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ABSTRACT

Proteins are macromolecules constituting all the living organisms, being classified as
versatile biopolymers, with the widest biological activities. Thus, they have a high impact in
different fields, such as the biochemical, biotechnological, chemical, pharmaceutical, and food
industries. However, their industrial applications depend on costly downstream processes to
yield proteins with high purity, stability, and activity. Moreover, the biological activity of
proteins depends on the preservation of the three-dimensional structure, which is determined
by the delicate balance between their interactions with compounds in the surrounding
environment. To surpass these challenges, ionic liquids (ILs) have emerged in the biological
field as an improved asset due to the possibility to design task-specificity materials by
selecting the anions and cations composing their structure, and fine-tuning their properties.
The surface-active ionic liquids (SAILs) are a highly recognized family of ILs with improved
surfactant behaviour. SAILs can be used in the stabilization, extraction, separation,
crystallization, and development of protein delivery systems. However, there is still a great
lack of knowledge about the interactions between SAILs and proteins, essential information
to guide the selection of the best compounds for these bottom-line applications.

In this doctoral thesis, fluorinated ionic liquids (FILs), an enhanced family of SAILs,
were used to study the interactions between IL-proteins with the aim to develop FIL-based
systems for the separation, extraction, and proteins delivery systems. To begin, a review of the
literature was performed to understand FILs properties. These compounds grant augmented
solubilization mechanisms due to the rich self-aggregation behaviour and can be designed to
be completely miscible in aqueous solutions with negligible toxicity, which aids their
performance in the biological field. Furthermore, the soft-Statistical Associating Fluid Theory
Equation of State (soft-SAFT EoS) was used to model FILs in an intuitive, robust, and reliable
way. A straightforward methodology was implemented using soft-SAFT EoS to compute the
thermophysical properties of FILs and their mixtures with various solutes. In addition, it was
investigated the influence of the structural features of FILs in their self-aggregation behaviour
in aqueous solutions. In the end, the impact of the FILs on the solubility, stability, and
interaction with different proteins was evaluated. The results of this thesis comprise a proof
of concept of the feasibility of FILs-based systems for biological, biochemical, and

pharmaceutical applications.

Keywords: Fluorinated Ionic Liquids, Equations of State, Aggregation Behaviour, Proteins,

Interactions.
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RESUMO

As proteinas sdo macromoléculas que constituem os organismos vivos, sendo
classificadas como biopolimeros versateis, com as mais diversas atividades bioldgicas. Por isso
tém um elevado impacto nas industrias bioquimica, biotecnolégica, quimica, farmacéutica e
alimenticia. No entanto, as suas aplicagdes industriais dependem de processos de purificagao
muito dispendiosos para produzir proteinas com alta pureza, estabilidade e atividade.
Adicionalmente, a atividade biol6gica depende da preservacao da estrutura tridimensional,
que é determinada pelo equilibrio delicado entre as interagdes com os compostos no ambiente
circundante. Para transpor estes problemas, os liquidos ionicos (LIs) surgiram no campo
biol6gico como um recurso aprimorado porque permite projetar materiais para aplicagdes
especificas, através da selecdo dos anides e catides que constituem a estrutura dos Lls,
customizando as suas propriedades. Os liquidos iénicos tensioativos (LITs) sdo uma familia
de LIs com comportamento surfactante. LITs podem ser usados na estabilizagdo, extracao,
separacao, cristalizacdo e desenvolvimento de sistemas de entrega de proteinas. No entanto,
ainda existe uma grande falta de conhecimento sobre as interacdes entre os LITs e as proteinas,
o que é essencial para se poder selecionar os melhores LITs para as aplicagdes bioldgicas.

Nesta tese de doutoramento, uma familia de LITs, os liquidos iénicos fluorados (LIFs),
foram usados para estudar as interacdes entre LlIs e proteinas com o objetivo de desenvolver
sistemas para a separacao, extracdo e sistemas de entrega de proteinas. Para isso, foi realizada
uma revisdo da literatura para compreender as propriedades dos LIFs. Estes compostos tém
mecanismos de solubilizacdo superiores devido ao comportamento de auto-agregagao,
podendo ser completamente misciveis em solugdes aquosas com reduzida toxicidade, o que
permite o seu uso em aplicagdes bioldgicas. Além disso, uma equagao de estado sustentada na
teoria estatistica do fluido associante (soft-SAFT EoS) foi usada para modelagdo dos LIFs de
uma forma intuitiva, robusta e confidvel. Uma metodologia simplificada foi implementada
usando a soft-SAFT EoS para calcular as propriedades termofisicas dos LIFs e das suas
misturas com vérios solutos. Posteriormente, a influéncia das caracteristicas estruturais dos
LIFs no seu comportamento de auto-agregacao em solucdes aquosas foi investigada. Por fim,
foi avaliado o impacto dos LIFs na solubilidade, estabilidade e interagdo com diferentes
proteinas. Os resultados desta tese constituem uma prova de conceito da exequibilidade de

sistemas baseados em LIFs para aplicacdes bioldgicas, bioquimicas e farmacéuticas.

Palavas chave: Liquidos I6nicos Fluorados, Equagdes de Estado, Comportamento Agregativo,

Proteinas, Interacoes.
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1.1 Proteins: status quo, challenges, and applications

The complex cellular functions that occur in all living organisms depend on the interplay
between several biomolecules, such as deoxyribonucleic acid (DNA), ribonucleic acid (RNA),
proteins, and peptides, which are considered valuable biopolymers in many fields.
Fundamentally, the DNA carries the genetic material of an organism and the RNA the
information to proteins synthesis, whereas proteins have almost uncountable functional
properties, making them the building blocks of life. Proteins can function as: (i) enzymes,
participating in the catalysis of complex biochemical reactions; (ii) contractile assemblies,
contributing to the mechanical motion of different biological processes; (iii) structure makers,
constituting the bones, muscles, hair, skin, nails, among others; (iv) transporters and storage
units of compounds with high biological importance, such as ions, gases, lipids, and nutrients;
(v) hormones, acting as chemical messengers for the regulation of several biological reactions;
(vi) defenders, having a key role in the immune response to pathogens triggering diseases;
(vii) regulators of the organism fluids pH, growth and repairment of the tissues; (viii) suppliers
of energy; among others [1]. The versatility of the biological functionality of proteins has
boosted an increasing demand for these compounds in multiple usages and has enhanced the
search for technologies to manufacture synthetic biomolecules (such as recombinant proteins),
using polymerization processes to develop biomaterials with enhanced properties compared
to the natural ones [2] Therefore, proteins can have almost infinite usages in a vast amount of
fields, such as in the biochemical, biotechnological, chemical, pharmaceutical, and food
industries [3-5].

The properties of both synthetic and natural proteins are defined by their structural
features. The structure of the proteins is primarily composed of a sequence of amino acid (AA)
residues linked by peptide (covalent) bonds, known as polypeptide chain (see Figure 1.1.1a).
Each AA is constituted by an amino group and a carboxyl group. Therefore, the properties of
a protein are determined by the individual characteristics of the AAs sidechains (polar,
charged (positive or negative), hydrophobic, and aromatic natures), comprising a total of 20
different types of amino acids that can constitute the polypeptide chain. The number,
molecular weight, and frequency of the type of AAs composing the structure of the proteins
will dictate their nature, physicochemical properties, and size. In the protein's native form, the
polypeptide chain folds into specific patterns, named secondary structure, commonly
occurring in three different conformations: o-helix, f-sheet, and loop or turn (see Figure
1.1.1b). Hence, the rearrangement in the space of the folded segments in several conformations
results in the three-dimensional structure of the protein (tertiary structure, see Figure 1.1.1c).

In the cases of proteins that have more than one polypeptide chain, multimeric units are
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formed and classified as the quaternary structure, indicating the spatial assembly of those

chains to one another (see Figure 1.1.1d) [1,6-8].

= Peptide bond ’ Polypeptide chain of amino acids a) Primary Structure

.......... Hydrogen bond

b) Secondary Structure

_______

c) Tertiary Structure d) Quaternary Structure

Figure 1.1.1 Representation of the different protein structure features where: a) is the primary structure
composed of a polypeptide chain of amino acid residues covalently interacting through peptide bonds;
b) is the secondary structure that can be constituted by the a-helix, f-sheet and loops that are formed
through hydrogen bonding between the amino acid residues; c) is the tertiary structure that corresponds
to the three-dimensional conformation of the protein; and d) is the quaternary structure that
corresponds to a multi-subunit complex composed of more than one polypeptide chains. Adapted from
Tropp, B.E. (2008) [6].

The secondary, tertiary, and quaternary structures of a protein are stabilized by a
delicate balance of weak non-covalent forces such as hydrogen bonds, ionic, hydrophobic and
van der Waals interactions, which allow the proteins to assume different configurations on the
performance of their activities and in the interaction with other compounds (see Figure 1.1.2).
Some proteins can also stabilise their tertiary structures by strong covalent disulphide bonds

between different spots of the same polypeptide chain or between two chains for quaternary
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structure stabilization (see Figure 1.1.2). Therefore, the protein structure is the greater
component influencing its properties and consequently its functionality. The variety of the
AAs' physicochemical properties (polarity, acidity, basicity, aromaticity, size, conformational
flexibility, capability to cross-linking, hydrogen bonding, and chemical reactivity) controls the
immeasurable properties that a protein can have and its three-dimensional structure. In its
turn, the folding of the protein into the three-dimensional structure conformation dictates the
interaction with other compounds, defines the biological activity of proteins, and highly

depends on the forces that hold it together [1,6,8].

lonic Interaction Hydrogen bond

CH,—OH M M 0=—C—CH,—

—CH,-S—S—CH,—

Hydrophobic OH
interaction Disulphide
bridge

Figure 1.1.2 Forces between the amino acid residues of the polypeptide chain that define the three-
dimensional structure of a protein and control its stabilization.

Some properties of the proteins are very useful for their classification since not all their
characteristics are predictable from the analysis of the AAs frequency, composing the
polypeptide chain. The solubility in different aqueous solvents is useful to understand the
protein's nature. It is expected that proteins with more hydrophilic residues are more soluble
in aqueous solutions, whereas a decrease in solubility should indicate a more hydrophobic
protein. However, this property will mainly depend on the type of AAs located on the surface
of the protein, which means that the conditions of the solvent (polarity, ionic strength, pH, and
salt concentration) will have a key role in its solubilization. Typically, the hydrophobic groups
of the AAs are concealed in the core of the protein, and the hydrophilic groups are exposed to
the solvent. Thus, the relative abundance of the ionizable AAs on the surface (acidic and basic
residues) and the pH of the solvent will dictate the net charge of the protein. This is given by
the isoelectric point (pI) that corresponds to the pH where the protein's net charge is zero.
When the pH of the solvent is lower than the isoelectric point of a protein, the charge of the
surface is positive. A pH value higher than the pl results in a negative net charge. When the

pH of the solution is close to the pl, the solubility of the protein reaches its minimum and it
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can precipitate in the solvent. This will dictate the type of interactions of the protein with the
compounds in the surrounding [7].

Another important characteristic of the proteins is the highly structural instability,
especially in non-native conditions, which makes protein stabilization a very challenging topic
due to the unique characteristics of each system. The processes involving the production of
recombinant proteins or the extraction of native biomolecules from biological matrices for
usage in several applications, such as therapeutic proteins as biopharmaceuticals or plant-
based proteins for the food industry, comprehend very stressful environmental conditions.
Moreover, the stability of the protein must be ensured during the several processes of
purification that are used to provide profitable and safe products and throughout the time of
storage that they can experience depending on the field of application. Beyond that, several
proteins, principally the ones used for medicinal purposes, are pharmacokinetic and
pharmacodynamically unstable due to the significant modifications of the environment in the
administration routes of a pharmaceutical. Therefore, a protein can be exposed to abrupt
variations in temperature, pH values, mechanical stresses, chemical denaturants (organic
solvents, urea, and detergents), and protein concentrations [2,9,10]. Moreover, proteins in
solution are highly affected by water, which strongly impacts the flexibility and stability of the
three-dimensional structure. The water creates a hydration shell surrounding the protein,
which comprehends a critical part in its biological activity, conferring plasticity to the
structure, mostly controlled by the polar interactions, and contributing to the interaction with
other substances (easing the conformational changes necessary to the biocatalytic processes).

All these factors can have a destabilization effect on the folded state of the protein,
compromising its function and leading to the unfolding of the three-dimensional structure
through the disruption of the intramolecular non-covalent interactions. The
unfolding/denaturation of proteins alters their characteristics and usually causes the loss of
biological activity if the extent of the damage is very profound. In some cases, the process can
be completely reversible, and the protein refolds to its native state by lowering the
temperature, removing the denaturant, or getting the proper physiological conditions [7].
There are several mechanisms in the cellular machinery to control and prevent the misfolding
or incorrect folding of the proteins. When those mechanisms fail and the unfolding of the
proteins occurs, there is more propensity to form aggregates that can accumulate in the human
organs and be the cause of several diseases such as Alzheimer's, Parkinson's, and type II
diabetes, among others [11]. On the other hand, the aggregation of proteins also hinder their
applications, especially in the development of drug products, causing immunogenicity and
several side effects [12]. Therefore, the search for mechanisms to prevent the unfolding and

aggregation of the proteins is in the spotlight of protein research.
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The proteins can be used in an immeasurable plethora of applications in different fields.
Two main applications will be undercover in this work to understand their current situation:
(i) the extraction and separation processes of proteins; and (ii) drug delivery systems of
therapeutic proteins. The extraction of proteins is an essential process that must be executed
to allow the study of the physiological properties of a protein (such as size, charge, shape, and
function) and to further enable their application in the potential areas. Native proteins must
be extracted from natural sources, for instance, conserved tissues, cells, virus particles, food
waste, plants, insects, and algae, among others, while the synthetic ones must be extracted
from the cells and media where they are produced. Normally, the disruption of the cell walls
is the first step taken to extract the proteins, through several methods like detergent lysis,
shearing force, use of low ionic salt (salting out), rapid changes in pressure, and others.
However, these processes must guarantee the proper conditions for ensuring the stability of
these biomolecules' structure after their extraction, such as low temperature, buffer media to
avoid sharp pH changes, purity of the solvents, and the presence of protein denaturants.
Moreover, complex processes of purification and separation are needed without
compromising the activity of the proteins, as well as they need to be resistant to long storage
periods [13]. Currently, the elevated tendency for a protein-based everyday diet has
encouraged the food industry to the development of efficient, low-cost, and eco-friendly
technologies for the extraction and separation of proteins. Different types of techniques have
been used in the food industry for the extraction of proteins from animal and plant-based
sources. Examples of extraction methods currently used are aqueous two-phase systems,
subcritical water extraction, enzyme-assisted extraction, cell disruption techniques such as
microwave-, ultrasound-, high hydrostatic pressure-assisted extractions, pulsed electric field,
and high voltage electrical discharge. Therefore, all these techniques have been opening new
opportunities for the use of more sustainable techniques in the extraction field of proteins.
Nevertheless, most of the research on these techniques is in the early stages and their economic
and sustainable impact must be undergone on an industrial scale [14].

The wuse of therapeutic proteins for the development of highly valuable
biopharmaceuticals is another line of protein application that constitutes one of the greatest
achievements in modern medicine. The therapeutic proteins can be used for five general
biological endings depending on their pharmacological activity: (i) replacement of a protein
that has its production diminished or anomalous; (ii) extension of the expression of a pre-
existing protein; (iii) offer a therapeutic entity with a new functionality; (iv) restriction of other
molecule or organism; and (v) delivery of other substances, such as drugs, other proteins,
among others. Therapeutic proteins can be classified as antibody-based drugs, Fc fusion

proteins, anticoagulants, blood factors, bone morphogenetic proteins, engineered protein
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scaffolds, enzymes, growth factors, hormones, interferons, interleukins, and thrombolytics.
The current therapeutic entities are mostly based on recombinant proteins and several of them
are in clinical trials or were already approved for the treatment of cancers, immune and
inflammatory disorders, infections, diabetes, and other diseases [15]. Therapeutic proteins are
usually delivered to the organism by several administration routes such as subcutaneous,
intravenous, and intramuscular injections, oral, nasal, pulmonary, rectal, and ocular routes.
All of them present downsides in their utilization, such as pain, aggressive side effects,
instability and short half-lives of the protein entities, low absorption by the tissues, rapid
clearance of proteins, low bioavailability, and others. To overcome some of these difficulties,
high dosages of biopharmaceuticals are administrated which can result in immunogenicity
and cytotoxicity issues for vulnerable patients. Moreover, the interactions with the excipients
used in the formulations of these biopharmaceuticals, the storage conditions, the process of
manufacture, resultant impurities and the genetic characteristics of the patient can influence
the stability of the structural conformation of the therapeutic proteins, hindering their
biological activity [16-20]. These factors challenge the usage of these biopharmaceuticals, and
a solution to protect the protein entities must be found. The development of drug delivery
systems (DDSs) has been under the spotlight to unravel these problems and improve the safety
and efficacy of therapeutic proteins. The DDSs aid to prevent the enzymatic degradation of
the proteins, enhancing the circulation period in the bloodstream, controlling the release of the
pharmaceutical in the proximity of the site of action, and diminishing the issues related to the
immunogenicity and cytotoxicity associated with the administration of high dosages.
Different strategies have been investigated to be used as DDSs for protein pharmaceuticals
that include chemical and physical carriers. There are: (i) the lipid-based nanocarriers that
include liposomes, lipid nanoparticles and emulsions; (ii) the polymeric-based nanocarriers
such as nanoparticles, nano-micelles, dendrimers, hydrogels, and nanoemulsions; (iii)
inorganic nanomaterials like mesoporous silica, hydroxyapatite, layered double hydroxides,
lanthanide particles, gold and magnetic nanoparticles, carbon-based nanostructures, quantum
dots; (iv) cell-penetrating peptides; (v) protein-based DDSs such as silk-like particles, elastin-
like proteins, collagen, gelatin, and albumin; (vi) polyphenol-based systems; (vii) surfactant-
based nanoemulsions; (viii) virus-like particles; among others. Some of these strategies are
used in combination to enhance their feasibility. Despite the huge number of available
technologies to formulate DDSs for protein entities, none has reached their full potential, and
very few have been used at a clinical level. Furthermore, several barriers must be defeated

before reaching that point [18,21-24].
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1.2 Ionic liquids

Ionic Liquids (ILs) are alternative solvents that have been in the spotlight of green and
sustainable chemistry as a solution for replacing harmful volatile organic solvents. These
compounds have been widely used in the chemical industry due to the imposition of
environmental directives and legislation to regulate the emissions of organic toxic compounds
[25]. ILs are salts that have a low melting temperature, commonly close to or lower than 100°C,
whereas much of them are molten at room temperature. They are recognized as "designer-
solvents" due to the versatility of choosing the ions that composed their structure. The number
of organic cations and organic or inorganic anions that can constitute ILs is immensurable,
which allows designing a given IL to a specific ending. Figure 1.2.1 shows some cations and
anions that usually compose the structure of conventional ILs. This figure reflects the highest
advantage of using ILs because their physicochemical and thermodynamic properties can be
tuned by selecting the most suitable ions or even functionalizing them with specific groups.
Therefore, these compounds are acknowledged for having negligible vapour pressure, high
chemical and thermal stability, low flammability, and tunable properties such as viscosity,

density, ionic conductivity, polarity, surface tension, toxicity, and many others [26-29].
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Figure 1.2.1 Cations and anions that commonly compose the structure of ionic liquids.
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The ionic nature of ILs has an important influence on their structural properties and their
intramolecular and intermolecular interactions. The ions are characterized by their lower
density and higher delocalized charge, interacting through strong coulombic interactions.
Moreover, the cations and anions are associated through other fragile and collaborative
interactions like hydrogen bonding along with van der Waals interactions from their side
chains, which determines the liquid structure of the ILs. The ILs composed of aromatic ions
also establish n-n interactions. Therefore, all these intramolecular interactions result in a strong
ionic aggregation, structural heterogeneity, and consequently nanosegregated polar and non-
polar domains. The charged moieties of the cation and anion contribute to the formation of the
polar domains, whereas the non-polar domains consist of the hydrophobic side chains. The
combination of the non-covalent intermolecular interactions confers to ILs an extraordinary
structural organization, being recognized as supramolecular fluids that have enhanced
solubilization power, allowing the interaction of polar, non-polar and dipolar solutes with the
different nanodomains. Thus, along with their properties, the microstructural organization of
the ILs can be highly tuned depending on the size and type of alkyl chains of either ion [30-
32].

The task-specific characteristics of ILs permit their application in uncountable fields [33-
35]. The usage of ILs has grown mainly due to the promising non-harmful and non-toxic
nature, being classified mostly as "greener", ease of recovery and recyclability compounds,
mainly due to the low vapour pressure. However, ILs can have considerable water miscibility,
which can be prejudicial for the environment in case of accidental leakage, being considered
persistent contaminants in wastewater. The transferability of ILs from academia to the
industrial scale has increased this risk and ignited the awareness of their environmental
impact, increasing the research on their relative toxicology and biodegradability. Besides, the
demand for task-specific compounds boosted their production, which in some cases does not
agree with the green chemistry principles. Moreover, the high chemical and thermal stability
made some of the ILs poorly biodegradable, which brought problems regarding the
persistence of these compounds in the environment. When evaluating the full life cycle of an
IL, toward the synthesis, application, and degradation, very few can be considered green
compounds [36-39]. As expected, there is a strong structure-toxicity relationship that will
define the environmental impact of ILs, and their wide structural variety can hinder the study
of their toxicity and biodegradability. Although it is difficult to generalize the structure-
toxicity related influence on the toxicity of ILs, some structural features have shown more
incisive effects: (i) the augmented hydrophobicity by the presence of longer alkyl side chains
which increases the toxicity; (ii) the aromatic cations demonstrated more toxicity when

compared to non-aromatic ones; (iii) the stability and lipophilicity of the anion; (iii) the nature
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of the ions that when derived from natural sources are more innocuous (e.g. cholinium cations
and amino acid-based anions); (iv) self-aggregative systems have shown a reduction on the
toxicity; (v) the functionalization of either ion, that beneficiates from the insertion of more
hydrophilic groups to decrease the toxicity (e.g. hydroxyl and ether groups); (vi) long aliphatic
chains nature-derived (e.g. vegetable oils) have low toxicity; (vii) hydrophilic anions have
fewer toxicity effects when compared with hydrophobic and fluorine-based ones [36-39].
Nevertheless, the effect of the anion is not fully comprehended, especially because most of the
studies are focused on the variation of the cation and its effects on toxicity.! Therefore, the
literature already gives an important overview of which structural characteristics should be
selected to mitigate the environmental impact of ILs. Though, the toxicity and biodegradability
must always be studied and considered before their introduction in the market and industries

as a task-specific material.

1.3 Biological applications of ionic liquids

ILs are usually classified into three generations depending on their physical and
chemical properties. The third and last generation shed light on the formulation of ILs with
biological activities (e.g., antifungal, antibacterial and antiviral agents) where the usage of
biodegradable and natural ions assumed a predominant position and has conducted the
application of ILs toward biological applications [40,41].

In the biological and biotechnological fields, ILs have been used: (i) as solvents for
dissolution and regeneration of synthetic and natural polymer-based materials (e.g., proteins,
DNA) that are employed in biomaterials processing; (ii) as ILs-based hybrid materials (e.g.,
hydrogels, films, membranes, fibres, particles, etc.) in conjunction with several biopolymers;
(iii) as stabilizers for macromolecules preservation such as DNA, RNA and proteins, to
diminish their chemical and physical degradation and aggregation in the production and/or
extraction processes, during storage; and (iv) in the food and bioproducts industries for the
development of biofuels from vegetable oils and biomass, surfactant and solubility agents,
antimicrobial agents, lubricants, food analysis, enzymatic activity inductor, extractions
processes and treatment of food waste.

Moreover, ILs are useful tools in the biomedical, biomedicine and pharmaceutical
applications: (i) as components of drug formulations to increase the solubility and
permeability of active pharmaceutical ingredients (APIs), their bioavailability and solve the
polymorphism issues of some drugs; (ii) in the development and design of drug delivery
systems of APIs and therapeutic macromolecules (proteins, DNA); (iii) as a solvent,

polymerization media, polymer processing, plasticizers, stability agents, permeation

11



Chapter 1 - General Introduction

enhancers, formulation components; (iv) as API-ILs, including the API in the structure of the
IL, which improves the solubility and bioavailability of the drug and have several clinical
applications; (v) in tissue engineering as platforms for the development of artificial muscles
and skin, matrices and scaffolds for tissue repairing, among others; (vi) in cancer therapy for
the production of biosensors, pharmaceuticals, drug delivery as a carrier, adjuvant or API;
(vii) as an antimicrobial agent to inhibit the growth of bacteria, fungus, and virus; (viii) as
biosensors for monitorization of biomarkers that have high clinical diagnostic relevance and
biomedical parameters like temperature, pH, movement, position, force or deformation); (ix)
in chemical applications of pharmacy such as synthesis of drugs, detectors on biomedical
analytical techniques (electrophoresis, chromatography, spectroscopy); and (x) as nanocarriers
for antibacterial usages, gene transfection, and drug delivery and release [40-45].

In the last years, much work must be done to understand the complex mechanisms of
the interactions between protein-IL. Nevertheless, the literature reports that the ILs character
and the protein surface (hydrophobic, hydrophilic and/or amphiphilic) are determinants for
the protein-IL interactions, as exemplified in Figure 1.3.1. In aqueous solutions, a more density
of cations is usually encountered on the protein surface compared to the number of anions,
independently of the polarity of the charged residues. This behaviour can be motived by the
propensity of the conventional anions for hydrogen bonding with the molecules of water.
Therefore, the charged moieties of the ILs will compete with the water molecules to interact
with the charged residues of the protein surface. The insertion of hydrophobic counterparts to
the structures of ILs increases the dispersion interactions with the hydrophobic residues on
the protein surface. The hydrophilic moieties of the ILs tend to establish hydrogen bonds and
strong Coulombic interactions with the protein surface. When the ILs ions have stronger
interactions with water rather than the surface of the protein, the water is eliminated from the
surface of the protein which can be favourable or detrimental for the solubility of the protein,
depending on their biological activity and structural conformation. Hence, the type of protein-
IL interactions and the competition of the ILs molecules towards the water on the surface of
the protein will define the solubility and stability of the proteins and will have a direct
influence on the applicability of ILs in the protein field [46-50].

ILs find wide applicability in the protein field, for example: (i) in protein stability and
solubility; (ii) in protein crystallization processes; (iii) in biocatalytic processes, aiding the
reaction of enzymes; (iv) in the proteomics analysis; (v) in the production of smart materials
like films, membranes and ion gels; (vi) in biopharmaceutical field as adjuvants or carriers of
drug delivery systems of therapeutic proteins and enhancers of vaccines formulations; and
(vii) in the separation and extraction of proteins with IL-based systems using several

techniques such as aqueous-biphasic systems, liquid-liquid extraction, three-phase

12



Chapter 1 - General Introduction

partitioning, microemulsion and micellar systems, solid-phase extraction, and solid-liquid
extractions [48-54]. In summary, the application of ILs in the protein field is highly dependent
on the study of the protein-IL interactions. Then, these mechanisms have to be studied

individually due to the high tailor ability of ILs and the wide variety of proteins.

Non-polar

Plotein surface

dispersion <—> Coulomb ----- hydrogen bonds @ water

Figure 1.3.1 Representation of the possible interactions that can occur between ionic liquids and the
surface of a protein. Adapted from Schréder, C. (2017) [48].

1.4 Surface-active ionic liquids

Water is the more sustainable and safer solvent, being widely used as media in different
fields. Several ILs are insoluble in water, as in the case of many conventional organic solvents.
Then this behaviour can hinder their application. Aiming to find alternatives for solving water
immiscibility concerns, a thrilling family of ILs has been highlighted: the surface-active ionic
liquids (SAILs). They are classified as amphiphilic compounds, usually bearing long alkyl side
chains in anion and/or cation and behaving as surfactants (see Figure 1.4.1). Depending on
the hydrophilicity and lipophilicity, SAILs can form different self-assembled aggregates,
micelles or reverse micelles (see Figure 1.4.1). The formation of the self-assembled aggregates
is characterized by the critical aggregation concentration (CAC) that corresponds to the
maximum concentration where occurs the formation of large aggregates. When the aggregates
have a micellar shape, the CAC is currently known as critical micellar concentration (CMC).
Therefore, these compounds are described by the high surface activity in-between the air-
water interface. The combination of water and SAILs brings several advantages to the
application of ILs in their endings, decreasing the amount of needed IL and reducing the price,
toxicity and viscosity of the solution and increasing the safety, hydrogen-bonding capacity,

and solvation properties tuneability [55-57].
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Figure 1.4.1 Amphiphilic structure of the surface-active ionic liquids and the two main types of self-
assembled structures that can be formed depending on the polarity of the solvent: micelles and reverse
micelles. Adapted from Buettner, C.S. et al. (2022) [55].

The aggregation behaviour of SAILs is highly influenced by the structural features of
their ions. SAILs with long alkyl chains in the cation usually present higher surface activity
and tend to aggregate into smaller micelles than the standard surfactants. Another class of
SAILs, the dicationic ILs, with two charged head groups and two hydrophobic chains present
even more surface activity than the monocationic SAILs. The addition of aromatic groups on
the side chain also increases surface activity. The functional group of a SAIL can also be
modified to contain the counterion on the side chain, denominated zwitterionic surfactants,
which results in neutral charged and improved surface activity. The functionalization of the
side chains with cleavable moieties is usually used to increase the biodegradability of SAILs
and has shown positive effects in the enhancement of the surface activity, such as adding
hydroxyl, esters, and amide groups to the long alkyl chains. In the cationic SAILs, the anion
performs a critical role in the neutralization of the IL charge which eases the micelle formation
and is associated with the degree of hydrophobicity, polarization, and hydration of the anion.
There is a smaller number of studies concerning the addition of the alkyl chains in the anion.
Nevertheless, they have shown lower CMC values, when compared with the identical cationic
SAILs or conventional surfactants [55-58].

The toxicity, biodegradability and environmental impact of the SAILs is the most current
concern that can hamper their usage. It is inherent to the structure of SAILs where highly
hydrophobic groups increase the toxicity of ILs, once the increment of the lipophilicity eases
the power to solubilize the phospholipid membranes of the cells of the organisms, causing
membrane disruption and consequently cell death. Notably, several alternatives have been
investigated in the direction of producing more biocompatible SAILs through the insertion of
groups based on natural sources, such as amino acid residues or the long aliphatic chains from
oil plants, and the functionalization of the alkyl chains with cleavable groups, which creates

discontinuity and eases the biodegradation of these compounds [56].
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1.5 Applications of surface-active ionic liquids in the protein
field

The improved properties of SAILs, compared to the conventional ILs and surfactants,
make them excellent candidates for protein applications. The possibility to design task-specific
and environmentally friendly SAILs has increased the interest in using them for the stability,
solubility, separation, and extraction of proteins as well as the development of delivery
systems for therapeutical proteins. About 150 papers are yielded from the search in the Web
of Science database using the keywords "surface active", "ionic liquid", and "protein" which
highlights the significance that SAILs are starting to have in the protein field. The most
important works are reviewed in this section to infer the investigation status of SAIL-protein
systems.

Most of the articles found in the literature concerning proteins and SAILs are related to
the bovine serum albumin (BSA) protein, which is a widely used negative charged model
protein. The studies show that the interactions of SAILs ([CsCiIlm]Cl, [CiCiIm][CsSOq],
[C1COCCHIM][C12S04], [C1COCoCripyr][C12S04], [CsCilm][C12SO4], [N2228] Br, [N111200m)][Lau]
and [Nu2on][Pal]) with BSA are mainly hydrophobic, electrostatic, and hydrogen-bonding,
and can cause unfolding of the protein at lower concentrations of SAILs and stabilization of
the protein above the CMC, demonstrating a high influence from the concentration of the SAIL
and their ions structure [59-63]. Other SAILS ([C.CiIm][BF4], n=2, 4, 6, and 8, [NBEA][Lau]
and [TBEA][Lau]) bind to the BSA, inducing conformational alterations that can lead to unfold
and/or denaturation of the protein [64-66]. Delivery vehicles of different natures and
compositions were tested using SAILs ([CsCilm]Br, [N1116][AOT], [Nuiss][AOT],
[C16CiIm][AOT], [Ci2CiIm][AOT], [CsCilm][AOT], [CioCilm]Cl, [ProGs][LS], [Ci2Cilm]CL
[C12ACIIm]Cl and [C12EC1Im]Cl), successfully stabilizing the secondary structure of BSA [67-
71].

Another protein highly explored with SAILs is a positively charged protein model, the
lysozyme (LYS). The binding of SAILs ([C12-4,Ci2Im]Brs, [C4CiIm][CsSOs4], [Nisss] [N(CF2505)2],
[CsCiIm]Cl, and [C12CiIm]DBS) to this protein also showed structural destabilization of the
protein through different interactions, which is influenced by the SAIL concentration, pH of
the solution, and other factors [62,72-75]. Others SAILs ([C1oCiIm]Cl, [C4Cilm]Br, n = 4, §,
[CsCiIm]DBS, ([Nu2om][Sar], [Ni2om][Doc], and [Caf][AOT]) have a positive effect on the
stability, activity and prevention of protein aggregation [75-80].

The literature search also yielded some works related to the use of SAILs and
cytochrome C (Cyt C), which is an important protein in the field of biological membranes,
since is found naturally attached to the membrane of the mitochondria. As for the other
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proteins, there are SAILs ([Ni11200m][AOT], [C1sCiIm]Cl) that have a high stabilization effect
on the Cyt C, and enhance its activity [81,82], whereas in other cases ([CisCiIm]Cl and
[C4CiIm][CsSO4]) the opposite behaviour is found [83-85], depending mostly on the SAIL
concentration and the type of protein-SAIL binding.

A smaller number of works have dedicated their attention to other remarkable proteins,
such as (i) protein B-casein, which can self-assemble into aggregates with the SAIL [CsCiIm]Br
[86]; (ii) a-chymotrypsin enzyme, which is negatively affected by the increment of the alkyl
side chain of [C.Cilm][BFs], n=12, 14 and 16 [87]; (iii) azurin that is destabilized by the
[CsCiIm]Cl [88]; (iv) B-lactoglobulin that in one hand can be stabilized by [Ci2CiIm]Br and
[CCiIm][C12SO4], depending on the interactions and SAIL concentration, and in the other
hand was successfully complexed with different SAILs ([Ci2CiIm]Cl, [Ci2ACiIm]CI,
[C12ECiIm]Cl and [C12CiIm][CsSO4]) for the search of feasible self-assembling systems [89]; (v)
hemoglobulin, the main component of red blood cells, that shows at lower concentration of
[C6CiIm][C12SO4] formation of strong protein-SAIL complexes, and SAILs like [C12CiIm]Cl,
[C16CiIm]Cl and [C4CiIm][CsSO4], unfolds and denatures this protein [90,91]; (vi) lipase, where
SAILs based on menthol ([CsCimen)Im]Cl, [CsCi(men)Im]Cl, [C14Ci(men)Im]Cl and [Ni1g(men)]Cl)
were used as substrates for the catalytic activity of this protein [92]; (vii) insulin, using
biocompatible SAILs ([Nu2om][FAs]) to the formulation of microemulsions for its
transdermal delivery [93]; (viii) human serum albumin that is disrupted by the presence of
[C4CiIm][CsSO4] [94]; and (ix) green fluorescent protein that was efficiently extracted by
[CoGiIm]CI n=8, 10, 12, 14, 16, [N11110]Cl, [N11112]Br, [N11114]Br, [Ci6py]Cl, and [Pass14]Cl from
Escherichia coli cells for downstream process applications [95].

Other contributions have studied the behaviour of SAILs with more than one protein
showing: (i) the prevention of aggregation of BSA and human serum using [C,CiIm]Cl, n=8§,
12, 16 SAILs [96]; (ii) the different interactions that can occur between LYS and BSA in the
presence of [Ci2CiIm]Br [97]; the development of liquid crystal sensor using gemini or
zwitterionic SAILs ([Cn-s-Colm]Brz; s =2, n = 6, 8, 10, 12, 16; n = 12, s =2, 4, 6, 10) for
identification of positively and negatively charged proteins, using BSA, LYS and trypsin as
model proteins [98]; (iii) the application of mesoporous silica nanospheres (based on the
cations [N11116]*, [N11112]*, [N111010]*, and anions CI , [BFs] and [C:CO;] ) with a moderate to a
good loading capacity of lipase and insulin proteins [99]; the development of aqueous micellar
two-phase systems for the extraction of human serum albumin and immunoglobulin G from
expired human plasma with [N11120m)][C13COz2], [Nit21(c7m7)]Br, [Paaa1s]Cl and [C1aCiIm]Cl
SAILs [100].

Even though much work has been developed on the use of SAILs in the protein field,

most of the papers are focused on SAILs with a high environmental impact and the course of
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future studies must be driven to the synthesis of SAILs with low toxicity characteristics,
avoiding the long alkyl chains. Moreover, most of the contributions are concerning the
stabilization and interaction effects of SAILs in the proteins, which are of great relevance to
guiding the selection of the best SAILs structural features to provoke a specific effect on the
protein. Nevertheless, few works are dedicated to the study of protein extraction and
formulation of protein delivery systems using SAILs. Beyond that, the library of proteins
studied with SAILs should be improved to have a wider understanding of the possible

interactions between SAILs and proteins.

1.6 Objectives and thesis outline

The main goal of the present thesis is the study of the interactions between proteins and
a promising family of SAILs, the fluorinated ionic liquids (FILs), to allow their usage as
alternative tools for the extraction and separation processes of proteins and protein delivery
systems. To achieve the application of FILs in the biological field, the first step was the
overview of the literature on the known characteristics of FILs: the physicochemical properties
of the pure compounds, the phase equilibria behaviour of FILs mixtures with other
compounds, the environmental impact of FILs and their potential applications (Chapter 2).
Moreover, aiming to facilitate the characterization of FILs thermophysical properties, it was
applied the soft-Statistical Associating Fluid Theory Equation of State (soft-SAFT EoS) for
modelling FILs and their mixtures robustly and feasibly, taking into consideration their
different structural features (Chapter 3). Furthermore, the behaviour of FILs in aqueous
solutions is of critical importance for the application in biological applications and was studied
in this thesis through experimental and theoretical tools to have new insights into the self-
aggregation behaviour of FILs (Chapter 4). Finally, the feasibility of FILs for the development
of systems to extract, separate and deliver proteins was proven by investigating the FILs-
protein interactions using different biomolecules such as lysozyme, Bl immunoglobulin
binding domain of streptococcal protein G (GB1), Bacillus Subtilis lipase A (BSLA), and
Interferon-alpha 2b (IFN-o 2b) (Chapter 5). This thesis constitutes an immeasurable

contribution to the future application of FILs in the biomedical and biological fields.
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1.7 Scientific outputs
The work developed in this thesis has resulted in the following publications:

1. Margarida L. Ferreira, Nicole S.M. Vieira, Ana L.S. Oliveira, Jodo M.M. Aratjo, Ana B.
Pereiro, Disclosing the potential of fluorinated ionic liquids as interferon-alpha 2b
delivery systems, Nanomaterials 12 (2022) 1851. DOI: 10.3390/nano12111851

2. Margarida L. Ferreira, Ana S.D. Ferreira, Jodo M.M. Aratjo, Eurico J. Cabrita, Ana B.

Pereiro, The impact of fluorinated ionic liquids aggregation in the interactions with
proteins, Fluid Phase Equilibria 559 (2022) 113488. DOI: 10.1016/j.fluid.2022.113488

3. Margarida L. Ferreira, Nicole S.M. Vieira, Paulo ]J. Castro, Lourdes F. Vega, Jodo M.M.
Aragjo, Ana B. Pereiro, Understanding the phase and solvation behavior of fluorinated
ionic  liquids, Journal of Molecular Liquids 359 (2022) 119285. DOIL
10.1016/j.molliq.2022.119285

4. Margarida L. Ferreira, Jodo M.M. Aratjo, Lourdes F. Vega, Ana B. Pereiro,

Understanding the absorption of fluorinated gases in fluorinated ionic liquids for
recovering purposes using Soft-SAFT, Journal of Chemical & Engineering Data 67 (2022)
1951-1963. DOI: 10.1021/acs.jced.1c00984

5. Nicole S.M. Vieira, Margarida L. Ferreira, Paulo J. Castro, Jodo M.M. Aratjo, Ana B.

Pereiro, Fluorinated ionic liquids as task-specific materials: An overview of current

research. In: Murshed, SM.S. (ed). Ionic Liquids - Thermophysical Properties and
Applications, London, IntechOpen, 2021. DOI: 10.5772/intechopen.96336

6. Margarida L. Ferreira, Nicole S.M. Vieira, Jodo M.M. Aratjo, Ana B. Pereiro, Unveiling

the influence of non-toxic fluorinated ionic liquids aqueous solutions in the
encapsulation and stability of lysozyme, Sustainable Chemistry 2 (2021) 149-166. DOI:
10.3390/ suschem20100101

7. Margarida L. Ferreira, Joao M.M. Aratjo, Lourdes F. Vega, Felix Llovell, Ana B.
Pereiro, Functionalization of fluorinated ionic liquids: A combined experimental-
theoretical study, Journal of Molecular Liquids 302 (2020) 112489. DOI
10.1016/j.molliq.2020.112489

8. Margarida L. Ferreira, Félix Llovell, Lourdes F. Vega, Ana B. Pereiro, Joao M.M.

Aratjo, Systematic study of the influence of the molecular structure of fluorinated ionic
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liquids on the solubilization of atmospheric gases using a soft-SAFT based approach,
Journal of Molecular Liquids 294 (2019) 111645. DOI: 10.1016/j.molliq.2019.111645

9. Margarida L. Ferreira, Joao M.M. Aradjo, Ana B. Pereiro, Lourdes F. Vega, Insights

into the influence of the molecular structure of fluorinated ionic liquids on their
thermophysical properties. A soft-SAFT based approach, Physical Chemistry Chemical
Physics 21 (2019) 6362-6380. DOI: 10.1039/ C8CP07522K

Another publication that was not included in this thesis but has been published during

the thesis project is:

Ismail II. Alkhatib, Margarida L. Ferreira, Carlos G. Alba, Daniel Bahamon, Felix
Llovell, Ana B. Pereiro, Jodo M.M. Aratjo, Mohammad R.M. Abu-Zahra, Lourdes F.

Vega, Screening of ionic liquids and deep eutectic solvents for physical CO, absorption

by soft-saft using key performance indicators, Journal of Chemical & Engineering Data 65
(2020) 5844-5861. DOI: 10.1021/ acs.jced.0c00750

The work developed in this thesis was also presented at several international
conferences in the form of 4 papers in Conference Proceedings with Copyright, 9 oral

communications, and 8 poster communications.
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Figure 1.7.1 Schematic representation of the thesis outline, including the relevant publications.
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2.1 Introduction

Perfluorocarbons (PFCs) consist of a large group of man-made chemicals available
worldwide in many different fields since the 1940s. The numerous applications of PFCs in
different areas rely on their distinctive physical and chemical characteristics (water and oil
repellence, thermal and chemical stability, surfactant behaviour, low polarity, weak
intermolecular interactions, and reduced surface tension), highly fomented by the fluor-
carbon moiety [1,2]. These compounds are widespread in consumers' life through plastics, fire
retardants, dyes, surfactants, polymers, and pharmaceuticals, among others [3,4]. Benign PFCs
have been used in the development of biomedical applications, such as emulsions [5,6],
imaging agents [7,8], biocompatible lubricants [9], oxygen therapeutics [10], pulmonary
delivery agents [11], and theranostic agents [12]. On the other hand, perfluoroalkyl acids
(PFAs) and fluorinated greenhouse gases (F-gases) belong to a class of persistent chemicals,
widely used in industrial and commercial products [13]. Due to their high global warming
potential (GWP), long atmospheric lifetime, persistency, and mobility these compounds have
been found in several contaminated sites [14], including water, soils, biota, and food [15-17].
Major concerns about their toxicity and bioaccumulation limit their use and encourage their
replacement [18].

In the last decades, ionic liquids have emerged as new engineering solvents. The
application of these compounds has aroused in many different subjects, including catalysis,
electrochemistry, extraction and separation processes, pharmaceutical, and biomedical
applications [19]. This massive use of ILs is supported by their unique thermophysical
properties and limitlessness combinations between anions and cations. Their title of “green
solvents” is corroborated by an almost negligible vapour pressure at room temperature and
reduced flammability [20,21]. Additionally, the increased research about the cytotoxicity and
environmental toxicity of these compounds reinforces that their possible harmful behaviour
is dependent on the cation-anion tested combination [22]. Due to their complexity and variety,
ILs have been categorized in several families according to either their properties or their
applications [23].

This chapter is focused on the use of a less explored ILs family, the fluorinated ionic
liquids, defined as ILs with fluorine tags equal to or longer than four carbon atoms. The
fluorinated tags can create one nanosegregated domain distinct from polar and non-polar
(hydrogenated) [24-26]. FILs combine the exceptional properties of conventional ILs (high
thermal stability, negligible vapour pressure, reduced flammability, and greener potential)
with the greatest properties of traditional PFCs (chemical and biological inertness, reduced

surface tension and increased surfactant behaviour). In contrast to the low solubility and
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toxicity intrinsic to many highly fluorinated compounds, some novel FILs have been designed
with completely water miscibility [27,28] and negligible toxicity [29-31], furthering their use
in the more green engineering process and biomedical applications. In spite of these
outstanding properties, scarce information is available in the literature and research is mainly
focused on their synthesis and characterization [32], electrochemical properties [33], gas
solubilities [34], and application as reaction media [35]. The study of phase equilibria of FILs
mixed with other substances such as other ILs, conventional solvents (water, organic solvents,
fuels, hydrocarbons, etc.), and solutes (gases, salts, biomolecules, among others) is of great
importance from a technological point of view [36-44]. Of particular interest are studies
concerning phase equilibria of FILs with other substances leading to separation and extraction
processes, which can be applied in the most diverse areas, from the chemical to the
pharmaceutical and biomedical industries [45,46].

Aiming to understand the physicochemical, thermophysical, and toxicity properties of
FILs and their potential as task-specific materials for biological applications, this chapter
gathers a review of the literature for a thorough analysis of the pure FILs and their behaviour
with other substances. The chapter is divided into two main sections.

The first section (2.2) highlights the improved physicochemical characteristics of the
pure FILs when compared to the traditional ionic liquids and perfluoro surfactants, such as
density, viscosity, ionicity, surface tension, and others. Moreover, the properties of FILs in
water are also overviewed, underlining the enhanced aggregation behaviour of these
surfactant compounds. In addition, the work related to the toxicity and biodegradability of
these compounds was also evaluated in this section. Finally, the possible industrial
applications of FILs were analysed focusing on their potential in biomedical applications, such
as artificial gas carries and drug delivery systems, as well as solvents for separations in
engineering processes.

The second section (2.3) overviews the last two decades of research on the phase
equilibria behaviour of FILs, concerning vapour-liquid, liquid-liquid and solid-liquid
equilibria. First, it was considered the studies relating to gas solubility performance of FILs,
the application of membranes to improve gas absorption in FILs, and the use of modelling
tools to accelerate the application of FILs in gas capture and separation processes. Therefore,
the liquid-liquid equilibria of FILs in water and with perfluoroalkanes were evaluated in this
work, together with the solid-liquid equilibria of solid FILs in water and the eutectic behaviour
found in mixtures of solid FILs. This section allowed the understanding of how the structural
features of FILs can influence their phase equilibria behaviour, which is of vital importance to
design and developing task-specific FILs for a particular application, from the industrial to

biomedical fields.
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With the work developed in this chapter, it was possible to have a clear idea of the best
properties of FILs that can benefit their usage in the biomedical and biological areas, allowing
the selection of the structural features composing the FILs used in the next steps of this thesis.
This chapter is adapted from the following publications:

Section 2.2

Nicole S.M. Vieira, Margarida L. Ferreira, Paulo ]J. Castro, Joao M.M. Aratjo, Ana B. Pereiro,

Fluorinated Ionic Liquids as Task-Specific Materials: An Overview of Current Research. In:
Murshed, SM.S. (ed). Ionic Liquids - Thermophysical Properties and Applications, London,
IntechOpen, 2021. DOI: 10.5772 /intechopen.96336

The author of this thesis contributed to this section by writing part of the original
manuscript, specifically the sections related to the properties of pure FILs and their
mixtures with water and their application as artificial gas carriers. The author also
contributed to the production of the graphical contents of the section, such as figures and
tables.

Section 2.3

Margarida L. Ferreira, Nicole S.M. Vieira, Paulo J. Castro, Lourdes F. Vega, Joao M.M. Aratjo,
Ana B. Pereiro, Understanding the phase and solvation behavior of fluorinated ionic liquids,
Journal of Molecular Liquids 359 (2022) 119285. DOI: 10.1016/j.molliq.2022.119285

The author of this thesis has written most of the original draft of the manuscript,
specifically the abstract, introduction, gas solubility in FILs (excepting the parts concerning
the fluorinated gases), molecular modelling of gas solubility in FILs, discussion, and
conclusion sections. The author also contributed to the production of the graphical contents

of the book chapter, such as figures and tables.
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2.2 Fluorinated ionic liquids as task-specific materials: an

overview of current research

This section covers the main assets of FILs, namely their thermophysical and structural
properties, aggregation and surfactant behaviour, cytotoxicity, acute ecotoxicity and
biodegradation. Additionally, a more detailed approach throughout the application of FILs as
task-specific materials in several areas comprises the analysis of a series of works. It is
evidenced by the progress of FILs either in biomedical applications or engineering separation

processes.

2.2.1 Properties of fluorinated ionic liquids

The characterization of FILs properties and the influence of the different cation/anion
combinations on these properties is still critical to head these specific materials to the potential
applications. FILs have enhanced properties due to the nanosegregated structuring into three
different domains, one polar and two non-polar (hydrogenated and fluorinated), making them
an alternative solvent with new improved mechanisms of solubilization of different
compounds (see Figure 2.2.1) [24-26]. The manipulation of the nanosegregation behaviour and
intra and intermolecular interactions of FILs allows the control of thermal and thermophysical

properties, toxicity, solubility capacity or hydrophobicity of FILs.

[C,C;Im][CF;S05] [C,C;Im][C,FSO;] [C4C;Im][C,FSO;]
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Figure 2.2.1 Formation of three nanosegregated domains of [C2CiIm][CF3SOs] and [CoCiIm][CyFoSOs]
and [CsC1Im][C4F9SOs] FILs. The red and blue sticks represent negative and positive charges, indicating
the segregated polar network in the three ILs. The green space-filled areas represent the fluorinated
domains. The grey space-filled areas indicate the segregated hydrogenated moieties. Adapted from
Vieira, N.S.M. et al. (2015) [47].

In this section, it is emphasized how the formation of the new fluorinated domain and
the structural features influence the properties of FILs. The properties of FILs, such as melting
point, thermal stability, density, viscosity, refractive index, ionic conductivity, and surface
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tension are discussed along with the FILs' self-aggregation behaviour in aqueous solutions. A
close sight of the biocompatibility of FILs by examining their toxicological and
biodegradability properties is also included for discussion.

2.21.1 Thermophysical properties
2.2.1.1.1 Phase behaviour and thermal properties

The phase behaviour of pure FILs is determined by the melting, solid-solid and glass
transitions while the thermal stability is defined by the decomposition temperatures. These
properties are determinant to define the liquid range of application, allowing a wisely choice
of fluid for a specific task. Several works include the thermal characterization of the FILs
depicted in Table 2.2.1. In the case of FILs where the formation of three domains occurs, due
to long enough hydrogenated (up to 6 carbons) and fluorinated (up to 4 carbons) chains
(Figure 2.2.1), a rich phase behaviour is found, with a high number of solid-solid transitions.
This indicates the ability of FILs domains to rearrange into different structures until the
complete melting, proving the high influence of the nanosegregation [26,48].

The different structural features of FILs can impact the melting and decomposition
temperatures, and much work has been done to find trends to design FILs with tuned thermal
properties [29,47-52]. The melting and decomposition temperature of several FILs can be
found in Table 2.2.2. In the case of the [C,CiIm][C4F9SOs] FILs family, it was found that the
increment of the cationic hydrogenated chain increases the melting temperature and decreases
the decomposition temperature. The increase of the anionic fluorinated chain also raises the
melting point. However, the thermal stability is maintained constant at a considerable high
temperature [47,50]. Moreover, FILs based on [CiF2n+1S03] anions have a much higher
thermal stability than ILs conjugated with [CnF2.1CO2] anions [47,49,51]. The type of cation

and its functionalization also has a great influence on both thermal properties, and careful

analysis must be performed when choosing a FIL for a specific ending [26,29,47-49,51].

Table 2.2.1 Structure and nomenclature of the ions constituting the FILs and of the F-gases studied
for absorption in FILs and deep eutectic solvents, prepared with the illustrated perfluorinated acids.

Y 3
~N N+
Colloni1 [CaCiIm]* OH > [N1u1120m]*

n=24,68 10and 12 (2-Hydroxyethyl)trimethylammonium
1-Alkyl-3-methylimidazolium

— +/
——-N{\\ I:>N\C H
ntantl [CoCrpyrl*

N\_N
N0 [C200CiIlm]* n=2and 4
1-(2-Hydroxyethyl)-3-methylimidazolium 1-Alkyl-1-methylpyrrolidinium

Cations structure
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The FILs based on long fluorinated chains (e.g. [N(C4F9SOz)2] ) have a very high

melting temperature, automatically reducing the liquid operating range. Eutectic mixtures of

FILs can be the solution to solve this handicap. The evaluation of the solid-liquid phase

behaviour of binary mixtures of FILs showed a high decline of the melting temperature to

values close to or below room temperature [53]. This does not only increase the liquid range

of FILs but also expands the tuneability of neat FILs.

Table 2.2.2 Thermophysical and thermodynamic properties of fluorinated ionic liquids at 298.15 K
and atmospheric pressure: melting temperature, Tm; decomposition temperature, Tonset; density, p;
viscosity, 77; and surface tension, y.

Tm [K] Tonset [K] plgcm3] n [m-Pas] y[mN-m1]
[CaCiIm][C4F9SOs]
n=2 293 a 627 2 1.547 2 163.0 2 25.14 4%
n=4 286 b 638 1.460° 307.3P 22.83 ¥
n=6 297 ¢ 627 ¢ 1.392 ¢ 401.7 21.36 4%
n=8 308 ¢ 621 c 1.338 ¢ 374.6 < 20.57 d*
n=10 307 b 627 b 1.310%° 597.1° 22.05 d*
n=12 311a* 617 * 1.247 a* 280.9 % 23.42 4%
[C4FeSOs]™
[C2Capyl* 278 ¢ 629 © 1.515¢ 201.8 ¢ 26.35¢
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[Naaaa]* 327 ¢ 587 ¢ 1.234 ¢ 15319 ¢ 22.77 e**
[CsCapyr] 364 f 632 f
[N11120m]* 436 ¢ 609 ¢
[C200)Calm]* 2518 559 8 1.620 ¢ 831.6¢
[C4FsCO2]
[C2Cilm]* 278 2 392a 1.487 2 107.5a
[CsCilm]* 297 a 399 a 1.292a 307.9a
[C20mCilm]* 295 ¢ 433 & 1.541s 712.8 8
[C2Cipyl* 275¢ 392 1.454 ¢ 147.1¢ 26.83 ¢
[CsF17SOs]™
[Naaad]* 255 ¢ 385 ¢ 1.317 ¢ 6690 ¢ 21.98 ¢
[C2Cilm]* 368 2 6162
[N(C4FsSO2):2]"
[C2Capyr]* 428 ¢ 619 ¢
[CiCapyr]* 371 639 ¢
[Nu200m]* 303 e* 622 e* 1.674 * 947.1 * 25.04 e*

Experimental data was obtained * at 313.15 K and ** at 333.15 K. Experimental data from aVieira, N.S.M et al.(2015);
b Pereiro, A.B. et al. (2017); < Pereiro, A.B. et al. (2013); 4 Luis, A. et al. (2016); ¢Vieira, N.S.M et al.(2016); f Ferreira,
M.L. et al. (2017); s Ferreira, M.L. et al. (2020). [29,47-49,51]

2.2.1.1.2  Density, transport properties, free volume, and surface tension

Density, transport, free volume, and surface tension properties have high relevance in
the biomedical field as well as in the separation and extraction processes for industrial
proposes [29,54]. The structural features of FILs can determine the density, as can be seen in
Table 2.2.2. While the increment of the fluorinated chains increases FILs density, the opposite
behaviour is found for the increment of the hydrogenated side chain. The carboxylate anions
show a lower density compared with the sulfonate anions. The functionalization of
imidazolium cation with a hydroxyl group has shown an increment in density. The cation
nature widely affects the density, and each family must be analysed case by case to infer the
applicability of each FIL. The characterization of FILs viscosity, and consequently of their
fluidity, was studied in several works, and some of the results can be found in Table 2.2.2. The
results indicate that FILs with longer aliphatic and fluorinated chains increase the viscosity.
The FILs composed of [CnF20+1SOs]  anions also present high viscosity compared with the
[CiF2n1CO2]  anions. The nature of the FIL cation affects tremendously the viscosity. In the
case of bulkier cations, a lower fluidity is found. The addition of a hydroxyl group in
imidazolium cations increases the cohesive forces resulting in more viscous fluids [29,47,49-
51].

The ionic conductivity has great importance, especially when correlating the molar
conductivity with the fluidity obtaining the ionicity of FILs. The ionicity is evaluated by the
Walden plot where FILs are classified depending on the distance to an ideal electrolyte. The

ionicity can result in information on the formation of aggregates between ions due to lower
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mobility [55]. The analysis of the results shows that the increment of the cationic aliphatic and
the anionic fluorinated chains decreases the ionicity, diverging from the ideal behaviour. The
free volume has high relevance to FILs suitability as enhanced solvents of gases or other
compounds with low molecular weight [56]. The relation between refractive index and density
allows the calculation of molar free volume effects, evaluating the available space for the
dissolution of gases. Therefore, the increase of both hydrogenated and fluorinated chains and
bulkier cations rises the molar free volume values [56].

The surface tension of FILs is the property that most differs from the conventional ILs,
in which the cation’s nature has a predominant influence on this property. The values of
surface tension for some FILs can be found in Table 2.2.2. The surface tension of the
[CoCGiIm][C4FoSOs] family showed the lowest values existing in the overall ILs literature. The
increment of the hydrogenated chain decreases the surface tension up to the lowest value,
found for the [CsCiIm][C4FoSOs]. The further increase of FILs aliphatic chain resulted in higher
values of surface tension, revealing a global behaviour marked by a bowl-shaped trend. The
addition of a fluorinated domain in FILs induces a competition with the aliphatic domain to
protrude the interface, which dramatically changes the values of surface tension. As long as
the hydrogenated chain increases to [CsCiIm]*, a rearrangement in the organization between
the non-polar domains happens, allowing both to protrude through the top layer. After
[CsCilm]*, the aliphatic chain is much larger than the fluorinated chain, and occupies more
space at the interface, increasing the values of surface tension. In the case of quaternary
ammonium-based FILs, it was shown that they have lower values of surface tension compared
with pyridinium cation. In FILs based on ammonium, the increment of the fluorinated chain
deeply decreases the surface tension [49,52,57].

The FILs properties can be tuned by choosing the cation, anion, length of side chains
and functionalization of cation, increasing the possibilities of designing the best task material.
The complete determination of these properties is a complex assignment, requiring a lot of
costs and time. To ease this task, theoretical models can be applied to predict their
characteristics. An effort has been done in this direction obtaining several models that
accurately reproduce the FILs properties of the neat FILs and the mixtures with gases and

aqueous solutions [50,51,58].
2.21.2 Aggregation and surfactant behaviour

The behaviour of FILs in aqueous solutions is enhanced in comparison with the PFCs
and conventional ILs. Non-toxic FILs based on imidazolium, pyridinium (with short aliphatic
chains) and cholinium cations conjugated with the [CsFsSOs] anion were used to study the

self-aggregation behaviour. These compounds are completely miscible in water at all ranges
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of concentrations studied in the conductivity profile. The same behaviour was later found for
imidazolium-FILs functionalised with a hydroxyl group and some examples are represented
in Figure 2.2.2a. The liquid + liquid equilibria of binary systems FIL + water was also analysed
to study the solubility of water. The increment of the aliphatic chain in the [C,CiIm][C4FoSOs]
family increases the solubility of water in the FIL-rich phase [27,28,51,59,60].

The water-rich region was selected to determine the critical aggregation concentrations
(CACGs) of several FILs. [CoCiIm][C4FoSOs] showed three different transitions related to the
formation of distinct aggregates. These aggregates were evaluated and associated with
different self-assembled structures. These stable self-assembled structures can be the greatest
contribution to the full miscibility of FILs in water. Figure 2.2.2b represents the values of the
first CAC, the so-called critical micelle concentration (CMC) of FILs and conventional
surfactants [61-63]. All the FILs show much lower CMC and FILs with only four carbon atoms
have greater aggregation power than the conventional surfactants with eight carbon atoms.
The increment of the hydrogenated chain in the [C,CiIm][C4FoSOs] family decreases the CMC
value, promoting the formation of more, bulkier and better-packed structures. The longer
fluorinated chains also decrease the CMC values. However, the growth of both nonpolar
chains hinders the solubility in water. The pyridinium and tetrabutylammonium cations show

slightly lower CMC values compared with imidazolium, cholinium or pyrrolidinium cations.
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Figure 2.2.2 a) Complete conductivity profile of FILs in water at 298.15 K and b) the values of critical
micellar concentrations of PFCs (grey bars) and hydrogenated (black bar) surfactants (Szajdzinska-
Pietek, E. et al. (2000); Gonzalez-Pérez, A. et al. (2004); Lopez-Fontan, J.L. et al. (2004).) [61-63] and of
the FILs (coloured bars) (Pereiro, A.B. et al. (2015); Teixeira, E.S. et al. (2015); Ferreira, M.L. et al. (2020);
Vieira, N.S.M. et al. (2019)) [27,28,51,59,60].

The FILs behaviour in water was also inferred in the FIL-rich phase by investigating
the hydrogen-bonding ability and polarizability through Kamlet-Taft parameters. The results
indicate that increasing the fluorinated chain restricts the impact of adding water into ILs,
keeping the hydrogen bond acceptance ability constant. This result indicates that the rich

aggregation of FILs promotes the aggregation of water in a bulky polar network. The water
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aggregates expand and drive to the proximity of the polar nanosegregated domains of the FILs

due to the higher repulsion of the fluorinated counterparts [59].
2.21.3 Cytotoxicity, ecotoxicity and biodegradation

Cytotoxicity, partition properties, acute ecotoxicity and biodegradation are key
parameters to assess the health and environmental risks of these FILs. Knowledge about
structure-toxicity relationships is of great interest for the design of biocompatible and greener
FILs. The design of these new compounds aims to surpass the persistency, bioaccumulation,
and toxicity drawbacks of PFCs [2,4,13,18].

This section provides a critical review of the cytotoxicity in different human cell lines:
human colon carcinoma cells (Caco-2), human hepatocellular carcinoma cells (HepG2), human
umbilical vein cell line (EA.hy926), and spontaneously immortalized human keratinocyte cell
line (HaCaT), representing the risks associated to different routes of biomedical
administration. Cytotoxicity screenings, with 4 h and 24 h exposure, were performed in these
cell lines. For short-chain based-FILs, such as [C2CiIm][C4FoSOs] and [CoCipy][CaFoSOs], the
overall reduced toxicity can be justified by their high hydrophilicity and surfactant
performance. In HaCaT cells, lower ECs values were obtained for both FILs mentioned before
and these results can be associated with the intrinsic properties of this cell line. Higher
biocompatibility was attained with the cholinium cation conjugated with the [C4sFoSOs] anion,
due to the non-aromaticity and symmetry of this cation, which is also an essential nutrient for
cell growth [29,31,64,65]. Similar behaviour was reported for several cholinium alkanoates
[66,67]. The non-aromatic and symmetric [Naa]* as well as the alicyclic pyrrolidinium cations,
conjugated with the [C4sFoSOs]  anion, maintain the cellular viability in Caco-2, HepG2 and
EA.hy926 cells. The elongation of the imidazolium hydrogenated alkyl chain length from
[CoCiIm]* up to [Ci2CiIm]* prompts the decrease of the cellular viability in the Caco-2 cell line,
as depicted in Figure 2.2.3a. This effect on cellular viability can be due to the presence of
delocalized charges or due to the increment of lipophilicity which enhances the disruption of
the cell wall [31,68]. A more pronounced decay in the cellular viability is observed with the
increment of the anionic fluorinated side chain length. This effect was noticed for the variation
of [C4FeSOs]  to [CsF17S0s3]  or [N(C4FeSOz)2]  anions, combined with imidazolium, cholinium
and ammonium-based cations [29]. The fluorinated elongation on carboxylate-based anions
also engenders a significant reduction of the cellular viability in different cell lines [67]. The
increment of the fluorinated domain also enhances the FILs lipophilicity and the delocalization
of the charge, which is traduced in a higher permeation of the cell membranes. Inside the cell
compartment, free fluoride ions are formed by hydrolytic cleavage, which can interfere with

the cellular mechanisms leading to cell death [31,69]. Furthermore, hemolytic tests reveal that
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red blood cell lysis only occurs at high FIL concentrations. Herein, the lowest hemolytic rates
were achieved with both imidazolium and pyridinium cations conjugated with the
perfluoropentanoate anion. Although the limited FILs solubility in the tested medium
hampers a proper analysis of the effect of the hydrogenated and fluorinated side chain
elongation, it was clear by the profiles achieved that the hemolysis accomplished higher levels
in long chain-based FILs at similar or reduced concentrations than short chain-based ones
[29,31,70,71].

The increment of the lipophilicity as a result of the elongation of both hydrogenated
and fluorinated alkyl side chains was confirmed through the 1-octanol/water partition
coefficients (Po/w) of different FILs. As depicted in Figure 2.2.3b, the P,/w increases with the
increment of the hydrogenated side chain length from [CoCiIm]* to [CsCiIm]*. This increment
is associated with a greater lipophilic behaviour, caused by stronger van der Waals
interactions between the FIL alkyl side chain and the hydrophobic region of the organic
solvent, promoting their solubility in the organic media. This elongation also decreases the
polarity and the acidity of these compounds, and consequently their interaction with water
media. The increment on the anion core from [C4FsSOs]  to [CsF17503] has a more pronounced
effect on the partition properties, as illustrated in Figure 2.2.3b. These results were associated
with enhanced solubility in lipophilic solvents endorsed by the fluorinated moiety. Finally,
the partition properties of both [C2CiIm][C4FoSOs] and [C2Cipy][CaFoSOs] are quite similar due
to the highly acidic methylene groups in the constitutive rings. Nevertheless, the partition
properties of the studied FILs indicate that they do not accumulate or concentrate in the
environment [31,72,73].

