded that the composite at hand composed of PD;,CA as a polymer
matrix and DDBAC as an additive is highly compatible. For the sake of comparison, FLORY-

HUGGINS’ interaction parameter calculated in this work was compared to that reported by
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ABDOUNE et al., where they have calculated the y value of ten polymers consisting of

polyglycols and dithymoquinone as an additive (Abdoune et al., 2019).

Their results showed that the best combination exhibited a FLORY-HUGGINS’ parameter
of 60.101, which is higher than that of the value calculated for the PD1,CA-DDBAC
composite at y = 42.750, indicating that the continuous phase of the PD1,CA polymer well
wets the non-continuous phase of DDBAC, and further demonstrates their compatibility as a

polymer matrix and an additive combination.
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Figure 1V.16. Blend binding energy distribution for pure PD;,CA (E;), DDBAC (E,), and the
PD;,CA-DDBAC composite (Ep;).

Table 1V.13. Blend binding energy and FLORY-HUGGINS interaction parameter calculated for the
PD,,CA-DDBAC composite at 25.15 °C.

Parameter Value
Epiena (Kcal/mol) 25.316
X 42.750
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1VV.4. Conclusion

This chapter reported the results obtained by COSMO-RS theory of interacting
molecular surface charges based on quantum models, and Density Functional Theory (DFT)
that served to predict interactions, reactivity and physicochemical properties of the studied

molecules. The chapter is funded upon two parts:

The first part involved calculation results of the interaction energies, reactivity and
physicochemical properties of twenty-four (24) DESs. Among the combinatory mixtures, the

strongest interactions were obtained for betaine:caffeic acid DES.

In the second part, calculations demonstrated good reactivity between the benzalkonium
salt as HBA and 1,10-decanediol as HBD to form the DES that served as solvent and
functional monomer for the polyesterification. The vapor pressure of the DES was found
negligible, confirming the non-volatility of the latter, and consolidates its low toxicity. The
DES was appropriate to dissolve efficiently citric acid, this solubility being a crucial step in
forming the pre-polymer. The possibility to obtain the composite relies on the interactions
between poly(1,10-decanediol-citrate) (PD;o0CA) and DDBAC antibacterial salt. These
interactions were found strong enough favoring the formation of this composite. Besides, VAN
DER WAALS’ bonds were found to show the main interaction energies between the DES
components, and between (PD1oCA) and the filler (DDBAC), while the DES and CA were
mainly bonded through hydrogen bonding.
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General conclusion

Nowadays, deep eutectic solvents are widely investigated due to their importance as
environmentally-friendly media, liquid solvents at room temperature, also for their low cost
and easy preparation. In polymer technology, the use of DESs is advantageous since they play
multiple roles in green synthesis processes, reducing the number of reagents such as catalyst
and polymerization initiator and enhancing the product yield besides their contribution in

greener processes.

The aim of the present study was to compute the interaction energies, and reactivity
between the reagents during a DES-assisted polycondensation for a green synthesis of a
biodegradable polyester with antibacterial activity, and predict the properties of the DES-

based composite.

The computational modeling was carried out in two parts. The first part was was
dedicated to the design and modeling of a series of DESs with the aim to provide knowledge
on these solvent unwell known, particularly in polymer science. A series of 24 DESs were
prepared by mixing three quaternary ammonium salts namely, choline chloride, tetra methyl
ammonium chloride and betaine with a series of hydrogen-bond donors. Molecular structures
and in-silico calculations of the interaction energies, reactivity and physicochemical
properties of the DESs was performed using COSMO-RS theory of interacting molecular

surface charges based on quantum models (QM), and Density Functional Theory (DFT).

Sigma-profiles and sigma-potential results revealed that betaine/caffeic acid pairing is
the most promising combination, which was confirmed by calculated values of activity
coefficient, reactivity and interaction energies. Results obtained for the density calculation for
this combination were very encouraging. However, the viscosity estimation cannot be relied
on due to the lack of accuracy of the computation program. Based on the results of this work,
the weakness in calculating viscosity by means of COSMOthermX software supports the
perspective to make more effort in developing a new viscosity QSPR model for the DES

structures.