An environmental hazard assessment is also essential in the context of sustainability
and green chemistry. An ecotoxicological screening to evaluate the impact of FILs in the
aquatic environment was performed on the marine bacterium Vibrio fischeri, crustacean
Daphnia magna, and Lemna minor plant. This screening was made in aquatic species owing to
the selected FILs unique water miscibility. Briefly, all tested FILs present a reduced ecotoxicity
for the mentioned species. The ECs values indicate that FILs based on the imidazolium cation
conjugated with [C4FoSOs]  anion are more toxic than FILs based on other cations conjugated
with the same anion. The [C4F9CO;] anion is also less toxic than the sulfonate equivalent,
except for the hydroxylated based imidazolium cations in Daphnia magna and Lemna minor.
Even so, the [C4FoSOs] based anion is less toxic than the bis(trifluoromethylsulfonyl)imide
(IN(CF5S0y)2] ) anion for both Vibrio fischeri and Daphnia magna [30,65]. Furthermore, both
cholinium and hydroxylated imidazolium cations are the least toxic of the three aquatic
species [66]. The functionalization of the imidazolium cation decreases the lipophilicity of

these compounds and consequently decreases their overall toxicity. Finally, it must be stated
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that based on Daphnia magna and Lemna minor ECsp values and accordingly to the “Globally
Harmonized System of Classification and Labelling of Chemicals”, these FILs do not need to
be categorized in terms of acute aquatic hazards. It must be noticed that both cytotoxicity and
ecotoxicity results are highly dependent on the target organisms and exposure times, then
different species and long-term effects of these compounds must be accessed prior to a large-

scale application [30,31,67].
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Figure 2.2.3 a) Cellular viability for imidazolium-based FILs with the increment of hydrogenated and
fluorinated alkyl side chain length; b) effect of the hydrogenated and fluorinated alkyl side chain length
on the 1-octanol/water partition coefficient (Po/w) of imidazolium-based FILs. Adapted from Vieira,
N.S.M. et al. (2019) [31].

Besides, FILs conjugated with the perfluoropentanoate anion generally induce less
toxicity than the sulfonate equivalent. For the Gram-negative Pseudomonas stutzeri, the
inhibition of the bacterial growth was only achieved at very high FIL concentrations, the
cholinium cation was shown to be the least toxic, especially when conjugated with the
perfluoropentanoate anion, and the increment of either hydrogenated or fluorinated alkyl
generated more ecotoxic FILs [30].

The microbial degradation of some FILs showed that short chain-based imidazolium
FILs are highly resistant to biodegradation, even with the incorporation of hydroxyl groups.
A certain biodegradability occurred in the short-chained pyridinium-based FIL, associated
with the oxidation of the alkyl side chain. However, some variability is associated with the
biodegradation of these cations that must be associated with the differences in microbial
compositions involved in the degradation process. The higher degrees of biodegradation
obtained with the cholinium-based FILs are only related to the cation core degradation that
retains 75% of the oxidizable carbon [30,74,75]. To overcome the high resistance associated
with these compounds, removal or degradation alternative routes must be studied. According
to these published results, a proper combination between cations and short-chained
fluorinated anions may result in biocompatible FILs with the potential to be biodegradable by
alternative routes. Even though the strong C-F bonds present in the anions make FILs highly

inert compounds, on one hand, the resistance to biotic and abiotic degradation raises concerns
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about their persistence in the environment and on other hand their degradation can generate
even more toxic intermediate compounds [30]. Therefore, strategies to overcome the lack of
biodegradability of FILs must be found to enable the usage of FILs in their potential
applications. These biocompatible FILs can support the application of FILs as task-specific
materials in a broad range of applications, from biomedical to reaction media in industrial

processes.

2.2.2 Applications of fluorinated ionic liquids
2.2.21 Biomedical applications
2.2.2.1.1 Artificial gas carriers

The need for new products to replace the blood transfusions appeared at the beginning
of the 21st century because of cross-infection derived from the human immunodeficiency virus
(HIV). The lack of safety and trust allied with the severe shortages and increased demand for
blood supplies have contributed to the search for an ideal artificial gas carrier (AGC). PFCs-
based emulsions are among the substances under clinical trials used to substitute the red blood
cells in critical situations such as acute blood loss [3,76]. However, the PFCs have several
handicaps that can restrict their usage as AGCs, such as high vapour pressures and poor
solubility in water. With the aim to solve these limitations, FILs appeared as a solution to
replace the PFCs fully or partially in AGC emulsions. Different works have been developed to
infer this prospect. The results show the possibility to design FILs with complete water
miscibility, which solves one of the greatest handicaps. The study of phase equilibria between
FILs and two PFCs, perfluorodecalin and perfluorooctane, indicated that the enthalpic
contributions are larger than the entropic contributions, which results in a favourable process
of solvation of PFCs by FILs. The high surfactant behaviour of FILs is also a huge advantage
because it enables the stabilization of AGC emulsions, which can be favourable to reducing
the usage of excipients and enhancing the solubilization of the respiratory gases. The reduced
cytotoxicity and ecotoxicity determined for FILs with the characteristics above-mentioned
strengths the possible use of these compounds in the biomedical field. The greatest aspect that
spurs the use of FILs as potential substitutes for PFCs in AGC emulsions is their higher ability
to solubilize oxygen, carbon dioxide and nitrogen, compared to the conventional fluorine-
containing ILs and with PFCs. However, the formulation of an emulsion with high efficacy
and the implementation of tests on physiological safety and other health studies must be
carried out before applying FILs [27,28,51,77-79].
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2.2.2.1.2 Drug delivery systems

Although there are several studies dealing with ILs for the solubilisation and stabilization of
proteins, dissolution of low soluble active pharmaceutical ingredients (APIs), and
development of drug formulations and delivery systems, the application of FILs in this field
of pharmaceutical development is quite unexplored [64,80-83]. Our research group initiated a
pioneering research line to use FILs as drug delivery systems (DDSs) [84-86]. These novel
biocompatible carriers can overcome the problems associated with proteins administration
(e.g. sensibility to environmental conditions, short-half lives in the bloodstream, structural
conformation and hydrophobic/hydrophilic nature that hamper the in vivo delivery) [87,88]
and their traditional delivery platforms (low stability, uncontrolled release, and low
encapsulation efficiency) [89]. FIL-based DDSs have been shown the potential to increase the
safety and effectiveness of the therapeutic biomolecules, reducing the dosage needed and
enabling a time and site-specific release. The application of FILs as DDSs and stabilizing agents
was firstly evaluated for two different model proteins, lysozyme, and bovine serum albumin
(BSA) [87,88].

Lysozyme is a protein with antiviral, antitumor and immunological properties,
whereas BSA is involved in organism homeostasis and the transport of several components
essential for several vertebrates” body functioning [90,91]. For these applications, FILs based
on imidazolium, pyridinium and cholinium cations, conjugated with [C4FsSOs] and
[C4sFsCO;]  anions were selected due to biocompatibility and improved surfactant behaviour.
The tested FILs concentrations cover values above and below their CMCs values (Figure
2.2.2b). Concentrations above CMC were chosen due to their ability to self-assembling in
micellar structures that can be used to protect, encapsulate, and deliver the therapeutic
proteins. The stability of both proteins in the presence of FILs was determined based on the
variations observed in the melting temperature of the biomolecules. The stability of lysozyme
is not significantly affected by the incorporation of FILs, and only a slight decrease was
achieved with [C,Cipy][CsFoCO,] with a minor reduction of 2% in the melting temperature of
the protein. However, for BSA the melting temperature increases for all tested FILs
concentrations, suggesting a stabilization of the protein. These distinct results indicate a
specific interaction between FILs and each tested protein. The differences in the interactions
of the two biomolecules with FILs were also supported by structural studies. Both circular
dichroism (CD) and Fourier transformed infrared spectroscopy results suggest no substantial
lysozyme structural modifications in the presence of cholinium and [CoCiIm][C4FoSOs] FILs,
respectively. For BSA, a slight increment in molar ellipticity and a-helical content, followed
by a B-sheet and random coil reduction, observed in CD results, indicate a stabilization of the

secondary structure, and a more compact state of the protein with [Ni1120m][CsFoSOs].
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Furthermore, in the presence of FILs, the biological activity of lysozyme increased, even at
concentrations where the encapsulation of the protein inside the micelles occurs. Although
there are differences in the interactions between the two different proteins and the FILs, the
stability, activity, and secondary structure of biomolecules are not negatively impacted by the
selected fluorinated compounds [84,85,92].

The aggregation behaviour of different FILs was analysed in the protein medium. No
significant variations were achieved in the FILs self-aggregation process in aqueous solutions.
To prove the encapsulation of lysozyme in the aggregates of FILs, the self-assembled
structures were studied through dynamic light scattering (DLS). As illustrated in Figure 2.2.4a,
an encapsulation of the protein at a concentration of approximately twice the FILs CMC (1.2%
v/V) is expected based on the disappearance of the intensity peak of lysozyme (~4nm). This
encapsulation is driven by the fluorinated surfactant core of the FILs since the lysozyme
characteristic peak remains present for the non-surfactant ILs. This encapsulation was
indorsed spectrophotometrically with the concentration of lysozyme in the solution being
reduced with the addition of 1.2% v/v [CoCiIm][C4FeSOs]. Moreover, the FIL-protein
aggregates became more stable after 24h and a maximum stabilization was verified after 96h.
The lysozyme encapsulation in [CoCiIm][C4FoSOs] was also evidenced, illustrated in Figures

2.2.4b and 2.1.4c.
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Figure 2.2.4 a) DLS spectra of lysozyme in buffered medium upon the addition of [CoCiIm][C4FeSOs] at
several concentrations; b) TEM image of [CoCiIm][C4FoSOs] 1.2% v /v with lysozyme; c) SEM image of
[C2CiIm][C4FoSOs] 1.2% v/ v with lysozyme. Adapted from Alves, M. et al. (2017) [84,85].

Figure 2.2.4b depicts the solution of lysozyme with 1.2% v/v of [CoCiIm][C4FsSOs] analysed
by transmission electron microscopy (TEM), where an external darker counter surrounding
the aggregates of FILs is associated with the heavier elements present in the anion, in contrast
to the lighter grey shades of the lysozyme. Moreover, the micellar sizes obtained by TEM are

similar to the hydration diameters measured by DLS. A qualitative analysis through scanning
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electron microscopy (SEM), Figure 2.2.4c, reveals an external surface of the solution containing
lysozyme with 1.2% v /v of [C2CiIm][C4FsSOs] similar to the FILs blank solution depicted in
Alves, M. et al. (2017) [84,85,92].

The interaction and the encapsulation between [CoCilm][CsFoSOs] and BSA were
proved through isothermal titration calorimetry (ITC). BSA interacts with the
[CoCiIm][C4F9SOs] monomers causing conformational changes, as well as hydrogen bonding
and hydrophobic interactions. The aggregation of [CoCiIm][C4FsSOs] in buffer determined by
conductimetry was also supported by the ITC measurements. However, ITC indicates that the
interaction between BSA and FIL is stronger than the FIL self-aggregation. A different
interaction between BSA and the FIL aggregates, not identified in the conductivity
measurements, strongly supports the encapsulation of this protein inside the FILs aggregates.!

After the first proof of concept dealing with the encapsulation of lysozyme inside the
FIL aggregates, the optimal incubation temperature of the protein for 24h was determined at
4°C without a significant loss of protein activity. The encapsulation efficiencies of lysozyme in
both [C2CiIm][C4FsSOs] and [CoCipy][CaFoSOs] at 1.8% v/ v (3 times higher than CMC) range
from 69.4 to 83.4%, values similar or higher than the obtained with other traditional platforms.
This lysozyme remains encapsulated up to 12h post-incubation at 4°C, without significant
losses of biological activity. This longer retention of the biomolecule inside the FILs aggregates
can be caused by the high stability of the fluorinated counterpart of the IL, as well as by the
interaction between FIL and protein. Furthermore, the biomolecule release was accomplished
after the application of several external stimuli. With the increment of temperature up to 37°C,
simulating the average body temperature, lysozyme is completely released from the
aggregated structures after 6h. This complete release was also achieved after the exposure to
an ultrasound bath with a frequency of 80 kHz for 1h. This approach can be applied for a site-
specific and controlled delivery of therapeutic proteins through FILs based DDS. Furthermore,
within the same time frame at 42°C, the protein released range from 57% and 39% to
[C:CIm][CyFoSOs] and [CoCipy][CsFoSOs] based DDS, respectively, suggesting that under a
pathological condition the protein can be released at some relevant extent after 1h post-
administration. The biological activity of the released protein remains above 50% for all the
tested scenarios, except for the release after 12h at 37 °C. Then, biocompatible FILs can be
designed to encapsulate different therapeutic proteins with good levels of encapsulation
efficiencies promoting a site-specific and thermoresponsive release under different external
stimuli. The differences in the effect of FILs in both lysozyme and BSA support the need to
further study the interactions of these fluorinated compounds with other therapeutic

biomolecules prior to the design of the DDS [86].
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2.2.3 Conclusions

In this section, the application of FILs as task-specific materials was fully described to
be employed in both biomedical and engineering separation processes. The characteristic
fluorinated domain and the different ions' structural features prove to have a dominant effect
on the thermophysical and thermodynamic properties of FILs. Moreover, FILs have great
surfactant behaviour and complete miscibility in water systems. The design of biocompatible
and eco-friendly FILs without comprising their surfactant behaviour was demonstrated which
ultimate the applicability of FILs as enhanced materials compared with PFCs and conventional
fluorinated ILs.

The applicability of biocompatible FILs for biomedical applications was demonstrated
by their great power to solubilize respiratory gases, supporting their use as artificial gas
carriers. Additionally, the interaction and the encapsulation of different proteins in FIL
aggregates, without comprising the biological features of the biomolecules, also represents an
advance in the application of FILs to pharmaceutical development. Finally, FILs exhibit great
ability to be used individually, or in the development of materials to be further applied to the
separation and recovery of F-gases, essentially due to their great free volume and gas-FIL
enhanced interactions. To conclude, the discussion offered by this section highlights the
identification of FILs as a novel and endless tool for the design of materials and processes
whereas their fluorinated nanosegregated domain in combination with their ionic nature can

provide unique features.
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2.3 Understanding the phase and solvation behaviour of

fluorinated ionic liquids

This section covers the most significant literature regarding the phase equilibria of FILs
with other substances obtained by experimental and modelling approaches. The work is
divided into four major sections. First, an overview of the FILs” exceptional properties that
differentiate them from the conventional ILs and traditional fluorinated compounds is
presented. Then, the vapour-liquid equilibria (VLE) of different gases with FILs are analysed
in three main groups: (i) the direct measurement of the solubility of gases, such as carbon
dioxide (COy), oxygen (O2), nitrogen (Nz), hydrogen (H>), and F-gases, in FILs; (ii) the use of
membranes as a platform to improve the absorption of gases in FILs; and (iii) the use of
molecular modelling approaches to predict the VLE behaviour of gas + FILs systems. The
section also includes the few works found in the literature related to the liquid-liquid
equilibria (LLE) and solid-liquid equilibria (SLE) behaviour of FILs, which have high
significance for their potential applications. The last section focuses on the analysis and
discussion of the main findings related to the phase behaviour of FILs, and the remaining
challenges associated with the experimental and theoretical studies of these systems. The
nomenclatures and structures of the compounds included in this work can be found in Table
2.3.1.

Table 2.3.1 Structure and nomenclatures of the cations and anions composing the ionic liquids, the
fluorinated gases, and the perfluorocarbons mentioned in this study.
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2.3.1 Gas solubility in fluorinated ionic liquids
2.3.1.1 Solubility of carbon dioxide in fluorinated ionic liquids

One of the main features of FILs is their ability to solubilize gases, and a great amount
of work has focused on the solubility of CO. in FILs as a way to capture it, given its relevance
in the context of reducing CO; emissions. Baltus et al. were the first to report the solubility of
COz in the [Ca(CeF13)CiIm][N(CF5S0y)2]. A Henry constant (Hc) of 0.45 + 0.1 MPa was obtained
at 298.15 K [93], and later corrected to 0.6 £ 0.1 MPa [94]. Muldoon et al. later measured the
solubility of CO; in [Ca(CyFo)CiIm][N(CF5S02).] and obtained a Hc almost five times greater
than that obtained by Baltus and co-workers for [Ca(CsF13) CiIm][N(CFsSO2).], showing that an
increment in 2 carbons of the fluorinated side chain of an imidazolium cation highly favoured
the solubility of CO. (lower value of Hc). Muldoon et al. measured solubility in
[Co(CsF13)C1Im][N(CF3S0:):] obtaining a Hc value of 2.73 + 0.02 MPa at 298.15 K, which is close
to the value for [Cao(CyFo)C1iIm][N(CFs;SOz)2], 2.84 + 0.01 MPa (see Figure 2.3.1) [95]. Hou et al.
also determined the absorption and diffusivity of CO> in [Ca(CsFo)CiIm][N(CF;SO2):]
obtaining a Hc of 3.1 + 0.2 MPa at 298.15 K [96]. As can be seen in Figure 2.3.1, this value is
identical to the results obtained by Muldoon et al. agreeing within 4%. Later on, Almantariotis
et al. [97] measured the CO, uptake by [Co(CsF13)CiIm][N(CFs;S02)2] resulting in a Hc value
near to the one obtained by Muldoon and co-workers, agreeing in 3% (Figure 2.3.1). The large
difference in the Hc obtained from different authors derives from the use of different
experimental methods; hence, care must be taken when selecting the method.

5 [ ez Hou et al,

=1 Muldoon et al.
| EZZZ3 Almantariotis et al.

H_[MPa]

DN

[C,(C,F,)C,Im][N(CF,S0,),]  [C,(C,F,,)C,Im][N(CF.SO

~

2]

2

Figure 2.3.1 Comparison of Hc for CO; in FILs with cationic fluorinated tags at 298 K. The values of
[Co(CaFo)CiIm][N(CF3S0Oy)2] are from Hou, Y. and Baltus, R.E. (2007) [96], and for
[C2(CeF13)CiIm][N(CF5S03)2] from Muldoon, M.]. et al. (2007) and Almantariotis, D. et al. (2010) [95,97].
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Therefore, the introduction of a fluorinated alkyl chain in the imidazolium cation
increases the ability to absorb CO,. However, it reaches a point where an increment of the
fluorinated tag does not significantly increase the uptake of CO, by FILs. It is important to
point out that the comparison with analogous non-fluorinated FILs demonstrated that the
presence of a fluorinated side chain significantly increases the solubility of CO,. Almantariotis
et al. used molecular simulations to explain the molecular mechanism of solvation of FILs,
concluding that CO; is solvated near the charged domains, but also close to the cationic
fluorinated chain, increasing the areas of absorption [97].

As depicted in Figure 2.3.2, the solubility of CO; in [Ca(CsFo)CiIm][N(CF;SOz)2],
[C2(CsF13) CiIm][N(CF3S02)2], [C4CiIm][C7F15COz], [CsCiIm][C4FAP], and [C4CiIm][C4FoSOs] at
333.15 K [95,98,99], is similar for all the FILs, with [CsCiIm][C4FAP] presenting the highest
solubilization capacity, followed by the FILs with fluorinated cations. The FILs with less ability
to solubilize CO; are the ones with linear fluorinated anions. The FIL with a bulky anion
showed higher COs solubilization capacity than the ones with linear anions, indicating that
the number and disposition in the space of the fluorine atoms are two factors influencing the
gas solubility. It is important to underline the similarity of the values for [C4CiIm][C7F15COs]
and [C4CiIm][C4F9SOs], which can indicate that the sulfonate functional group might have a
positive effect on the solubility of CO; or the fluorinated chain with seven carbons diminish
the solubility of CO..
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Figure 2.3.2 Solubility data (from literature) of CO; in FILs at a) 333.15 K and b) 313.15K. The stars,
squares, and upward-pointing triangles up refer to the work of Muldoon, M.]. et al. (2007), where two
techniques were used for high (filled symbols) and low (empty symbols) pressures. The empty circles
refer to the data of Muldoon, M.]. et al. (2007) and the filled circles of Almantariotis, D. et al. (2010). The
empty diamonds represent the data of Zhou, L. et al. (2014) and the filled diamonds of Hong, S.K. et al.
(2016). The hexagons and downward-pointing triangles are from Watanabe, M. et al. (2016) and Hong,
S.K et al. (2014), respectively [95,97,99,100].

In order to show the effect of increasing the linear fluorinated chain of the anion on the
CO; solubility, Figure 2.3.2b, showcases a comparison between the solubility of CO. in
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[C2CiIm][C4FoSQOs], [CaCiIm][CsFoSOs], and [C4Cilm][CeF13503] [98-101]. While the increment
of the hydrogenated chain from 2 carbon atoms ([CoCiIm][C4FsSOs]) to 4 carbon atoms
([C4CiIm][C4FoSOs]) does not change COz solubility, the increment of the fluorinated alkyl
chain of the anion from 4 carbon atoms ([CiCilm][CsFsSOs]) to 6 carbon atoms
([C4CiIm][C6F13S0:s)) slightly reduces the gas solubility. Therefore, similarly to the cations,
there is a point at which the increase of fluorination content of the anion does not favour the
solubility of CO,. This behaviour was also observed by Raveendran and Wallen [102] when
studying the solubility of CO; in fluorocarbons using computational methods, and discussed
by Muldoon et al., inferring that an optimum density of fluorine atoms is required to have an
ideal CO»-philicity [95].

2.3.1.2 Solubility of oxygen, nitrogen, and hydrogen in fluorinated ionic
liquids

To the best of our knowledge, only three works reported the direct solubility of O, Ny,
and H> in FILs. Watanabe et al. measured the solubility of these three gases in
[C4CiIm][C4FsSOs] at 323.15 K, as presented in Figure 2.3.3a. [C4CiIm][C4FoSOs] has a higher
affinity to O, followed by N> and H», with selectivity values (determined from the Hc for each
gas) for the separation of CO,/O,, CO»/Ny, and CO,/H: of 8, 6, and 22, respectively. These
results highlight this FIL as a great candidate for gas capture and separation processes [101].

15 0.05 1 p)
A = [C2(0)1(anC1pip] [N(CF3S02)2]
a) ¢ O, @ 0,[298.15K] B _ [CyopenCipyrlIN(CF:SO2)]
2 o N, q 0.04 | = N, [303.15K]  C-[Nazszionen][N(CF3SO2):]
e H, D - [C4C1pyr][CsF17CO2]
- E — [Paaaz(6r)][C2FAP]
T ST o . % 0.03 F — [Pee614][CaFsSO3]
E 00 o * £ G — [Psg614] [C6F13S03]
N L g H — [Pss614] [CF17503]
6 ® © . © 0.02 | = [Pes614][CaF9CO2]
L4 © PS J = [Pess14] [CsF17CO2]
3t g 0.01
0 o [€,C,Im]IC,F,S0,]
0 0.00

0.000 0.032 0.064 0.096 0.128 0.160 A B CDEF G H I J

xgas

Figure 2.3.3 Solubility of Oz, N>, and H» in FILs at a) 323.15 K from Watanabe, M. et al. (2016) [101] and
b) atmospheric pressure from Vanhoutte, G. et al. (2018) and Kang, C.S. et al. (2018) [103,104].

Vanhoutte et al. studied the solubility of O, at 298.15 K in FILs based on
[Co0panCipipl*, [CaonenCipyr]*, and [Naiaoyaen]*) cations and on the [N(CF:SO,),] anion,
as well as in [C4Cipyr][CsF17CO,] (Figure 2.3.3b). The fluorination was shown to significantly
increase the solubility of O, being five times higher than that of the corresponding non-
fluorinated IL. Moreover, the solubility of O is higher in the FIL based on [CoyurCipyr]*,
followed by [Na220y1en]* and [CaoyierCipip]*. The FIL [C4Cipyr][CsF17CO2] has the lowest O
absorption [103]. Kang et al. measured the N> solubility in phosphonium-based FILs at 303.15
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K (Figure 2.3.3b) and observed that increases by incrementing the anionic fluorinated chain:
[C4FsS0s] < [CeF13503] < [CsF17805] and [C4FeCO,] < [CsF17COs] . This increment is more
significant from [C4FsSOs] to [CsF13503] than from [CeF13505] to [CsF17505] . The same can
be concluded by the similar uptake of N2 by [Paaer)][C2FAP] (with a cationic fluorinated chain
of 6 carbons atoms and a bulky fluorinated anion) and [Pess14][CsF13503] [104].

2.3.1.3 Solubility of fluorinated greenhouse gases in fluorinated ionic liquids

As mentioned, most of the studies on gas solubilization in FILs have focused on CO..
However, the investigation of less common greenhouse gases, such as fluorinated gases, is still
scarce, although clearly relevant. These F-gases have high GWP and their emission into the
atmosphere must be avoided. Most of the research on the absorption of HFCs, such as R-32,
R-125, R-134a, R-23, R-143a, and R-152a, in ILs, is focused on imidazolium- and pyridinium-
based ILs containing the anions [BFi] , [PFs] , [N(CFsSO2),] , and [CFsSOs] [105-114].
Additionally, some authors have focused on phosphonium-based ILs [115,116]. These studies
showed that the hydrogen-fluorine interactions established between the ILs and the HFCs
lead to different solubilization degrees in each IL-HFC pair. A positive correlation was found
between the presence of fluorine atoms in the cations and anions of the ILs and the
solubilization of F-gases, at least up to a certain fluorination degree [34,117-119]. Additionally,
the chain length/volume and dipole moment of F-gases, which are related to their structures
and fluorination degree, was also shown to strongly affect solubilization [120]. By changing
the constitution of each IL and the operational conditions (e.g., temperature and pressure) it is
possible to develop separation processes where the solubilization of one gas is favoured in
relation to other gases in a mixture, hence, increasing the selectivity. Therefore, ILs have been
investigated for the separation of azeotropic HFC refrigerant mixtures, such as R-410A (50 wt
% R-125 + 50 wt % R-32) [121] and of blends of HFCs with other gases [109].

Regarding FILs investigation for the solubilization of F-gases, Sosa and co-workers
compared the solubilization of the HFCs R-32, R-125, and R-134a in imidazolium-based ILs
containing [C1COx] , [CF5SOs] , and [N(CFsSO,),] anions with that obtained in imidazolium-
and pyridinium-based FILs containing [CsFoCO,] and [CsFeSOs;] anions. Their work
demonstrated the relevance of the fluorination of the anions of FILs and the nanosegregated
domains for the establishment of FIL-gas interactions and increasing gas solubility [121].

To circumvent the unfavourable properties of some FILs, such as the toxicity, poor
biodegradability, high viscosity, high melting temperature of those with long fluorinated alkyl
side chains, and high production costs, deep eutectic solvents are emerging as an alternative.
Despite having different chemical properties from the ones of ILs, they share some physical

properties such as high tuneability, low vapour pressure, and non-flammability [122]. Some
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authors have studied the solubility of HFCs in DES prepared from ILs, but no higher
solubilities were determined when compared with the corresponding ILs. Nevertheless,
Castro and co-workers prepared new DES by mixing FILs with high melting points, based on
cholinium, imidazolium, or tetrabutylammonium cations, with 4-carbon perfluoroalkyl acids,
showing the advantages of the properties of FILs in the liquid state at a wider range of

temperatures for the solubility of a variety of HFCs compared to traditional ionic liquids [123].
2.3.14 Molecular modelling of gas solubility in fluorinated ionic liquids

The great diversity of ILs that can be synthesized by different cation/anion
combinations and by different functionalization makes their fully experimental
characterization almost an impossible task. This has urged the use of theoretical tools to
predict and model ILs to fasten the determination of their properties and the characterization
of their mixtures. A rising number of publications have been released concerning the
implementation of theoretical methods to carry out the characterization of the behaviour of
different gases in ILs and DESs [36,37,41,105,124-127]. In this section, we focused our attention
on the works that have been published related to FILs.

Almantariotis et al. carried out molecular simulations of [Cz(Ce¢F13)CiIm][N(CF3SO»)2],
searching for a solvation mechanism to explain the solubilization of CO; [97]. Sistla et al.
computed the solubility parameters of several FILs through molecular simulations. The
prediction of 210 ILs solubility parameters was obtained and compared with the ones of CO,,
concluding that the fluorinated anions and phosphonium cations favour the capture and
separation of CO,[125].

Atomistic force field methods are of great relevance to clarifying the molecular features
and local structure of ILs, elucidating mechanisms of ILs behaviour that sometimes cannot be
explained by experimental methods. However, it is a time-consuming approach and other
tools based on correlative methods, hybrid quantum chemical/statistical thermodynamics,
and molecular-based equations approaches have gained importance. Recently, Liu et al.
proposed an ionic polarity index parameter based on quantum chemical methods to correlate
the CO; solubility in ILs. The authors presented a useful strategy to pre-screen possible cations
and anions to design ILs with high CO»-philicity [128]. Several works have focused, with the
support of modelling approaches, on the development of technologies to mitigate the
environmental impact of F-gases. A COSMO-based/Aspen Plus methodology was
successfully employed to evaluate the performance of [CoCiIm][C4F9SOs], [CoCiIm][CsF175053],
[CCIM][CaFoCO2], [CoCiIm][N(CaFoSO2)2], [C2Cipy][CaFsSOs], [Ca(CsFi13)CHIm][N(CF3SOz)2]
and [Cy(CeF13)CiIm][N(C2F5502)2] as HFCs (R-32 and R-134a) absorbents in a commercial

packing column at process scale. ILs with shorter fluorinated chains were demonstrated to
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have the best thermodynamic performance for HFC capture. The longer FILs have a higher
viscosity, which results in lower efficiencies because the process is controlled by mass transfer
kinetics [129]. Moreover, the absorption of F-gases in FILs [121] and on DESs based on
mixtures of FILs and perfluorinated acids [123] has been successfully correlated with the non-
random two-liquid (NRTL) model, allowing the implementation of simulation studies for the
development of new separation processes.

Equations of state (EoS) have been established as one of the most used ways to predict
the phase behaviour of gases in FILs. Hong and co-workers have used two classical cubic EoS,
the Peng-Robinson EoS and the Soave-Redlich-Kwong EoS, to correlate the VLE data of CO»
in [C4GIm][CyFoSOs] and [C4Cilm][CeF13505] [98,100]. Zhou et al. employed the Krichevsky-
Kasarnovsky equation to correlate the experimental data of CO,, O, Ny, and Hx solubility in
the FIL [C4CiIm][C4FoSOs] [99]. Watanabe et al. used the Sanchez-Lacombe EoS to correct the
buoyancy effects at high pressures of experimental data of [CoCiIm][C4FsSOs] with a CO. gas
system [101]. Among the most used EoS are the molecular-based SAFT approaches, based on
Statistical Mechanics, which explicitly consider structural details of the ILs, including the
molecular size, shape, and hydrogen bonding formation in the formulation of the equation.
The soft-SAFT EoS, proposed by Blas and Vega, has been applied in the description of gas
behaviour in FILs and DESs [130,131]. Ferreira et al. showed a comprehensive analysis of
several FILs studied in literature by using soft-SAFT, predicting their CO, solubility [58]. Soft-
SAFT EoS has also been used to predict the solubilities of atmospheric gases (CO>, N2, and O2)
in pyridinium and imidazolium-based FILs conjugated with the [CsFoCO,] and [C4FsSOs]
anions [77]. These works allowed the finding of FILs structural features that favour the
solubilization of those gases, using a limited amount of experimental data. Alkhatib et al. have
successfully applied the soft-SAFT EoS to the screening of potential ILs, including some FILs
such as [ChCiIm][C4FsSOs], n = 2,4, and DESs for CO; capture by assessing their performance
in terms of key process indicators, such as cyclic working capacity, enthalpy of desorption,
and CO; diffusion coefficient. It was concluded that the majority of ILs have superior
performance to capture CO, compared with DES [127]. Jovell et al. employed the soft-SAFT
framework to model the solubility of F-gases, such as R134a, in FILs and DESs based on PFAs
[120]. Finally, Ferreira et al. also successfully used the soft-SAFT EoS to infer the solubility of
F-gases such as HFCs (R-32, R-125, R-134a) and PFCs (R-14, R-116, R-218) in FILs with different

anionic and cationic fluorinated chains [132].
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2315 Gas separation processes using fluorinated ionic liquids-based

membranes

Ionic liquid-based membranes present improved properties for their application in gas
separation processes, as has been recently reviewed by Friess et al. Despite the great
advantages of using FlLs-based membranes for separation processes, they are still poorly
explored. Given their relevance, and in order to avoid repetition, in this section, we focus on
FILs-based membrane platforms studied for the separation of CO,, F-gases, and other gases,
not considered in reference [133]. Most works are related to gas permeability and selectivity
in supported ionic liquid membranes (SILMs), prepared by impregnating a small amount of
FIL into a porous membrane. Bara et al. were the first ones to apply FILs
([C2(C4Fo)CHIm][N(CF3502)2] and [Ca(CeF13)CiIm][N(CFsSOy)2]) into a SILMs configuration,
determining the permeation of CO,, O,, N2, and CHa. at 296 K [134]. Soon after, Pereiro et al.
studied the single gas permeability, diffusivity, and solubility of CO,, O,, N>, CHs, C2Hs, CsHs,
CsHe, CF4, CoFg, and CsFs in [Naaas][CsF17S0s]- and [CoCipy][CaFsSOs]-based SILMs at 294 K
[79]. Gouveia et al. assessed the permeation, diffusion, and solubility of CO, and N in
[CoCiIm][C4F9SOs]-based SILM at 293 K. All these permeabilities results are represented in
Figure 2.3.4a. [C:Cipy][CsFoSOs] shows the highest permeation for all gases except O).
Interestingly, when comparing the permeation of CO; in SILMs based on [CoCipy][C4FoSOs]
and [C:CiIm][C4FoSOs], the latter has a permeation 28 times lower than the former, showing
that the cation has a huge influence on the permeation of CO,. Moreover, the fluorination of
SILMs is only beneficial for gas permeation until a certain point, similar to what is observed
for pure FILs. [CoCipy][CaFoSOs] shows higher permeation for almost all gases compared with
the [Nuu][CsF17S0O5] and the permeation of CO, O, N, and CHi is higher for
[C2(C4Fo)CiIm][N(CF3S0z)2] than [Ca(CeF13)CiIm][N(CFsS02).] (Figure 2.3.4a) [135].

The ideal permselectivities of some systems are represented in Figure 2.3.4b. The FILs
containing a fluorinated cation have a higher selectivity for the separation of CO>/N; and
CO»/CH,, and therefore are of interest to be used in the separation of CO; from industrial flue
gases and natural gas. Regarding the F-gases separation performance, [Ns14][CsF17505] has the
highest efficiency and thus is useful for the development of technologies to mitigate climate
change.

Sood et al. studied proton conducting ionic liquids (PCILs), such as [No22][CsFoSOs]
and [Nox»][CsF175053], as dopants of Nafion® membranes. The permeabilities of H> and O,
studied at 293.15 K, using the doped membranes were identical. The authors found out that
the FILs form crystalline domains, which sharply increased the gas permeability. This is a
result of the diffusion paths formed in the interface between the crystalline PCIL domains and

the membrane [136].
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Figure 2.3.4 Comparison of literature data of a) permeability and b) ideal permselectivity of SILMs
based on FILs. Adapted from Bara, J.E. et al. (2009), Pereiro, A.B et al. (2013), Gouveia, A.S. et al. (2017)
and Sood, R. et al. (2015) [79,134-136].

Recently, experimental data were collected for the first time regarding the gas
permeation properties of HFCs commonly blended with other HFCs or with
hydrofluoroolefins (HFOs) [137]. Polymeric membranes functionalized with ILs, the so-called
composite ionic liquid-polymer membranes (CILPMs), started to be investigated as an
advantageous technology for the separation of HFC blends and of HFC/HFO blends used for
refrigeration applications. Pebax membranes functionalized with the ILs [C.CiIm][SCN] and
[CoCiIm][BF4] were tested for the separation of the refrigerant R-410A (a near-azeotropic
system of the HFCs R-32 and R-125), showing improvement in the permeability towards R-32
and of the R-32/R-125 selectivity, relatively to the neat polymer membranes [138].
Additionally, CILPMs were prepared by functionalizing Pebax membranes with
[C2GIM][SCNY], [C2CiIm][BF4], [C2CiIm][CFE3SOs], and [C2CiIm][N(CFsSO»)2] and were tested
for the solubility and permeation of R-32, R-134a, and the HFO R-1234yf. In this study, the
CILPM based on [C>CiIm][BF,] showed higher permeability towards the HFCs R-32 and R-
134a compared to the HFO R-1234yf, demonstrating to be useful for the separation of
HFC/HFO blends [139]. Furthermore, Pebax membranes were functionalized with the so-
called ioNanofluids, a suspension of exfoliated graphene nanoplatelets in the FIL
[CoCipy][C4FoSOs], and used for the separation of the R-410A refrigerant, showing enhanced

gas permeation relative to the neat membranes [140].

2.3.2 Liquid-liquid and solid-liquid fluorinated ionic liquids

phase equilibria

Recently, efforts are being made to evaluate the liquid-liquid equilibria and solid-
liquid equilibria, of several families of FILs with water, perfluorocarbons, as well as with other

FILs. A summary of the main contributions is presented here.
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2.3.21 Liquid + liquid equilibria of fluorinated ionic liquids with water

The impact of the hydrogenated alkyl chain length increment from 1-butyl-3-
methylimidazolium to 1-dodecyl-3-methylimidazolium ([C.CiIm]*; n = 4, 6, 8, 10, 12) in FILs
containing the [C4FsSO5] anion on the phase equilibria is illustrated in the phase diagrams
depicted in Figure 2.3.5. The systems show a classic LLE behaviour in which temperature has
a small impact on the solubility increment. In the presence of the [CsFsSOs] anion, the
solubility of water in the FIL-rich-phase increases with lengthier hydrogenated alkyl chains
[28,60]. The increment of the hydrogenated alkyl chain length induces a better phase
separation since it increases the nanosegregation of the nonpolar regions that impels the water
aggregates to the polar region of the IL [26,59]. As illustrated in Figure 2.3.5, the solubility of
FILs in the water-rich-phase is very small and it decreases with the increment of the
hydrogenated content up to an alkyl chain of C¢/Cs in the imidazolium-based FILs, due to the
increment of their hydrophobic behaviour. The opposite behaviour was noticed for
[C10CiIm][C4FoSOs] and [C12CiIm][C4FoSOs] and can be explained by their higher surfactant
behaviour and different structural arrangement that lead to an increased solubility in water,

caused by a competition between the nonpolar domains of FILs (hydrogenated and

fluorinated domains) [28,52,60].
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Figure 2.3.5 Liquid-liquid phase diagrams for binary mixtures of [ChnCiIm][C4F9SOs] + water as a
function of FIL molar fraction. Adapted from Teixeira, F.S. et al. (2015) and Vieira, N.S.M. et al. (2019)

[28,60].

Based on the solubility data obtained from the LLE experiments, several
thermodynamic properties were determined to better understand the solvation mechanism of
the FIL-water systems, including standard molar Gibbs energy (AsolG%), standard molar

enthalpy (ASOIH(,)”) and standard molar entropy (ASOIS?,Z) of solution [141-143]. These
parameters explain the transfer of one molecule of solute to a theoretical dilute ideal solution

and were calculated for all studied systems. In FIL + water systems, the solubility of water was
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linearly correlated with temperature. The calculated molar enthalpies of water in this class of
imidazolium-based FILs show that the solubilization process of water in FILs is endothermic.
Furthermore, the increment of the hydrogenated alkyl chain length also increases the values
of these parameters, and major entropic contributions to the solution process were observed
for the dodecyl-based cation. This behaviour can be associated with the higher free volume
and surfactant behaviour of the longer chain-based FILs that might boost the solubility of the
water in this FIL [28,29,60]. Additionally, the thermodynamic standard properties of solution
and solvation, proposed by the standard state model of Ben-Naim, decrease with the increase
of the alkyl side chain length of the imidazolium-based FILs [28,29,60]. Under the conditions
established by Ben-Naim, the Gibbs free energy of solvation is negative, indicating a
spontaneous and favourable solvation process, mainly induced by enthalpic contributions.
Additionally, the results suggest that spontaneous solvation is caused by the existence of

interactions between water and FILs [141-143].

2.3.2.2 Liquid + liquid equilibria of perfluorocarbons with fluorinated ionic

liquids

Martinho et al. studied the phase behaviour of several families of FILs with traditional
PFCs, perfluorooctane (CsFis), and perfluorodecalin (CioFis). The phase diagrams depicted in
Figure 2.3.6 show the classic LLE behaviour, with higher solubilities associated with the
increment of temperature. The low solubility of the FILs in both Ci0F1s and CsFis-rich phases
is observed; however, the solubility in the PFC-rich phase was only determined at one point,
corresponding to lower FIL compositions [28,29,60]. The lack of data for higher compositions
is due to the high vapour pressure and boiling temperature of the PFCs, which limits a
temperature rise until the point in which only one phase is observed. The solubility of CioF1s
in the studied FILs increased accordingly to the following trend: [CoCipy][CsFoSOs] <
[CeCiIm][C4FoSOs] < [CsCilm][CsFoSOs] < [Naaas][CsaFoSOs] < [Naaasa][CsF17503], whereas for
CgF1s the solubility in [CsCiIm][C4FoSOs] is higher than in [Nasus][C4FoSOs].

The increment of solubility associated with higher hydrogenated alkyl chains observed
in the water-FIL binary systems was also observed for both PFCs in imidazolium-based FILs,
but more pronounced in the case of CsFis. Yet, the highest solubility of CsFis and CioFis
occurred for [Nuus]* when conjugated with [CsF17S0s] . In this case, the temperature plays a
significant role since up to 323.15 K the solubility is superior for CsFis, whereas for higher
temperatures the behaviour shift, and the solubility is higher for CioF1s. The most pronounced
difference between the solubility of PFCs was achieved with [CsCiIm][C4F9SOs] in which the
solubility of CsFis was always superior to that of CioF1s[78].
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Figure 2.3.6 Liquid-liquid phase diagrams for binary mixtures of a) perfluorodecalin + FILs and b)
perfluooctane + FILs as function of FIL molar fraction. Adapted from Martinho, S. et al. (2013) [78].

Several thermodynamic parameters can be determined from the LLE diagram depicted
in Figure 2.3.6, as detailed in the previous section. In all binary systems, the solubility of PFCs
in the FILs-rich phase was linearly correlated with temperature and the molar enthalpies of
solution for both PFCs in all tested FILs indicate that their solubilization is an endothermic
process. As noticed for FIL-water binary systems, the increment of the hydrogenated alkyl
chain length increases the values of these thermodynamic parameters, with the major entropic
contribution to the solution process found for the ammonium-based FILs This can be
associated with the higher free volume of the ammonium cation in comparison to the
imidazolium and pyridinium cations, which also leads to a higher solubility of the PFCs [78].

According to the conditions proposed by Ben-Naim, the Gibbs free energy of solvation
is always negative, resulting in a spontaneous and favoured solvation process, for which the
main contributions are enthalpic. The local standard enthalpies of solvation indicate that
pyridinium and imidazolium-based FILs interact strongly with the PFCs in comparison with
the ammonium-based FILs. Since the entropic contribution cannot be neglected, these results
imply that the spontaneous solvation is mainly caused by the strong chemical F-F interactions,
the rigid organic fluorine (C-F-F-C) bond between FILs anions and PFCs, and the hydrogen
bonding interactions (C-H--F-C) between the FILs cations and the PFCs [78,144-147].

2.3.2.3 Solid + liquid equilibria of fluorinated ionic liquids with water

The solubility of solid FILs in water is essential to define the operational concentration
ranges for any industrial application. To our knowledge, the only study available in the
literature is the study performed by Teixeira et al. for [C4Cipyr]* and [Nau]* cations both
conjugated with the [C4sFsSOs] anion was studied. Remarkably, the solubility equilibrium
took 24 h and 22 days to be achieved for [C4Cipyr][CsFoSOs] and [Naaua][CsFsSOs], respectively.
The solubility at 298.15 K increases in the following order: [Nasss]* (0.0035 in mass fraction) <
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[C4Cipyr]* (0.0206 in mass fraction). The pyrrolidinium-based FIL has the highest solubility
due to its larger alkyl chain length and localized positive charge, whereas the high degree of

symmetry of the ammonium cation difficult its solubility in water [28].
2.3.24 Solid +liquid equilibria of binary mixtures of fluorinated ionic liquids

Besides their unique properties, some FILs have limitations regarding industrial
applications, related to their high melting temperatures, fomented by their fluorinated region.
To overcome this situation, eutectic mixtures based on different FILs and fluorine-containing
ILs have been investigated [148]. Although the advantages of these mixtures are notable, the
number of studied combinations is very scarce, and the complexity of the observed phase
behaviour is notorious. The solid-liquid equilibria of these binary mixtures studied by Teles et
al. revealed the existence of three distinct SLE behaviour. The distinct phase diagrams
elucidate the complex behaviour of FILs mixtures. A quasi-ideal behaviour, with a eutectic
profile, was determined, with eutectic points over the room temperature, and with partial
miscibility close to neat FILs. A negative deviation from the ideal behaviour was also observed,
in accordance with the formation of a solid solution. A very distinct phase behaviour was
observed by the same authors for [C4Cipyr][N(CsFoSO2)2] + [C2Cipyr][N(CsFoSO»).] with total
miscibility in the solid phase. Herein, the melting temperature of [C.Cipyr][N(C4FsSO).] is
reduced by the addition of [CiCipyr][N(CsFsSOz)2]. This continuous solid solution profile
occurs due to the size similarity between the two cations. The solid phase structure was
supported by the X-ray diffraction, suggesting the incorporation of [CoCipyr][N(CsFoSOz)2] in
the crystalline structure of [C4Cipyr][N(C4FoSOz)2] [53].

470 T T T T T
3 Liquid
440 -
LN
y+Liq. K*.‘ .
410 f a, B #Liq.
3 ey >
— ) e\ AB+B .
=4 B +Liq. g Wil o2 B+ Liq.
— 380" v P _» R
~ SE L] /Tyﬁ R
e " e
as.s:p 350 ~ x
as.s
320 as.s+AB AB+B
290 . . L . L
0.00 0.17 0.33 0.50 0.67 0.83 1.00
A B

X [C,C,pyrlIC,F SO,
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dashed lines correspond to the interpretation of the diagram. Figure adapted from Teles, A.R.R. et al.
(2016) [53].

Another very complex behaviour was observed with the presence of several
polymorphs in the cholinium-based FIL systems. As depicted in Figure 2.3.7, this complex
system presents: i) an intermediate compound, identified as A:B; ii) a region, identified as a
s.s, indicating a limited solubility of the polymorph, a, and the intermediate A,B; iii) solid-
solid phase transitions between the polymorphs p and y at 400 K; and iv) an eutectoid reaction
after the cooling step of polymorph (3, revealing the existence of a solid-solid transition, from

the solid polymorph f to the two solid phases correspondent to a s.s + A2B [53].

2.3.3 Findings and remaining challenges of FILs phase

equilibria determination

As inferred from the previous sections, most of the FILs phase equilibria studies have
focused on gas solubility measurements or modelling, with few works dealing with liquid-
liquid and solid-liquid equilibria.

Key main conclusions extracted from these studies are that the FILs present a high
capacity to i) solubilize gases due to their surfactant nature; ii) obtain three domains involved
in the interaction with solutes; and iii) have a rigid molecular backbone that forms large
cavities to accommodate solutes. The presence of perfluoroalkyl chains either in the cation
and/ or in the anion promotes the solubility of gases, such as CO, and HFCs, with the solubility
capacity being proportional to the size of the chain until a certain number of carbons (between
6 and 8 carbons atoms in the cases reported). Solubility power is also promoted by the presence
of bulky anions, probably as a result of the generation of a structural asymmetry that provides
more space to accommodate gas molecules. In the case of F-gases, the volume of the chains
and their dipole moment also contribute to the solubilization process.

Despite promoting gas solubility, fluorine atoms may have negative effects on toxicity
and biodegradability, as stated in section 2.2.3, and therefore a fine tune of the fluorine content
of FILs is needed to increase the benefits/risks ratio. Some new strategies can be followed to
increase their biodegradability, such as i) inserting specific chemical groups (such as esters,
amides, hydroxyl, and carboxyl groups) in between the fluorinated chains; and ii) the use of
more biodegradable cations, such as cholinium, conjugated with appropriate anions (with up
to four carbon perfluorinated chains, for example). The combination of the cholinium cation
with the perfluoropentanoate anion has enabled the design of a FIL with negligible toxicity,
completely miscible in water, and improved biodegradability [30,60,70].

As highlighted in this work, the use of theoretical tools to predict gas solubility in FILs

has been of great relevance to advance in the use of these compounds for several applications.
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Molecular simulations have provided insights into the mechanisms of solvation and the
determination of solubility parameters, easing the study of the gas-philicity of a great number
of FILs structural features. Other methods based on correlative and hybrid quantum
chemical/statistical thermodynamics approaches, such as the COSMO-based / Aspen Plus and
NRTL models, have been successfully implemented. These models capture the behaviour of
the absorption of GHGs in different FILs, facilitating the development of separation processes.
In this topic, equations of state can be highlighted as the most used method to predict the
phase behaviour of gases in FILs. Different equations have been applied and have allowed the
computation of these complex systems with good agreement with experimental data. The
molecular-based soft-SAFT equation of state stands out as the most used equation and is a
promising tool to accelerate the actual implementation of FILs for gas solubility applications.
The robust and simple way in which the interaction of these complex systems with gases can
be modelled enables the accurate prediction of the vapour-liquid behaviours. Additionally,
this tool can capture the influence of the structural features of FILs and enables the search for
properties that favour the solubilization of gases, such as CO, and HFCs. The theoretical
models show great benefit to the study of phase behaviour, and more time should be invested
in this topic to envisage new ILs for gas solubility and other applications.

Considering the high impact of some GHGs on the environment and living organisms,
the use of FILs with low toxicity, improved biodegradability, high adsorption capacity, and
high selectivity may have a positive environmental impact, with clear benefits when compared
to other sustainable options with lower efficiency. In this context, the development of smart
and sustainable technologies based on FILs must be considered. For example, as stated in this
section, the combination of FILs with membrane technologies would allow reducing the
amounts of FILs needed and increase efficiency, with clear environmental and economic
benefits. Other approaches can also be taken to bypass some properties of FILs that hamper
their efficient application, such as their viscosity. Therefore, the use of FILs-based eutectic
mixtures may be considered.

Three main factors have been shown to influence the LLE behaviour of FILs in water,
such as their water miscibility, high surfactant behaviour, and the presence of three
nanosegregated domains. The increment of the hydrogenated chain in the [C,CiIm][C4FoSOs]
family increases the solubility of water in the FIL-rich phase. The reverse is found for the
water-rich phase; solubility decreases with the increase of the hydrogenated chain up to a
certain number of carbon atoms. The further increment of the hydrogenated chain leads to a
rearrangement between the nanosegregated domains and consequently to an increase in the
solubility of the FIL in water. The study of FILs phase behaviour with traditional PFCs
highlights that FILs have very low solubility in the PFCs-rich phase. The larger hydrogenated
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and fluorinated chains increase the solubility of PFCs in the FILs-rich phase. However, the
determination of FILs solubility in the PFC-rich phase is hindered by the high vapour pressure
and boiling point of the PFCs which severely limits the possible temperature working range.
The solid-liquid equilibria behaviour of solid FILs in water shows the influence of the cation
in solubility. FILs having bulkier content of fluorine tend to have shorter liquid ranges and the
increment of this interval has huge relevance in their industrial applications. The study of the
solid-liquid equilibria of FILs mixtures revealed that they can assume a liquid form in a wider
interval of temperatures.

The phase diagrams of FILs mixtures are very challenging to determine and evaluate
due to the large number of different behaviours found in the few works studied in the
literature, which hinders the studies on them. Therefore, it is extremely important to further
study the liquid-liquid and solid-liquid equilibria of FILs, not only to learn how the
fluorination affects their behaviour but also to progress in the study of FILs mixtures, creating
new opportunities for applications. Moreover, the use of theoretical tools should greatly
benefit the still unexplored area of study of LLE and SLE of the highly surfactant FILs with
different solvents. The promising applications would vastly benefit from exploring more
theoretical methods that can ease the screening of FILs complex properties. Therefore, studies
concerning the phase behaviour of FILs with compounds that have significant value in the
environmental, biomedical, and chemical industries, such as GHGs gases, industrial solvents,

pharmaceuticals, refrigerants, etc. are still needed.

2.3.4 Conclusions and perspectives

In the last two decades, a vast amount of work has been produced on the phase
equilibria of FILs, mostly focused on gas solubility. These studies show that the fluorine
content of FILs, up to a certain length, impacts positively the absorption of different gases.
However, fluorinated chains with more than 6 carbons do not compensate for the increased
toxicity of these FILs. In this sense, outstanding contributions have been published on
modelling FILs + gases VLE, showing that this is a powerful method to decrease the time of
screening a vast amount of FILs, being highly accurate and useful when only scarce
experimental data is available.

The LLE of FILs showed that they have a rich phase behaviour in the presence of water.
They can be designed to be totally miscible and to have a high aggregation behaviour in water,
making them enhanced surfactant compounds through an appropriate balance between the
hydrogenated and fluorinated side chain length. The LLE of PFCs with FILs show that the
mechanism of solvation depends on the length of the fluorinated and hydrogenated chain, and

the temperature. Finally, the SLE of FILs mixtures show that different FILs combinations can
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be tested and introduced as viable options for industrial processes, namely for the substitution
of environmentally dangerous compounds, such as methanol or toluene. The formation of
eutectic mixtures, which allows FILs to be in a liquid state at a wider temperature range has
been already reported, which is also a great advantage for several industrial applications.
However, more work should be done to apply the benefits of this approach to different
commercial processes.

The three-nanosegregated domains of FILs are responsible for most of their final
performance. In this work, a detailed analysis has been provided on the impact of both cation
and anion nature, as well as hydrogenated and fluorinated side chain length in many
properties, which directly influences the formation and size of the nanosegregated domains
Then, this work demonstrated a structure-activity relationship between FILs structure and
properties, easing a future FIL design accordingly to the final application and enabling the
manipulation of their properties, such as thermal and thermophysical properties, surface
tension, surfactant behaviour, cytotoxicity, and ecotoxicity.

The design of FILs with high surfactant power and aggregation behaviour, enabling
the formation of self-assembled structures, total miscibility in water, negligible cytotoxicity
and ecotoxicity, and ease of regeneration favours their application in fields where greener and
biocompatible substances are required. FILs are a sustainable solution for gas capture and
separation processes, and for biomedical purposes where the immiscibility of PFCs in water
is a major drawback, such as artificial gas carriers and drug delivery systems.

Considering the great potential of using FILs for gas capture and separation processes,
greater efforts must be taken regarding the development of FIL-based membranes to ease the
capture and separation of GHGs gases as well as the design and optimization of processes
involving them as well as the development of scale-up strategies of promising FILs to facilitate
the transfer of these systems from laboratory to industrial scale. On the fundamental side,
studies regarding ions dissociation to infer in the phase equilibria of FILs with water and other
solvents are still missing in the literature and should be carried out to assess their possible role
in the performance of FILs for this application.

The selection of biocompatible FILs for biomedical applications is a subject of growing
interest. Several FILs with different structures and properties can be designed resulting in
specific interactions of FILs with different biomolecules. Therefore, it is of high importance to
study FILs interactions with biomolecules. It is also imperative to advance in the studies
concerning the development of stable formulations based on FILs and biomolecules. These
delivery platforms can be undertaken by inferring the phase equilibria of FILs with excipients
of great relevance in the pharma industry. Moreover, must be initiated in vivo studies of FILs

formulations, opening the possibility of the use of FILs as biomaterials.
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In conclusion, the detailed study of FILs phase equilibria is a key first step to
optimising their use for applications where the changes in phase behaviour are critical. The
exceptional tuneability of FILs makes them optimal candidates for the design of alternative
and sustainable solutions for almost unlimited applications. Therefore, the study of FILs is an

area with great potential and key advances are expected in the next years.
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3.1 Introduction

Ionic liquids (ILs) have emerged as a new and innovative class of alternative green
solvents for industrial applications that have high environmental, health, or safety issues [1-
3]. The remarkable physical and chemical properties of ILs empower their use in numerous
fields, from chemistry to biology [4]. The versatility of ILs applications has arisen from the fact
that they can be designed with specific properties, by varying both the cation and the anion,
or through the introduction of a specific functional group on the cation and/or anion [5]. A
sheer number of available ILs higher than 10?8 (including their binary and ternary mixtures)
have been predicted, which results in the constant emergence of novel ILs families. This
provides a massive number of possibilities for scientific innovation and, subsequently, the
number of publications in the field has grown exponentially in the last years [6]. However,
this rapid growth has not been followed by the undeniable requirement to understand the
physicochemical properties and thermodynamic behaviour of ILs, whereas the experimental
work to perform a fully physicochemical characterization takes a huge amount of resources,
costs and time, hindering their use in new technologies. An alternative approach to
characterize them would be by using equations of state (EoS), however, due to the complex
behaviour of these systems, most classical equations fail in describing their behaviour.

Among these novel compounds, fluorinated ionic liquids (FILs) have recently started
to be explored and attained special attention as an alternative in areas where highly
fluorinated compounds (FCs) are used. They can combine the best properties of highly FCs
(inert compounds with extremely low surface tension, high capacity to dissolve gases and
ability to rearrange into stable self-assembled supramolecular and colloidal systems), with
those of ILs (almost null vapour pressure, easiness in recovering and recycling, non-
flammability and tuneable properties) [7-9]. The FILs can form a new nano-segregated,
fluorinated domain, asides from the polar and hydrogenated domains that occur in the non-
fluorinated ILs. This structural feature allows the formation of three distinct solvation regions,
converting FILs into “3-in-1" solvents [10-13]. These three domains can assume different
arrangements greatly affecting their phase behaviour, playing an important role in the
tuneable thermodynamic properties of FILs for the desired application [14,15]. Exceptional
properties have been found for these systems, for example, they can have an amphiphilic
behaviour which improves their self-aggregation and therefore, make them enhanced
surfactants, as well as their capacity to reduce the impact of the addition of water upon the
IL’s H-bond acceptance ability. FILs with short alkyl chains in the cation have surprisingly
shown: (i) total miscibility in water and stable self-assembled structures were found in an

aqueous medium; (ii) and the potential to make constant their hydrogen bond acceptance
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ability [16-21]. Moreover, the study of FILs binary mixtures showed lower melting points
(regarding the pure FILs), expanding thus their application range which allowed to obtain a
wider amount of solvents that can be liquid at temperatures close to or below room
temperature [22]. Along with these exceptional properties, FILs are of high interest as new
cleaner compounds to replace totally or partially the harmful FCs that are used for instance in
components of pharmaceuticals, fire retardants, insecticides, lubricants, polymers,
refrigerants, and surfactants [23]. Beyond these applications, FILs can play a meaningful role
as a potential tool in biomedical applications such as artificial blood substitutes, liquid
ventilation, imaging agents, intravenous formulations [8,16,24-26], and more recently as drug
delivery systems for biomolecules [27].

The complexity of FILs emphasizes the need for reliable, systematic, fast, and
economical methodologies to understand and predict their physicochemical and structural
properties. Therefore, several efforts have been made in recent years to develop modelling
tools to predict the properties of ILs and mixtures with other ILs or other compounds in a
systematic way, to increase their actual implementation in the desired applications [28,29].
Different modelling approaches have been proposed, from those based on empirical
(regressions) methodologies to the theoretical (predictive) ones, such as molecular simulations
(MS) and equations of state (EoS) [30-32]. MS has played an important role in the
characterization of ILs, mainly in the study of the local structure, the solubility of compounds
and transport properties [14,15,33-37]. Despite the success and undeniable interest in using
MS as a powerful predictive approach, the generation of new force fields to allow the search
for new potential ILs and the estimation of ILs properties by molecular simulations remains a
complex and lengthy task. Therefore, MS is not yet an ordinary tool for the design of new
processes and products in this field, nor for screening purposes before selecting the right IL
for a potential application. Consequently, the use of EoS, which are relatively simple models
that provide reliable and faster calculations, stands as one of the most promising alternatives
for describing the thermophysical properties of ILs in a fast and still accurate manner. Recent
developments in statistical thermodynamics and molecular-based EoSs, in which the
structural information of the molecules is built from their inception and their parameters have
physical meaning, have been applied to ILs with great success [31,32].

Of special interest are those based on the SAFT EoS (from the Statistical Associating
Fluid Theory) proposed by Chapman et al. [38-40] based on Wertheim's first-order
thermodynamic perturbation theory [41-44]. Among them, soft-SAFT [45,46] has been
extensively used for the prediction of thermophysical properties of ILs, including pure ILs
density, transport, interfacial and derivative properties and phase equilibria of their mixtures

with water, gases, and also with other ILs, in excellent agreement with experimental data
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[29,47-60]. Following the pioneering work of Andreu and Vega, most of the SAFT models of
ILs contemplate the cation and anion in a coarse grain approach as a single molecule, explicitly
considering the contribution of the hydrogen-bonding interactions presentin ILs as associative
forces [48,49]. Vega and co-workers have successfully applied soft-SAFT to several ILs
families, being the more meaningful ones for this work those modelling ILs with fluorinated
anions [29,47-60]

In this chapter soft-SAFT EoS [45,46] was used to characterize the FILs properties and
allow the design and development of FILs with the best characteristics for biological
applications. For that, the soft-SAFT EoS was used to model and characterize FILs with
promising characteristics for biomedical applications. The modelling of the FILs was
performed using knowledge of previous studies, information on the charge delocalization of
the FILs and experimental data from the literature. Therefore, the soft-SAFT modelling was
used to effectively predict the properties of the pure FILs, such as density and surface tension.
To ensure the validity of these new models, the soft-SAFT was used to predict the
thermodynamic behaviour of FILs in the presence of different gases (systems with sufficient
available data), and a very good agreement was achieved, indicating the robustness of the soft-
SAFT approach.

FILs are much more complex compounds when compared with traditional ILs. Aiming
to facilitate and reduce the amount of experimental data necessary to model FILs within the
soft-SAFT framework, a thorough analysis of the already modelled FILs present in the
literature was performed. A total of 38 FILs models were considered, paying special attention
to the structural features of FILs and the physical meaning of the soft-SAFT parameters. This
careful analysis has allowed the development of a systematic methodology to build new
transferable molecular models for FILs and describe their behaviour and of their mixtures. The
methodology was validated by predicting the thermophysical and derivative properties of
pure FILs and their behaviour with different solutes (gases, alcohols, water), demonstrating
the high predictive capabilities of soft-SAFT EoS. Then, FILs can be modelled intuitively and
robustly regarding the process of parametrization when limited experimental data are
available.

To extend and confirm the validity of these transferable models, FILs, that were not
modelled by soft-SAFT EoS yet were chosen from the literature. This theoretical tool allowed
their characterization and successfully captured the behaviour of the FILs with fluorinated
gases, to allow a comparison with the predictions obtained by soft-SAFT EoS.

Therefore, the soft-SAFT EoS allows the characterization of the pure FILs and the
behaviour of their complex mixtures with other compounds, showing a highly predictive

ability to describe the behaviour of these complex systems in a faster and more robust way.
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This chapter has allowed the improvement of a feasible tool to accelerate the study of the
physical and chemical properties of very complex systems, aiding the selection of the best

structural features of FILs to use in the biological field.

This chapter is adapted from the following publications:

Section 3.3

Margarida L. Ferreira, Felix Llovell, Lourdes F. Vega, Ana B. Pereiro, Joao M.M. Aratjo,

Systematic study of the influence of the molecular structure of fluorinated ionic liquids on the
solubilization of atmospheric gases using a soft-SAFT based approach, Journal of Molecular
Liquids 294 (2019) 111645. DOI: 10.1016/j.molliq.2019.111645

Section 3.4

Margarida L. Ferreira, Joio M.M. Aratjo, Ana B. Pereiro, Lourdes F. Vega, Insights into the

influence of the molecular structure of Fluorinated Ionic Liquids on their thermophysical
properties. A soft-SAFT based approach, Physical Chemistry Chemical Physics 21 (2019) 6362-
6380. DOI: 10.1039/C8CP07522K

Section 3.5

Margarida L. Ferreira, Joao M.M. Aratjo, Lourdes F. Vega, Ana B. Pereiro, Understanding the

Absorption of Fluorinated Gases in Fluorinated Ionic Liquids for Recovering Purposes Using
Soft-SAFT, Journal of Chemical & Engineering Data 67 (2022) 1951-1963. DOIL
10.1021/acs.jced.1c00984
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3.2 The soft-SAFT equation of state

The soft-SAFT EoS [45,46] is a variant of SAFT using the Lennard-Jones (L]) as the
reference fluid, that successfully provides the thermophysical properties and phase behaviour
of complex molecules and their mixtures in good agreement with experimental data. The main
advantage of this approach is that the different molecular effects on a system, like the
molecular shape and association, can be independently quantified, providing a separate
contribution to the energy of the system. The soft-SAFT approach has been showing great
results in the description of pure ILs and their mixtures with liquid and gas solutes [29,47-60].
The equation has the ability to explicitly account for strong short-range directional forces, such
as hydrogen bonding effects, from Wertheim's first-order perturbation theory [41-44], and to
account for the van der Waals interactions, through a L] reference term [45,46]. It is expressed
as a sum of microscopic contributions to the total Helmholtz free energy of the system
(Equation 3.2.1):

ATeS = 4 _Aid — Aref +Achain + Aassoc _|_Apolar 321

where A is the residual Helmholtz free energy and A corresponds to the ideal contribution.
Subsequently, A"/ refers to the contributions to the free energy due to the monomer-monomer
repulsive and attractive (dispersion) interactions, A" to the formation of chains and A%55°¢
to the site-site intermolecular association, respectively. Soft-SAFT uses a Lennard-Jones (L])
intermolecular potential as reference term, considering simultaneously the repulsive and
dispersive contributions of the monomers that constitute the chain. The accurate EoS of
Johnson et al. [61] is used to calculate the contribution of the L] intermolecular potential. The
extension of the equation to mixtures is performed by applying the van der Waals one-fluid
theory with the modified Lorentz-Berthelot combining rules (Equations 3.2.2 and 3.2.3):
0ij = 1) (w) 322

1/2
5ij = gij(giigjj) 3.2.3

where 7,; and & are the size and energy binary parameters, respectively, accounting for size

and energy asymmetries between the different compounds in the mixture. These values
become unity when the equation is used in a predictive approach from the pure component

parameters. However, 7,; and §;; can be fitted to phase equilibrium binary data to improve

the description of some mixtures.
A total of five parameters are used to define each molecule of an associating fluid: the

chain length, m; the segment diameter, o; the dispersive energy between the segments, €, and
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two more parameters that consider the associating interactions of the model, the site-site
association energy, €% and the site-site bonding volume of association, k5.

A multipolar term (AP°!%") can be explicitly included, as an additional term to Equation
3.2.1, to treat the polarity of molecules, such as carbon dioxide, accounting for the
quadrupole—quadrupole or dipole-dipole interactions. This methodology requires the
inclusion of an effective quadrupole moment, Q (c:m?) for the case of CO». The extension of
this method into chain fluids assumes that the polar moments are well-localized on certain
segments of the chain [62]. As consequence, a fraction x, is defined as the fraction of the
molecule affected by the quadrupole, while the value of x; is fixed. The value of Q is fitted to
experimental data, along with the rest of soft-SAFT molecular parameters, but its value is
restricted within the range of experimental values.

The chain and association terms of the equation derive directly from Wertheim’s first-
order thermodynamic perturbation theory (TPT1) and can be directly applied to mixtures [41-
44]. If the mixture studied is composed of two associating fluids, like ILs and F-gases, the

association energy (SI(;IE’ j) and volume (KIO?E, j) parameters of the binary system must be

calculated by the following rules:

3
3’ HB 3’ HB
HB _ M 3.24
2

Kap, ij~

HB _ |.HB _HB
SQB’ 1]_ SC[ﬁ, iiSC[ﬁ, ]] 325

The soft-SAFT model and corresponding software are readily available for phase
equilibria calculations, and hence, solubility calculations, by imposing the equality of chemical
potential of each component in the coexisting phases at fixed temperature and pressure, to
satisfy chemical, thermal and mechanical stability. As the model is explicitly formulated in
terms of temperature, density, and phase composition, the fugacity method is applied by

equating chemical potential and pressure at a fixed temperature as:

pl (T, pl,xh) = pli(T, p", x™) 326

PI(T, p',x") = PI(T, p",x™) 3.2.7

An extended version of soft-SAFT EoS has been used to calculate the surface tension
of FILs, by coupling it with the Density Gradient Theory (DGT) [63-65]. In the DGT approach,
the local Helmholtz free energy density is calculated through the expansion of a Taylor series

around the free energy density term (a,) of the homogeneous fluid at the local density, to the
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second order, that is, to the second derivative of the profile with respect to the distance from

the interface, which is given by Equation 3.2.8:

1
A= flao(p)+zzzciijinj d3r 3.2.8
iJ

where a,(p) is the Helmholtz free energy density of the homogeneous fluid at the local
density py. Vp, represents the local gradient in the density of a given component x, while the
parameter c;; represents the direct correlation function, known as the influence parameter. It
is assumed that this parameter is temperature independent and obtained by fitting to
experimental or molecular simulation interfacial tension data.

The soft-SAFT EoS methodology has been already extensively described in the

literature, and the reader is referred to previous works for further details [31,50,60,66-68].
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3.3 Systematic study of the influence of the molecular
structure of fluorinated ionic liquids on the solubilization

of atmospheric gases using a soft-SAFT based approach

In the current section, the thermophysical properties and the phase behaviour with
carbon dioxide, nitrogen and oxygen of seven ILs (five FILs and two fluoro-containing ILs)
have been studied using a combined experimental-theoretical approach in order to select the
best ionic liquid to enhance gas solubility. The compounds investigated are based on four

anions  (perfluorobutanesulfonate  ([C4FoSOs] ),  perfluoropentanoate  ([CsFoCOy] ),

trifluoromethanesulfonate ([CFsSOs] ) and trifluoroacetate ([CF3CO:]) combined with

imidazolium ([CoCiIlm]*, n = 2 and 4) and pyridinium ([C.Cipy]*) cations. Taking advantage
of the transferability of soft-SAFT models and parameters already proven, models previously
obtained with soft-SAFT [47,48,54] have been transferred for the FILs investigated in this work,
for which there were no soft-SAFT models developed. Thus, the density and surface tension
of the pure FILs have been calculated and compared with experimental data in order to
validate these models. Subsequently, the solubility of CO,, N> and O in the ILs depicted in
Table 3.3.1 have been predicted with soft-SAFT and compared with experimental data.

3.3.1 Soft-SAFT molecular models

The accurate prediction of ILs thermodynamic properties through the soft-SAFT
framework depends on the selection of a reliable and simplified coarse-grained model that
describes the main physical features of ILs. In earlier studies, [48,50,51,54] ILs have been
modelled as single chain molecules with the cation and the anion together by assuming a low
ionic character, due to the formation of short-lived ion pairs [69-71]. In addition, a specific
number of associating sites were considered to mimic the highly anisotropic interactions
between the counterions.

For this purpose, molecular simulations and quantum information can be used as a
guide [48-52,54,55,72]. For the case of ILs with similar structural features or charge
delocalization, the association schemes can be transferred, as has been done in previous works
[47,51]. Overall, associating molecules as ILs [48,49] have been modelled by the definition of
five molecular parameters: monomers chain length, 7; monomer diameter, o; van der Waals
energy between the monomers, ¢ and site-site association energy and bonding-volume,
efBand the kM5, respectively. The first three parameters describe the molecules as
homonuclear chains, composed of monomers that interact according to a certain van der Waals

energy value and occupy a molecular volume (represented by mo?). The last two parameters

84



Chapter 3 - Modelling Fluorinated Ionic Liquids:
the Impact of the Molecular Structure on the Thermophysical Properties

mimic the highly directional short-range forces such as hydrogen bonding, by including

square-well spheres embedded into the core of the L] segments (see Figure 3.3.1).
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Figure 3.3.1 Electrostatic potential (blue stands for positive and red for negative charges), soft-SAFT
molecular model and respective scheme of association for a) [C2Cipy][C4F9SO3], [C2CiIm][C4FoCO:] and
[C2Cipy][C4F9CO2], all described by a 3-site model; and b) [CoCiIm][CF3SOs] and [CoCiIm][CFCOs],
both described by 1-site scheme of association.

In this work, seven different ILs (nomenclature and chemical structures depicted in
Table 3.3.1) have been selected to study the solubility of CO,, N2and Os. First, the structures
of [CCipy][CiFsSOs], [CoCIm][CiFoCOs], [CoCipy][CiFoCOz],  [C:CiIm][CF3SO;]  and
[C:GIIm][CFCO:] have been energy-minimized by using the molecular mechanisms
Universal Force Field (UFF) [73]. Subsequently, the electrostatic potential surfaces for these
ILs have been obtained by using the MMFF94 force field (see Figure 3.3.1) [74]. The quantum
chemical calculations have been performed by using the open-source software Avogadro
(version 1.2.0) [75]. In previous work, the model of [C,CiIm][C4FsSOs] FILs family was chosen
through the guidance of quantum chemical calculations that disclose the electrostatic
potential. A highly negative delocalized charged area was identified, suggesting that more
than one association site is needed to mimic the FILs interactions [47]. Using the
aforementioned information and considering that the FILs herein studied have a similar
charge distribution (see Figure 3.3.1a), the 3-site associating scheme that has been used to
model [CoCiIm][C4FsSOs] and [C4CiIm][C4FoSOs] has been transferred to [C2Cipy][CaFoSOs),
[CGIM][C4FCOs] and [CoCipy][C4FoCOy]. This model is defined by three associating sites,
one associating site of type A, representing the main interactions of the fluorine atoms with
the cation, and two sites of type B on behalf of the delocalized charge due to the surrounding
fluorine atoms and the oxygen atoms of the anion. Only A-B interactions between different

FIL molecules are allowed (see Figure 3.3.1a).
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Table 3.3.1 Chemical structure and respective acronyms of the studied ionic liquids.

IL Designation Chemical Structure
1-Ethyl-3-methylimidazolium = O
perfluorobutanesulfonate H3C/N§\/ N__CH; ] /g—\— CF,CF,CF,CF,
[C2C1Im][C4F9S O3] o
1-Butyl-3-methylimidazolium — o

+

|
E—CF2CF2CF2CF3

perfluorobutanesulfonate HyC—NO N CHy X
[C:C1Im][CsFsS O3] NN 0" %
1-Ethyl-3-methylpyridinium = Ol
perfluorobutanesulfonate S~ |N*\/ CH, o g\\— CF,CF,CF,CF;
[C2C1py][CaFeSOs] H,C
1-Ethyl-3-methylimidazolium /b\ o
_N* N\
perfluoropentanoate H;C \§/N\/CH3 /C—CFZCFZCFZCF3
[C2C1Im] [C4F9C02] O
1-Ethyl-3-methylpyridinium 7 0
perfluoropentanoate S N*\/ CH, \/C— CF,CF,CF,CF;
[C2C1py] [C4F9C02] H3C O
1-Ethyl-3-methylimidazolium /b\ 0
trifluoromethanesulfonate H;C— N+\ N CH g— CF
NN g

[C2CiIm][CF;S O3] O
1-Ethyl-3-methylimidazolium = o

i H C/N{\\ \\C——CF
trifluoroacetate 3 NN ~ CH, / 3
[C2C1 Im] [CF3C Oz] 0O

The [C:GiIm][CFE;SOs] and [CoCiIm][CFsCO;] ILs have already been studied in our
previous work [76]. The 3-site associating scheme fails into describing the thermodynamic
behaviour of these ILs. As depicted in Figure 3.3.1b, these ILs have an electrostatic potential
much more centred, and the delocalization of charges is lower. This is due to the quasi-
spherical shape of [CFsSOs;] and [CF3CO;] anions, which is very similar to the behaviour
described by the ILs based on [BFs] and [PFe] anions [48,54]. Therefore, these ILs have been
described with a 1-associating site scheme as shown in Figure 3.3.1b where site A stands for
the interactions between the oxygen atoms with the cation. Only A-A interactions are allowed
between the different ILs molecules, so this site has a dual positive-negative nature.

The studied atmospheric gases (CO, N2 and O,) have been already modelled in
previous studies, and models and parameters were used in a transferable manner in this work.
Briefly, CO, and N> have been modelled as L] chains with a quadrupole. The quadrupolar
interactions are taken into account through the molecular parameter x, which was fixed to1/3
for CO, and 1/2 for N», representing the number of segments in those molecules that may
momentarily contain the quadrupole, and Q, the quadrupolar moment. In the case of the O»

model, the quadrupole moment has not been explicitly considered [51,67,77]. More details on
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these models can be found elsewhere [31,58]. The respective molecular parameters for these

three gases and the values of Q are reported in Table 3.3.2.

Table 3.3.2 Molecular weight and molecular parameters of carbon dioxide, nitrogen, and oxygen.!

M. [g mol-] m o [A] g/kg [K] Q[Cm?] x,
CO; 44.01 1.571 3.184 160.2 4.4 x 1040 v
N, 28.01 1.205 3.384 89.16 1.2 x 1040 )
0, 32.00 1.168 3.198 111.5 - -

3.3.2 Results and discussion

3.3.21 Thermodynamic properties of fluorinated ionic liquids

FILs based on perfluorobutanesulfonate ([CsFoSOs]) and perfluoropentanoate

([C4F9oCOz] ) anions and fluoro-containing ILs based on trifluoromethanesulfonate ([CFsSOs] )
and trifluoroacetate ([CF3CO;] ) anions, conjugated with imidazolium ([CoCilm]*, n =2 and 4)
and pyridinium ([C2Cipy]*) cations (see Table 3.3.1) have been selected to study the
solubilization of CO,, Ny and Os. Three novel molecular models have been defined with soft-
SAFT EoS for [C:Cipy][CaFoSOs], [C2C1Im][C4FoCO:] and [CoCipy][CaFoCO,] FILs (see Section
3.3.2), implementing a transferability methodology recently proposed [76]. The procedure
allows assembling FIL models with high predictive capabilities in an intuitive way regarding
the process of parametrization from the molecular structure, allowing one to characterize the
thermophysical behaviour of FILs when limited experimental data are available.

After the definition of the association schemes, a set of molecular parameters has to be
obtained for each FIL by fitting temperature-density experimental data at atmospheric
pressure [8,12,19]. Considering the quasi-linear behaviour of the experimental data, the five
molecular parameters adjustment allows a huge number of combinations with good
agreement with these data. Therefore, taking advantage of the transferability and physical
basis of the soft-SAFT approach, and in order to reduce the number of combinations, several
assumptions have been made to obtain molecular parameters describing the right physical
trends of FILs properties, taking into account their structural features. These successive
assumptions are based on physical arguments, previous experience, and the transferability of
soft-SAFT molecular parameters for similar families [31,58].

Two major assumptions have been made for the definition of the molecular models of
the [CoCipy][CaFoSOs], [CoCiIm][CsFoCOz] and [CoCipy][CaFoCO,] FILs. First, the same value
for the chain molecular parameter, m, has been kept for the FILs based on pyridinium and
imidazolium cations conjugated with the same anion (due to the similarity in the chemical
structure and size, see Table 3.3.1). Thus, the size differences can be taken into account by the
HB)

segment diameter parameter, o. Second, the site-site association energy (¢"”) and volume

(xB) have been transferred from [CnCiIlm][C4FsSOs] FILs family [47]. This last hypothesis
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assumes that the association interactions are independent of the cation and the anion
functional group. The differences between FILs, regarding van der Waals energy, have been
fully considered by the optimization of ¢ parameter. Thus, o and sare the two, out of five
parameters, obtained by fitting to temperature-density experimental data at atmospheric
pressure [47]. Subsequently, the molecular parameters set, that provided a good description
of density data (see Figure 3.3.2), have been used to calculate the surface tension of the FILs
for which there are available experimental data, [CoCipy][CsFsSOs] and [C2Cipy][CsFoCOs]
(see Figure 3.3.3) [19]. The fluoro-containing ILs, [CoCiIm][CFsSOs] and [CoCiIm][CFCOy],
which have been modelled in our previous work, have small and spherical anions, with a very
localized charge (see Figure 3.3.1b), as the case of imidazolium-based ILs conjugated with
[BF4] and [PFe] anions [76]. Therefore, the five molecular parameters of [C3CiIm][BF4] and
[C4CiIm][BFs] [48,54] have been directly transferred to [CoGiIm][CF:SOs] and
[C2GIIm][CFsCO2], respectively, without performing any fitting. The density and solubility of
carbon dioxide have been calculated for these two ILs in good agreement with experimental
data [47]. Looking for the chemical structure of these ILs, the addition of a carbon into the
hydrogenated side chain of the cation of [C3CiIm][BFs] and [C4CiIm][BF4], compensates for the
size difference between [CoCiIm][CFsSOs] and [CoCiIm][CF;CO»] anions functional groups. In
addition, the calculation of surface tension for the [CoCiIm][CF;SOs] and [CoCiIlm][CFsCO;]
ILs is presented in Figure 3.3.3. The excellent agreement with experimental data emphasizes

the robustness of soft-SAFT in the transferability of molecular parameters (see Figure 3.3.3).
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Figure 3.3.2 Temperature-density diagram for the studied ionic liquids at atmospheric pressure.
Symbols represent experimental data from literature [8,12,19] (red e, [CoCiIm][CFsSOs); greenV,
[CCiIm][CFCO;];  blue ¢, [CGIM][CiFCO:); grey A, [CCipy][CiFSOs]; purple m,
[C2Cipy][C4F9CO2]) and the lines are the soft-SAFT calculations.
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As has been mentioned in Section 3.2, the DGT procedure involves an additional
influence parameter, ¢, which is fitted to experimental surface tension data [19,78,79]. Table
3.3.3 shows the values for this parameter, which is in the range of values that have been found
for similar ILs [47]. Using this parameter, good agreement with experimental data for the
[C2Cipy][CaFoSOs] and [C2Cipy][C4FoCOz] FILs with available surface tension-temperature
experimental data (absolute average deviations (AAD) of less than 0.8%, within the
experimental uncertainty) have been attained. Moreover, the right slope of the surface tension
curve indicates an accurate balance between association and dispersive energies in the model.
Therefore, a final set of molecular parameters has been selected for the three FILs (see Table
3.3.4) which shows an excellent description of the density-temperature diagram (see Figure

3.3.2) with AAD less than 0.02% and surface tensions (see Figure 3.3.3).
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Figure 3.3.3 Surface tensions of the studied ionic liquids at atmospheric pressure. Symbols represent
experimental data from literature! (red e, [CoCiIm][CF3SOs]; greenV, [CoCiIm][CF:CO2]; grey A,
[C2Cipy][CaFoSOs]; purple m, [C2Cipy][CaFoCOs]) and the lines are the soft-SAFT calculations.

For the [CoCiIm][CFs;SOs] and [C2CiIm][CF;COy] ILs, the description of the density
(see Figure 3.3.2) could be slightly improved if at least one of the parameters had been
optimized. However, the five molecular parameters transferred from [C3CiIm][BFs] and
[C4CiIm][BF4], respectively, already give excellent results without further fitting, underlining
the robustness of the soft-SAFT approach [76]. Furthermore, the surface tension calculations
also show very good agreement with experimental data with AAD of less than 1.5%, within
the experimental uncertainty (see Table 3.3.3 and Figure 3.3.3).

The molecular parameters m, o and ¢, can be directly correlated to size, volume, and
energy of the ILs chemical structure, with mc® representing the volume and me standing for

the van der Waals energy between ILs molecules. In Figure 3.3.4, the correlation of mo® and
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me with the molecular weight of the five ILs has been plotted. In both cases, there is a clear
linear increment of volume and energy with the molecular weight. Figure 3.3.2 shows that the
density increases in the following order: [C:Cipy][CiFsSOs] < [CoCiIm][C4FoCOy] <
[CCipy][CaFoCOs] < [C2GIm][CF3SOs] < [C:GiIm][CFCO,], while the exact inverse trend
have been found for mc® regression (see Figure 3.3.4). This result supports the accuracy of the

molecular parameters to describe the physical features and thermodynamic properties of these
ILs.

Table 3.3.3 Optimized influence parameter for the surface tension, ¢, for the ionic liquids studied in
this work.

My, T range cx 101 AAD

[g mol] [K] [J m>mol~?] [%]

[C2Cipy][CaFsSOs] 421.28 298.30 - 343.00 [19] 9.609 0.631
[C2Cipy][CaFoCO] 385.23 298.30 - 347.00 [78] 9.161 0.726
[C2CiIm][CF5S 03] 260.24 296.28 - 353.56 [78] 0.126 1.522
[C2C1Im][CF;CO;] 224.18 293.15 - 343.15 [79] 0.125 0.743

Table 3.3.4 Molecular weight, molecular parameters, and absolute average density (AAD) for the
densities of the ionic liquids studied in this work.

M., . a &/kg M8 [k K AAD
[g mol] [A] [K] [K] [A7] [%]

[C:CiIm][CiFoSOs]» 41031  7.320 3816 3434 3850 2250 -
[C«CiIm][CiFoSOs]» 43831  7.685 3919 3494 3850 2250 -
[C2Cipy][CaFsSOs] 42128 7320 3.889 3594 3850 2250 0.019
[C:CiIm][CsFoCO,] 37421  7.233 3762 3388 3850 2250 0.008
[C2C1py][C4FsCO2] 38523 7233 3836 3492 3850 2250 0.005
[C:CiIm[CFsSOs]> 26024 4495  4.029 4200 3450 2250 -
[C:CiIm][CFsCO,]> 22418 4225 3998 4171 3450 2250 -

Molecular parameters from reference aPereiro, A.B. et al. (2017) and Ferreira, M.L. et al. (2019) [47,76].

3.3.2.2 Solubility of atmospheric gases in ionic liquids

The main goal of this work is to study the solubility of CO,, N2 and O in the selected
ILs listed in Table 3.3.1, for which a molecular model and molecular parameters of the ILs have
been provided in the previous section. The solubility has been calculated at atmospheric
pressure and reference temperatures, 298.15 K (room temperature) and 310.15 K (average
human body temperature). Several comparisons have been made in order to understand how
the chemical structure of ILs influences the solubility of atmospheric gases, analysing the
influence of the cation and anion and their structural features, such as hydrogenated cationic

and fluorinated anionic alkyl chains.
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Figure 3.3.4 Trends between ionic liquids molecular weight (M.) and molecular volume and energy

soft-SAFT parameters, where a) mo® represents the volume and b) me stands for van der Waals energy
of the ILs molecules. Symbols correspond to: red o, [CoCiIm][CF3SOs); green V¥, [CoCiIm][CF;COs]; blue
¢ P [C2C1Im] [C4F9C02]; grey A P [C2C1py] [C4F9503],' purple u, [C2C1py] [C4F9C02].

3.3.2.2.1 Validation of molecular parameters for binary mixtures

In the scope of this study, the ILs molecular parameters must predict the properties of
the pure compounds and the properties of the binary IL + atmospheric gas mixtures. Thus, it
is important not only to have insights into the solubilization power of ILs but also to
corroborate the molecular parameters' capability to characterise the binary IL + atmospheric
gas systems. In molecular-based equations, the deviations from the ideal behaviour due to
energy and size differences between the molecules of the compounds in a mixture can be
accounted for by the energy (&) and size (7) binary parameters (see Section 3.2). These
parameters can be fitted to experimental data when an exact agreement is imperative. For
qualitative results, using the equation as a predictive approach, the values of these binary
parameters become unity, showing if the molecular equation captures the non-ideal behaviour
of the mixture. In this work, all calculations have been done in a predictive manner or, when
needed, using an energy binary parameter, & (see Equation 3.2.3), fitted at an isotherm and
used in a predictive manner at other temperatures. Experimental data are only available in
literature for the following systems: [CoCiIm][C4F9SOs] + CO» at 313.15 K; [C4Cilm][C4FoSOs]
+ COz at 293.15, 303.15, 313.15, 323.15, 333.15 and 343.15 K; [C4CiIm][C4FoSOs] + O at 323.15;
[C4CiIm][C4FsSOs] + N2 at 323.15; [CoCiIm][CFSOs] + CO2 at 303.2, 313.2, 323.2, 333.2 and 343.2
K; [CGIm][CFCO;] + CO;, at 298.1, 323.1 and 348.1 K. Figures 3.3.5 and 3.3.6 show the

solubility for the abovementioned systems that has been calculated using soft-SAFT.
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Figure 3.3.5 Solubility of CO; at atmospheric pressure in: a) [CoCiIm][C4FoSOs] at 313.15 K; b)
[C4CiIm][C4FoSOs] at 293.15 K (orange m), 303.15 K (blue ¢), 313.15 K (red ), 323.15 K (green A), 333.15
K (pink *) and 343.15 K (grey V); c) [C2CiIm][CF3S05] at 303.2 K (light blue <), 313.2 K (purple V),
323.2 K (dark yellow o), 333.2 K (dark pink A) and 343.2 K (dark blue o); and d) [C2CiIm][CF3CO;] at
298.1 K (dark cyan x), 323.1 K (dark red ®) and 348.1 K (dark green +). The dashed lines represent pure
predictions from soft-SAFT (the binary parameter £ =1.0) and the solid lines represent the calculations
using the &value fitted to experimental data from literature, represented by symbols [80-83].

The dashed lines represent the calculations when the binary parameter £has been kept
at unity. The solid lines represent the calculations done using the & value fitted to literature
data.! Globally, the theoretical results show a good agreement with experimental data from
the literature. For the [C2CiIm][CFs;SOs] + CO; system (see Figure 3.3.5c), only the dashed line
has been depicted because the predictive approach quantitatively represented the literature
data and no fitting of & is required. From the fitting procedure the following & binary
parameters have been obtained: 1.020 for the system [CoCiIm][C4FsSOs] + CO» (Figure 3.3.5a);
1.011 for the system [CyCiIlm][CsFosSOs] + CO. (Figure 3.3.5b); 1.010 for the system
[C2CIm][CF3COy] + CO; (Figure 3.3.5d); 0.875 for the system [C4CiIm][C4FoSOs] + O> (Figure
3.3.6a); 0.975 for the system [C4CiIm][C4FoSOs] + N> (Figure 3.3.6b).

This parameter characterizes the binary system, and it is independent of the
temperature. It is interesting to remark that for all CO; and N, mixtures, the ¢binary
parameter remains very close to unity, indicating that the prediction of the equation using a

geometric combining rule provides quite accurate results, slightly underpredicting the
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solubility of CO, and overpredicting the solubility of N>. However, the binary parameter of O,
has a lower value, so a prediction would severely overpredict the solubility. This fact has been
observed previously when describing the solubility of O. in other solvents with SAFT and it
can be a consequence of the specific strong interactions between O, and the IL. In a coarse
grain approach these types of interactions can be considered in different ways: implicitly, just
including them in the binary parameter, as in the current study, or explicitly, for example,

considering a cross-association between O, and the solvent, as in the work of Dias et al. [67].
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Figure 3.3.6 Solubility of O» and N> at atmospheric pressure and 323.15 K in the FIL [C4CiIm][C4FsSOs].
Lines as in Figure 3.3.5. Symbols represent experimental data from the literature [67].
3.3.2.2.2  Effect of the cation and the cationic hydrogenated chain length on the solubility

of atmospheric gases

Given the robustness of the approach and taking into account the molecular
information that soft-SAFT contains, we present next a study showing the effect of the cation
and the cationic hydrogenated side chain length in the solubility of atmospheric gases. The
following three comparisons have been studied: [CoCiIm]* versus [CoCipy]* for the [C4FoSOs]-
and [C4F9COs]-based FILs; [CoCilm]* versus [CsCilm]* for the [CsFoSOs]-based FILs. This
comparison has been carried out using the solubility calculations of the systems FILs +
atmospheric gases through the predictive approach (£ = 1), as illustrated in Figure 3.3.7.

Figures 3.3.7a and 3.3.7b show the solubility of the mixtures FILs + CO,. For the
[C4F9SOs]-based FILs (Figure 3.3.7a), the results indicate that the solubility of CO, decreases as
the temperature increases for the three FILs. Thus, it is necessary to apply less pressure at
lower temperatures to reach the same gas composition absorbed by the FIL. Further, the
increasing CO: solubility trend is as follow, [CoCiIm]* < [CoCipy]* < [C4Cilm]*. The increment
of hydrogenated side chain length ([CoCiIm]* versus [C4CiIm]*) increases the solubility of CO,,
and the pyridinium-based FIL ([CoCiIm]* versus [C2Cipy]*) presents a higher solubilization of
CO;. A similar behaviour has been observed for the [C4F9CO;]-based FILs, [CoCilm]* versus
[C2Cipy]* (see Figures 3.3.7b). The solubility of COs; is higher in the [C2Cipy][C4FoCO:] FIL,
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and the solubility decreases as the temperature increases. A comparable behaviour in the FILs
+ Oy systems has been observed. The O solubility trends follow the same order of CO for all
the [C4FoSOs]- and [C4FoCO]-based FILs (see Figures 3.3.7c and 3.3.7d, respectively). Also, the
solubility of O decreases as the temperature increases.

Regarding the solubility of N in the [C4FoSO;s]- and [C4FoCO:]-based FILs, similar
tendencies have been observed (see Figures 3.3.7e and 3.3.7f, respectively). Contrarily, there
are no significant differences in the N> solubility with the temperature increase. Briefly, the
comparison between [CoCilm]*, [C4CiIlm]* and [CoCipy]* cations using the soft-SAFT
approach reveals that (i) FILs with longer cationic hydrogenated chain present higher
solubilization of atmospheric gases, and that (ii) the solubility of the atmospheric gases is

higher in the pyridinium-based FILs.

3.3.2.2.3  Effect of the anion and the anionic fluorinated chain length on the solubility of

atmospheric gases

The anion and anionic fluorinated chain length effect have been also studied using a
similar approach as in Section 3.3.3.1.2. A comparison between [C4FoSOs], [CiFoCOy],
[CFsSOs5] and [CF3CO2] anions, conjugated with [C2CiIm]* and [C2Cipy]* cations, have been
performed to verify the capacity of these ILs to solubilize atmospheric gases. Figures 3.3.8a
and 3.3.8b illustrate the solubility of CO, in imidazolium- ([CiCilm]*, n = 2 and 4) and
pyridinium- ([C2Cipy]*) based ILs CO,, respectively. The increasing CO; solubility trend in
[CoCilm]-based ILs is as follow: [CF3CO,] < [CFSO;] < [CiFoCOs] < [CsFoSOs] . The
[C4FoCOs]- and [C4F9SOs]-based FILs present higher solubilization of CO.. The solubility of
CO:z is higher in the [C,CiIm]-based ILs conjugated with sulfonate anions than in carboxylate
anions (see Figure 3.3.8a). A similar trend concerning the sulfonate versus carboxylate anions
has been verified for the [C2Cipy]-based FILs (see Figure 3.3.8b). In all ILs, the solubility of
CO; decreases as the temperature increases. A comparable behaviour in the ILs + Oz systems
has been observed, and consequently, the O, solubility trends follow the same order of CO»
for all the previous ILs (see Figures 3.3.8c and 3.3.8d). Likewise, the solubility of O, decreases
as the temperature increases.

The solubility of N> in all the previous ILs presents similar trends to the solubility of
COz and O (see Figures 3.3.8e and 3.3.8f). Contrarily, the solubility of N> is independent of
temperature for the longer anionic fluorinated chains ([C4sF9CO»]- and [C4F9SOs]-based FILs).
Though, the solubility of N2 decreases as the temperature increases for the shorter anionic
fluorinated chains ([CF;CO,]- and [CFs;SOs]-based ILs). In summarizing, the comparison
between [CF3CO;], [CFSOs], [CsFoCO2] and [C4FoSOs] anions discloses that (i) ILs with

longer fluorinated chains present higher solubilization of atmospheric gases, and that (ii) the
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solubility of the atmospheric gases is higher in the ILs conjugated with sulfonate anions than

carboxylate anions.

3.3.3 Conclusions

In this work, a theoretical approach has been used as a tool to obtain insights into the
solubility of atmospheric gases in fluoro-containing ionic liquids and fluorinated ionic liquids.
The molecular models of the [C,CiIm][C4FsSOs] family from previous contributions have been
transferred to other FILs ([CoCipy][CsFoSOs], [CoCiIm][C4FoCO:] and [CoCipy][C4FoCOy]). The
needed molecular parameters have been optimized, restricted to several assumptions to
account for the structure and basic physical features of these compounds, finding a good
agreement with experimental data in all cases. The models and parameters accurately describe
the density and surface tension data of the pure ILs. This approach enables the prediction of
the solubility of atmospheric gases in ILs, with the need for one binary interaction parameter,
close to unity, in some cases. It has been verified that all the studied ILs display a high potential
to solubilize atmospheric gases, being the [C4CiIm][C4FsSOs] and [CoCipy][C4FoSOs] FILs the
ones presenting the higher solubilization capability.

Overall, this work proves the robustness of the soft-SAFT equation for the
characterization of the thermodynamic properties of fluoro-containing ionic liquids and
fluorinated ionic liquids and their mixtures with atmospheric gases using limited
experimental data. Specifically, the results that have been obtained herein highlight the power
of this theoretical approach as an accurate tool to obtain results in a faster and simplified way,
allowing the study of FILs as potential candidates to replace, partially or totally, the use of

PFCs in different industrial and biomedical applications.
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Figure 3.3.7 Effect of the cation and the cationic hydrogenated chain length in the solubility of

atmospheric gases in FILs at atmospheric pressure where: a) [C4FoSO;3]- and b) [C4F9COs]-based FILs
with COy; ¢) [C4FeSOs]- and d) [C4FoCO,]-based FILs with Oy, and e) [C4F9SOs]- and f) [C4F9CO,]-based
FILs with N». The solid lines represent the calculations at 310.15 and dashed lines at 298.15 K. In c) the

dashed red line and solid cyan line are overlapped.
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Figure 3.3.8 Effect of the anion and the anionic fluorinated chain length in the solubility of atmospheric
gases in FILs at atmospheric pressure where: a) [C2Cilm]- and b) [C2Cipy]-based ILs with COy; c)
[C2CiIm]- and d) [C2Cipy]-based ILs with Oa; and e) [CoCiIm]- and f) [C2Cipy]-based ILs with N». The
solid lines represent the calculations at 310.15 and dashed lines at 298.15 K. In d) the dashed orange line

and solid cyan line are overlapped, and in e) the dashed green line and solid grey line are overlapped.
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3.4 Insights into the influence of the molecular structure of
Fluorinated Ionic Liquids on their thermophysical

properties. A soft-SAFT based approach

Building on the success of the previous studies, this work aims to provide novel
insights into the influence of the FILs structural features on the soft-SAFT transferability
approach, on the robustness of the molecular models and on the macroscopic FILs
thermodynamic properties. We first provide an overview of the methodology used to build
FILs molecular models, exploiting the parameterization and transferability approaches
applied in soft-SAFT. A detailed comparison between the parametrization of families based
on different fluorinated anions is performed, seeking for new information regarding the
robustness of the equation calculations from the molecular structure of the FILs. Pyridinium
and imidazolium based ILs conjugated with different fluorinated anions such as
[N(CFsSOz)2] , [CFsSOs] , [CFCOs], [CiFeSOs] and [CiFeCOz]  were selected for this
purpose. The approach is used to build models for three ILs not included in the
parametrization ~ procedure: [C2CIm][N(CoF5S02)2], [C4CIm][N(CoF5S02)2] and
[C4Cipy][CFsSOs], showing good predictions with respect to available experimental data,
validating the proposed methodology and the robustness of using the structural information
to construct the models. The systematic study allows the establishment of guidelines to build
new FILs models in the future in a faster and efficient way, ensuring that the model can

accurately represent the physical features of the different structures.

34.1  Soft-SAFT molecular models
3.4.1.1 Molecular models of fluorinated ionic liquids with soft-SAFT

The first step before applying soft-SAFT to experimental systems is to propose a coarse-
grain molecular model of the compounds. The proposed models for ILs assume that they are
characterized by dispersion forces, specific steric interactions and the formation of short-lived
ion pairs which reduce the ionic character of these compounds [29,47-60,84]. Thus, ILs are
modelled in soft-SAFT as single chains where the anions and cations are considered to be
associated as ion pairs or ionic clusters in the bulk liquid state, taking into account
experimental and theoretical studies (see Figure 3.4.1) [69-71,85]. Besides, specific associating
sites are defined to mimic the short range and highly directional attractive interactions
between the counterions. The number of association sites and the association schemes have to

be defined a priori. This is usually done through the guidance of quantum chemical
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calculations, molecular simulation results, experimental spectroscopic data, and previous
works [69-71,85].

The [C,CiIm][N(CFs;S0Oz).] series was one of the first ILs families containing fluorinated
anions described by soft-SAFT. ILs were modelled as a homonuclear chain like molecules with
three association sites. The number of sites was chosen on the basis of the delocalization of the
anion electric charge, due to the presence of the oxygen groups, enhancing the ability to
interact with the surrounding cations. Consequently, one associating site A, which represents
the nitrogen atom interactions with the cation, and two B sites representing the delocalized
charge due to the oxygen molecules on the anion, were defined, being only AB interactions
allowed between the different IL molecules (see Figures 3.4.1a and 3.4.1b). This model was
validated by calculating the thermophysical properties of pure ILs like density, vapour
pressure, interfacial tension, and isothermal compressibility as well as ILs mixtures and
solubilities of alcohols and water in ILs, providing excellent agreement with experimental data

in all cases [50].
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Figure 3.4.1 Sketch of the interactions used to model the FILs families within the soft-SAFT approach.
The three association schemes are represented as follows: positive - blue; negative - red and one
association scheme is represented as green. a) 3-Sites coarse grain model used in soft-SAFT for b)
[ChCiIm][N(CF3502)2] family. The same scheme is wused for [ChCipy][N(CF:SO2);] and
[Capy][N(CFE3SO2)2], [CaCilm][CFsSOs] and  [C4Cilm][CFsCO2] FILs; ¢) association scheme for
[CaCiIm][C4FoSOs], also used for [CoCipy][CaFoSO3], [C2CiIm][CaFoCOs] and [C2Cipy][CaFoCO:] FILs. d)
1-Site coarse grain model for e) [C2CiIm][CF3S0s] and [CoCiIm][CF3CO»] FILs.

The same three sites associating model was successfully used to study the
[CaCipy][N(CE3SOz)2] and [Crpy][N(CFs;SOz).] families. These ILs have a charge distribution
similar to those of [C,CiIm][N(CFs;SOz)2], where the same association scheme can be attributed
(see Figures 3.4.1a and 3.4.1b). The model was applied to calculate the thermophysical
properties of pure ILs, such as density, surface tension and isothermal compressibility as well

as the solubility of carbon dioxide, sulphur dioxide and water in excellent agreement with

available experimental data. A similar approach was used for the [C4CiIlm][CF3:SOs] and
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[C4CiIm][CFsCOy] ILs. The association scheme was transferred from [C,CiIm][N(CFs;SOz)2],
considering three associating sites. For [C4CiIm][CFsSOs], site A also stands for the oxygen
atom interactions with the cation, however, the two B sites represent the delocalized charge
due to the oxygen atoms. Analogously, three association sites were considered for
[C4CiIm][CFsCOz], where A represents the oxygen atom interactions with the cation and the
two sites B stand for the oxygen and fluorine atoms, with only AB interactions allowed
between different ILs molecules (Figure 3.4.1c). The models were validated by calculating the
density of pure ILs and the water activity coefficients [51]. No soft-SAFT published models are
available for [C;CiIm][CFs;SOs] and [CoCiIm][CF;COz). In this work we have applied two
models for them, a three site associating model, as for the previous FILs mentioned in this
section, and a one site associating model, as for the [C,CiIm][BF4] [48,54] and [C,CiIm][PFe]
[49] (see Figures 3.4.1d and 3.4.1e). The one site model was used considering that the shape of
[CF3:SOs5]  and [CFsCO»] is quasi-spherical, with a very localized charge, similar to the case of
[BFs] and [PFe] . Results for these two models are discussed in the next section. Recently, soft-
SAFT models were proposed for the [ChCilm][CsFsSOs] family using quantum chemical
calculations for the charge distribution and a three-site model, as in the case of
[CoCiIm][N(CFsS02)2]. One associating site, A, stands for the main interactions of the fluorine
atom with the cation, whereas two B sites represent the delocalized charge owing to the
surrounding fluorine atoms and the oxygen atoms of the anion. Only AB interactions between
different FIL molecules were allowed (Figure 3.4.1c). The density, viscosity and surface tension
of the pure FILs were accurately calculated. Furthermore, this model was successfully
transferred to other FILs such as [CCipy][CiFsSOs], [CoCiIm][CyFoCO2]  and
[C2Cipy][C4FoCOs] preserving the association scheme (Figure 3.4.1c). The density, surface
tension and solubility of carbon dioxide, oxygen and nitrogen were calculated in good
agreement with experimental data [47,60].

In summary, the reported fluorinated ionic liquids modelled with soft-SAFT that have
bulky hydrogenated chains and fluorinated anions preserve the same three-site association
scheme model and successfully reproduce experimental data. This indicates that the three
association sites give enough degrees of freedom to account for all the interactions between
the functional group of the anion with the cation and the charge delocalization caused either
by the oxygen atoms present in the anion functional group or by the presence of fluorine atoms
in the anion (in the case of larger fluorinated side chains). FILs with short fluorinated and
hydrogenated chains length ([CoCiIm][CF;SOs] and [CoCiIm][CF;CO»]) have been studied
with soft-SAFT for the first time in this work, using two different association schemes, the

performance of these approaches is discussed in the forthcoming sections.
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3.4.1.2 Soft-SAFT parametrization of fluorinated ionic liquids and physical
trends

All the FILs molecular structures studied in this work, together with their
nomenclatures, are reported in Table 3.4.1. The studied FILs are composed of imidazolium
and pyridinium cations with different hydrogenated alkyl chain lengths, conjugated with
fluorinated anions ([N(CFsS0»),] , [CF3SOs] , [CFsCO;] , [C4sFeSOs]  and [C4FoCO,] ).

Table 3.4.1 Chemical structure and respective acronyms of the studied fluorinated ionic liquids.

Fluorinated Ionic Liquid Designation Chemical Structure
1-Alkyl-3-methylimidazolium trifluoroacetate hoN N _r
[CoC1Im][CF3CO;] with n =2 or 4 NN, o
1-Ethyl-3-methylimidazolium perfluoropentanoate N A
[C2CiIm][C4FsCOy] OIS N oy T ORORORCR,
1-Ethyl-3-methylpyridinium perfluoropentanoate /@ ) O\\c CF.CR.CR.CE
[C2C1py][CaFsCO;] o™ X CHy o 2CF,CF,CFy
1-Butyl-3-methylpyridinium trifluoromethanesulfonate /@ E_CFa
[C4Cipy][CFsSO;] N~ 07y
1-Ethyl-3-methylpyridinium perfluorobutanesulfonate /@ s CFLCF.CF.CF
[C2C1py] [C4F9803] O e
1-Alkyl-3-methylimidazolium perfluorobutanesulfonate HiC— N N s CF.CR.CF.CF
[CaC1Im][C4FsSOs] with n = 2, 4, 6, 8, 10 or 12 \/N S 07N LA
1-Alkyl-3-methylimidazolium trifluoromethanesulfonate N i

. HsCTR Y _S—CF,4
[CaCiIm][CF3SO3] with n =2 or 4 SCoHane 07Ny
1-Alkyl-3-methylimidazolium /= o 0
bis(trifluoromethylsufonyl)imide H3C—N\\/N+\ FyC—S—N'—S-CFs
[CoC1Im][N(CF3S02),] with n = 1-10, 12 or 14 CoHanis O °
1-Alkyl-3-methylpyridinium = o o
bis(trifluoromethylsulfonyl)imide . ;:30_\\3_,\,-_3/’_(3|:3

N ~ // N\

[CaCipylIN(CF3S02)2] with n =2-4, 6 or 8 HiC CoHznet O 0
1-Alkylpyridinium bis(trifluoromethylsulfonyl)imide “ . CS\\S N _SSCF
[Capyl[N(CFsS02);] with n = 2-6, 8,10 or 12 NN e
1-Alkyl-3-methylimidazolium — 0, 9
bis(perfluoroethylsulfonyl)imide H3C—N\\/N+ F3CF,C— S N s CF,CF;
[CoCiIm][N(C2F5S03),] withn =2 or 4 CnHan+s J e

Once the association scheme is selected, the next step in using soft-SAFT to study the
FILs experimental systems is to parametrize a set of molecular parameters, usually by fitting
available temperature-density experimental data at atmospheric pressure, although other
available properties such as high-pressure data, heat capacities or isothermal compressibility,
to mention some, can also be used, as explained in the next section. Care must be taken so that
the values capture the physical trends consistent with the structure of the molecules related to

the size, energy, and specific molecular interactions. The optimization of the five parameters
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(the chain length, m; the segment diameter, o; the dispersive energy between segments, ¢, the
site-site association energy and volume parameters, €8 and k"B, respectively) can be
challenging from a numerical perspective, as a high number of possible combinations with
small deviations from the experimental data are possible. Therefore, it is important to guide
the optimization based on physical information in order to reduce the number of solutions
and use soft-SAFT as transferable as possible. In this work, we first compiled all published
soft-SAFT molecular parameters for the different FILs, searching for trends and possible
inconsistencies. All parameters for the different families are summarized in Table 3.4.2.

The comparison between the studied families shows a major difference regarding the
association parameters of [C,Cipy][N(CF;SO2):] and [Cnpy][N(CFs;SOz).]. The association
parameters of [CxCiIm][N(CFsSO5)] family were fixed at 3450 K for /8 /ky and 2250 A3 for x"?
[50]. In the case of pyridinium-based ionic liquids families, the e8/ks and k"8 were fixed at
1550 K and 2020 A3, respectively [51]. When all the ILs are compared, these values appear as
“outliers” regarding those of other families, as illustrated in Figures 3.4.2 and 3.4.3. Searching
for consistency and building robust models, in this work we have transferred the association
parameters of [C,CiIm][N(CFsSOz).] to the [CiCipy][N(CFsSOz)2] and [Chrpy][N(CF;SOz):]
families. The m and omolecular parameters were preserved from those values previously
obtained for the pyridinium-based ionic liquids. However, the ¢ value was re-parametrized
(see Table 3.4.2). The differences in the performance between the parameters previously
published and the new ones versus experimental density-temperature data are depicted in
Figure 3.4.4. Figures 3.4.4a and 3.4.4b stand for [C.Cipy][N(CF:SOz)2] and [Crpy][N(CF3SO2):]
ILs families, respectively, where set 1 represents the parameters previously published (solid
lines) [51] and set 2 corresponds to the optimized parameters in this work (dashed lines). In
both families, there is an improvement in the agreement between the experimental data [86-
93] and soft-SAFT results obtained with set 2. This result is also sustained by the decrease of
the average absolute deviation (ADD < 0.07%) for almost all ILs (see Table 3.4.2), except for
[CsCipy][N(CFsS0z)2], for which only one value of density experimental data is available in

the literature.
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Table 3.4.2 Symbols, molecular weight, soft-SAFT molecular parameters from literature and reparametrized, correlations of

molecular parameters and absolute average deviation (AAD) for the densities of all ionic liquids studied in this work.

M o s mo3 mehks €HB k%8  AAD
Symbol Ionic Liquid [g mol] A] z(k] (A] [E]gc [K/]kB (A] (%] REF
* [C2CiIm][CaFsCO2] 374.21 7233 3762 3388 385 2451 3850 2250 0.008 [60]
=g [C2Cipy][CaFoCO2] 385.23 7233 3836 3492 408 2526 3850 2250 0.005 [60]
® [C2Cipy][CaFsSOs] 42128 7320 3889 35904 431 2631 3850 2250 0.019 [60]
0O [C2CiIm][C4FsSOs] 41031 7320 3816 3434 407 2514 3850 2250 0.053 [47]
A [C4CiIm][C4FsSOs] 43831 7685 3919 3494 463 2685 3850 2250 0.033 [47]
@) [C6CaIm][CaFsSOs) 466.33 8.050 4.006 3554 518 2861 3850 2250 0.074 [47]
& [CsCiIm][C4FsSOs] 49442 8429 4078 3574 572 3013 3850 2250 0.017 [47]
v [C10CiIm][C4FoSOs] 52243 8.812 4126 3594 619 3167 3850 2250 0.091 [47]
O [C12CiIm][C4FoSOs] 550.48 9.178 4194 360.2 677 3306 3850 2250 0.036 [47]
+ [C2CiIm][CFsSOs] 26024 4495 4.029 4200 294 1888 3450 2250 -  This work
X [C4CiIm][CF3S0s] 288.29 4149 4375 378.0 347 1568 3650 2400 0.116 [57]
- [C2CiIm][CFsCO2] 224.18 4225 3998 4171 270 1762 3450 2250 - This work
[ [C4CiIm][CF>COs] 25233 4180 4256 3607 322 1508 3725 2400 0.016 [57]
B [C1CIm][N(CF3S02)2] 377.29 5947 3992 391.1 378 2326 3450 2250 - [50]
| [C2CiIm][N(CF3S02)2] 391.32 6.023 4.069 3946 406 2377 3450 2250 - [50]
<) [C:CIm][N(CF:SO2)2] 40533 6101 4143 3970 434 2422 3450 2250 - [50]
o [C+CiIm][N(CF3S02)2] 419.34 6.175 4211 3994 461 2466 3450 2250 - [50]
A [CsCIm[N(CF:SO2)2] 43335 6247 4277 4018 489 2510 3450 2250 - [50]
A [C6CiIm][N(CF3S02)2] 447.36 6.338 4334 4042 516 2562 3450 2250 - [50]
@ [C7CIm][N(CF3S02)2] 461.45 6418 4395 407.6 545 2616 3450 2250 - [50]
® [CsCIm[N(CF:SO2)2] 47548 6489 445 4100 572 2660 3450 2250 - [50]
v [CoCiIm][N(CF3S02)2] 489.49 6.575 4501 411.7 600 2707 3450 2250 - [50]
v [C10C1Im][N(CEsS02)2] 503.5 6.653 4551 414.0 627 2754 3450 2250 - [50]
& [CLCIIm][N(CF:SOs),] 53152 6810 4.645 4185 683 2850 3450 2250 - [50]
® [CuCiIm][N(CFsSOs),] 55954 6967 4731 4227 738 2945 3450 2250 - [50]
™| [C2Cipy][N(CF5SOz)2] 402.33 6.023 4125 3784 423 2279 3450 2250 0.017  This work
< [C3Cipy][N(CF5S0Oz)2] 416.37 6.101 4.194 380.2 450 2320 3450 2250 0.062 This work
= [C4Cipy][N(CF5S0z)2] 430.39 6.175 4257 3789 476 2340 3450 2250 0.042 This work
< [C6Cipy][N(CF5SOz)2] 458.44 6.338 4375 380.2 531 2410 3450 2250 0.028  This work
M [CsCipy][N(CF5SOz)2] 486.49 6489 4483 4024 585 @ 2611 3450 2250 0.112  This work
] [Copy][N(CF3SO2):] 388.3 5947 4.044 3682 393 2190 3450 2250 0.036  This work
(] [Capy][N(CF3sSO2):] 402.33 6.023 4119 3784 421 2279 3450 2250 0.040 This work
Q® [Cipyl[N(CFsSO2)2] 41637 6101 4193 3785 450 2309 3450 2250 0.025 This work
P [Cspyl[N(CFsSO2)2] 43038 6175 4248 3782 473 2335 3450 2250 0015 This work
"} [Cepy][N(CF3sS02):] 444 .42 6.247 4305 379.2 498 2369 3450 2250 0.048 This work
(d [Cspy][N(CF3sSO2):] 472.48 6418 4429 3864 558 2480 3450 2250 0.066 This work
") [Ciopy][N(CE3S502)2] 500.52 6575 4529 3825 611 2515 3450 2250 0.023  This work
(] [Cr2py][N(CF5S02)2] 528.57 6.732 4.622 3877 665 2610 3450 2250 0.036 This work
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Figure 3.4.2 Values of the association parameter £"# versus the molecular weight of the studied ionic
liquids, where: a) the influence of cations; b) increment of cation hydrogenated alkyl side chain; c)
anions; and d) increment of fluorination. The comparisons are grouped by colour. These values
illustrate the trends from Oliveira, M.B. ef al. (2012) [51] before any reparameterization process of
[CaCipy]IN(CF3S02)2] and [Capy][N(CF3502)2] families. Herein, one can identify the “outliers” values,
around 1550 K, highlighted by the red box in the comparisons a), b) and c). Symbols are described in
Table 3.4.2.
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Figure 3.4.3 Values of the association parameter k*# versus the molecular weight of the studied ionic
liquids, where: a) influence of cations; b) increment of cation hydrogenated alkyl side chain; c) anions;
and d) increment of fluorination. The comparisons are grouped by colour. These values illustrate the
trends from Oliveira, M.B. et al. (2012) [51] before any reparameterization process of
[CaCipy]IN(CF3S02)2] and [Capy][N(CF3S02)2] families. Herein, one can identify the “outliers” values,
around 2020 A3, highlighted by the red box in the comparisons a), b) and c). Symbols are described in
Table 3.4.2.
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Figure 3.4.4 Temperature versus density diagram at 0.1 MPa for: a) [CaCipy][N(CFsSOz)2]; and b)

[Capy][N(CF3S02),] for different alkyl chains (n = 2, red; n = 3, pink; n = 4, purple; n = 5, blue; n = 6,

dark cyan; n = 8, green; n = 10, dark yellow; n = 12, grey). The solid lines represent the calculations
obtained with the parameters from Oliveira, M.B. et al. (2012) [51] whereas the dashed lines are the

results obtained with the parameters optimized in this work. Symbols represent the experimental data
[86-90] for each system (see Table 3.4.2 for more details).

For consistency with the previous calculations and with previous work [48,49], we
have tested the performance of two association schemes for [CCiIm][CFsSOs] and
[CoCiIIm][CFsCO»] FILs for predicting the density and carbon dioxide solubility and the results
are shown in Figure 3.4.5. Considering a 3-site associating model (Figure 3.4.1a), m, 0 and ¢
were adjusted to density experimental data [12], while association parameters were

transferred from [C4CiIm][CFsSOs] and [C4CiIm][CFsCOy] ILs. Results from this approach are

depicted in Figure 3.4.5b as a dashed-dotted line; the density is not shown in Figure 3.4.5a
because it was fitted. As inferred from the figure, those parameters are unable to accurately
represent the behaviour of the FILs with carbon dioxide. Taking into account the small,
spherical size of the anions, a 1-site association scheme was also considered (Figure 3.4.1d),
similarly to the imidazolium ionic liquids with [BFs] and [PFe] [48,49]. In this case, the five
molecular parameters were directly transferred from [C3Cilm][BFs] and [CsCiIm][BF,] to
[C.GIIm][CF3COs] and [C2CiIm][CFEsSOs], respectively, without performing any fitting. Figure

3.4.5a shows excellent agreement between the density experimental data [12] and soft-SAFT
predictions.

Regarding the CO» solubility, (Figure 3.4.5b) very good agreement is obtained for
[C2CiIm][CFsCOy] for the available experimental data 323.1 K [94]. The overall behaviour of
the solubility of CO; in [C2CiIm][CFsSOs] is also well captured, although higher deviations
from experimental data (324.15 K) [95] are observed at high CO, concentrations. Note that these
are pure predictions from the transferred parameters, and much better agreement can be

obtained if any of the parameters of the pure FILs were fitted to experimental data. Also notice

that the 1-site model better captures the shape of the experimental solubility data than the 3-
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sites model, even though the latter gives good solubility predictions at low CO»
concentrations. By direct transfer of the soft-SAFT parameters, we were able to describe two
FILs, without any adjustment to experimental data, emphasising the robustness of the models.

The final molecular parameters used for all FILs studied in this work are provided in Table

3.4.2.
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Figure 3.4.5 a) Density-temperature diagram at atmospheric pressure of [CoCilm][CF:CO:] and
[CoCiIm][CF3SOs] FILs calculated by the direct transference of soft-SAFT five parameters from
[C3CiIm][BF4] and [C4C1Im][BF,], respectively (solid lines represent the calculations with the parameters
from Table 3.4.2). b) Solubility of carbon dioxide in [C2CiIm][CF3CO>] (at 323.1 K) and [CoC1Im][CF3505]
(at 324.15 K) FILs, with the 3- (dashed dot-dot lines) and 1-site (dashed lines, calculations with
parameters from Table 3.4.2) association schemes. Symbols represent experimental data [12,94,95].

342 Results and discussion

In this section, we focus on analysing the influence of the cation, the cation
hydrogenated alkyl side chain length, the anion, and the fluorination of the anion on some of
the physicochemical properties of these compounds, in a systematic way. All the molecular
structures are reported in Table 3.4.1.

We first performed a study to obtain insights into the influence of different cations,
with a fixed anion, on the thermophysical properties of the families, and how this is reflected
in the molecular parameters of soft-SAFT. This is called Strategy 1 or ST1 (see Table 3.4.3). The
cations considered were [C.Cilm]*, [C.Cipy]* and [Chpy]*, all of them with the same
hydrogenated alkyl side chain length. Strategy 2 (ST2 in Table 3.4.3) focused on the influence
of the cations hydrogenated side chain length (for different cations) and the anions studied in
ST1. The following homologous families were studied in ST2: [C,Cilm][CsFsSOs),
[CaCiIm][CESOs],  [ChGIm][CFCOy], [ChCGiIm][N(CFsSO2)2],  [CuCipy][N(CFiSOz)2],
[Capy][N(CFsSOz)2].
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Table 3.4.3 Strategy of the several comparisons carried out in this work.

ST1 - Influence of the cation

Anions

[Co2CiIm]* [C4FsSOs] or [C4FeCOo]
[C2Capy]* [C4FsSOs] or [CsFoCOs]
[CaCaIm]*, [CoCipy]* or [Capy]*, n =2,3,4,6,8 [N(CF3S0)2]~

[CoCiIm]* or [Capy]*, n =5, 10, 12 [N(CF5S02)2]

ST2 - Influence of the cation hydrogenated side chain

[CoCilm]*, n=2,4,6,8,10,12 [C4FsSOs] ™

[CiCilm]*, n=2,4 [CF3S0s]

[CiCilm]*, n=2,4 [CFsCOy]

[CoCiIm]*, n = 1-10, 12, 14 [N(CF3S02)2]~

[C:Cipy]t, n=2,3,4,6,8 [N(CFsSOy)2]

[Cupylt, n=2-6, 8,10, 12 [N(CF3S02)2]

ST3- Influence of the anion Cations

[C4FoSOs] , [C4FsCO2] , [CF3S0s5] , [CF3CO,]  or [N(CF3SOs)2] [C2Cilm]*

[C4FsS0s] , [CF3S0s] , [CF3CO2]  or [N(CFsSOy2)2] [C4CiIm]*

[C4FsSOs] , [CaFoCO,]  or [N(CFsSOy)2] [C:Cipy]*

[C4FsSOs]  or [N(CFsSOy)2]

ST4- Influence of the anion fluorination
[C4F9CO,]  or [CF:CO]

[C4F9SOs] , [CF3S0s]  or [N(CF3SO2)2]

[CoCiIm]*, n = 6, 8,10, 12

[CoCiIm]*
[CiCilm]*n=2,4

To investigate the influence of the anion, the cation with a given hydrogenated side
chain length was fixed and the anions replaced. The anions studied were [C4FoSOs] ,
[C4FoCO2] , [CF3SOs] , [CFCO,] and [N(CFsSO»)2] (ST3 in Table 3.4.3). Finally, to study the
influence of the anion fluorination, two different comparisons were made (see ST4 in Table
3.4.3). First, the cation was fixed and the anion iterated considering anions with different
structural features, such as [C4FsSOs] , [CFsSOs]  and [N(CFsSOz).] , investigating the effect
of incrementing the number of fluorine atoms in the anion. Secondly, we studied the effect of
increasing the linear fluorinated side chain on the molecular parameters optimization,

considering the variation of n and m in FILs based on [CoFnSOs]  and [CaFCO2]  anions.

3.4.2.1 Fluorinated ionic liquids structural features and molecular parameters
in soft-SAFT

The features of the specific cation, the cation hydrogenated alkyl side chain length,
anion and the fluorination of the anion will be reflected in the values found for the molecular

and association parameters. The m and o molecular parameters are directly related to the size
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and volume of the groups making the ILs, while mc® represents the volume and me the energy
of the ILs molecules. Previous soft-SAFT works show that m, mo® and me correlate with the
molecular weight for regular chemical families; the association parameters are generally
independent of the molecular weight of the compounds, except for very short chains
[47,51,53,60]. This is due to the fact that hydrogen bonding forces are localized and of very
short range. We have used this approach here, keeping the same association parameters for
each IL family (see Table 3.4.2 and Figures 3.4.2 and 3.4.3) and having m, o and ¢ correlated
with the molecular weight. This enables the equation with predictive power allowing the
prediction of thermophysical properties for other members of the same family for which no

experimental data is available.
3.4.2.1.1  Effect of the cation

Once the molecular parameters were assessed and good results obtained versus
experimental data, we can use them as a designing tool, checking for trends. Hence, we first
show how the characteristics of different cations in the ILs families are captured by the soft-
SAFT parameters (ST1 in Table 3.4.3) and their influence on the thermophysical properties.
Figure 3.4.6a depicts the comparison among the m parameter of the ILs with different cations,
versus their molecular weight. The trend [C.py]* < [CaCipy]* ~ [CaCilm]* is explained due to
the lack of a methyl group in the aromatic ring of [C,py]* cation. It is also observed that
differences in the m values between the compared cations are very small. From this, it is
inferred that the cation is not a structural feature highly influencing the overall length of the
ILs, represented by the m parameter. Furthermore, the value of m can be transferred from
pyridinium to imidazolium cations, when the cations are conjugated with the same anion
because the only deviations that can be found are related to the anion. The size parameter o,
Figure 3.4.6b, shows similar values for most of the FILs with the same cations, increasing as
the molecular weight of the ILs increases, the values following the trend [Cnpy]* < [CoCilm]*
< [CyCipy]*. The regression for the molecular volume of the molecules (md’), represented in
Figure 3.4.6¢, linearly increases with the molecular weight. As inferred from this figure, the
differences in the molecular volume of FILs based on pyridinium and imidazolium are almost
negligible. The energy parameter ¢ is represented in Figure 3.4.6d versus the molecular weight.
Different trends can be found for the different considered ILs. In the case of the cations
conjugated with the linear fluorinated anions, the trend is [C.CiIm]* < [C.Cipy]*. However,
for the ILs based on branched anions, the general trend is [Cipy]* = [CiCipy]* < [CoCilm]*.
Only in cases where the hydrogenated chain is composed by 2 and 8 carbons, the energy
parameter follows the trend [Chpy]* < [CoCipy]* < [CaCilm]*. These differences can be justified

by the role of this parameter in capturing the molecular energy, as it accounts for most of the
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differences in energy when the association parameters are kept constant, as happens in this
case. Once again, it is important to bear in mind that there is only one value for the
experimental density of [CsCipy][N(CFsSOy).] available in the literature. The same trends are

observed for me (Figure 3.4.6e).
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Figure 3.4.6 Molecular parameters values versus molecular weight for FILs with different cations, where:
a) m parameter; b) o parameter; c) mo? correlation of the volume of the molecules (anion + cation); d) ¢
parameter; and e) me is a correlation representing the van der Waals energy of the molecules (anion +
cation). The comparisons are grouped by colour.
As mentioned, the values of the association parameters are kept constant, being the

energy and volume of association for [Copy][N(CE:SO)2], [C2Cipy][N(CFsSO2)2] and
[C2CiIm][N(CF3502)2] 3450 K and 2250 As, respectively (see Table 3.4.2). We will discuss now
how these molecular trends are reflected in the macroscopic behaviour of the systems using
soft-SAFT to calculate them. As an initial verification, the [CoCilm][C4FsSOs]
and[CoCiIm][N(CF5sS0y)2] FILs were selected to predict the density-pressure diagram and the
solubility of carbon dioxide (Figure 3.4.7).
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Figure 3.4.7 Validation of soft-SAFT predictions for [CoCiIm][N(CF3S0O:).] and [CoCilm][C4F9SO3]
thermodynamic properties. a) High-pressure density at 313.15 K; and b) Carbon dioxide solubility in
these FILs at 313.15 K. Symbols represents experimental data [80]. The solid lines denote predictions
obtained with soft-SAFT with the parameters provided in Table 3.4.2. In b) the dashed lines stand for
the calculations with the binary parameter ¢ adjusted to data for the [CoCiIm][C4F9oSOs] IL.

The soft-SAFT calculations were assessed with available experimental data. Figure
3.4.7a shows that soft-SAFT predictions (calculated from the molecular parameters of the pure
fluid) are in excellent agreement with high-pressure density experimental data for the two
FILs. The solubility of CO, in the FILs is depicted in Figure 3.4.7b. Predictions for the solubility
of CO» in [CoCiIm][N(CEsSOz):] are in excellent agreement with the experimental data. For the
case of [C2C1Im][C4FoSOs] some deviations from experimental data are observed, this is mainly
due to the large differences between the van der Waals energies of carbon dioxide and the FILs
molecules. Thus, the correct behaviour is accurately described when a binary parameter £is
fitted (see Figure 3.4.7b) [80]. However, as we are searching for trends, calculations with pure
component parameters can be used to distinguish the effect of the cation on these properties
considering the pure component parameters capture the behaviour.

We present the next soft-SAFT predictions for the effect of the cation on high-pressure
densities and the solubility of CO; in FILs. Although we have calculated these properties for
all the FILs depicted in Figure 3.4.6, at 313.15K, we have selected to represent only some of
them for easier visualization. Figure 3.4.8a shows the density-pressure diagram, and the

solubility of carbon dioxide is depicted in Figure 3.4.8b for the selected FILs.
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Figure 3.4.8 Influence of FILs cation on the thermodynamic properties of selected FILs. a) Prediction of
high-pressure density at 313.15 K; and b) Predictions of carbon dioxide solubility in FILs at 313.15 K.
The green dashed line, [CoCipy][C4F9CO>], overlaps with the red solid line, [CoCiIm][C4FoSOs]). The
lines represent predictions obtained with soft-SAFT with the parameters represented in Figure 3.4.6 and
Table 3.4.2.

ILs with a hydrogenated alkyl side chain of two carbons conjugated with
[N(CFsS0y)2] , [C4FsCO7] and [C4FoSOs]  anions were chosen for this purpose. The density at
high pressures shows the tendency: [C.Cipy]* < [ChCiIm]* < [Chpy]*, being independent of
the anion. These results are consistent with the physical trends observed in the molecular
parameters. As the density is related to the volume occupied by the molecules, the exact
inverse tendency ([Cupy]* < [CaCiIm]* < [ChCipy]*) can be found in the regression ma® (see
Figure 3.4.6¢), supporting the accuracy of the molecular parameters for describing the physical
features of these FILs.

The predicted solubility of carbon dioxide in these FILs, (see Figure 3.4.8b), follows the
tendency [Cnpy]+ = [CoCilm]* < [C.Cipy]*. The free volume is related to the solubility of low
molecular weight solutes (such as carbon dioxide) and the density. Previous studies have
shown that the increment of the free volume allows a better accommodation of gas molecules
[8,47], hence increasing the gas solubility. This evidence is clear for cases where the
solubilization process happens through a physical mechanism. The free volume is inversely
proportional to the density, which means that compounds with a lower density have a higher
free volume available. This is the behaviour observed in this case, where the ILs with lower
density have a higher solubilization power of carbon dioxide [12,94,95].

Hence, in summary, based on the discussed results, FILs containing the cations
[Copy]*, [ChGiIm]* and [CiCipy]* have similar molecular length and association energy,
mainly differing in molecular volume and van der Waals interactions. As a consequence, the
same values of the molecular parameters related to the molecular length, m, and association,

e"8 and kB can be used for [Capy]*, [CaCilm]* and [CoCipy]* cations-based FILs, while only
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the group size and energy parameters, ¢ and ¢, need to be fitted to experimental data (see
Table 3.4.4).

Table 3.4.4 Summary of the transferability analysis of the molecular parameters, where T indicates
the parameters that can be transferred and F the parameters that have to be fitted to experimental
data, regarding the different structural features of the studied ionic liquids. [C.CiIm][CF3503] and
[ChCiIm][CF5CO;] are not included here. See text for details.

Hydrogenated Fluorinated chain

Parameter Cation (ST1) chain (ST2) Anion (ST3) (ST4)

T F T F T F T F
m v v v v
o [A] v v v v
&/ks [K] v v v v
eHB/kp [K] v v v v
kB[ A3)] v v v v

3.4.2.1.2  Effect of the cation hydrogenated side chain

We present the next results for FILs in which the hydrogenated side chain length
varies, the molecular parameters associated with this, and the influence of the structure on
selected thermodynamic properties.

We first consider three [N(CFiS0)2] -based ILs families conjugated with the
[CoCilm]*, [CoCipy]* and [Chpy]* cations, all of them with hydrogenated chains (see Table
3.4.3, ST2). Taking into account that the type and strength of the association of these families
should be very similar, the association parameters were kept constants for all members of the
three families, assuming that the increment of the cation hydrogenated chain does not
influence the localized association.

As for the other three parameters, in the case of [C.CiIm][N(CFsSO»)2], m, cand € were
fitted to density data and correlated with the molecular weight (M) by:

m = 0.0056M,, + 3.8337 3.4.1
mo3 = 1.9733M,, + 366.33 (A%) 3.4.2
me/kg = 3.3986M,, + 1043.3 (K) 343

These correlations, together with the constant association parameters, enable the
prediction of the thermodynamic behaviour of other members of the series, not included in
the fitting procedure [50]. In addition, considering the similarity between the chemical
structure of [C,CiIm][N(CFs;S0z)2] and [ChCipy][N(CFsSOz)2] FILs, the chain length value m
was transferred from imidazolium- to the pyridinium- based ILs with the same cation alkyl
chains length (i.e., m{cocipylIN(CF3s02)2] = M{Cocim[N(CE3s02)2])- For the [Crpy][N(CF;S02),] family,
the transferability was not direct due to the lack of a methyl group in the aromatic ring,

conversely, the m values were transferred corresponding to [Cn1Cilm]* (e.g., M[capyiN(CFas02)2] =
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M[CoC1Im][N(CE3s02)2]). As the m parameter was transferred from the imidazolium family, the
correlation of Equation 3.4.1 is also effective for the pyridinium families in a predictive
manner. Regarding the o size parameter, two different correlations were found for each
pyridinium family to account for the small deviations in molecular volume between both
families. Equation 3.4.4 stands for [CiCipy][N(CFsSOz)2] and Equation 3.4.5 represents
[Cupy][N(CFsS02)2] [51].

mo® = 1.9345M,, + 357.92 (A%) 3.4.4

mo?® = 1.9205M,, + 349.81 (A%) 345

Notice that & parameter for the pyridinium families with the [N(CFsSOy).] anion was
reparametrized in this work to allow the association parameters to be transferred between
families (see Table 3.4.2), as all differences in energy are now implicitly included in this
parameter.