In the second part, a computational study focusing on the molecular level interactions
and mechanisms was conducted to evaluate the feasibility of preparing a biodegradable
poly(diol-citrate) (PDCA) polyester filled with a benzalkonium chloride (BAC) salt as
antimicrobial agent using hydrophobic eutectic solvent (HES) assisted polycondensation. The
diol selected was 1,10-decanediol (D1,DO) as hydrogen bond donor (HBD), while the
selected BAC was dodecyldimethylbenzyl ammonium chloride (DDBAC) as hydrogen bond
acceptor (HBA). The results of the computational model showed that the HES and the
PD;oCA interacted with DDBAC primarily through VAN DER WAALS’ interactions, while CA
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interacted with DDBAC primarily through hydrogen bonding. The solubility activity
coefficient study and the low value of FLORY-HUGGINS parameter suggest that the HES is an
excellent solvent for CA. From the Fukui function indices and the a-profile curves, it has
been found that the CA molecule exhibited a high electrophilicity and a strong HBD
tendency. Additionally, the strong HBA character of DDBAC as filler combined with the
HBD character of PD;oCA elastomer create an excellent dynamic between the filler and the
prepared PD1,CA matrix, which was demonstrated through the low mixing energy and the

low FLORY-HUGGINS parameter of the composite.

Based on the theoretical calculations, it was found that DDBAC-based HESs may be
considered as potential solvents for PDCAs with antimicrobial properties. Nonetheless, we
believe that an experimental study aimed at estimating the antimicrobial activity of the
DDBAC embedded PD;,CA composite films is of paramount importance in order to drive the
HES-assisted PDCA synthesis towards an industrial reality enabling their use in various
applications such as food tray coating to slower the decomposition of food and thus, ensure

longer conservation time.
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Table A.1. Fukui indices of CA.

Atom f(—) f(+) Af = f(+) — f(—) Atom f(—) f(+) Af = f(+) - f(—)
Cc@) 0.015 0.01 -0.005 O (12) 0.009 0.052 0.043
Cc(@ -0.011 -0.01 0.001 O (13) 0.209 0.037 -0.172
C@3) -0.032 -0.011 0.021 H(14) 0.042 0.029 -0.013
C@4) 0.001 -0.007 -0.008 H(15) 0.044 0.034 -0.01
C(5) 0.006  0.117 0.111 H(16) 0.038  0.047 0.009
C (6) 0.08 0.169 0.089 H(17) 0.045 0.056 0.011
O(7) 0100 0.032 -0.068 H(18) 0.022 0.012 -0.01
o) 0.027 0.013 -0.014 H(19) 0.045 0.042 -0.003
0@ 0202 0141 -0.061 H(20) 0.014 0.033 0.019
O (10) 0.059 0.061 0.002 H(21) 0.043 0.022 -0.021
O(11) 0.041 0.123 0.082
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Table A.2. Fukui indices of DDBAC.

Atom f(—) f(+) Af = f(+) — f(—) Atom f(—) f(+) Af = f(+) — f(—)
Cl(@) o0.727 0.008 -0.719 H(32) 0.023 0.011 -0.012
N(2) -0.014 -0.023 -0.009 H(33) 0.021 0.011 -0.01
C(3) 0.005 -0.011 -0.016 H(34) 0.023 0.016 -0.007
Cc(@4) -0.009 -0.007 0.002 H(35) 0.023 0.013 -0.01
C() -0.008 0.016 0.024 H (36) 0.004 0.002 -0.002
C() -0.003 0.000 0.003 H(37) 0.005 0.002 -0.003
C () 0.000 0.001 0.001 H(38) 0.002 0.001 -0.001
Cc(@) -0.003 -0.01 -0.007 H(39) 0.002 0.001 -0.001
Cc(@) -0.002 -0.001 0.001 H (40) 0.001 0.000 -0.001
C(10) -0.001 0.000 0.001 H(41) 0.001 0.000 -0.001
C(11) -0.006 0.096 0.102 H(42) 0.001 0.000 -0.001
C(12) -0.001 0.000 0.001 H (43) 0.000 0.000 0.000
C(13) 0.000 0.000 0.000 H (44) 0.000 0.000 0.000
C(14) 0.000 0.000 0.000 H (45) 0.000 0.000 0.000
C(15) 0.001 0.064 0.063 H (46) 0.004 0.064 0.06
C (16) 0.000 0.070 0.070 H (47) 0.003 0.061 0.058
C(17) 0.000 0.000 0.000 H (48) 0.000 0.000 0.000
C(18) 0.003 0.054 0.051 H (49) 0.000 0.000 0.000
C (19 0.003 0.050 0.047 H (50) 0.003 0.061 0.058
C(20) 0.003 0.148 0.145 H(51) 0.003 0.060 0.057
C(21) 0.000 0.000 0.000 H(52) 0.003 0.076 0.073
H(22) 0.033 0.012 -0.021 H (53) 0.000 0.000 0.000
H(23) 0.009 0.010 0.001 H (54) 0.000 0.000 0.000
H(24) 0.014 0.009 -0.005 C(55) 0.000 0.000 0.000
H(25) 0.022 0.005 -0.017 C(56) 0.000 0.000 0.000
H(26) 0.012 0.045 0.033 H (57) 0.000 0.000 0.000
H(27) 0.015 0.048 0.033 H (58) 0.000 0.000 0.000
H(28) 0.011 0.005 -0.006 H(59) 0.000 0.000 0.000
H(29) 0.010 0.004 -0.006 H (60) 0.000 0.000 0.000
H (30) 0.027 0.015 -0.012 H(61) 0.000 0.000 0.000
H((31) 0.026 0.014 -0.012
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Table A.3. Fukui indices of D;;DO.