We studied next to the imidazolium cations with different anions: [CF:SOs]
[CF;CO;] and [C4FoSOs] . The FILs [ChCiIm][CF3S0s] and [ChCilm][CFsCO;] (n= 2, 4), were
modelled with different associations schemes. For C2 FILs the molecular and association
parameters were transferred from the [C,CiIm][BF,4] [48,54] family (see Figure 3.4.5) using a 1-
site association scheme, while parameters for C4 were adjusted to experimental data in
previous work [53]. Although there is not enough available experimental for these ILs families
to correlate them with the molecular weight (only C2 and C4 are available; see Table 3.4.3,
ST2), it can be seen that the molecular volume and molecular energy of these two families are
smaller than for the others, mainly as a consequence of their lower molecular weight (see
Figure 3.4.9).

Pereiro et al. modelled the [C,CiIm][C4F9SOs] FILs family, where the five molecular
parameter values were fitted to temperature-density experimental data at atmospheric

pressure. The association parameters of [C,CiIm][C4FsSOs] were kept constant for the whole

family [47], obtaining linear correlations with the molecular weight for m, oand &:

m = 0.01330M,, + 1.857 3.4.6
mo3 = 1.911M,, + 375.4 (A3) 3.4.7
me/kg = 5.664M,, + 203.2 (K) 3.4.8

In summary, as far as the hydrogenated chain length of the cation is concerned, we can
conclude that for the alkanes and alkanol families [71,96], m, o and ¢ linearly correlate with
the molecular weight (Equations 3.4.1 to 3.4.8), while the association parameters are
independent of the cation hydrogenated side chain length, being their values constant for all

the series members.
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Figure 3.4.9 Molecular parameters values versus molecular weight for FILs with different hydrogenated
alkyl side chains in the cation, where: a) m parameter; b) ¢ parameter; c) mo?® is a correlation of the
volume of the molecules (anion + cation); d) £/ks parameter; and e) me/ks is a correlation representing
the van der Waals energy of the molecules (anion + cation). The comparisons are grouped by colour.
In previous studies the van der Waals energy parameter, €, was usually fitted to
experimental data and not transferred between families, carrying most of the molecular
energetic differences among FILs families. However, a closer look into the parameters
provided in Table 3.4.2 shows that for the [C.Cipy][N(CF:SOz)2] and [Cupy][N(CF;SOx).]
families the value of € was kept constant for the whole family. For other families, the values of
€ are quite similar (see Figure 3.4.9), except for the case of FILs with short, fluorinated chains.
Based on this fact we took one step forward into building transferable models and fixed the ¢
value for each family, not including [C,CiIm][CFsSOs] and [ChCiIm][CF;COs] (only two
members of each family are available). The £ parameter was fixed at an intermediate value
between those obtained for each member of the family and the density-temperature diagrams
were calculated for each ILs family. Results are presented in Figure 3.4.10, with the following
optimized values for each family: a) [C.CiIm][N(CFSO2)2] with e/ks = 406 K; b)
[CoCiIm][C4FoSOs] with g/kg = 355 K; ¢) [CaCipy][IN(CFsS0y).); and d) [Capy][N(CEsSOz)2] with
g/ks = 380 K. The solid lines represent the calculations with the parameters depicted on Table

3.4.2 and the dashed lines stand for the calculations with the optimized fixed ¢ values for each
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family (Figure 3.4.10). The overall agreement between the experimental data [8,47,86-93,97,98]
and the two types of calculations is excellent. For the outermost members, the calculations
with the fixed energy parameter are slightly allocated. However, the differences are not
significant, and it can be stated that by fixing the € value along the ILs families included in this
work, the calculations provide a good representation of the experimental data, leading to the
conclusion that this parameter can be fixed along with a FIL family.

Taking advantage of the transferability of the models we have studied the influence of
the cation hydrogenated alkyl side chain on the thermodynamic properties of FILs and the
results are presented in Figure 3.4.11 for the [C,CiIm][N(CFsS0y),] family as an example. This
family is the one with more studied FILs; the same thermophysical behaviour was found in
the other FILs families. The high-pressure density diagram is depicted in Figure 3.4.11a
showing that the density decreases as the hydrogenated alkyl side chain length increases. This
agrees with the linear correlation of mc?, the molecular volume (see Figure 3.4.9c), which has
the inverse behaviour, increasing as the hydrogenated side chain length increases. For the
solubility of carbon dioxide in these FILs, it is observed that the solubility increases as the

hydrogenated side chain increases (see Figure 3.4.11b).
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Figure 3.4.10 Temperature versus density diagrams at 0.1 MPa for: a) [ChiCiIm][N(CFsSOz)2]; b)
[ChCiIm][C4FoSOs]; ¢) [CrCipy][N(CF3502)2]; and d) [Cupy][N(CFsSOz)2]. The colour code is for the alkyl
chain length of the cation: n=1, orange; n=2, red; n=3, pink; n=4, purple; n=5, blue; n=6, dark cyan; n=7,

light cyan; n=8, light green; n=9, dark green; n=10, dark yellow; n=12, grey; n=14, dark red. The solid
lines represent the calculations obtained with the optimized ¢ parameter for each IL (Table 3.4.2), and
the dashed lines illustrate the calculations with the fixed e/kp parameter for each family at: a) 406 K, b)
355 K, c) and d) 380 K. Symbols represent the experimental data [8,47,86-93,97,98].
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This result can also be related to the free volume between the molecules (the increment
of the alkyl chain corresponds to an increase in the free volume). This behaviour is directly
related to the increment of the asymmetry between the FILs molecules [12]. Again, the
molecular parameters accurately capture the physical features of the FILs families.

In summary, it has been observed that the hydrogen bonding of these FILs is
independent of the length of the hydrogenated alkyl chain of the cation, and the corresponding
g8 and k"B parameters can be transferred between FILs families. It has also been observed
that the van der Waals energy parameter can be kept constant within a family, while m and o
are different for each member of the family, and they need to be fitted to experimental data,
showing a good correlation with the molecular weight (see Table 3.4.4). This implies that most

of the differences between members of the studied FILs are related to their size and molecular

volumes.
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[C,C,Im]IN(CF,S0,),] a) b)
4.3 r 1 4.8
o L, 36 o 36
[} a [C,C,Im][N(CF,S0,),]
E 2
Q29T Q 24t
22 % . 12}
[C,4C,IM]IN(CF,50,),] .
1.5 L L 1 1 0.0 = 1 " ]m][N(CFasoz)z]
0 6 12 18 24 30 0.00 0.08 0.16 0.24 0.32 0.40
P [MPa] X

Figure 3.4.11 Influence of the FILs cation hydrogenated side chain in a) high-pressure density at 313.15
K; and b) carbon dioxide solubility in FILs at 313.15 K. The lines represent predictions obtained with
soft-SAFT with the parameters represented in Figure 3.4.9 and Table 3.4.2. The colour code is for the
alkyl chain length: n=1, orange; n=2, red; n=3, pink; n=4, purple; n=5, blue; n=6, dark cyan; n=7, light
cyan; n=8, light green; n=9, dark green; n=10, dark yellow; n=12, grey; n=14, dark red.

3.4.2.1.3  Effect of the anion

In a similar manner as for the cations, we have studied several FILs with a given cation
and different anions, comparing the values of the molecular parameters versus their molecular
weight (see Figure 3.4.12) and the corresponding effect on selected thermodynamic properties
(ST3 in Table 3.4.3 and Figure 3.4.13). As shown in Figure 3.4.12a, the length of the ILs depends
on the anions considered. Accordingly, the value of m increases in the following order:
[CFCO2] ~ [CF3S05] < [N(CF3S02)2] < [C4FoCO,] =~ [C4FoSOs]  for the same cation. This
tendency is not linear with the increment of the molecular weight. However, it can be related
to the structure of the anions, where a linear fluorinated chain (e.g. [C4FsSOs] ) has a higher m

contrarily to the anion with branched fluorinated chains (e.g. [N(CFsSOz)2] ). It is clear that the
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sulfonate and carboxylate functional groups do not have an influence on the overall length of
the ILs considered. These behaviours justify the deviations found in the cation (see Figure
3.4.9), emphasising that those results are accurate only when the cations are conjugated with
the same anion.

The differences in the anion are clearly captured by the o size parameter as displayed
in Figure 3.4.12b. However, the tendency is quite the reverse from those of m results, where
[C4FoCO,] < [C4FoSOs] < [N(CF5S0,)2] < [CF3CO,] =~ [CFsSOs] . Furthermore, the difference
in size between the sulfonate and carboxylate functional groups is well captured by the
o parameter. Figure 3.4.12c shows the md? correlation with the following trend: [CFsCO2] =
[CF3S0s] < [C4FoCO2] < [C4FoSOs] = [N(CFsSO2)2] . The volume of a FIL conjugated with
[C4FsSOs] or [N(CFsSOy)2] anion is similar, even [C4FsSOs]  has a high number of fluorine
atoms and a slightly different My,. This similarity can be explained by the structure of each IL
family (see Table 3.4.1). The [C4FsSOs] anion has a linear structure with higher m and lower

o values. On the contrary, the [N(CF3S0z)2] anion has two symmetric branched chains with

shorter chain length, m, but it is composed of bulkier groups, hence with higher o values.
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Figure 3.4.12 Molecular parameters values versus molecular weight for FILs with different anions,
where: a) m parameter; b) ¢ parameter; c) mc? is a correlation of the volume of the molecules (anion +
cation); d) e/kp parameter; and e) me/kg is a correlation representing the van der Waals energy of the
molecules (anion + cation). The comparisons are grouped by colour.
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Therefore, they seem to occupy very similar volumes, even though they have
completely different structures. Else, the main structural difference between the volumes of
[CFsCO;] and [CFsSOs] is the addition of an oxygen atom. Figure 3.4.12d depicts the € values
for FILs with different anions. The values of ¢ follow the trend [CsFoCO,] < [CsFoSO;] <
[CF;CO,] < [CE:SOs] < [N(CFsSOz)] , for C4 FILs and [CsFoCO2] < [C4FoSOs] <
[N(CF3S02)2] < [CFsCO,] ~[CFs;SOs] for C2FILs. Both trends are not linear with the M,, but
reflect the intermolecular interactions of the different ILs. The trend found for me regression
(shown in Figure 3.4.12¢) is the following: [CFsCO,] =~ [CF:SOs;] < [N(CF:SO)] <
[C4sFsCOy] =~ [C4FeSOs] .

As mentioned in the previous section, the association parameter k8 for FILs with
different anions is kept constant while £/Z varies. It follows the tendency: [N(CFsS0,)2] (3450
K) < [C4FoCOs] = [C4FeSOs5] (3850 K) (see Table 3.4.2), except for [CF:SOs]  and [CF;COs]
which have different ¢ values depending on if they are C2 (3450 K) or C4 (3650 K, [CF3SOs]
and 3725 K, [CFsCOz] ) FILs, due to the different association schemes, as explained in section
2.3. It is concluded that ILs with a linear fluorinated chain have a higher value of the energy
of association than the corresponding IL with a branched fluorinated chain. Interestingly, we
have observed that the volume of association can be kept constant for all the FILs investigated
(kKB = 2250 A3), except for [C4CiIm][CF5SOs] and [C4CiIm][CF;CO,], where the value of k"2
is 2400 A3, This exception can be attributed to the relatively short length of the [CFsSOs] - and
[CF3COz] -based ILs, allowing stronger association due to the absence of steric effects.

The calculated thermodynamic properties of the different anions conjugated with the
[CoCiIm]* cation are discussed next, being the only comparison involving all the anions
studied in this work. Figure 3.4.13a illustrates the density of the different ILs at high pressures.
It follows the tendency: [CsFsSOs] < [N(CFiS02).] < [CiFoCOz] < [CFsSOs] < [CFCOy] .
This trend is similar to the inverse of the mo? trend ([CF3CO,] < [CF3SO3] < [CiFoCO,] <
[C4FoSOs] = [N(CFsS0»)2] ), as expected. Hence, the molecular parameters correctly capture
the relation between the density and volume. Notice that the density of the ILs with heavier
anions is very similar and lower than the ones with shorter anions.

The influence of the different anions on the solubility of carbon dioxide in FILs is
depicted in Figure 3.4.13b, following the tendency: [CF;CO,] < [CF3iSO0s] < [C4FoCO;] <
[C4FeSO5] < [N(CF3S02)2] . This implies that the solubilisation power for carbon dioxide is
higher for anions with bulkier fluorinated chains, given a clear indication of the design of ILs

for this specific application.
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Figure 3.4.13 Influence of the FILs anion in a) high-pressure density at 313.15 K; and b) carbon dioxide
solubility in FILs at 313.15 K. The lines represent predictions obtained from soft-SAFT with the
parameters provided in Figure 3.4.12 and Table 3.4.2.

3.4.2.1.4  Effect of the anion fluorination

Results regarding the anion fluorination are quite similar to those of the anions
discussed in the preceding subsection. The number of fluorine atoms and the length of the
fluorinated side chain of the anion is considered in this study (ST4 in Table 3.4.3). The
comparison related to the number of fluorine atoms and the chain length m is presented in
Figure 3.4.14a, showing that [CF3503] < [N(CFsSOy)2] < [C4FsSOs] . Therefore, the increment
of the fluorine atoms in the anion demands a higher m value (linear tendency with the
increment of My), as expected, given the size of the fluorine atoms. As previously discussed,
branched anions have m lower values than linear anions with an equivalent number of atoms.
It is also observed that anions with linear fluorinated chains follow the trend [CF3CO,] <
[C4sFsCOy] , where longer chains have higher M, and corresponding larger m values. As in the
previous cases, the inverse trend is found for the o parameter regarding the anion fluorination:
[C4FsSOs] < [N(CF3S02)2] < [CFsSOs] and [C4FoCO2] < [CF3CO:] (see Figure 3.4.14b). The
effect of the anion fluorination in the mo?® correlation (see Figure 3.4.14¢c) is similar to that
observed for the anion comparisons of the previous subsection (ST3): [CFsSOs] < [C4FsSOs]
~ [N(CFsS0)2] , highlighting that ILs with a similar number of atoms have similar molecular
volume. The same happens for the increment of fluorination for the linear anions: [CFsCO]
< [C4FsCOy] . In the case of the & parameter, the trend is [CsFsSOs] < [N(CF:SOy).] <
[CFsS0s]  (except for C4 FILs, see Figure 3.4.14d of ESIY). It is also observed that the increase
of the fluorinated side chain length decreases the overall van der Waal energy, implying lower
values of the ¢ parameter: [CsFoCO2] < [CF3COz] . These results suggest that for the coarse
grain models used for the FILs in this work, the energy of interaction between the groups
(monomers integrating the chains) of a short chain is greater than in a longer or bulkier chain.

This tendency implies that the energy parameter value is larger for anions with a higher
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number of fluorine atoms. For the me correlation (Figure 3.4.14e) versus My, the tendency
found for the addition of fluorine atoms to the anions is [CFsSOs;] < [N(CF:SO,).] <
[C4FsSOs] and also [CFsCO,] < [C4F9CO;] . This regression is highly influenced by the anion
fluorination, where the higher values are found for the FILs with nine fluorine atoms. Notice
that all the ILs depicted in Figure 3.4.14a are described by the same molecular weight
correlation. In regard to £"5 /ks and the fluorination effects, the trend is [N(CFsSO2)2] (3450 K)
<[CFsSOs] (C2,3450 K; C4, 3650 K) < [C4FoSOs] (3850 K) and [CFsCO] (C2, 3450 K; C4, 3725
K) <[C4FoCO2] (3850 K). As was already seen, the only feature affecting this energy parameter
is the structure of the anions. A linear fluorinated chain can have a higher or similar value of
energy between the ILs molecules association compared to a branched fluorinated chain. The
increment of the fluorinated linear chain rises the associating energy. The k" value is
transferable into the different anions, as in the case of [N(CF3S05),], [C4FsSO5]~ (2250 A3) and
C2 based FILs with shorter fluorinated chain. However, the anions with short fluorinated

chains based on C4 ([CiCiIm][CF:SO;] and [CiCiIm][CF;CO:] ) have a higher value of

associating volume (2400 A3,
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Figure 3.4.14 Molecular parameters values versus molecular weight for FILs with different anion
fluorination, where: a) m parameter; b) o parameter; c) mo® is a correlation of the volume of the
molecules (anion + cation); d) €/kp parameter; and e) me/kp is a correlation representing the van der
Waals energy of the molecules (anion + cation). The comparisons are grouped by colour.
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Figure 3.4.15 depicts the influence of the anion fluorination on the high-pressure
density of the pure FILs at 313.15 K and the solubility of carbon dioxide in FILs at 313.15 K.
The density, illustrated in Figure 3.4.15a, varies in the following order: [CisFsSOs] <
[N(CFsSOz)2] < [CFsSOs] ; decreasing as the chain length increases. This tendency is inversely
proportional to the mc? result, with the parameters accurately describing the physical features
of the ILs molecules. In the case of carbon dioxide solubilisation, as previously observed for
different anions (ST3), the FILs with bulkier fluorinated chains have a greater solubilisation
power, followed by the branched fluorinated chains and at last the shorter linear fluorinated
chains (see Figure 3.4.15b). This behaviour is a direct consequence of increasing the number of

fluorine atoms and the length of the linear fluorinated chain.
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Figure 3.4.15 Influence of the FILs anion fluorination in: a) high-pressure density at 313.15 K; and b)
carbon dioxide solubility in FILs at 313.15 K. Lines are predictions from soft-SAFT with parameters
represented in Figure 3.4.14 and Table 3.4.2.

3.4.2.2 Validity of the transferability approach for prediction purposes

In order to validate the robustness of the parameters and the approach for prediction
purposes, we selected some FILs not included in the previous discussions to be modelled with
the soft-SAFT framework and compare its accuracy to experimental data. For this purpose we
selected two FILs from [Ch,CiIm][N(C2F5502):] ILs family, where n = 2 and 4, and
[C4Cipy][CFsSOs], taking advantage of the experimental data available in the literature [80,99-
104]. The [CoCiIm][N(CoF5502):] ILs family as a fluorinated anion is different from those of the
ILs studied in the previous section. The anion of the [C4Cipy][CFs:SOs] IL was studied in the
previous sections, however, in this particular case, it is conjugated with a different cation.
Besides, this IL has an anion with a short, fluorinated chain which has a behaviour quite
different from the other ILs. For consistency, a 3-site association model was used (see Figure
3.4.1a).

Selected thermodynamic properties of the pure FILs and solubilities of carbon dioxide,

methanol and water in the FILs were calculated in a predictive manner and compared with
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the available experimental data. The molecular models of carbon dioxide (CO.), methanol
(CHsOH) and water (H2O) were transferred from previous works. Carbon dioxide was
modelled as a Lennard-Jones (L]) chain, where quadrupolar interactions were taken into
account with the molecular parameter x, fixed to 1/3 (representing the number of segments in
those molecules that may momentarily contain the quadrupole) [51]. Methanol was modelled
as a homonuclear chainlike molecule with two association sites embedded off-centre in one of
the L] segments to mimic the hydroxyl group interactions. One A site stands for the lone pair
of electrons on the oxygen atom and one B site represents the H atom. Only A-B interactions
were allowed for the pure component [72,105]. Water was modelled as a single spherical L]
monomer (mmu,0 = 1) with four association sites: two e sites (negative, corresponding to the
lone pairs of the oxygen electrons) and two H type sites (positive, corresponding to the
hydrogen atoms). Only e-H bonding was allowed. These four association sites preserve the
tetrahedral geometry of the compound [96]. The values of the respective molecular parameters

for the three compounds are summarized in Table 3.4.5 for completeness.

Table 3.4.5 Molecular weight and molecular parameters of carbon dioxide, methanol and water used
in this work.

M, o &/ks eHB/kp KB Q

Compound fgmol] ™ (Al K K [AY (@cm) v RFF
CO, 44.01 1.571 3.184 160.2 - - 4.4x10-40 1/3 [51]
CHsOH 32.04 1.491 3.375 220.4 3213 4847 - - [72,105]
H>O 18.01 1.000 3.154 365.0 2388 2932 - - [96]

The validation process of the transferability of the parameters started with
[CoCIm][N(CoF5S05)2]. Three different approaches to optimize the molecular parameters of
this FIL were performed. The first approach (approach 1) was focused on the analysis of the
number of fluorine atoms in the FIL anion, independently of their distribution. In this case,
the [C4FoSOs]- anion, with a similar number of fluorine atoms, was chosen and a direct transfer
of parameters from the [CoCiIm][C4F9sSOs] FIL molecular parameters to [CoCiIm][N(C2F5S0x):]
was intended and results compared to density-temperature data of [CoCiIm][N(C2F550z)2]
available in the literature [80]. The results are represented in Figure 3.4.16 as a black line, very
far from the experimental data. From the knowledge learned about the influence of the
different molecular features on the molecular parameters (discussed in the previous sections)
it was decided to fit o parameter to density data, while the other four molecular parameters
were directly transferred from [CoCilm][C4FoSOs] (see Table 3.4.6, set A). An excellent
agreement with the experimental values was achieved in this case (Figure 3.4.16, red solid line,
overlapped by green solid line) with an AAD of 0.017%. However, the previous approach
implies fitting to experimental data, even though it is only for one parameter. In a second

approach (approach 2), searching for pure predictions, we focused on the symmetry of the
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anion branched fluorinated side chain, as it has been shown to have an important effect on
parameterization. Thus, it was considered that the anion structural features can be
characterized by the presence of only 5 fluorine atoms, since the two side chains are a mirror
of each other (see Table 3.4.1). A member of the [C,CiIm][N(CFsSO,),] series with a longer
hydrogenated chain capable of compensating for the presence of 2 additional fluorine atoms
(considering the symmetry of the anions, [N(CF3SO).] = 3 fluorine atoms versus
[N(C2F5S0z)2] = 5 fluorine atoms) was chosen in this case. In terms of size, one fluorine atom
is approximately 1.5 times larger than a hydrogen atom [12]. Therefore, 3 hydrogen atoms are
needed to have approximately 2 fluorine atoms. With this strategy in mind, the molecular
parameters of [CsGiIm][N(CFsSOz)2] (Table 3.4.2) were directly transferred to
[CoGIIm][N(CoF5502)2] FIL. Results with this set are presented in Figure 3.4.16 as a green line.

370
[ [C,C,Im]IN(C,F,SO,),]
— [C,C,Im][N(C,F,SO,),] set A
350 — ——  [C,C,Im]IN(C,F,SO,),] set B
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Figure 3.4.16 Temperature-density diagram of [CoCiIm][N(C2oF5502)2] and of [C4CiIm][N(C2oFs505),] at
atmospheric pressure. Lines represent the soft-SAFT calculations, where the three red lines and solid
blue line are the calculations obtained with the optimized sets of parameters (see Table 3.4.6) and black,
green, and grey lines are the calculations with the parameters directly transferred from other ILs. The
three red lines and the green line overlap. Symbols are the experimental data [80,101].

The predictions show very good agreement with experimental data, having only a
small deviation in the lower temperatures range. This is an outstanding result, showing that a
direct transfer of the parameters, taking into consideration the molecular features of the
equivalent ILs allows a good agreement with experimental data, without any fitting. Of
course, excellent agreement in the whole range of temperatures can be achieved if the
experimental data is used to fit some of the parameters. For instance, results fitting o and ¢
while transferring the other three parameters from [CsCiIm][N(CFs;SO).] are shown in Figure
3.4.16 as a red dashed line, with parameters provided in Table 3.4.6 as set B. In all cases used
in the previous section, only temperature-density data was used in the fitting or to assess the
transferred parameters. In order to check the sensitivity of the parameters and their

performance to the data used to estimate them, a third approach was used (approach 3). In
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this approach, high-pressure density and isothermal compressibility data were used,
simultaneously, to fit o and ¢, while also transferring the other four molecular parameters
from [CsCiIm][N(CF:SOz)2] (see Table 3.4.6, set C). Results with this set of parameters are
presented in Figure 3.4.16 as a dotted red line, overlapping with those obtained from sets A
and B.

Table 3.4.6 Molecular weight, molecular parameters, and density absolute average deviation (AAD) from the
fitting procedure of the ionic liquids modelled in this work. The references correspond to the density
experimental data used in the fitting or assessment approach.

M, " o &/kp rr503 me/ks  eMB/ky xf“* AADp
[g mol] (Al (K] [A] [K] K] (A [%]

Ionic Liquid REF

[GGIM]IN(CFSOD] 9150 7300 4013 3434 473 2514 3850 2250 0.0168

set A
£§£llm} [N(GFSOl 49137 6247 4240 3548 476 2216 3450 2250  0.0386 [80]
ggm} [N(CFsSOl yo130 6247 4205 3371 471 2106 3450 2250  0.010

[C4C1Im][N(C2F5502)2] 519.39 6.418 4356 356.0 530 2285 3450 2250 0.0341 [100]
[C4C1py][CF3S05] 299.31 4149 4457 3780 347 1568 3650 2400 0.0521 [104]

A comparison of the performance of the four sets of parameters for
[CoGIIm][N(CoFs502)2] FIL at high pressure and isothermal compressibility data is presented
in Figure 3.4.17. Note results for sets A and B (red full and dashed lines) and those obtained
from approach 2 (green line) are pure predictions, while set C from approach 3 was fitted to
these data. As inferred from the figure, sets A, B and C (see Table 3.4.6) give similar results for
the high pressure-density data, in excellent agreement with experimental data [80]. The set
directly transferred from [CsCiIm][N(CFsSO2)] (green line) also shows good agreement, the
soft-SAFT calculations give the correct slope, with a deviation from data near to 4.6%
(considering the range 3.1-3.3 mol ‘L of density).

The high-pressure density experimental data!’ was used to calculate a derivative
property, isothermal compressibility (kr), using the Tait equation.? The corresponding
isothermal compressibility data is represented in Figure 3.4.17 using symbols, while the soft-
SAFT calculations are represented by lines. Set C, fitted to this data, is the one providing the
best results, with an AAD% of 0.6. Predictions from the other three sets are also shown in the
figure; although they capture the correct slope, none of them is able to quantitatively
reproduce the derived experimental data, being the ones from set B (red dashed line) the
closest, with an AAD% of 14%. This behaviour has been observed in previous SAFT works in
which the molecular parameters fitted to vapour equilibria data do not quantitatively predict
second derivative properties, such as the isothermal compressibility or heat capacities [99,106].
It is important to emphasize that the derivative properties are more sensitive to errors in both,

the experimental data and the values of the parameters.
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Figure 3.4.17 Thermodynamic properties of FIL [C2C1Im][N(C2FsSOz)2]. a) Pressure-density diagram at
313.15 K (red lines overlap) and b) isothermal compressibility at 313.15 K. Lines correspond to the soft-
SAFT calculations, where the three red lines are the calculations obtained with the optimized sets of
parameters (see Table 3.4.6) and the green line the calculation with the parameters directly transferred
from the indicated IL. Symbols are the experimental data.! In b) the data was calculated using the Tait
equation [50,107,108].

Predictive results using these four sets of parameters for the calculation of the solubility

of carbon dioxide in [CoCiIm][N(CoFs502)2] and the density of FIL + methanol binary system
are presented in Figure 3.4.18, as compared to available experimental data. The predicted
solubility of carbon dioxide in [CoCiIm][N(C2FsS0yz).] is depicted in Figure 3.4.18a where
calculations with the four sets are compared to available experimental data [80]. No specific
association interactions between the ILs and the CO, are considered in this case, as it
corresponds to physical absorption. It can be observed that set A gives excellent agreement
with experimental data, while sets B and C, and parameters transferred from
[CsCiIm][N(CFsSOz)2] give the correct trend, but slightly overestimate the solubility of CO» in
[CoCIm][N(CoF5S03)2]. It is important to remark that these calculations are complete
predictions from the pure component parameters of the ILs and CO,. Furthermore, the
calculation shown as a green line has been obtained with parameters transferred from other
families of ILs. It is also interesting to observe that the set of parameters obtained by including
two sets of experimental data (set C) gives the same level of predictions as those obtained
fitting only temperature-density data (B). This reinforces the robustness of the soft-SAFT
equation, and the procedure presented herein to predict/describe the thermodynamic
properties of pure compounds and mixtures, even in the absence of experimental data. Taking
advantage of the available experimental data, the density of the binary system
[C2CIm][N(CoF5505)2] + methanol was also calculated and the results are presented in Figure
3.418b. Soft-SAFT calculations with the four sets show excellent agreement with the
experimental data [100], supporting the outstanding predictive power of this tool for binary

systems (the red lines and the green line all overlap in agreement with the data).
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Figure 3.4.18 Predictions of some properties of [C2CiIm][N(C2FsSOz)2]. a) Carbon dioxide solubility at
313.15 K; and b) density of IL + methanol binary system at 313.15 K. Lines represent the soft-SAFT
predictions, where the red lines are the calculations obtained with optimized sets of parameters (see
Table 3.4.6) and the green line is from the set of parameters directly transferred from the indicated IL
(approach 2). See text for details. All soft-SAFT calculations overlap in figure b). Symbols are the
experimental data [80,100].

The validity of the approach was also assessed with the [C4CiIm][N(C2Fs502).] IL.

Following approach 2, taking into account the symmetry of the anion branched fluorinated
side chain, the direct transfer of the [C;CiIm][N(CFsSO);] molecular parameters to
[C4CiIm][N(CoFs502)2] was applied and the density-pressure diagram was calculated. Results
are presented in Figure 3.4.16, corresponding to the grey line, in very good agreement with
experimental data [101]. As in the case of [CoCiIm][N(CoF5S0s).], slightly deviations are
observed at low temperatures. Optimization of the o and & parameters with the density-
temperature data was also performed, transferring the other three parameters (see Table 3.4.6).
Results with this optimized set are represented in Figure 3.4.16 as a blue line, now in excellent
agreement with the data. No further properties were studied due to the absence of
experimental data, the accuracy of the model is expected to be similar to the one obtained for
the [CoCiIm][N(CoF5502)2] systems.

The procedure developed in this work and the predictive power of the equation were
also tested for the [C4Cipy][CF3SOs] and compared to available experimental data. This IL
have a similar structure to [C4CiIm][CF3SOs]. Therefore, the direct transfer of the molecular
parameters from [CsCiIm][CFsSOs] to [C4Cipy][CFE:SOs] was applied and calculations were
performed with soft-SAFT in a predictive manner. Results are depicted in Figure 3.4.19a,
where the calculated density-temperature diagram is compared with experimental data of
[C4Cipy][CFsSOs] [102]. The orange dashed line represents the calculations using parameters
directly transferred from [C4CiIm][CF5SO:s], showing a deviation from experimental data but
with the right slope. Taking into account the results obtained from the analysis of the cation

effect on the molecular parameters, the cand & parameters were optimized by fitting to the

126



Chapter 3 - Modelling Fluorinated Ionic Liquids:
the Impact of the Molecular Structure on the Thermophysical Properties

density-temperature experimental data (see Table 3.4.6). The results are presented in Figure
3.4.19a as a full solid orange line, in excellent agreement with experimental data.

The surface tension of [C4Cipy][CFsSOs] was also calculated with the optimized set of
molecular parameters (see Table 3.4.6). This property requires the fitting of experimental data
[104] to the influence parameter, c, while the input value from soft-SAFT is the density. As the
correct density is obtained only with the optimized set, this was the one used for the surface
tension calculations. The optimized ¢ value was 1.839x10-18 Jm>mol2 with an AAD of 0.579%.
The results show an accurate agreement with experimental data, as illustrated in Figure
3.4.19b. The two sets of parameters were used to predict the density of the [C4Cipy][CF;S0s]
+ water binary system. Both sets show very good agreement to experimental data [103],
without any fitting to binary data (Figure 3.4.19c), showing that the leading interactions in this

mixture are the hydrogen bonding formation and the length of the molecules.
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Figure 3.4.19 Thermodynamic properties of the FIL [C4Cipy][CFsSOs]: a) temperature-density diagram
at atmospheric pressure; b) surface tension of [C4C1py][CF3503] at atmospheric pressure and c) density
of the [C4Cipy][CFsSOs] + water binary system at 288.15 K. Lines represent the soft-SAFT predictions,
where solid lines are the calculations obtained with the optimized set of parameters and dashed lines

are the parameters directly transferred from [C4C1Im][CF350O3]. Symbols are the experimental data taken
from literature [102-104].
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3.4.3 Conclusions

We have presented a compilation of all FILs studied with the soft-SAFT EoS, focusing
on the influence that the molecular feature of the anions and cations have on selected
thermophysical properties, and how this is captured by the model. A procedure to transfer
molecular parameters in a systematic and intuitive manner has been developed to model
fluorinated ionic liquids within the soft-SAFT framework, searching for a design tool. The FILs
families with branched and longer fluorinated chains in the anion preserved the same 3-site
association scheme model to mimic the hydrogen bonds of these systems. Hence, three
association sites provide enough degrees of freedom to represent the interactions between the
anions and cations and the delocalization of the charge due to the presence of oxygen atoms
in the anion functional groups and/or the fluorine atoms of the anion side chains.
Furthermore, the analysis of the validation process for each model shows that the
thermophysical properties should be calculated, not only for the pure systems but also for
binary mixtures. Thus, the model accurately reproduces the main interactions with other ILs
or other potential solutes. The FILs with short, fluorinated chains were modelled by 3-site and
1-site association schemes, due to FILs with short hydrogenated and fluorinated chains
assuming a spherical shape, like the [BFs] and [PFs] anions, and preliminary results show a
better performance of the 1-site model in this case.

A throughout analysis of the parameters leads to several conclusions regarding the key
attributes of the ionic liquid’s structural features as captured by the soft-SAFT coarse grain
models. For instance, the comparisons between the chain length m and o size parameters
show that the chain length values can be transferred from pyridinium to imidazolium cations
when they are conjugated with the same anion. In the same manner, differences in group size
and volume should be carried out using the o parameter, fitting it to the density-temperature
data of the corresponding ILs. Both parameters (1 and o) linearly correlate with the molecular
weight for each ILs family, allowing calculations of ILs not included in the fitting procedure.
The anion is the structural feature that has a higher influence on the molecular length and
group size of the ILs. The m parameter increases linearly with the increase of the number of
fluorine atoms and the fluorinated side chain length, while the o parameter has an inverted
trend.

The van der Waals energy parameter of the groups making the chain, ¢, has different
values depending on the studied FILs. It has been observed that the same value can be used
for all members of the same family, making it transferable within the family. The molecular
van der Waals energy, represented by the me correlation, shows a linear trend with increasing
the cation hydrogenated chain length, and it is highly influenced by the anion fluorination.

The highest me values are found for the FILs with nine fluorine atoms.
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Finally, regarding the association parameters, it is concluded that only the anion has a
direct effect on the associating energy. A linear fluorinated chain has a higher energy of
association value than a branched fluorinated chain. Besides, the associating energy increases
with the increase of the fluorinated linear chain length. The effect of the anion and the cation
features on the association volume is less noticeable. Its value is transferable between different
FILs with different anions, except for those with short, fluorinated chains, as the associating
volume increases because of the lack of steric effects. In conclusion, the anions and their
fluorination are the main structural features that can influence the five soft-SAFT molecular
parameters.

The learnings from the analysis relating the molecular features of the FILs to the soft-
SAFT molecular parameters were used to model other ILs not included in the approach, in
order to check the robustness of the procedure and the transferability power of the FILs
models. [CoCiIm][N(CoFsS0z)2], [CaCilm][N(C2F5502)2] and [CiCipy][CFsSOs] ILs were used
for this purpose. The study shows that it is possible to obtain very good agreement with
experimental data for the thermophysical properties of these FILs without fitting any
parameter, just from the inspection of the molecular features of the ILs to be modelled,
transferring the parameters from similar ILs previously parametrized.

Overall, this work proves the robustness of the soft-SAFT equation for modelling FILs
with different molecular features and allows for building reliable ILs models with high
predictive capabilities in a more intuitive way regarding the process of optimization and
parametrization. It also allows the molecular approach to be used as a designing tool where
the influence of the different molecular features can be investigated searching for trends in
mixtures, such as the solubility of gases or mixture density data. The approach will permit
optimization of resources and time spent, between the selections of potential ILs for a new
application to the actual implementation. However, an extra effort is still needed to obtain
enough reliable data for a handful of ILs and mixtures to further assess the accuracy of the

models.
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3.5 Understanding the absorption of fluorinated gases in
fluorinated ionic liquids for recovering purposes using
soft-SAFT

In spite of the highlighted relevance, few works have focused so far on the
determination of F-gases absorption by FILs. Sosa et al. have determined the solubility of
several HFCs in FILs containing perfluorobutanesulfonate and perfluoropentanoate anions,
showing the importance of the fluorine content and nanosegregated domains in the absorption
of F-gases [109]. Lepre and co-workers have studied the behaviour of a HFC and different
PFCs in the presence of FILs with cationic perfluoroalkyl chains with six carbon atoms,
obtaining a positive correlation between the presence of cationic fluorine content and the
solubilization of F-gases [110,111]. Castro et al. and Jovell et al. successfully studied the
solubilization of HFCs in FILs and deep eutectic solvents (DESs) based on mixtures of FILs
and perfluoroalkyl acids [112,113].

The use of models able to predict the absorption of F-gases by FILs is of great
importance to accelerate their actual implementation. Different tools can be used for this
purpose, such as molecular simulation approaches, correlative methods, and equations of state
[31,114-117]. Pereiro and co-workers have contributed to the development of new
technologies to alleviate the environmental impact of F-gases with the support of modelling
approaches such as the COSMO-based/Aspen Plus methodology and Non-Random Two-
Liquid (NRTL) models [109,112]. The soft-SAFT EoS, proposed by Blas and Vega [45,46],
extensively used to study the gas solubility in complex systems, including ILs and
DES.[31,47,48,50,60,77,113,117-123], has also been used to describe the solubility of selected F-
gases in ILs [66-68]. Of particular interest to this contribution is the recent work by Alba et al.
[121], modelling FILs for selectively separating hydrofluoroolefins (HFOs) from HFCs from
the azeotropic blend R513A. Jovell et al. [113], have also used soft-SAFT to model the solubility
of R134a in FILs and DES based on perfluoroalkyl acid, but much work remains to be done.
Building on previous works, in this contribution we apply the soft-SAFT framework to predict
the solubility of selected F-gases in FILs, searching for trends between their molecular

structure and their final performance.

351  Methodology

The soft-SAFT EoS [45,46] is a well-known version of the original SAFT EoS [38-40],
widely used for the description of complex systems. Literature corroborates soft-SAFT as a

great tool to accurately provide the properties and phase behaviour of ILs and their mixtures
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with other substances like water, gases, and/ or other ILs in good agreement with experimental
data, and more details are found in Section 3.2 of this work.

Different thermodynamic parameters were considered and determined in the work, to
further extract information on the interactions between the F-gases and the FILs, and hence,
their solubility. This includes Henry constants, enthalpy and entropy of dissolution, and the
Hildebrand solubility parameter. The Henry constants (Hc) were determined from the
diagram of the pressure versus gas composition at two different temperatures. The values of
Hc were obtained in the range of low gas composition (0.01 to 0.05 xr.g.s) corresponding to the
infinite dilution of each VLE of FIL + F-gas as described by Equation 3.5.1.

) P
He = lim ( ) 3.5.1
XF—gas

XF-gas—0

The enthalpy (AaisH) and entropy (AdisS) of dissolution were also considered in this
work to obtain information on the strength of the interactions and the degree of order of the
F-gases dissolved in the FILs, respectively.! These two thermodynamic parameters were

calculated by Equations 3.5.2 and 3.5.3.

A H=R |AlnHC ®
e revi 3.5
A5 = —g |A0Hc| 353
dis” = AT |y, .

where T is the temperature of the system and xiq is the molar composition of the F-gas
dissolved in the FIL at infinite dilution.

Finally, the Hildebrand solubility parameter (0n) was determined for each FIL and each
F-gas. This parameter is obtained through the square root of the ratio between the energy of

vaporization (AvapU) and the molar volume (v) as represented in Equation 3.5.4.

Sn = \/AV&PU = JAV"‘F’H —RT 3.5.4

v v

The AvapU can be obtained through the enthalpy of vaporization (Ava.pH) as indicated
in Equation 3.5.4. Therefore, the Av.,H was determined in this work by predicting the vapour

pressure of the pure systems, as indicated in Equation 3.5.5.

R AlnP
A1/T

AyapH =
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3.5.2 Results and discussion

The solubility of different F-gases in FILs has been studied in this work using soft-
SAFT in order to extract insights into the relationship between the molecular structure and the
solvation performance of these FILs. The selected F-gases are three PFCs (R-14, R-116, and R-
218) and three HFCs (R-32, R-125, and R-134a), whose chemical structures, contain from 2 to 8
fluorine atoms, are provided in Table 3.5.1. Besides, five FILs were chosen: two very similar
ILs, (1) [C2CiIm][C4FoSOs] and (2) [C2CiIm][C4FoCOy], just replacing SOs in the anion in (1) by
CO:z in the anion of (2); (3) [C2Cipy][C4FoSOs], containing the same anion as (1) but changing
the cation, (4) [Cz(CeF13)CiIm][N(CFsSO2)2] and (5) [Ca(CeF13)Cilm][N(C2F5503)2] both with
very bulky cations compared to (1)-(3) and in which the only difference between them is the
number of fluorine atoms in the anion. Their nomenclature and structures can also be found

in Table 3.5.1.

Table 3.5.1 Structure and nomenclatures of the cations and anions composing the ionic liquids, and the
fluorinated gases studied in this work.

Cations Anions
o RFRF
) RSN
NN N EFY £ F
[C2CiIm]* [CiFsSOs]
1-Ethyl-3-methylimidazolium Perfluorobutanesulfonate
O fF F F
Q A
N* o F
C\C \+/ FFF F_
[CCipyl [C4FoCOs]
1-Ethyl-3-methylpyridinium Perfluoropentanoate

R FR FR F

>N F O\\ N //O
—N* E S S\
\/’ 4 CmF2m+1

— F FF F F Fom+1Cri~ % 4
[Co(CeFr3) Cilm]* [N(CFom#1S02)2] , m =1, 2
1-(3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctyl)-3- Bis(perfluoroalkylsulfonyl)imide
methylimidazolium

Fluorinated Gases

F/\F F+F

R-32 (CH,F,) F
Difluoromethane R-14 (CFy)
Tetrafluoromethane
F
R F
F )\’< F Fs—e':
F F F
F R-116 (CaFs)
R-125 (CoHFs) Hexafluoroethane
Pentafluoroethane
F R F
F F F
F>|\/ F F}F)Qf F
R-134a (C;H,Fy) R-218 (C:Fs)
1,1,1,2-Tetrafluoroethane Octafluoropropane
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3.5.21 Soft-SAFT coarse-grained molecular models and parameterization

Soft-SAFT characterizes the fluids by a coarse-grained model that must mimic the
principal structural features and interactions of the fluids. As mentioned, non-associating
molecules are defined by three molecular parameters (m, o and ¢). For associating fluids, an
association scheme must be delineated by selecting the number of association sites, defining
the type of association that can occur between those sites, and characterizing them with two
parameters, one representing the energy of the association sites (£8) and the other one related
to the volume of association (x*B). The models of F-gases considered in this work have been
already established within the soft-SAFT framework and are used here in a transferable
manner, without any refinement [67,68,118]. PFCs are modelled as non-associating
homonuclear chains [66]. In the soft-SAFT approach, HFCs can be modelled as polar fluids
(where the dipolar interactions are explicitly taken into account), or as associating fluids,
where the dipolar interactions are considered in an implicit manner through the association
term [124]. In this work, HFCs were modelled as associating molecules by adding two
association sites (one negative and the other positive) to the homonuclear chainlike model, to
mimic the dipolar interactions from the fluorine electronegativity. This model was chosen for
consistency with previous works, where it was successfully used to describe the
thermodynamic properties of HFCs, including the behaviour with other ILs with the soft-
SAFT approach. The molecular and association parameters of HFCs recently reparametrized
[66,68,113,118] have been used in this work and they are provided in Table 3.5.2 for

completeness.

Table 3.5.2 Molecular weight, soft-SAFT molecular parameters of fluorinated ionic liquids and
fluorinated gases from literature and optimized in this work, and the respective absolute average
deviation (AAD) of the density experimental data [66,68,113,118].

M o gks &B/kg +B  AAD

Substance [&-mol-] m [ A] K] K] [ A3] (%] REF
Ionic Liquids

[CoCiIm][C4FoCO2] 37421 7233 3.762 338.8 3850 2250 [60]

[CoCiIm][C4FoSOs] 41031 7320 3.816 3434 3850 2250 [47]

[C2Cipy][CsFoSOs] 42128 7320 3.889 3594 3850 2250 [60]

[C11CiIm][N(CF3S0»)2] 51755 6.732 4595 4163 3450 2250 [50]

[C14CiIm][N(CF3505)2] 559.54 6967 4.731 422.7 3450 2250 [50]

[Co(C6F13) C1Im][N(CF3S02)2] 709.34 6518 4595 3437 3450 2250 0.013 This work
[Co(CeF13)CiIm][N(C2FsS02)2]  809.36 6.690 4.731 3394 3450 2250 0.007 This work
Fluorinated Gases

R-32 (CH2F») 52.02 1.321 3.529 1444 1708 24050 [118]
R-125 (CHF5) 120.02  1.392 4242 1488 1685 24050 [118]
R-134a (C2H2Fy) 102.03 1.392 4166 166.6 1862 24050 [68]
R-14 (CFy) 88.00 1.000 4.217 190.1 - - [67]
R-116 (CaFs) 138.01  1.392 4.342 204.5 - - [67]
R-218 (C3Fs) 188.02 1.776 4.399 214.7 - - [67]
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In soft-SAFT, ILs are modelled as associating chain molecules, considering the anion
and the cation as an ion pair due to the reduced ionic character consequence of specific steric
interactions, dispersion forces, and formation of short-lived ion pairs [31,50,60,113,118]. The
reader is referred to previous work for more details on modelling FILs within the soft-SAFT
framework [76]. The soft-SAFT coarse-grain models of [C2CiIm][C4FoSOs], [C2CiIm][C4FoCO2]
and [C2Cipy][C4FoSOs] FILs [47,60] already available in the literature were used in this work
in a transferable manner. They were modelled with a three-site association scheme: one site
named A to represent the interactions between the cation and anion and two sites B to account
for the delocalization of charge due to the fluorinated alkyl chains. Only AB interactions are
allowed in these models. The molecular and association parameters are in Table 3.5.2.

Conversely, [Ca(CeF13)CiIm][N(CFsS02)2] and  [Ca(CeF13)CiIm][N(CoFsS02)2]  were
modelled for the first time in this work. For consistency, the scheme of association for
[C2(CeF13)CiIm][N(CF3502)2] and  [C2(CeF13)Cilm][N(C2F5503)2] was transferred from the
[CoCiIm][N(CF3S0O2),] series [66]. Three association sites were included to describe the FIL
interactions (one site A and two sites B) where only AB contacts are allowed: A site represents
the interactions between the cation and the anionic nitrogen atom and the B sites are on behalf
of the delocalized charge of the anion resulting from the oxygen groups. The approach for
obtaining the molecular and association parameters consisted of transferring and optimizing
the soft-SAFT parameters through the careful analysis of the FILs structural features [76]. The
structures of both [Ca(CsF13)CiIm][N(CF3:SOz)2] and [Ca(CsF13)Cilm][N(C2F5503)2] FILs were
evaluated in order to find a member of the [C,CiIm][N(CFsSOz)2] series similar in size and
volume. The additional fluorine atoms were considered by choosing and transferring all the
parameters of a member of [C,CiIm][N(CFsSOz).] with longer hydrogenated chains, taking
into account that one fluorine atom is approximately 1.5 times larger than a hydrogen atom
[16].  Therefore, the molecular parameters of [CuCiIm][N(CF:SOz)2] and
[ClaCiIm][N(CF:SOs)2]* (see Table  3.5.2)  were  directly  transferred  to
[Co(CoF13)CiIm][N(CF3S02)2] and [Co(CsF13) CiIm][N(C2F5502)2], respectively, without any
adjustment to experimental data. The densities at atmospheric pressure were calculated with
the soft-SAFT parameters of [C11CiIm][N(CF;SOz)2] and [C14CiIm][N(CFs;SOz)2] and compared
with  the experimental data [109,111] of [Cy(CeF13)CiIm][N(CF3:S02).] and
[Co(C6F13) CiIm][N(CoF5502)2], respectively, (see Figure 3.5.1, dashed lines) showing good

agreement with the available data.
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Figure 3.5.1 Density-temperature diagram of the [Cy(CeF13)CiIm][N(CF3:502),] and
[Ca(CsF13) C1Im][N(C2F5S0Oz)2] FILs. Experimental data (symbols) taken from the literature [110,111]. The
solid lines represent soft-SAFT with optimized parameters obtained by fitting the m and & molecular
parameters, where the dashed lines were obtained by using soft-SAT with transferred parameters from
[C11CIm][N(CF350z)2] and [C14CiIm][N(CF3;SOz)2] [66] systems. See text for details.

With the aim to correct the differences in size/volume and energy between the
[Co(CeF13)CiIm][N(CF3S02)2]  and  [Co(CeF13)CiIm][N(CoFs502)2]  and  the ILs  of
[CoCiIm][N(CF3S0»),] series (n=11 and 14), the association parameters and the molecular
parameter o were directly transferred from [C.CiIm][N(CF;SOz)2] series (n=11 and 14) and
fixed at the same value, whereas the parameters m and ¢ were adjusted to experimental data.?
These parameters are listed in Table 3.5.2, identified as [Ca(CsF13)CiIm][N(CF:SOz)2] and
[Co(CoF13)CiIm][N(C2F5502)2] parameters. The density calculated with this new set of
molecular parameters is in slightly better agreement with the experimental data as represented
by the solid lines in Figure 3.5.1. The absolute average deviation (AAD) from density data,
also provided in Table 3.5.2, is small in all cases.

In summary, molecular models of [Cy(CeF13)Cilm][N(CF:S02)2]  and
[Co(C6F13) CiIm][N(CoFs502).] FILs were proposed using transferable parameters and a holistic
approach, by using the methodology previously established [60], providing excellent
agreement with available experimental data, further corroborating the robustness of the
methodology. Once all soft-SAFT models are defined and parameterized, the next step is to

study the solubility of F-gases in FILs, as discussed in the following section.

135



Chapter 3 - Modelling Fluorinated Ionic Liquids:
the Impact of the Molecular Structure on the Thermophysical Properties

3.5.2.2 Solubility of fluorinated gases in fluorinated ionic liquids.

The selection of the systems for this study was based on the availability of experimental
data from the literature, as well as the different molecular structures, in order to extract
information about the influence of the molecular structure on the solubility behaviour.

As already mentioned, Sosa et al. [109] studied the solubility of HFCs (R-32, R-125 and
R-134a) in [CoCiIm][C4FsSOs], [CoCiIm][CiF9COs] and [C2Cipy][CsFoSOs]. Soon after, Jovell et
al. [113] used soft-SAFT EoS to assess the solubility of R134a in these three FILs. Lepre and co-
workers determined experimentally the absorption of the HFC R-134a and of the
perfluoroalkanes R-14, R-116 and R-218 in [Cy(CeF13)CiIm][N(CF:S02)2] and
[Co(C6F13)CiIm][N(C2F5502).] [110,111].

In this work, we assess the ability of soft-SAFT to predict the solubility of the F-gases
in these ILs. Therefore, for studying the solubilities of R-32 and R-125 in [CoCiIm][C4FsSOs],
[C2GIIM][C4F9COz] and [C2Cipy][CaFsSO:s], for consistency, we have used the same approach
previously done for R-134a solubility in these FILs [113]. Given the non-ideality of the
mixtures, two binary parameters were needed to accurately reproduce the experimental data.
The 7 parameter (Equation 3.5.2), taking into account the different volumes of the groups, was
transferred from the study of the solubility of R-134a in the selected ILs [113] fixed to 1.049,
while the £energy parameter (Equation 3.5.3) was fitted for each F-gas/ILs pair to have the
best representation of the experimental data (see Table 3.5.3). Notice that for
[Co(CsF13)CiIm][N(CF3505)2] and [Ca(CeF13) CiIm][N(C2F5S05)2] only one binary parameter (&)
was needed for all the studied gases, keeping 1 equal to one (see Table 3.5.3). For the case of
HFCs with FILs, the best results were obtained with values of the binary energy parameter
greater than one, except for R-134a. The opposite behaviour was found for perfluoroalkanes,
with values of ¢ smaller than 1. These results revealed that the interaction of the HFCs, polar
fluids, with the FILs, is stronger than those of the pure fluids, whereas, for the
perfluoroalkanes, the opposite is found. This behaviour was previous observed when
studying the solubility of F-gases and other gases in ILs [60,113,118]. Notice that no specific
interactions, other than the Lorentz-Berthelot mixing rules for the L] monomers (Equations
3.2.2 and 3.2.3) and the calculated average of the cross-association between the HFCs and the
FILs (Equations 3.2.4 and 3.2.5), have been considered in the mixtures, which may be too
simple for the complex interactions existing between the HFCs and perfluoroalkanes with the
FILs.

Table 3.5.3 Binary energy interaction parameter values, { and 7, for binary mixtures of F-gases with FILs.

FILs F-gas & n REF
R-32 (CH,F) 1.141 1.049 This work

CoCaIm][C4FsCO

[CCImI[GECO,] R-125 (C;HF5) 1.234 1.049 This work
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R-134a (CoHFy) 1.146 1.049 [113]

R-32 (CH2F») 1.141 1.049 This work

[CzCllm] [C4F9503] R-125 (CzHFs) 1.214 1.049 This WOl‘k
R-134a (CoHFy) 1.140 1.049 [113]

R-32 (CHaFy) 1.161 1.049 This work

[CzClpy] [C4F9503] R-125 (CzHFs) 1.238 1.049 This WOl‘k
R-134a (CHoFy) 1.157 1.049 [113]

R-134a (CHoFys) 1.060 1.000 This work

R-14 (CF,4 0.850 1.000 This work

[Co(Cobia) GmIIN(CE:SO2)a] R-116 ((CzF)f)) 0.900 1.000 This work

R-218 (CsFs) 0.930 1.000 This work

R-134a (CoHoFs) 1.040 1.000 This work

cmemesson  JHERT i am e

R-218 (C3Fs) 0.930 1.000 This work

The solubilities of R-32 and R-125 in [CoCilm][C4FsSOs], [CoCilm][C4FoCO2] and
[C2Cipy][CaFoSOs] were calculated at 303.15 K, and results can be found in Figure 3.5.2,
compared to those of R-134a absorption in the same FILs from reference,? for comparative
purposes. As inferred from the figure, soft-SAFT calculations for all HFCs are very accurate
compared to experimental data. It also observed that the three FILs have a similar ability to
absorb the R-32, R-125, and R-134a in the studied range of pressures, inferring that the leading
molecular interactions are similar in all cases. The solubility of R-134a in
[Co(C6F13)CiIm][N(CF3S0y).] and in [Ca(CeF13)CiIm][N(CoF5502)2] FILs, obtained by soft-SAFT
and compared to experimental results, is illustrated in Figure 3.5.3. The & parameter was
adjusted to the intermediate temperature (323.15 K) and used to predict the solubilities at
303.15 and 343.15 K. For both FILs, a good agreement was found for all the studied
temperatures, showing the robustness of the soft-SAFT model. As expected, the increment of
temperature impairs the solubility of R-134a in both FILs, while when comparing both FILs,
the increment of the fluorine content in the anion does not significantly affect the solubility of

R-134a, having similar behaviour.

0.70

A [cCmicFco] ||
% [GCImICF,s0;1 1
@ [C,CpylICF,S0;]
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R-125 X,

R-32 R-134

Figure 3.5.2. Solubility of a) R-32, b) R-125 and c) R-134a gases in [C2C1Im][C4FoSO3], [C2CiIm][C4FoCO2]
and [C2Cipy][C4FoSOs]. The symbols represent the experimental data [109] and the lines of the soft-
SAFT calculations. The calculations in c) are from literature [113], and are shown here for comparative
purposes.
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Finally, Figure 3.5.4 shows the absorption of the linear perfluoroalkanes (R-14, R-116,
and R-218) in the FILs [Cy(CsF13)CiIm][N(CFs;S0z)2] and [Ca(CsF13)Cilm][N(C2F5502)2] at 0.07
MPa, with soft-SAFT calculations showing good agreement with experimental data by using
a & parameter for each F-gas/IL pair (see Table 3.5.3). It is observed that both FILs have the
same ability to solubilize the studied gases, increasing in the following order: R-14 < R-116 <
R-218. Higher temperatures also decrease the solubilities of these gases, which is more

pronounced in the case of R-218.

0.70 . . . . . . . :
a) [CZ(CGFB)Cllm][N(CF3SOQ)2] Yy, / b) [Cz(CeFls)Cllm][N(C2F5SOZ)2] /
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0.00 0.48 0.00 0.12 0.24 0.36 0.48 0.60

XR-134a XR-134a

Figure 3.5.3 Solubility of R-134a in [Cy(CeF13)CiIm][N(CF3502)2] and [Ca(CsF13)Cilm][N(C2F5502)2].
Symbols represent the experimental data [111] and lines the soft-SAFT calculations.

3.5.2.3 Influence of the structural features of fluorinated ionic liquids in the

absorption of fluorinated gases.

Once the model and parameters of FILs and F-gases are obtained and validated with
experimental data, they can be used to predict the properties of these systems at other
thermodynamic conditions (e.g., pressure and temperature) in a reliable manner, as they do
not depend on the conditions at which they were fitted. In this way, it is possible to obtain
relevant information on how the structural features of these complex systems can affect the
absorption performance and highlight the best characteristics of FILs that favour the solubility
of F-gases. With this aim in mind, the diagrams of solubility of the six F-gases in the five FILs
were calculated using soft-SAFT with two different approaches: (i) varying the temperature in
the range of 300 to 400 K and at constant atmospheric pressure (see Figure 3.5.5) and (ii)
changing the pressure between 0 and 3 MPa, at the constant temperatures of 343.15 and 303.15
K (Figure 3.5.6). Please, notice that the goal of these calculations is not to provide quantitative
predictions (as there is no experimental data available for some of these systems to compare
to), but to explore the trends for all cases following the same approach; in order to do this, the

binary parameters (§ and 77) were set to unity in all cases.
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Figure 3.5.4 Solubility of R-14, R-116 and R-128 in [Cy(CsF13)CiIm][N(CFsS02)2] and
[Ca(CsF13) CiIm][N(C2F5503)2]. The symbols represent the experimental data [110] and the lines are the
soft-SAFT calculations from this work.

Results presented in Figure 3.5.5 show that the decrease in temperature favours the
absorption of all gases by the FILs, as expected. This behaviour is more pronounced in the
systems with [Ca(CeF13)CiIm][N(CF:S02)2] and [Cao(CeFi13)Cilm][N(CoFsS02)2] FILs. The
absorption of the six F-gases in [CoCiIm][C4FoSOs], [CoCiIm][C4FoCO2] and [C2Cipy][CaFoSOs]
is very similar when comparing to each other. Only a minor decrease in solubility of R-32, R-
125, and R-134a is found for [CoCipy][CsFsSOs], indicating that the imidazolium cation has
better absorption power (see Figures 3.5.5a to 3.5.5c). No significant difference is found when
comparing the functional group of [C4FsSOs] and [C4sFsCO»] anions. Some higher values are
found for the case of R-32 and R-134a absorption in these three FILs (Figures 3.5.5a and 3.5.5¢)
when compared to the remaining F-gases. The solubility of the F-gases in the
[C2GIIM][C4FoSOs], [C2GIm][CyFoCO,] and [CoCipy][CaFoSOs] FILs is significantly lower than
the values found for [Cy(CeF13)CiIm][N(CF3SOz)2] and [Ca(CeF13)Cilm][N(CoF5S0z)2]. This
behaviour indicates that the presence of a perfluoroalkyl chain in the imidazolium cation and
the bulkier anion favours the absorption of these gases when compared with FILs that have
anionic and linear perfluoroalkyl chains. cases, the
[Ca(CsF13)CiIm][N(C2F5502),] than the

[Co(CsF13)CiIm][N(CFsS0)2], indicating that the addition of one carbon to the two anionic

Moreover, in all

shows a superior solubility of F-gases
symmetric fluorinated chains also contributes to the gas-philicity of the FILs. Both
[Co(C6F13)CiIm][N(CF350y)2] and [Ca(CsF13) CiIm][N(CoF5502)2] have higher level of absorption
of gases having more fluorine atoms. This is showed for HFCs, where the gas absorption has
the tendency: R-32 < R-125 < R-134a; and for PFCs where R-14 < R-116 < R-218.

Figure 3.5.6 depicts the influence of the pressure, keeping the temperature constant. In
this case, the calculations were executed at two different temperatures, which also gives

information on the temperature effect. Results show that the increase in temperature decreases
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the solubility of F-gases in the FILs, as expected. However, the increase of pressure has the
opposite effect, beneficiating the absorption of all gases. When comparing all the systems at
the same temperature, very similar conclusions can be extracted. The [CoCiIm][C4FsSOs],
[CoCIm][CyFoCO,] and [C2Cipy][CaFsSOs] have a quite similar behaviour for all systems. In
the case of R-32, R-125, and R-134a a more pronounced reduction of gas solubility for the
[C2Capy][CaF9oSOs] is found (Figure 3.5.6a to 3.5.6¢). The FILs based on bulkier anions and the
imidazolium cation with a perfluoroalkyl side chain have a higher intake of absorbed F-gases
compared to the ones based on anionic perfluoroalkyl chains. The increment of one carbon
atom from [Co(CeF13)CiIm][N(CF3S02)2] to  [Co(CsF13)Cilm][N(C2Fs502)2] increases the
absorption of all studied F-gases. As long as the number of fluorine atoms increases in the
structure of the F-gases, the absorption in the [Cy(CeF13)CiIlm][N(CFsSO2).] and
[Co(CsF13)CiIm][N(C2F5502)2] also increases.

Therefore, from the results obtained in this work, the ideal FIL for solubilizing F-gas
should be designed preferably with an imidazolium cation, and the solubility is promoted if
it is functionalized with a perfluoroalkyl side chain. The bulkier anions based on the
[N(CinFom+1S0»)2]  series have better performance to absorb the studied gases. Finally, the
amount of fluorine atoms on the gas also increases their absorption by FILs, another
characteristic that must be accounted for when choosing the best structural characteristics of
FILs to be used in capturing and recovering F-gases from air conditioning, refrigeration and

heat equipment systems.
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Figure 3.5.5 Effect of the temperature, predicted by soft-SAFT, in the absorption of a) R-32, b) R-125, c)
R-134a, d) R-14, e) R-116 and f) R-218 in [CoCiIm][C4FoSOs] (cyan), [CoCilm][CsFoCOs] (orange),
[C2C1py] [C4F9503] (pink), [Cz(C6F13)C1Im] [N(CF3SOz)2] (red), and [Cz(C6F13)C1Im] [N(C2F5502)2] (green)
at atmospheric pressure.
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Figure 3.5.6 Effect of the pressure, predicted by soft-SAFT, in the absorption of a) R-32, b) R-125, c) R-
134a, d) R-14, e) R-116 and f) R-218 in [CoCiIm][C4FeSOs] (cyan), [C2CiIm][CsFoCOs] (orange),
[C2Cipy][CaFoSOs] (pink), [Co(CeF13) CiIm][N(CF3502)2] (red), and [Ca(CsF13)CilIm][N(C2F5502),] (green)
at two different temperatures (solid lines, 343.15 K, and short dashed lines, 303.15 K).

To further assess the solubility of the F-gases in the FILs, additional thermodynamic
properties/ parameters were considered and determined in the work, such as Henry constants,
enthalpy and entropy of dissolution, and the Hildebrand solubility parameter. Henry’s
constants were calculated using Equation 3.5.1, which suggests that a smaller value of Hc
corresponds to a larger absorption of F-gas by the FIL. The values of Hc for each FIL + F-gas
system are provided in Table 3.5.4. Results are consistent with the trends found in the studied

solubility diagrams. The Hc values are lower for the lower temperature, indicating higher
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solubility of F-gas. In this sense, lower values of Hc were found to [C2(CsF13)CiIm][N(CF;SOz)2]
and [Ca(CeF13)CiIm][N(C2F5502).] FILs for all F-gases, compared to the higher values obtained
to the FILs with linear fluorinated anions and without fluorination in the cation. All FILs show
a similar tendency to absorb the studied F-gases, which is: R-14 < R-116 = R-125 < R-218 < R-
32=~R134a. Therefore, results indicate that there is not a direct correlation between the fluorine
content and the structure of the F-gases with the FILs ability to absorb them, and case by case
studies should be performed for each system.

Table 3.5.4 Henry constants (Hc) determine at 303.15 and 343.15 K, and enthalpy (AaisH) and entropy

(AdisS) of dissolution are calculated from the Henry constants for the binary mixtures of F-gases with
the FILs.

FILs F-gas Hc (MPa) AgisH AdgisS
34315K  30315K  [KJ/mol]  [J/molK]

R-32 7.49 3.46 167 51.8

R-125 235 123 14.0 434

R-134a 7.20 3.08 184 57.0

[C:GIm][CFCO R-14 241 19.1 5.0 -15.6
R-116 187 13.1 7.7 23.9

R-218 125 7.52 1.0 34.1

R-32 731 3.39 16.6 515

R-125 26 11.9 13.9 43.0

R-134a 7.02 3.01 18.3 -56.8

[CGIm][CFSO,] R-14 224 17.6 5.2 162
R-116 17.3 121 7.7 24.0

R-218 11.6 6.94 11 345

R-32 8.14 3.88 -16.0 -49.7

R-125 275 15.0 131 -40.7

R-134a 8.25 3.65 17.6 -54.7

[CCipylIGFSO:] R-14 2.8 17.9 5.2 1622
R-116 185 12.9 7.8 242

R-218 12.8 7.76 10.8 33.6

R-32 3.04 1.41 16.6 515

R-125 4.98 2.44 154 479

R-134a 212 0.86 19.5 -60.5

[Co(CeF13)CiIm][N(CF3S0z):] R-14 6.50 443 83 957
R-116 3.88 2.26 17 363

R-218 212 1.04 154 478

R-32 2.54 117 16.8 52.0

R-125 3.82 1.83 15.9 494

R-134a 1.69 0.67 -20.0 621

[Co(CeF13) CiIm][N(C2F5502)2] R-14 590 3.49 86 268
R-116 3.01 1.71 122 -37.9

R-218 1.60 0.77 158 491

The enthalpy (AaisH) and entropy (AdisS) of dissolution were also considered in this

work to obtain information on the strength of the interactions and the degree of order of the
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F-gases dissolved in the FILs, respectively [121,125]. These two thermodynamic parameters
were calculated by Equations 3.5.2 and 3.5.3 with the values of Hc previously determined at
low gas compositions. Values of AgisH and AisS for each F-gas + FIL system are provided in
Table 3.5.4. Results indicate that for [CoCiIm][CsFeSOs], [CoCiIm][CsFoCO;] and
[C2Cipy][CaFoSOs], the enthalpy and entropy values become more negative, in the order R-14
< R-116 < R-218 < R-125 < R-32 < R134a, whereas for [Cy(CsF13)CiIm][N(CF3S0Oz).2] and
[Co(C6F13)CiIm][N(CoF5502)2] the order is R-14 < R-116 < R-218 = R-125 < R-32 < R134a. A
negative enthalpy and a positive entropy favour the dissolution of the F-gas in the FIL. This
means that for all cases, R134a has a higher energy of interaction with all the FILs, increasing
the absorption of this gas. However, the negative entropy might indicate a condensation of the
gas, and this behaviour was also found in the study of F-gases with other ILs [121]. The
comparison  between  FILs  shows  that  [Cy(CeF13)Cilm][N(CF3SO2)2] and
[Co(CsF13)C1Im][N(C2F5502)2] have more negative values of enthalpy for almost all gases
(except R-32 where similar values were obtained for all FILs) compared to [CoCiIm][C4FoSOs],
[CoCIm][CyFoCO,] and [CoCipy][CaFoSOs], supporting the results previously discussed.

Finally, the solubility parameters of FILs and F-gases calculated from Equation 3.5.4
[126] are provided in Table 3.5.5. It is observed that [C2CiIm][C4FoCO2], [C2CiIm][C4FoSOs] and
[CCipy][C4FsSOs]  have  very similar values of 6n, as it happens for
[Co(CeF13)CIIm][N(CF3SO2)2] and  [Co(CeF13)CiIm][N(C2oFs502)2]. Regarding the F-gases,
different values are obtained for each of them, with the HFCs showing greater values than the
perfluoroalkanes, in general, as a consequence of their polar nature, and hence, higher
cohesive energy density.

In principle, a solvent has more ability to solubilize a solute that has a similar value of
0n. According to the results presented in Table 3.5.5, the [CoCiIm][C4FoSOs], [C2CiIm][C4FoCO,]
and [CoCipy][CsFoSOs] FILs have closer values of on than [Cao(CsF13)CiIm][N(CF;SO2).] and
[Ca(CsF13)C1Im][N(C2F5502),] for almost F-gases, except R-14. This should indicate that they
have more ability to solubilize these gases. However, as demonstrated by the results discussed
earlier in this contribution, the best FILs to solubilize the F-gases are
[Co(CoF13)CiIm][N(CF3S02)2] and [Ca(CsF13)CiIm][N(C2F550z)2]. Notice that the Hildebrand
parameter is related to the cohesive energy of the pure fluids and it is known to be accurate
for non-polar solvents, hence, for the systems investigated in this work, having similar
Hildebrand parameters does not necessarily lead to good solubility power, pinpointing on the
high complexity of the interactions occurring between the F-gases and FILs, and the polar

nature of them.
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Table 3.5.5 Hildebrand solubility parameter (6n) determined to each FIL and F-gas at 343.15 K.

FIL Ou [MPa’5] F-gas ou [MPab3]
[C2CiIm][CaFoCO2] 23.59 R-32 25.85
[C2CiIm][CaFoSOs] 23.23 R-125 25.63
[C2Cipy][CaFsSOs] 23.30 R-134a 27.88
[C2(C6F13)CiIm][N(CF5502)2] 17.51 R-14 18.41
[C2(CF13) CiIm][N(C2F5502)2] 17.58 R-116 22.31
R-218 25.00

3.5.3 Conclusions

Soft-SAFT EoS was used in this work to showcase the absorption behaviour of F-gases
in FILs. Five different FILs ([CoCiIm][C4FoSOs], [C2CiIm][CiFoCO2], [C2Cipy][CaFoSOs],
[C2(CeF13) CiIm][N(CF3502)2] and [Ca(CeF13)C1Im][N(C2F5S02)2]), three PFCs (R-14, R-116 and
R-218) and three HFCs (R-32, R-125 and R-134a) were chosen for this purpose. In order to
achieve that goal, [Ca(CeF13)CiIm][N(CF:SO2)2] and [Co(CsFi3)C1Im][N(CoF5S02)2] were
modelled using soft-SAFT for the first time in this work. The molecular models accurately
predict the density of both FILs, evidencing once again the strength of soft-SAFT to modelling
FILs in a simple and fast manner.

The solubility of the F-gases in these FILs was successfully captured by soft-SAFT in
all cases. The [CoCiIm][C4FsSOs], [C2CiIm][C4F9CO,] and [CoCipy][C4FoSOs] and F-gases have
more complex interactions and two binary parameters were needed for a quantitative
agreement of the experimental solubility, whereas for [Ci(CeFi13)CiIm][N(CF;SOz)2] and
[Co(CeF13)C1Im][N(C2F5502)2], only the energy binary parameter was fitted. Once the
parameterization of all systems was concluded, soft-SAFT was used in a systematic manner to
extract trends on the influence of the molecular structure of the FILs and F-gases on their
absorption behaviour. For this purpose, the solubility of the six F-gases in the five studied FILs
was calculated using soft-SAFT exactly at the same thermodynamic conditions. Moreover, the
determination of thermodynamic parameters such as Henry constants, enthalpy and entropy
of dissolution, and Hildebrand constants were determined with soft-SAFT EoS. As expected,
the increment of temperature reduces the absorption of gases, whereas the opposite behaviour
is found when increasing the pressure. The FILs with bulkier anions and the perfluoroalkyl
side chains in the imidazolium cations showed a higher degree of absorption of all gases, with
better results for the F-gases with a higher number of fluorine atoms in their structure. Hence,
the interactions between FILs and F-gases fluorinated counterparts play a critical role in the
solubility mechanisms as well as the amount of fluorine content in the structure of both

systems.
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Among the systems studied in this work, [Cy(CeF13)C1Im][N(C2Fs502).] is the most
promising FIL for capturing and separating F-gases. However, understanding the solubility is
only a first step toward finding the best FILs; other properties of the FILs must be considered
to ensure a higher solubility of F-gases. For instance, the addition of carbon atoms in the
perfluoroalkyl chains of FILs not only increases the viscosity but also results in more toxic
compounds, which can hinder their application in this field. Therefore, a balance must be
found between the absorption of F-gases, viscosity, and toxicity obtained when adding a
higher number of fluorinated counterparts in the FILs structure, before proceeding to the
application of these new systems in the capture and recovery of F-gases. With this in mind,
[C2(C6F13)CiIm][N(CF3S0y).] seems an excellent candidate, as it shows a significant absorption
performance for all gases while being environmentally friendlier than the other FILs. This
work also highlights the need of using robust models as a screening tool to assess different
solvents for this application, before embarking on long experimental studies, which can be
performed guided by these approaches, hastening the process of moving the FILs from the

laboratory to the industrial implementation.
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4.1 Introduction

The challenge of producing sustainable and green compounds has been one of the
greatest efforts of academia and industries, prompting the development of “greener” ionic
liquids (ILs). The major attribute of these compounds is the possibility to fine-tune their
physicochemical properties by combining different cations and anions or functionalizing their
structures, allowing the design of tailor-made ILs for specific applications [1,2].

The growing interest in task-specific ILs has empowered their functionalization through
the introduction of functional groups in their structures, such as polar oxygenated features as
hydroxyl, ester or ether groups [3]. The addition of polar groups can drastically reduce their
cytotoxicity and ecotoxicity, as well as enhance their biodegradability, increasing their
sustainability [4-7]. Several works showed that the introduction of a hydroxyl group in the
cationic alkyl chain of imidazolium-based ILs decreases the thermal stability and self-
aggregation behaviour while increasing the viscosity, density, polarity and hydrophilicity [8-
10].

The application of FILs in biomedical and biological applications is completely
dependent on their behaviour in aqueous solutions. FILs have improved surfactant behaviour
which allows them to behave as SAILs in aqueous solutions due to their amphiphilic nature.
The self-aggregation behaviour of FILs can be a great advantage for their use in the protein
field, for stabilization, extraction, and delivery of proteins. However, the properties of the
structural features of the SAILs that confers the ability to self-assemble are usually associated
with toxicity and biodegradability issues. One of the methods that have been used to solve
those problems is the insertion of cleavable groups into the hydrogenated chains, to improve
the biocompatibility and biodegradability of these compounds.

In this chapter, new imidazolium-based FILs were synthesized with a hydroxyl group
at the end of the cationic hydrogenated side chain and characterized through experimental
and modelling methods. The main goal was to have insights into the influence of the hydroxyl
group on the thermophysical and thermodynamic properties of FILs and their behaviour in
aqueous solutions, aiming to have more biodegradable and biocompatible FILs. All the results
were compared with the properties of the analogous non-functionalized FILs. The results
obtained in this chapter demonstrated that the addition of a hydroxyl group can hinder some
of the properties of FILs, for instance, decreasing their self-aggregation behaviour in water,
through the raise of the critical aggregation concentrations. However, the comparison of the
critical aggregation concentrations of FILs functionalized with the hydroxyl group and the
traditional and toxic hydrogenated and fluorinated surfactants has shown that FILs have a

significantly improved self-aggregation behaviour and are completely miscible in water. This
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will allow the designing and developing of formulations based on FILs, using lower
concentrations, and improving biocompatibility, making them promising tools for biological

applications.

This chapter is based on the following work:

Margarida L. Ferreira, Joao M.M. Aratjo, Lourdes F. Vega, Felix Llovell, Ana B. Pereiro,

Functionalization of fluorinated ionic liquids: A combined experimental-theoretical study,
Journal of Molecular Liquids 302 (2020) 112489. DOI: 10.1016/j.molliq.2020.112489
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4.2 Functionalization of fluorinated ionic liquids: a combined

experimental-theoretical study

In this work, two imidazolium-based FILs functionalized with a hydroxyl group in the
tail of the cationic hydrogenated side chain (named as OH-FILs), conjugated with
perfluorobutanesulfonate and perfluoropentanoate anions, were synthesized and
characterized. (Table 4.2.1 shows structure and nomenclature). Melting and decomposition
temperatures, density, viscosity, refractive index and conductivity were determined for OH-
FILs. Moreover, the self-aggregation behaviour, density, viscosity and ionic conductivity
profile of OH-FILs in aqueous systems were analyzed. Previous work shows that these OH-
FILs have lower acute ecotoxicity than non-functionalized imidazolium and pyridinium-
based FILs [4]. Results are discussed in terms of how the hydroxyl group can influence the
pure and aqueous mixtures of FILs properties by comparing with the analogous FILs without
the hydroxyl group (see Table 4.2.1). Finally, the soft-SAFT EoS was used to build new
molecular models for OH-FILs, describing the density and viscosity of the pure and binary
systems with a limited amount of experimental information. This theoretical approach allows
us to better understand the microscopic behaviour of OH-FILs, predicting the properties

under different conditions and corroborating the experimental observations.

Table 4.2.1 Chemical structure and acronyms of the fluorinated ionic liquids cations and anions
studied in this work.

Cations structure Anions structure

Ve o/

\/ \/\OH // \CFZCF2CF2CF3

1-(2-hydroxyethyl)-3-methylimidazolium Perﬂuorobutanesulfonate
[C20m)CrIm]* [CaFsSOs]
— O
T\ )J\
N
\/ ~_ 0 CF,CF,CF,CF,
1-ethyl-3-methylimidazolium Perfluoropentanoate
[C2CiIm]* [CsFsCOz]

4.2.1 Experimental section
4.21.1 Materials

1-(2-Hydroxyethyl)-3-methylimidazolium perfluorobutanesulfonate,
[CoomCiIm][C4FoSOs], 98% mass fraction purity, 1-(2-hydroxyethyl)-3-methylimidazolium
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perfluoropentanoate, [CyomCiIlm][CsFoCO:], 98% mass fraction purity and 1-ethyl-3-
methylimidazolium perfluoropentanoate, [C2CiIm][C4FoCO2], 98% mass fraction purity, were
synthesized by ion exchange resin method, as developed by Ohno et al. [11] and previously
implemented in our lab for these compounds [4,12,13]. The synthesized fluorinated ionic
liquids were characterized by 'H and 19F NMR spectroscopy as well as elemental analysis to
check their purity [4,12,13]. Each IL was dried for at least 48 hours immediately prior to its use
at 323.15 K under vacuum (4 Pa) and vigorously stirred to ensure the absence of water and
volatile substances. The water content of the ILs was less than 100 ppm and was determined

by Karl Fisher coulometric titration method (Metrohm 831 KF Coulometer).
4.2.1.2 Methods and Procedures

A differential scanning calorimeter (DSC) from TA Instruments, model Q200, was used
to measure the phase transitions of the OH-FILs. The cooling was accomplished by a
refrigerator system capable to reach a minimum temperature of 183.15 K. The sample was
continuously purged using 50 mLmin-! of dry dinitrogen gas. About 15 mg of each FIL was
sealed in an aluminium standard sample pan. Indium, with a melting point of 429.76 K, was
used as a standard for the DSC calibration. Samples were all cooled down to 183.15 K and
tempered for 30 min. Afterwards, they were heated to different temperatures, leaving a range
of 20 K between the last transition and the end of the cycle. The cooling-heating cycles were
repeated three times at different scan rates (10 Kmin-, 5 Kmin? and 1 Kmin-). This scan rate
selection guarantees the best delineation and characterization of the several solid-fluid phase
transitions of each ionic liquid. The uncertainty of the apparatus was estimated at + 2 K.
Universal Analysis 2000 v.4.5A software (TA Instruments) was used to integrate the
calorimetric peaks and determine the solid-solid transition (Tss) and melting temperatures
(Tww).

A thermogravimetric analysis equipment (LABSYS evo TGA from SETARAM) was
used to measure the weight loss as a function of the temperature of the OH-FILs. These
experiments provide useful information concerning the decomposition temperature of the
pure FILs, which is crucial to their application range. The samples were continuously purged
using 50 mLmin- of dry dinitrogen gas. About 20 to 60 mg of FIL was inserted in an aluminium
standard sample pan. Samples were heated up to 873.15 K at a scan rate of 1 Kmin? until
complete thermal degradation. The uncertainty of the temperature was + 1 K. Regarding TGA
analysis, the CALISTO PROCESSING software was used to determine the onset (Tonser) and
start (Tsart) temperatures (corresponding to the temperatures where the baseline slope

changed during heating and the weight loss was less than 1%, respectively).

160



Chapter 4 - Self-Aggregation Behaviour of Fluorinated Ionic Liquids

Density and dynamic viscosity measurements were performed using an automated
SVM 3000 Anton Paar rotational Stabinger viscometer-densimeter. The apparatus operated at
atmospheric pressure in a range of temperatures from 283.25 to 353.15 K for the pure OH-FILs
and from 298.15 to 318.15K for the FILs + water systems. This equipment uses Peltier elements
ensuring fast and efficient temperature control with an uncertainty of + 0.02 K. The uncertainty
of the density is better than 2x10# gem3. Regarding the dynamic viscosity, duplicates were
performed and the maximum relative standard deviation was observed to be below 1%. The
uncertainty of the overall viscosity measurement procedure, which considers the purity and
handling of the samples, is estimated to be 2%.

The refractive index was measured by an ABBEMAT 500 Anton Paar automatic
refractometer with a resolution of #10¢. The equipment was calibrated with
tetrachloroethylene (provided by the equipment supplier) and verified with Millipore water
before each series of measurements. Duplicates were measured in a range of temperatures
from 283.15K to 353.15K and the obtained results showed an uncertainty below * 4x10-.

The ionic conductivity was determined using a CDM210 Radiometer Analytical
conductometer and a CDC749 electrode. Each sample was introduced in a jacketed glass cell
and well stirred during the measurements, ensuring constant temperature. This
conductometer provides an alter current of 12 V in the range of study. The use of high
frequency alters the current in addition to the platinized electrodes and avoids polarization
effects at the surface of the cell electrodes. Sample temperature was thermostated to bath
temperature using a platinum resistance thermometer coupled to a Keithley 199 System
DMM/ Scanner with an uncertainty of + 0.05 K. The thermometer was calibrated against high
accuracy mercury thermometers (0.01 K). In order to carry out ionic conductivity
measurements, 1.5 mL of sample were added to the thermostatic cell and vigorously stirred.
The cell was closed and flushed with dry nitrogen to ensure a secure seal and prevent
humidity. The conductometer was calibrated at each temperature with certified 0.01 D and 0.1
D KCl standard solutions supplied by Radiometer Analytical. The calibration was performed
as previously described in the literature [14]. Each conductivity value was determined at least

twice, concluding an uncertainty below 1% in absolute value.

4.2.2 Theory
4221 Soft-SAFT equation of state

Soft-SAFT uses a Lennard-Jones (L]) intermolecular potential as a reference term,
considering simultaneously the repulsive and dispersive contributions of the fluids molecules.
As other SAFT-type equations, it separately accounts for van der Waals interactions and strong

short-range directional forces (e.g. hydrogen bonding effects) [15,16]. The soft-SAFT EoS
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characterizes the fluids as a coarse-grained model, where the molecules are represented by a
chain of interconnected spheres with associating sites. As with all the SAFT variants, this
equation is expressed by the sum of the microscopic contributions to the residual Helmholtz

energy (Ar) of the fluid system (Equation 4.2.1):

A= 4 _ 4l gref, ychain sassoc 491
A and Aid are the total and ideal contributions of Helmholtz free energy; Aref corresponds to
the reference term, where the monomer-monomer repulsive and attractive interactions are
accounted; the Achain represents the chain term accounting for the formation of the chains; and
Aassoc js the term that considers the site-site intermolecular association. In the L] reference term,
two molecular parameters characterize the fluid: the segment diameter, o, and the dispersive
energy, & between the monomers. The contribution of the reference term is calculated by the
LJ EoS of Johnson et al. [17].The extension of this equation to mixtures is performed by the van
der Waals one-fluid theory with the modified Lorentz-Berthelot combining rules expressed in
Equations 4.2.2 and 4.2.3.

(oiitoy)
ij 2

Eij=Cij/ i 423

where 1y and §ij are binary parameters that account for size and energy asymmetries,

422

o=

respectively, among the different fluids of a mixture. The binary parameters values become
unity when the equation is predictively used from the pure component parameters.

The chain and association terms of the equation are directly derived from Wertheim’s
first-order thermodynamic perturbation theory and are described in detail in the original
contributions [18-21]. Regarding the binary system (IL+water) studied in this work, cross-
association interactions between the water and IL molecules must be explicitly considered.
The association energy and volume parameters of the binary system are calculated using the

following combining rules (Equations 4.2.4 and 4.2.5):

/ HB
B o, "+ KQB I 424

Ko, ij—

GB _ [ HB _HB
Eap, i~ Cap. i, i 4.2.5
where Kgg j and sgIﬁB/ j are the association volume and energy, respectively, of the cross-

association strength between the associating site o of the molecule i and site f of molecule j.
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From all terms of soft-SAFT EoS, a total of five parameters are used to define each fluid:
the chain length, m, the segment diameter, o, the dispersive energy between the segments, &,
and two more parameters that consider the associating interactions of the model, the site-site

association energy, /8, and the site-site bonding-volume of association, x*5.
4.2.2.2 Free-volume theory

In this work, the Free-Volume Theory (FVT) [22,23], coupled with the soft-SAFT EoS
[24,25], was used in order to describe the viscosity of pure and aqueous mixtures of FILs. This
approach expresses the viscosity 77 (mPas?) of a system as a sum of a dilute gas term, 7,
(where the intermolecular effects are neglected), and a dense liquid term, Ay (related to the

density and the microstructure of the fluid) (Equation 4.2.6):

n=n,tAn 4.2.6

The dilute gas term is typically neglected for molecules with negligible vapour
pressure [26], as in the case of FILs. The dense-state term Ay is obtained through an expression
that relates the viscosity to the fluid microstructure. In parallel, this expression is also related
to the free space among the molecules, defined as a free-volume fraction through an
exponential relation originally proposed by Doolittle [27]. Then, the final expression is

represented in Equation 4.2.7:

3

10° P+ap® M, |2
exp [B| —————= 42.7
kaBT

10°M,,
3Nk T

AR=L,(0.1P+10" ap>M,,)

The approach includes three parameters related to the structural and energetic
properties of the fluid: a (Jm3mol-'kg?) which describes the proportionality between the energy
barrier and the density; B (dimensionless) which corresponds to the free-volume overlap; and
Ly (A) is a length parameter related to the structure of the molecules and the characteristic
relaxation time. These parameters are fitted to available experimental viscosity data. The
thermodynamic variables, such as the pressure P (MPa), the temperature T (K) and the density
p (molL1), are obtained from soft-SAFT.

With the aim to obtain viscosity parameters that accurately describe the pure
compounds and mixtures, a robust methodology named Spider-Web [28] was used in this
work. This approach allows the connection of the parameters describing the compounds of
interest through the simultaneous fitting of FVT parameters to pure compounds and mixtures,

assuming the parameters of one compound in a mixture influence the values of the parameters
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of the other compounds in that mixture. The extension of the FVT approach to mixtures is
done by applying direct compositional rules to the viscosity parameters, in a similar manner
as done in the original soft-SAFT + FVT contribution for mixtures [24,25]. The expressions for

the parameters are given in Equations 4.2.8 to 4.2.10.

B.. = Z B, 428

i

amix=z X0 4.2.9

i
Lvix= Z xiLv; 4.2.10
i
No fitted binary parameters are added in the viscosity treatment of mixtures. For
further details, the reader is referred to the original articles on the FVT implementation into
soft-SAFT! and the Spider-Web methodology [28].

4.2.2.3 Water molecular model

Water was already modelled in a former work [29], where it was considered as a single
spherical Lennard-Jones sphere (m = 1), with an association scheme of 4 associating sites. Two
sites of type H represent the hydrogen atoms (positive sites) and two sites of type e represent
the lone pairs of electrons of the oxygen (negative sites). In this model, only e-H interactions

are allowed.
42.2.4 Soft-SAFT molecular models

Soft-SAFT accounts for the different molecular effects on a system as separated entities
(e.g. molecular shape and association), enabling the description of the thermophysical
properties and phase behaviour of complex systems like ILs and their mixtures, in a good
agreement with experimental data [30-35].

To accurately predict FILs properties through soft-SAFT EoS, a proper coarse-grained
model has to be selected to describe the physical features of the FILs structure. This model is
based on the assumption of the ILs' intrinsic low ionic character due to the formation of short-
lived ion pairs caused by the interactions between the ions, which are characterized through
dispersion forces and specific steric interactions [36-38]. Through quantum information,
molecular simulation results and previous experience, ILs are modelled as single chain
molecules (cation and anion together) with a number of associating sites specified to account
for the highly anisotropic interactions between the counterions, such as hydrogen bonding

[30-35]. Five molecular parameters must be defined to describe the molecules (chain length,
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m, spheres diameter, o, and dispersive energy, & between monomers) and the association
scheme (site-site association energy, /8, and volume, x*B).

A methodical study of all FILs parameterized by soft-SAFT EoS underlined the
robustness of this approach and disclosed a systematic procedure for modelling FILs. The
parameterization is executed through the transference of the parameters between FILs with
common cationic or anionic structures, simplifying the screening of similar compounds and
their properties with less amount of experimental data [39]. The models of [CoCiIm][C4FoSOs]
[30] and [CoCiIm][C4FoCOy] [31] were previously defined by three associating sites accounting
for the counterions interactions and the negative charge delocalization caused by the fluorine
and oxygen atoms. We had initially transferred this 3-association scheme to the model of
[CoomCHIm][C4FoSOs] and [CoonyCilm][C4FoCO2]. However, the study of the electrostatic
potential surfaces of OH-FILs (see Figure 4.2.1), determined by using the MMFF94 force field
[40] and performed through the open-source software Avogadro (version 1.2.0) [41], showed
that this association scheme is not suitable. In fact, the addition of the hydroxyl group in the
cationic hydrogenated chain contributes to higher charge delocalization and a number of
hydrogen bonding interactions between FILs cations. Consequently, a 5-site association
scheme was selected: one associating site of type A represented the interactions between
counterions, two sites of type B described the charge delocalization caused by the surrounding
fluorines and the oxygens of the anion, and two additional sites were added to account for the
hydroxyl group association, where a negative site C stands for oxygen and a positive site D
for hydrogen (Figure 4.2.1). To sum up, only interactions between A-B, A-C, B-D and C-D are

allowed.

[Ca0m)C1IMI[C,F,CO;,]

Figure 4.2.1 Sketch of 5-associating sites model used to describe the hydroxyl-containing fluorinated
ionic liquids within soft-SAFT framework. Blue and green represents the positive sites and red and
yellow corresponds to negative sites.

To guarantee the definition of a suitable model based on the systematic methodology

to parameterize FILs [39], several molecular parameters of OH-FILs were transferred from the
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FILs-analogous values following some restrictions [30-35] to reduce the parameters
degeneracy and improve the transferability. As the anion is the structural feature that has a
higher influence on the transferability [39], various parameters for FILs based on the same
anion were transferred: the segments chain length, m, and the association parameters, &1 and
kB, were directly transferred from [CoCiIm][C4FsSOs] [30] and [CoCilm][C4FsCO2] [39] to
[Co0mCiIm][C4FoSOs] and  [CoomCiIm][C4FoCOs], respectively. For the two additional
associating sites added to represent the interactions of the OH-OH groups, the association
strength was transferred from the ethanol model (¢18/k=2388 K and #8=2932 A3) [42].
Besides, cross-association between OH group and the anion/cation counterparts is allowed
(A-C, B-D interactions). Then, the association strength values were calculated using the
combining rules given in Equations 4.2.4 to 4.2.5. The remaining segment diameter, o, and
dispersive energy between segments, ¢ for both OH-FILs were obtained by fitting to the
experimental density data at atmospheric pressure. The final parameters sets of OH-FILs can
be found in Table 4.2.2, as well as those previously published for the analogous FILs [30,39].
The binary mixtures of FILs + water were also studied with soft-SAFT parameters provided
in Table 4.2.2 [29]. Cross-association interactions between FILs and water molecules were
calculated using combining rules (Equations 4.2.4 to 4.2.5).

Table 4.2.2 Molecular weight, molecular parameters, and absolute average deviation (AAD) for the
densities of the studied fluorinated ionic liquids and water.

My " o gks &1B/kg KB AAD
[g-mol”] [A] (K] (K] [A°] [%]
[C20m)C1Im][C4FoSOs] 426.26 7.320 3.818 324.0 3850 2250 0.028
[Co0mC1Im][C4FoCOx] 390.21 7.233 3.788 328.1 3850 2250 0.046

Substance

[C2CiIm][CaFoSOs]2 410.26 7.320 3.816 343.4 3850 2250 0.053
[C2CIm][CeFoCO, )P 374.21 7.233 3.762 338.8 3850 2250 0.008
Waterc 18.01 1.000 3.154 365 2388 2932

Parameters from Pereiro, A.B. et al. (2017) for (a); Ferreira, M.L. et al. (2019) for (b) and Vega, L.F. et al. (2009) for (c)
[29,30,39]

4,2,3 Results and discussion

[CoomCiIm][C4FoSOs] and [CoonCilm][C4FoCO,] FILs were synthesized pursuing the
functionalization of the analogous FILs, [CoCiIm][C4FoSOs] and [CoCiIm][C4FoCOs] [13]. The
melting point, thermal stability, density, viscosity, refractive index, ionic conductivity, and the
calculated fluidity and free volume parameters were studied to experimentally characterize
them. The self-aggregation behaviour of OH-FILs in aqueous solutions was obtained by
measuring the density and viscosity as well as determining the critical aggregation
concentrations (CACs) and the ionization degree of the aggregates. Moreover, the density and
viscosity of the pure OH-FILs and the FILs + water systems were characterized with soft-SAFT

EoS to better understand the microscopic behaviour of OH-FILs and to corroborate the

166



Chapter 4 - Self-Aggregation Behaviour of Fluorinated Ionic Liquids

experimental observations. This study discloses the influence on the physicochemical
properties caused by the addition of a hydroxyl group in FILs since it increases the
biocompatibility and enhances their properties to be used in biological applications [4-7].
Consequently, the discussion is focused on two different structural features: (i) the influence
induced by introducing a hydroxyl group in the cation structure and (ii) the influence of the

anions [C4FsSOs] and [C4FsCOy] in these properties.
4.2.3.1 Thermal analysis

Thermal properties are crucial to deciding the eligibility of a substance to a specific
application because the melting and decomposition temperatures determine the liquid and
operative range of FILs. Thus, the onset temperature, Tonser, starting temperature, Tsir, melting
temperature, T, and glass transition temperature, Ty, for OH-FILs were measured (Table

423).

Table 4.2.3 Thermal properties of the fluorinated ionic liquids: start temperature, Tswr; Onset
temperature, Tonser; glass transition, Ty; and melting temperature, Trm.

FIL Tstarta [K] Tonseta [K] Tg [K] Tm [K]
[CaomC1Im][C4FsSO3] 381.36 558.76 211.29 251.46
[CoomCiIm][C4FoCOs] 392.13 432.66 206.88 294.84

In Figure 4.2.2, the Tonset versus Tm results were compared with the analogous FILs
values previously reported [13]. In order to consider their applicability in biomedical
applications, thermal stability must be ensured under 310.15 K (the human body temperature,
black line in Figure 4.2.2). FILs with Tr above this value are discarded, preferring those with
higher Tonset values. All FILs showed a value of T, lower than 310.15 K, and regarding the
influence of the hydroxyl group, OH-FIL conjugated with [C4FsSOs] anion has lower T, and
Tonset Values than with the [CoCilm]* cation. The opposite behaviour was observed for
[C4F9CO,] anion, where [CyomCilm]* cation has higher values of Ty and Tonset. The anion
influence shows that [C4FsSOs]-FILs have higher values of Tonset. However, Tr, is higher for
OH-FIL based on [C4F9CO»] anion. It can be inferred that both structural features (hydroxyl
group and anion) highly influence these thermal properties. Nonetheless, all FILs show an
adequate thermal behaviour and the best T range was observed for [Cyon)CiIm][CsFsSOs] due
to the combination of a low T and a high Tonset. All FILs have T, under 298.15K, ensuring
thermal stability at room temperature, regarding the compound’s handling and storage.
Another interesting feature is that both OH-FILs have a T, (Table 4.2.3), whereas the analogous
FILs did not show any Tj in the studied temperature range [13].
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Figure 4.2.2 Decomposition onset temperature versus melting temperature for [CaonCilm][C4FoSOs]
(red, @) and [CzonCiIm][C4FoCO:] (blue, M) FILs and comparison with [CoCiIm][C4F9SOs] (black, O)
and [CoCiIm][C4F9COy] (black, O) literature values [13]. The line indicates the reference temperature of
human body, 310.15 K.

4.2.3.2 Thermophysical and transport properties

FILs are tunable compounds and any alteration in their structure allows changes in
their thermophysical and transport properties [43]. Then, density, viscosity and conductivity
have been analysed. In addition, the refractive index, related to the molar free-volume effects,
forces between ILs molecules and their behaviour in solution [44], are also relevant for

assessing their application.
4.2.3.2.1 Density and viscosity

The density and viscosity of OH-FILs were measured (Table 4.2.4) and the results are
illustrated in Figure 4.2.3. The values previously determined for analogous FILs are also
represented for comparative purposes [13]. Figure 4.2.3a shows the density results, where all
FILs values linearly decrease when the temperature increases. The same behaviour was found
for other FILs in earlier publications [13,45]. The comparison between [CyomCilm]- and
[CoCiIm]-FILs shows that the hydroxyl group significantly increases the density of the FILs.
Besides, the [C4FsSOs]-FILs present higher densities than those with the [CsFoCOs] anion.
Finally, [CoCiIm][C4FoCOy] (1.47g-cm? at 313.15 K) is the FIL with lower density.

Table 4.2.4 Density, p, dynamic viscosity, 7, refractive index, np, and ionic conductivity, k, of the
fluorinated ionic liquids as a function of temperature, T.

T [K] p[g-cm3] n [mPa-s] 1D k [mS-cm™]
[Cz(OH)C1Im] [C4F9803]
283.15 1.6361 3022 1.40040 0.1312
288.15 1.6307 1888 1.39909 0.1916
293.15 1.6254 1242 1.39776 0.2783
298.15 1.6200 831.6 1.39644 0.3849
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303.15 1.6146 580.2 1.39512 0.5356
308.15 1.6092 4114 1.39381 0.7115
313.15 1.6040 301.3 1.39249 0.9325
318.15 1.5987 224.0 1.39118 1.194
323.15 1.5938 170.8 1.38989 1.511
328.15 1.5889 132.0 1.38858
333.15 1.5839 104.1 1.38727
338.15 1.5788 83.15 1.38600
343.15 1.5734 67.47 1.38471
348.15 1.5677 55.35 1.38343
353.15 1.5623 46.04 1.38216

[Cz(OH)C1Im] [C4F9C02]
283.15 1.5563 2707 1.41083 0.09427
288.15 1.5515 1632 1.40948 0.1449
293.15 1.5462 1099 1.40814 0.2169
298.15 1.5413 712.8 1.40683 0.3151
303.15 1.5361 510.1 1.40548 0.4554
308.15 1.5312 351.3 1.40417 0.6338
313.15 1.5260 264.2 1.40284 0.8613
318.15 1.5211 190.8 1.40152 1.141
323.15 1.5162 149.7 1.40020 1.478
328.15 1.5112 112.6 1.39885
333.15 1.5068 91.52 1.39752
338.15 1.5015 71.18 1.39619
343.15 1.4970 59.58 1.39487
348.15 1.4919 47.66 1.39355
353.15 1.4869 40.85 1.39221

The provided experimental data were used to parameterize the OH-FILs using soft-
SAFT EoS, as explained in “soft-SAFT molecular models” Section. The resulting model
calculations are plotted as solid lines in Figure 4.2.3a, showing an excellent agreement with
experimental data (deviations lower than 0.05%). Soft-SAFT calculations related to the
analogous FILs [30] are plotted as dashed lines in Figure 4.2.3a.

In order to verify the consistency and physical meaning of the fitted molecular
parameters of the OH-FILs, two correlations of the molecular parameters with the molecular
weight (M) of FILs were used (Figure 4.2.4). The m? refers to a rough approximation of the
volume of the ILs individual molecules (volume of each group multiplied by the chain length),
while merefers to the energy of the ILs molecules. The mc? values (Figure 4.2.4a) of [C4FoCO»]-
FILs have a proportional increment with the M., whereas the [C4FsSOs]-FILs do not show
significant differences. Since the m parameter was transferred from FILs [30,31] to OH-FILs,
the volume differences from the addition of the hydroxyl group are considered by the o
parameter (Figure 4.2.4a). The OH-FILs show a higher M,, and a lower me& value compared to
the analogous FILs,! indicating that the addition of the OH group minimizes the inner van der

Waals energy of the FILs molecules (Figure 4.2.4b).
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Figure 4.2.3 Density (a), dynamic viscosity (b) and ionic conductivity (c) versus temperature at
atmospheric pressure, for the pure FILs studied in this work, ([CzomCilm][CsFeSOs] and
[C20m)C1Im][C4FoCOz]), and for the analogous FILs [13], ([C2CiIm][C4FsSOs] and [C2CiIm][C4FoCOy)).
The lines in (a) and (b) represent the soft-SAFT calculations (solid lines for OH-FILs and dashed lines

for analogous FILs).

In Figure 4.2.3b the viscosity data of OH-FILs and the analogous FILs are plotted [13].

The analysis of these results shows a high dependence and inverse proportionality with

temperature. The addition of the hydroxyl group severely increases the viscosity, which can

be related to the increment of the cationic interactions [8]. Conversely, the viscosity is higher
for [C4FoSO;]-FILs than for [C4FoCO»]-FILs.
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Figure 4.2.4 Correlations mc® (a) and me (b) with the molecular weight for [CyomCiIm][C4FoSOs] and
[Coom)C1Im][C4FoCOz], and for the analogous FILs previously investigated [30], [C2CiIm][C4F9SOs] and

[C2C1Im] [C4F9C02] .
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In order to gain molecular insights into the behaviour of the systems, the viscosity data
was theoretically characterized by soft-SAFT coupled with FVT [24,25], as described in Section
4.2.3.2. Results are depicted in Figure 4.2.3b where a good agreement with experimental values
is observed. Only a small deviation between the two experimental points at the lowest
temperatures is found. The FVT parameters are given in Table 4.2.5.

Results of viscosity and density show that OH-FILs and [C4FsSOs]-FILs present higher
cohesive structures, resulting in more dense and viscous compounds. As expected, higher

fluidity is found for non-functionalized FILs with the [C4F9COs] anion.

Table 4.2.5 Optimized characteristic parameters of the free-volume theory and the respective absolute average
deviation for the pure fluorinated ionic liquids (set B) and their aqueous mixtures (0 to 0.2 xr, set A and 0.2 to
1.0 xp1, set B) studied in this work. The FVT parameters for pure water are also included [46].

S o) om0 Ty Sl
[CaorCiTm][C4FsSO3] g 426.26 2918 i:ggg é:gzg gié ffg
[Caorn CiIm][C4FaCO] ‘g 390.21 2796 i:gig ﬁzg 2272 ng
comicreo) 3 wm sy U 02 S
comienor & wan a0 ME MB 63
Water 18.01 3573 1441 0218

4.2.3.2.2 Molar free-volume effects

Refractive index enables the measurement of the electric polarizability of a molecule,
providing useful information about the response of the molecules electron distribution to an
electric field, which can also be induced by electric interactions with ionic solvents, allowing
the study of the internal structure of molecules and their bounded systems [44,47]. Data for
OH-FILs regarding the refractive index are presented in Table 4.2.4, showing inverse
proportionality with temperature, the same behaviour of the analogous FILs [13]. The results
indicate slightly higher values for [CaonCiIm][C4FoCO:] in comparison with the other FILs.
Considering the importance of defining the ability of FILs to dissolve, the molar free-volume
effects were calculated for OH-FILs by Lorentz-Lorentz equation. The Lorentz-Lorentz
equation relates the refractive index, np, with the electronic polarizability, a,, and can be

expressed in terms of the molar refraction, or molar polarizability, R, as follows [13]:

Naa 21
R,= 2% _(D A 42.11
380 I’ZD2+2

where N, is the Avogadro’s constant, & is the dielectric constant, and V,;, is the molar volume.

The electronic polarizability can be associated with a spherical molecular radius, considering

the molecular refractions a measure of the hardcore molecular volumes, by [44,47]:
a.=4meya’ 42.12
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Then, the Equation 4.2.12 can be re-written as:

Vo] v,
”D—1:3Q—H_11> =<3f—m> 42.13

wheref is the free volume between the FIL molecules, and can be defined by Equation 4.2.14.

f =V — Rin) 4.2.14

The refractive index has a directly proportional relation with molar volume,
considering it as the hard-core molecular volume [48,49]. This methodology is only valid when
it is assumed that only dispersion forces are present, which is not the case with ILs. However,
the relative ratio of the free volume over molar volume, fmVn?, can be calculated, given that
the dispersion forces of ILs are significant, opposing the common molten salts [13,30,45].

The calculated values of the molar refractions and molar volumes of OH-FILs are listed
in Table 4.2.6 and they were also compared with the ones from analogous FILs [13]. The
analysis of the molar refractions showed the tendency [CoCiIm][CiFoCO;] <
[CoonCiIm][CiFoCO2] < [CoomyCilm][CiFoSOs] < [C2CiIm][C4FoSOs]; whereas the molar
volumes are [CoCiIm][CiFoCOz] = [CoomCilm][CiFoCO2] < [CoomCilm][CyFoSOs] =
[CoCiIm][C4FoSOs]. The relative ratio of the free volume over molar volume, fiVn™, was also
calculated in this work! (see Table 4.2.6). The analysis of fmVn™ indicated that the effect of the
anion and of the addition of a hydroxyl group is not significant (with slightly lower ratio
values for [CzonCilm][C4FoCOz]). The increment of the cationic interactions due to the OH
group can compact the structure of the OH-FIL, diminishing the free spaces caused by the

asymmetric counterions and bulky imidazolium cation of the analogous compounds.

Table 4.2.6 Values of calculated molar volume, Vi, molar refraction, Ry, and the ratio of free volume,
f,» over molar volume as a function of temperature for studied fluorinated ionic liquids as a function

of temperature, T.

T Vm Rm B Vm Rm R
K] [cm3-mol] [cm3-mol] fmV® [cm3-mol] [cm3-mol1] SV
[Cz(oﬁ)C]Im] [C4F9803] [Cz(OH)Cllm] [C4F9C02]

283.15 260.54 63.22 0.7574 250.72 62.23 0.7518
288.15 261.40 63.24 0.7581 251.50 62.24 0.7525
293.15 262.25 63.26 0.7588 252.36 62.28 0.7532
298.15 263.12 63.29 0.7595 253.17 62.30 0.7539
303.15 264.00 63.31 0.7602 254.03 62.33 0.7546
308.15 264.90 63.34 0.7609 254.84 62.35 0.7553
313.15 265.75 63.35 0.7616 255.70 62.38 0.7561
318.15 266.63 63.37 0.7623 256.54 62.40 0.7568
323.15 267.45 63.38 0.7630 257.35 62.42 0.7575
328.15 268.28 63.39 0.7637 258.20 62.44 0.7582
333.15 269.13 63.40 0.7644 258.97 62.44 0.7589
338.15 270.00 63.42 0.7651 259.87 62.47 0.7596
343.15 270.92 63.45 0.7658 260.65 62.47 0.7603
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348.15 271.90 63.49 0.7665 261.56 62.50 0.7610
353.15 272.84 63.52 0.7672 262.44 62.52 0.7618

4.2.3.2.3 Walden plot

The ionic conductivities of OH-FILs are reported in Figure 4.2.3c and Table 4.2.4. The
results show no significant differences between OH-FILs. The addition of the hydroxyl group
decreases the ionic conductivity of OH-FILs, which can be related to the decrement of fluidity
associated with the polar interactions by cationic OH groups, compacting the structure of the
OH-FILs, and diminishing their mobility. Figure 4.2.5 reports the ionicity of the OH-FILs
studied and the analogous FILs [13]. This property establishes a relation between the molar
conductivity and the fluidity (inverse of viscosity) of a solution using the Walden Plot (Figure
4.2.5). Ionicity provides useful information about transport properties, mobility and the
possible formation of aggregates, whose presence decreases the mobility of FILs and increases
their viscosity, resulting in an ionic behaviour away from the ideal electrolyte [4,13]. The
ionicity of these compounds is mainly controlled by the molar concentration of ions, the
charged aggregates, and their mobility in the fluid. Thus, this property is a measure of the
formation of aggregates due to the decrease of fluidity and conductivity of a compound. The
standard classification of ionic liquids using the Walden plot (Figure 4.2.5a) is pictured by a
straight line representing the ideal behaviour corresponding to aqueous KCl solutions (fully
dissociated, where the ions have equal mobility). In Figure 4.2.5b, a closer look into the Walden
plot shows a linear trend with temperature observed for each pure FIL. The ionicity is very
similar for all FILs, with slightly higher values for [C4FoSOs]-FILs. The hydroxyl group

functionalization does not affect this property.
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Figure 4.2.5 (a) Classification diagram for ionic liquids based on the Walden plot and (b) a closer look
for the pure FILs studied in this work, ([CzomCilm][CsFoSOs] and [CoomCilm][CiFsCOy]), in a
temperature range of 283.15-323.15 K and for the analogous FILs,! ([C2CiIm][C4FsSOs] and
[C2C1Im] [C4F9C02]).
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4.2.3.3 Self-aggregation behaviour of fluorinated ionic liquids in aqueous

solutions

Knowledge of the self-aggregation behaviour and solvation mechanisms of FILs and
how the structural features can affect the organization of the self-assembled components will
allow the design of new compounds with improved surfactant power. In this section, the
density, viscosity, ionicity and the critical aggregation concentrations (CACs) of FILs + water
systems are disclosed. These results elucidate the insight of the OH-FILs self-aggregation
mechanism in water and the verification of their usefulness as totally water-miscible

fluorinated surfactants.
4.2.3.3.1 Density, viscosity and ionicity

The density and viscosity of the [CoomCilm][CiFosSOs], [CoomCilm][CiFoCO,] and
[C2CiIm][C4F9CO,] FILs in aqueous solutions were determined in this work between 298.15
and 318.15 K, whereas the ionic conductivity of OH-FILs was determined at 298.15 K (Table
4.2.7). The results were compared with the previous measurements of [CoCiIm][C4FsSOs] +
water system [50]. The density and viscosity at 298.15 K are represented in Figure 4.2.6, (the
other temperatures are plotted in Figures 4.2.7 and 4.2.8, respectively). As expected, the
increment of temperature decreases the density and viscosity of the binary systems. Through
the detailed analysis of Figure 4.2.6, the increment of water concentration reduces both
properties. The results show the same trends obtained for the pure components, where higher

values of density and viscosity are found in OH-FILs and [C4FsSOs]-FILs.

Table 4.2.7 Density, p, dynamic viscosity, 7, and ionic conductivity, k, as function of ionic liquid mass
fraction, wrr, for the binary system [CoomCiIm][C4FoSOs] + water, [CoomCiIm][C4FoCO,] + water and
[C2CiIm][C4FoCO;] + water at 298.15, 308.15 and 318.15 K.

wrL  p[gem?] n[mPa-s]  k[mS-cm?]  plgrem3] p[mPas]  plgrem3] 5 [mPa-s]

[C20mC1Im][C4FoS O3] + water

T=298.15 K T =308.15 K T=318.15K
1.0000 1.6200 831.6 0.3295 1.6092 4114 1.5987 224.0
0.9803 1.5699 255.8 1.163 1.5604 143.5 1.5508 86.79
0.9606 1.5500 133.7 2414 1.5406 79.56 1.5309 50.53
0.9393 1.5324 87.06 5.166 1.5231 53.85 1.5135 35.36
0.9202 1.5170 63.78 8.497 1.5078 40.61 1.4975 27.37
0.8998 1.5029 50.56 12.63 1.4938 32.80 1.4841 22.44
0.8778 1.4860 38.80 17.44 1.4771 25.70 1.4677 17.91
0.8605 1.4731 32.07 21.30 1.4643 21.60 1.4548 15.23
0.8400 1.4590 27.44 25.79 1.4502 18.72 1.4412 13.38
0.8207 1.4444 23.25 29.81 1.4359 16.05 1.4269 11.56
0.7994 1.4292 19.81 33.93 1.4208 13.84 1.4118 10.06
0.7799 14121 16.91 37.35 1.4040 11.95 1.3953 8.758
0.7596 1.3982 14.88 40.49 1.3902 10.63 1.3818 7.860
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0.7403
0.7206
0.7004
0.6800
0.6594
0.6403
0.6195
0.6001
0.5796
0.5604
0.5406
0.5203
0.4998
0.4804
0.4605
0.4399
0.4202
0.4000
0.3805
0.3599
0.3385
0.3196
0.3002

1.0000
0.9825
0.9592
0.9395
0.9200
0.9007
0.8805
0.8585
0.8189
0.8018
0.7789
0.7598
0.7217
0.7000
0.6789
0.6592
0.6415
0.5997
0.5811
0.5611
0.5405
0.4997
0.4793
0.4591
0.4189
0.3988
0.3800
0.3416

1.3814
1.3676
1.3528
1.3398
1.3251
1.3129
1.2984
1.2873
1.2751
1.2632
1.2511
1.2403
1.2298
1.2161
1.2059
1.1943
1.1843
1.1727
1.1637
1.1531
1.1421
1.1331
1.1238

1.5413
1.5206
1.5070
1.4955
1.4842
1.4730
1.4613
1.4485
1.4255
1.4156
1.4023
1.3912
1.3691
1.3565
1.3442
1.3328
1.3225
1.2982
1.2874
1.2758
1.2638
1.2401
1.2283
1.2166
1.1932
1.1815
1.1706
1.1483
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12.91 43.10 1.3736 9.290
11.50 45.36 1.3600 8.343
10.36 47.26 1.3453 7.606
9.225 48.80 1.3325 6.796
8.214 49.99 1.3165 6.106
7.659 50.80 1.3060 5.727
6.821 51.40 1.2917 5.130
6.299 51.74 1.2807 4.757
5.754 51.91 1.2685 4.364
5.323 51.90 1.2568 4.069
4.866 51.77 1.2451 3.728
4433 51.53 1.2343 3.394
4192 51.18 1.2240 3.247
3.703 50.78 1.2105 2.867
3.562 50.29 1.2004 2.782
3.304 49.70 1.1891 2.597
3.094 49.05 1.1791 2.420
2.806 48.29 1.1675 2.200
2.663 47.45 1.1588 2.104
2.479 46.42 1.1484 1.972
2.326 45.20 1.1372 1.847
2.133 43.98 1.1287 1.689
2.036 42.57 1.1195 1.632
[Cz(OH)C1Im] [C4F9C02] + water
T=298.15 K T=308.15K
712.8 0.3151 1.5312 351.3
232.4 0.5299 1.5100 129.6
131.5 0.9686 1.4966 77.34
86.61 1.344 1.4853 52.77
64.40 1.727 1.4741 40.16
52.21 2.127 1.4631 33.08
43.87 2.572 1.4515 28.19
38.12 3.094 1.4389 24.75
29.64 4.146 1.4162 19.60
26.76 4.645 1.4064 17.82
22.47 5.357 1.3933 15.15
18.85 5.985 1.3824 12.87
15.01 7.323 1.3605 10.41
13.43 8.127 1.3481 9.392
12.37 8.929 1.3360 8.651
10.72 9.693 1.3247 7.605
9.674 10.38 1.3146 6.914
8.234 12.01 1.2906 5.966
7.621 12.72 1.2800 5.553
6.800 13.47 1.2685 4.999
6.180 14.20 1.2567 4.566
4983 15.55 1.2333 3.718
4.621 16.15 1.2217 3.496
4.350 16.69 1.2101 3.301
3.672 17.59 1.1870 2.804
3.288 17.93 1.1755 2.546
3.099 18.19 1.1648 2.403
2.723 18.52 1.1427 2.129

1.3653 6.929
1.3519 6.233
1.3374 5.755
1.3247 5.164
1.3086 4.670
1.2985 4.423
1.2843 3.976
1.2735 3.702
1.2614 3.417
1.2498 3.204
1.2383 2.950
1.2276 2.675
1.2175 2.584
1.2043 2.274
1.1943 2227
1.1830 2.096
1.1731 1.975
1.1617 1.770
1.1531 1.719
1.1428 1.601
1.1314 1.517
1.1234 1.381
1.1143 1.344
T=318.15K
1.5211 190.8
1.4988 78.31
1.4857 48.88
1.4745 34.26
1.4635 26.58
1.4526 22.22
1.4412 19.16
1.4288 16.97
1.4064 13.63
1.3967 12.47
1.3838 10.73
1.3730 9.237
1.3515 7.544
1.3392 6.839
1.3273 6.296
1.3162 5.621
1.3061 5.160
1.2825 4.488
1.2720 4.203
1.2607 3.804
1.2491 3.511
1.2260 2.869
1.2145 2.730
1.2031 2.585
1.1804 2.204
1.1690 2.027
1.1584 1.914
1.1367 1.713
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0.3015 1.1250 2.373 18.56 1.1197 1.881 1.1140 1.521
[C2C1Im][C4F9CO,] + water
T=298.15 K T =308.15 K T=318.15K
1.0000 1.4868 107.5 1.4762 65.87 1.4659 43.09
0.9799 1.4651 73.58 1.4543 46.89 1.4429 31.80
0.9392 1.4438 36.29 1.4333 24.27 1.4223 17.06
0.8993 1.4229 25.20 1.4128 17.04 1.4020 12.16
0.8806 1.4131 2243 1.4031 15.23 1.3925 10.88
0.8656 1.4052 20.95 1.3953 14.29 1.3848 10.22
0.8394 1.3915 17.94 1.3818 12.32 1.3715 8.849
0.8189 1.3808 16.31 1.3712 11.24 1.3610 8.101
0.8012 1.3716 14.99 1.3621 10.35 1.3521 7.473
0.7800 1.3605 13.63 1.3512 9.478 1.3413 6.882
0.7612 1.3506 12.96 1.3415 9.041 1.3317 6.582
0.6998 1.3185 10.41 1.3098 7.344 1.3004 5.402
0.6607 1.2981 8.377 1.2896 6.004 1.2806 4.498
0.6197 1.2766 7.229 1.2685 5.224 1.2597 3.927
0.5987 1.2656 6.836 1.2576 4932 1.2490 3.698
0.5615 1.2461 5.963 1.2384 4.366 1.2301 3.348
0.5201 1.2244 5.301 1.2171 3.921 1.2090 3.013
0.4813 1.2042 4.618 1.1971 3.435 1.1893 2.639
0.4398 1.1824 3.860 1.1756 2.909 1.1682 2.271
0.3998 1.1615 3.365 1.1550 2.574 1.1478 2.036
0.3601 1.1408 2.877 1.1345 2.221 1.1276 1.773
0.3201 1.1198 2.586 1.1139 2.016 1.1073 1.616

In Figure 4.2.6a, the predicted density by soft-SAFT EoS (lines) shows a good
agreement with experimental data, although the density is slightly overestimated in the
concentration range 0.2-1.0 molar fraction of FIL (xpL). Though, the qualitative trend is well
represented. It is important to stress that no fitting to the binary data was used, being the
results a full prediction from the parameters adjusted to the pure FILs data. This empowers
the modelling approach to predict other mixture conditions for which no experimental data
are available. The calculations related to all ranges of temperatures are represented by the solid
lines in Figures 4.2.7 and 4.2.8.

Two approaches were executed in the viscosity description of the FILs + water system
using soft-SAFT + FVT [24,25]. Firstly, the Spider-Web methodology [28] (see Section 4.2.3.2)
was used to reproduce the viscosity in all FILs composition ranges. However, the calculations
did not show good agreement with the experimental data, as depicted in Figure 4.2.9, where
the calculations for all FILs at 298.15 K are represented as an example. Looking at the tendency
of the experimental data and the change of behaviour in the viscosity before and after a

concentration of 0.2, xriL a second approach was used.
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Figure 4.2.6 Density (a) and dynamic viscosity for the xri range between 0 to 0.2 (b) and for the xrr
range between 0.2 to 0.8 (c) versus FILs composition for the [CyomCilm][CsFsSO3],
[C2omCiIm][C4FoCO,] and [CoCiIm][C4FsCO;] determined in this work at 298.15 K, and for
[C2CiIm][C4FoSOs] [50]. The lines represent the soft-SAFT + FVT calculations (solid lines for OH-FILs
and dashed lines for analogous FILs).

The Spider-Web methodology was applied to optimize two sets of FVT parameters

characterizing the ranges of 0-0.2 (Figure 4.2.6b) and 0.2-0.8 (Figure 4.2.6c) of xp (see FVT
parameters in Table 4.2.5). As a consequence, different values of L, and B were obtained while
the o parameter was the same for the whole range of composition for each FIL. The use of two
different sets of parameters is not usually executed in the soft-SAFT + FVT approach, but it
has been previously used for describing the VLE of water [29], to take into account the
anomalous behaviour of the density at low temperatures. In this case, a similar procedure has
been considered for the FT'V part, as the nanosegregation (applicable to higher concentrations
and pure FIL) [51] and the different structuration behaviour of the molecules in aqueous
solutions (evident in the range of lower FIL compositions) [50] has a direct impact in the
viscosity of the fluid. These structural changes can be considered neither by soft-SAFT theory
nor by Free-Volume Theory approach, which are mean-field theories. Moreover, the very
sharp decrease of the viscosity of the FILs after the addition of a few amounts of water, which
is associated with the mentioned structural changes, is also difficult for the viscosity modelling
of water + FILs systems. This highly non-ideal behaviour can hardly be captured by the FVT
method, for the reasons already mentioned; more detailed molecular approaches, such as
molecular simulations should be used, but they are out of the scope of the current work. As
far as the predictive power of the equation is concerned, it is also important to mention that
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the extension of the soft-SAFT FVT calculation to mixtures was done without the addition of
any binary parameters for the viscosity. A change in the mixing rules, allowing the use of
fitting binary parameters, can help to improve the description of aqueous systems [46] but this
solution is more related to a less constrained model (with extra parameters) than including a

physical interpretation of the behaviour of the mixture.
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Figure 4.2.7 Density versus FILs composition for the [CzonCilm][C4FoSOs], [CaomCilm][C4FoCO2] and
[C2CiIm][C4FoCO;] determined in this work, and for the [CoCilm][C4FsSOs] which was former
investigated [46]. Solid lines represent the soft-SAFT predictions.
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Figure 4.2.8 Dynamic viscosity versus FILs composition for the [CoonCilm][CsFoSOs],
[CQ(OH)Cﬂm] [C4F9C02] and [C2C1Im] [C4F9COZ] determined in this work, and for the [C2C1Im] [C4F9503]
which was former investigated [46]. Solid lines represent the soft-SAFT calculations.
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Figure 4.2.9 Dynamic viscosity versus FILs composition for the [CyomCilm][CsFoSOs],
[C20mCiIm][C4FoCO:2] and [C2CiIm][CsFoCOs] at 298.15 K, and for the [CoCiIm][C4FoSOs] which was
former investigated [50]. The lines represent the soft-SAFT + FVT calculations with a single set of FVT
parameters for each mixture optimized for the whole range of compositions, which do not show a good
agreement with the experimental data (solid lines for OH-FILs and dashed lines for analogous FILs).

The ionicity of FILs + water systems was obtained in the same way as for the pure
systems (see “Walden plot” Section) and represented in Figure 4.2.10. Experimental data for
OH-FILs + water ionic conductivity were determined (Table 4.2.7) and compared with the
former [CoCiIm][C4FsSOs] + water system [50]. The experimental results show that all the three
systems have a similar ionicity behaviour (similar vertical distance to the ideal electrolyte line
along with each own profile) (Figure 4.2.10).

2.0

®  [Cy0CiIMIIC,F,S0;]
(] [CQ(OH)Cllm][CAFQCOZ]
12+ © [C,C,IM]IC,FSO,] high XL

0.4 |

log(Molar conductivity / S cm?mol?)
o.)

-2.0 -1.2 -0.4 0.4 1.2 2.0
log(1/viscosity / Poise™)

Figure 4.2.10 Walden plot of [CzonCilm][C4FoSOs] + water and [CoonCiIm][C4F9CO:] + water binary
systems at 298.15 K. For comparison purposes, the Walden plot of [C2CiIm][C4F9SOs] + water system
was also included [50]. The arrow indicates the increment of the molar fraction of the FILs in solution.

Interestingly, an increment of ionicity from pure FIL until a maximum at a certain xrr

value is observed. After this value, the ionicity starts to decrease when the xri. decreases. This
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behaviour is more evident in the [C4F¢SO;]-FILs. The maximum can be related to the extremely
high ionic conductivity that will be scrutinized in the next section. The addition of the
hydroxyl group (comparing [CzomCilm][CsFsSOs] and [CoCiIm][CiFoSOs]) decreases the
“ideal” behaviour (more distance to the ideal electrolyte line) in the region of higher xpr. and
increases it in the lower xp. Comparing both OH-FILs, the [C4FoSOs] anion shows values
closer to the “ideal” electrolyte than [C4F9CO»] . These results indicate the formation of distinct
aggregates of FILs in the aqueous solutions. These outcomes will be further supported by the

analysis of the complete conductivity profile and CACs of OH-FILs in the next section.
4.2.3.3.2 Critical aggregation concentrations

Amphiphilic molecules aggregate in aqueous solutions depending on the species and
the medium. The formation of orientated colloidal aggregates occurs when the concentration
of those species with long hydrophobic chains surpasses a certain value. This leads to variation
in the physicochemical properties and the narrow ranges of concentrations are known as
CACs. According to Philips et al. [52], the first CAC, known as critical micellar concentration
(CMCQ), corresponds to the value of concentration in which a first maximum change in gradient
appears when plotting ionic conductivity versus concentration. In this context, measurements
of ionic conductivity are usually implemented in ionic micellar studies [50,53,54]. The ionic
conductivity of FIL aqueous solutions was measured at 298.15 K for OH-FILs (Figure 4.2.11a)
and compared with the analogous FILs [52]. The ionic conductivity data against xp are
illustrated in Figure 4.2.11a, where full miscibility in water is observed for the complete range
of concentration (from pure water to pure FIL) of OH-FILs. Following Philips” definition, [52]
already implemented in FILs [50,53,54], the CACs were determined, and values are reported
in Table 4.2.8. The analysis of Figure 4.2.11a shows that the gradual addition of FIL to water
presents similar tendencies as in the literature, exhibiting two phases: a first step in which the
ionic conductivity increases, followed by a second step in which values decrease after reaching
a maximum. This is the same behaviour found in the Walden Plots previously discussed. The
mentioned increase in ionic conductivity in diluted systems can be explained by the rising
number of free ions in the solution. However, at the CAC value, the number and mobility of
charge carriers are reduced due to the increase in the aggregate formation and the decrease in

fluidity, resulting in a deviation from the linear behaviour [50,53,54].
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Figure 4.2.11 (a) Conductivity profile of [Coon/CiIm][C4FsSOs] (red, ®) and [CaonyCiIm][C4FoCO,] (blue,
M) in aqueous solution at 298.15 K, determined in this work, and for [CoCiIm][C4F9SO:s] (black, O) and
[CoCiIm][C4F9CO;] (black, O0) [52]. (b) Critical aggregation concentration (CAC) values of OH-FILs in
aqueous solution at 298.15 K determined in this work and for analogous FILs [52].

Although all the studied FILs have multiple CACs, the most significant change in ionic
conductivity behaviour occurs at lower values of xri, corresponding to the CMC (Table 4.2.8).
Two more transitions were determined at lower xgr, corresponding to second and third CACs
(Table 4.2.8). The changes in the slopes of these plots were analysed according to Phillips
definition [52], and compared with the bibliographic values of [CCiIm][C4FsSOs] and
[C2GIIm][C4FoCOs] [50] (Figure 4.2.11b and Table 4.2.8). The three CACs can be related to the
FILs total miscibility in water, indicating the formation of different structures along with the
increment of xrn, concluding that a low xgr is enough to assemble into colloidal aggregates.
From the analysis of the influence of the FILs structural features in the CACs, it is shown in
Figure 4.2.11b that the addition of a hydroxyl group: (i) does not significantly affect the CMC
values; (ii) increases the second CAC on the case of [C4F¢SO;]-FILs while does not significantly
affect that of the [C4FoCO»]-FILs; and (iii) increases the third CAC of [C4FsSOs]-FILs and
decreases the value of [C4F9CO:]-FILs. The [CoCiIm][C4FsSOs] shows the best self-aggregation
behaviour, with lower values for all three CACs. All FILs studied, with only 4 carbon atoms
in the anionic fluorinated tags, have an improved surfactant behaviour compared to the CMC
values of the conventional perfluorosurfactants and their hydrogenated counterparts, with
fluorine tags of 8 carbons (approximately 30 mmol.kg! for sodium perfluorooctanoate and
ammonium perfluorooctanoate and 380 mmol.kg? for sodium octanoate) [55-57].

The degree of ionization of the aggregates, represented by ¢, can be found in Table
4.2.8. This parameter is associated with the charge fraction of the surfactant ions in the
micelles, which suffer neutralization through the micelle-bound counterions. It is calculated
by the ratio of the slopes of the linear segments above and below the CACs. Even if the
surfactant ions are supposedly dissociated in aqueous solutions, the molecules are partly

associated with the counterions, enabling the formation of aggregates [50,53]. Therefore, a
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lower a value means an improved micelle packaging. Furthermore, the degree of counterion
binding/condensed on the micellar surface was also determined, which derives from the

degree of ionization as follows:

fl—a 42.15

This f parameter can be correlated with the charge density at the aggregate surface,
the aggregate size, and the hydrophobic nature of the counterions.2 The increment of « values,
and consequently decrease of f values, in the first and third transitions (Table 4.2.8,
comparison between [CaonCi1Im][C4FoSOs] and [CoCiIm][C4F9SOs]) proves that the aggregates
can lose the packaging in their structures because OH group increases the FILs polarity. The
second transition does not have significant changes. This variation is observed in second and
third transitions for [CyonCilm][CsFoCO;] and [CoCiIm][C4FoCO;]. On the other hand,
[C4F9SOs] anion has lower « and higher f values, indicating a better packaging (Table 4.2.8).

The standard Gibbs free energy of aggregation, AGl,, for the ionic surfactants were also

gg’
determined in this study, and the values are reported in Table 4.2.8. The pseudophase model

of micellization was considered by determining the standard Gibbs free energy, AGhyg, for the
ionic surfactants by Equation 4.2.16 [58]:
AGYy=RT(1+)Inxcac 4.2.16

where R and T correspond to the universal gas constant and absolute temperature,
respectively, and xcac is the critical aggregation concentration defined in terms of the molar
fraction. This parameter stands for the free energy accounted in transferring one mole of
surfactant from the aqueous solution to the micellar pseudophase in the aggregates form.!
When the parameter values are negative, a spontaneous aggregation of the surfactant
molecules happens. Furthermore, all OH-FILs show an improved surfactant behaviour
compared to the conventional surfactants, demonstrating the possibility to decrease the FILs
toxicity, and allowing biodegradability which is the key advantage to use OH-FILs in the
biomedical field. All FILs, in all transitions, show that the aggregation behaviour is always
spontaneous, with negative AGQ,, values. More negative values were found for the non-
functionalized FILs, especially for [CoCiIm][C4FoSOs], meaning an easy aggregation process
for this IL.

Table 4.2.8 Critical aggregation concentrations, CACs, ionization degree, o, and Gibbs free energy of
aggregation, AGgg, of the fluorinated ionic liquids + water systems, determined by conductometry at
298.15 K.

[CoomCiIm][CiFoSOs]  [CoomCilm][CaFoCO2]  [C2CiIm][CaFoSOs]a [C2CiIm][C4FoCO2]P
First XFIL 0.0004 0.0003 0.0003 0.0004
CAC mmol-kg-! 19.65 18.32 14.55 20.96
a 0.91 0.79 0.79 0.87
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ﬁgi‘fgl_ll 21.4 241 247 221
Second XFIL 0.0016 0.0012 0.0007 0.0014
CAC mmol-kg 87.98 63.19 38.54 77.23
a 0.85 0.80 0.84 0.71
ﬁ?%rﬁil-q 182 201 208 209
Third XFIL 0.0024 0.0022 0.0015 0.0070
CAC mmol-kg 125.8 119.0 81.03 341.4
a 0.79 0.55 0.29 0.37
ﬁgiﬁil—l] 181 219 275 20,0
Maximum  xpr 0.0509 0.0204 0.0867 -
mmol kg1 1312 797 1667 -

Parameters from (a) Pereiro, A.B. et al. (2015) and (b) Vieira, N.S.M. et al. (2019) [50,53].
4.24 Conclusions

The thermodynamic and thermophysical properties of hydroxyl functionalized FILs
were determined in this work. Furthermore, the total miscibility and self-aggregation
behaviour of OH-FILs + water systems were investigated. Results were compared with the
analogous FILs, with the aim to evaluate the influence of adding a hydroxyl group to the
structure of the imidazolium cation and how it affects FILs properties. The experimental study
was completed with theoretical calculations of the density and viscosity of pure FILs and
aqueous mixtures with the soft-SAFT EoS, using a set of transferable parameters in good
agreement with the experimental data. This model will allow us to obtain other FILs properties
that are not available experimentally.