Atom f(—) f(+) Af = f(+) — f(—) Atom f(—) f(+) Af = f(+) — f(—)
Cc(@) -0.009 0.000 0.009 H(18) 0.018 0.025 0.007
C(@ -0.009 -0.071 -0.062 H(19) 0.014 0.009 -0.005
C@ -0.004 -0.007 -0.003 H(20) 0.014 0.008 -0.006
C(@) -0.003 -0.005 -0.002 H(21) 0.012 0.004 -0.008
Cc(B) -0.002 -0.002 0.000 H(22) 0.012 0.006 -0.006
c(@®) -0.002 -0.001 0.001 H(23) 0.012 0.003 -0.009
C(7) -0.003 -0.001 0.002 H(24) 0.012 0.002 -0.010
C(@) -0.004 0.000 0.004 H(25) 0.014 0.002 -0.012
c@© -0.009 -0.001 0.008 H(26) 0.014 0.001 -0.013
C(10) -0.008 0.000 0.008 H(27) 0.019 0.001 -0.018
O(11) 0.220 -0.002 -0.212 H(28) 0.018 0.001 -0.017
O0(12) 0.210 -0.198 -0.408 H(29) 0.036 0.001 -0.035
H(13) 0.043 0.048 0.005 H(30) 0.031 0.002 -0.029
H(14) 0.071  0.129 0.058 H(31) 0.072 0.002 -0.070
H(15) 0.036  0.036 0.000 H(32) 0.043 0.001 -0.042
H(16) 0.031 0.146 0.115 H(33) 0.046 0.008 -0.038
H(17) 0.019 0.021 0.002 H(34) 0.045 0.833 0.788
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Table A.4. Fukui indices of HES.