Overall, the results show an increment in the density and viscosity of the pure OH-
FILs and their aqueous mixtures with respect to the non-functionalized FILs, while a
decrement in the thermal stability, melting temperature, free volume, ionicity and self-
aggregation behaviour is noticed. However, when OH-FILs are compared with the
conventional perfluorosurfactants, these novel compounds are of total miscibility in the
aqueous systems and show a higher surfactant behaviour. Furthermore, the lower ecotoxicity
associated with the increment of the polarity by adding the hydroxyl group to FILs structure

can be advantageous for the use of these compounds.
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5.1 Introduction

Proteins are macromolecules involved in the most complex processes of living
organisms with a high impact on clinical, biomedical, chemical, pharmaceutical, food,
cosmetic, textile, and other industries [1-4]. On one hand, protein extraction and purification
processes are imperative to enable the analysis of protein individual characteristics such as
size, shape, charge, polarity, and function, allowing its application with high levels of purity.
However, protein application is hampered by the difficulty in preserving their structural
integrity, governed by the fragile equilibrium of disulfide bridges, hydrogen bonds, ionic, and
hydrophobic interactions. The minimal variation in their microenvironment, either due to
fluctuations in the solvent conditions or the presence of other compounds, can disrupt this
delicate balance and affect the protein stability and activity, hindering its usage [5-8].
Therefore, it is impossible to define an ideal system for protein extraction and purification and
each process must be studied case by case, which makes the development of new protein-
based products a time and cost-consuming task.

On the other hand, in the last decades, the pharmaceutical industry experienced
remarkable exponential growth in the approval of new biological therapeutical entities, while
the development of traditional small drugs has reached a stagnated phase. The prospect of
having biological products for therapeutic endings has revolutionized drug discovery and
development, opening unprecedented avenues of research for biopharmaceuticals. These
compounds have contributed to the diagnosis and treatment of several diseases where
conventional therapies have constantly failed, such as numerous cancers, immune,
autoimmune, infections and metabolic diseases, Alzheimer’s, HIV, and Parkinson’s, along
with others [9-12]. Among biopharmaceuticals, therapeutic proteins arise with a vast
availability, specific action mode, and impressive characteristics such as high specificity,
safety, tolerability, efficiency, and a low prospect of unspecific and drug-drug interaction.
These properties made them unique compounds to formulate a huge number of therapeutic
protein-based treatments with regulatory and special targeting activity, vaccines, and
diagnostics. However, their application in the pharmaceutical industry is limited by their
intrinsic properties. Therapeutic proteins are very sensitive to: (i) alterations in the
conformation of the structure; (ii) interactions with the excipients on the formulation; (iii)
impurities from the process of manufacture; (iv) the storage conditions that can cause
degradation or aggregation; (v) the dosage and time needed for therapeutic effect; (vi) the
route of administration; and (vii) the genetic characteristics of the patient [13-15]. All these
factors hamper the in vivo delivery of therapeutic proteins and make them chemical and

physically unstable compounds with a short half-life in the bloodstream and consequently
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poor bioavailability. This handicap is commonly compensated by the administration of
regular dosages or higher amounts of the drug to obtain a therapeutic effect. However, the
prolonged exposition to the biopharmaceutical combined with the increased dosages and
sensitivity problems outcomes in significant adverse side effects, toxicity, and
immunogenicity [16-18]. To overcome these complications, the development of efficient
strategies to extend the half-life of therapeutic proteins through the administration routes has
been in the spotlight of research. From those strategies, significant advances have been
attained using drug delivery systems (DDSs) that aid the control of stability and release of the
therapeutic proteins, protecting and maintaining their activity, improving their
bioavailability, and guaranteeing their safety. Amongst the different types of DDSs that have
been developed, nanocarriers found a ground place as promising tools to circumvent those
challenges. They have been demonstrated to be non-invasive, safe, and targeted delivery
methods. However, there are still concerns from a biological and technological point of view
that limit the usage of these systems, such as low stability, uncontrolled release of proteins,
low encapsulation efficiency, expensive costs associated with the formulation and production
of these systems, and difficulties on the scale-up of the process. Thus, even though some DDSs
are already available in the market, there are still no nanocarriers fully effective and profitable
[17,19-23].

FILs have augmented solubilization mechanisms due to their rich aggregation
behaviour, and self-assembling in stable structures by means of their amphiphilic character,
which can aid their performance as efficient materials for protein extraction, purification and
delivery. In this chapter, it was studied the potential of using FILs in protein applications by
exploring the protein-FIL interactions and understanding their effect on the solubility,
stability, and activity of the proteins, aiming to aid the selection of the best FILs for these
biological applications. To a deeper understanding of the self-aggregation behaviour of FILs
and how it can be advantageous for protein applications, the first section of this chapter is
focused on the determination of the diffusion coefficients of FILs using NMR techniques,
obtaining new information on the size and structure of the different aggregates in the complete
array of concentration with water. Therefore, the Bl immunoglobulin binding domain of
streptococcal protein G, Bacillus subtilis lipase A, and interferon-alpha 2b were selected to
study the interactions between protein-FIL. From a broad screening of FILs, it was possible to
have insights into the structural features contributing to the interaction with the three proteins.

In the second section, the influence of FILs on the stability and activity of a model
protein, the lysozyme, was under investigation. For that, firstly, the cytotoxicity of some FILs
was tested to evaluate their biocompatibility. Therefore, the interactions lysozyme-FILs and

the effect of FILs on the stability and activity of the protein were studied concluding that: (i)
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the pre-dominant lysozyme-FIL interaction is the encapsulation of the protein by the self-
assembled aggregates of FILs, (ii) the encapsulation efficiency highly depends on the
concentration and anion of FIL, and (iii) the encapsulated lysozyme keeps its activity and
thermal stability.

To understand the complex protein-FIL interactions and how they depend on the protein
characteristics, it was selected a therapeutic protein, the interferon-alpha 2b (IFN-a 2b) which
is used for the treatment of cancer, viral infections, and auto-immune diseases. Therefore, the
influence of IFN-a 2b in the aggregation behaviour of FILs and the interactions between them
were investigated. The results show that the presence of IFN-a 2b influences the aggregation
behaviour of FILs and strong interactions between the two compounds occur. IFN-a 2b does
not seem to be fully encapsulated by the FILs, as in the previous case. However, the FIL carries
IFN-a 2b by the formation of a conjugate that prevents the aggregation of this protein.

This chapter constitutes an important step toward the design and development of FIL-
based delivery systems for therapeutic proteins. Furthermore, the results demonstrated the
key requirement of individual studies for each type of FIL and protein. The interactions
between protein-FIL can be very different and are highly dependent on the properties of the

protein.

The chapter is adapted from the following contributions:

Section 5.2

Margarida L. Ferreira, Ana S.D. Ferreira, Joao M.M. Aradgjo, Eurico J. Cabrita, Ana B. Pereiro,

The impact of fluorinated ionic liquids aggregation in the interactions with proteins, Fluid
Phase Equilibria 559 (2022) 113488. DOI: 10.1016/j.fluid.2022.113488

Section 5.3

Margarida L. Ferreira, Nicole S.M. Vieira, Jodo M.M. Aradjo, Ana B. Pereiro, Unveiling the

Influence of Non-toxic Fluorinated Ionic Liquids Aqueous Solutions in the Encapsulation and
Stability of Lysozyme, Sustainable Chemistry 2 (2021) 149-166. DOI: 10.3390/ suschem?20100101

Section 5.4

Margarida L. Ferreira, Nicole S.M. Vieira, Ana L.S. Oliveira, Joao M.M. Aratijo, Ana B. Pereiro,

Disclosing the potential of fluorinated ionic liquids as interferon-alpha 2b delivery systems,
Nanomaterials 12 (2022) 1851. DOI: 10.3390/nano12111851

In this work, the author of this thesis has acquired part of the experimental data (except the
assays of conductivity of the systems with simulated biological fluids, the STEM with EDS,
the DLS and CD spectra) and has written the complete original draft of the manuscript.
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5.2 The impact of fluorinated ionic liquids aggregation in the

interactions with proteins

In this section we aim to gain a deeper molecular insight into the aggregation
behaviour of FILs and how it affects their interactions with proteins, using NMR spectroscopy
as the main research tool. We have selected the Bl immunoglobulin binding domain of
streptococcal protein G (GB1), Bacillus subtilis lipase A (BSLA), and interferon-alpha 2b (IFN-
a 2b) as protein models to study their interactions with FILs. GB1 is a highly soluble and stable
protein, broadly used in NMR studies and a good model to study protein stability [24,25]. In
fact, a recent work regarding ILs and GB1 by HR-MAS NMR using [C4CiIm]Br showed that
the IL strongly interacted with the a-helical region of this protein [26]. BSLA is a very well-
known model protein for the study of lipase mediated biocatalytic processes since it can be
easily site-directed mutagenesis engineered to have improved thermostability and catalytic
activity in ILs [27-36]. To our knowledge, only two papers report the study of BSLA-ILs
interactions but with a very restricted group of ILs and none using surfactant ILs [37,38]. Our
final model protein, IFN-a 2b, has antiproliferative, immunomodulation, and antiviral
biological activities, being recognized for the treatment of several diseases [39]. This protein
has been studied concerning the use of ILs for purification purposes, namely the use of ILs in
aqueous two-phase extraction systems, producing high yields of pure protein with low ILs
concentration [40].

Since the solubilization power of FILs is related to the presence of different self-
assembled structures we have determined the self-diffusion coefficients of one FIL,
[CoCiIm][C4FsSOs], in the entire range of concentrations in water, to characterize their
aggregation behaviour. The results showed valuable information on the hydrodynamic radius
of this FIL and its variation when its aggregation behaviour is changed. The interactions of
FILs with GB1, BSLA, and IFN-a 2b were also screened to understand if the proteins complex
with FILs aggregates. This work discloses the importance of screening protein-IL interactions

to identify which structural features of FILs are favourable to those interactions.

5.2.1 Experimental section
5.21.1 Materials

1-Ethyl-3-methylimidazolium perfluorobutanesulfonate, [CoCiIm][C4FsSOs], 297%
mass fraction purity; 1-ethyl-3-methylpyridinium perfluorobutanesulfonate,
[CCipy][CaFoSOs], 99% mass fraction purity; (2-hydroxyethyl)trimethylammonium

perfluorobutanesulfonate, [N1112(01)][C4FsSO3], >97% mass fraction purity;
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tetrabutylammonium perfluorobutanesulfonate, [Nu4][CsFoSOs], >98% mass fraction purity;
1-hexyl-3-methylimidazolium perfluorobutanesulfonate, [C¢CiIm][C4FoSOs], >99% mass
fraction purity; 1-methyl-3-octylimidazolium perfluorobutanesulfonate, [CsCiIm][CsFsSOs],
>99% mass fraction purity and 1-butyl-1-methylpyrrolidinium perfluorobutanesulfonate,
[C4Capyr][CaFoSOs], >98% mass fraction purity were provided by IoLiTec GmbH (Heilbronn,
Germany). 1-Ethyl-3-methylimidazolium perfluoropentanoate, [C2CiIm][C4FoCO2]; 1-ethyl-3-
methylpyridinium perfluoropentanoate, [C2Cipy][CaFoCO); (2-
hydroxyethyl)trimethylammonium  perfluoropentanoate  [Nuom][CsFoCO2);  1-(2-
hydroxyethyl)-3-methylimidazolium perfluoropentanoate, [CoonCilm][CsFoCO2];  1-(2-
hydroxyethyl)-3-methylimidazolium perfluorobutanesulfonate, [CzomCiIlm][CsFsSOs]; and
tetrabutylphosphonium perfluorobutanesulfonate [Pas4][CsFoSOs] were synthesized with a
mass fraction purity of 298% by the ion exchange resin method previously developed by
Fukumoto et al. [41] and routinely employed to these FILs [42,43]. The structures and
nomenclatures of the FILs are represented in Table 5.2.1. The purity of both commercial and
synthesized FILs structure was confirmed by 'H and °F NMR and the synthesized FILs were
also characterized by elemental analysis. All FILs were dried under vigorous stirring and
vacuum (4 Pa) for at least 48 hours at 323.15 K before its usage to assure the complete
elimination of any volatile compound remaining from the synthesis procedure. A water
content lower than 100 ppm was confirmed by Karl Fisher coulometric titration (Metrohm 831
KF Coulometer) for all FILs.

For the NMR experiments deuterated dimethyl sulfoxide (DMSO-d6), 99,8% D,
supplied by Eurisotop, Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA), and
Milli Q water, provided by the in-house laboratory facilities were used.

The protein assays were performed in Milli Q water and/or in buffers using sodium
dihydrogen phosphate anhydrous (NaH»POs purity 299.0%) from Fluka, Honeywell
(Charlotte, NC, USA) and sodium acetate anhydrous (NaHsC>O», purity = 99.0%) from Riedel-
de-Hden, Honeywell (Charlotte, North Carolina, US). Interferon-alpha 2b, human
recombinant, (IFN-a 2b; SRP4595) expressed in E. coli, (purity =2 98% by SDS-PAGE and HPLC)
was supplied by Sigma-Aldrich (Saint Louis, MO, USA). The BCA™ and Micro BCA™ Protein
Assay Kits purchased from Thermo Fisher Scientific (Waltham, MA, USA) were used for
protein quantification assays. The Bl immunoglobulin binding domain of streptococcal
protein G (GB1) and Bacillus subtilis Lipase A (BSLA) were expressed and purified by the

following methodologies.

Table 5.2.1 Nomenclature and chemical structure of the cations and anions of the fluorinated ionic
liquids studied in this work.
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Cations
) ]
+
N \CnH2n+1 X Nv
1-Alkyl-3-methylimidazolium 1-Ethyl-3-methylpyridinium
[ChCiIm]*, n=2,6,8 [CoCapy]*
| /N@
OH/\/ N ~ OH

1-(2-Hydroxyethyl)-3-methylimidazolium
[CoomCilm]*
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[Naaaa]* [Pasas]*
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\/\/NG

1-butyl-1-methylpyrrolidinium

(2-Hydroxyethyl)trimethylammonium [N1112(0m)]*

[CsCipyr]*
Anions
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F S//
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5.2.1.1.1 Heterologous expression and purification of B1 immunoglobulin binding

domain of streptococcal protein G

GB1 was expressed and purified similar to the previously described protocol [25].

Briefly, transformed BL21 (DE3) Escherichia coli cells were grown and subsequently induced

with 0.5 mM isopropyl p-D-1thiogalactopyranoside (IPTG) for approximately 3 hours (until

ODsp0=0.7) in LB containing ampicillin (100 pg/mL) at 37° and 180 rpm. The cells were

collected by centrifugation at 6000 rpm for 12 minutes at 4°C. The cells were resuspended in
the lysis buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) preheated at 80°C, and left to stabilize

at the same temperature for 5 minutes. The lysed cells were cooled in ice and centrifuged at 15

500 rpm for 30 minutes at 4°C. The supernatant was dialyzed (SnakeSkin™, Thermo Scientific,
MWCO=3.5 KDa) overnight against 20 mM Tris-HCl, pH 7.5. The dialysed supernatant was

purified via anion exchange chromatography using a HiTrap™ (GE Healthcare) and an AKTA

start protein purification system (GE Healthcare). GB1 was eluted using 20 mM Tris-HCl, 1 M,
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pH 7.5 to create a linear gradient of 0 - 400 mM NaCl. Fractions containing the protein were
pooled and concentrated in a 3-kDa cut-off ultrafiltration unit (Amicon® Ultra, Merck
Millipore) at 5000 rpm at 4°C. The sample was further purified by size exclusion
chromatography (Superdex® 75 10/300 GL column, GE Healthcare) using 20 mM potassium
phosphate, 50 mM NaCl, and pH 6.0 as running buffer. The fractions containing protein were
pooled and dialyzed against Milli-Q water, frozen and lyophilized.

5.2.1.1.2  Heterologous expression and purification of Bacillus Subtilis Lipase A

The pET21b plasmid vector encoding the BSLA was kindly provided by Prof. Joel Kaar
(Colorado University, Boulder, USA). The BSLA with a C-terminal polyhistidine tag was
expressed in BL21 DE3 Escherichia coli competent cells. The transformed cells were plated on
agar containing ampicillin (50 pg/mL) and subsequently expressed following the protocol
described by Weltz et al. After expression, the cells were harvested by centrifugation at 10 000
rpm for 10 min at 4°C, resuspended in 50 mM sodium phosphate buffer (pH 7.5), 100 mM
NaCl, 5 mM imidazole and 8 M urea and sonicated. The cellular debris was removed by
centrifugation 11 000 rpm. The cell lysate was purified by anion exchange chromatography
using a nickel affinity column (HiTrap™, GE Healthcare) and an AKTA start protein
purification system (GE Healthcare). The protein was refolded on-column before linear
gradient elution with 50 mM sodium phosphate (pH 7.5), 100 mM NaCl, 350 mM imidazole.
Fractions containing BSLA were dialyzed overnight (SnakeSkin™, Thermo Scientific
MWCO=3.5 kDa) against 50 mM sodium phosphate, pH 7.50, before concentration in a 7-kDa
cut-off ultrafiltration unit (Amicon® Ultra, Merck Millipore) 5000 rpm at 4°C until a final

concentration of 0.7 mg/mL.
5.2.1.2 Nuclear magnetic resonance experiments

The NMR experiments of neat [CoCiIm][C4FsSOs] and its aqueous solutions were
performed at 298 K using a Bruker Avance III 400 operating at 400.15 MHz for 'H and 376.54
MHz for F. The NMR was equipped with two distinct probes: (i) a 5-mm high-resolution
BBO probe used for acquisition of 'H and F 1D spectra and HOESY experiments and (ii) a
diffusion probe Bruker DiffBB to perform the diffusions assays. The probes can generate
magnetic field pulsed gradients in the z-axis up to 0.54 Tm- and 17 Tm-!, respectively.
Different aqueous [CoCiIm][C4FsSOs] solutions were studied in this work, with concentrations
chosen according to the critical aggregation concentrations previously determined for this FIL
[44]. The solutions were prepared in Milli-Q water and the concentrations are detailed in Table

5.2.2, ranging from the neat FIL to infinite dilution. Subsequently, 0.5 mL of the solutions were
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transferred to 5 mm NMR tubes containing a sealed capillary with DMSO-d6, used as an

external lock and for chemical shift referencing.

Table 5.2.2 Description of the [C2CiIm][C4F9SOs] aqueous solutions concentrations (mass fraction, werr),
diffusion time (A), diffusion gradient length (0) and gradient strength (g) used in the '"H and °F diffusion

measurements.
. A (*H) 6 (*H) g (H) A (YF) 6 (F) 8 (F)
Condition  wm s (G m] ] [s] [G m]
0.1 0.002 153 - 42840 0.1 0.002 153 - 61200
Pure FIL 1.000 0.8 0.006 153 - 4437 0.4 0.007 153 - 4437
2.0 0.002 153 - 9180 2.0 0.002 153 - 15300
Between 4th 0.1 0.002 153 - 12240 0.1 0.002 153 - 18360
CAC and 0.844 0.8 0.006 153 - 1530 0.4 0.007 153 - 3060
pure 2.0 0.002 153 - 3060 2.0 0.002 153 - 4590
0.1 0.002 153 - 9180 0.1 0.002 153 - 13770
Above 4th
CAC 0.363 0.8 0.006 153 - 1071 0.4 0.007 153 - 2295
2.0 0.002 153 - 1836 2.0 0.002 153 - 3060
Between 3t 0.1 0.002 153 - 4590 0.1 0.002 153 - 5355
and 4t CACs 0.038 0.8 0.006 153 - 612 0.4 0.007 153 - 765
2.0 0.002 153 - 1071 2.0 0.002 153 - 1224
Between 2d 0.1 0.002 153 - 3825 0.1 0.002 153 - 4590
and 3+ CACs 0.025 0.8 0.006 153 - 459 0.4 0.007 153 - 612
2.0 0.002 153 - 918 2.0 0.002 153 - 1071
Between 1¢ 0.1 0.002 153 - 3825 0.1 0.002 153 - 3825
and 204 CACs 0.011 0.8 0.006 153 - 459 0.4 0.007 153 - 612
2.0 0.002 153 - 918 2.0 0.002 153 - 918
0.1 0.002 153 - 3825 0.1 0.002 153 - 3825
Below 1st
CAC 0.003 0.8 0.006 153 - 459 0.4 0.007 153 - 612
2.0 0.002 153 - 918 2.0 0.002 153 - 918

19F,19F-COSY spectrum was acquired for the more diluted solution (0.003 mass fraction
(wr)) using 8 transients and 16 dummy scans, with a spectral width of 26785 Hz in a total of
2 K data points in F1 and 128 data points in F1 and a relaxation delay of 2 s.

1H,9F-heteronuclear NOESY (HOESY) data was acquired for the pure
[CoGIIm][C4FsSOs] by two different approaches, 2D and 1D HOESY. The 2D 'H,F-HOESY
was acquired using a standard phase sensitive pulse sequence from the spectrometer library,
with a mixing time of 0.6 s and a relaxation delay of 2 s. The 16 transients were collected with
a spectral window of 8000 Hz and 2K data points in F2 (1H) and 26730 Hz spectral window
and 128 data points in F1 (F). The selective 1D 1H,9F-HOESY [45] was obtained by selectively
exciting a single each of the four different 1°F resonance (—31355, —43929, —46388, —48150 Hz)
in independent assays and monitoring the observable 1H NMR response. All the spectra were
acquired using hoesyfthgpld pulse sequence (Briiker library), with a mixing time of 0.5 s,
acquiring 4096 transients, 2 dummy scans, with 32 K data points in a spectral width of 8013

Hz and a relaxation delay of 2 s. The integrals of each proton signal were normalized by the
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absolute ratio of the absolute integral from the HOESY and the absolute integral of the 'H
spectra and then divided by the amount of fluorine in each carbon atom.

The H and F diffusion-ordered spectroscopy (DOSY) assays were obtained using the
stimulated echo pulse sequence with bipolar quadratic gradient pulse and eddy current delay
before the detection (Pulsed Field Gradient Spin Echo - PFGSE) with and without
presaturation during relaxation delay [46]. For each of the 1H DOSY experiments, 32 spectra
were acquired with 16 K data points, a spectral width of ~4800 Hz, a 1 s relaxation delay, an
eddy current delay set to 5 ms, and a gradient delay of 0.2 ms. For the diluted samples (0.025,
0.011, 0.003 wrr) the diffusion measurements were obtained using the pulse sequence with
presaturation and 64 scans, while for the higher concentration samples the number of scans
was set to 16 scans. For the °F diffusion assays 32 spectra were acquired with 64 K data points,
a spectral width of ~28400 Hz, a 5 s relaxation delay, an eddy current delay set to 5 ms, and a
gradient delay of 0.2 ms. The magnetic field pulsed gradient length (), diffusion time (A), and
gradient strength limits () used for the different measurements are detailed in Table 5.2.2. The
diffusion decay curve values were obtained through the standard Fourier transform and
baseline correction of the F2 dimension using Briiker Topspin software package (version 3.6).
The diffusion coefficients were determined by the exponential fitting of the experimental
curves in OriginPro 9.0 software. The self-diffusion coefficient (D) is determined from the

NMR signal by the Stejskal-Tanner equation [47]:

1= 1yl (73)] 521

where [ is the NMR signal dependent on the experimental conditions, Io is the NMR signal in
the absence of an applied magnetic field, A is the diffusion time, and g is the used gradient for

the spatial encoding and decoding of the nuclear spin, given by:
q=ygo 522

where vy is the gyromagnetic ratio of the examined nucleus, g is the gradient strength, and 6 is
the time during which the gradient is applied. The plot of the decay curves I versus g2(A-6/3)

allows the calculation of the diffusion coefficient by exponential fitting [48].
5.2.1.3 Viscosity measurements

Dynamic viscosity was measured using an automated SVM 3000 Anton Paar rotational
Stabinger viscometer-densimeter. The measurements were performed at 298.15 K for the
[CoCiIm][C4F9sSOs] + water system in a range of 0.3354 to 0.003 wri. Each solution was

measured in duplicates and the maximum relative standard deviation was observed to be
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below 1%. It was considered an error of 2% to cover the uncertainty resulting from the whole

procedure (sample purity, low viscosity, and handling).
5.21.4 Protein quantification experiments

The concentration of GB1, BSLA, and IFN-a 2b was quantified in the presence of
different FILs at variable levels of aggregation. The conditions of the assays are schematically
described in Table 5.2.3. After preparing all the solutions of the different FILs in the presence
of each protein and the respective blanks for proteins and FILs samples (see Table 5.2.3 for
details), the samples were incubated for 24h at 277.15 K. Afterward, the solutions were
centrifuged at 277.15 K and 10,000 rpm for 30 minutes. The protein with the FIL aggregates
complexation can form structures with enough density difference that allows it to be separated
from the solution, as previously demonstrated in other works [49,50]. Therefore, the
centrifugation step can separate the amount of protein that is assembled in the FIL aggregates
(pellet) from the protein that is free in the solution (supernatant). All the experiments have
included a set of samples of known concentrations of each specific protein to obtain a standard
curve, which by polynomial fitting allowed the protein quantification on each assayed
solution. Thus, 100 uL of each sample, respective blanks, and standard curve solutions were
pipetted to U-bottom 96-well plates as well as 100 pL of the colourimetric BCA™ or Micro
BCAT™ protein assay kits reagents to quantification of the free protein in solution, depending
on protein concentration. The percentage of free protein in the solution was calculated by the
ratio between the determined protein concentration in each tested solution and the
concentration determined on the blank of each protein. The measurements were executed in
triplicate with an error within + 10%.

Table 5.2.3 Summary of the FILs (wriL) and protein (mg/mL) concentrations screened in this work.

GBI in water GB1 in 5 mM BSLA in 50 mM IFN-a 2b in
Compounds (oH 7;‘ ¢ NaH;C,0, NaH,PO, 5 mM NaH,PO,
P (pH 4.5) (pH 7.5) (pH 7.4)
Proteins (mg/mL) 0.2,0.3,04,0.5 0.2 0.2 0.01
0.003, 0.011, 0.003, 0.011, 0.003, 0.011, 0.003, 0.011,
[CoCiIm][C4FsSOs) 0.025, 0.038, 0.025, 0.038, 0.025, 0.038, 0.025, 0.038,
0.364 0.364 0.087,0.174 0.087
0.003, 0.009,
[C2Cipy][C4FsSOs] 0.012 0.022, 0.038,
0.087
[N111201] [CsFoSOs] 0.045 0.045 0.020
[N444] [C4FoSOs] 0.002
[P4444][ C4FoSOs] 0.002
[CoCiTm][C4FsSO5] 0.006
[C8C1Im] [C4FQSO3] 0.007
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[C4Cipyr][C4FoSOs] 0.002
[Co0mCiIm][C4FsSO3] 0.046 0.025
[CoGIm][C4FoCO;] 0.078 0.023
[C2Cipy][C4FoCO,] 0.022 0.016
[N1112(01)] [C4FoCOs) 0.084 0.010
[Co0m)C1Im][C4FoCOs) 0.036 0.021

5.2.2 Results and discussion

5.2.2.1 Aggregation behaviour of fluorinated ionic liquids in aqueous

solutions

The exceptional properties of FILs grant them unique mechanisms of solvation that can
be taken as an advantage to develop new systems for biotechnological applications such as
protein extraction and protein delivery systems. The main goal of this work is to obtain
insights into the aggregation behaviour of the FILs and their repercussions in terms of the
interactions with different proteins to infer the potential of FILs in the biological field. For that,
NMR was used since it has been an important tool to obtain molecular insight into the
structure and dynamics of complex systems like FILs as well as to assess interactions with
proteins. [C2CiIm][C4FsSOs] is a FIL with improved surfactant properties and was selected for
this work because it has complete miscibility in water at all ranges of concentrations, which is
a major advantage when compared with traditional surfactants used in biological applications
[20]. The complete miscibility in water can be explained by the formation of stable self-
assembled structures water, mostly a result of the contribution of the tensioactive anion
[C4FoSOs] . The aggregation behaviour of [CoCiIm][C4FsSOs] is characterized by multiple
CACGs instead of a single CMC that occurs commonly in the traditional surfactants or other
SAILs [51,52]. Different tools, such as surface tension measurements, conductivity titration,
and isothermal titration calorimetry (ITC) enabled the identification of four distinct CACs in
this FIL, attributed to the formation of different self-assembled structures that vary in size and
shape: from monomers to spherical micelles (1st CAC), from spheric to globular micelles (2nd
CACQ) and from globular to cylindrical or lamellar micelles (34 CAC). ITC showed an
additional transition further appointed as a 4th CAC [44]. As mentioned in the introduction,
the molecular dynamics of pure [CoCiIm][C4F9SOs] is ruled by the nanosegregation into a polar
and a fluorinated domain, since the alkyl side chain of the anion is not long enough to
segregate in a hydrogenated domain [53]. Therefore, in this work, NMR experiments will be
used to explore [CoCiIm][C4FsSOs] self-aggregation behaviour by determining self-diffusion
coefficients and by Nuclear Overhauser Effect (NOE) techniques. Figure 5.2.1 shows the
structure of [CoCiIm][C4FoSO:s], as well as the numbering of the different Hydrogen and
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Fluorine atoms used for the assignment of NMR spectra, aiming to guide the reader along
with the discussion of this work. The assignment of the F NMR signals of the anion
[C4FsSOs] was confirmed by the acquisition of a 19F,19F-COSY (see Figure 5.2.2).

M s 5 F FF F

Hﬁ/—N{\\\ s >\S F10 F12_F
NN O~ \\ F
H2 H7 OF F F

Figure 5.2.1 Structure of 1-ethyl-3-methylimidazolium perfluorobutanesulfonate, [C2CiIm][C4FsSOs],
with the numbering used for Hydrogen and Fluorine NMR assignment.
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Figure 5.2.2 9F-1F COSY spectrum of aqueous [CoCiIm][C4FoSOs] (0.003 wrr) recorded at 298 K in a
400.15 MHz spectrometer.

5.2.2.1.1 Self-diffusion coefficients

In order to cover a wide range of [CoCiIm][C4F9SOs] mass fractions, and subsequently
study the different behaviours of aggregation, six different FIL concentrations were chosen for
the diffusion studies: (i) one below the 1st CAC to investigate the behaviour of FIL ions as
monomers; (ii) between 1st and 2rd CACs; (iii) between 2nd and 34 CACs; and (iv) between 3rd
and 4t CACs, to have insights about the different self-assembled structures occurring in water;
and (v) and (vi) which correspond to concentrations above the 4t CAC in order to cover all
the range of FIL mass fraction. Neat FIL was also included in the study for comparison
purposes and to understand the interplay of the FIL nanosegregation in its diffusion
behaviour. The precise concentration of each solution is presented in Table 5.2.2. As explained

in the methodology section, the diffusion coefficients were determined through the
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exponential fitting of the decay curves resulting from the DOSY experiments of each solution,
acquired in the conditions described in Table 5.2.2. The self-diffusion coefficients were
acquired for three different diffusion times both in *H (100, 800, and 2000 ms) and *F (100, 400,
and 2000 ms) to study the cation [C2CiIm]* and the anion [C4FsSOs]  diffusion independently
(Table 5.2.4). A variation of the self-diffusion coefficient with the increase in diffusion time is
indicative either of restricted diffusion (decrease of diffusion coefficient due to an increase in
“barriers” to the diffusion as the diffusion time increases) or the existence of exchange between
different diffusion domains (increase in diffusion due to an average of the diffusion between
different domains as the diffusion time increases). A first observation of the results showed
that for all ranges of FIL concentrations and diffusion times, the cation and anion have a
monoexponential behaviour identified by a linear dependence of Ln I/l versus [q2(A-6/3)]
(Figures 5.2.3 and 5.2.4). This behaviour is indicative that if there is an exchange between
diffusion domains the exchange rate is extremely fast even for the smallest diffusion time (Kexcn
>> 100 s?), thus not enabling the detection of different diffusion domains under the current

experimental conditions [54,55].

Table 5.2.4 Diffusion coefficients, D, determined by H and F DOSY NMR for the studied solutions of
[C2CIm][C4FoSOs] in water at different diffusion times (A). Error corresponds to the standard deviation

of the different diffusion coefficients in the molecule.

Diffusion coefficient (x10-1° m2 s1)

WEIL Cation (1H) Anion (YF)

D (A=0.15s) D (A=0.8 s) D (A=25) D (A=0.15s) D (A=045s) D (A=25)
1.00 0.120 £0.006 - 012+0.01 0.062+0.005 0.060 + 0.001 0.06 £ 0.01
0844 0.98+0.01 0.977 +0.007 1.01+£0.01 0.56 +0.01 0.54 +0.02 0.63 +0.01
0363 242+0.03 2.50 +£0.02 2.47+0.01 1.11+£0.02 1.10+0.01 1.311 + 0.004
0.038 591+0.02 6.02 +0.01 5.97£0.01 444+0.01 4362+0.002 4.42+0.01
0025 7.44+0.01 7.516 +0.003 759+0.01 5948+0.002 5.960+0.005  6.04+0.02
0011 7.89+0.02 7.86 +0.01 7.75+0.01 6.29+0.02 6.244+0.006 6.29+0.01
0.003 8.02+0.01 8.14 +0.01 8.33 £ 0.04 6.35+0.01 6.410+0.005 6.409 £ 0.003

The change in the diffusion time does not have an impact on the diffusion coefficients
of the cation and anion, both for the neat FIL and the aqueous mixtures, consistent with a free
diffusion model. This means that the diffusion phenomena can be correlated with the classical

diffusion equations.
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Figure 5.2.3 Plot of the logarithm of H I/Iy versus g¢*4-6/3) for different aqueous solutions of
[C2CiIm][C4F9S03] used to determine the self-diffusion coefficients of the cation reported in Table 5.2.3.
Each symbol represents the different diffusion times (A) used in this work. All the values have a cut-off

of 5%.

204



Ln I/,

Ln I/,

Ln I/,

Chapter 5 - Solubility, Stability, and Interaction of

Proteins with Fluorinated Ionic Liquids

q*(A-8/3) (s m?)

0.0 T T \] r
\ a) W, =1.000 . b) w,,, =0.844
[
08} Q nﬁb
M o
ang
a8
216t %% aw
q’ @ m
° a "o
a
24| ’ S
° a [=]
o © a" o
® 0ls * = 0ls a" g
321 o 04s o 04s |
© 2s a 2s
40 , , , , , , , ,
0.0 12e+11  24e+1l  36e+ll  4.8e+ll 0.0 12e+10  2.4e+10  36e+10  4.8e+10  6.0e+10
0.0 : . .
\% ¢) W, =0.363 % d) w,, =0.038
08} 33: - ‘)‘)33
& 0
e 8 09'0
-1.6 | o® ¥
00. ‘3,,00
> [ ]
* O, *§
24t IRER 3,
<% o, o o
. ® o
e 01s Y ¢ 01s ®o
32t o s o 04s
S 25 [ ] 2s
40 , , , , , , , ,
0.0 80e+9  16e+10  24e+10  3.2e+10 0.0 16e+0 3240 48e+9  64e+9  8.0e+9
0.0 ‘A;: T T T T T T T T
% &) Wy, =0.025 f) Wy, = 0011
08} Y.
A !
ai;y e
16 i 3
. o f;; .
‘o ti .
24}t . **
A *
b 2
0.1s 2 * 01 bl
. 1S *
327 04s + 04s
i 2s * 25
40 , , , , , , , ,
0.0 16649 32849 4849  6.4e+9 0.0 12e+9  24e+0  36e+9  48e+9  6.0e+9
0.0 s . . . .
9) Wy, =0.003
08}
o 16} 5
5 v
24t .
01s v 7,
32r 045
2s
-4.0 . . . .
0.0 1.2e+9 2.4e+9 3.6e+9 4.8e+9 6.0e+9

Figure 5.2.4 Plot of the logarithm of “F I/ly versus ¢*(4-6/3) for different aqueous solutions of
[C2CiIm][C4F9S03] used to determine the self-diffusion coefficients of the cation reported in Table 5.2.3.
Each symbol represents the different diffusion times (A) used in this work. All the values have a cut-off
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To analyse the diffusion data analysis in terms of molecular size of [CoCiIm][C4FsSOs]
and to correlate the results with the rich aggregation behaviour of the FIL, we used the classical
Stokes-Einstein (SE) equation to access hydrodynamic radii:

kT
- frnry

Through this equation self-diffusion coefficients (D) are related to the temperature (T),

523

viscosity (n), and hydrodynamic radius (rn), f is an empirical constant describing the tension
between solute and solvent, with a value ranging from 4-6 and ks is the Boltzmann constant.
Since both the viscosity and hydrodynamic radius change with concentration, the viscosity of
the solutions in the low FIL mass fraction range (0.34 to 0.003 wri.) was measured in this work.

The viscosity in the range between (1 to 0.3 wri) was previously reported [44]. Both
sets are presented in Table 5.2.5. Therefore, the values of viscosity of each solution studied in
this work were obtained by fitting a 3rd-degree polynomial function to the experimental data
(see Table 5.2.5). The changes in the molecular size in the FIL/water system can be discussed
by representing 1/(Dx#), which is directly proportional to ru versus the mass fraction of FIL
(Figure 5.2.5).

From Table 5.2.4 and Figure 5.2.5, we can observe that the cation and anion self-
diffusivities are very different for all the concentration ranges. This difference suggests that
the cation and the anion in the FIL have a low ion-pairing character, which is consistent with
the existence of nanosegregated domains for the cation and the anion as previously stated. For
all studied FIL concentration ranges, the cation shows a higher self-diffusion, hence lower
molecular size, compared to the anion, reflecting the differences in ion size ([C2CiIm]* has an
estimated van der Waals volume of 116 A3 while the anion has 158 A3) [56].

It is expected that differences in the self-assembled structures will be reflected in the
diffusion behaviour of FILs. Starting from the neat FIL, increasing water content, from neat to
0.363 wriL, we observe an increase in the molecular size of both cation and anion, which is more
pronounced for the anion moiety. Below 0.363 wgn. the molecular size of the anion decreases,
reaching a plateau for a FIL composition below the 2nd CAC, while the cation experiences a
slight molecular size increase in the region between the 34 and 4t CAC, also reaching a plateau
below the 3¢ CAC. In the region above the 4t CAC, the steep anion size increase compared
with cation is consistent with water competing with the cation for the anion interaction,
forming halogen bonds between the fluorines of the anion and the water molecule, creating a
preferential water-anion cluster. In this region, a decrease in the water content will decrease
the size of the water-anion cluster favouring the formation of nanosegregated domains which
are reflected in the lower molecular size closer to neat FIL. An increase in the water content,

on the other hand, will break these clusters and lead to the solvation of anion aggregates
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between the 4th and the 3¢ CAC that will account for the observed size decrease below the 4th
CAC and above the 314 CAC. Below the 3t CAC, there will be an increase in the population of
solvated ions that will dominate the diffusion and contribute to a decrease in the size as
observed below the 314 CAC.

Table 5.2.5 Dynamic viscosity, 77, and mass fraction, wen, for the binary system [CoCiIm][C4FsSOs] +
water at 298.15 K.

WEIL n / mPas Reference
1.0000 164.1 [44]
0.9804 62.08 [44]
0.9593 36.57 [44]
0.9418 30.35 [44]
0.9212 23.89 [44]
0.8990 20.05 [44]
0.8686 18.18 [44]
0.8440 15.21 [44]
0.8398 14.49 [44]
0.7997 11.78 [44]
0.7801 11.18 [44]
0.7398 9.378 [44]
0.6998 8.315 [44]
0.6496 7.009 [44]
0.5999 5.971 [44]
0.5489 5.165 [44]
0.5001 4.400 [44]
0.3630 3.122 b
0.3354 3.030 £ 0.0092 This work
0.2000 1.960 + 0.012 This work
0.1000 1.367 £ 0.0082 This work
0.0380 1.174 b
0.0384 1.164 £ 0.0022 This work

0.025 1.113 b
0.0245 1.091 £ 0.0032 This work
0.0110 1.055 b
0.0109 1.111 +£0.012 This work
0.0030 1.038 + 0.022 This work

a Standard uncertainties are + 0.02 mPas; ® These values were interpolated from fitting the experimental data points
to a 314 degree polynomial function.

The ratio of the diffusion coefficients of the molecules in a solution depends solely on
the ratio of the hydrodynamic radius of the probed molecules (Dcat/ Dani = 12/ rucat). In Figure
5.2.6, the Dcat/ Dani ratio is plotted as a function of the wei. The comparison of the Dcat/ Dani
versus wrr with the ratio of the van der Waals radius (1va) of the ions gives a better picture of
the relative changes discussed before, particularly concerning the formation of anion-water
clusters above the 4t CAC. Furthermore, the almost unchanged values at low FIL
concentration, with values close to the van der Waals ratio, suggests the existence of a large
population of solvated ions and that the cations and anions in the aggregates formed below

the 314 CAC are in fast dynamic equilibrium with the solvated ion, in the diffusion timescale.
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Figure 5.2.5 Plot of 1/(Dx#) vs mass fraction of FIL for [CoCilm]* (full symbols) and [C4FsSOs] (empty
symbols). The self-diffusion coefficients used in the determination of 1/(Dx#) are the average of the D
obtained with the different diffusion times (standard deviations are reported). The vertical lines
represent the CACs of [CoCiIm][C4FoSOs] [44].
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Figure 5.2.6 Ratio between the self-diffusion coefficients of [CoCiIm]* and [C4F9SOs] . The ratio between
the van der Waals radius (rvq) [56] of the anion versus the cation, is represented by the horizontal dashed
line. The error bars are included, resulting from the measurement at different diffusion times. The
vertical lines represent the CACs of [CoCiIm][C4FoSOs] [44].

5.2.2.1.2  Chemical shift perturbation

The changes in the chemical shift of each resonance in the 'H and °F spectra were also
considered in order to get more insight into the aggregation behaviour of [CoCiIm][C4F9SOs]
in water. The 'H and F spectra from where chemical shifts were measured are found in
Figures 5.2.7 and 5.2.8, for all studied FIL solutions. Chemical shift differences versus IL

concentration are plotted in Figure 5.2.9 and were calculated considering as a reference the
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chemical shifts of the pure FIL. In concentrated FIL solutions, the proton chemical shift
changes should be dominated by FIL-FIL intramolecular interactions while at lower

concentrations of FIL it should reflect the establishment of intermolecular interactions with
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Figure 5.2.7 Effect of concentration on the 'H NMR spectrum of [C2C1Im][C4F9oSO3] (400.15 MHz, 298 K)
where in a) are represented the aromatic protons and in b) the aliphatic protons.
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Figure 5.2.8 Effect of concentration on the 9F NMR spectrum of [CoCiIm][C4F9SOs] (376.54 MHz, 298
K).
For the cation, Figure 5.2.9a shows that upon the addition of water, the aromatic and

aliphatic protons show different behaviour. The aliphatic protons (H6, H7, and H8) always
experience a deshielding effect when compared to the neat FIL (downfield shift, higher ppm)
which is well pronounced when crossing the composition corresponding to the 4th CAC
(particularly for H8) towards the 3t CAC, beyond this region the addition of water only shifts
the aliphatic resonances slightly. The aromatic protons (H2, H4, and H5), on the other hand,
first experience a shielding effect (upfield shift, lower ppm) above the 4t CAC, followed by a
large deshielding effect when crossing the 4t CAC towards the 3r4 CAC, beyond this region
they experience a similar deshielding effect as the one observed for the aliphatic protons. For
the anion, Figure 5.2.9b, 1F chemical shifts display an overall deshielding effect, but to a
different extent for the different fluorine moieties. Above the 4th CAC, the shifts in F10, F11,
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and F12 resonances are negligible whereas for F9 it is slightly more pronounced. Similar
behaviour to the one observed for the 'H resonances occurs when crossing the 4th CAC
towards the 314 CAC, i.e. a pronounced deshielding effect, which again is more accentuated
for F9.
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Figure 5.2.9 a) '"H and b) F NMR chemical shift deviations of [C2CiIm][C4FsSO;] aqueous solutions
from the neat FIL. The lines represent the values of the CACs of [C2CiIm][C4FoSOs] [44].

Overall, this data is consistent with a dramatic rearrangement of the FIL
supramolecular structure when crossing the 4t CAC towards the 34 CAC. The large
deshielding of the resonances observed is indicative of the disruption of large self-assembled
structures and water aggregates and the formation of smaller solvated structures where both
cation and anion establish stronger interactions with water molecules, in particular hydrogen
bonds, that should be responsible for the observed deshielding. The fact that F9 in the anion
is the most affected resonance corroborates this conclusion since its proximity to the functional
group of the anion directly involved in the establishment of hydrogen bonds with water is
expected to be strongly affected. Above the 4t CAC, the chemical shift changes are very small
and probably reflect the restructuring of the FIL supramolecular structure to accommodate
the water molecules without a major disruption of the polar and fluorinated domains.

Therefore, the chemical shift analysis supports the results obtained in the diffusion
studies concerning the different types of structures formed along with the FIL:water

composition.
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5.2.2.1.3 Intermolecular interactions

In order to get a deeper insight into the interactions between the cation and the anion
different heteronuclear Overhauser NMR experiments were performed: 2D 'H,F-HOESY and
VF selective 1D proton detected HOESY experiments using neat [C2CiIm][C4FoSOs]. Efforts
were made to obtain results for the solutions of FIL in water, however, the spectra had very
low signal-to-noise and the hNOE signals could not be properly quantified or detected. Since
it was only possible to obtain hNOE data for a single mixing time the hNOE contacts were
analysed qualitatively, concerning its normalized intensity, in terms of the distances between
the cation/anion (protons and fluorines). Cross peaks of the 2D 'H,9F-HOESY (Figure 5.2.10)
were integrated and normalized with respect to the number of protons and fluorine atoms
(Table 5.2.6) and the hNOE was qualitatively analysed concerning its intensity and occurrence
of preferential interactions, as represented in Figure 5.2.11. The results indicate that H2
displays the strongest normalized cross peak intensity with all fluorine groups of the anion
and therefore should be in close proximity to the anion, while the other protons of the cation

display a relatively lower cross peak intensity, probably due to a relatively higher distance to

the anion.
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Figure 5.2.10 2D 'H,"”F-HOESY spectrum of neat [C2C1Im][C4FsSOs] obtained with a mixing time of 0.6
sat 298 K.

Table 5.2.6 Normalized 2D 'H,"F-HOESY absolute integrals (in relative intensity units) between the
anion and the cation for neat [C2CiIm][C4F9SOs] at a mixing time of 0.6 s. The interaction of the protons

with a specific F group was used for normalization.

Absolute Integral Normalized

WrIL H2 H4 H5 He6 H7 H8
F9 71.4 23.7 19.0 324 * 17.5
F10 76.9 26.8 34.6 46.2 * 41.5
F11 100 30.2 37.4 48.1 * 36.2
F12 64.2 30.5 174 39.7 * 23.1

*Signal in the noise level.
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Figure 5.2.11 Qualitative analysis of preferential interactions between the molecular groups of neat
[CoCiIm][C4FoSOs] derived from the 2D 'H,”F-HOESY spectra at a mixing time of 0.6 s. The different
colours represent the level of relative hNOE taken from Table 5.2.6.

To improve the accuracy of these results and given that the 2D approach yielded cross-
peaks with very low intensity, selective 1D 'H,9F-HOESY was performed. This method allows
time efficiency (better signal-to-noise ratio for the same experimental time) and provides
higher proton resolution when compared with the 2D approach [45]. Different selective 1D
1H,9F-HOESY were obtained by selective irradiation of each one of the fluorine resonances of
the 1F NMR spectra of the anion in different experiments. Therefore, in each experiment, for
a given irradiated 1°F resonance the feedback corresponds to a 1D hNOE NMR spectrum of
the protons, i.e. how they respond to the specific irradiation of each fluorine signal. The 1D 1H-
hNOE spectra were integrated and for each experiment, the integral values were corrected for
the number of protons and fluorines and normalized (Table 5.2.7). The values were then used,
as before, to perform a qualitative analysis of the relative intensity of the hNOE contacts, as

represented in Figure 5.2.12.

Table 5.2.7 Normalized selective 1D 'H,""F-HOESY absolute integrals (in relative intensity units)
between the anion and the cation for neat [C2CiIm][C4FsSOs] at a mixing time of 0.5 s. The interaction
of the protons with the specific F group was used for normalization.

Absolute Integral Normalized

WFIL H2 H4 H5 H6 H7 HS
5, B 100 89.9 743 585 68.2 504
& FO 100 94.0 98.8 30.1 752 112
TS 100 99.3 98.9 30.3 742 118
EE 2 100 9.5 93.4 295 73.4 8.89
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Figure 5.2.12 Qualitative analysis of preferential interactions between the molecular groups of neat
[CoCiIm][C4FoSOs] derived from the selective 1D 'H,'9F-HOESY spectra at a mixing time of 0.5 s. The
different colours represent the level of relative hNOE. The yellow lightning indicates the fluorine
irradiated in each experiment.

The results show that, independently of the irradiated fluorine resonance, the protons

of the aromatic ring of the cation are the ones that display the highest intensity contacts, which
translates in the closest proximity to the anion. Irradiation of F9 also yields a strong relative
response from the aliphatic protons. However, as the irradiation frequency shifts from F10 to
F12, it becomes apparent that H6, H7, and H8 have weaker hNOE signals, due to a higher
distance between these protons and the respective fluorines. These results are in accordance
with the FIL nanosegregation behaviour in the pure state. F9 is closer to the aromatic ring
protons since it belongs to the CF. group which is closer to the polar domain formed by the
polar counterparts of both ions. Therefore, the other fluorine moieties are more distant from
the polar network, indicating the segregation into a fluorinated domain surrounded by the
polar counterparts. Therefore, the 1D selective HOESY was revealed to be an efficient method
for a qualitative description of the orientation of these complex systems.

In summary, the aggregation behaviour of FILs is reflected in their properties such as
the diffusion coefficients, 'H and F chemical shifts, and hNOE contacts. They can be
determined and characterized by NMR assays allowing a better understanding of the
aggregates that are being formed and the intermolecular interactions established as the

concentration of FIL increases.
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5.2.2.2 Influence of fluorinated ionic liquids aggregation in protein-FIL

interactions
5.2.2.2.1 Model proteins

In previous works, the feasibility of using FILs for protein delivery systems was
studied using two proteins, lysozyme, and bovine serum albumin. Biocompatible FILs were
chosen, and it was shown that, in a FILs concentration above the 1st CAC, the FIL self-
assembled aggregates could encapsulate the proteins. The protein secondary structure was
maintained, whereas stability and activity were revealed to be maintained or even improved.
Moreover, when subjected to an external stimulus the biomolecules could be released from
the FIL aggregates, preserving their structure and activity upon release [49,50,57].

In this work, to gain a deeper insight into the potential use of FILs as extraction systems
for proteins, three new proteins were studied: GB1, BSLA, and IFN-a 2b, which have different
applications and high biological importance. GB1 is a domain of the protein G with a
molecular weight of around 62 kDa and consists of 56 amino acid residues, folded into a four-
stranded P-sheet and one a-helix [58,59]. It is known as one of the smallest, most stable
globular proteins, having an isoelectric point (pl) close to 4 [60]. In neutral pH, it is highly
negatively charged and has a predominantly polar character [61], with a solvent-accessible
surface area (SASA) around 3677 A2[62]. BSLA is one of the smallest lipases, with a molecular
weight of ~19.8 kDa and composed of 181 amino acid residues. It has a compact globular
structure composed of six f-strands in a parallel 8-sheet encased by two a-helices on one side
and three on the other side, resulting in an a/8 hydrolase fold enzyme without a lid domain
covering the active site (characteristic of larger lipases) [63]. It has a pl of around 9.3 being its
surface at neutral pH positively charged and with a large hydrophobic area exposed to solvent
[26] with a total SASA of ~8000 Az [31]. IFN-a 2b is a therapeutic protein used in antiviral and
antitumoral pharmaceuticals having huge biopharmaceutical importance. It has a molecular
weight of 19.3 kDa and 165 amino acid residues. The fold of this protein comprises a cluster of
five a-helices (four assembled in an antiparallel direction creating a left-handed four-helix
package) and the conformation is sustained by two disulphide bonds [64]. The pI of the protein
is approximately 5.9 [65] indicating that in neutral pH the protein is negatively charged.
Information on SASA was not found in the literature for this specific protein, however,
information regarding another subtype of IFN-a 2 (IFN-a 2a) which only differs in one amino
acid residue from IFN-a 2b, has a SASA of approximately 10000 A2and the contact area is more
hydrophobic than hydrophilic [66,67]. Hence, the selected protein models cover a wide

structural, solvent availability, and application range.
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5.2.2.2.2  Protein quantification in the presence of fluorinated ionic liquids

Following previous works [49,50], we have developed a method to verify if the FILs
aggregates form complexes with the selected proteins (GB1, BSLA, and IFN-a 2b) with
characteristics that allow, upon centrifugation, to extract the complexed protein from the
solution. The selected proteins were screened with several FILs systems in different
concentrations and the conditions can be found in Table 5.2.3. The solutions with the protein
and FILs were prepared and left to incubate for 24 h and 277.15 K to mimic typical conditions
of storage. Afterwards, the solutions were centrifuged. If a pellet was detected, it was
separated from the supernatant, resuspended in water/buffer and the protein was quantified
(both pellet and supernatant). If no pellet was visually identified, it was considered that the
protein remained in the solution and its concentration was determined. For all the assays,
control protein samples without the FILs were included as a reference.

In a first approach, GB1 was used at a concentration of 0.2 mg/mL in water, (pH=7)
with the FIL [CoCiIm][C4FsSOs], probed at diverse concentrations: below 1st CAC, between 1st
and 2rd CAC, between 2nd and 3rd CAC, between 3rd and 4th CAC and above the 4th CAC. After
centrifugation, and for all samples, the formation of a pellet was not observed, hence, only the
protein in the supernatant was quantified. Figure 5.2.13 presents the results, showing that in
the presence of this FIL, the protein remains in solution and indicating that GB1 does not
strongly interact with the FIL. A slight reduction of protein amount is seen for the

concentrations above the 3¢ CAC, however, it is not very significant.
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Figure 5.2.13 Quantification of free GB1 (0.2 mg/mL) in solutions of [CoCiIm][C4FoSOs] at diverse
concentrations and different pH values.

As mentioned above, at pH=7, GB1 is highly negatively charged. This contrasts with
lysozyme, which has a pl of approximately 11.4 [68] which, at pH=6.2, is positively charged
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and was proven to interact strongly with this FIL [49,50,57]. Since the FIL aggregation is
mainly controlled by the anion counterparts, the difference in behaviour observed in GB1 at
pH=7 could be related to repulsive interactions between the negative moieties, from the FIL
and the GB1, avoiding the formation of the pellet.

In order to understand if the concentration of the protein could induce differences in
the interactions with the FIL, the concentration of GB1 was varied from 0.2, 0.3, 0.4, and 0.5
mg/mL while the concentration of [CoCiIm][C4FsSOs] was fixed between the 2nd and 3rd CAC.
Since there was no influence from the pH the solutions were prepared in water (pH=7). The
results are plotted in Figure 5.2.14. The variations for the different protein concentrations are
within the experimental error, allowing us to conclude that the concentration of protein is not
the determinant factor for the lack of complexation of GB1 with [CoCiIm][C4FeSO:s].

To try to tune the FIL for this protein, we have selected several FILs with the same
anion, given that it is the main structural feature contributing to the self-aggregation
behaviour, but with different cations. Choline, tetrabutylammonium, and phosphonium were
the selected cations to have a wider screening of different structural features that can
contribute to favouring the FILs with GB1 interactions. The choline-based FIL was fixed at a
concentration between the 2nd and 314 CACs because its aggregation behaviour is similar to the
[CoCiIm][C4FoSOs] [44], and the other two FILs were studied in a concentration 1.5 times the
CMC to ensure complete solubility in water [69]. The results are presented in Figure 5.2.15,
along with the ones obtained for [CoCiIm][C4FsSOs] at a concentration between the 2rd and 3rd
CAC for comparison purposes. No significant reduction of protein in the solution was found,

leading to the conclusion that none of the studied FILs efficiently complexed with the protein.
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Figure 5.2.14 Quantification of free GB1 at different concentrations in water (pH =7) and in the presence
of [CoC1Im][C4F9SO;] between 2nd and 314 CAC.
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Figure 5.2.15 Quantification of free GB1 (0.2 mg/mL) in water (pH = 7) at the presence of different FILs:
[C2CiIm][C4FoSO3] and [N1112(0H)] [C4FoSO3] between 2nd and 314 CAC and [Nuass][CsFoSOs3] and
[P4444][C4F9SO3] at 1.5 times the CMC.

BSLA, with a pl around 9.3 and with a large hydrophobic area exposed to solvent with
a total SASA of ~8000 A2 was then selected to continue with further screenings of FILs. All
assays were executed at the optimal pH for the protein (NaHPO, pH = 7.5).
[C2CiIm][C4FeSOs] was tested in concentrations below the 1st CAC, between 1st and 2nd,
between 2nd and 34, between 3rd and 4th CACs, two times and four times the 4th CAC. Other
FILs differ in the cation (choline, pyridinium, and hydroxyl functionalized imidazolium) and
the anion ([C4FoSOs]  and [C4FoCO»] ) were also included in the screening to have a broader
number of possible FIL + BSLA combinations. These FILs were fixed at concentrations
between 2nd and 34 CAC. BSLA was fixed at a concentration of 0.2 mg/mL as in the case of
GBI (the complete details regarding the concentrations of FILs, buffer, and protein used are
depicted in Table 5.2.3). In Figure 5.2.16, the results for the quantification of free protein in
solution for all FILs are presented.

For all the studied concentrations of [CoCiIm][C4FsSOs] and all the other FILs, with the
exception of [Nii120m)][CsFoCOz], the variations found are almost within the experimental
error, indicating that the protein remains in solution and no interactions able to form a
complex between the protein and the FIL occur. Therefore, the cation seems not to have a
strong influence on the interactions of BSLA with FILs, and these interactions are mainly
controlled by the anion. The comparison between the two FILs based on the [Ni1120m)]* cation
shows that slight differences are found for the case of [C4FoCOz] , compared with [C4FsSOs] ,
indicating a slight contribution of the carboxylate functional group to interact with this

protein. A slight cation effect can be observed only for the [C4FoCO,] anion where a more
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polar cation seems to favour the protein-FIL interactions. BSLA is highly hydrophobic and in
the tested pH is positively charged as in the case of lysozyme. These two features should be
advantageous to promote the interaction with the anionic counterparts of the FILs that also
have a strong hydrophobic nature. In fact in the assay with the [N11120m)][C4F9CO:] FIL a small
decrease in protein concentration was determined, this FIL combines a more polar cation with
a hydrophobic anion, and might indicate that a more hydrophobic anion environment is
needed to increase the interaction with this protein, while a polar cation is needed to ensure
water miscibility. The results point, however, to the existence of other, and less obvious,
determinants of protein-FIL interactions than solely the total protein charge and SASA.
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Figure 5.2.16 Quantification of free BSLA (0.2 mg/mL) at the presence of different FILs in 50mM
NaHzPOy (pH = 7.5). The [C2CiIm][C4FoSOs] was tested at different concentrations whereas the other
FILs were tested at a concentration between the 2nd and 3td CAC.

The last protein model studied was the IFN-a 2b. This protein has high relevance in
the biopharmaceutical field and its interaction with FILs might have important applicability.
All the experiments were performed in buffered solutions at the optimal pH for IFN-a 2b to
assure full activity (NaH2POs, pH = 7.4). The assays were executed with 0.01 mg/mL of IFN-
a 2b. The concentration of protein used in the assays was lower than the ones used with GB1
or BSLA since the protein is very unstable and has the tendency to aggregate at higher
concentrations. The lower concentration, however, should not be a constraining or favouring
factor since, in previous work with lysozyme, it was shown that protein concentrations
between 0.04 and 0.2 mg/mL had a negligible effect on the FIL-protein interaction and the
extraction results [50]. In the first assay two FILs were screened, [CoCiIm][CsFoSOs] and
[C2Cipy][CaFoSOs), at concentrations ranging the self-aggregation behaviour (all the details on
concentrations used in this assay are presented in Table 5.2.3). As before, no visual pellet was

found for the samples and protein quantification was performed only for the protein in the
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solution. Figure 5.2.17 presents the results obtained. No significant differences were found
between the FILs and the blank, indicating that no substantial complexation occurs between
these FILs and IFN-a 2b.

As in the case of the other studied proteins, several different FILs were selected in order
to enlarge the screening possibilities. In this case, FILs based on [C.Cilm]*, [C:Cipy]*,
[CoomyCiIm]* and [Ni1120m)]* cations and [C4FsSOs]  and [C4FoCO,]  anions were used with a
concentration fixed between the 2nd and 3rd CAC, and FILs based on [CsCiIm]*, [CsCiim]* and
[C4Cipyr]* cations and the [C4FsSOs]  anion were used with a concentration selected to be 1.5
times the CMC due to insolubility in aqueous solution [69].
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Figure 5.2.17 Quantification of free IFN-a 2b (0.01 mg/mL) at the presence of [CoCiIm][C4F9SOs] and
[C2Cipy][C4FoSOs] at different concentrations in 5 mM NaH»PO4 (pH =7.4).

Figure 5.2.18 displays the results of protein quantification for the different FILs used.
Analysis of the data shows that in this case some variations are found in the quantity of free
protein in the solution. The increment of the hydrogenated alkyl chain in the imidazolium
cation, comparing the FILs based on [C,CiIm]* cation with n=2,6,8, does not show significant
interactions with IFN-a 2b. The same conclusion is found for the case of [C4Cipyr]* and
[C2Cipy]* cations when conjugated with the [C4FoSOs] anion. Slight differences are found for
the case of the FILs based on [CyonCilm]* when compared to the [CoCiIm]*, indicating small
interactions with the protein, but the anion seems not to influence those interactions. When
comparing the FILs conjugated with [CoCiIm]* and [C2Cipy]*, a more pronounced variation is
found for the FILs based on the [C4FoCO,] anion. Nevertheless, the most promising FILs are
those based on the choline cation, with values very similar to both anions, reinforcing the
results obtained with BSLA. However, the extraction efficiency is low because approximately
50% of the protein remains free in the solution. Looking at all of the assays there seems to be
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a confirmation of the tendency to increase the extraction efficiency by combining a more polar
cation with a more hydrophobic anion, but more studies need to be carried out in order to

confirm this trend.

120 ¢
100
80

60 r

Free protein (%0)

40 t

20 f

Figure 5.2.18 Quantification of free IFN-o 2b (0.01 mg/mL) at the presence of different FILs at
concentrations between the 2nd and 34 CAC ([C2C1py][CaFoSOs], [C2C1Im][CaFoSOs], [C2Cipy][CaFoCO2],
[C2CiIm][C4FoCO2], [N1112(0m)] [C4FeSOs], [N11120m)] [C4FoCO2], [CooryCiIm][C4F9SO3] and
[CoomCiIm][C4FoCO2]) and 1.5 times the CMC ([CoCilm][C4FoSOs], [CsCiim][CsFoSO3] and
[C4C1pyr] [C4F9503]) in 5mM NaH2PO4 (pH = 7.4).

Comparing the SASA of all proteins, there seems to be an influence on the relative
surface accessibility of the proteins and their ability to interact with the FILs (GBlsasa <
BSLAsasa < IFN-a 2bsasa) as IFN-a 2b with the highest SASA had the most promising results.
However, the results also clearly show that there is no universal FIL for all proteins and that
other properties besides the protein charge or SASA must influence the protein-FIL
interaction. The most promising results were obtained for the combination of the cholinium
cation with a more hydrophobic fluorinated anion, but still with a very low extraction
efficiency. Therefore, new FIL structural features must be considered, and most probably
proper compounds must be designed to apply in each protein system. The interactions of the
proteins with the ILs highly depend on several characteristics of the cations and anions such
as polarity, hydrophobicity, the hydrogen-bond capacity of the ILs, and the ILs concentration,
as demonstrated in this work. A discussion of the Hofmeister effect might be interesting to
understand the influence of the kosmotropicity of the ions in the protein-FIL interactions.
However, the Hofmeister effect can only be used to characterize the behaviour of the diluted

aqueous solutions of hydrophilic ILs since it was already demonstrated that hydrophobic ILs
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do not follow this effect [6]. Therefore, there is a lack of a general theory to explain the
Hofmeister effect due to the complex nature of the interactions between ions, water, and
protein. This work is an important first step in the direction of screening different structural
features of FILs and proteins to envision the formulation of promising systems to allow the

use of FILs in biological applications.

5.2.3 Conclusions

In this work, the aggregation behaviour of FILs and the impact that they have on the
interactions with proteins were studied. The self-diffusion coefficients of [CoCiIm][C4FoSOs]
were determined and discussed in terms of the hydrodynamic radius. The results indicated
that the molecular size of the FILs increases as long as the concentration rises, indicating the
formation of the FIL aggregates. After the 4th CAC, the FIL started to assume a molecular
structure governed by the nanosegregation behaviour, and the values became much closer to
the pure state. These results were also supported by the chemical shift variation. Moreover,
the hNOE experiments on pure FIL showed the proximity of the polar functional groups of
the cation and anion to each other and the fluorinated groups are more distant from the polar
counterparts, confirming the contribution to the nanosegregation of the FIL. Several FILs were
selected to screen their interactions with three different proteins: GB1, BSLA, and IFN-a 2b.
Only in the case of IFN-a 2b significant differences in the concentration of free protein in the
solution of FIL were found, indicating a stronger interaction with [Ni112(0m)][C4FsSOs] and
[N111200m)][C4aF9CO2] FILs. Therefore, the study of the interactions between FILs and IFN-a 2b
using NMR techniques should be the next step to have insights at a molecular level with the
aim to complete the results discussed in this work. Nevertheless, a widescreen of FILs with
different structural features and proteins was obtained in this work. These results constitute a
very significant first step to the design of task-specific FILs for protein extraction and

separation processes.
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5.3 Unveiling the influence of non-toxic fluorinated ionic
liquids aqueous solutions in the encapsulation and

stability of lysozyme

Lysozyme (Lys) is a small globular protein with 129 amino acid residues, a molecular
weight of approximately 14.7 kDa, and a positively charged surface, found in different living
organisms and biological fluids. Lys is an enzyme with multifaceted properties which enable
its unique antibacterial, antifungal, anti-inflammatory, antitumor, and antihistaminic
activities. This enzyme was selected for this study as a model protein due to its vast
applicability in biochemical, pharmaceutical, and food industry fields; easy availability due to
the high homology of human Lys with hen egg white Lys; and irreversible aggregation which
hinders its usage and increases the interest in it as a target of studies in the areas of protein
stability, activity, interactions with other compounds, protein-based deliveries, crystallization,
and separation processes [70,71].

The superior surface activity of SAILs compared with conventional surfactants allows
self-assembly in aqueous solutions into more efficient colloidal systems, such as micelles or
vesicles, with greater control of their shape, size, stability, and specific utility. These
advantages highlight the substitution of surfactants by SAILs in the protein stability field,
successfully demonstrated by some works in the specific case of lysozyme. Bisht et al. reported
the influence on structural stability and activity of lysozyme by different ammonium-based
ILs, including one that is highly hydrophobic, methyl-trioctylammonium
bis(trifluoromethylsulfonyl)imide. This work concluded that the increment of the
hydrophobicity decreases the stability and activity of the protein, as well as the increment of
IL concentration, for all studied ILs [72]. The same conclusions were found in another work
with imidazolium-based ILs [73]. Mandal et al. studied the interactions between 1-butyl-3-
methylimidazolium octylsulfate and lysozyme, discovering a destabilizing effect of the IL
which highly depends on the variation of the solution pH and the increment of IL
concentration added to the solution [74]. Kumari et al. highlighted the binding of 1-methyl-3-
octylimidazolium chloride at the active site of lysozyme mainly by hydrophobic interactions,
inducing conformational change by reducing the intramolecular hydrogen bond of the
enzyme and enhancing the protein activity [75]. In another work, Kumari et al. selected 1-
decyl-3-methylimidazolium chloride as an additive to prevent protein aggregation. This IL
maintains the conformational and thermal stability of lysozyme at lower concentrations,
increasing the activity of the protein with the increment of IL concentration up to a certain

concentration [76]. Rather et al. studied the structural-functional integrity of lysozyme in the
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presence of two SAILs, 1-octyl-3-methylimidazolium dodecylbenzenesulfonate and 1-
dodecyl-3-methylimidazolium dodecylbenzenesulfonate, in the concentration range of critical
aggregation concentrations (CACs) and the SAIL saturation concentration of the protein
backbone. They found out that this IL is an efficient additive agent for the enhancement of
lysozyme stability, increasing its activity and preserving the thermal and conformational
stability, while the other studied IL has the opposite behaviour [77]. Singh et al. recently
showed in two different works the complexation of lysozyme by binding to bio-based SAILs,
allowing the connection of lysozyme molecules to each other and providing enhanced
structural stability and antimicrobial activity to the enzyme, depending on the concentration
of SAILs and of their distinct interactions with the protein [71,78].

In this work, efforts have been made to find how the structural features of FILs (such
as cation, anion, and functionalization of cation) influence the mechanisms of the
solubilization and stabilization of lysozyme, which should be granted by the encapsulation of
the protein. The cytotoxicity of the studied FILs was firstly determined to ensure
biocompatibility. UV-visible spectrophotometry was used as a method of screening the
different interactions between FILs and lysozyme. The FILs that significantly altered the
lysozyme spectroscopy profile was chosen to determine the encapsulation efficiency by a
BCA™ Protein Assay Kit and to study the effect on the bioactivity of the enzyme. Finally, the
thermal stability of lysozyme was evaluated by differential scanning calorimetry (DSC) to
verify the influence of the mechanism of encapsulation and stabilization of lysozyme by the
most efficient FILs. This study proved the greater ability of FILs to enhance the stability and
activity of the lysozyme, protecting it from the external factors of its local environment by
efficient encapsulation of the protein. Then, it is possible to design compounds with enhanced
surface activity, compared to SAILs, but with lower hydrophobic content. This combination
bypasses the problems of the highly hydrophobic SAILs where the increment of concentration
can have a destabilizing and denaturant effect. In our work, the lysozyme is highly active in
concentrations higher than 30% (w/w) of FIL. On one hand, FILs allow a new mechanism of
stabilization and protection of the protein by its encapsulation and, on the other hand, extend
the range of concentrations where lysozyme is active and stable in the presence of ILs. This
work opens doors to the application of FILs in the biopharmaceutical field, as a stabilizer of
proteins in all the processes of formulation, production, and storage of new therapeutic

products as well as in the administration route of the enzyme as a delivery system.
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5.3.1 Materials and experimental methodology
5.3.1.1 Materials

1-Ethyl-3-methylimidazolium perfluoropentanoate, ([C2CiIm][CsFoCO2], 98% mass
fraction purity); 1-ethyl-3-methylpyridinium perfluoropentanoate, ([C2Cipy][CsFoCOz], 98%
mass fraction purity); (2-hydroxyethyl)trimethylammonium perfluoropentanoate
([N1112001) [ [C4F9CO2], 98% mass fraction purity); 1-(2-hydroxyethyl)-3-methylimidazolium
perfluoropentanoate, ([CzomCiIlm][CsFoCO2], 98% mass fraction purity); and 1-(2-
hydroxyethyl)-3-methylimidazolium perfluorobutanesulfonate, ([CaomCilm][CsFoSOs], 98%
mass fraction purity) were synthesized by the ion exchange resin method as previously
developed by Fukumoto et al. [41], and implemented in our lab [42,43,53,79]. 1-Ethyl-3-
methylimidazolium perfluorobutanesulfonate ([C2CiIm][C4FsSOs], 297 % mass fraction purity)
and (2-hydroxyethyl)trimethylammonium perfluorobutanesulfonate ([Ni112(0m)][C4FsSO3],
>97% mass fraction purity) were supplied by IoLiTec GmbH (Heilbronn, Germany). The
synthesized and commercial FILs were characterized by 'H and °F NMR spectroscopy (NMR
spectrometer, Bruker 400 MHz) and the synthesized FILs were checked by elemental analysis
for purity determination. All FILs were dried under vigorous stirring and vacuum (4 Pa) for
at least 48 hours at 323.15 K prior to usage to guarantee the absence of volatile substances in
the synthesis process and a water content lower than 100 ppm, as determined by the Karl
Fisher coulometric titration method (Metrohm 831 KF Coulometer). The
perfluorobutanesulfonic acid (C4FsSOsH, 298% mass fraction purity, TCI, Tokyo, Japan) and
perfluoropentanoic acid (C4FoCO2H, 297% mass fraction purity, Fluorochem, Hadfield, UK)
were used for comparison purposes in the cytotoxicity assays. The nomenclatures and
structures of FILs and fluorinated acids can be found in Table 5.3.1.

For the cytotoxicity assays, two types of human cell lines were used: human colon
carcinoma cells (Caco-2, Deutsche Sammlung von Mikroorganismen und Zellkulturen, DSMZ,
Germany) and human hepatocellular carcinoma cells (HepG2, European Collection of Cell
Culture, ECACC; UK). The cell culture media and supplements were supplied by Gibco
(Invitrogen Corporation, UK): RPMI 1640 medium, MEM medium; fetal bovine serum (FBS),
L-Glutamine, penicillin-streptomycin solution, MEM nonessential amino acids (MEM-
NEAA), sodium pyruvate and trypsin-EDTA solution. The cell viability was determined by a
CellTiter 96® AQueous One Solution Cell Proliferation Assay from Promega (Madison, WI,
USA).
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Table 5.3.1 Structures and nomenclatures of fluorinated ionic liquid cations and anions and the
fluorinated acids used in the assays.

Cations
’N{\\ 11]+/
%/N\/ OH/\/ ~
1-Ethyl-3-methylimidazolium (2-Hydroxyethyl)trimethylammonium
[C2CiIm]* [Nu1200m)]*
= =
I, 1
N~ N-S"Son
1-Ethyl-3-methylimidazolium 1-(2-Hydroxyethyl)-3-methylimidazolium
[C:Cipy]* [Ca0mCarIm]*
Anions
F F E F F 0]
N d FW
EF S//
F O
F Z2Ne)

F F FO F FF F
Perfluorobutanesulfonate Perfluoropentanoate
[C4FoSOs] [C4F9sCO,]

Acids
F FE F F O
N O FW

F S//
F OH
F /" “OH
F F FO F FF F
Perfluorobutanesulfonic acid Perfluoropentanoic acid
C4FySOszH C,FyCO-H

Lyophilized lysozyme from chicken egg white and Micrococcus lysodeikticus lyophilized
cells were purchased from Sigma-Aldrich (St. Louis, MO, USA). The potassium dihydrogen
phosphate (KH2PO,, purity = 99.0%, Fluka, Charlotte, NC, USA) was used as a lysozyme
buffer. For encapsulation efficiency assays, the BCA™ Protein Assay Kit was purchased from

Thermo Fisher Scientific (Waltham, MA, USA). Milli-Q water was used for buffer preparation.
5.3.1.2 Cytotoxicity assays

The cytotoxicity of FILs ([C2CiIm][C4FoCOy), [C2Cipy][CaFoCOy],
[Co0mC1IM][C4F9COz], [CoonCiIm][C4FsSOs], and [Nii120m)][C4FoCOz]) and fluorinated acids
was tested in two different cell lines: human colon carcinoma cells, Caco-2, and human
hepatocellular carcinoma cells, HepG2. The complete details of cell culture maintenance and
cytotoxicity assays can be found in previous work [80]. Briefly, the cell lines were cultured and
grown with routine maintenance under conditions specific to each type of cell. The stock
solutions of FILs were prepared in dimethyl sulfoxide (DMSO) due to the low solubility in the
culture medium and then diluted in 0.5% FBS culture medium (up to a maximum of 1% v/v

DMSO) for a range of FIL concentrations between 500 and 10,000 pM. The FIL solutions were
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incubated within each cell line for 24 h, as well as the negative (culture medium with DMSO
1% v/v) and the positive control (in 100% v/v of DMSO). After the incubation, the medium was
removed, and CellTiter 96® Aqueous One Solution Cell Proliferation Assay reagent was
added. After 4 h of incubation, the absorbance was measured at 490 nm by a Thermo Scientific
Multiskan GO microplate reader (Waltham, MA, USA). Therefore, the cell viability was
quantified by the ratio between the measured absorbance of cells that have contact with the
FIL and the values of control cells (incubated only in the culture medium). The samples were
incubated in three distinct wells and the curves of viability were determined from the average

of three independent assays within an experimental error of +10%.
5.3.1.3 Preparation of solutions for protein assays

The potassium dihydrogen phosphate (KH2PPO4) was prepared at 66 mM using Milli-
Q water (pH = 6.2) and was used as a solvent for all the samples in the studies with lysozyme.
For most assays, the lysozyme was studied at a fixed concentration of 0.2 mg/mL, whereas for
nano-DSC assays, a concentration of 1 mg/mL of lysozyme was used due to the method
sensitivity. The FIL concentrations were chosen according to the specific critical aggregation
concentrations (CACs) previously determined for each compound [44,81,82]. The detailed
concentrations used for each FIL can be found in Table 5.3.2. In all the assays, the blanks of
buffer, lysozyme in buffer, and FILs in buffer were included. All the solutions were prepared,
stirred, and left to equilibrate for 30 min following the measurement at 298.15 K, considering
this measurement as time zero (0 h). Afterwards, these solutions were incubated at 4 °C for 48
and 96 h and measured after each incubation time (first equilibrating for approximately 30
minutes at room temperature). The incubation temperature was chosen based on previously
obtained results, where the ideal activity of lysozyme was found [50,57].

Table 5.3.2. Concentrations of FIL aqueous solutions (mass fraction, wrr) used in this work.

FILs Below 1t CAC 1st-2nd CACs 20nd-31d CACs 3rd-4th CACs Above 4th CAC
[C2C1Im][CsFoSO5] 0.0030 0.0109 0.0245 0.0384 0.3636
[C2C1Im][CsFsCO2] 0.0039 0.0184 0.0784 0.1567 0.3134
[C2C1py][CsFsCO2] 0.0029 0.0089 0.0222 0.0975 0.3582
[N1112(08)] [C4F9CO2] 0.0017 0.0297 0.0843 0.1686 0.3372
[N1112(08)] [C4F9S O3] 0.0033 0.0104 0.0447 0.1502 0.3100
[Co0mCiIm][CaFoSOs]  0.0042 0.0230 0.0456 0.1072 0.3065
[Ca0mCiIm][CsFsCO;]  0.0036 0.0159 0.0356 0.0928 0.1788

5.3.1.4 UV-visible spectrophotometry

A double beam UV-vis spectrophotometer, model UV-6300PC, from VWR® (Radnor,
PA, USA), was employed for absorbance measurements of the solutions found in Table 5.3.2.

A matched pair of quartz cuvettes with a 1 cm path length was used and 400 pL of each sample
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were placed in the dried cuvettes and measured in a wavelength range of 190 to 400 nm. For
the solutions of lysozyme in buffer and FILs in buffer, the buffer was used as a blank. For the
solutions of lysozyme + FILs + buffer, the FILs in buffer solutions were used as blanks in order
to follow the profile of the protein. Each sample was recorded at least three times and the
absorbance at 280 nm was analysed as well as the overall alterations of the lysozyme profile

in the presence of FILs at the different selected concentrations.
5.3.1.5 Encapsulation efficiency

The encapsulation efficiency of lysozyme was determined for [CoCiIm][C4FsSOs],
[C2GIM][CiFoCOz), [CoomCilm][CaFsSOs], and [CoomCilm][C4FoCO2] by preparation of the
solutions in the concentrations indicated in Table 5.3.2 and as explained in Section 5.3.2.3. After
each incubation, the solutions were centrifuged at 4 °C for 30 min at 10,000 rpm. For the
concentrations where encapsulation of lysozyme occurred, a white pellet was formed. The
pellet corresponded to the encapsulated lysozyme and was separated from the supernatant
(free lysozyme in solution) and subsequently resuspended in the same volume of buffer. The
protein concentration was determined for both the resuspended pellet and supernatant
solutions and for the solutions where no pellet was formed, by adding 100 uL to U-bottom 96-
well plates using the colourimetric BCA Protein Assay Kit. A set of samples with known
concentrations of lysozyme in a range of 0.004 and 0.24 mg/mL was also prepared and added
to the plate as standards. The polynomial fitting of the standard curve was used to determine
the final concentration of lysozyme in each solution and the encapsulation efficiency estimated
by the ratio of the amount of lysozyme encapsulated to the total amount of lysozyme in the
solution. The measurements were taken in triplicate in at least two independent experiments

with errors within +10%. More details of this assay can be found in previous work [50].
5.3.1.6 Lysozyme activity

The influence of FILs on the bioactivity of lysozyme was evaluated and the detailed
protocol can be found in previous work [57]. Briefly, the bioactivity was determined by the
lytic activity of lysozyme against the cell wall of Micrococcus lysodeikticus, changing the
turbidity of the bacterial suspension. The absorbance at 450 nm was measured at 298.15 K in
U-bottom 96-well plates in a Multiskan GO microplate reader, also from Thermo Fisher
Scientific (Waltham, MA, USA). The solutions with [CoCiIm][C4FsSOs], [C2CiIm][CaFoCO2],
[C20m)CiIm][C4FoSOs], and [CooryCilm][CsFoCO2] were prepared as described in Section
5.3.2.3 at the concentrations indicated in Table 5.3.2. A solution of M. lysodeikticus (substrate)
at 0.3 mg/mL was prepared in the protein buffer and left to equilibrate for at least 30 min. The

samples were tested before and after the assay of encapsulation efficiency by adding 10 pL of
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each tested solution to the wells and, immediately before measurement of absorbance, 100 pL
of substrate were added to the wells. The measurements of absorbance were monitored at 30
s intervals for 5 min and taken in triplicate. At least two independent experiments were
executed, and the errors were within +10%. The lysozyme activity was determined through

the linear turbidity decline of the plotted absorbances.
5.3.1.7 Differential scanning calorimetry

[CoCIm][CyF9SOs] and [CoonCilm][CaFoSOs] samples were prepared as explained in
Section 5.3.2.3 and measured only at time zero (0 h). The samples were centrifuged at 4 °C for
30 min at 10,000 rpm, to separate the lysozyme in solution (detected in the supernatant) from
the protein interacting with the FIL (detected in the pellet). The pellet was afterwards
resuspended with buffer in the same initial volume of solution. The DSC assays were executed
by a Nano DSC (TA Instruments, New Castle, DE, USA). The baseline was obtained by filling
the cells with the respective reference solution and recorded before the assays. The samples
(supernatant and pellet when detected) and references were degassed for 7 min at 20 °C and
subsequently measured at a scan rate of 1 °C/min in a temperature range of 20 to 90 °C under
a pressure of 3 atm. The software NanoAnalyze (TA Instruments, New Castle, DE, USA) was

used to obtain the melting temperature (Tm) of the lysozyme.

5.3.2 Results and discussion
5.3.21 Cytotoxicity of fluorinated ionic liquids

The application of FILs in the biopharmaceutical and biomedicine fields is highly
dependent on their toxicity and biological properties [83,84]. Information on the correlation
between structure and toxicity is imperative to design “greener” FILs. The study of
cytotoxicity provides information on the biocompatibility of these compounds with the
human body, which has special importance in the administration route of biopharmaceuticals.
Few works have focused attention on the cytotoxicity of FILs [80,85,86] and more
complementary data are needed. The cytotoxicity of FILs was determined in HepG2 and Caco-
2 cell lines, which are in vitro models of the liver (HepG2) and intestinal (Caco-2) tissues. These
cell lines are widely used in toxicity studies to obtain information on the oral and rectal
administration routes of pharmaceuticals [87-89]. The in vitro cytotoxicity of
[CGIM][CiFoCO2], [C2Cipy][CaFoCOs],  [Ni11200m)][CaFoCO2],  [CoomCilm][C4FoCOs], and
[C20mCilm][C4F9SOs] FILs was determined in this work. These FILs were selected to infer the
influence of the anion [C4F9CO;] and the functionalization of the cation with a hydroxyl

group in the cytotoxicity assay. The cytotoxicity of two fluorinated acids (CsFsSOsH and

C4FoCOH), which are the starting reagents used in the synthesis of the FILs, was also
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determined for comparison purposes. The cytotoxicity of these acids was already studied in
other work, where no significant cytotoxicity was found for a human placental
choriocarcinoma cell line [90]. These acids are used as a more biocompatible option to
substitute the toxic polyfluoroalkyl acids with longer perfluorinated chains [91]. The
cytotoxicity of FILs and fluorinated acids was evaluated in a concentration range of 500 to
10,000 pM for 24 h of exposure time. The cellular viability determined using the CellTiter 96®
Aqueous One Solution Cell Proliferation assay can be found in Figure 5.3.1, where Figure

5.3.1a illustrates the results of the Caco-2 cell line and Figure 5.3.1b of the HepG2 cell line.
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Figure 5.3.1 Cellular viability of FILs and fluorinated acids in (a) Caco-2 and (b) HepG2 cell lines. The
lines are a guide for the eye.
The results indicate that none of the compounds shows acute toxicity to both cell lines

in the concentration range studied. These results are in concordance with those previously
obtained for the homologous FILs composed of [CsFoSOs] anion conjugated with short
cationic hydrogenated chains [80,85]. Both [C4sF9CO;] anion and the OH group in the cation
do not have a negative influence on the cytotoxicity in the studied range of concentrations.
Only the fluorinated acid composed of the SOs; functional group (orange inverse triangles in
Figure 5.3.1) shows a slight decrease in the cellular viability at a concentration close to 10,000
M. This behaviour is not found for the FIL based on [CsF9SOs] anion (red triangles in Figure
5.3.1). The reduced toxicity of all these compounds can be sustained by the complete
miscibility in water and high surfactant power. It is well established that the hydrophobic
nature of cations and anions is highly related to the higher toxicity of ILs [75,84]. The cations
composing the FILs studied here have a lower hydrophobic nature due to the short alkyl
chains, which can explain the lower cytotoxicity. Furthermore, the results regarding the
fluorinated acids show low cytotoxicity, proving that the anion does not contribute to
cytotoxicity in the studied FILs. Therefore, we can design FILs with more hydrophilic cations
and fluorinated anions, maintaining their high surfactant power and adding negligible
cytotoxicity. This makes them promising candidates to substitute the conventional surfactants,

characterized by their high hydrophobic nature and subsequently higher toxicity.
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5.3.2.2 Absorption measurements

The absorption measurements by UV-visible spectrophotometry are very useful to
obtain insights into the interactions between ILs and proteins. The aromatic amino acids, such
as tryptophan, that compose the structure of the proteins are very sensitive to the visible range
and are used as spectral probes of protein conformational changes. Lysozyme has six
tryptophan residues with a key role in preserving its stability and activity, located in the active
site and the hydrophobic core of the protein. Therefore, an absorbance band between 260 and
300 nm with a strong peak around 280 nm characterizes the spectral profile of this enzyme,
and any alteration in the spectra can give information on the modifications occurring in the
local environment of the characteristic lysozyme tryptophan residues. Usually, these changes
are based on the shift to lower or higher wavelength values of the absorbance maximum that
can indicate the unfolding of a protein. Several works show an increase or decrease in
absorbance intensity in the presence of different families of ILs [72-75,92].

In this work, six different FILs ([CoCiIm][CiFsSOs], [CoCilm][CiFoCOy],
[N1112008)] [C4F9SOs], [N111200m)][CaFoCOz], [CoomCilm][CyFoSOs], and [CoomCilm][CsFoCO2])
were selected to study their influence on the conformation of lysozyme. The assays were
executed at 298.15 K and for three different durations of incubation (0, 24, and 48 h) to infer
the influence of time on the FIL-lysozyme interactions. Different CACs can be determined for
FILs in aqueous solutions and these CACs indicate the formation of various self-assembled
structures. These distinct transitions can be translated into changes in the shape of the self-
assembled structures, from monomers to spherical micelles (1st CAC), from spherical to
globular micelles (2nd CAC), and from globular to cylindrical or lamellar micelles (3t CAC).
In the case of [C2CiIm][C4FoSOs], a 4t CAC was identified by isothermal titration calorimetry.
However, the shape of the self-assembled structures in this transition was impossible to
characterize by visual or theoretical methods. The formation of these stable aggregates is the
main mechanism that controls the total miscibility of these FILs in water [44,81,82]. Therefore,
concentrations between the different aggregation transitions of each FIL were selected, to
understand how the different self-assembled structures can interact with the lysozyme. The
FILs can encapsulate the lysozyme, as previously demonstrated [50,57], by the entrapment of
the enzyme inside the self-assembled structures. In this work, the search for the most
favourable FIL concentrations, to encapsulate the lysozyme, and the study of the different
interactions, are carried out. To ease the analysis and discussion, we categorized the studied
concentrations as: (i) below the 1st CAC, where no aggregation is found; (ii) between the 1st
and 2nd CACs, the first transition; (iii) between the 2nd and 34 CAC, the second transition; (iv)
between the 3rd and 4t CACs, the third transition; and (v) above the 4th CAC. The exact values

of the concentrations used for each FIL are detailed in Table 5.3.2. These assays were executed
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by keeping the concentration of lysozyme constant at 0.2 mg/mL. The results are discussed to
understand how the structural features of FILs affect the lysozyme conformation by analysing
the effect of cation and anion type and the functionalization of the cation with a hydroxyl
group, and they can be found in Figure 5.3.2.

Figures 5.3.2a-c illustrate the results of [CoCiIm][C4FoSOs]-lysozyme assays. As in all
the graphs of Figure 5.3.2, the lysozyme in solution is represented by a black dashed line and
the coloured solid lines correspond to the different concentrations of the tested FILs, as
detailed in Table 5.3.2. The major variations of the lysozyme spectral profile are found for the
two concentrations between the 2nd and 3rd and 3rd and 4th CACs. In Figures 5.3.2a-c, the green
line (2nd and 34 CACs) completely loses the conformation and becomes a flat line which, at
time zero (0 h), has an increased intensity compared with the lysozyme reference and strongly
decreases at 48 and 96 h. This result could be an indication of the encapsulation of lysozyme
by [CoCiIm][C4FsSOs] due to the complete covering of the lysozyme curve profile. It is not
attributed to unfolding because, as previously reported, this process is detected through a shift
of the peak absorbance to values around 301 nm [93]. Moreover, the encapsulation of this
protein was already proved by this FIL in other works at different concentrations and
incubation times.! The decrement of absorbance intensity throughout the incubation may
indicate a stabilization of the aggregates of FIL in the encapsulation of lysozyme. The same
occurs for the concentration between the 3rd and 4th CACs (purple line) but the profile still has
some similarities with the lysozyme reference, decreasing the intensity during the incubation.
This behaviour could indicate that in this concentration, the FIL does not totally encapsulate
the enzyme. The other concentrations do show very slight differences compared with the
lysozyme reference, which indicates the presence of the FIL in the local environment and
subsequent interactions with the tryptophan residues at the protein surface. A surprising
result is the fact that the highest concentration tested, after the 4t CAC, does not alter the
lysozyme profile, indicating a turning point in the rearrangement of the FIL structure in these

concentrations which does not allow the encapsulation of the protein.
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Figure 5.3.2 UV-vis absorption spectra of lysozyme in the different concentrations of FILs studied in

this work. The FILs and conditions of incubation are described in each graph.
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In the case of [CoCiIm][C4F9COy], the results are illustrated in Figures 5.3.2d-f. Only a
slight increment of intensity is found for the 2nd and 34 CACs at 48 and 96 h and the 3rd and
4th CACs at 96 h. This behaviour indicates that interactions between the surface of lysozyme
and FIL are occurring but do not promote enzyme encapsulation or any modification in the
overall conformation of the protein. Some spectral noise is found for the highest FIL
concentration tested, which could be related to a saturation of the UV-vis signal and
subsequently a bad discount of the FIL blank. For the [N11120m)][C4FoSOs] FIL (Figures 5.3.2g-
i), only the concentration between the 2nd and 3¢ CACs shows significant differences
compared with the lysozyme reference, with a similar behaviour found in the
[CoCiIIm][C4FsSOs] case. This could be an indication of the encapsulation of lysozyme in this
concentration of FIL. No alterations were found to the other concentrations studied.
[N111200m)][C4FoCO2] (Figures 5.3.2j-1) shows slight alterations, as does the [CoCiIm][C4FoCO2]
case, which could indicate interactions with the tryptophan residues at the surface without
any significant modification of lysozyme conformation.

The [CoonCilm][C4FoSOs] is the FIL that has more impact on the spectral profile of
lysozyme, as can be seen in Figures 5.3.2m-o. The behaviour of the lysozyme profile in the
concentrations between the 1st and 2rd CACs, 2nd and 314 CACs, and twice the concentration of
the 34 CAC indicates an encapsulation of the enzyme, which seems to stabilize with time. The
highest concentration seems to alter the profile in a different way, which could be related to a
conformational change of the lysozyme in the presence of FIL. For [CaonCilm][CsFoCOy]
(Figures 5.3.2p-1), significant differences are only found after 48 and 96 h of incubation and
could have been triggered by the changes in the local environment of the protein without
significant modifications in its conformation. Only the 2nd and 3¢ CAC concentrations have a
change in the maximum of absorbance, which is shifted to around 270 nm, possibly indicating
a change in lysozyme conformation.

All these results markedly indicate that in terms of anion influence, the FILs based on
[C4sFsSOs] anion have a greater effect on the spectral profile of lysozyme, with a great
indication of encapsulation of the protein due to the complete loss of the conformation of the
characteristic band. This behaviour is emphasized as the time of incubation increases, possibly
indicating a stabilization of the FIL aggregates with the protein. The same is not found for
[C4FsCO;]  anion, which only shows slight increments or decrements of absorbance intensity.
Then, there are some interactions between the tryptophan residues on the surface of the
protein, but the overall conformation is not highly affected. Looking at the results in terms of
cation comparisons, the encapsulation ability grows in the following order: [N11120m)][C4FoSOs]
> [CoCGIm][C4FoSOs] > [CoomyCilm][C4FsSOs]. The results indicate that the functionalization of

the cation with a hydroxyl group improves the ability to encapsulate the lysozyme. This is a

233



Chapter 5 - Solubility, Stability, and Interaction of

Proteins with Fluorinated Ionic Liquids

surprising result because, as proven in other work [82], the aggregation behaviour of FILs is
weakened by the addition of the hydroxyl group. However, they seem to have a higher power
of enzyme encapsulation, meaning that the increment of polarity strengthens this mechanism.
For the FILs conjugated with the [C4FoCO;] anion, the same trend is found, with a greater
significant difference in the profile of lysozyme in the presence of [CoonCiIm]* cation.

With the aim to verify how the concentration of lysozyme affects the encapsulation
ability of the FILs, two concentrations of [C2C1Im][C4FoSOs] were selected. One between the 1st
and 2nd CACs, where a low influence on the spectral profile was found, and the other between
the 2nd and 34 CACs, where encapsulation of the lysozyme seems to occur. The influence of
lysozyme was studied in a range of concentrations between 0.005 and 0.5 mg/mL. The results
are depicted in Figure 5.3.3, except for the lowest concentration tested (0.005 mg/L), whose

result was not reproducible within the error.
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Figure 5.3.3 UV-vis absorption spectra of lysozyme in different concentrations (red, 0.5 mg/mL; grey,
0.3763 mg/mL; blue, 0.2525 mg/mL; green, 0.2000 mg/mL; and yellow, 0.1288 mg/mL) in the presence
of [C2CIm][C4FoSOs], where (a), (b), and (c) are the concentrations between 1st and 2nd CAC and (d), (e),
and (f) between 2nd and 34 CACs. The solid lines are the lysozyme reference in each concentration
studied and the dashed lines are the solutions with lysozyme and FIL. The duration of incubation is
described in each graph.

In Figures 5.3.3a-c, the effect of varying the concentration of lysozyme in the presence

of [C2CiIm][C4FoSOs] between the 1st and 2nd CACs is shown. The lysozyme profile is slightly
altered by the presence of FIL in the concentrations of 0.3763 (grey) and 0.2525 (blue) mg/mL
of lysozyme, evidenced by a small decrease in absorbance intensity. This behaviour can be
indicative that in these two concentrations of lysozyme, some interactions within the FIL-
lysozyme system are promoted but do not lead to substantial modifications of lysozyme
conformation. The duration of incubation does not have a meaningful effect. Figures 5.3.3d-f
show the assays where the concentration of [CoCiIm][C4FsSOs] was fixed at a value between

the 2nd and 34 CAC, in which, in the previous results (Figures 5.3.2a-c), encapsulation of the
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protein was found. The lowest concentration of lysozyme (yellow, 0.1288 mg/mL) does not
allow the FIL to encapsulate the enzyme, since any significant alterations compared with the
reference are found in all incubation times. As explained in the results of Figures 5.3.2a-c,
lysozyme at a concentration of 0.2 mg/mL (green lines in Figures 5.3.3d-f) seems to be fully
encapsulated by the FIL due to the modification of the characteristic absorbance band to a flat
line. If the lysozyme concentration increases, the absorbance band starts to broaden, and some
similarities to the shape of the lysozyme reference are visible. This behaviour could mean that
the encapsulation of lysozyme by the FIL reaches a level of saturation, and some enzyme is
free in the solution. As expected, there is a stabilization of this mechanism throughout the
incubation time.

In summary, the results point out that a mechanism of encapsulation of lysozyme can
occur in the presence of FIL, which is predominantly promoted by the presence of [C4sFsSOs]
anion. It was also found that the functionalization of the imidazolium cation with a hydroxyl
group enhances this mechanism of encapsulation of the protein by the FILs. A longer time of
incubation facilitates the stabilization of the FIL aggregates, showing a higher capacity to
completely suppress the lysozyme UV-vis band. It was also found that the loading of
lysozyme by the FIL self-assembled structures can reach a maximum. With the aim to obtain
a better knowledge of this mechanism, the encapsulation efficiency of lysozyme was studied
in this work, along with the effect of FILs on its activity and thermal stability and the results

are discussed.
5.3.2.3 Encapsulation of lysozyme by fluorinated ionic liquids

The results regarding the UV-vis spectroscopy assays reveal that some of the FILs
seem to have the ability of lysozyme encapsulation. Therefore, [CoCiIm][C4FoSOs] and
[CoomCiIm][C4FoSOs] were selected to study the encapsulation efficiency of lysozyme due to
the larger number of concentrations with this ability. [CoCiIm][C4FoCO;] and
[CoomCiIm][C4FoCO,] were also selected as “negative” controls due to the absence of the same
behaviour of [C4FsSOs] -based FILs regarding the spectroscopy results. The same five
concentrations of each FIL (Table 5.3.2) were selected to study the encapsulation efficiency of
lysozyme. The encapsulation efficiency was evaluated through the centrifugation of the
solutions, with the aim to separate the lysozyme encapsulated by the FILs, with the formation
of a pellet, from the free lysozyme in the solution that remained in the supernatant. When a
pellet was detected, both pellet and supernatant were separated, and the pellet was
resuspended in the same volume of buffer solution. The concentration of protein was then
measured in both phases, as well as in the solutions where no pellet was detected. The amount

of lysozyme in the pellet and supernatant always corresponded to the amount of protein used
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for the sample preparation. This indicated that the lysozyme in the pellet was what was
entrapped in the self-assembled structures of FILs. The lysozyme in solution at 0.2 mg/mL
was also measured by this method and used as a reference to allow the determination of the
lysozyme encapsulated by the FILs and for comparison purposes. There was no formation of
a pellet after centrifugation of the reference, which emphasizes that the pellet is formed by
lysozyme encapsulated in the self-assembled structures. The encapsulation efficiency of each

protein concentration was calculated for each FIL-based system and is presented in Table 5.3.3.

Table 5.3.3 Encapsulation efficiency (%) of lysozyme in the different concentrations of FILs.

FILs Time Below 1st 1st-2nd 2nd_3rd 3rd_4th Above 4th
CAC CACs CACs CACs CAC
Oh 721+£342 68.7%+19.52
[CoCiIm][C4FoSOs] 48 h 1 1 86.3+0.82 1 1
96 h 75.5+0.12
Oh 784+£392
[CoomCilm][C4FoSOs] 48 h 1 1 80.5+442 1 1
96 h 823+852

1 After centrifugation, no pellet was visually detected. 2 Mean values were calculated from two independent assays
and their standard deviations.

The results indicate that for the [CoCiIm][C4FsSOs] FIL, the formation of a pellet occurs
in the concentration between the 2nd and 3rd CACs at the three incubation times. The results
are in concordance with the UV-vis spectroscopy data, where a flat line was found for
concentrations between the 2nd and 34 CACs. The encapsulation efficiency of lysozyme by
[CoCIIm][C4FsSO:s] is slightly higher after an incubation time of 48 h. The formation of a pellet
was also found between the 3rd and 4th CACs, but only at time zero of incubation and was very
difficult to reproduce within the experimental error. These results indicate that the aggregates
of FIL in this concentration are not stable enough to maintain the encapsulation of the protein
during the incubation. Surprisingly, the formation of a pellet in the solutions with the
[Co0m)C1Im][C4FoSOs] FIL only arises between the 2nd and 3rd CAC. This was expected to
happen in the concentrations between the 1st and 2nd CACs, 2nd and 34 CACs, and twice the
concentration of the 314 CAC, as shown by the results of UV spectroscopy. However, these
results are not reflected by the encapsulation efficiency assay, which probably indicates that
the aggregates formed by this FIL in the concentration between the 1st and 2nd CACs, and twice
the concentration of the 3¢ CAC, have lower stability which does not promote an efficient
encapsulation of lysozyme. Regarding the encapsulation efficiency values of the concentration
between the 2nd and 34 CACs, represented in Table 5.3.3, a slight increment is shown with the
increment of time. However, the values are within the experimental error, which means no
significant relevance. As expected, the two FILs based on [C4FoCO2] anion do not encapsulate

the lysozyme in any of the studied concentrations.
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5.3.2.4 Effect of fluorinated ionic liquids on the bioactivity of lysozyme

The bioactivity of the lysozyme in the presence of FILs was also evaluated in this work.
This evaluation has the main objective of understanding the effects of lysozyme encapsulation
by FILs on the activity of the enzyme. Furthermore, we want to understand if the FILs that
does not encapsulate the protein have an influence on bioactivity. [CoCiIm][C4FoSO5] and
[Co0m)C1Im][C4FoSOs] were selected to study the influence of lysozyme encapsulation, while
[CoCIM][C4FoCO,] and [CoonyCiIm][C4FsCO,] were chosen as “negative” controls, as in the
case of the encapsulation efficiency results. The solutions studied for the encapsulation
efficiency at the same incubation times were submitted to the enzymatic activity assays. The
activity of the lysozyme without FIL was used as a reference, considered as 100% of lysozyme
activity. In this assay, the samples were also submitted to the centrifugation step, as in the case
of encapsulation efficiency, to separate the encapsulated and the free lysozyme in the
solutions. The activity of all solutions was measured before and after (samples without
formation of pellet; pellet resuspended; supernatant) the step of centrifugation.

Figure 5.3.4 shows the results of the lysozyme activity before the step of centrifugation
at the different times of incubation. The most significant alterations of lysozyme activity can
be seen in the case of [CoCiIm][C4FsSOs] at the concentration between the 3rd and 4th CACs.
Surprisingly, a great decrease in activity is found for incubation times of 48 and 96 h. This
result indicates that the interactions with the IL in this range of concentrations affect the
activity. This behaviour can be translated to a change of the protein conformation that does
not enable the protein to reach the substrate. The encapsulation of the protein may not be an
explanation for this result since it was concluded that this concentration at both 48 and 96 h of
incubation time does not form a pellet. For the other concentrations of this FIL and the other
FILs studied, the activity of lysozyme is slightly superior compared with the reference
solution. This result is emphasized in the case of [Coon)C1Im][C4sFoCO:] at the time zero, where
an increment of lysozyme activity to 150% is found. This could indicate that this FIL
contributes to better stabilization of the protein, which is reflected in enhanced activity
performance. This behaviour was also found in previous works for other families of ILs. The
increment of lysozyme activity was attributed to conformational changes in the enzyme
structure induced by ILs, stabilizing the integrity of the active site [75,76].

Figure 53.5 presents the results regarding the lysozyme activity after the
centrifugation of the solutions. As explained in the previous section, only [C.CiIm][C4FSOs]
and [Coon)Cilm][C4FoSOs] FILs showed the formation of a pellet. In all concentrations where
encapsulation occurs, the activity of lysozyme is preserved and is slightly higher compared
with the reference. Therefore, it can be concluded that the encapsulation of lysozyme by the

studied FILs can preserve the enzyme bioactivity. Lysozyme, in the presence of the FILs based
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on [C4FsCO;]  anion, also shows good activity values, which are still enhanced by the presence
Of [Cz(QH)C1Im] [C4F9C02] .
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Figure 5.3.4 Relative enzyme activity (%) of lysozyme at different concentrations of FILs before the
encapsulation efficiency assays. The FILs and conditions of incubation are described in each graph.
5.3.25 Influence of fluorinated ionic liquids on the thermal stability of

lysozyme

The thermal stability of lysozyme was studied in this work in the presence and absence
of the FILs. The influence of the enzyme encapsulation by FILs was evaluated by the
determination of lysozyme melting temperature (Im), measured in the presence of
[C2CiIm][C4FoSOs] and [CoomyCiIm][CsFoSOs].

In this study, the concentration of lysozyme was increased to 1 mg/mL due to the
apparatus sensitivity. The solutions below the 1st CAC of both FILs were selected to infer the
influence of FIL without aggregation behaviour in the lysozyme stability. The concentrations
of both FILs that evidenced lysozyme encapsulation in the UV-vis methodology were selected
to study the effect of encapsulation on the stability of the enzyme. The solutions were prepared
and left to equilibrate for 30 minutes. After that, the solutions were centrifugated and in the
cases where the formation of a pellet occurs, it was separated from the supernatant and
resuspended in the same volume of buffer. The determined T values and the enthalpy (AH)
of the process of each solution can be found in Table 5.3.4. The Tr, characterizes the equilibrium
between folded and unfolded states of the protein and is marked by a two-state transition
[73,94].
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Figure 5.3.5 Relative enzyme activity (%) of lysozyme at different concentrations of FILs after the
encapsulation efficiency assays. The FILs and conditions of incubation are described in each graph.

For the case of [C2CiIm][C4F9SQOs], the concentrations between the 2nd and 3rd and 3rd
and 4th CACs were selected to infer their influence on the thermal stability of encapsulated
lysozyme. As can be seen in Table 5.3.4, the results indicate that both concentrations maintain
the values of lysozyme T, very close to the reference. However, in the case of the solution
below the 1st CAC, where no aggregation of FIL is found, a decrease greater than 3 °C in the
Tm and a high decline of the enthalpy is found. This indicates that the encapsulation of the
lysozyme by FIL is a favourable mechanism for the enzyme thermal stability. The same
behaviour was found for [CoonCiIm][C4FeSOs], with a difference of almost 7 °C between the
T of the reference and the concentration below the 1st CAC. Surprisingly, the increment of
lysozyme to 1 mg/mL promoted the formation of a pellet in the concentration between the 1st
and 2nd CAC, which was not detected in the efficiency encapsulation assays. The concentration
between the 2nd and 3rd CAC was also included. For both concentrations, the melting
temperature remained very close to the values of the lysozyme reference, indicating a thermal
stabilization of the protein by the encapsulation platform. In conclusion, both
[C2GIIM][C4FoSOs] and [CoomCilm][C4FoSOs] show that the encapsulation of lysozyme is
useful to thermally stabilize the protein, compared with the case of the concentration of FIL

where the aggregation behaviour is not found.
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Table 5.3.4 Melting temperature (Tm) and enthalpy (AH) of lysozyme in buffer and the presence of
different concentrations of FILs.

FILs 0 Below 1%t CAC 1%t-2nd CACs 2d-31d CACs 3'd-4th CACs
Tm [°C] 7431 70.67 1 73.69 72.97
[CGIm][C4FsSOs] AH 5069 363.1 1 458.0 434.6
[k]/mol]
Tm [°C] 7431 67.55 73.92 72.42 1

[CQ(OH)Cﬂm] [C4F9803] AH
[kJ/mol]

1 After centrifugation, no pellet was visually detected.

526.9 337.1 543.2 456.3 1

5.3.3 Conclusions

In this work, several FILs were selected to study the influence of their structural
features (cation, anion, and functionalization of cation) in the mechanisms of the encapsulation
and stabilization of lysozyme. The cytotoxicity of those FILs was studied to ensure
biocompatibility with the human body, by selecting two human cell lines (HepG2 and Caco-
2), representative of oral and rectal administration routes. The results have indicated that all
the studied compounds have negligible cytotoxicity and are appropriate tools to be used in
the biological field. UV-visible spectrophotometry was used to infer the different interactions
of the FIL-lysozyme system, and the results highlighted that the major differences are found
in FIL concentrations able to encapsulate the protein, which is clearly promoted by the
presence of [C4FsSOs]  anion. Some FILs were selected and the encapsulation efficiency was
studied, concluding that [CoCiIm][C4FoSOs] and [CaoryC1Im][C4FoSOs] efficiently encapsulate
the lysozyme at the concentration between the 2nd and 3 CACs. The activity and thermal
stability of lysozyme were determined to understand how encapsulation can affect both
properties. The results indicate that the encapsulation by [CoCilm][CiFoSOs] and
[CoomCiIm][C4FoSOs] promotes the activity and thermal stability of lysozyme. Therefore, it
was possible to design biocompatible FILs with improved aggregation properties, which
enabled the encapsulation of lysozyme, granting enhanced properties to the lysozyme. This
makes them promising candidates to be wused as stabilizers/additives and/or
nanoencapsulation platforms able to preserve the protein stability and activity and
consequently can be used in potential applications as therapeutic biopharmaceuticals or

biocatalysts.
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5.4 Disclosing the potential of fluorinated ionic liquids as

interferon-alpha 2b delivery systems

Interferon-alpha 2b (IFN-a 2b) is one of the most relevant therapeutic proteins that has
been under research in the past decades. This protein belongs to the class of interferons type I
which are cytokines with a key role in the innate immune response [39,95]. Therefore, IFN-a
2b has a highly immunomodulatory response, being used for the treatment of several cancers,
viral infections, and auto-immune diseases. It is already approved to be used in the treatment
of leukaemia, multiple myeloma, carcinoma, hepatitis B, and C, among others [96-98]. More
recently, strong evidence has suggested the use of IFN-a 2b in the mitigation of severe clinical
problems caused by COVID-19, such as pneumonia [99,100]. This therapeutic protein is
usually administrated subcutaneously and intramuscularly to avoid proteolysis.
Nevertheless, alternative routes or new mechanisms must be considered to improve the
bioavailability of this protein. IFN-a 2b is very easy to degrade and has a short half-life in the
organism (2 to 3 h), being quickly eliminated from the bloodstream. Then, it must be
systematically administrated to have a clinical effect, or the dosage must be elevated which
results in significant toxicity, triggering severe adverse reactions and limiting its usage in elder
and debilitated patients. Therefore, the development of DDSs to provide more efficient and
safer IFN-o 2b formulations is of special attention for clinical applications. Several DDSs for
transporting IFN-a have been developed such as pegylated forms, liposomes, polymeric
micelles, microencapsulation, and nanoencapsulation, along with others. Despite the efforts
to search liable DDSs for interferons, none of them was approved for clinical usage in humans,
and the research for safer IFN-a 2b formulations must continue [95,96,101,102].

In this work, it was taken the first step in the study of FILs as a tool to stabilize and
deliver IFN-a 2b. To obtain insights into the mechanism of FILs solubilization of this specific
therapeutic protein, the protein-FIL interactions were under investigation. From the literature,
only two works have covered the study of ILs with IFN-a 2b. The first work has studied
protein purification by aqueous two-phase systems using ILs as adjuvants [40]. Very recent
work has also screened several FILs towards IFN-o 2b to understand which structural features
can interact with the protein, obtaining promising results in the ones based on cholinium
cation [103]. Therefore, two FILs based on perfluorobutanesulfonate anion ([C4FsSOs] )
conjugated with cholinium and imidazolium cations were selected in this work to obtain
insights into protein-FIL interactions. Then, the aggregation behaviour of the FILs was
investigated under the presence of IFN-a 2b by: (i) the determination of the critical aggregation

concentrations (CACs); (ii) assessment of the surface properties; and (iii) having insights on
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the morphology of the FILs self-assembled aggregates using microscopic and spectroscopy
methods. Moreover, the interactions of FILs with the IFN-a 2b were studied using different
methods such as ultraviolet-visible, fluorescence, and circular dichroism spectroscopies.
Finally, the binding of the FILs to IFN-a 2b was also accessed using microscale
thermophoresis. The results obtained in this work open new paths in the investigation of DDSs
based on FILs to the delivery and stabilization of valuable therapeutic proteins such as IFN-a
2b.

5.4.1 Materials and methods
5.4.1.1 Materials

Interferon-alpha 2b (IFN-a 2b), human recombinant, SRP4595, expressed in E. coli (=
98% mass fraction purity by SDS-PAGE and HPLC) was purchased from Sigma-Aldrich (Saint
Louis, MO, USA). Different concentrations of the protein were used depending on the
sensitivity of each method. The concentrations used are detailed in each method description.
Sodium chloride (NaCl, > 99.5% mass fraction purity) from Merck (Darmstadt, Germany),
potassium dihydrogen phosphate (KH2PO4, 2 99.0% mass fraction purity), sodium dihydrogen
phosphate anhydrous (NaH>POy, = 99.0% mass fraction purity), hydrochloric acid (HCI) at 0.1
M from Fluka (Charlotte, NC, USA) and Milli-Q water from in-house laboratory facilities were
used to buffers preparation. 1-Ethyl-3-methylimidazolium perfluorobutanesulfonate,
[C2CIIm][C4FsSOs] (= 97% mass fraction purity), and (2-hydroxyethyl)trimethylammonium
perfluorobutanesulfonate, [N1112(0m)][C4sFsSOs] (> 97% mass fraction purity) were provided by
IoLiTec GmbH (Heilbronn, Germany). Both FILs were verified by 'H and F NMR
spectroscopy (NMR spectrometer, Bruker 400 MHz) and dried under vacuum (4 Pa) and
vigorous stirring for at least 48 h at 323.15 K before usage to ensure the absence of volatile
substances and a water content lower than 100 ppm, confirmed by the Karl Fisher coulometric
titration method (Metrohm 831 KF Coulometer). The nomenclatures and structures of FILs are

represented in Table 5.4.1.

Table 5.4.1 The chemical structure and acronyms of the fluorinated ionic liquids studied in this work.

o F F F F o F F F F
/ﬁ \ F | - A\ F
_——N+\ N P S\\ ¥ /\/NJF\ O'/ S\\ F
NI OO F F OH OF F ¢
[C2C1Im][C4FsS O3] [N1112(01)][C4F9S O3]
1-Ethyl-3-methylimidazolium (2-Hydroxyethyl)trimethylammonium
perfluorobutanesulfonate perfluorobutanesulfonate
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5.4.1.2 Conductivity titration experiments

The critical aggregation concentrations of [C2CiIm][C4FoSOs] were determined by an
ionic conductivity titration method in the range of 0 to ~130 mmol kg in the presence of
different biological simulated fluids and IFN-a 2b. For that, it was utilized a CDM210
conductometer (Radiometer Analytical, Lyon, France) and a CDC749 electrode (Radiometer
Analytical, Lyon, France). The electrode was calibrated at 25°C using two standard solutions
of 0.1 and 0.01 D KCl (Radiometer Analytical). The standard solutions and samples were
measured inside of a glass cell in a thermostated bath at 25°C with constant magnetic stirring.
The temperature was maintained and registered using a platinum resistance thermometer
attached to a Keithley 199 system DMM/scanner (uncertainty of + 0.1 °C) from Keithley
Instruments (Solon, OH, USA). Six samples of ~130 mmol kg1 [CoCiIm][C4FsSOs] were
prepared and used to start each system in: (i) 150 mM of NaCl (pH=7.3) to simulate the ionic
strength and pH of the bloodstream; (ii) 25 mM of KH>PO, (pH=6.8) to mimic the intestinal
fluid; (iii) 100 mM of HCI (pH=1.2) to replicate the gastric fluid; (iv) 150 mM and (v) 5 mM (the
two concentrations used in this work, depending on the used method) of NaH>PO4 (pH=7.4)
as the buffer of IFN-a 2b; and finally (vi) 5 mM of NaH.PO4 (pH=7.4) with 10 pg/mL of IFN-
o 2b (the mixture of protein with FIL in the buffer of the IFN-a 2b). Each sample was then
placed on the cell, stirred, and had the ionic conductivity measured. Afterwards, different
amounts of buffer and/ or solution of buffer with protein (10 pg/mL of IFN-a 2b) were titrated
to the initial solution, stirred, and the ionic conductivity was measured. This experimental
procedure was carried out until the ionic conductivity reaches a plateau. After that, a solution
of buffer and/or buffer with protein (10 pg/mL of IFN-a 2b) was placed inside the cell and
different amounts of a solution with a known concentration of FIL and/or FIL with protein
(10 pg/mL of IFN-a. 2b) were added to have the complete conductivity profile of each system.
The ionic conductivity was measured at least three times before adding more solution and the

uncertainty of each measurement was estimated to be less than 1%.
5.4.1.3 Density measurements

The density of [CoCiIm][C4FsSOs] + water in a range of 0 to ~730 mM was assessed
using an automated SVM 3000 Anton Paar rotational Stabinger viscometer-densimeter. The
measurements were performed at atmospheric pressure and 25°C. This apparatus utilizes
Peltier elements guaranteeing an uncertainty of + 0.02°C in the temperature. The density has

an uncertainty of 2x10-4 g cm? in-between triplicates.

243



Chapter 5 - Solubility, Stability, and Interaction of

Proteins with Fluorinated Ionic Liquids

5.4.14 Tensiometry and contact angle goniometry

Several solutions of [CoCiIm][C4FsSOs] in the range of 0 to ~240 mM were prepared in
5 mM of NaH,PO, (pH=7 4, buffer of the IFN-a 2b) and in 5 ug/mL of IFN-a 2b with 5 mM of
NaH2PO, (pH=7.4). The surface tension of each solution was determined at 25°C by the Du
Notiy ring method in a KSV’s Sigma 702 Tensiometer (Biolin Scientific, Gothenburg, Sweden).
The force tensiometer is equipped with a platinum Du Notiy ring to surface tension
measurement and a thermostatic vessel connected to a bath circulator (RW-0535G, Lab.
Companion, Korea) for keeping the temperature of the solution constant. 15 mL of each sample
were placed in a glass container and left to equilibrate in the thermostatic vessel. After
temperature equilibration, the surface tension was measured. The equipment is a standalone-
controlled instrument, and the calibration was done with a calibration weight with a known
mass before measuring the samples. Each sample was measured five times, and the reported
surface tension is the average value with an uncertainty of + 0.22 mN/m. Each solution was
then assessed by a KSV’s contact angle goniometer CAM100 (Biolin Scientific, Gothenburg,
Sweden). A drop of each solution was placed on a Teflon surface with a Hamilton syringe.
This equipment is a PC-controlled instrument, and the tilt was set to 0 degrees at the base of
the drop and was recorded for 10 frames with an interval of 1 s. The contact angle is calculated
for the left and right sides of the drop and the mean value is the resulting contact angle. At
least five different drops of each solution were recorded, and the reported contact angle is the

resulting average with an uncertainty of + 5%.

5.4.1.5 Scanning transmission electron microscopy with energy-dispersive X-

ray spectroscopy

The scanning transmission electron microscopy (STEM) with energy-dispersive X-ray
spectroscopy (EDS) microanalysis was performed in a Dual-Beam FEI Helios Nanolab
microscope, at a working voltage of 15kv with a dark field detector. Three solutions were
prepared to measure the blank of the protein, the blank of the FIL and the mixture of protein
with FIL in the buffer of the IFN-a 2b: (i) IFN-a 2b at 0.0001 pg/mL in 150 mM of NaH,PO,
(pH=7.4); (ii) [C2CiIm][C4FoSOs] at 29.2 mM in 150 mM of NaH,PO, (pH=7.4) and (iii) IFN-a
2b at 0.0001 pg/ mL with [CoCiIm][C4FsSOs] at 29.2 mM in 150 mM of NaH>PO4 (pH=7.4). The
samples were placed on a 200-mesh copper grid (3 mm diameter). The excess sample was

removed using filter paper and samples were dried before measurements.
5.4.1.6 Dynamic light scattering

The dynamic light scattering (DLS) of [C2CiIm][C4F9SOs] and [Ni1120m)] [C4FoSOs] in the

presence of IFN-a 2b was recorded using a Zetasiser Nano Series ZEN3600 (Malvern, U.K.).
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The apparatus is equipped with a 633 nm laser and with a non-invasive backscattering
technique (173°) used for detection. Stock solutions of FILs and IFN-a 2b were prepared in the
buffer of the IFN-a 2b, 150 mM of NaH>PO4 (pH=7.4), and filtered with filters with a pore
diameter of 0.22 pm. Solutions of FILs+ IFN-a 2b were prepared and adjusted with filtered
buffer to final concentrations of 29.3 and 243.8 mM for [CoCiIm][C4F9SOs], 29.8 and 248.0 mM
for [Ni20om)][CsFsSOs] and 50 pg/mL of IFN-a 2b. These concentrations were chosen to
comprise two different aggregates of each FIL, above the 1st CAC and the 3¢ CAC. The
solutions were left to equilibrate for 24h at 4°C to promote the interaction of the protein with
FILs. Therefore, 20 pL were transferred into a quartz cell of 10 mm pathlength and measured
at 25°C.

5.4.1.7 Ultraviolet-visible spectroscopy

Absorbance measurements were performed with a double beam ultraviolet-visible
(UV-vis) spectrophotometer (UV-6300PC) from VWR (Radnor, PA, USA). Solutions of
[CoCiIIm][C4FsSOs] (7.3, 26.6, 59.7, 106.3 and 425.1 mM) and [Ni1120m)][C4FsSOs] (8.2, 25.8, 110.8,
192.2 and 384.4 mM) have been prepared in the buffer of the protein, 5 mM of NaH>PO4
(pH=7.4), with 20 pg/mL of IFN-a 2b and without the protein (blanks). These concentrations
were selected to comprise all the aggregation stages of the FIL: below the 1st CAC, between
the 1st and 2rd CACs, 2nd and 3rd CACs, 3rd and 4th CACs and above the 4th CAC. The solutions
were prepared, left to equilibrate for 30 min at room temperature, and measured (time Oh).
After that, they were incubated at 4°C for 24h to allow the FIL to interact with the protein and
measured once again (time 24h). 400 pL of each solution (sample and respective blank) was
transferred to a matched pair of quartz cuvettes (10 mm path length) and assessed in a
wavelength range in-between 190 and 400 nm. For protein samples, it was used buffer as
blank, while for the samples of FIL + protein, the solutions of FIL were used as blank. Each

solution was measured at least three times with an error of + 5%.
5.4.1.8 Fluorescence spectroscopy

The intrinsic fluorescence of IFN-a 2b was determined using a spectrofluorometer
Spex Horiba Jobyin-Yvon (Kyoto, Japan) making use of the protein tryptophan residues as
intrinsic fluorophores. Several solutions of [CoCiIm][CsFoSOs] (2, 3.7, 7.3, 11, 14.6, 26.6, 59.7,
93.6, 221.6, 443.2, 886.4 mM) and [Ni1120m)][CaFsSOs] (2, 4, 8.2,10.7,16.1, 25.8, 51.3, 77.1, 110.8,
151.5, 192.2, 288.4, 384.4, 576.6, 768.7 mM) were set in the buffer of the protein, 5 mM of
NaH>PO4 (pH=7.4), with and without (blanks) the presence of IFN-a 2b (20 pg/mL). The
concentrations were chosen to cover the range where the different aggregates of the FILs are

formed. Samples, equilibrate for 30 min at room temperature, and 400 pL of each solution were
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transferred to a quartz cuvette of 10 mm pathlength and excited at 280 nm, collecting the
fluorescence intensity in a wavelength range of 300 to 450 nm. The width of the excitation and
emission slit was set to 5 nm for both cases. The spectra of FIL solutions (blanks) were
discounted to the spectra of FIL + protein samples to avoid any possible effect of FIL

concentration increment in the fluorescence intensity.
5.4.1.9 Circular dichroism spectroscopy

The circular dichroism (CD) spectra were acquired by Chirascan spectropolarimeter
(Applied Photophysics, UK) for solutions of IFN-a 2b (100 pg/mL) with [N11120m)][CaFeSOs]
at 248 mM in the buffer of the protein (150 mM of NaH>POs, pH=7.4). The concentration of FIL
was chosen to cover the maximum of FIL that can be used for the studied application. Stock
samples of FIL and protein were prepared and filtered through a 0.2 mm filter. Afterwards,
they were used to prepare the solutions of protein and protein with FIL at the defined
concentrations. Samples were left to equilibrate for 30 min at room temperature and around
230 pL of each sample was moved to a cuvette with 1 mm of path length. CD spectra were
expressed in millidegrees and obtained in a range of 200 nm to 260 nm by three consecutive
readings at constant temperature (25°C). Spectral deconvolution was executed with K2D3
[104] to allow the estimation of the secondary structure of the protein with and without the

presence of FILs.
5.4.1.10 Microscale thermophoresis

IFN-a 2b binding affinity with [CoCiIm][CiFeSOs] and [Niiizom][CsFoSOs] were
determined by microscale thermophoresis (MST) using a Monolith NT.115 (BLUE/RED,
NanoTemper Technologies, Munich, Germany). The IFN-a 2b was labelled fluorescently by a
protein labelling kit, Alexa Fluor™ 555 (A20174, Invitrogen, Thermofisher Scientific Inc, MA,
US), according to instructions from the manufacturer. Several dilution series of 16 samples of
20 pL were prepared in triplicate for each studied system. All the solutions were prepared in
the buffer of the protein, 5 mM of NaH>PO4 (pH=7.4), and PCR tubes. In the first tube (1 out
16) was added 20 pL of FIL stock solution at twofold the maximum concentration defined for
each assay. In the remaining 15 tubes, 10 pL of buffer was added followed by the series dilution
of the FIL. Therefore, 10 pL of labelled IFN-a 2b stock solution were added to each tube
yielding a final concentration of protein of 2.7 pM. For [CoCiIm][C4FoSOs] five maximum
concentrations were selected (14, 30, 80, 160, 220 mM), while for [Ni11200m)][CsFsSOs] four
maximum concentrations were chosen (15, 35, 70, 375 mM). The selected concentrations cover
the range where the distinct CACs are formed in each FIL. The excitation power was

determined by a pre-test and set to 20% whereas the MST power was set to medium
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(standard). The assays were executed in standard capillaries and triplicates. The results were
processed using the MO.Affinity Analysis v2.3 software (NanoTemper Technologies, Munich,

Germany).

5.4.2 Results and discussion

5.4.2.1 Influence of interferon-alpha 2b in the aggregation behaviour of

fluorinated ionic liquids

FILs have great potential to be used as drug delivery systems of IFN-a 2b due to the
rich aggregation behaviour in aqueous solutions which grants improved mechanisms of
solvation and complete water miscibility. Therefore, the behaviour of the self-assembled
structures of FILs in the presence of IFN-a 2b was disclosed in this work by using different
strategies. To begin, the critical aggregation concentrations of FILs aqueous solutions were
determined in the presence of different media and IFN-a 2b. In addition, surface properties
were accessed by the measurement of the surface tension and contact angles of the FILs
aqueous solutions in the presence of IFN-a 2b. Finally, the self-assembled structures of FILs
with IFN-a 2b were characterized through scanning transmission electron microscopy and
dynamic light scattering.

To study the influence of IFN-a 2b in the aggregates of FILs, it was selected two FILs:
[CoCIIM][CyFoSOs] and  [Nii120n][C4FoSOs]. These FILs have outstanding surface-active
properties, full miscibility in water, and negligible toxicity [105,106]. Both FILs can form
different aggregates that were identified by the determination of distinct CACs in water [44].
These self-assembled structures were characterized through different techniques, where
different sizes and shapes were determined. The 1st CAC represents the transition from
monomers to spherical micelles, the 2nd CAC from spheric to globular micelles, and the 3rd
CAC from globular to cylindrical or lamellar micelles [44]. In the case of [CoCiIm][C4FsSOs],
an extra transition above the 3rd CAC was observed and was identified as a 4th CAC, but no
description of the structure shape was made due to experimental limitations [44]. Hence, these
FILs have improved aggregation behaviour when compared with the traditional surfactants,
which commonly have only one critical micellar concentration (CMC, which in our case we
have identified as 1st CAC) [51]. Taking advantage of these different aggregates, in this work,
the influence of IFN-a 2b on their behaviour and their proficiency as a drug delivery system

for this protein is evaluated.
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5.4.2.1.1 Critical aggregation concentrations

To understand the impact of different simulated biological fluids, protein medium, and
IFN-a 2b on the aggregation behaviour of FILs, the [C2CiIm][C4FoSOs] was selected. This FIL
has aggregates very well characterized in pure water [44] and with other biomolecules like
BSA and lysozyme [49,50,57]. One way to have this information is through the careful analysis
of the FIL conductivity profile which is dependent on the FIL concentration. As mentioned
before, [C2CiIm][C4FoSOs] has four different CACs, however, only three can be determined
using conductometric titration [44]. In this work, it was measured the ionic conductivity of
[CoCiIm][C4F9SOs] in a concentration range between 0 and 130 mmol kg?! with different
simulated biological fluids at 25°C to study the influence of the distinct CACs and
consequently on the different FIL aggregates. For that purpose, six different conditions were
selected: (i) 150 mM of NaCl (pH=7.3) to mimic the pH and ionic strength of blood; (ii) 25 mM
of KH>PO, (pH=6.8) to replicate the intestine environment; (iii) 100 mM of HCI (pH=1.2) to
simulate the gastric fluid acidity; (iv) 150 mM and (v) 5 mM of NaH.PO, (pH=7.4) which are
both the media/buffer used for IFN-a 2b and the two concentrations used on this work
(depending on the method used); and (vi) 10 pg/mL of IFN-o 2b in 5 mM of NaH.PO,
(pH=7.4) to understand the influence of the protein in the aggregates of the FIL. The study of
the FIL aggregation behaviour in these fluids allows the finding of how the different
aggregates can be influenced by the protein and the impact of the possible administration
routes mostly used for biopharmaceuticals.

The conductivity profiles determined for all the systems can be found in Figure 5.4.1,
as well as the one in water [44] for the comparison proposes. As expected, the value of
conductivity is dependent on the concentration of salt and acid, which increments in the
following order: water <IFN-a 2b in 5 mM of NaH,PO, (pH=7.4) ~5 mM of NaHPO, (pH=7 .4)
< 25 mM of KH>POy (pH=6.8) < 150 mM of NaH,PO4 (pH=7.4) < 150 mM of NaCl (pH=7.3) <
100 mM of HCl (pH=1.2). The higher concentration of salts in the buffers rises the conductivity
value, as well as the acidic solution. This behaviour is related to the high number of ions and
higher mobility of these ions in the solution which increases the values of conductivity. This
profile is typical of surfactants and the formation of aggregates hampers the mobility of the
ions that were solvated and/or free in solution after the process of aggregation begins. The
same behaviour is not found for the acidic solution, which after a very sharp transition reaches
a plateau, and the conductivity is constant along with the increment of FIL concentration.
Finally, the systems with and without protein in the same buffer (5 mM of NaH>PO,) have
similar behaviour.

A thorough analysis of the conductivity profile was proceeded by applying the Phillips

definition [107] which studies the change of the slopes of the conductivity curve along with
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the variation of FIL concentration. Three different CACs were determined for almost all the
studied systems, as previously obtained in water [44], except for the one of [CoCiIm][C4FsSOs]
in HCI where only one transition was found. The determined CACs values are shown in Table
5.4.2 and Figure 5.4.2a, as well as the ones of water [44] which are used as a reference for the
[CoCiIm][C4F9SOs] surfactant behaviour in this discussion. Analysing each transition, Figure
5.4.2a shows that the 1st CAC, for the case of the three systems simulating the biological fluids
(25 mM KH2PO4 (pH=6.8) < 150 mM NaCl (pH =7.3) < 100 mM HCI (pH =1.2)), occurs in a
lower concentration of FIL when compared with the reference (water). This behaviour was not
found in the case of the systems with the buffer of IFN-a 2b. These CACs values are very close
to the one of water and the concentration of NaH>PO4 does not significantly affect the 1st CAC.
Furthermore, the presence of IFN-a 2b did not impact the value of this 1st CAC, which is very
similar to the reference. Therefore, we can conclude that the simulated biological fluids favour

the aggregation of [C2CiIm][C4FoSO3].
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Figure 5.4.1 Conductivity profile of [CoCiIm][C4FoSOs] at 25°C from 0 to ~130 mM at different
conditions: (i) 150 mM of NaCl at pH=7.3 (pink, v); (ii) 25 mM of KH>PO4 at pH=6.8 (orange, *); (iii)
100 mM of HCl at pH 1.2 (yellow, ©); (iv) 150 mM of NaH,PO, at pH 7.4 (grey, #); (v) 5 mM of NaH>PO,
at pH 7.4 (green, M); (vi) 5 mM of NaH>PO, at pH 7.4 with 10 pg/mL of IFN-a 2b (red, ®); and (vii)
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water (blue, A) [44] to comparison purposes. The lines represent the different CACs of
[C2CiIm][C4FoSOs] in water [44].
Focusing the attention on the second transition, the results indicate two main

variations when compared to the water system: (i) there is a slight increment of 2nd CAC and
a subsequent impediment on the aggregation for the system with 5 mM of NaH,PO, and with
the IFN-a 2b; and (ii) a decrease of 2nd CAC for NaCl (pH =7.3) and 150 mM of NaH>PO4
(pH=7.4) indicating an intensification on the aggregation. The system with 25 mM KH>PO4
has kept the value very close to the reference and the system with HCI does not show a 2nd
CAC, as already mentioned. Finally, in the third transition, there is a decrease in FIL
concentration for the systems with 25 mM of KH>PO, (pH=6.8) and 150 mM of NaH>PO4
(pH=7.4), indicating that these two conditions boost the aggregation of [CoCiIm][CsFoSOs].
However. the remaining conditions do not show a significant variation compared to the

system in water.

Table 5.4.2 Critical aggregation concentrations, CACs, ionization degree, ¢, and Gibbs free energy of
aggregation, AGlyg, of the systems with [CoCiIm][C4FoSOs] determined by conductometry at 25°C.