Atom f(—) f(+) Af = f(+) _ f(—) Atom f(—) f(+) Af = f(+) — f(—)
c@ -0.008 -0.001 0.007 H (83) 0.023 0.001 -0.022
C(©2 -0.001 0.000 0.001 H (84) 0.019 0.000 -0.019
C(3) -0.001 0.000 0.001 H (85) 0.009 0.000 -0.009
c®@) -0.001 0.000 0.001 H (86) 0.01 0.000 -0.01
C(5) 0.000 0.000 0.000 H (87) 0.005 0.000 -0.005
C (6) 0.000 0.000 0.000 H (88) 0.005 0.000 -0.005
C(7) 0.000 0.000 0.000 H (89) 0.003 0.000 -0.003
C(8) 0.000 0.000 0.000 H (90) 0.003 0.000 -0.003
C(9) 0.000 0.000 0.000 H (91) 0.002 0.000 -0.002
C (10) 0.000 0.000 0.000 H (92) 0.002 0.000 -0.002
O (11) 0.000 0.000 0.000 H (93) 0.001 0.000 -0.001
0 (12) 0.024 0.000 -0.024 H (94) 0.001 0.000 -0.001
H (13) 0.018 0.001 -0.017 H (95) 0.001 0.000 -0.001
H (14) 0.014 0.001 -0.013 H (96) 0.001 0.000 -0.001
H (15) 0.010 0.001 -0.009 H (97) 0.000 0.000 0.000
H (16) 0.006 0.000 -0.006 H (98) 0.000 0.000 0.000
H (17) 0.004 0.000 -0.004 H (99) 0.000 0.000 0.000
H (18) 0.004 0.000 -0.004 H (100)  0.000 0.000 0.000
H (19) 0.002 0.000 -0.002 H (101)  0.000 0.000 0.000
H (20) 0.002 0.000 -0.002 H (102)  0.030 0.006 -0.024
H (21) 0.001 0.000 -0.001 CI(103)  0.276 0.002 -0.274
H (22) 0.001 0.000 -0.001 N (104)  -0.002 -0.021 -0.019
H (23) 0.001 0.000 -0.001 C (105)  0.008 -0.007 -0.015
H (24) 0.001 0.000 -0.001 C (106) -0.003 -0.008 -0.005
H (25) 0.000 0.000 0.000 C(107)  -0.003 0.028 0.031
H (26) 0.000 0.000 0.000 C(108) -0.001 -0.001 0.000
H (27) 0.000 0.000 0.000 C(109) -0.002 -0.004 -0.002
H (28) 0.000 0.000 0.000 C(110) -0.001 -0.010 -0.009
H (29) 0.000 0.000 0.000 C(111) -0.001 -0.001 0.000
H (30) 0.000 0.000 0.000 C(112) -0.001 -0.001 0.000
H (31) 0.000 0.000 0.000 C(113)  0.003 0.083 0.080
H (32) 0.000 0.000 0.000 C(114)  0.000 0.000 0.000
H (33) 0.000 0.000 0.000 C(115)  0.000 0.000 0.000
H (34) 0.008 0.001 -0.007 C(116)  0.000 0.000 0.000
C (35) 0.000 0.000 0.000 C(117)  0.004 0.057 0.053
C (36) 0.000 0.000 0.000 C(118) -0.011 0.08 0.001
C (37) 0.000 0.000 0.000 C(119)  0.000 0.000 0.000
C (38) 0.000 0.000 0.000 C(120) 0.004 0.064 0.060
C (39) 0.000 0.000 0.000 C(121) 0.000 0.028 0.028
C (40) -0.001 0.000 0.001 C(122)  0.000 0.126 0.126
C (41) -0.002 0.000 0.002 C(123)  0.000 0.000 0.000
C (42) -0.004 -0.002 0.002 H (124) -0.009 -0.005 0.004
C (43) -0.007 0.001 0.008 H (125) 0.015 0.019 0.004
C (44) -0.016 -0.001 0.015 H(126) 0.012 0.011 -0.001
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045 0131  0.002 -0.129 H(127) 0007  0.006 -0.001
O(46) 0000  0.000 0.000 H(128) 0004  0.052 0.048
H(47) 0000  0.000 0.000 H(129) 0005  0.042 0.037
H(48) 0000  0.000 0.000 H(130) 0.006  0.004 -0.002
H(49) 0000  0.000 0.000 H(131) 0006  0.006 0.000
H(50) 0.000  0.000 0.000 H(132) 0005  0.015 0.010
H(51) 0000  0.000 0.000 H(133) 0004  0.015 0.011
H(52) 0000  0.000 0.000 H(134) 0004  0.017 0.013
H(53) 0001  0.000 -0.001 H(135) -0.004  0.003 0.007
H(54) 0001  0.000 -0.001 H(136) 0007  0.018 0.011
H(55) 0001  0.000 -0.001 H(137) 0006  0.021 0.015
H(56) 0001  0.000 -0.001 H(138) 0004  0.002 -0.002
H(57) 0002  0.000 -0.002 H(139) 0002  0.002 0.000
H(58) 0002  0.000 -0.002 H(140) 0001  0.001 0.000
H(59) 0004  0.001 -0.003 H(141) 0001  0.001 0.000
H(60) 0004  0.001 -0.003 H(142) 0001  0.001 0.000
H(61) 0007  0.001 -0.006 H(143) 0001  0.000 -0.001
H(62) 0006  0.000 -0.006 H(144) 0.000  0.000 0.000
H(63) 0016  0.002 -0.014 H(145) 0000  0.000 0.000
H(64) 0019  0.002 -0.017 H(146) 0.000  0.000 0.000
H(65) 0034  0.002 -0.032 H(147) 0000  0.000 0.000
H(66) 0048  -0.003 -0.051 H(148) 0004  0.065 0.061
H(67) 0018  0.000 -0.018 H(149) 0006  0.058 0.052
H(68) 0.000  0.000 0.000 H(150) 0.000  0.000 0.000
C(69) -0.017  -0.001 0.016 H(151) 0.000  0.000 0.000
C(70)  -0.005  0.000 0.005 H(152) 0004  0.066 0.062
C(71)  -0.002  0.000 0.002 H(153) 0.006  0.063 0.057
C(72) -0.002  0.000 0.002 H(154) 0004 0.8 0.076
C(73) -0.001  0.000 0.001 H(155) 0.000  0.000 0.000
C(74) 0000  0.000 0.000 H(156) 0.000  0.000 0.000
C(75) 0000  0.000 0.000 C(157) 0.00  0.000 0.000
C(76) 0.000  0.000 0.000 C(158) 0.000  0.000 0.000
C(77) 0000  0.000 0.000 H(159) 0.000  0.000 0.000
C(78) 0000  0.000 0.000 H(160) 0.000  0.000 0.000
0(79) 0001  0.000 -0.001 H(161) 0000  0.000 0.000
0(80) 0121  0.000 -0.121 H(162) 0000  0.000 0.000
H(81) 0032  0.001 -0.031 H(163) 0.000  0.000 0.000
H(82) 0038  0.001 -0.037
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Abstract:

Deep eutectic solvents (DESs) were computationally designed (in-silico) using
combinations of three quaternary ammonium salts (tetramethyl ammonium chloride
(TMAC), choline chlorine (ChCI) and betaine) as hydrogen-bond acceptors (HBAS) with
(sorbitol, glycerol, urea, ethylene glycol, glucose, acetic-acid, caffeic acid and 1,2-
butanediol) hydrogen-bond donors (HBDs). The interaction mechanisms between the HBAs
and HBDs were predicted and interaction energies were calculated by means of Conductor-
like Screening Model for Real Solvents (COSMO-RS) theory. The results showed that the
most appropriate pairing system was Betaine: Caffeic acid DES, presenting the strongest

molecular interactions.

Then, a theoretical study was conducted on the components involved in the green
synthesis of poly(1,10-decane-citrate) polyester (PD13oCA). The process involves
dodecyldimethylbenzylamonium chloride (DDBAC) as HBA component of the DES, with
1,10-decanediol as HBD (monomer) and citric acid as co-monomer. After polymerization,
the DDBAC served as filler. The molecular interactions between the DES components (HBA
and HBD), citric acid in the DES, and DDBAC with PDy,CA, and the
polymerphysicochemical properties were implemented in-silico using COSMO-RS and DFT
program within COSMOtherm software. The results showed that the interaction of DDBAC
with DDO, and PD;,CA with DDBAC, are mainly VAN DER WAALS’ bonds, while CA
interacts mainly through H-bonding. These interactions also confirm the appropriate pairing

of HBA-HBD, matrix-filler, and solvent-solute, respectively.

Keywords:

Deep eutectic solvent, Green synthesis, Polyesterification, anti-bacterial activity.



Résumé:

Des solvants eutectiques profonds (SEP) ont été congus par ordinateur (in-silico) en
utilisant des combinaisons de trois sels dammonium quaternaire (chlorure de
tétraméthylammonium (TMAC), chlorure choline (ChCI) et bétaine) comme accepteurs de
liaisons hydrogénes (notés HBA) avec huit donneurs de liaison hydrogene (sorbitol, glycérol,
urée, éthylene glycol, glucose, acide acétique, acide caféique et 1,2-butanediol) (HBD). Les
mécanismes d'interaction entre les HBA et les HBD ont été prédits et les énergies
d'interactions ont été calculées au moyen de la théorie du modéle de criblage de type
conducteur pour les solvants réels (COSMO-RS). Les résultats ont montré que le systéme
d'appariement le plus approprié était (la bétaine : acide caféique) présentant les interactions

moléculaires les plus fortes.

Ensuite, une étude théorique a été menée sur les composants impliqués dans la
synthese verte du poly(1,10-décanediol-citrate) (PD1oCA). Le procédé implique le chlorure
de dodécyldiméthylbenzylamonium (DDBAC) comme composant HBA du DES, avec le
1,10-décanediol comme HBD (monomeére) et l'acide citrigue comme co-monomere. Apres
polymérisation, le DDBAC a servi de charge conférant au polymere une activité bactéricide.
Les interactions moléculaires entre les composants des SEP (HBA et HBD), l'acide citrique
dans le SEP, et le DDBAC avec PDo,CA, et les propriétés physicochimiques du polymeére
ont été implémentées in silico a l'aide de la théorie COSMO-RS et DFT en utilisant le
logiciel COSMOtherm. Les résultats ont montré que l'interaction du DDBAC avec le DDO,
et du PD1oCA avec le DDBAC, sont principalement des liaisons de VAN DER WAALS, tandis
gue CA interagit principalement par liaison H. Ces interactions confirment également

I'appariement approprié de HBA-HBD, matrice-charge et solvant-soluté, respectivement.

Mots-clés:

Solvant eutectique profond, Synthése verte, Polyestérification, activité anti-bactérienne.