10 pg/mL
150mM 25mM  100mM 150 mM 5 mM IFN-a 2b

NaCl KH,PO, HCl  NaH,PO; NaH,PO; +5mM Wz)ter
(pH=7.3) (pH=6.8) (pH=1.2) (pH=7.4) (pH=7.4) NaH,PO,
(pH=7.4)
WL 0.0014 0.0008 0.0019 0.0060 0.0056 0.0062 0.0060
% mmol kg! 351 1.99 4.65 14.57 13.75 15.19 14.55
5 a 0.14 0.24 0.003 0.85 0.85 0.87 0.79
= )
M A 44.6 44.6 -46.4 234 23.7 23.0 24.7
[k] mol]
O WEIL 0.0138 0.0158 0.0135 0.0189 0.0179 0.0158
S mmol kgl  33.69 38.64 32.93 46.13 4357 38.54
2 a 0.75 0.66 0.82 0.85 0.85 0.84
Ne.
v agg ~ _ _ _ - -
B g me] 229 24.1 21.6 20.2 20.3 20.8
o WL 0.0342 0.0293 0.0282 0.0341 0.0342 0.0332
S mmolkg! 8346 71.45 68.76 83.13 83.44 81.03
2 a 0.17 0.18 0.21 0.34 0.52 0.29
ﬁ AGagg
(g mo] 293 29.9 295 26.6 238 275

(a) Data from Pereiro, A.B. et al. (2015) [44].

With the aim to obtain additional information on the aggregation behaviour of the
[CoCIIm][C4FsSOs], the degree of ionization of the aggregates, o, was calculated through the
ratio of the slopes of the linear sections over and beneath each CAC. This parameter gives
information on the packaging of the aggregates, meaning that a lower value of a indicates that
the aggregate is more packed in its structure. From the parameter o, the degree of counterion
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binding, £, can be calculated. This parameter is associated with the charge density at the
surface, the size, and the hydrophobic nature of the aggregate. It is given by the following
equation:
p=1-a 541

Thus, as much lower is ¢, higher will be the value of fwhich is associated with a more
packed structure. Then, the counterions will be associated and the polar counterparts will be
more compacted due to the larger hydrophobic groups from the tensioactive anion. The «
values of the systems studied in this work can be found in Table 5.4.2 and Figure 5.4.2b, like
the ones obtained earlier for water [44]. Following the results represented in Figure 5.4.2b, for
the 1st CAC, much lower values of a were found for the three simulated biological fluids, when
compared to the ones of water, supporting the results former reported. Therefore, these three
conditions (NaCl, KH>PO,, and HCl) promote the aggregation behaviour of [C2CiIm][C4FoSOs]
and result in aggregates highly packed than the ones occurring in water. The opposite
behaviour was found for the case of solutions with NaH,PPO4 buffer and IFN-a 2b, where a
slight increment of a was noticed. Therefore, the protein and the protein media hinder the
aggregation of the FIL, resulting in aggregates with impaired packaging. Moreover, the
concentration of NaH>PO, does not affect the packaging of the aggregates, since the calculated
a is the same. For the case of 2rd CAC, the NaCl and KH;PO, also show smaller o values
compared to water, but this difference is not as strong as in 1st CAC. No significant differences
were found between water and the solutions in IFN-a 2b buffer and the one containing the
protein. Finally, the 3rd CAC results show a more pronounced result for the case where the
IFN-a 2b is present, where a higher value of a was found, indicating that the protein highly
disrupts the packing of the aggregates formed in the 3rd CAC.

Another parameter was considered in this study related to the spontaneity of a
surfactant to aggregate, given by the standard Gibbs free energy of aggregation, AGgys. This

parameter is provided by the pseudophase model of micellization [108], using the equation:

AGa?gg = RT(l + ﬁ)lnxCAC 54.2

where R is the universal gas constant, T is the absolute temperature and xcac corresponds to
the value of CAC in molar fraction. As long as this parameter is more negative, means that the
process of aggregation in the specific CACs is more spontaneous. The values of AGjys.are
illustrated in Table 5.4.2 and Figure 5.4.2c. As expected, the values of the systems with
simulated fluids for the case of the 1st CAC are much more negative compared with the
reference, supporting the previous conclusions. No significant differences are denoted for the
remaining systems. For the second transition, the variations are very small, meaning that the

energy spent in the process of aggregation is not highly influenced by the tested conditions.
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Similar results are found for the 34 CAC, excluding the case where the protein is in solution,
where the value becomes slightly more positive, indicating an impairment of the FIL

aggregation, as previously reported.
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Figure 5.4.2. a) Critical aggregation concentrations (CACs), b) ionization degree (o) and c) Gibbs free
energy of aggregation (AG;?gg) of [CoCiIm][C4FoSOs] at 25°C in different conditions: 150 mM NaCl at pH
7.3 (pink); 25 mM KH2POy at pH 6.8 (orange); 100 mM HCI at pH 1.2 (yellow); 150 mM of NaH,PO; at
pH 7.4 (grey); 5 mM of NaH>PO, pH 7.4 (green); 10 pg/ mL mM of IFN-a. 2b in 5 mM of NaH,>PO, at pH
7.4 (red); and water (blue) [44] to comparison purposes.

In conclusion, the results indicate that the simulated biological fluids (representing the
bloodstream strength, gastric and intestinal fluid) improve the aggregation of
[CoCiIm][C4F9SOs] because the 1st CAC occurs in a lower concentration of FIL, the structure of
the aggregates is more packed, and the process of aggregation is more spontaneous when
compared with the water + FIL system. This behaviour can be a result of the interactions
between the FIL and the ions, increasing the ionic strength of the solution and forcing the
molecules of FIL to aggregate sooner. Then, it will allow a reduced amount of FIL to be used
in the formulation of drug delivery systems once the aggregation is not impaired in the
conditions associated with the routes of administration. Considering the routes of the
administration represented by these simulated biological fluids (oral administration: intestinal
fluid simulated by 25 mM KH>PO, at pH 6.8 and gastric fluids simulated by 100 mM HCI at
pH =1.2; and intravenous administration: bloodstream fluid simulated by 150 mM of NaCl at
pH=7.3), it can be chosen a preferential route for the delivery of proteins with this FIL. A drug

administrated by the oral route must surpass the gastrointestinal tract until reaching the small
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intestine where the drug will be absorbed into the liver and finally enters the bloodstream to
be distributed to its site of action, resulting in a lower bioavailability [109]. Consequently, a
drug administrated via an intravenous system has full bioavailability since the absorption
phase is skipped and lower doses are needed to have a therapeutic effect [109]. Therefore,
similar results for the three simulated biological fluids lead to the conclusion that an
intravenous administration will be more advantageous to FIL-based delivery systems. On the
other hand, no significant influence was found in the case of the system with IFN-a 2b for the
first and second CAC. Only in the 314 CAC is denoted an impairment of the aggregation by the
presence of the protein, which might be a result of the protein-FIL interactions or the

accommodation of IFN-a 2b in the [C2CiIm][C4FoSOs] aggregates.
5.4.2.1.2  Surface properties

For further investigation on the influence of the IFN-a 2b in the aggregation behaviour
of FILs, the surface properties of [CoCiIm][C4FsSOs] were determined through two methods:
(i) the measurement of the surface tension, and (ii) the determination of the contact angles. The
surface tension allows the evaluation of the surface activity of the FIL in aqueous solutions.
The common behaviour of the surface activity on SAILs is ruled by the adsorption at the
air/water interface which reduces the interface energy between both phases. Therefore, the
surface tension decreases upon the addition of FIL up to a point where the accumulation of
molecules at the interface is completed [110]. This breakpoint is known as the CMC,
representing the formation of aggregates. Above the CMC, the value of surface tension is kept
constant due to the formation of more aggregates without surface activity For the case of
[CoCiIm][C4F9SOs], this behaviour was previously found in water, where only one transition,
on the surface tension versus FIL concentration, was found. In these systems, the perfluoroalkyl
chain points towards the inside of the aggregates, keeping the polar functional groups
interacting with water [44]. In this work, several independent solutions of [CoCiIm][C4FoSO:s]
in 5 mM of NaH.PO, at pH = 7.4 were prepared and the surface tension was measured.
Afterwards, the addition of IFN-a 2b (with a fixed concentration of 5 pg/mL) was carried out
for the same systems. To measure the surface tension, the density of the [CoCiIm][C4FoSOs]
aqueous solutions in water at 25°C was obtained for the diluted region, and the values are
described in Table 5.4.3. The density in a range of higher FIL concentrations was previously
reported [44] and is also presented in Table 5.4.3.

Figure 5.4.3a represents the results for both systems and an indication of the high
purity of the studied solutions is revealed by the lack of a minimum around the breakpoints
[110]. In the case of the system in 5 mM of NaH.PO, (pH = 7.4), a very similar behaviour was

found when compared with the results previously obtained for [CoCiIm][C4FoSOs] in water
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[44]. Only one breakpoint was observed, and the CAC and surface tension (ycac) values were
determined by the linear fitting of the points after and before the breakpoint. This behaviour
is very similar to the one of water (see dotted line in Figure 5.4.3a and Table 5.4.4). The
transitions corresponding to the 1st and 2nd CAC obtained by conductometric titration are not
found in the surface tension profile, while the observed discontinuity reveals a CAC value
(81.59 mmol.kg?') very close to the one of 3¢ CAC (80.35 mmolkg?) obtained by

conductometric titration (see Tables 5.4.2 and 5.4.4).

Table 5.4.3 Density, p, and mass fraction, wer, for the binary system [C2C1Im][C4FoSO3] + water at 25°C.

WFIL p/ gcm3 Reference
1.0000 1.5458 [44]
0.9804 1.5257 [44]
0.9593 1.5060 [44]
0.9418 1.4949 [44]
0.9212 1.4765 [44]
0.8990 1.4615 [44]
0.8686 1.4421 [44]
0.8398 1.4270 [44]
0.7997 1.4049 [44]
0.7801 1.3914 [44]
0.7398 1.3603 [44]
0.6998 1.3417 [44]
0.6496 1.3081 [44]
0.5999 1.2773 [44]
0.5489 1.2462 [44]
0.5001 1.2177 [44]
0.2989 1.1135 This work
0.1000 1.0353 This work
0.0384 1.0104 This work
0.0245 1.0048 This work
0.0109 0.9994 This work
0.0030 0.9965 This work

The surprising behaviour is found in the system of the [CoCiIm][C4FsSOs] with the IFN-
o 2b. Four breakpoints were found as observed in Figure 5.4.3a. The CAC and respective ycac
values are in Table 5.4.4. Three additional transitions occur when compared with the system
without the protein, indicating that the IFN-a 2b has a much more active role in the surface
activity of the FIL. The 1st breakpoint occurs at a concentration 8 times lower than the 1st CAC
determined by conductometric titration. The 2nd and 34 transitions (6.105 and 21.61 mmol.kg-
1, respectively) have values about 2 times smaller when compared with the 1st and 2nd CAC

(15.19 and 43.57 mmol kg, respectively). The 4th breakpoint has a similar value to the 34 CAC
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of the FIL (81.59 and 83.44 mmol.kg?, respectively) as well the CAC and ycac values are close
to the ones found for the system without protein. These results indicate that the IFN-a 2b
decreases the surface tension of the system and promotes the formation of different FIL
aggregates at the interface of air/water at a lower FIL concentration. The high influence of the
protein on the surface activity of the FILs made the method much more sensitive to alterations

in the conformation of the FILs aggregates.

80.0
(b) m NaH,PO,
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& 2 840
z g
E ]
- 8 56.0
EN e
(=]
O
28.0
4th-
10.0 * + + + 0.0 * * +
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log (FIL / mmol kg™) log (FIL / mmol kg™

Figure 5.4.3 a) Surface tension and b) contact angles determined at 25°C of [C2CiIm][C4F9SOs] aqueous
solution in 5 mM NaHyPO, (pH = 7.4) (green, M) and with 5 pg/mL IFN-a 2b in 5 mM NaH;PO,
(pH=7.4) (red, ®). The vertical dotted line in a) represents the value of CAC determined by surface

tension in water [44]. The solid and dashed lines represent the fittings to obtain the value of FIL
concentration where several breakpoints occurred.

After the evaluation of the CACs, other properties can be taken from the surface
tension data. Information on the adsorption occurring in the air/water interface can be
determined from the maximum surface excess concentration, I'max, which is given by the Gibbs

adsorption isotherm [111]:

Dy = — ——— ( dy ) 543
max 2.303nRT \dlogC/ . o

where n, R, T, and C are the number of species in solution, the universal gas constant, the
absolute temperature, and the concentration of FIL, respectively. The n parameter is deduced
from the degree of ionization of aggregates, a, as n = 2 — o determined from the conductivity
profile of the FIL and assumed to be the same for the surface layer in ionic surfactants [112].
The a value of the 314 CAC was used to calculate the I'max of the only transition occurring in
[C2CiIm][C4FsSOs] in buffer and the 4th breakpoint of the solution with protein. The values of
I'max are expressed in Table 5.4.4 as well as the ones of water for comparison purposes. The
Imax of [CoC1Im][C4F9SOs] has the lowest value for the water system, followed by the buffer

and finally the solution with protein.
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From the I'max and Avogadro’s number (Na) it can be obtained the minimum area
occupied per surfactant molecule at the air/water interface, Amim, as set by:
1018
A =
mn NaTax
Therefore, as bigger is I'max and subsequently lesser is Amim, the surfactant molecules

544

are rearranged in a denser structure at the solution surface [113]. Therefore, looking for the
values of both parameters in Table 5.4.4, the [CoCiIm][C4F9SOs] assumes a denser arrangement
at the surface in the presence of the protein, given by the highest value of I'max and lowest
value of Amim.

In addition, the parameter that explains the efficacy of a surfactant to reduce the
surface tension, Ilcac, was determined, expressing the maximum of surface tension
diminution resulting from the dissolution of surfactant molecules. This parameter is

determined by the surface tension of the solvent, () and the jcac, as follows:

llcac = Yo — Yeac 54.5

Them, from Icac, it was calculated the standard free energy of adsorption, AGY,, using

the following equation [114]:

I
DGRy = AGfgg =7 5.4.6
max

The results of ITcac and AGY, are also reported in Table 5.4.4. When comparing the values
of AGgy with the ones of AGyg, it is clear that the process of adsorption of the surfactant in the
air/water interface is more spontaneous than the process of aggregation due to the more
negative values (see Tables 5.4.2 and 5.4.4) for the three systems (water, buffer, protein).
Moreover, the previous results are endorsed by the AGY; parameter, since the less negative
value, is found for the case of [C2CiIm][C4FoSOs] with IFN-a 2b, indicating that the protein
also difficult the adsorption of the FIL in the interface.

Finally, aiming for the disclosure of information on the self-aggregation process and
shape of the aggregates, the critical packing parameter, P, was also calculated in this work, as
follows [115]:

Vo
Aminle

where Vp and [ are the volume occupied by the hydrophobic chains in the aggregate core, and

P = 54.7

the critical chain length, respectively. The structure of the aggregates is defined as spherical
when P < 0.33, cylindrical for P < 0.5, lamellar when P < 1 and inverted for P > 1 [44]. In
summary, it was used a modification of Tanford equations [116] for fluorinated compounds

and the critical packing parameter was calculated through the following equations:
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Vo(nm?) = 0.0545 + 0.0380(n. — 1); I.(nm) = 0.200 + 0.134(n. — 1) 5.4.8

Vo(nm3) = 0.0424 + 0.0416(n, — 1); l.(nm) = 0.204 + 0.130(n. — 1) 549

where the 7. is the number of carbon atoms in the perfluoroalkyl side chain of the anion. The
P values obtained for each system are represented in Table 5.4.4. Analysing the data, the
aggregates of [C2C1Im][C4FoSOs] assume different conformations in the three systems. For the
case of water, the aggregates have a cylindrical shape (0.33 < P < 0.5). The aggregates of the
FIL in 5 mM NaH>PO, (pH =7.4) have a P very close to 0.5 which is characteristic of cylindrical
and lamellar aggregates. The presence of the protein increases the P to values close to 0.7
indicating a lamellar structure of the aggregates. This behaviour might indicate that the
aggregates rearrange their structure to accommodate the protein or that the interactions

between FIL and IFN-a 2b induce these changes.

Table 5.4.4 Critical aggregation concentration (CAC), surface properties, and critical packing
parameters for [C2C1Im][C4F9SOs] aqueous solutions determined by the tensiometer and goniometer
at 25°C.

5 mM
NaH,PO, 5 pg/mL IFN-a ZI_II)_-; i mM NaH,PO4 Water®
(pH=7.4) (pH=74)
Breakpoints
st 2nd 3rd 4th
CAC [wr] 0.0330 0.0008  0.0025  0.0089  0.0335  0.0375
. CAC [mmol-kg] 80.35 1.963 6.105 21.61 81.59 91.39
‘g ycac [mN m-] 24.6 51.4 48.2 38.3 243 245
S 106 Cimax [mol m2] 3.26 - - 441 2.60
g Amin [nm?] 0.51 - - 0.38 0.64
B Icac [mMN m] 46.4 - - 37.8 44.4
AGY%q4 [K] mol] -41.0 - - -32.36 445
— & & Peqss® 0.550 - - 07439 0439
S.E 9
= 4
=%t
Ueasg Pegsa9® 0.553 - - 0.7481 0442
S
2 CAC [wen] 0.0329 0.0009  0.0030  0.0157  0.0430 -
=]
8 CAC [mmol kg] 80.27 2.101 7.288 38.18 104.7 -

(a) Parameters from Pereiro, A.B. et al. (2015) [44]; (b) the critical packing parameters were obtained by Equations
5.4.8 and 5.4.9 of the paper.
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The study of the contact angles was also carried out in this work. The contact angles
are related to the wettability of a surface-active liquid on a solid surface. When a drop of a
liquid is placed on a solid surface, the shape of the drop results from the effect of the interfacial
tensions between solid (s) - water (w) - air (a). These interfacial tensions are related to the

contact angles (6) by Young’s equation [110]:

Ys=vs + yw cos 6 5.4.10

wooa

When the drop of a liquid has a contact angle below 90° with the solid, it is established
that the liquid wets the surface and is categorized as hydrophilic (e.g., water). When the angle
is superior to 90° the liquid is considered hydrophobic and does not wet the solid (e.g., oil).?
Figure 5.4.3b shows the contact angles calculated to the systems of [CoCiIm][C4FoSOs] in 5 mM
NaH2POy (pH = 7.4) and with 5 pg/mL IFN-a 2b in 5 mM NaH.PO, (pH=7.4). A more visual
scheme of the behaviour of the drops of each measurement can be found in Figures 5.4.4 and

54.5.

Buffer 12.2 mM 24.4 mM 36.6 mM 48.7 mM 60.9 mM 73.1 mM

85.3 mM 97.5 mM 109.7 mM 121.9 mM 146.2 mM 195.0 mM 243.7 mM

Figure 5.4.4 Drops measured in goniometer at 25°C of [C2C1Im][C4FsSOs] aqueous solutions at different
concentrations in 5 mM NaH>POy (pH =7.4).

The results support the behaviour found for the surface tension measurements. The
value of FIL concentration in the breakpoint found for the contact angles (80.27 mmol-kg) is
very close to the one obtained through the surface tension (80.35 mmol-kg?) (see Table 5.4.4).
For the case of [CoCiIm][C4FsSOs] with 5 pg/mL IFN-a 2b system, it was also founded four
breakpoints, where the 1st and 2nd transitions have very similar values to the ones obtained
with y, while the 3rd (21.61 () and 38.18 (6) mmol-kg1) and 4th (81.59 () and 104.7 (6) mmol-kg-
1) transitions occurred at a higher FIL concentration (see Table 5.4.4). Besides, Figures 5.4.4 and
5.4.5 show a clear decrease in the contact angles with the solid surface with the increment of
the FIL concentration. Therefore, the surfactant nature of FILs is characterized by increased

wettability.
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4.9 mM 7.3 mM 9.7 mM 12.2 mM 14.6 mM 19.5 mM

FaW . VW WoW -

244 mM 29.2 mM 39.0 mM 48.7 mM 60.9 mM 73.1 mM

... AP .

80.4 mM 97.5 mM 109.7 mM 121.9 mM 146.2 mM 241.6 mM

Figure 5.4.5 Drops measured in goniometer at 25°C of [CoC1Im][C4F9SOs] aqueous solutions at different
concentrations with 5 pg/mL of IFN-a 2b in 5 mM NaHoPOy (pH=7.4).

5.4.2.1.3 Characterization of the self-assembled aggregates

Once the formation of FILs aggregates was determined in the presence of the protein,
the characterization of those aggregates was under investigation. First, scanning transmission
electron microscopy (STEM) with energy-dispersive X-ray spectroscopy (EDS) was performed
to have insight into the size and morphology of [C2CiIm][C4FoSOs] aggregates and the impact
of IFN-a 2b on them. A concentration above the 1st CAC (approximately two times) of
[CoCiIm][C4FsSOs] was selected to ensure the formation of FIL aggregates. Three different
solutions were prepared: (i) IFN-a 2b at 0.0001 pg/mL; (ii) [CoCiIm][C4FsSOs] at 29.2 mM; and
¢) [CCiIm][C4FsSOs] (29.2 mM) with IFN-a 2b (0.0001 pg/mL). The three samples were
prepared in 150 mM NaH>PO, (pH = 7.4). Figure 5.4.6 shows the TEM images obtained for the
three solutions on two different scales.

The TEM image of IFN-a 2b is illustrated in Figure 5.4.6a and large dark circles are
observed with a size up to around 2 pm, which can indicate that the protein forms large
aggregates. In the case of the FIL, Figure 5.4.6b shows considerably smaller dark circles with
sizes around 0.05 to 0.7 um. A comparison with the TEM images of [CoCiIm][C4FoSOs] in water
(aggregates with sizes around 0.1 to 0.2 um) [44] shows that the addition of the buffer as
dispersant has also an impact on the FIL aggregates with the formation of bigger ones (up to
0.7 um). These results suggest that the nature of the dispersant plays an important role in the
stabilization of the self-assemble structures with an increment of the size in the presence of a
buffer. The solution with [CoCiIm][C4F9SOs] and IFN-a 2b (Figure 5.4.6¢) presents smaller dark
circles (around 0.1 to 0.5 um), and the morphology of the circles seems to change and become
more irregular than the circles in the pure compounds. Therefore, an interaction between the
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FIL and the protein might justify these differences in size and morphology of the aggregates.
This strong interaction between the aggregates of the FIL and the protein can produces
complexation between the FIL and the protein, forming aggregates with irregular shapes. This
interaction may have positive effects on the stabilization or dispersion of the aggregates of the
biomolecule. However, encapsulation of the protein cannot be confirmed by these images.
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Figure 5.4.6 TEM images of a) IFN-a 2b at 0.0001 pg/mL; b) [C2CiIm][C4FeSOs] at 29.2 mM; and c)
[CoCiIm][C4FoSOs] at 29.2 mM in the presence of IFN-o 2b at 0.0001 pg/mL. d) EDS analysis of
[CoCiIm][C4FoSO3] with IFN-a 2b at the same conditions. All samples were prepared in 150 mM
NaH,PO, (pH = 7.4) and measured at 25°C.

Moreover, the samples were subject to EDS analysis which allowed the elemental
analysis of the aggregates, providing images of the distribution of each element present in the
aggregate. The IFN-a 2b is constituted by carbon, hydrogen, nitrogen, oxygen, and sulphur,
the buffer elements are explicit in its nomenclature, NaH>PO,, and the FIL is composed of
carbon, hydrogen, nitrogen, sulphur, and fluorine elements. The EDS analysis of IFN-a 2b can
be found in Figure 5.4.7 and the elements sodium, oxygen and phosphorus were identified in

this solution. The EDS images lead to the conclusion that these elements, predominant in the
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buffer structure, are in the darker zones that correspond to the IFN-a 2b aggregates. Then,
IFN-a 2b aggregates in a self-assembled structure where an accumulation of the elements of
the buffer is identified. There is also the presence of several smaller circles where the buffer
elements are concentrated that can be the molecules of protein that do not aggregate or are in

a different conformation.

~—5um—

Figure 5.4.7 EDS analysis of IFN-a 2b at 0.0001 ppg/mL in 150 mM NaH>PO, measured at 25°C.

<~5um—

Figure 5.4.8 shows the same analysis for the [C2CiIm][C4F9SOs] solution. In this case,
as expected, the sulphur and fluorine elements of the anion are identified in the areas where
the dark circles of FILs aggregates were found. Moreover, the elements of buffer, such as
sodium, and oxygen (from FIL and buffer), are more concentrated in the FIL aggregates,
leading to the conclusion of a strong effect of the buffer in the FILs aggregates. ~
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Figure 5.4.8 EDS analysis of [C2CiIm][C4FoSOs] at 29.2 mM in 150 mM NaH>PO4 measured at 25°C.

The EDS analysis of the mixture [CoCiIm][C4FsSOs] with IFN-a 2b is illustrated in
Figure 5.4.6d and the results show that the irregular dark circles have a composition similar to

both protein and FIL, with a diffusion of the elements of the buffer and the FIL in the dark
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spots. In this case, nitrogen analysis was also possible to obtain due to the higher population
of this element in the solution (from the protein and FIL). This element is also concentrated in
the area that corresponds to the aggregates found in the images. These results support a
protein-FIL interaction due to the dispersion of the components of both species focused on the
dark spots. Therefore, the dark circles correspond to an aggregate formed by the FIL and the
protein, which allows the dispersion of the bigger aggregates formed by the isolated protein.
Dynamic light scattering (DLS) was carried out in this work to further characterize the
aggregates of FIL in the presence of the protein IFN-a 2b. This is a useful tool with a non-
invasive character that gains access to information on the size of the aggregates. For that, two
concentrations of [CoCiIm][C4FoSOs] (two times the 1st CAC and above the 31 CAC) were
selected, aiming to understand how the aggregates of the FIL are impacted by the protein.
Figures 5.4.9a and 5.4.9b shows the DLS spectra of [CoCiIm][C4FsSOs] at 29.3 mM and 243.8
mM, respectively, in 150 mM NaH,PO, at pH = 7.4 with IFN-a 2b at 50 pg/mL. The FIL blanks
in each studied concentration and the protein blank are also included in Figures 5.4.9a and
5.4.9b. The characteristic spectrum of the IFN-a 2b (black solid line of Figure 5.4.9) comprises
four characteristic peaks that correspond to aggregates of sizes between 8 and 25 nm, 28 and
145 nm, 180 and 1400 nm, and 4000 and 6800 nm. The structural elucidation of the interferon-
alpha 2b revealed that this protein exists in crystals as a dimer in the native state. The biological
role of the dimer is not fully comprehended, and the literature suggests that this protein is
active in a monomer conformation. However, the dimer was associated with a possible
inactive storage conformation of the molecule or may have relevance in the biological activity
of the protein, once the dimerization is relevant in other types of interferons [64]. The
[C2CIm][C4FsSOs] shows two peaks around 80 to 170 nm and 430 to 1000 nm in the
concentration two times the 1st CAC and one peak between 2 and 14 nm for the concentration
above the 34 CAC (Figure 5.4.9b). For the samples containing both FIL and IFN-a 2b, the
characteristic peaks of the FIL slightly shifted to bigger values (around 95 to 270 nm and 620
to 1970 nm in Figure 5.4.9a). A new peak appears on the spectrum, between 10 and 40 nm, that
may correspond to smaller aggregates typical of the protein, with a slight shift in the
hydrodynamic diameter. Figure 5.4.9b shows that in the mixture of FIL and protein, the
characteristic peak of the [CoCiIm][C4FsSO:s] is slightly tightened and two new peaks appear
on the spectrum between 60 and 615 nm and 2000 and 6200 nm with a very reduced intensity.
These new peaks can be associated with the aggregates of the protein either in solution or to
another conformation that is a result of the interaction of the FIL with the protein. Therefore,
these results endorse the previously obtained, where strong interactions between the FIL and

the IFN-a 2b are occurring and have an effect on the aggregates of the FIL.
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Figure 5.4.9 DLS spectra of IFN-a 2b (50 pg/mL, black solid line) with [CoCiIm][C4FoSOs] at: a) 29.3 mM
and b) 243.8 mM; and [Ni1120m)][C4F9SO3] at: ¢) 29.8 mM and d) 248.0 mM. Solid lines represent the
samples with protein and FIL and the dashed lines illustrate the FILs blanks. All samples were prepared
in 150 mM NaH2PO, at pH = 7.4 and measured at 25°C.

Aiming to seek more evidence into the FIL aggregates behaviour and explore the
possibility of encapsulating the IFN-a 2b with those aggregates, [Ni1120n][C4FsSOs] was also
studied by DLS. In recent work, preliminary results pointed out the [Nii20n]* cation as a
promotor of interactions between FILs and IFN-o 2b [103]. Therefore, [Ni1120n][CsFoSOs]
concentrations of 29.8 mM and 248 mM were selected to ensure aggregation of this FIL and
the results are depicted in Figures 5.4.9c and 5.4.9d. In the case of a concentration two times
greater than the 1st CAC (29.8 mM, Figure 5.4.9c), two characteristic peaks are found
approximately from 70 to 250 and 290 to 1080 nm, whereas for the case of concentration above
the 34 CAC (248 mM, Figure 5.4.9d) three peaks were recorded in-between 1 and 4 nm, 28 and
825 nm, and 2800 and 6440 nm. Analysing the mixture of [Ni1120n][CsFsSOs3] with IFN-o 2b
(see Figure 5.4.9¢), the peaks of the FIL have a diminished intensity and there is a small shift
of the first peak to values of 85 to 280 nm. Another peak arises in the range of 13 to 44 nm,
which does not overlap either with the peaks of the protein or the FIL. However, it might result
from the smaller aggregates of the IFN-a 2b that have a change in their hydrodynamic
diameter. Figure 5.4.9d also shows that the intensity of the peak of the smaller aggregates of
FIL have a decreased intensity and the intermediate peak had suffered a deconvolution in two
peaks, shifting to lower values of hydrodynamic diameter. Therefore, an interaction between
protein-FIL might be occurring, leading to modifications in the aggregates of FILs. The results

are very similar to the ones obtained to [CoCiIm][C4FoSOs] (see Figures 5.4.9a and 5.4.9b),
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leading to the conclusion that the aggregates of both FILs have very similar interaction with
this protein. Therefore, the main structural feature of the FIL controlling this behaviour is the
anion. Furthermore, these results support the previously obtain, indicating that the
aggregation of the protein is reduced, and smaller aggregates are formed. The FIL aggregates
do not completely cover the protein (encapsulation), but DLS results confirm the strong
interaction between FILs and IFN-a. 2b.

Moreover, the polydispersity index (Pdl) was obtained by DLS which determines the
heterogeneity of the sample in the function of the size. There are defined international
standards organizations (ISOs) for the characterization of nanomaterials based on the PdI,
where it is considered that a PdI < 0.05 characterizes monodisperse samples, whereas PdI >
0.7 is characteristic of the polydisperse distribution of the particles (ISO 22,412:2017) [117].
Table 5.4.5 shows the PdI values obtained from the DLS spectra acquisition for each
experiment. The analysis of the samples with [CoCiIm][C4FoSOs] demonstrates two distinct
behaviours: (i) the presence of FIL two times the 1st CAC in the IFN-a 2b increases its poly-
dispersity, and decreases the PdI of the FIL aggregates; (ii) in the concentration above the 3rd
CAC with IFN-a 2b, the polydispersity is diminished when related with the protein alone and
increased for the FIL aggregates. In the case of cholinium cation at lower concentrations, the
behaviour is similar to the imidazolium cation. However, for the concentration above the 3rd
CAQC, the PdI of the solution FIL + protein is always higher than the protein itself and the FIL
aggregates. This parameter supports the results previously discussed related to the size of the

aggregates.

Table 5.4.5 Polydispersity index (PdI) obtained from DLS measurements in 150 mM NaH2POs
measured at 25°C.

Sample PDI
50 pg/mL IFNa-2b 0.427
29.3 mM [C2CiIm][CsFsSOs] 1.000
29.3 mM [C2CiIm][C4F9SOs] + 50 pug/mL IFNa-2b 0.630
243.8 mM [C2CiIm][C4F9SOs] 0.157
243.8 mM [C2CiIm][CaFoSOs] + 50 pg/mL IFNa-2b 0.279
29.8 mM [N1112(0m)][C4F9SOs] 0.784
29.8 mM [Nuzon][CsFoSOs] + 50 pg/mL IFNa-2b 0.628
248.0 mM [N11120m)][ C4FeSOs] 0.543
248.0 mM [Nuzon][CsFoSOs] + 50 ug/mL IFNa-2b 0.849

The overall conclusions of this section strengthen the hypothesis of very strong
interactions occurring between the selected FILs and the protein IFN-a 2b. This protein has a
strong impact on the FILs aggregates, leading to modifications in the aggregation process,
surface activity, shape, size, and morphology of those aggregates. These results raise the

assumption that a complexation between both molecules is happening and allows the FIL to
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disperse the aggregates of the protein by transporting the protein without fully covering the

surface of the biomolecule.
5.4.2.2 Interactions of the fluorinated ionic liquids with interferon-alpha 2b

The interactions between the FILs and proteins are of great relevance to understanding
the potential of FILs and their application as DDSs of biopharmaceuticals. The stability and
activity of proteins depend on a delicate balance between the interactions of the biomolecules
with the surroundings, and the addition of FIL can completely alter their conformation and
subsequently hinder their function. In this work, it was carried out several efforts to strengthen
the knowledge of the interactions between FILs and IFN-o 2b. For that goal, both
[CoGIIm][C4FsSOs] and [Ni1120n)][C4FoSOs] were selected in a concentration range where the
aggregation behaviour plays the key role in their activity. Firstly, it was used several
spectroscopy methods to obtain information on protein-FIL interactions by having insights
into the structural conformation of the protein, such as UV-vis, fluorescence, and circular
dichroism spectroscopies. In the end, the binding affinity between the FILs and IFN-a 2b was

accessed by performing microscale thermophoresis.
5.4.2.2.1 Spectroscopy analysis

As a first approach, UV-vis spectrophotometry was used to measure the absorption
spectra of the IFN-a 2b. This method follows the behaviour of the chromophores composing
the structure of the proteins, such as the amide group of the protein backbone and the aromatic
amino acids like tryptophan, tyrosine, and phenylalanine. Therefore, these structural features
act as spectral probes of significant perturbations occurring in the local environment of the
protein, through their exposure to the solvent. Thus, IFN-a 2b absorption spectra is very
similar to most proteins, with a characteristic band between 260 and 300 nm. Any alteration
on the profile of this band may indicate a perturbation of the protein chromophores, and
consequently the existence of an interaction with a ligand. For example, the coverage of the
protein surface by the FIL can be reflected in the absorption spectra by the absence of the
characteristic absorption band or reflected in the turbidity of the solution due to the presence
of protein-FIL aggregates [49].

Solutions of [CoCiIm][C4FeSOs] and [Ni112(0m)][CaFoSOs] were prepared in five different
concentrations to cover all the aggregation levels: (i) below the 1st CAC (7.3 mM for [CoCiIm]*
and 8.2 mM for [Ni112(0m)]*) to understand the interplay of the FILs monomers with the protein;
(i) above the 1st CAC (26.6 mM for [CoCilm]* and 25.8 mM for [Nuzom)]*); (iii) above the 2nd
CAC (59.7 mM for [C2CiIm]* and 110.8 mM for [Ni1120m)]*); (iv) above the 34 CAC (106.3 mM
for [CoCiIm]* and 192.2 mM for [N11120m)]*), and (v) above the 4th CAC (425.1 mM for [CoCiIm]*
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and 384.4 mM for [Ni1120m)]* where the value of the 4th CAC of [C2CiIm][C4FsSOs] was used as
a reference for both FILs). The solutions were prepared in 5 mM of NaH,PO4 (pH=7.4) with 20
pg/mL of IFN-a 2b. The measurements were made after the preparation of the solutions (time
Oh) and after 24h of incubation to increase the contact time between the aggregates of the FIL
and the protein. The results can be found in Figures 5.4.10a and 5.4.10b, along with the blank
of the protein for comparison purposes. To ease the discussion of the results and the
comparison between the studied conditions, the value of absorbance at a wavelength of 280

nm (characteristic band) was represented in Figures 5.4.10c and 5.4.10d.
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Figure 5.4.10 UV-vis absorption spectra of a) [C2CiIm][C4F9SOs] and b) [N11120m)][CaF9SOs] with IFN-a
2b at 20 pg/mL (black solid line) at different concentrations. All samples were prepared in 5 mM
NaH>PO4 (pH = 7.4) and measured at 25°C. In c¢) and d) are represented the variation of the absorbance
at 280nm. The solid lines in a) and b) and full symbols in c) and d) correspond to the measurements at
Oh. The dashed lines in a) and b) and the empty symbols in c) and d) correspond to the measurements
after 24h of incubation. The colours of the symbols correspond to the colours of the lines.

Figures 5.4.10a and 5.4.10c show the results concerning [CoCiIm][C4F9sSOs). In almost
all concentrations of FIL is perceived a slight increase in the absorbance, when compared to
the value of IFN-a 2b. However, this increment was not verified in the most concentrated
solution of FIL. Besides, the increment is not proportional to the FIL concentration, which may
indicate that the different aggregates do not influence the surroundings of the protein in the
same manner. The highest value of Absosom is found for the FIL concentration above the 2nd
CAC. Comparing the different times of incubation, the results indicate that only in the

concentration above the 314 CAC there is a significant difference in the value of Abszsonm and
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is visible a shift of the band towards low values of absorbance. Hence, the most differences are
found in the case of the concentrations of FIL above the 2nd and 34 CAC, enforcing that the
aggregates of [C2CiIm][C4FoSOs] interact with the IFN-a 2b, boosting the exposition of the
chromophores to the solvent. However, in any case, the characteristic band of the protein is
reduced or omitted, indicating that the FIL does not cover the chromophores of the protein,
and consequently, there is no indication that the protein is being encapsulated by the
[CoCiIm][C4FsSOs] aggregates.

Analysing the results for [N11120m)][C4FoSOs], Figures 5.4.10b and 5.4.10d elucidate the
interactions with the IFN-a 2b. A [CoCilm][C4FsSOs]-like behaviour is found, where the
absorbance of the protein band increases in the presence of the FIL. However, in this case, is
proportional to the increment of FIL concentration and is much more evident after the
incubation of 24h. The most significant differences are found in the concentrations where the
FIL aggregates are formed, reinforcing the assumption of an interaction between the
[N111200m)] [C4FsSOs] aggregates and protein. This interaction also promotes the disclosure of
the chromophores to the solvent, increasing the absorbance intensity.

In summary, UV-vis spectrophotometry supports the presence of an interaction
between the FILs aggregates and the protein, augmenting the exposition of IFN-o 2b
chromophores to the solvent. These results also indicate that [C2CiIm]* and [Ni1120m)]* cations
present similar behaviour, supporting that the anion has the most important role in this
interaction. Comparing these results with the ones obtained for lysozyme [49], the protein-
FILs interactions have high specificity and depend on the target protein. In this case, there
were no significant alterations in the characteristic peak of IFN-a 2b, and the studied solutions
do not present turbidity. The FILs aggregates do not seem able to encapsulate the protein, or
at least, they do not hide the residues that are studied within this technique.

Another well-established analytical technique to study protein-FIL interactions is
fluorescence spectroscopy. The intrinsic fluorescence of the proteins is an outcome of the
aromatic residues, where usually the dominant fluorophore is the tryptophan. As observed in
the previous section, the tryptophan has an absorption of around 280 nm, and its emission is
usually near 340 nm. The emission spectrum of the tryptophan is very sensitive to solvent
polarity [118]. Therefore, a shift of the maximum emission towards smaller wavelengths, the
so-called blue shift, indicates that the aromatic residue is concealed in the native structure of
the protein. A shift of the emission spectrum to longer wavelength values, known as the red
shift, indicates an exposition of the tryptophan and is associated with the unfolded state of the
protein structure[118]. Consequently, a blue shift of the emission is associated with a
productive effect on the structure of the protein, whereas a red shift indicates that the ligand

has a destructive impact on the protein's structural features. Besides, the increment or decrease
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of the intensity of the emission spectra is related to the amount of exposition of the
fluorophores to the solvent.

In this work, the emission spectra of the IFN-a 2b was obtained in a range of 300 to 450
nm and a maximum emission of around 340 nm (Figure 5.4.11). The sample was excited at 280
nm to obtain the maximum emission of the intrinsic fluorescence of the protein. Typically, an
excitation of 295 nm is used to selectively excite the tryptophan and avoid the response of
other aromatic residues like tyrosine.! However, in this case, the goal was to obtain a
maximized emission spectrum to avoid issues related to the signal intensity and gather

information on the impact and interactions of FIL aggregates with the IFN-o 2b [64].

2.5 ! ! ! ! — — IFN-a2b
a) [C,C,Im][C,F,SO,] 2mM

3.7 mM
{—— 73mm
— 11mM
—— 146mM
1 26.6 mM

—— 59.7mM

—— 93.6mM
—— 221.6 mM
1— u32mm
—— 8864 mM

20T

1.5
1.0

0.5

0.0

— — IFN-a.2b
2mM
4mM

1— 82mM

— 10.7 mM

— 16.1mM

25.8 mM

51.3 mM

— 77.1mM
110.8 mM
151.5 mM

— 192.2mM

— 2884 mM

{ — 3844mM

—— 576.6 mM

—— 768.7mM

Emission Intensity / (CPS/mAmps x 10”)

20

157}

1.0 L f]

05,

0.0 : : : S
300 330 360 390 420 450

Wavelength / (nm)
Figure 5.4.11 Fluorescence spectra of IFN-a 2b at 20 pg/mL (black dashed line) with a)
[C2CiIm][C4FoSOs] and b) [Ni112(0m)][CaF9SOs] at different concentrations. All samples were prepared
in 5 mM NaH,PO; at pH = 7.4 and measured at 25°C.

Both [CoCiIm][C4F9SOs] and [Ni1120m)][CaFoSOs] were selected to study the interactions
with IFN-a 2b by fluorescence spectroscopy. Different solutions were prepared and measured
in a range of concentrations covering all the aggregation steps of the FIL: (i) four samples
below the 1st CAC to seek for interactions between the FILs monomers and the protein; (ii) two
samples near and above the 1st CAC; (iii) one above the 2nd CAC; (iv) one above the 314 CAC,
and (v) three above of the 4th CAC for [CoCiIm][C4FoSOs]. In the case of [N1i120m)][C4FoSOs],

additional samples in-between 2nd and 34 CAC and above 314 CAC were measured. The
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protein concentration was fixed to 20 pg/mL in all solutions. The emission spectra of all the
measured solutions are illustrated in Figure 5.4.11 for [CoCiIm][CsFosSOs] and
[N1112001)][C4FoSOs], respectively. To facilitate the discussion of the results, it was represented
in Figures 5.4.12 and 5.4.13 the values of maximum emission intensity and corresponding
wavelength (Amax) to have information on the exposition of fluorophores of the protein and

which type of interaction the ligands have with the protein, respectively.
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Figure 5.4.12 a) Emission intensity and b) wavelength variation of the maximum of the emission spectra
of different concentrations of [C2CiIm][C4FoSOs] with IFN-a 2b at 20 pg/mL recorded at 280 nm. All
samples were prepared in 5 mM NaH>PO, (pH = 7.4) and measured at 25°C.

Figure 5.4.12 corresponds to the results related to the impact of the variation of the
concentration of [CoCiIm][C4FsSOs] in the protein emission. In this plot, it is observed two
main comportments concerning the intensity of the emission: the presence of FIL in
concentrations under the first CAC increases the emission intensity of the IFN-a 2b. After the
1st CAC, a decrease of that intensity to values lower than the spectrum of IFN-a 2b is observed
when the FIL concentration is higher. Figure 5.4.12b shows that in the range of concentrations
below the 1st CAC, the variations in Amax are between 0 to 1 nm (blue and red shift), and above
the 1st CAC are found variations between 0 to 3 nm to a red shift. The results indicate that two
different interactions are occurring within this system: (i) first, the FIL monomers interact with

the protein and the fluorophores are more exposed to the solvent, and (ii) the aggregation of
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the FIL induces a quenching of the emission intensity which might indicate that the interaction
with the protein conceals the fluorophores from the solvent. The red shift of Amax does not
appear significant, and this FIL does not show a destructive behaviour towards the protein in
this range of concentrations.

Figure 5.4.13 reports the results regarding the [N11120m)][C4FoSOs5] and its influence on
the IFN-a 2b emission. In Figure 5.4.13a, it is noticed a distinct behaviour from the
[CoCiIm][C4FeSOs]. Until the concentration above the 2nd CAC, the FIL does not show a
considerable influence on the intensity of the emission of IFN-a 2b. Then, there is a slight
decrease of the intensity in the concentrations close to the 314 CAC, and after this transition,
the intensity stabilizes once again until the concentration of 384 mM. These variations are very
small when compared with the pronounced variations found for the emission intensity of the
solutions with [C2CiIm][C4FoSOs] (Figure 5.4.12a). However, this comportment is not reflected
in Figure 5.4.13b, where much greater differences are found in the Amax. The variation of Amax
in the concentrations above the 1st CAC are within 0 and 4 nm and mostly in a blue shift

regime, indicating constructive interactions between the [Ni1120m)][CsFsSOs] and IFN-a 2b.
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Figure 5.4.13 a) Emission intensity and b) wavelength variation of the maximum of the emission
spectra of different concentrations of [N11120m)][C4FoSOs] with IFN-a 2b at 20 pg/mL recorded at 280
nm. All samples were prepared in 5 mM NaH>PO, (pH = 7.4) and measured at 25°C.
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This behaviour is conserved until 77 mM (above the 2nd CAC), meaning that the FILs
aggregates also have a positive interaction with the protein, making its fluorophores assume
a tighter conformation regarding the solvent. After that, there is a red shifting of 3 nm in the
concentration close to the 3 CAC, followed by a stabilization of Ama. Finally, in
concentrations above 384 mM, there is an interaction with the protein dictated by a red shifting
up to 8 nm, meaning that unfolding of the protein might be occurring, completely exposing
the fluorophores to the solvent. To sum up, the [Ni120m)][CsFsSOs] has a very ambiguous
behaviour, since in concentrations below the 3rd CAC the interactions are favouring the
structure of the protein to a more closed conformation. Between 288 and 384 mM, there is a
complete alteration of the behaviour, and the FIL aggregates assume destructive interactions
with the protein, leading to its unfolding. Nevertheless, these FIL concentrations are in a much
higher range than the ones that must be used in a biomedical approach, and this result does
not affect the applicability of this FIL.

Analysing both systems, there was found a decrease in the intensity in the region
between ~14mM and ~110mM (above the 1st CAC), more pronounced for [CoCiIm][C4FsSOs],
which is called the quenching effect. A very well-known equation, the Stern-Volmer, was used
to characterize the quenching occurring in this region. This equation characterizes the
collisional quenching that can occur when the excited state of the fluorophore is disabled due
to the contact with another molecule (quencher), without chemical alteration [118]. Therefore,

the collisional quenching is described by:

Fo/F =1+K[Q] =1+ k470[Q] 5.4.11

where Fy and F are the fluorescence intensities of the fluorophore in the absence and presence
of the quencher, respectively, K is the Stern-Volmer quenching constant, kq is the biomolecular
quenching constant, 7, is the unquenched lifetime, and [Q] is the quencher concentration. The
K constants were obtained through the slope of the Fy/F versus the quencher concentration,
yielding a K of 1.06x102 mM?! for [CoCiIm][CsFeSOs] and 1.95x10°% mM?! for
[N1112001)][C4F9SOs]. This value gives information on the sensitivity of the fluorophore to a
quencher. The higher value of K can indicate that the [CoCiIm][C4F9SO53] is freer in solution or
at the surface of the biomolecule. The lower value of [Ni1120m)][C4FsSOs] can be related to the
FIL is more buried in the macromolecule, which is in concordance with the disruption of the
protein conformation at higher FIL concentrations. Through the 7, of IFN-a 2b (approximately
2.95x107 s [119]) was possible to obtain the kg, considering that:

K[Q] = kq7olQ] 5.4.12
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For [CoCiIm][C4FeSO3], the value of kq is 3.59x106 mM-1s-1 for [CoCiIm]* and 6.61x105 mM-
1s1 for [Nuzomn)]*. The comparison of these values with the largest possible biomolecular
quenching constant for dynamic collision, 2.0x 107 mM-s1[120], indicates that the quenching
is dynamic, and no ground-state complex is formed during quenching process.

Circular dichroism (CD) spectroscopy is the most conventional method used to
promptly assess the secondary structure of proteins [121]. In this work, it was used to infer the
changes in the secondary structure of IFN-a 2b upon the addition of [N1112(0m)][C4FsSOs]. The
CD spectrum for [CoCiIm][C4FsSOs] was not possible to record due to the imidazolium ring
yields very intense signals and consequently is technically unfeasible. Therefore, the CD
spectra of IFN-a 2b at 100 pg/mL in 150 mM NaH.PO, (pH = 7.4) and of IFN-a 2b with 248
mM of [Ni1120m)][CaFoSOs] were measured in this work to infer the FIL influence on the protein
secondary structure. The selected FIL concentration is above the ones that previously showed
potential to unfold the protein in fluorescence spectroscopy studies. The CD spectra were
recorded between 200 and 260 nm and are represented in Figure 5.4.14.

The characteristic double minima around 208 and 222 nm are found in both CD spectra,
and they almost overlap. The deconvolution of the spectra by the software K2D3 [104] yields
a percentage of a helix content of 38.96 and 36.04 and B strand content of 14.71 and 13.63 for
the IFN-a 2b and for IFN-a 2b + [N11120m)][C4FoSO:s], respectively. The literature shows values
of a helix content of around 50%, however, the variations in the experimental conditions,
apparatus, and software used to deconvolute the secondary structure may justify these
differences [122]. Thus, these results sustain the outcomes from the emission spectra,
concluding that at this concentration, the interactions between the FIL and the biomolecule do
not have a substantial effect on the secondary structure of the IFN-a 2b. This behaviour is
maintained for the concentrations of [Nii120m)][C4FoSOs] equal to or lower than the one here

tested.

10

— 100 pg/mL IFN-a. 2b
— — 100 pg/mL IFN-o. 2b + 248 mM FIL

Ellipticity (millidegrees)

200 212 224 236 248 260
Wavelength (nm)
Figure 5.4.14 CD spectra of [N111201)][C4F9SO3] at 248 mM in the presence of IFN-a 2b at 100 pg/mL in
150 mM NaH,PO, (pH = 7.4) and measured at 25°C.
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5.4.2.2.2 Binding affinity

Microscale Thermophoresis (MST) is an innovative approach that analyses the
movement of fluorescent molecules out of microscopic temperature gradients in very reduced
volumes, measuring precise binding events regardless of the size and physical properties of
the target molecules. For that, it has been widely used in the detection of binding of
biomolecules, like proteins, enzymes, and DNA to small molecules of interest such as ligands,
substrates, and liposomes, among others. The binding of a protein to a ligand induces
differences in its size, charge, and solvation energy, and these modifications are detected by
thermophoresis. Even if that event produces reduced structural modifications, MST can detect
the binding due to the induced alterations in the solvation entropy of the molecules, being a
very sensitive method. The changes provoked by the binding in the thermophoresis of the
fluorescent molecules can be then used to obtain the equilibrium dissociation constant, K4, by
plotting the normalized fluorescence, Frnom, of the labelled molecules versus the logarithm of
the concentration of ligand and fitting the binding curves with the models provided by the
software [123,124]. This technique was previously applied in the determination of binding
affinity between ILs and lysozyme [125], as well as for inferring the interactions of another
type of interferons [126] and other proteins [124,127,128] with different types of ligands.

In this work, a commercial kit was used to fluorescently tag the IFN-a 2b. In the process
of labelling, commonly one amine per protein is labelled, statistically distributing the position
of the dye. Therefore, the risk of the label impairs with the binding is very low, due to the
typical number of lysine residues in proteins [124,127,128]. The [CoCiIlm][C4FsSOs] and
[N111200m)][C4FoSOs] were selected to study the binding with the IFN-a 2b. The solutions were
prepared with a concentration of IFN-a 2b fixed at 2.7 uM in 5 mM of NaHoPO, (pH=7.4). As
explained in the experimental section, in each run of MST, a maximum concentration is chosen,
and it will be consecutively diluted in 16 capillaries. Therefore, five different maximum
concentrations of [CoCiIm][C4FoSOs] were selected to cover the range below the formation of
the aggregates and to study the four distinct CACs. Only four maximum concentrations of
[N1112001)] [C4FsSOs] were chosen because this FIL only have three different CACs [44]. These
experimental conditions do not allow to study of each phenomenon of aggregation
individually above the 1st CAC, once the range of dilutions of the solutions overlaps after this
concentration. Thus, the determined dissociation constants Kq for each run that yields binding
are being influenced by the several stages of aggregation, which make it impossible to attribute
the value to a specific CAC. Nevertheless, the Kq comprise the influence of the different
aggregates of a FIL on the binding affinity with IFN-a 2b, and it will be only considered for

qualitative analysis. Figure 5.4.15 shows the results for the 9 assays.
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Figure 5.4.15 Dose-response curve from MST of labelled IFN-a at 2.7pM in the presence of different
ranges of concentrations of a) [CoCiIm][C4F9sSOs] and b) [Ni1120m)][CaFeSOs]. All the samples were
measured in 5 mM NaH>POy (pH = 7.4) at 25°C. The error bars represent the standard deviations from
the triplicate assays.

In the case of [CoCiIm][C4FoSOs] (Figure 5.4.15a), it was possible to observe binding
between the IFN-a. 2b and the FIL in all the runs representing the several stages of aggregation.
For the range of concentrations under the 1st CAC, only FIL monomers in aqueous solution,
no binding was detected. The [Ni112¢0m)][C4FsSOs] results, illustrated in Figure 5.4.15b, show
that binding only occurs for the runs where concentrations were above the 2nd and 3rd CAC.
Therefore, the Kq was determined in the cases where the binding was found, and the results
are depicted in Table 5.4.6. The dose-response curves that were fitted for K4 determination are
represented in Figure 5.4.16, plotting the fraction bound versus the concentration of the ligand.
Analysing the results for the case of [CoCiIm][CsFsSOs], Figure 5.4.16a shows that the Ky
increases as a result of the presence of different types of FILs aggregates in the following order:
1st CAC < 2nd CAC < 31d CAC < 4th CAC, indicating a decrement of binding affinity between
the protein and the FIL aggregates. Therefore, the type of aggregates formed at lower
concentrations of FIL has a stronger affinity with this protein. The same behaviour is found in
the case of [Nuon)][CsFoSOs], represented in Figure 5.4.16b, where an increased Ky is

determined for the assay that comprises a higher concentration of FIL. This can also be verified
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by the deviation of the typical sigmoidal dose-response to the left, indicating a higher
association of the ligand with the target molecule [127,128].
Table 5.4.6 Determined dissociation constants Ka by the analysis of the fitting of the MST dose-curve

responses.

FIL Assay Ka (mM)
[C2C1Im][C4F9S O3] 30 - 9.2x10* mM 0.136 £ 0.1172

80 - 2.4x10° mM 7.53 £5.61a

160 - 4.9x10-* mM 40.5 £ 29.52

220 - 6.7x10° mM 263 + 197
[N1112001)] [CaFoS O3] 70 - 2.1x10* mM 5.97x104 £ 3.93x104a

375 - 1.1x102 mM 54.7 + 36.92

aThese values represent the K4 confidence of the fitting

The comparison between the cations shows that [N11120m)]* has more binding affinity
with IFN-a 2b than the [CoCiIm]*, demonstrated by the lower K4 values and bigger left shift
of the sigmoidal. Nevertheless, the [C>2CiIm]* showed a binding affinity with the protein in all
stages of aggregation. However, the same behaviour was not verified for [Ni11200m)]*. Then, a
higher range of concentrations, and subsequently different types of aggregates, can be used to
design a proper system for IFN-o 2b delivery with the imidazolium-based FIL. Furthermore,
this behaviour allows the usage of this FIL at lower concentrations, which is highly
advantageous from the biomedical perspective. Crossing the results with the ones obtained in
the emission analysis of the protein, it can be concluded that the interactions found under the
1st CAC are not so strong as the ones that are occurring above the 1st CAC. Moreover, the
stronger affinity of the cholinium cation can explain the unfolding events found for higher
concentrations of this FIL (Figure 5.4.13b). The interference of the protein labelling should be
ruled out in future studies, using fluorescence-labelling-free techniques, such as isothermal
titration calorimetry, to support these results and enabled a more specific study of the binding
protein-FIL for each CAC. Nevertheless, this technique has provided valuable information on
a strong binding between the aggregates of both studied FILs and IFN-a 2b, supporting the
results previously discussed.
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Figure 5.4.16 MST analysis of the interaction between the labelled IFN-a at 2.7pM and the different
concentrations of a) [C2CiIm][C4FoSOs] and b) [Ni1120m)][CaF9SOs] that yield binding affinity. All the
samples were measured in 5 mM NaH>PO, (pH = 7.4) at 25°C. The error bars represent the standard
deviations from the triplicate assays.

In conclusion, IFN-a 2b forms a complex (like a conjugate) with the FILs aggregates,
that induces changes in the packaging, formation spontaneity, surface activity of the FILs
aggregates, and size reduction of the protein aggregates, preventing its aggregation. The
significant modifications in the morphology and size of FIL aggregates are most likely
occurring due to the spatial adjustment resulting from the presence of IFN-a 2b. Moreover,
strong interactions between the FIL aggregates and IFN-o 2b were disclosed using
spectroscopy techniques and determining their binding affinity, which are highly dependent
on the different types of FIL aggregates and influenced by the nature of the cation.

To the best of our knowledge, there are no studies in the literature that use ILs as de-
livery systems for this protein. Nevertheless, Castro et al. have used several ILs to increase the
efficiency of extraction of IFN-a 2b using several imidazolium-based ILs. The analysis of
protein stability also yields prevention of the protein aggregation (no dimers were found) and
the secondary structure of IFN-a 2b was not affected by the ILs [40]. Our results also indicate
a prevention of the formation of protein aggregates. Therefore, the imidazolium cation seems
to have a very positive effect on the stabilization of this specific protein. Looking to other types
of compounds near to ILs family of compounds, one work has successfully used deep eutectic
solvents based on natural sources for the thermal stabilization of this protein [129] which could
be another interesting application for future works.

Finally, the use of FILs can be further tailored for the formulation of efficient delivery
systems to transport and stabilize IFN-a 2b. This work constitutes an initial step in the di-
rection of designing proper compounds to enable the encapsulation of IFN-a 2b, as previously

obtained for other biomolecules.

5.4.3 Conclusions

In this work, the first step toward the use of FILs as drug delivery systems of the
protein IFN-a 2b has been taken. The aggregation behaviour of the [CoCiIm][C4FsSOs] and
[N111200m)] [C4FoSOs] was studied to understand how the presence of the IFN-a 2b may alter the
formation of aggregates and their properties such as size and morphology. Then, the critical
aggregation concentrations of [CoCiIm][C4FoSOs] were determined and was concluded that the
protein does not impair the formation of the three CACs characteristic of this FIL. The
parameters of aggregation have shown that the presence of the protein can alter the packaging

of the aggregates and the spontaneity of the process of aggregation, which can indicate an
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accommodation of the IFN-a 2b in the FILs aggregates. The surface properties of
[C2CiIIm][C4FsSOs] demonstrated that the IFN-a 2b highly influences the surface activity of
this FIL, by the formation of more breaking points in the surface tension and contact angles
profiles. Moreover, the critical packing parameters have shown that the conformation of the
aggregates is altered in the presence of the protein, demonstrating a close interaction between
FIL and protein. The further characterization of the morphology of the FILs aggregates proved
that the aggregation of the protein is reduced, and the morphology of FIL aggregates is also
modified, supporting that protein and FIL are forming a conjugate.

Finally, the interactions protein-FIL were studied in this work by several spectroscopy
techniques. The overall results allow us to conclude that very strong interaction between the
FILs aggregates of either [CoCiIm][C4FoSOs] and [Niizom)][CaFeSOs] and IFN-a 2b are
occurring, without altering the secondary structure of the protein. Only in the case of
[N1112001)][C4F9SOs], an alteration in the structure of the protein was found, but in very high
concentrations of FIL, which will not be used in biomedical applications. Furthermore, the
determination of binding between protein and FIL has established and supported the
complexation and formation of a conjugate that can contribute to the transport of the protein
and FILs usage as protein delivery systems. More studies need to be pursued to fully
understand the mechanism behind the formation of this complex.

This work represents a first and crucial step for the investigation of the discovery of
the interactions between FILs and therapeutic proteins, as well as, the formulation of feasible
FILs-based DDSs, opening new avenues for the application of these biomaterials in the

pharmaceutical field.
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6.1 General conclusion

The main goal of this dissertation was to study the interactions between FILs and
proteins to design and develop efficient biomaterials for use in protein extraction processes
and delivery systems. Several steps were executed to cover the main objective of this thesis
and were divided into four distinct chapters.

A preliminary analysis of the best FILs characteristics was pursued, yielding that they
have enhanced properties when compared to conventional ILs, mainly due to the formation
of three nanosegregated domains, which allows enhanced solubilization mechanisms for
different solutes. Their behaviour in aqueous solutions is of outstanding importance to
biological applications, and they show enhanced surfactant behaviour when compared to
conventional surfactants. Using imidazolium, pyridinium with short, hydrogenated chains
and cholinium cations, conjugated with anions based on perfluorinated chains of four carbons,
it is possible to design: (i) FILs with amphiphilic nature, acting as SAILs in water and self-
assembling in stable supramolecular structures; (ii) compounds with complete water
miscibility, having different solubilization behaviours depending on the concentration range;
and (iii) FILs with negligible cytotoxicity in different cell lines and ecotoxicity in aquatic plants,
crustacean and bacteria organisms. All these characteristics make them promising
biomaterials to be used in formulations for stabilization, extraction, and/or delivery of
proteins.

However, the development of feasible systems for the actual application of FILs is
generally hindered by the number of possible combinations of ions composing their structure
and granting them unique properties, which makes their characterization a very time and cost
task-consuming. In this work, it was developed a methodology that guides the modelling of
FILs using the soft-SAFT EoS more systematically and robustly. The careful analysis of the
structural features of the FILs and the physical meaning of the soft-SAFT parameters allow the
understanding of how these parameters can be transferred from a FIL model to another,
obtaining very good approximation with experimental data, without having to use it for
parameters fitting. Therefore, several FILs were newly modelled within the soft-SAFT
framework, showing very high predictive capabilities and excellent agreement with the
experimental data available in the literature. These results have high importance in hastening
the selection of task-specific feasible systems for a chosen application. The selection of the
experimental data used in this work to validate the soft-SAFT models had taken into account
(i) the availability of data in the literature, and (ii) the inclusion of a wide variety of FILs

structural features to ensure the robustness of the model to characterise different families of
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FILs. This approach will have a highly importance in a wide number of applications of FILs
and is not limited to the use of this compounds to biological applications.

The formulation of compounds with improved properties was also included in this
thesis. Then, the study of functionalized FILs with a hydroxyl group in the hydrogenated chain
was carried out with different experimental techniques and the soft-SAFT EoS approach. The
results have shown the high efficiency of soft-SAFT to predict the properties of the FILs in the
pure state and the complex systems of FIL+water, reinforcing the importance of using
modelling tools to ease the work of researchers and allowing to counteract the lack of
experimental data. Moreover, the experimental investigation of the self-aggregation behaviour
of the functionalized FILs in water has yielded higher CAC values when compared to the
equivalent non-functionalized FILs, indicating a slight disruption in the formation, and
packing of the FIL aggregates by the hydroxyl group. Nevertheless, the comparison with the
values of CMC of conventional surfactants has shown that the functionalized FILs have an
exceptionally superior aggregation behaviour, which leads to the conclusion that is possible
to design non-toxic and more biodegradable FILs for use in the protein field.

Finally, the FILs showing the best properties for biological usage were selected and used
in the study of solubility, stability, activity, and interactions with different proteins. First, the
investigation of the FILs aggregation behaviour using NMR techniques allowed to have new
information on the size of the aggregates and their performance, depending on the FIL
concentration in aqueous solutions. Moreover, the examination of the interactions, between
several FILs and GB1, BSLA and IFN-a 2b proteins, has yielded evidence that the cholinium
based-FILs have a higher degree of interactions with the proteins. Moreover, several non-toxic
FILs have shown to be able to encapsulate a model protein, the lysozyme, allowing its
stabilization inside the aggregates of the FIL, promoting the thermal stability and activity of
the protein. This has proved that the FILs can be used in the formulation of materials for
entrapping the protein and be used for extraction processes and/or protein delivery systems.
Finally, it was selected a therapeutic protein, IFN-a 2b, with high relevance in the treatment
of several diseases such as cancer, viral infections, and auto-immune diseases. The assessment
of the effect on the FIL aggregates under the presence of the IFN-a 2b has shown that the FIL
aggregates strongly interact with the protein, altering their packing, size and morphology and
preventing the protein to form aggregates. Additionally, the deeper study of the interactions
between FILs-IFN-a 2b leads to the idea that the FIL aggregates are not able to cover the
surface of the IFN-a 2b, as occurred in the case of lysozyme. Nonetheless, they form a complex
IFN-o 2b that can be used for the extraction and/or delivery of this protein.

In summary, this work has allowed to undercover new information on the interactions

between FILs and proteins, which will allow the development of feasible and productive
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systems for the protein research by taking advantage of the tuneable properties of FILs, either

in the extraction and separation processes of proteins and/or protein delivery systems.

6.2 Future work

The findings obtained in this work have opened new avenues for the development of
efficient FIL-based systems for the protein field. However, several steps should be considered
until rich the actual applicability of these compounds.

First, the improvement of the modelling tools like soft-SAFT EoS will allow the capture
of the behaviour of this complex compounds in aqueous solutions. Therefore, by selecting
specific units of proteins, such as amino acids and/or small peptides that have high relevance
in their interactions and biological activity will allow the capture of the complex aggregation
behaviour of FILs + proteins systems by these models. This will be highly advantageous to
accelerate the selection of the best ions combinations of FIL-based biomaterials to obtain task-
specific self-assembled structures in aqueous solutions.

Studies using NMR spectroscopy, X-ray methods, molecular dynamic simulations
and/or molecular docking may also be highly useful in order to understand the specific sites
of the FIL aggregates and the protein residues that are contributing to the interaction, binding
and/or encapsulation of the protein, which could be advantageous for the formulation of the
FIL-based biomaterials.

In the case of extraction and separation processes, must be pursue studies concerning
the use of these systems in the specific potential platforms (i.e. aqueous two-phase systems) to
have insights into the extraction and separation efficiencies of the FILs. Moreover, the
parameters that have high influence in the efficiency of FILs, such as pH, temperature,
pressure, concentration, and proportion of the substances used in the technologies must be
studied in future work.

Regarding the protein delivery systems, a feasible formulation must be developed and
the pharmacokinetic and pharmacodynamic assessment must be undertaken, taking into
consideration the bioavailability, route of administration and immunogenicity of the FIL-
protein system. Moreover, the evaluation of the efficiency of these systems to do a site-specific
and controlled release will be needed to be undertaken, depending on the therapeutic protein

used and oriented for a specific disease.
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